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Introduction

The adult vertebrate central nervous system (CNS) mainly consists of neurons, astrocytes, microglia
cells and oligodendrocytes. Oligodendrocytes, the myelin-forming cells of the CNS, are subjected to
cell stress and subsequent death in a number of metabolic or inflammatory disorders, among which is
multiple sclerosis (MS) [1-5]. This disease is associated with the development of large demyelinated
plaques, oligodendrocyte destruction and axonal degeneration [6,7], paralleled by the activation of
astrocytes and microglia as well as the recruitment of peripheral immune cells to the site of tissue injury.
Of note, viable oligodendrocytes and an intact myelin sheath are indispensable for neuronal health.
For example, it has been shown that oligodendrocytes provide nutritional support to neurons [8],
that fast axonal transport depends on proper oligodendrocyte function [9] and that mice deficient in
mature myelin proteins eventually display severe neurodegeneration [10].

Due to the presence of multifocal white and grey matter demyelination in the CNS of MS
patients, any pathogenetic concept has to provide an explanation for the highly specific destruction
of myelin and oligodendrocytes. While several treatment options are currently available to dampen
the peripheral, T- and B-cell driven inflammatory activity in MS patients, treatment options to
ameliorate oligodendrocyte pathology and strengthen neuronal health are, unfortunately, limited.
For the development of such novel therapies, a basic understanding of oligodendrocyte development,
maintenance, destruction and regeneration is needed as well as novel tools to precisely monitor
neuronal and functional deficits during pre-clinical studies. This Special Issue collects articles that
address ongoing research into promoting myelin repair, address our understanding of the physiology
and pathology of oligodendrocytes, summarize the interaction of oligodendrocytes with central and
peripheral immune cells and introduce novel models that allow us to study oligodendrocyte physiology
and pathology.

Therefore, various animal models exist with key characteristic features. In experimental autoimmune
encephalomyelitis (EAE), the active or passive immunization with CNS-related antigens results in
multifocal inflammatory CNS lesions with secondary oligodendrocyte injury and demyelination
to a variable extent. Toxin models, such as the cuprizone model, are characterized by a primary
oligodendrocyte degeneration leading to demyelination, axonal degeneration and reactive gliosis.
The cuprizone model has become increasingly popular in recent years to study key pathological events
during MS lesion development and progression. This Special Issue includes six articles using the
cuprizone model to understand underlying MS pathologies.

To investigate mechanisms operant during de- and regeneration of the axon-oligodendrocyte-myelin
compartment, and to develop effective MS treatment options, the following are required: (i) novel,
dynamic technical platforms to investigate complex cellcell interactions in a CNS-like microenvironment
such as the oligodendrocyte-nanofiber platform described by Enz and colleagues [11]; (ii) unbiased
evaluation systems to monitor disease progression and successful therapeutic interventions in
pre-clinical models such as those described by Zhan an colleagues [12], Joost and colleagues [13],
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and Hochstrasser and colleagues [14]; and (iii) novel imaging modalities which would allow longitudinal
studies as described by Khodanovich and colleagues [15]. Of note, a better understanding of the
axon-oligodendrocyte-myelin compartment might lead to restorative therapies not just in MS but
also other neuronal disorders such as Down Syndrome (reviewed by Reiche and colleagues [16]) or
schizophrenia (reviewed by Raabe and colleagues [17]).

In this Special Issue, two papers address key regulators of oligodendrocyte development. Nocita
and colleagues demonstrate, by using oligodendrocyte cell lines in combination with electrospun
polystyrene microfibers as synthetic axons, that the pro-myelinating drugs Clobetasol and Gefitinib
promote oligodendrocyte differentiation by G-protein-coupled seven-pass transmembrane receptor
Smoothened (Smo) and EGFR/ErbB inhibition [18]. Another paper focuses on a rare genetic disorder
called Williams-Beuren syndrome, which is caused by the deletion of genetic material from a specific
region of chromosome 7. The deleted region includes up to 28 genes among the Nsunb5 gene, encoding
a cytosine-5 RNA methyltransferase. This condition is characterized by mild to moderate intellectual
disability or learning problems, unique personality characteristics, distinctive facial features and heart
and blood vessel (cardiovascular) problems. The brains of patients suffering from Williams-Beuren
syndrome show several oligodendrocyte-myelin abnormalities including a reduced myelin thickness,
lower mature oligodendrocyte cell numbers and reduced mRNA levels of myelination-related genes.
Yuan and colleagues report that a single-gene knockout of Nsun5 in mice results in a reduced volume
of the corpus callosum, paralleled by a decline in the number of myelinated axons and ultrastructural
abnormalities of the myelin sheath [19]. Beyond this, the authors found that Nsun5 was highly expressed
in oligodendrocyte progenitor cells and Nsun5-KO mice show reduced oligodendrocyte progenitor cell
proliferation, suggesting that Nsun5 regulates the cell cycle in developing oligodendrocytes.

Another protein highly expressed during oligodendrocyte development is the low-density
lipoprotein receptor-related protein 1 (LRP1), a transmembrane receptor, mediating endocytosis
and activating intracellular signaling cascades. Schéfer and colleagues generated a novel inducible
conditional knockout mouse model, which enabled an NG2-restricted LRP1 deficiency [20]. Although
the underlying pathways are not yet characterized, LRP1 appears to be a regulator of oligodendrocyte
progenitor cell survival.

The mechanisms underlying the progressive neurodegeneration in MS are currently unknown,
but failure of remyelination appears to play a major role. Remyelination is a very complex biological
process and can be classified, at the cellular level, as four consecutive steps: (i) proliferation
of oligodendrocyte progenitor cells; (ii) oligodendrocyte progenitor cell migration towards the
demyelinated axons; (iii) oligodendrocyte progenitor cell differentiation; and, finally, (iv) interaction
of the premature oligodendrocyte with the naked axon (i.e., axon wrapping) [21]. The existence of
so-called “shadow plaques” in post-mortem brains of MS patients, representing remyelinated lesions,
clearly demonstrates that complete repair of MS plaques is principally possible, although it is more
common to observe only limited repair at the edge of lesions [22,23]. It is not clear why in some patients
remyelination is widespread while in others it is sparse, but aging might well play an important
role. Gingele and colleagues demonstrate in their work, using the cuprizone model, that myelin
repair and the repopulation of oligodendrocytes is less effective in aged compared to young mice [24],
implicating that the regenerative potential of the CNS decreases during aging. Beyond this, this work
provides a protocol to induce reproducible demyelination in aged mice, allowing the development
of remyelination-promoting therapies in a disease-relevant experimental setting. By using the same
model, Nyamoya and colleagues demonstrate that laquinimod, a substance previously shown to
protect mature oligodendrocytes against metabolic insults, supports myelin repair in a non-supportive
environment [25]. There is a growing list of drugs for relapsing remitting MS, and most of these drugs
act by reducing the adaptive immune system. Treatments which promote remyelination would offer
the potential to delay, prevent or reverse disability, and numerous pre-clinical as well as clinical studies
currently focus on this highly relevant topic.
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To understand the physiology and pathology of the oligodendrocyte-myelin unit needs, on the
one hand, a better understanding of the oligodendrocyte-intrinsic regulative pathways. On the other
hand, cell-cell communication pathways are equally important. While two review articles of this
Special Issue focus on the intrinsic regulatory networks of oligodendrocytes [26,27], Erik Nutma’s work
focuses on the astrocyte-oligodendrocyte crosstalk [28]. In this review article, the authors nicely point
out that communication occurs via direct cell-cell contact as well as via secreted cytokines, chemokines,
exosomes and signaling molecules. Understanding the pathways involved in this crosstalk will reveal
important insights into the pathogenesis and treatment of CNS diseases. One candidate protein
implicated in this cell-cell communication network might be the Transient receptor potential ankyrin
1 (TRPAL) receptor, as described by Krizta and colleagues in this Issue [29]. The conditional deletion of
Trpal in Gfap-expressing astrocytes delayed toxin-induced demyelination in the cuprizone model.

Currently, MS is considered a multifactorial disorder, with substantial evidence for a role of
both genetic and environmental factors. Several lifestyle changes might help to ameliorate the MS
disease course, of which are physical and mental exercise [30], which can induce remyelination,
or quitting smoking to ameliorate oxidative and nitroxidative stress [31]. In this context, the work
published by Serdar and colleagues is of interest. The authors were able to demonstrate that caffeine
and taurine, ingredients of energy drinks, induce degeneration of the axon-oligodendrocyte-myelin
unit [32]. Considering the continuously rising number of children and adolescents consuming energy
drinks, and the fact that brain development is vulnerable in this phase of life, a closer look at particular
lifestyle changes might tell us a lot about MS and other neuronal disorders.

The disease which comes first to our minds when thinking about oligodendrocyte pathology is,
quite often, multiple sclerosis. As outlined, the destruction of the axon-oligodendrocyte-myelin
unit is the key pathological feature of MS. However, several other diseases can be linked to
oligodendrocyte pathology. Primarily, these are the leukodystrophies, a group of usually inherited
disorders characterized by degeneration of the white matter in the brain. Examples are metachromatic
leukodystrophies, Canavan disease or X-linked adrenoleukodystrophy. Beyond this, the de- and
regeneration of oligodendrocytes appears to be an important pathological aspect of many other
neuronal disorders including spinal cord injury, where remyelination improves functional recovery [33],
Alzheimer’s disease, where myelination-related processes are recurrently perturbed in multiple cell
types, suggesting that myelination has a key role in Alzheimer’s disease pathophysiology [34],
or stroke, where it is believed that oligodendrocyte progenitor cells can promote angiogenesis [35].
Beyond this, it has recently been suggested that cells of the oligodendrocyte lineage can transform,
under specific conditions, into antigen-presenting cells, suggesting that oligodendrocytes can act as
active immunomodulators [36].

In summary, this Special Issue adds to our understanding of a central CNS cell population:
oligodendrocytes.
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Abstract: Acute brain slices are a sample format for electrophysiology, disease modeling, and
organotypic cultures. Proteome analyses based on mass spectrometric measurements are seldom
used on acute slices, although they offer high-content protein analyses and explorative approaches.
In neuroscience, membrane proteins are of special interest for proteome-based analysis as they
are necessary for metabolic, electrical, and signaling functions, including myelin maintenance and
regeneration. A previously published protocol for the enrichment of plasma membrane proteins
based on aqueous two-phase polymer systems followed by mass spectrometric protein identification
was adjusted to the small sample size of single acute murine slices from newborn animals and the
reproducibility of the results was analyzed. For this, plasma membrane proteins of 12 acute slice
samples from six animals were enriched and analyzed by liquid chromatography-mass spectrometry.
A total of 1161 proteins were identified, of which 369 were assigned to membranes. Protein abundances
showed high reproducibility between samples. The plasma membrane protein separation protocol
can be applied to single acute slices despite the low sample size and offers a high yield of identifiable
proteins. This is not only the prerequisite for proteome analysis of organotypic slice cultures but also
allows for the analysis of small-sized isolated brain regions at the proteome level.

Keywords: plasma membrane proteins; liquid chromatography-mass spectrometry; murine acute
brain slices; reproducibility; rat cerebellum

1. Introduction

Acute brain slices are an important sample format in neuroscience [1]. The 300-500 pm thick
acute slices of rodent brains are the basis, among other things, for organotypic slice cultures [2],
electrophysiological applications [3], as well as functional local synaptic circuitry analyses. Organotypic
brain slice cultures are an ex vivo model for maintaining the three-dimensional structure of rodent
brain tissue in culture over weeks [4]. They can be easily manipulated, and neuronal as well as glial cell
types are available for almost all commonly used analytical options in these cultures. An exception is
mass spectrometry (MS)-based proteome analyses, which are hardly ever applied to single brain slices,
probably due to the small sample mass of one single acute slice or even a subregion of an acute slice.
However, MS-based protein identification and quantification allows for the determination of complex
quantitative protein profiles for differential or explorative analyses. Only a few studies were performed
on the proteome of single slices. Bowling and colleagues [5] analyzed the stimulus-triggered protein
synthesis in acute hippocampal slices. In different studies, plasma membrane proteins were extracted
by biotinylation and streptavidin-pulldown and subsequently identified by MS in proof-of-principle
approaches from slices of the visual cortex [6] and the hippocampus [7].
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Plasma membrane proteins turn out to be of special interest in neuroscience as they comprise
ion channels, neurotransmitter receptors, ion transporters, and many more sizeable protein classes
with particular importance on neuronal functions [8,9]. Furthermore, the myelin sheaths in the central
nervous system are formed by the differentiated plasma membrane of a myelinating glial cell, the
oligodendrocyte, which is involved in many pathological processes, including immune-mediated
destruction or metabolic-induced cell stress. For the specific enrichment of plasma membrane proteins,
several methods were reported that are either based on chemical labeling of membrane proteins or on
macromolecular and physicochemical properties of the plasma membrane itself [10]. In the first case,
different labeling strategies with biotin followed by streptavidin-pulldown are widely employed [11,12].
Particular plasma membrane properties allow for their isolation by differential and density gradient
centrifugation [10] and by aqueous polymer two-phase enrichment [13]. This method uses a mixture
of dextran and polyethylene glycol (PEG) for the separation of a homogenized cell extract. After
mixing, phases settle and thereby separate the different components of the cell extract on the basis
of their affinity for either of the two phases, resulting in partition of the plasma membrane to the
hydrophobic PEG-enriched top phase [14]. This protocol is efficient in regards to membrane protein
enrichment, technical requirements, and costs. However, it is unclear if the protein yield after plasma
membrane enrichment from single acute brain slices allows for liquid chromatography (LC)-MS-driven
reproducible protein identification and quantification.

In this study, we demonstrate that the enrichment and identification of membrane proteins is
feasible and reproducible in single acute brain slices despite the small sample mass.

2. Material and Methods

2.1. Animals

For this study, male adult Wistar rats (P40) and postnatal wild-type C57BL/6 mice (P5) were used.
Day of birth was designated PO. Animals were kept at 22 + 2 °C under a 12 h light/dark cycle with
free access to water and standard diet. For rats, each cage (825 cm?) contained one or two animals,
depending on the animal weight. For mice, each cage (363 cm?) contained one mother with litter.
All cages were provided with bedding and nesting material. All animal-related procedures were
conducted in accordance with the local ethical guidelines and the German federal animal welfare law
(approval number 74.02-kau).

2.2. Tissue Preparation

For dissection of the rat cerebellum, adult rats were euthanized and transcardially perfused with
250 mL sodium chloride solution (0.9%). The cerebellum was dissected, weighed, and shock frozen in
liquid nitrogen. Tissue was stored at —80 °C until further use.

For preparation of murine brain slices, postnatal C57BL/6 mice (P5) were decapitated and brains
were quickly dissected. The tissue was embedded in 4% agarose and cut in sagittal orientation with a
Mclllwain tissue chopper (Ted Pella, Redding, CA, USA) into 350 um thick slices as described in [4].
The cutting planes of all slices were documented and slices were weighed before shock freezing in
cryovials in liquid nitrogen. Slices were stored at —80 °C until further use. All slices used in this study
originated from the same cutting plane.

2.3. Sample Preparation for Whole Protein Analysis

For homogenization of tissue samples, the following solutions were added to the frozen samples:
lysis buffer (9 uL/ug sample, 7 M urea, 2 M thiourea, 65 mM CHAPS hydrate, 70 mM dithiothreitol), 15%
ampholytes (40%, Fluka, 39878), protease inhibitor cocktail (cOmplete™, Roche 11836153001, 0.4 uL/ug
sample), PepstatinA (0.1 uL/pg sample, 0.1 mg/mL, solved in ethanol), and phenylmethanesulfonyl
fluoride (0.1 pL/ug sample, 0.1 M, solved in ethanol). Samples were thawed, shock frozen, rethawed,
and homogenized with a hand homogenizer (Wheaton potter and mortar, 2 mL, neolab). Afterwards,
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samples underwent the following circle five times: 20 s vortexing, 20 s ultrasonic bath, 20 s slewing.
By then, the samples should have changed from yellow to transparent. Samples were shock frozen
again, rethawed, vortexed for 30 s, and stirred on ice water for 15 min. After vortexing for another 30's,
samples were centrifuged at 17,860x g for 20 min at 4 °C (OptimaTM TLX, rotor TLA 110, Beckman,
Brea, CA, USA). Pellet was discarded and the supernatant was stored at —80 °C until further use.

2.4. Plasma Membrane Enrichment

Plasma membrane protein enrichment was performed in accordance with [13]. In brief,
an aqueous polymer two-phase system containing polyethylene glycol, dextrane, and Tris
(tris(hydroxymethyl)aminomethane) was used for plasma membrane protein enrichment. After
thawing, brain tissue was added to the two-phase system and homogenized with a homogenizer
(Wheaton potter and mortar, 10 mL, neolab) and by sonification. Afterwards, phase separation was
accelerated by centrifugation for 5 min at 1089x ¢ and the resulting top phase was transferred to
a fresh bottom phase. To enhance protein yield, the bottom phase was mixed with new top phase,
then both phase systems were thoroughly mixed and again separated by centrifugation. These steps
were conducted eight times in total. The top phases G and F were pooled. The resulting top phases
were diluted 2:1 with 1 M KCl and 15 mM Tris (pH 7.4) and the membrane fraction was sedimented
at 233,000x g for 1 h at 4 °C. After washing (twice with 1 M KCl/15 mM Tris (pH 7.4), thrice with
0.2 M NayCOs), pellets were solved in lysis buffer (7 M urea, 2 M thiourea, 32.5 mM CHAPS hydrate,
5 mM dithiothreitol).

2.5. Measurement of Protein Concentration

For measuring protein concentrations, 4 uL of sample (in lysis buffer, see above), protein assay
standard for calibration curve (Thermo Scientific, 23208, prediluted 1:5 in lysis buffer, Waltham, MA,
USA), or albumin standard as a control (Thermo Scientific, 23210, prediluted 1:5 in lysis buffer) were
mixed with 60 uL Pierce 660 nm protein assay reagent (Thermo Scientific, 22660). After incubation for
1 min shaking and 5 min without movement in the dark at room temperature, absorbance at 660 nm
was measured in cuvettes for small volumes (Eppendorf Uvette 50-2000 uL) in a UV spectrophotometer
(Ultrospec 1100pro, Amersham Bioscience, expanded by Ultrospec adapter, Amersham, UK). The
calibration curve was prepared for a protein range of 0.025-0.4 ug/uL. All samples were measured
in triplicates. Independent controls (0.08 ug/uL, 0.16 ug/uL, and 0.35 ug/uL albumin standard) were
measured repeatedly.

2.6. Two-Dimensional (2D) Gel Electrophoresis

Two-dimensional gel electrophoresis was performed as previously described [15,16]. In brief, for
the first dimension, the samples were diluted with rehydration buffer (6 M urea, 2 M thiurea, 32.5 mM
CHAPS hydrate, 16.2 mM dithiothreitol (DTT), 2.5% ampholytes (Biochemika, 39878)). A protein
mass of 8 ug in 125 uL buffer was added to Immobiline DryStrips (pH 3-10NL, 7 cm, GE Healthcare
17-6001-12). After active rehydration at 20 °C for 12 h, isoelectric focusing was performed in a Protean
IEF Cell (Biorad) as follows: linear voltage rise to 300 V for 30 min, hold at 300 V for 30 min, slow
voltage rise to 1000 V in 30 min, linear voltage rise to 5000 V in 90 min, hold at 5000 V for 8000 Vh.

Afterwards, stripes were rehydrated in equilibration buffer (4.4 M urea, 50.5 mM sodium dodecyl
sulfate (SDS), 25 Vol% glycerol, 2.4 Vol% Tris-HCI buffer pH 8.8) containing 10 mg/mL DTT for 45 min
and another 45 min in equilibration buffer with 40 mg/mL iodacetamide. Rehydrated strips were
placed on precast stain-free electrophoresis gels (Mini Protean Stain free Gels 12%, BioRad, 4568041),
marker (Full Range Rainbow Marker, GE Healthcare, RNP800OE) was added, and stripes were overlayed
with agarose solution (1% agarose, 30% glycerol, 3.4% separation gel buffer (1.5 M Tris, 14 mM SDS,
pH 8.8), 55.5 mM SDS) to improve protein transfer from strip to gel. An electrophoresis chamber
(Mini Protean Tetra Cell, Biorad) was filled with running buffer (TGS buffer, Biorad 161-0732) and
electrophoresis was performed for 150-180 min at 100 V.
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2.7. Silver Staining of 2D Gels

Following electrophoresis, gels were fixated in fixation solution (50% ethanol, 5% acetic acid)
for 30 min. Gels were washed twice for 20 min in 50% ethanol and twice in ultrapure water for
5 min. Gels were bathed in sodium thiosulfate solution (2 mg/mL) for 1 min and washed in ultrapure
water for 1 min. Afterwards, gels were incubated in silver nitrate solution (1.5 mg/mL) for 20 min
and were washed for 1 min in ultrapure water. Then, gels were bathed in developer solution (0.04%
formaldehyde 37%, 20 mg/mL sodium carbonate for approx. 1-10 min) until spots were detectable and
reaction was stopped with 5% acetic acid. After washing in ultrapure water, gels were digitized with a
ProXima 2850 imaging system.

2.8. In-Solution Digestion of Proteins

Samples were reduced with 10 mM DTT, subsequently sonicated for 10 min using a bath sonicator,
and loaded onto Microcon YM-30-filter devices (Millipore) to perform filter-aided sample preparation
(FASP) according to [17]. The processing steps for detergent removal, alkylation, buffer exchange, and
protein digestion comprised two initial washes with urea solution (UA) followed by incubation with
50 mM iodoacetamide (IAA) in UA for 20 min, two washes with UA to deplete IAA, and finally three
washes with 50 mM ammonium bicarbonate (ABC), before digestion with trypsin was performed at
an enzyme-to-protein ratio of 1:25 in 40 uL of 50 mM ABC at 37 °C for 16 h. Peptides were collected
by centrifugation and fresh trypsin solution was added onto the filter for a second digestion for 2 h.
After centrifugation, the combined digests were acidified with trifluoroacetic acid (final concentration
0.25%), concentrated by use of a centrifugal evaporator and diluted to a final volume of 20 puL with a
solution containing 2% acetonitrile and 0.1% formic acid (FA) in water. Peptide concentration was
measured using the Qubit protein assay (Thermo Fisher Scientific, Waltham, MA, USA).

2.9. Analysis by nanoLC-HDMSE

Liquid chromatography-mass spectrometry analyses were carried out using a nanoAcquity UPLC
system (Waters, Manchester, UK) coupled to a Waters Synapt G2-S mass spectrometer as described
before by [18]. Mobile phase A contained 0.1% FA in water, and mobile phase B contained 0.1% FA
in acetonitrile. Peptide samples corresponding to approximately 200 ng of digested protein were
trapped and desalted using a precolumn (nanoAcquity UPLC Symmetry C18, 5 um, 180 um x 20 mm,
Waters) at a flow rate of 10 pL/min for 4 min with 99.9% A. Peptides were separated on an analytical
column (ACQUITY UPLC HSS T3, 1.8 um, 75 um X 250 mm, Waters) at a flow rate of 300 nL/min
using a gradient from 3% to 32% B over 120 min for mouse samples and a gradient from 3% to 35% B
over 90 min for rat samples. The column temperature was maintained at 35 °C. The SYNAPT G2-S
instrument was operated in data-independent mode with ion-mobility separation as an additional
dimension of separation (referred to as HDMSF). By executing alternate scans at low and elevated
collision energy (CE) of each 0.6 s, information on precursor and fragment ions, respectively, was
acquired. In low-energy MS mode, acquisitions were performed at a constant CE of 4 eV, whereas
drift time-dependent CE settings [19] were applied in elevated-energy MS mode. As a reference
compound, 100 fmol/uL [Glul]-fibrinopeptide B was delivered at 500 nL/min to the reference sprayer
of the NanoLockSpray source. Lock spray was acquired once every 30 s for a 1 s period. Samples were
measured once without technical replication.

2.10. NanoLC-HDMSF Data Processing, Protein Identification, and Quantification

Progenesis QI for Proteomics version 2.0 and 4.1 (Nonlinear Dynamics, Newcastle upon Tyne, UK)
was used for raw data processing, protein identification, and label-free quantification of HDMSE data
from rat and mouse samples, respectively. Alignment was performed to compensate for between-run
variation in the LC separation. Peak picking parameters included (i) sensitivity set to automatic, and
(ii) a maximum ion charge of +4. Peptide and protein identifications were obtained by searching
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against databases containing 29,799 protein sequences of the Rattus norvegicus proteome (UniProt
release 2017_03) and 16,970 reviewed protein sequences from Mus musculus (UniProt release 2018_04),
respectively. Precursor and fragment ion mass tolerances were automatically determined. Two missing
cleavage sites were allowed, oxidation of methionine residues was considered as variable modification,
and carbamidomethylation of cysteines as fixed modification. The false discovery rate was set to 1%.
Peptides were required to be identified by at least three fragment ions and proteins by at least six
fragment ions and two peptides. Subsequently, peptide ion data were filtered to retain only peptide
ions that met the following criteria: (1) identified at least two times within the dataset (only applied to
the mouse data set), (2) ion score greater than or equal to 5.4 and 5.6 for mouse and rat data, respectively,
(3) mass error below 13.0 ppm, (4) at least six amino acid residues in length. Only proteins identified by
at least two unique peptides were included in the quantitative analysis of the mouse data set. Proteins
were quantified by the Hi3 method [20], which uses the sum of signal intensities of the three most
intense tryptic peptides of any protein. To estimate the final rate of false peptide identifications, the
search was repeated using a shuffled target-decoy database applying identical peptide filtering criteria.
Comparing the number of decoy peptides to those identified with the target sequences resulted in a
false positive rate of 0.08%. Moreover, the search did not result in any protein identification based on
more than one peptide.

The subcellular locations of identified proteins were assigned to their accession numbers using
the Uniprot database. For exact reproduction of the analysis of the rat cerebellum [13], information on
the subcellular localization of proteins was additionally extracted from the database Genecards.

2.11. Statistical Analysis

Data organization was performed in spreadsheet applications. Statistical analysis was done
in SPSS25. ANOVA testing and a Mann—Whitney test were applied to determine sample variances
and differences.

3. Results

3.1. Reproducibility of Plasma Membrane Enrichment Protocol

To ensure technical reproducibility of plasma membrane separation and identification of the
Schindler protocol [13], the whole procedure was performed using the cerebella of two adult Wistar
rats. By means of LC-MS, 1378 proteins were identified by at least one unique peptide (Table S1).
The subcellular localizations of these proteins were assigned using the database Genecards (Figure 1).
Of the total 1378 proteins, 804 (58%) were assigned to membranes, and 522 proteins (38%) were not
assigned to membranes. For 52 proteins (4%), no information on the subcellular localization was
available. For comparison, Schindler et al. [13] identified 586 proteins, of which 191 (33%) were
assigned to membranes by the use of Genecards. In their original article, Schindler et al. defined a list
of selected plasma membrane proteins with neurobiological relevance. Almost all of these proteins
were also found in our analysis, as demonstrated in Table 1. Six proteins (Dihydropyridine-sensitive
L-type, calcium channel alpha-2/delta subunits, Potassium voltage-gated channel subfamily C member
3, Sodium channel protein type 1 subunit alpha, Sodium bicarbonate cotransporter 3, Electrogenic
sodium bicarbonate cotransporter 1, Plasma membrane calcium-transporting ATPase 3) reported in [13]
were not shown in Table 1 because they were associated with a protein group and not confirmed by
unique peptides in our analysis. In addition, typical membrane proteins that were identified here, but
were not described in [13], are introduced in the following. The adhesion G protein-coupled receptor
L3 (ADGRL3), which has functions in cell-cell adhesion as well as neuron guidance and is necessary
for the development of glutamatergic synapses in the cortex, was identified in different samples. A
further example is the ciliary neurotrophic factor receptor subunit alpha (CNTFR), which binds the
neurotrophin CNTE. CNTF promotes neurotransmitter synthesis and neurite outgrowth in certain
neural populations. Beyond this, four gamma-aminobutyric acid (GABA) and glycine transporter
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proteins were identified. These are sodium- and chloride-dependent GABA transporter 1, sodium-
and chloride-dependent GABA transporter 3, sodium- and chloride-dependent glycine transporter 1,
and sodium- and chloride-dependent glycine transporter 2. Again, these four transmembrane proteins
were not identified by Schindler et al. [13].
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Figure 1. The number of protein identifications in plasma-membrane-enriched samples of rat cerebellum.
Plasma membrane proteins were enriched in samples of adult rat cerebellum. Proteins were identified
with LC-MS. Subcellular protein localization was assigned with aid of the database Genecards.

Excerpt of identified membrane proteins from Schindler et al. [13]. The Swiss-Prot primary
accession number, protein names, the number of transmembrane helices (TMH), and the number of
identified peptides per protein in Schindler’s analysis (pep) [13] and in our analysis (A/B: sample
A/B) are listed. Seven proteins that were identified in Schindler et al. have not been identified in our
samples and, therefore, are not shown in this table. Six proteins that were associated with a protein
group but not confirmed by unique peptides in our analysis were also not included.

3.2. Protein Analysis in Single Acute Slices

For all subsequent experiments, acute slices were prepared from 5-day-old C57BL/6 mice
(Figure 2A). As our group strives for analyses of the proteome of organotypic slices during culture,
slices for this study were prepared in the very same way as slices for organotypic culturing. Slices
were cut sagittally at a thickness of 350 um and weighed between 9 and 19 mg. To ensure that the
protein mass of one single slice is sufficient for protein-based analysis approaches, we performed 2D gel
electrophoresis of the whole protein fraction of single slices (Figure 2B). It turned out that the protein
mass of a single slice is sufficient to perform a 2D gel electrophoresis. The distribution of protein spots
in the resulting gels demonstrated the availability of proteins over the complete isoelectric point (pI)
range from 3 to 11 as well as the protein size range from 10 kDa to 225 kDa.
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Table 1. Comparison of cerebellar protein identifications.

Accession TMH Schindler etal.  Our Analysis

Neurotransmitter Release pep A B

P61765 Syntaxin-binding protein 1 0 30 43 43
QIWU70 Syntaxin-binding protein 5 1 1 4 4
P32851 Syntaxin-1A 1 6 4 4
P61265 Syntaxin-1B2 1 21 17 16
P60881 Synaptosomal-associated protein 25 0 19 19 19

Neurotransmitter Receptors
P19490 Glutamate receptor 1 5 3 9 9
Q63226 Glutamate receptor delta-2 subunit 3 6 28 29
P23385 Metabotropic glutamate receptor 1 8 6 23 17
Q9Z0U4 Gamma-aminobutyric acid type B receptor, subunit 1 8 3 8 6
088871 Gamma-aminobutyric acid type B receptor, subunit 2 8 2 10 10
P62813 Gamma-aminobutyric-acid receptor alpha-1 subunit 5 5 4 4
P30191 Gamma-aminobutyric-acid receptor alpha-6 subunit 4 0 8 7
P63138 Gamma-aminobutyric-acid receptor subunit beta-2 5 5 3 3
P18506 Gamma-aminobutyric-acid receptor delta subunit 5 2 3 3
P18508 Gamma-aminobutyric-acid receptor gamma-2 subunit 5 3 0 1
Neurotransmitter Reuptake
Orphan sodium- and chloride-dependent
p1662 neurotransmitter transporter NTT4 1 12 5 5
P23978 Sodium- and chloride-dependent GABA transporter 1 12 5 5 7
P31647 Sodium- and chloride-dependent GABA transporter 3 11 8 6 5
P28572 Sodium- and chloride-dependent glycine transporter 1 12 4 4 4
P24942 Excitatory amino acid transporter 1 10 14 8 7
P31596 Excitatory amino acid transporter 2 11 12 9 7
035921 Excitatory amino acid transporter 4 8 7 7 6
Ion Channels
Q972L0 Voltage-dependent anion-selective channel protein 1 0 9 12 11
P10499 Potassium voltage-gated channel subfamily A member 1 6 4 1 1
P25122 Potassium voltage-gated channel subfamily C member 1 7 4 3 3
P04775 Sodium channel protein type 2 subunit alpha 24 8 3 3
Q00954 Sodium channel beta-1 subunit 2 1 2 2
P54900 Sodium channel beta-2 subunit 2 5 4 5
Transporters
Q9JHZ9 System N amino acid transporter 1 10 2 0 1
P11167 Solute carrier family 2, facilitated glucose transporter 1 3 3 2
member 1

Q8VII6 Choline transporter-like protein 1 10 1 1 0
Q63016 Large neutral amino acids transporter small subunit 1 14 3 5 5
Q63633 Solute carrier family 12 member 5 12 12 17 15
P11505 Plasma membrane calcium-transporting ATPase 1 9 23 13 19
P11506 Plasma membrane calcium-transporting ATPase 2 9 36 2 3
Q64542 Plasma membrane calcium-transporting ATPase 4 11 13 10 9

P06685 Sodium/potassium-transporting ATPase alpha-1 chain 8
P06686 Sodium/potassium-transporting ATPase alpha-2 chain 8
P06687 Sodium/potassium-transporting ATPase alpha-3 chain 8 50 32 32
P07340 Sodium/potassium-transporting ATPase subunit beta-1 1
P13638 Sodium/potassium-transporting ATPase subunit beta-2 1
1

Q63377 Sodium/potassium-transporting ATPase subunit beta-3 5 7 7
P53987 Monocarboxylate transporter 1 12 2 4 5
Q01728 Sodium/calcium exchanger 1 11 3 4 4
P48768 Sodium/calcium exchanger 2 11 11 14 15

Single acute slices were then processed for plasma membrane enrichment following the protocol
of Schindler et al. [13]. Performing this protocol with single slice samples proved to be challenging
because pellets after ultracentrifugation of the enriched membrane fraction were not visible due
to their small size. Furthermore, protein concentration measurements had to be adjusted to small
sample sizes and low protein concentrations. As illustrated in Figure 3A, protein concentrations of
processed samples ranged between 0.04 and 0.09 pug/uL, corresponding to an available protein amount
of about 3-6 ug for subsequent MS analyses. Accuracy of the protein concentration measurements
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was ensured by determining the protein concentration of every sample three times. The standard
error of the mean of protein concentration measurements from the same samples was considerably
small and did not exceed 0.007. For visualization of protein content of the processed slice samples,
2D gel electrophoresis was performed (Figure 3B). Protein spots were distributed over the complete
analyzed pI and protein size range. However, the 2D gel also showed that samples after plasma
membrane enrichment contained a significant amount of proteins not intrinsic to membranes because
hydrophobic membrane proteins are typically not resolved by 2D gel electrophoresis.
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Figure 2. Protein analysis in single acute slices. (A) Acute slices were prepared from 5-day-old
C57BL/6 mice. Sagittally cut slices contained cortex (Ctx), hippocampal formation (Hf), thalamus
(Th), caudate-putamen complex (Cpu), olfactory bulb (OB), cerebellum (Cb), and brain stem (Bs).
(B) Two-dimensional protein separation of the whole-protein fraction of one single acute slice
demonstrated abundance of various proteins over a large protein weight and pl range.
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Figure 3. Protein content after membrane protein enrichment in single acute slices. (A) Protein
concentrations after membrane protein enrichment in single slice samples. Samples were termed after
the animal (letter) and originate from right or left hemispheres (r or 1). Protein concentration was
determined three times per sample. (B) Two-dimensional protein separation after membrane protein

enrichment of one single acute slice demonstrated abundance of various proteins over a large protein
weight and pl range.

3.3. Plasma Membrane Protein Separation in Single Acute Slices

For evaluation of the reproducibility of the plasma membrane separation protocol in single slices,
acute slices from seven animals were chosen for MS analysis. Per animal, one slice per hemisphere
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from the same cutting plane was processed. By means of L5-MS, an average of 8000 peptides was
identified. A total of 1161 proteins was identified by at least two peptides (Table S2), while 248
proteins were identified by only one peptide and, therefore, were excluded from analysis due to
insufficient specificity of identification and quantification. One sample showed considerably lower
protein concentration (sample G-1in Figure 3A) and peptide as well as protein identifications. This
sample and the corresponding sample from the same animal were excluded from analysis.

Protein localizations were assessed with the aid of Uniprot. A total of 369 proteins (32%) were
assigned to membranes, 612 proteins (53%) were assigned to other subcellular compartments, while no
localization information was available in Uniprot for 180 proteins (16%) (Figure 4).
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Figure 4. The number of protein identifications in plasma-membrane-enriched samples of single acute
slices. Plasma membrane proteins were enriched in samples of single murine acute slices. Proteins were
identified with LC-MS. Subcellular protein localization was assigned with aid of the database Uniprot.

For evaluation of constancy of abundance measurements in the 12 samples, the difference between
the minimal and maximal mean abundance per animal was calculated for each protein and expressed
as fold-change (Table S2). Furthermore, ANOVA testing was performed to analyze if abundances of all
samples were significantly different. For 164 proteins, the fold change between maximal and minimal
abundance was larger than 2. Seventy-eight of these proteins also had a p-value < 0.05 and therefore
were supposed to be significantly different. Regarding all proteins, 762 out of 1161 showed a p-value >
0.05 after ANOVA and therefore showed no significant variability (Table S2).

We hypothesized that the amounts of identified proteins were comparable in all samples since they
all originated from comparable animals and the same cutting planes. So, the variance of abundances
from all 12 samples was calculated for every identified protein. Variances of single slice samples were
0.091 + 0.053 on average. Furthermore, we assumed that, due to interindividual differences between
the animals, slices from different animals would vary more in their protein amounts than slices from
the same animal. Hence, the mean abundance from both samples of an animal was determined and
then the variances of these means for every identified protein were calculated. The overall average
variance of single animal protein amounts was 0.168 + 0.095 on average. This analysis demonstrated
that variance of the samples from individual animals was significantly higher than variance of all
samples (p < 0.0001, Figure 5A).
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Figure 5. Variance of normalized protein abundance in single acute slices. (A) For each identified
protein, the variance of normalized abundances for all samples was calculated (Var Samples) as well as
the variance of the mean protein abundances per animal (Var Animal). (B) The variances of normalized
abundances of all samples were plotted against the weight of the respective protein. No correlation was
found (r = —0.14744). (C) The variances of the mean normalized abundances per animal were plotted
against the weight of the respective protein. No correlation was found (r = 0.13419).

Furthermore, variances were plotted against the protein weight of the respective proteins. The
distribution of variances between samples showed a lower variability (Figure 5B) than between
(Figure 5C) animals. No correlation was found between variances of single samples and protein mass
nor between variances of animals and protein mass (Pearson correlation test, r = —0.14744, respectively
r = (0.13419, Figure 5B).

The identified proteins of the membrane protein enrichment procedure in the rat cerebellum
were compared with the myelin proteome of Jahn et al. [21] to prove coincidence with proteins of the
myelin proteome, respectively, oligodendrocyte compartment. Interestingly, we found 35 proteins
in our membrane protein enrichment samples of the rat cerebellum that were also described in the
myelin proteome: 14-3-3 protein epsilon, 14-3-3 protein eta, 14-3-3 protein gamma, 14-3-3 protein theta,
annexin A6, calnexin, clathrin heavy chain, cofilin 2, destrin, elongation factor 2, gelsolin, glial fibrillary
acidic protein, glucose-6-phosphate isomerase, glutamine synthetase, heat shock 70 kDa protein 1B,
heat shock 70 kDa protein 4, macrophage migration inhibitory factor, moesin, myelin basic protein,
myelin proteolipid protein, myelin-associated glycoprotein, neural cell adhesion molecule 1, neural
cell adhesion molecule 1, neurofascin, neurotrimin, nucleoside diphosphate kinase A, nucleoside
diphosphate kinase B, phosphoglycerate mutase 1, prohibitin, septin 4, synaptophysin, transketolase,
triosephosphate isomerase, and vimentin.

4. Discussion

4.1. Reproducibility of the Plasma Membrane Enrichment Protocol

The protocol of Schindler et al. [13] was successfully reproduced with material of the cerebellum
of adult Wistar rats (Figure 1, Table S1). A large number of proteins was identified by LC-MS, and more
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than half of them are assigned to plasma membranes in the database Genecards. In Schindler’s original
analysis, only half as many proteins could be identified in the same sample tissue, and a considerably
smaller amount of them were assigned to membranes. This notable increase in protein identification
efficiency most certainly is due to advances in MS technology and the expanded scope of database
content during the last decade. The successful reproduction of plasma membrane protein enrichment
and identification is the prerequisite for applying the protocol to the small sample volume of single
acute murine slices.

4.2. Protein Analysis in Single Acute Slices

Protein-based analyses of single slices are rarely executed due to their small sample volume. We
were able to demonstrate that one single acute murine slice provides enough protein for two-dimensional
gel electrophoresis. The whole protein fraction of one single slice contains a broad range of sufficiently
separable protein spots, indicating the suitability of the sample format of acute slices for protein-based
analyses (Figure 2).

Based on this result, plasma membrane protein enrichment was performed on single acute murine
slices. We anticipated a considerable loss of protein content due to the high number of processing steps
in the protocol (eightfold repetition of phase separation), but the separation of the enriched membrane
protein fraction in two-dimensional gel electrophoresis demonstrated a remarkable number of distinct
protein spots (Figure 3B).

Since the sample preparation for MS requires the measurement of protein concentration, the
protocol for protein measurements needed to be optimized for low sample volumes. Despite the use
of small volumes for protein measurement and a comparably low protein concentration range of the
standard curve, measurements of protein concentrations were reproducible for all samples measured.
The protein concentration of every sample was measured in triplicates, and the low variability of the
resulting protein concentrations for each sample proved the applicability of our optimized protein
measurement protocol (Figure 3A).

4.3. Membrane Proteins in Single Acute Slices

The MS-based protein identification of membrane protein-enriched single murine slice samples
resulted in the identification of 1161 proteins (Table S2). By using the database Uniprot, 369 of
these proteins (31.8%) were allocated to membranes (Figure 4). For comparison, the enrichment of
membrane proteins in whole rat cerebellum resulted in 804 membrane protein identifications (58.3% of
all identified proteins, Figure 1), a remarkably higher yield. However, comparability of both analyses
is limited due to samples from different species and different brain regions. Therefore, we consider the
yield of membrane proteins from single acute slices as sufficient for further analyses.

The most important prerequisite for the use of MS-based analysis approaches on single slices is
reliable reproducibility of the results. For evaluation of this subject, we analyzed slices from seven
mice from one litter, two slices per animal, all from the same cutting levels. Out of the 14 samples,
one sample yielded insufficient protein concentrations and was excluded from further analysis. We
therefore consider the probability of extensive sample loss during membrane protein enrichment as
acceptable given the sophisticated enrichment protocol.

For evaluation of reproducibility of MS protein quantification, the variance of normalized
abundances of all samples (sample variance) was compared with the variance of the mean normalized
abundances per animal (animal variance) (Figure 5). The results show that the animal variance is
considerably higher than the sample variance. We conclude that (i) slices from the same animal
reliably have comparable protein abundances and that (ii) our method is sensitive enough to detect
interindividual differences of protein abundances in single slice samples.

To further evaluate the constancy of protein quantifications in samples from different animals,
the fold change between highest and lowest mean abundance per animal for every protein identified
was calculated (Table S2). For 14.1% of all identified proteins, a fold change larger than 2 was
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found. ANOVA testing proved that only 78 of these proteins (6.7% of all identified proteins) showed
significant variability of abundances and, therefore, can be considered to be differential. This amount
of differentially expressed proteins appears to be realistic because interindividual differences of protein
profiles between individuals of inbred mice of the same strain and age physiologically exist.

Taken together, our results prove that the membrane protein profile of single slice samples can be
analyzed by LC-MS. The small sample volume constitutes no restriction for reproducible and reliable
protein identification and quantification. Since acute brain slices can be analyzed with this method, it
can be assumed that cultured organotypic slices also are a suitable sample format for MS-based analysis.
This enables studies on the changes of protein profiles over the course of organotypic slices propagation
as well as protein expression analyses in various lesion or intoxication models of organotypic slice
cultures [22,23]. However, the application of the method is not restricted to slice preparations. Also,
small dissected brain areas with minor sample weight can probably be employed for enrichment of
plasma membrane proteins and MS protein identification.

The technique of plasma membrane protein enrichment and MS protein identification is now
ready for specific differential analyses in neuroscientific research. One example is the investigation
of differential protein abundances in models of de- and remyelination in the context of multiple
sclerosis. It was shown that 35 proteins of the myelin proteome [21] were also identified by the
plasma membrane enrichment approach. Both organotypic slice culture models with demyelinating
lesions [24,25] and single topographic regions dissected from murine brains (corpus callosum,
cerebellum, spinal cord [26,27]) are difficult to analyze due to their small sample volume and protein
mass. However, by the use of our protocol presented in this study, these samples are now accessible
for proteome-based investigation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/5/423/s1.
Table S1: Identified proteins after membrane protein enrichment in rat cerebellum, 1378 proteins were identified.
Proteins were sorted with regard to number of membrane descriptions. mem: number of words “membrane” in
localization description of proteins. Table S2: Identified proteins after membrane protein enrichment in single acute
murine slices, 1161 proteins were identified. Proteins were sorted by descending p-values of ANOVA testing for
homogeneity between all samples. p: probability error ANOVA testing, Change: fold change between smallest and
highest measured mean abundance per animal, mem: number of words “membrane” in localization description
of proteins. Samples were named after the animal (letter) and origin from the right or the left hemisphere (r or 1).
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Abstract: Williams-Beuren syndrome (WBS) is caused by microdeletions of 28 genes and is
characterized by cognitive disorder and hypotrophic corpus callosum (CC). Nsun5 gene, which encodes
cytosine-5 RNA methyltransferase, is located in the deletion loci of WBS. We have reported that
single-gene knockout of Nsun5 (Nsun5-KO) in mice impairs spatial cognition. Herein, we report
that postnatal day (PND) 60 Nsun5-KO mice showed the volumetric reduction of CC with a decline
in the number of myelinated axons and loose myelin sheath. Nsun5 was highly expressed in
callosal oligodendrocyte precursor cells (OPCs) and oligodendrocytes (OLs) from PND7 to PND28.
The numbers of OPCs and OLs in CC of PND7-28 Nsun5-KO mice were significantly reduced
compared to wild-type littermates. Immunohistochemistry and Western blot analyses of myelin basic
protein (MBP) showed the hypomyelination in the CC of PND28 Nsun5-KO mice. The Nsun5 deletion
suppressed the proliferation of OPCs but did not affect transition of radial glial cells into OPCs or
cell cycle exit of OPCs. The protein levels, rather than transcriptional levels, of CDK1, CDK2 and
Cdc42 in the CC of PND7 and PND14 Nsun5-KO mice were reduced. These findings point to the
involvement of Nsun5 deletion in agenesis of CC observed in WBS.

Keywords: Nsun5; Williams-Beuren syndrome (WBS); corpus callosum (CC); oligodendrocyte
(OL); myelination

1. Introduction

Williams-Beuren syndrome (WBS; MIM 194,050) is a rare (7.5-10/100,000) and complex
neuro-developmental disorder with multisystemic manifestations [1]. WBS is caused by 26 to
28 contiguous gene deletions [2] on human chromosome 7q11.23 [1]. These microdeletions have been
detected in 90-99% of individuals with WBS [3].

The corpus callosum (CC) is the largest interhemispheric commissure known to modulate cerebral
specialization and interhemispheric communication. During brain development, midline structures,
including the CC, are the most vulnerable to the influence of complex mechanical and genetic factors [4].
Previous studies that analyzed the CC in WBS reported morphologic abnormalities and volumetric
reductions. Luder et al. [5] found a significantly thinner callosal region in patients with WBS. In close
agreement with the observation, the CC in WBS patients has been observed to be shorter and less
curved [6]. Moreover, callosal midline lengths were found to be reduced and the callosal bending
angles were enlarged [7,8]. A recent study reported the neuroradiological features in the brains
of 12 WBS patients and showed several structural abnormalities of the central nervous system, for
example, a hypotrophic CC and hypoplastic temporal lobes [9]. A shorter, less curved and thinner
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posterior callosal region might be associated with the unique cognitive and behavioral profile of WBS
patients [5]. Thus, the abnormal shape of CC is an attractive candidate for exploring the pathological
mechanisms underlying the cognitive aspects associated with WBS.

The Nsunb gene, which encodes a cytosine-5 RNA methyltransferase, is deleted in WBS [1,10].
Nsunb5 is deleted in about 95% patients with WBS [11]. Nsun5 can directly methylate cytosine 2278
of 255 ribosomal RNA (rRNA) [11,12]. The lack of this methylation has been demonstrated to alter
the structural conformation of the ribosome and to reduce the translational fidelity [13]. We have
recently reported that Nsun5 was selectively expressed in the oligodendrocyte precursor cells (OPCs)
of adult hippocampal gray matter [14]. The single-gene Nsun5 knockout (Nsun5-KO) in mice impairs
the development of OPCs [14].

Although the majority OPCs appear in early neonatal rodent brains, the maturation and
myelination of oligodendrocytes (OLs) occur largely between postnatal day (PND) 7 and PND28 [15].
During CC development, OPCs proliferate and differentiate from PND? to become mature OLs [16].
OPCs exit the cell cycle, become postmitotic OLs and further mature into myelinating OLs.
The formation of myelin provides essential trophic support for CC axonal development during
the developmental growth windows and medjiates the fast conduction of neuronal information [17,18].
The Nsunb5 transcript is enriched in the developing mouse brain. Nsun5 deficiency has been found to
reduce the proliferation of OPCs in the adult hippocampus [14]. Therefore, it is of great interest to
investigate whether the Nsun5 deficiency affects the development of CC.

To this end, we employed Nsun5-KO mice and observed their midline structures of the CC and
axonal myelination. To explore the underlying molecular mechanisms, we further examined the
proliferation and differentiation of OPCs and the maturation and myelination of OLs during CC
development of Nsun5-KO mice. The results indicate that Nsunb5 is required for the development of
the CC by regulating the proliferation of OPCs and myelination of OLs. This finding points to the
Nsunb5 deficiency is associated with the agenesis of CC observed in WBS patients.

2. Materials and Methods

2.1. Generation and Identification of Nsun5-null Mice

All animals were treated according to the guidelines of Animal Care by the Institutional
Animal Care and Ethical Committee of Nanjing Medical University (No. 2014-153). The generation
of Nsun5-KO mice was performed by CRISPR/Cas9 genome editing. The in vitro transcription
and microinjection of CRISPR/Cas9 has been previously described [19]. Two sgRNAs were
designed to target exon 3 of the Nsun5 gene. The oligos for the generation of sgRNA expression
plasmids were annealed and cloned into the Bsal sites of pUC57-sgRNA (Addgene 51,132).
Oligo sequences are sgRNAl-sense: TAGGCCCAGCAGAGCCTTCCAT; sgRNAl-antisense:
AAACATGGAAGGCTCTGCTGGG;  sgRNA2-sense: TAGGCTGAGCTGGCCCGACTCA;
sgRNA2-antisense: AAACTGAGTCGGGCCAGCTCAG. The Nsun5-KO mice were backcrossed
with C57BL/6 background mice for over 10 generations. The homozygous Nsun5-KO mice used in
the present study were obtained by mating between heterozygous Nsun5 mice. Genotyping was
determined by polymerase chain reaction (PCR) examination using the genomic DNA obtained
from tail biopsies [14]. The genotyping primers were: 5-CTGTCCAGGTGCTAGTGTATG-3’ and
5’-GGTCCTCATTTCGGCTCAC-3'. The mice were maintained under constant conditions (temperature
of 23 + 2 °C, humidity of 55 + 5% and a 12:12-h light/dark cycle) with free access to food and water.

Postnatal day (PND) 3 WT mice (17 = 12), PND7 WT mice (n = 36) and Nsun5-KO mice (1 = 36),
PND14 WT mice (n = 24) and Nsun5-KO mice (n = 24), PND28 WT mice (n = 18) and Nsun5-KO
mice (n = 18), PND60 WT mice (n = 24) and Nsun5-KO mice (n = 24) were used in the preset study.
The mice were randomly divided into 4 experimental groups. In the first group, the samples of CC
were harvested from PND3 (1 = 6) WT mice, PND7 (n = 12), PND14 (n = 12), PND28 (n = 6) and
PND60 (1 = 6) WT mice and Nsun5-KO mice, to examine the expression of Nsun5, MBP, CDK1, CDK2,
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Cdc42 and RhoA by real-time PCR and Western blot analysis. In the second group, PND60 (1 = 18) WT
mice and Nsun5-KO mice were required for Luxol fast blue (LFB) staining of mid-sagittal CC (1 = 6)
or coronal CC sections (n = 6) and ultrastructural examination of myelin (1 = 6). In the third group,
PND3 (n = 6) WT mice, PND7 (n = 12), PND14 (n = 12) and PND28 (1 = 12) WT mice and Nsun5-KO
mice were used in experiments of immunohistochemistry. In the fourth group, PND7 (n = 12) WT
mice and Nsun5-KO mice were treated with the injection of BrdU to label 2 h (n = 6) and 24 h (n = 6)
proliferating cells, respectively.

2.2. Antibodies

The following antibodies were used for immunohistochemistry or western blot analyses: rabbit
anti-Nsunb5 (15449-1-AP, Proteintech Group Inc., Wuhan, China; Western blot,1:300; IF,1:100), rat
anti-MBP (MAB386, Millipore, Billerica, MA, USA; Western blot,1:500; IF,1:600), rabbit anti-PDGFRx
(ab203491, Abcam, Cambridge, UK, 1:500), mouse anti-BrdU (MAB4072, Millipore, 1:1000), rabbit
anti-NG2 (AB5320, Millipore, 1:200), rabbit anti-BLBP (ab32423, Abcam, 1:1000), mouse anti-CC1 (OP80,
Millipore, 1:200), rabbit anti-Ki67 (ab16667, Abcam, 1:500), mouse anti-olig2 (MABN50, Millipore,
1:300), rat anti-NG2 (MAB6689-SP, Millipore, 1:400), rabbit anti-CDK2 (ab32147, Abcam, 1:5000), rabbit
anti-CDKT1 (19532-1-AP, Proteintech, 1:1000), rabbit anti-cleaved caspase-3 (ab2302, Abcam; 1:300) and
rabbit anti-RhoA (10749-1-AP, Proteintech, 1:1000). The secondary antibodies-donkey anti-mouse
or anti-rat-conjugated to either Alexa Fluor 488 (Jackson ImmunoResearch, West Grove, PA, USA,
1:500) or 555 (Jackson ImmunoResearch; 1:500) and the biotinylated goat anti-mouse secondary
antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA, 1:200) was directed against the primary
IgG antibody species.

2.3. Histology Analyses

The mice were injected with pentobarbital (50 mg/kg) and were transcardially perfused with cold
PBS followed by 4% paraformaldehyde. For the analysis of OPC proliferation, mice were injected
intraperitoneally (i.p.) with the thymidine analogue BrdU (Sigma-Aldrich, St. Louis, MO, USA) at
a concentration of 50 mg/kg body weight [20]. Two hours later, the perfused brains were removed.
For examination of cell cycle exit, the mice were injected with BrdU (50 mg/kg, i.p.) and were sacrificed
24 h later [21].

The brains were removed, and dissected brains were post-fixed in 4% paraformaldehyde overnight
at 4 °C. For frozen sections, the brains were transferred into 15% and 30% sucrose. After the brains
completely sank to the bottom in 30% sucrose, the sagittal sections (30 um) or coronal sections (10 um)
were cut using a cryostat (Leica CM3050S; Leica Microsystems, Heidelberg, Germany). The coronal
sections were cut continuously from the rostral to caudal CC and then were divided equally into
7 parts.

Luxol Fast Blue staining: The mid-sagittal CC sections and coronal CC sections were immersed in
0.1% Luxol Fast Blue solution at 37 °C for 12-16 h and then in 95% ethanol for 5 min. These sections were
incubated in 0.05% lithium carbonate solution for 1 min and then were washed with 70% ethanol and
distilled water. After crystal violet counterstaining, the sections were sealed for microscopic observation.

Immunohistochemistry: The coronal sections were incubated in 3% hydrogen peroxide for
30 min and were subsequently treated with 1% bovine serum albumin (BSA, Sigma Chemical Co.)
for 60 min to block nonspecific binding. After blocking, sections were incubated with the primary
antibodies overnight at 4 °C. The primary antibodies were visualized by incubating the sections with the
appropriate fluorophore-conjugated secondary antibodies or biotinylated IgG antibodies for 2 h at room
temperature. The immunoreactivities were visualized using an avidin biotin horseradish peroxidase
complex (Vector Laboratories, Burlingame, CA, USA). Sections were counterstained with DAPI
(1:1000; Sigma) and mounted with mounting medium (Vector Laboratories). The immunoreactivities
were visualized using fluorescence microscopy (DP70; Olympus, Tokyo, Japan) or a conventional
light microscope (DP70; Olympus). For double immunofluorescence staining, the sections were
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simultaneously incubated with two primary antibodies that were developed in different species
and diluted in 1% BSA, overnight at 4te. Primary antibodies were detected with appropriate
secondary antibodies for 2 h at room temperature. Images of stained sections were observed using a
fluorescence microscope.

Transmission electron microscopy (TEM): The brains were immersed in 2.5% glutaraldehyde and
2% paraformaldehyde. After overnight fixation, a block (1 x 1 x 2 mm?) was dissected from the CC at
the level of the anterior-dorsal hippocampus under a Leica stereomicroscope (MZ 6; Leica Pte, Leica,
Heidelberg, Germany). The samples were post-fixed in 1% osmium tetroxide and then dehydrated
and embedded in Epon-Araldite. Ultrathin sections were cut and stained with uranyl acetate and
lead citrate. The samples were observed and photographed using a JEM-1400 Transmission Electron
Microscope (JEOL USA, Peabody, MA, USA).

Morphometric analysis and quantization: (1) The areas of mid-sagittal CC (3 sections/mouse) and
coronal CC (2 sections per segment, total 7 segments/mouse; Figure 1E) were measured using digital
photographs with a semiautomated image analysis system (ImagePro Plus V. 4.5, CyberneticsMedia,
Silver Spring, MD, USA). The measurements were repeated 3 times for each sample to obtain an
average value; (2) The mid-sagittal CC and coronal CC sections stained with LFB were scanned using
a Leica scanner. Images from at least 6 sections were collected and quantitative image analysis was
performed using Image] software package (National Institutes of Health) as described previously [22].
The intensity of LFB staining in each experimental group were normalized to controls and presented as
bar graphs; (3) At least 6 sections for each mouse and each experimental condition were analyzed and
counted. An average of 6 sections was quantified to obtain the number of positive cells per mouse.
Cell counting was performed blindly; (4) The number of Ki67-/BrdU+ cells (cell cycle) was divided by
total number of BrdU+ cells in the CC to obtain the cell-cycle exit index [21]; and (5) The myelinated
axons were calculated from at least 10 sections for each mouse. The thickness of myelination was
quantified by G ratio (the numerical ratio of the axonal diameter divided by the diameter of the
myelinated fiber) [23]. Approximately 120 myelinated axons per block were randomly selected for
a detailed morphometric analysis using Image] software (http://rsb.info.nih.gov/ij/). The cases were
coded to facilitate blind quantification.

2.4. Western Blot Analysis

Each CC was dissected under a Leica stereomicroscope (MZ 6; Leica Pte) and was sonicated in
200 pL of Tris buffer (pH 7.4) containing 10% sucrose, phosphatase inhibitors and protease inhibitors
(Complete; Roche Diagnostics). The protein concentrations were quantified by a Bio-Rad Protein
Assay Kit (Bio-Rad, Rockford, IL, USA) according to the manufacturer’s protocol. Equal amounts of
proteins were separated by SDS-polyacrylamide gel electrophoresis and were transferred to PVDF
membranes. The membranes were blocked with 5% nonfat milk in Tris-buffered saline/Tween-20
(TBS-T) and were then incubated with antibodies against CDK1, CDK2, Cdc42 and RhoA at 4 °C
overnight. The appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies were
incubated with the membranes for 1 h at room temperature. The signals were visualized using an
enhanced chemiluminescence detection kit (ECL, Millipore). Following visualization, the blots were
stripped with stripping buffer for 15 min and were then incubated with the antibodies against the
protein at 4 °C overnight. The Western blot bands were scanned and analyzed using the Image]
software package.

2.5. Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

The CC was immediately transferred to TRIzol Reagent (Invitrogen, Camarillo, CA, USA) and
was processed for total RNA isolation according to the manufacturer’s protocol and was quantified
by spectrophotometry. Then, the RNA was reverse-transcribed into cDNAs using a Prime Script RT
reagent kit (Takara, Japan) for quantitative PCR (ABI Step One Plus, Foster City, CA, USA) in the
presence of a fluorescent dye (SYBR Green I; Takara, Japan). The relative expression of the genes was
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calculated using the 2724t method with normalization to the GAPDH expression level. The primer

sequences were designed based on published sequences of mouse genes listed in Table 1 [24,25].
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Figure 1. Loss of Nsun5 causes corpus callosum (CC) agenesis with hypomyelination. (A) Pictures of
entire brain of PND60 WT mice (WT) and Nsun5-KO mice (KO). Scale bar = 0.25 cm. (B) Representative
images of mid-sagittal CC stained with Luxol Fast Blue (LFB). Scale bar = 100 um. (C, D) Bar graphs
show the intensity of LFB staining and lengths of mid-sagittal CC in WT mice and Nsun5-KO mice.
*p <0.05,**p <0.01 vs. WT (n = 6). Error bars represent the mean + SEM. (E) Representative images of
the coronal CC of WT mice (left side) and Nsun5-KO mice (right side). Scale bar = 500 um. (F) Schematic
diagram of coronal sections from rostral to caudal CC divided equally into 7 segments (upper panel)
and measured region in coronal CC (red dashed box). (G, H) Bar graphs represent the intensity of LFB
staining and areas of coronal CC obtained from 7 segments, respectively. * p < 0.05, ** p < 0.01 vs. WT
(one-way ANOVA, n = 6).

2.6. Data Analysis/Statistics

The data were processed with Origin 9.1 software (Origin Lab Corp., Northampton, MA, USA).
The group’s data were expressed as the mean plus or minus the standard error of the mean (SEM).
All statistical analyses were performed using SPSS software, version 20.0 (SPSS Inc., Chicago, IL, USA).
The differences between the means were analyzed using Student’s t test or one-way analysis of variance
(ANOVA), followed by the Bonferroni post hoc analysis to determine the significance of specific
comparisons. The differences were considered statistically significant at p < 0.05.

25



Cells 2019, 8, 552

Table 1. Primers for quantitative real-time polymerase chain reaction (PCR).

Gene Forward Reverse

Nsunb GAGGGAAGGGTGGATAAGG GGCACGATGCGGATGTAG

CDK2 GTTGGTGATGGTGCTGTTG CTGTGGATAACTTAGCGGTCG

CDK1 AAAGCGAGGAAGAAGGAG GGACAGGAACTCAAAGATGA

Cdc42 GTTGGTGATGGTGCTGTTG CTGTGGATAACTTAGCGGTCG

RhoA CATTGACAGCCCTGATAGTT TCGTCATTCCGAAGGTCCTT
GAPDH TGGGTGTGAACCACGAG ACCACAGTCCATGCCATCAC

3. Results

3.1. Loss of Nsunb causes CC Agenesis

The overall brain sizes of PND60 Nsun5-KO mice did not differ roughly from those of the littermate
WT mice (Figure 1A). To investigate the possible role of Nsun5 in the development of CC, we performed
Luxol Fast Blue (LFB) staining, a commonly used technique for detecting myelin sheaths [26], on the
mid-sagittal CC and coronal CC sections from PND60 Nsun5-KO mice and wild-type (WT) mice (1 = 6
per experimental group). As shown in Figure 1B,E the intensities of LFB staining in the mid-sagittal
CC sections and the coronal CC sections were reduced in Nsun5-KO mice compared to WT littermates,
indicating a decline in the myelin density. Notably, not only the intensity of LFB staining (p < 0.01;
Figure 1C) but also the straight length of the mid-sagittal CC (p < 0.05; Figure 1D) in Nsun5-KO mice
were less than those in WT mice. Subsequently, the coronal sections obtained from the rostral to
caudal CC were divided equally into 7 segments (upper panels; Figure 1F) to measure the areas of
the coronal CC (red dashed box) in different regions and the myelin density. In comparison with WT
mice, the areas of the coronal CC in the 3rd-5th segments were significantly reduced in Nsun5-KO
mice (p < 0.05; Figure 1H), while in other segments, there were no significant differences (p > 0.05).
Similarly, the decline in the intensity of LFB staining was observed in the coronal CC of Nsun5-KO mice
(2nd segment: p < 0.05; 3rd-5th segments: p < 0.01; Figure 1G). Although the intensity of LFB staining
in other segments of Nsun5-KO mice had a decreasing tendency but the group when compared with
WT mice failed to reach significance (p > 0.05). The results indicate that the loss of Nsun5 causes the
volumetric reduction of CC with a decline of the myelin density.

3.2. Loss of Nsunb Results in Myelination Defects of CC

To further determine whether the deletion of Nsun5 causes the ultrastructural alteration of callosal
myelin, the cross-sections of CC (4th segment; Figure 2A) were examined by transmission electron
microscopy (TEM, n = 6 per experimental group). As shown in Figure 2B. PND60 Nsun5-KO mice
revealed structure turbulence and were missing the myelin sheath. The number of CC myelinated
axons was significantly reduced in Nsun5-KO mice (p < 0.01; Figure 2C). Although G ratio analysis
(the numerical ratio of the axonal diameter divided by the diameter of the myelinated axons) revealed
that the myelin sheath thickness had no significant difference between the both groups (p > 0.05;
Figure 2D), the myelination arrangement disorder and the loose myelin sheath were observed in the
CC of Nsun5-KO mice (Figure 2E). The results indicate that the loss of Nsun5 leads to deficits in callosal
myelination formation.

26



Cells 2019, 8, 552

160000 WT
"E Il KO
< 120000
=
2 e de
= 80000
E
=
8
< 40000
-
=

Figure 2. Loss of Nsun5 results in myelination defects in the CC. (A) Schematic diagram of coronal
sections for TEM. (B) Representative transmission electron microscopy (TEM) images from 4th segment
of CC (black region) in PND60 WT mice (WT) and Nsun5-KO mice (KO). Scale bar = 1 um. (C) Number
of myelinated axons in CC. ** p < 0.01 vs. WT (1 = 6). (D) G ratio (numerical ratio of axonal
diameter divided by the diameter of myelinated axons) in CC of PND60 WT mice and Nsun5-KO mice.
(E) Representative higher power views of CC. Scale bar = 250 nm (upper); Scale bar = 100 nm (bottom).

3.3. Nsunb is Expressed in the OL Lineage of the Developing CC

During the development of the CC, the OPCs proliferate and differentiate to become mature OLs,
generating myelin. To explore the mechanisms underlying the impaired myelination formation in
Nsun5-KO mice, we first examined the dynamic level of Nsun5 expression in the CC of PND3-60 WT
mice (Figure 3A, n = 6 per experimental group) since the proliferation and differentiation of OPCs
on PND?7-14 and the initiation of myelination on PND14-28 are the most active [15]. Real-time PCR
analysis revealed the peak of Nsun5 expression between PND7-28 (vs. PND3, PND7-14: p < 0.01;
PND28: p < 0.05; Figure 3B), which was well matched with the developmental period of the CC.

To further identify the characteristics of cells expressing Nsun5 during the development of the CC,
we performed a double immunohistochemistry analysis by using Nsun5 with the OPC markers (NG2
and PDGFR), the OL lineage marker (Olig2) and the mature OL markers (CC1 and MBP). On PND3,
Nsun5 was expressed in NG2 positive (NG2+) OPCs (Figure 3C). The NG2+ OPCs revealed a biphasic
pattern along the axon tracts of the CC. On PND7, we also found that Nsun5 could be detected
in PDGFR« positive (PDGFRx+) OPCs (Figure 3D) and Olig2 positive (Olig2+) OLs (Figure 3F).
Nsunb5 resided in the cytoplasm and was involved in the processes of OPCs and OLs. This anti-Nsun5
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antibody was highly specific, because no signal was detected in the CC of PND7 Nsun5-KO mice
(Figure 3E). It is noteworthy that CCl-positive (CC1+) OLs on PND14 display Nsun5 positivity
(Figure 3G). Consistently, the amount of Nsun5 protein in OPCs and OLs was progressively elevated
from PND3 to PND7-14. On PND28, the Nsun5 protein was detected in the myelin sheath formed
by mature OLs expressing MBP (Figure 3H). There were some Nsun5+/MBP- cells that showed the
morphological features of OPCs (arrowhead), termed white matter OPCs in the CC. The expression of
Nsun5 in the OPCs and mature myelinating OLs further supports the notion that Nsun5 can regulate
the development of the CC.
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Figure 3. Nsun5 is expressed in oligodendrocyte (OL) lineage of developing CC. (A) Schematic diagram
of CC obtained from wild-type (WT) mice. (B) Bar graphs show the levels of Nsun5 mRNA obtained
from 3rd to 5th segments (black region) of CC in PND3-60 WT mice. * p < 0.05 and ** p < 0.01 vs. PND3
mice (one-way ANOVA, n = 6). Representative images of double immunostaining for Nsun5 (green)
and NG2 (red) in CC of PND3 WT mice, Scale bars = 30 um (C); PDGFRa (green) and Nsun5 (red) in
PND7 WT mice, Scale bars = 25 um (D) and Nsun5-KO mice, Scale bars = 40 um (E); Olig2 (green) and
Nsunb5 (red) in PND7 WT mice, Scale bars = 20 um (F); CC1 (green) and Nsunb5 (red) in PND14 WT
mice, Scale bars = 25 um (G); Nsun5 (green) and MBP (red) in PND28 WT mice. Scale bars = 30 um (H).
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3.4. Loss of Nsunb Reduces OPCs and OLs Leading to Hypomyelination of CC

To further determine if the expression of Nsun5 is required for the proliferation and differentiation
of OPCs, we quantified the total numbers of OPCs and OLs in the CC (red dashed box; Figure 4A)
of PND7, PND14 or PND28 WT mice and Nsun5-KO mice (n = 6 mice per experimental group).
As shown in Figure 4B, PDGFRo+ cells in the CC of PND7 Nsun5-KO mice was reduced. Quantitative
measurement confirmed the decrease in the numbers of PDGFRa+/DAPI+ cells in PND7 (p < 0.05;
Figure 4C) and PND14 (p < 0.05) Nsun5-KO mice compared to WT mice. We observed a significant
reduction in the number of cells expressing the OL maturation marker CC1 in the CC of PND14
Nsun5-KO mice (Figure 4D). The numbers of CC14+/DAPI+ cells in PND14 (p < 0.05; Figure 4E) and
PND28 (p < 0.05) Nsun5-KO mice were lower than those in WT mice. Next, we performed cleaved
caspase-3 immunostaining to test whether the deletion of Nsun5 causes the apoptosis of OPC and
OL. As shown in Figure 4F, the number of cleaved caspase-3 positive cells did not increase in PND28
Nsun5-KO mice. In addition, the hypomyelination in the CC of PND28 Nsun5-KO mice was observed
by immunohistochemistry of myelin basic protein (MBP), a marker for mature OLs and myelin
(Figure 4G). Furthermore, Western blot analysis showed an obvious reduction in the MBP protein level
in Nsun5-KO mice compared with WT mice (p < 0.05; Figure 4H).
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Figure 4. Loss of Nsun5 reduces OPCs and OLs leading to hypomyelination of CC. (A) Oligodendrocyte
precursor cells (OPCs) and OLs were count in 4th segment of coronal CC (black region).
(B) Representative images of immunohistochemistry for PDGFRx and PDGFRoa/DAPI merge in PND7
WT mice (WT) and Nsun5-KO mice (KO). Scale bar = 35 um. Arrows indicate PDGFRx+/DAPI+ cells.
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(C) Bar graph indicates the number of PDGFRa+/DAPI+ cells per section of CC (as shown in A;
red dashed box) in PND7 and PND14 WT mice and Nsun5-KO mice. * p < 0.05 vs. WT (n = 6).
(D) Representative images of immunohistochemistry for CC1 and CC1/DAPI merge in PND14 WT mice
and Nsun5-KO mice. Scale bar = 25 um. Arrows indicate CC1+/DAPI+ cells. (E) Bar graph indicates
the number of CC1+/DAPI+ cells per section of CC in PND14 and PND28 WT mice and Nsun5-KO
mice. * p < 0.05vs. WT (1 = 6). (F) Immunohistochemistry of caspase-3 in CC of PND28 WT mice
and Nsun5-KO mice. Scale bars = 20 um. (G) Representative images of immunohistochemistry for
MBP. Scale bars = 20 um. (H) The levels of MBP protein in CC of PND28 WT mice and Nsun5-KO mice.
*p <0.05vs. WT (n = 6).

3.5. Loss of Nsunb Suppresses the Proliferation of OPCs

To test whether the reduced OPCs in Nsun5-KO mice are due to deficits in OPC proliferation,
we performed double immunostaining of PDGFR« with BrdU to label the proliferating OPCs in the
CC of Nsun5-KO mice and their littermate controls (Figure 4A) (n = 6 mice per experimental group).
We chose to examine PND7 CC based on our observation that Nsun5 was highly expressed and that
OPCs were decreased in Nsun5-KO mice at this stage. Two hours after BrdU injection, the number of
BrdU-positive (BrdU+) cells in Nsun5-KO mice was reduced by approximately 35% compared to the
number in WT mice (p < 0.01; Figure 5A-i). In particular, the number of PDGFRx+/BrdU+ cells in
Nsun5-KO mice showed an approximately 42% decline (p < 0.01; Figure 5A-ii), indicating that Nsun5
deficiency suppresses OPC proliferation.

BrdU is known to label a cohort of cells in the S phase, while Ki67 is expressed in proliferating
cells throughout all phases of the cell cycle. Thus, the BrdU+/Ki67+ cells are thought to represent
the proportion of cycling cells, whereas the remaining BrdU+/Ki67— cells exit from the cell cycle.
To examine the cell cycle dynamics of proliferating OPCs, a cell cycle exit experiment was performed by
quantifying the proportion of BrdU+/Ki67+ cells (1 = 6 mice per experimental group). In comparison
with that in WT mice, the number of Ki67+/BrdU+ cells was reduced in Nsun5-KO mice (p < 0.05;
Figure 5B-i). However, the cell cycle exit index of OPCs (BrdU+/Ki67- cells divided by the total
population of BrdU+ cells) in the CC of Nsun5-KO mice did not differ from that in WT mice (p > 0.05;
Figure 5B-ii).

To exclude whether the reduced BrdU+ cells are due to the reduced transition of radial glial cells
(RGCs) into OPCs, immunostaining of brain lipid-binding protein (BLBP), a reliable marker of RGC,
was used. The number of BLBP+ cells (p > 0.05; Figure 5C-i) or BLBP+/PDGFRa+ cells (p > 0.05;
Figure 5C-ii) in Nsun5-KO mice was unchanged compared to those in WT mice.
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Figure 5. Nsunb is required for the proliferation of OPCs. (A) Representative images of double
immunostaining for PDGFR« (red) and Brdu (green) in CC of PND7 WT mice (WT) and Nsun5-KO
mice (KO). Scale bar = 25 um. Bar graphs indicate the number of BrdU+ cells (A-i) and PDGFRx
+/BrdU+ cells (A-ii). ** p < 0.01 vs. WT (1 = 6). (B) Representative images of double immunostaining
for Ki67 (red) and BrdU (green) in PND7 WT mice and Nsun5-KO mice. Scale bar = 30 um. Bars
show the number of Ki67+/BrdU+ cells (B-i) and Ki67—/BrdU+ cells (B-ii). * p < 0.05 vs. WT (n = 6).
(C) Representative images of double immunostaining for PDGFR« (red) and BLBP (green). Scale bar =
25 pum. Bars show the number of BLBP+ cells (C-i) and PDGFRo+/BrdU+ cells (C-ii).

3.6. Loss of Nsunb Suppresses CDK1/2 Expression

Cyclin-dependent kinase 1 (CDK1) and CDK2 have been demonstrated to regulate cell
proliferation [27]. CDK2 controls OPC cell cycle progression [27,28]. To further explore the mechanisms
underlying the reduced proliferation of OPCs in Nsun5-KO mice, we examined the expression levels of
CDKI1 and CDK?2 in isolated PND7 CC (Figure 6A, n = 6 mice per experimental group). The levels of
CDK1 (p > 0.05; Figure 6B) and CDK2 mRNA (p > 0.05) in the CC of Nsun5-KO mice failed to be altered
compared to those in WT mice. Interestingly, the western blot analysis showed a notable reduction in
the level of the CDK1 protein (p < 0.05; Figure 6C) and the CDK2 protein (p < 0.01; Figure 6D).

Rho family GTPases, Cdc42 and RhoA, play an essential role in controlling the differentiation and
processes of OLs [29]. The levels of Cdc42 and RhoA mRNA in PND14 Nsun5-KO mice did not differ
from that in WT mice (p > 0.05). The level of Cdc42 protein was lower in the CC of PND14 Nsun5-KO
mice than it was in WT mice (p < 0.05; Figure 6E), whereas the RhoA protein did not decrease in
Nsun5-KO mice (p > 0.05; Figure 6F).
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Figure 6. Loss of Nsun5 suppresses CDK1/2 and Cdc42 expression. (A) Schematic diagram of CC
obtained from WT mice and Nsun5-KO mice. (B) Bar graphs show the levels of the CDK1, CDK2,
Cdc42 and RhoA mRNA in CC of WT mice (WT) and Nsun5-KO mice (KO). Bars represent the levels

of the CDK1 (C), CDK2 (D), Cdc42 (E) and RhoA proteins (F) in CC of WT mice and Nsun5-KO mice.
*p <0.05,**p <0.01 vs. WT (n =6).

4. Discussion

In the current study, we provided the first in vivo evidence that the loss of Nsun5 results in the
agenesis of CC with postnatal hypomyelination of axons. This conclusion is deduced mainly from
the following observations: the deletion of Nsun5 caused a decrease in the length of the sagittal CC
(midline) and the area of the coronal CC (mid-segments), which was associated with fewer myelinated
axons and the loose myelin sheath.

Nsunb5 was highly expressed in OPCs during CC development. Notably, the number of OPCs
(PDGFRa+ cells) was reduced in the CC of PND7 and PND14 Nsun5-KO mice. The size of the progenitor
pool (the number of BLBP+ RGCs and BLBP+/PDGFRo+ cells) was unchanged in PND7 Nsun5-KO
mice. Consistent with the report by Zhang et al. [14], the number of BrdU+/PDGFRo+ cells was lower
in the CC of PND7 Nsun5-KO mice, indicating that the loss of Nsun5 suppresses the proliferation of
OPCs. A principal finding in this study is that the expression of CDK1 and CDK2 was down-regulated
in the CC of PND7 Nsun5-KO mice. The CDK2 activity has been reported to play a pivotal role in
OPC cell cycle decisions occurring at G1/S checkpoint [28]. During the early G1 phase of proliferation,
the pairing of CDK2 with cyclin E promotes entry into the S phase of the cell division cycle [30];
then CDK2 switches to partner with cyclin A to drive the cell though S phase [31]. CDK2 deletion in
mouse embryo fibroblasts causes a delay in S phase entry [32]. The CDK1-cyclin B complex is thought
to regulate the G2-M transition and progression through mitosis [33]. Although there are no reports
of CDK1 mutant mice, mice lacking cyclin B2 do not show OPC cell cycle defects [34]. Thus, it is
proposed that the Nsun5 deficiency may impede the S phase entry of OPCs [35]. The exclusion of
exon 5 from the CDK2 transcription dramatically represses the expression of the CDK2 protein with a
corresponding perturbation in cell cycle kinetics [36]. Caillava et al. [37], however, reported that the
OPC proliferation in the CC during the early postnatal stages is CDK2-independent and that the CDK2
deficiency enhances the cycle exit of premature OPCs. Inconsistently, we observed that the proportion
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of exited cell cycle (percentage of Ki67—/BrdU+ cells against total BrdU+ cells) in PND7 Nsun5-KO
mice was unchanged, indicating that the reduced proliferation of OPCs do not seem to be due to the
prematurely exited cell cycle of OPCs. In Cdk2-deficient mice, CDK1 was found to compensate for the
loss of CDK2 function by binding to cyclin E and regulating the G1/S transition [38]. Thus, one possible
explanation is that the decline of CDK1/2 expression in Nsun5-KO mice is responsible for the reduced
OPC proliferation.

Interestingly, the decrease in the CDK1/2 proteins in Nsun5-KO mice was not associated with
transcription level changes in the CDK1/2 mRNA. Nsun2, a tRNA methyltransferase, induces the
methylation of tRNA to stabilize the tRNA and promote the protein synthesis [39]. An earlier study
reported that the expression level of Nsun2 is cell cycle-dependent, with the highest expression in
the S phase [40]. Nsun2 enhances CDK1 translation by methylating the CDK1 3’UTR at C1733 (m5C)
without altering the CDK1 mRNA level [41]. Sharma et al. [11] and Gigova et al. [12] have found that
Rem1—the yeast homologue of Nsun5—directly methylates 255 rRNA at cytosine 2278. Nsun5 ablation
alters the structural conformation of the ribosome and the translational fidelity [13]. The Nsun5
deficiency is highly likely to affect the CDK1/2 expression at the translational level. Therefore, additional
experiments will be needed to fully elucidate the mechanisms underlying the Nsun5 deletion-reduced
CDK1/2 expression.

Notably, the number of OLs (CC1+ cells) was obviously reduced in the CC of PND14-28 Nsun5-KO
mice. The OLs highly expressed Nsun5 during CC development, thus strongly indicating that Nsun5
is required for generating effective numbers of OLs. The apoptotic cells were not increased in the CC
of PND28 Nsun5-KO mice, indicating that Nsun5 insufficiency does not impair OL survival. The OPCs
generate the majority of myelinating OLs during the early postnatal period [42]. Although we
cannot rule out the possibility that the deletion of Nsun5 may alter OPC differentiation, the reduced
proliferation of OPC may be responsible for the decline of OLs.

We observed an obvious decline in the myelinated axons and hypomyelination in the CC of
PND60 Nsun5-KO mice. Myelination occurs in a stepwise process where the OPCs proliferate and
mature to become functional myelinating OLs. Olig2 ablation caused a nearly complete absence
of myelination in the cortex during the early postnatal stages and severe dysmyelination, even in
adulthood [43,44], suggesting that OPCs are a critical source for OL myelination in the developing
cortex. On the other hand, Nsun5 is expressed in the process of mature OLs, implying its possible
role in myelinogenesis. Our experimental data support this idea, because the deletion of Nsun5 was
found to not only reduce the level of the MBP protein but also cause the myelination arrangement
disorder and the loose myelin sheath in PND60 CC. Importantly, the expression level of Cdc42 was
lower in the CC of PND14 Nsun5-KO mice, while no decrease was observed in the expression level of
RhoA. Cdc42 activity is important for myelination when the OL processes ensheath the axons to form
compacted myelin sheaths [45]. Cdc42 is thought to act as a positive regulator of OL process extension
and branching [46]. The ablation of Cdc42 does not affect OPC proliferation or differentiation but
it does lead to the extraordinary enlargement of the OL process and the abnormal accumulation of
cytoplasmin [47]. Furthermore, the ablation of Cdc42 causes the widespread formation of aberrant
myelin outfoldings through the abnormal accumulation of cytoplasm in the inner tongue of the
oligodendrocyte process.

5. Conclusions

Pober reported that the Nsun5 gene, a member of the NOL1/Nop2/sun protein family, is deleted in
approximately 95% of patients with WBS. In this study, we determined that the loss of Nsun5 leads
to the agenesis of CC with the postnatal hypomyelination of axons. The abnormal patterns of CC
morphology and shape in the Nsun5-KO mice were similar to those in WBS individuals. The formation
of myelin provides essential signals for the growth of axons as well as long-term structural integrity [48].
The agenesis of CC in Nsun5-KO mice suggests that the deletion of Nsun5 in WBS may play an important
role in CC axonal growth and function. The fibers of the CC are implicated in a wide range of cognitive
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abilities [5,49]. Of note, the cognitive functions have been found to be affected in WBS [50]. Nsunb5 is
heterozygous in WBS patients [51]. Nsun5-KO mice and heterozygous Nsun5 mice show the cognitive
disorder phenotype [14], which is companied by the CC agenesis and hypomyelination (in this study).
Although the single-gene knockout phenotype observed in the Nsun5-KO mice may not be relevant to
the human deletion syndrome at all, these observed structural alterations in the CC might be associated
with the cognitive behavioral profile of WBS patients.
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Abstract: Remyelination in the adult brain relies on the reactivation of the Neuronal Precursor Cell
(NPC) niche and differentiation into Oligodendrocyte Precursor Cells (OPCs) as well as on OPC
maturation into myelinating oligodendrocytes (OLs). These two distinct phases in OL development
are defined by transcriptional and morphological changes. How this differentiation program is
controlled remains unclear. We used two drugs that stimulate myelin basic protein (MBP) expression
(Clobetasol and Gefitinib) alone or combined with epidermal growth factor receptor (EGFR) or
Retinoid X Receptor gamma (RXRy) gene silencing to decode the receptor signaling required for
OPC differentiation in myelinating OLs. Electrospun polystyrene (PS) microfibers were used as
synthetic axons to study drug efficacy on fiber engagement. We show that EGFR inhibition per se
stimulates MBP expression and increases Clobetasol efficacy in OPC differentiation. Consistent with
this, Clobetasol and Gefitinib co-treatment, by co-regulating RXRy, MBP and phosphatidylinositol
4,5-bisphosphate (PIP2) levels, maximizes synthetic axon engagement. Conversely, RXRy gene
silencing reduces the ability of the drugs to promote MBP expression. This work provides a view of
how EGFR/ErbB inhibition controls OPC differentiation and indicates the combination of Clobetasol
and Gefitinib as a potent remyelination-enhancing treatment.

Keywords: remyelination; EGFR inhibitor; smoothened agonist; microfibers; drug screening

1. Introduction

The myelin sheath insulates axons of the central nervous system (CNS), allowing neural impulses
to be transmitted rapidly along axons. Remyelination is the natural process that restores damaged
myelin and thereby neuronal function in the adult brain. This ability declines as a consequence of
aging or during the progressive phases of multiple sclerosis (MS) [1-3]. Pharmacologically-induced
remyelination has been envisaged in co-therapies with disease modifying agents for relapsing remitting
and secondary progressive MS (RRMS and SPMS, respectively), not only to restore neuronal function,
but also for its protective potential on neurodegeneration [1-4].

A number of bioactive drugs, such as Clobetasol, Gefitinib, Miconazole and Benztropine, have
been successfully repositioned by screening FDA-approved compound libraries for their ability to

Cells 2019, 8, 844; doi:10.3390/cells8080844 37 www.mdpi.com/journal/cells
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promote myelin basic protein (MBP) expression in cell-based assays that employed either primary
murine Oligodendrocyte Precursor Cells (OPCs) [5-7], mouse OPC cell lines such as Oli-neuM [8]
or Epiblast-derived OPCs (EpiSC-OPC) [9]. However, a rational use of such drugs in remyelination
therapies awaits the clarification of their molecular targets [1-10].

Remyelination essentially relies on two separate developmental steps: Oligodendrogenesis and
Oligodendrocyte Precursor Cell (OPC) differentiation into myelinating OLs [1,3]. Promyelinating
drugs can act either by promoting oligodendrogenesis and/or by enhancing OPC differentiation into
mature OLs [1]. Oligodendrogenesis consists in neuronal precursor cell (NPC) differentiation into
the OPC lineage [11] that involves the upregulation of Sonic Hedgehog (Shh) and mitogenic factors,
including epidermal growth factor (EGF) [3,10,12-14]. Canonical Shh signaling leads to the activation
of the G-protein-coupled seven-pass transmembrane receptor Smoothened (Smo) that binds to the
transcription factors Glil-3, thus promoting Shh-mediated gene transcription. For unclear reason, Shh
upregulation does not result in Glil upregulation after remyelination stimuli, with the consequence
that NPCs are fated to the OPC lineage [10,12-17]. The expression of myelin regulatory factor (Myrf)
marks the entrance of OPCs into the second phase of differentiation. Upon Myrf expression, OPCs
mature into premyelinating OLs (Pre-OLs) that are characterized by a transcriptional profile that
only partially overlaps with that of OPCs. Pre-OLs begin to express myelin proteins, one of the most
abundant being the cytosolic MBP [3,18-20]. The observation that Myrf is poorly expressed in chronic
MS lesions suggests that OPC maturation might be defective in SPMS patients [21].

