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Editorial on the Research Topic

Journey to the Center of the Brain: Cell Physiology and Intercellular Communication in
White Matter

White matter (WM) consists of myelinated axons, which propagate neuronal information over
long distances to allow for connectivity between different brain areas. Previously thought to simply
assist neuronal transmission, WM structure and function has recently been shown to play a larger
role in normal physiology and pathology. These discoveries are the result of the emergence of
new, state-of-the-art, imaging, electrophysiological, and omics technologies, allowing us to research
WM in humans and animal models (Figure 1). For instance, the use of MRI has revealed changes
in WM structure during learning (Sampaio-Baptista and Johansen-Berg, 2017) while single-cell
electrophysiology helped discover synaptic signaling between axons and oligodendroglial cells in
the WM (Kukley et al., 2007; Ziskin et al., 2007), both findings support the idea that cells within
the WM respond to neuronal function. Omic approaches that analyze the gene expression profile
of WM cells in great detail have revealed heterogeneity within cellular populations and suggested
a link between myelination-related genes and decreased WM integrity in psychiatric disorders
(Chavarria-Siles et al., 2016; Jakel et al., 2019; Safaiyan et al., 2021; Amor et al., 2022).

The Research Topic “Journey to the Center of the Brain: Cell Physiology and Intercellular
Communication In White Matter” encompasses literature reviews and research articles describing
recent achievements in WM research at the single-cell level, emphasizing the need for further
studies of physiology and the structure of WM cells.

Through an in-depth review, Jakel and Williams present current data from single-cell
technologies and indicate which of these approaches will best answer the remaining questions
in human WM pathologies. This review hints at an exciting future where we will gain a deeper
understanding of disease and create diagnostic and therapeutic tools. To utilize the powerful
applications of single-cell technologies, Jahn et al. revisited the myelin proteome of mice, using
mass spectrometry to quantitatively measure the most abundant myelin proteins (PLP, MBP, CNP,
and MOG) and determine the complexity of the less abundant myelin proteins. Interestingly, they
identified that the myelin proteome displays minor changes if assessed 6 h post-mortem. From this,
they formed a resourceful dataset for anyone studying CNS myelin, be that in mouse models of
demyelination or clinical WM disorders. Taking the myelin and axonal proteome to a structural
and mechanical level Shimizu et al. used a unique tension sensor based on fluorescence resonance
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FIGURE 1 | A summary of the topics (yellow circles) which still need to be investigated, and the research tools (violet circles) which can be applied to explore those
topics. Using these techniques, we will better understand the physiology and function of the white matter at single-cell resolution.

energy transfer to investigate the physical factors involved in
myelin formation in response to axon diameter. The authors
observed higher tension at oligodendrocyte processes that
contact larger diameter axons and longer oligodendroglial
focal adhesions on these axons. These data suggest that
oligodendrocytes physically respond to axon diameter by
changing their cytoskeletal organization and myelin formation.
This is an extremely valuable finding in understanding
WM physiology.

Through a comprehensive review of published bulk and
single-nuclei RNA-sequencing datasets, Boscia et al. presented
the expression levels of ion channels in multiple sclerosis
(MS). The authors show there is an upregulation of voltage-
gated Na™ channel genes and downregulation of voltage-gated
CI™ channels in WM lesions. This supports the imbalance of
Na® homeostasis and the increased excitability observed in
progressive MS. On the other hand, there is an upregulation
of voltage-gated K™ channel genes that could be a protective
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function in response to the altered Na™/Cl~ homeostasis. To
complement these findings, Serrano-Regal et al. reviewed the
role of GABAergic signaling in myelinating cells and its potential
for developing therapies in demyelinating disease. They detailed
the expression levels of GABA receptors in the myelinating cells
with support of functional data demonstrating the involvement
of GABAergic signaling in precursor cell development and
maturation of myelinating cells. This review supports further
study into targeting GABAergic signaling in WM pathology.

Maas and Angulo reviewed the potential therapeutic approach
of enhancing neuronal activity to improve remyelination in
MS. The authors discussed pre-clinical and clinical evidence
that supports the notion that neuronal stimulation induces
myelination and behavioral changes. Clinically, non-invasive
brain stimulation has been shown to reduce or ameliorate MS
symptoms. Maas and Angulo support this attractive therapeutic
approach by further discussing the neurobiological basis of
enhancing neuronal activity at the single-cell level.

From functional to structural, Dutta and Fields present
interesting findings on the myelin membrane protein complex,
NF155, which attaches the myelin to the axon in the paranodal
region. Using Crispr-Cas9 gene editing, they identified a
thrombin binding site of the NF155 complex that is implicated in
the plasticity of the myelin sheath. When this site is deleted, there
is disruption to myelination, nodal and paranodal organization.
Mice with this deletion present tremor and ataxia, demonstrating
the importance of this domain for the stability of the protein
complex and therefore myelin-axonal integrity. On the note of
myelin plasticity, Liu et al. reviewed and developed a model for
myelin plasticity in the neural circuits underlying threat and
safety learning. These stimuli are a major cause for the emergence
of anxiety-related disorders and understanding the circuitry
dynamics underlying the response to these stimuli will better
inform us on the development of these psychiatric disorders. This
review suggests further study is needed to understand myelin
plasticity in psychiatric disorders.