The final step of OL maturation is axon engagement. At the peak of MBP expression, the OL
membrane enlarges and flattens in a process that requires phosphatidylinositol 4,5 bisphosphate (PIP2)
binding to MBP. This triggers the release of cofilin and gelsolin, two actin-binding proteins that regulate
cytoskeleton depolymerization [22-24]. The observation that OPCs readily recognize inert polystyrene
(PS) microfibers of the appropriate diameter (2—4 pm, i.e., similar to axons) opened the way to study the
physical and molecular cues required for axon engagement in vitro and the efficacy of promyelinating
drugs in the process of axon engagement [25-29]. How OLs recognize the presence of fibers in the
three-dimensional (3D) space and how OL membrane rolling on fibers is stimulated remains a field of
active study [23,24,30].

To investigate the signals promoting OPC differentiation into myelinating OLs and how axon
engagement is stimulated in the absence of neuronal feedback, here we used as a toolkit Clobetasol and
Gefitinib, two drugs that have been shown to promote remyelination in vitro and/or in vivo [8,9,31].
Molecular studies have shown that Clobetasol acts essentially via the glucocorticoid receptor (GR) [9]
and the Smo receptor [8,32] to promote MBP expression during OPC to OL differentiation, while
Gefitinib is an epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor (EGFR-TKI) potentially
acting on multiple receptors of the EGFR/ErbB family [33].

Several studies have indicated that EGFR/ErbB antagonists promote OPC differentiation in a
demyelination environment but, due to the complex regulation of the EGFR/ErbB family of receptors
at different steps of OL formation and under remyelination stimuli, they have not clarified how these
compounds promote remyelination [8,34-39].

Using Gefitinib, EGFR gene silencing, alone or in combination with Clobetasol treatment and
chambers containing PS microfibers (synthetic axons) to simulate OPC differentiation in vitro in a 3D
environment, we show that Gefitinib, by inhibiting EGFR, promotes MBP expression and by inhibiting
the PI3K/AKT pathway causes PIP2 re-localization to membranes, thereby initiating the events that
lead to membrane expansion at the peak of MBP expression. Gefitinib in combination with Clobetasol,
by co-regulating multiple receptors involved in remyelination, greatly increases single drug activity,
providing the basis to develop remyelination therapies based on a combination of these drugs.
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2. Materials and Methods

2.1. Cell Culture

The Oli-neuM line (Cellosaurus ExPASy CVCL_VL76) was obtained and cultured as previously
described [8] and routinely tested for contamination. Briefly, cells were expanded (six to eight passages)
in growth medium (GM) composed of DMEM (Corning Inc., New York, NY, USA) supplemented
with 10% fetal bovine serum (FBS, Corning), 2 mM L-glutamine (Gibco™, Thermo Fisher Scientific,
Waltham, MA, USA), 1% pen-strep (Gibco™), 1 mM sodium pyruvate (Gibco™), and 15 mM HEPES
(Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) at 37 °C in 5% CO;. Cells were grown until 80%
confluence (approximately 3 x 10° cells in a 100 mm dish), then detached using Trypsin/EDTA (0.5%,
Sigma-Aldrich) and centrifuged for 5 min at 132X g. The pellet was resuspended in fresh GM and placed
in new sterile dishes. Differentiation medium (DM) was GM supplemented with 1% N2-supplement
(175020-01, Gibco™), 60 nM triiodothyronine (T3, Sigma-Aldrich), and 53.7 ng/mL progesterone
(Sigma-Aldrich). Oli-neuM cells were maintained under antibiotic selection with 500 pg/mL geneticin
(G418, Gibco™), which was added to both GM and DM.

2.2. Compound Treatments

Clobetasol (Prestw-781), Gefitinib (Prestw-1270) were purchased from Prestwick Chemical
Library® (http://www.prestwickchemical.com/prestwick-chemical-library.html). Drug stocks (100 mM)
were pre-diluted to a concentration of 10 mM or 5 mM in dimethyl sulfoxide (DMSO) for Clobetasol
and Gefitinib, and added at a final concentration of 5 uM or 1 uM in DM, respectively, so that final
DMSO concentration did not exceed 0.5%. Optimal final concentrations were previously established
according to MBP levels in titration experiments [8]. 5 uM Forskolin (F6886, Sigma-Aldrich), 1uM
Wortmannin [40,41] and 5 pg/mL insulin [42] were used dissolved in DMSO (0.5%). Unless otherwise
stated, drug treatments were administrated in differentiation media (DM) after 24 h from Oli-neuM
seeding. We refer to “vehicle treatment” as the combination of DM plus 0.5% DMSO max (DM +
DMSO). Culturing and time of drug treatments (48 h) were previously established to be optimal for
MBP expression in Oli-neuM [8]. Unless otherwise described, Oli-neuM cells were treated with 1 uM
Gefitinib, 5 uM Clobetasol or drug vehicle (0.5% max DMSO) for 48 h in parallel experiments and
cultured in 6-12 for biochemical assays or in 96-well plates for immunofluorescence studies or Real
Time PCR (qPCR) studies.

2.3. Gene Silencing and Transfection

Retinoid X Receptor gamma (RXRy) and Epidermal Growth Factor Receptor (EGFR) gene
silencing was performed using MISSION® esiRNA Technology (Sigma-Aldrich; https://www.mpi-cbg.
de/esiRNA/), which increases specificity due to the complexity of each MISSION® esiRNA pool that
shares the same on-target but differs in the sequence-dependent off-target signatures. Specifically, we
used EMU004971 (RXRy; CAT n. ENSMUSG00000015843, 200 ng/uL, Sigma-Aldrich) and EMU075311
(EGFR; Cat n. ENSMUSG00000020122, 200 ng/uL, Sigma-Aldrich). Two Scramble siRNAs (Scramble7
n:4234503 and Scramble2 n:4234507; Sigma-Aldrich), were used as silencing controls for all analyses.
siRNA Scramble 2 and/or 7 were run along with the EGFR esiRNA treatment. Mean data for siScramble
were obtained from at least n > 3 biological replicates. Silencing was performed using a Reverse protocol:
3 ug of esiRNA per well were diluted in 200 uL of Opti-MEM® (31985-070, 1X, Gibco™) and after 5
min combined with Lipofectamine® 2000 reagent (11668-09, Invitrogen™, Thermo Fisher Scientific)
diluted in Opti-MEM®. The combined mixture was added after 20 min. Thereafter, 2.6 x 10° Oli-neuM
cells were seeded in 6-well plates in GM media and cells were grown and differentiated in DM after 24
h with or without treatment. Plasmid Transfection: Oli-neuM cells were seeded in growth chamber
containing PS fibers for 24 h, treatment with indicated drugs and transfected with the PH-PLC3-pEGFP
plasmid [43] using Lipofectamine® DNA Transfection Reagent Protocol (Invitrogen, Thermo Fisher
Scientific). Plasmid amplification was performed as previously described [44] using GeneElute™
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Plasmid Miniprep Kit (PLN70-1KT, Sigma-Aldrich) and the manufacture protocols. After extraction
the plasmid were digested to confirm the presence of the specific insert described above.

2.4. Crude Extract Preparation and Immunoblot Analysis

Typically, 2.75 x 10° Oli-neuM cells were seeded in 6-well plates in GM media and cells were grown
to 70% confluence. Treatments, unless otherwise specified, were performed as indicated in the text, as
previously described. For immunoblot analyses, the following antibodies were used: Cell Signaling
Technology (Danvers, MA, USA): anti-phospho-p44/42 MAPK (Erk1/2Thr202/Thr204: #9101, 1:5000),
anti-p44/42 MAPK (Erk1/2: #1240, 1:3000), anti-Phospho AKT (Ser473: #4060, 1:2500); anti-AKT (pan:
#4691, 1:2000). Sigma-Aldrich: anti-actin (2066, 1:2000). AbD Serotec (Bio-Rad Laboratories, Hercules,
CA, USA): anti-MBP (MCA409S, 1:200). Proteintech® (Proteintech Group, Rosemont, IL, USA):
anti-RXRy (11129-1-AP,1:600). GeneTex (GeneTex, Inc., Irvine, CA, USA): anti-EGFR (GTX132810,
1:1000). Cell extract (CE) preparation and immunoblot analyses were performed as previously
described [8]; briefly, bands signal intensity was estimated using Image] software (version 1.8.0), and
data were plotted using GraphPad Prism 7.0 (GrahPad Software, San Diego, CA, USA) as the fold
change versus vehicle, arbitrarily set to 1.

2.5. Quantitative Immunofluorescence Analysis and Confocal Microscopy

For IF quantitative analyses, Oli-neuM cells were plated in 96-well plates (655090, Greiner Bio-One,
Kremsmdinster, Austria), pre-coated with fibronectin from human plasma (Sigma-Aldrich) as previously
described [44]. After 24 or 48 h (to obtain about 60% confluence), GM was removed and DM was
added containing the indicated drug treatments or drug vehicle (0.5% DMSO). Unless otherwise
specified, cells were further incubated for 48 h prior to fixation and processing for IF as previously
described [8,44]. Acquisition was performed at 20x magnification (HCX PL FLUOTAR 20x NA 0.4)
using a Leica DMI6000 B epifluorescence inverted microscope (Leica Microsystems, Wetzlar, Germany)
equipped with Leica Application Suite X and Matrix Screener software (version 3.0) for automated
image acquisition. Plate Array: vehicle-treated samples were spotted appropriately in different
positions and acquired along with single drug treatments. Vehicle data (DM + DMSO 0.5%) of each
plate was used to normalize signal intensity in the different channels in order to compare plate replicates.
A minimum number of 1000 cells per sample was considered for mean intensity data evaluation
of each treatment. Micrographs were analyzed with Scan® (version 2.1; Analysis software version
1.1.0.6, Olympus, Tokyo, Japan) for quantification and statistical analyses as previously described [8,45].
Hoechst 33,342 (Invitrogen, Thermo Fisher Scientific) staining was used for nucleic acid quantification
and nuclei detection. Rat anti-MBP (MCA409S; Serotec, 1:100), Rabbit anti-actin (A2066 Sigma-Aldrich,
1:80) primary antibodies and the respective Alexa Fluor 488 or Alexa Fluor 546 conjugated secondary
antibodies (Thermo Fisher Scientific) were used as indicated in the text. Immunofluorescence (IF)
and data quantification were performed as previously described [8,45]. Protein quantification in IF
images was performed using the INTENSITY module of Scan® analysis software: typically, the mean
intensity FITC or TRITC values (+SEM) were detected on the mask MAIN of three biological replicates.
One experimental replicate was constituted by 25 image/well, taken blindly by the acquisition software
based on a 5 x 5 acquisition mask. Each sample was spotted in triplicate in each plate. Biological
replicates that contained data from at least 1000 cells per sample were considered for statistical analyses.
Quantitative morphological analysis was performed by using either EDGE or INTENSITY module of
Scan® analysis software (Olympus). We then calculated the percentage of the cell population with a
higher membrane area using the Max Feret Diameter parameter of Scan® software. The maximum
Feret’s diameter is a measure of an object size along its maximal axis. By plotting the Max Feret
Diameter along one axis (y) and the Mean Intensity FITC on the other axis (X) of a scattered plot it is
possible to visualize the cell distribution accordingly. Specifically, the following parameters were used
for gating the cell population of interest: Max Feret Diameter > 70 (y)/Mean Intensity FITC (MBP) > 300
(x), using Scan® analysis software. This gate identifies the cell population that has higher membrane
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extension as well as higher MBP levels (FITC or TRITC channel according to the secondary antibody
used). Three wells per sample of three biological replicates were acquired for each experimental
condition and tested for statistical significance using Student’s t test vs. vehicle and one-way ANOVA
for drug treatment comparisons.

To detect co-localization of MBP and PIP2, a LSM Fluoview 1000 confocal microscope (Olympus)
equipped with an Olympus IX-81 inverted microscope was used. Microscopy inspection was performed
at48 h. Typically, Oli-neuM cells were seeded and treated on glass coverslips as indicated. After fixation,
cells were alternatively incubated with FITC-conjugated anti-PIP2 (AC14-0106-12; Abcore, Ramona,
CA, USA) or anti-MBP antibody, and stained with Hoechst 33342 to detect nuclei. Glass coverslips were
mounted on a microscope slide using Fluoromount™ Aqueous Mounting Medium (Sigma-Aldrich).
Micrographs were captured with a 20x UPLSAPO (NA 0.75, WD 0.65 mm) objective. For co-localization
analysis, data were processed for 2D and 3D reconstruction using the isosurface tool of Imaris software
(version 6.2.1, Bitplane, Zurich, Switzerland). Statistical coefficients (Pearson’s Correlation Coefficient;
Mander’s Overlap Coefficient; Mander’s Co-localization Coefficient) were calculated for each region of
interest (ROI) and then expressed as mean + Standard Deviation (SD). PLC51PH-GFP was acquired
using 488 nm laser line.

2.6. Evaluation of Cell Engagement on PS Microfibers

Cell culture chambers containing electrospun fibers were prepared as follows. Fibers were
electrospun on 22 X 22 mm glass coverslips placed on a lab-built cylindric rotating collector (diam.
200 mm, linear velocity 12 m/s), starting from a 30% polystyrene (PS, MW 280 kDa, Sigma-Aldrich)
solution in 1:1 tetrahydrofuran/dichloromethane (Sigma-Aldrich), using a flow rate of 0.5 mL/h from
a 23G needle placed at a distance of 22 cm from the collector, and with a voltage of +15kV and
-1 kV (CZE-2000, Spellman High Voltage, Hauppauge, NY, USA) applied to the needle and to the
collector, respectively. Following electrospinning, PS fibers were immobilized using rectangular PDMS
gaskets obtained as replicas from PMMA micromachined molds, and irreversibly bonded to glass
coverslip surface following oxygen plasma activation (FEMTO plasma cleaner, Diener, Ebhausen,
Germany). Chambers were UV-sterilized before use and pre-treated with 10 ug/mL fibronectin (F0895,
Sigma-Aldrich). 90,000 Oli-neuM cells were seeded in growth medium and, after 24 h, medium was
exchanged with either differentiation medium (DM) supplemented with 0.5% DMSO (vehicle) or with
the indicated treatment(s). Cells were grown for 72 h at 37 °C in 5% CO,. After fixation, chambers were
processed for immunofluorescence using the antibody indicated in the text. Acquisition was performed
using a Leica DMI6000 automated microscope (Leica Microsystems) equipped with LAS-X Matrix
Screener acquisition software (v. 3.0). Three positions per sample and 25 images (5 X 5 mosaic) for
each position were considered for statistical analyses (n = 3). Engagement analyses were performed as
described by Bechler et al., [25] with the following minor modification: nuclei located on fibers within
a range of 86 um around the fibers were considered engaged. The range of 86 um was empirically
chosen as it allows to distinguish cells occasionally near to fibers from those that effectively engage
fibers, characterized also by MBP expression and elongated nuclei as described in the text. Images were
visualized and analyzed with Scan® (Olympus) or Image] [8,44] software tools as indicated above.

2.7. Total RNA Extraction and qPCR

Following drug administration, total RNA was extracted using TRI Reagent® (T9424,
Sigma-Aldrich) according to the manufacturer’s instructions. Typically, 2 ug of RNA sample were
retro-transcribed using the High-capacity cDNA Reverse Transcription kit (4368814, Thermo Scientific)
according to the manufacturer’s instructions. qPCR was performed using either SYBR Green- or
TagMan-based technology and the StepOne™ Real-Time PCR System (Applied Biosystems®, Thermo
Fisher Scientific). Primer pairs used with StoS Quantitative Master Mix 2X SYBR Green-ROX (GeneSpin
Srl, Milan, Italy) are reported in Table S2. Predesigned primer sets were used with TagMan™ Gene
expression MasterMix (4369016, Thermo Fisher Scientific): RXRy (Mm00436411_m1), Glyceraldehyde
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3-phosphate dehydrogenase (GAPDH) (Mm99999915_g1). GAPDH was used as endogenous control.
Typically, 50 ng of cDNA per sample were used per reaction. qPCR was performed in triplicate in
MicroAmp Fast Optical 48-Well Reaction Plate (Applied Biosystems®), n = 3. The AACT method
of relative quantification was used to determine the fold change in expression. This was done
by normalizing the resulting threshold cycle (CT) values of the target mRNAs to the CT values
of the endogenous control GAPDH in the same samples (ACT = CTtarget — CTgarpn), and by
further normalizing to the control (AACT = ACT — ACTyepicle)- Fold change in expression was
then obtained (222CT) and represented in the plots using a log, scale for ease of visualization of
up/down-regulated genes.

2.8. Bioinformatics and Statistical Methods

Chemical-protein network analysis was performed using STITCH software (http://stitch.embl.de/)
using ver. 3.0 software and high score cut-off settings. Drug list used as input is shown in Table S1 and
base on Najm etal. [9] and Porcu et al. [8]. In studies performed in multiwell plates (immunofluorescence
and qPCR), three replicates per sample were spotted in each plate and the mean values obtained from
the three samples were considered as one biological replicate. The mean values +SEM obtained from
at least three biological replicates were considered for statistical analyses. Statistical analyses were
performed using GraphPad Prism. Effects of each drug treatment versus its internal control (vehicle) in
immunofluorescence experiments, WB and qPCR data were analyzed using paired two-tailed Student’s
t test, while one-way analysis of variance (ANOVA) with Tukey’s or Holm-Sidak post hoc tests (as
indicated in figure legends) were used to determine statistically significant differences among multiple
single or combined treatments.

3. Results

3.1. Gefitinib Promotes MBP Expression and Oli-neuM Differentiation in Myelinating OLs

Four main pharmacological classes have been identified in phenotypical screens for promyelinating
agents based on MBP upregulation: glucocorticoids, EGFR/ErbB inhibitors, Benztropine/Bromocriptine
and antifungal drugs such as Miconazole and Clotrimazole. We established a chemical-protein
network using STITCH ver. 3.0 software (www.stitch.embl.de), using a high score cut-off setting.
This analysis indicated the membrane-associated ATP-binding cassette (ABC) transporter ABCB1A
(MDR) at the hub of all selected drug classes (Figure 1A; Table S1). As expected, the glucocorticoid
receptor GR/NR3C1 was found at the node of the glucocorticoid group of compounds [8] and the
EGFR/ErbB receptors at the node of Gefitinib and Erlotinib drug action. Surprisingly, Benztropine
and Bromocriptine form a group with DRD2/3 dopaminergic receptors as common targets (Figure 1A,
Table S1). Previous work associated the effect of Benztropine on OPC differentiation with its activity
on the M1/M2 muscarinic receptor [5]. More recently, the effects of Miconazole, Clotrimazole and
Benztropine action on MBP expression has been attributed to their common ability to inhibit two key
enzymes of the cholesterol biosynthetic pathway leading to 8,9-unsaturated sterol accumulation [46].
How these different observations can be reconciled remains to be investigated [47].

Here, we focused on validating the predicted role of the EGFR/ErbB antagonists in OPC maturation
up to the stage of axon engagement. Gefitinib is a well-characterized anticancer agent that targets
multiple membrane receptors of the EGFR/ErbB family, with a higher affinity for the ATP binding
pocket of the EGFR receptor [33,48]. The glucocorticoids Clobetasol, Fluorandrenolide, Halcinonide,
Amcinonide and Medrisone are characterized by agonistic activity on the Hedgehog pathway via
Smo [32], in addition to their activity on the glucocorticoid receptor [49]. The requirement of
Smo activation for MBP expression in Clobetasol-treated Oli-neuM cells was previously confirmed
experimentally [8].

To compare the effects of Gefitinib and Clobetasol on MBP expression in Oli-neuM, we performed
quantitative immunofluorescence microscopy (IF) and qPCR analyses (Figure 1B). Treatment of
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Oli-neuM cells with either Gefitinib or Clobetasol confirmed that they are similar in their ability
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to increase MBP levels compared to the vehicle control (Figure 1B). Given that MBP mRNA is
co-transported with ribonucleic particles to endosomes prior to being translated locally [50,51], we

tested whether MBP upregulation was due to increased gene transcription and/or increased translation.

Using qPCR, we observed that Clobetasol or Gefitinib treatment also enhances MBP gene transcription
in addition to increasing MBP protein expression (Figure 1B, right panel).
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Figure 1. Gefitinib and Clobetasol stimulate MBP, RXRy and Gli2 expression and Oli-neuM
differentiation (A) STITCH Confidence view. Chemical-network analysis of drugs promoting MBP
expression in OPC cell lines. Thicker lines indicate stronger associations; grey lines: protein-protein
interactions. Green: chemical-protein interactions; red: interactions between chemicals. See Table S1
for chemical list and details. (B) MBP expression analysis of Oli-neuM treated for 48 h with 5 uM
Clobetasol or 1 uM Gefitinib. Left panel: immunofluorescence quantitative analysis; Right panel: qPCR
expression analyses. Data were normalized to vehicle, and are expressed as mean + SEM (n = 3).
Statistical significance: two-tailed paired Student’s ¢ test was used for treatment versus vehicle. (C)
Representative images of cells quantified in the left panel in B. The bottom images show enlargements
of the boxed areas. Scale bar, 10 um. (D) qPCR expression analysis of Oli-neuM treated with the
indicated drugs. qPCR was performed using oligos indicated in Table S2. Oli-neuM cells were treated
as in (B). Data were normalized to an internal control (GAPDH) and plotted as log; fold change vs.
vehicle, £SEM using GraphPad Prism (n = 3). Log,-fold changes were used to show graphically the
positive and negative changes in expression in a symmetrical manner. The level of expression in the
control (which equals 1) is represented as 0. Statistical significance: two-tailed Student’s t test was used
for treatment versus vehicle, ANOVA one-way with Tukey’s multiple comparison test was used to
determine significance among different treatments. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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To test if this increase in MBP was paralleled by a progression in the differentiation of the cells
to an OL-like stage, we monitored the morphology of Oli-neuM cells after Gefitinib or Clobetasol
treatment using immunofluorescence microscopy. Differentiated OLs have enlarged and flattened
membranes filled with MBP (Figure 1C) [24,50,51]. Oli-neuM cells pass from a triangular or round
shape, typical of pre-OLs, to an enlarged and flattened morphology, typical of myelinating OLs. In cells
with enlarged membranes, MBP filled the cytosol as well as the digit processes where the brightest
spots of MBP were visualized, indicating that the protein accumulates at these sites (Figure 1C and see
below for quantitative morphological analyses).

We concluded that Gefitinib and Clobetasol similarly promote MBP expression and Oli-neuM
differentiation from a pre-myelinating stage to a differentiated morphology typical of myelinating OLs.

3.2. Gefitinib and Clobetasol Treatment Upregulate RXRy and Gli2 Expression

The essential players required for pre-OL differentiation into mature OLs are poorly understood [3].
Oli-neuM express Myrf [8,19,52]; thus, we concentrated our attention on nuclear factors acting
downstream of Myrf expression. Of these, the 9-cis retinoic acid-responsive element RXRy is known
to be upregulated at the transition from NPCs to the OPC lineage [53], as well as at lesions in the
lysolecithin-induced murine demyelination model [54]. Furthermore, we have previously shown that
the RXRy inhibitor UV3003 downregulates MBP expression upon Clobetasol or Halcinonide treatment
of Oli-neuM [8]. This indicates that the OPC transition to myelinating OLs is recapitulated in Oli-neuM
under Clobetasol treatment via RXRy expression. However, the signal that promotes RXRy expression
under remyelination stimuli or Clobetasol treatment remained to be determined [54,55].

To determine if RXRy expression is similarly regulated under Gefitinib or Clobetasol treatment,
we measured the expression of RXRy along with that of Smo effectors Glil and Gli2 [56] or the GR
NR3C1 [8] using gPCR and the oligos indicated in Table S2.

We confirmed that Clobetasol stimulates RXRy expression without significantly altering Glil or
NR3C1 expression (Figure 1D, respective panels) as previously reported [8]. Gefitinib treatment
significantly up-regulates both RXRy and NR3C1, but not Glil (Figure 1D, respective panels).
Of note, either Gefitinib or Clobetasol treatment potently enhance Gli2 gene transcription (Figure 1D,
respective panels).

Thus, Gefitinib and Clobetasol share the ability to promote expression not only of MBP, but also of
Gli2 and RXRy, while they poorly affect the expression of the canonical Smo target, Glil. Since Gefitinib
treatment has not been previously associated with RXRy or Gli2 expression, we hypothesized that this
is a specific function that the EGFR/ErbB inhibitor exerts in developing OPCs that might be required to
promote their transition to myelinating OLs.

To determine the importance of RXRy for Gefitinib- or Clobetasol-mediated MBP and/or Gli2
expression, we performed epistatic studies by silencing RXRy expression using esiRNA (see Materials
and Methods and Table S2) and measuring Gli2 and MBP expression in RXRy-silenced cells after drug
treatment. All data were evaluated against treated siScramble-transfected cells as control (Figure 2).
RXRy silencing completely abrogated the stimulatory effects of Clobetasol or Gefitinib on RXRy
gene transcription (Figure 2A, RXRy panel). Furthermore, we observed that Clobetasol or Gefitinib
treatment of RXRy-silenced cells significantly reduced MBP expression over the siScramble control
as determined by qPCR (Figure 2A; MBP panel), immunoblot (Figure S1, respective panels) and
immunofluorescence analyses (Figure 2B, panels Clobetasol and, 2C, panels Gefitinib, respectively).
Despite RXRy being heavily down-regulated upon silencing (average silencing was about 80%, Figure
S1), the reduction in Gli2 expression levels was statistically significant only for Clobetasol-treated but
not for Gefitinib-treated cells, compared to controls (Figure 2A panel Gli2).
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Figure 2. RXRy gene silencing reduces MBP expression under Clobetasol or Gefitinib treatment.
(A) qPCR analyses of RXRy, MBP, and Gli2 gene expression in Scramble-silenced (Scramble) or
RXRy-silenced (siRXRy) Oli-neuM cells. Cells were seeded and treated as indicated in Materials and
Methods. After 48 h mRNA was extracted and processed for qPCR using oligos indicated in Table
S2. Data were normalized to an internal control (GAPDH) and plotted as log; fold change vs. control
(mean of siScramble 2 + 7) + SEM (n > 4) using GraphPad Prism. Log, fold changes were used to
show graphically the positive and negative changes in expression in a symmetrical manner. The level
of expression in the control (which equals 1) is represented as 0. Statistical significance: two-tailed
paired Student’s ¢ test was used for treatment versus control. One-way ANOVA with post-hoc Tukey
was used for comparing multiple treatments. * p < 0.05, ** p < 0.01, *** p < 0.001, *** p < 0.0001. (B)
Representative images of siScramble-silenced or siRXRy Oli-neuM cells treated for 48 h with Clobetasol
or (C) Gefitinib. Immunofluorescence analyses were performed with anti-MBP and nuclei were stained
with HOECHST (Blue) as indicated in Materials and Methods. Scale bar: 10 um.

We concluded that MBP upregulation requires RXRy expression after Clobetasol or Gefitinib
treatment, and thus RXRy expression is an essential component of the signaling that leads to MBP
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expression in Oli-neuM under these treatments. The requirement of RXRy for Clobetasol-mediated Gli2
expression supports the view that Clobetasol treatment acts through multiple receptors in Oli-neuM
differentiation, one of which is Smo, as we previously suggested [8].

3.3. EGFR/ErbB Inhibition Promotes MBP Expression and Gefitinib or siEGFR Silencing Combined with
Clobetasol Treatment Potently Stimulates MBP Expression and Oli-neuM Differentiation

Since Gefitinib has a higher affinity for the ATP pocket of EGFR compared to other targets in
the EGFR/ErbB family [33,48], we wondered if inhibition of this specific receptor regulates MBP
and/or RXRy expression. For this we used EGFR esiRNA (siEGFR; see Materials and Methods)
and found that MBP gene transcription is significantly upregulated by EGFR silencing compared to
siScramble-transfected cells (Figure 3A). While a slight increase in RXRy gene expression and a slight
reduction in Gli2 gene expression compared to controls were observed in EGFR silenced cells, these
effects were not statistically significant (Figure 3A respective panels). These data are consistent with the
idea that EGFR inhibition per se favors MBP expression, but that co-regulation of multiple receptors is
at the basis of RXRy and Gli2 gene expression under Gefitinib treatment.

These observations suggested that MBP expression might be further increased relative to other
treatments by appropriately co-regulating EGFR (inhibition) and the Clobetasol receptor targets.
Cooperative signaling responding to Smo and EGFR receptor co-activation was previously observed in
medulloblastoma cells treated with Gefitinib [57] and Clobetasol action on MBP has been attributed to
Smo [8] and/or GR [9] activation. Therefore, we wondered if the Clobetasol promyelinating activity
could be further enhanced by EGFR gene silencing. To validate this idea, we treated EGFR silenced
Oli-neuM cells with Clobetasol and measured MBP expression after 48 h by qPCR. Confirming a
potential crosstalk between Smo and EGFR signaling pathways, silencing of EGFR under Clobetasol
treatment potently stimulated MBP compared to controls (Figure 3A).

These data prompted us to evaluate the efficacy of the combinatorial treatment of Clobetasol and
Gefitinib on MBP expression and on Oli-neuM differentiation.

Oli-neuM cells were treated with Clobetasol and Gefitinib (CLOB + GEF), with each drug alone,
or with vehicle controls for 48 h and the effects on MBP expression were determined using qPCR
(Figure 3B), by immunoblot analyses (Figure 3C), and by quantitative immunofluorescence microscopy
(Figure 3D). Clearly, MBP expression is significantly enhanced at both the mRNA and protein level
in co-treated cells compared with single treatments or vehicle controls. Accompanying the MBP
increase, as expected, cells maximize their membrane size (Figure 3E), as determined by quantitative
morphological analyses of the Max Feret Diameter of cells expressing high amounts of MBP (Figure 3F).

Collectively, these data show that EGFR inhibition per se stimulates MBP and partially RXRy
expression in pre-myelinating Oli-neuM. Importantly, when combined with Clobetasol treatment,
potently stimulates not only MBP expression but also OPC differentiation by unlocking the events that
lead to membrane expansion. Independently confirming this view, Gefitinib, which inhibits EGFR
but also other members of this receptor family, not only promotes MBP expression and membrane
expansion but also up-regulates RXRy and Gli2 gene transcription.
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Figure 3. Epidermal growth factor receptor (EGFR) gene silencing upregulates MBP expression and
increases Clobetasol-mediated Oli-neuM differentiation. (A) qPCR analysis of siEGFR Oli-neuM
cells versus control (siScramble) in untreated or Clobetasol-treated Oli-neuM. The graphs show gene
expression levels of EGFR, MBP, RXRy and Gli2 (respective panels) after 48 h treatment. Data were
plotted as log, fold change versus control (siScramble) + SEM (n > 4) Log-fold changes were used to
show graphically the positive and negative changes in expression in a symmetrical manner. The level
of expression in the control (which equals 1) is represented as 0. (B—F) Comparison of 1 uM Gefitinib or
5 uM Clobetasol single or combinatorial drug effects: (B) qPCR analyses of MBP gene expression under
the indicated treatments versus vehicle (DM + DMSO). Data were normalized to an internal control
(GAPDH) and plotted as fold change induction above vehicle arbitrarily set as 1. Data are mean +
SEM (n = 3). (C) Immunoblot analyses of MBP expression with the indicated treatment. Left panel:
Representative immunoblot analysis using anti-MBP or anti-Actin antibody as indicated in Material
and Methods; right panel: quantification of bands detected in immunoblots (n = 3 + SEM) using Image]
tools. Data are plotted as fold induction versus vehicle arbitrarily set at 1; (D) Immunofluorescence
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quantitative analyses of images of Oli-neuM cells treated as indicated. Mean intensity FITC (MBP)
was plotted as mean + SEM (n = 5). Data were normalized to vehicle, arbitrarily set to 1, and plotted
as fold induction versus vehicle. (E) Representative images of Oli-neuM vehicle-treated cells stained
with a-MBP primary and Alexa 488 secondary antibodies (FITC); HOECHST (Blue) = nuclei. Scale
bar, 10 um. (F) Quantitative morphological analysis was performed using Scan® software (Olympus)
using maxFeretDiameter and Mean Intensity FITC parameters. Data were plotted in a graph by Scan®
software and the mean % population within the gate MaxFeretDiameter > 70 (y)/MeanFITC (MBP)
(x) comparatively evaluated to identify the treatment promoting higher MBP expression and larger
membrane expansion. Data are shown as fold induction versus vehicle arbitrarily set at 1. Statistical
significance was calculated using GraphPad: two-tailed Student’s t test versus control (siScramble
Figure 3A) or versus Vehicle (Figure 3B-F). One-way ANOVA with Tukey’s correction was used for
multiple treatment comparison. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

3.4. Clobetasol and Gefitinib Co-Treatment Enhances Oli-neuM Differentiation by Co-Regulating PIP2
Availability with MBP Expression

It is well-described that Gefitinib inhibits the phosphatidylinositol-3-kinase (PI3K) signaling
pathway and impairs proliferation in tumor cells [51]. PI3K uses PIP2 as a substrate to produce
phosphatidylinositol (3,4,5)-trisphosphate (PIP3) [58], which is required to activate the AKT-dependent
axis, which, when activated, promotes cell proliferation. However, how Gefitinib might promote
membrane enlargement in OPCs by downregulating the PI3K/PIP3/AKT axis remains to be established.
We reasoned that if Gefitinib downregulates the PI3K/PIP3/AKT signaling axis, it could (indirectly)
favor an increase in PIP2 levels and/or its re-localization at OL membranes. Such an event could
promote membrane enlargement by promoting PIP2/MBP complex formation [23,24]. Alternatively,
Gefitinib treatment could promote differentiation by downregulating Ras/MAPK/ERK pathways.

We first asked if the PI3K/PIP3/AKT or Ras/MAPK/ERK pathways are affected under our
experimental conditions. Oli-neuM cells were treated with Gefitinib alone or in combination with
Clobetasol and the ratio of phospho-ERK1/2 (pERK) versus ERK or phospho-AKT (pAKT) versus AKT
levels was determined by Western blot analysis. Forskolin was used as a positive control for MAPK/ERK
activation [59], insulin as a positive control for PI3K/PIP3/AKT activation [42], and Wortmannin as a
negative control for PI3K activation [40,41]. The results indicated that Gefitinib significantly inhibits
the PI3K/PIP3/AKT axis (Figure 4A) over the MAPK/ERK axis (Figure 4B) under the conditions used
in this study. Clearly, although Wortmannin antagonizes PI3K (Figure 4C) and, as expected, impairs
insulin-mediated AKT activation when given in co-treatment (Figure 4C, INS + WOR), it does not
promote MBP expression, unlike Gefitinib (Figure 4D, respective sample). Gefitinib, as expected, inhibits
insulin-mediated AKT phosphorylation and conversely insulin completely abrogates MBP expression
under Gefitinib treatment by bypassing Gefitinib-mediated PI3K inactivation. Together these data show
that MBP expression under Gefitinib treatment does not depend only on PI3K/PIP3/AKT signaling
inhibition but that PI3K activation can turn off Gefitinib-mediated MBP expression, supporting the
multi-receptor nature of Gefitinib-dependent MBP expression.
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Figure 4. Analysis of the signaling pathways activated by Gefitinib treatment in Oli-neuM cells. (A,B)
Immunoblot analysis Oli-neuM cell extracts after treatment with 1 uM Gefitinib, 5 uM Clobetasol, 5
uM Forskolin (as control treatment), or vehicle (DM + 0.5% DMSO). Quantitative analysis of protein
levels: (A) top panel: anti-AKT (AKT) or phospho-AKT (P-AKT) antibody. Anti-actin antibody was
used to normalize sample loading. (n = 3). Signal intensity was estimated on bands using Image]
software tools, and data were plotted using GraphPad Prism as the fold change of P-AKT/AKT. A 2-fold
change threshold versus vehicle was applied (indicated with *). Lower panel: representative image
of immunoblots used for quantitative analysis. (B) Top panel: anti-ERK (ERK) or anti-phospho-ERK
(P-ERK) antibody. Data and statistical analyses (n = 3) were performed as in (A). Lower panel:
representative image of immunoblots used for quantitative analysis. (C,D) Immunoblot analysis of
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Oli-neuM cell extracts after treatment with insulin (5 ug/mL), Gefitinib (1 uM), Wortmannin (1 uM),
insulin+Gefitinib (INS + GEF), Wortmannin+Gefitinib (WORT+GEF), or vehicle (DM + 0.5% DMSO).
(C) Left panel: quantitative analyses of the bands obtained after immunoblotting using an anti-AKT
(AKT) or phospho-AKT (P-AKT) antibody (n = 3). An anti-actin antibody was used to normalize
sample loading (n = 3). Signal intensity was estimated using Image]J software, and data were plotted
using GraphPad Prism as the fold change versus vehicle, arbitrarily set to 1. Statistical significance:
two-tailed Student’s t test was used for treatment versus vehicle, ANOVA one-way with Tukey’s
multiple comparison test was used to determine significance among different treatments. * p < 0.05, **
p <0.01, *** p < 0.001, *** p < 0.0001. Right panel: representative immunoblot image of treatments. (D)
Left panel: quantitative analysis of bands visualized by immunoblotting using an anti-MBP antibody.
Data and statistical analyses were performed as in (C). Right panel: representative immunoblot images.

We reasoned that the Gefitinib treatment, by inhibiting the EGFR/PI3K/PIP3 pathway, might favor
PIP2 re-localization at membranes and, thereby, PIP2 and MBP complex formation. As previously
mentioned, the formation of the PIP2 and MBP complexes at the peak of MBP expression, by causing
the release of the F-actin depolymerization proteins cofilin and gelsolin, promotes OL membrane
enlargement [22,24,60]. To determine the existence of PIP2/MBP complexes in Clobetasol and Gefitinib
co-treated Oli-neuM cells, we employed immunofluorescence confocal microscopy (see Materials
and Methods) and anti-PIP2 and anti-MBP primary and the appropriate secondary antibodies.
The PIP2/MBP complexes were visualized on acquired images by determining the Mean Pearson’s
correlation coefficient (PCC) and the mean Mander’s overlap coefficient (MOC) of PIP2-(FITC) and
MBP-(TRITC) signals in samples of treated compared to controls (Figure 5A; Figure S2). The resulting
scatterplot of pixel intensity of co-localizing spots showed a clear correlation between PIP2 (green)
and MBP (red) channels (n = 10). To visualize the structures to which these signals belong, a 3D
surface reconstruction was performed using Imaris analysis tools (Figure 5B, blue box). This analysis
showed vesicle-like carriers of about 600 nm containing PIP2 and MBP in the cytosol of Gefitinib and
Clobetasol-treated Oli-neuM cells.

To establish if Oli-neuM cells treated with Clobetasol and Gefitinib had reached the final stage
of differentiation that allows myelination of axons, we used cell culture chambers containing PS
electrospun microfibers of 2—-4 pum (PS chambers; Figure S3) suitable for microscopy inspection.
This diameter of PS microfiber, by mimicking axons, allows primary OPCs to wrap along the
fibers [25-28,46]. In our setup, Oli-neuM cells were seeded in the PS chamber 24 h prior to treatment
(see Materials and Methods). Specifically, to establish the level of engagement of cells, we counted the
proportion of cells with cytosol filled with MBP wrapped on the fibers (visualized in phase contrast)
that also showed elongated nuclei (Hoechst; Figure 5C). Quantitative analysis of images showed that
combined Clobetasol and Gefitinib treatment increases the number of Oli-neuM cells able to engage
synthetic axons, compared to single or control treatments (Figure 5D). To determine the localization of
PIP2 in Gefitinib and Clobetasol-treated cells during fiber engagement, we transfected Oli-neuM cells
with plasmids carrying the pleckstrin homology (PH) domain of PLC51 fused to GFP (APLC8-pEGEFP).
The PLC81-PH domain is specifically recognized by PIP2 and thereby allows the visualization of
PIP2 in fixed and living cells [43]. Clearly, PIP2-enriched membranes (Figure 6, green signals) wrap
fibers over a long stretch in the Clobetasol and Gefitinib treated cells compared to vehicle control
(Figure 6A-C), consistent with the role of Gefitinib and Clobetasol as remyelinating drugs.
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]

% engaged cells

Figure 5. Clobetasol and Gefitinib co-treatment triggers MBP and PIP2 co-localization and enhances
Oli-neuM engagement of polystyrene microfibers. (A,B) Confocal microscopy images of Oli-neuM
cells treated with 5 uM Clobetasol and 1M Gefitinib, stained with «-MBP (TRITC) and «-PIP2 (FITC).
Nuclei (Hoechst). (A) Immunofluorescence images of cells showing PIP2 and MBP co-localization.
Co-localization measurement details are shown in Figure S3. In the right-most panel, the co-localizing
spots are highlighted by white dots. (B) Co-localization of MBP-PIP2. Colocalization analyses are in
Figure S2. Confocal images of cells in which three-dimensional (3D) reconstruction has been performed.
The blue boxed area in the MERGE panel indicates the region containing the co-localizing spots that is
enlarged in the right panel. Blue boxed right panel: 3D volume reconstruction was performed using
Imaris 6.21 suite on cropped images (Z-stack = 0.3 um step size). Scale bar = 10 pm. (C) Epifluorescence
IF microscopy images of Oli-neuM cells grown on PS microfiber chambers. Representative IF images
of Oli-neuM cells treated for 72 h with 5 uM Clobetasol and 1 uM Gefitinib (CLOB GEF) cultured
on supports containing electrospun PS microfibers (24 um). Blue box shows an enlarged view of
the region containing engaged cells. Cells were fixed and processed for IF microscopy as indicated
in Materials and Methods. Fibers were visualized using phase contrast. Anti-actin (FITC), nuclei
(HOECHST). Image acquisition was performed using a 20X objective, as indicated in Materials and
Methods. Scale bar: 10 um. (D) Engagement quantification after treatments. Image quantification
was performed by analyzing 75 images/sample for each treatment (n = 3). Specifically, the percentage
of engaged cells was estimated by counting nuclei located on fibers or within a range of 86 pm from
the fiber. Data were plotted in the graph (n = 3, mean + SEM) using GraphPad Prism as indicated in
the text. Two-tailed paired Student’s t test was used for statistical significance versus vehicle (NT),
one-way ANOVA with Tukey’s multiple comparison test was used to analyze statistical significance
among different treatments. * p < 0.05, ** p < 0.01.
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A

Vehicle Clobetasol+Gefitinib

Figure 6. Clobetasol and Gefitinib promote lateral lengthening onto PS microfibers compared to
vehicle-treated cells. Confocal microscopy images of PH-PLC-pEGFP-transfected Oli-neuM cells
grown for 48 h in PS microfiber-containing growth chambers treated with (A) Vehicle (DM+ DMSO) or
(B) 5 uM Clobetasol and 1 uM Gefitinib. Top (A,B) panels: confocal images, PIP2 (Green), Nuclei (Blue)
Scale bar = 70um. Lower (A,B) panels: detail of top images with enlargement of the cells engaging the
PS microfiber. PS Microfibers are highlighted in red. Scale bar = 30 um. (C) Volume reconstruction of
image in panel (B), performed with Imaris software as described in Materials and Methods. Green =
PIP2-containing membranes, blue = nuclei.

4. Discussion

The current study shows that EGFR inhibition per se favors MBP expression in pre-myelinating
OLs and Gefitinib, by inhibiting EGFR as well as other EGFR/ErbB family members, is a potent
promyelinating agent. Clobetasol and Gefitinib co-treatment, by co-regulating at least three of the
receptors involved in OPC differentiation, namely Smo, GR (activation) and EGFR/ErbB (inhibition),
mimic the natural signals promoting OPC differentiation until axon engagement. We show that
Clobetasol and Gefitinib co-treatment maximizes MBP expression and PIP2 co-localization at
endosome-like structures with consequent membrane expansion allowing synthetic axon engagement.

This work initiated with the in silico analysis of the chemical-protein network of drug targets
that emerged from the study of Porcu et al. [8]. This analysis indicated the existence of a cross-talking
network of receptors involved in Oli-neuM differentiation. We hypothesized that if appropriately
stimulated/inhibited by the promyelinating drug, each receptor would promote signaling pathways
leading to OPC differentiation. Based on these hypotheses, we began by studying the effects of
EGFR/ErbB receptor(s) regulation by Gefitinib or EGFR gene silencing.

Using Gefitinib, we have clarified that EGFR/ErbB receptor(s) inhibition has two main effects:
on the one hand, it contributes to upregulating MBP, RXRy and Gli2 gene expression, while on the
other hand, by downregulating the PI3K/PIP3/AKT signaling cascade at the peak of MBP expression, it
enhances PIP2 and MBP interaction and thereby membrane expansion. We observed that while Gefitinib
upregulates RXRy and Gli2 gene transcription it has little effect on the expression of NR3C1 and Glil.
By comparing EGFR gene silencing with Gefitinib treatment we found that EGFR silencing contributes
to upregulating MBP gene expression, as does chemical inhibition, but less effectively enhances RXRy
gene transcription and poorly affect Gli2 gene expression. Thus, EGFR genetic inhibition does not
completely overlap Gefitinib action on OPC differentiation. We concluded that Gefitinib acts through
EGFR inhibition but also through other pathways in promoting OPC differentiation.

Using RXRy gene silencing, we showed that RXRy is necessary to maximize MBP expression
under Gefitinib or Clobetasol treatment. However, RXRy silencing does not abolish either Gefitinib- or
Clobetasol-mediated MBP expression. Thus, both drugs act on MBP expression via multiple pathways,
one of which requires RXRy.
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How Gefitinib or Clobetasol treatment leads to RXRy upregulation remains to be determined
in our or in other systems [54]. The fact that the combined treatment with Clobetasol and siRXRy
returns Gli2 expression to basal levels shows that RXRy acts before Gli2 in Clobetasol-mediated
signaling to MBP and confirms that Clobetasol acts not only by GR mediated phosphorylation on MBP
expression [9], but also via a RXRy/Gli2/MBP pathway as we previously suggested [8].

A correlation between RXRy upregulation and Gefitinib treatment has been previously indicated by
the cooperative antitumor activity of the RXRy-selective agonist Bexarotene and Gefitinib in preclinical
models of non-small cell lung cancer [61]. PI3K inactivation by Gefitinib treatment can promote
Retinoic Acid Receptor (RAR) gamma 2 transcriptional activity in cancer cells [62]. Thus, Gefitinib
treatment might indirectly contribute to RXRy upregulation by stimulating RXRy dimerization with
other nuclear factors, among which RARy [55]. Moreover, RAR, the vitamin D receptor (VDR), and
the peroxisome proliferator activated receptor (gamma PPARY) have been co-immunoprecipitated
with RXRy in cell lysates from OPC or OL primary cells, indicating that they might also be the active
heterodimers during the OPC to OL differentiation [63]. In addition, other nuclear receptors regulating
lipid homeostasis in myelinating OLs, such as Liver X Receptor (LXR), orphan Nur77 and Nurrl, and
Farnesoid X receptor (FXR), can form dimers with RXRy [55]. Thus, RXRy upregulation by Gefitinib
or Clobetasol treatment might contribute to coordinating lipid metabolism with MBP expression under
EGFR and Smo signaling in myelinating OLs.

Several members of EGFR/ErbB have been previously shown to be involved in PNS and/or CNS
myelination [34-36,64] and the role of EGF in promoting oligodendrogenesis till OPC differentiation
has been recently established [36], but the signal that promotes EGFR/ErbB inhibition during OPC
differentiation remains unclear [34,35,64—67]. Unfortunately, ErbB2, ErbB3, or ErbB4 mouse knock
out models have not allowed to clarify the role of each receptor in brain development: they are
either embryonic lethal or show postnatal death with neurodevelopmental and cardiac defects [64].
This work adds EGEFR to the list of EGFR/ErbB family members potentially regulating MBP expression
in differentiating OPC, by placing EGFR functional inhibition as required after Myrf expression to
enhance MBP expression and to promote its interaction with PIP2. Further study will clarify the role of
EGER, if any, in OL engagement.

Clearly, Gefitinib, which inhibits multiple members of the EGFR/ErbB family [33], might act on
RXRy and Gli2 gene expression via regulation of one of the other of the EGFR/ErbB family members.
Among the EGFR/ErbB family members that might participate in OPC differentiation, the ErbB2 receptor
could be a potential partner of EGFR. ErbB2 is an orphan receptor regulated by heterodimerization
with other ErbB family receptors, and is known to interact with the negative regulator of myelination,
LINGO 1 [63]. It will be interesting to study EGFR and ErbB2 co-regulation during OPC differentiation.
Moreover, it cannot be excluded that the role of EGFR in OPC differentiation is metabolic. In fact, it has
been shown that the EGFR/src signaling pathway regulates volume-sensitive organic osmolyte efflux
pathways in astrocytes and EGFR or PI3K inhibition by AG1478 or Wortmannin, respectively, results
in reduced efflux of Taurine [68]. Taurine recently emerged from a metabolomics screening study as a
compound able to promote OPC differentiation alone or in combination with Benztropine [69].

Consistent with the hypothesis that PI3K downregulation by Gefitinib does not promote MBP
expression per se, Wortmannin, which specifically inhibits PI3K, does not have any effect on MBP
expression. Furthermore, insulin, which stimulates the PI3K/PIP3/AKT axis [70], completely abrogates
Gefitinib-mediated MBP expression in Oli-neuM. By downregulating EGFR/PI3K/PIP3/AKT signaling
Gefitinib promotes PIP2 re-localization leading to a further increase of MBP expression compared to
EGFR inhibition alone.

Using 3D reconstruction studies, we were able to visualize endosomal-like structures containing
both PIP2 and MBP in Gefitinib and Clobetasol co-treated Oli-neuM cells. We observed that PIP2
accumulates at the tips of processes in 2D culture and is enriched at the sites of fiber engagement when
cells are grown in 3D supports. Given the role of PIP2 in the re-localization of receptors, including
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Smo, and cytoskeleton proteins to lipid rafts [71], it is tempting to speculate that the PIP2 enrichment
at engaging membranes is the starting signal promoting wrapping during myelination.

In summary, our data support the view that Gefitinib, by inhibiting EGFR, promotes MBP
expression and PIP2-mediated membrane enlargement, while other pathways regulate RXRy gene
expression under Clobetasol and Gefitinib treatment. Gefitinib, via PI3K/AKT pathway inhibition,
could cause PIP2 re-localization thereby initiating the events leading, at the peak of MBP expression,
to membrane expansion. Importantly, our combined genetic and chemical studies on the role of
EGEFR in OPC differentiation led to the observation that Gefitinib and Clobetasol combinatorial
treatment potently increases MBP expression and OL engagement over single compound activity. This
observation opens the way to study this drug combination in RRMS or other demyelination animal
models and to their test in combinatorial therapies for their combinatorial remyelination properties.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/8/844/s1.
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Abstract: Brain volume measurement is one of the most frequently used biomarkers to establish
neuroprotective effects during pre-clinical multiple sclerosis (MS) studies. Furthermore, whole-brain
atrophy estimates in MS correlate more robustly with clinical disability than traditional, lesion-based
metrics. However, the underlying mechanisms leading to brain atrophy are poorly understood,
partly due to the lack of appropriate animal models to study this aspect of the disease. The purpose
of this study was to assess brain volumes and neuro-axonal degeneration after acute and chronic
cuprizone-induced demyelination. C57BL/6 male mice were intoxicated with cuprizone for up to
12 weeks. Brain volume, as well as total numbers and densities of neurons, were determined using
design-based stereology. After five weeks of cuprizone intoxication, despite severe demyelination,
brain volumes were not altered at this time point. After 12 weeks of cuprizone intoxication,
a significant volume reduction was found in the corpus callosum and diverse subcortical areas,
particularly the internal capsule and the thalamus. Thalamic volume loss was accompanied by
glucose hypermetabolism, analyzed by ['8F]-fluoro-2-deoxy-p-glucose (18F-FDG) positron-emission
tomography. This study demonstrates region-specific brain atrophy of different subcortical brain
regions after chronic cuprizone-induced demyelination. The chronic cuprizone demyelination model
in male mice is, thus, a useful tool to study the underlying mechanisms of subcortical brain atrophy
and to investigate the effectiveness of therapeutic interventions.

Keywords: multiple sclerosis; cuprizone; atrophy; design-based stereology; 18F-FDG

1. Introduction

Multiple sclerosis (MS) is a chronic, inflammatory demyelinating disease of the central nervous
system. The majority of MS patients experience two clinical phases reflecting distinct but inter-related
pathologies. The first phase is characterized by recurrent episodes of immune-driven inflammation
and demyelination, from which the patients can recover completely (relapsing-remitting (RR) MS). In
the second phase, a continuous progression of clinical, permanent disability can be observed, while
the relapse frequency decreases [1,2]. This secondary disease phase is called secondary progressive
MS (SPMS), and the findings of several imaging and pathological studies suggest that neuro-axonal
damage plays a central role for the observed clinical disease progression [3-5]. Current therapeutic
strategies for MS are beneficial during RRMS by modulating or suppressing immune function [6].
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However, such therapies have no or just a moderate impact on the progressive phase, and therapeutic
options effective in SPMS are still unsatisfactory [7].

Much of the research in MS focused on the inflammatory aspects of the disease. As a
consequence, the inflammatory component of MS animal models, such as peripheral immune cell
recruitment or T-cell-mediated oligodendrocyte pathology, was studied in detail [8-10]. In contrast,
the neurodegenerative aspect of the disease is by far less frequently addressed and, if so, these studies
merely focused on axonal degeneration [11,12]. In particular, brain atrophy, which is a key outcome
measure during clinical studies [5,13,14], is almost never evaluated in MS animal models, although
magnetic resonance imaging (MRI)-based protocols were published [15,16]. In MS patients, MRI
measurements revealed white-matter lesions, as well as gray-matter atrophy of specific brain areas
including cortical and subcortical gray matter [17-19]. The extent of atrophy was found to be more
severe in the subcortex compared to the superficial cortex, and was found to correlate with cognitive
performance and clinical disability in MS patients [19,20]. Thus, establishing the histological correlate
of volumetric changes in the brain is of significant importance [21,22].

The cuprizone model is a well-established mouse model of MS. Following oral administration of
the copper-chelating agent cuprizone, the mouse brain exhibits a variety of pathological alterations
including demyelination of the white and gray matter, gliosis, and axonal damage [23,24]. While acute
demyelination is usually induced by five weeks of cuprizone feeding, sustained (chronic) demyelination
can be achieved by feeding mice with cuprizone for 12 weeks. Although axonal damage is found
after acute and chronic demyelination in this model [11,12,25], there is little data available on neuronal
loss and volumetric changes in the different vulnerable brain regions. Previous imaging studies
revealed volumetric changes in the corpus callosum and the cortex after cuprizone intoxication [26-28].
Furthermore, histopathological studies showed neuronal pathologies, including loss of neurons in the
hilus of the dentate gyrus, as well as loss of parvalbumin inhibitory interneurons in the hippocampus
CA1 subregion of chronically demyelinated mice [29,30]. However, the extent of cortical and subcortical
atrophy determined by standardized histological techniques (i.e., design-based stereology [31]) is still
unexplored; therefore, the significance of this model to study the underlying mechanisms of brain
atrophy in MS is unknown.

Thus, in the present study, we used design-based stereology to analyze callosal, cortical,
and subcortical volumes, as well as neuron numbers and densities after acute and chronic
cuprizone-induced demyelination.

2. Materials and Methods

2.1. Animals

Male C57BL/6] mice were purchased from Janvier (Le Genest-Saint-Isle, France), and were housed
in a temperature-controlled environment (21-24 °C) with humidity levels between 55% and 65% on a
12-h light/dark cycle. Chow and water were provided ad libitum. All experiments were performed
according to the Federation of European Laboratory Animal Science Association recommendations
and were approved by the Review Board for the Care of Animal Subjects of the district government of
Upper Bavaria (55.2-1-54-2532-73-15).

2.2. Cuprizone Intoxication and Tissue Processing

To induce acute or chronic demyelination, male mice (19-21g) were intoxicated with 0.25%
cuprizone (bis(cyclohexanone)oxaldihydrazone, Sigma-Aldrich, St. Louis, MO, USA) mixed into
ground standard rodent chow (Ssniff, Soest, Germany) for five or 12 weeks, respectively. Control
groups were fed with cuprizone-free standard rodent chow. Detailed numbers of animals used for
the different experiments are provided in the figure legends. After five or 12 weeks, the animals were
perfused with ice-cold phosphate-buffered saline (PBS) followed by a 3.7% formaldehyde solution
(pH 7.4). After overnight post-fixation in the same fixative, brains were carefully removed from the
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skull and processed for paraffin embedding or cryoprotection following established protocols [12,32].
For the preparation of paraffin sections, the brains were dehydrated, cleared with xylene, embedded in
paraffin, and cut into 5-um-thick coronal sections using a sliding microtome (Type SM 2000R; Leica
Microsystems, Wetzlar, Germany). To prepare cryo-sections, post-fixed brains were rinsed in PBS and
cryoprotected in sucrose solutions (10%, 20%, and finally 30% sucrose (w/v) in PBS) at 4 °C for 24 h
in each solution. Thereafter, brains were frozen in isopentane (=70 °C, 1 min) on dry ice, cut into
40-um-thick coronal serial sections on a cryostat (Type CM 1950; Leica Microsystems), and stored at
—20 °C in a cryoprotective solution (30% ethylene glycol, 30% glycerol in PBS) until further processing.

For immunohistochemical analyses of paraffin sections, two consecutive sections (level R265
according to Reference [33]) were processed as previously described [34]. In brief, sections were
deparaffinized, rehydrated, heat-unmasked by Tris—ethylene diamine tetraacetic acid (EDTA) (pH
9.0) and blocked in 5% normal goat serum or a mixture of 2% normal goat serum, 0.1% cold
water fish skin gelatin, 1% bovine serum albumin, and 0.05% Tween-20. Sections were incubated
with the following primary antibodies overnight at 4 °C: myelin proteolipid protein (PLP), 1:5000,
RRID:AB_2237198, Bio-Rad, Hercules, CA, USA; ionized calcium-binding adapter molecule 1
(IBA1), 1:5000, RRID:AB_2665520, Wako, Neuss, Germany; amyloid precursor protein (APP), 1:5000,
RRID:AB_94882, Merck-Millipore, Burlington, VT, USA. On the next day, sections were treated
with 0.3% hydrogen peroxide in PBS, and the biotinylated secondary antibodies (goat anti-mouse
immunoglobulin G (IgG), goat anti-rabbit IgG, 1:200; Vector labs, Burlingame, CA, USA) were applied
for 1 h. Thereafter, sections were incubated in peroxidase-coupled avidin-biotin reagent (ABC kit,
Vector labs) and the antigen—antibody complexes were finally visualized by 3,3’-diaminobenzidine
(Dako, Hamburg, Germany). Sections were counterstained with standard hematoxylin to visualize cell
nuclei if appropriate.

For stereological analyses of cryostat sections, every third section between levels R265 and
R305 (according to Reference [33]; Figure 1) was selected with a random start (first series). In these
regions, demyelination can be induced in a highly reproducible manner in the corpus callosum [35,36].
Demyelination is not only restricted to this white-matter tract but also involves other brain areas
including the cerebral cortex, basal ganglia, and thalamus [23,37,38]. Sections were mounted on
gelatinized glass slides, dried, and stained with cresyl violet (Nissl staining) [39]. For a second series
of sections (every sixth section), free-floating immunofluorescence staining was performed. Sections
were blocked in blocking solution (10% normal donkey serum/0.5% Triton X-100/PBS) and incubated
with the primary antibodies (NeulN, 1:2000, RRID:AB_2298772, Merck-Millipore) for 48 h at 4 °C.
Thereafter, sections were incubated with the secondary antibodies (donkey anti-mouse Alexa Fluor
488, 1:500; Life Technologies, Carlsbad, CA, USA) for 6 h. Cell nuclei were counterstained using DAPI
(4,6-diamidino-2-phenyl-indole; Life Technologies), and sections were mounted on gelatinized glass
slides and coverslipped using FluorPreserve reagent (Merck-Millipore).
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(A)

Figure 1. (A) Representative coronal sections of a mouse brain at levels R265, R285, and R305 (according
to Reference [33]) showing regions investigated in the present study (corpus callosum (CC, yellow);
cerebral cortex (CTX, gray); thalamus (TH, brown); hypothalamus (HTH, pink); internal capsule (IC,
blue); basal ganglia (BG, green)). (B) Representative photomicrograph of a Nissl-stained coronal section
(enlarged view of black square in (A)). The slide is superimposed with a rectangular grid (intersections
are represented by red crosses; sl-g = side length in x- and y-directions of the grid) to estimate the
volume of the designated areas. Grid intersections within the subcortical area are highlighted as yellow
dots. Scale bar in (B) = 1 mm (A) and 200 pm (B).

2.3. Evaluation of Histological Parameters and Stereological Analysis

To validate demyelination and microgliosis in the cuprizone model, two consecutive (PLP- and
IBA1l-stained) sections per mouse were evaluated by densitometry of the staining intensity, and the
results were averaged. Staining intensity of the region of interest (ROI) was quantified using Image]J
(NIH, version 1.47v, Bethesda, MD, USA) and is given as percentage myelination or percentage area
of the entire ROL For quantification of axonal damage, APP* spheroids were counted as previously
described [23]. In general, densities are given in spheroids or cells per square millimeter (mm?).

Stereological analyses were performed with the stereology software (Stereo Investigator, version
11.07; MBF Bioscience, Williston, ND, USA) and either a light microscope (Olympus BX51WI; Olympus,
Tokyo, Japan) equipped with a motorized specimen stage (MBF Bioscience), UPlanApo objective
(4%, numerical aperture (N.A.) = 0.16; Olympus), and a charge-coupled device (CCD) color video
camera (U-CMAD-2; Olympus) or a modified fluorescence microscope (Olympus BX51; Olympus)
equipped with a motorized specimen stage (MBF Bioscience), a customized spinning disk unit (DSU;
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Olympus), UPlanSApo objective (20X, N.A. = 0.75; Olympus), Alexa Fluor 488 filter (excitation: 498
nm, emission: 520 nm; Chroma, Bellows Falls, VT, USA), and a Retiga 2000R CCD camera (Q-Imaging,
Surrey, BC, Canada).

The first series of sections was stained with cresyl violet to analyze the volumes of the selected brain
regions. The volumes of the distinct brain regions (cerebral cortex, subcortical area, corpus callosum,
internal capsule, hypothalamus, thalamus, and basal ganglia (globus pallidus and caudoputamen))
were calculated using Cavalieri’s principle [40]. Areas of brain regions were determined by tracing
their boundaries on each section using the stereology software. Medial boundaries of the cortex (CTX)
were defined by the corpus callosum and a line drawn between the basal tip of the corpus callosum and
the basal end of the piriform area (shown in Figure 1A as dashed line). The thalamus, hypothalamus,
basal ganglia, and internal capsule were summed up as the subcortical area (SCTX). To estimate the
volume of the distinct brain regions, the slides were superimposed by a rectangular grid (Figure 1B,
Table 1). Then, the volumes of brain regions were calculated by summing the counted points (grid
intersections) from all sections (Table 1) and multiplying this value with the area associated with each
point, the section interval, and the average cut section thickness.

Table 1. Details of the stereological estimation procedure.

CC CTX SCTX TH HTH BG IC

sl-g (um) 220 500 500 120 120 120 120

Y. pointsarea 337 669 985 5693 3192 2205 1943
sl-uvf (um) - 35 35 - - - -
B (um?) - 1225 1225 - - - -
H (um) - 15 15 - - - -
D (um) - 1100 1100 - - - -
Y. UvCs - 155 185 - - - -
Y neurons - 653 555 - - - -
sl-g (um) - - 400 - - - -
Zpomtsperikarya - - 305 - - - -
ZpOintSneuropil - - 526 - - - -

Details for stereological analysis of the corpus callosum (CC), cerebral cortex (CTX), subcortical area (SCTX),
thalamus (TH), hypothalamus (HTH), basal ganglia (BG), and internal capsule (IC): sl-g = side length in x- and
y-directions of the grids used to determine the volume; Y points = mean number of counted points per animal; sl-uvf
= side length in x- and y-directions of unbiased counting frames; B and H = base and height of the unbiased virtual
counting spaces; D = distances between the unbiased virtual counting spaces in in x- and y-directions; Y, UVCS
= mean number of unbiased virtual counting spaces per animal; Y neurons = mean number of counted neurons
per animal.

The second series of sections was stained with anti-NeulN antibodies to analyze total neuronal
numbers and densities within the distinct brain regions using the optical fractionator method [40,41].
The base of the unbiased virtual counting spaces (UVCS) was 1225 um?, the height was 15 um, and the
upper guard zone was 4 um. The distance between the UVCS in x- and y-directions was 1100 um and
1100 pm, respectively (Table 1). All neurons whose nucleus top came into focus within the UVCS were
counted. Then, total neuronal numbers were calculated from the numbers of marked neurons (Table 1)
and the corresponding sampling probability. Neuronal densities were calculated as the ratio of total
numbers of neurons and the volume (measured section thickness X sum of all cross-sectional areas) of
the region. The fractional volumes occupied by NeuN immunoreactive perikarya or the neuropil in
the SCTX were estimated by counting randomly positioned test points (grid intersections) falling on
nerve cell perikarya or the neuropil according to Cavalieri’s principle.

2.4. [8F]-Fluoro-2-deoxy-p-glucose Positron-Emission Tomography (FDG PET) Imaging

Chronic cuprizone-intoxicated mice (12 weeks of cuprizone) and controls were imaged with
['8F]-FDG-PET on the last day of treatment. Then, uPET imaging followed a standardized protocol [42].
In brief, 12.4 + 2.1 MBq ['8F]-FDG was injected into the tail vein after a fasting period >3 h. Emission
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was acquired from 30 to 60 min post injection followed by a 15-min transmission scan. All images
were co-registered to a ['8F]-FDG-PET mouse template and normalized to standardized uptake values
(SUV). Predefined brain regions of the Mirrione mouse atlas implemented in PMOD v3.5 (PMOD
technologies, Basel, Switzerland) were applied to extract individual regional glucose metabolism of all
studied mice. Averaged SUV images of chronic cuprizone-intoxicated mice and control mice were
used to calculate voxel-based percentage changes between both groups.

2.5. Statistical Analyses

For each group of animals, data are presented as individual values and means per group. Data
were firstly analyzed using the Kolmogorov—Smirnov test for normality. Differences between groups
were then analyzed using Student’s t-test or the Mann-Whitney U test, as appropriate. Data were not
corrected for multiple comparisons. The p-values and the applied statistical procedures are given in the
respective figure legends. A p-value <0.05 was considered to be statistically significant. Calculations
were performed using GraphPad Prism (GraphPad Software Inc., version 5.04; San Diego, CA, USA).

3. Results

3.1. Acute Demyelination Does Not Lead to Brain Volume Loss

We firstly investigated the severity of acute cuprizone-induced injury (i.e., demyelination, microglia
activation, and axonal damage) in the different brain regions. To this end, animals were intoxicated
with cuprizone for five weeks, and myelination (anti-PLP), microgliosis (anti-IBA1), and acute axonal
damage (anti-APP) were compared to controls which were fed normal chow during the experimental
period. In line with previous findings [23,34,36,43,44], immunohistochemical analyses revealed
extensive demyelination of the medial corpus callosum, the cerebral cortex, and the subcortical area
after five weeks of cuprizone intoxication (Figure 2A). Demyelination was most severe in the corpus
callosum, followed by the cerebral cortex and the subcortical area. In the corpus callosum and the
subcortical area, acute demyelination was paralleled by increased microglia densities (Figure 2B), in
line with previous results from our group [23,36]. In the cerebral cortex, microglia activation was
less severe, but IBA1" cells clearly showed an activated phenotype (swollen cell bodies and retracted
processes; see Figure 2B). To examine the extent of acute axonal damage, we quantified APP* spheroids,
a marker of acute axonal injury. As shown in Figure 2C, numerous APP*-spheroids were found in the
corpus callosum, the cerebral cortex, and the subcortical area of cuprizone-intoxicated animals. Such
spheroids were not observed in control animals.

Furthermore, we investigated whether acute cuprizone-induced injury results in overall brain
volume changes in the analyzed region (R265-R305). Mean overall volume was not altered in
cuprizone-intoxicated versus control mice (control (Co): 63.68 mm? + 1.15 mm?; cuprizone (Cup):
64.34 mm3 + 0.89 mm?; p = 0.076). Furthermore, we measured the volume of the corpus callosum, the
cerebral cortex, and the subcortical area by stereological analysis. Despite extensive demyelination
and axonal damage, individual brain volumes for the corpus callosum, cortex, and subcortical area
were comparable in control and five weeks of cuprizone-intoxicated mouse brains (Figure 2D).

64



Cells 2019, 8, 1024

(A)

g

PLP [% myelination]
2
=

(B) |ia1

Co

-
=
2

IBAT [area %]
g 5

(€)
[=l]
- -Cup
L .
- 4
it .
> 3
T CTX SCTX
3 o 40
Yy . (£ £ .
%2 - _‘:i_ Em St Sa e | 2 pnts Sayee
5 20
" 5, g,
Co Cup =] Cup Co Cup

Figure 2. Acute demyelination does not lead to volumetric changes. (A) Quantification of myelination
(anti-myelin proteolipid protein (PLP)) and (B) microgliosis (anti-ionized calcium-binding adapter
molecule 1 (IBA1)) from controls (Co) (1 = 4) and five weeks of cuprizone-intoxicated (Cup) mice
(n = 4). Individual brain regions are shown in higher magnification: medial corpus callosum (CC),
cortex (CTX), and subcortical area (SCTX). (C) Quantification of axonal damage (anti-amyloid precursor
protein (APP)) with representative pictures of the medial CC, CTX, and SCTX from Co and Cup mice.
Arrows indicate APP* spheroids. (D) Volumes of the CC, CTX, and the SCTX of Co (1 = 4) and Cup
mice (n = 5), analyzed with design-based stereology. Data are shown as individual values and means
per group (lines). Statistical analysis revealed significant differences between Co and Cup in (A) (CC,
p=0.03, CTX, p = 0.03, SCTX, p = 0.03), (B) (CC, p = 0.03; SCTX, p = 0.03), and (C) (CC, p = 0.02, CTX,
p =0.02, SCTX, p = 0.02); *p < 0.05. Scale bar in (B) = 2 mm (A,B) and 17 um (enlarged views (A,B))
and (C).

65



Cells 2019, 8, 1024

3.2. Chronic Demyelination Results in Regional Brain Volume Loss

In a next step, we investigated histopathological changes after chronic cuprizone intoxication.
Therefore, mice were fed with cuprizone for 12 weeks, and myelination and microglia activation
were evaluated. As shown in Figure 3A, severe loss of anti-PLP staining intensity was evident in
several brain regions, including the corpus callosum and cerebral cortex of animals intoxicated for
12 weeks. Moreover, moderate but consistent demyelination was observed in the subcortical area. Of
note, chronic demyelination was paralleled by increased microglia densities (Figure 3B). To analyze
volumetric changes after chronic demyelination, we analyzed the overall brain volume (R265-R305).
The overall volume of cuprizone-intoxicated mice was significantly smaller compared to control
mice (Co: 67.16 mm? + 0.66 mm?3; Cup: 65.28 mm® + 0.38 mm?; p = 0.045). Next, we measured the
individual brain volumes after chronic cuprizone-induced demyelination. Mean volumes of the corpus
callosum and the subcortical area were significantly smaller in cuprizone-intoxicated versus control
mice. In particular, the volume of the corpus callosum was 1.96 mm® + 0.10 mm? in control, and
1.59 mm® + 0.09 mm? in cuprizone-intoxicated mice (p = 0.02), whereas the volume of the subcortical
area was 30.96 mm? + 0.34 mm? in control, and 29.11 mm? + 0.14 mm? in cuprizone-intoxicated mice
(p = 0.0012). No volume loss was observed in the cortex (Figure 3C).

As demonstrated above, a volume reduction after chronic cuprizone-induced demyelination
was found in the subcortical area, which consists of distinct white- and gray-matter areas including
different functional nuclei. Next, we were interested which subcortical region is most vulnerable
in the cuprizone model. Thus, we decided to separately evaluate the volumes of the thalamus,
hypothalamus, basal ganglia, and the internal capsule, and contrast atrophy with the extent of
demyelination. As demonstrated in Figure 3D, anti-PLP staining intensities were clearly reduced in
the thalamus, hypothalamus, and basal ganglia, yet demyelination was incomplete. In contrast, loss of
anti-PLP staining intensity was moderate in the internal capsule (Figure 3D). Volumetric measurements
revealed that the mean volumes of the internal capsule and the thalamus were significantly lower
in cuprizone-intoxicated versus control mice. In particular, the volume of the internal capsule was
3.60 mm?® + 0.14 mm?3 in control, and 3.08 mm? + 0.14 mm? in cuprizone-intoxicated mice (p = 0.04),
whereas the volume of the thalamus was 10.18 mm? + 0.24 mm? in control, and 9.45 mm? + 0.20 mm?
in cuprizone-intoxicated mice (p = 0.02). In contrast, the mean hypothalamus and basal ganglia
volumes were not found to be reduced after chronic demyelination (Figure 3E).
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Figure 3. Chronic demyelination leads to subcortical volumetric reduction. (A) Quantification of
myelination (anti-PLP) and (B) microgliosis (anti-IBA1) in the medial corpus callosum (CC), cortex
(CTX), and subcortical area (SCTX) from controls (Co) (n = 4) and five weeks of cuprizone-intoxicated
(Cup) mice (n = 5). (C) Volumes of the CC, CTX, and the SCTX of Co (n = 6) and Cup mice (n = 6)
analyzed with design-based stereology. (D) Quantification of myelination with representative pictures
of individual subcortical regions (thalamus (TH), hypothalamus (HTH), basal ganglia (BG), internal
capsule (IC)) from Co (n = 4) and Cup mice (1 = 4). (E) Volumes of the TH, HTH, STR, and IC of
Co (n = 8) and Cup mice (n = 7). Data are shown as individual values and means per group (lines).
Statistical analysis revealed significant differences between Co and Cup in (A) (CC, p = 0.03, CTX,
p =0.03, SCTX, p = 0.03), (B) (CC, p = 0.008; SCTX, p = 0.008), (C) (CC, p = 0.02; SCTX, p = 0.0012), (D)
(TH, p = 0.03; HTH, p = 0.03; BG, p = 0.03; IC, p = 0.03), and E (TH, p = 0.04; IC, p = 0.02); *p <0.05,
**p < 0.01. Scale bar in (B) = 2 mm (A,B) and 17 um (D).
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3.3. Axonal Damage Rather Than Neuronal Loss Contributes to Brain Volume Loss

To investigate whether the observed subcortical volume reduction results from (i) neuronal cell
body loss and/or (ii) acute axonal damage, we firstly quantified the mean numbers of neurons and
mean densities of neurons in the cerebral cortex and the entire subcortical area using design-based
stereology. In the cerebral cortex, no alterations in mean neuronal numbers and mean neuronal
densities were detected in 12 weeks of cuprizone-intoxicated mice (Figure 4A,B). Of note, also in
the subcortical area, the mean numbers and densities of neurons were comparable in 12 weeks of
cuprizone-intoxicated mice as compared to age-matched controls (Figure 4A,B). Furthermore, in the
entire subcortical area, the space occupied by perikarya and the neuropil was not significantly different
in cuprizone-intoxicated versus control mice (Figure 4C).
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Figure 4. Effects of chronic demyelination on the neuro-axonal/-dendritic compartment. (A) Numbers
and (B) densities of neurons in the cerebral cortex (CTX) and the subcortical area (SCTX) of control
(Co) (n = 6) and 12 weeks of cuprizone-intoxicated (Cup) mice (n = 6) analyzed with design-based
stereology. (C) Neuropil volumes and volumes occupied by nerve cell perikarya in the SCTX of Co
(n = 6) and 12-week Cup mice (n = 6). (D) Quantification of amyloid precursor protein (APP)-positive
spheroids in the thalamus (TH) and internal capsule (IC) of chronically demyelinated mice (1 = 5). Data
are shown as individual values and means per group (lines). Statistical analysis revealed significant
differences between Co and Cup in (D) (TH, p = 0.02; IC, p = 0.02); *p < 0.05.

Secondly, we investigated the densities of APP* spheroids. We focused in this part of the study
on the thalamus and the internal capsule because volume loss was found to be most severe in these
two subcortical brain areas. As shown in Figure 4D, numerous APP* spheroids were found in the
thalamus and the internal capsule of 12 weeks of cuprizone-intoxicated mice. Such spheroids were not
observed in control animals (Figure 4D).
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3.4. Mice with Chronic Demyelination Show Higher Uptake of ['8F]-FDG in the Thalamus

Neuroimaging is a central part of the diagnostic work-up of patients with suspected
neurodegenerative disease, including MS. [¥F]-FDG PET is an attractive tool to study
neurodegeneration on the metabolic level. Therefore, we were interested whether we could detect
metabolic alterations after chronic demyelination. To this end, glucose metabolism in the mouse
brain was analyzed using ['8F]-FDG uPET. Interestingly, we found a region-dependent increase
of ['®F]-FDG uptake in cuprizone-treated mice. A visual interpretation of the ['8F]-FDG pPET
scans indicated increased [*8F]-FDG pPET signal, particularly in the subcortical area (Figure 5A,B).
A statistical comparison between predefined brain regions in the control and cuprizone-intoxicated mice
showed significantly higher ['8F]-FDG uptake in the thalamus of 12 weeks of cuprizone-intoxicated
mice (increase of 22%). There were no significant differences in ['®F]-FDG uptake in the cortex,
hypothalamus, and basal ganglia in 12 weeks of cuprizone-intoxicated mice compared to age-matched
controls (Figure 5C).
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Figure 5. Altered ['®F]-fluoro-2-deoxy-p-glucose (['8F]-FDG) ligand uptake after chronic cuprizone
intoxication. (A) Schematic illustration of the different brain regions (cortex (CTX), thalamus (TH),
hypothalamus (HTH), and basal ganglia (BG)), evaluated for ['®F]-FDG ligand uptake. (B) Cumulative
heat map illustrating percentage increases of standardized uptake values (SUV) in cuprizone-treated
mice relative to controls. (C) Quantification of the normalized ['®F]-FDG uptake in Co (n = 7) and
12-week Cup mice (1 = 3). Data are shown as individual values and means per group (lines). Statistical
analysis revealed significant differences between Co and Cup in (C) (TH, p = 0.03); *p < 0.05.

4. Discussion

This is the first study focusing on volume, neuronal densities, and total neuronal numbers in the
cerebral cortex and subcortical area after acute and chronic cuprizone-induced demyelination. We could
show that specific subregions display volume loss after chronic cuprizone-induced demyelination,
particularly the corpus callosum, internal capsule, and the thalamus. Of note, volumetric changes were
not paralleled by loss of NeuN* neuronal cell numbers or shrinkage of their perikarya, but by ongoing
degeneration of axons, as demonstrated by the ongoing axonal transport deficit of APP.

Of note is the specific volume loss of the subcortex, whereas no significant volumetric changes
were observed in the cerebral cortex. It is well known that, in addition to the corpus callosum, the
cortex is a vulnerable brain region in the cuprizone model, demonstrating severe and almost complete
demyelination after a five-week cuprizone intoxication period [37,45]. It was, therefore, somewhat
surprising that we did not detect cortical atrophy in the cortex even after chronic cuprizone exposure.
Since we only evaluated the entire cortex, we cannot rule out that specific cortical subregions, such
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as the somatosensory and somatomotor cortex, which are particularly vulnerable in the cuprizone
model, show reduced volumes [24]. While axonal damage/injury was observed by many groups in
the cuprizone model [11,12,30], a decrease in neuronal densities or neuronal cell numbers is less well
appreciated. While Tiwari-Woodruff’s lab demonstrated a loss of parvalbumin-expressing interneurons
in the hippocampal CA1 region [29], Loscher’s lab showed a loss of neurons in the hilus of the dentate
gyrus [30]. While neuronal cell loss in the MS brain clearly exists [46], it is unclear which mechanisms
trigger neurodegeneration. In the cuprizone model, demyelination alone seems not to be sufficient to
trigger neuronal cell loss, at least in the investigated brain areas. Interestingly, recent post-mortem
studies did not reveal any association between the extent of demyelination and the density of neurons
in the MS neocortex [47,48]. We speculate that, in addition to metabolic stressors, auto-immune
driven inflammatory mediators are necessary to induce neuronal cell loss in the neocortex and,
consequently, cortical brain atrophy. A recently described novel MS animal model principally allows
studying the interplay of innate and adaptive immunity [49-51], and we are currently investigating in
ongoing studies the extent to which the liaison of metabolic and inflammatory brain injury triggers
neuronal degeneration.

We are well aware that the underlying mechanisms of MS and cuprizone-induced injury are most
likely not the same. Nevertheless, several important aspects of the MS pathology are nicely recapitulated
by the cuprizone model. For example, mitochondrial density is increased within demyelinated axons
in active MS [52] and cuprizone-induced lesions [53]. Furthermore, splitting of the inner myelin
lamella, referred as dying-back oligodendrogliopathy, was reported in MS [54] and cuprizone-induced
demyelination [55]. Finally, the presence of apoptotic oligodendrocytes, which express active caspase-3
during lesion formation, was described in MS [56] and the cuprizone model [57]. Thus, understanding
mechanisms operant during cuprizone-induced demyelination might help to understand disease
mechanisms in MS.

As pointed out above, significant brain volume loss was found in subcortical regions among the
thalamus (see Figure 3E). The thalamus forms the largest part of the diencephalon and is eponymous
for other diencephalic components such as the epithalamus and hypothalamus. This diencephalic
brain region is highly interconnected with various cortical and subcortical areas. We speculate that
the thalamus with its multiple reciprocal connections is sensitive to pathological processes occurring
in different brain regions, thus acting as a “barometer” for diffuse brain parenchymal damage in
MS [58]. Our findings are in line with a specific subcortical gray-matter atrophy found in MS
patients [19,20,59,60]. In these MRI studies, subcortical gray-matter atrophy was most prominent in
the thalamus, showing a volume reduction of 12-25%. From a functional point of view, it is interesting
to note that the thalamus volume loss strongly correlated to patients” declining cognitive functions
and physical disability [19,20,61,62], highlighting the thalamus as a central structure in the context of
MS-related disability and disease progression.

Thalamic volume loss was found to be related to neuro-axonal pathology. Cifelli et al. found
a reduction in both neuronal densities and N-acetylaspartate (NAA) concentration in the thalamus
of MS patients [60]. In the present study, cuprizone-induced demyelination neither affected NeuN™*
neuronal numbers and densities nor the space occupied by perikarya. Noteworthy, our ['"®F]-FDG-PET
measurements indicated a significant hypermetabolism in the thalamus of cuprizone-intoxicated mice
when compared to controls, fitting to preserved neuronal numbers in this brain region, as the vast
majority of the ['8F]-FDG-PET signal is supposed to be related to neuronal energy metabolism [63].
Thus, it seems likely that equal neuronal numbers, together with increased glial activity after chronic
cuprizone intoxication, will result in higher net energy consumption when compared to controls. Of
note, there is still no evidence how much glial cells contribute to the cerebral energy consumption,
although it is assumed that glucose metabolism decreases when microglia are dysfunctional [64].

Surprisingly, we did not find callosal volume loss after acute cuprizone-induced demyelination,
despite significant axonal injury. This could have happened for a number of reasons. Firstly, in
our study, we did not measure irreversible axonal degeneration or axonal loss, but rather a deficit
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of the anterograde axonal transport machinery. The gold-standard method to detect axonal loss is
electron microscopy or thin plastic sections. Most previous studies which analyzed acute axonal
injury in the cuprizone model visualized either axonal transport deficits or the expression changes
of neurofilament proteins [11,65], which does not necessarily represent the true extent of irreversible
axonal degeneration [66]. Secondly, due to the severe astrocytosis and microgliosis accompanying
the cuprizone-induced demyelination, callosal volume loss might be “masked” despite axonal loss (if
present). Thirdly, cuprizone intoxication results in spongy degeneration of the white matter [67], another
pathological feature which might mask callosal volume loss. In MS, it was suggested that untreated
inflammation and edema might increase the brain volume, leading to an underestimation of true tissue
loss. Interestingly, anti-inflammatory therapies were associated with acceleration of brain volume
loss, referred to as pseudoatrophy [68]. This is likely caused by the resolution of inflammation and
edema rather than true brain atrophy. In our study, chronic cuprizone-induced demyelination did lead
to a brain volume reduction despite ongoing microgliosis, suggesting true tissue loss. Furthermore,
it was suggested that pseudoatrophy effects are greater in white-matter structures due to larger
glial infiltration and activation compared to gray-matter structures. Thus, volume measurement of
gray-matter structures might be more reliable to distinguish irreversible changes due to tissue loss from
the reversible changes due to pseudoatrophy. The pathological substrate of subcortical volume loss in
the cuprizone model is currently unknown. In principle, volume loss might be due to loss of the myelin
sheath (i.e., demyelination), glia degeneration, neuronal cell loss, axonal degeneration, or synaptic
pathology. Of note, in a post mortem analysis, widespread loss of dendritic spines was found in the
cortex of MS patients. Dendritic spine loss occurred in demyelinated and non-demyelinated cortex
regions, and preceded loss of cortical axons [69]. In this study, we could show that subcortical volume
loss is not paralleled by a reduction of total neuronal cell numbers. However, subcortical neuropil
volumes tended to decrease, suggesting degeneration in the axonal and/or dendritic compartment. Of
note, in this study, we did not quantify the loss of cell types other than neurons, such as astrocytes
or oligodendrocytes, by means of design-based stereology. It, thus, might well be that the observed
atrophy in the thalamus, for example, is due to oligodendrocyte or astrocyte degeneration. In a recent
study, we were able to show that astrocytes express the stress-associated transcription factor DNA
damage-inducible transcript 3 after acute cuprizone-induced demyelination [32]. Further studies are
needed to investigate this aspect in more detail.

As already pointed out above, the thalamus shares broad reciprocal connections with other
brain regions, such as the cerebral cortex. These connections run within the internal capsule. In the
present study, we observed volume reduction and axonal damage of the internal capsule, despite
moderate demyelination. Thus, volume loss of the internal capsule might be due to the degeneration
of efferent thalamic fiber tracts. This is consistent with findings demonstrating reduced NAA levels in
normal-appearing white matter of the internal capsule in MS patients [70].

In summary, this study pointed out that the chronic, but not the acute cuprizone model may
serve as a valuable tool to study subcortical brain volume loss. Further studies are now warranted
to investigate which mechanisms are operant and how this brain volume loss can be ameliorated by
pharmacological intervention.
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Abstract: Macromolecular proton fraction (MPF) has been established as a quantitative
clinically-targeted MRI myelin biomarker based on recent demyelination studies. This study aimed to
assess the capability of MPF to quantify remyelination using the murine cuprizone-induced reversible
demyelination model. MPF was measured in vivo using the fast single-point method in three animal
groups (control, cuprizone-induced demyelination, and remyelination after cuprizone withdrawal)
and compared to quantitative immunohistochemistry for myelin basic protein (MBP), myelinating
oligodendrocytes (CNP-positive cells), and oligodendrocyte precursor cells (OPC, NG2-positive cells)
in the corpus callosum, caudate putamen, hippocampus, and cortex. In the demyelination group,
MPF, MBP-stained area, and oligodendrocyte count were significantly reduced, while OPC count was
significantly increased as compared to both control and remyelination groups in all anatomic structures
(p < 0.05). All variables were similar in the control and remyelination groups. MPF and MBP-stained
area strongly correlated in each anatomic structure (Pearson’s correlation coefficients, r = 0.80-0.90,
p <0.001). MPF and MBP correlated positively with oligodendrocyte count (r = 0.70-0.84, p < 0.01
for MPF; r = 0.81-0.92, p < 0.001 for MBP) and negatively with OPC count (r = —0.69—0.77, p < 0.01
for MPF; r = —0.72--0.89, p < 0.01 for MBP). This study provides immunohistological validation of
fast MPF mapping as a non-invasive tool for quantitative assessment of de- and remyelination in
white and gray matter and indicates the feasibility of using MPF as a surrogate marker of reparative
processes in demyelinating diseases.

Keywords: macromolecular proton fraction; MPF; myelin; magnetic resonance imaging;
cuprizone model; demyelination; remyelination; oligodendrocyte precursors; oligodendrocytes;
immunohistochemistry

1. Introduction

New therapies enabling regeneration of damaged myelin may offer potential for restoring
neurological function in multiple sclerosis (MS) and other demyelinating diseases [1-3]. Quantitative
imaging biomarkers of remyelination are of critical importance for the development and clinical
testing of myelin repair therapies [4,5]. Partial remyelination associated with the recruitment and
proliferation of oligodendrocyte precursor cells (OPC) is a known phenomenon in MS lesions, which,
however, usually fails to completely restore damaged brain tissue [1,6,7]. Although significant
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efforts were focused on identifying magnetic resonance imaging (MRI) signatures of remyelination
in MS lesions [4,8,9], no existing technique provides sufficient sensitivity and specificity to myelin
to be used as a routine clinical tool for remyelination monitoring [4]. Furthermore, the lesions
detectable by MRI are known to represent only a small part of MS pathology, which is characterized by
widespread microscopic demyelination of white and gray matter [10-12]. Assessment of remyelination
in normal-appearing brain tissues remains unachievable by using any clinical imaging method to date.

A new MRI method, fast macromolecular proton fraction (MPF) mapping [12-20], has
demonstrated promise as a reliable clinical and preclinical tool for quantitative imaging of
demyelination [12,14-18] and myelin development [19,20]. This method is based on the magnetization
transfer (MT) effect and enables quantification of the number of macromolecular protons that are
involved into cross-relaxations with water protons [13]. In recent clinical studies, MPF mapping
provided the capability to quantify microscopic demyelination in both white and gray matter caused
by MS [12,15] and mild traumatic brain injury [16]. MPF mapping has been extensively validated by
histology in animal models including the normal brain and C6 glioma in rats [21], cuprizone-induced
demyelination in mice [17], and ischemic stroke in rats [18], where it demonstrated strong correlations
with the myelin content across white and gray matter anatomic structures and lesions. However, to the
best of our knowledge, this method has not been tested in the setting of remyelination.

Cuprizone-induced toxic demyelination in mice is a common animal model of MS [22-26],
which is frequently used in preclinical studies of remyelination therapies [5,23-25]. In this model,
demyelination is induced by the administration of the copper chelator cuprizone, causing selective
oligodendrocyte apoptosis followed by extensive demyelination of both white and gray matter [22-26].
If cuprizone treatment is discontinued within a certain timeframe, spontaneous remyelination and
functional recovery (complete or incomplete depending on treatment regimen) typically occur [22-26].
Although cuprizone intoxication is considered a reductionist model of MS devoid of the autoimmune
inflammatory component, it reproduces certain pathological features of human disease including
diffuse demyelination of white and gray matter, microglial activation, astrogliosis, axonal damage,
and remyelination associated with OPC proliferation and oligodendrocyte repopulation [22-26]. The
cuprizone model also offers substantial convenience for the evaluation of quantitative imaging methods
targeted at the assessment of normal-appearing brain tissues, because cuprizone induces demyelination
that affects the whole brain at the microscopic level without the formation of focal lesions, and appears
to a variable extent across anatomic structures [17,24-26].

The primary objective of this study was to assess the capability of fast MPF mapping to quantify
remyelination in white and gray matter using the cuprizone model. Additionally, we sought to
investigate a relationship between MPF and markers of oligodendrogenesis, such as the number of
oligodendrocytes and OPC, which are frequently used as outcome measures in preclinical studies of
myelin repair therapies.

2. Materials and Methods

2.1. Animals and Experimental Design

All animal experiments were performed in accordance with the rules adopted by the European
Convention for the Protection of Vertebrate Animals used for Experimental and Other Scientific
Purposes. The experimental protocol was approved by the Bioethical Committee of the Institute of
Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences (Protocol number 25)
and the Bioethical Committee of the Biological Institute at Tomsk State University (Protocol number
3, Registration No. 8). Eight-week-old CD1 male mice were obtained from the vivarium of the E.D.
Goldberg Institute of Pharmacology and Regenerative Medicine of the Siberian Branch of the Russian
Academy of Sciences (Tomsk, Russian Federation). Animals were housed with a 12-h dark-light cycle
at a temperature of 21 + 2 °C, and humidity of 40 + 2%. Food and water were provided ad libitum.
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After 10 days of quarantine, the animals were divided into three groups: the control group (n = 4),
the demyelination group (n = 4), and the remyelination group (n = 5). Mice in the demyelination group
received 0.5% cuprizone (Bis(cyclohexanone)oxaldihydrazone, Sigma-Aldrich, St. Louis, MO, USA)
with standard chow for 10 weeks. The remyelination group returned to a normal diet after 5 weeks of
cuprizone treatment. The controls received standard chow for 10 weeks. After 10 weeks of cuprizone
treatment, the mice were MRI-scanned with an MPF mapping protocol. Imaging was performed
under isoflurane anesthesia (1.5-2% in oxygen) with respiratory monitoring during the scan. The mice
were then transcardially perfused with 4% paraformaldehyde (PFA) under ether anesthesia. Brains
were removed and fixed overnight in PFA at 4 °C. The brains were then cryoprotected in a graded
concentration of sucrose in phosphate buffer (24 h at 10% and 24 h at 20%) at 4 °C, frozen in liquid
nitrogen, and stored at —80 °C prior to immunohistochemical staining.

2.2. MRI Acquisition and Processing

The mice were imaged on an 11.7 Tesla horizontal-bore animal MRI scanner (BioSpec 117/16
USR; Bruker BioSpin, Ettlingen, Germany) with the manufacturer’s four-channel mouse brain surface
coil. A fast high-resolution single-point 3D MPF mapping protocol was implemented as described
previously [17]. The protocol included the following sequences applied in the coronal plane with a 3D
field-of-view of 20 X 20 x 24 mm:

(1) MT-weighted spoiled gradient echo (GRE): repetition time (TR) = 22 ms, echo time (TE) = 2.5 ms,
flip angle (FA) = 9°, spectral bandwidth (BW) = 125 kHz, off-resonance saturation by the Gaussian
pulse with an offset frequency of 4500 kHz, effective FA = 900°, a duration of 10 ms, 3D matrix 200 X
200 x 48, spatial resolution 100 x 100 x 500 pmS, four signal acquisitions, and a scan time of 10 min 34 s;

(2) T1-weighted spoiled GRE: TR = 16 ms, TE = 2.5 ms, FA = 16°, BW = 125 kHz, 3D matrix 200 X
200 x 48, spatial resolution 100 x 100 x 500 umS, four signal acquisitions, and a scan time of 7 min 41 s;

(3) Proton-density (PD)-weighted spoiled GRE: TR = 16 ms, TE = 2.5 ms, FA = 3°, BW = 125 kHz,
3D matrix 200 x 200 x 48, spatial resolution 100 x 100 x 500 um3, four signal acquisitions, and a scan
time of 7 min 41 s;

(4) By mapping using the dual-TE phase-difference method: TR =20ms, TE1 =2.4ms, TE2 = 4.1 ms,
FA = 8°, BW = 200 kHz, 3D matrix 100 x 100 x 48, spatial resolution 200 x 200 x 500 um3, one signal
acquisition, and a scan time of 1 min 36s;

(5) By mapping using the dual-TR actual flip-angle imaging (AFI) method: TR1 = 13 ms,
TR2 = 65 ms, TE = 3.7 ms, FA = 60°, BW = 59.5 kHz, 3D matrix 100 x 100 X 48, spatial resolution 200 x
200 x 500 pm?, one signal acquisition, and a scan time of 4 min 45 s.

The GRE and AFI sequences were implemented with optimal radiofrequency and gradient spoiling
based on the excitation pulse phase increments of 169° for GRE and 39° for AFI [27]. In all sequences,
linear phase-encoding order with fractional (75%) k-space acquisition in the slab selection direction
was used. The total scan time was about 35 min.

Reconstruction of MPF maps was carried out using custom-written C-language software based on
the single-point algorithm with synthetic reference image normalization and correction of By and By
field non-uniformities, as detailed elsewhere [13,14,17].

2.3. Immunohistochemistry

Coronal brain sections with 10 um thickness were prepared using an HM525 cryostat (Thermo
Fisher Scientific, Walldorf, Germany). Sections were obtained at two brain locations: —1.58 mm and
+0.74 mm from bregma according to the mouse brain atlas [28].

Sections were stained using immunohistochemistry for myelin basic protein (MBP, the
marker of myelin), 2’,3’-cyclic-nucleotide 3’-phosphodiesterase (CNP, the marker of myelinating
oligodendrocytes), and neuro-glial antigen 2 (NG2, the marker of oligodendrocyte precursors). The
primary antibodies were: goat polyclonal anti-MBP, (sc-13914, Santa Cruz Biotechnology, Dallas, TX,
USA); mouse monoclonal anti-CNPase (Cat#MAB326, Merck Millipore, Burlington, MA, USA), rabbit
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polyclonal anti-NG2 (H-300), (sc-20162, Santa Cruz Biotechnology, USA), and goat polyclonal anti-DCX
(C-18), (sc-8066, Santa Cruz Biotechnology, USA). The secondary antibody was donkey anti-goat
AlexaFluor® 488 (green color, code 705-545-147, Jackson ImmunoResearch, West Grove, PA, USA) or
donkey anti-rabbit AlexaFluor® 488 (green color, code 711-545-152, Jackson ImmunoResearch).

Slides were covered with mounting medium with DAPI (4’,6-diamidino-2-phenylindole, blue
color, nuclear counter stain). Photography was performed using an Axio Imager Z2 microscope (Carl
Zeiss, Oberkochen, Germany) and AxioVision 4.8 (Carl Zeiss) software with a MozaiX module, which
enables reconstruction of the whole brain images by stitching a series of mosaic images. Additionally,
2/,3'-cyclic-nucleotide 3’-phosphodiesterase (CNP), neural/glial antigen 2 (NG2) stained sections were
photographed using a confocal laser microscope LSM 780 NLO (Carl Zeiss).

2.4. Image Analysis

MPF maps and microphotographs of MBP-, CNP-, and NG2-stained brain sections were analyzed
using freely available Image] software (National Institutes of Health, Bethesda, MD, USA). Two brain
locations (~1.58 mm and +0.74 mm from bregma) defined according to the mouse brain atlas [28] were
chosen for quantitative analysis. Quantitative imaging variables were assessed in the regions-of-interest
(ROISs) of standard sizes placed within the following anatomic structures: the central and distal parts
of the corpus callosum, center of the caudate putamen, cortex, and hippocampus. The scheme of
image analysis is presented in Figure 1. MPF values were quantified as previously described [17].
Myelin density on the MBP microphotographs was quantified in the above structures by the Otsu
thresholding method [29] implemented as a plugin for Image] software [30]. A percentage of the total
area of detected objects in the binarized images (Figure 1) was used as a surrogate measure of MBP
density [31]. Myelinating oligodendrocytes (CNP-positive cells) and OPC (NG2-positive cells) were
counted manually in the similarly positioned ROls.

2.5. Statistical Analysis

All statistical analyses were carried out using Statistica 10.0 for Windows (StatSoft Inc, Tulsa,
OK, USA). Mean values and standard errors of the mean were calculated for each variable in each
anatomical structure. Normality of the data within animal groups and residuals in regression analyses
was assessed using the Shapiro-Wilk’s test. No significant deviations from the normal distribution
were found, and therefore, parametric analyses were used. MPF values and quantitative histology
data were compared between the control, demyelination, and remyelination groups using a two-way
repeated measures analysis of variance (ANOVA) followed by post hoc least significant difference
(LSD) tests for individual anatomical structures.

The effects of demyelination and remyelination on MPF and histological variables in each
anatomic structure were characterized by the effect sizes (Cohen’s d) calculated as the ratios of the
mean differences to the pooled standard deviation. The d values for demyelination were calculated
from the differences between the control and demyelination groups. The d values for remyelination
were calculated from the differences between the demyelination and remyelination groups. Pearson’s
correlation coefficient (r) and linear regression analysis were used to determine associations between
variables across anatomical structures and animals. Statistical significance was defined as a p value
less than 0.05.
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Figure 1. The scheme of image processing for macromolecular proton fraction (MPF) maps (a,b)
and myelin basic protein (MBP)-stained images (c). Cross-sections of a 3D MPF map of a control
mouse taken at the locations of +0.74 mm (a) and —1.58 mm (b) from bregma and superimposed with
regions-of-interest (ROIs) corresponding to the following brain structures: 1, 2—caudate putamen; 3,
4, 5—corpus callosum; 6, 7—hippocampus, 8, 9, 10, 11—cortex. MBP-stained image at the location
of —1.58 mm from bregma (c) is presented in the native (left) and binarized (right) forms with ROIs
corresponding to the corpus callosum (5,6), hippocampus (7), and cortex (10,11).

3. Results

3.1. Effects of Demyelination and Remyelination on MPF, MBP Density, and the Counts of Myelinating
Oligodendrocytes and OPC

Example MPF maps of the murine brain from the control, demyelination, and remyelination
groups at the two brain locations are demonstrated in Figure 2. Representative microphotographs
corresponding to the investigated brain structures in the three animal groups taken from MBP-, CNP-,
and NG2-stained sections are shown in Figures 3-5, respectively. Summary statistics and group
comparisons for MPF measurements and quantitative histological variables are presented in Figure 6.
Cuprizone-treated mice demonstrated reduced contrast between white and gray matter on MPF maps
as compared to control mice, particularly in the corpus callosum, whereas the maps from animals in the
remyelination group showed visually normal tissue contrast (Figure 2). MPF values in both the corpus
callosum and gray matter structures (caudate putamen, cortex, and hippocampus) were significantly
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smaller in the demyelination group as compared to the control and remyelination groups (Figure 6a).
The control and remyelination groups did not show significant differences in MPF (Figure 6a). MBP
immunostaining showed visible loss of myelin in all structures in the demyelination group and
restoration of myelination patterns in the remyelination group (Figure 3). MBP quantitation by the
percentage of the stained area showed a significant decrease in myelin density in all structures in the
demyelination group relative to both control and remyelination groups and the absence of significant
differences between the control and remyelination groups (Figure 6b). The count of myelinating
oligodendrocytes showed a similar trend and was significantly reduced in the demyelination group as
compared to the control and remyelination groups (Figure 4, Figure 6¢). In the remyelination group,
the CNP-positive cell count in the corpus callosum was significantly lower than that in controls, while
no significant differences were found for other structures (Figure 6¢). The amount of OPC showed
an opposite trend, with a significant increase in the demyelination group relative to both control
and demyelination groups in all brain structures (Figure 6d). There were no significant differences
in the NG2-positive cell count between the control and remyelination groups. Another interesting
observation is substantial changes in OPC morphology in the demyelination group, where these cells
exhibited shorter and fewer processes or bipolar or star-like structures reflecting variable stages of
immaturity. Notably, OPC in remyelinated animals showed highly branched morphology, similar to
the control animals (Figure 5b).

Control Demyelination Remyelination

+0.74 mm
from bregma

-1.58 mm
from bregma

Figure 2. Example MPF maps of the mice from the control (left), demyelination (center), and
remyelination (right) groups. Cross-sections of 3D MPF maps were taken through the caudate putamen
(+0.74 mm from bregma, top) and hippocampus (-1.58 mm from bregma, bottom). Arrows show a
visible reduction in MPF in the corpus callosum. MPF maps are presented with the grayscale range
corresponding to 2-16% and window centered at 9%.
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Figure 3. Effect of cuprizone-induced demyelination and remyelination after cuprizone discontinuation
on MBP immunostaining. Example microphotographs of MBP-stained sections are presented for the
corpus callosum, caudate putamen, cortex, and hippocampus with magnification of x100.

Corpus callosum Cortex Caudate putamen Hippocampus

Control

Demyelination

Remyelination

.20um :

Figure 4. Effect of cuprizone-induced demyelination and remyelination after cuprizone discontinuation
on the number of myelinating oligodendrocytes (CNP-positive cells). Example microphotographs of
CNP-stained sections are presented for the corpus callosum, caudate putamen, cortex, and hippocampus

with magnification of x200.
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Corpus callosum Cortex Caudate putamen Hippocampus

Control

Demyelination
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u (b)

Control Demyelination Remyelination

Figure 5. Effect of cuprizone-induced demyelination and remyelination after cuprizone discontinuation
on the amount of OPC (NG2-positive cells). (a) Example microphotographs of NG2-stained sections
corresponding to the corpus callosum, caudate putamen, cortex, and hippocampus with magnification
of x200. (b) 3D reconstructions of separate NG2-positive cells in the corpus callosum illustrating
distinctions in OPC morphology. Magnification: x200.

Effect sizes characterizing de- and remyelination across the studied brain regions in a uniform
dimensionless scale are summarized in Table 1. For all variables and anatomic regions, the effect sizes
appeared very large (d > 1.3) according to the commonly used classification [32]. The d values tended
to be larger in the absolute scale for MBP staining and CNP-positive cell count and comparable for
MPF and NG2-positive cell count. For all variables except for the NG2-positive cell count, the effect
sizes were fairly homogenous across the anatomic regions (Table 1).
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Figure 6. Summary statistics of MPF measurements and quantitative histological variables in the
brain anatomic structures across the control, demyelination, and remyelination animal groups:
MPF values (a), myelin content according to the percentage of MBP staining area (b), the count
of myelinating oligodendrocytes (CNP-positive cells) (c), and OPC count (NG2-positive cells) (d).
Anatomic structures are abbreviated as follows: CC—corpus callosum, Cor—cortex, CPu—caudate
putamen, and Hip—hippocampus. Significant differences between the groups according to the LSD
test are marked by asterisks: * —p < 0.05, ** —p < 0.01, and *** —p < 0.001. Error bars represent standard
errors of the mean.

Table 1. Effect sizes (Cohen’s d) with 95% confidence intervals (CI) corresponding to the demyelination
and remyelination states in the corpus callosum, caudate putamen, cortex, and hippocampus based on
MPF and quantitative histology variables.

Variable Control-Demyelination: d [-CI, +CI] Demyelination-Remyelination: d [-CI, +CI]

CcC CPu Cor Hip CcC CPu Cor Hip

MPE 2.7 23 22 22 -23 -2.1 -1.8 -2.8
[0.8,4.6] [0.5,4.5] [0.5,4.0] [05,40]  [-40,-0.6] [-3.7,-05] [-34,-03] [-47,-1.0]

MBP area 3.9 3.8 5.6 4.6 -3.1 -2.8 —4.4 —4.0
percentage [1.6,63] [15,6.1] [2.2,8.0] [19,72]  [-51,-12] [-46,-09] [-6.8,-20] [-6.3,-1.7]

CNP-positive 57 3.8 29 3.0 -5.4 -43 -35 -24
cell count [2.6,8.8] [15,61] [0.9,4.9] [19,72]  [-82,-26] [-6.6,-19] [-5.6,-14] [-4.2,-0.7]

NG2-positive —4.4 -1.7 -3.5 -2.6 2.7 1.6 4.0 3.0

cell count [-7.0,-18] [-7.0,-18] [-7.0,-1.8] [-70,-18]  [0.9,4.6] [0.1,32] [17,62] [1.1,49]

3.2. Correlations between MPF and Quantitative Histology Variables

The results of linear regression analyses for MPF values as a function of the myelin content,
the number of myelinating oligodendrocytes and OPC are presented in Figure 7. The summary of
regression analyses for all variables is provided in Table 2.
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Figure 7. Linear regression analysis of MPF values vs. myelin content according to MBP staining (a),
the number of myelinating oligodendrocytes according to CNP staining (b), and the number of OPC
according to NG2 staining (c) in the corpus callosum, caudate putamen, hippocampus, and cortex. Blue,
red and green dots correspond to the control, demyelination, and remyelination groups, respectively.
Black lines depict the plots of the regression equations for the pooled datasets including all groups.
Dotted lines represent confidence intervals of the regression lines.
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Table 2. Linear regression analysis of associations between MPF, MBP-stained percentage of the total

area, CNP-positive cell count, and NG2-positive cell count in the corpus callosum, caudate putamen,

hippocampus, and cortex.

Parameters Brain Structure r S 4 Slope (95% CI), p Intercept (95% CI), p
cc 090 082  <0.001 0.06 (0.04, 0.07), <0.001 7.84 (6.57,9.12), <0.001
MPF vs. MBP CPu 083 069  <0.001 0.04 (0.02, 0.06), <0.001 657 (5.68, 7.46), <0.001
% total area Hip 080 064 <0.001 0.06 (0.03, 0.09), 0.001 6.20 (5.46, 6.95), <0.001
Cor 088 078  <0.001 0.04 (0.02, 0.05), <0.001 7.04 (652, 7.56), <0.001
cc 084 071  <0.001 0.57 (0.33, 0.81), <0.001 8.96 (7.70, 10.21), <0.001
MPE vs CPu 071 051  0.006 0.38 (0.13, 0.63), 0.006 6.87 (5. 76, 7.98), <0.001
CNP + cells Hip 070 050  0.007 0.77 (0.26, 1.29), 0.007 5.78 (4. 54, 7.01), <0.001
Cor 079 063  0.001 035 (0.17, 0.53), 0.001 6.49 (5.46,7.51), <0.001
cc -0.69 047  0.009 —0.82 (~1.40, —0.25), 0.009 14.83 (12.57, 17.10), <0.001
MPE vs CPu -076 058  0.006 —0.67 (~1.04, —0.29), 0.002 14.67 (12.94, 16.41), <0.001
NG2 + cells Hip -075 057 0003 —0.60 (~0.95, =0.25), 0.003 8.79 (7.95,9.63), <0.001
Cor -077 059  0.002 ~0.34 (~0.52, ~0.15), 0.002 1043 (9.28, 11.59), <0.001
MBP % total cc 092 085  <0.001 10.13 (7.36, 12.87), <0.001 20.32 (6.02, 34.61), 0.01
o tota CPu 085 072  <0.001 8.49 (4.46,12.52), <0.001 7.47 (=9.04,23.98), 0.34
RN Hip 082 067 <0001 1143 (6.11, 16.74), <0.001 -4.90 (~17.57,7.77), 0.41
cells Cor 081 066  <0.001 8.49 (4.46, 12.52), <0.001 ~10.05 (~32.95, 12.86), 0.36
MBP % total cC 072 062 0005 —13.87 (-22.78, ~4.96), 0.005 121.88 (86.93, 156.82), <0.001
o tota CPu -081 065 <0001  -821(-12.18, -4.25), <0.001 81.81 (63.41, 100.20), <0.001
N ér;a "SH Hip —074 054 0004 —7.45 (~11.98, —2.91), 0.004 36.59 (25.57, 47.62), <0.001
+eells Cor -089 078 <0001  —9.14(-12.32, -5.96), <0.001 91.48 (71.83, 111.13), <0.001
cc -079 062  0.001 ~1.39 (-2.11, -0.67), 0.001 10.10 (7.28, 12.93), <0.001
CNP + cells vs CPu -0.68 047 001 ~0.66 (~1.12, -0.19), 0.01 7.14 (499, 9.31), <0.001
NG2 + cells Hip 079 062  0.001 ~0.57 (-0.87, 0.27), 0.001 345 (2.73, 4.17), <0.001
Cor -063 039 002 -0.62 (~1.13, -0.11), 0.02 9.22 (6.07, 12.38), <0.001

Abbreviation: CI, confidence interval; CC, corpus callosum; CPu, caudate putamen; Hip, hippocampus; Cor, cortex.

Correlations between all variables appeared statistically significant for each investigated brain
anatomic structure (corpus callosum, caudate putamen, hippocampus, and cortex). MPF values
strongly correlated with MBP-stained percentage of the total area (r = 0.80-0.90, p < 0.001), as seen in
Figure 6a. Both MPF and MBP staining demonstrated strong positive correlations with the count of
CNP-positive myelinating oligodendrocytes (Figure 6b, Table 2), although correlations for MPF (r =
0.70-0.84, p < 0.01) were slightly weaker than those for MBP (r = 0.81-0.92, p < 0.001). MPF and MBP
also showed strong negative correlations with the amount of NG2-positive OPC (r = -0.69--0.77, p <
0.01 for MPF; r = —0.72-—0.89, p < 0.01 for MBP), while the counts of CNP-positive and NG2-positive
cells were negatively correlated in all anatomic structures (Figure 6¢, Table 2).

4. Discussion

The results of this study demonstrate the capability of fast MPF mapping to accurately and
reliably quantify remyelination in both white and gray matter. MPF showed very similar patterns
of changes as compared to the immunohistochemical myelin marker MBP including a significant
decrease caused by the cuprizone treatment and restoration to the nearly normal level after treatment
discontinuation. These findings are further supported by strong correlations between MPF and MBP
immunofluorescence in all investigated white and gray matter anatomic structures including the corpus
callosum, caudate putamen, hippocampus, and cortex. It is important to emphasize that correlations
between MPF and MBP in this study were assessed separately for each structure and, therefore, could
not be driven by intrinsic distinctions in the myelin content between white and gray matter.

In the aspect of demyelination, our results confirm the conclusions of the previous study [17],
which demonstrated close agreement between MPF and quantitative myelin histology in the assessment
of cuprizone-induced myelin loss in white and gray matter across a series of anatomic structures.
It should be pointed out that the earlier results [17] were achieved with luxol fast blue histological
staining, whereas this study utilized immunohistochemistry with MBP. Similar findings obtained with
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different myelin markers provide extra confidence to the interpretation of MPF measurements in terms
of the myelin content.

Cuprizone-induced demyelination has been extensively studied by various MRI methods as
overviewed earlier [17]. At the same time, fewer MRI studies investigated remyelination in this
model [33—43]. The majority of these publications [33—40] were limited to analyzing the behavior of
imaging variables in the corpus callosum, which is known as the most susceptible to cuprizone-induced
demyelination anatomic structure [22-26]. Several quantitative and non-quantitative imaging
techniques, such as conventional T1- and T,-weighted imaging [34,43], T, mapping [38,43], diffusion
tensor imaging (DTI) [33,36,38,40,42,43], diffusion kurtosis imaging (DKI) [38,42], and magnetization
transfer imaging in the traditional semi-quantitative [34,35,38,39,41] and quantitative [37] variants
demonstrated significant trends in the corresponding imaging parameters consistent with de-
and remyelination in the corpus callosum. Among the above studies, significant correlations of
variable strength (absolute values of correlation coefficients in a range of 0.6-0.9) between myelin
histology [35,37,39-41] or electron microscopy [34,38] and imaging variables in the corpus callosum were
found for normalized T;- and T,-weighted signal intensities [34], T, values [38], DTI-related indexes
(mean diffusivity, radial diffusivity, and fractional anisotropy) [38,40], MT ratio (MTR, conventional
semi-quantitative MT imaging index) [34,35,39,41], and pool size ratio (PSR) derived from quantitative
MT measurements [37]. To the best of our knowledge, only four studies [33,41-43] investigated changes
in MRI parameters associated with both de- and remyelination in regions other than corpus callosum
anatomic regions, including a series of white matter fiber tracts [33,43], cortical gray matter [41-43],
and subcortical gray matter structures (caudate putamen [41,43] and thalamus [43]). In some white
matter regions outside the corpus callosum, T, values showed significant differences associated with
de- and remyelination [43], while the trends for diffusion tensor metrics were non-significant [33,43]. In
the deep gray matter structures, the significant effects of de- and remyelination were found for T, in the
caudate putamen and thalamus [43] and for MTR in the caudate putamen [41]. MTR was also weakly
(r = 0.46) but significantly correlated with histologically measured myelin content in the caudate
putamen [41]. In the cortex, quantitative changes in T, were significant for demyelination but failed
to detect remyelination [43]. No significant effects of cortical demyelination or remyelination were
identified for MTR [41]. DKI was the only quantitative MRI technique that was able to detect significant
cortical changes consistent with cuprizone-induced demyelination and subsequent recovery [42].
However, DKI indexes in white and gray matter were reported to change in opposite directions [42],
thus suggesting that the observed DKI parameter alterations were driven by factors other than
myelination. None of earlier cuprizone model studies has reported quantitative correlations between
histological myelin measures and imaging variables in the cortex and hippocampus. As evidenced by
this and previous studies, only the fast MPF mapping method enables reliable in vivo quantitation of
both demyelination and remyelination in a variety of white and gray matter structures, being in close
agreement with histology.

Our observations in the investigated anatomic structures are in overall agreement with
earlier immunopathological studies, which reported prominent cuprizone-induced myelin loss
and oligodendrocyte depletion in the corpus callosum [22-26,40,44-48], cortex [45-48], caudate
putamen [41,48,49], and hippocampus [45,48,50,51]. Similar to previous publications, we also
observed remyelination accompanied with recovery of oligodendrocyte population in the corpus
callosum [22-26,40,44-47], cortex [45-47], caudate putamen [41], and hippocampus [45] after cuprizone
discontinuation. These processes were paralleled by an increased OPC count in all structures during
the demyelination phase followed by its restoration to a nearly normal level during the remyelination
phase. Similar patterns of OPC population changes were reported for the corpus callosum [40,44,45],
cortex [45,47], and hippocampus [45], though some studies did not find significant OPC proliferation
in the basal ganglia [49] and hippocampus [51]. These discrepancies may be explained by the
use of different OPC markers and/or distinctions in the time frame of oligodendroglial response
between white and gray matter structures [45,47]. The results of our study indicate close quantitative
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agreement between molecular and cellular components of myelin loss and repair in the cuprizone model
including myelin content changes assessed by both MBP and MPF, and the number of myelinating
oligodendrocytes and OPC in all anatomic structures. While this study was not focused on the
elucidation of detailed temporal profiles of cellular responses during de- and remyelination, our data
suggest a high degree of synchrony between underlying cellular events in both white and gray matter
in agreement with earlier studies [44,46].

The presented results have several implications for the design of future preclinical studies of
remyelinating therapies. First, based on very strong correlations between MPF and histological
myelin content measures, this and previous [17-19] studies suggest that fast MPF mapping can be
used interchangeably with myelin histology in animal studies, particularly if several time points
are needed. Our results demonstrate that the effect sizes for MPF, while being slightly lower than
those for histological variables, are still very large (>2 for all anatomic structures). Additional gain
in statistical power can be achieved due to longitudinal measurements using MPF as opposed to the
study designs based on histological endpoints only. Second, this study shows that both imaging and
histological outcomes in the cuprizone model should be assessed not only for the corpus callosum
but also for different gray matter structures (cortex, striatum, hippocampus), where the effects of both
demyelination and remyelination are highly significant. Cortical demyelination is known to represent
a separate and highly clinically relevant aspect of MS pathology [10-12], while cortical MS lesions have
been shown to hold an extensive remyelination potential compared to white matter lesions [52,53].
Accordingly, the advent of an imaging method enabling reliable assessment of cortical remyelination
may substantially impact future preclinical and clinical studies of myelin repair therapies. Third, our
results may be helpful in the interpretation of the OPC count as an outcome measure in preclinical
myelin repair studies. The dynamics of OPC population is known to demonstrate a biphasic behavior
with an increase during cuprizone-induced demyelination followed by a decrease during recovery after
cuprizone discontinuation [22-26]. However, the significance of OPC count as a biomarker in preclinical
studies of remyelination therapies using the cuprizone model remains an open question due to a
possible mismatch between temporal profiles of mature oligodendrocyte repopulation, remyelination,
and OPC proliferation. Recent meta-analysis [5] showed that the histological or immunohistochemical
myelin assessment and oligodendrocyte count provided consistent results as outcome measures for
prospective remyelination therapies, while the performance of OPC count was rather controversial
with a non-significant overall effect. Our results demonstrate strong negative correlations between the
OPC count and both the population of myelinating oligodendrocytes and myelin content measures
(MBP and MPF). These correlations indicate that OPC count may provide extra confidence in the
assessment of therapeutic efficacy and suggest that its reduction towards the normal level should be
viewed as a favorable treatment outcome in acute demyelination settings. At the same time, more
research is needed to identify the utility of OPC assessment in the treatment of chronic demyelination
where the OPC pool may be intrinsically depleted [54].

While this study provides a compelling evidence of the utility of fast MPF mapping as a means to
quantify remyelination in the acute cuprizone intoxication model, some aspects of the application of this
method to other animal models of MS need further research. Besides cuprizone, common MS models
include inflammatory demyelination caused by immunization with myelin antigens (experimental
autoimmune encephalomyelitis (EAE)) or infectious agents (Theiler’s murine encephalomyelitis virus
and murine hepatitis virus) and toxic demyelination induced by focal administration of lysolecithin
or ethidium bromide [25,55]. Newer models involving different demyelination mechanisms, such as
inducible conditional knock-out of the myelin regulatory factor (iCKO-Myrf) in mice [56] and feline
irradiated diet-induced demyelination (FIDID) [57] were also described. All these models capture
certain pathological features of MS, though there is no single model that could entirely mimic the
human disease. In contrast to acute cuprizone intoxication where remyelination is typically rapid
and complete [22-26], only partial remyelination occurs in some other models including prolonged
cuprizone administration [22-26,54], EAE [25,55], FIDID [57], and iCKO-Myrf [56]. Arguably, these
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models may be more relevant to chronic MS lesions in humans, where complete remyelination usually
does not happen [1,6,7]. Due to a reduced effect size associated with remyelination, such models may
pose challenges in the application of MPF mapping or any other quantitative imaging approach for the
assessment of remyelination in either spontaneous or treatment-related settings. Another potential
challenge may be associated with edema, which is a common feature of the inflammatory models [58]
and present to a lesser extent in the cuprizone model [59]. A recent study [18] demonstrated that
MPF measurements in the acute ischemic stroke model may be confounded by edema, though myelin
remains the main factor driving MPF changes in the ischemic lesion. More sophisticated MPF mapping
techniques with a reduced sensitivity to tissue water content alterations [60,61] may be advantageous
in the applications to inflammatory MS models as well as MS lesions in humans.

The key practical advantage of the fast MPF mapping method is the simplicity of clinical translation.
This method has already been successfully applied in several clinical studies of MS [12,15] and traumatic
brain injury [16] with the use of 3 Tesla research MRI equipment. In these studies [12,15,16], MPF
mapping demonstrated the capability to quantify demyelination not only in white matter but also
in cortical and subcortical gray matter. Recent studies [19,20,62] demonstrated the feasibility of MPF
mapping using a routine 1.5 Tesla clinical MRI scanner in conjunction with the design of ultrafast
protocols enabling collection of source images within a few minutes. Furthermore, due to the inherent
insensitivity of MPF to magnetic field strength [63], the data obtained in humans on clinical scanners
can be quantitatively compared to the values measured in animal models with the use of specialized
high-field MRI equipment. An additional advantage of MPF mapping in both clinical and preclinical
studies is its independence of changes in tissue relaxation times Ty and T, caused by paramagnetic ions,
particularly iron [15]. Abnormal iron deposition in the subcortical gray matter anatomic structures is a
known pathological feature of MS [15,64,65]. A growing body of evidence suggests that an altered
iron metabolism is closely associated with myelin pathology in both human MS disease and animal
demyelination models [66-69]. Sensitivity to tissue relaxation properties is a known problem in
alternative approaches for myelin imaging, such as multi-component relaxation methods [70-72] and
MTR, while MPF mapping overcomes this limitation [12,15]. Taken together, the results of this and
previous applications [12-21] suggest that the fast MPF mapping technology can provide a method of
choice for preclinical and clinical studies of myelin repair therapies.

5. Conclusions

The results of this study provide comprehensive immunohistological validation of the fast MPF
mapping method as a non-invasive quantitative tool for preclinical and clinical studies of de- and
remyelination in both white and gray matter. Strong correlations between MPF and quantitative
immunochemistry of the major protein component of myelin (MBP) support the use of MPF as a myelin
biomarker in a variety of neurological conditions. Our results also demonstrate close quantitative
agreement between oligodendroglial response and myelin content changes in the cuprizone model.
Correlations of MPF with both myelin content and oligodendrogenesis indicate the feasibility of using
this parameter as a uniform surrogate marker of reparative processes in demyelinating diseases.
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Abstract: Oligodendrocytes provide metabolic and functional support to neuronal cells, rendering
them key players in the functioning of the central nervous system. Oligodendrocytes need to be newly
formed from a pool of oligodendrocyte precursor cells (OPCs). The differentiation of OPCs into mature
and myelinating cells is a multistep process, tightly controlled by spatiotemporal activation and
repression of specific growth and transcription factors. While oligodendrocyte turnover is rather slow
under physiological conditions, a disruption in this balanced differentiation process, for example in
case of a differentiation block, could have devastating consequences during ageing and in pathological
conditions, such as multiple sclerosis. Over the recent years, increasing evidence has shown that
epigenetic mechanisms, such as DNA methylation, histone modifications, and microRNAs, are major
contributors to OPC differentiation. In this review, we discuss how these epigenetic mechanisms
orchestrate and influence oligodendrocyte maturation. These insights are a crucial starting point for
studies that aim to identify the contribution of epigenetics in demyelinating diseases and may thus
provide new therapeutic targets to induce myelin repair in the long run.

Keywords: oligodendrocyte; epigenetics; myelination

1. Introduction

Oligodendrocytes (OLs) are myelinating glial cells within the central nervous system (CNS) that
insulate neuronal axons to provide them with trophic, metabolic and functional support. OLs are
generated from oligodendrocyte precursor cells (OPCs) via a consecutive process of cell cycle exit,
maturation, and differentiation [1]. OPCs arise during early development, persist throughout a lifetime
and occupy around 5%-10% of the total number of cells in the brain [2,3]. In response to both intrinsic
molecular cues and extracellular signals, OPCs are able to withdraw from their proliferative stage and
differentiate into myelin-producing OLs [4]. Consequently, alterations in these extrinsic stimuli, such as
an increase in inhibitory ECM molecules (LINGO, glycosaminoglycans, fibronectin) or secreted factors
(BMP, FGF), hamper differentiation, possibly via an upstream effect on transcriptional and epigenetic
processes that regulate OL differentiation [5]. Indeed, current evidence indicates that epigenetic
mechanisms, comprising DNA methylation, histone modifications and microRNAs (miRNAs), play
an essential role in the regulation of OL lineage development. As such, epigenetic signatures translate
extracellular signals into functional cellular changes and coordinate the transcriptional machinery that
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is responsible for the differentiation process [6,7]. This review provides an overview of the current
understanding of the physiological process of OL lineage development and how the different epigenetic
mechanisms are involved in the regulation of this process (Figure 1). Furthermore, we discuss how
this epigenetic fingerprinting is altered during ageing and in neurological conditions.
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Figure 1. An overview of the transcriptional and epigenetic regulation of oligodendrocyte precursor cell
(OPC) proliferation and oligodendrocyte (OL) development. Transcription factors that exert a positive
or negative effect on these processes are depicted in green and red, respectively. Pro-proliferative

factors are visualized in yellow, whereas pro-differentiation factors are blue. * Methylation of the
promoter region.

2. OL Differentiation and the Transcriptional Network

OPCs arise from the ventricular zone during early development, proliferate and migrate their
way into the different developing areas of the brain, where they differentiate into myelin-forming
OLs [8]. Unlike most progenitor cells, OPCs persist throughout life as adult, self-renewing OPCs that
can differentiate into newly formed myelinating OLs to maintain myelin plasticity or in response to
damaging signals [9]. The differentiation of OPC into mature and myelin-producing OLs is a gradual
and well-defined process that can be divided into four successive stages: proliferative OPCs, pre-OLs,
differentiated OLs and myelinating OLs [10]. This process of OL differentiation, both during early
development and in adult stages, is controlled by the combination of OL-specific transcription factors,
extracellular signals, epigenetic modifications and signaling pathways. It is necessary to maintain
a homeostatic balance between these molecular cues to allow for proper differentiation.

The regulatory network of transcription factors that controls OL lineage development has
been extensively studied over the past decades [9,11,12]. These transcription factors regulate OPC
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proliferation, migration and differentiation and at the same time serve as stage-specific cell identity
markers of the OL lineage [11]. In general, a distinction can be made between positive regulators,
which boost and stimulate OL differentiation, and negative regulators, which function as inhibitory
transcription factors for myelin genes and keep OPCs in a proliferative and non-differentiated state.

The main transcription factors that regulate OL lineage progression belong to the helix-loop-helix
(HLH) family, such as the oligodendrocyte transcription factors (OLIG), hairy and enhancer-of-split
homologs (HES) and inhibitor or differentiation (ID) proteins. OLIG2 is considered as one of the major
and indispensable transcription factors during different stages of OL development. It is an essential
factor during OPC specification, enhances OPC migration during early development, but also functions
as a promoting factor of OL differentiation and regeneration in the adult life [13-15]. In contrast to
OLIG2, the closely related OLIGI is not directly involved during early brain development, but rather
promotes OL differentiation and myelination after injury [16,17]. The achaete-scute homolog 1 (ASCL1
or MASH]1) is another member of the HLH family that promotes early OPC specification and OL
development [18]. Although it was considered to be mainly involved in early oligodendrogenesis,
ASCLI1 is also shown to be important during adult OL regeneration and remyelination [19]. In contrast,
HES proteins, such as HES1 and HES5, function as differentiation inhibitors either by recruiting other
repressor proteins to myelin gene promoters, or by inhibiting ASCL1 [12]. Similarly, the ID HLH
transcription factors ID2 and ID4 inhibit OPC differentiation by binding to other members of the HLH
family (OLIG1/2, ASCL1) and preventing their translocation from the cytoplasm to the nucleus [20,21].

Another family of transcriptional regulators are HMG-domain transcription factors, that are
classified as the sex determining region Y-box (SOX) family, of which SOX10 is a well-established
regulator involved in terminal OL differentiation and myelination, through its direct binding to the
promoter region of myelin genes to enhance their [22,23]. Interestingly, SOX10 is expressed in all
stages of the OL lineage and can thus serve as a general marker for OPCs/OLs [24]. In contrast, SOX5
and SOX6 inhibit OL differentiation by competing with SOX10 binding sites, thereby antagonizing
its function [25]. SOX2 on the other hand, maintains OPCs in a proliferative and undifferentiated
stage, but is indispensable for OPC expansion and OL regeneration during CNS remyelination [26,27].
Transcription factor 4 (TCF4, also known as TCFL?2) is another important HMG-domain transcription
factor and is a downstream effector of the Wnt signaling pathway. Through its binding to 3-catenin,
TCF4 acts as an inhibitor of myelin gene expression and impairs (re)myelination [28].

An additional class of OL-related transcription factors are zinc finger proteins (ZFP). Yin Yang 1
(YY1) stimulates OL differentiation by silencing inhibitor proteins, such as ID4 and TCF4 [29]. Other
ZFPs that enhance OL maturation and differentiation are ZFP191, ZFP488 and the Smad interacting
protein 1 (SIP1) [30-33]. Myelin regulatory factor (MYRF) was only recently discovered as a crucial
regulator of CNS myelination [34]. MYREF is exclusively expressed in post-mitotic cells of the OL
lineage, which signifies its essential role during terminal differentiation. The synergistic effect of MYRF
and SOX10 leads to myelin gene activation and drives CNS myelination [23,34].

All the transcriptional regulators influence OL differentiation mainly by controlling the expression
of genes that encode for the essential myelin-associated proteins, such as the myelin basic protein
(MBP), proteolipid protein (PLP) and myelin-associated glycoprotein (MAG) [35,36]. The transcription
factors either enhance or inhibit the expression of these myelin genes by directly binding to their
promoter region, which eventually results in a spatiotemporal expression of myelin genes during the
process of OL lineage development [37].

3. The Epigenetic Triumvirate in OL Development

OL lineage development and the regulation of the associated transcriptional program is highly
influenced by various epigenetic processes. Epigenetic mechanisms are defined as modifications
that affect gene expression without altering the DNA sequence itself and are heritable from mother
to daughter cell [38,39]. Epigenetic control of gene expression is sustained via DNA methylation,
modifications at histone tails of chromatin, and miRNAs. The interplay between these different
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modifications changes the physiological form of the DNA, thereby influencing the accessibility of
specific transcription factors to their target regions in the genome [39,40]. In the following part of this
review, we discuss how the different levels of epigenetic regulation influence OL differentiation and
CNS myelination.

3.1. DNA Methylation

DNA methylation, in particular CG methylation, is one of the most studied and long-lasting
epigenetic modifications. CG methylation involves the addition of a methyl-group (-CH3) to a cytosine
base followed by a guanine nucleotide, referred to as 5'cytosine-guanine-3" dinucleotide (CpG) site.
Although various definitions exist, so-called ‘CpG islands’ cover regions of more than 300 bp with
a C/G-content of 50% at minimum and are mostly found within the promoters of protein coding genes [41].
Methylation of these CpG islands is generally associated with gene silencing due to the inability of
transcription factors to bind to the methylated promoter region or via an additional recruitment of
other repressor proteins [42,43]. DNA methylation is established by DNA methyltransferases (DNMTs)
that add a methyl-group to cytosine (5mC). There are two distinct forms of DNMTs, DNMT1 and
DNMT3a/b, which either maintain DNA methylation during replication or induce de novo methylation,
respectively [44,45]. Contrarily, DNA methylation can be removed via gradual degradation of 5mC by
the ten-eleven translocation (TET) enzymes [46,47], although DNMTs may serve the same purpose under
certain conditions [48,49]. Hydroxylation of 5mC into hydroxy-methylated cytosine (5hmC) is the first
step of the demethylation process. Interestingly, 5hmC patterns have shown to be abundantly present in
the CNS of mammals [47,50]. 5ShmC was first identified as an intermediate epigenetic mark during active
DNA demethylation but has also been shown to represent a potentially independent and functionally
distinct epigenetic marker in the brain [51,52].

One of the first studies that linked DNA methylation to OL development showed that neonatal rats
treated with the DNMT-inhibitor 5-azacytidine (5-aza), displayed disrupted gliogenesis, concomitant
with hypomyelination of the 11-day-old optic nerve. Postnatal inhibition of DNA methylation resulted
in a reduced number of oligodendrocytes, whilst the number of astrocytes was less affected, indicating
a higher vulnerability of OPCs to changes in DNA methylation [53]. Likewise, ablation of the Dnmt1
gene in embryonic progenitor cells led to OPC growth arrest and resulted in severe hypomyelination.
Moreover, this loss of Dnmtl seemed to alter splicing events, such as exon skipping and intron
retention, in genes related to myelination, lipid metabolism and the cell cycle, indicating a crucial
role of DNA methylation in relation to alternative splicing during neonatal OL development [54].
Although DNMT1 seemed to be an important regulator during developmental myelination, it seems
to play a less prominent role during remyelination of the adult CNS [55]. After lysolecithin-induced
demyelination of adult murine spinal cord white matter, higher levels of DNA methylation in
differentiating OLs are accompanied by an increased expression of DNMT3a. Transgenic mice that
lack Dnmt3a showed impaired OL differentiation and a reduced ability to remyelinate affected axons
after injury [55]. Together, these studies suggest that maintenance of DNA methylation is important to
ensure proper gliogenesis during developmental myelination, whilst de novo methylation is needed
for the differentiation of adult OPCs into remyelinating OLs. On the opposite side of the methylation
spectrum, TET enzymes also strongly influence OL differentiation [56]. Even though the three TET
enzymes show different subcellular localization and unique expression patterns, they all seem to be
equally important during OL development. Interestingly, knock-down of the Tet mRNA levels was
associated with increased expression of HLH inhibitory transcription factors, such as ID2 and HES5,
leading to suppression of myelin gene expression [56]. It however remains unclear whether TET
enzymes directly inhibit the expression of these genes or whether the observed transcriptional change
is mediated in an indirect manner. In general, epigenome-wide studies of stage-specific cells are still
needed to unravel how and which exact CpG sites or islands change in their methylation status during
OL lineage progression.
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In relation to the transcriptional regulatory network of OL development, it has been shown that
DNA methylation can regulate the temporal expression of these transcription factors. In a study of
Huang et al., PRMT5 was identified as a pro-differentiation factor that binds to CpG-rich islands
within the ID2 and ID4 genes. Subsequent DNA methylation of these regions led to silencing of the
transcriptional inhibitors and resulted in OL differentiation [57]. In a similar fashion, SIRT2 was shown
to translocate to the nucleus, inducing DNA methylation in the platelet-derived growth factor receptor
a (PDGFR«) promoter region and initiating glial differentiation [58]. Interestingly, both PRMT5 and
SIRT2 are classified as histone-modification enzymes, yet they are also known to induce epigenetic
changes at the level of DNA methylation, thereby emphasizing the intricate relationship between
different epigenetic mechanisms.

3.2. Histone Modifications

Histone modifications encompass a wide range of post-translational changes on histone tails,
such as histone (de)acetylation, methylation, ubiquitination, and phosphorylation. These modifications
can act separately or together to orchestrate chromatin dynamics and structure. Depending on the
obtained histone code, DNA accessibility for polymerases and transcription factors can be either
promoted or hampered [59].

The most prevalent type of histone modifications is (de)acetylation of the lysine (K) residues.
Acetylation is established by histone acetyltransferases (HATs), whilst removal of the acetyl groups is
maintained by histone deacetylases (HDACs). Histone acetylation neutralizes the positive charge of the
lysine residues, resulting in a weaker interaction between the histone proteins and the DNA, eventually
leading to an ‘open’ chromatin structure. Consequently, HDACs function to make the chromatin
more compact, thereby preventing transcriptional processes from occurring [59,60]. Whereas not that
many studies have directly assessed the role of HATs in OL development, HDACs have been shown
to be heavily involved in different aspects of this process. In general, pharmacological inhibition of
HDAC:s is associated with a decrease in OL maturation and differentiation, suggesting a crucial role of
HDACS during OL development [61-64]. Treatment of OL in vitro cultures with the HDAC inhibitor
trichostatin A (TSA), prevented the suppression of inhibitory transcription factors, such as ID2 and
SOX11, in rats [63], and ID4, SOX2, and TCF4 in humans [64]. These data indicate that HDAC-mediated
repression of genes that keep OPCs in a proliferative and undifferentiated state is necessary for the
early onset of OL lineage progression. Indeed, it has been shown that HDAC functionality is restricted
to a specific temporal window, as HDAC inhibitors seem to only suppress myelination during the
early phase of OPC differentiation, but not after onset of myelination [62]. These observations are in
line with recent findings, which show that HDACs are predominantly expressed in early OPC stages,
compared to other stages of OL differentiation [65].

Interestingly, HDACs can also regulate and promote OL development in a (partly) histone-independent
manner, as interaction of HDACs with other transcriptional regulators can result in repressive complexes
that counteract the expression of OPC differentiation inhibitors. For instance, studies conducted on murine
OPCs have shown that the pro-differentiation factor YY1 is recruited via HDAC1 to the promoter region
of 1d2, Id4 and Hes5, where it can block the expression of these genes [66]. Protein deacetylation of
OLIG1 by HDACs prevents its physical interaction with the inhibitory ID2 protein, stimulates its nuclear
transportation and promotes OPC differentiation [67]. Furthermore, HDAC1/2 interact with TCF4 and
antagonize its binding to -catenin, thereby preventing its downstream function as an inhibitor of myelin
gene expression [28].

Another type of histone modification that has been associated with OL development is histone
methylation. Histone methylation can occur either on lysine or arginine side chains and is associated
with both activation and repression of transcription, depending on the site of methylation [60]. During
OL differentiation, the activity of the Histone H3 Lysine 9 (H3K9) methylation enzyme increases. This is
accompanied by an increase of the associated repressive H3K9me3 mark at genes that regulate neuronal
lineage development [68]. Furthermore, the catalytic subunit (EZH2) of the polycomb repressive
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complex (PRC) that is responsible for trimethylation of histone 3 (H3K27me3), promotes OPC cell
fate choice from progenitor cells and stimulates OPC proliferation [69,70]. A decrease in histone
H4R5 methylation via pharmacological inhibition or genetic ablation of PRMT5 results in poor OL
differentiation and hypomyelination [71]. Likewise, deletion of PRMT1 leads to severe hypomyelination
due to impaired OL maturation and disturbed myelin gene expression in OLIG2-positive cells [72].

Next to the abovementioned histone-modifying enzymes, ATP-dependent chromatin remodeling
complexes have also been recently shown to influence and orchestrate OPC differentiation. These
complexes make use of ATP as an energy source to reposition nucleosomes, thereby altering histone
accessibility and gene transcription [73]. The helicase component of the SWI/SNF-related chromatin
remodeling complex brahma-related 1 (Brgl, also known as Smarca4) is highly expressed in OPCs
and is an essential factor during OPC specification and at the onset of OL differentiation. BRG1
interacts with the Olig2 promoter in order to regulate its expression during early development [74].
As a positive feedback loop, BRGI1 is consequently recruited by OLIG2 to enhance the expression
of OL-associated genes [75]. One of these targets of BRG1 and OLIG2 is Cdh7, an ATP-dependent
chromatin remodeler of the chromodomain helicase DNA-binding (CHD) family. CHD? is highly
expressed in differentiating OLs, and functions synergistically with SOX10 to enhance myelin-associated
gene expression. Furthermore, CHD7 promotes the expression of other positive transcription factors
during OL maturations, such as Myrf and Olig1 [76]. Interestingly, deletion of either ATP-dependent
remodeler (BRG1 or CHD?) resulted in a dysmyelinating phenotype in mice, suggesting that even
though they have different targets and influence OL development at distinct stages, both BRG1 and
CHD? are indispensable factors during OL development and myelination [75,76].

3.3. MicroRNAs

Small non-coding RNAs (ncRNAs) are powerful endogenous regulators of gene expression.
Many ncRNAs have been comprehensively described, such as Piwi-interacting RNAs (piRNAs), small
interfering RNAs (siRNAs) and miRNAs, with these latter being the most widespread and abundant
ncRNAs [77]. MiRNAs are small ncRNA molecules with an average length of 21-25 nucleotides and
are most often transcribed from non-coding and coding protein introns [78]. By means of base-pair
complementarity, a mature miRNA binds the seed-sequence at the 3’ untranslated region (3’UTR) of
the target mRNA and subsequently negatively regulates its translation by repressing or degrading
the mRNA [79-81]. Nevertheless, base-pair complementarity between miRNA and target RNA can
sometimes be incomplete so that a single miRNA can target multiple 3’ UTR sequencing, leading to
a cumulative reduction of gene expression that may orchestrate a common molecular pathway such as
cell proliferation, development and differentiation [82].

During OL development, a coordinated interplay between multiple miRNAs determines OPC cell
fate by downregulating intrinsic and extrinsic transcription factor expression [83,84]. The importance
of miRNA-mediated gene repression in OPC differentiation is highlighted in animals lacking the
DICERI1 enzyme, which is an essential enzyme responsible for processing pre-microRNA (pre-miRNA)
thereby forming mature miRNA. DICERT mutant mice display a lack of mature miRNAs which
is featured by a disrupted CNS myelination pattern due to the lack of differentiated OPCs [85,86].
MicroRNAome studies revealed a 10-100-fold induction of miR-219, miR-338 and miR-138 during OL
differentiation [85,86]. Since direct targets of miR-219 include genes essential for maintaining OPC
proliferation (e.g., Sox6, Hes5 and Pdgfra), its increase stimulates OPCs to exit from the proliferative
cycle and enter differentiation [85]. By suppressing Hes5 and Sox6, miR-219 indirectly elevates
the expression of monocarboxylate transporters, leading to increased OL numbers and enhanced
protein levels of MBP and CNP, which subsequently attenuates cuprizone-induced demyelination [87].
MiR-219 is additionally important for metabolic regulation of lipid formation and maintenance during
OL maturation, rendering miR-219 essential in both early and late stages of OL differentiation [86].
MiR-219 cooperates synergistically with miRNA-138, which is essential for reaching the immature
phase of OL differentiation, to regulate CNS myelination. Boosting the expression of solely these
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two miRNAs is sufficient to induce OL differentiation in vitro [88,89]. Furthermore, differentiation of
human endometrial-derived stromal cells towards OLs is stimulated when miR-338 is overexpressed,
emphasizing the importance of this miRNA in the regulation of OPC differentiation [90,91].

In contrast to the induction of several miRNAs, miR-9 is downregulated during OL
differentiation [92,93]. In line with this, depleting miR-9 in OPCs stimulates OL differentiation,
presumably through an increase in peripheral myelin protein 22 (PMP22) and serum response factor (srf)
transcripts [92,94]. During OL differentiation, a comparable expression pattern of the developmentally
regulated miR-125a-3p is observed. Oligodendroglial differentiation and maturation is impaired upon
miR-125a-3p overexpression, which can be attributed to a decreased expression of genes involved in the
differentiation process (e.g., GTPase RhoA, Neuregulin and p38) [95-98]. On the contrary, antago-miR
treatment that inhibits miR-125-3p expression and subsequently stimulates OL differentiation, indicates
the importance of miR-125a-3p suppression during oligodendroglial maturation [95].

Many other miRNAs have been described to be either positively or negatively involved in OL
differentiation processes. In vivo studies have shown an increased generation of myelin proteins upon
miR-146a overexpression in primary OPCs following demyelinating injuries, thereby highlighting the
positive relationship between miR-146a and OL differentiation [99,100]. Similarly, miR-23 promotes CNS
myelination via the suppression of lamin B1, which is a negative regulator of OL differentiation [101].
On the other hand, many miRNAs inhibit OL differentiation and therefore need to be downregulated
during the transition of OPCs to OLs. The translation of essential proteins of the CNS myelin, such as
myelin-associated oligodendrocyte basic protein (MOBP), claudin11/O4 and MBP, is suppressed by
miR-214 [102,103], miR-205 [102] and miR-715 [97], respectively. Moreover, miR-145 has been shown to
pair to its seeding sequence located in the 3'UTR of the gene coding for Myrf and consequently inhibits
OPC differentiation [103,104]. Therefore, downregulating miR-214, miR-205, miR-715 and miR-145 is
sufficient for the differentiation of OPCs into mature OLs. In contrast to regulating OL differentiation,
at least one miRNA cluster, miR-17-92, has been shown to be involved in OPC expansion by targeting,
among others, PTEN, and therefore regulating OL numbers both in vitro and in vivo [89,105]. Taken
together, miRNAs have been shown to be critically involved in different steps of the process of OL
development. Data have demonstrated that miRNA expression is dynamically and precisely regulated
to control cellular differentiation, which offers new avenues for further therapeutic target identification
for myelin-related pathologies.

4. Implications in Ageing and CNS Myelin Disorders

Current knowledge about the strong involvement of epigenetic mechanisms in OL development
has led to new perspectives on OL- and myelin-related pathologies. Over the past years, a considerable
amount of research has been conducted with regard to aberrant epigenetic regulation and its impact
on OL regeneration and myelin repair. Hence, in this part of the review, we focus on what is known
about epigenetic malfunctioning during OL regeneration and remyelination, both in the context of
ageing and myelin-related pathologies.

4.1. Ageing

It is generally known that regenerative processes become less efficient with increasing age. A classic
example is age-related deficits in remyelination, a process which is entirely dependent on OL regeneration
to restore the myelin sheath [106-108]. The age-associated decrease in remyelination efficiency is attributed
to a reduced level of OPC recruitment. Moreover, recruited OPCs show an impaired ability to differentiate
into remyelinating OLs [107]. The relationship between ageing and epigenetic alterations has already
been proposed before [109-111] and provides an incentive to link age-associated remyelination failure to
changes in the epigenome of aged OPCs or OLs.

Up to now, only one study has connected changes in methylation in OPCs/OLs to cellular ageing [112].
Rat OPCs from the spinal cord showed an age-dependent decrease in methylation levels. Interestingly,
no changes regarding TET activity or expression were observed. The global hypomethylation in aged
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OPCs rather correlated with a reduced expression and activity of DNMTs, and in particular DNMT1 [112].
Regarding histone modifications, mature OLs from the corpus callosum of older animals show increased
levels of histone acetylation and a decreased rate of histone methylation, compared to younger mice.
These histone changes were correlated with re-expression of inhibitory HLH-transcription factors, such as
HES5 and ID4 [113]. As mentioned before, HDAC recruitment to these promoter regions is crucial
for OPC differentiation and myelin formation. OPCs in demyelinated regions of older mice, however,
fail in the recruitment of HDACs, resulting in the accumulation of transcriptional inhibitors and poor
remyelination [114].

In a study conducted by Pusic et al., aged rats were exposed to a youthful environment in
a Marlau-style enrichment cage to assess the effect on remyelination capacity [115,116]. Environmental
enrichment promoted remyelination in aged rats, to a level comparable to younger animals. Interestingly,
they found that serum-derived exosomes from both young and environmentally enriched stimulated
rats displayed increased levels of miR-219, which is known to inhibit the expression of inhibitory
myelin gene regulators and therefore promotes OL differentiation [115]. Exosomal delivery of such
miRNAs could therefore be regarded as a potential therapeutic strategy to boost remyelination both in
young and aged individuals.

4.2. Multiple Sclerosis

Multiple sclerosis (MS) is a multi-faceted immune-driven demyelinating disease of the CNS. MS is
characterized by inflammation-induced demyelination during the early stages, which eventually results
in gradual neurological disability as the disease progresses [117,118]. The concordance rate of identical
twins to develop MS averages between 6%-30%, suggesting that the disease is only partially driven by
genetic polymorphisms, but is largely attributed to environmental stimuli [119]. An increasing body of
evidence suggests a role of epigenetically regulated mechanisms in the pathophysiology of MS. Numerous
links have been made between environmental risk factors for MS and epigenetic changes [120-122].
Yet, most studies concerning epigenetics in MS are focused on the early, inflammatory stage of the
disease [123-125]. Another important aspect of the disease is the subsequent endogenous repair process
underlying remyelination of axons in order to cope with inflammatory damage. In the chronic stages of
MS, however, these repair processes are hampered due to a differentiation block in OPCs [126,127]. New
regenerative therapies, such as Opicinimab (anti-LINGO), are currently tested for their potential to boost
remyelination in lesions that still contain undifferentiated OPCs [128]. Interestingly, even though the
influence of epigenetics in progressive MS pathology is not clear yet, emerging data suggest an existing
role in OL differentiation and maturation.

Analysis of MS postmortem samples revealed increased levels of MBP citrullination, a post-translational
modification which renders the MBP protein less stable, leads to the degradation of myelin and can eventually
result in the development of an auto-immune response against myelin [129,130]. MBP citrullination is
carried out by the peptidyl arginine deiminase type-2 (PAD2) enzyme. Interestingly, the promoter region of
the PAD?2 gene is hypomethylated in normal appearing white matter (NAWM) of MS patients, compared to
control samples [130]. This implies that PAD2 hypomethylation leads to a higher expression of the enzyme,
which finally results in the destabilization and degradation of the myelin sheath in MS white matter.
PAD2 hypomethylation is, surprisingly, not brain-specific but can also be observed in peripheral blood
mononuclear cells (PBMCs) of MS patients [131]. In a similar fashion, cell-free DNA (¢fDNA) in peripheral
blood samples of MS patients with an active disease course showed hypomethylated patterns of the MOG
gene, which is associated with OL cell death and demyelinating events in the brain [132]. The correlation of
methylation patterns between the brain and blood has gained interest over the past years for its potential
application as a biomarker for neurodegenerative diseases [133-135], and could therefore also be used to
monitor disease progression in MS.

An epigenome-wide DNA methylation study (EWAS) was conducted on MS NAWM postmortem
samples. Genes responsible for OL survival (BCL2L2, NDRG1) and myelination (MBP, SOX8) were
hypermethylated and decreased in expression in MS-affected tissue, compared to controls [136]. While
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representing a valuable study;, it is important to note that no distinction has been made between regular
cytosine methylation and 5-hydroxymethylation (ShmC). Considering the functional consequences of
5hmC, but also to prevent underrepresentation of methylated cytosine values, 5ShmC analysis should
be taken along in CNS EWAS studjes.

Another study that analyzed postmortem brain tissue of MS patients showed higher levels of
histone acetylation in oligodendrocytes within chronic MS lesions, compared to non-neurological
controls. These changes are associated with elevated HAT transcript levels and higher expression
of inhibitory regulators (TCF7L2, ID2, SOX2). In contrast, OLs present in early MS lesions show
the presence of deacetylated histones [137]. Since histone acetylation impairs OL differentiation and
remyelination, these data could partially explain the poor remyelination capacity associated with
progressive MS patients.

MiRNA analysis of brain samples of progressive MS patients showed upregulated levels of
different miRNAs (miR-155, miR-338, miR-491), which target enzymes that are involved in the
production of neurosteroids [138]. Opposing results were obtained from another study, in which they
show that these miRNAs are downregulated in chronic, inactive MS lesions, compared to control white
matter samples [139]. The discrepancy between these studies could be attributed to differences in
the analyzed tissue, their control sample selection or the method of miRNA analysis, which makes it
difficult to directly compare them to each other. Interestingly, the most significant downregulated hit
from the latter study is miR-219, which, together with miR-338, is essential for OPC cell cycle exit and
differentiation into myelin-producing OLs [85,88,91]. The absence of these miRNAs could thus underlie
the differentiation block of OPCs in chronic demyelinated lesion of progressive MS patients. Moreover,
miR-219 expression is also decreased in the cerebrospinal fluid (CSF) of MS patients, rendering it
a possible biomarker for MS diagnosis [140].

It is however noteworthy that most of the abovementioned studies have been conducted on
bulk tissue, leading to a possible noise introduced by the cellular heterogeneity. Since the observed
epigenetic changes could be strongly influenced by cellular variation or cell numbers, cell type-specific
validation is recommended to circumvent such bias [141,142].

4.3. Other Diseases with Myelopathy

Even though MS is regarded as the most common myelopathy of the CNS, many other neurological
diseases are characterized by oligodendroglial injury and myelin disruption. Here, we briefly
discuss how epigenetic changes impact OL regeneration and remyelination in relation to these other
demyelinating diseases.

Ischemic stroke, caused by a cerebral artery occlusion, is an important cause of death worldwide
and the majority of survivors often struggle from severe neurological disabilities throughout the
lifespan. Molecularly, ischemic stroke can be characterized by a disrupted architecture of neuronal
synapses, neuronal loss and loss of glial cells, including oligodendrocytes, leading to prominent
white matter demyelination [143]. During stroke recovery, endogenous repair processes are initiated
and include axonal growth, synaptic plasticity, angiogenesis, neurogenesis, and oligodendrogenesis.
Interestingly, during early brain recovery following ischemic stroke, HDAC1 and HDAC?2 levels were
shown to be increased in white matter OPCs at the peri-infarct region [144,145]. Mature OLs showed
a retained increase of HDAC2 following stroke, while HDACT1 levels were decreased, indicating that
individual HDACs family members play distinct roles during recovery after stroke [144]. In line,
pan-HDAC inhibitors have repeatedly shown to protect OLs from ischemia-induced cell death and
subsequently increase oligodendrogenesis [146-148]. However, contradictory results have been
observed for the pan HDAC inhibitor suberoylanilide hydroxamic acid (SAHA) as its treatment
suppressed OPC survival, leading to detrimental effects for the myelinating brain during stroke
recovery [149]. Interestingly, not only HDAC modifications have shown their importance during
oligodendrogenesis following stroke, but also miRNAs have been widely investigated for their
therapeutic and diagnostic properties [150]. In ischemic white matter regions, miR-9 and miR-200b
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levels were decreased, concomitant with an increased differentiation state of OL lineage cells [94,151].
However, the majority of the investigated miRNAs showed an increased expression pattern following
stroke. For example, rodent models for ischemic stroke showed a high presence of miR-146a, miR-138,
miR-338, miR-423-5p, miR-200b, miR-298, miR-205, miR-107 and miR-145 [99,152-154], all of which
have a negative impact on OPC proliferation, which is actually necessary in the early phase after stroke
injury to replenish the pool of lost OPCs. Interestingly, circulating miRNA levels have been measured
in stroke patients to provide new therapeutic and minimally invasive diagnostic insights. Measuring
miR-146a levels, for example, can segregate the acute phase from the subacute phase during ischemic
stroke, thereby highlighting the usefulness of miRNAs for future stroke research [155].

X-linked adrenoleukodystrophy (X-ALD) is a genetic disorder caused by a mutation in the ABCD1
gene and characterized by progressive demyelination of the CNS [156]. An important aspect of
this disease is the absence of remyelination capacities, even after successful hematopoietic stem cell
transplantation [157]. X-ALD patients endure progressive impairment of cognition, vision, hearing
and motoric function, eventually leading to total disability [158]. An EWAS, conducted on white
matter samples of the prefrontal cortex of X-ALD patients, revealed differential DNA methylation
in genes involved in OL differentiation. Myelin genes, such as MBP, PLP1, MOG and CNP were
hypermethylated in X-ALD patients compared to age-matched controls. Furthermore, transcriptional
inhibitors (ID4 and SOX2) displayed an increased expression in these patients, suggesting a disturbed
HDAC activity [157]. In line with this, treatment with SAHA prevented OL cell loss both in vitro and
in vivo by counteracting the very long chain fatty acid (VLCFA) derangement associated with X-ALD
pathology [159]. Another type of leukodystrophy, adult-onset autosomal dominant leukodystrophy
(ADLD) is characterized by duplication of the gene that codes for lamin B1 (LMNBI), which leads
to overexpression of LMNB1 and causes severe myelin loss [160]. Interestingly, miR-23 has been
identified as a negative regulator of lamin B by targeting its transcript levels and could therefore be
considered as a therapeutic strategy for ADLD [161].

Schizophrenia has also been associated with OL dysfunction. Interestingly, the CpG island within
the promoter region of SOX10 is hypermethylated in brains of patients with schizophrenia, which is
directly associated with a decreased expression of SOX10 and other OL-related genes [162].

5. Therapeutic Perspectives: From Pharmaceuticals to (epi) Gene Therapy to IPSCs

It is clear that epigenetic modifications strongly influence OL development and functional
remyelination in a wide variety of diseases. Targeting these epigenetic alterations could therefore
be considered as a new therapeutic strategy to overcome remyelination failure. Most attempts to
pharmacologically manipulate epigenetic modulations are based on the use of inhibitors of epigenetic
enzymes, such as 5-aza, TSA and valproic acid (VPA) [163,164]. However, such pan-epigenetic
inhibitors are non-specific due to their pleiotropic impact at a genome-wide level. Furthermore, these
compounds are known to have low chemical stability and are cytotoxic at higher doses, which limits
their potency to be used in a cellular microenvironment [165,166]. Recent improvements in the field
of epigenetic editing have disclosed the use of DNA-binding proteins, such as zinc-finger proteins
(ZFPs), transcription activator-like effectors (TALEs) and type II clustered regularly interspaced short
palindromic repeat (CRISPR)/Cas9, as new synthetic epigenomic engineering tools [167-170]. These
DNA-binding proteins are linked to epigenetic modifiers and serve to guide them to a specific region
in the genome, thereby altering the epigenome at specific loci. Even though many advances have been
made regarding these new epigenetic editing techniques, their applicability in the clinic may require,
next to ethical considerations, additional research as their safety and efficacy remain to be disclosed.
In particular, the off-target effects and undesired genomic binding of these DNA-binding proteins are
still considered as one of the major hurdles for their therapeutic application [171].

Autologous cell-based therapies have emerged as a promising technique to restore OL dysfunction.
Mature and fully differentiated OLs derived from induced pluripotent stem cells (iPSCs) have shown
to successfully remyelinate axons in rodents [172]. Interestingly, human iPSC-derived OPCs show the
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same epigenetic signature during their differentiation process into mature OLs as seen in normal OL
development [173]. Furthermore, generation of oligodendrocytes from progressive MS patient-derived
iPSCs results in functional and myelinating cells, in contrast to the resident non-myelinating OPCs in
the CNS [174]. Since the epigenetic signature of OPCs/OLs can be disturbed in a pathological context,
reprogramming patient-derived iPSCs into OLs and repopulating lesion sites with these cells could be
considered as a promising remyelinating strategy.

6. Concluding Remarks

In this review, we have discussed how different epigenetic modifications influence OL development
and lineage progression and how this is dysregulated in demyelinating conditions. Epigenetic mechanisms
function as a precise gateway control system that governs the transcriptional machinery in a spatiotemporal
manner. In CNS demyelinating diseases, these epigenetic mechanisms are found to be altered, concomitant
with increased levels of transcriptional inhibitors and resulting in a differentiation block of OPCs. Targeting
these epigenetic processes, either by pan-inhibitors or via CRISPR/Cas9-mediated epigenetic editing, could
therefore be a potential strategy to boost OL differentiation and (re)myelination. Taken together, epigenetic
research has earned its place within the universe of OL development and further studies will contribute to
the complete understanding of CNS myelin disorders.
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Abstract: Inflammatory demyelination, which is a characteristic of multiple sclerosis lesions, leads
to acute functional deficits and, in the long term, to progressive axonal degeneration. While
remyelination is believed to protect axons, the endogenous-regenerative processes are often incomplete
or even completely fail in many multiple sclerosis patients. Although it is currently unknown why
remyelination fails, recurrent demyelination of previously demyelinated white matter areas is one
contributing factor. In this study, we investigated whether laquinimod, which has demonstrated
protective effects in active multiple sclerosis patients, protects against recurrent demyelination.
To address this, male mice were intoxicated with cuprizone for up to eight weeks and treated with
either a vehicle solution or laquinimod at the beginning of week 5, where remyelination was ongoing.
The brains were harvested and analyzed by immunohistochemistry. At the time-point of laquinimod
treatment initiation, oligodendrocyte progenitor cells proliferated and maturated despite ongoing
demyelination activity. In the following weeks, myelination recovered in the laquinimod- but not
vehicle-treated mice, despite continued cuprizone intoxication. Myelin recovery was paralleled by
less severe microgliosis and acute axonal injury. In this study, we were able to demonstrate that
laquinimod, which has previously been shown to protect against cuprizone-induced oligodendrocyte
degeneration, exerts protective effects during oligodendrocyte progenitor differentiation as well.
By this mechanism, laquinimod allows remyelination in non-supportive environments. These results
should encourage further clinical studies in progressive multiple sclerosis patients.
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1. Introduction

Multiple sclerosis (MS) has a complex pathomechanism, leading to the formation of inflammatory
demyelinating lesions within the central nervous system (CNS). Such lesions, which can be found in
white and grey matter, are characterized by the loss of oligodendrocytes to a variable extent, focal and
diffuse myelin pathology, and astrocyte and microglia activation, as well as damage to nerve cells [1-6].
On the clinical level, distinct disease courses can be distinguished: At the beginning of the disease most
patients suffer from the sudden occurrence of new neurological symptoms, which usually disappear
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after several weeks [7]. This initial disease course is called relapsing-remitting MS (RRMS), which
means that symptoms appear (i.e., a relapse) and then fade away, either partially or completely (i.e.,
remitting). By definition, during the RRMS disease phase, the level of clinical disability remains stable
in between two relapses. After several years (10-15 years), the frequency of relapses decreases, and
patients clinically deteriorate independent of the relapses. This so-called secondary-progressive MS
(SPMS) course is characterized by chronically progressive clinical worsening over time, with or without
superimposed relapses. In about 15% of patients, the disease is characterized by neurologic worsening
(accumulation of disability) from the onset of symptoms, without early relapses or remissions. Here,
this is called primary-progressive MS (PPMS). Depending on the location of the demyelinated lesions
within the CNS, clinical symptoms can vary substantially between different patients [8,9]. While
inflammation is believed to be the pathological correlate of relapses during RRMS, neurodegeneration,
especially axonal damage, is thought to be the underlying substratum of irreversible clinical disability
accumulating during the progressive stage of the disease [10,11].

The mechanisms underlying the progressive neurodegeneration in MS are currently unknown,
but the failure of remyelination appears to play a significant role. Remyelination is a very complex
biological process and can be classified, on the cellular level, as four consecutive steps: (i) Proliferation
of oligodendrocyte progenitor cells (OPCs); (ii) OPC migration towards the demyelinated axons;
(iii) OPC differentiation; and finally, (iv) interaction of the premature oligodendrocyte with the axon
(i.e., axon wrapping) [12]. It has been accepted since early neuropathological studies that in MS,
demyelinated lesions can remyelinate, although there are extremely limited data on the quantitative
extent and natural history of this repair process [13-15]. The existence of so called ‘shadow plaques’,
representing remyelinated lesions, clearly demonstrates that the complete repair of MS plaques
is principally possible, although it is more common to observe only limited repair at the edge of
lesions [16,17]. It is not clear why in some patients remyelination is widespread while in others it
is sparse. Clearly, remyelination is neuroprotective, and if remyelination fails, different biochemical
mechanisms can trigger delayed axonal degeneration, along with an increased energy demand of
impulse conduction along excitable demyelinated axons [18], a lack of axonal trophic support provided
by oligodendrocytes [19], a lethal rise in intra-axonal calcium levels [20], or the higher vulnerability of
demyelinated axons against cytotoxic substances. Of note, several reports suggest that the recurrent
demyelination of demyelinated white matter areas is one of the factors underlying remyelination
failure in MS [21-23]. For example, in a detailed histopathological study, around 15% of remyelinated
shadow plaques showed evidence of a superimposed, new demyelinating activity [21]. In another
study, serial magnetization transfer imaging in RRMS and SPMS patients showed that in both patient
cohorts new lesions form in previously lesional tissue that appears to be experiencing a second
round of inflammatory demyelination (i.e., repeat lesions) [23]. In line with these findings, several
pre-clinical studies have shown that recurrent episodes of demyelination occur at sites of previous
demyelination [24-26]. Indeed, demyelinated foci can be a potent trigger for peripheral immune
cell recruitment [27-29]. An increased understanding of how inflammation alters cell intrinsic and
extrinsic factors to, in turn, influence OPC proliferation, recruitment, differentiation, and, ultimately,
remyelination, is crucial for the development of novel therapies that target disease progression.
Moreover, a need exists to elucidate the factors that contribute to successful remyelination as well as
those that result from its failure.

One of the models which allows such questions to be addressed is the cuprizone model. In this
model, oral intoxication with copper-chelator cuprizone induces, oligodendrocyte apoptosis within
days, which is closely followed by the activation of the innate immune cells of the brain, i.e., astrocytes
and microglia, finally leading to the demyelination of distinct white and grey matter brain areas.
Although OPCs are activated during the course of cuprizone intoxication [30], remyelination fails due to
an ongoing cuprizone-induced mature oligodendrocyte injury. In this study, we tested the hypothesis
that laquinimod, which has been shown to ameliorate cuprizone-induced demyelination [31,32],
supports remyelination in non-supportive environments. To this end, mice were intoxicated with
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cuprizone for up to 8 weeks and treated with laquinimod, starting at the beginning of week 5, when the
endogenous remyelination pathways are activated in this model. We can show that daily laquinimod
treatment induces myelin recovery, which is paralleled by an amelioration of axonal degeneration.

2. Material and Methods

2.1. Animals and Experimental Setup

C57BL/6 mice were purchased either from Janvier Labs, Le Genest-Saint-Isle, France or provided
by TEVA. All experimental procedures were approved by the Review Board for the Care of Animal
Subjects of the district government (Regierung Oberbayern; reference number 55.2-154-2532-73-15;
Germany) and the local ethics committee of Teva Pharmaceutical Industries Ltd. The animals were
randomly allocated to the different experimental groups and were kept under standard laboratory
conditions with access to food and water ad libitum. Demyelination was induced by intoxicating mice
with a diet containing 0.3% cuprizone (bis(cyclohexanone)oxaldihydrazone) mixed into pellets and or
standard pelleted rodent chow for the indicated treatment period. The control mice (5 animals per
group) were fed standard pelleted rodent chow for the entire duration of the study. The following
treatment groups were included in the study: Control animals (CO), 4-weeks CPZ (cuprizone), where
the animals were intoxicated with cuprizone for 4 weeks; 6-week CPZ and vehicle, where the animals
were intoxicated with cuprizone for 6 weeks. With this group, at the beginning of week 5, the animals
were subjected daily to an oral gavage with the vehicle solution (100 uL); 6-week CPZ and laquinimod
(LAQ), where the animals were intoxicated with cuprizone for 6 weeks. With the group, at the
beginning of week 5, the animals were subjected daily to an oral gavage with the laquinimod solution
(100 pL); 8-week CPZ and vehicle, where the animals were intoxicated with cuprizone for 8 weeks.
With this group, at the beginning of week 5, the animals were subjected daily to an oral gavage with the
vehicle solution (100 pL); 8-week CPZ and LAQ, where the animals were intoxicated with cuprizone
for 8 weeks. With this group, at the beginning of week 5, the animals were subjected daily to an
oral gavage with the laquinimod solution (100 pL). See Figure 1A for a schematic illustration of the
experiment setup. An additional cohort of C57BL/6 mice was intoxicated with 0.25% cuprizone mixed
in the ground rodent chow for the duration of 1 (5 animals), 3 (4 animals), or 5 weeks (5 animals) to
study OPC responses.

2.2. Tissue Preparation

For the histological and immunohistochemical studies, the preparation of tissue was performed
as previously described [33,34]. In brief, mice were transcardially perfused with ice-cold PBS
(Phosphate-buffered saline), followed by a 3.7% formalin solution (pH 7.4). After overnight post-fixation
in the same fixative, the brains were dissected and embedded in paraffin, and coronal 5-um-thick sections
were prepared for immunohistochemistry. The coronal slices were analyzed at level 265 according to the
mouse brain atlas published by Sidman et al. (http://www.hms.harvard.edu/research/brain/atlas.html).

2.3. Luxol Fast Blue (LFB) Periodic Acid—Schiff (PAS) Stain and Myelin Status Scoring

The intact and damaged myelin were both histochemically visualized using Luxol fast blue /
periodic acid-Schiff (LFB/PAS) stains. To this end, the slides were deparaffinized in 4 X 5 min xylene,
rinsed 3 X 3 min in 100% ethanol, followed by 2 X 5 min in 96% ethanol. The sections were then
subsequently incubated in a LFB solution (0.1 g Luxol fast blue; 7709, Carl Roth, Karlsruhe, Germany)
in 100 mL 96% ethanol plus 500 uL acetic acid (3738, Carl Roth, Germany), overnight at 60 °C. On the
next day, the sections were dipped into 96% ethanol, followed by water, and processed in a lithium
carbonate solution (0.05 g lithium carbonate [1.05680.0250, Merck, Darmstadt, Germany] in 100 mL
aqua (dist.). The sections were further differentiated in 70% ethanol for a few seconds and rinsed in
water. Afterwards, oxidation was performed in periodic acid (0.5 g periodic acid [1.00524.0025, Merck,
Germany] in 100 mL aqua dist.). Sections were rinsed, followed by incubation in Schiff’s reaction
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(1.09033.0500, Merck, Germany) for 15 min, then rinsed in warm tap water for 5 min and counterstained
with hematoxylin (1.04302.0025, Merck, Germany) for 1 min. The sections were dehydrated and
subsequently mounted in DePeX (18243, Serva Electrophoresis GmbH, Heidelberg, Germany) for
further analyses. Myelination in the corpus callosum was analyzed by scoring the LFB/PAS stained
sections, ranging from 100% (“normal” myelination) to 0% (complete demyelination). Two evaluators
blinded to the treatment groups performed the scoring, and the results were averaged.

2.4. Immunohistochemistry and Densitometric Analyses

For immunohistochemistry, sections were rehydrated and, if necessary, antigens were unmasked
with heat in a Tris/EDTA (pH 9.0) or citrate (pH 6.0) buffer. After washing in PBS, sections were
incubated overnight (4 °C) with the different primary antibody solutions (Table 1). The following
primary antibody concentrations were applied: Anti-PLP 1:5000, anti-MAG 1:2500, anti-IBA1 1:10000,
anti-APP 1:5000, anti-APC/CC1 1:250, and anti-OLIG2 1:2000. The next day, the slides were incubated
in a biotinylated secondary antibody solution [(i) horse anti-mouse IgG, 1:50; (ii) goat anti-rabbit IgG,
1:50] for 1 h and then incubated in a peroxidase-coupled avidin-biotin complex solution (ABC-HRP
kit; PK-6100, RRID AB 2336819, Vector Laboratories, USA). Finally, the slides were incubated in
3,3’-diaminobenzidine (K3468, DAKO, Germany) as a peroxidase substrate. A detailed list of applied
antibodies is given in Tables 1 and 2.

Table 1. Primary antibodies used in this study.

Name Host/Clone Order Number RRID Supplier
MAG Mouse monoclonal ab89780 AB_2042411 Abcam
IBA1 Rabbit polyclonal 019-19741 AB_839504 WAKO
APP (A4) Mouse monoclonal MAB348 AB_94882 Millipore
APC (Ab-7) Mouse monoclonal OP80 AB_2057371 Millipore
PLP Mouse monoclonal MCAS839G AB_2237198 Biorad
OLIG2 Mouse monoclonal MABN50 AB_10807410 Millipore
Ki67 Rabbit monoclonal ab16667 AB_302459 Abcam

Table 2. Secondary antibodies used in this study.

Name Host/Clone Order Number RRID Supplier
Biotinylated Goat Goat Polyclonal BA-1000 AB_2313606 Vector Laboratories
Anti-Rabbit IgG
Biotinylated Horse Horse Polyclonal BA-2000 AB_2313581 Vector Laboratories
Anti-Mouse IgG
Donkey anti-Rabbit IgG Donkey Polyclonal A21206 AB_2535792 Thermo Fisher
(H+L) Highly Scientific
Cross-Adsorbed
Secondary Antibody,
Alexa Fluor 488
Goat anti-Mouse IgG2a Goat Polyclonal A21133 AB_2535772 Thermo Fisher
Cross-Adsorbed Scientific
Secondary Antibody,
Alexa Fluor 546

The stained and processed sections were digitalized using a Nikon Eclipse 80i microscope
(Nikon Instruments, Diisseldorf, Germany) equipped with a DS-2MV camera. The open source
program Image]J 1.48v (NIH, Bethesda, MD, USA) was used to evaluate the staining intensities using
semi-automated densitometrical evaluation after a threshold setting. Relative staining intensities were
then semi-quantified in binary converted images, and the results were presented as percentage areas.
Cell and spheroid numbers were quantified after manually delineating the region of interest (ROI;
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i.e., the midline of the corpus callosum). The ROI-area was quantified, and results were presented
as cells or spheroids/mm?. Additional slides were scanned using the Nikon Eclipse E200 microscope
(Nikon Instruments, Germany) equipped with a Basler acA1920-40um camera (Basler AG, Ahrensburg,
Germany) and manual scanning software (manualWSI software, Microvisioneer, Miinchen, Germany).
Cell numbers were quantified after manually delineating the ROI using the program ViewPoint
(PreciPoint GmbH, Freising, Germany). Two evaluators blinded to the treatment groups performed
the scoring and the results were averaged.

2.5. Immunofluorescence Double Labelling

For the immunofluorescence double labeling experiments, the sections were rehydrated, the sites
of antigens unmasked by heating in a Tris/EDTA (pH 9.0) or citrate (pH 6.0) buffer, blocked with
PBS containing 2% heat-inactivated fetal calf serum ([FCS], A15-152, PAA, Germany) and 1% bovine
serum albumin ([BSA], 0163, Carl Roth, Karlsruhe, Germany), and incubated overnight (4 °C) with
the first primary mouse anti-OLIG2 antibody (1:1000) diluted in the blocking solution to visualize
oligodendrocytes. After washing, the sections were incubated with the appropriate fluorescent
secondary antibody (1:500, anti-mouse Alexa Fluor 546) diluted in the blocking solution for 1 h (room
temperature). The sections were subsequently washed and incubated overnight (4 °C), with the second
rabbit anti-Ki67 primary antibody (1:1500) diluted in the blocking solution to visualize proliferating
cells. After washing, the sections were incubated with the second fluorescent secondary antibody
(1:500, anti-rabbit Alexa Fluor 488) diluted in the blocking solution for 1 h. Subsequently, sections
were incubated with a Hoechst 33342 solution (1:10000, H3570, Thermo Fisher Scientific, Waltham,
MA, USA) diluted in PBS for the staining of cell nuclei. A detailed list of applied antibodies is given
in Tables 1 and 2. The stained and processed sections were documented with the Leica microscope
DMI6000B working station (Leica Microsystems, Wetzlar, Germany). Cell numbers were quantified
after manually delineating the corpus callosum using the open source program Image] 1.48v (NIH,
USA). Single and double positive cells were counted within the region of interest. Two evaluators
(S.N. and J.5./U.C.) blinded to the treatment groups performed the scoring, and the results were
averaged. To rule out unspecific binding of the fluorescent secondary antibodies to primary antibodies,
appropriate negative controls were performed by first incubating sections with the primary antibodies
and subsequently incubating these sections with the wrong fluorescent secondary antibody. Unspecific
secondary antibody binding to the tissue itself was checked by performing negative controls by
incubating sections with each of the fluorescent secondary antibodies alone (data not shown).