Lastly, Cocola et al. share interesting findings on vasculature
function in glioblastoma. After recently identifying the
transmembrane protein, TMEM230, as a regulator of
development associated with angiogenesis in the zebrafish
(Carra et al.,, 2018), the authors further explored its role in
the pathogenesis of glioblastomas. They found TMEM230
was necessary for cell growth in a cellular model of human
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What Have Advances in
Transcriptomic Technologies Taught
us About Human White Matter
Pathologies?

Sarah Jakel* and Anna Williams

Centre for Regenerative Medicine, Institute for Regeneration and Repair, University of Edinburgh, Edinburgh, United Kingdom

For a long time, post-mortem analysis of human brain pathologies has been purely
descriptive, limiting insight into the pathological mechanisms. However, starting in the
early 2000s, next-generation sequencing (NGS) and the routine application of bulk
RNA-sequencing and microarray technologies have revolutionized the usefulness of
post-mortem human brain tissue. This has allowed many studies to provide novel
mechanistic insights into certain brain pathologies, albeit at a still unsatisfying resolution,
with masking of lowly expressed genes and regulatory elements in different cell types.
The recent rapid evolution of single-cell technologies has now allowed researchers to
shed light on human pathologies at a previously unreached resolution revealing further
insights into pathological mechanisms that will open the way for the development of
new strategies for therapies. In this review article, we will give an overview of the
incremental information that single-cell technologies have given us for human white
matter (WM) pathologies, summarize which single-cell technologies are available, and
speculate where these novel approaches may lead us for pathological assessment in
the future.

Keywords: single-cell transcriptomics, single-nuclei transcriptomics, human neuropathology, white matter,
multiple sclerosis, RNA-sequencing, “omics” approaches

INTRODUCTION
Classical Approaches to Study Human White Matter Pathology

Modern neuropathology has its origins in the late 19th and early 20th century when famous
neurologists or psychologists such as Santiago Ramon y Cajal, Jean-Martin Charcot, and Alois
Alzheimer started to describe and illustrate the central nervous system (CNS) and its pathological
changes. These early, but still accurate and detailed illustrations of the brain and individual cells,
were all based on histological stains observed through a simple light microscope. It took many years
before pathology could reach another level of detail with the common use of antibodies to develop
marker-specific immunological stains that are still state-of-the-art in modern research laboratories.
Due to the combination with fluorescent labels and the development of better microscopes, this
method has become a standard technique to study human pathology and it has helped us to gain a
deep understanding of cellular and sub-cellular structures of the brain in health and disease.
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Multiple Sclerosis (MS), a chronic inflammatory and
demyelinating neurodegenerative disease of the CNS, is a good
example of how this descriptive pathology is still used, but it
equally applies to other pathologies. The characteristic lesions in
white matter (WM) tracts can be classified into active, chronic
active, chronic inactive, and remyelinated lesions—so-called
shadow plaques (Lassmann et al., 1998). This still highly used
classification system is based on the presence of demyelination
and the distribution of infiltrating immune cells in and around
the lesions and is carried out with simple histological staining
on post-mortem human tissue. So far, there are only limited
ways of detecting the different lesion stages during the lifetime
of a patient using non-invasive imaging techniques (Briick
et al, 1997; Hemond and Bakshi, 2018). Specific magnetic
resonance imaging sequences enable the detection of chronic
active lesions where acute inflammation is happening at the
lesion rim (Absinta et al., 2018) and these are associated with
disability and ongoing tissue damage (Absinta et al., 2019) aiding
prognosis. These new imaging paradigms are exciting but we are
still far from a full picture of MS lesions either by pathology or
live imaging. Moreover, we still have limited knowledge about
molecular or mechanistic changes in MS lesions which are key to
understanding the disease.

With the development of new technologies in the 2000s,
many labs started to use bulk RNA-sequencing (RNA-seq)
or DNA-based microarrays to describe cellular and molecular
changes in disease at the transcript level, to gain a deeper insight
into functional pathological changes. This was the beginning of
a revolution in pathology, helping define molecular markers of
disease and raising new hypotheses for disease pathogenesis, to
be tested experimentally. This revolution continues with new
methods to identify transcripts from single cells or nuclei and
to identify these transcripts spatially on the tissue. Here, we
describe this revolution, and how this is evolving and will
impact our understanding of human WM pathology. Although
these techniques apply to a wide range of human WM CNS
pathologies, this review will mostly use MS as an exemplar and
only touch on other diseases where relevant.

MODERN APPROACHES TO STUDY WM
PATHOLOGIES

What Have We Learned From Whole

Transcriptomic Approaches?

Bulk RNA-seq is a method to detect the entirety of the
transcriptome within a sample of interest, which can either
be a whole piece of tissue or sorted cells from a tissue. This
can be done in an unbiased way where RNA is isolated,
fragments transcribed into cDNA, which is further linked with
specific adapters making them compatible with next-generation
sequencing (NGS), which is then bioinformatically analyzed
(Figure 1A). Alternatively, in a more biased way, isolated RNA is
loaded onto specific microarray chips containing probes for only
predefined gene transcripts. Commercial microarrays contain a
large number of probes for the most important gene transcripts
spread over the whole genome so that it can still be relatively

unbiased. However, early experiments also included home-made
arrays with lower numbers of genes.