2.6. Statistical Analyses

The statistical analyses were performed using GraphPad Prism 5. The data are presented as
arithmetic means + SEM. Non-Gaussian distribution was assumed. The data were analyzed with
either the Mann-Whitney or Kruskal-Wallis test, followed by Dunn’s multiple comparison test. Here,
results where p < 0.05 were considered statistically significant. The following symbols were used to
indicate the level of significance: * p < 0.05, ** p < 0.005, and *** p < 0.001.

3. Results

To determine the potential effect of laquinimod (LAQ) on intrinsic remyelination capacity during
continuous toxin-induced demyelination, mice were intoxicated with cuprizone (CPZ) for either 6 or
8 weeks. At the beginning of week 5, both cohorts were treated with either the vehicle or laquinimod
solution until the end of the experiment (see Figure 1A for the detailed experimental setup).
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Figure 1. Influence of laquinimod on remyelination in the non-supportive environment. (A) Schematic
depiction of the experimental setup. Numbers indicate the duration of the experiment in weeks.
The control group is colored in white, cuprizone (CPZ) intoxication groups are colored in grayscale and
black. The arrows indicate treatment with either the vehicle (Veh, light gray) or laquinimod (LAQ, dark
gray) solutions. (B) Representative image of Luxol fast blue / periodic acid-Schiff (LFB/PAS) staining of
a control animal and an animal intoxicated with cuprizone for 4 weeks. (C) Representative images
of anti-PLP and anti-MAG stained sections of the midline corpus callosum. Densitometric analysis
of (D) anti-PLP and (E) anti-MAG staining intensity (repetitive Mann-Whitney test, as indicated).
(F) Quantification of APC* cell numbers (repetitive Mann Whitney test as indicated). Representative
images of anti-APC immunohistochemical stained sections of the medial corpus callosum of 8 weeks
cuprizone plus vehicle (left) or laquinimod (right) treatment groups. Scale bar: 100 um. The following
symbols were used to indicate the level of significance: * p < 0.05, ** p < 0.005, and *** p < 0.001.

To analyze the extent of de- and re-myelination, LFB/PAS, anti-PLP, and anti-MAG stains were
performed, and the staining intensity was quantified in the midline of the corpus callosum (Figure 1D,E).
At the end of week 4, myelin pathology was clearly evident in the LFB/PAS stained sections, indicated
by a pronounced loss of LFB staining intensity (Figure 1B). Anti-PLP (co 95.1 + 1.05%, 4 wks CPZ
69.9 + 4.26%) and anti-MAG (co 68.9 + 8.56%, 4 wks CPZ 30.0 + 4.52%) staining intensity loss was
less severe, yet clearly evident. To analyze, whether laquinimod protects new-born myelinating
oligodendrocytes, and thus support endogenous remyelination in a non-supportive environment,
another cohort of mice was treated daily with either the vehicle or laquinimod solution, starting at the
beginning of week 5. To allow early remyelination, mice were sacrificed at week 6. As demonstrated in
Figure 1, the anti-PLP and anti-MAG staining intensities were higher in the laquinimod-treated mice
compared to the vehicle-treated mice. To verify these findings, a third cohort of mice was sacrificed at
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week 8 (i.e., after 4 weeks of laquinimod treatment), and the myelination status of the corpus callosum
was analyzed. Comparable to what we found at week 6, the anti-PLP and anti-MAG staining intensities
were higher in the laquinimod-treated mice compared to the vehicle-treated mice.

To analyze, whether higher myelination levels in laquinimod-treated groups are paralleled by
higher densities of mature oligodendrocytes, we quantified the densities of anti-APC™ cells in the
different treatment groups (Figure 1F). A severe reduction of APC* cell densities was found in both
vehicle treated groups (co 932.8 + 8.04 cells/mm?, 6 weeks CPZ and Veh 261.5 + 15.34 cells/mm?,
8 weeks CPZ and Veh 188.6 + 31.41 cells/mm?), whereas the number of APC* cells were significantly
higher in the laquinimod-treated groups (6 weeks CPZ and LAQ 420.7 + 21.78 cells/mm?, 8 weeks CPZ
and LAQ 240.9 + 24.32 cells/mm?).

To verify whether remyelination was ongoing at the time point when we started the laquinimod
treatment (i.e., at the beginning of week 5), we analyzed the densities of proliferating OPC
in OLIG2/Ki67-double stained sections during the course of cuprizone-induced demyelination.
As demonstrated in Figure 2A, the number of OLIG2*/Ki67* cells, resembling proliferating OPCs, were
low in control animals and animals intoxicated for 1 week with cuprizone, but high (~70 cells/mm?)
at weeks 3 and 5. The percentage of Ki67* cells among all OLIG2" cells was highest at week 3 and
decreased till week 5 (Figure 2B). Furthermore, the number of APC™ cells was low at weeks 1 and 3 but
recovered at week 5 (Figure 2D). These results implicate that remyelination was already ongoing at
week 3 and entered the OPC differentiation stage at week 5. Taken together, these results suggest that
while remyelination fails during a continuous cuprizone-intoxication protocol in vehicle-treated mice,
myelin recovery occurs in laquinimod-treated mice.
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Figure 2. Oligodendrocyte pathology. (A) Quantity of OLIG2* and Ki67" single and double positive
cells during the course of cuprizone-induced demyelination (Kruskal-Wallis test followed by Dunn’s
multiple comparison test). (B) Percentage of single and double positive cells in relation to the
entire OLIG2" cell population. (C) Representative image of OLIG2* and Ki67" double positive cells.
(D) Quantification of APC™ cell numbers (Kruskal-Wallis test followed by Dunn’s multiple comparison
test). (E) Representative images of anti-APC stained sections in the medial corpus callosum. Scale bar:
100 um. The following symbols were used to indicate the level of significance: * p < 0.05, ** p < 0.005.

121



Cells 2019, 8, 1363

The recent work of our lab suggests that the extent of microglia activation is an important
determinant for acute axonal injury in this model [35]. To analyze whether the activation status
of microglia cells was affected by the laquinimod treatment, anti-IBA1 stains were performed, and
differences in staining intensities were assessed via densitometric analyses. As demonstrated in
Figure 3A,C, microglia activation was clearly evident in both vehicle-treated groups. Of note, anti-IBA1
staining intensities were considerably less severe at week 6 (6 weeks CPZ and Veh 36.8 + 3.41% versus
6 weeks CPZ and LAQ 23.0 + 1.96%), and tended to be lower at week 8 (8 weeks CPZ and Veh
23.8 + 2.35% versus 8 weeks CPZ and LAQ 18.0 + 2.09%) in the laquinimod-treated groups compared
to the vehicle-treated groups. To determine the extent of acute axonal injury, we quantified the
accumulation of synaptic vesicles by anti-APP stains (Figure 3B,D). As expected, APP* spheroids were
virtually absent in the control animals, whereas numerous could be found in the vehicle-treated mice.
Here, the numbers were, by trend, lower in laquinimod-treated mice at week 8 (APP: CPZ and Veh
25.8 + 5.79 spheroids/mm? versus CPZ and LAQ 10.3 + 1.86 spheroids/mm?).
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Figure 3. Microglia/monocyte accumulation and axonal damage. (A) Accumulation of microglia/
monocytes visualized by anti-IBA1 immunohistochemistry. Inserts show the medial corpus
callosum in higher magnification. (B) Axonal injury visualized by anti-APP immunohistochemistry.
(C) Densitometric analysis of anti-IBA1 stains (Mann—-Whitney test). (D) APP* spheroid density
quantification (Mann-Whitney test). Scale bar: 100um. The following symbols were used to indicate
the level of significance: ** p < 0.005.

Finally, we were interested whether laquinimod modulates the proliferation of OPC. To this end,
the proportion of proliferating (Ki67*) oligodendrocytes (OLIG2*) was quantified in the different
treatment groups. Low numbers of proliferating OLIG2*-cells were found in the control animals
(~0.55%), whereas numerous were found after 6 weeks of cuprizone intoxication. However, no
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difference was observed between the vehicle- (~5.96%) versus laquinimod-treated (~5.91%) groups
(see Supplementary Figure).

4. Discussion

In this study, we have applied the following characteristic of the cuprizone model: During
continuous cuprizone intoxication, remyelination fails because differentiating oligodendrocytes become
vulnerable to the cuprizone toxin during differentiation. The results of in vitro studies suggest that
cuprizone is selectively toxic for mature oligodendrocytes, whereas OPCs are not affected [36].
Furthermore, microglia, astrocytes, and SH-SY5Y cells were resistant to cuprizone [36,37]. We assume
that once OPCs reach a certain differentiation stage, they become vulnerable against cuprizone and die,
which results in the failure of remyelination during a continuous intoxication period [38]. However, if
cuprizone is removed from the diet, OPCs can fully differentiate and remyelinate the affected white
and grey matter brain areas. In consistence with this idea, it has been demonstrated that cuprizone
retards the differentiation of oligodendrocytes in vitro [39]. Cell counts have suggested that cuprizone
inhibits the maturation of oligodendrocytes without diminishing the numbers of precursors. Although
it remains unclear why mature oligodendrocytes are preferentially vulnerable to cuprizone, the recent
results of our lab suggest that an impaired protein folding machinery, together with stress reactions
within the endoplasmic reticulum, might play an important role [40]. Oligodendrocytes protrude
processes, where at the end of which, sheet-like extensions are formed, namely, myelin membranes,
which ensheath axons in a multilamellar fashion to provide proper saltatory nerve conduction as well
as trophic and metabolic support. Myelin membranes are unique in that approximately 70% of their
dry weight consists of lipids, in particular, cholesterol, and the galactolipids galactosylceramide and
sulfatide. Furthermore, myelin also contains a specific repertoire of myelin proteins, among which PLP
and myelin basic protein (MBP) are the most abundant ones. All elements of this myelination machinery
require a careful mutual orchestration. For example, mitochondria and the endoplasmic reticulum are
two major organelles implicated in the cholesterol biosynthesis machinery. Mitochondria, for example,
provide acetyl-CoAs, which are needed for cholesterol biosynthesis. On the other hand, the endoplasmic
reticulum plays major roles during the propagation of secretory and membrane proteins. Since both
cellular compartments, namely, the mitochondria and the endoplasmic reticulum, are functionally
disturbed in the cuprizone model [40-42], alterations in protein-lipid trafficking or misfolding in
conformational changes of myelin proteins may cause mature oligodendrocyte degeneration.

To investigate, whether newly formed oligodendrocytes are protected by laquinimod, it was
essential to initiate the treatment at a time point where OPC differentiation had already started in the
experimental mice. As demonstrated in Figure 2, we found low numbers of proliferating OLIG2* cells
in the control and 1 week cuprizone-intoxicated mice, whereas numerous were found at weeks 3 and 5.
Furthermore, the quantification of APC/CC1* cell numbers revealed low numbers at weeks 1 and 3, but
this rapidly rebounded by the fifth week of cuprizone treatment, despite continued intoxication [43].
These data suggest that the process of remyelination, i.e., OPC proliferation and maturation, is an
ongoing process between weeks 3 and 5 in this model. In line with this assumption, a recent study
of our group demonstrated the presence of stressed OLIG2* cells after week 5 [40], implicating that
the OPCs had reached a differentiation level which had rendered them prone to the toxic effects of
cuprizone. Furthermore, previous studies have indicated that the first OPCs begin to accumulate in
the corpus callosum 2 weeks after initiating the cuprizone challenge, and peak between 2 to 3 weeks
thereafter [30,44,45]. Thus, remyelination in the corpus callosum occurs even before demyelination
is complete. Interestingly, a recent study revealed that densities of APC/CC1" oligodendrocytes at
6 weeks of recovery from a cuprizone intoxication protocol were greater than that of control mice,
suggesting that cuprizone-induced injury leads to differentiation of more oligodendrocytes than would
be expected without injury [43]. In support of this, the density of PDGFRx* OPCs at 4 weeks of
cuprizone-treatment was approximately 2.5 times greater than the age-matched controls, indicating that
there was a massive mobilization of progenitors after demyelination to differentiate and remyelinate
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the corpus callosum. To conclude, the results provided in this study and reports from others using the
same model system strongly suggest that, in this study, laquinimod treatment was initiated at a time
point when early remyelination cascades were already active.

Laquinimod is an immunomodulatory drug with potential anti-inflammatory and neuroprotective
effects, and has been tested in MS animal models as well as in clinical studies [46,47]. Clinical trials
have shown that the number of active lesions in RRMS patients are reduced and that brain volume
reduction is ameliorated by laquinimod [48-50]. Pre-clinical studies have revealed that laquinimod has
the capacity to reduce demyelination in the cuprizone model and in EAE (Experimental autoimmune
encephalomyelitis) [31,32,47]. Furthermore, laquinimod prevents axonal damage, synaptic loss, and
modulates immune response [31,32,51-53]. A number of studies suggest that laquinimod might
as well be protective in other CNS pathologies than MS. For example, beneficial effects have been
reported in models of Huntington’s disease [54-56] or in a model of traumatic brain injury [57].
However, in other experimental neurodegeneration models, such as in a model of Alzheimer’s disease,
laquinimod did not show protective effects [58]. Two big clinical phase three trials were conducted
to study the effectiveness of laquinimod in RRMS patients, the BRAVO (Benefit-Risk Assessment of
Avonex and Laquinimod) trial [59] and ALLEGRO (Assessment of Oral Laquinimod in Preventing
Progression in Multiple Sclerosis) trial [50]. In the BRAVO study, once-daily oral laquinimod resulted
in statistically nonsignificant reductions in annualized relapse rate and disability progression, but
significant reductions in brain atrophy versus a placebo. In the ALLEGRO trial, oral laquinimod
administered once daily slowed the progression of disability and reduced the rate of relapse in patients
with RRMS. Unfortunately, laquinimod failed to slow brain atrophy and disease progression in PPMS
patients enrolled in the ARPEGGIO phase two clinical trial. Laquinimod was also evaluated as a
potential therapy for Huntington’s disease in the LEGATO-HD phase two clinical trial [60], however,
it failed to meet its primary objective of improving motor function in Huntington’s disease patients
after 12 months of treatment. Most of the pre-clinical MS studies with laquinimod were performed
using EAE, which recapitulates the autoimmune aspect of MS [61-64]. While auto-immune driven
inflammatory demyelination is an important component of the RRMS disease stage, it is believed that
autoimmunity plays a minor role in PPMS. This is best demonstrated by the finding that the classical
immunomodulatory drugs [65,66] or immunosuppressive interventions [67] are largely ineffective in
PPMS patients. Beyond that, histopathological studies have demonstrated that there is significantly
more inflammation in SPMS (as judged by the frequency of perivascular cuffing and cellularity of the
parenchyma) than in PPMS [68], and imaging studies have shown that PPMS patients have lower
mean brain T2 and T1 hypointensity lesion loads than SPMS patients [69]. Why exactly the observed
beneficial effects of laquinimod in pre-clinical studies did not translate into a positive impact in PPMS
patients is currently unknown. On the one hand, the pathogenesis of PPMS is still largely unknown.
Implicated mechanisms include the chronification of inflammation behind the relatively intact blood
brain barrier, diffuse meningeal inflammation, reactive oxygen and nitrogen species produced by
microglia, inducing mitochondrial dysfunction, neuronal Ca?* overload, and others (see [70] for a
recent review on that topic). On the other hand, classical pre-clinical animal models, especially EAE,
poorly reflect the complex pathogenesis of PPMS.

In this study, we have applied a pre-clinical MS model which shares several characteristics of
progressive MS, among innate driven myelin and axonal injury, functional activation of oxidative
stress pathways [71], or the relative preservation of the blood-brain-barrier [72]. We were able to
show that laquinimod supports remyelination in the non-supportive environment used in this model.
While the results of most studies suggest that remyelination is neuroprotective [73-75], the results of
Manrique-Hoyos and colleagues suggest that axonal degeneration continues to progress at a low level
even if remyelination is complete. In their studies, animals showed an initial recovery of locomotor
performance after acute cuprizone-induced demyelination. However, long after remyelination was
completed (approximately 6 months after the last demyelinating episode), locomotor performance
again declined in remyelinated animals as compared to the age-matched controls. This functional
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decline was accompanied by brain atrophy and callosal axonal loss [76]. It thus might be that
laquinimod indeed restores myelin integrity in PPMS patients which does, however, not result in a
superior clinical outcome or a preservation of brain atrophy. Clearly, a more complete understanding
of the mechanisms involved in the pathogenesis of progressive MS phenotypes and animal models
that incorporate these pathogenic characteristics is urgently needed. Comparably, further studies
are needed to elucidate the underlying mechanisms of laquinimod’s protective effects in this model.
As demonstrated in Figure 3, laquinimod ameliorated microglia reactivity. Microglial activation is
a common feature of diverse CNS diseases, and although in some instances this activation can be
damaging, the protective and regenerative functions of microglia have been revealed [77]. In the
context of myelination disorders, it has been demonstrated that microglia can support remyelination in
the CNS after injury via the clearance of debris, secretion of growth factors and cytokines, and through
modulation of the extracellular matrix [78-80]. Furthermore, microglia contribute to developmental
myelinogenesis and to oligodendrocyte progenitor maintenance during adulthood [78,81,82]. Beyond
that, astrocytes orchestrate myelin repair by modulating microglia activity [83]. Since laquinimod can
regulate glial/macrophage cell function [57,63], it might well be that parts of the observed protective
effects of laquinimod in this study are due to a direct interaction with astrocytes and/or microglia.

5. Conclusions

In this study we were able to demonstrate that laquinimod, which has previously been shown
to protect against cuprizone-induced oligodendrocyte degeneration, exerts protective effects during
OPC differentiation as well. By this mechanism, laquinimod allows remyelination in non-supportive
environments. These results should encourage further clinical studies in SPMS patients. Of note,
laquinimod could have a significant place in the therapy of more advanced stages of disease but careful
clinical studies assessing properly this potential should be conducted.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/11/1363/s1.
Figure S1: Percentage of proliferating (Ki67*) oligodendrocytes (OLIG2*) of control, 4 weeks of cuprizone
intoxication, 6 and 8 weeks of cuprizone intoxication and vehicle or laquinimod groups.
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Abstract: The consumption of energy drinks is continuously rising, particularly in children
and adolescents. While risks for adverse health effects, like arrhythmia, have been described, effects
on neural cells remain elusive. Considering that neurodevelopmental processes like myelination
and neuronal network formation peak in childhood and adolescence we hypothesized that developing
oligodendrocytes and neurons are particularly vulnerable to main energy drink components.
Immature oligodendrocytes and hippocampal neurons were isolated from P0-P1 Wistar rats and were
incubated with 0.3 mg/mL caffeine and 4 mg/mL taurine alone or in combination for 24 h. Analysis was
performed immediately after treatment or after additional three days under differentiating conditions
for oligodendrocytes and standard culture for neurons. Oligodendrocyte degeneration, proliferation,
and differentiation were assessed via immunocytochemistry and immunoblotting. Neuronal integrity
was investigated following immunocytochemistry by analysis of dendrite outgrowth and axonal
morphology. Caffeine and taurine induced an increased degeneration and inhibited proliferation of
immature oligodendrocytes accompanied by a decreased differentiation capacity. Moreover, dendritic
branching and axonal integrity of hippocampal neurons were negatively affected by caffeine
and taurine treatment. The negative impact of caffeine and taurine on developing oligodendrocytes
and disturbed neuronal morphology indicates a high risk for disturbed neurodevelopment in children
and adolescents by excessive energy drink consumption.

Keywords: energy drinks; caffeine; taurine; neuron; oligodendrocytes

1. Introduction

The consumption of energy drinks has exponentially increased due to the expectation of increased
mental and physical performance. This makes them particularly attractive for children, adolescents,
and young adults at reproductive age, who are the main consumers of energy drinks, comprising 30
to 50% of all consumers [1,2]. A significant increase in adolescents who died after excessive consumption
of energy drinks in combination with or without alcohol was noted in recent years [3]. Furthermore,
several studies reported negative health effects of short- and long-term consumption of energy
drinks, such as aggressive behaviour, arrhythmia, increased heart rate, and sleep disturbances [4-6].
These effects were mainly attributed to the high caffeine and sugar concentrations [3,7]. To date there
are no studies analysing a potential risk of energy drink consumption on key neurodevelopmental
processes of the central nervous system (CNS). Childhood and adolescence is a period of rapid body
growth but also an important period of brain development. White matter volume, i.e., myelination
increases linearly with increasing age, beginning at the end of the second trimester and continuing
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into the third decade of life [8-10]. Furthermore, grey matter volume and formation, reorganization of
neuronal projections reach its maximum during childhood and adolescence [9].

Considering the continuously rising number of children and adolescents consuming energy
drinks and the fact that brain development is in a crucial phase, neuronal and glial cell types of
the still immature brain might be particularly vulnerable to high doses of energy drink compounds.
Al Basher et al. and Reis et al. provided first indications for detrimental effects of energy drinks on
the developing brain resulting in anxiety disorders in later life [4,11]. With regard to the molecular
components of energy drinks, potentially harmful to neural cells, it was suggested that caffeine
and taurine either alone or in combination might be involved [12]. However, these data were
obtained in the human neuroblastoma cell line SH-SY5Y. Effects on primary developing CNS cell types
remain unclear.

In the present study, we investigated the impact of caffeine and taurine alone or in combination on
primary immature oligodendrocytes and hippocampal neurons, focusing on degeneration, proliferation,
and differentiation capacity of immature oligodendrocytes as well as on dendritic branching and axonal
morphology of hippocampal neurons.

2. Materials and Methods

2.1. Drugs

Caffeine and taurine were purchased from Sigma Aldrich (Taufkirchen, Germany).
Both components were dissolved to a final concentration of 0.3 mg/mL caffeine and 4 mg/mL taurine in
the appropriate medium of oligodendrocytes and neurons. The selected concentrations are based on
a previous report in neuronal SH-SY5Y cells [12].

2.2. Primary Cell Culture

2.2.1. Oligodendrocytes

Neonatal rat mixed glia cells were isolated from P0-P1 old Wistar rats as previously
described [13-16]. Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco,
Erlangen, Germany) supplemented with 20% foetal calf serum, 1% penicillin/streptomycin. After 10-12
days, immature oligodendrocytes, attached to the astrocyte layer of the mixed glia culture, were isolated
by shaking overnight at 230 rpm. The collected cells were pre-plated for 30 min at 5% CO, and 37 °C
to remove contaminating microglia and astrocytes. Floating cells were collected in proliferation
medium (DMEM, 1xB27 (Gibco), 10 ng/mL plated derived growth factor (PDGF, PanBiotech,
Aidenbach, Germany), 10 ng/mL basic fibroblast growth factor (bFGF, PanBiotech)) and plated
on poly-dl-ornithine-coated (Sigma-Aldrich, Taufkirchen, Germany) cover slips or culture plates
(100,000 cells/mL). At this stage the purity of culture was approximately around 95%, assessed by
expression of the immature oligodendrocyte surface progenitor marker A2B5 [17]. Oligodendrocyte
precursor cells were cultivated in proliferation medium for 3 days before treatment with 0.3 mg/mL
caffeine, 4 mg/mL taurine, and the combination of both for 24 h at 5% CO, and 37 °C in humidified
air. To quantify the effect of caffeine and taurine on myelination capacity of oligodendrocytes, cells
were cultivated in differentiation medium (DMEM, 1x B27, 10 ng/mL ciliary neurotrophic factor
(CNTE, PanBiotech), 15 uM triiodothyronine (T3, Sigma-Aldrich)) for another 3 days after treatment.
Cells were lysed for western blot analysis or fixed with 2% paraformaldehyde (PFA) for analysis via
immunocytochemistry (ICC).

2.2.2. Hippocampal Neurons

In the present study, neurons were isolated from the hippocampus, the main structure of
learning and memory formation involving adult neurogenesis and synaptogenesis [18], which has
been suggested to be impaired by energy drink components [19]. Hippocampal neurons were
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isolated from PO-P1 old Wistar rats according to described methods [20]. Briefly, hippocampi were
carefully dissected from the cerebrum and enzymatically digested with trypsin (2.5%, Sigma-Aldrich)
and deoxyribonuclease (DNase, 1%, Sigma-Aldrich). Subsequently the hippocampi were mechanically
disrupted by a glass pipette followed by pre-plating of the cell suspension for 30 min to remove
contaminating astrocytes. 80,000 cells/mL were seeded on double coated poly-1-lysine and laminin
(Sigma-Aldrich) Falcondishes (Amsterdam, Netherlands) in neurobasal media (NB, Gibco) containing
B27, 1% glutamine, and 1% penicillin/streptomycin for 24 h. Afterwards, neuron-enriched cultures
were treated with 3 uM cytosine beta-p-arabinofuranosyl cytosine (AraC, Sigma-Aldrich) for 48 h
to inhibit proliferation of contaminating astrocytes [20], resulting in a purity of approximately 80%.
Neurons were treated as described for oligodendrocyte cultures. Appropriate controls were cultivated
under standard culture conditions in NB medium. Both substances were dissolved in the NB medium.
Cells were fixated with 2% PFA immediately after the treatment or after cultivation for another 3 days
in NB medium.

2.3. Western-Blot Analysis

For immunoblot analysis oligodendrocytes were plated in 6-well plates. Cells of three wells for
each condition were lysed in ice-cooled radioimmunoprecipitation assay (RIPA) buffer containing
protease inhibitors. The homogenate was centrifuged at 14,000x g (4 °C) for 10 min . The protein
concentration in the supernatant cytosolic extract was determined using the bicinchoninic acid assay
(BCA assay; Thermo Fisher Scientific, Erlangen, Germany). Ten pg of protein were denaturated
in Laemmli sample buffer at 95 °C for 5 min . Proteins were separated by 15% sodium dodecyl
sulphate polyacrylamide gel electrophoresis, and blotted onto nitrocellulose membranes (0.2 um pore,
Sigma-Aldrich). Equal loading and transfer of proteins was confirmed by staining with Ponceau S
solution (Sigma-Aldrich). Five percent nonfat dry milk was used for blocking of nonspecific antibody
binding in Tris buffered saline/0.1% Tween (TBST) at room temperature for 60 min. Membranes were
incubated overnight (4 °C) with the primary monoclonal rabbit anti-cleaved Caspase-3 (cCaspase-3)
antibody (1:1000, Cell Signaling Technology, Frankfurt am Main, Germany; molecular weight 19 kDa) or
mouse anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody (1:50,000; Sigma-Aldrich;
molecular weight 37 kDa) in 5% nonfat dry milk in TBST. Horseradish peroxidase-conjugated secondary
antibodies (DAKO, Hamburg, Germany) were diluted 1:5000 (anti-mouse) or 1:2000 (anti-rabbit) in
5% non-fat dry milk in TBST. For visualization and densitometric analysis ChemiDoc XRS* imaging
system and ImageLab software (6.0.1, Bio-Rad, Munich, Germany) was used. Density ratios between
cCaspase-3 protein and the reference protein GAPDH were calculated for each (=1) sample per
experiment. These ratios were normalized to control (i.e., without treatment) per experiment. The mean
of four independent experiments was used for graphical presentation.

2.4. Immunocytochemistry

Following fixation, cells were incubated with blocking solution (5% normal goat serum in 0.1%
Triton X-100 in phosphate-buffered-solution (PBS)) for 1 h at room temperature followed by incubation
with primary antibodies in PBS with 5% goat serum at 4°C overnight. The following antibodies were
used: anti-oligodendrocyte transcription factor 2 (polyclonal rabbit anti-Olig2, 1:500; monoclonal
mouse anti-Olig2, 1:300, Millipore, Darmstadt, Germany), anti-A2B5 (monoclonal mouse anti-A2B5,
1:500, Millipore, Germany), anti-proliferating cell nuclear antigen (polyclonal rabbit anti-PCNA,
1:800, Cell Signaling Technology), anti-myelin basic protein (monoclonal mouse anti-MBP, 1:500,
Covance, Munich, Germany), anti-microtubuli associated protein 2 (polyclonal mouse anti-Map2,
1:500, Sigma-Aldrich), and anti-TAU (polyclonal rabbit anti-TAU, 1:500, GeneTex, Germany). Specific
antibody binding was visualized by incubation with the appropriate secondary antibodies (anti-mouse
Alexa Fluor 555; anti-mouse Alexa Fluor 488; anti-rabbit Alexa Fluor 555; anti-rabbit Alexa Fluor 488;
anti-rabbit Alexa Fluor 647, Invitrogen, Erlangen, Germany; all 1:1000) for 1 h at room temperature.
Nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI, 1 ug/mL). Cover slips were
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mounted onto glass slides with DAKO Fluorescent Mounting Medium and kept in the dark at 4 °C.
Cells were analysed via confocal microscopy (Alplus, Eclipse Ti, with NIS Elements AR software,
Nikon, Diisseldorf, Germany).

2.5. Confocal Microscopy and Quantitative Analysis

Analysis was performed with confocal microscopy (Alplus, Eclipse Ti, with NIS Elements AR
software, Nikon) using a 10X objective. Four laser lines (laser diode, 405 nm; Ar laser, 514 nm;
G-HeNe-laser, 543 nm and Rh-laser 647 nm) and three different filters (450/50-405 LP, 515/20-540 LP,
585/65-640 LP) were used for image acquisition. Oligodendrocytes were analysed in a total of 15
random fields of view (each 1.6 mm?) derived from three independent experiments (5 images per
experiment and group). The number of total (Olig2) and proliferating (PCNA) oligodendrocytes as well
as the area of A2B5 were analysed automatically using the NIS Elements AR software 4.0 (Nikon).
Since reductions of total MBP-positive cells after initiation of differentiation might have resulted from
a total reduction of immature A2B5-positive oligodendrocytes after acute treatment, i.e., before initiation
of differentiation, the percentage of MBP-positive cells of total Olig2-positive cells was quantified.
As, under differentiating conditions, immature oligodendrocytes do not proliferate and substances
were not present during this culture period, percentage values of MBP+ cells provide information about
the general capacity of all initially surviving oligodendrocytes independent of acute treatment effects on
cell numbers. To investigate morphological changes of neurons, 8-10 random fields (each 0.395 mm?)
per experiment were analysed in Map2/TAU co-staining by using the 20x objective. The images were
converted to Tiff-images using the NIS Elements AR software 4.0 (Nikon, Germany). Analysis of
dendrite branches and length was performed with Image] (NIH, Java 1.8.0) using the Neuron]
plugin [21].

2.6. Statistical Analysis

Data are expressed as scatter plots with bars including mean values with standard deviation
(SD). Data were analysed using GraphPad Prism 6 (Statcon, Witzenhausen, Germany). Differences
between groups were determined by one-way analysis of variance (one-way ANOVA) followed by
Bonferroni post hoc test for multiple comparison. p-values < 0.05 were considered as statistically
significant. Detailed results of statistical analysis are provided in Supplementary Tables S1 and S2 in
the Supplementary Material.

3. Results

3.1. The Main Compounds of Energy Drinks Caffeine and Taurine Induce Cell Degeneration and Inhibit
Proliferation of Immature Oligodendrocytes

The selected treatment design with 0.3 mg/mL caffeine and 4 mg/mL taurine for 24 h is mainly based
on a previous in vitro study on neural cells [12] and concentrations in commercially available energy
drinks considering the increasing rise of high acute and high chronic consumers [22]. Immediately after
treatment, oligodendrocytes were stained for the pan-oligodendrocyte marker Olig2 and the immature
cell marker A2B5 (Figure 1A). We observed a significant reduction of immature oligodendrocytes by
40-50% in the presence of caffeine, taurine, and the combination of both (OligZ/mmZ: F3,56 = 17.33;
mean: control 314.2, caffeine 192.2, taurine 188.6, caffeine + taurine 188.1; A2B5 area/mm?: F3 56 =
18.43; mean: control 0.21, caffeine 0.14, taurine 0.11 and caffeine +taurine 0.11, Figure 1B,C).

Since reduced cell density may have been caused either by increased cell degeneration and/or
reduced proliferation, we analysed proliferation of immature oligodendrocytes via immunocytochemistry
for the marker PCNA (Figure 2A,B). These analyses demonstrated a significantly reduced proliferation
of immature oligodendrocytes incubated with caffeine, taurine, and the combination of both
(% PCNA-positive Olig2: F3 55 = 40.10, mean: control 40.15, caffeine 8.67, taurine 19.71 and caffeine+
taurine 15.97, Figure 2B). Analysis of apoptosis by western blot for cleaved-Caspase-3 [23] revealed
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a significant three-fold increase in the combined treatment compared to control (F3 12 = 6.886;
mean cCaspase-3/GAPDH ratio: caffeine + taurine 3.05 compared to control (=1); Figure 2C). Of note,
single taurine treatment did not affect apoptotic cell death, resulting in a significant difference between
taurine single and the combined treatment with caffeine (Figure 2C).
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Figure 1. Caffeine and taurine alone or in combination induce immature oligodendrocyte cell
loss. After three days under standard culture conditions primary immature oligodendrocytes were
incubated with or without 0.3 mg/mL caffeine, 4 mg/mL taurine, and the combination of both for 24 h.
(A) Representative images of immunofluorescence staining of immature oligodendrocytes (A2B5 green,
Olig2 red). (B) Quantification of Olig2 positive cells. The density of immature oligodendrocytes was
determined by measuring the A2B5 positive area (C). Data are derived from 15 images per group out of
three independent experiments (depicted by circle = control, square = caffeine, triangle up = taurine,
triangle down = caffeine + taurine). Scale bar 400 um. *** p < 0.001, one-way ANOVA followed by
Bonferroni post hoc test.

3.2. Differentiation Capacity of Oligodendrocytes is Reduced by Caffeine and Taurine

To investigate whether the treatment of the main energy drink ingredients caffeine and taurine
influence differentiation capacity of oligodendrocytes, we analysed the expression of MBP three
days after substance treatment and induction of differentiation (Figure 3A). In accordance with
acute treatment effects the number of oligodendrocytes remained reduced under differentiating,
i.e., non-proliferating conditions (Figure 3B). In addition to an acute decrease in immature A2B5-positive
oligodendrocytes (Figure 1), differentiation capacity of surviving oligodendrocytes was significantly
reduced to 85% by caffeine and taurine with the single as well as combined treatment (F3 54 = 17.43;
mean % MBP of total Olig2: control 93.29, caffeine 85.29, taurine 85.98 and caffeine + taurine 84.69;
Figure 3C).
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Figure 2. Immature oligodendrocyte cell loss is caused by a decreased proliferation and increased
degeneration induced by caffeine and taurine. After treatment with or without 0.3 mg/mL caffeine
and 4 mg/mL taurine alone or in combination, cells were analysed for proliferation via immunocytochemistry
and for apoptosis via western blot. (A) Representative images of immunofluorescence staining of proliferating
oligodendrocytes (PCNA green, Olig2 red). The number of proliferating oligodendrocytes was quantified in
15 images per group derived from three independent experiments (B) Scale bar 400 pm. Ratio of cCaspase-3
and GAPDH protein expression was analyzed in protein lysates of cultured oligodendrocytes derived from
four independent experiments (C), depicted by circle = control, square = caffeine, triangle up = taurine,
triangle down = caffeine + taurine). * p < 0.05, *** p < 0.001, one-way ANOVA followed by a Bonferroni post
hoc test.

3.3. Caffeine and Taurine Reduce Dendrite Branching Immediately after Treatment

The effect of energy drink components on neuronal network formation was analysed in primary
hippocampal neurons. Immediately after treatment with caffeine and taurine alone or in combination,
the number of Map2-positive neurons was significantly reduced (Supplementary Figure S1). To get
further insight into potential effects on neuronal network formation, neuronal dendrites were analysed
(Figure 4A). Two types of dendrites were analysed, primary dendrites attached to the soma and higher
dendrites, branching directly from primary dendrites using the Neuron] plugin [21] of Image] software
(Figure 4A). We detected a significantly reduced number of total dendrites in all treatment groups
compared to controls (F3 370 = 25.07; mean: control 5.76, caffeine 3.94, taurine 3.31 and caffeine +
taurine 3.83, Figure 4B). The reduction of total dendrites was mainly caused by a reduction of higher
dendrites, demonstrated by a significant reduction by 20-40% in treated cells compared to controls
(F3,160 = 9.70; mean: control 3.87, caffeine 2.51, taurine 2.09 and caffeine + taurine 2.62; Figure 4D).
In addition to the number of dendrites their length was similarly reduced (Figure 4E). Again, higher
dendrites were primarily affected, as shown by significantly reduced lengths to 55-60% compared to
controls, while no significant differences were observed for primary dendrites (Figure 4FEG).
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Figure 3. Myelination capacity of immature oligodendrocytes is decreased by caffeine and taurine.
Primary immature oligodendrocytes were treated with or without 0.3 mg/mL caffeine, 4 mg/mL taurine,
and the combination of both for 24 h followed by media exchange to differentiating conditions for another
three days. (A) Representative images of immunofluorescence staining for the pan-oligodendrocyte
marker Olig2 (red) and the myelination marker MBP (green) to visualize mature oligodendrocytes.
The density of oligodendrocytes was quantified by counting Olig?2 positive cells (B). MBP-positive
oligodendrocytes were quantified by subtracting MBP-negative cells from the total Olig2-positive
cell number. (C). Data are derived from 15 images per group out of three independent experiments,
depicted by circle = control, square = caffeine, triangle up = taurine, triangle down = caffeine + taurine.
Scale bar 400 um. ** p < 0.01, *** p < 0.001, one-way ANOVA followed by a Bonferroni post hoc test.
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Figure 4. Cont.
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Figure 4. Caffeine and taurine alone or in combination reduce branching of dendrites in primary
hippocampal neurons. Following three days in culture primary hippocampal neurons were incubated
with or without 0.3 mg/mL caffeine, 4 mg/mL taurine and the combination of both for 24 h. (A) Dendrites
were visualized by immunofluorescence staining for microtubule-associated protein 2 (Map2, green).
Morphological changes were measured by defining primary dendrites (A, bottom row, red) and higher
dendrites (A, bottom row, blue). The amount of total (B), primary (C), and higher (D) dendrites
was quantified; subfigures (E-G) represent results of quantification of dendritic lengths, respectively.
Data are derived from 25-30 images per group out of three independent experiments (n = 83-103
cells per group, depicted by circle = control, square = caffeine, triangle up = taurine, triangle down =
caffeine + taurine). Scale bar 100 um. * p < 0.05, ** p < 0.01, *** p < 0.001, one-way ANOVA followed by
a Bonferroni post hoc test.

3.4. Prolonged Disturbance of Dendrite and Axonal Morphology Following Short-Term Caffeine
and Taurine Treatment

To investigate whether the acute effect of caffeine and taurine on dendrite morphology correlates
with changes in neuronal development and network formation, neurons were cultivated under
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standard culture conditions for another three days following substance treatment. According to
results after immediate analysis at the acute time point, the number of Map2-positive higher dendrites
and their length were significantly reduced to an average of 50% compared to controls (F3 711 = 21.75;
mean: control 6.73, caffeine 3.35, taurine 3.73 and caffeine + taurine 3.41; Figure 5A-G). To verify
whether disturbed dendrite branching was associated with changes in axonal morphology we analysed
TAU-expression by immunocytochemistry. While we observed a densely packed network of intact
axons without or occasionally appearing breaks in the control group, caffeine and taurine treated
neurons demonstrated more axon breaks and pearl-like structures (Figure 5H), previously described
as accumulations of microtubule associated and molecular motor proteins as well as organelles
and vesicles, as an indicator for defective and damaged neurons [12,24].
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H control caffeine taurine caffeine + taurine

Figure 5. Caffeine and taurine lead to sustained reduced dendritic branching and disturbed axonal
network formation. After three days in culture primary hippocampal neurons were treated with
or without 0.3 mg/mL caffeine, 4 mg/mL taurine and the combination of both for 24 h followed by
cultivation under standard culture conditions for another three days. (A) Representative images of
Map2 (green) stained dendrites. Quantifications of the amount of total, primary and higher dendrites,
as well as their lengths are shown in subfigures (B-G). Data are derived from 25-30 images per group
out of three independent experiments (n = 75-82 cells per group, depicted by circle = control, square =
caffeine, triangle up = taurine, triangle down = caffeine + taurine). Morphological changes of axons
were visualized by immunofluorescence staining for TAU (H). Scale bar 100 um. *** p < 0.001, one-way
ANOVA followed by a Bonferroni post hoc test.

4. Discussion

The widespread consumption of energy drinks became popular among adolescents below
the age of 25 in recent years. Taking the fact that brain development in childhood/adolescence is
not completed [9], neuronal and glial cell types might be particularly vulnerable to high doses of
energy drink ingredients. The goal of the present study was to investigate the effects of the main
energy drink components caffeine and taurine on neuronal cells and immature oligodendrocytes.
Using purified primary cell cultures, we demonstrated that the energy drink ingredients caffeine
and taurine induce degeneration and reduce proliferation of immature oligodendrocytes, accompanied
by a decreased myelination capacity. Furthermore, caffeine and taurine impaired neuronal network
formation revealed by reduced dendrite branching and fragmented axons. The present study suggests
detrimental effects of increased energy drink consumption particularly during brain development
which lasts into early adulthood.

The observed adverse health effects of excessive energy drink consumption have been mainly
attributed to high caffeine concentrations. We demonstrated that caffeine inhibits proliferation
and myelination capacity of primary oligodendrocytes. These results seem to contradict previous
findings in models of adult neurodegenerative diseases like Parkinson and Alzheimer’s disease [25].
Furthermore, in vitro studies on hypoxia-induced degeneration of oligodendrocytes demonstrated
protective effects by caffeine treatment [26]. In the context of brain injury to the developing brain,
Endesfelder et al. also described neuroprotective effects of caffeine revealed by reduced oxidative
stress, decreased neuronal degeneration, and diminished inflammation after oxygen-induced toxicity
in vivo [27,28]. However, caffeine concentrations, used in these previous studies, have been much
lower than the ones used in the present in vitro study, i.e., Endesfelder et al. used a 30-fold lower
concentration [28].

Besides differences in dose, long duration of caffeine exposure might explain our findings. This is
supported by recent studies in mouse epidermal cells and human neuroblastoma cells that suggested
that even low caffeine concentrations for 24 h may induce apoptotic cell degeneration through caspase
3-induced signalling-pathways [29,30]. In the present study we decided for 24 h exposure according to
the previous studies by Zeidan-Chulia et al. and Doyle et al. [12,31]. Furthermore, caffeine is absorbed
very fast, reaching peak plasma concentrations after 30-120 min [32]. Based on its hydrophobic
structure it can easily pass the blood-brain barrier [33]; and CSF levels are described to be similar to
plasma concentrations [34]. The different half-life times of caffeine with 100 h in preterms, compared to
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3-5 hin adults [34], suggest an exponential decrease of the caffeine half-life time during development.
Therefore, we decided for 24 h substance exposure. Nevertheless, further studies are needed on
in vivo pharmacokinetics of caffeine in childhood and adolescence. Interestingly, effects of single
taurine treatment on immature oligodendrocyte degeneration were less pronounced compared to
caffeine single and combined treatment. However, proliferation of A2B5-positive oligodendrocytes
was significantly reduced, resulting in an overall decreased cell number. These results indicate that
detrimental effects of taurine on developing oligodendrocytes might be rather attributed to inhibition
of proliferation than induction of degeneration. This seems to be in contrast to previous reports
where taurine was described as a putative neuromodulator, improving neurological dysfunctions,
especially cognitive function [35,36]. On the other hand, in human lung cancer cells taurine treatment
with different concentrations for 24 h, 48 h, and 72 h inhibited cell proliferation [37], which is in
accordance to our observations in the present study. Further research will be needed to delineate
positive and negative effects of taurine in cell- and disease-specific experimental settings.

The combined treatment of caffeine and taurine induced the most pronounced increase of
oligodendrocyte degeneration compared to single treatments, which may indicate interactions between
both compounds. Additive effects of caffeine and taurine have already been described in a study
analysing cardiac parameters in athletes demonstrating exacerbated effects of single compounds
after simultaneous uptake [38]. Furthermore, mice treated with caffeine and taurine for 2 weeks
demonstrated a significantly enhanced endurance performance after a combined treatment compared to
single treatments [39]. Even though an increased calcium-release in muscles or competitive inhibition of
adenosine receptors expressed by different neuronal cells in the CNS has been discussed [39], the detailed
underlying mechanisms of a potential interaction remain elusive and require further investigation.

Brain development is strongly dependent on oligodendrocyte maturation into myelinating
cells. Therefore, we analysed differentiation capacity of immature oligodendrocytes demonstrating
a significantly decreased number of mature MBP-positive oligodendrocytes three days after treatment.
These results suggest that energy compounds not only induce acute cellular degeneration but that
biological programs of surviving oligodendrocytes are severely disturbed. This is of particular importance,
as myelination is the key for neuronal network formation [40,41]. Even though neurogenesis in most
cortical and subcortical regions is supposed to be completed by postnatal-day 15 in rats and by 2.5
years in humans [9], neurogenesis lasts into adulthood in other brain regions, i.e., the hippocampus
and olfactory bulbs [42,43]. Furthermore, during puberty neuronal network formation and integration is
reorganized requiring competent oligodendrocytes to myelinate axons and to enable formation of new
synapses [41].

In addition to competent myelinating oligodendrocytes, neuronal reorganisation during puberty
depends on neuronal integrity, e.g., axonal network formation and dendritic branching [44].
Therefore, we analysed the effects of caffeine and taurine on neurons isolated from the hippocampus,
the main structure of learning and memory formation involving adult neurogenesis and synaptogenesis [18].
In addition to neuronal cell loss immediately after treatment with caffeine and taurine, a significant
reduction in number and length of total dendrites mainly caused by a reduction of higher dendrite
branching was observed. These effects persisted for several days, which is of particular importance
considering that dendritic arborisation coordinates with synaptic activity and is important for neural
network integrity [45]. Furthermore, disturbed maintenance and disruption of dendrites and synapses
has been associated with psychiatric illnesses, such as schizophrenia and major depressive disorders,
as well as neurodegenerative diseases, such as Alzheimer’s disease [46]. Nevertheless, similarly as for
oligodendrocytes, these results appear contradicting to previous findings, describing enhanced dendrite
outgrowth in primary hippocampal neurons after taurine and caffeine treatment [47,48]. However, again
concentrations applied, seem to be decisive. For example, protective effects of taurine on dendrite
outgrowth were observed at 100 uM, while 2.7 mM, approximately equivalent to 0.34 mg/mL, was described
to decrease neurite length and number [47,49] supporting our observations. Besides dendritic branching,
axonal integrity is important for functionality and activity of neurons [50]. Analysis of axonal morphology

141



Cells 2019, 8, 1381

demonstrated an increased number of axonal breaks and pearl-like structures three days after treatment
with caffeine and taurine and especially in the combined treatment. Similar structures were also described
in human neuronal SH-SY5Y cells incubated with caffeine and in an experimental model of Alzheimer’s
disease [12,24]. This abnormal morphology was suggested to be caused by accumulation of proteins,
organelles, and vesicles and to result in axonal defects and impaired axonal transport. In view of these
previous studies, our observations suggest that high concentrations of caffeine and taurine in energy
drinks do not only inhibit the capacity of dendritic branching but also disturb axonal function.

We have chosen high concentrations of caffeine and taurine corresponding to that of commercially
available energy drinks. We are aware of the fact that concentrations applied in the presentand previous [12]
in vitro studies are higher than concentrations determined in plasma of humans and rodents after oral
consumption/administration [32,33,51]. However, translation of in vitro doses to humans is always limited
considering the complex variables, one cannot control for in vitro, e.g., co-consumption of other drugs
like alcohol and smoking or of sugar provided in energy drinks which may affect pharmacokinetics.
Our rationale was mainly based on the fact that consumption, especially in adolescents and young adults,
is still rising. Twelve percent of adolescents and 13.4% of young adults have been identified as high
acute consumers, with at least 1 L of energy drink consumption per session, and high chronic consumers,
with 13.3% of young adults consuming an average volume of 4.5 L/month, as well as 12% of adolescents
being high chronic consumers, with 4-5 sessions/week and an average volume of 7 L/month [22].

In the present study we provide evidence that an increased consumption of energy drinks
may negatively influence neurodevelopment during childhood and adolescence, reducing immature
oligodendrocyte survival and their differentiation capacity, which is accompanied by direct effects on
neuronal integrity. Effects were analyzed in purified primary cell cultures. Even though pharmacokinetics
of single energy drink compounds after oral intake can hardly be modeled in vitro, the rapid absorption
of caffeine and taurine and unproblematic passing of the blood-brain barrier [52,53], indicate that
high concentrations of caffeine and taurine reach the brain. In view of the continuous rise of teens
and children consuming energy drinks further studies are needed to confirm these effects in vivo
considering the complex interactions between different CNS cell types needed for oligodendrocyte
development, myelination and axonal network formation during puberty.
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Abstract: Oligodendrocytes are the myelinating cells of the central nervous system (CNS) that are
generated from oligodendrocyte progenitor cells (OPC). OPC are distributed throughout the CNS
and represent a pool of migratory and proliferative adult progenitor cells that can differentiate
into oligodendrocytes. The central function of oligodendrocytes is to generate myelin, which is an
extended membrane from the cell that wraps tightly around axons. Due to this energy consuming
process and the associated high metabolic turnover oligodendrocytes are vulnerable to cytotoxic
and excitotoxic factors. Oligodendrocyte pathology is therefore evident in a range of disorders
including multiple sclerosis, schizophrenia and Alzheimer’s disease. Deceased oligodendrocytes can
be replenished from the adult OPC pool and lost myelin can be regenerated during remyelination,
which can prevent axonal degeneration and can restore function. Cell population studies have recently
identified novel immunomodulatory functions of oligodendrocytes, the implications of which, e.g.,
for diseases with primary oligodendrocyte pathology, are not yet clear. Here, we review the journey
of oligodendrocytes from the embryonic stage to their role in homeostasis and their fate in disease.
We will also discuss the most common models used to study oligodendrocytes and describe newly
discovered functions of oligodendrocytes.

Keywords: oligodendrocytes; OPC; oligodendrocyte progenitor cells; myelin; myelination;
remyelination; multiple sclerosis

1. Introduction

Oligodendrocytes are the myelinating cells of the central nervous system (CNS). They are
generated from oligodendrocyte progenitor cells following tightly orchestrated processes of migration,
proliferation and differentiation [1]. Oligodendrocytes are fundamental to myelin formation in
the developing CNS and critical for myelin regeneration following injury including in the most
common demyelinating disease multiple sclerosis (MS) [2,3]. In this review, we discuss the journey of
oligodendrocytes in development from the embryonic stage to oligodendrocyte function in health and
their fate in disease. We will also review the most common models used to study oligodendrocyte
behaviour and function and discuss recent advances in our knowledge of oligodendrocytes.

2. Oligodendrocyte Progenitor Cells (OPC) and Oligodendrocytes in Development

2.1. OPC and Oligodendrocytes during Embryonic Development

Oligodendrocytes are one of the major glial cell types in the CNS besides microglia and astroglia.
Oligodendrocytes were first described by Virchow [4], Deiters [5] and Golgi [6] in the 19th century.
While neurons had been well characterised at that time, an abundant unknown cell type called
“neuroglia” became the focus of attention. Analysing the fine structure of the brain led Virchow to
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introduce the term “Nervenkitt” (German: nerve glue) as cells appeared in between nerves [4,7].
Distinct from neurons, these cells could not grow axons [5] and were able to proliferate even postnatally.
Initially, they were not thought to have a role other than being connective tissue. Pio del Rio-Hortega
eventually differentiated neuroglia into microglia and four types of oligodendroglia by using more
advanced staining techniques, including silver carbonate [8,9].

Amongst the glial populations, bipolar cells were found to be highly proliferative and migratory,
whereas filamentous myelin-producing glia were mainly found in white matter suggesting a bipolar
precursor cell type, later termed oligodendrocyte progenitor cell (OPC), and a distinct, differentiated
cell type, the oligodendrocyte [10].

The origin of neurons was well characterised within the CNS yet less was known about the
origin of oligodendrocytes and microglia [11,12]. Microglia originate from the yolk sack [13],
while oligodendrocytes develop from multiple origins in the brain and anterior spinal cord with radial
glial cells, the ventral ventricular zone and dorsal spinal cord as sources [14-19]. Neural progenitor
cells (NPC) arising in the neural tube during embryonic development are the common precursors for
oligodendrocytes, astrocytes and neurons [20,21].

Murine OPC in brain and spinal cord are characterised by the expression of DM-20 mRNA [16,22].
Using this marker, three temporal waves of OPC development were identified starting in the ventral
ventricular zone after neural tube closure from E9.5 [16]. Rat OPC first appeared at around E14 [17]
and human OPC at E45, reflecting the gestational week 6.5 [23]. Across species, several waves of
OPC generation were identified. The first wave of OPC generation in the forebrain is followed by a
smaller second wave from the dorsal ventricular zone and by a third postnatal wave originating in
the cortex [24]. In the spinal cord, ventrally-derived OPC are followed by a wave of dorsally-derived
OPC [25,26], which make up to 20% of total OPC [19,25].

These waves subsequently lead to an overproduction of progenitor cells, which compete for space
and survival factors provided by astrocytes and axons [24,27-29]. It was shown that most OPC from
the first cortical wave die [24,27]. However, Orduz et al. recently demonstrated that a subpopulation
of first-wave cortical OPC not only survive but have non-redundant functions [30].

In the adult normal CNS, the majority of proliferating cells are of oligodendroglial lineage origin,
which by dividing self-renew and generate mature oligodendrocytes, whereas little evidence exists
that neurons are able to proliferate in adulthood [31-34].

During vertebrate development, one of the major and best-established morphogens is the Sonic
hedgehog (Shh) protein, required for most OPC to originate during early embryogenesis [26,35]. Shh is
produced by the notochord, which is essential for the CNS dorsal-ventral axis development [36,37].
OPC as well as motor neurons originate from similar areas in the ventral neural tube during development
and need equal amounts of Shh in order to arise, which suggests an interlinked generation of both
cell types [38—40]. However, in vitro experiments with Shh deficient cells indicated that Shh is not an
absolute requirement for OPC origination [41], while mice lacking a notochord did not develop any
OPC [38]. Cai et al. corroborated these findings in vivo demonstrating Nkx6- and Shh-independent
generation of an OPC subpopulation, which suggests the involvement of other molecular pathways [26].
Indeed, Shh is important for the timing of OPC generation as a recent study has shown [42].

Tightly regulated epigenetic mechanisms, such as DNA methylation and histone modification,
have recently been discovered in the regulation of OPC differentiation that are distinct in the different
developmental stages and in myelin regeneration (reviewed in detail in [43] ).

More recently, activated neurons were shown to play a role in the origination and proliferation of
OPC, and oligodendrocytes to myelinate [44—47].

2.2. Distribution of OPC and Oligodendrocytes within the CNS

Only 5%-8% of total glial cells are OPC [48], which are evenly distributed in white (WM) and
grey matter (GM), with OPC being slightly less abundant in GM [48]. The location gives rise to
behavioural differences between WM and GM OPC; while WM NG2* OPC in organotypic brain
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slices had a greater proliferative response to PDGF-A, GM OPC were less responsive to PDGF-A
and morphologically and genetically less mature than WM OPC [49,50]. In vivo, more WM OPC
differentiate into myelinating oligodendrocytes than GM OPC, many of which remain NG2* progenitors
as shown by Dimou et al. [51,52], suggesting a potential backup pool of OPC during adulthood. In the
adult CNS, oligodendrocyte generation from OPC is slowed down and WM OPC generate about 20%
of total differentiated and myelinating oligodendrocytes in the murine corpus callosum vs. 5% in the
cortex [53]. However, 20% of cortical GM oligodendroglial lineage cells are differentiated CNP* NG2-
oligodendrocytes yet these cells do not myelinate [53]. Recently, Hughes et al. demonstrated that
cortical NG2* cells are highly dynamic, balancing their population by proliferation, differentiation and
self-repulsion to maintain homeostasis [54].

In order for axonal myelination to occur, migration of OPC from their site of origin into the
developing WM tracts of the CNS is required [55]. To overcome this spatial distance, OPC migrate
in a jumping or crawling mode along blood vessels within the CNS, which is dependent on WNT
signalling [56,57]. Their subsequent excessive proliferation, especially in the WM, leads to an abundant
pool of progenitors throughout the brain and spinal cord [58].

2.3. Developmental Markers of OPC and Oligodendrocytes

New-born OPC are characterised by the expression of DM-20 mRNA, an isoform of protein
proteolipid protein (PLP), the most abundant myelin protein [16]. There are numerous additional
markers that determine the oligodendroglial cell lineage and reflect their developmental stage,
the most prominent are summarised in Figure 1. Once committed to the oligodendroglial lineage,
cell surface antigens can be recognized by specific antibodies such as A2B5 [59]. In vitro, A2B5 positive
cells can differentiate into both oligodendrocytes and astrocytes, which were therefore termed
oligodendrocyte-type-2 astrocyte (O-2A) progenitor cells [60]. O-2A progenitor cells constitutively
differentiate into oligodendrocytes unless specific environmental cues redirect differentiation into
astrocytes [61].

The best characterised marker for OPC is PDGFR-«, the receptor for PDGF-A, the most potent
OPC mitogen and survival factor, which is produced by both astrocytes and neurons [15,62-64].
Consequently, overexpression of this growth factor, e.g., during development, leads to increase in OPC
numbers [64].

Pre-oligodendrocytes engage with a target axon, thereby losing their bipolarity, and start to build
filamentous myelin outgrowths. At this differentiation stage, pre-oligodendrocytes are characterised by
the expression of three main myelin associated markers, 2’, 3’-cyclic-nucleotide 3’-phosphodiesterase
(CNPase) and the cell surface markers O4 and O1 [65,66]. CNPase has two different isoforms which are
differentially expressed: oligodendrocyte precursors only seem to express the larger isoform, whereas
myelinating oligodendrocytes were shown to express both isoforms [67]. O4 is already expressed in
late progenitors, whereas Ol is typical for pre-myelinating oligodendrocytes [68] (Figure 1).

Mature, differentiated oligodendrocytes are characterised by the production of myelin and myelin
proteins, and in combination with a cell lineage specific marker such as Olig2 can be used to identify
this maturation stage (Figure 1). The myelin proteins include myelin basic protein (MBP) [69,70],
which is expressed on the cytoplasmic surface of the plasma membrane [71], the transmembrane
protein PLP [16,72], myelin associated glycoprotein (MAG) [73] as well as the membrane marker
galactocerebroside (GalC) [74] and surface marker myelin-oligodendrocyte glycoprotein (MOG) [69].
MBP and MAG first appear between postnatal day 5 and 7 in murine CNS-derived oligodendrocytes,
whereas MOG emerges one to two days later [75]. Interestingly, PLP was recently described to be
expressed in murine Olig2*PDGFR-«* cells, which makes it an early marker for OPC with a role in
process extension [76].

Two genetically related, but functionally different, transcription factors Oligl and Olig2 are
present throughout the oligodendroglial lineage [77,78]. Olig2 is essential for NPC to develop into
OPC [79] and Olig2 gain of function in OPC can promote remyelination in mice [80]. The role of

149



Cells 2019, 8, 1424

Oligl is less well known. Oligl has a non-redundant role in OPC differentiation and myelination in
murine brain development; however, spinal cord OPC are less dependent on Oligl for differentiation
and myelination [81,82]. In repair, however, Oligl deficient mice showed delayed oligodendrocyte
differentiation and impaired remyelination of demyelinated CNS lesions [83]. Another transcription
factor involved in oligodendrocyte development that characterises the entire oligodendroglial lineage
is SOX10 [84]. SOX10 is essential for NPC derived oligodendroglial lineage specification during early
development and for OPC differentiation [85-87], while transcription factor Nkx2.2 promotes and
regulates timing of oligodendrocyte differentiation [88,89]. A marker for early oligodendroglial lineage
cells is the proteoglycan NG2, however, NG2* cells are able to differentiate into oligodendrocytes but
also into astrocytes [90]. Antibodies against the markers described here are commercially available.

NPC OPC Pre-0OL

Olig1/2

SOX10

Nkx2.2

AZB5
PDGFR-a
NG2
PLP
04
o1
CNPase
GalC

MEBP
MAG
MOG

Figure 1. Schematic depiction of oligodendroglial lineage markers specific for different developmental
stages from neuronal progenitor cells (NPC) to myelinating oligodendrocyte (OL). A2B5 recognises
progenitor cells, NPC and oligodendrocyte progenitor cells (OPC), while oligodendroglial cell
lineage markers Oligl and 2 as well as Sox10 and Nkx2.2 are expressed in all cells of the lineage,
OPC and pre-oligodendrocytes (pre-OL) are characterised by PDGFR-a and NG2 expression. PLP, O4,
O1 and CNPase are expressed during transition from progenitor to differentiated oligodendrocytes,
while differentiated, axon-myelinating oligodendrocytes are characterised by myelin protein expression
(MBP, MAG, MOG, GalC). NPC: neuronal progenitor cell; OPC: oligodendrocyte progenitor cell; OL:
oligodendrocyte; PDGFR-a: platelet-derived growth factor receptor A; NG2: neuron-glial antigen
2; PLP: proteolipid protein; CNPase: 2’,3’-Cyclic-nucleotide 3’-phosphodiesterase; MBP: myelin
basic protein; MAG: myelin associated glycoprotein; MOG: myelin-oligodendrocyte glycoprotein;
GalC: galactocerebroside.

2.4. Other Myelin-Producing Cells

Schwann cells are the oligodendrocyte counterpart in the peripheral nervous system (PNS),
derived from the neural crest [91]. Oligodendrocytes and Schwann cells share main functions in
providing support and insulation for axons. However, Schwann cells are only able to myelinate single
axons rather than multiple axons contrary to oligodendrocytes (reviewed in [92,93]). This feature is
dependent on an E3 ligase component, deficiency of which leads to increased myelination potential in
murine Schwann cells in vivo [94].

Schwann cells as well as oligodendrocytes are region specific for the CNS and the peripheral
nervous system and a glial barrier at the motor exit points was found to prevent oligodendrocytes
exiting from the CNS. The cells forming this barrier are motor exit point (MEP) glia, which were recently
described as the third cell type capable of producing myelin [95,96]. MEP glia share communalities
with both oligodendrocytes and Schwann cells; like OPC, they are derived from the ventral neural
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tube and they express Olig2 as do oligodendroglial lineage cells. MEP glia are also characterised by
the expression of SOX10 and WIF1. This, combined with Olig2 and Foxd3 expression, identifies this
population [96]. Similar to Schwann cells, MEP glia express Foxd3 and they are able to myelinate
just one axon, although the molecular mechanism underlying the process is different. MEP glia lack
krox20, a key initiator of myelination for Schwann cells, and are also not affected by gpr126 deficiency as
opposed to Schwann cells. Moreover, MEP glia selectively myelinate spinal motor root axons [95-97]
and were described to have a role in preventing the migration of OPC into the periphery by blocking
off OPC in the CNS via direct contact [96].

3. Oligodendrocyte Function in Health

3.1. Myelination of Axons

The myelin sheath is an extension of the oligodendrocyte and Schwann cell plasma membrane
that wraps around nerve axons in a concentric fashion [98] as shown in Figure 2. In 1717, Leeuwenhoek
described a ‘nervule’ with ‘fatty parts” around it, likely being the first ever description of myelin [99].

Myelination Demyelination Remyelination
M\mﬂ‘/
Aniny

—

.-

Figure 2. Oligodendrocytes in myelination, demyelination and remyelination. Oligodendrocytes
myelinate large diameter axons in the CNS and provide trophic support for the underlying axon.
Oligodendrocytes are highly vulnerable and insults such as trauma, immune-mediated attacks or
ischaemia can lead to oligodendrocyte death and demyelination. Newly differentiated oligodendrocytes
derived from an adult OPC pool can replace deceased oligodendrocytes, which can reinstate the myelin
sheath around demyelinated axons (remyelination). Regenerated myelin is thinner than the original
myelin sheath.

Since then, technical advances in histology and optical techniques have allowed for both
the structure and function of the myelin sheath to be explored in detail [3,98,100]. For example,
high-resolution time-lapse live imaging, electron microscopy and magnetic resonance imaging of
the dynamic processes of myelination and remyelination in vivo have been hugely beneficial to the
advancement of our understanding of oligodendrocyte biology in health and disease [3,98,101].

Myelination is a complex and tightly regulated process (reviewed in [102]). In vivo time-lapse
imaging in transgenic zebrafish revealed that oligodendrocytes continually extend and retract their
processes towards axons before settling into their final positions [103]. The oligodendrocyte processes
also sense neighbouring cells to ensure uniform spacing of myelin segments with evenly spaced
nodes [104]. Once a mature oligodendrocyte connects with an axon, the oligodendrocyte plasma
membrane architecture changes rapidly. Numerous hypotheses have been suggested to explain how the
oligodendrocyte extends its plasma membrane to wrap axons and form a compact myelin sheath [99].
Two of the most prominent hypotheses suggest that myelin either extends an inner tongue repeatedly
around the axon [105] or alternatively that ‘croissant-like’ layers of myelin sheath are formed on
top of pre-existing ones [106]. Sophisticated studies that combined high resolution in vivo imaging
and 3D reconstructions of optic nerve fibres fixed with high pressure freezing facilitated improved
visualisation of the dynamic process of myelination [107]. These studies revealed that myelination
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occurs via plasma membrane extension laterally down the axon to form the paranodal loops [107],
a discovery consistent with the original mechanism proposed by Geren and Schmitt [105].

Myelination is a highly regulated process that is governed by several molecular cues. Only axons
with a large diameter are myelinated [108-110], and myelination itself increases the axonal diameter
not just simply by the extra myelin sheaths around the axon, but also due to localised neurofilament
accumulation and phosphorylation [111,112].

Mpyelin sheath formation is regulated by several factors such as neuregulin 1 in Schwann cells [113]
and Ca2* activity in oligodendrocytes [101], as well as by neuronal activity, which can identify axons
for myelination [46]. Intriguingly, neuronal activity regulates also OPC proliferation, differentiation
and survival [44-47].

3.2. Functions of the Myelin Sheath

Functionally, the myelin sheath facilitates rapid transmission of axon potentials and provides
metabolic support to the axons it ensheaths [3,100]. Sodium channels are located at the intermittent
interruptions (nodes of Ranvier), where short portions of the axon are left unwrapped [100,114]. Myelin
is an electrical insulator and when the membrane at the node is excited, the axon potential ‘jumps’ from
one node of Ranvier to the next, due to the low capacitance of the sheath, in a process called saltatory
conduction. Little energy is required to depolarise the remaining membrane between the nodes given
the low capacitance of the sheath, which results in transmission of the action potential [100,115].
This form of transmission is much faster than in non-myelinated axons [3].

Oligodendrocytes and the myelin sheath metabolically support axons. Oligodendrocytes can
generate lactate, which can then be transferred to axons to generate metabolic energy in the form
of ATP [116]. In the brain, lactate is shuttled through the most abundant lactate transporter MCT1,
and both MCT2 and MCT4 [117]. MCT1 expression has been detected in endothelial cells, however
oligodendrocytes and the myelin sheath also harness MCT1 to transport lactate to axons [117,118].
Lee et al. depleted MCT1 gene expression in spinal cord cultures, which led to extensive neuronal
death; an effect that could be rescued with exogenous lactate supplementation [117]. Indeed, a number
of glycolytic and Krebs cycle enzymes such as succinate dehydrogenase and fumarase are expressed in
the myelin sheath, which contribute to glucose catabolism and ATP production [119].

The central function of oligodendrocytes in the CNS is the generation of myelin during
development, adaptive myelination in adulthood and remyelination after damage, while OPC
predominantly serve as a backup pool to generate new oligodendrocytes. However, CNS remyelination
can also be mediated by infiltrating Schwann cells, which was described for multiple conditions
including MS and traumatic brain injury [2]. Post-developmental OPC can also differentiate into
other neural lineage cells such as astrocytes and Schwann cells [120]. OPC-derived Schwann cells
reside in CNS regions deficient in astrocytes, suggesting that severely demyelinated lesions that
are partially necrotic may inhibit astrogliosis, and that a lack of astrocytic scarring may encourage
Schwann cell infiltration [120,121]. The factors governing transition from OPC to Schwann cells remain
elusive [2], but these data suggest that an astrocyte-derived factor is necessary for OPC differentiation
into oligodendrocytes [120].

3.3. Non-Myelinating Functions of Oligodendrocytes and OPC

Emerging evidence suggests OPC have an immunomodulatory capacity. OPC express cytokine
receptors [122-124] and assess their microenvironment through filopodia extension [103]. In response
to inflammatory cues, OPC can migrate to sites of injury, in a manner similar to that of microglia [54,
125]. Upon exposure to IFNy, OPC cross-present antigen to cytotoxic CD8* T cells in vitro and
in vivo, leading to their cytotoxic death [126,127]. This newly discovered pro-inflammatory OPC
phenotype promotes tissue damage and blocks remyelination. This suggests that suppression of
OPC-mediated inflammation may ameliorate cell death in favour of promoting OPC differentiation
into myelin-producing oligodendrocytes [127].
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4. Models to Study Oligodendrocytes and OPC

4.1. Rodent and Human In Vitro Models

Several protocols have been developed to isolate and culture oligodendrocytes from rodent
brains at different stages from embryonic into adulthood [128-130]. The isolation of OPC and
oligodendrocytes from murine CNS tissue is based on the expression of markers typical of this
maturation stage, for example PDGFR-« or A2B5 for OPC or O4 or GalC for oligodendrocytes [129,130].
These primary cultures are suitable for studying the proliferation, survival and differentiation of OPC
as well as the effect of molecules of interest on OPC and oligodendrocyte biology. Moreover, different
protocols have been developed to study myelination by co-culturing oligodendrocytes with neurons
or synthetic nanofibers [110,131]. Primary OPC cultures derived from e.g., rodents, are particularly
interesting for studying the proliferation and differentiation of OPC and are suitable for high throughput
screening of pharmacological compounds that may interfere with these processes [132].

However, primary OPC cultures are restricted by the availability of animals and related ethical
issues. To overcome these limitations, several laboratories developed spontaneously immortalised
cell lines derived from O-2A rat precursors, such as CG-4 or OLN-93 immortalised OPC [133,134],
or primary murine OPC immortalised by viral infection, such as Oli-neu [135]. These cell lines are
karyotypically normal, express the marker typical of their developmental stages and they can be
differentiated into mature oligodendrocytes by withdrawing mitogenic factors, such as in CG-4, or by
adding factors, such as dibutyryl cAMP for Oli-neu and OLN-93 [133-135]. Immortalised cell lines have
undeniable advantages, such as the consistency, the robustness and the low costs related to the model,
but because of the unpredictable nature of mutations that lead to the immortalisation, any assumption
and translation to any physiological function need to be corroborated by an additional model.

Although the biology of oligodendroglial cells is conserved between rodents and humans, there are
some differences between species that should be considered for any translation from murine models to
the human physiology (reviewed in [136,137]). The peculiar structure and position of the brain and
spinal cord reduces the possibilities of obtaining cells directly from human CNS tissue. One strategy
that can be adopted is to isolate OPC from surgery biopsies, e.g., from healthy resection margin of brain
tumours (excluding the tumour itself), resected tissue from epileptic or traumatic brain tissue [138].
Another strategy involves the use of post mortem brains or spinal cords; as cells can be isolated up to
12 h after death, from any area of the CNS [139]. Adult human oligodendrocytes can be cultured for
2-3 weeks or directly used for further analysis (for example for mRNA or protein analysis). Although
these approaches are precious to unravel the differences between rodent and human biology, the
availability of these tissues and the possibility to isolate only oligodendrocytes are a limiting factor.

In recent years, the establishment of induced pluripotent stem cells (iPSC) overcame the restricted
availability of human CNS biopsies [140]. iPSC are reprogrammed from somatic cells (e.g., fibroblasts,
peripheral blood mononuclear cells) that can be obtained in a non-invasive way. iPSC can subsequently
be differentiated to any cell type of interest by inducing their differentiation via specific growth factors
(e.g., T3, NT3, IGE, PDGEF-A for inducing OPC) or inducing the expression of transcription factors
necessary for the transition (e.g., SOX10, Olig2 and NKX6.2 for OPC/oligodendrocytes) [141-143].
Recently, protocols with increasing efficiency and reduced time to obtain oligodendrocytes from
human iPSC (iOL) were developed; from 170 days in vitro to 20 days to obtain a culture with mature
oligodendrocytes (around 70% efficiency of which 20% expressing MBP) ([141-143] and reviewed
in [137]). The possibility of having OPC and oligodendrocytes derived from healthy donors and
patients with neurological diseases as a model of study made iPSC popular in the last decade as proven
by the variety of protocols developed. Moreover, the possibility of following the differentiation of
OPC into iOL is a valuable tool to study this process in a human system. iOL can also represent a
precious model to screen drugs promoting differentiation and/or myelin production directly on human
cells, possibly directly derived from patients, as exemplified by Ehrlich et al. [142]. Unfortunately,
the elevated costs and the time necessary to obtain iOL reduce the accessibility to this technique on a

153



Cells 2019, 8, 1424

routine basis in the majority of laboratories. More efficient and cheaper protocols to obtain iOL are
desirable for the future to broaden our knowledge in human oligodendrocyte biology.

The methods described above (summarised in Table 1) entail the use of an isolated population.
Other methods have been developed to mimic the complexity of the environment in which OPC and
oligodendrocytes reside, such as mixed glia cultures [144], organotypic brain slices [145], and iPSC
derived organoids [146]. These models are useful to study the impact of other cell types on OPC
and oligodendrocytes, to decipher any indirect effect exerted by other CNS cells and to complement
in vivo studies.

Table 1. Summary of animal and human models listed in Sections 4.1 and 4.2. This list provides
examples of a variety of models available to study OPC and oligodendrocyte (OL) biology.

In vitro Animal Models In vitro Human Models In Vivo Animal Models

Reporter mice
(e.g., Sox10-Venus mice, CNP-EGFP
mice, PLP-EGFP mice) [147-149]

OPC derived from biopsies

OPC/OL cultures [128-130] [138] or post mortem CNS [139]

Immortalized oligodendroglial
cells lines (e.g., CG-4, OLN-93, (e.g., Tg(sox10:mRFP), Tg(olig2:EGFP),
Oli-neu) [133-135] Tg(mbp:EGFP)) [103,150,151]

OPC: Oligodendrocyte Progenitor Cell, OL: oligodendrocyte, CNS: Central Nervous System, iOL: induced
Oligodendrocyte, iPSC: induced Pluripotent Stem Cell.

iOL derived from human Reporter zebrafish

iPSC [137,141-143]

4.2. In Vivo Models

One of the most used strategies to study oligodendroglial lineage cells is to genetically label
markers typical of the lineage or of the maturation stage of interest with fluorescent proteins (see Table 1).
These are particular suitable models to study the biology of oligodendrocytes in the context of a
complex biological system. The most used species used for this purpose are mice or zebrafish. Mice
generated to detect OPC during development and maturation are for example Sox10-Venus [147] or
CNP-EGFP mice [148]. Other mice were generated targeting specific proteins, such as PLP-EGFP
mice [149]. In recent years, zebrafish became popular as a model to study remyelination, due to
some unique features: large numbers of offspring that develop quickly and outside of the mother,
the transparency and small size of the animals that make live imaging of genetically modified
zebrafish possible, the reduced costs and reduced level of self-consciousness compared to mammalian
models. In fact, zebrafish share 70% of the genome with humans and most of the genes related to
myelin are conserved [152,153]. Different transgenic zebrafish have been developed to study different
stages and function of OPC and oligodendrocytes such as Tg(sox10:mRFP), Tg(olig2:EGFP) and
Tg(mbp:EGFP) [103,150,151]. Given the consistency of the model, transgenic zebrafish are also suitable
for high-throughput screening: recently, Early et al. developed an automatic analysis tool where
zebrafish larvae are automatically delivered to a spinning disk confocal microscope and the images
handled by an image analysis pipeline, facilitating the screening of pro-myelinating compounds [154].

4.3. Animal Models to study Oligodendrocytes and Remyelination in Multiple Sclerosis

There are no animal models that entirely recapitulate all of the features of MS, but different
murine models are established to investigate different aspects of the pathology [155]. Experimental
autoimmune encephalomyelitis (EAE) is an acute demyelinating episode triggered by the immune
system stimulated by myelin protein with adjuvants [156]. EAE is a reproducible, well established
model with a defined clinical pattern making it suitable to investigate the relevance of different
molecular pathways for MS progression or the efficacy of new treatments.

Two models of non-immune-mediated demyelination use either dietary given cuprizone (a copper
chelator) or injected lysolecithin (a lipidolitic detergent) [157,158]. Although the initiation of these
models lacks immune engagement, immune cells are recruited to the demyelinated areas, indicating the
importance of these cells also in the repair phase [159,160]. These models do not recapitulate any of the
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typical symptoms that patients with MS experience, but are very useful to investigate molecular and
cellular mechanisms involved in the damage and repair phase. Cuprizone is a toxin that induces acute
demyelination and is characterised by a peak of OPC infiltration 4 weeks after the start of the cuprizone
diet in the corpus callosum, one of the most demyelinated areas in this model [161,162]. The infiltrated
OPC are able to differentiate into oligodendrocytes in the following 2 weeks, representing the most
abundant population after 6 weeks of cuprizone diet [162]. However, remyelination starts only after
cuprizone is withdrawn: in one week, indeed, it is possible to observe an increased expression of
myelin associated markers in the corpus callosum that stabilises upon complete remyelination 5
weeks after the re-establishment of a normal diet [162]. Interestingly, Sachs et al. recently developed a
modified protocol able to slow down remyelination by the administration of rapamycin, an mTOR
inhibitor, to the cuprizone treated mice, giving an extended temporal window to study the processes
involved in myelin regeneration [162].

Lysolecithin induced demyelination is also a valuable model to study the remyelination process
given the well described and distinct phases of OPC recruitment and proliferation in the lesion site
between day five and 10 after the lesion induction, OPC differentiation between day 10 and 14 followed
by myelin regeneration [83,158,163,164]. This well-established model is suitable for distinguishing the
effect of molecules and cells of interest, including oligodendrocytes, in the different phases of myelin
regeneration in an accurate manner.

The aforementioned models are able to recapitulate some features of MS; a comprehensive in vivo
model reflecting the complexity of the disease is still lacking. Combination models have been developed
to align animal models closer with human disease. For example, Riither et al. combined cuprizone
induced demyelination with EAE to induce a chronic model with persistent clinical signs and chronic
lesions even in the forebrain, a region that is not usually affected in EAE, and with a robust immune
component [165].

5. Oligodendrocytes in Disease

5.1. Oligodendrocytes in Diseases with Myelin Pathology

Oligodendrocyte death is not necessarily a sign of disease. Oligodendrocytes can die throughout
development and adulthood without underlying pathology to enable neuronal plasticity and lifelong
learning [166,167]. However, OPC and particularly oligodendrocytes are highly vulnerable to oxidative
stress due to low antioxidant levels, for instance glutathione, and high iron content, which is required
for enzyme activity. Iron in combination with hydrogen peroxide, from dismutation of superoxide,
can produce highly reactive hydroxyl radicals via the Fenton reaction [168].

Especially during myelination oligodendrocytes are vulnerable to cytotoxic by-products from a
high metabolic turnover (e.g., reactive oxygen species (ROS), hydrogen peroxide) [169,170]. Likewise,
oligodendrocytes are susceptible to excitotoxicity from high glutamate and ATP concentrations [171,172].
Due to this vulnerability oligodendrocytes are affected in a range of disorders.

The most common pathological causes of oligodendrocyte death in the CNS are trauma, ischaemia
or autoimmune attacks. Oligodendrocyte death can lead to subsequent demyelination or it can follow
as a result of primary myelin damage [173]. In traumatic injuries and ischaemia, oligodendrocyte death
and demyelination can follow the original injury [120,174], whereas in autoimmune diseases such as
MS, oligodendrocytes are a primary target of an immune attack against myelin and oligodendrocyte
specific proteins.

Much rarer are genetic defects that lead to oligodendrocyte damage as seen in some
leukodystrophies [175]. The main cause of oligodendrocyte death in these diseases seem to be
the accumulation of mutated PLP1, a prevalent protein in the myelin sheath, that fails to be transported
to the plasma membrane leading to apoptosis of the cell [176].

White matter pathology is a characteristic of Alzheimer’s disease (AD), however oligodendrocyte
death and demyelination are believed to occur secondary to neurodegeneration [177]. In post
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mortem AD tissue Olig2* oligodendrocyte lineage cells were decreased [178] as were myelinating
oligodendrocytes in a mouse model of AD [179]. The underlying cause is not established; however
toxicity of beta-amyloid is likely a contributing factor [179,180]. Yet, oligodendrocyte pathology can
be evident even before any neurodegenerative events materialise as a study by Fischer showed [181].
Intriguingly, WM pathology in AD is predominately affecting those CNS regions that were myelinated
last during development (neuropathologic retrogenesis) [182,183], suggesting a connection between
late myelin development and AD.

While oligodendrocyte pathology is not regarded as the primary cause, oligodendrocytes are
downstream targets in some neuropsychiatric disorders including schizophrenia, bipolar disorders,
autism, ADHD, mood disorders and depression (reviewed in [184] and [185]). For instance,
oligodendrocyte density was region-specifically reduced in patients with bipolar disorders and
schizophrenia [186-188], and animal models to study demyelination, such as the cuprizone model,
have also been used to model aspects of schizophrenia and anxiety disorders (reviewed in [189]).
In a chronic stress model oligodendrocyte specific genes were downregulated in the amygdala and
prefrontal cortex [190], while dysregulation of oligodendrocytes and nodes of Ranvier is associated
with depression [191].

5.2. Oligodendrocytes in Demyelination

Demyelinating diseases are the most common pathologies affecting oligodendrocytes. The most
common demyelinating disease is MS [192]. MS is characterised by an immune-mediated attack
against myelin sheaths and oligodendrocytes, primarily by myelin-specific CD8" T cells [193].
This results in demyelination, which is characterised by destruction of the myelin sheath and death of
oligodendrocytes [194] leaving axons denuded and vulnerable to neurodegeneration [1].

Genetic fate-mapping studies allowed adult OPC differentiation fates to be tracked after
demyelination. This confirmed that adult OPC that represent approximately 6% of the total CNS cell
numbers [48] are the main source of new oligodendrocytes after myelin damage [195]. In response to
demyelination, adult OPC undergo a switch to an activated state that is characterised by an increased
expression of numerous transcription factors [196,197]. These include SOX2 and TCF7L2, the latter
of which is central to WNT signalling and maintains OPC in the cell cycle to enable proliferation
and colonisation of areas of demyelination [2,197]. OPC migrate to the lesion, guided by microglia
and astrocyte-derived factors including fibroblast growth factor and brain-derived neurotrophic
factor [2,198,199], before differentiating into mature oligodendrocytes by exiting the cell cycle [200],
a conversion led by the transcription factor E2F1 and proto-oncogene MYC [201,202]. The new
oligodendrocyte is able to replace the destroyed myelin with a shorter and thinner myelin sheath [157]
as shown in Figure 2.

5.3. Oligodendrocytes in Ageing

Ageing is associated with increased white matter atrophy, a decline in motor learning and
diminished remyelination capacity [203,204]. The latter is due to changes in the ageing CNS
environment [204] and to the decreased ability to recruit OPC that subsequently fail to differentiate
into oligodendrocytes [205,206]. Rejuvenation can restore the reparative capacity in the CNS as the
Franklin lab has shown: in a parabiosis experiment with young and old mice that were subjected to
demyelination macrophages were key to restore the remyelination capacity in old animals by clearing
myelin debris [204].

Due to their high metabolic rate during myelination, for the maintenance of myelin and for
the trophic support of axons [117] oligodendrocytes are exposed to prolonged periods of cytotoxic
by-products such as ROS; for instance, cholesterol synthesis is highly energy intensive [207] and
also declines with age [208]. Additionally, compared to astrocytes oligodendrocytes have reduced
antioxidants levels [169,209], which further decline with age [210]. Oligodendrocytes are highly
vulnerable to oxidative stress, which can result in DNA damage [211]. With age, DNA repair
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mechanisms are either not efficient or are disturbed thus leading to oligodendrocyte apoptosis.
As OPC recruitment and differentiation into oligodendrocytes is diminished with age [205,212], dead
oligodendrocytes are not as efficiently replaced in old age as they were in younger age leading to white
matter atrophy over time.

6. Oligodendrocytes in Myelin Regeneration

Remyelination is a natural regenerative process, which is believed to prevent neurodegeneration
and restore function [2,213]. In MS and animal models of MS, the ability to remyelinate efficiently
declines with age and disease progression (reviewed in [214]). Our knowledge about the mechanisms
involved is mainly based on animal studies, which although powerful, deliver a simplified picture
of what occurs in humans. This becomes increasingly clear with results from recent cell population
studies in human healthy and MS brain tissue demonstrating the existence of different oligodendrocyte
lineage cells, dependent on location, origin, disease phenotype and age [215-217]. New functions
of oligodendrocyte lineage cells beyond their central roles in myelination and trophic support were
recently identified including immunomodulatory properties as shown by Falcao et al. [126]. Given that
MS is an immune-mediated disease, it would be striking if oligodendrocytes are not just the targets of
an immune attack in MS but are actively involved in disease pathology.

OPC are central to remyelination by generating new oligodendrocytes that replace those lost after
injury [218,219]. In contrast, surviving adult oligodendrocytes were long thought to not be involved
in remyelination. This dogma has recently been revised for both rodents and humans as studies by
Duncan et al. and Yeung et al. demonstrated [215,220]. Using rodent and non-human primate animal
models, Duncan etal. showed that oligodendrocytes are connected to both myelinated and remyelinated
myelin sheaths indicating that existing oligodendrocytes contribute to remyelination [220]. Comparing
C14 in genomic DNA with atmospheric C14, Yeung et al. calculated the age of oligodendrocytes in MS
lesions. The authors concluded that rather than newly formed oligodendrocytes from OPC old ‘spared”
oligodendrocytes regenerated myelin in remyelinated MS lesions [215].

Remyelination seems to replicate aspects of developmental myelination, at least in parts.
For instance, similar transcription factors are involved in both processes, such as Myrf and
Zfp488 [221,222]. Conversely, while K1f9 and Stat3 seem non-essential in developmental myelination
they are critical for efficient remyelination [223,224] and Arnett et al. showed that the transcription
factor Olig1 is more important than Olig2 in remyelination suggesting their role is reversed compared
to developmental myelination [83].

In human MS lesions, Chang et al. and Kuhlmann et al. identified a block in OPC differentiation
into oligodendrocytes as the bottleneck for efficient remyelination in MS [225,226]. In early MS and
in successfully remyelinated lesions, differentiated oligodendrocytes are found within WM lesions,
while in chronic stages of the disease, which is characterised by predominantly non-remyelinating
lesions, differentiated oligodendrocyte are rare [225]. Albeit in lower numbers, OPC are still found in
these chronic MS lesions indicating that OPC deficiency is not the primary cause for remyelination
failure; it can, however, contribute to the impaired differentiation of OPC into remyelinating
oligodendrocytes [225,227].

A study by Boyd et al. showed that deficiency of OPC within lesions either due to impaired
recruitment and/or proliferation is another cause of remyelination failure for 37% of MS lesions,
predominantly chronic active lesions. OPC deficiency in these lesions is linked to Semaphorin 3A that
prevents OPC migration into the lesion area [205,228].

To overcome remyelination failure in MS new targets to enhance remyelination therapeutically
are currently examined. Originally thought to only contribute to the pathology of MS, the immune
system is now recognised in facilitating remyelination. Depletion of macrophages or lymphocytes
leads to impaired remyelination following toxin-induced demyelination in animal models [159,229].
For instance, M2 macrophages and microglia promote oligodendrocyte differentiation via activin-A [230]
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and we showed that regulatory T cells promote oligodendrocyte differentiation and remyelination via
CCN3 secretion [231].

7. Concluding Remarks

Oligodendrocytes have come a long way from the original description as ‘Nervenkitt’ to their
central importance as the myelinating cells of the CNS. Adding to this key function, oligodendrocytes
provide trophic support to axons and more recently, likely have additional immunomodulatory capacity.
While we have a good understanding of the role of oligodendrocytes in myelination and remyelination,
there is still a gap of knowledge of the molecular mechanisms involved in these processes. Given
the similarities between myelination and remyelination, a better understanding of myelination can
provide clues that can be harnessed to improve myelin regeneration, an unmet need for the treatment
of demyelinating diseases, such as MS.

Only recently, new roles of oligodendrocytes have been uncovered such as potential
immunomodulatory functions, which warrant further investigation, particularly in disease context.
For instance, the question of whether oligodendrocytes are actively participating in disease progression
e.g., in MS, by perpetuating inflammation would be interesting to address.

Advances in the models to study oligodendrocyte biology and function, such as cell
population-based approaches, has broadened our knowledge beyond their classical roles.

Despite the mechanistic similarities between animals and humans in development and maturation
of OPC and oligodendrocytes, there are differences that need to be accounted for when translating
results to the human system. Different in vitro approaches based, e.g., on human iPSC will help to
overcome the intrinsic interspecies differences that can complement and validate the discoveries from
animal models.

In conclusion, oligodendrocytes have long left behind the “Nervenkitt” attribute and are recognised
as critical regulators of neuronal functions in CNS development, homeostasis and regeneration.
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Abstract: Multiple sclerosis (MS) is a chronic inflammatory demyelinating and neurodegenerative
disease of the central nervous system. Neurological deficits are attributed to inflammatory
demyelination, which compromises axonal function and survival. These are mitigated in experimental
models by rapid and often complete remyelination of affected axons, but in MS this endogenous
repair mechanism frequently fails, leaving axons increasingly vulnerable to the detrimental effects
of inflammatory and metabolic stress. Understanding the molecular basis of remyelination and
remyelination failure is essential to develop improved therapies for this devastating disease. However,
recent studies suggest that this is not due to a single dominant mechanism, but rather represents
the biological outcome of multiple changes in the lesion microenvironment that combine to disrupt
oligodendrocyte differentiation. This identifies a pressing need to develop technical platforms to
investigate combinatory and/or synergistic effects of factors differentially expressed in MS lesions
on oligodendrocyte proliferation and differentiation. Here we describe protocols using primary
oligodendrocyte cultures from Bl6 mice on 384-well nanofiber plates to model changes affecting
oligodendrogenesis and differentiation in the complex signaling environment associated with
multiple sclerosis lesions. Using platelet-derived growth factor (PDGF-AA), fibroblast growth
factor 2 (FGF2), bone morphogenetic protein 2 (BMP2) and bone morphogenetic protein 4 (BMP4)
as representative targets, we demonstrate that we can assess their combinatory effects across a
wide range of concentrations in a single experiment. This in vitro model is ideal for assessing the
combinatory effects of changes in availability of multiple factors, thus more closely modelling the
situation in vivo and furthering high-throughput screening possibilities.

Keywords: oligodendrocyte; myelin; remyelination; screening; nanofibers; multiple sclerosis

1. Introduction

Multiple Sclerosis (MS) is a chronic inflammatory, demyelinating disease of the central nervous
system (CNS) with diverse clinical presentations and a heterogeneous histopathology. It is suggested
that demyelination and failure of remyelination lead to axonal degeneration and functional impairment.
This axonal pathology is the underlying cause of disability in patients with MS and is attributed to
the detrimental effects of inflammatory demyelination on the functional and structural integrity of
affected axons [1,2]. In this context, demyelination not only disrupts axonal conduction per se but also
disrupts metabolic support provided via the myelin sheath whilst simultaneously enhancing axonal
susceptibility to damage by inflammatory mediators, a combination of effects predicted to exacerbate
axonal loss and result in irreversible neurological deficits. These effects of demyelination on axonal
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health are mitigated in animal models by rapid and often complete remyelination by oligodendrocytes
derived from an endogenous pool of oligodendrocyte progenitor cells (OPCs). However, in MS, this
repair mechanism frequently fails, leaving affected axons increasingly vulnerable to inflammatory and
metabolic stress [3].

Why remyelination fails in MS remains poorly understood, but it is attributed to changes in the
lesion microenvironment that compromise OPC recruitment, survival and/or differentiation, and axon
function [4-9], which are compounded by factors including disease chronicity [10] and factors not
related to the disease, such as gender and age [11].

Developmental myelination is under tight spatial and temporal control and is coordinated by
factors including neuronal activity, changes affecting growth factor availability, and stage specific
expression of their receptors within the oligodendrocyte lineage. It is assumed that remyelination
recapitulates many features of this complex developmental program [12]. It is therefore not surprising
that remyelination can be disrupted experimentally by many different mechanisms, including
inappropriate re-expression of developmental cues and continuing presence of myelin debris as
well as changes affecting growth factor availability, progenitor cell migration, and composition of the
extracellular matrix [13]. Strong circumstantial arguments can be made for each of these mechanisms
contributing to remyelination failure in MS, but their relative importance is unclear. To resolve this
question, several groups performed comparative transcriptomic studies on normal-appearing white
matter, active inflammatory demyelinating lesions, remyelinating lesions, and inactive chronically
demyelinated lesions with the aim of identifying specific molecules or signaling pathways that may
provide targets for treatment strategies designed to enhance remyelination [14-17]. However, these
studies have failed to identify any single factor or pathway consistently associated with remyelination
failure. Instead they demonstrate there is significant intra-study and -lesion heterogeneity with regard
to the expression of genes predicted to influence oligodendrogenesis and myelination between different
lesion types. An observation that has led us to speculate failure of remyelination is the net result of
dysregulation of multiple pathways.

To understand the consequences of this heterogeneity, an experimental platform is required in
which we can rapidly assess concentration dependent effects of multiple factors on OPC proliferation,
differentiation, and myelination. Primary co-culture systems are suitable to investigate specific
questions on oligodendrocyte development and myelination, but due to the complexity of these
systems, direct effects on proliferation, differentiation, and myelination can hardly be discerned from
indirect effects. Quantitative approaches are often handicapped due to the cell heterogeneity in these
co-culture systems. In 2012, the research group of Jonah Chan demonstrated oligodendrocytes are
capable of myelinating engineered nanofibers [18]. This technique has enormous potential to evaluate
the effect of single molecules on oligodendrocyte myelination, and to identify potential therapeutic
targets [19].

To demonstrate the effectiveness of this platform we focused on four factors differentially regulated
in MS lesions that influence OPC proliferation, differentiation, and myelination: platelet-derived
growth factor subunit A dimer (PDGF-AA [20]), fibroblast growth factor 2 (FGF2 [15,21]), bone
morphogenetic protein 2 (BMP2 [22]), and bone morphogenetic protein 4 (BMP4 [22,23]). We were
able to show that our model system is an efficient way of screening effects in a multifactor treatment
paradigm. A major application of this model system may be the modeling of the complex environment
in a demyelinated lesion.

2. Materials and Methods

2.1. Oligodendrocyte Cell Culture

Primary oligodendrocyte cultures were prepared from post-natal day 0-2 C57Bl/6 mice, as
described before [24]. Briefly, forebrains were collected aseptically and after removal of the meninges,
the cortices were triturated 35 times through a 1 mL pipet in “DBGFP”medium (Table 1) and filtered
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through a 70 um cell strainer. Cells were grown in suspension culture in DBGFP at 37 °C, 5%
CO2, and 95% air in DBGFP to generate oligospheres. After two weeks, cultures from multiple
donors were pooled, centrifuged at 300x g for five minutes, and resuspended in plating medium
(Table 1). After gentle trituration through a G27 needle, cells were plated at a density of 10,000
oligodendrocytes/well in 384-well nanofiber plates (Z694568-1EA, Sigma—Aldrich Chemie GmbH,
Buchs, Switzerland) coated with poly-L-lysine (P4707-50ML, Sigma—-Aldrich Chemie GmbH, Buchs,
Switzerland).

Table 1. Composition of used cell culture media.

Product Product Number Company Dilution/Concentration
DBGFP: Dulbecco’s Modified Eagle’s Medium/Nutrient 31330095 Gibco/ThermoFisher -
Mixture F-12 Ham with Scientific, USA
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid) (HEPES)
B-27 Supplement (50x) 17504001 Gibco/ThermoFisher 1:50
Scientific, USA
L-Glutamine (200 mM) 25030024 ThermoFisher Scientific, 1:100
USA
Fibroblast growth factor 2 (FGF2) 100-18B PeproTech EC, Ltd., UK 20 ng/mL
Platelet-derived growth factor (PDGF) 100-13A PeproTech EC, Ltd., UK 20 ng/mL
Antibiotic-Antimycotic 15240062 Gibco/ThermoFisher 1:100
Scientific, USA
Plating: DBGFP medium without PDGF-AA and FGF2.
Treatment: DBGFP medium without PDGF-AA and FGF2 and one/twoj/three of the following:
PDGF-AA 100-13A PeproTech EC, Ltd., UK 0-20 ng/mL
FGF2 100-18B PeproTech EC, Ltd., UK 0-20 ng/mL
Bone morphogenetic protein 2 (BMP2) 120-02 PeproTech EC, Ltd., UK 0-100 ng/mL
BMP4 315-27 PeproTech EC, Ltd., UK 0-100 ng/mL

2.2. Immune Fluorescence Stainings

Immunofluorescent stainings were either performed with 4’,6-diamidin-2-phenylindol (DAPI)
and against galactosylceramide (O1), platelet-derived growth factor alpha (PDGFRa) and myelin basic
protein (MBP) or with DAPI and against myelin oligodendrocyte glycoprotein (MOG), oligodendrocyte
lineage factor 2 (OLIG2), and glial fibrillary acidic protein (GFAP) (Table 2).

Table 2. Dyes and antibodies used for the stainings.

Dye/Antibody Type/Species Company Cat. Nr. Dilution
4’,6-Diamidin-2-phenylindol (DAPI) - Sigma Aldrich 1:15,000
o1 Monoclonal/Mouse  Kindly provided by Prof. M. Schwab, Ziirich, CH D9542-10 mg 1:250
Platelet derived growth factor alpha (PDGFRa)  Polyclonal/Rabbit ;f) ll];:légmdgdCd by Prof. William B. Stallcup, La 1:4000
Myelin basic protein (MBP) Monoclonal/Rat Merck Millipore 1:250
Myelin oligodendrocyte glycoprotein (MOG) Monoclonal/Mouse  Kindly provided by Prof. R. Reynolds, London, UK MAB386 1:250
Oligodendrocyte linear factor 2 (OLIG2) Polyclonal/Rabbit Merck Millipore Clone Z12 1:2000
Glial fibrillary acidic protein (GFAP) Polyclonal/Chicken  Aves Labs AB9610 1:2000
dk-a—-m-488 Monoclonal/Donkey  Jackson ImmunoResearch AB_2313547 1:700
dk-a-rb-594 Monoclonal/Donkey  Jackson ImmunoResearch 1:700
dk-a-rt-647 Monoclonal/Donkey  Jackson ImmunoResearch 715-545-140 1:700

711-585-152
dk-a—ck-647 Monoclonal/Donkey  Jackson ImmunoResearch 712-605-150 1:700
703-605-155

First, for staining of living cells (O1 staining), the cultured cells were blocked in 10% fetal bovine
serum in DMEM/F12 medium at 37 °C for 30 min, and thereafter the cells were incubated for 30 min
with O1 supernatant at room temperature. All wells were then washed twice with phosphate buffered
saline (PBS), and fixed with 4% paraformaldehyde for 15 min at room temperature. Thereafter, the
cells were washed three times with PBS for five minutes and incubated for 1 h with blocking solution
(5% bovine serum albumin, 1% normal donkey serum, 0.2% Triton-X100 in PBS). Primary antibodies
were diluted in blocking solution and applied overnight at 4 °C (Table 2). The cells were washed three
times with PBS (15 min each at room temperature). The secondary antibody (Table 2) was then applied
for one hour in PBS with DAPI at room temperature. The cells were washed three times with PBS
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again and then rinsed twice with tap water and covered with ibidi mounting medium (ibidi GmbH,
Gréfelfing, Germany, Cat. No. 50001).

2.3. Image Analysis

384-well plates were imaged using a Nikon Ti2 microscope (Nikon, Tokyo, Japan) fitted with a
Prime 95B camera (Teledyne Photometrics, Tucson, AZ, USA). The center of each well was scanned
(6 X 6 fields of view) with z-stacks over 27.2 um with 1.7 um per slice and a resolution of 0.28 micrometer
per pixel. This resulted in images of 2.37 x 2.37 mm or about 51% of the total well area. For the
illustrative images of Figure 1, an Olympus IX83 microscope was used. All image analysis was then
performed with Image] (Version 1.51s, FIJI distribution, NIH, Bethesda, MD, USA). Stacks were first
compressed to single images with Z-Project by maximum intensity. For quality control, every DAPI
image was reviewed for proper focusing and wells were rescanned if more than 5% of the image was out
of focus. All images were then converted to 8-bit images and thresholded at values of 125/255 (DAPI),
160/255 (PDGFRa) or 75/255 (MBP). The percentage of pixels above the threshold was considered as the
percent of area positive for the respective marker and used for further analysis.

2.4. Statistical Analysis

All statistical analysis was performed using R (R Development Core Team, Vienna, Austria,
2010). The experiments were performed on three 384-well plates, leading to a total of six wells per
treatment condition for DAPI and three wells per treatment condition for all other stainings (Figure 1B).
Each plate was normalized to the average measurement per plate, the measurements and treatments
were log-transformed, and a pseudo count was added to the treatment values to avoid log of zero.
Obvious outliers were removed from the analysis and data from all three plates was pooled for the
analysis. Two different linear models were fitted: one with PDGF-AA, FGF2, and BMP2 and all
possible interaction terms as independent variables and the other with BMP4 instead of BMP2. p-values
smaller than 0.01 were considered to be statistically significant.

2.5. Data Availability

All original greyscale microscopy images used for image analysis are deposited on the BioStudies
database of the European Bioinformatics Institute (EMBL-EBI, Hinxton, Cambridge, UK, accession
number S-BIAD10, link: https://www.ebi.ac.uk/biostudies/Biolmages/studies/S-BIAD10). All original
image analysis data may be found in the supplements (Supplementary Data 1).

3. Results

3.1. The Nanofiber Cell Cultures Give Rise to Highly Pure Proliferating and Differentiating Oligodendrocytes

Primary mouse oligodendrocytes were cultivated as spheres and plated on three 384-well nanofiber
plates for 14 days with PDGF-AA and FGF2 in combination or independently concentrated at 0, 0.625,
1.25,25, 5,10, or 20 ng/mL and BMP2 or BMP4 concentrated at 0, 10, 50, or 100 ng/mL (Figure 1a,b).
The cells were then stained for PDGFRa, O1, MBP, OLIG2, MOG, or GFAP and scanned with a
microscope. A total of 911 of 912 wells were correctly focused and could be used for further analysis.
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Figure 1. Experimental set up and cell culture characterization. (a) Illustration of the experimental
timeline showing the sacrifice of the mice, two-week growth of the oligospheres, and plating on
the nanofibers. (b) Schematic drawing of the experimental set-up of the 384-nanofiber plates.
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]

—
=

MOG

—
=

MBP

(c-1) Representative images of the different stainings. (c) The cells proliferated in clusters growing
along the nanofibers. (d) Most of the nuclei (stained with DAPI) colocalized with the oligodendrocyte
lineage marker OLIG2 (arrows, well treated with 20 ng/mL platelet-derived growth factor subunit A
dimer (PDGF-AA) and fibroblast growth factor 2 (FGF2). (e) Note, some nuclei showed a dense and
sometimes fragmented morphology and were not positive for oligodendrocyte lineage factor 2 (OLIG2)
(arrowheads, (d and e)). This was more pronounced in the wells with less PDGF-AA and FGF2 and
more bone morphogenetic protein 2 (BMP2) (well treated with 0.625 ng/mL PDGF-AA and FGF2).
(f) Dense cell clusters were not eligible for accurate counting of the nuclei. (g, h, and k) PDGFRa and
MBP were mainly expressed within the clusters, while (i and j) the larger MOG positive cells were
usually situated in proximity but not within the clusters. (1) Possible contamination with glial fibrillary
acidic protein (GFAP) positive astrocytes was very rare, with most wells showing no staining for GFAP.
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Image inspection revealed clusters of cells oriented along the nanofibers expressing the
oligodendrocyte lineage marker OLIG2 (Figure 1c, arrows). Some nuclei did not show colocalization
with OLIG2, these nuclei were however most often dense or fragmented, suggestive of cell death
(Figure 1d, arrowheads). This phenomenon was more pronounced in the wells treated without or with
only relatively low concentrations of PDGF-AA and FGF2 (Figure 1e). Initial efforts to quantify the
number of cells by counting the DAPI nuclei demonstrated cell numbers between 3000 (e.g., upon
100 ng/mL BMP2 treatment) and 12,000 cells (e.g., upon 20 ng/mL PDGF-AA and FGF2 treatment) per
imaged area to be present, clearly indicating that proliferation and cell death occurred after plating of
the initial 10,000 cells per well. However, in particular, the dense cell clusters were not eligible for
automated cell counting, and thus a more simplified approach of evaluating the area stained for DAPI
was chosen as a surrogate marker for the number of cells present (Figure 1f).

PDGFRa was mostly expressed in the densely populated areas, with only little expression between
the clusters (Figure 1c). Expression of the myelin protein MOG was most often detected at the border
of the dense cell clusters (Figure 1c), whereas MBP signal was both detected in smaller cells within the
clusters and in larger cells between the clusters (Figure 1c). Staining for astrocytes with GFAP revealed
only very few astrocytes being present, while most wells showed no GFAP-positive cell (Figure 1c).

3.2. Cell Density Is Strongly Increased by Platelet-Derived Growth Factor Subunit A Dimer (PDGF-AA),
While Fibroblast Growth Factor 2 (FGF2) Potentiated the Effect of PDGF-AA and Bone Morphogenetic Protein
2 (BMP2) Ouerrides the Effects of PDGF-AA

After 14 days in culture, the OPCs have proliferated to cover on average 1.7% of the area with DAPI
(range: 0.5-19.3%). We detected a gradient of increased cell density with rising levels of PDGF-AA as
detected by the area stained positive for DAPI, independent of the FGF2 concentration (Figure 2a,b).
FGF2 in absence of PDGF-AA did not show an effect on cell density, but enhanced cell density with
increasing concentrations if a certain amount of PDGF-AA was simultaneously present (Figure 2a,b).
The effect of PDGF-AA on cell density and the interaction with FGF2 was statistically significant
(Table 3).

Table 3. Significant estimates and p-values derived from the linear model.

Platelet-Derived

Factor DAPI p-Value Growth Factor p-Value
Alpha (PDGFRa)
latelet-derived growth factor subunit
“ A dimer (PDGF-AA) 026 <107 049 <107?
3 Fibroblast growth factor 2 (FGF2) ns ns
S PDGF-AA:FGF2 0.19 <1071 0.11 <1075
S Bone morphogenetic protein 2 (BMP2) 0.11 <1075 ns
S PDGF-AA:BMP2 -0.05 <1077 -0.08 <107°
* FGF2:BMP2 ns ns
PDGF-AA:FGF2:BMP2 —-0.02 <1078 —-0.02 <1073
PDGF-AA 0.21 <107° 0.41 <1078
<  FGR2 ns ns
€  PDGF-AA:FGF2 0.18 <10715 0.11 <1075
E BMP4 ns ns
] PDGF-AA:BMP4 ns ns
E FGF2:BMP4 ns ns
PDGF-AA:FGF2:BMP4 ns ns

The colon “:” depicts interaction terms between the factors, ns: not significant.
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Figure 2. Oligodendrocyte progenitor cells (OPC) cell density after 14 days of multifactor treatment.
(a) Heatmap showing the percent of area positive for DAPI, as a measure for OPC cell density, dependent
on the platelet-derived growth factor subunit A dimer (PDGF-AA) and fibroblast growth factor 2 (FGF2)
treatment. (b) Representative microscopy images showing the DAPI signal upon different PDGF-AA
and FGEF2 treatments. (c) Heatmap showing the percent of area positive for DAPI dependent on the
PDGF-AA/FGF2 and bone morphogenetic protein 2 (BMP2) treatment. (d) Representative microscopy
images of PDGF-AA and FGF2 concentrated at 20 ng/mL and with BMP2 levels of 0-100 ng/mL. (e)
Heatmap showing the percent of area positive for DAPI dependent on the PDGF-AA/FGF2 and BMP4
treatment. (f) Representative microscopy images of PDGF-AA and FGF2 concentrated at 20 ng/mL and
with BMP4 levels of 0-100 ng/mL.

Already, relatively low concentrations of 10 ng/mL of BMP2 over 14 days were able to nullify the
cell density effect of PDGF-AA and FGF2, with higher concentrations of BMP2 showing no additional
effect. BMP2 showed no effect if PDGF-AA was not present, and the calculated positive main effect of
BMP2 from the linear model should not be interpreted due to the detected interactions with PDGF-AA
and FGF?2 (Figure 2¢,d, Table 3). BMP4 showed no effect on cell density for all concentrations tested
(Figure 2e,f, Table 3).

3.3. Early Differentiation Is Promoted by Platelet-Derived Growth Factor Subunit A Dimer (PDGF-AA),
Enhanced by Fibroblast Growth Factor 2 (FGF2) and Inhibited by Bone Morphogenetic Protein 2 (BMP2)

14 days after seeding the cells have differentiated to cover an average of about 43.3% with PDGFRa
signal (range: 28.4-77.8%). A gradient of PDGFRa expression is detected with increasing levels of
PDGF-AA independent of the FGF2 concentration (Figure 3a,b). With increasing levels of FGF2, a
gradient of PDGFRa signal is only detected if minimal concentrations of PDGF-AA are present. Both
the effect of PDGF-AA and the interaction of PDGF-AA and FGF2 reached statistical significance
(Table 3).
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Figure 3. Early oligodendrocyte progenitor cells (OPC) differentiation after 14 days of multifactor
treatment. (a) Heatmap showing the percent of area positive for platelet-derived growth factor alpha
(PDGFRa), as a measure for early OPC differentiation, dependent on the platelet-derived growth factor
subunit A dimer (PDGF-AA) and fibroblast growth factor 2 (FGF2) treatment. (b) Representative
microscopy images showing the PDGFRa expression upon different PDGF-AA and FGF2 treatments.
(c) Heatmap showing the PDGFRa expression in dependency of the PDGF-AA/FGF2 and bone
morphogenetic protein 2 (BMP2) treatment. (d) Representative microscopy images of PDGF-AA and
FGF2 concentrated at 20 ng/mL and with BMP2 levels of 0-100 ng/mL. (e) Heatmap showing the
PDGFRa expression in dependency of the PDGF-AA/FGF2 and BMP4 treatment. (f) Representative
microscopy images of PDGF and FGF2 concentrated at 20 ng/mL and with BMP4 levels of 0-100 ng/mL.

This gradient disappears with increasing levels of BMP2 dose dependent between 0-50 ng/mL
with only minimal additional effect of 100 ng/mL BMP2 (Figure 3c,d). While the main effect of BMP2 did
not reach significance, the interaction of BMP2 with PDGF-AA and with PDGF-AA and FGF2 reached
statistical significance (Table 3). BMP4 did not show any effect on PDGFRa expression, independent of
its concentration (Figure 3e,f, Table 3).

3.4. Late Differentiation is Unaffected by Platelet-Derived Growth Factor Subunit A Dimer (PDGF-AA),
Fibroblast Growth Factor 2 (FGF2), Bone Morphogenetic Protein 2 (BMP2) and BMP4

The treatments with PDGF-AA, FGF2, BMP2, and BMP4 did not demonstrate statistically
significant effects on MBP expression (Figure 4a—e, Table 3). Though BMP2 seemed to inhibit
late differentiation with high concentrations, this effect was not linear and did not reach statistical
significance (Figure 4c,d). Upon visual investigation, we observed no apparent change in the length,
processes, or area of the MBP expressing cells.
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Figure 4. Late oligodendrocyte progenitor cells (OPC) differentiation after 14 days of multifactor
treatment. (a) Heatmap showing the influence of platelet-derived growth factor subunit A dimer
(PDGF-AA) and fibroblast growth factor 2 (FGF2) on late differentiation measured as percent of area
positive for myelin basic protein (MBP). (b). Representative microscopy images showing the MBP
expression. (c) Heatmap showing the influence of bone morphogenetic protein 2 (BMP2) on MBP
expression. (d) Representative microscopy images of PDGF-AA and FGF2 concentrated at 20 ng/mL
and with BMP2 levels of 0-100 ng/mL. (e) Heatmap showing the influence of BMP4 on MBP expression.
(f) Representative microscopy images of PDGF-AA and FGF2 concentrated at 20 ng/mL and with
BMP4 levels of 0-100 ng/mL.

4. Discussion

Recently, high-throughput screening studies have identified several compounds that promote
remyelination [25-28], including clemastine, which is currently being investigated in a phase II clinical
trial in optic neuritis (Clinical trials identifier NCT02521311). However, these screens focused on
screening individual factors under culture conditions that do not replicate the complex pathologic
environment of an MS lesion. To address this question, we elected to build on existing technologies to
develop a platform in which we could rapidly screen for multiparametric effects that mimic the lesion
microenvironment and its effects on cells of the oligodendrocyte lineage.

We successfully established a cell culture system in which highly purified oligodendrocytes
myelinate nanofibers in 384-well nanofiber plates to reliably and efficiently quantify the effects
of multi-factor treatments on oligodendrocyte development and myelination. We implemented a
standardized operating procedure for cell culturing, imaging, and image analysis that optimizes
reproducibility and mapped combinatory, concentration-dependent effects of PDGF-AA, FGF2, BMP2
and BMP4 on oligodendrocytes and myelination.

PDGF-AA is known to be essential for oligodendrocyte generation and survival [29] and
differentiation [30]. We detected a positive effect of PDGF-AA on the number of cells as reported
before [31-33]. We also detected a positive effect of PDGF-AA on early OPC differentiation into
PDGFRa positive cells. This simultaneous positive effect on differentiation is controversial, however, as

179



Cells 2019, 8, 1422

a factor promoting proliferation effectively keeps a cell in the cell-cycle, while promoting differentiation
requires the cell to exit the cell-cycle. Cell culture experiments have demonstrated that proliferation
may cause mechanical restraint, which then induces OPC differentiation indirectly [34]. We interpret
the expression of PDGFRa mainly within the more densely populated clusters in this manner. In our
cell culture system, FGF2 showed no effect on cell density and early OPC differentiation in absence of
PDGF-AA. However, FGF2 showed an increasing effect on both cell density and differentiation with
rising levels of PDGF-AA being present, thus enhancing the effect of PDGF-AA. As suggested by
our own observations, FGF2 has been shown to not be essential for OPC development, in contrast to
PDGF-AA [30]. FGF2 is further known to stimulate OPC proliferation and migration and to increase
oligodendrocyte process elongation [35,36], but also to have a negative effect on differentiation [30]
and myelination [37], by keeping the OPC in the cell-cycle.

BMPs were reported to inhibit OPC proliferation, oligodendrocyte maturation, and myelin protein
expression and to push OPCs into the astrocyte lineage, if thyroid hormone is present as well [38—41].
In line with these previous data, our results demonstrate a strong reduction of OPC cell density and
differentiation caused by BMP2. We further demonstrated that BMP2 effectively overwrites the effect
of PDGF-AA and FGF2 already at low concentrations, irrespective of the concentrations of PDGF-AA
and FGF2. As only very few GFAP expressing cells developed within our culture systems, we did not
expect and did not detect an increase in astrocytes when adding BMP2. In our study, BMP4 had no
effect on cell density and differentiation. This may be explained by the fact that BMP4 only acts in a
certain time frame of OPC development, mainly during the GalC positive phase. In our culture system,
this phase may have already been passed during the two weeks the cells were kept as oligospheres
prior to seeding on the nanofibers.

As our system was intended to model the signaling environment of a demyelinated lesion by
expressing factors known to be expressed there, we did not expect to detect many cells showing
late differentiation. Accordingly, we detected few MBP positive cells, statistically irrespective of the
treatment. This may be suggestive of a fate determination prior to treatment beginning, possibly
already within the brain or during the oligosphere stage. These cells differentiated remarkably despite
high BMP2 levels, which otherwise efficiently inhibit both proliferation and early differentiation. Our
treatments however are not optimized for assessing late differentiation and myelination, as this would
require for example a withdrawal of PDGF-AA and FGF2, which keep the OPCs within proliferation.

Even though the dysregulation of the factors tested here has been demonstrated on RNA and
protein level in MS lesions, there is currently no data available concerning the local concentrations
of these factors. While the concentrations of PDGF-AA and FGF2 have been measured in the
cerebrospinal fluid [42-44], BMP levels have so far only been determined within blood serum samples
of MS patients [45]. However, this data cannot easily be extrapolated to the local situation within
lesions, where concentrations could potentially reach much higher levels.

We may conclude that our cell culture system is suitable for studying more complex effects of
multifactor treatments on oligodendrocytes. This approach enables to better model the signaling
environment of MS lesions, where the decision is made, whether lesions are chronically demyelinated
or remyelination and thus functional recovery may occur. To this end, any improved mapping and
quantification of the factors present in vivo in MS lesions may improve the in vitro model system. This
model may then serve as an alternative platform to screen novel therapeutic approaches in the ongoing
research on remyelination therapy.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/11/1422/s1,
Data 1: Image analysis data.
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Abstract: Experimental autoimmune encephalomyelitis (EAE) is the most commonly used multiple
sclerosis animal model. EAE mice typically develop motor deficits in a caudal-to-rostral pattern
when inflammatory lesions have already developed. However, to monitor more subtle behavioral
deficits during lesion development (i.e., pre-clinical phase), more sophisticated methods are needed.
Here, we investigated whether high speed ventral plane videography can be applied to monitor
early motor deficits during ‘pre-clinical” EAE. For this purpose, EAE was induced in C57BL/6 mice
and gait abnormalities were quantified using the DigiGait™ apparatus. Gait deficits were related
to histopathological changes. 10 out of 10 control (100%), and 14 out of 18 (77.8%) pre-clinical EAE
mice could be evaluated using DigiGait™. EAE severity was not influenced by DigiGait™.-related
mice handlings. Most gait parameters recorded from day 6 post-immunization until the end of the
experiment were found to be stable in control mice. During the pre-clinical phase, when conventional
EAE scorings failed to detect any functional impairment, EAE mice showed an increased Swing Time,
increased %Swing Stride, decreased %Stance Stride, decreased Stance/Swing, and an increased Absolute
Paw Angle. In summary, DigiGait™ is more sensitive than conventional scoring approaches to study
motor deficits during the EAE pre-clinical phase.

Keywords: DigiGait™; experimental autoimmune encephalomyelitis; multiple sclerosis; gait analysis

1. Introduction

Multiple sclerosis (MS) is an autoimmune, inflammatory, demyelinating disease of the central
nervous system (CNS). On the histopathological level, MS lesions are characterized by large
inflammatory plaques of white matter demyelination. Such focal inflammatory lesions are associated
with oligodendrocyte destruction, reactive gliosis and axonal degeneration. The composition of
established inflammatory infiltrates varies between patients and/or lesion stages but commonly
includes CD8" T-lymphocytes and macrophages. In addition to focal white matter lesions, gray matter
demyelination and/or atrophy and diffuse white matter injury are frequently observed [1-3]. While
the characteristics of established lesions are well investigated, how such lesions develop is less well
understood. On one hand, it is discussed that early during the development of inflammatory MS
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lesions, autoreactive T- and B-cells invade the brain parenchyma, get reactivated, and promote the
development of inflammatory demyelination. Other authors suggest, however, that the recruitment of
peripheral immune cells is a secondary phenomenon, triggered by a local, brain intrinsic degenerative
event [4,5]. For example, one post-mortem study has shown that early MS lesions are characterized by
oligodendrocyte degeneration and microglia activation in the absence of overt peripheral immune
cells [6]. Whatever is true, imaging studies clearly demonstrate that subtle CNS pathologies can be
observed before symptoms become evident [7-9].

For the development of new therapeutic options in MS, several models are available and can
be roughly broken down into the categories of autoimmune and non-autoimmune animal models.
Experimental autoimmune encephalomyelitis (EAE) is the most commonly used animal model to
study autoimmune-mediated aspects of the disease. In this model, experimental animals (commonly
rodents) are immunized with a CNS-related antigen administered in a strong adjuvant, usually
complete Freund’s adjuvant (CFA). Following immunization, antigens are phagocytized by local
professional antigen-presenting cells, transported to local lymph nodes or the spleen, where they
trigger the development of encephalitogenic Th1- and Thy7-cell immune responses. This finally leads to
inflammation within different CNS regions, mainly the spinal cord and the cerebellum [10]. On the
behavioral level, this model is characterized by an ascending paralysis that begins in the tail and
spreads to involve the hind limbs and, finally, fore limbs. Although different grading systems exist,
the disease is usually rated on a scale ranging from grades 0-5. Grade 1 is assigned to mice that have
lost tail tonicity, whereas grade 2 is assigned to mice that additionally show hind limb weakness. As the
disease progresses, through grade 3 and 4, fore limb motor dysfunction additionally develops.

In MS, especially the early stages of lesion pathophysiology are poorly understood. Several studies
were able to demonstrate that discrete histopathological changes occur within the brain parenchyma
before acute inflammatory lesions become visible. Such changes include fibrinogen deposition [11],
oligodendrocyte injury [6], focal microglia activation [12], and the downregulation of neuronal and
oligodendrocyte marker gene expression [13]. In EAE, clinical symptoms are generally applied to mark
the onset of disease, because this coincides with autoimmune effector CD4" T-cell infiltration into the
CNS parenchyma [14,15]. However, recent reports show that structural and functional changes take
place within CNS tissues before the development of clinically overt symptoms. Such observed changes
include, among others, the activation of endothelial cells and astrocytes [16], reductions in myelin
gene expression [13], or altered glutamate transmission [17]. Furthermore, in vivo imaging studies
nicely demonstrate intraluminal crawling of encephalitogenic T-cells [14] and perivascular clustering of
microglia [18] prior to the onset of clinical symptoms. In line with the observation of changes in brain
homeostasis prior to the development of overt, inflammatory lesions our group recently demonstrated
that toxic damage to the oligodendrocyte-myelin unit not just leads to glia activation but at the same
time triggers the recruitment of peripheral immune cells into the CNS in the predisposed host [4,5,19].
Together, these data strongly implicate that subclinical alterations take place in the CNS tissue during
the development of EAE that might predispose it to immunopathology.

In recent years, an extensive body of literature has demonstrated benefits of early treatment of
MS with disease modifying drugs. Specifically, research has shown that early treatment in relation
to disease onset is associated with significantly improved physical and mental outcomes, including
lower relapse rates and lower expanded disability status scale (EDSS) scores, both in the short- and
long-term [20-23]. A better understanding of the pre-clinical pathological processes would allow the
development of early and probably effective therapeutic options. This requires mechanistic studies
during the largely invisible pre-clinical disease stage. While novel and sensitive imaging modalities
are currently available to visualize pathological changes during pre-symptomatic EAE, appropriate
modalities to measure functional deficits are still missing.

In this work, we aimed to investigate whether high speed ventral plane videography is appropriate
for the quantification of pre-clinical functional deficits in EAE.
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2. Materials and Methods

2.1. Animals

For this study, 10-week-old C57BL/6 female mice (n = 40) were purchased from Janvier Labs,
Le Genest-Saint-Isle, France. All experimental procedures were approved by the Review Board for
the Care of Animal Subjects of the district government (Regierung Oberbayern; reference number
55.2-154-2532-73-15; Germany). The mice were maintained in a pathogen-free environment with a
maximum of five animals per cage and with ad libitum food and water. Cages were changed once
per week and microbiological monitoring was performed according to the Federation of European
Laboratory Animal Science Associations recommendations. Mice were acclimated at the housing
conditions for at least one week before EAE induction.

2.2. EAE Induction, Disease Scoring, and Experimental Groups

To induce the formation of encephalitogenic T-cells in peripheral lymphatic tissues, the mice were
subcutaneously immunized with an emulsion of myelin oligodendrocyte glycoprotein (MOGg35_55)
peptide dissolved in complete Freund’s adjuvant followed by intraperitoneal injections of pertussis
toxin (PTx) in PBS on the day of and the day after immunization (Hooke Laboratories, Inc., Lawrence,
USA) as previously published [4]. Disease severity was scored as follows: 1, The entire tail drops over
the observer’s finger when the mouse is picked up by the base of the tail; 2, the legs are not spread
apart but held close together when the mouse is picked up by the base of the tail, and mice exhibit a
clearly apparent wobbly gait; 3, the tail is limp and mice show complete paralysis of hind legs (a score
of 3.5 is given if the mouse is unable to raise itself when placed on its side); 4, the tail is limp and mice
show complete hind leg paralysis and partial front leg paresis, and the mouse is minimally moving
around the cage but appears alert and feeding; 5, the mouse is euthanized due to severe paralysis.
The parameter “disease onset” was defined as the day post immunization when the first clinical deficit
(see above) was observed. The parameter “maximum disease score” was defined as the highest clinical
score, reached by a mouse at any time-point during the experiment. The parameter “cumulative disease
score” was calculated by adding all clinical scores, registered during the experiment for a single mouse.

The following treatment groups were included: ControlP#G2t mice: Non-immunized mice
were subjected to gait analyses; EAEO™Y mice: EAE was induced by MOGss.55 immunization +
CFA/PTx, but mice were not subjected to gait analyses; EAEP8IG3t mice: EAE was induced by
MOGss.55 immunization + CFA/PTx, and mice were subjected to gait analyses starting at day 6 post
immunization; PTxP#Gat mice: Mice were injected with CFA and PTx, and mice were subjected to
gait analyses starting at day 6 post immunization.

2.3. High Speed Ventral Plane Videography and Evaluation

Gait parameters were assessed using the DigiGait™ imaging system along with the DigiGait™
15.0 analysis software (Mouse Specifics, Inc.; Quincy, MA, USA) [24]. The DigiGait™ apparatus consists
of a clear plastic treadmill with a high speed under-mounted digital camera (Basler Technologies Inc.)
used for imaging paw prints. The treadmill belt was accelerated gradually to 15 cm/s. Images were
collected at a rate of 140 frames/s. and stored as audio video interleaved (AVI) files for later blinded
analyses. To improve the contrast for automated foot print analysis, the tails of the mice were colored
with black dye. The treadmill belt was cleaned with 70% (v/v) ethanol between each animal testing.
Animals were habituated to the machine one day prior to testing. Data obtained from the training
day were not included in the final data evaluation. The image analysis software digitally encoded the
individual paw area and position relative to the tread-belt. Each paw of the animal was treated as
a unique signature so that later analyses of foot movements could be performed on separate limbs.
Following this strategy, the DigiGait™ analysis software computes 39 gait parameters for the fore limbs
and 43 for the hind limbs of each animal. The minimal duration of each video sequence required for
subsequent foot-print analyses was 5 s. Runs where mice could not run at 15 cm/s for a minimum
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of 5 s were excluded from subsequent analyses. This number of strides has been validated as being
sufficient to analyze treadmill walking behavior in mice [25]. Figure 1 illustrates the principal setup of

the performed gait analyses.

‘ L
“> . . “ .
4 — — b % Moving Direction

e 4 )

Braking Propulsion

~ Sz —

Stance Swing

Figure 1. High speed ventral plane videography using the DigiGait™ setup. (A) Setup of the DigiGait™
imaging system. (B) DigiGait™ setup with a mouse in the running chamber during ventral plane
videography recordings. (C) Representative image of a mouse during ventral plane videography
recordings. (D) Representative image of the position of the single paws extracted from the ventral plane
videography recordings by the provided analysis tool. (E) A graphical depiction of various aspects of a
single mouse stride. Each stride can be subdivided into a stance and swing part. The stance part can be
further subdivided into a braking and propulsion phase. LF: Left Fore; LH: Left Hind; RF: Right Fore;

RH: Right Hind.

To analyze gait abnormalities during the pre-clinical disease stage, we first quantified fore limb
and hind limb gait patterns in five control and 10 EAE-induced mice. This first group is referred to as
Cohort#1. To verify results of this first experiment, hind limb gait patterns were analyzed in another
cohort of five control and 10 EAE-induced mice, referred to as Cohort#2. Both cohorts were finally
evaluated by a second evaluator blinded to the treatment groups (i.e., Evaluator 2).
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2.4. Rotarod Analysis

To determine balance and motor coordination in control (Control®°trod; n = 10) and EAE
(EAERotarod; = 8) mice, an accelerod system (TSE Systems, Bad Homburg, Germany) for small
rodents was used (TSE Systems, Bad Homburg, Germany) as previously published by our group [26].
The apparatus consists of a base platform and a rotating rod (30 mm diameter, 114 mm width) with
a non-skid surface. Each experimental mouse was subjected to three training sessions at a constant
rotation speed of 5 rpm (rounds per min) for 2 min. These training sessions were conducted from
day 3 to day 5 post immunization. Data obtained from the training sessions were not included in the
data evaluation. During the testing session, an accelerating modus was used, which began at 4 rpm
and accelerated to 40 rpm over a period of 300 s (i.e., 5 min). Two trials per test day were carried out,
with a 60 min rest in between each trial. For each trial and each animal, latency, maximum speed, and
walking distance before falling off were automatically recorded. The testing sessions were repeated
from day 6 to day 13 post immunization. Only data obtained during pre-clinical disease stages were
included for the final data evaluation.

2.5. Tissue Preparation and Histological Evaluation

For (immuno-) histological studies, mice were deeply anaesthetized with ketamine (100 mg-kg ™!
i.p.) and xylazine (10 mg-kg ! i.p.), and transcardially perfused with ice-cold phosphate-buffered saline
(PBS) followed by a 3.7% formaldehyde solution (pH = 7.4). Tissues were postfixed overnight in a 3.7%
formaldehyde solution, dissected, and embedded in paraffin. 5 um thick sections were prepared using a
slide microtome, dried at ambient temperature for at least 3 h, and subsequently dried overnight at 48 °C
before starting the different staining procedures. For immunohistochemistry, sections were rehydrated
and, if necessary, antigens were unmasked by heating in a Tris/EDTA (pH 9.0) buffer. After washing in
PBS, sections were blocked in blocking solution (serum of the species in which the secondary antibody
was produced) for 1 h. Then, sections were incubated overnight (4 °C) with primary antibodies diluted
in blocking solution. The next day, slides were incubated in 0.3% hydrogen peroxide/PBS for 1 h
and then incubated with biotinylated secondary antibodies for 1 h followed by peroxidase-coupled
avidin-biotin complex (ABC kit; Vector Laboratories, Peterborough, UK). Sections were finally exposed
to 3,3’-diaminobenzidine (DAKO, Santa Clara, CA, USA) as a peroxidase substrate. To visualize
cell nuclei, sections were briefly stained with hematoxylin solution if appropriate. Negative control
sections without primary antibodies were processed in parallel to ensure specificity of the staining.
For microglia labelling anti-ionized calcium-binding adapter molecule 1 antibodies ([IBA1] 1:5000;
Wako; #019-19741) were combined with anti-rabbit secondary antibodies (1:200; Vector; #BA-1000).
For lymphocyte labelling, anti-CD3 antibodies ([CD3] 1:500; Abcam; ab11089) were combined with
anti-rat secondary antibodies (1:200; Vector; #BA 9400). Luxol fast blue (LFB)/periodic acid-Schiff (PAS)
stains were performed following standard protocols. Stained and processed sections were digitalized
using a Leica DM6 B automated microscope (Leica Microsystems CMS GmbH, Wetzlar, Germany)
equipped with a DMC6200 camera.

To analyse the extent of inflammatory demyelination in the spinal cord among ControlP18iGait,
EAE®", and EAEP#G2it mice, the entire white matter was outlined in the digitalized images of
LFB/PAS stained sections, and the areas of infiltrated white matter were measured using the open
source program ImageJ 1.50. The measurements were conducted by one evaluator (J.Z.), blinded to the
treatment groups. The areas of infiltrated white matter were then divided by the entire white matter
area of the respective spinal cord section, and the result is given as relative infiltrated white matter
area (in %). Representative images are shown in Figure 2C.
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Figure 2. Manipulation during DigiGait™ recordings does not ameliorate EAE severity. (A) Schematic
depiction of the experimental setup. D = days post immunization. The yellow circles indicate
time points when EAE scoring was performed. The green triangles indicate time points when
DigiGait™-measurements were performed. Note that at day 5 post immunization (D5), one DigiGait™
training session was conducted. (B) Clinical course and evaluation of the disease parameters disease
onset, maximum score, and cumulative score in EAEP#1Gait (n = 10) and EAEC™Y (n = 10) mice. Note that
8 EAEP8IGait and 6 EAEO™Y mice, which developed clinical disease, were included to calculate the
parameter disease onset. Data from all mice were included to calculate the parameters maximum score and
cumulative score. Statistical comparison was done using an unpaired t-test. (C) Extent of inflammatory
demyelination among ControlPisiGait g AEDigiGait and EAEOMY mice evaluated in LFB/PAS stained
sections (n = 72 sections). Black boxes highlight the inflammatory foci. Statistical comparison was done
using a one-way analysis of variance with the obtained p-values corrected for multiple testing using
the Dunnett’s post hoc test. (D) Cumulative map of the spatial distribution of microgliosis in the CNS
of EAEP Gt and EAEO™Y mice, visualized by anti-IBA1 stains. Twenty sections from 10 individual
animals were included per group. Each black dot shows the position of a focal IBA1" lesion which was
identified by both evaluators (J.Z. and H.K.). (E) Representative anti-IBA1 stain demonstrating IBA1*
lesions in an EAEPiIGait mouse. Scale bar (C) = 300 um; Scale bar (E) = 1 mm. EAE: Experimental
Autoimmune Encephalomyelitis; LEB/PAS: Luxol fast blue/periodic acid-Schiff; CNS: Central Nervous
System; IBA1: ionized calcium-binding adapter molecule 1. *** p < 0.001, ns = not significant.
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To analyse the spatial distribution of microgliosis in mid-sagittal brain sections from EAEOMY
and EAEP8Gait mice, sections were stained with anti-IBA1 antibodies and microgliosis sites were
highlighted in a brain-template adopted from the Allen Mouse Brain Atlas [27]. Each black dot
represents a single lesion per individual mouse (Figure 2D). These analyses were conducted by two
evaluators blinded to the treatment groups (J.Z. and H.K.).

2.6. Statistical Analyses

All data are given as the arithmetic means + SEM. Differences between groups were statistically
tested using the software package GraphPad Prism 5 (GraphPad Software Inc., San Diego, CA, USA).
The D’Agostino and Pearson test was applied to test for Gaussian distribution of the data. The definite
statistical procedure applied for the different analyses is provided in the figure legends. p-value < 0.05
were considered statistically significant. The following symbols are used to indicate the level of
significance: * p < 0.05, ** p < 0.01, *** p < 0.001, ns = not significant.

3. Results

3.1. Manipulation of DigiGait™ Does Not Decrease EAE Severity

Previous studies have shown that stress might impact on EAE disease development [28]. Since
the handling of the mice during DigiGait™ recordings might lead to additional stress, in a first step
we systematically compared EAE severity in MOGg35_s5-induced EAE mice which were subjected to
DigiGait™ (n = 10; EAEPigiGaity recordings or not (n = 10; EAEOMY). After immunization, the mice were
evaluated daily for the occurrence and severity of clinical symptoms based on conventional evaluation
protocols (see materials and methods section). The gait patterns were recorded daily starting six days
post immunization until the mice reached an EAE score of > 2 (equals hind limb paresis), or until day
16 post immunization (i.e., end of the experiment). A schematic depiction of the experimental setup is
shown in Figure 2A.

As demonstrated in Figure 2B, both, EAEO™Y and EAEP8/Gait mice, exhibited motor behavioral
deficits which are typical for MOG3s.55-induced EAE in C57BL/6 mice, starting with a limp tail and
progressing towards hind limb paralysis. In the EAE"Y group, 6 out of 10 and in the EAEP8iGait
group 8 out of 10 mice developed clinical deficits, respectively. Although the clinical symptoms in
EAEDIgiGait mjce tended to be more severe compared to EAEC™YY mice, no significant differences were
observed for the parameters tinte of disease onset (EAEP'8Gat, 12,38 + 0.5650 days versus EAEO™Y,
10.83 + 0.7923 days; p = 0.1286, just including mice which developed clinical disease), maximum disease
score (EAEP8IGA, 1,950 + 0.4913 days versus EAEO™, 1.050 + 0.3452; p = 0.1512), and cumulative
disease score (EAEP#1Gat, 7,500 + 2,053 days versus EAEO™Y, 4.200 + 1.379 days; p = 0.1988) (Figure 2B).
Next, we analyzed the extent of inflammatory infiltrates in EAEPisiGait 3 EAECMY mice to correlate
functional deficits with histopathological changes. For this purpose, three spinal cord sections (cervical
to lumbar level) were collected in a random fashion for each mouse and the inflamed white matter
area in relation to the entire spinal cord white matter area was quantified in LFB/PAS stained sections.

As demonstrated in Figure 2C, no significant difference was observed in the extent of inflammatory
demyelination between EAEDPi8iGait and EAEOMY mice (EAEDigiGaif, 23.28% + 3.549% versus EAEONY
13.99% =+ 3.205%). Spearman’s correlation analysis, including data from both experimental groups,
revealed a highly significant correlation between spinal cord white matter inflammation and the
extent of clinical deficits (r = 0.7221; r2 = 0,52; 95% confidence interval = 0.59 to 0.82; p-value
(two-tailed) < 0.0001). Furthermore, we analyzed the spatial distribution of microgliosis in the brains
of EAEP#1Gait and EAEO™YY mice. As demonstrated in Figure 2D,E, focal microgliosis was found in
diverse brain regions such as the cerebellum, dorsal midbrain (arrow in Figure 2D), ventral medulla
oblongata around the inferior olivary complex (arrowhead in Figure 2D), and to some extent around
the third ventricle. In summary, both cohorts demonstrate widespread CNS inflammation with no
quantitative differences in the extent of CNS lesion formation.
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Beyond, we analyzed the densities of CD3* lymphocytes in the spinal cord dorsal column
and the white matter of the cerebellum. As demonstrated in Figure 3, lymphocyte densities
were low in Control®8/G2it but high in EAEP8{G2t and EAEO™Y mice (Spinal cord dorsal column,
ControlPi8iGait 10 87 + 4,180 cells/mm?, versus EAEPiIGait 134 5 4+ 19.20 cells/mm? versus EAEO™Y,
129.9 + 21.00 cells/mm?: Cerebellum white matter, ControlP8Gait 1 367 + 0.7197 cells/mm?, versus
EAEPigiGait 292 9 1 56.61 cells/mm? versus EAEOMY, 2259 + 65.31 cells/mm?). Of note, no significant
differences were observed between EAEP8Gait and EAEC™Y mice.

A

DS in Spinal cord dorsal colummn

B Controftecit FAF™ges EAE®™!

CDYin Cerdhellum white matter

Figure 3. Lymphocyte densities in the spinal cord and cerebellar white matter. (A) Numbers of CD3*
lymphocytes in the dorsal column of the spinal cord (n = 75 sections) in ControlP18iGait, EAEDPigIGait, and
EAEOMY mice. (B) Numbers of CD3* lymphocytes in the white matter of the cerebellum (n = 25 sections)
in ControlPigiGait EAEPigIGAt and EAEO™Y mice. Statistical comparison was done using a one-way
analysis of variance with the obtained p-values corrected for multiple testing using the Dunnett’s post
hoc test. Note that no significant difference has been observed between EAEP81Gait and EAEO™ mice.
Scale bar (A) = 150 pum; Scale bar (B) = 300 pm. ** p < 0.01, *** p < 0.001, ns = not significant.

3.2. Most Gait Parameters Are Stable in Control Mice

Next, we investigated the reliability of the gait analysis procedure. To this end, gait analyses
were conducted in control mice (n = 10, two separate experiments), and the coefficient of variation
(CV), which is defined as the ratio of the standard deviation to the mean (SD/mean), was calculated.
The term “high variability parameters” was defined as gait parameters which had a CV of higher
than 30% [29]. As described in the materials and method section of this manuscript, the DigiGait™
computes 39 gait parameters for the fore limbs and 43 for the hind limbs, respectively. As listed in
Table 1, 10 out of 39 (25.6%) fore limb, and 13 out of 43 (30.2%) hind limb parameters showed a high
variability in control mice. This, on the one hand, indicates that not all of the gait parameters evaluated
by the DigiGait'™ software are adequate for the detection of a pathological gate, at least in mice at
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the applied experimental settings. However, a significant proportion of gait parameters (i.e., 30) can
reliably be measured using the DigiGait™ apparatus.

Table 1. High variability parameters in control mice. List of gait parameters which were found to be
highly variable in control animals. High variability parameters were defined as gait metrics which
show a coefficient of variation (CV) of more than 30% in control mice [29]. For more information, see
the materials and methods section of this manuscript.

Parameters with High Variability

Absolute Paw Angle (Sum)
Stride Width Variability
Step Angle Variability
Stance Width CV
Step Angle CV
Paw Area Variability at Peak Stance (Average)
Overlap Distance (Average)
Paw Placement Positioning (Average)
Paw Angle (Left fore limb)
Paw Angle (Right fore limb)

Fore Limbs
(10 out of 39 parameters)
25.6%

Stride Length Variability (Average)
Stride Width Variability
Stride Length CV (Average)
Stance Width CV
Step Angle CV
Hind Limbs Paw Area Variability at Peak Stance (Average)
(13 out of 43 parameters) Paw Placement Positioning (Average)
30.2% Tau-Propulsion (Average)
Overlap Distance (Average)
Ataxia Coefficient (Average)
Paw Angle (Left hind limb)
Paw Angle (Right hind limb)
Paw Drag (Average)

3.3. Mice Show Gait Abnormalities in Hind Limbs during the EAE Pre-Clinical Phase

In a next step, we asked whether gait abnormalities can be quantified during the pre-clinical
EAE phase. For this purpose, we systematically compared changes of the gait parameters in control
(referred to as ControlP8iGait; n = 10) and MOGss.55-immunized (referred to as EAEPi8IGat; n = 18)
mice. As it has been shown that the running speed can influence gait parameters in rodents [30], we
used a constant speed of 15 cm/s.

As demonstrated in Figure 4, 18 out of 20 immunized animals developed clinical EAE. EAE was
severe in some animals (#2 and #9 with a score of five) but moderate in others (for example, #6 with a
transient score of one). MOGg3s.55 immunization severely influenced the success rate of gait analysis
recordings. Just 3 out of 18 animals could be daily evaluated until the day of disease onset (i.e., mice
#7,#17, and #18), whereas 6 out of 18 animals could be daily evaluated until the day BEFORE disease
onset (#3, #11, and #12, additionally to the mice #7, #17, #18). Four animals could not be evaluated at
any time point after MOGg3s_55 immunization (#4, #5, #9, and #14).
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Mouse
Number

#1

Treatment

#2

#3

#4

#

#6

#1

#8

#9

EAEP#Gai

#10

#11

#12

#13

#14

#15

#16

#17

#18

#19

#20

#21

#22

#23

PTG
#24

#25

#26

#27

#28

#29

#30

#31

#32

3 DigiGait

Control
#34

#35

#36

#37

FIAEIEA EAEIEI AR

#38

Pattern Tllustration Control”*®* (n=10) PTX"C (n=10) EAE"¥¢ (n=18)

Time points included for data analyses 105 66 55

Completed DigiGait assessments at 15em/s 105 69 62

Failed DigiGait assessments at 15cm/s 0 31 59

Completed Ratio (%) 100 69 51

Figure 4. Summary of gait analyses experiments. Days with successfully conducted DigiGait™

recordings are highlighted in green, whereas days on which no DigiGait™ recordings could be
performed are highlighted in red. Numbers in the boxes indicate the level of motor behavior deficits
evaluated by classical EAE scoring. Yellow crosses indicate time points included for data analyses.
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As outlined in the materials and method section, gait analyses were initiated at day 6 post
immunization and continued daily until the animals (i) either reached a score of > 2, (ii) were not
able to run on the treadmill at the given velocity (i.e., 15 cm/s), or (iii) until day 16 post immunization.
Following this strategy and pooling the data from two independent experiments, 105 gait analyses were
performed in control animals for the different time points with a success rate of 100%. 121 gait analyses
were performed in MOGg3s s5-immunized mice with a success rate of 51% (equals 62 completed gait
analyses). These results already suggest that although conventional EAE scoring protocols fail to detect
overt changes (i.e., paralysis of the tail), the motor performance is already impaired at this “pre-clinical’
disease stage.

Blinded evaluations of the high speed ventral plane videography recordings were performed in
two separate cohorts of animals, referred to as cohort#1 (five control animals and eight EAE animals)
and cohort#2 (five control animals and 10 EAE animals). Only data obtained during the pre-clinical
disease stages were included. In a first step, fore limb and hind limb gait parameters were evaluated
in the cohort#1 mice and statistically compared. As one would expect in a model of ascending
paralysis [31,32], more gait parameters were altered in the hind limbs (n = 15) compared to the fore
limbs (n = 9) during the pre-clinical disease stage. As demonstrated in Table 2, 15 distinct hind limb
gait metrics were found to be increased or decreased in EAEP!8iG3it compared to ControlP8/G2it mice
during the pre-clinical disease stage. To verify these findings, the gait parameters which were found to
be significantly different in the cohort#1 mice were re-evaluated in our cohort#2 mice. For the fore
limb parameters, none of the 9 parameters were verified in the cohort#2 mice. In contrast, from the
15 gait parameters found to be different in the hind limbs of cohort#1 mice, 7 were verified in the
second cohort. These were the gait metrics Swing Time (Average), %Swing Stride (Average), % Stance
Stride (Average), Stance/Swing (Average), Paw Angle-Left Hind, Paw Angle-Right Hind, and Absolute Paw
Angle (Sum).

As demonstrated in the materials and methods section, the gait signals provided by the software
requires some manual, thus subjective, adjustments. To verify that our results are indeed valid, another
independent evaluator performed the analyses of cohort#1 and cohort#2 video sequences in a blinded
manner. As demonstrated in Table 2, all 7 gait parameters were approved by the second evaluator.

Next, we were interested whether gait abnormalities during pre-clinical EAE can as well be detected
using the Rotarod test which is widely used to evaluate the motor coordination of rodents [33,34].
To this end, performance in the rotarod test was compared between 10 control (ControlR°?rod) mice
and 8 pre-clinical EAE mice (EAERotarody - Ag demonstrated in Figure 5, EAERotared mjce showed
comparable values in the Rotarod parameters latency (EAER?®™d, 212.7 + 8,617 s versus ControlRotarod,
195.7 + 7.033 s; p = 0.1106), maximum speed (EAER??d, 2939 + 1,036 rpm. versus ControlRotarod,
27.41 + 0.8427 rpm.; p = 0.1367), and walking distance (EAER®?r0d, 5935 + (.3887 m versus ControlRotarod,
5.239 + 0.3128 m; p = 0.1169) when compared with ControlRetarod mjce.

195



Cells 2019, 8, 1439

1280 su’] 100070 ‘s ‘L (e8e10Ay) Berq meg oI
00 % T 1000°0 > ‘e L (wng) aoueIsI SUNPIN PI#
8PP0 ‘su ‘T 8610°0 "« ‘T (eSe12ay) uorsndorg-ney, €I#
€16T0su’| 01000 “xx ‘T (o8e12AY) 1P/VP XVIN u#
R L (a8er2ay)
LI€TO su’] €070°0 % ‘T 30UTIS eI 1 AITIGELTEA BTy Med TI#
Teer0su’l G000°0 ‘s T (e8e12Ay) 20URIG YL 18 LI ME( or#
TIP90 ‘su ‘T €£00°0 % ‘T AD WPIM duelg 6
95060 ‘su ‘T T£00°0 ‘s ‘T AmiqerieA ypim 2pras 8# squir] puty
10000 > “ss "L 20000 ‘e "L 100070 > ‘s ‘L (wng) a[3uy meJ AN[osqy L#
100070 > s "L G00°0 “xx ‘L 100070 > ‘s ‘L PutH Sn-a[8uy med 9
100070 > ‘s ‘L 900070 ‘s "L 1000°0 > ‘s L PUIH JoT-9[3uy meq G#
20000 ‘s ‘T 1000°0 > ‘s ‘T $L20°0 "% T (oSe12Ay) Burmg/oouels #
10000 >"xas ‘T 10000 > ‘s ‘T 8£20°0 "« ‘T (98e12AY) 9pLIS 0dURIGY, o
T000°0 > "L 100070 > ‘i ‘L 8200 "% "L (o8er24y) opIng Surmsy, <3
100070 >"sa ‘L 1000°0 > ‘s ‘L 6€200 " ‘L (98er0Ay) Swrr Surmg #
65970 ‘su‘T 78000 " ‘T (d8e12AY) JUSIDYFR0D BIXETY 6#
N o (o8e10Ay)
S0LT0 ‘su ‘T 260070 “xx T B N - 8#
PAZANUC ) 9850°0 ) (e8e12Ay) 20URIG YL 18 LAIY ME( L4
TI¥9°0 ‘su’t 100070 > " ‘T AD UIPIM ddueig 9%
950 ‘su ‘T 1010°0 % T (8e19AV) AD W8URT OpPLIG G# squiry 210
95060 ‘su ‘T 1000°0 ‘s ‘T Aymqeires ypipm apras #
0£96°0 “su’| 800070 " ‘T (e8e12ay) L1[1qeLIeA YSua] opIg [>
02280 su’} 5200 ' ‘L WPIM 2ouElS w
26040 ‘su ‘T €850°0 % ‘T (e8er2ay) L[qerres a[Suy meq #
(anep-d ‘adueogrudig ‘a8ueyD) (anyep-d ‘@duedgrusig “a8uey)) (anfep-d ‘@duedgrudig ‘a8uey)d) Toqumn
Z#10Y0D pue 1#1040D Zmi0yo) TL#040D sajourere S.MEEMH

Z 10jenfeay

1 10jenjeAyg

1 10jenjeay

‘PIseaIdap T {PaseadU : | JUuedyTuSIs 10U = SUT00'0 S @ s ‘100 S d 45 'S0°0 > d , 'sdnoid
requawnadxa auy 10J papurq (‘K'A Pue "Z'[) s10jenjeas om} Aq pazATeue a19m SOIPIA [[y “UOLNALISIP ejep 0} SUTpIodde 359} AUIyAA-UUe]A] JO 1$93-} uisn paje[nored
QI9M JuduIyeaI) Y JO 199339 9y} 10§ sanfea-d "ejep ay} Jo UOHNJLYSIP [EULIOU J0J 359} 0} parjdde sem 3s9) uosiesa ] pue ounsody (] Y[ *(Uwmjod isey) ¢ I0jen[eAs oy}
£q payrioa arom sxojourered £ 9say) Jo [[y “(enyea-d aanoadsar oy Aq pajedIpur) 901U Z#1I00)) 9} UT JUSISJIP [[oM Sk 9q 0} PUNOJ 9I0M 3SaU]} JO / PUE ‘9OTUW #1100
UT JUSISJTP 9q 0} punoj arom siojourered j1ed quuip pury g1 “Seruod uf -(FUedHTUSIS J0U = SU Aq PajedIPUT) 90TW Z#1I00)) UT JOU JNq ‘OTUW T#}I0Y0)) UI JUSIJIP
3¢ 0} punoj aram s1ajwrered jred quury 3105 ¢ ‘Fy redrur-aid Sunm(y -aseyd gy Tedtur-a1d ay3 SULMp paseaIdap 10 PISEAIDUT dIOM SILIJIW JTeS IAIAM d)edTpur
SMOILIY ‘g I0jenfeAy pue [ I0jenjeAy se 0} PILIJaI ‘S19AISqO Juapuadapur om) £q pajenyead arom siajawrered j1e0) ‘g#I00D) pue [#1I0U0D) St 0} parIajar “pawrroyrad
arom syuswLadxe juspuadopur om], “gyH [edrur-axd Sunmp pazeyfe aq 03 punoy sejwrered j1ed jo Arewrwng ‘gy [edrurp-a1d Sunmp sanieuLiouqe jres) ‘g d[qer,

196



Cells 2019, 8, 1439

Latency Maximum Speed ‘Walking Distance
< 40
250 I os i ns 8 ns
e — t i | |
200 —_— 30 ____ — p [
£ £ S
= =
= 150 = 3
3 o 20 24
£ 3 g
= 100 B Z
10 s P
50
d ' T T
T T & &
- & “;c J‘e \\‘@i* Q&‘
& & & & & &
& > n & >
o < ¢ o

Figure 5. Gross locomotor ability in the Rotarod assay during pre-clinical EAE. Gait parameters were
assessed in ControlRotrod (n = 10) and EAER0®@rod (3 = 8) mice. Both cohorts were tested for their
ability to run on a rotating cylinder that accelerated its speed with time (440 rpm in 300 s). Latencies
to fall from the accelerating cylinder (i.e., latency), the maximum speed mice were able to run, and the
walking distance on the rotating cylinder are presented as mean + SEM. The D’Agostino and Pearson
test was applied to test for normal distribution of the data. p-values for the effect of EAE treatment
were calculated using t-test or Mann-Whitney test according to data distribution. ns = not significant.

3.4. Gait Abrnoramilties in Mice Sub-Immunized with CFA and PTx

Our analyses so far suggest that during pre-clinical EAE, motor abnormalities can be quantified
using high speed ventral plane videography. Severe inflammation is characteristic for the clinical
but not pre-clinical EAE phase. We, thus, assumed that diffuse, innate immune driven pathological
processes account at least in part for the observed gait abnormalities. To mimic diffuse innate immune
activation, we systematically investigated gait abnormalities in control mice and mice injected with CFA
and PTx without the MOGs5_55 peptide (referred to as sub-immunization). Various studies have shown
that the administration of CFA and PTx without the MOG3s_s5 peptide induces diffuse innate immune
activation in the CNS of mice [35-38]. In particular, we analyzed whether or not the identified gait
metrics found to be altered during pre-clinical EAE are as well different in sub-immunized mice. We
excluded the two parameters “paw-angle of the left hind limb” and “paw angle of the right hind limb”
because both were found to be highly variable in control animals (see Table 1). Among the remaining
five abnormal gait parameters during the EAE pre-clinical phase, we found that Swing Time (Average)
was significantly different between sub-immunized (PTxP8/Gait) and fully immunized (EAEPigIGaity
mice. In contrast, such a difference was not observed for the other 4 gait parameters suggesting that
most of the observed gait differences are due to diffuse innate immune system activation (Figure 6).
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Figure 6. Effect of EAE sub-immunization on gait parameters. (A) Differences of the gait metrics in
ControlPigiGait pTxDigiGait and EAEPISIGAit mice. D’Agostino and Pearson test was applied to test for
normal distribution of the data. p-values generated using one-way ANOVA with Bonferroni post-test
for multiple comparisons of individual pairs of treatment. Note that the gait parameter Swing Time is
significantly different between sub-immunized (PTxP#G2it) and fully immunized (EAEP®#1Git) mice.
(B) Gait parameters over time in fully immunized (EAEP®G21t) mice. Don = day of onset, Don-1 = 1
day before onset, etc. * p < 0.05, ** p < 0.01, ** p < 0.001, ns = not significant.

4. Discussion

The most commonly used behavioral evaluation method in EAE is based on the severity of motor
deficits, which is mainly driven by spinal cord pathology. In most studies, each mouse is graded daily
and given a score ranging from 0 to 5 [39—-41]. Parameters include limp tail or hind limb weakness when

198



Cells 2019, 8, 1439

EAE is mild and partial or complete hind limb and fore limb paralysis in severe EAE cases. Of note,
this evaluation approach is neither very sensitive nor objective. Therefore, in order to detect minor
motor deficits, more accurate and reliable EAE evaluation methods are urgently needed. In this study,
we used the high speed ventral plane videography system DigiGait™ to characterize and quantify a
set of different gait metrics during pre-clinical EAE. We were able to show (1) that manipulation during
DigiGait™ measurements does not decrease EAE severity; (2) that many gait parameters are stable in
control mice; (3) that the mice show hind limb gait abnormalities during pre-clinical EAE and, (4) that
most of the observed gait abnormalities during pre-clinical EAE are probably driven by an interplay of
innate and adaptive immune activation.

The expanded disability status scale (EDSS), which is the most commonly used measure of
disability for MS, ranges from 0 to 10 in 0.5 unit increments that represent higher levels of disability
and is based on the individual, subjective examination by a neurologist. EDSS steps 1.0 to 4.5 refer
to people with MS who are able to walk without any aid and are based on measures of impairment
in eight functional systems, among motor disturbances. Other measures of motor disability in MS
include the timed 25 foot walk, which assesses ambulatory function, or walking [42], and the 9 hole
peg test, which measures upper body function and manual dexterity [43]. Indeed, gait impairment is a
hallmark of MS which significantly impacts on the quality of life of the individual [44]. Comparable
to the human disease, MS models are characterized by gait abnormalities [4,5]. As already stated
above, there is no standard EAE scoring system which research groups would use to measure EAE
severity [45]. The use of different EAE scoring systems prohibits direct comparison of clinical EAE data
published from different laboratories. Furthermore, the applied scoring systems rely on subjective
rather than objective evaluations. An objective and quantitative approach would, therefore, be of great
interest for pre-clinical trials using the EAE model.

Different automatic or semi-automatic systems have been applied to quantify gait abnormalities
in different EAE models, among the CatWalk™ XT system. The CatWalk™ System consists of a
glass walkway that is illuminated by fluorescent light. When the paw is in contact with the upper
surface of the walkway, the print light is reflected, which is detected by an appropriate high speed
color camera and detection software. Of note, the animal walks across the glass plate voluntarily which
is different to the system applied in the current study. This method has been performed in the EAE
model using different species such as Lewis rats [46], Brown Norway rats [47], or C57BL/6 mice [48].
In our study, we observed that MOGgs.55 immunization severely influenced the success rate of gait
analysis recordings. Just 3 out of 18 animals could be daily evaluated until the day of disease onset,
whereas 6 out of 18 animals could be daily evaluated until the day BEFORE disease onset. This result
clearly demonstrates that running at a velocity of 15 cm/s displays a motor-performance challenge
which cannot be met by most of the mice during pre-clinical EAE. Bernardes et al. noted in their study
that with disease progression, some animals were not able to cross the CatWalk™ walkway after
established EAE [48]. During pre-clinical EAE all animals were able to perform the gait analysis task
which is in contrast to our results. However, one major difference between the CatWalk™ and the
DigiGait™ system is that in the former, mice gait is voluntary whereas in the latter, mice are forced
to walk by the motorized treadmill. It is, thus, possible that forced movements are more demanding
compared to voluntary ones. Nevertheless, in line with our results the authors found a decrease in
Swing Speed which equals the observed increase of the Swing Time in our study.

In this study, we applied high speed ventral plane videography to analyze gait abnormalities during
pre-clinical EAE. High speed ventral plane videography has been shown to be a useful approach to
quantify subtle locomotors abnormalities in mouse models of neurodegenerative movement disorders,
such as Amyotrophic lateral sclerosis (ALS), Huntington or cerebellar ataxia [49]. For example, altered
hind limb movement, accompanied by some changes in coordination and stability characterized the gait
abnormalities in SOD1 G93A transgenic mice, which is a model of ALS [49], whereas Stride Length and
Stride Frequencies were found to be altered in a model of Parkinson’s disease [50]. Gait analyses were as
well found to be useful in non-neurological disorders such as in collagen-induced arthritis [51] or in a
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model of muscular dystrophy [52]. We followed an exploratory approach (analyzing 39 different gait
parameters for the fore limbs and 43 for the hind limbs) to study gait abnormalities during pre-clinical
EAE. As many gait parameters change with running speed [30], the analyses were performed in this
study at a constant speed of 15 cm/s (see Materials and Methods Section). Based on this extensive
dataset, we identified a small set of relevant gait parameters which were different in pre-clinical EAE
compared to control mice. These parameters, namely Swing Time, %Swing Stride, %Stance Stride,
Stance/Swing, Paw Angle-Left Hind, Paw Angle-Right Hind, and Absolute Paw Angle, may be used in
following studies to assess potential therapeutic effects during pre-clinical EAE. The definition of these
parameters, as provided by the manufacturer of the DigiGait™ system are as follow: Swing Time—Time
duration of the swing phase (no paw contact with belt) given in seconds; %Swing Stride—Percent
of the total stride duration that the paw is in the air (swing phase); %Stance Stride—% of the total
stride duration that the paw is in any contact with the belt; Stance/Swing—Ratio of stance phase time to
swing phase time; Paw Angle-Left or Right Hind—The angle that the paw makes with the long axis of
the direction of motion of the animal; Absolute Paw Angle—Absolute value of the paw angle. Having
these definitions in mind it is not surprising to find the parameters Swing Time and %Swing Stride to
be increased while the gait parameter %Stance Stride is decreased. However, this particular finding
nicely demonstrates the reliability of the used evaluation method. Worth to note that, in line with our
findings of an increased Paw Angle, these gait deficits were found to be associated with ataxia, spinal
cord injury, and demyelinating disease [53].

One major finding of the present study is that gait abnormalities during the pre-clinical EAE phase
can be quantified. Such alterations have as well been observed by others. For example, Leva et al.
found in SJL/] mice immunized with proteolipid protein (PLP139_151) that the CatWalk™ gait parameter
Maximum Contact Area decreased three days post immunization, at a time point were conventional
disease scoring protocols failed to detect any disease activity [54]. Similar observations were reported
by Silva et al. [46], as well using the CatWalk™ System in Lewis rats [46]. Of note, the gait parameter
Maximum Contact Area, which is called Paw Area at Peak Stance in the DigiGait™ environment, was
found to be decreased for the hind limbs in Cohort#1 animals, however, we were not able to reproduce
this finding in Cohort#2 mice. In the later study, Silva et al. observed, besides a reduced Maximum
Contact Area of the paw, reductions of the so-called Regularity Index (RI) during pre-clinical EAE. RI
represents a gait metrics for motor coordination. For fully coordinated locomotion, each paw is placed
exactly once every four steps. There are a total of six possible step sequence patterns that can be
used by a rodent while walking. These patterns can be categorized into three groups: Alternate (Aa:
[RF: Right front-RH: Right hind-LF: Left front-LH: Left hind]: RF-RH-LF-LH, Ab: LF-RH-RF-LH);
cruciate (Ca: RF-LF-RH-LH, Cb: LF-RF-LH-RH); and rotary (Ra: RF-LF-LH-RH; Rb: LF-RF-RH-LH).
The Ab pattern is the most commonly observed. The larger the number of missteps intersperse
between regular step patterns, the lower is the RI [55]. The same gait parameter is not evaluated by
the DigiGait™ software. However, it includes the metrics Gait Symmetry which computes the ratio of
forelimb stepping frequency to hind limb stepping frequency. It has been shown that the parameter
Gait Symmetry declines with age and treadmill training counteracted the decline of Gait Symmetry [56].
Of note, no differences with respect to the parameter Gait Symmetry were found during the pre-clinical
EAE phase in our current study.

In a recent study, Kappos et al. analyzed the validity and reliability of the CatWalk™ system
as a static and dynamic gait analysis tool for the assessment of functional nerve recovery in small
animal models [55]. They found that among different gait parameters, Swing Duration was the most
reliable and valid gait parameter. In our study, Swing Time, which is essentially the same as Swing
Duration, was found to be increased in both experimental cohorts and the difference was verified by
two independent observers. Of note, it has been shown that Swing Duration increases with pain [57-59],
and pain, which is a frequent and disabling symptom in MS patients, as well characterizes EAE animals
to some extent [60]. Of note, a recent study showed that pain can as well be observed during the

200



Cells 2019, 8, 1439

pre-clinical EAE phase [61]. It is, thus, possible that pain is the underlying mechanism of the observed
increased Swing Time in our EAE mice. Further studies are needed to verify or reject this hypothesis.

Another important finding of our study is that sub-immunization of the mice with CFA and PTx
is sufficient to induce moderate gait abnormalities in the experimental mice. In animal models of
EAE, the disease is induced actively by immunization with myelin protein peptides, such as MOG
or PLP peptide dissolved in CFA, or passively by activated neuroantigen-specific T-cells transfer.
The incidence and severity of the disease induced by neuroantigens in CFA is promoted by PTx
co-injection [62]. Although PTx has been widely used in EAE induction of rodents, the exact role of
PTx in initiating EAE remains controversial. Historically, it was thought that this microbial product
facilitates EAE by breaking down the blood-brain barrier and thereby helps pathogenic T-cells to
migrate into the CNS. Further studies have shown that PTx increases the expression of endothelial
adhesion molecules which triggers leukocyte infiltration into the brain [37]. PTx could also facilitate
EAE induction through modulating the interaction between the innate and adaptive immune system
in the response to self-antigens [36]. Moreover, PTx has other biological functions that could contribute
to its activity in EAE such as inducing maturation of dendritic cells [38], enhancing T effector cells’
cytokine production as well as reducing T regulatory cells” activity [63,64]. Murugesan et al. showed
that CFA/PTx alone could cause widespread gene alterations that could prime the choroid plexus to
unlock the CNS to T-cell infiltration during neuroinflammatory disease [65]. In this study, we used
sub-immunization to uncover whether autoreactive T-cells are required to induce the observed gait
abnormalities. As demonstrated in Figure 6A, the extent of gait alterations was found to be more
severe in fully immunized mice compared to sub-immunized animals. These results suggest that both,
innate and adaptive immunity, act in concert to induce gait abnormalities during pre-clinical EAE.

One major advantage of semi-automated gait analyses in EAE and other neurodegenerative
diseases is that such metrics can be directly compared with measurement obtained during clinical
trials. In a recent trial, Liparoti et al. investigated gait patterns in minimally disabled RRMS patients
applying a three dimensional-gait analysis approach. They could show that, compared to healthy
controls, RRMS show an increase of Swing Time [66]. Beyond, Novotna et al. were able to show that MS
patients with no apparent disability (EDSS 0-1.5) showed abnormalities in the GAITRite gait analysis
instrument [67], suggesting that particular aspects of human gait abnormalities can be investigated
in mice.

Another important advantage of the DigiGait™ analysis system is the semi-automated analysis
approach. Although some manual adjustments have to be performed during the video analysis
procedure, false negative or positive results due to experimenter bias are less likely to occur.
Nevertheless, blinding during the video analysis procedure is mandatory.

5. Conclusions

In summary, DigiGait™ is more sensitive than conventional scoring approaches to study motor
deficits during the EAE pre-clinical phase. To evaluate such abnormalities we suggest to either quantify
the numbers of successful runs on the treadmill and/or to quantify the gait parameters Swing Time,
% Swing Stride, %Stance Stride, Stance/Swing ratio, or Absolute Paw Angle. Early detection of gait
abnormalities in the EAE model may accelerate the development of therapies for MS.
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Abstract: Imaging and postmortem studies have revealed disturbed oligodendroglia-related processes
in patients with schizophrenia and provided much evidence for disturbed myelination, irregular
gene expression, and altered numbers of oligodendrocytes in the brains of schizophrenia patients.
Oligodendrocyte deficits in schizophrenia might be a result of failed maturation and disturbed
regeneration and may underlie the cognitive deficits of the disease, which are strongly associated
with impaired long-term outcome. Cognition depends on the coordinated activity of neurons and
interneurons and intact connectivity. Oligodendrocyte precursors form a synaptic network with
parvalbuminergic interneurons, and disturbed crosstalk between these cells may be a cellular basis
of pathology in schizophrenia. However, very little is known about the exact axon-glial cellular
and molecular processes that may be disturbed in schizophrenia. Until now, investigations were
restricted to peripheral tissues, such as blood, correlative imaging studies, genetics, and molecular
and histological analyses of postmortem brain samples. The advent of human-induced pluripotent
stem cells (hiPSCs) will enable functional analysis in patient-derived living cells and holds great
potential for understanding the molecular mechanisms of disturbed oligodendroglial function in
schizophrenia. Targeting such mechanisms may contribute to new treatment strategies for previously
treatment-resistant cognitive symptoms.

Keywords: schizophrenia; oligodendrocytes; myelin; interneuron; pluripotent stem cells;
cognition; treatment

1. Introduction

Over 40% of patients with schizophrenia (5Z) have an unfavorable outcome, and only 16% of
patients recover with a reduction of symptoms and improvement of social functioning. Cognitive
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deficits and negative symptoms are the most important predictors for poor social and functional outcome
in SZ and major contributors to disability [1,2]. To date, no treatment—including antipsychotics—has
shown satisfactory efficacy in improving cognitive deficits and negative symptoms in SZ [3,4], and
innovative treatment strategies that target underlying pathological processes are urgently needed.

SZ is regarded as a neurodevelopmental disorder, and risk factors include childhood trauma [5]
and birth and obstetric complications [6], all of which may influence brain development. In humans,
myelination and white matter development occur at a high rate in the first years of childhood [7],
continue at a slightly slower rate during adolescence, and enter another dynamic phase in cortical areas
during young adulthood [8], a vulnerable period of brain development that coincides with the average
age of onset of SZ [9]. In some cortical areas, myelination contributes to lifelong brain plasticity, an
adaptive process to “learning,” and only reaches its maximum level after decades [10].

2. Findings of the Relationship of Myelination Deficits, Impaired White Matter, and Cognition
from Human Brain Imaging Studies

Diffusion tensor imaging (DTI) examines brain white matter microarchitecture on the basis of
free water diffusion properties within a certain three-dimensional area (voxel). Different DTT indices,
or their combinations, are associated (to different extents) with the degree of fiber tract organization
and myelination and with axonal integrity. The most important DTI indices are fractional anisotropy
(FA), mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD) [11]. A pioneer study
performed DTI imaging and CLARITY immunolabeling of whole-brain myelin basic protein (MBP),
which is essential for myelination and represents 30% of total myelin brain protein [12], in the same
mouse brain, and revealed that DTI-derived FA significantly correlated with MBP expression, whereas
MD, AD, and RD did not [13]. Previous meta-analyses of voxel-based DTI studies in SZ and first-episode
SZ found reduced FA, in particular in fronto-temporal-limbic pathways [14-16].

Recently, the ENIGMA Schizophrenia DTT Working Group performed the largest international
multicenter study to date, in 4322 individuals, which revealed broad white matter microstructural
differences in SZ [17]. Widespread FA reductions were significant in 19 of 25 regions and, remarkably,
were driven more by peripheral white matter disturbances than by disturbances in specific core regions
of interest. The group also found a widespread increase in MD and RD and consequently suggested that
lower FA was most likely driven by aberrant myelination in most regions [17]. The group concluded
that lower FA in SZ is not due to the potential impact of antipsychotic treatment on white matter
because it did not find significant associations between FA and antipsychotic treatment [17]. This
conclusion is supported by a meta-analysis in minimally treated first-episode SZ patients that also
showed a reduction in FA in the fronto-limbic circuitry [15].

Disturbances of white matter integrity within the fornix, which contains the white matter tracts
of the hippocampus, correlate with impairments in episodic memory in SZ [18,19]. Oligodendrocyte
dysfunction leads to disturbances in myelination and consequently to deficient propagation of nerve
impulses and impaired cognition [20]. Moreover, in SZ patients and controls, oligodendrocyte-related
gene variants, such as myelin-associated glycoprotein (MAG) and cyclic nucleotide phosphodiesterase
(CNP), are related to cognitive performance and this relationship is mediated by white matter tract
integrity [21]. Interestingly, a single nucleotide polymorphism of the oligodendrocyte transcription
factor Olig2, which is necessary for maturation of oligodendrocyte progenitor cells, has also been
associated with impaired cognition, mediated by reduced white matter FA in healthy controls [21].
FA and cognition are also reduced in individuals at ultra-high risk for psychosis, and lower FA,
accompanied by higher RD, was linked to demyelination [22]. Moreover, widespread higher FA was
associated with improved cognitive performance in people at ultra-high risk for psychosis, but not in
healthy controls [22].
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3. Histopathological Studies of Oligodendrocytes in Schizophrenia (SZ)

A reduction of perineuronal oligodendrocytes in the gray matter of the prefrontal cortex has been
reported in SZ [23]. Stereological analyses have found a reduced number of oligodendrocytes in the
dorsolateral prefrontal cortex (DLPFC) [24] but not in the anterior cingulate cortex [25]. In design-based
stereological postmortem studies of Nissl (cresyl violet) and myelin (luxol fast-blue) stained sections, our
group showed a decreased oligodendrocyte number in the left CA4 region of the anterior and posterior
hippocampus in SZ [26,27]. The stereologically estimated loss of oligodendrocytes in this region was
associated with cognitive deficits [28]. A study that aimed to validate the loss of oligodendrocytes by
using immunohistochemical markers found a trend for decreased oligodendrocyte transcription factor
Oligl immuno-positive oligodendrocyte density in the left CA4, but no reduction of the transcription
factor Olig2 [28]. Oligl antibodies stain precursor forms and mature oligodendrocyte populations, and
both Oligl and Olig?2 are needed for progenitor development and repair of myelin [29]. Moreover, the
finding by Schmitt et al. (2009) [26] and Falkai et al. (2016) [27] of decreased oligodendrocyte number
and Falkai et al. (2016) [28] of association with cognitive deficits led to the hypothesis that the decreased
number of oligodendrocytes is related to a failure of maturation and indicates a disturbed regenerative
recovery process in the CA4/dentate region [30]. Interestingly, the loss of oligodendrocytes is confined
to the CA4 region, a region that is now regarded as the polymorph layer of the dentate gyrus. This
region connects the dentate gyrus, where neurogenesis can be observed, with the CA3 region [31]. We
found evidence for disturbed neurogenesis in SZ in that the volume and number of granule neurons
in the left dentate gyrus were reduced [28]. These findings replicated those of former studies [32]
that described such thinning and were interpreted as a sign for disturbed neurodevelopment in SZ.
Furthermore, the CA4/dentate gyrus region is the neuroanatomical basis for the cognitive domain
“pattern separation” and other neurocognitive functions such as declarative memory, which have been
shown to be disturbed in SZ [33].

When interpreting histopathology studies in SZ, one must also consider their limitations.
Design-based stereological studies are superior to cell density studies because the two-dimensional
assessment of Oligl or Olig2 immunostained cells may be confounded by volume differences that
are due to tissue shrinkage associated with formalin fixation or staining procedures, cutting of cells
during sectioning, non-random orientation, and irregular cell shape and size [34]. Moreover, long-term
treatment with antipsychotics may confound results. Using design-based stereology in histologically
stained serial brain sections, we performed a count of the different cell types based on morphological
criteria (neurons, astrocytes, oligodendrocytes) that come into focus within unbiased virtual counting
spaces distributed in a systematic-random fashion throughout the different regions of the hippocampus.
Estimated cell numbers were calculated from the numbers of counted cells and the sampling probability
according to Schmitz and Hof (2005) [35]. Our group showed that the dose of antipsychotics in
chlorpromazine equivalents had no influence on oligodendrocyte numbers [26,27].

4. Evidence of Oligodendrocyte Deficits from Molecular Studies

In SZ, genome-wide microarray studies have shown that expression of myelin- and
oligodendrocyte-related genes is profoundly affected in the prefrontal, temporal, and occipital cortex,
hippocampus, and basal ganglia [36].

In a microarray study, in the temporal cortex, our group showed decreased mRNA expression
of contactin-associated protein, which mediates contact between oligodendrocytes and the synapse,
thus indicating dysfunctional oligodendrocyte-neuronal interactions in SZ (Schmitt et al. 2012). In a
series of proteomic studies in frozen postmortem tissue, we showed that in SZ myelination-related
proteins, such as MBP and myelin oligodendrocyte glycoprotein (MOG), are downregulated in the
DLPEC, anterior temporal lobe, and corpus callosum (e.g., [37,38]). In an immunohistochemistry
study, we detected a decreased intensity of myelin-related MBP staining in the entorhinal cortex of
SZ patients and found a correlation between decreased myelination and disorganization of pre-alpha
cells [39]. Single-cell transcriptome analysis of gene expression in different cell populations [40], such
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as oligodendrocytes in the hippocampal region and prefrontal cortex, has not yet been performed in
postmortem brains from patients with SZ.

5. The “Defective Maturation” Hypothesis of SZ

To date, it is unclear whether a loss of oligodendrocyte progenitors or of mature oligodendrocytes,
and therefore a failure in differentiation or apoptosis, contributes to the reduced number of
oligodendrocytes in patients with SZ. The cause of reduced oligodendrocyte numbers may be important
for the development of future treatment strategies targeting deficits in oligodendrocyte-related
pathological processes. For example, one potential treatment may be to improve the differentiation of
oligodendrocyte progenitor cells to myelinating oligodendrocytes, thereby promoting remyelination
and possibly contributing to improvement of treatment-resistant cognitive and negative symptoms.