The hallmark of WM MS pathology is the clearly
distinguishable focal demyelinated lesions where myelin is
lost. Therefore, due to its ease of detection and separation from
the surrounding normal-appearing white matter (NAWM),
many groups have performed bulk transcriptome studies on
MS tissue comparing these. Besides, probably in part due to its
easier accessibility at least in life, many have been performed on
body fluids such as blood or cerebrospinal fluid (CSF) but some
also used whole-brain or spinal cord tissue samples. Several
review articles have already summarized these comparisons
and discussed the technical challenges (Comabella and Martin,
2007; Kinter et al., 2008; Dutta and Trapp, 2012). In summary
(Figure 4), the major findings are that all analyzed tissue
sources express high numbers of inflammatory gene transcripts,
although the inflammatory pathways differ. Also, it became
clear that NAWM is not equal to control WM, suggesting that
MS is a more global disease than previously thought. Many
other findings of transcript differences across these studies
were unique to a specific gene transcript in one study rather
than having common ground between studies, providing
interesting candidates to be investigated. Most surprisingly
and against the common concept in MS that oligodendrocytes
are the primary target of the attack, it has been suggested that
surviving oligodendrocytes around demyelinating lesions in
the NAWM are induced by hypoxia to be neuroprotective
and anti-inflammatory and are thus more actively involved
in disease and perhaps limiting it (Graumann et al, 2003;
Zeis et al., 2008). Very recently, heparan sulfate production
by mature oligodendrocytes around demyelinating lesions
is one of the mechanisms in limiting demyelinating lesions
(Macchi et al., 2020). Lindberg et al. (2004) came to similar
conclusions regarding the NAWM and additionally pointed out
that the immune response activation is different in the different
compartments with a more cellular response in NAWM and a
humoral response in lesions. Looking a bit closer into differences
between demyelinated lesions, Tajouri et al. (2003) found that
although both acute and chronic lesions share the majority of
markers that are changed in MS in comparison to control, the
fold change of those gene transcripts is however quite different.
More recent publications have used bulk RNA-seq on MS
tissue in a more complex way to explore either transcriptomic
changes of microglia in the initial phase of MS (van der Poel
et al,, 2019) or transcriptomic changes in a hormonal context
of the hypothalamus-pituitary-adrenaline (HPA)-axis (Melief
et al., 2019). The first study reported an increase in transcripts
related to lipid metabolism in microglia sorted from NAWM
that is similar to those found in active demyelinated lesions,
however, whilst maintaining their homeostatic functions. The
latter study found that gene expression networks in MS tissue
correlate with the activity of the HPA axis and/or disease
severity, showing that gene expression in a pathological context
is not only regulated by the pathology itself but also depends
on other environmental factors. Thus, careful consideration of
the experimental design and the case selection must be part of
planning such an experiment.
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Bulk transcriptomic approaches have brought several
advantages to the field, but as ever with evolving technology,
also some challenges. In contrast to immunohistochemistry
(IHC) or quantitative PCR (qPCR) studies of candidate genes, it
is unbiased, or relatively unbiased (with microarrays) allowing
detection of new mechanisms rather than only digging deeper
into already known ones. It is also not dependent on good
primers/antibodies or experimenter choice. Long interfering
non-coding RNAs are a good example of this, as most of their
roles are relatively understudied and one specific RNA was
found to play an important region-specific role in a study
on Multiple System Atrophy (MSA), another human WM
neuropathology, suggesting regional differences of this RNA to
control brain function (Mills et al., 2015). Another advantage,
at least in theory, is that studies that are performed by different
groups in different tissues should be easy to compare, as all
capture RNA in an unbiased way. However, disadvantages are
plentiful, limiting comparisons as early studies (at least) used
low numbers of individuals as input and findings might thus not
be representative for a larger MS cohort. Comparisons chosen
have varied and have included: (1) Lesions vs. NAWM (Whitney
et al., 1999, 2001; Tajouri et al., 2003); (2) Lesions/NAWM vs.
Controls (Graumann et al., 2003; Lindberg et al., 2004; Zeis et al.,
2008, 2018); and (3) different lesions and/or different regions of
lesions (Lock et al., 2002; Mycko et al., 2003; Hendrickx et al.,
2017). Furthermore, MS lesions can occur in all WM regions and
transcriptional profiling may be different when the lesions from
the different studies come from different regions, for example
from cerebellar WM and frontal subcortical WM. Many of these
studies used non-standardized RNA isolation methods, different
types of microarrays (commercial and homemade) with different
probe sets (quantity and type), and also different sensitivities
for lowly abundant genes, which may explain why different
studies found so many different results. Highly abundant genes
may mask more subtle effects, and in MS, this often leads to the
discovery that MS lesions are associated with demyelination and
inflammation (Kinter et al., 2008)—not quite a surprise for the
inflammatory demyelinating disease.

A further disadvantage is that bulk transcriptomic studies
detect gene expression irrespective of their cellular source within
the tissue, so that a signal may be lost if one gene transcript
is significantly upregulated in one cell type, but downregulated
in another. This becomes especially important when studying a
tissue with little cellular heterogeneity, as bulk approaches are
generally able to detect a shift in cell-type proportions (e.g., more
inflammatory cells in MS lesions), but are less good in detecting
changes within similar cells sharing the majority of transcripts.

How Can Complementary Bulk
Approaches Help Address WM

Pathologies?

Other technologies, such as proteomics and metabolomics
may also illuminate human pathologies (Figures 1B,C). They
are either suitable to help validate hypotheses generated by
transcriptomics or to generate new hypotheses themselves.
Proteomic approaches using different methods of mass

spectrometry have been widely used (as summarized in
Farias et al., 2014; Farias and Santos, 2015). Numerous studies
have been performed on human blood and CSF samples, which
are easier to obtain, and may allow the development of new
disease biomarkers in living patients (Del Boccio et al., 2016) as
well as elucidating potential mechanisms of pathogenesis. The
scarcity of reliable blood or CSF biomarkers for MS has been
quite sobering to date, which might also be due to the technical
challenges of highly abundant proteins (e.g., albumin) in the
samples that mask smaller changes. Few proteomic studies so
far have been performed on human brain tissue itself (Han
et al., 2008; Broadwater et al., 2011; Ly et al., 2011), perhaps as
a full proteomic overview of isolated brain tissue is technically
challenging. This is due to the high abundance of proteins that
cannot be captured by current technologies, mainly because of
their dynamic range and the complexity, a reason why further
subsampling of the tissue of interest might be helpful (Werner
and Jahn, 2010). One study focussed on mitochondria in gray
matter (GM), which suggested dysfunction in the mitochondrial
respiratory chain in MS (Broadwater et al., 2011). In line with
the findings of bulk transcriptomics data, proteins involved in
inflammation and demyelination were upregulated in MS, but to
find new disease mechanisms that can be targeted for therapies,
more specific and sensitive techniques are needed. However,
proteomics has been elaborately applied in mouse models of MS
and the results from these studies may be worth trying to validate
in humans.

Metabolomics is a relatively newly termed “omics” approach
to systemically study metabolites in a sample, and the first
metabolomics studies in MS were performed in the 1990s (Lynch
et al., 1993). This is useful as metabolites are usually the end
product of a biological process allowing us to conclude function.
Despite the novelty of this approach, it has already found
wide usage in MS and in its animal models, to try to identify
biomarkers in body fluids like CSF, blood, and urine. With
this, it might also be possible to observe metabolites in different
patients and respond to their individual needs by different drugs,
which would be the first step to personalized precision medicine
(Bhargava and Calabresi, 2016; Del Boccio et al., 2016).

Techniques to study brain WM in bulk have greatly shaped
understanding of WM diseases, but we now have the technology
to examine pathological changes at a single cell level, gaining even
deeper and new insights into these diseases.

How Do Single-Cell Transcriptomic

Techniques Work?

Single-cell RNA sequencing (scRNA-seq) is a novel technology
using the same principle of capturing and sequencing mRNAs in
bulk approaches within a tissue, however with the improvement
that individual mRNAs can be associated with each cell of origin.
This is particularly important for brain pathologies, where not
all cell types are equally affected, for example in MS, where
oligodendroglia are primarily lost. Although scRNA-seq is a
relatively young technology—the first article was published in
2009 (Tang et al., 2009)—many different commercial techniques
are already on the market and new ones are emerging at a
rapid speed (Svensson et al., 2018; Chen et al., 2019), possibly
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FIGURE 1 | Schematic overview of the workflow of common bulk approaches to address human pathology. (A) Standard workflow of bulk RNA-sequencing: the
entirety of MRNA/RNA is isolated from a tissue/cell type of interest and prepared for next-generation sequencing (NGS), which is followed by bioinformatics data
analysis. (B) Standard workflow of bulk proteomics: the entirety of proteins is isolated from a tissue/cell type of interest and prepared for mass spectrometry, which is
followed by bioinformatics data analysis. (C) Standard workflow of bulk metabolomics: the entirety of metabolites is isolated from a tissue/cell type of interest and
prepared for mass spectrometry, which is followed by bioinformatics data analysis. In all approaches (A-C) the information about the cell of origin and the spatial
distribution is lost.

faster than the publication of this review. Whilst all of them
aim to give a snapshot of the transcriptome of individual cells,
they are quite different in the technology achieving this. All
of them have their advantages and disadvantages depending
on the specific scientific question to be answered, so choosing
the right technique is an important step in the experimental
design. For this, we should consider the number of cells
available, the capture efficiency, transcriptome coverage, and
cost per cell. Several reviews have summarized and compared
single-cell RNA-seq technologies (Haque et al., 2017; Picelli,
2017; Svensson et al, 2018; Chen et al, 2019). Despite the
high number of technologies, from an experimental point of

view, there are two approaches: studying a high number of
cells at a lower resolution (up to tens of thousands of cells)
or studying a low number of cells (generally <1,000 cells) at a
higher resolution.