Animal models have shown that oligodendrocyte progenitor cell proliferation and differentiation
is required for remyelination [41]. However, in multiple sclerosis, remyelination is often incomplete.
Besides a loss of mature oligodendrocytes, reductions in oligodendrocyte progenitor cells have been
reported [42], as well as increased death of these progenitor cells and reduced process extension under
stress conditions [43]. It has been hypothesized that oligodendrocyte progenitor cells, which are
capable of myelination, are reduced in brain regions of SZ patients, resulting in decreased plasticity and
remyelination capacity. Progenitor cells can be labeled by using antibodies that bind to oligodendrocyte
proteins, which are expressed during specific stages of oligodendrocyte development [41]. However, a
first cell density study of the prefrontal cortex in SZ detected no loss of early NG2-immunopositive
oligodendrocyte progenitor cells [44]. This study did detect a loss of oligodendrocytes positive for
Olig2, a transcription factor expressed in oligodendrocyte progenitors at later stages and in mature
oligodendrocytes [44], but Olig2 is not suitable for identifying progenitor cells specifically. Additional
labeling with neurite outgrowth inhibitor (Nogo)-A, which reliably identifies mature oligodendrocytes,
has been shown to be a way to identify specific stages of oligodendrocytes in human brain regions
from patients with multiple sclerosis [45]. Nogo is known to regulate cellular processes and has
three isoforms, Nogo-A, -B, and -C. Specifically, Nogo-A is highly expressed in oligodendrocytes.
Mature oligodendrocytes derived from surgery tissue specimens from adult patients express both
Nogo-A and Olig2. Double immunohistochemistry with anti-Nogo-A, a marker that reliably identifies
mature oligodendrocytes in human CNS tissue [45], revealed that almost all of the weakly positive
Olig?2 cells were also Nogo-A positive and were identified as mature oligodendrocytes. In contrast,
Olig2-strong cells were negative for Nogo-A. Therefore, double-staining immunohistochemistry allows
oligodendrocyte progenitors to be reliably identified and studies identified oligodendrocytes with
weak Olig2 and strong NogoA staining as mature oligodendrocytes, but those with strong Olig2
and negative NogoA staining as progenitors [43,46]. Other immunohistochemical markers, such
as PDFaR and NG2, have also been used to identify oligodendrocyte progenitor cells [41]. In SZ,
however, stereological studies investigating the number and apoptosis of mature oligodendrocytes or
progenitors are still lacking.

6. The Intercellular Interactions of Oligodendrocytes with Microglia and Neurons

A meta-analysis reported mild inflammation of the brain in SZ with activation of microglia [47],
which may contribute to the oligodendrocyte deficit [48]. Ultrastructural analysis revealed activated
microglia near dystrophic and apoptotic oligodendrocytes and demyelinating and dysmyelinating
axons [49,50]. Oligodendrocytes have glutamatergic n-methyl-D-aspartate (NMDA) receptors, and our
group showed that NMDA receptor hypofunction after MK-801 treatment of human cell cultures causes
oligodendrocyte dysfunction by inducing deficits in glycolysis [51]. MK-801 is a potent NMDA receptor
antagonist, and treatment with this class of antagonists represents the most reliable pharmacological
model of the cognitive, positive, and negative symptoms of SZ [52,53]. Therefore, NMDAR antibodies,
as part of an inflammatory process, may influence oligodendrocyte pathology.
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In SZ, a dysfunction of y-amino-butyric acid (GABA)ergic interneurons has been proposed to
play a role in the pathophysiology of cognitive deficits [54]. More specifically, mRNA and protein
levels of parvalbumin-positive interneurons were shown to be affected in SZ, while cell number
and density were not consistently reduced [55]. However, a dysfunction of inhibitory interneurons
may contribute to a hypofunction of the NMDA receptor and a glutamatergic imbalance, leading
to cognitive deficits and negative and positive symptoms [52]. Recently, it has become evident that,
besides the well-known myelination of glutamatergic projection neurons, a large fraction of myelin
ensheathes axons of cortical inhibitory neurons, especially of parvalbumin-positive basket cells [56].
These findings have relevance for oligodendrocyte pathology in SZ [55] because synaptic signaling
between interneurons and oligodendrocyte precursor cells is known to influence the differentiation of
oligodendrocyte progenitors in the hippocampus [57].

The dysfunction of parvalbuminergic interneurons may be a result of impaired myelin plasticity.
Fast-spiking parvalbuminergic interneurons are essential in generating cortical oscillations in the
gamma range (30-120 Hz), mediated by synchronized inhibition of pyramidal neurons [58,59]. Through
rhythmic perisomatic inhibition of pyramidal neurons, synchronous ensembles of parvalbuminergic
interneurons evoke high-frequency gamma oscillations in the cortex and hippocampus [60,61]. These
gamma oscillations can be determined by electroencephalographic (EEG) recordings [62]. In SZ,
dysfunctional gamma oscillations are the basis of deficits in cognitive functions, such as attention and
working memory [63-65]. Impaired maturation of interneuron-related gamma oscillations may be a
fundamental link between the cognitive and memory deficits associated with early life stress and the
etiologies of SZ, which are based on aberrant neurodevelopment [66].

The relationship between oligodendrocytes and interneuron pathology in SZ is unknown [67].
A large fraction of myelinating oligodendrocytes ensheath fast-spiking parvalbuminergic interneurons.
The fast-spiking parvalbumin-positive inhibitory interneurons of the basket cell class, which have very
high tonic activity, may require myelin to support their high-energy demands [68], and it is presumed
that myelin regulates extracellular potassium buffering [69,70]. Glycolytic oligodendrocytes support
the energy demands of axonal intermediate metabolism by delivering lactate to the encapsulated
axonal compartment, so that neuronal mitochondria can generate ATP [71,72]. Moreover, optogenetic
activation of parvalbumin-positive interneurons in the mouse primary visual cortex (V1) sharpens
neuronal feature selectivity and improves perceptual discrimination, and therefore, parvalbuminergic
activation has functional and behavioral impact [73]. Lactate needs to be delivered because myelin
prevents axons from having rapid access to extracellular metabolites. This concept of metabolic coupling
of myelin and axons is an important new development in neuroscience [74]. Besides myelination and
metabolic support, electrically coupled perisomatic oligodendrocytes buffer K+ currents and influence
high-frequency neuronal excitability, e.g., of excitatory pyramidal [69] and hippocampal inhibitory
interneurons [75].

7. The Role of Environmental Risk Factors in Oligodendrocyte Differentiation

Myelination of the brain has been shown to depend on experiences, and neurodevelopmental
stress-related disturbances in social experience-dependent myelination have been proposed to play a
role in SZ [76]. The mouse model of social isolation immediately after weaning (postnatal day 21-50)
presents with a deficit in oligodendrocyte morphology, reduced myelin thickness, decreased MBP
and MAG expression, a deficit in SZ-related behavior (PPI, working memory), and decreased social
exploration [77,78]. Importantly, in contrast to the effects of adult social isolation, this early induced
phenotype could not be rescued by later social re-integration [78]. In adult mice exposed to social
isolation, clemastine, a muscarinic receptor antagonist, enhanced oligodendrocyte differentiation and
myelination and improved social avoidance behavior [79].

Epidemiological studies have proven that exposure to early stress in the form of abuse and neglect
in childhood increases the risk for later development of SZ [5,80,81]. Childhood abuse and neglect are
known to have a negative influence on cognition in patients with SZ [5]. However, to date, no specific
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treatment exists for SZ-related cognitive deficits, negative symptoms, and underlying myelination
and oligodendrocyte deficits. In this context, drug repurposing is a promising way to address new
treatment targets aimed at improving outcome in SZ. Miconazole (an antifungal agent) and clobetasol (a
corticosteroid) are known to improve remyelination and maturation of oligodendrocytes, and the latter
is also an immunosuppressant. In the lysolecithin lesion model, a multiple sclerosis mouse model, both
substances enhanced remyelination and increased the number of new oligodendrocytes. Moreover,
these drugs enhanced differentiation and maturation of oligodendrocytes in mouse pluripotent epiblast
stem cell-derived oligodendrocyte progenitor cells [82].

8. The Impact of Genetic Schizophrenia Risk on the Oligodendroglial Linage

Genome-wide association studies (GWAS) and exome sequencing approaches have provided
solid evidence of common and rare genetic variations in complex psychiatric disorders such as SZ.
So far, around 150 genetic risk single nucleotide polymorphisms (SNPs) have been unequivocally
identified [83], and more loci will be revealed by the most recent GWAS studies with increased sample
sizes. GWAS have validated the polygenic architecture of SZ, which was postulated decades before [84].
Further analysis identified several risk SNPs associated with genes of known regulatory function
in neurons and also SNPs associated with genes relevant for glial cells, oligodendrocyte progenitor
cells, and mature oligodendrocytes [85-87]. Remarkably, the expert-curated glia-oligodendrocyte
pathway (comprising 52 genes) is associated more strongly with the genetic risk for SZ than with that
for bipolar disorder [86]. In a study of uncurated but computed cell type-specific gene expression
based on mice scRNA-seq and human snRNAseq data, SZ risk genes identified in GWAS were most
significantly associated with a dedicated set of mature neuronal cell types (medium spiny neurons,
cortical and hippocampal glutamatergic projection neurons, and cortical GABAergic interneurons)
than with other neuronal or glial cell types [87]. However, based on only human cell-type specific gene
expression profiles, oligodendrocyte progenitor cells and oligodendrocytes also showed enrichment in
genes associated with SZ. In this study, the cell-type association of astrocytes or microglia was much
lower [87]. Interestingly, increasing evidence indicates that aerobic exercise increases hippocampal
volume and improves cognition in SZ patients [88-90]. Previous studies showed that the effects of
exercise on the hippocampus might be connected to the polygenic burden of SZ risk variants [89].
The modulatory role of cell type-specific SZ polygenic risk scores (PRS) on exercise-induced volume
changes in the CA1, CA2/3, and CA4/dentate gyrus subfields was recently assessed. These analyses
showed that the polygenic burden associated with oligodendrocyte precursor cells and radial glia
significantly influenced the volume changes between baseline and three months in the CA4/dentate
gyrus subfield in SZ patients performing endurance training. A higher oligodendrocyte precursor cell-
or RG-associated genetic risk burden was associated with a less pronounced volume increase or even a
decrease in CA4/dentate gyrus during the exercise intervention. Therefore, it was hypothesized that
SZ cell type-specific polygenic risk modulates the aerobic exercise-induced neuroplastic processes in
CAd4/dentate gyrus of the hippocampus [91].

9. Patient-Derived Neurobiological Test Systems Indicate Oligodendroglial Contribution to SZ

Until recently, most insights into SZ have been generated from postmortem tissue samples
and imaging, genetic, pharmacological, and animal studies. Cellular reprogramming methods to
generate induced pluripotent stem cells (iPSC) now provide a new opportunity to model the complex
polygenetic conditions of SZ by generating patient-derived human iPSC (hiPSC)-based neurobiological
test systems [92,93]. The pioneer work of Brennand et al. (2011) first characterized hiPSC-derived
neurons from SZ patients and revealed decreased neuronal connectivity, decreased neurites, and
decreased levels of post-synaptic protein PSD95 [94]. Subsequent studies focused on specific neuronal
subtypes, such as pyramidal cortical interneurons and dentate gyrus granule neurons, and a series
of studies revealed cell-autonomous neuronal disturbances in SZ [92,95]. Although pioneer studies
confirmed postmortem findings and revealed additional aspects of the molecular mechanisms of
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SZ, hiPSC-based disease modeling has several limitations. Economical and technical limitations
include high costs, biological intra- and inter-individual variability, robustness of applied protocols,
affordability, and scalability. Most studies included fewer than five individuals per group, and only a
few included more than 10 individuals per group. However, the field of hiPSC is rapidly evolving
and is addressing the above-mentioned challenges. Nevertheless, several conceptual limitations will
remain, at least in the medium term. Examples of such conceptual limitations are as follows: (1)
hiPSC-based systems cannot fully mimic the human gene x real world environment interactions that
are part of the etiology of SZ [96], although aspects of known environmental risk factors (e.g., infection,
stress, inflammation) can be modeled [95]; (2) hiPSC-based models are more powerful models of
genetic risk for SZ than of SZ as a disease entity; (3) hiPSC models do not mimic network macro
connectivity, which is assumed to be disturbed in SZ [97]; and, (4) long-lasting processes, such as aging
and maturation over many years, are disturbed in SZ [98] but are difficult to mimic in vitro.

In contrast to investigations on hiPSC-derived neurons, only very few studies have investigated
the impact of oligodendroglial cells in SZ-related hiPSC models. Expression of the SZ risk gene FEZ1
is regulated by SZ-relevant pathways, and knockdown of FEZ1 in murine and human iPSC-derived
oligodendroglial cells was found to disturb oligodendrocyte development [99]. A family-based
approach used hiPSC oligodendrocyte progenitor cells to investigate the contribution to SZ of two
rare missense mutations in CSPG4, which codes for NG2, a prominent marker for proliferating
oligodendrocyte progenitor cells [100]. The study found that hiPSC oligodendrocyte progenitor cells
with one of the CSPG4 mutations showed dysregulated posttranslational processing, subcellular
localization of mutant NG2, and impaired oligodendrocyte progenitor cell survival, with reduced
differentiation to mature oligodendrocytes. Carrier-derived hiPSC neurons were not pathological,
underlining the oligodendroglial cell-autonomous effect of the CSPG4 mutations. Remarkably,
DTI-detectable impairments of white matter integrity were found in affected mutation carriers but
not in their unaffected siblings or the general population [100]. In a pioneer study by Windrem and
colleagues [101] in hiPSC from patients with childhood-onset SZ, glial precursor cells, which could
mature into both oligodendroglial and astroglial lineage cells, showed altered transcriptomic signatures
and impaired astroglial maturation and hypomyelination. Moreover, immune-deficient mice that
received human precursor cells from SZ patients showed psychosis-related behaviors and cognitive
impairments compared with control mice that received cells from healthy individuals [101]. Another
study revealed reduced differentiation of hiPSC-derived marker O4 of the oligodendrocyte lineage
(O4-positive cells) late oligodendrocyte progenitor cells and oligodendrocytes in SZ patient-derived
hiPSC lines compared with control lines. Moreover, white matter myelin content correlated with the
number of O4-positive cells [102]. The above studies underline the cell-autonomous contribution of
the oligodendroglial lineage to SZ. However, they have several limitations. Family-based studies
investigated single, rare SZ variants with large effects [99,100], but the genetic reality of most SZ patients
is a polygenic accumulation of common variants with low individual effect sizes [83]. Windrem et al.
studied glial progenitor cells (GPCs) in a very limited number of individuals with childhood-onset
SZ (a rare disorder) with a very time-consuming experimental protocol (>200 days to generate
GPCs) [101], which limits subsequent functional analysis or rescue experiments. McPhie et al. found
evidence for impaired development of oligodendrocytes in SZ, but their analysis was limited to
immunocytochemistry and did not dissect possible underlying mechanisms [102]. All these pioneering
studies used different approaches that needed 65 to more than 200 days. Therefore, studies are needed
that pave the way for modeling diseases within a shorter time and thus enable the cell-type specific
dissection of disturbed pathways, gene regulation, and molecular mechanisms in a more systematic
and potentially scalable manner.

Technically, and similar to the case with neurons, two different strategies are available to generate
hiPSC-derived oligodendrocyte progenitor cells/oligodendrocytes (for details, we refer the reader to
detailed reviews [103,104]). The first and older strategy is to mimic the embryological and “natural”
development of oligodendrocyte progenitor cells/oligodendrocytes by in vitro patterning with chemical
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stimulation. The advantage of this method is that researchers can investigate the developmental
aspect of a disease. The disadvantages are the time (it takes 55 to more than 200 days to generate
O4+ late-stage oligodendrocyte progenitor cells) and costs of generating oligodendrocyte progenitor
cells/oligodendrocytes. Recent developments have tried to accelerate extracellular lineage pattering
by adding ectopic expression of cell-type determining transcription factors [105,106]. This approach
allows hiPSCs to be differentiated to MBP+ oligodendrocytes within 22 days [106]. An additional
advantage is the reduced cellular heterogeneity. Probably the most important disadvantages of directed
differentiation approaches are their limitations in studying the early developmental aspects of SZ [93].
Oligodendrocyte progenitor cells and oligodendrocytes are heterogeneous across brain regions and
vary with age [107], so investigations are needed that address this diversity.

10. The Road to New Therapies

Imaging, postmortem, and pioneer hiPSC studies have provided evidence for cell-autonomous
deficits of the oligodendroglial lineage in SZ (Table 1). Despite the tremendous progress in two-
and three-dimensional hiPSC-derived myelinating neurobiological test systems, these systems are
always limited by their construct validity in brain disorders, where circuit levels contribute to
behavioral and cognitive deficits. Nevertheless, patient-specific cellular systems enable the study of
disease-associated endophenotypes, such as axonal support or multiple aspects of myelination, and
expand the experimental repertoire in psychiatric research [93].

Table 1. Summary of disturbed oligodendrocyte function in schizophrenia. CA4: cornu ammonis 4;
DLPEC: dorsolateral prefrontal cortex; hiPSC: human induced pluripotent stem cells; iPSC: induced
pluripotent stem cells; MAG: myelin-associated glycoprotein; MBP: myelin basic protein; MOG: myelin
oligodendrocyte glycoprotein; SZ: schizophrenia.

e Decreased fractional anisotropy as a sign of impaired white matter tract integrity [14,17]
Deficits in connectivity in relevant neuronal networks [108]
Single nucleotide polymorphisms in the MAG and Olig2 genes are related to white
matter tract integrity and cognitive performance [21]

In vivo brain imaging studies

. e Decreased oligodendrocyte number in DLPFC and CA4 of the hippocampus [24,26,27]
Histopathology e Decreased MBP immunohistochemical staining intensity [39]
(postmortem) e Reduced density of perineuronal oligodendrocytes [23]

e Decreased expression of myelin- and oligodendrocyte-related genes, such as MAG and

Transcriptomic studies MBP, in several relevant brain regions [109,110]

e Decreased expression of myelin- and oligodendrocyte-related proteins, such as MOG

Proteomic studies and MBP, in several relevant gray and white matter brain regions [37,38]

. Impaired oligodendrocyte maturation and hypomyelinization after neonatal
implantation into mice of iPSC-derived oligodendrocyte progenitor cells from SZ
patients [101]

e Reduced differentiation of O4-positive late oligodendrocyte precursor cells and
oligodendrocytes from SZ hiPSC lines compared with control hiPSC lines. Correlation
between white matter myelin content and number of O4-positive cells [102]

hiPSC studies

Besides technical and conceptual limitations of hiPSC-based disease modeling of a complex disease
such as SZ, a major challenge in generating useful patient-derived neurobiological test systems is
meaningful patient stratification [93]. Future translational studies need to investigate the characteristics
of such stratification. A stringent, at best hypothesis-driven pre-selection of relevant patient subgroups
might allow corresponding molecular mechanisms to be identified in SZ. In addition to human and
animal in vivo studies, hiPSC technology might be a key method to identify diseases-relevant cellular
and molecular profiles and to perform subsequent genetic and pharmacological rescue experiments
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(Figure 1). Despite important limitations, hiPSC-based disease modeling represents a new and
potentially powerful option to study cellular phenotypes in SZ. hiPSC technology allows researchers
to use personalized strategies to address old questions and might help identify different molecular
pathways as potential targets for new treatment strategies.

SZ patients

genomics

clinical
deep
phenotyping

white matter pathology impaired cognition

stratified
* ' ' ' ' SZ patients

New traatmeant \

‘nillm il . :
i hiPSC
Rescue profile

Patiert  Control
Rescue experiments
- genetic modifications
- compounds
I I- i cell madels
 wiliila N
Patient Control st iz,
Disease profile ¥

myelinating monoculture {2D)
co-culture (20 / 3D)

Figure 1. Principals of patient stratification for subsequent human-induced pluripotent stem cell
(hiPSC)-based cellular disease modeling and new treatment strategies. Stratification of schizophrenia
(SZ) patients could be based on genetics or endophenotypes or a combination of the two. Recent
evidence suggests that patients with oligodendrocyte dysfunction and white matter pathology have
cognitive impairments. Red human icons illustrate patients who are risk gene carriers with the shared
endophenotypes of disturbed white matter pathology and impaired cognition. Meaningful patient
stratification based on genomics and clinical deep phenotyping enables subsequent investigations of
underlining cellular and molecular mechanisms. hiPSC technology enables the generation of a toolbox
of patient-derived cell models. Monocultures of glial cells and myelinating co-culture systems could
simulate disease-relevant endophenotype profiles of SZ in vitro. Moreover, hiPSC-derived models
can be used for genetic and pharmacological rescue experiments and pave the way for new treatment
options. Aspects or parts of the illustrations have been published previously [93,111].
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Abstract: The low-density lipoprotein receptor-related protein 1 (LRP1) is a transmembrane
receptor, mediating endocytosis and activating intracellular signaling cascades. LRP1 is highly
expressed in the central nervous system (CNS), especially in oligodendrocyte precursor cells
(OPCs). Previous studies have suggested LRP1 as a regulator in early oligodendrocyte development,
repair of chemically induced white matter lesions, and cholesterol homeostasis. To circumvent
embryonic lethality observed in the case of global LRP1 deletion, we generated a new inducible
conditional knockout (KO) mouse model, which enabled an NG2-restricted LRP1 deficiency
(NG2-CreERT22/WtxR26e GFPoX/loxy ] RP1f0¥flox) When characterizing our triple transgenic mouse
model, we noticed a substantial and progressive loss of recombined LRP1-deficient cells in the
oligodendrocyte lineage. On the other hand, we found comparable distributions and fractions of
oligodendroglia within the Corpus callosum of the KO and control animals, indicating a compensation
of these deficits. An initial study on experimental autoimmune encephalomyelitis (EAE) was
performed in triple transgenic and control mice and the cell biology of oligodendrocytes obtained
from the animals was studied in an in vitro myelination assay. Differences could be observed in these
assays, which, however, did not achieve statistical significance, presumably because the majority
of recombined LRP1-deficient cells has been replaced by non-recombined cells. Thus, the analysis
of the role of LRP1 in EAE will require the induction of acute recombination in the context of the
disease process. As LRP1 is necessary for the survival of OPCs in vivo, we assume that it will play an
important role in myelin repair.

Keywords: cre-recombinase; demyelination; experimental autoimmune encephalomyelitis (EAE);
glial progenitor cells; myelin; tamoxifen

1. Introduction

The low-density lipoprotein receptor-related protein 1 (LRP1) is a type-I transmembrane receptor.
It consists of two covalently bound subunits, an 85 kDa intracellular a-chain and 515 kDa extracellular
-chain [1]. As a multifunctional receptor, LRP1 can bind a variety of up to 40 different ligands such
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as apolipoproteins (Apo), extracellular matrix molecules, and growth factors and is involved in their
endocytosis [1,2]. Apolipoproteins, especially ApoE, mediate cholesterol transport in various cell
types [3]. Beyond its endocytotic function, LRP1 is involved in intracellular signaling and can activate,
for example, the ERK and AKT pathways [4-6].

The LRP1 receptor is widely expressed in the body (liver, lung, blood vessels) and particularly in
the CNS [1,7,8]. Radial glia, neuroblasts, astrocytes, neurons, and especially oligodendrocyte precursor
cells (OPCs) serve as main sources for LRP1 [9-12]. In the past, many studies have focused on LRP1
and demonstrated that a global deletion of the receptor leads to embryonic lethality [13]. Therefore,
conditional LrpI-knockout (KO) models have been developed. Previous studies have concentrated on
LRP1 function in oligodendrocytes, the myelinating macroglia in the CNS. Originating from highly
migratory and proliferative OPCs, which populate the forebrain, oligodendrocytes differentiate into
mature cells in their target compartment. Due to cytoskeletal rearrangements, myelin membrane
expansion of mature oligodendrocytes enables myelination, and thereby the electrical isolation of
nerve fibers [14-16].

It has been shown that neural stem cells, which lack LRP1, have a significantly reduced potential
to differentiate into OPCs, immature or mature oligodendrocytes, indicating a crucial role of LRP1 in
oligodendrogenesis [10,11]. Accordingly, LRP1 has been found highly expressed in OPCs, whereas it is
downregulated in mature, myelinating oligodendrocytes on both the mRNA and protein level [9,12,17].
This suggests a link between LRP1 and early oligodendrocyte development. Moreover, oligodendrocyte
functions are affected by LRP1. Thus, LRP1 deletion in chemically induced white matter lesions
revealed attenuated remyelination and compromised repair of white matter. Furthermore, cholesterol
homeostasis is regulated by LRP1, which plays a key role in oligodendrocyte differentiation [16].

According to the preliminary data, we generated a new inducible, conditional KO mouse
model with OPC-restricted LRP1-deficiency: NG2-CreERT2¢%"txR26eGFPflovfloxy] Rp1flovflox NG2,
together with PDGFR«, serves as a marker for OPCs [18,19], which enabled us to delete LRP1 in
early oligodendrocyte development and analyze the ensuing effects of LRP1-deficiency on the whole
oligodendrocyte lineage. The characterization of our novel model revealed similar distributions and
fractions of oligodendroglia in the Corpus callosum. However, substantial and progressive loss of
recombined LRP1-deficient oligodendrocytes was observed over time. Moreover, when experimental
autoimmune encephalomyelitis (EAE) was elicited by immunization with a MOG peptide, the LRP1
KO animals were more strongly affected, with greater functional deficits in comparison to the control.
On the cellular level, the in vitro myelination assay revealed elongated internodes in the LRP1 KO
condition. Considering our findings, we propose that LRP1 is a critical long-term regulator of
oligodendrocyte survival in vivo and suggest a crucial role of LRP1 for myelin quality.

2. Materials and Methods

2.1. Ethics Statement

This study was carried out at the Ruhr-University Bochum with conformity to the recommendations
of local guidelines in experimental animal handling. The animal experiments were approved
by the “Landesamt fiir Natur, Umwelt, und Verbraucherschutz” (LANUYV) in Recklinghausen,
North Rhine-Westphalia with the reference number 84-02.04.2015.A149. The study referred to
the 3Rs (Replacement, Reduction, Refinement) and tried to reduce animal numbers and refine
experimental conditions.

2.2. Generation of the New Mouse Model and Housing

The new mouse model was generated by cross-breeding previously described mouse lines.
LRP1flo¥/flox e (B6;129S7—Lrp1””2H"/] ), which were obtained from the Jackson Laboratory, and the
transgenic constructs have been previously published by Rohlmann et al. [20]. In NG2-CreERT2NGcE
mice, the inducible Cre DNA recombinase CreERT2 was knocked into the NG2 locus. Only
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heterozygous mice were used [21]. By crossbreeding the mice to homozygous floxed reporter
mice [22], recombined cells could be identified by the genetically encoded GCaMP3 reporter
expression that can be detected by anti-GFP antibodies. Since we did not take advantage of
the Ca?* indicating property of GCaMP3, we termed this reporter mouse line R26eGFPfloX/flox,
By crossbreeding the two different mouse lines, NG2-CreERT29/WtxR26e GFPflo¥/floxy | Rp1flox/flox (k)
and NG2-CreERT2VYWtxR26eGFPlox/floxy 1 Rp1flox/flox (control) animals were generated in one litter.
Both received tamoxifen via the lactating mother.

For in vivo analysis, postnatal day (P)7, P14, P21, P28, P42, P56, and P56-70 littermates were
analyzed. An in vitro myelination assay (Figure S1) required P6 to P9 animals.

Animals were housed in an open cage system with 12 h-day/night-cycles and 25 °C room
temperature. Water and diet were accessible ad libitum.

2.3. Genotyping

To genotype the littermates, genomic DNA from tail biopsies was used. All primers (Sigma,
St. Louis, MO, USA), amplified product sizes, and sources are listed in Table 1 (base pairs: bp, for:
forward, rev: reverse, WT: wildtype).

Table 1. Genotyping primers and amplified product sizes.

Gene Primer Sequence Product Size Source

for 5’'-CATACCCTCTTCAAACCCCTTCCTG WT: 291 bp Jackson
rev 5'-GCAAGCTCTCCTGCTCAGACCTGGA KO: 350 bp Laboratory

for 5-GGCAAACCCAGAGCCCTGCC
wt rev 5'-GCTGGAGCTGACAGCGGGTG WT: 557 bp

LRP1

NG2-Cre (NGCE) Cre-ERT2 rev KO: 829 bP (21]
5-GCCCGGACCGACGATGAAGC
for wt 5-CTCTGCTGCCTCCTGGCTTCT
Rosa26.GCaMps  WETeV 5-CGAGGCGGATCACAAGCAATA  WT: 327 bp 2]

for KI 5-CACGTGATGACAAACCTTGG KO: 245 bp
rev KI 5'-GGCATTAAAGCAGCGTATCC

2.4. Injection of Tamoxifen to Animals

The KO was induced via administration of tamoxifen. Therefore, feeding mothers were
intraperitoneally injected with 100 mg/kg tamoxifen (Sigma) dissolved in corn oil (Sigma), on two
consecutive days (Figure 1A). Maternal tamoxifen metabolites reached the pups via milk at postnatal
days (p)3 and 4 (referring to [21]). Animals were monitored and weighed every 2-3 days and evaluated
with a clinical score.
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Figure 1. Recombination efficiency and portion of recombined cells over time. (A) Scheme of tamoxifen
administration and analyzed ages of experimental animals. (B) Immunohistochemical stains against
green fluorescent protein (GFP) indicating recombined cells within postnatal day (P) P7-P42 KO tissue
(scale bars: 100 um). (C) Quantification of GFP-expressing recombined cell fractions in the Corpus
callosum of various analyzed stages. (D) Representative immunohistochemical staining against GFP
and Olig?2 (scale bars: 100 um, 20 um). (E) Quantification of double-positive cells for GFP and Olig2,
defined as recombination efficiency, indicated an initial efficiency of more than 50%, before a significant
and progressive loss of double-positive recombined LRP1 KO oligodendrocytes was observed over time.
At P56, the loss of double-positive cells compared to earlier time points reached statistical significance,
whereas this effect was not that prominent at P42 (p < 0.05 for *, p < 0.01 for **, and p < 0.001 for **¥).
Data are expressed as the mean + SEM. N = 34, n = 9-12 per rostral and caudal part. At least 200-1200
cells per section were counted. Depending on normally or not normally distributed data, the Student’s
t-test or Mann-Whitney U test was used for evaluation within the individual ages.

2.5. Decapitation, Perfusion, and Dissection

For the experiments, P7 animals were decapitated, whereas P14, P21, P28, P42, P56, and P56-70
animals were anesthetized (100 mg/kg ketamine (CP-Pharma, Burgdorf, Germany), 10 mg/kg Xylazin
(CP-Pharma)), and perfused with PBS/heparin (Ratiopharm, Ulm, Germany). Therefore, a constant

226



Cells 2019, 8, 1550

pressure of 0.7 mL/min was generated with a peristaltic pump. After perfusion for 10-15 min, the
animals were dissected. For all ages, the brains were removed from the skull and separated into
hemispheres for cryosections, PCR, and western blot analysis.

2.6. Cryosections

For cryosections, the dissected tissue was postfixed in 4% paraformaldehyde (PFA; Carl Roth
GmbH and Co. KG, Karlsruhe, Germany) overnight and afterward drained with 20% sucrose (Fisher
Chemical by Thermo Fisher Scientific, Bedford, MA, USA), again overnight. The tissue was embedded
in tissue freezing medium (Leica Biosystems, Mount Waverly, Australia) to prepare sagittal cryosections
(14 pm). Cryosections were stored at —20 °C until further use.

2.7. Immunohistochemistry (IHC)

Intranuclear immunohistochemical staining started with incubation for 1 h in citrate buffer
(solution A: 0.1 M citric acid-1-hydrate, solution B: 0.1 M Na-citrate-dihydrate; 1 mM of solution A and
4 mM of solution B in Aqua dest) at 70 °C. After three washes with PBS (10 x PBS: 137 mM NaCl, 3 mM
KCl, 6.5 mM Nap,HPO,02H,0, 1.5 mM KH,POy in Aqua dest; 1 x PBS: 10 X PBS in Aqua dest, pH 7.4),
blocking buffer (PBS, 0.1% Triton X-100, 1% bovine serum albumin (BSA, Sigma), 3% serum (Dianova
GmbH, Hamburg, Germany)) was added to the slices for 1 h. The primary antibody was dissolved in
blocking buffer and incubated on the sections overnight at 4 °C. Next, three washing steps with PBS
followed and secondary antibody, dissolved in blocking buffer, was added for 2 h at room temperature.
Finally, three washing steps in PBS and mounting with ImmuMount (Thermo Fisher Scientific) and
coverslips were performed. Extranuclear immunohistochemical staining started with three PBS washes
and followed the same protocol as described above. Antibodies: APC (clone CC1, 1:100, ab16794,
Lot: GR322482-3, Abcam; Cambridge, UK), GFP (1:200, AB3080; Lot 2929345, Millipore by Merck,
Darmstadt, Germany; 1:500, 600-101-215, Lot: 33301, Rockland Immunochemicals Inc., Limerick, PA,
USA), LRP1 (1:500, ab92544, Lot: 6R259330-27, Abcam), Olig2 (1:400, AB9610, Lot: 3071572, Millipore),
PDGFR« (1:300, sc-338, Lot: E2015, Santa Cruz Biotechnologies Inc., Dallas, TX, USA), Donkey « rabbit
AF488 (1:250, 711-545-152, Lot: 127498, Jackson ImmunoResearch Laboratories Inc., West Grove, PA,
USA), Donkey « rabbit Cy3 (1:500, 711-165-152, Lot: 130990, Jackson ImmunoResearch Laboratories
Inc.), Donkey o mouse Cy5 (1:150, 715-175-150, Lot: 129945, Jackson ImmunoResearch Laboratories
Inc.), rabbit « mouse Cy3 (1:500, 315-165-044, Lot: 131676, Jackson ImmunoResearch Laboratories Inc.),
Donkey « goat AF488 (1:250, 705-545-147, Lot: 136089, Jackson ImmunoResearch Laboratories Inc.),
and Donkey o« goat Cy3 (1:500, 705-165-147, Lot: 139052, Jackson ImmunoResearch Laboratories Inc.).

2.8. Preparation of Tissue for Reverse Transcriptase-Polymerase Chain Reaction(RT-PCR) and Western
Blot Analysis

For the PCR and western blot analysis, brain hemispheres were shortly thawed and Corpora
callosa were dissected from the tissue with disposable scalpels (B. Braun, Melsungen, Germany).
Afterward, the tissue was lysed with mRNA lysis buffer (Sigma: GenElute Mammalian Total RNA
Miniprep Kit) or protein lysis buffer (50 mM Tris, 150 mM NaCl, 5 mM EDTA, 5 mM EGTA, 1% Triton
X-100, 0.1% SDS, 0.1% Na-deoxycholate).

2.9. RT-PCR Analysis

To investigate mRNA expression in the tissue samples, mRNA was isolated from lysates and
cDNA was synthesized following the manufacturer’s instructions (Sigma: GenElute Mammalian Total
RNA Miniprep Kit, Thermo Fisher Scientific: First Strand cDNA Synthesis Kit). Via RT-PCR -actin
(for: TAT GCC AAC ACA GTG CTG TCT GGT GG, rev: TAG AAG CAT TTG CGG TGG ACA ATG G),
Mbp (for: TCT CAG CCC TGA CTT GTT CC, rev: ATC AAC CAT CAC CTG CCT TC) and Pdgfra
(for: GCA CCA AGT CAG GTC CCA TT, rev: CTT CAC TGG TGG CAT GGT CA) were amplified.
All primers were from Sigma.
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2.10. Western Blot Analysis

Proteins were separated by weight in 12% polyacrylamide-SDS-gels and transferred after to
PVDEF-membranes (Carl Roth) using a semi-dry transblot system (Carl Roth). Membranes were blocked
with 5% skimmed milk powder (Heirler, Radolfzell, Germany) in tris-buffered saline with Tween TBST
(0.05% Tween-20, 1 x TBS; 10 x TBS: 250 mM Tris/HCl pH 7.4, 1.5 M NaCl) (blocking solution) for 1 h.
Membranes were incubated in primary antibody, dissolved in blocking solution at 4 °C overnight,
followed by three washing steps in TBST. Next, a one-hour incubation with the secondary antibody,
which was dissolved in blocking solution, and finally, three washing steps with TBST and one wash
with 1 X TBS were carried out. Western blots were developed after incubation with the substrate
solution (ECL Substrate, BioRad Lab. Inc., Hercules, CA, USA) for 5 min. Antibodies: LRP1 (1:10,000,
ab92544, Lot: 6R259330-27, Abcam), MBP (1:1000, MCA409S, Lot: 161031A, BioRad), PDGFR« (1:10,000,
sc-338, Lot: E2015, Santa Cruz), x-tubulin (1:10,000, T9026, Lot: 078M4796 V, Sigma), Goat « rabbit
HRP (1:5000, 111-035-144, Lot: 132409, Jackson ImmunoResearch Laboratories Inc.), Goat & mouse
HRP (1:10,000, 115-035-068, Lot: 132223, Jackson ImmunoResearch Laboratories Inc.), and Goat « rat
(1:5000, 112-035-062, Lot: 90553, Jackson ImmunoResearch Laboratories Inc.).

2.11. Experimental Autoimmune Encephalomyelitis (EAE)

For the analysis of the functional effects of LRP1 on oligodendrocytes, experimental allergic
encephalomyelitis (EAE) was induced. Tamoxifen-treated animals were generated and immunized
with MOGg5_55 peptide (synthesized at Charité Berlin, Germany) in complete Freund’s adjuvant
(incomplete Freund-adjuvant, M. tuberculosis H37 Ra, Difco Laboratories, Detroit, MI, USA) at the
age of 8-10 weeks (P56-P70). Additionally, the animals received 250 ng/100 uL pertussis toxin (EMD
Millipore Corporation by Merck) on the day of and two days after immunization. Clinical symptoms
were evaluated using a 10-point-score scale (0 = normal, 1 = reduced tail tonus, 2 = complete tail
palsy, 3 = lack of reflexive compensatory movements while walking, 4 = ataxia, 5 = slight paralysis of
the hind legs, 6 = plegia of one leg or moderate paralysis of both legs, 7 = paraplegia with complete
paralysis of both hind legs, 8 = tetraparesis with (slight) paralysis of front extremities, 9 = moribund,
and 10 = death) and score and weight were documented on a daily basis. After 28 days of monitoring
the course of disease, the experiment was stopped and the animals were sacrificed.

2.12. Imaging

Immunohistochemical stains were documented with AxioZoom V16, AxioCam 506mono, and Zen
2009 software by Zeiss (Oberkochen, Germany). Three caudal and three rostral images of each Corpus
callosum were taken. RT-PCR results were kept by a documentation system from LTF Labortechnik
(Wasserburg, Germany) with BioCaptw software. Protein gels and western blots were imaged with
the documentation system MicroChemi and Gel Capture 6.6 software by DNR bio imaging systems
(Jerusalem, Israel).

2.13. Quantification

Immunohistochemical stains were quantified by single cell counting in Image]/FIJI. Single cells
were defined by nuclear stain with Hoechst dye, binding to nucleic acids. Immuno-positive cells were
identified by expression of stage- or lineage-specific markers, depending on their expected localization
(intranuclear, intracellular, extracellular). Three caudal and rostral sections of the Corpus callosum in
the sagittal orientation were taken and at least 200-1200 cells per section were counted.

mRNA and protein expression were measured by intensity measurements in Image]J/FIJI.

In some cases, significant reductions between two conditions were additionally calculated and
mentioned in the text. Therefore, the higher value served as 100%.

228



Cells 2019, 8, 1550

2.14. Statistics

Statistics were depicted as mean + SEM. Normal distribution of values was checked with the
Shapiro-Wilk test. Depending on normally or not normally distributed values, the Student’s t-test or
Mann-Whitney U test was performed. Biological replicates were stated as “N” and technical replicates
as “n”. Immunohistochemical stains: N = 34, n = 9-12; PCR analysis: N = 4, n = 4; western blot
analysis: N = 3, n = 3; EAE pilot study: N = 5, n = 5. Significant data were declared with a p-value (p)
of 0.05. p < 0.05 for *, p < 0.01 for ** and p < 0.001 for ***. All statistical tests were performed with
Microsoft Excel (Redmond, WA, USA).

3. Results

3.1. Induction of the NG2-Restricted LRP1-Deficient KO in the New Mouse Model

In order to investigate the role of LRP1 in the NG2-cell lineage, we generated the novel
conditional knockout mouse model: NG2-CreERT2¢%WtxR26eGEPflox/floxy] Rp1 flox/flox (KO) and
NG2-CreERT2WYWtxR26eGFPflox/floxy [ Rp1flox/flox (control). To induce the deletion, tamoxifen was
applied to lactating mothers three and four days after the birth of the litters. For the analysis, we
focused on six different age stages to evaluate different experimental aspects (Figure 1A).

First, we focused on the number of cells that recombined upon tamoxifen treatment by monitoring
the expression of the reporter GCaMP3 detectable by anti-GFP antibodies. For the sake of simplicity,
we refer to GCamP3-expressing cells as GFP- or reporter-expressing cells. Cells were counted in the
Corpus callosum because this brain region represents a strongly myelinated fiber tract. Overall cell
numbers were visualized using a nuclear marker (Hoechst dye) and the proportion of immunostained
cells was recorded. Postnatally from P7 to P42, an increase in the number of GFP-expressing cells
could be observed, before the fraction of immunopositive cells dropped rapidly at P56 (Figure 1B,C).
For the rostral Corpus callosum, a range of maximally 31% =+ 4.9% standard error of the mean (SEM)
and minimally 7% + 1.6% SEM was found over time. Similar to this finding, a maximum of 27%
+ 9% SEM and a minimum of 4.7% + 1.4% GFP-positive cells was present in the caudal region
of the Corpus callosum (Figure 1C). These results suggest that initially from P7 to P42, about one
third of the cells in the Corpus callosum showed Cre-mediated recombination, which represents the
percentage of oligodendrocyte lineage cells generated by NG2 cells present at P3 to P5 at the time of
tamoxifen injection.

To further assess the number of recombined cells that could be attributed to the oligodendrocyte
lineage, we employed the lineage-specific marker Olig2 and analyzed the number of cells
double-positive for GFP and Olig2. At P7, half of all oligodendrocytic Olig2-positive cells expressed
GFP and revealed a recombination efficiency of 50% recombined LRP1-deficient oligodendrocytes.
Surprisingly, we saw a significant reduction in the number of recombined oligodendrocytes over time
(Figure 1D,E). Focusing at the maximum at P7, fractions of 53% + 9.9% SEM rostrally and 59% =+
6.7% SEM caudally of GFP-expressing Olig2-positive cells were identified for the Corpus callosum.
Reflecting a loss of recombined oligodendrocytes, a minimum of only 15% + 6.6% SEM (rostral) and
13% =+ 2.8% SEM (caudal) of GFP-expressing Olig2-positive cells was left at P56. Setting these fractions
in relation to the starting point at P7, this signifies a rostral and caudal reduction of recombined
oligodendrocyte lineage cells by 71.1% (53% + 9.9% SEM reduced to 15% + 6.6% SEM) and 77.3%
(59% + 6.7% SEM reduced to 13% + 2.8% SEM), respectively. This strong effect illustrated a clear
linkage between LRP1 expression and oligodendrocyte lineage cell survival. The most straightforward
explanation for the progressive loss of recombined cells in the Olig2-lineage is presumably cell death
as a consequence of LRP1 elimination.

3.2. LRP1 Expression in Oligodendrocyte Development

The new mouse model aims at LRP1-deficiency in OPCs and differentiating oligodendrocytes.
Therefore, the analysis of LRP1-expressing cells was vitally important for the characterization of
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the model and the impact of LRP1 on oligodendrocytes. So, we performed immunohistochemical
staining against LRP1 in relation to all cells assessed by nuclear stain (Figure 2 and Figure S2).
Previous studies have demonstrated a decrease in LRP1-expression on the mRNA and protein level
in the oligodendrocyte lineage during development [9,12], which was verified in our model during
development with LRP1-expressing cells. LRP1-positive cells declined from P7 (Con maximum:
9.0% + 1.9% SEM) to P56 (Con maximum: 0.2% + 0.3% SEM) (Figure 2A,B). To assess the success
of LRP1 deletion on protein level immunohistochemical staining against LRP1 were performed.
Here, comparable fractions of LRP1-positive cells were observed in the KO when compared to
the control at P7 (Con maximum: 9.0% + 1.9%; KO maximum: 7.6 + 2.0%). This indicates an
incomplete recombination, or rather incomplete degradation of LRP1, at this time point shortly after
tamoxifen-mediated induction. Notable differences were observed at P14 and P21, with significantly
reduced fractions of LRP1-expressing cells in the KO when compared to the control. This demonstrated
a successful recombination in terms of LRP1 deletion and the degradation of LRP1. In detail, we found
a significant reduction by 72% (2.8% =+ 1.4% SEM reduced to 0.8% =+ 0.5% SEM) of LRP1-expressing cells
from the control to KO condition at P14 in the caudal Corpus callosum (p < 0.05, *). One week later,
highly significant reductions by 85% (2.1% =+ 0.2% SEM reduced to 0.3% + 0.3% SEM) rostrally and 73%
(1.9% + 0.5% SEM reduced to 0.5% + 0.4% SEM) caudally in comparison with the control were shown
for the KO at P21 (p < 0.01 **; p < 0.001 ***). Thus, a KO-dependent decrease in the LRP1-expressing
cells was observed that confirmed the success of the inducible KO strategy. Accordingly, the loss of
LRP1 in these cells might account for the previously detected reduced proportion of recombined cells
(see above).

Strikingly, a significant difference between the control and KO was observed at P56. Whereas no
LRP1-positive cells were found in the caudal Corpus callosum of the control, 0.5% of the cells expressed
LRP1 in the KO (* p < 0.05).

In a complementary approach, we analyzed the time-dependent change of the cell fraction still
double-positive for GFP and LRP1. This fraction represents the surviving cells of the oligodendrocyte
lineage due to still incomplete protein degradation [23]. Immunohistochemical staining against LRP1
and GFP revealed a maximum at P7 with 2.4% =+ 0.5% SEM (rostral) and 3.5% =+ 0.7% SEM (caudal) of
LRP1- and GFP-double-expressing cells. Within the next seven days, the fraction of double-positive
cells dropped rapidly to 0.5% and less, and at P56, a minimum of 0.02% + 0.03% SEM (rostral) and 0%
(caudal) remained (Figure 2A,C). In conclusion, more than 95% of cells with recombined, and therefore
activated reporter were devoid of LRP1 protein.

230



Cells 2019, 8, 1550

4 %
- Bratral
T ; Weandal
B
e *
E 3
2 RE
E

. o - im
Con KOy Con KO Con KOy Con L8] Con KO
rr4 21 I P4 P

45
E
! 4
H
‘E ]
2
H

o of LRPLHGFP+-cell:

1

B & i

0 " ] s
rid [d] (52 142

" "6

Figure 2. LRP1-expressing cells decreased over time. (A) Immunohistochemical staining against LRP1
and GFP to identify LRP1-expressing cells and double-positive cells, indicating reporter-positive cells
that still expressed non-degraded LRP1 (scale bars: 100 pm, 20 pm). (B) Quantification of LRP1+-cells
indicated a time-dependent reduction and proved the success of the inducible KO strategy with
significantly reduced numbers of LRP1-expressing cells in the KO at P14 and P21 (* p < 0.05; ** p < 0.01;
*** p <0.001). (C) Time course of cell loss with LRP1 expression. Depicted is the remaining fraction
of cells that were still double-positive for LRP1 and GFP. Please note that different experimental age
stages are shown in diagrams (B,C). Data are expressed as the mean + SEM. N = 3-4, n = 9-12 per
rostral and caudal part. At least 200-1200 cells per section were counted. Depending on normally or
not normally distributed data, the Student’s t-test or Mann-Whitney U test was used for evaluation
within the individual ages.
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3.3. Proportion and Distribution of Control and KO Cells

In order to investigate the LRP1 KO-dependent effects specifically in the oligodendrocyte lineage,
we analyzed the proportion and distribution of immature and mature oligodendrocytes in vivo. To this
end, we prepared triple immunostainings to define different subpopulations of oligodendrocytes
(Figure 3).

Figure 3. Triple immunohistochemical stainings showing mature and immature proportions within

oligodendrocyte lineage in the Corpus callosum by Olig2, CC1, and GFP. Immunohistochemical
stainings of P7-P56 control and KO tissue against Olig2, GFP, and CC1 (mature con cells defined
as: Olig2+/CC1+/GFP—; mature KO cells: Olig2+/CC1+/GFP+; immature con cells defined as:
Olig2+/CC1~/GFP~; immature KO cells: Olig2+/CC1~/GFP+) (scale bars: 100 um, 20 um).

Olig2 was used to label all oligodendrocytic cells. CCl-expressing cells were defined as
mature oligodendrocytes, whereas CCl-negative cells were considered as immature cells. Based
on the expression of GFP, KO cells (recombined) could be discriminated from non-recombined cells
within the KO tissue. In this approach, mature oligodendrocytes were visualized by the marker
combinations Olig2+/CC1+/GFP— (control; non-recombined in control tissue) and Olig2+/CC1+/GFP+
(KO; recombined in KO tissue). Immature oligodendrocytes were identified as Olig2+/CC1-/GFP—
(control; non-recombined in control tissue) and Olig2+/CC1—/GFP+ (KO; recombined in KO tissue)
(Figures 3-5).

First, the total numbers of Olig2-expressing cells served as references (100% value for the control
and KO) for the analysis of mature and immature oligodendrocyte proportions in the control and
KO tissue (Figures 4 and 5). For mature oligodendrocytes, an increase from P7 to P56 was observed
in the control animals (rostral: 23.0% + 3.9% to 67.8% + 6.4%; caudal: 25.4% =+ 1.7% to 66.6% =
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12.0%). However, the KO fraction supported our previously found progressive loss of LRP1-deficient
oligodendrocytes with decreasing proportions in mature cells during development (rostral: 15.5% =+
3.2% to 5.7 £ 1.9%; caudal: 14.6% + 3.3% to 8.6% =+ 3.2%). For this comparison a highly significant
impairment of the KO condition was observed when compared to the control (* p < 0.05; ** p < 0.01; ***
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Figure 4. Comparison of mature and immature oligodendrocytes revealed significantly decreased
fractions in the KO when compared to the control, indicating a progressive cell loss. (A) Quantification
of mature proportions of recombined (Olig2+/CC1+/GFP+) and non-recombined oligodendrocytes
(Olig2+/CC1+/GFP~), normalized to Olig2-positive cells indicated a significantly impaired KO fraction
compared to the control (* p < 0.05; ** p < 0.01; *** p < 0.001). This observation demonstrated
a progressive loss of LRP1-deficient oligodendrocytes during development. (B) Quantification of
immature proportions of recombined (Olig2+/CC1-/GFP+) and non-recombined oligodendrocytes
(Olig2+/CC1-/GFP-), normalized to Olig2-positive cells showed comparable results to the mature
proportions. A significantly reduced fraction of LRP1-deficient oligodendrocytes developed over time
(*** p £0.001). Data are expressed as mean + SEM. N = 3-4, n = 9-12 per rostral and caudal part.
At least 200-1200 cells per section were counted. Depending on normally or not normally distributed
data, the Student’s t-test or Mann-Whitney U test was used for evaluation within the individual ages.

Furthermore, immature oligodendrocytes were investigated from P7 to P56 and revealed
decreasing cell proportions for the control condition (rostral: 77.0% =+ 8.0% to 32.2% + 4.9%; caudal:
74.6% =+ 10.5% to 33.4% + 7.4%). Similar to mature LRP1-deficient KO oligodendrocytes, the proportion
of immature KO cells also decreased over time (rostral: 37.2% =+ 6.1% to 6.0% =+ 3.7%; caudal: 42.8% +
6.5% t0 6.9% =+ 3.9%). Again, a highly significant difference was seen between the control and the KO
condition (*** p < 0.001). In summary, these findings support our previously shown data (Figure 1)

233




Cells 2019, 8, 1550

regarding the progressive loss of LRP1-deficient oligodendrocytes compared to the control condition
and the LRP1-dependent survival of oligodendrocytes.
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Figure 5. Proportions of persisting mature and immature oligodendrocyte lineage cells revealed similar
differentiation and distribution in the KO condition when compared to the control. (A) Quantification
of mature control oligodendrocyte proportions (Olig2+/CC1+/GFP- cells) normalized to Olig2+-cells
revealed an increase from 20% to 65% over time. (A’) Quantification of mature KO oligodendrocyte
proportions (Olig2+/CC1+/GFP+-cells) normalized to recombined Olig2+/GFP+-cells demonstrated an
increase from P7 to P21 and comparable cell proportions afterwards. (B) Quantification of immature
control oligodendrocyte proportions (Olig2+/CC1~/GFP-cells) normalized to Olig2+-cells exhibited
decreasing proportions from 80% to 30% during development. (B") Quantification of immature KO
oligodendrocyte proportions (Olig2+/CC1—/GFP+-cells) normalized to Olig2+/GFP+-cells indicated
a slight decrease over time. Please note that the presented proportions of mature and immature KO
cells refer to the progressively decreasing recombined KO fraction (see Figure 1E). The minority of
surviving LRP1-negative oligodendrocytes behaved similarly to the control. No statistically significant
differences were observed between the KO and control conditions. Data are expressed as the mean +
SEM. N = 3-4, n = 9-12 per rostral and caudal part. Atleast 200-1200 cells per section were counted.
Depending on normally or not normally distributed data, the Student’s t-test or Mann-Whitney U test
were used for evaluation within the individual ages.

In a further step, Olig2- (in the control tissue) as well as Olig2- and GFP-double expression
(recombined cells in the KO tissue) were used to label the whole oligodendrocyte lineage fractions
(100% reference values for the control and KO, respectively) (Figures 3 and 5). For this aspect, it is
important to note that the following data showed relative proportions of mature/immature cells within
the recombined LRP1-free cell fraction compared to the control. As shown in Figures 1 and 4, this
recombined cell fraction was strongly reduced over time (compare Figure 1 reduction rostral: 71.1%,
value: 53% + 9.9% SEM reduced to 15% + 6.6% SEM; reduction caudal: 77.3%, value: 59% + 6.7% SEM
reduced to 13% + 2.8% SEM,; see also Figure 4 and description above). This means that the absolute
numbers of such KO cells found in the Corpus callosum were much lower than the control.
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Focusing on the proportion of mature cells, a non-linear increase over time was observed
(minimum: 23.0% + 3.9% SEM, maximum: 67.8% =+ 6.4% SEM) (Figure 5A,A"). At P21, the first peak
was reached and the maximum of KO oligodendrocytes (67.8% =+ 6.4% SEM) was detected, which
slightly decreased until P56 (minimum 48.5% + 16.4% SEM) (Figure 5A’). In contrast, the control
condition revealed the opposite effect with a maximum at P56 (P21: 52.3% =+ 10.6% SEM; P56: 67.8% =+
6.4% SEM) (Figure 5A).

The proportion of immature cells tended to decrease (Figure 5B,B’). From P7 to P21, a clear
reduction in the fraction of immature cells was observed (maximum: 77.0% = 8.0% SEM, minimum:
38.3% + 13.3% SEM), which was comparable in both genotypes. Thereafter, the control cell fraction
remained stable until P42 and finally decreased until P56 (minimum: 32.2% + 4.9% SEM) (Figure 5B).
Focusing on the KO, an increase to P42 (maximum: 61.3% =+ 19.7% SEM) was determined, followed by
a slight decrease until P56 (minimum: 44.7% + 25.1% SEM) (Figure 5B’).

Overall, the distribution of mature and immature oligodendrocytes in both genotypes was
comparable at the individual postnatal age stages. However, the proportion of immature KO cells
increased after P21, whereas the relating ratio of mature cells decreased in this LRP1-deficient
fraction. In fact, our data suggest that although progressive elimination of Olig2-positive cells
without LRP1 expression was observed via the loss of Olig2/GFP-double positive cells (Figures 1
and 4), the remaining fractions of oligodendrocyte lineage cells within the Corpus callosum revealed
comparable characteristics. We assumed a compensatory effect by regenerative healthy cells at regions
of progressive cell loss. The smaller proportion of remaining, recombined KO cells behaved similarly
with regard to distribution and differentiation in the Corpus callosum compared to the control cells.

3.4. Cellular Characterization of Oligodendrocyte Lineage-Specific Cells

After the evaluation of the KO and successful recombination, we wanted to exclude side-effects
on the oligodendrocyte population due to the tamoxifen-induced recombination. We aimed to
compare oligodendrocyte lineage cell fractions in the Corpus callosum in a genotype-independent
manner (including GFP+ and GFP— cells in the tissue) to validate potential gross differences in tissue
composition between the control and KO animals. Therefore, subpopulations of oligodendrocytes of
various differentiation stages (e.g., precursors and mature cells) were investigated. To this end,
immunohistochemical stainings, using the lineage marker Olig2 (including OPCs and mature
oligodendrocytes), the OPC marker PDGFR« (only OPCs), and the mature marker CC1 (mature
oligodendrocytes only) were performed (Figure 6). Proportions of labeled cells were determined in
relation to the overall cell number as revealed by staining the cell nuclei (Figure 6; see alternative
analysis in Figure S3).

Focusing on the total number of Olig2-positive cells, we found slightly increasing numbers over
time in both genotypes, starting with a minimum of 28.6% =+ 3.8% SEM in the rostral KO Corpus
callosum at P7, and reaching a maximum fraction of 65.9% #* 19.1% SEM in the rostral part at P56
(Figure 6A,B). Furthermore at P7 and P21, the KO conditions showed significantly different distributions
of Olig2-positive cells within the Corpus callosum (* p < 0.05; ** p < 0.01). These can be explained
with rostro-caudal differences due to differentiation, myelination, and development, which were
the reason for the region-specific analysis in the present study [24-28]. As expected, the number of
oligodendrocyte lineage cells in the Corpus callosum augmented with time.

Proceeding more specifically with progenitor and mature oligodendrocyte fractions, we noted
inverse effects (Figure 6C,D). PDGFR«x-positive OPCs decreased over time in the control and KO,
starting with 17.8% + 1.9% SEM (maximum, caudal, control) at P7, whereas only 0.9% =+ 0.3% SEM
(minimum, caudal, control) immunopositive cells remained in the adult stage at P56 (Figure 6C).
In addition, a significantly increased OPC-fraction was observed at P56 for the KO in the rostral Corpus
callosum compared to the control (** p < 0.01). In contrast, CCl-positive mature oligodendrocytes
tended to increase within the first four weeks (until P28) (increase: 15%; value: 23.1% =+ 2.7% SEM up to
44.3% + 10.4% SEM) and surprisingly decreased afterward (reduction: 28%; value: 44.3 % + 10.4% SEM
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reduced to 15.9% + 3.8% SEM) (Figure 6D). Thus, the OPC population progressively matured, losing
the PDGFR« marker, and expressing CC1. These data support the interpretation that the progressive
loss of recombined LRP1-deleted oligodendrocytes is compensated by non-affected cells.
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Figure 6. Analysis of stage-specific oligodendrocyte markers. (A) Representative immunohistochemical
stainings against Olig2 and GFP for the control and KO animals at P7 and P56 (scale bars: 100 um,
20 pm). (B) Quantification of Olig2+-cells indicated a slight increase over time with similar results for
both genotypes. Significant caudo-rostral differences were observed in the KO at P7 and P21 (* p < 0.05;
**p <0.01). (C) Quantification of PDGFRa+-OPCs from P7 to P56, demonstrating globally decreasing
cell numbers and a significantly higher proportion of precursors in the KO when compared to the
control at P56 (** p < 0.01). (D) Quantification of CCl-expressing mature oligodendrocytes revealed
increasing numbers up to P28, followed by a decrease afterward. No difference was detectable between
the control and KO. Data are expressed as mean + SEM. N = 3-4, n = 9-12 per rostral and caudal part.
At least 200-1200 cells per section were counted. Depending on normally or not normally distributed
data, the Student’s t-test or Mann-Whitney U test were used for evaluation within the individual ages
(see supplementary analysis in Figure S3).
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3.5. Molecular Characterization of Oligodendrocyte Lineage-Specific Cells

The above-mentioned results of the cellular characterization of oligodendrocytic cells by
immunohistology were complemented by RT-PCR and western blot analysis referring to PDGFRx
and MBP (myelin basic protein, a mature myelin marker) expression on the mRNA and protein
level. Corpora callosa of the control and KO animals were prepared (Figure 7). In agreement with
the results of immunohistochemistry, the RT-PCR and western blot results demonstrated increasing
levels of the mature marker MBP and decreasing levels of the OPC marker PDGFRa over time
(Figure 7A-E). Overall PCR and western blot analysis generally confirmed the previous findings
obtained by immunohistochemistry, where a comparable outcome of oligodendrocyte maturation in
both genotypes was observed. However, as an exception, we saw a significantly upregulated relative
Mbp mRNA expression in the KO when compared to the control at P14 (** p < 0.01).
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Figure 7. mRNA and protein levels of oligodendrocyte-specific markers were not impaired due to
loss of LRP1. (A) Quantification of the relative expression of Mbp mRNA revealed a time-dependent
upregulation with a significantly higher expression in the KO at P14 (** p < 0.01). (B) Quantification
of the relative expression of Pdgfra mRNA showed a downregulation from P7 to P56 in the control
and KO. (C) Western blot analysis of protein levels of PDGFR«x and MBP. a-tubulin served as the
loading control. (D) Quantification of the relative expression of MBP on protein level demonstrated a
strong time-dependent upregulation of about 100% from P7 to P56. (E) Quantification of the relative
expression of PDGFR« protein level illustrated a tendential downregulation from P14 to P56. Data are
expressed as the mean + SEM. PCR: N = 4, n = 4, western blot: N = 3, n = 3. Depending on normally or
not normally distributed data, the Student’s t-test or Mann-Whitney U test was used for evaluation
within the individual ages.
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In summary, the immunohistochemistry, RT-PCR, and western blot results suggested comparable
rates of oligodendrocyte differentiation in response to the tamoxifen treatment excluding strong
unspecific recombination-induced side-effects in our experimental approach, which could interfere
with our analysis of cell-autonomous effects.

3.6. Experimental Autoimmune Encephalomyelitis (EAE)

Oligodendrocytes form myelin sheaths indispensable for integral CNS function and that are
damaged in neuroinflammatory diseases. We wanted to examine whether LRP1 deletion compromises
the myelination by oligodendrocytes. From this perspective, we induced EAE in tamoxifen-treated
animals of both genotypes and sexes at the age of 8 to 10 weeks (P56-P70) and monitored and scored the
animals for four weeks (Figure 8). The two parameters investigated in this study were the body weight
and the clinical score of the animals over four weeks of the disease course (Figure 8B,C). Focusing on
weight first, KO animals started with a slightly higher weight of 19.4 g + 0.8 g SEM when compared to
the control with 18 g + 1.8 g SEM.
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Figure 8. Experimental allergic encephalomyelitis (EAE) immunization reveals first hints toward more
strongly affected KO animals with greater deficits when compared to the control in the proof of concept
experiment. (A) Timeline of experimental procedure. (B) Diagram of documented weights (g) during
the course of disease over four weeks of control and KO animals. (C) Diagram of relating clinical scores
of the control and KO animals over four weeks of EAE. Data are expressed as the mean + SEM. N =5,
n = 5. Depending on normally or not normally distributed data, the Student’s t-test or Mann—-Whitney
U test was used for evaluation within the individual ages. Score: 0 = normal; 1 = reduced tail tonus;
2 = complete tail palsy; 3 = lack of reflexive compensatory movements while walking; 4 = ataxia.

Within the first five days post immunization (dpi), a slight decrease of body weight was observed
in both genotypes (control: 17.3 g + 1.8 g SEM; KO: 18.7 g + 0.8 g SEM), followed by an increase until
12 or rather 13 dpi, respectively (control: 19.1 g + 2.1 g SEM; KO: 20.4 g + 0.8 g SEM) (Figure 8B).
While animals of the control condition remained constant in body weight until the end of the study
(around 18.5-19 g), the KO animals demonstrated a notable reduction in body weight after 12 dpi with
a minimum of 18.2 g + 1.32 g SEM at 16 and 17 dpi.

The individual KO animals in our study appeared to be clearly affected by the EAE immunization,
as indicated by the diminution in body weight. Following this reduction, the body weight of the
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KO animals increased again (up to 22 dpi), transiting into a stable phase until the end of the study
(Figure 8C).

According to the clinical score, as an indicator for the severity of symptoms due to EAE
immunization (Figure 8C), both genotypes responded equally at the beginning of the experiment.
A score of 0 revealed a lack of symptoms up to 13 dpi. Afterward, animals of both genotypes developed
symptoms, reflected by an increased score of 1.6 in the control and 2.2 in the KO (control: 18 and 20
dpi, KO: 17 and 18 dpi). This score reflected a combination of a reduced tail tonus and complete tail
palsy in control animals versus complete tail palsy in conjunction with a lack of reflexive compensatory
movements while walking in KO animals. The proceeding disease course demonstrated a remitting
phase in both genotypes with decreased scoring until the end of the experiment. In the control, a score
of 0.6 indicated an intermediate stage between normal behavior and reduced tail tonus, whereas the
KO condition was still more strongly affected with a score of 1.2 (Figure 8C). It has to be noted that
our study comprised small collectives revealing mild differences in body weight and clinical score
that did not, however, achieve statistical significance. This may be due to the fact that the majority of
LRP1-deleted OPCs has been eliminated from the CNS of triple transgenic mice, as described above.
Future studies will have to be performed to verify the asserted involvement of LRP1 in the recovery
from EAE.

4. Discussion

In order to study LRP1 in the oligodendrocyte lineage, we decided to generate a
tamoxifen-inducible conditional mouse line as it enables the selection of defined induction time
points for the deletion of the gene. With our induction protocol, we benefited from the NG2-CreERT2
mouse, which was used to generate our novel model [21]. Depending on the reporter genes eYFP and
tdTomato, recombination efficiencies of 50-95% respectively were observed by Huang et al. [21] and
corresponded to our data at P7.

In our study, we present a new triple transgenic mouse model with LRP1-deficiency induced in
postnatal OPCs: NG2-CreERT2?/WtxR26eGFPfloX/floxy[ Rp1flox/flox (K Q). Deletion of LRP1 in postnatal
OPCs and their progeny resulted in the progressive loss of KO oligodendrocytes during development.
Furthermore, EAE immunization hints at a clear response in LRP1 KO animals. On the cellular level, an
in vitro myelination assay provided initial evidence for modified myelination behavior of recombined
oligodendrocytes, as indicated by elongated internodes in the LRP1 KO condition (Figure S1). Focusing
on the oligodendrocyte lineage, we were able to uncover a new role of LRP1 in oligodendrocyte
survival during development in vivo and potentially also myelin formation in vitro.

In order to target the oligodendrocyte lineage, we induced the KO at P3 and P4 by injection of
tamoxifen to lactating mothers, which metabolized tamoxifen to 4-hydroxy-tamoxifen in the liver [29]
and fed the metabolites to the pups by milk. Early oligodendrocyte development is characterized
by three independent OPC waves, which populate the forebrain at embryonic day (E) 11.5, E15.5,
and PO, and are derived from different sources or structures of the early brain [15,30,31]. Based on
the induction of the KO in young postnatal animals, we wanted to guarantee the deletion of LRP1
from a huge proportion of OPCs in their target compartment and aimed to analyze the effect of the
lineage-restricted LRP1-deficiency in oligodendrocytes over time.

Additional to our focus on the oligodendrocyte lineage, the new mouse model also allowed us to
investigate LRP1-deletion from NG2-glia with an adapted injection protocol (the tamoxifen treatment
can be adjusted depending on the experimental question). The proteoglycan NG2 is not only expressed
in OPCs [18,19], but also in pericytes, which are associated with blood vessels [32]. Pericytes are
known to express LRP1 and therefore could have been affected in our conditional knockout mouse
model. However, our experimental focus was on oligodendrocytes and myelination. Therefore,
we used lineage-specific markers such as PDGFR«, CC1, MBP, and Olig2 to address this aspect in
immunohistochemical stainings. PCR and western blot analysis were used to confirm the effects of
LRP1 deletion on cells of the oligodendrocyte lineage. Additionally, for the in vitro myelination assay
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pure OPC cultures were used to compare LRP1-deficient OPCs with control cells. At present, we cannot
exclude a potential intervention of LRP1-deficient pericytes in the EAE experiment.

OPCs not only exist in the young brain where they differentiate to oligodendrocytes, but
proliferate and can be found throughout the brain into adulthood and were recently termed NG2
glia [33]. These macroglia-like cells in the CNS can generate oligodendrocytes and astrocytes during
development [31,34]. In addition, NG2 glia has been suggested as an immature, progenitor-like cell
type that can differentiate into mature cells with neural properties depending on specific environmental
stimuli [35]. They are present in white and grey matter, but have also been found in stem cell
niches such as the subventricular zone (SVZ) [33,36,37]. So far, nothing is known about LRP1 protein
expression in NG2 glia, but the precursor properties of NG2 glia for oligodendrocyte lineage suggest
an upregulation of LRP1 in NG2 glia. Our triple transgenic mouse model offers new possibilities to
investigate LRP1-deletion in NG2 glia at different deliberately chosen time points. LRP1 deficiency
from neural cell types results in multiple cellular or functional disorders (e.g., apoptosis in neurons [4],
synapse loss and neurodegeneration in aging mice [38], and deficits in chemically induced white matter
lesion repair [16]). Based on the knowledge concerning NG2 glia and LRP1, we propose potential
effects of LRP1 on NG2 glia and their functions.

Deletion of LRP1 in postnatal OPCs in the new mouse model demonstrated a significant
reduction of recombined cells during development. This indicated a progressive loss of
LRP1-deficient oligodendrocytes in the Corpus callosum, the structure with the highest density
of oligodendrocytes [39,40]. From this, we concluded a vulnerable phenotype of LRP1-deficient
oligodendrocytes when compared to the control cells. To examine a potential global reduction of
oligodendrocyte numbers during development due to the progressive loss of KO oligodendrocytes,
we visualized the total fraction of oligodendrocytes with the help of Olig2, a specific lineage
marker [41,42]. Increasing numbers of oligodendrocytes in the Corpus callosum over time support our
interpretation that the progressively lost LRP1-deficient oligodendrocytes are replaced by GFP-negative
non-recombined control cells in the KO over time.

Nevertheless, what happens to the disappearing, presumably weak and vulnerable LRP1 KO
oligodendrocytes? We have previously shown that LRP1-deficient neural stem cells exhibited higher
apoptosis rates when compared to the control conditions [11]. Pro-apoptotic effects in the absence of
LRP1 have also been reported in neurons [4]. From this, we can conclude that the loss of LRP1-deficient
oligodendrocytes could be explained by cell death, presumably apoptosis.

In order to study potential roles in myelination-related diseases, MOG3s5_s55 EAE was induced
in the control and KO animals. EAE is a model that mimics multiple sclerosis pathophysiology
with focal inflammatory, demyelinating lesions, and axonal damage [43,44]. Furthermore, MOGgs5_s5
EAE immunization is expected to generate a monophasic disease course [45], as also confirmed with
our clinical score data. Defects preferentially appear in the spinal cord, but might also occur in the
cerebellum and optic nerve, whereas symptoms are absent from the forebrain (including cortex and
Corpus callosum) [43—45]. In explaining our preliminary findings in affected KO animals, the influences
regarding the immune system should also be considered as the EAE model mimics autoimmune
disease. Previously, anti-inflammatory effects of LRP1 in lipopolysaccharide, tumor necrosis factor
«, and growth factor signaling as well as in phagocytosis have been observed [46]. These reports
suggest an important role of LRP1 in the immune system. On the other hand, the LRP1 deletion
in our model is restricted to the NG2-dependent lineage, and therefore it is questionable whether
the immune system is modified in the EAE study. Furthermore, our observation of vulnerability in
LRP1-deficient KO cells provides the first evidence for impairment in oligodendrocytes and potentially
in myelin in our novel triple transgenic mouse model. Although these data refer to findings in the brain
(Corpus callosum) and not the spinal cord, we expect similar conditions regarding cell fractions and
recombination efficiency in the caudal sections of the CNS. We assumed that the affected KO animals
might point to a late effect of progressive loss of LRP1-deficient oligodendrocytes. It is imaginable
that the regenerative capacity of healthy LRP1-expressing oligodendrocytes is impaired at regions of
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progressive loss of LRP1 KO cells. As a consequence, vulnerable myelin might be formed around those
axons exposed from myelin sheaths of perished oligodendrocytes, which might appear under EAE
disease conditions. This concept will have to be validated by studies designed to eliminate LRP1 from
non-recombined cells in parallel to EAE initiation. Our triple transgenic mouse model offers the option
of timed elimination of LRP1 from OPCs recruited for myelin regeneration.

Based on our assumptions of altered myelin in the KO condition, we performed an in vitro
myelination assay. Here, differentiated OPCs were placed on artificial fibers to investigate potential
myelin impairment (Figure S1). This method allows the lengths of myelin sheaths, or rather internodes,
to be measured [47]. Thereby it enables—and already has been used—to identify alterations in different
conditions (e.g., due to genetically modified OPCs [48]). This myelination assay, performed with
cortex-derived OPCs, revealed seemingly elongated internodes in the KO condition when compared to
the control. Correlated with our findings of EAE, this in vitro study might point to myelin impairment
in NG2-restricted LRP1-deficient mice in vivo. Again, one has to keep in mind that OPCs were
derived from brain structures, and not from spinal cord, although this impaired myelination might
represent a confident target of EAE inflammation. The elongated internodes might also display myelin
dysregulation, referring to impaired thickness and/or wrapping of myelin, which could be addressed
by electron microscopy.

The myelination assay suffered from strongly reduced numbers of surviving recombined KO
cells in the immunopanning procedure and cultivation of cells on fibers. This underlined the weak
and vulnerable KO cell phenotype in vitro and is in agreement with our previous observations.
To circumvent the problems of OPC cultivation, in a future perspective, cells from another mouse
model could be used that shows a higher proportion of recombined (KO) cells.

In addition to our observations regarding LRP1 loss and its marked consequences in the
oligodendrocyte lineage, we also analyzed parameters that revealed a rather mild outcome. Namely,
we concentrated on immature and mature oligodendrocytes in a global (control tissue vs. KO tissue
including recombined and non-recombined cells) and cell-specific manner (control cells in control tissue
vs. recombined cells in KO tissue). Decreasing proportions of precursors and increasing proportions of
mature cells indicated oligodendrocyte differentiation and maturation over time [15,49,50]. mRNA and
protein levels of PDGFR« (precursor marker) and MBP (mature marker) confirmed findings obtained
by immunohistochemistry. Moreover, we found normally behaving and developing KO animals when
compared to the control litter.

Despite the normal appearance of the mice, we found an important role of LRP1 in oligodendrocyte
survival and vulnerability, which suggests a mechanism of compensation in our new model. The first
plausible mechanism relies on the observed replacement of weak and apoptotic cells by healthy control
cells, which might provide an immediate, but not optimum, compensation of cell loss. A second
potential mechanism refers to LRP1 as a member of the low-density lipoprotein (LDL)-receptor gene
family that shares structural elements and multiple functions and might account for compensatory
effects [51]. In addition to LRP1, LRP3, LRP4, and LRP6 are highly expressed in OPCs [9]. LRP2 has
been suggested to mediate OPC proliferation and migration in connection with sonic hedgehog [52].
These properties identify the LRPs as promising candidates for the substitution of specific LRP1
functions after deletion in our new mouse model. To name one function, LDL-receptor family members,
especially LRP1, serve as the main receptors for cholesterol uptake into oligodendrocytes with the
help of apolipoproteins such as ApoE [53]. Cholesterol itself is critically involved in the maturation
of oligodendrocytes and induces myelin-specific gene expression, transports myelin proteins, and
participates in internode formation [54-56].

5. Conclusions

In summary, our novel triple transgenic mouse model provides new insights into the field of
LRP1 and its functions in oligodendrocytes. We found that LRP1-deficiency induced postnatally in
NG2-expressing OPCs led to progressive loss of recombined LRP1 KO oligodendrocytes over time.
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We conclude that LRP1-deficient OPCs are vulnerable and hardly survive. We propose a mechanism of
cell death due to a phenotype susceptible to damage when LRP1 is deleted in the oligodendrocytic
lineage. This was supported by observations in OPC cultures from cortical tissue, where only a few KO
cells could be cultivated that hinted at a modified myelination behavior. In a further step, we found
in an initial study that EAE can be elicited in the triple transgenic mouse line, where individual KO
animals seemed to be clearly affected, yet without statistical significance. This presumably reflects
the fact that most LRP1-deficient OPCs had been eliminated by the time the assay was carried out.
Our model offers the perspective to test the roles of LRP1 by inducing recombination close to the
commencement of inflammatory diseases. This experimental design might help to establish the role of
LRP1 in myelin pathology in future studies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/12/1550/s1,
Figure S1: Myelinated artificial fibers were examined for the length and the number of myelin sheaths in
LRP1-deficient and in control oligodendrocytes, Figure S2: Immunohistochemical stainings to detect LRP1 and
GFP and to verify the staining specificity by secondary antibody controls, Figure S3: Exemplary analysis of cell
numbers per area to characterize oligodendrocyte-specific lineage markers alternatively.
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Abstract: Down syndrome (DS), or trisomy 21, is the most prevalent chromosomal anomaly accounting
for cognitive impairment and intellectual disability (ID). Neuropathological changes of DS brains
are characterized by a reduction in the number of neurons and oligodendrocytes, accompanied by
hypomyelination and astrogliosis. Recent studies mainly focused on neuronal development in DS,
but underestimated the role of glial cells as pathogenic players. Aberrant or impaired differentiation
within the oligodendroglial lineage and altered white matter functionality are thought to contribute to
central nervous system (CNS) malformations. Given that white matter, comprised of oligodendrocytes
and their myelin sheaths, is vital for higher brain function, gathering knowledge about pathways
and modulators challenging oligodendrogenesis and cell lineages within DS is essential. This review
article discusses to what degree DS-related effects on oligodendroglial cells have been described and
presents collected evidence regarding induced cell-fate switches, thereby resulting in an enhanced
generation of astrocytes. Moreover, alterations in white matter formation observed in mouse and
human post-mortem brains are described. Finally, the rationale for a better understanding of pathways
and modulators responsible for the glial cell imbalance as a possible source for future therapeutic
interventions is given based on current experience on pro-oligodendroglial treatment approaches
developed for demyelinating diseases, such as multiple sclerosis.

Keywords: down syndrome; white matter; glial fate

1. Introduction

The majority of central nervous system (CNS) diseases are characterized by neuronal damage
and white matter malfunctions, which can lead to detrimental motor and sensory effects. Trisomy 21,
as an aneuploidy disorder, is characterized by an additional copy of human chromosome 21 (Hsa21)
and causes Down syndrome (DS). DS is the most abundant human trisomy, affecting around 1 in 1100
neonates annually [1], making it the most common genetic cause for intellectual disability (ID) [2].
DS patients suffer from several cognitive impairments, accompanied by a low intelligence quotient
(IQ) ranging from 30 to 70 [2], which can be attributed to brain abnormalities. In accordance with
the neurocentric paradigm, brain research in DS has followed the concept that neuronal dysfunctions
primarily lead to neurological diseases [3]. Therefore, much of the DS research aimed at identifying
the underlying genetic interventions of altered neurogenesis. This information is essential for
unraveling pharmacological approaches to ameliorate cognitive function (summarized in recent
reviews [1,4-8]). Nevertheless, over the last few years consideration has been given to the re-evaluation
of the role of astroglial and oligodendroglial lineage cells in CNS pathologies characterized by
neurodegeneration [3,9]. Interestingly, several studies in DS indicated a neuro- to gliogenic shift,
mainly focusing on the observed bias toward astrocytes [3,4,6,10]. Even though oligodendroglial
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cells—as a source of CNS myelin sheaths—are essential for higher brain functions by assuring long-term
axonal integrity, metabolic and trophic support, and accelerated electrical signal propagation, this crucial
cell population has not attracted much attention in DS. The notion that aberrant oligodendrogenesis
may contribute to cognitive impairments and ID in DS is supported by a recent developmental
transcriptome analysis of post-mortem human DS brains [11]. Of note, the analysis of this study revealed
a dysregulated gene cluster associated with oligodendroglial cell differentiation and myelination,
showing that hypomyelination in DS is caused by a cell-autonomous phenomenon in oligodendrocyte
development. To further highlight the importance of the oligodendroglial lineage in DS development,
this review article summarizes the current knowledge regarding altered oligodendrogenesis and white
matter malformations in human and rodent DS research. We show that signaling pathways assumed to
lead to defective neurogenesis and to a neuro-to astrogenic shift also affect oligodendrogenesis. Such
knowledge may help to devise new treatments that aim to improve brain development and ID by
stabilization of the oligodendroglial lineage.

2. Down Syndrome: A Brief Neurological Profile

Associated with more than 80 clinical features affecting many organs, both the occurrence
(penetrance) and severity (expressivity) of phenotypes vary across the DS population [4]. Nonetheless,
certain characteristics, such as facial dysmorphology, reduced brain volume accompanied by ID,
and an early-onset Alzheimer’s disease (AD)-like pathology are common in all DS individuals.
This neurological profile is distinctly marked by hypocellularity in the cerebral hemispheres, frontal
lobe, temporal cortex, hippocampus, and cerebellum, most likely explained by a complex spatiotemporal
perturbation in neurogenesis, resulting in a reduced neuronal cell population and a subsequently
altered neuronal connectivity [1,4,6].

Moreover, aberrant astrogliogenesis and changes in several astrocytic marker expression patterns
have been demonstrated in DS (reviewed in [3]). Notably, an over-population of astroglial cells
in the frontal lobe of DS fetuses [12], as well as in the frontal cortex, calcarine cortex, and mainly
hippocampus of infant and adult DS brains [13], has been observed. At an advanced age, astrogliosis
in the amygdala [14], related to the occurrence of senile plaques and neurofibrillary tangles [13] and in
areas of basal ganglia calcification [15], was shown to be implicated in DS.

Furthermore, DS brains of old adults are marked by reduced numbers of oligodendrocytes when
compared to age-matched individuals [16]. More devastating is the observed hypomyelination in
DS, pointing to an impaired myelination process which proceeds until adulthood, as demonstrated
by myelin protein expression [11], histological [17,18], or magnetic resonance imaging (MRI) [19]
examinations. Assessed by diffusion tensor imaging (DTI) fractional anisotropy (FA) analysis, white
matter in DS patients showed lower fiber density, smaller axonal diameters, and a reduced myelination
degree compared to healthy controls [20]. Decreased FA and early white matter damage were
particularly observed in the region of the anterior thalamic radiation, the inferior fronto-occipital
fasciculum, the inferior longitudinal fasciculum and the corticospinal tract, bilaterally, the corpus
callosum (CC), and the anterior limb of the internal capsule [21-23]. Of note, diminished white matter
integrity in DS was associated with poorer performance at neuropsychological assessments [20,23].
In this context, recent evidence in animal models suggests that ongoing myelin remodeling is important
for behavior, cognition, and learning throughout adulthood [24,25]. Notably, the onset of cognitive
deficits in DS is thought to occur in late infancy, becoming more obvious in adolescence [11,26-33].
This time course indeed correlates with the peak of myelination during the first years of life, continuing
into young adulthood [34]. Moreover, immunohistochemical analysis for myelin basic protein (MBP)
revealed a decreased density of myelinated axons and a generally delayed myelin formation in DS
compared to age-matched controls [18], indicating that the oligodendroglial lineage was directly affected
upon gene-dosage effects of Hsa21. Accordingly, a recent multi-region transcriptome analysis of DS
and healthy brains spanning from fetal development to adulthood revealed that genes associated with
oligodendroglial cell differentiation and myelination are dysregulated in trisomy 21 during late fetal
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development and the first years of postnatal life [11]. Weighted-gene co-expression network analysis
(WGCNA) within this study identified several modules of co-expressed genes, including the module
number 43 (M43) which is related to oligodendrocyte development and myelination including, for
example, 2’,3’-cyclic nucleotide-3’-phosphodiesterase (CNPase), proteolipid protein (PLP), Sox10, and
G protein coupled receptor 17 (GPR17). This module exhibited a distinct downregulation throughout
the DS neocortex and hippocampus during development [11]. Of note, GPR17, a modulator of
oligodendroglial cell maturation [35], is linked to a significantly reduced expression of sorting nexin
family member 27 (SNX27) in DS [36], which was demonstrated to impair oligodendroglial precursor
cell (OPC) maturation, resulting in myelination deficits in Ts65Dn mice, a mouse model for DS [37].
However, there is much evidence on aberrant oligodendrogenesis correlating with or contributing to
DS-related cognitive impairments, but the underlying mechanisms have so far not been investigated
in detail.

3. Gliogenesis and Cell Types in Healthy CNS

The mammalian central nervous system (CNS) consists of neurons and glial cells, the latter of
which make up at least 50% of human brain cells. Glial cell function is essential for the evolutionary
increase in complexity of neurological function in mammals [38] and can be divided in macroglial
cells deriving from the neuroepithelium and microglia with a hematopoietic (mesodermal) origin [38].
Despite their crucial importance for various physiological processes [39,40], these cells are not further
addressed in this review article. Macroglial cells are generally categorized into astrocytes and
oligodendrocytes. Due to upcoming knowledge about the functions of proteoglycan nerve-glial antigen
2 (NG2) expressing glial cells, NG2 glia are considered a further category of macroglia [41].

Approximately 40% of the human brain is considered to be white matter. It consists of (i) axons, the
functional unit of neurons providing the basis for signal transduction and information, (ii) astrocytes,
which are essential for structural and metabolic support to neurons, and (iii) myelin. In the CNS,
myelin is imperative for the stabilization, protection, and electrical insulation of axons, enabling
accelerated electrical signal propagation [34-36]. Myelin sheaths are generated by oligodendrocytes.
These specialized glial cells either derive from oligodendroglial precursor cells (OPCs) or niche-located
neural stem cells (NSCs) [37]. The structural integrity of myelin is of crucial importance for CNS
function and restoration [38]. Unfortunately, pathological degeneration and inflammation [35] or
genetic intervention [39] can result in myelin loss, which may lead to impaired neuronal signaling,
functional deficits, and a shortened lifetime [40]. Hence, white matter deficits and myelin dysfunctions
are considered to be a main contributing factor for neurodegenerative diseases and malfunctions of the
CNS [41].

The major cell types of the CNS are produced by several spatiotemporal, partially overlapping
generation and division waves of progenitor cells, which are guided by extrinsic and intrinsic
cues [38,42], resulting in a well-defined brain anatomy and cytoarchitecture. In the oligodendrogenic
context, it is important to briefly introduce OPCs/NG2 glia and their differentiation potency (Figure 1).
These cells derive from radial glia, the primary progenitor cells at embryonic stages, and are produced
in three waves following a ventral-dorsal temporal progression in the developing forebrain [38].
They populate the brain and spinal cord to generate oligodendrocytes that myelinate the entire CNS
during postnatal life [34]. A small fraction of OPCs is maintained as an immature, slowly proliferative,
or quiescent cell population in the adult CNS [43]. Noteworthy, accumulating evidence indicates
that beyond generating oligodendrocytes, OPCs exhibit the potential to also give rise to astroglial
cells in vitro [44] and in vivo [45-47]. As mentioned above, OPCs can additionally be generated
postnatally and in the adult brain from transient amplifying cells (TAPs or C cells) derived from
NSCs located in the subventricular zone (SVZ) [48], mainly from the dorsal part (facing the corpus
callosum) [49]. For OPC differentiation and subsequent myelination to occur, various signals are
necessary in order to stabilize oligodendroglial fate and to regulate extensive changes in cell shape and
membrane architecture. Pro-oligodendroglial extracellular signals comprise several pathways, such as
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those elicited by sonic hedgehog (SHH), Wnt/[3-catenin, bone morphogenic protein (BMP), cytokines
(LIE, Cxcll), neurotransmitters (glutamate, ATP, adenosine), hormones (thyroid hormone T3, insulin),
extracellular matrix molecules (fibronectin, laminin), metabolic signals (hypoxia), or in response to
physical cues (spatial constrain, rigid substrate), and axonal receptors (Lingo-1, PSA-Ncam) [9,50,51].
Additionally, intrinsic regulators, such as the transcription factors basic helix-loop-helix oligodendrocyte
lineage transcription factor 2 (Olig2) and sex determining region Y-Box 10 (Sox10), have also been
implicated in OPC differentiation [52] in that, for example, exposure to SHH, expressed by the ventral
telencephalon, instructs early progenitor cells to become OPCs, possibly via upregulation of Olig2 [53].
This induction is antagonized by the dorsally expressed Wnt/f3-catenin and BMP pathways [54]. BMP4,
on the other hand, has been shown to promote the expression of a family of inhibitor of DNA-binding
(Id) proteins Id2 and Id4, which form complexes with Olig2. This interaction prevents Olig2 from
binding to DNA, blocking its ability to act as a transcription factor and therefore inhibiting the
differentiation along the oligodendroglial lineage but promoting astrogliogenesis [55]. Furthermore,
post-translation processes, such as the regulation of the JAK/STAT3 activity by modulating STAT3's
acetylation state, mediated by the histone deacetylase Hdac3, which has been shown to control Olig2
expression, are also needed to suppress astrogliogenesis [56].