The first approach generally uses droplet-based technologies
(Macosko et al., 2015; Zheng et al.,, 2017), whilst the second
approach mainly uses well- or device-based technologies
(Figures 2A,B) to capture single cells (Picelli et al., 2014;
Hagemann-Jensen et al., 2020). Droplet-based methods use
unique molecular identifiers (UMIs) and/or barcodes to label
individual cells and mRNAs during the initial steps, so that
the library preparation can be performed in bulk, rather than
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FIGURE 2 | Schematic overview of the workflow of common single-cell/nuclei (sc/sn) approaches to address human pathology. (A) Standard workflow of
droplet-based sc/sn RNA-sequencing: tissue is dissociated into a single-cell/nuclei suspension and the mRNA of each cell is captured and barcoded individually and
prepared for next-generation sequencing (NGS), which is followed by bioinformatics data analysis. This can be done for up to ten thousands of cells. (B) Standard
workflow of well-based sc/sn RNA-sequencing: tissue is dissociated into a single-cell/nuclei suspension and the cells are captured in individual wells where each cell
is prepared for NGS, which is followed by bioinformatics data analysis. This is usually done for less than 1,000 cells. (C) Standard workflow of droplet-based Assay
for Transposase-Accessible Chromatin using sequencing (ATAC-seq): tissue is dissociated into a single-cell/nuclei suspension and the open chromatin regions of
each cell are cut and barcoded individually and prepared for NGS, which is followed by bioinformatics data analysis. This can be done for up to ten thousands of
cells. In all approaches (A-C) the information about the cell of origin is maintained, but the spatial distribution is lost.

cells/nuclei tissue/cells

sequencing
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creating individual libraries in wells. As the droplet-based
methods are aimed for high throughput, the costs per cell are
much cheaper in comparison to well-based technologies. Also
with this barcoding approach, copy numbers of mRNAs within
a cell can at least in theory directly be measured, without
the need of using additional standards such as External RNA
Control Consortium (ERCC) spike-ins (Baker et al., 2005). To
keep the sequencing costs at a realistic level, usually only the
3’ or the 5" ends of the mRNA are amplified and sequenced,
which only allows information of whether a gene is expressed

or not, with a limited ability to examine splicing variants or
SNPs. Conversely, with well- or device-based approaches, it
allows the study of splice variants of genes, but the cost per cell
is higher.

Sometimes, a combination of both techniques might be useful.
Using unbiased droplet-based techniques to look at the entirety
of cells in a tissue of interest helps to get an overview of all cells,
including rare cell populations, and to find appropriate markers
for these. This is especially useful in understudied tissues such
as the human brain, as established markers for rodent cells are

Frontiers in Cellular Neuroscience | www.frontiersin.org

12

August 2020 | Volume 14 | Article 238


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Jakel and Williams Pathology at Single-Cell Resolution

tissue/cells

cells/
nuclei

;,{\ \ 9,){})
B 95% -

o
e\ us 57372

SCRNA-seq  SCATAC-seq scCyTOF  scProteome scMetabolome

sc technologies
‘ 4_

v

I_$_I

sequencing mass spectrometry

|

data analysis

validations

immunohistochemistry  in-situ hybridisation Multiplexed high-throughput
technologies

FIGURE 3 | Schematic overview of an imaginative holistic workflow of common single-cell/nuclei (sc/sn) and validation approaches to address human pathology.
The tissue is dissociated into a single-cell/nuclei suspension and sc/snRNA-seq, sc/snATAC-seq, scCyTOF, scProteomics, and scMetabolomics are performed in
parallel on the same tissue source with their respective workflows. After individual and comparative/integrated bioinformatics data analysis, the results are validated,
ideally, on a different tissue source by standard immunohistochemistry (IHC), in situ hybridization (ISH) and other high throughput multiplexed techniques
(100-1,000 genes/proteins of interest) where IHC and ISH can be combined. With such a possible workflow, first, the information about the cell of origin is

maintained, and with the validation techniques, the spatial resolution can be analyzed as well. This holistic approach would allow us to thoroughly exploring human
pathology from different angles to gain deeper information.
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FIGURE 4 | Summary of the biological findings in Multiple Sclerosis (MS) that were gained through advances in technology. Classical histology has helped to
classify MS lesions based on their immunological status. The development of bulk transcriptomic approaches has helped to unravel many transcriptional pathways
that are changed in MS, with the most important common theme being inflammation. More recent studies using sc/snRNA-seq has started to unravel cellular
heterogeneity and changes in the representation of these cells in disease. Combining different sc/sn approaches and using spatial technologies in the future will help
to deepen our understanding of the functionality of the heterogeneous clusters and the underlying pathological mechanisms.

not always appropriate in humans. Cell populations of further
interest, including rare populations or subpopulations, can then
be studied at a deeper resolution using a full-length sequencing
approach, after isolation or enrichment using the previously
identified markers.

Currently, scRNA-seq experiments are cutting-edge and
popular, generating much data and new hypotheses about the
heterogeneity of cell function in all tissues with high impact
publications. However, it is essential to validate these data and to
keep the research question in mind, as sometimes a more classical
approach will lead to an answer quicker, more easily, and cheaply.
Although bulk approaches seem to be outdated at the moment,
these technologies have also improved and are still important
tools in studying human pathologies.

What Are the Challenges and Drawbacks
of Performing Human Single-Cell
RNA-Seq?