C

tos

oligodendrocyte

Figure 1. Representation of key signaling pathways involved in oligodendrogenesis. Neural stem cells
(NSCs) exhibit astrogenic and oligodendrogenic potential. For oligodendroglial precursor cells (OPCs)
derived from NSCs to successfully differentiate into myelinating oligodendrocytes, OPCs follow a
highly regulated differentiation process that is affected by a fine-tuned network of signaling pathways.
Within Down syndrome (DS) (red arrows), signaling pathways reveal aberrant dynamics.

Hence, based on this fine-tuned regulation of cell fate and differentiation mediators, it is likely
that neurogenesis and gliogenesis are misguided in their responses to gene-dosage abnormalities
caused by aneuploidy disorders. This holds true for DS brain development, where not only altered
progenitor cell proliferation and apoptosis but also potential signaling pathways responsible for a
neuro- to astrogenic shift are assumed to be responsible for observed neuronal hypocellularity and
concurrent over-population of astroglial cells. However, so far, an oligodendrogenic to astrogenic shift
has not been taken into account, although the number of oligodendrocytes and myelination rate are
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decreased in DS [11,16,18]. Furthermore, the differentiation of OPCs to mature oligodendrocytes was
shown to be negatively affected in the DS mouse model Ts65Dn [11].

4. Defective OPC Differentiation in DS—Possible Interfering Regulators

Overall brain volume reduction and hypocellularity are already present in fetuses and children
with DS [57-60]. This fact indicates that defective neuro- and gliogenesis during early phases of brain
development may be a major causal factor of DS-associated brain abnormalities, which might be
a consequence of early apoptosis and impaired proliferation in DS [6,61]. Also, the comparison of
hippocampal regions of DS fetuses between 17 and 21 weeks of gestation to age-matched controls
showed a higher percentage of cells with astrocytic phenotypes, but a smaller percentage of cells with
neuronal phenotypes [62]. A few studies demonstrated elevated numbers of Olig2 expressing cells
(thus declared as OPCs) in DS fetal brains at 14 and 18 weeks of gestation [63], even up to 34 weeks [10],
suggesting a cell-fate shift from neurogenesis to gliogenesis at early developmental stages. Of note, the
number of Olig2 expressing cells in the DS mouse model Ts65Dn is increased at embryonic day 13.5
and 14 [64], but decreases thereafter [11] when compared to age-matched controls. Intriguingly, the
percentage of mature oligodendrocytes was drastically diminished from postnatal days 15-60 [11],
whereas a massive increase of astrocyte numbers and reactivity was shown at the age of 48 weeks in
the same DS mouse model [65]. Considering the capacity of OPCs to generate astroglial cells instead
of oligodendrocytes, a shift within the glial cell commitment in DS accompanied with a generally
defective differentiation capacity of oligodendroglial progenitors might be suggested.

Several authors have already discussed the involvement of pathways essential for cell fate and
differentiation within neurogenesis in DS, thereby giving strong evidence that therapeutic approaches
targeting these pathways could improve aberrant brain cytoarchitecture, in particular the neuro- to
astrogliogenic shift [4-7,61]. Hereinafter, we focus on pathways relevant for oligodendrogenesis
(Figure 1) instead and highlight to what extent they might constitute new therapeutic avenues.

4.1. JAK-STAT Signaling

One of the most important signaling pathways for the gliogenic cascade in NSCs is the Janus
kinase-signal transducer and activator of transcription (JAK-STAT) pathway, mediated by ligands
such as interleukins (ILs), interferons (INFs), the glycoprotein (gp) 130 family, and the y-chain (gC)
family [6,66]. Common downstream targets, such as GFAP and 51003 which specify glial cell fate, are
transcriptionally activated by STATs [6,67]. STAT3 in particular plays an essential role in regulating
astrogliogenesis during brain development [66]. In vivo studies showed that overexpression of STAT3
in the neocortex of DS mice (Ts1Cje) enhanced astrogliogenesis [68], whereas its knockout inhibited the
astroglial fate in mouse NSCs [69]. Additionally, it was reported that IL-6 in DS children and IFN-y in
embryonic trisomy 16 mouse brains (Ts16, a model used for human trisomy 21 (DS)), were increased
respectively [70,71], both of which are capable of activating the STAT3 pathway [72]. Indeed, neonate DS
mice (Ts65Dn) exhibited hyperactivation of STAT3 in the hippocampus [73]. More importantly, four IFN
receptors, IFN-« receptor 1 and 2 (IFNARI, IFNAR?2), IFN-y R2 (IFNGR2), and interleukin 10 receptor
{3 (IL10RB), are located on Hsa21 and overexpressed in DS with a mean ratio of ~1.5 proportional to the
gene-dosage effect of trisomy 21 [74-76]. This disposition leads to a generally increased INF sensitivity
in DS [74].

Overstimulation of the JAK-STAT signaling pathway can also be linked to dual-specificity
tyrosine-(Y)-phosphorylation-regulated kinase 1A (DYRK1A), which is also overexpressed in DS due
to the location on Hsa21 [77]. Overexpression of this protein was shown to result in elevated STAT3
activity, which promoted the astrocytic differentiation of neocortical progenitors in Ts1Cje mice [68].

Interestingly, the STAT3 pathway was also shown to be a crucial regulator of OPC differentiation
by means of shifting oligodendroglia toward an astrocytic fate, thereby causing astrogliosis and
insufficient remyelination in Theiler’s murine encephalomyelitis [78]. Given that STAT3 pathway
can be activated by IFN-y, the expression of which is increased in DS mice, it needs to be pointed
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out that IFN-y was demonstrated to decrease rat OPC differentiation into oligodendrocytes [47].
Moreover, this study also indicated that IFN-y might shift cell commitment toward the astrocytic
lineage. Accordingly, transgenic mice overexpressing IFN-y under control of the MBP promotor
exhibited hypomyelination accompanied by an increase of astrocyte numbers, as well as reactive
gliosis in white matter tracts [79]—a shift in brain cytoarchitecture that is strikingly similar to DS
neuropathology. Therefore, overstimulation of JAK-STAT signaling caused by overexpressed levels of
INFRs, ligands, and subsequent overactivation of the STAT3 pathway may promote an NSC/OPC fate
toward an astrogliogenic pathway in the DS brain.

4.2. SHH Signaling

The spatiotemporal activity of Sonic Hedgehog (SHH) controls cell proliferation, migration, fate
and differentiation of progenitor cell waves during brain development [80]. SHH is a well-known
regulator that promotes oligodendroglial fate, OPC generation, differentiation, and myelin production
in the spinal cord and forebrain during embryonic development [81,82], as well as OPC production
and recruitment throughout adulthood [83] and in demyelination [84]. In the canonical SHH pathway,
in the absence of SHH, the inhibitory transmembrane receptor Patchedl (Ptchl) suppresses the activity
of the SHH signaling activator Smoothened (Smo) [85]. SHH binding to Ptchl interrupts its inhibition
on Smo, which triggers a complex intracellular signaling cascade including the transcription factors
of the Glioma-associated oncogene (Gli) family to mediate downstream gene transcription, such as
Mammalian achaetescute homolog-1 (Ascll/Mash1), Olig2, or Nk2 homeobox 2 (Nkx2.2) [86-88]. Ptchl
was shown to be overexpressed in 17-21 week old fetuses and the DS mouse Ts65Dn [89], leading to
the assumption that the SHH pathway is repressed in DS. Indeed, Gli 1 and 2, as well as Mashl, are
downregulated in trisomic neuronal precursor cells (NPCs) of Ts65Dn mice, which could be restored
by the maintenance of SHH signaling activity by Smoothened Agonist (SAG) treatment [73].

Of note, inhibition of Glil activity was previously shown to be important for NSC-dependent
remyelination [90]. Furthermore, OPC differentiation was shown to be defective and diminished in
SHH™/~ mutants [87,91] and rat OPCs treated with the steroidal alkaloid cyclopamine, which inhibits
SHH signaling by targeting Smo [92]. Thus, the increased inhibition of Smo due to elevated Ptch1 levels
in DS, subsequently leading to repressed SHH activity, may contribute to the observed downregulation
of a whole cluster of genes associated with OPC differentiation and myelination [11] and the delayed
differentiation of OPCs, subsequently leading to hypomyelination in DS brains [18].

4.3. Notch Signaling

Notch signaling was shown to cross-talk with JAK-STAT [72] and SHH signaling pathways [93],
thereby inducing gliogenic shift during brain development. Mediated by binding of ligands such
as delta-like protein 1 (DIl1), cleavage of the transmembrane receptor Notch by y-secretase is
initiated. This liberates the Notch intracellular domain (NICD), which translocates to the nucleus
to transcriptionally activate Notch effector proteins, such as hairy/enhancer of split 1 and 5 (Hesl,
Hes5) [94], which are proteins that were shown to promote the activation of STAT3 [95]. Notchl,
Notch2, and DII1 expression were demonstrated to be significantly upregulated in adult DS fibroblasts
and cortices [94]. This process may increase Hes protein activity, thus contributing to the activation
of STAT3 and enhancing astroglial differentiation. Notably, Wu and colleagues demonstrated,
independently of DS studies, that Notchl overexpression in glial restricted precursor cells (GRPs)
upregulated Hes1 mRNA levels and that overexpression of Hes1 promoted astrocyte generation at
the expense of oligodendrocytes [96]. Taken together, the upregulation of JAK-STAT and Notch
signaling may synergistically contribute to astrogliogenesis, thereby suppressing neurogenesis [6] and
oligodendrogenesis in the DS brain.
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4.4. Wnt/B-Catenin Signaling

The wingless and integration site (Wnt) signaling pathway is another fundamental mechanism
that directs cell proliferation, polarity, and fate determination during embryonic development and
tissue homeostasis [97,98]. Activation of the canonical Wnt pathway is dependent on the nuclear
translocation of 3-catenin, which drives the expression of several target genes [99]. The canonical
Wnt signaling consists of extracellular Wnt proteins/ligands, surface membrane frizzled receptors
(Fzd), low density lipoprotein (LDL) receptor related protein-5 and 6 (LRP-5/6), cytoplasmic (3-catenin,
and intranuclear transcription factors of the T cell factor/lymphoid enhancer factor (TCF/LEF) family.
Binding of a Wnt ligand to Fzd and Lrp5/6 causes the degradation of the 3-catenin destruction complex,
which consists of adenomatous polyposis coli (APC), axin, glycogen synthase kinase 3 3 (Gsk3p),
and casein kinase 1 (CK1). This leads to the accumulation of 3-catenin in the cytoplasm, which then
translocates to the nucleus where it induces the expression of downstream target genes, including
cyclin DI, which is mediated by binding to TCF4 [99]. Signaling via the Wnt/B-catenin pathway is
also a key regulator of oligodendrocyte development, as it is transiently activated in OPCs concurrent
with the initiation of terminal differentiation [100]. B-catenin activity is down-regulated in mature
oligodendrocytes, which is necessary for accurate oligodendrocyte differentiation [100], as mutant mice
with elevated Wnt/(3-catenin signaling in the oligodendrocyte lineage display blocked differentiation
and hypomyelination [101]. Paradoxically, however, deletion of the Wnt effector TCF4 does not cause
precocious oligodendrocyte differentiation as may be expected, but rather blocks oligodendrocyte
differentiation [100,102,103]. Interestingly, loss of -catenin in NPCs was demonstrated to cause
precocious specification and differentiation to astrocytes [104].

In the context of DS, general downregulation of the Wnt/p-catenin signaling pathway was
demonstrated in human DS and the DS mouse Tcl hippocampus [99]. In particular, free, and thus
activated, B-catenin levels were dramatically diminished. Contrary to this finding, Li and colleagues
observed elevated (3-catenin signaling in gene perturbation studies targeting a specific Hsa21-endcoded
gene that they suggested was implicated in DS pathogenesis, which nevertheless resulted in defective
neurogenesis [105]. Taken together, the aberrant Wnt/[3-catenin signaling observed in DS may also
contribute to defective oligodendrogenesis and lead to a gliogenic cell-fate shift during early brain
development and homeostasis.

4.5. Nfatc/Calcineurin Signaling

The nuclear factor of activated T cell (Nfat) pathway is an essential regulator of vertebrate
development, which is necessary for the regulation of proliferation and differentiation of NPCs
from the SVZ [106]. Activated by calcineurin, a calcium and calmodulin-dependent serine/threonine
protein phosphatase, cytoplasmic Nfatc is dephosphorylated and subsequently translocated into the
nucleus, where it regulates protein expression such as IL-2 [6]. Regulator of calcineurin 1 (RCAN1),
formerly known as DS critical region 1 (DSCR1), inhibits the calcineurin-mediated activation of Nfatc.
Interestingly, RCANT is located on Hsa21 and was shown to be overexpressed in the DS fetal brain and
in Ts1Cje and Ts65Dn mice [107,108]. Accordingly, Nfatc4 was reported to be hyperphosphorylated
in the human fetal DS brain at gestation week 20 [109]. In this context, it needs to be mentioned
that DYRK1A and RCAN1 were shown to act synergistically to control phosphorylation levels of
Nfatc [109,110]. DYRKI1A increases RCANT inhibitory activity by phosphorylating it and is capable of
reducing Nfatc transcriptional activity by directly phosphorylating Nfatc proteins.

Notably, Nfat/calcineurin signaling was shown to be required for oligodendroglial differentiation
and myelination by transcription factor network tuning [111]. When Nfatc activation was inhibited by
preventing calcineurin binding to Nfats, OPC maturation and differentiation was strongly reduced.
This pathway may therefore contribute to aberrant oligodendrogenesis and hypomyelination in DS, as
inhibition of Nfatc/calcineurin signaling is mediated by elevated RCAN1 and DYRK1A activities.
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4.6. APP-Mediated Signaling

The Hsa2l-encoded Amyloid precursor protein (APP) gene is involved in cell migration and
cell-cycle progression in brain development [112], specifically influencing NPC proliferation, cell-fate
specification, and maturation [113]. Depending on the APP processing pathway (non-/amyloidogenic),
APP is cleaved by «-, -, and y-secretases, resulting in N-terminal soluble secreted APP (sAPP) and
C-terminal fragments, such as A and the APP intracellular domain (AICD). The dysregulation of
APP due to triplication was suggested to result in early-onset AD-like pathology in DS. Indeed, APP
protein levels were shown to be increased in homogenates from the temporal cortex of fetuses with
DS [6,114], and neuritic Ap plaque formation is present in the hippocampus and enthorinal cortex of
almost all adults with DS and in some DS children [115-117]. Furthermore, the triplication of APP in
Ts65Dn mice was demonstrated to impair NPC proliferation, differentiation and maturation due to
increased levels of AICD [73,89,118].

Notably, elevated levels of AICD increased the Ptchl expression in trisomic NPCs [89], hence the
APP/AICD system may at least contribute to the derangement of SHH signaling, as outlined above.
Moreover, increased AICD levels can promote Gsk3 activity, thereby reducing the translocation of
[3-catenin to the nucleus, which may contribute to the suppression of the Wnt/3-catenin pathway [118].
Interestingly, a study in the field of intraventricular hemorrhage (IVH), a common neurological
complication of prematurity causing cognitive deficits and ID [119], which is accompanied by inhibited
proliferation/maturation of OPCs and hypomyelination [120], demonstrated that Gsk3§ activity
interfered with OPC differentiation and myelination [121]. Furthermore, a cross-talk of Gsk3f and
Notch signaling was shown, as inhibition of Gsk3(3 downregulated Notch signaling. Accordingly,
it can be suggested that increased Gsk3f activity due to APP overexpression may contribute to
increased Notch signaling, thus enhancing astrogliogenesis at the expense of oligodendrogenesis.
Indeed, exposure to soluble APP was demonstrated to regulate human NPC differentiation through
activation of JAK-STAT and Notch signaling and to induce astrocytic differentiation [122]. As Ap itself
was reported to increase apoptosis in oligodendroglia in vitro [123], a more widespread implication of
this protein is suggested to lead to aberrant oligodendrogenesis in DS.

5. Regulators of Glia Cell Fate: Avenues to Adjust Aberrant White Matter?

Adjusting glia cell-fate imbalance, hence overcoming intrinsic defects in oligodendroglial cell
maturation and subsequently developmental dysmyelination, will be a major target in order to
improve white matter structures in DS. To this end, repurposing pre-existing modulators or compounds
developed for the promotion of endogenous oligodendroglial cell maturation in demyelinating diseases
such as multiple sclerosis (MS) [9,124-126] represents a possible strategy. In this context, currently
evaluated drugs related to the development of myelin-repair therapies are discussed here.

Modulating the Wnt/B-catenin pathway by means of indometacin, a non-steroidal
anti-inflammatory drug (NSAID) [127], or Gsk3f inhibitors, such as CHIR99021 or LY-294002,
exhibited the potential to promote oligodendrogenesis in healthy and demyelinated paradigms [86,87].
Furthermore, the antifungal agent miconazole, which interferes with ergosterol synthesis, as well as
corticosteroid betamethasone clobetasol, which suppresses inflammatory responses, were demonstrated
as therapeutic compounds for enhancing (re)myelination in vivo and in human OPCs in vitro [128].
Moreover, modulation of histamine receptor signaling by means of G5SK239512, a histamine H3 receptor
antagonist, was demonstrated to boost oligodendroglial differentiation as indicated by phenotypic
screening and genetic association of human demyelination lesion samples of patients with MS [129].
In this regard, magnetization transfer ratio (MTR)-based post-hoc analyses indicated a small mean
improvement in myelin content in treated patients with relapsing remitting (RR) MS relative to
placebo [130]. On the other hand, the first-generation histamine H1 receptor blocker clemastine was
initially identified as a remyelinating drug in a high-throughput screening [131] and was further
investigated in a RRMS clinical study demonstrating a reduction in P100 latency delay in visual
evoked potentials (VEPs) [132]. This readout could be used to monitor myelination dependent signal
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propagation in the visual system. In addition to these OPC-directed drugs, several experimental
compounds have been described to trigger signaling pathways modulating oligodendrogenesis.
The endothelin (ET) receptor antagonist BQ788 was demonstrated to block endothelin-B receptor
activation on astrocytes, thereby rescuing oligodendrogenesis and promoting remyelination [133]. The
flavonoid molecule quercetin leads to enhanced oligodendrogenesis and remyelination in several ways,
as it suppresses Notch signaling by inhibiting y-secretase activity and disrupts the binding of 3-catenin
to TCF4 [134]. In a recent study by Granno and colleagues, a major role of Wnt/f-catenin signaling in
DS was implicated. They combined bioinformatics with RNA and protein analyses using post-mortem
tissue from adult DS individuals. Among other molecules, they identified axin2 to be significantly
decreased in DS [99]. As the small molecule XAV939 was previously shown to stabilize axin2 by
inhibiting the poly-ADP-ribosylating enzymes tankyrase 1 and 2 in hypoxic and demyelinating injuries,
thereby accelerating OPC differentiation and myelination [135], it might also constitute a possible
treatment approach for white matter deficits in DS.

Moreover, small molecule approaches addressing transcriptional/epigenetic regulators affecting
oligodendrogenesis could also provide additional therapeutic perspectives. In this regard, GANT61, a
blocker of the transcription factor Glil, was demonstrated to promote the generation of oligodendrocytes
from adult NSCs [90]. In accordance, specific inactivation of SIRT1 by means of the small molecule
inhibitor EX-527, a protein deacetylase implicated in energy metabolism, increased the production of
new NSC-derived OPCs in the adult mouse brain [136]. Likewise, a similar promoting effect could also
be attributed to this molecule in the OPC context [137]. Furthermore, activation of the fibroblast growth
factor receptor-3 (FGFR3) signaling was recently shown to redirect the differentiation of SVZ-derived
NSCs from neuronal to oligodendroglial lineage, hence, promoting remyelination [138]. In this context,
the membrane-bound and the cleaved ectodomains of the klotho protein were observed to be associated
with FGFR3 signaling. This protein acts as a co-receptor and was found to modulate the Wnt and IGF
pathways, thereby enhancing remyelination in demyelinating animal models [139,140].

However, promoting oligodendroglial maturation and axonal ensheathment might not be
sufficient for successful white matter restoration or rescue. Reprogramming or reconverting astroglial
to oligodendroglial cells, as well as a preservation of the oligodendroglial lineage by means of
genetic or pharmacological approaches, are most likely mandatory for white matter stabilization
in DS [9,141]. In 2014, information on FDA-approved drugs/small molecules, suitable for rescuing
cognitive impairment due to neurodevelopmental alterations, neurotransmitter imbalances, and
neurodegeneration in the Ts65Dn DS mouse, was compiled [5]. Of note, the preclinical evaluations that
emerged from this study need to be considered critically, as this mouse model did not reflect all trisomic
orthologues in individuals with DS, hence an effective translation to human clinical trials is still unclear.
However, beside neurogenic effects, some identified drugs are also likely to foster oligodendrogenesis,
thus representing potential therapeutics for enhanced myelin development and stabilization. Among
these listed drugs, the selective generic estrogen receptor (ER) 3 agonist diarylpropionitrile (DPN)
could be of interest based on the observation that it confers functional neuroprotection in a chronic
experimental autoimmune encephalomyelitis (EAE) mouse model of MS by stimulating endogenous
remyelination [142]. The stimulation of glial progenitor cells (GPCs) derived from both the SVZ and
white matter with memantine, a low-affinity antagonist of NMDA receptors used to treat AD, was
found to promote oligodendrogenesis, and therefore myelin repair, upon ischemic periventricular
leukomalacia (PVL) [143]. Moreover, fluoxetine, an antidepressant based on selective serotonin
reuptake inhibition, also known as Prozac, was demonstrated to boost oligodendrocyte-related
gene transcripts such as CNPase, OLIG1, and MOG when applied to rhesus monkeys with major
depressive disorders [144]. Lithium chloride (LiCl), which was established for the treatment
of bipolar disorder (BD), can stimulate oligodendrocyte morphological maturation and promote
remyelination after toxin-induced demyelination of organotypic slice cultures [145]. In addition,
melatonin, a sleep/wake-cycle regulating hormone, was shown to increase oligodendrocyte generation
from NSCs [146]. Further to this, the vitamin E derivate TFA-12 was found to reduce astrogliosis and
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to accelerate remyelination of toxin-induced demyelinated lesions [147]. Given the impact of SHH
signaling in oligodendrogenesis, a recent study demonstrated that the small molecule Smo agonist
SAG could alter SHH signaling in DS [148]. Notably, SAG modulates oligodendroglial differentiation
and additionally steers commitment of NSCs to the oligodendroglial lineage [92]. Interestingly, the
y-secretase inhibitor DAPT (N-[N-(3,5-difluorophenacetyl)-1-alanyl]-S-phenyl-glycinet-butylester) is
an effective inhibitor of the Notch signaling pathway and might also confer benefits to white matter, as it
was found to promote differentiation of NSCs/NPCs into oligodendrocytes, astrocytes, and neurons
in vitro [149]. Nevertheless, to what degree the balance between these two glial cell types is affected
remains to be shown. In this context, such a preferred shift toward oligodendroglia could be mediated
via the acetylcholine esterase inhibitor donepezil, an FDA-approved drug for Alzheimer’s disease
and dementia. Donepezil was shown to promote the differentiation of primary NSCs into mature
oligodendrocytes at the expense of astrocytes [150], and it was also found to enhance myelin sheath
generation in neuron/glia co-cultures [151]. The FDA-approved anti-seizure drug ethosuximide was
described to be capable of inducing trans-differentiation of muscle-derived stem cells into Olig2-positive
oligodendroglial cells [152]. Whether ethosuximide activity could also be used to re-establish the
glial cell balance needs to be shown, keeping in mind that Olig2 expression itself is not restricted to
oligodendroglial cells, but is also found in the cytoplasm of astroglia [153].

The histone deacetylase class I and Il inhibitors trichostatin A and valproate (VPA) were previously
demonstrated to promote the conversion of astrocytes to OPCs [154,155], and could thus be considered
as potential regulators for the desired glial shift in DS. A similar mode of action was revealed in
response to forced expression of the microRNA miR-302/367 cluster, thereby enhancing the generation
of oligodendroglia from astrocytes [156]. Likewise, injection of Sox2 lentiviral particles into the corpus
callosum following cuprizone-mediated demyelination in vivo as well as lentiviral transduction of
astroglial cells in vitro resulted in a conversion of astrocytes to oligodendroglial cells [156]. Similarly,
overexpression of pro-oligodendroglial transcription factors, such as Olig2 or Ascll/Mash1, also
resulted in reprogramming of NSCs toward an oligodendroglial fate [157-160]. Of note, Olig2 is an
Hsa2l-encoded gene, which was shown to be overexpressed in DS and assumed to interfere with
neurogenesis in DS [6]. However, we demonstrated here that oligodendrogenesis is negatively affected
in DS.

Nevertheless, it appears that the drugs and transcriptional/epigenetic regulators described here
could indeed provide new avenues for the experimental and clinical rescue of white matter deficits in
DS. To what degree some of these candidates are applicable in the context of DS in terms of application
and opportunity windows certainly needs additional experimental and pre-clinical research efforts.

6. Concluding Remarks

Given the importance of myelinating glial cells for axonal support, trophism, maintenance,
and electrical insulation, an overall increase in the number of functional oligodendrocytes would
likely confer an overall benefit on neuronal cell numbers and functionality, which in turn could
ameliorate ID, even in light of known neurogenic deficits in DS. Strikingly, DS research has so far
mainly focused on aberrant neurogenesis and the underlying signaling pathways leading to defective
neuronal cell proliferation, differentiation, and progenitor cell fate in DS. In this review, the collected
evidence suggests that many of these dysregulated signaling pathways may also be involved in
defective DS-related NSC/OPC proliferation, differentiation, and fate commitment. Furthermore, we
demonstrated that several drugs and molecules identified to restore brain developmental deficits
in rodent DS models based on neurogenesis criteria [5] might also mediate beneficial effects on the
oligodendroglial lineage.

Hsa21 is the smallest human chromosome, currently known to encode more than 400 genes.
This number might increase over time due to the recognition of non-coding RNAs [161,162].
Nevertheless, the description of dosage-sensitive Hsa21 genes resulting in a specific phenotype
by gene-copy number variations is currently limited to only a few. This may be due to the fact that
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over 20 proteins encoded by Hsa21 are involved in signal transduction and more than 30 proteins are
considered to belong to transcription factors, both of which most likely influence the expression of
other genes in the genomes of DS patients [7]. By implication, this inevitably results in a genome-wide
dysregulation of several networks at the same time, which could be demonstrated, for example, in the
case of the gene cluster M43, which is related to oligodendroglial differentiation and myelination [11].

Interestingly, pharmacological approaches addressing neurogenic deficits were found to be
successful in a broad age range (prenatal, perinatal, and adult) of treated Ts65Dn mice, suggesting
that the prevention or amelioration of cognitive deficits in DS may indeed be possible. This paves the
way toward clinical trials, some of which (donepezil, folate or memantine) are still in progress, but no
differences in outcome between treated and placebo have occurred as yet [5]. In humans, however,
prenatal treatments will be challenging due to specific safety requirements. Nevertheless, the window
of opportunity to improve differentiation and homeostasis in the oligodendroglial lineage might stretch
over several developmental phases, as myelination is mainly a postnatal event. In this regard, it is
worth mentioning that dysregulation of the M43 gene cluster, which is related to oligodendroglial
lineage, appears during late neonate’s development and during the first years of postnatal life in DS [11],
a period that coincides with massive upregulation of oligodendroglial and myelination genes [163],
as well as oligodendrocyte expansion in the human brain [164].

A number of mouse models with DS-related features were generated and used to study
Hsa2ldosage-sensitive genes and to understand their roles leading to cognitive impairment (reviewed
in [5,165,166]). Although well-established mouse models such as Ts65Dn, Ts1Cje, and Ts16 recapitulate
the human neuropathological phenotype to a certain extent, modeling of DS in rodent system remains
challenging because Hsa21 genes are distributed throughout mouse chromosomes 16, 17, and 10
(Mmu16/17/10). Therefore, mouse models may provide different outcomes, hence negatively affecting
translation to humans.
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Abstract: Transient receptor potential ankyrin 1 (TRPA1) receptors are non-selective cation channels
responsive to a variety of exogenous irritants and endogenous stimuli including products of oxidative
stress. Itis mainly expressed by primary sensory neurons; however, expression of TRPA1 by astrocytes
and oligodendrocytes has recently been detected in the mouse brain. Genetic deletion of TRPA1
was shown to attenuate cuprizone-induced oligodendrocyte apoptosis and myelin loss in mice.
In the present study we aimed at investigating mGFAP-Cre conditional TRPA1 knockout mice in the
cuprizone model. These animals were generated by crossbreeding GFAP-Cre*/~ and floxed TRPA1
(TRPA1F/Fy mice. Cuprizone was administered for 6 weeks and demyelination was followed by
magnetic resonance imaging (MRI). At the end of the treatment, demyelination and glial activation
was also investigated by histological methods. The results of the MRI showed that demyelination
was milder at weeks 3 and 4 in both homozygous (GFAP-Cre*/~ TRPA1™/F!) and heterozygous
(GFAP-Cre*/~ TRPA1F/~) conditional knockout animals compared to Cre™/~ control mice. However,
by week 6 of the treatment the difference was not detectable by either MRI or histological methods.
In conclusion, TRPA1 receptors on astrocytes may transiently contribute to the demyelination induced
by cuprizone, however, expression and function of TRPA1 receptors by other cells in the brain
(oligodendrocytes, microglia, neurons) warrant further investigation.

Keywords: transient receptor potential ankyrin 1; cuprizone; demyelination; astrocyte; conditional
knockout; magnetic resonance imaging

1. Introduction

Transient receptor potential ankyrin 1 (TRPA1) receptors are non-selective cation channels
which are responsive to a variety of exogenous and endogenous stimuli including mustard oil,
cinnamaldehyde, irritant chemicals such as formalin or acrolein, as well as reactive oxygen species
and oxidized lipid molecules [1-3]. Apart from being a nocisensor for exogenous irritant compounds,
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it has been suggested to work as a sensor for oxidative stress [4]. Originally described to be localized
on a subgroup of nociceptive primary afferent neurons [5,6], it was later revealed that TRPA1 is also
expressed at lower levels by various non-neuronal cells including keratinocytes, endothelial cells
and cells of the gastrointestinal mucosa [1-3,7]. More importantly, several studies have supported
the presence of TRPA1 receptors in the brain on astrocytes [8-10], as well as oligodendrocytes [11].
A recent cell-specific transcriptome analysis of the mouse cortex revealed low level expression of
TRPA1 on neurons, astrocytes, oligodendrocytes and microglia, as well [12].

In astrocytes, TRPA1 receptors were implicated in both physiological and pathophysiological
processes. Astrocyte TRPA1 receptors were shown to regulate resting Ca®* levels and modulate
GABA-ergic inhibitory transmission by reducing GABA transport [8]. TRPA1 receptors on astrocytes
were also suggested to play a role in long-term potentiation in the mouse hippocampus [9]. Since reactive
astrocytes can contribute to the progression of neuroinflammation in neurodegenerative diseases [13,14],
several workgroups, including ours, had started to investigate the role of TRPA1 in animal models
of neurodegenerative diseases. Our previous study aimed at examining the role of TRPA1 in the
cuprizone-induced demyelination model in mice. Cuprizone treatment constitutes an accepted
non-immune animal model of multiple sclerosis [15,16] which produces lesions resembling type III
lesions seen in patients [17]. Feeding mice with cuprizone leads to a well-reproducible demyelination
of the corpus callosum as well as other subcortical and cortical brain areas by inducing oligodendrocyte
apoptosis and a secondary activation of astrocytes and microglia [15,16,18-21]. We have revealed
that demyelination of the corpus callosum was significantly reduced in TRPA1 receptor gene-deleted
mice [22,23]. Based on our data we have assumed that TRPA1 receptors localized on astrocytes may
influence the astrocyte-oligodendrocyte crosstalk. Activation of these receptors on the astrocytes
increases the intracellular Ca?* concentration and subsequent release of mediators. Astrocyte-derived
signaling molecules may contribute to the apoptosis of oligodendrocytes by promoting the proapoptotic
p38-MAPK pathway resulting in c-Jun activation [22]. We have also shown that TRPA1 deficiency did
not affect the number of oligodendrocyte precursor cells (OPCs) during cuprizone treatment. In TRPA1
KO mice, there was no increase or a less pronounced increase of growth factors promoting OPC
proliferation (FGF-2, IGF-1). The level of Bak mRNA, a marker of apoptosis and levels of pro-apoptotic
signalling proteins were significantly lower in cuprizone-treated TRPA1 KO animals. All these data
suggest that TRPA1 deficiency did not affect oligodendrocyte development but reduced the apoptosis
of mature oligodendrocytes [22]. In contrast with our theory, Hamilton and coworkers assumed a
direct action of TRPA1 activation on myelination. They detected the functional expression of TRPA1
on oligodendrocytes and showed that ischemia-induced demyelination was diminished in the lack
of TRPA1 receptors [11]. Likewise, another group showed that in TRPA1 receptor gene-deleted mice
behavioral deficits and neuroinflammation were less severe in a transgenic mouse model of Alzheimer’s
disease [24]. The same group also later demonstrated that the loss of TRPA1 is associated with decreased
anxiety-like behavior and improved performance in spatial memory and social discrimination tests [25].

Based on these prior data we focused on further elucidating the role of TRPA1 receptors in the
cuprizone model. In the present study, the effects of cuprizone in the corpus callosum were studied in
mGFAP-driven conditional TRPA1 knockout mice.

2. Materials and Methods

2.1. Ethics

The study was designed and conducted according to European legislation (Directive 2010/63/EU)
and Hungarian Government regulation (40/2013., II. 14.) on the protection of animals used for scientific
purposes. The project was approved by the Animal Welfare Committee of the University of Pécs and
the National Scientific Ethical Committee on Animal Experimentation of Hungary and licensed by the
Government Office of Baranya County (license No. BA02/2000-82/2017).
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2.2. Animals

Animals were bred in the Animal House of the Department of Pharmacology and Pharmacotherapy
of the University of Pécs and kept in the Animal House of the Szentdgothai Research Center during the
experiments. Mice were housed in groups of 3-7 in standard polycarbonate cages on wood shavings
bedding. Food and water were provided ad libitum. The temperature was maintained at 24 °C and the
lighting was set to a 12 h light-dark cycle (lights on from 6:00 a.m. to 6:00 p.m.).

The mGFAP-driven conditional TRPA1 receptor knockout mice were produced via crossbreeding
floxed TRPA1 carrying mice (B6.129S-Trpaltm2Kykw/]) by GFAP promoter directed Cre recombinase
gene expressing mice (B6.Cg-Tg(Gfap-cre) 77.6Mvs/2]) both obtained from The Jackson Laboratory
(Bar Harbor, ME, USA), stock numbers #008650 and #024098, respectively. Only female mice carrying
the GFAP-Cre transgene were used to prevent non-specific Cre activation during spermatogenesis.
The GFAP-Cre transgene was also maintained in heterozygote form, to minimize the chance of
non-specific recombination. As the first step, GFAP-Cre heterozygote females were crossbred by
floxed TRPA1 homozygote males. Next, female mice heterozygote for both genes were backcrossed by
floxed TRPA1 homozygote males. The obtained male Cre*/~ TRPA1™/F! mice were the main subjects of
the experiments, whereas their male siblings (Cre*/~ TRPA1™~ and Cre™~ TRPA1"/F) were used as
hetero controls and Cre negative controls, respectively. Animals showing a global KO genotype by tail
analysis were excluded from the experiments (approximately 10% of all genotyped Cre*/~ animals).

Genotyping of floxed TRPA1 was done according to the protocol suggested by the provider,
using forward primer oIMR9168 (AGC AGG AGC AGA AGT ATG GAA) and reverse primer oIMR9169
(GAA GGC CAT GGC ATC TTA AC) producing 359 bp (floxed) and/or 472 bp (wild type) PCR products.

Genotyping of GFAP-Cre was done by forward primer 15831 (TCC ATA AAG GCC CTG ACA TC)
and reverse primer 15832 (TGC GAA CCT CAT CAC TCG T) also using internal positive control forward
primer oIMR8744 (CAA ATG TTG CTT GTC TGG TG) and reverse primer oIMR8745 (GTC AGT
CGA GTG CAC AGT TT) which produced 200 bp (internal positive control) and ~400 bp (GFAP-Cre
positive) PCR products. Genotyping of conditional TRPA1 receptor knockout was carried out by using
forward primer exon 21 (TGT TCC TCA ACA TCC CAG CG), second forward primer oIMR9168 (AGC
AGG AGC AGA AGT ATG GAA) and reverse primer 0IMR9169 (GAA GGC CAT GGC ATC TTA AC)
producing 609 bp (knockout), 359 bp (intact floxed) and/or 472 bp (intact wild type) PCR products,
respectively. RT-PCR analysis of conditional TRPA1 receptor knockout messenger RNA was done by
forward primer exon 21 (TGT TCC TCA ACA TCC CAG CG) and reverse primer exon 25 (CGT GCC
TGG GTC TAT TTG GA) which produce 573 bp (intact) or 191 bp (knockout) RT-PCR products.

2.3. Mouse TRPA1 Quantitative RT-PCR

Total RNA was isolated from homogenized brain samples by using TRI Reagent (Molecular
Research Centre Inc., Cincinnati, OH, USA) and Direct-Zol RNA isolation kit (Zymo Research, Irvine,
CA, USA) according to the manufacturer’s instructions. Purified RNA was quantified by a NanoDrop
ND-1000 spectrophotometer and 1 pig total RNA was treated with DNAse I (Thermo Scientific, Waltham,
MA, USA) to remove genomic DNA contamination from the samples. First strand cDNA synthesis
was carried out with 0.5 pg of total RNA/sample using Maxima™ First Strand cDNA Synthesis
Kit for RT-qPCR (Thermo Scientific, Waltham, MA, USA). In the PCR reaction we used SensiFast
Probe Lo-ROX Kit (Bioline Inc., London, UK) and forward primer 5" atgccttcagcaccccattg (binding
site in exon 23), reverse primer 5" gacctcagcaatgtccccaa (binding site in exon 24) and labeled probe
56FAM/tgggcagct/ZEN/tattgccttcacaat/3IABKFQ (binding site in exon 23), 1 uM each, all obtained
from Integrated DNA Technologies (Coralville, IA, USA). The following PCR protocol was used on
an Applied Biosystems (Foster City, CA, USA) Quantstudio5 quantitative PCR machine: 3 min 95 °C
original denaturation, followed by 40 cycles of 30 s 95 °C denaturation, 30 s 62 °C annealing, 1 min
72 °C extension. The sites of the primers and probe are missing from the Cre-Lox recombined mRNA
therefore this assay measures only the amount of intact TRPA1 mRNA. Mouse beta-actin mRNA
was used as reference and the expression was determined by using Prime Time Std qPCR Assay
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Mm.PT.58.33540333 obtained from Integrated DNA Technologies (Coralville, IA, USA) under the same
PCR conditions. All gRT-PCR assays were done in duplicates in each sample and Ct values were
determined. dCt values were obtained by subtracting the corresponding beta-actin Ct values from the
TRPA1 Ct values. ddCt values were calculated for each sample by subtracting the average dCt value
of the Cre™~ group (representing the 100% expression level) from each dCt value. Finally, for each
sample the obtained ddCt were converted to relative expression level by the 100/(249Ct) formula.

2.4. Cuprizone Treatment

Cuprizone was administered orally for 6 weeks as previously described [22,23]. Briefly,
standard rodent chow was ground and 0.2% cuprizone was thoroughly mixed into ground chow
which was placed into the cages in small ceramic bowls. Control mice were fed the milled chow
without the addition of cuprizone. The chow was provided ad libitum to all groups and it was changed
to a fresh batch each day. The general health status of animals was also monitored daily and body
weights were measured every 2 days.

2.5. Magnetic Resonance Imaging (MRI)

The timeline of demyelination was monitored by T2-weighted MRI measurements on 4 mice
from each group. Animals were scanned once before cuprizone administration and later once per
week starting from week 2 of the treatment. The measurements were performed using a Bruker®
PharmaScan® (4.7 T) small animal MRI instrument (Bruker, Billerica, MA, USA).

Anesthesia was induced by 3.5% v/v of isoflurane in a gas mixture of 33% O, and 66% N,O
via induction chamber and maintained with 1-2% isoflurane in a rodent face mask controlled by
respiratory monitoring and gating system.

The imaging protocol was performed on the same day and same time each week. After By
mapping a multislice T2 Rapid Acquisition with Relaxation Enhancement (RARE) experiment was
performed (TR/TE: 3000/50 ms, FOV: 16 x 16 mm, Thk: 0.8 mm, Gap: 0.2 mm, matrix: 160 X 160,
4 averages, RARE factor: 4) on seven coronal slices positioned to cover the whole corpus callosum.
The total imaging time was roughly 12 min per animal.

Before the analysis, all imaging data were converted first into a Digital Imaging Communications
in Medicines (DICOM) format and stored in an isolated hardware in a local system. Any further
processing was performed via DICOM-handling software packages. (3D-Slicer v4.6 NA-MIC and Onis
v2.5, Digitalcore, Tokyo, Japan) [26]. For the quantification of the damage, regions of interests (ROI)
were manually circumscribed, fitted by anatomical structures in the medial corpus callosum and the
signal intensities (as mean + SEM) of ROIs have been recorded. Results were expressed in percentage of
intensity ratio, compared to the pre-treatment intensity (considered as 100%) measured in the identical
brain area of the same individual animal. The evaluation was performed in a blinded manner.

2.6. Histological Assessment of Cuprizone-Induced Changes in the Corpus Callosum

Animals were anesthetized with pentobarbital (70 mg/kgi.p.) at the end of the cuprizone treatment
(week 6) and perfused transcardially in two steps, first with phosphate buffered saline (PBS, pH 7.4)
and then with 4% paraformaldehyde in 0.IM phosphate buffer. Brains were postfixed over one night in
the same fixative. 5 um thin coronal sections from paraffin embedded brains were made and mounted
onto a silane-coated slides.

2.6.1. Luxol Fast Blue-cresyl Violet (LFB/CV) Staining

LEB/CV staining was used to evaluate the severity of demyelination as described previously [20,22]
on coronal sections obtained from different regions (0.14, —0.22,-1.06, and —1.94 mm) according to the
mouse brain atlas of Paxinos and Franklin [27]. Brain sections on silane-coated slides were rehydrated
in graded series of alcohol and incubated at 60 °C in LFB solution (0.01%), overnight. Thereafter,
sections were differentiated in a solution of Li,CO3 (0.05%) and counterstained with CV. Four sections
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of each animal were scored by a semiquantitative four-tiered scoring system (0-3) in a blinded manner.
Intact myelin was scored with 0 and the totally damaged myelin was labeled with score 3.

2.6.2. Immunohistochemical Detection of Myelin Basic Protein (MBP) and Astrocyte and Microglia
Markers

In addition to the LFB/CV staining, immunohistochemical detection of myelin basic protein (MBP)
was also performed to evaluate demyelination. Furthermore, astrocyte and microglia activation in
the corpus callosum was detected with immunohistochemical staining of glial fibrillary acidic protein
(GFAP) and ionized calcium-binding adaptor molecule 1 (Ibal), respectively. Briefly, 8 um-thick paraffin
sections were deparaffinized and heat-unmasked in citrate buffer. Sections were treated with 3%
hydrogen peroxide to block endogenous peroxidase activity, treated with BSA and incubated for 1 h with
the following primary antibodies: anti-MBP (1:100, mouse monoclonal antibody from Novocastra/Leica
Biosystems (Nussloch, Germany, catalogue No. NCL-MBP; Antibody Registry No AB_563893),
anti-GFAP (1:1000, rabbit polyclonal antibody from Dako, Glostrup, Denmark; catalogue No. Z0334;
Antibody Registry No AB_10013382) to visualize astrocytes, anti-Ibal, (1:500, rabbit polyclonal antibody
from Wako Chemicals, Neuss, Germany; catalogue No. 019-19741; Antibody Registry No AB_839504)
as a marker for microglia/macrophages. Incubation was performed with the HISTO-Labeling System,
the reaction was visualized using 3,3’-diaminobenzidine reaction. Sections were photographed with
an Olympus DP50 camera attached to an Olympus BX51 microscope (Olympus, Tokyo, Japan) under
200x magnification. Quantification was performed by determining the mean density of equal-sized
regions of interest of the medial corpus callosum with the Image-ProPlus software (Media Cybernetics,
Rockville, MD, USA). The experimenter evaluating the slides was blinded to the group allocation.

2.7. Materials

Cuprizone and all other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA),
unless otherwise previously indicated. Pentobarbital (Euthanimal 20% injection ad us. vet.) was
obtained from Alfasan Nederland B.V. (Woerden, The Netherlands) while isoflurane was purchased
from Medicus Partner Ltd. (Biatorbdgy, Hungary).

2.8. Statistics

In each group, means + S.E.M. of parameters were calculated. Statistical analysis was carried out
with the GraphPad Prism 8.0.1 software (GraphPad Software Inc., San Diego, CA, USA). For comparison
of qPCR relative expression values and MRI relative intensity values, one-way ANOVA followed by
Tukey’s multiple comparisons test was used. Paired t-test was used to compare density values of LFB/CV
and immunohistological staining, *p < 0.05 or **p < 0.01 was considered as statistically significant.

3. Results

3.1. Determination of TRPA1 mRNA Levels in the Mouse Brain

Intact TRPAT mRNA levels were determined by quantitative RT-PCR in brain samples of
GFAP-Cre”~ TRPA1" compared to GFAP-Cre* TRPA1"/- and GFAP-Cre* TRPA1™/F! mice.
The obtained relative expression levels, means and standard deviations are presented in Figure 1 for
each group. Compared to GFAP-Cre™/~ control mice where TRPA1 expression level was 102 + 22%,
both the GFAP-Cre*/~ TRPAT™/~ and GFAP-Cre*/~ TRPA1™/F! mouse groups had lower expression
levels, 68 + 28% and 77 + 23%, respectively. These results indicate that some of the TRPA1 mRNA was
lost due to Cre-LoxP recombination in both GFAP-Cre*/~ groups. ANOVA statistical analysis showed
that there was a significant difference between the groups (p=0.0017). The post hoc test demonstrated
that the differences were significant when both the GFAP-Cre*/~ TRPA1"/~ and GFAP-Cre*/~ TRPA1F/F!
group were compared to the GFAP-Cre™~ TRPA1/F control group (p < 0.01 and p < 0.05 respectively),
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but there was no significant difference in TRPA1 mRNA expression between the GFAP-Cre*/~

groups
(Figure 1).
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Figure 1. Relative expression levels of TRPA1 mRNA in the brain in GFAP-Cre™~ TRPA1F/H (1 = 7),
GFAP-Cre*/~ TRPA1™~ (1 = 5) and GFAP-Cre*/~ TRPAT™/F mice (1 = 9). Asterisks show statistically
significant differences between the indicated groups (*p < 0.05, **p < 0.01).

3.2. Magnetic Resonance Imaging (MRI)

The timeline of damage was followed by the evaluation of signal intensity changes of T2 weighted
MRI (Figure 2) in the medial part of the corpus callosum between week 2 and 6.

CU — Cre’/" TRPA1FVF! CU - Cre*- TRPA1F/F

CTRL - Cre”- TRPA1"/¥ CTRL - Cre*/- TRPALF/- CTRL - Cre*/- TRPALF/F!

Figure 2. Representative MR images, constructed on fourth week. The medial corpus callosum is
highlighted by a white ellipse.

The intensities in the untreated control groups were not significantly different and no changes
were detected in any of the control animals throughout the whole experiment. (Figure 3a). In contrast,
the signal intensity was significantly increased in cuprizone-treated GFAP-Cre”~ TRPA1™/F! mice
compared to GFAP-Cre*/~ TRPA17/~ and GFAP-Cre*/~ TRPA1F/F animals on week 3 and week 4 (*p <
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0.05, **p < 0.01; Figure 3b). The most pronounced increase was detected on the fourth week, 179.75% in
GFAP-Cre™/~ TRPA1"H group versus 134.25% (GFAP-Cre*/~ TRPA1™/~) and 134.75% (GFAP Cre*/~
TRPA1F/F!). These results indicate that the myelin damage was less severe in the corpus callosum of
both heterozygous and homozygous mGFAP-Cre conditional TRPA1 knockout mice on weeks 3 and 4.
The difference between genotypes decreased at later time points. At the end of the treatment we did
not detect significant differences between the cuprizone-treated GFAP-Cre™/~ TRPA1/ Fl, GFAP-Cret/~
TRPA1"/~ and GFAP-Cre*/~ TRPA1P/F! animals. Each cuprizone-treated group showed a significantly
elevated intensity from the third to sixth weeks compared to their respective control groups (Figure 3a,b;
significance not shown).
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Figure 3. Changes of signal intensity in the medial corpus callosum measured by magnetic resonance
imaging between week 2 and 6 of cuprizone treatment in (a) control (CTRL) and (b) cuprizone-treated
(CU) groups of GFAP-Cre™/~ TRPA1*/F!, GFAP-Cre*/~ TRPA1"™/~ and GFAP-Cre*/~ TRPAT™/H mice.
Data are means + S.E.M. of images obtained from animals (n = 4/group). The signal intensities were
normalized to the baseline values (100%) for each animal and indicated by percentages of relative
intensity. Asterisks show statistically significant differences between respective CU and CTRL groups
(*p <0.05,** p <0.01).

3.3. Cuprizone-Induced Demyelination Determined by LFB/CV Staining and MBP Immunohistochemistry

After the six weeks of the treatment, significant demyelination was detected in all three
cuprizone-treated groups with the LFB/CV staining, compared to their respective control groups
(Figure 4a,b). No statistically significant differences were found between the demyelination scores
of the three genotypes. Likewise, immunohistochemical staining of MBP revealed a significant
reduction in all cuprizone-fed animals compared to controls, but no difference was detected between
the MBP content of GFAP-Cre™~ TRPA1"/H, GFAP-Cre*/~ TRPA1"/~ and GFAP-Cre*/~ TRPA1F/H!
mice (Figure 5a,b). The results show that the attenuating effect of mGFAP-driven conditional deletion
of the TRPA1 receptor on the severity of cuprizone-induced demyelination was diminished by week 6
of treatment.
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Score

Figure 4. Evaluation of myelin content with Luxol Fast Blue/cresyl violet (LFB/CV) staining after 6
weeks of cuprizone treatment (a). Representative images of control (CTRL) and cuprizone-treated
(CU) groups in GFAP-Cre™~ TRPA1™F, GFAP-Cre*/~ TRPA1™/~ and GFAP-Cre*/~ TRPATT/H mice.;
(b) Semiquantitative demyelination scores of LFB/CV staining, *p < 0.05, n = 3-5/group, Scale bar =

100 pm.
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Figure 5. Evaluation of myelin content with myelin basic protein (MBP) immunohistochemistry after 6
weeks of cuprizone treatment (a). Representative images of control (CTRL) and cuprizone-treated (CU)
groups in GFAP-Cre™~ TRPA1™/Fl, GFAP-Cre*/~ TRPA1™/~ and GFAP-Cre*/~ TRPAT™/H mice.; (b)
Pixel intensities of diaminobenzidine staining in the middle part of the corpus callosum in each group,
*p < 0.05, n = 3-5/group, Scale bar = 100 pm.

3.4. Cuprizone-Induced Astrocyte and Microglia Activation

At the end of the 6-week treatment, a significant increase of GFAP and Ibal immunostaining was
detected in all three cuprizone-treated groups, compared to their respective control groups (Figures 6a
and 7a). Quantifying the intensity of the staining, no statistically significant differences were found in
the DAB staining intensities between the three genotypes (Figures 6b and 7b). Therefore, by the end of
the 6-week treatment the mGFAP-driven conditional deletion of the TRPA1 receptor had no effect on
the astrocyte and microglia accumulation induced by cuprizone.
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Figure 6. Evaluation of astrocyte activation by GFAP immunohistochemistry after 6 weeks of
cuprizone treatment (a) Representative images of control (CTRL) and cuprizone-treated (CU) groups
in GFAP-Cre™/~ TRPA1"/¥, GFAP-Cre*/~ TRPA1™/~ and GFAP-Cre*/~ TRPA1™/F mice.; (b) Pixel
intensities of diaminobenzidine staining in the middle part of the corpus callosum in each group; *p <
0.05, n = 3-5/group, Scale bar = 100 um.
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Figure 7. Evaluation of microglia activation by Ibal immunohistochemistry after 6 weeks of
cuprizone treatment (a) Representative images of control (CTRL) and cuprizone-treated (CU) groups
in GFAP-Cre™/~ TRPA1™/F, GFAP-Cre*/~ TRPA1*/~ and GFAP-Cre*/~ TRPA1™/H mice; (b) Pixel
intensities of diaminobenzidine staining in the middle part of the corpus callosum in each group *p <
0.05, n = 3-5/group, Scale bar = 100 pum.

4. Discussion

In the present study we have investigated the modulatory role of TRPA1 receptors expressed by
GFAP positive cells in the cuprizone-induced demyelination model using mGFAP-driven conditional
TRPA1 receptor knockout mice. The glial fibrillary acidic protein (GFAP) is a generally accepted marker
of astrocytes. Brain diseases are characterized by the active inflammatory state of astrocytes, which is
usually manifested as up-regulation of GFAP [28].

Our results show that the genetic lack of TRPA1 receptors in GFAP positive cells influences the
demyelination process induced by cuprizone feeding in mice. Reduced pathological changes were
detected in the corpus callosum by MRI between the 3rd and 5th weeks of the treatment. In contrast,
at the end of week 6, no significant differences were found in the demyelination evaluated either by
MRI or histology.
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In a previous study using embryonic global TRPA1 KO animals we demonstrated that TRPA1
receptor deficiency attenuated the cuprizone-induced demyelination by reduction of apoptosis of
mature oligodendrocytes [22]. Additionally, it was recently published that oligodendrocytes express
TRPAI1 receptors [11]. Therefore, a direct effect of TRPA1 activation on oligodendrocyte apoptosis in the
cuprizone model could be hypothesized. Since our investigations have not provided sufficient evidence
for TRPA1 expression in oligodendrocytes, it was presumed that TRPA1 receptor deficiency might
alleviate the cuprizone-induced loss of mature oligodendrocytes by altering the release of mediators by
astrocytes. TRPA1 receptors localized on astrocytes may participate in the astrocyte-oligodendrocyte
crosstalk. Since TRPA1 can be triggered by several noxious stimuli, including inflammation,
tissue damage or oxidative stress on one hand, and astrocytes influence the extent of this toxin-induced
demyelination on the other [29], we assumed that this receptor might modulate the demyelination
process. Numerous earlier studies have provided substantial morphological and functional evidence
that astrocytes express the TRPA1 receptor, functioning as a regulator of resting Ca?* levels [8,9,24,30,31].
Inavery recentstudy, Oh etal., using the cell-type-specific gene-silencing and ultrasensitive sniffer-patch
techniques, identified astrocytes as the cellular target and TRPA1 as the molecular sensor for the low
intensity, low frequency ultrasound (LILFU). They demonstrated that LILFU-induced neuromodulation
was initiated by opening of TRPA1 channels in astrocytes. The Ca?* entry through TRPA1 caused
a release of gliotransmitters including glutamate from the astrocytes activating NMDA receptors in
neighboring neurons [32]. In another newly-published paper, Xia et al. raised the involvement of
TRPAL1 in myelin damage and oxidative stress injury in a mouse intracerebral hemorrhage (ICH) model.
They showed that TRPA1 was activated by the increased reactive oxygen species (ROS) after ICH,
leading to an increase of Ca®* influx. The increased Ca* further contributed to the rise in NOX1 and
Calpainl, causing oxidative stress damage and myelin degradation. [33].

Since our previous data also supported the TRPA1 immunopositivity of astrocytes in the corpus
callosum and astrocytic reactions were less prominent in cuprizone-treated TRPA1 receptor deficient
mice compared to wild-type counterparts, we have supposed a pivotal role of TRPA1 receptors expressed
by astrocytes [22]. For our further investigations, mGFAP-driven conditional TRPA1 knockout
mice were bred by our laboratory in order to reveal the precise role of astrocytic TRPA1 receptors.
These mice were created via crossbreeding floxed TRPA1 carrying mice (B6.129S-Trpaltm2Kykw/])
by GFAP promoter-directed Cre recombinase gene expressing mice (B6.Cg-Tg(Gfap-cre) 77.6Mvs/2].
This technique allows the selective cutout of the Trpal gene only from the GFAP-positive cells and the
examination of cuprizone-induced demyelination in the lack of astrocyte-specific TRPA1 receptors.

Cuprizone-treatment significantly increased T2-weighted MRI signal intensities measured on
the 3rd and 4th weeks in all three animal groups compared to the baseline, proving the reliability
of the model. Myelin loss with the concomitant water accumulation enhances the signal intensity
on T2-weighted MR images [34]. The intensity of T2-weighted images of ROIs corresponding to
the medial corpus callosum was reproducible. Remarkably, the MRI was sensitive enough to notice
the milder severity of myelin loss in GFAP-Cre*/~ TRPA1"/~ and GFAP-Cre*/~ TRPA1™/F animals
compared to the GFAP-Cre™/~ TRPA1™ group. The most pronounced difference was detected on
the 4th week, but the disparity decreased at later time points. In our previous study in the cuprizone
model with embryonic global TRPA1 KO mice, we provided MRI-based evidence that the severity of
myelin loss in the gene-deleted animals was significantly lower at all measurement points during the
six-week experiment compared to the wild-type controls [23]. In accordance with the present results,
the largest differences in signal intensities were detected on the 3rd and 4th weeks. Considering the
data of the follow-up in vivo imaging, we conclude that genetic loss of the astrocyte-specific TRPA1
receptors attenuates the progress of demyelination in the corpus callosum, but these effects can
be noticed only at the time of the most intensive pathological changes. The homozygote (Cre*/~
TRPA1*/) and heterozygote (Cre*/~ TRPA1™/~) mice showed similar alterations which is explained
by a similar reduction of mRNA levels in both genotypes. However, by the 6th week these disparities
had disappeared, as we could not detect any differences with histological examinations at the end of
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the study. Neither the semiquantitative scoring of demyelination, based on Luxol fast blue staining
technique, nor the MBP immunohistochemistry showed significant differences in the mGFAP-driven
conditional TRPA1 knockout mice compared to the Cre”" controls. Similarly to the demyelination,
the cuprizone-induced accumulation of the astrocytes and microglial cells in the corpus callosum
was not influenced by the genetic loss of TRPA1 in the GFAP positive cells. In contrast to the results
obtained with embryonic global TRPA1 KO mice, these results suggest that deletion of the receptor
in the astrocytes does not exert substantial inhibitory effect eventually on the six-week cuprizone
treatment-induced demyelination of the corpus callosum.

5. Conclusions

According to the currently available data, we presume that TRPA1 receptors localized on astrocytes
can be activated by electrophilic ligands, reactive oxygen species in response to cuprizone challenge and
the consequent release of pro-inflammatory mediators contributes to the progression of oligodendrocyte
apoptosis. However, since the global TRPA1 KO mice presented a more attenuated demyelination
compared to the conditional KO mice, it can be concluded that TRPA1 receptors on astrocytes contribute
to the demyelination induced by cuprizone only transiently and TRPA1 receptors expressed by other
cell types in the brain (e. g. oligodendrocytes, microglia, neurons) may participate in the demyelination
process [11,33]. The expression and function of TRPA1 receptors by other cells in the brain warrant
further investigation.
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Abstract: Over the last decade knowledge of the role of astrocytes in central nervous system (CNS)
neuroinflammatory diseases has changed dramatically. Rather than playing a merely passive role in
response to damage it is clear that astrocytes actively maintain CNS homeostasis by influencing pH,
ion and water balance, the plasticity of neurotransmitters and synapses, cerebral blood flow, and are
important immune cells. During disease astrocytes become reactive and hypertrophic, a response that
was long considered to be pathogenic. However, recent studies reveal that astrocytes also have a strong
tissue regenerative role. Whilst most astrocyte research focuses on modulating neuronal function and
synaptic transmission little is known about the cross-talk between astrocytes and oligodendrocytes,
the myelinating cells of the CNS. This communication occurs via direct cell-cell contact as well as via
secreted cytokines, chemokines, exosomes, and signalling molecules. Additionally, this cross-talk is
important for glial development, triggering disease onset and progression, as well as stimulating
regeneration and repair. Its critical role in homeostasis is most evident when this communication
fails. Here, we review emerging evidence of astrocyte-oligodendrocyte communication in health and
disease. Understanding the pathways involved in this cross-talk will reveal important insights into
the pathogenesis and treatment of CNS diseases.

Keywords: astrocytes; oligodendrocytes; white matter disease; cross-talk; CNS; glial cells.

1. Introduction

Astrocytes, the most abundant glial cell type in the central nervous system (CNS), have long been
considered to be cells that only respond to damage in CNS diseases. This view is gradually changing
with the accumulating evidence that astrocytes fulfil many functions in health, during development
and in response to damage [1]. Astrocytes regulate processes critical for cell-cell interactions and
homeostasis such as ion and water transport, pH, neuroplasticity, synapse pruning and cerebral
blood flow thus providing trophic and metabolic support to all cells in the CNS. Astrocytes also
play a major role in maintaining the blood-brain barrier (BBB) and blood-cerebrospinal fluid barrier.
During CNS injury, infection and inflammation astrocytes produce a wide range of pro-inflammatory
factors including chemokines, cytokines, increased expression of innate immune receptors and
molecules including MHC-II [2-5]. On the other hand, astrocytes produce anti-inflammatory cytokines,
heat shock proteins and neuroprotective factors aiding in processes such as neuroregeneration and
remyelination [2]. These different characteristics present the astrocyte as a versatile player in regulatory
processes depending on context and time of injury and disease. While much of the knowledge of
astrocytes relates to their interaction with neurons and neuronal functions astrocytes collaborate and
impact on other cells within the CNS as well, such as endothelial cells and pericytes in BBB formation.
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They also share their lineage with oligodendrocytes and interact with these myelin forming cells by
sharing gap junctions allowing passage of small metabolites and molecules for communication [6].

Oligodendrocytes have the highest metabolic rate of cells in the CNS, producing myelin up to
three times their weight per day for up to 50 axons each. The myelin sheaths are critical for action
potentials and need to be maintained constantly [7]. Additionally, oligodendrocytes provide axons
with trophic support and are crucial for neuronal functionality [2,7]. Due to their high turnover of
myelin oligodendrocytes are sensitive to reactive oxygen species and oxidative stress [7,8]. They have
been shown to participate intricately in immune mediated processes by producing immune regulatory
factors and expressing receptors to communicate with microglia [9]. As it becomes more apparent that
astrocytes participate in immune mediated processes as well, their cross-talk with oligodendrocytes
might elucidate new mechanisms in neuroinflammatory diseases.

The importance of astrocytes in oligodendrocyte functioning is exemplified in primary
astrocytopathies such as Alexander disease (AxD) and vanishing white matter (VWM) [10] where
astrocyte damage leads to demyelination and oligodendrocyte death. In osmotic demyelination
syndrome astrocyte death is observed due to loss of gap junctions and proteostasis defects in
astrocytes prior to oligodendrocyte loss and demyelination [11-13]. In addition, astrocyte dysfunction
has been associated with many other neurological diseases including epilepsy [14], amyotrophic
lateral sclerosis (ALS) [15], Huntington’s disease (HD) [16], and Alzheimer’s disease (AD) [17].
In neuroinflammatory diseases, such as multiple sclerosis (MS) oligodendrocyte loss might be a
consequence of aberrant immune responses. MS is characterized by inflammatory lesions with
demyelination, neurodegeneration, and astrogliosis, in which astrocytes and oligodendrocytes are
damaged [18,19]. Similarly, numerous other white matter disorders also show important cross-talk
between astrocytes and oligodendrocytes (Table 1) [10].

Here we review the evidence for cross-talk between astrocytes and oligodendrocytes demonstrating
an emerging role for astrocytes in oligodendrocyte damage, as well as contributing to tissue regeneration
and remyelination. Understanding how astrocytes interact with oligodendrocytes will provide a
deeper insight into the pathophysiology of neurological disorders that may elucidate new pathways to
drug strategies for myelin damage in CNS diseases.
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2. Astrocyte and Oligodendrocyte Cross-Talk during Brain Development

In neurogenesis, a “gliogenic switch” occurs and dividing neural stem cells develop into glial
cells [54,55]. From these cells, both astrocyte precursor cells and oligodendrocyte progenitor cells (OPCs)
arise [55,56]. Astrogenesis is mediated through cardiotrophin-1 (CT-1), a factor secreted by cortical
neurons. CT-1 induces glial fibrillary acidic protein (GFAP) expression by immature astrocytes through
activation of the janus kinase signal transducer and activator of transcription proteins (JAK-STAT).
The importance of CT-1 is exemplified by the 50-80% decrease in GFAP expression in CT-1 knock-out
mice [57]. Astrogenesis-related genes are silenced during the neurogenic period through epigenetic
mechanisms [57-59]. Oligodendrogenesis, on the other hand, is subject to a morphogen gradient of
Sonic hedgehog (Shh) and bone morphogenic protein (BMP) and OPCs arise on the ventral side of the
neural tube [60,61]. Critical in proliferation and timing of oligodendrocyte maturation is secretion of
platelet derived growth factor AA (PDGF-AA) by astrocytes [62]. Once generated, OPCs migrate due to
chemokines and Shh signalling, all while being guided by astrocytes [63]. In the optic nerve, astrocytes
transiently express high levels of the megalin receptor that regulates the availability of Shh in the
microenvironment and thus guides OPC migration. Inhibition of the megalin receptor has been shown
to result in impaired migration of OPCs to the optic nerve [64]. Furthermore, astrocytes tightly control
release of BMPs and prevent maturation of OPCs into myelin-producing oligodendrocytes [65]. Clearly,
cross-talk between astrocytes and oligodendrocytes during development is essential for migration and
maturation of OPCs through the CNS.

Various areas in the brain give rise to different types of astrocytes. Fibrous astrocytes are located
in the white matter while protoplasmic astrocytes are present in the grey matter. These phenotypes of
astrocytes differ in morphology and expression patterns. One example is the expression of excitatory
amino acid transporters (EAATs), which is higher in the white matter and results in extracellular
glutamate levels being lower in white than in grey matter [3,5,66,67]. Additionally, the astrocytic
syncytium formed by protoplasmic astrocytes is larger than that of fibrous astrocytes [67]. The
differences observed in morphology and protein expression impact the way these cells interact with
their environment and with other glia cells such as oligodendrocytes.

During development astrocytes provide critical metabolic support of oligodendrocytes by
supplying e.g., sterol regulatory element-binding protein (SREBP) cleavage-activating protein, a
protein essential in lipid production. Mice in which SREBP cleavage activating protein is conditionally
knocked out in astrocytes, develop microcephaly and a decrease in white matter volume [68],
indicating the importance of astrocyte-derived lipids in myelination. Astrocytes also provide
cholesterol for myelin production, and since cholesterol cannot cross the BBB it has to be synthesized
de novo in the CNS by astrocytes and oligodendrocytes [3,69,70]. However, inhibition of the
oligodendrocyte cholesterol synthesis pathway in mice leads to a delay in myelination suggesting
cholesterol production by oligodendrocytes and astrocytes is critical for early myelination [70]. This
suggests that cholesterol availability is a rate-limiting factor in myelin production. In experimental
autoimmune encephalomyelitis (EAE), an animal model of MS, the cholesterol synthesis pathway
is downregulated in astrocytes of the cerebellum and spinal cord [69]. Determining whether this
is a cause of limited remyelination requires more investigation. The metabolite exchange between
oligodendrocytes and astrocytes may be key for astrocytic leukodystrophies, as disturbed astrocyte
function in these disorders may limit lipid exchange from astrocytes to oligodendrocytes.

3. Astrocytic Communication with Oligodendrocytes

3.1. Blood-Brain Barrier Interactions

Astrocyte end-feet cover up to 90% of the brain vasculature and are exchange sites for nutrients,
metabolites, and ions from the blood to the brain. BBB dysfunction is a key step in the pathogenesis of
inflammatory and neurodegenerative CNS diseases [71].
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Iron from the blood is provided by astrocytes to oligodendrocytes through endocytosis and
transferred to the cells as protein-bound iron. Iron is essential for several enzymatic functions of
oligodendrocytes, such as energy metabolism enzymes, including the mitochondrial respiratory chain
protein complexes I-IV, which use it as a co-factor [4,72]. When oligodendrocytes are deprived of
iron, proliferation and differentiation of OPCs is impaired as shown in vitro, leading to a delay in
remyelination after injury in vivo [72,73]. The importance of iron in myelination is exemplified by
prenatal iron deficiency in which abnormal oligodendrocyte distribution is observed [73]. Abnormalities
in iron metabolism are also reported in MS [72] and HD [74] and restoration of normal metabolism
is required for remyelination. Maintenance and development of the BBB is regulated by astrocytic
Shh [75]. In MS, Shh acts as an anti-inflammatory molecule at the level of the neurovascular unit and
is increased during neuroinflammation to promote BBB repair and integrity [75]. These examples
underscore the critical role of astrocytes in BBB functioning in order to provide metabolic support to
oligodendrocytes, essential in processes such as myelination.

While astrocytes are considered to be key players in maintaining BBB integrity, OPCs have also
been shown to play a role in BBB integrity through TGF-f signalling [76]. Additionally, BBB integrity
is enhanced by OPCs through PDGF-BB/PDGFR« signalling while oligodendrocytes control BBB
integrity independent of this pathway [77]. Conversely, a recent study combining pathology, in vivo
and in vitro cultures indicates that clusters of OPCs contribute to altered vascular permeability by
impacting the astrocyte foot processes in MS [78]. OPCs require a vascular scaffold for migration
throughout the CNS to repopulate demyelinated areas in MS but detachment of the vasculature fails
which results in a disruption of the BBB integrity [78].

3.2. Gap Junctions Connect Astrocytes and Oligodendrocytes

Astrocytes are connected to other glial cells via gap junctions, allowing free flow of ions and small
metabolites. Gap junctions between astrocytes are made up of connexin (Cx) 30 and/or 43 that forms
either homotypic (Cx30:Cx30 or Cx43:Cx43) or heterotypic channels (Cx30:Cx43). Using these gap
junctions, astrocytes form a syncytium with free flow of small molecules including gliotransmitters
and lactate that aids buffering of K* [20,79]. Astrocytes express Cx30 and Cx43 that couples to
adjacent oligodendrocytes expressing Cx32 and Cx47 by forming heterotypic gap junctions respectively
Cx30:Cx32 and Cx43:Cx47 [6,79]. This physical contact is important in oligodendrocyte maturation
and is often disrupted in demyelinating conditions. In EAE the reduction in Cx47 and Cx32 reduces
oligodendrocyte-oligodendrocyte and astrocyte-oligodendrocyte interactions [20]. This reduction is
also observed in active and chronic lesions in MS, neuromyelitis optica (NMO) and Bal¢’s disease [80].
Absence of Cx47 or Cx32 in oligodendrocytes exacerbates clinical EAE in mice associated with increased
myelin loss but does not affect Cx30 and Cx43 expression in astrocytes [81]. Pathogenic mutations
in Cx32 also contribute to Charcot-Marie-Tooth disease characterized by peripheral demyelination
and neuropathy [80]. In contrast, Cx43 is upregulated in remyelinating MS lesions, emphasizing the
importance of communication via gap junctions in remyelination [80]. The detrimental effect of Cx
loss on remyelination may be attributed to the necessity of trophic support of oligodendrocytes by
astrocytes, although whether the loss of Cx in gap junctions is the cause or consequence of myelin
damage is unclear [82].

4. Astrocytes and Oligodendrocytes Play Active Roles in Immune Responses

Emerging studies have changed the perception that astrocytes and oligodendrocytes are solely
bystanders in inflammatory processes. In infectious and inflammatory CNS diseases oligodendrocytes
have been reported to act as antigen presenting cells and produce immune molecules [9] (Table 2).
In neuroinflammation oligodendrocytes express many factors known to activate astrocytes [83,84]
(Figure 1). For example, in vitro astrocytes express receptors for e.g., CCL2 and CXCL10 which are
mostly secreted to attract monocytes and macrophages [85-88]. In MS lesions oligodendrocyte and
astrocyte expression of IL-17 suggests that glia, as well as T cells, promote the pro-inflammatory
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environment that attracts macrophages to the lesion [89]. In mice, administration of cuprizone, that
damages and ablates oligodendrocytes, both oligodendrocytes and OPCs secrete IL-13, a known
pro-inflammatory cytokine [90-92]. CXCL1, CXCL2, CXCL3, CXCL5, and CXCL6 all bind the CXCR2
receptor, which is constitutively expressed on oligodendrocytes, but not present on astrocytes [88,93].
The CXCR2 receptor is upregulated in response to these cytokines that are secreted by oligodendrocytes,
supporting autocrine regulation. Several CXCR2 ligands have previously been associated with
OPC proliferation and differentiation [94], indicating that oligodendrocytes regulate their own
proliferation. Granulocyte macrophage colony stimulating factor (GM-CSF) is upregulated in resting
oligodendrocytes [93] which has been found to be anti-apoptotic for neurons and neuroprotective in
models of stroke.

Stressed
oligodendrocyte

=%

Oligodendrocyte

Astrocyte

Figure 1. Oligodendrocytes secrete factors that impact on astrocytes. Stressed oligodendrocytes release
factors that have beneficial effects (green) on astrocytes such as CCL2 to reduce inflammation. In
contrast detrimental factors (red) such as IL-1f3 exacerbates inflammation. Healthy oligodendrocytes
and OPCs also interact with astrocytes by secretion of GM-CSF and CCL2 as well as IL-1f3.

Additionally, astrocytes secrete CXCL1 in spinal cord injury and in MS lesions, both in vivo and
in vitro, which may act to recruit oligodendrocytes [88,95]. Gap junctions are also reported to play
an immunoregulatory role for example Cx43 loss in astrocytes increases recruitment of immune cells
in the brain as well as inducing an atypical reactive astrocyte phenotype that secretes both pro- and
anti-inflammatory factors [82,96,97].

Many immune factors are secreted by both oligodendrocytes and astrocytes in vitro i.e., IL-1f3,
CXCL10 and IL17, underscoring a possible immune function of these cells [90]. In addition,
astrocytes also secrete tumour necrosis factor-« (TNF-«), IL-1f, interferon-y (IFN-y), fibroblast
growth factor-2 (FGF-2), PDGF, and BMPs, factors known to influence oligodendrocytes and
OPCs [3,98] (Figure 2, Table 2). TNF-« is recognized by TNFR1 and induces pro-inflammatory
effects, while binding to TNF-«R2 induces anti-inflammatory effects. Both TNFR1 and TNFR?2 are
expressed on oligodendrocytes [9], and both are upregulated during inflammation [8] indicating
that oligodendrocytes could trigger both pro- and anti-inflammatory responses. Likewise, astrocytes
express predominantly TNFR1 but are capable of upregulating TNFR2 after stimulation by TNF-« [3,99],
suggesting an autocrine feedback loop. While inhibition of TNF-« is an effective therapy in autoimmune
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diseases such as rheumatoid arthritis, this approach has been less straightforward in MS [100], recent
data shows that selective modulation of TNFRs by activating TNFR2 and/or silencing TNFR1 might
have therapeutic potential [101]. IL-1f is expressed by astrocytes during ischemic stroke, as well as
neuroinflammatory disease although the precise mechanisms of IL-13 remain unclear [102,103]. IL-1f3
was also found in active MS lesions in reactive astrocytes and in pre-active lesions where it might act on
oligodendrocytes and astrocytes in lesion formation [104]. IFN-y has both pro- and anti-inflammatory
effects, as treatment with IFN-y exacerbates MS pathology, but also induces neurotrophic factor
production in astrocytes, which are also able to produce IFN-y [105,106]. FGEF-2 is secreted by
astrocytes after focal demyelination in mice, and has been shown to promote OPC proliferation yet
inhibit their differentiation to oligodendrocytes [4,21]. BMPs are upregulated in EAE, and direct OPC
differentiation into the astrocyte lineage [21]. Lastly, insulin-like growth factor-1 (IGF-1) also induces
OPC maturation [107].

Table 2. Immunologic interplay between astrocytes and oligodendrocytes.

Detrimental Beneficial References
Astrocyte Mediator Impact on Oligodendrocytes
Induces PDGF, and LIF on
Induces demyelination and astrocytes which enhances
TNF-o oligodendrocyte necrosis OPC survival and [3,108-112]
differentiation
Induces oligodendrocyte
IL-1B apoptosis and [102]
hypomyelination
Limits inflammation, limits
Reversibly reduces OPC Th17 éctlvaflon, limits IL-13
IFN-y . R signalling, protects [106,113-115]
proliferation .
oligodendrocytes from
endoplasmic reticulum stress
Induces loss of myelin and
FGF-2 myelin-producing Induces proliferation of OPCs [4,116]
oligodendrocytes
BMPs induce OPC
BMP differentiation into the [21,117]
astrocyte lineage
Induces proliferation and
CNTF differentiation of OPCs [21,105]
IGF-1 Induces OPC differentiation [21,107,118]
Oligodendrocyte
Mediator Impact on Astrocytes

Reduces IL-6 expression in
CCL2 astrocytes, leading to a less [92,119,120]
inflammatory environment

CXCL10 Induces CXCR? receptor [119,121]
expression
Induces GFAP, IL-1p3, and
1L-17 VEGEF, reduces BBB integrity [89,122]
Induces astrogliosis
-1p Induces IL-1$ and NF-«B, and [90,92,123,124]

P2X7 receptor.

Inhibits glial scar formation.
GM-CSF Induces proliferation, and [93,125]
migration of astrocytes

Abbreviations: BMP, bone morphogenic protein, CNTE, ciliary neurotrophic factor; FGF, Fibroblast growth factor;
IFN, interferon; IGF, insulin-like growth factor; LIF, leukaemia inhibitory factor; OPC, oligodendrocyte precursor
cell; PDGF, Platelet-derived growth factor; TNF, tumour necrosis factor.
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LIF
Tenascin R
PDGF
TNF-a
FGF-2
IFN-y
Hyaluronan
Tenascin C
Glutamate

Laminin
PDGF
FGF-2
IL-6

IL-8

IL-6
BMP2, BMP4

Astrocyte

ox_GCas\

|_7x47 Gzp|

Reactive astrocyte

IL-6
TNF-a
IFN-y
I-18
Glutamate

Oligodendrocyte

Figure 2. Astrocytes release a wide variety of molecules that impact oligodendrocyte functioning.
Reactive and homeostatic astrocytes can release both beneficial (green) as well as detrimental (red)
molecules. Most molecules that are secreted by astrocytes have a context dependent effect as well as a
differential effect on oligodendrocytes and OPCs.

5. Astrocyte—Oligodendrocyte Interplay in Disease

5.1. Reactive Gliosis and Glial Scar Formation

Reactive astrocytes are a hallmark of many CNS diseases for example in MS lesions [3,22,25,126],
around the injured site during spinal cord injury (SCI) [41], within Rosenthal fibres in AxD [127],
after ischemic stroke [128], and near amyloid plaques in AD [129], indicating their importance in both
classic white matter and grey matter disease. Reactive gliosis is a spectrum rather than an all-or-nothing
reaction, and the severity may differ between diseases, patients, or even within a patient. Mildly
reactive astrocytes are associated with milder CNS injury or inflammation, and do not proliferate,
showing only moderate changes in gene expression. Severely reactive astrocytes are characterized by
upregulation of GFAP, hypertrophy and proliferation, and are present in severe injury and infection,
as well as in chronic neurodegenerative disease. The most severe reaction is the glial scar, where
astrocytes proliferate and intertwine to form a physical barrier that surrounds injured CNS tissue and
isolates it from healthy tissue. It is associated with severe necrosis or inflammation [130].

In the acute stages of CNS damage, glial scarring is essential to prevent more widespread
inflammation and the spread of toxic factors, protecting neurons from secondary degeneration [131].
An astrocyte-specific STAT3 knock-out inhibits formation of the glial scar, and leads to increased
inflammation and motor dysfunction in mice after SCI [2,4,98]. On the other hand, in an AD mouse
model, inhibition of the JAK2-STAT3 pathway leads to reduced astrocyte reactivity and increased
learning abilities [132]. Glial scars are also involved in restoration of BBB integrity in inflammatory
CNS disorders [20,131]. However, in the chronic stages, the glial scars inhibit OPC migration and
differentiation and is thus considered to be detrimental blocking tissue repair [3,4,66,103]. This is
observed in ischemic stroke, where the glial scar secretes growth inhibiting factors that prevent axonal
regrowth [128], and in MS, where OPC migration into demyelinated lesions is inhibited [22].
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Astrocytes become reactive in response to both direct and indirect activation; indirect activation
is mediated by cytokines secreted by microglia, while direct activation is mediated by damage or
pathogen associated molecular patterns that are released by pathogens or during cell death, oxidative
stress, or chemical stress [3,22]. This implies that oligodendrocyte injury induces astrocyte reactivity.
Upon activation, astrocytes secrete factors e.g., TNF-«, IL-13, IL-6, brain derived neurotrophic factor
(BDNF), leukemia inhibitory factor (LIF), CCL2, and CXCL10 [3,22,98,103,133]. These factors play a
critical role in generating the immune responses during infection or damage, but also lead to collateral
damage of oligodendrocytes and OPCs. The glial scar is essential to keep these factors isolated in the
acute phase of disease, and abolishing it is adverse to recovery, while modulation of the glial scar in
the chronic phase of disease may stimulate remyelination in white matter disorders.

5.2. Astrocytes in Neuroinflammation

The NF-«kB pathway is a major inflammatory pathway involved in activation of the innate
and adaptive immune responses essential for e.g., generation of T-cell and B-cells. The pathway is
constitutively active in many inflammatory disorders of the white matter [90,134]. In vitro, astrocytes
upregulate NF-«B in response to pro-inflammatory cytokines such as IL-17, IL-1$, and TNF-« [90,
135]. Invivo, overexpression of the NF-kB inhibitor IkBx in astrocytes results in protection of
oligodendrocytes via reduced leukocyte infiltration and lower levels of chemokines during EAE [136].
NF-kB is also relevant in other CNS disorders that are not classically seen as white matter disorders,
including AD, where amyloid-f3 plaques induce NF-«B activation in an astrocyte-specific manner [137].
In SOD1 mice, a mouse model of ALS, astrocytic NF-kB promotes degeneration of motor neurons and
accelerates disease progression [138]. Subtle white matter changes are found in neurodegenerative
diseases as early as pre-clinical AD where the NF-«B pathway could play a role in exacerbating
inflammatory signaling [139]. Intervention in this pathway is effective, as demonstrated by the MS
drug laquinimod, which inhibits astrocytic NF-kB expression [4,134]. NF-«kB signalling represents
an important inflammatory pathway in various neurological disorders that is frequently used by
astrocytes to exacerbate inflammation. Alleviation of oligodendrocyte pathology via astrocytic NF-«B
targeting may be relevant in more white matter disorders, and its use in MS treatment is proof of
concept for the relevance of cross-talk in white matter disease therapy.

5.3. Excitotoxicity

Oligodendrocytes are sensitive to excitotoxic damage due to their expression of x-amino-3-hydroxy
-5-methyl-4-isoxazolepropionic acid (AMPA) and kainate receptors. In EAE, treatment with AMPA
and kainate antagonists significantly reduces oligodendrocyte death and disease severity, suggesting
a role for excitotoxic cell death in MS [22,140]. Moreover, TNF-« triggers astrocytic upregulation
of prostaglandin-E2 in vitro, which induces release of glutamate into the extracellular space [141],
indicating that neuroinflammation exacerbates excitotoxic damage, leading to oligodendrocyte death.
Excitotoxicity is further facilitated by downregulation of EAATs, which occurs in the senile plaques
in AD, and in ALS [129,137]. Excitotoxicity in oligodendrocytes is not just glutamate-mediated, but
also ATP-mediated, via overstimulation of the P2X purinoreceptor-7 (P2X7) ATP receptors. Similar
to the AMPA and kainate receptors, the P2X7 receptor is Ca>* permeable, and the intracellular Ca?*
damages oligodendrocytes.

Studies by Matute and colleagues show that in mice P2X7 antagonists prevent ATP toxicity in
oligodendrocytes [7]. P2X7 receptors are significantly increased in oligodendrocytes in the optic
nerves of people with MS compared to healthy controls, indicating that ATP toxicity might be a
relevant pathogenic mechanism in disease [142]. ATP toxicity is also pathogenic after SCI, increasing
demyelination and neuronal death after injury [143]. In support of this, treatment of rats with P2X7
antagonists increases neuronal survival and functional recovery after SCI [143]. Stimulation of the P2X7
receptor of neonatal rat-derived astrocytes results in glutamate release, supplying the environment
with more excitotoxic molecules [142]. Astrocytic overexpression of P2X7 was also found in the white
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and grey matter in secondary progressive MS [144] as well as upon stimulation with IL-1p [123],
suggesting that this signalling pathway is especially relevant during inflammation.

P2X7 is also of importance in epilepsy, since sufferers have higher P2X7 expression than healthy
controls in the neocortical nerve terminals. P2X7 antagonist treatment decreases the severity and
number of epileptic seizures in rats [145]. Excitotoxicity is a relevant mechanism of cell death in many
disorders, and astrocyte-oligodendrocyte cross-talk plays an important role here, as astrocytes are
able to create a hostile environment with glutamate and ATP which then damages oligodendrocytes.
Inhibition of astrocytic glutamate release or increasing the activity of the EAAT receptors may thus be
a relevant treatment mechanism in epilepsy or white matter diseases.

6. Astrocyte Control of Remyelination and the Extracellular Matrix

The white matter of the brain primarily consists of myelinated axons formed by oligodendrocytes,
after differentiating from OPCs [4]. In demyelinating diseases such as MS and NMO, functional
recovery requires remyelination. Although in these diseases astrocytes are known to be detrimental
to oligodendrocytes and OPCs, they also promote and mediate remyelination [7,41]. For example,
in vivo ablation of astrocytes results in impaired recovery from SCI [2]. In MS or SCI remyelination
occurs but often fails despite the presence of significant numbers of OPCs suggesting the lack of
remyelination is likely due to a failure in OPC differentiation rather than migration [20,146,147].
However, migration failure and clustering of OPCs at astrocyte endfeet indicates that astrocytes may
also play a role in restricting migration of OPCs [78]. Recruitment of OPCs to the demyelinating
area occurs through astrocyte chemokine signalling of IL-13 and CCL2, confirming the necessity of
cellular cross-talk in remyelination [20,148]. After migration, OPCs exit the cell cycle and differentiate
into oligodendrocytes through stimulation of PDGF and FGF-2 [147]. FGF-2 is highly upregulated
by astrocytes in remyelinating spinal cord lesions where it acts on oligodendrocytes as well as in
autocrine fashion on astrocytes [149]. Recently, a new study has found that OPCs might not be as
important for remyelination as previously thought. Remyelination was found to be mainly dependent
on the pool of surviving mature oligodendrocytes present in the lesions based on carbon dating of
oligodendrocytes [150].