All of these single-cell technologies were originally developed
for cultured cells or rodent tissue, whilst their application to
human tissue has only started to boom in recent years. Besides
ethical constraints and the limited availability of human tissue
(control equally as pathological tissue), there are more technical
challenges that delayed the revolution in this field. Single-cell
technologies were developed for viable single-cell suspensions,
which is often not possible in WM pathologies, where most
tissue is obtained post-mortem and not during biopsies. Hence,
cell viability and tissue quality are often already below the
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accepted threshold to perform the experiments once the tissue
arrives in the hands of the researcher. By this time, surviving
cells may be highly selected and their transcriptome likely to
have changed dramatically, with degraded RNA resulting in bad
data quality and lower biological meaning. Moreover, to reduce
confounding factors, all samples should be run ideally together
or at least in as small a number of batches as possible (Hicks
et al., 2017), which is impossible when using fresh biopsy or
autopsy material, as individual tissue samples are sometimes only
available months apart. For these reasons, most research so far
in the human brain has used single-nuclei (sn) RNAseq using
the same technologies from archived and frozen tissue samples
instead of fresh viable cells. On comparing cells vs. nuclei, there
is now the consensus that although nuclei generally yield a lower
number of reads, they can add useful information on the biology.
This tissue source may even protect from immediate changes in
the transcriptome resulting from cell stress during cell isolation
and the proportional representation of the in vivo situation may
be more preserved, as, during live isolation, vulnerable cells are
more likely to die resulting in their underrepresentation (Bakken
et al., 2018; Wu et al., 2019). However, a new study suggested
that using nuclei is not always a good alternative, as only highly
abundant transcripts are detected and the more subtle changes
related to the activation state of human microglia could not be
distinguished (Thrupp et al., 2020). To get a clear picture of
the advantages and disadvantages of using nuclei or cells, more
comparative work using the same tissues, experimental setups,
and sequencing depth will be helpful. However, given the high
number of publications, it is already clear that snRNA-seq is
an important tool to resolve biological questions, especially for
human pathologies when no other tissue source is available.

More generally, once the decision has been made to use cells
or nuclei, other challenges arise. Although at first sight, plentiful
rich data is a clear advantage, it can also lead to data overload, that
nobody knows what to do with. Especially with droplet-based
technologies, individual sc/snRNA-seq experiments generate so
many data points that research groups may only process a small
part of it: for example, the experimental design might include
all unselected nuclei, however, only a certain cell-type may be
analyzed. Here is where open access sharing of these data is
essential, allowing other groups to use these data to address their
research questions and save a lot of time. This also allows for
some mitigation of expense, as the rapid development of these
technologies comes at a high cost. Although these techniques
are becoming cheaper, the costs of commercial kits are still high
and the cost per cell must be considered in the experimental
plan. Homemade technologies are inevitably cheaper, but require
knowledge and time to set up and may not be as robust and
comparable between research labs as commercial ones. The costs
for the sequencing should not be forgotten, which often equals
the cost of the cell capture and ¢cDNA library preparation. The
depth of the experimental analysis obtained depends on the depth
of sequencing.

A major limitation of sc/snRNA-seq is the number of
transcripts that can be detected within a cell. Although the
captured transcripts are often treated as representing the entirety
of the transcriptome, in reality only about 5-20% of the

transcripts are captured depending on the method, leaving
about 80% of the biology undiscovered (Islam et al., 2014;
Ding et al., 2020). These missing transcripts are usually ones
with a low abundance that may represent more subtle changes
between cell states. A recent advance is the development of
a full-length sequencing method that reaches a significantly
deeper transcriptome coverage per cell and thus results in a
clearer separation of clusters (Hagemann-Jensen et al.,, 2020),
but unfortunately, this method is not yet suitable for high
throughput. Another limitation of these technologies comes
from how RNA is captured. Most methods use oligos to
capture polyadenylated mRNA only and especially droplet-
based methods, additionally only use 3’ amplification. Few
technologies have been developed to amplify the 5 end of
the RNA, however, the libraries are also prepared with the
polyA-tail, still only accounting for the same type of RNA
(Svensson et al.,, 2018; Chen et al., 2019). Other forms of
biologically interesting RNAs, such as many microRNAs are
not identifiable using this capture method and detection
of splicing variants of genes is more limited (unless using
full-length sequencing).

Once the sequencing data are generated, data storage is
another often unconsidered problem. As datasets become bigger,
in terms of sample number, cell number, and sequencing depth,
the output data files become bigger and too large to be stored
on a standard computer, instead of requiring big data servers
or cloud storage, which come at a further cost. Data handling
capacity challenges go hand in hand with increasing data size and
depth, and analysis of these datasets generally requires a high-end
workstation or, better, access to a computational cluster with
the respective expertise. Associated with the fast development
of scRNA-seq technologies, there is a large expansion in the
available tools for data analysis, which are evolving all of the
time and are generally open source and therefore free. This
can give a bewildering variety of options on how to analyze
the dataset. The challenge here is to find the right tool that
is suitable for the data of interest, as not all available tools
are. Helpful comparisons have emerged, for example in an
overview of 45 current tools to calculate pseudotime trajectories
(Saelens et al., 2019), as not all of them are equally suited for
every dataset. Another example would be the availability of
different clustering methods, with Seurat (Satija et al., 2015),
Monocle (Trapnell et al, 2014), and Conos (Barkas et al,
2019) as highly used examples. Each of them uses a different
algorithm and clustering approach, as outlined in Duo et al.
(2018), and might thus result in different final clusters of
which all may be valid. These are only examples, but every
step in the experiment and the analysis part has many options.
One study outlined this problem and showed that using only
a minimum of options in different steps and combining it
differently already results in ~3,000 different pipelines for
analysis (Vieth et al., 2019). This field is as experimental as
wet lab work, and it may be useful to use several analysis tools
purporting to do the same thing on one dataset, to determine
how robust the analysis is. However, ultimately, the only way to
discover if the analysis is correct is to validate the results using
other methods.
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What Have We Learned About WM
Pathologies Using Single-Cell/Nuclei

Transcriptomic Approaches?

Pioneering scRNA-seq analysis in rodent brain tissue clearly
showed the detection of all brain cells that were distinguishable
by specific markers (Zeisel et al., 2015). Of interest to MS, a key
study in mouse oligodendrocytes (Marques et al., 2016) first used
scRNA-seq to report their heterogeneity suggesting different
inherent functions of oligodendrocytes not only between the
brain and the spinal cord but even in the same region of the brain.
The first studies using snRNA-seq on normal human brain tissue
were proof of principle that this method was suitable in such
tissue and that there is cellular and regional heterogeneity (Habib
etal., 2017; Lake et al., 2018) and were the starting point of many
following studies. Not surprisingly, it did not take long before
this technology was used to study brain pathologies including MS

(Figure 4).
With  this hitherto unreached resolution, cellular
heterogeneity in MS tissue was demonstrated in

oligodendrocytes, neurons, microglia and astrocytes (Jakel et al.,
2019; Masuda et al,, 2019; Schirmer et al., 2019; Wheeler et al,,
2020) with disease-specific cell types or different heterogeneous
states present in different proportions in MS compared to
controls. In their study, Jikel et al. (2019) found heterogeneous
oligodendroglial states in non-pathological brain tissue and
contrary to the current idea that all oligodendrocytes in MS
lesions are equally vulnerable, reported that some of these states
were over- and some underrepresented. Although the functional
role of this cellular heterogeneity is not yet clear, this skew in the
proportions of different oligodendrocyte states seen in MS was
present in both NAWM and in MS lesions, again adding to the
evidence that NAWM is indeed not normal, as previously shown
for microglia (van der Poel et al., 2019). Furthermore, these data
were able to identify a small population of previously unknown
oligodendroglia with immunological functions (Falcio et al,
2018; Jakel et al., 2019) which may influence disease pathogenesis
as it suggests that oligodendrocytes may be an active player in
the disease as well as a vulnerable target. This is of importance, as
therapeutic approaches simply aiming to increase differentiation
of oligodendrocytes to improve remyelination may need to be
reconsidered, as replacing the “correct” type may be preferred.
Another study using a similar approach to address the cellular
composition of MS lesions found specific signatures for stressed
oligodendrocytes, reactive astrocytes, and activated microglia,
especially at the rim of demyelinated lesions. As this study also
included cortical GM tissue, the authors reported a selective loss
of CUX2-expressing upper layer excitatory projection neurons
in the GM both in demyelinated and partially remyelinated
lesions (Schirmer et al., 2019). In line with the previous study,
they also found that some stressed oligodendrocytes seem to
be capable of antigen presentation. This again confirms that
damage does not affect all cells equally and that there is still a
large gap of knowledge about disease mechanisms in MS. These
studies are mostly descriptive, but a recent study in zebrafish has
demonstrated that two distinct subgroups of oligodendrocyte
precursor cells (OPCs) identified by scRNA-seq are confirmed

to be functionally distinct with one primarily making networks
and the other primarily differentiating into oligodendrocytes
to make myelin (Marisca et al., 2020). Although this study was
performed on normal zebrafish, this may also be important as
if this is similar in humans, it may again force us to rethink our
therapeutic remyelination strategies in MS, aiming to stimulate
differentiating OPCs selectively. With a focus on microglia,
Masuda et al. (2019) described microglial heterogeneity for the
first time in the non-pathological human brain and additionally
found clusters of disease-related microglia in MS patients that
were similar to rodent animal models of MS, but with high inter-
personal variability. A very recent study has directed its focus on
astrocytes in MS showing that astrocytes in mice and humans
are also heterogeneous. The authors found a clear MS-associated
astrocyte cluster actively promoting CNS inflammation by the
regulation of gene expression (Wheeler et al., 2020).

These technologies have also reached other human brain
pathologies such as Alzheimer’s disease (AD; Grubman et al.,
2019; Mathys et al., 2019; Zhou et al., 2020), Huntington’s disease
(Al-Dalahmah et al, 2020) and other psychiatric disorders
(Renthal et al., 2018; Velmeshev et al., 2019; Nagy et al., 2020).
Although AD is usually considered a neuronal disease most of the
GM, it has been surprisingly found that oligodendrocytes in the
WM do show a significant transcriptional change in the disease
adapting their metabolism to neuronal degeneration (Mathys
et al., 2019; Zhou et al.,, 2020). OPCs also seem involved, as in
AD, OPCs repress apolipoprotein E (APOE), which is a genetic
risk factor for this disease, strengthening the hypothesis that
oligodendroglia actively contribute to pathogenesis (Grubman
et al, 2019). This study used the known AD risk genes to
study how these contribute to disease in a cell-specific manner,
as a relevant strategy to focus on the analysis of the wealth
of data. Another recent study found that besides neurons,
OPCs are majorly disturbed in major depressive disorder and
this seemed to be coupled with their interaction with neurons
rather than their ability to differentiate and myelinate (Nagy
et al,, 2020), which demonstrated that using this technology is
important to disentangle the functions of subsets of cells. Most
importantly, these new studies have started to shed new light on
neurodegenerative and psychiatric diseases, moving away from
a neurocentric view of these diseases with new recognition of
the importance of glial cells in their pathogenesis—a shift in the
research landscape.