Astrocytes influence oligodendrocytes via modification of the extracellular matrix (ECM). A major
ECM component secreted by astrocytes is hyaluronan, which acts on T-cells and OPCs, blocking
OPC differentiation into oligodendrocytes and promoting astrocytic differentiation [41]. Hyaluronan
is especially abundant in white matter lesions of MS patients [21], as well as patients with rare
familial leukodystrophies VWM [50] and AxD [127]. Exaggerated hyaluronan secretion is a common
feature of leukodystrophies, and likely has a role in neurological pathogenesis. Another astrocytic
ECM factor is laminin that controls the differentiation and migration of OPCs, and promotes their
survival by binding integrin and dystroglycan receptors. Mutations in laminin result in profound
muscular and white matter abnormalities [151-153]. In inflammatory conditions, reactive astrocytes
also produce tenascin C and R. Tenascin C is linked to inhibition of OPC migration, but tenascin R
induces myelin gene expression and OPC differentiation. In chronic MS plaques, both tenascin C and
R were shown to be upregulated in reactive astrocytes [153]. Lastly, astrocytes secrete proteoglycans
that inhibit remyelination in high concentrations [154]. Proteoglycans also capture chemokines and
growth factors, localizing them and targeting immune cells to the area of inflammation. This helps
to prevent immune-mediated collateral damage [131]. These studies underscore the importance
of the ECM in providing a healthy environment for remyelination. If disrupted, a remyelination
promoting environment turns inhibitory, leading to impaired differentiation and proliferation of OPCs.
Astrocytes are an important source of many ECM factors, and communicate with and influence OPCs
and oligodendrocytes via secretion of ECM factors.

In inflammatory CNS conditions infiltration of immune cells is a hallmark of disease and heavily
dependent on the breakdown of the ECM. MMP2 and 9 are important in degradation of the Lamina
basalis, as well as infiltration of immune cells into the brain parenchyma. The activity of these proteins
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is regulated by tissue inhibitors of metalloproteinases (TIMPs). Although astrocytes express MMP2 and
9 both in vivo and in vitro, they also produce TIMP-1 [103]. Astrocytes promote oligodendrogenesis
during and after injury through secretion of BDNF and TIMP-1 [155,156]. This is also shown in
TIMP-1 deficient mice that exhibit defective myelin repair [20], indicating the importance of the ECM
in remyelination. Another MMP that is active in remyelination is MMP7, which cleaves fibronectin
aggregates present in demyelinating lesions in MS. These aggregates prevent OPC maturation and
remyelination. Secreted proMMP7 is activated by astrocytic MMP3, indicating that astrocytes assist in
this cleavage [157]. This shows that astrocytes are not only involved in the building of the ECM, but
also in its breakdown and maintenance.

In summary, astrocytic dysfunction results in a toxic extracellular environment with high
levels of excitotoxic molecules and pro-inflammatory cytokines such as IL-13 and TNF-a. On
the other hand, their basal functions are essential in maintaining a healthy brain microenvironment
where oligodendrocytes thrive and remyelinate the CNS. Although astrocytes can be detrimental in
neurological disease they are also essential for the recovery from damage. Astrocytes are particularly
important in early recovery by supporting oligodendrocyte migration and OPC differentiation.
However, astrocytes become pathological in the chronic phase, exemplified by the glial scar formation
in SCI or MS, in which hypertrophic astrocytes produce many factors that induce a harmful environment
for mature oligodendrocytes and inhibit OPC differentiation [41,131].

7. Conclusions

Astrocyte and oligodendrocyte interactions in healthy conditions and disease are complex and
multifaceted. The widely considered view that astrocytes only react to damage in neurological diseases
is changing to embrace the emerging evidence that these cells are essential to the development of the
healthy CNS. On the other hand, astrocytes are involved in the pathogenesis of several CNS diseases
since loss of normal trophic functions of astrocytes results in damage to neurons and oligodendrocytes
thereby exacerbating pathology.

Furthermore, astrocytes are important for the regenerative capacities of the brain aiding
oligodendrocyte proliferation, maturation and migration—a key step in repair in diseases such
as MS and other demyelinating diseases. There is also a growing awareness that astrocytes and
oligodendrocytes are not only targets for autoimmune responses in the context of neuroinflammation.
Astrocytes play an important role as innate immune cells, e.g., by secreting chemokines, and as such
influence other glia cells.

Future studies into the communication between astrocytes and oligodendrocytes as well as their
impact on other CNS cell types will provide new clues for controlling innate immunity and aiding
repair in the CNS.

Author Contributions: Writing—original draft preparation, ENN., D.v.G., S.A.; writing—review and editing,
L.A.N.P. and S.A. All authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.

Acknowledgments: We thank the Multiple Sclerosis Society of Great Britain and Northern Ireland and the
Stichting MS Research, The Netherlands for supporting studies discussed in this review.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Colombo, E.; Farina, C. Astrocytes: Key Regulators of Neuroinflammation. Trends Immunol. 2016, 37, 608-620.
[CrossRef] [PubMed]

2. Gaudet, A.D.; Fonken, L. K. Glial Cells Shape Pathology and Repair After Spinal Cord Injury. Neurotherapeutics
2018, 15, 554-577. [CrossRef] [PubMed]

3. Kiray, H.; Lindsay, S.L.; Hosseinzadeh, S.; Barnett, S.C. The multifaceted role of astrocytes in regulating
myelination. Exp. Neurol. 2016, 283, 541-549. [CrossRef] [PubMed]

293



Cells 2020, 9, 600

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Li, J.; Zhang, L.; Chu, Y.; Namaka, M.; Deng, B.; Kong, J.; Bi, X. Astrocytes in Oligodendrocyte Lineage
Development and White Matter Pathology. Front. Cell Neurosci. 2016, 10, 119. [CrossRef] [PubMed]

Seth, P; Koul, N. Astrocyte, the star avatar: Redefined. ]. Biosci. 2008, 33, 405-421. [CrossRef]
Orthmann-Murphy, J.L.; Abrams, C.K.; Scherer, S.S. Gap junctions couple astrocytes and oligodendrocytes. J.
Mol. Neurosci. 2008, 35, 101-116. [CrossRef]

McTigue, D.M.; Tripathi, R.B. The life, death, and replacement of oligodendrocytes in the adult CNS. J.
Neurochem. 2008, 107, 1-19. [CrossRef]

Patel, J.; Balabanov, R. Molecular mechanisms of oligodendrocyte injury in multiple sclerosis and experimental
autoimmune encephalomyelitis. Int. ]. Mol. Sci. 2012, 13, 10647-10659. [CrossRef]

Peferoen, L.; Kipp, M.; van der Valk, P.; van Noort, ].M.; Amor, S. Oligodendrocyte-microglia cross-talk in
the central nervous system. Immunology 2014, 141, 302-313. [CrossRef]

van der Knaap, M.S.; Bugiani, M. Leukodystrophies: A proposed classification system based on pathological
changes and pathogenetic mechanisms. Acta Neuropathol. 2017, 134, 351-382. [CrossRef]

Bouchat, J.; Couturier, B.; Marneffe, C.; Gankam-Kengne, E,; Balau, B.; De Swert, K.; Brion, J.-P.; Poncelet, L.;
Gilloteaux, J.; Nicaise, C. Regional oligodendrocytopathy and astrocytopathy precede myelin loss and
blood-brain barrier disruption in a murine model of osmotic demyelination syndrome. Glia 2018, 66, 606-622.
[CrossRef] [PubMed]

Gankam Kengne, F,; Nicaise, C.; Soupart, A.; Boom, A_; Schiettecatte, J.; Pochet, R.; Brion, ].P.; Decaux, G.
Astrocytes are an early target in osmotic demyelination syndrome. J. Am. Soc. Nephrol. 2011, 22, 1834-1845.
[CrossRef] [PubMed]

Gankam-Kengne, F.; Couturier, B.S.; Soupart, A.; Brion, J.P.; Decaux, G. Osmotic Stress-Induced Defective
Glial Proteostasis Contributes to Brain Demyelination after Hyponatremia Treatment. J. Am. Soc. Nephrol.
2017, 28, 1802-1813. [CrossRef] [PubMed]

Coulter, D.A ; Eid, T. Astrocytic regulation of glutamate homeostasis in epilepsy. Glia 2012, 60, 1215-1226.
[CrossRef] [PubMed]

Seifert, G.; Schilling, K.; Steinhauser, C. Astrocyte dysfunction in neurological disorders: A molecular
perspective. Nat. Rev. Neurosci. 2006, 7, 194-206. [CrossRef] [PubMed]

Faideau, M.; Kim, J.; Cormier, K.; Gilmore, R.; Welch, M.; Auregan, G.; Dufour, N.; Guillermier, M.;
Brouillet, E.; Hantraye, P; et al. In vivo expression of polyglutamine-expanded huntingtin by mouse striatal
astrocytes impairs glutamate transport: A correlation with Huntington’s disease subjects. Hum. Mol. Genet.
2010, 19, 3053-3067. [CrossRef]

Simpson, J.E.; Ince, P.G.; Lace, G.; Forster, G.; Shaw, PJ.; Matthews, F,; Savva, G.; Brayne, C.; Wharton, S.B.;
Function, M.R.C.C.; et al. Astrocyte phenotype in relation to Alzheimer-type pathology in the ageing brain.
Neurobiol. Aging 2010, 31, 578-590. [CrossRef]

Reich, D.S.; Lucchinetti, C.F.; Calabresi, P.A. Multiple Sclerosis. New Engl. ]. Med. 2018, 378, 169-180.
[CrossRef]

Thompson, A.J.; Baranzini, S.E.; Geurts, J.; Hemmer, B.; Ciccarelli, O. Multiple sclerosis. Lancet 2018, 391,
1622-1636. [CrossRef]

Domingues, H.S.; Portugal, C.C.; Socodato, R.; Relvas, ].B. Oligodendrocyte, Astrocyte, and Microglia
Crosstalk in Myelin Development, Damage, and Repair. Front. Cell Dev. Biol. 2016, 4, 71. [CrossRef]
Moore, C.S.; Abdullah, S.L.; Brown, A.; Arulpragasam, A.; Crocker, S.J. How factors secreted from astrocytes
impact myelin repair. Neurosci. Res. 2011, 89, 13-21. [CrossRef] [PubMed]

Ponath, G.; Park, C.; Pitt, D. The Role of Astrocytes in Multiple Sclerosis. Front. Immunol. 2018, 9, 217.
[CrossRef]

Torkildsen, O.; Myhr, K.M.; Bo, L. Disease-modifying treatments for multiple sclerosis - a review of approved
medications. Eur. J. Neurol. 2016, 23, 18-27. [CrossRef]

Hostenbach, S.; Cambron, M.; D"Haeseleer, M.; Kooijman, R.; De Keyser, J. Astrocyte loss and astrogliosis in
neuroinflammatory disorders. Neurosci. Lett. 2014, 565, 39-41. [CrossRef] [PubMed]

Popescu, B.F; Lucchinetti, C.F. Pathology of demyelinating diseases. Annu. Rev. Pathol. 2012, 7, 185-217.
[CrossRef] [PubMed]

Uzawa, A.; Mori, M.; Arai, K.; Sato, Y.; Hayakawa, S.; Masuda, S.; Taniguchi, J.; Kuwabara, S. Cytokine and
chemokine profiles in neuromyelitis optica: Significance of interleukin-6. Mult. Scler. 2010, 16, 1443-1452.
[CrossRef] [PubMed]

294



Cells 2020, 9, 600

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Vitturi, B.K.; Rosemberg, S.; Arita, EN.; da Rocha, A J.; Forte, W.C.N.; Tilbery, C.P. Multiphasic disseminated
encephalomyelitis associated with herpes virus infection in a patient with TLR3 deficiency. Mult. Scler. Relat.
Disord. 2019, 36, 101379. [CrossRef]

Robinson, C.A.; Adiele, R.C.; Tham, M.; Lucchinetti, C.E; Popescu, B.F. Early and widespread injury of
astrocytes in the absence of demyelination in acute haemorrhagic leukoencephalitis. Acta Neuropathol.
Commun. 2014, 2, 52. [CrossRef]

Bauer, J.; Gold, R.; Adams, O.; Lassmann, H. Progressive multifocal leukoencephalopathy and immune
reconstitution inflammatory syndrome (IRIS). Acta Neuropathol. 2015, 130, 751-764. [CrossRef]

Gheuens, S.; Wuthrich, C.; Koralnik, 1.]. Progressive multifocal leukoencephalopathy: Why gray and white
matter. Annu. Rev. Pathol. 2013, 8, 189-215. [CrossRef]

Langer-Gould, A.; Atlas, SW.; Green, A.J; Bollen, AW, Pelletier, D. Progressive multifocal
leukoencephalopathy in a patient treated with natalizumab. New Engl. ]. Med. 2005, 353, 375-381.
[CrossRef] [PubMed]

Lewandowska, E.; Szpak, G.M.; Lechowicz, W.; Pasennik, E.; Sobczyk, W. Ultrastructural changes in neuronal
and glial cells in subacute sclerosing panencephalitis: Correlation with disease duration. Folia Neuropathol.
2001, 39, 193-202. [PubMed]

Mesquita, R.; Castanos-Velez, E.; Biberfeld, P.; Troian, R.M.; de Siqueira, M.M. Measles virus antigen in
macrophage/microglial cells and astrocytes of subacute sclerosing panencephalitis. Apmis Acta Pathol.
Microbiol. Et Immunol. Scand. 1998, 106, 553-561. [CrossRef] [PubMed]

Kossmann, T.; Morganti-Kossmann, M.C.; Orenstein, ].M.; Britt, W.J.; Wahl, S.M.; Smith, P.D. Cytomegalovirus
production by infected astrocytes correlates with transforming growth factor-beta release. . Infect. Dis. 2003,
187,534-541. [CrossRef]

Zhang, L.; Li, L.; Wang, B.; Qian, D.M.; Song, X.X.; Hu, M. HCMV induces dysregulation of glutamate uptake
and transporter expression in human fetal astrocytes. Neurochem. Res. 2014, 39, 2407-2418. [CrossRef]
Banjara, M.; Ghosh, C.; Dadas, A.; Mazzone, P; Janigro, D. Detection of brain-directed autoantibodies in the
serum of non-small cell lung cancer patients. PLoS ONE 2017, 12, €0181409. [CrossRef]

Fang, B.; McKeon, A.; Hinson, S.R.; Kryzer, T.J.; Pittock, S.J.; Aksamit, A.].; Lennon, V.A. Autoimmune Glial
Fibrillary Acidic Protein Astrocytopathy: A Novel Meningoencephalomyelitis. JAMA Neurol. 2016, 73,
1297-1307. [CrossRef]

Rosenberg, G.A. Binswanger’s disease: Biomarkers in the inflammatory form of vascular cognitive
impairment and dementia. ]. Neurochem. 2018, 144, 634-643. [CrossRef]

Pregnolato, S.; Chakkarapani, E.; Isles, A.R.; Luyt, K. Glutamate Transport and Preterm Brain Injury. Front.
Physiol. 2019, 10, 417. [CrossRef]

Revuelta, M.; Elicegui, A.; Moreno-Cugnon, L.; Buhrer, C.; Matheu, A.; Schmitz, T. Ischemic stroke in neonatal
and adult astrocytes. Mech. Ageing Dev. 2019, 183, 111147. [CrossRef]

Wang, H.E; Liu, X.K,; Li, R,; Zhang, P.; Chu, Z.; Wang, C.L.; Liu, H.R;; Qi, J; Lv, G.Y.; Wang, G.Y,; et al. Effect
of glial cells on remyelination after spinal cord injury. Neural. Regen Res. 2017, 12, 1724-1732. [CrossRef]
[PubMed]

Frati, G.; Luciani, M.; Meneghini, V.; De Cicco, S.; Stahlman, M.; Blomqvist, M.; Grossi, S.; Filocamo, M.;
Morena, E; Menegon, A.; et al. Human iPSC-based models highlight defective glial and neuronal
differentiation from neural progenitor cells in metachromatic leukodystrophy. Cell Death Dis. 2018, 9,
698. [CrossRef] [PubMed]

Kruska, N.; Schonfeld, P.; Pujol, A.; Reiser, G. Astrocytes and mitochondria from adrenoleukodystrophy
protein (ABCD1)-deficient mice reveal that the adrenoleukodystrophy-associated very long-chain fatty acids
target several cellular energy-dependent functions. Biochim. Et Biophys. Acta 2015, 1852, 925-936. [CrossRef]
[PubMed]

Gortz, A.L.; Peferoen, L.A.N.; Gerritsen, W.H.; van Noort, ] M.; Bugiani, M.; Amor, S. Heat shock
protein expression in cerebral X-linked adrenoleukodystrophy reveals astrocyte stress prior to myelin
loss. Neuropathol. Appl. Neurobiol. 2018, 44, 363-376. [CrossRef] [PubMed]

Weidenheim, K.M.; Dickson, D.W.; Rapin, I. Neuropathology of Cockayne syndrome: Evidence for impaired
development, premature aging, and neurodegeneration. Mech. Ageing Dev. 2009, 130, 619-636. [CrossRef]
[PubMed]

295



Cells 2020, 9, 600

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Takanashi, J.; Inoue, K.; Tomita, M.; Kurihara, A.; Morita, F.; Ikehira, H.; Tanada, S.; Yoshitome, E.; Kohno, Y.
Brain N-acetylaspartate is elevated in Pelizaeus-Merzbacher disease with PLP1 duplication. Neurology 2002,
58, 237-241. [CrossRef]

Adachi, M.; Schneck, L.; Cara, J.; Volk, B.W. Spongy degeneration of the central nervous system (van Bogaert
and Bertrand type; Canavan’s disease). A review. Hum. Pathol. 1973, 4, 331-347. [CrossRef]

Baslow, M.H.; Guilfoyle, D.N. Are astrocytes the missing link between lack of brain aspartoacylase activity
and the spongiform leukodystrophy in Canavan disease? Neurochem. Res. 2009, 34, 1523-1534. [CrossRef]
Borrett, D.; Becker, L.E. Alexander’s disease. A disease of astrocytes. Brain A ]. Neurol. 1985, 367-385.
[CrossRef]

Bugiani, M.; Vuong, C.; Breur, M.; van der Knaap, M.S. Vanishing white matter: A leukodystrophy due to
astrocytic dysfunction. Brain Pathol. (Zur. Switz.) 2018, 28, 408-421. [CrossRef]

Hase, Y.; Chen, A.; Bates, L.L.; Craggs, L.J.L.; Yamamoto, Y.; Gemmell, E.; Oakley, A.E.; Korolchuk, V.L;
Kalaria, R.N. Severe white matter astrocytopathy in CADASIL. Brain Pathol. (Zur. Switz.) 2018, 28, 832-843.
[CrossRef]

Orthmann-Murphy, J.L.; Enriquez, A.D.; Abrams, C.K.; Scherer, S.S. Loss-of-function GJA12/Connexin47
mutations cause Pelizaeus-Merzbacher-like disease. Mol. Cell Neurosci. 2007, 34, 629-641. [CrossRef]
[PubMed]

van der Knaap, M.S.; Valk, J. Magnetic Resonance of Myelination and Myelin Disorders; Springer:
Berlin/Heidelberg, Germany, 2005.

Sloan, S.A.; Barres, B.A. Mechanisms of astrocyte development and their contributions to neurodevelopmental
disorders. Curr. Opin. Neurobiol. 2014, 27, 75-81. [CrossRef] [PubMed]

Zuchero, ].B.; Barres, B.A. Glia in mammalian development and disease. Development 2015, 142, 3805-3809.
[CrossRef] [PubMed]

Noble, M.; Davies, ].E.; Mayer-Proschel, M.; Proschel, C.; Davies, S.J. Precursor cell biology and the
development of astrocyte transplantation therapies: Lessons from spinal cord injury. Neurotherapeutics 2011,
8, 677-693. [CrossRef] [PubMed]

Molofsky, A.V,; Krencik, R.; Ullian, E.M.; Tsai, H.H.; Deneen, B.; Richardson, W.D.; Barres, B.A.; Rowitch, D.H.
Astrocytes and disease: A neurodevelopmental perspective. Genes Dev. 2012, 26, 891-907. [CrossRef]
[PubMed]

Miller, ED.; Gauthier, A.S. Timing is everything: Making neurons versus glia in the developing cortex.
Neuron 2007, 54, 357-369. [CrossRef] [PubMed]

Yang, Y.; Higashimori, H.; Morel, L. Developmental maturation of astrocytes and pathogenesis of
neurodevelopmental disorders. . Neurodev. Disord. 2013, 5, 22. [CrossRef]

Naruse, M.; Ishizaki, Y.; Ikenaka, K.; Tanaka, A.; Hitoshi, S. Origin of oligodendrocytes in mammalian
forebrains: A revised perspective. J. Physiol. Sci. 2017, 67, 63-70. [CrossRef]

Rowitch, D.H.; Kriegstein, A.R. Developmental genetics of vertebrate glial-cell specification. Nature 2010,
468, 214-222. [CrossRef]

Durand, B.; Raff, M. A cell-intrinsic timer that operates during oligodendrocyte development. Bioessays 2000,
22, 64-71. [CrossRef]

Ortega, M.C.; Cases, O.; Merchan, P.; Kozyraki, R.; Clemente, D.; de Castro, F. Megalin mediates the influence
of sonic hedgehog on oligodendrocyte precursor cell migration and proliferation during development. Glia
2012, 60, 851-866. [CrossRef] [PubMed]

Clemente, D.; Ortega, M.C.; Melero-Jerez, C.; de Castro, F. The effect of glia-glia interactions on
oligodendrocyte precursor cell biology during development and in demyelinating diseases. Front. Cell
Neurosci. 2013, 7, 268. [CrossRef] [PubMed]

See, ].; Zhang, X.; Eraydin, N.; Mun, S.B.; Mamontov, P.; Golden, J.A.; Grinspan, J.B. Oligodendrocyte
maturation is inhibited by bone morphogenetic protein. Mol. Cell Neurosci. 2004, 26, 481-492. [CrossRef]
Lanciotti, A.; Brignone, M.S.; Bertini, E.; Petrucci, T.C.; Aloisi, F.; Ambrosini, E. Astrocytes: Emerging Stars in
Leukodystrophy Pathogenesis. Transl. Neurosci. 2013, 4. [CrossRef]

Lundgaard, L; Osorio, M.].; Kress, B.T.; Sanggaard, S.; Nedergaard, M. White matter astrocytes in health and
disease. Neuroscience 2014, 276, 161-173. [CrossRef]

296



Cells 2020, 9, 600

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Camargo, N.; Goudriaan, A.; van Deijk, A.F; Otte, W.M.; Brouwers, ].F; Lodder, H.; Gutmann, D.H.;
Nave, K.A.; Dijkhuizen, RM.; Mansvelder, HD.; et al. Oligodendroglial myelination requires
astrocyte-derived lipids. PLoS Biol. 2017, 15, €1002605. [CrossRef]

Ttoh, N.; Itoh, Y.; Tassoni, A.; Ren, E.; Kaito, M.; Ohno, A.; Ao, Y.; Farkhondeh, V.; Johnsonbaugh, H.; Burda, J.;
et al. Cell-specific and region-specific transcriptomics in the multiple sclerosis model: Focus on astrocytes.
Proc. Natl. Acad. Sci. USA 2018, 115, E302-E309. [CrossRef]

Liu, J.P; Tang, Y.; Zhou, S.; Toh, B.H.; McLean, C.; Li, H. Cholesterol involvement in the pathogenesis of
neurodegenerative diseases. Mol. Cell Neurosci. 2010, 43, 33—42. [CrossRef]

Sweeney, M.D.; Kisler, K.; Montagne, A.; Toga, A.W.; Zlokovic, B.V. The role of brain vasculature in
neurodegenerative disorders. Nat. Neurosci.. 2018, 21, 1318-1331. [CrossRef]

Stephenson, E.; Nathoo, N.; Mahjoub, Y.; Dunn, J.E; Yong, V.W. Iron in multiple sclerosis: Roles in
neurodegeneration and repair. Nat. Rev. Neurol. 2014, 10, 459-468. [CrossRef] [PubMed]

Morath, D.J.; Mayer-Proschel, M. Iron deficiency during embryogenesis and consequences for oligodendrocyte
generation in vivo. Dev. Neurosci. 2002, 24, 197-207. [CrossRef] [PubMed]

Heneka, M.T.; Kummer, M.P; Latz, E. Innate immune activation in neurodegenerative disease. Nat. Rev.
Immunol. 2014, 14, 463-477. [CrossRef] [PubMed]

Alvarez, ].I.; Dodelet-Devillers, A.; Kebir, H.; Ifergan, I.; Fabre, PJ.; Terouz, S.; Sabbagh, M.; Wosik, K.;
Bourbonniére, L.; Bernard, M.; et al. The Hedgehog pathway promotes blood-brain barrier integrity and
CNS immune quiescence. Sci. (New Yorkn.Y.) 2011, 334, 1727-1731. [CrossRef]

Seo, ].H.; Maki, T.; Maeda, M.; Miyamoto, N.; Liang, A.C.; Hayakawa, K.; Pham, L.D.; Suwa, E; Taguchi, A ;
Matsuyama, T.; et al. Oligodendrocyte precursor cells support blood-brain barrier integrity via TGF-beta
signaling. PLoS ONE 2014, 9, €103174. [CrossRef]

Kimura, I; Dohgu, S.; Takata, F.; Matsumoto, J.; Watanabe, T.; Iwao, T.; Yamauchi, A.; Kataoka, Y.
Oligodendrocytes upregulate blood-brain barrier function through mechanisms other than the
PDGEF-BB/PDGFRalpha pathway in the barrier-tightening effect of oligodendrocyte progenitor cells. Neurosci.
Lett. 2020, 715, 134594. [CrossRef]

Niu, J.; Tsai, H.H.; Hoi, K.K.; Huang, N.; Yu, G.; Kim, K.; Baranzini, S.E.; Xiao, L.; Chan, J.R; Fancy, S.PJ.
Aberrant oligodendroglial-vascular interactions disrupt the blood-brain barrier, triggering CNS inflammation.
Nat. Neurosci. 2019, 22, 709-718. [CrossRef]

Giaume, C.; Naus, C.C. Connexins, gap junctions, and glia. Wiley Interdiscip. Rev. Membr. Transport. Signal.
2013, 2013, 133-142. [CrossRef]

Masaki, K. Early disruption of glial communication via connexin gap junction in multiple sclerosis, Balo’s
disease and neuromyelitis optica. Neuropathology 2015, 35, 469-480. [CrossRef]

Papaneophytou, C.P; Georgiou, E.; Karaiskos, C.; Sargiannidou, I.; Markoullis, K.; Freidin, M.M.;
Abrams, C.K,; Kleopa, K.A. Regulatory role of oligodendrocyte gap junctions in inflammatory demyelination.
Glia 2018, 66, 2589-2603. [CrossRef]

Boulay, A.-C.; Mazeraud, A.; Cisternino, S.; Saubaméa, B.; Mailly, P; Jourdren, L.; Blugeon, C.; Mignon, V.;
Smirnova, M.; Cavallo, A.; et al. Immune quiescence of the brain is set by astroglial connexin 43. J. Neurosci.
2015, 35, 4427-4439. [CrossRef] [PubMed]

Darbinyan, A.; Kaminski, R.; White, M.K.; Darbinian-Sarkissian, N.; Khalili, K. Polyomavirus JC infection
inhibits differentiation of oligodendrocyte progenitor cells. Neurosci. Res. 2013, 91, 116-127. [CrossRef]
[PubMed]

Ramesh, G.; Benge, S.; Pahar, B.; Philipp, M.T. A possible role for inflammation in mediating apoptosis of
oligodendrocytes as induced by the Lyme disease spirochete Borrelia burgdorferi. |. Neuroinflammation 2012,
9, 72. [CrossRef] [PubMed]

Andjelkovic, A.V.; Song, L.; Dzenko, K.A.; Cong, H.; Pachter, ].S. Functional expression of CCR2 by human
fetal astrocytes. Neurosci. Res. 2002, 70, 219-231. [CrossRef] [PubMed]

Ashutosh; Kou, W.; Cotter, R.; Borgmann, K.; Wu, L.; Persidsky, R.; Sakhuja, N.; Ghorpade, A. CXCL8 protects
human neurons from amyloid-beta-induced neurotoxicity: Relevance to Alzheimer’s disease. Biochem.
Biophys. Res. Commun. 2011, 412, 565-571. [CrossRef] [PubMed]

Hsu, M.P; Frausto, R.; Rose-John, S.; Campbell, I.L. Analysis of IL-6/gp130 family receptor expression reveals
that in contrast to astroglia, microglia lack the oncostatin M receptor and functional responses to oncostatin
M. Glia 2015, 63, 132-141. [CrossRef] [PubMed]

297



Cells 2020, 9, 600

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Omari, KM.; John, G.; Lango, R.; Raine, C.S. Role for CXCR2 and CXCL1 on glia in multiple sclerosis. Glia
2006, 53, 24-31. [CrossRef]

Tzartos, ].S.; Friese, M.A.; Craner, M.].; Palace, J.; Newcombe, J.; Esiri, M.M.; Fugger, L. Interleukin-17
production in central nervous system-infiltrating T cells and glial cells is associated with active disease in
multiple sclerosis. Am. J. Pathol. 2008, 172, 146-155. [CrossRef]

Choi, S.S.; Lee, HJ.; Lim, I; Satoh, J.; Kim, S.U. Human astrocytes: Secretome profiles of cytokines and
chemokines. PLoS ONE 2014, 9, €92325. [CrossRef]

Moynagh, PN. The interleukin-1 signalling pathway in astrocytes: A key contributor to inflammation in the
brain. J. Anat 2005, 207, 265-269. [CrossRef]

Moyon, S.; Dubessy, A.L.; Aigrot, M.S.; Trotter, M.; Huang, ] K.; Dauphinot, L.; Potier, M.C.; Kerninon, C.;
Melik Parsadaniantz, S.; Franklin, R.].; et al. Demyelination causes adult CNS progenitors to revert to an
immature state and express immune cues that support their migration. J. Neurosci. 2015, 35, 4-20. [CrossRef]
[PubMed]

Kim, WK.; Kim, D.; Cui, J.; Jang, H.H.; Kim, K.S.; Lee, HJ.; Kim, S.U.; Ahn, S.M. Secretome analysis of
human oligodendrocytes derived from neural stem cells. PLoS ONE 2014, 9, e84292. [CrossRef]

Kadi, L.; Selvaraju, R.; de Lys, P.; Proudfoot, A.E.; Wells, T.N.; Boschert, U. Differential effects of chemokines
on oligodendrocyte precursor proliferation and myelin formation in vitro. J. Neuroimmunol. 2006, 174,
133-146. [CrossRef] [PubMed]

Zhang, Z.].; Cao, D.L.; Zhang, X; Ji, R.R.; Gao, Y.J. Chemokine contribution to neuropathic pain: Respective
induction of CXCL1 and CXCR2 in spinal cord astrocytes and neurons. Pain 2013, 154, 2185-2197. [CrossRef]
[PubMed]

Boulay, A.-C.; Cisternino, S.; Cohen-Salmon, M. Immunoregulation at the gliovascular unit in the healthy
brain: A focus on Connexin 43. Brain Behaviour Immunol. 2016, 56, 1-9. [CrossRef] [PubMed]

Boulay, A.-C.; Gilbert, A.; Oliveira Moreira, V.; Blugeon, C.; Perrin, S.; Pouch, J.; Le Crom, S.; Ducos, B.;
Cohen-Salmon, M. Connexin 43 Controls the Astrocyte Inmunoregulatory Phenotype. Brain Sci. 2018, 8, 50.
[CrossRef]

Allaman, I; Belanger, M.; Magistretti, P.J. Astrocyte-neuron metabolic relationships: For better and for worse.
Trends Neurosci. 2011, 34, 76-87. [CrossRef]

Choi, S.J.; Lee, KH.; Park, H.S.; Kim, S K.; Koh, C.M_; Park, Y. Differential expression, shedding, cytokine
regulation and function of TNFR1 and TNFR2 in human fetal astrocytes. Yonsei Med. ]. 2005, 46, 818-826.
[CrossRef]

Kemanetzoglou, E.; Andreadou, E. CNS Demyelination with TNF-alpha Blockers. Curr. Neurol. Neurosci.
Rep. 2017, 17, 36. [CrossRef]

Pegoretti, V.; Baron, W.; Laman, J.D.; Eisel, U.L.M. Selective Modulation of TNF-TNFRs Signaling: Insights
for Multiple Sclerosis Treatment. Front. Immunol. 2018, 9, 925. [CrossRef]

Deng, Y.; Xie, D.; Fang,M.; Zhu, G.; Chen, C.; Zeng, H.; Lu, J.; Charanyjit, K. Astrocyte-derived proinflammatory
cytokines induce hypomyelination in the periventricular white matter in the hypoxic neonatal brain. PLoS
ONE 2014, 9, €87420. [CrossRef]

Miljkovic, D.; Timotijevic, G.; Mostarica Stojkovic, M. Astrocytes in the tempest of multiple sclerosis. FEBS
Lett. 2011, 585, 3781-3788. [CrossRef]

Burm, S.M.; Peferoen, L.A.; Zuiderwijk-Sick, E.A.; Haanstra, K.G.; t Hart, B.A.; van der Valk, P.; Amor, S.;
Bauer, J.; Bajramovic, ].J. Expression of IL-1beta in rhesus EAE and MS lesions is mainly induced in the CNS
itself. J. Neuroinflammation. 2016, 13, 138. [CrossRef] [PubMed]

Hesp, Z.C.; Goldstein, E.Z.; Miranda, C.J.; Kaspar, B.K.; McTigue, D.M. Chronic oligodendrogenesis and
remyelination after spinal cord injury in mice and rats. J. Neurosci. 2015, 35, 1274-1290. [CrossRef] [PubMed]
Panitch, H.S.; Hirsch, R.L.; Schindler, ].; Johnson, K.P. Treatment of multiple sclerosis with gamma interferon:
Exacerbations associated with activation of the immune system. Neurology 1987, 37, 1097-1102. [CrossRef]
[PubMed]

McMorris, EA.; Smith, T.M.; DeSalvo, S.; Furlanetto, R.W. Insulin-like growth factor I/somatomedin C: A
potent inducer of oligodendrocyte development. Proc. Natl. Acad. Sci. USA 1986, 83, 822-826. [CrossRef]
Chang, R; Yee, K.L.; Sumbria, R.K. Tumor necrosis factor alpha Inhibition for Alzheimer’s Disease. ]. Cent.
Nerv. Syst. Dis. 2017, 9, 1179573517709278. [CrossRef]

298



Cells 2020, 9, 600

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Fischer, R.; Wajant, H.; Kontermann, R.; Pfizenmaier, K.; Maier, O. Astrocyte-specific activation of TNFR2
promotes oligodendrocyte maturation by secretion of leukemia inhibitory factor. Glia 2014, 62, 272-283.
[CrossRef]

Hofman, EM.; Hinton, D.R.; Johnson, K.; Merrill, J.E. Tumor necrosis factor identified in multiple sclerosis
brain. J. Exp. Med. 1989, 170, 607-612. [CrossRef]

Selmaj, K.; Raine, C.S.; Farooq, M.; Norton, W.T.; Brosnan, C.F. Cytokine cytotoxicity against oligodendrocytes.
Apoptosis induced by lymphotoxin. J. Immunol. 1991, 147, 1522-1529.

Selmaj, K.; Raine, C.S. Tumor necrosis factor mediates myelin damage in organotypic cultures of nervous
tissue. Ann. N. Y. Acad. Sci. 1988, 540, 568-570. [CrossRef] [PubMed]

Agresti, C.; D’Urso, D.; Levi, G. Reversible inhibitory effects of interferon-gamma and tumour necrosis
factor-alpha on oligodendroglial lineage cell proliferation and differentiation in vitro. Eur. J. Neurosci. 1996,
8,1106-1116. [CrossRef] [PubMed]

Hindinger, C.; Bergmann, C.C.; Hinton, D.R.; Phares, T.W.; Parra, G.I.; Hussain, S.; Savarin, C.; Atkinson, R.D.;
Stohlman, S.A. IFN-gamma signaling to astrocytes protects from autoimmune mediated neurological
disability. PLoS ONE 2012, 7, e42088. [CrossRef] [PubMed]

LaFerla, EM.; Sugarman, M.C.; Lane, T.E.; Leissring, M.A. Regional hypomyelination and dysplasia in
transgenic mice with astrocyte-directed expression of interferon-gamma. J. Mol. Neurosci. 2000, 15, 45-59.
[CrossRef]

Butt, A.M.; Dinsdale, J. Fibroblast growth factor 2 induces loss of adult oligodendrocytes and myelin in vivo.
Exp. Neurol. 2005, 192, 125-133. [CrossRef]

Gross, R.E.; Mehler, M.E,; Mabie, P.C.; Zang, Z.; Santschi, L.; Kessler, J.A. Bone morphogenetic proteins
promote astroglial lineage commitment by mammalian subventricular zone progenitor cells. Neuron 1996,
17, 595-606. [CrossRef]

Clarner, T.; Parabucki, A.; Beyer, C.; Kipp, M. Corticosteroids impair remyelination in the corpus callosum of
cuprizone-treated mice. J. Neuroendocr. 2011, 23, 601-611. [CrossRef]

Balabanov, R.; Strand, K., Goswami, R.; McMahon, E.; Begolka, W.; Miller, S.D.; Popko, B.
Interferon-gamma-oligodendrocyte interactions in the regulation of experimental autoimmune
encephalomyelitis. J. Neurosci. 2007, 27, 2013-2024. [CrossRef]

Semple, B.D.; Frugier, T.; Morganti-Kossmann, M.C. CCL2 modulates cytokine production in cultured mouse
astrocytes. |. Neuroinflammation 2010, 7, 67. [CrossRef]

Goldberg, S.H.; van der Meer, P.; Hesselgesser, ].; Jaffer, S.; Kolson, D.L.; Albright, A.V.; Gonzalez-Scarano, E;
Lavi, E. CXCR3 expression in human central nervous system diseases. Neuropathol. Appl. Neurobiol. 2001, 27,
127-138. [CrossRef]

You, T,; Bi, Y; Li, J.; Zhang, M.; Chen, X; Zhang, K.; Li, ]. IL-17 induces reactive astrocytes and up-regulation of
vascular endothelial growth factor (VEGF) through JAK/STAT signaling. Sci. Rep. 2017, 7, 41779. [CrossRef]
[PubMed]

Narcisse, L.; Scemes, E.; Zhao, Y.; Lee, S.C.; Brosnan, C.E. The cytokine IL-1beta transiently enhances P2X7
receptor expression and function in human astrocytes. Glia 2005, 49, 245-258. [CrossRef] [PubMed]

Zeis, T.; Enz, L.; Schaeren-Wiemers, N. The immunomodulatory oligodendrocyte. Brain Res. 2016, 1641,
139-148. [CrossRef] [PubMed]

Choi, J.K,; Park, S.Y,; Kim, K.H.; Park, S.R.; Lee, S5.G.; Choi, B.H. GM-CSF reduces expression of chondroitin
sulfate proteoglycan (CSPG) core proteins in TGF-beta-treated primary astrocytes. BMB Rep. 2014, 47,
679-684. [CrossRef] [PubMed]

Prins, M.; Schul, E.; Geurts, ].; van der Valk, P.; Drukarch, B.; van Dam, A.M. Pathological differences between
white and grey matter multiple sclerosis lesions. Ann. N. Y. Acad. Sci. 2015, 1351, 99-113. [CrossRef]
[PubMed]

Sosunov, A.; Olabarria, M.; Goldman, J.E. Alexander disease: An astrocytopathy that produces a
leukodystrophy. Brain Pathol. (Zur. Switz.) 2018, 28, 388-398. [CrossRef]

Huang, L.; Wu, Z.B.; Zhuge, Q.; Zheng, W.; Shao, B.; Wang, B.; Sun, E; Jin, K. Glial scar formation occurs in
the human brain after ischemic stroke. Int. . Med. Sci. 2014, 11, 344-348. [CrossRef]

Verkhratsky, A.; Parpura, V.; Pekna, M.; Pekny, M.; Sofroniew, M. Glia in the pathogenesis of
neurodegenerative diseases. Biochem. Soc. Trans. 2014, 42, 1291-1301. [CrossRef]

299



Cells 2020, 9, 600

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Anderson, M.A.; Ao, Y.; Sofroniew, M.V. Heterogeneity of reactive astrocytes. Neurosci. Lett. 2014, 565, 23-29.
[CrossRef]

Rolls, A.; Shechter, R.; Schwartz, M. The bright side of the glial scar in CNS repair. Nat. Rev. Neurosci. 2009,
10, 235-241. [CrossRef]

Ceyzériat, K.; Ben Haim, L.; Denizot, A.; Pommier, D.; Matos, M.; Guillemaud, O.; Palomares, M.-A;
Abjean, L.; Petit, F.; Gipchtein, P; et al. Modulation of astrocyte reactivity improves functional deficits in
mouse models of Alzheimer’s disease. Acta Neuropathol. Commun. 2018, 6, 104. [CrossRef] [PubMed]
Ludwin, SK.; Rao, V.,; Moore, C.S.; Antel, ].P. Astrocytes in multiple sclerosis. Mult. Scler. 2016, 22, 1114-1124.
[CrossRef] [PubMed]

Leibowitz, S.M.; Yan, J. NF-kappaB Pathways in the Pathogenesis of Multiple Sclerosis and the Therapeutic
Implications. Front. Mol. Neurosci. 2016, 9, 84. [CrossRef] [PubMed]

Yi, H,; Bai, Y,; Zhu, X;; Lin, L.; Zhao, L.; Wu, X;; Buch, S.; Wang, L.; Chao, J.; Yao, H. IL-17A induces
MIP-1alpha expression in primary astrocytes via Sre/MAPK/PI3K/NF-kB pathways: Implications for multiple
sclerosis. J. Neuroimmune Pharm. 2014, 9, 629-641. [CrossRef] [PubMed]

Brambilla, R.; Persaud, T.; Hu, X.; Karmally, S.; Shestopalov, V.I.; Dvoriantchikova, G.; Ivanov, D.;
Nathanson, L.; Barnum, S.R.; Bethea, J.R. Transgenic inhibition of astroglial NF-kappa B improves functional
outcome in experimental autoimmune encephalomyelitis by suppressing chronic central nervous system
inflammation. J. Immunol. 2009, 182, 2628-2640. [CrossRef]

Gonzalez-Reyes, R.E.; Nava-Mesa, M.O.; Vargas-Sanchez, K.; Ariza-Salamanca, D.; Mora-Munoz, L.
Involvement of Astrocytes in Alzheimer’s Disease from a Neuroinflammatory and Oxidative Stress
Perspective. Front. Mol. Neurosci. 2017, 10, 427. [CrossRef]

QOuali Alami, N.; Schurr, C.; Olde Heuvel, E; Tang, L.; Li, Q.; Tasdogan, A.; Kimbara, A.; Nettekoven, M.;
Ottaviani, G.; Raposo, C.; et al. NF-kappaB activation in astrocytes drives a stage-specific beneficial
neuroimmunological response in ALS. EMBO J. 2018, 37, €98697. [CrossRef]

Butt, A.M.; De La Rocha, I.C.; Rivera, A. Oligodendroglial Cells in Alzheimer’s Disease. Adv. Exp. Med. Biol.
2019, 1175, 325-333. [CrossRef]

Matute, C.; Torre, I.; Perez-Cerda, F.; Perez-Samartin, A.; Alberdi, E.; Etxebarria, E.; Arranz, A.M.; Ravid, R,;
Rodriguez-Antiguedad, A.; Sanchez-Gomez, M.; et al. P2X(7) receptor blockade prevents ATP excitotoxicity
in oligodendrocytes and ameliorates experimental autoimmune encephalomyelitis. ]. Neurosci. 2007, 27,
9525-9533. [CrossRef]

Bezzi, P.; Domercq, M.; Brambilla, L.; Galli, R.; Schols, D.; De Clercq, E.; Vescovi, A.; Bagetta, G.; Kollias, G.;
Meldolesi, J.; et al. CXCR4-activated astrocyte glutamate release via TNFalpha: Amplification by microglia
triggers neurotoxicity. Nat. Neurosci. 2001, 4, 702-710. [CrossRef]

Jeremic, A; Jeftinija, K.; Stevanovic, J.; Glavaski, A.; Jeftinija, S. ATP stimulates calcium-dependent glutamate
release from cultured astrocytes. ]. Neurochem. 2001, 77, 664-675. [CrossRef] [PubMed]

Wang, X.; Arcuino, G.; Takano, T.; Lin, J.; Peng, W.G.; Wan, P; Li, P,; Xu, Q.; Liu, Q.S.; Goldman, S.A ; et al.
P2X7 receptor inhibition improves recovery after spinal cord injury. Nat. Med. 2004, 10, 821-827. [CrossRef]
[PubMed]

Amadio, S.; Parisi, C.; Piras, E.; Fabbrizio, P.; Apolloni, S.; Montilli, C.; Luchetti, S.; Ruggieri, S.; Gasperini, C.;
Laghi-Pasini, F.; et al. Modulation of P2X7 Receptor during Inflammation in Multiple Sclerosis. Front.
Immunol. 2017, 8, 1529. [CrossRef] [PubMed]

Beamer, E.; Fischer, W.; Engel, T. The ATP-Gated P2X7 Receptor As a Target for the Treatment of Drug-Resistant
Epilepsy. Front. Neurosci. 2017, 11, 21. [CrossRef]

Olsen, J.A.; Akirav, EM. Remyelination in multiple sclerosis: Cellular mechanisms and novel therapeutic
approaches. Neurosci. Res. 2015, 93, 687-696. [CrossRef]

Van Strien, MLE.; Baron, W.; Bakker, E.N.; Bauer, J.; Bol, ].G.; Breve, ].].; Binnekade, R.; Van Der Laarse, W.].;
Drukarch, B.; Van Dam, A.M. Tissue transglutaminase activity is involved in the differentiation of
oligodendrocyte precursor cells into myelin-forming oligodendrocytes during CNS remyelination. Glia 2011,
59, 1622-1634. [CrossRef]

Franklin, R]J.M.; Ffrench-Constant, C. Regenerating CNS myelin - from mechanisms to experimental
medicines. Nat. Rev. Neurosci. 2017, 18, 753-769. [CrossRef]

300



Cells 2020, 9, 600

149.

150.

151.

152.

153.

154.

155.

156.

157.

Albrecht, PJ.; Murtie, ].C.; Ness, ].K.; Redwine, ].M.; Enterline, ].R.; Armstrong, R.C.; Levison, S.W. Astrocytes
produce CNTF during the remyelination phase of viral-induced spinal cord demyelination to stimulate
FGEF-2 production. Neurobiol. Dis. 2003, 13, 89-101. [CrossRef]

Yeung, M.S.Y.; Djelloul, M.; Steiner, E.; Bernard, S.; Salehpour, M.; Possnert, G.; Brundin, L.; Frisen, J.
Dynamics of oligodendrocyte generation in multiple sclerosis. Nature 2019, 566, 538-542. [CrossRef]

Lau, L.W,; Cua, R.; Keough, M.B.; Haylock-Jacobs, S.; Yong, V.W. Pathophysiology of the brain extracellular
matrix: A new target for remyelination. Nat. Rev. Neurosci. 2013, 14, 722-729. [CrossRef]

Mohassel, P; Foley, A.R.; Bonnemann, C.G. Extracellular matrix-driven congenital muscular dystrophies.
Matrix Biol. 2018, 71-72, 188-204. [CrossRef] [PubMed]

van Horssen, J.; Dijkstra, C.D.; de Vries, H.E. The extracellular matrix in multiple sclerosis pathology. J.
Neurochem. 2007, 103, 1293-1301. [CrossRef] [PubMed]

Lau, L.W.; Keough, M.B.; Haylock-Jacobs, S.; Cua, R.; Déring, A.; Sloka, S.; Stirling, D.P,; Rivest, S.; Yong, V.W.
Chondroitin sulfate proteoglycans in demyelinated lesions impair remyelination. Ann. Neurol. 2012, 72,
419-432. [CrossRef] [PubMed]

Jiang, P; Chen, C.; Liu, X.B.; Pleasure, D.E.; Liu, Y.; Deng, W. Human iPSC-Derived Immature Astroglia
Promote Oligodendrogenesis by Increasing TIMP-1 Secretion. Cell Rep. 2016, 15, 1303-1315. [CrossRef]
[PubMed]

Miyamoto, N.; Maki, T.; Shindo, A.; Liang, A.C.; Maeda, M.; Egawa, N.; Itoh, K,; Lo, E.K.; Lok, J.; Ihara, M.;
et al. Astrocytes Promote Oligodendrogenesis after White Matter Damage via Brain-Derived Neurotrophic
Factor. J. Neurosci. 2015, 35, 14002-14008. [CrossRef] [PubMed]

Wang, P.; Gorter, R.P; de Jonge, ].C.; Nazmuddin, M.; Zhao, C.; Amor, S.; Hoekstra, D.; Baron, W. MMP7
cleaves remyelination-impairing fibronectin aggregates and its expression is reduced in chronic multiple
sclerosis lesions. Glia 2018, 66, 1625-1643. [CrossRef] [PubMed]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

301






| cells ﬁw\n\py

Article

Delayed Demyelination and Impaired Remyelination
in Aged Mice in the Cuprizone Model

Stefan Gingele t Florian Henkel ¥, Sandra Heckers, Thiemo M. Moellenkamp,
Martin W. Hiimmert, Thomas Skripuletz, Martin Stangel * and Viktoria Gudi **

Department of Neurology, Hannover Medical School, D-30625 Hannover, Germany;
gingele.stefan@mh-hannover.de (S.G.); Florian.Henkel@stud.mh-hannover.de (FH.);
sandra.heckers@gmx.de (S.H.); thiemo.m.moellenkamp@stud.mh-hannover.de (T.M.M.);
huemmert.martin@mh-hannover.de (M.W.H.); skripuletz.thomas@mh-hannover.de (T.S.);
stangel. martin@mh-hannover.de (M.S.)

* Correspondence: gudi.viktoria@mh-hannover.de; Tel.: +49-511-532-3816; Fax: +49-511-532-3115
t These authors contributed equally to this work.

Received: 10 March 2020; Accepted: 7 April 2020; Published: 11 April 2020

Abstract: To unravel the failure of remyelination in multiple sclerosis (MS) and to test promising
remyelinating treatments, suitable animal models like the well-established cuprizone model are
required. However, this model is only standardized in young mice. This does not represent the
typical age of MS patients. Furthermore, remyelination is very fast in young mice, hindering the
examination of effects of remyelination-promoting agents. Thus, there is the need for a better
animal model to study remyelination. We therefore aimed to establish the cuprizone model in aged
mice. 6-month-old C57BL6 mice were fed with different concentrations of cuprizone (0.2-0.6%) for
5-6.5 weeks. De- and remyelination in the medial and lateral parts of the corpus callosum were
analyzed by immunohistochemistry. Feeding aged mice 0.4% cuprizone for 6.5 weeks resulted in the
best and most reliable administration scheme with virtually complete demyelination of the corpus
callosum. This was accompanied by a strong accumulation of microglia and near absolute loss of
mature oligodendrocytes. Subsequent remyelination was initially robust but remained incomplete.
The remyelination process in mature adult mice better represents the age of MS patients and offers a
better model for the examination of regenerative therapies.

Keywords: multiple sclerosis; cuprizone; age; oligodendrocyte; myelin; demyelination; remyelination;
microglia; astrocyte

1. Introduction

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system (CNS).
Destruction and loss of oligodendrocytes resulting in demyelination represent the pathological core
characteristics of MS [1]. Remyelination is a naturally occurring and highly effective repair mechanism
after demyelination that can restore rapid axonal conduction velocity [2] and lead to functional
recovery and neuroprotection [3-5]. It was suggested that remyelination might prevent axonal injury
and chronic clinical disability [6,7]. However, remyelination varies considerably between individual
patients and lesion location and is often incomplete or fails, particularly in chronic MS lesions [8,9].
To decipher the pathophysiology of remyelination and the reasons for its failure as well as to investigate
remyelination-supporting agents, toxic demyelination animal models such as the cuprizone mouse
model are needed. In the cuprizone model, usually young mice are fed with the copper chelator
cuprizone (bis-cyclohexanone oxaldihydrazone) which leads to highly reproducible oligodendrocyte
apoptosis followed by demyelination. Typically, C57BL6 mice aged 8-10 weeks are fed a diet containing
0.2% cuprizone for 5 weeks to induce complete demyelination of the midline of the corpus callosum
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(CQ). After withdrawal of cuprizone, robust remyelination occurs within days [10-12]. However, this
standard protocol of cuprizone intoxication does not reflect the complex situation in MS lesions with
limited remyelination capacity. Furthermore, myelin repair occurs rapidly, which causes difficulties
for the investigation of remyelination-promoting therapeutic approaches. In addition, the age of
8-10 weeks in mice is equivalent to a human age below 18 years, rather representing the situation
in pediatric MS [13-15]. In contrast, an age of 6 months in C57BL6 mice represents a mature adult
phenotype and corresponds better to the mean age of MS disease onset in humans of approximately 30
years [13-15]. Additionally, remyelination efficiency shows an age related decline in different toxic
demyelination models and thus investigation of this regenerative process in aged animals represents
a promising approach to gain insights into impediments of remyelination [16-20]. Although the
cuprizone model has previously been used in aged mice, the protocols differed considerably regarding
the age, the concentration, and duration of cuprizone treatment [21-24]. However, it is crucial to exactly
determine the cuprizone dose and feeding period to achieve complete and reproducible demyelination
of the region of interest to investigate subsequent remyelination [12,25,26]. Thus, we established a
protocol to induce complete demyelination of the corpus callosum in 6-month-old male C57BL6 mice
and characterized the de- and remyelination processes in detail.

2. Materials and Methods

2.1. Animals

Male C57BL6/] mice were purchased from Charles River Laboratories (Sulzfeld, Germany).
Animals underwent routine cage maintenance once a week and were microbiologically monitored
according to the Federation of European Laboratory Animal Science Associations recommendations [27].
Food and water were available ad libitum. All research procedures were approved by the Review
Board for the Care of Animal Subjects of the district government (LAVES, Lower Saxony, Germany;
ethic approval number: 15/1762) and performed according to international guidelines on the use of
laboratory animals.

2.2. Induction of De- and Remyelination

In order to establish the cuprizone treatment protocol for aged mice representing a mature
adult phenotype [13] and resulting in complete demyelination of the midline of the corpus callosum,
6-month-old male C57BL6/] mice were fed with different concentrations (0.2%, 0.3%, 0.4%, 0.5%,
or 0.6%) of cuprizone (bis-cyclohexanone oxaldihydrazone, Sigma-Aldrich, St. Louis, MO, USA)
mixed into a milled standard rodent chow (maintenance diet, rats/mice, Altromin, Lage, Germany).
For induction of experimental demyelination, cuprizone was administered for up to 6.5 weeks. In total,
demyelination in aged mice was studied in 12 different treatment groups. After cuprizone feeding,
mice were changed to standard rodent chow and subsequent remyelination was assessed at different
time points (up to 3.5 weeks after the end of cuprizone feeding) (see Figure S1 for experimental setup).
Age-matched male C57BL6/J control mice received standard rodent chow without cuprizone. Toxic
demyelination in young mice was induced as previously described [28] by feeding 2-month-old male
C57BL6/] mice a diet containing 0.2% cuprizone for 5 weeks. After 5 weeks, cuprizone was removed
from the diet and remyelination was assessed after another 1.5 weeks (Figure S1). Five to six animals
were analyzed for each cuprizone concentration and every time point during de- and remyelination in
young and aged mice.

2.3. Tissue Processing

Mice were perfused at different time points with 4% paraformaldehyde in phosphate buffer
through the left cardiac ventricle as previously described [29,30]. The brains were removed, post-fixed
in 4% paraformaldehyde and embedded in paraffin. For light microscopy, 7 um serial coronal
paraffin sections between bregma —0.82 mm and bregma —1.94 mm according to the mouse atlas by
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Paxinos and Franklin [31] were cut with a rotary microtome (RM2245, Leica, Wetzlar, Germany) and
evaluated microscopically.

2.4. Immunohistochemistry

Paraffin-embedded sections were dewaxed and heat-unmasked in 10 mM citrate buffer (pH 6.0).
The following primary antibodies were used for immunostaining: for myelin, anti-myelin basic protein
(MBP, mouse monoclonal IgG2a, 1:500, BioLegend, San Diego, CA, USA) and anti-proteolipid protein
(PLP, mouse monoclonal IgG2a, 1:500, BIO-RAD); for microglia, anti-ionized calcium-binding adaptor
molecule 1 (Iba-1, rabbit polyclonal IgG, 1:200, Wako, Osaka, Japan) and for activated microglia
Ricinus communis antigen 1 (RCA-1, 1:1000, Vector); for mature oligodendrocytes anti-adenomatous
polyposis coli (APC, mouse IgG2b, 1:200, Calbiochem) and anti-myelin-associated neurite outgrowth
inhibitor (NOGO-A, rabbit polyclonal IgG, 1:750, Millipore, Burlington, MA, USA); for astrocytes,
anti-glial fibrillary acidic protein (GFAP, polyclonal rabbit IgG, 1:200, Dako, Santa Clara, CA, USA); for
axonal damage anti-amyloid precursor protein (APP, rabbit polyclonal IgG, 1:200, Serotec, Hercules,
CA, USA) and anti-Synaptophysin (mouse monoclonal IgG1, 1:200, BIO-RAD, Hercules, CA, USA).
All antibodies were diluted in PBS containing 0.3% Triton-X100. Sections were further incubated
with biotinylated secondary antibodies, followed by peroxidase-coupled avidin-biotin complex (ABC
Kit, Vector Laboratories, Burlingame, CA, USA). For immunofluorescence double staining, sections
were incubated with secondary antibodies Alexa Fluor 555 goat anti-rabbit IgG (H + L) and Alexa
Fluor 488 goat anti-mouse IgG (H + L) (all 1:500, Invitrogen, Carlsbad, CA, USA). Brain slices were
counterstained either with Mayer’s hemalum solution (Merck, Darmstadt, Germany) for DAB-based
cell analysis or with 4’,6-diamidino-2-phenylindole (DAPI, Invitrogen, Carlsbad, CA, USA) for
immunofluorescence staining.

2.5. Determination of Demyelination and Quantification of Glial Reaction

The extent of cuprizone-induced demyelination was assessed as previously described [32,33].
Sections immunostained for myelin proteins were scored by three independent observers using a
magnification of 200x in the midline of the corpus callosum and in the lateral parts directly adjacent
to the midline using a light microscope (Olympus BX61, Olympus, Hamburg, Germany). On a scale
from 0 (complete loss of myelin staining), to 3 (normal, fully myelinated corpus callosum) the different
grades of demyelination were assessed (see [34] for representative images of the respective grades). In
this grading system, a score of 1 is equivalent to one third myelinated area and a score of 2 corresponds
to two thirds myelinated area of the investigated region of the corpus callosum, respectively [35].
Control tissues did not display any abnormalities. To quantify the reactions of different glial cell
populations, immunopositive cells were counted at a magnification of 400x (Olympus BX61, Olympus
cellSens Software) in the midline and in the flanking lateral parts of the corpus callosum. Results of
cell counting refer to the number of cells per mm?. Synaptophysin/APP double positive spheroids in
the size >2 pm were counted in the central corpus callosum using a magnification of 400x (Olympus
BX61, Olympus cellSens Software). The results are presented as mean with standard error of the mean

(SEM) of spheroid numbers per mm?.

2.6. Statistical Analysis

Normal distribution was evaluated by using Kolmogorov-Smirnov test and statistical analysis was
performed using analysis of variance one-way ANOVA followed by Bonferroni’s multiple comparison
test or Kruskal-Wallis test followed by Dunn’s multiple comparison test when appropriate.

All data are given as arithmetic means + standard error of the mean (SEM). Significant effects
are indicated by asterisks (compared to the prior time point) or hash marks (compared to controls)
(/" p < 0.05; **/%# p < 0.01; ***/#* p < 0.001) and are shown in the respective figures.
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3. Results

3.1. The Standard 0.2% Cuprizone Treatment is Not Sufficient to Induce Demyelination of the Corpus Callosum
in Aged Mice

To establish a cuprizone treatment protocol in mature adult mice, we first followed the feeding
protocols in young mice and fed 6-month-old male C57BL6/] mice a ground standard rodent chow
containing 0.2% cuprizone for 5 or 6 weeks. To determine demyelination in aged mice, the midline and
lateral parts of the corpus callosum in MBP and PLP-stained sections were investigated. The commonly
established feeding protocol for young mice (5 weeks, 0.2% cuprizone) was not sufficient to induce
significant loss of MBP or PLP myelin protein in both the medial and lateral parts of the corpus
callosum of aged mice (Figure 1 and Figure S2). Moreover, a prolonged treatment period of 6 weeks
0.2% cuprizone did not lead to significant demyelination (Figure 1 and Figure S2).

3.2. Feeding of 0.4% Cuprizone for 6.5 Weeks Results in Complete Demyelination of the Corpus Callosum in
Aged Mice

An increase of cuprizone dose to 0.3-0.6% for 5 weeks resulted in a significant but nonetheless
incomplete reduction of MBP and PLP in the midline of the corpus callosum (Figure 1 and Figure S2).
After an extended feeding period of cuprizone for 6 weeks, nearly complete loss of MBP protein in the
medial and lateral parts of the corpus callosum was evident (Figure S2), whereas PLP immunoreactivity
was only partially reduced in the midline and adjacent lateral sections of the corpus callosum (Figure 1).
Since demyelination in the midline of the corpus callosum was most pronounced after treatment with
0.3% and 0.4% cuprizone for 6 weeks with no dose-dependent advancement of demyelination by
feeding higher concentrations of cuprizone, we prolonged the cuprizone treatment with 0.3% and
0.4% for an additional 3 days to 6.5 weeks in total to achieve complete demyelination. As expected,
0.4% cuprizone feeding for 6.5 weeks resulted in virtually complete demyelination of the midline and
adjacent parts of the corpus callosum as judged by distinct loss of MBP and PLP immunoreactivity
(Figure 1 and Figure S2). In contrast, after treatment with 0.3% cuprizone for 6.5 weeks, demyelination
was insufficient (Figure 1 and Figure S2) and re-expression of myelin proteins, especially of MBP, was
already evident in the corpus callosum (Figure S2). Interestingly, demyelination in the lateral segments
of the corpus callosum generally preceded demyelination of the medial part of the corpus callosum
(Figure S2).

3.3. Cuprizone Treatment Leads to Significant Oligodendrocyte Loss Independent of Cuprizone Concentration

To evaluate how mature oligodendrocytes were affected by different cuprizone feeding protocols,
the oligodendrocyte markers APC and Nogo-A were examined in the corpus callosum. Each cuprizone
concentration and feeding duration was sufficient to significantly deplete oligodendrocytes as compared
to controls (Figure 2 and Figure S3). However, the reduction of APC and Nogo-A-positive cells in
the corpus callosum of aged mice was less pronounced after feeding 0.2% cuprizone, as used as
standard protocol for young mice compared to higher concentrations of 0.3-0.6%. This result is of
particular interest as it demonstrates that treatment with 0.2% cuprizone is sufficient to significantly
damage mature oligodendrocytes in aged mice without inducing relevant demyelination, as mentioned
before. Feeding higher doses of 0.3-0.6% cuprizone resulted in more distinctive depletion of mature
oligodendrocytes with the most extensive loss of adult oligodendrocytes in the midline of the corpus
callosum being observed after feeding 0.4% cuprizone for 6.5 weeks (Figure 2 and Figure S3). Again,
in line with the findings from the myelin stainings, a dose-dependent effect on oligodendrocyte loss
appeared to exist up to a concentration of 0.4% and higher concentrations of cuprizone did not result in
faster or more pronounced oligodendrocyte damage. Rather, a duration-dependent effect was observed
with feeding durations of 6 and 6.5 weeks being more effective than 5 weeks for concentrations between
0.3% and 0.5% cuprizone (Figure 2). Similar to the medial part, pronounced oligodendrocyte depletion
was detected in the lateral segments of the corpus callosum as well (Figure S5).

306



Myelin, PLP

O  0.2% CC medial
L

Myelin score

ctl 5 ]
weeks

P 0.3% CC medial

-

0.2% CC lateral

‘l # #
ctl 5 &
weeks

U 0.3% CC lateral

3

1

Myelin score

0

el

Myelin score

a
=3

§m
@
o

g ctl 5 B 65 el 5 & 6.5
e .g weeks weeks
23 Q  0.4% CC medial V  0.4% CC lateral
i 5 —
g & ¢
8 § 2 4 §
557 < £
e 0 T 1 o
2 i 5 £
@ & o ctl 5 6 65 ctl 5 6 65
E = weaks weeks
$5 R 0.5% CC medial W 0.5% CC lateral
£ - ‘g W § T
25 5 £ okt
BB g T
a3 £
i et 5 6 ctl ) [
2 weeks weeks
- _g ; S 0.6% CC medial X 0.6% CC lateral
g 3 3-
@
g 2 "
2
B ctl ] [
weeks

Figure 1. PLP loss during demyelination in the corpus callosum of aged mice. Hematoxylin and eosin
(H & E)-stained control mouse brain (A) shows the areas of the corpus callosum that were analyzed (red
box: medial part; blue boxes: lateral parts). Representative PLP-stained sections (C-N) show a decrease
of PLP-positive myelin fibers during the course of demyelination in the central corpus callosum of aged
mice after cuprizone treatment with different concentrations (0.2-0.6% cuprizone) for different feeding
periods (5, 6, or 6.5 weeks). An exemplary picture (B) shows PLP staining in the midline of the corpus
callosum of an age-matched control animal. A myelination score of 3 represents complete myelination,
whereas a score of 0 represents complete demyelination. Graphs display the myelin score per time
point and group in the midline (O-S) and in the lateral part of the corpus callosum (T-X) in aged
animals. Bars represent mean + SEM. Significant effects between different investigated time points are
indicated by asterisks and effects in comparison to control are indicated by hashmarks (*/# p < 0.05;
< 0.01; ***/## p < 0.001). Ctl. = control; 5, 6, or 6.5 weeks = treatment period with cuprizone for
respective duration. N = 5-6 animals per group.
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Figure 2. Depletion of adult oligodendrocytes in the midline of the corpus callosum in aged mice after
different cuprizone feeding protocols. The outlined area (red box) shows the medial part of the corpus
callosum which was investigated (A). Representative images from APC-stained sections (C-N) show
the depletion of oligodendrocytes during the course of demyelination in the midline of the corpus
callosum of aged mice after cuprizone treatment with different concentrations (0.2-0.6% cuprizone) for
different time periods (5, 6, or 6.5 weeks). (B) shows a control brain section stained with APC. Graphs
(O-S) represent numbers of APC-positive cells/mm? in the medial part of the corpus callosum in aged
animals. Bars display mean + SEM. Significant effects between different investigated time points are
indicated by asterisks and effects in comparison to control are indicated by hashmarks (*/* p < 0.05;
ad p <0.01; e i p < 0.001). Ctl. = control; 5, 6, or 6.5 weeks = feeding period of cuprizone for
respective duration. N = 5-6 animals per group.

3.4. Maximum Microglia Activation and Accumulation is Evident after 6.5 Weeks with 0.4%
Cuprizone Treatment

To assess microglia reaction during cuprizone-induced demyelination in aged mice, the number
of activated microglia was determined by RCA-1 staining. Iba-1 was used to quantify accumulation of
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the entire microglia population. Applying the feeding protocol of young mice with 0.2% cuprizone for
5 weeks resulted in a significant infiltration of Iba-1-positive cells (Figure S4) but only mild and not
significant activation of these microglia was apparent compared to controls (Figure 3). Prolongation of
cuprizone treatment to 6 weeks led to more pronounced activation of microglial cells in the midline of
the corpus callosum (Figure 3). An increase of cuprizone dose (0.3-0.6%) led to a robust accumulation
and activation of microglia already after 5 weeks of cuprizone feeding, and extending cuprizone
treatment for an additional week enhanced these effects in most treatment groups (Figure 3 and
Figure S4). Interestingly, the effect of dose increase between the 0.3% and 0.6% conditions on the
amount and activation of microglia was limited. The maximum microglial activation and accumulation
in the midline of the corpus callosum as judged by RCA-1 and Iba-1 immunopositive cells was actually
seen after feeding 0.4% cuprizone for 6.5 weeks. In contrast, prolonging 0.3% cuprizone treatment
to 6.5 weeks did not result in increased microglia activation or cell count (Figure 3 and Figure S4).
The lateral parts of the corpus callosum exhibited a more pronounced increase of activated microglia
after just 5 weeks of cuprizone feeding as compared to the medial part (Figure S5). Similar to the
midline of the corpus callosum, there was no clear impact of increasing cuprizone concentrations
on induction of microglia reaction, with feeding protocols containing 0.5% and 0.6% cuprizone even
showing a tendency towards less pronounced microglial accumulation. The maximum amount of
RCA-1 and Iba-1-positive cells in the lateral segments was also observed after feeding 0.4% cuprizone
for 6.5 weeks (Figure S5).

3.5. The Extent of Astrocytosis is Independent of Duration and Dose of Cuprizone Treatment

The astrocyte response to cuprizone-induced demyelination in the corpus callosum of aged mice
was examined by staining for GFAP. Feeding of cuprizone resulted in significantly increased numbers
of GFAP-positive astrocytes in the midline and adjacent lateral segments of the corpus callosum in
virtually all treatment groups compared to control animals (Figure 4 and Figure S5). No significant
changes of the amount of GFAP-expressing cells were observed between the different treatment groups
depending on feeding duration or cuprizone concentration. Similar trends in the astrocyte reaction
were observed in the lateral part compared to the medial part of the corpus callosum (Figure S5).

3.6. Aged Mice Show Rapid Induction of Remyelination but Remyelination Remains Incomplete

After we established the best protocol for complete demyelination in the corpus callosum by
feeding 0.4% cuprizone for 6.5 weeks, we investigated remyelination with this treatment regime.
After removing cuprizone from the diet, remyelination was studied in the corpus callosum for up
to 3.5 weeks. Remyelination in the medial and lateral parts of the corpus callosum was assessed by
staining for the myelin proteins MBP and PLP. After the switch to normal chow, there was prompt
and significant re-appearance of the myelin proteins PLP (Figure 5) and MBP (Figure S6) as early as
0.5 weeks after termination of cuprizone treatment (week 7). Interestingly, myelin staining with MBP
remained unchanged after week 7 in the subsequently analyzed time points whereas PLP staining
showed a further increase of myelin status at week 8 before reaching a plateau. Remarkably, even after
3.5 weeks of remyelination, expression of MBP and PLP myelin proteins did not reach the myelin
status of control mice, but stagnated at a reduced level, representing partial myelination (Figure 5 and
Figure S6). In contrast, young mice showed more advanced remyelination 1.5 weeks after termination
of the cuprizone diet as visualized by MBP and PLP staining (Figure 5 and Figure S6) compared to
aged mice. Remyelination in the lateral segments of the corpus callosum followed the same temporal
pattern as in the midline area (Figure S9).
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Figure 3. Activation of microglia in the central corpus callosum during cuprizone-induced
demyelination in aged mice. The red box in (A) displays the medial section of the corpus callosum that
was analyzed. Representative pictures (C-N) of RCA-1-stained brain sections show accumulation of
activated microglia during the course of demyelination in the midline of the corpus callosum of aged
mice after cuprizone treatment with various doses (0.2-0.6% cuprizone) for different feeding periods (5,
6, or 6.5 weeks). An exemplary brain section of a control animal stained for RCA-1 is shown in (B).
Graphs depict the amount of RCA-1-positive cells/mm? per time point in the midline of the corpus
callosum in aged animals (O-S). Bars represent mean + SEM. Effects between different investigated
time points are indicated by asterisks and effects in comparison to control are indicated by hash marks
(i p < 0.05; i p < 0.01; ook i p < 0.001). Ctl. = control; 5, 6, or 6.5 weeks = feeding period of
cuprizone for respective duration. N = 5-6 animals per group.
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Figure 4. Astrocytosis in the medial corpus callosum of aged mice after different cuprizone
treatment protocols. The boxed area represents the medial part of the corpus callosum which
was examined (A). An exemplary picture shows a brain section of a control animal stained for GFAP (B).
Representative images of GFAP-stained sections (C-N) depict astrocyte hypertrophy and hyperplasia
during demyelination in the central corpus callosum of aged mice after cuprizone treatment with
different concentrations (0.2-0.6% cuprizone) for different treatment periods (5, 6, or 6.5 weeks). Graphs
show the number of GFAP-positive astrocytes/mm? in the midline of the corpus callosum in aged
animals (O-S). Bars represent mean + SEM. Effects between different investigated time points are
indicated by asterisks and effects in comparison to control are indicated by hashmarks (*/* p < 0.05;
=/ p < 0.01; **/#* p < 0.001). Ctl. = control; 5, 6, or 6.5 weeks = feeding period of cuprizone for
respective duration. N = 5-6 animals per group.

3.7. Repopulation of Oligodendrocytes in the Corpus Callosum during Remyelination is Less Efficient Compared
to Young Mice

APC and Nogo-A, as markers for mature oligodendrocytes, were used to investigate the
reappearance of oligodendrocytes in the corpus callosum after demyelination induced by feeding mice
with 0.4% cuprizone for 6.5 weeks. A significant increase in the number of APC- and Nogo-A-positive
cells in the corpus callosum of aged mice was already detected 0.5 weeks after cessation of cuprizone
feeding at week 7 (Figure 6 and Figure S7). The density of oligodendrocytes further grew steadily
during the remyelination observation period. After 3.5 weeks of remyelination, the amount of adult
oligodendrocytes in the midline of the corpus callosum almost equaled the control level. In contrast,
in young mice, the density of Nogo-A- and APC-positive cells reached the level of control animals
at the latest after 1.5 weeks of remyelination with a trend of even exceeding baseline numbers of
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controls (Figure 6 and Figure S7). Thus, repopulation of the demyelinated corpus callosum with
mature oligodendrocytes seemed to proceed more slowly in aged mice compared to young animals.
It is noteworthy that the absolute amount of oligodendrocytes in the corpus callosum of aged mice
was higher compared to young mice in the control group (Figure 6 and Figure S7). Re-appearance of
mature oligodendrocytes in the lateral parts of the corpus callosum occurred in a similar manner to
that of the midline, though the number of Nogo-A-positive cells did not reach the cell count in control
mice (Figure S9).
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Figure 5. The marked area (red box) shows the medial part of the corpus callosum which was examined
(A). (B) shows the myelin score for PLP in the midline of the corpus callosum in aged animals fed
with 0.4% cuprizone for 6.5 weeks and subsequent remyelination (0.5, 1.5, 2.5, and 3.5 weeks after
cessation of treatment with cuprizone). A score of 3 represents complete myelination, whereas a score
of 0 represents complete demyelination. Representative PLP-stained sections (C-F) demonstrate the
course of remyelination in aged mice. See Figure 1 for a representative image of a control animal and of
demyelination after 0.4% cuprizone feeding for 6.5 weeks in aged mice. The myelin score for young
mice treated with 0.2% cuprizone for 5 weeks and subsequent remyelination for 1.5 weeks is shown
in K. Representative PLP-stained sections show the course of de- and remyelination in young mice
(G-J). Bars display mean + SEM. Significant effects between different investigated time points are
indicated by asterisks and effects in comparison to control are indicated by hashmarks (*/* p < 0.05;
o i p <0.01; ot it p <0.001). Ctl. = control; 6.5 weeks = feeding period of 0.4% cuprizone in aged
mice; 7 (0.5 re) weeks = 0.5 weeks of remyelination, 8 (1.5 re) weeks = 1.5 weeks of remyelination,
9 (2.5 re) weeks = 2.5 weeks of remyelination, 10 (3.5 re) weeks = 3.5 weeks of remyelination in aged
mice; 3 and 5 weeks = feeding period of 0.2% cuprizone in young mice; 6.5 (1.5) weeks = 1.5 weeks of
remyelination in young mice. N = 5-6 animals per group.
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Figure 6. Repopulation of mature oligodendrocytes during remyelination in the medial corpus callosum
of aged mice. The marked area (red box) in (A) shows the medial part of the corpus callosum that was
investigated. Graphs display the number of APC-positive oligodendrocytes/mm? for the respective
time points of demyelination and subsequent remyelination in aged mice fed for 6.5 weeks with
0.4% cuprizone (B) and young mice treated for 5 weeks with 0.2% cuprizone (K). See Figure 2 for
representative sections of aged mice for control and demyelination after 0.4% cuprizone feeding for 6.5
weeks, respectively. Exemplary images show repopulation of APC-positive oligodendrocytes during
the course of remyelination in the central corpus callosum of aged mice (C-F) and during de- and
remyelination in young mice (G-J). Bars show mean + SEM. Significant effects between different
investigated time points are indicated by asterisks and effects in comparison to control are indicated
by hashmarks (*/# p < 0.05; */* p < 0.01; **/** p < 0.001). Ctl. = control; 6.5 weeks = feeding period
of 0.4% cuprizone in aged mice; 7 (0.5 re) weeks = 0.5 weeks of remyelination, 8 (1.5 re) weeks = 1.5
weeks of remyelination, 9 (2.5 re) weeks = 2.5 weeks of remyelination, 10 (3.5 re) weeks = 3.5 weeks of
remyelination in aged mice; 3 and 5 weeks = feeding period of 0.2% cuprizone in young mice; 6.5 (1.5)
weeks = 1.5 weeks of remyelination in young mice. N = 5-6 animals per group.

3.8. Prolonged Activation of Microglia during the Recovery Period

Iba-1 and RCA-1 were used to quantify the degree of microglia cell accumulation and their
activation status during remyelination. After a sharp rise of the amount of activated microglia was
observed at 6.5 weeks of 0.4% cuprizone treatment, a swift and pronounced decrease of the number of
RCA-1-positive activated microglia was apparent within the first days after cessation of cuprizone
treatment (Figure 7). Interestingly and in contrast to the fast return of the elevated RCA-1-positive cell
count in young mice towards control levels during remyelination, significantly elevated numbers of
activated microglia persisted until week 8, and a trend towards an enhanced amount of these cells
was obvious until the end of the observation period at week 10. The overall Iba-1-positive microglia
population followed a similar temporal pattern compared to RCA-1-positive activated microglia
(Figure S8). Additionally, the lateral segments of the corpus callosum displayed the same changes
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of microglia during remyelination in comparison to the processes observed in the medial part of the
corpus callosum (Figure S9).

Aged mice, RCA-1

5
-
i g
£
~ g
= %
ot
[ REe L s
B RCA-1 CC medial 0.4% FR iy
— ons e e
nn'" heid ‘f,_ ":
4000 i TESE 3
'Esom o e
= & e
3 g~ - ~20ym
ctf 7 B -] 10
(0.5re) (1.5re) (2.5re} (3.5re)
weeks
Young mice, RCA-1 K RCA-1 CC medial 0.2%
wG.:_.
.
g5

e 3 5 65
weeks (1.5re)

Figure 7. Delayed decrease of activated microglia during the course of remyelination in the medial
corpus callosum of aged mice. The medial part of the corpus callosum that was analyzed is highlighted
(A). Graphs show the amount of RCA-1-positive activated microglia/mm? for the respective time points
of demyelination and subsequent remyelination in aged mice treated with 0.4% cuprizone for 6.5 weeks
(B) and young mice fed with 0.2% cuprizone for 5 weeks (K). See Figure 3 for representative images of
RCA-1 staining of aged mice for controls and demyelination after 0.4% cuprizone feeding for 6.5 weeks,
respectively. Representative sections show the decrease of activated microglia populations during the
course of remyelination in the central corpus callosum of aged mice (C-F) and the increase of activated
microglia during demyelination in young mice plus a decrease during subsequent remyelination (G-J).
Bars show mean + SEM. Significant effects between different investigated time points are indicated by
asterisks and effects in comparison to control are indicated by hashmarks (** p <0.05;*/" p <0.01;
s 1) < 0.001). Ctl. = control; 6.5 weeks = feeding period of 0.4% cuprizone in aged mice; 7 (0.5
re) weeks = 0.5 weeks of remyelination, 8 (1.5 re) weeks = 1.5 weeks of remyelination, 9 (2.5 re)
weeks = 2.5 weeks of remyelination, 10 (3.5 re) weeks = 3.5 weeks of remyelination in aged mice; 3 and
5 weeks = feeding period of 0.2% cuprizone in young mice; 6.5 (1.5) weeks = 1.5 weeks of remyelination
in young mice. N = 5-6 animals per group.

3.9. Astrogliosis Remains Unchanged Despite Ongoing Remyelination

Staining for GFAP was used to determine astrocyte hypertrophy and hyperplasia during
remyelination. At all investigated time points during the remyelination period, the number of
GFAP-positive cells in the midline of the corpus callosum was significantly increased as compared
to control (Figure 8). The extent of astrogliosis did not change significantly over the time course
of remyelination and remained as high as at the point of maximum demyelination at 6.5 weeks.
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Astrocytosis in the lateral segments of the corpus callosum followed the same trend as in the medial
segment of the corpus callosum (Figure S9).
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Figure 8. Persisting astrocytosis during remyelination in the midline of the corpus callosum of aged
and young mice. The medial part of the corpus callosum that was investigated is marked (A). Graphs
display the quantity of GFAP-positive astrocytes/mm? for the particular time points of demyelination
and following remyelination in aged mice treated with 0.4% cuprizone for 6.5 weeks (B) and young
mice fed with 0.2% cuprizone for 5 weeks (K). Representative sections of control and demyelination
after 0.4% cuprizone feeding for 6.5 weeks in aged mice are shown in Figure 4. Exemplary sections show
persistently elevated numbers of astrocytes during remyelination in aged mice (C-F) and during de-
and remyelination in young mice (G-J). Bars show mean + SEM. Significant effects between different
analyzed time points are indicated by asterisks and effects in comparison to control are indicated by
hashmarks (*/# p < 0.05; o i p <0.01; ok it p < 0.001). Ctl. = control; 6.5 weeks = feeding period
of 0.4% cuprizone in aged mice; 7 (0.5 re) weeks = 0.5 weeks of remyelination, 8 (1.5 re) weeks = 1.5
weeks of remyelination, 9 (2.5 re) weeks = 2.5 weeks of remyelination, 10 (3.5 re) weeks = 3.5 weeks of
remyelination in aged mice; 3 and 5 weeks = feeding period of 0.2% cuprizone in young mice; 6.5 (1.5)
weeks = 1.5 weeks of remyelination in young mice. N = 5-6 animals per group.

3.10. Axonal Pathology Occurs during Cuprizone-Induced Demyelination in Aged Mice and Corresponds to
Microglia Activation

In order to evaluate axonal damage and vesicular axonal transport disturbances during
cuprizone-induced demyelination in aged mice, the amount of APP/Synaptophysin double positive
spheroids was determined in the medial section of the corpus callosum as previously described [28].
Similar to the reported changes in young mice, the number of APP/Synaptophysin-positive bulbs
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increased dramatically during cuprizone-induced demyelination, reaching a peak after 6-6.5 weeks
of 0.4% cuprizone feeding (Figure 9) and corresponding to the peak of microglia accumulation
and activation in this model (Figure 3 and Figure S4). During remyelination, the numbers of
APP/Synaptophysin double positive beads rapidly decreased, however, larger-sized spheroids were
still present in low numbers suggesting permanent axonal dissection (Figure 9). Standard treatment
protocol with 5 weeks as well as a prolonged feeding period of 6 weeks with 0.2% cuprizone did not
lead to significant axonal damage (Figure 9).
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Figure 9. Axonal pathology during cuprizone-induced demyelination in aged mice. The medial
part of the corpus callosum that was analyzed is highlighted (A). Graphs (B-G) represent number of
APP/Synaptophysin double positive spheroids/mm? per time point and group in aged mice during
different cuprizone treatments protocols. Bars show mean + SEM. Significant effects between different
analyzed time points are indicated by asterisks and effects in comparison to control are indicated by
hashmarks (*/* p < 0.05; */* p < 0.01; **/*# p < 0.001). 6.5 weeks = feeding period of 0.4% cuprizone in
aged mice; 7 (0.5 re) weeks = 0.5 weeks of remyelination, 8 (1.5 re) weeks = 1.5 weeks of remyelination,
9 (2.5 re) weeks = 2.5 weeks of remyelination, 10 (3.5 re) weeks = 3.5 weeks of remyelination in aged
mice. N = 5-6 animals per group. Representative images show axonal damage/axonal transport
disturbances during de- and remyelination in aged mice as depicted by the accumulation of pathological
APP/Synaptophysin-positive spheroids in the central corpus callosum (H-N).
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4. Discussion

Since remyelination is a highly effective regenerative process by which clinical disability can be
prevented, development of remyelination-enhancing therapies for MS is an urgent medical need [36].
Therefore, the cuprizone mouse model represents a suitable approach to investigate remyelination
failure and remyelination-promoting agents. However, the currently widely used cuprizone model is
only well established in young (8-10 weeks old) mice displaying rapid and extensive remyelination [26]
and thus does not reflect the situation of MS pathology in humans regarding age and remyelination
efficiency. Therefore, we aimed to establish the cuprizone model in 6-month-old mice representing an
aged, mature adult phenotype, corresponding to an adult age in humans in which MS is often diagnosed.
Male C57BL6 mice were used since in these mice the cuprizone model is reliably implemented without
interference of the hormonal cycle. The establishment of a standardized and optimized cuprizone
treatment protocol for aged mice is particularly needed since widely varying cuprizone concentrations
and feeding durations have been reported for aged mice with contradictory results [21-24].

We found that the standard cuprizone feeding protocol for young mice with 5 weeks 0.2%
cuprizone was not sufficient to establish significant demyelination in aged mice. We show here that
robust demyelination in aged mice is only up to a certain degree concentration-/dose-dependent and
rather relies on a prolonged feeding duration, establishing 0.4% cuprizone for 6.5 weeks as the best
cuprizone treatment protocol for mature adult (6 month) mice to achieve complete demyelination
of the corpus callosum. This delayed progress of demyelination was not attributable to a single
cell population. In contrast to young mice in which oligodendrocyte depletion and microglia
accumulation precedes demyelination, in aged mice, the maximum degree of oligodendrocyte loss,
microglia activation, and demyelination occurred simultaneously after 6.5 weeks of treatment with 0.4%
cuprizone. This may be explained by a higher resistance of mature oligodendrocytes in aged animals
against cuprizone-induced apoptosis on the one side and a reduced phagocytotic capacity of aged
microglia resulting in delayed removal of myelin debris [18,37,38] on the other side. However, after
demyelination was accomplished, prompt initiation of remyelination as judged by the re-expression
of myelin markers accompanied by repopulation of the corpus callosum with oligodendrocytes was
evident in aged mice. However, throughout the complete observation period of 3.5 weeks after
withdrawal of cuprizone, myelination in the corpus callosum in aged mice remained diminished
compared to control. This is in line with findings from ethidium bromide-induced focal demyelination
in aged rats, in which remyelination was incomplete 4 weeks after lesion-induction [16]. A further
increase in myelination over a longer remyelination period in our model is possible, however, there
seemed to already be a stagnation of remyelination 1.5-2 weeks after cuprizone withdrawal. In
accordance with remyelination remaining incomplete, re-appearance of mature oligodendrocytes in
the corpus callosum was diminished and delayed compared to young mice. This finding is concordant
with reports attributing the age-dependent decline of remyelination efficiency to a reduction of
oligodendrocyte progenitor recruitment and differentiation [39]. Similar to the situation in young
mice [28], axonal pathology was observed, accompanying the advancing degree of demyelination
and microglia infiltration after 6 and 6.5 weeks of cuprizone treatment but rapidly improved during
subsequent remyelination. Thus, this cuprizone protocol in aged mice displays important pathological
hallmarks of human MS pathology [1].

Interestingly, after reaching a similar degree of activation and accumulation of microglia in the
corpus callosum during demyelination compared to young mice, aged animals showed prolonged
activation and an elevated cell count of microglia in the corpus callosum during the remyelination
period. It is conceivable that this constitutes a reflection of the impaired ability of microglia in aged
animals to resolve inflammation after demyelination [19]. One might speculate that microglia in aged
mice do not represent a remyelination-supporting phenotype to the same extent as in young mice, e.g.,
by differently expressing pro-myelinating factors [40]. Furthermore, the phagocytosis activity may be
diminished in aged microglia and thus may delay remyelination. Significant astrocytosis was observed
throughout de- and remyelination and did not display significant changes over time. Since astrocytes
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are crucial for efficient remyelination after acute demyelination in young animals, e.g., by recruiting
microglia and by producing pro-remyelinating factors [30,33], it stands to reason that astrocytes in
aged mice are not as capable of creating a remyelination-supportive environment.

In summary, by comprehensively characterizing de- and remyelination in adult mature mice we
established a reliable and feasible new protocol for the cuprizone model in which the remyelination
capacity is impaired compared to young animals. This better represents the incomplete remyelination
in human disease and allows for the study of the capacity of remyelinating agents.
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