What Other Techniques Can We Use to

Complement the sc/snRNAseq Approach?

RNA-seq at a single cell/nuclei level is only the start, with the
fast development of other single-cell resolution technologies,
including epigenetic methods. Assay for Transposase-Accessible
Chromatin using sequencing (ATAC-seq) has already long
been used to assess the bulk chromatin accessibility and the
chromatin signature of cellular DNA (Buenrostro et al., 2013)
including the human brain in health and disease (Corces
et al.,, 2017; Bryois et al., 2018; Fullard et al., 2018), but can
now also be done at the single-cell/nuclear level (Figure 2C).
This adds information about the transcriptional regulation of
different cell types and has already widely been used on rodents
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(Preissl et al., 2018; Sinnamon et al., 2019), but also human brain
tissue (Zhong et al., 2020). A very recent study used this method
to identify new single nucleotide polymorphisms (SNPs) with a
more functional annotation than classically found with GWAS
and found new risk-factors for Parkinson’s and AD (Corces
et al., 2020). Bioinformatics tools are emerging to integrate
scRNA-seq with scATAC-seq data to get a deeper understanding
of the transcriptional and genomic landscape within one
individual cell. Further explorations of the epigenomic landscape
at a single cell level include DNA methylation profiling to
detect methylation marks identifying regulatory programs in
different cell populations (summarized in Fiers et al., 2018).
It is already possible to detect epigenetic marks and gene
expression in the same cell, not only bioinformatically but also
experimentally, as shown with the sc-GEM (single-cell analysis
of genotype, expression, and methylation) assay on cultured
human fibroblasts (Cheow et al., 2016) and its use on human
tissue would be another highly valuable method to understand
its pathology.

Clearly, single-cell DNA/RNA changes can imply function but
protein detection adds a further level of information to determine
a cell’s behavior. Single-cell technologies have also entered the
protein field with Cytometry by the time of flight (CyTOEF),
although this is not yet unbiased but requires a selection of
markers of interest. This method uses metal-labeled antibodies
to detect cellular antigens that are then analyzed by mass
cytometry. This approach is similar to classical Fluorescence-
activated cell sorting (FACS), but with a broader separation of
metals which overcomes the limit of the overlap of fluorophores
and allows the use of around 40 antibodies together (up to
100 when considering isotopes as well). With a bioinformatics
analysis approach, high numbers of single cells can be thoroughly
profiled. This approach has been used to characterize a change
in the populations of peripheral immune cells of MS patients
(Bottcher etal., 2019a) as well as to characterize multiple different
region-dependent populations of microglia in the human brain
that are distinguishable from peripheral cells (Bottcher et al.,
2019b). CyTOF can also directly be applied to histological
tissue sections—called imaging mass cytometry—and can be
used to profile individual cells whilst maintaining the spatial
information. Although still a fledgling technique at the spatial
level, this has already successfully been applied in MS brain
tissue to characterize astrocytes and peripheral cells in MS
lesions (Park et al., 2019) and to characterize the immune cell
landscape within different lesions from an individual MS patient
(Ramaglia et al., 2019).

For a disease such as MS, spatial information is very
important, due to the focal nature of demyelinated lesions,
but there may also be pathological changes in more restricted
areas in other neurodegenerative pathologies as well, e.g,
in AD. Although not yet at a single-cell resolution, spatial
transcriptomics technologies aim to capture the whole
transcriptome of each of very small areas of a tissue section in
an unbiased way in combination with histological analysis (Stahl
etal., 2016). Using the same principle of capturing and barcoding
mRNA as droplet-based methods, this technology allows the
location of the origin of an individual mRNA to a defined spot

on a predefined grid on which the tissue has been placed, thus
maintaining the spatial information. This technology is already
being used on human tissue (Maynard et al., 2020), and with
an earlier version in ALS (Gregory et al., 2020). With the clear
advantage of capturing the transcriptome at a high resolution
whilst maintaining spatial information, spatial transcriptomics
technologies are clearly at the forefront of development and may
in the future be more widely used than current sc/snRNA-seq
technologies. They are either based on sequencing the transcripts
in situ after having been barcoded (Ke et al., 2013; Lee et al.,
2014; Wang et al., 2018; Gregory et al., 2020; Lundin et al., 2020;
Maynard et al., 2020), or use highly multiplexed single molecular
fluorescent in situ hybridization probes detectable using confocal
microscopy (Lubeck et al., 2014; Shah et al., 2016). The current
limitation of sequencing-based methods is the low detection of
transcripts. Multiplexed in situ methods on the other hand are
restricted by the number of probes (hundreds to thousands) due
to the limited availability of fluorophores and optical resolution
of individual molecules, making them less suitable for an
unbiased discovery-driven research approach. However, recent
developments have combined the methods, using sequential
hybridization with in situ sequencing to theoretically cover the
whole transcriptome with only a few fluorophores (Shah et al.,
2016; Eng et al., 2019). As a result, a higher number of transcripts
per cell can be detected. Although these methods have not
yet been implemented on human brain tissue, which will be
challenging due to its high autofluorescence, this high resolution
of individual mRNAs will not only allow the localization of
cells within tissue but also will allow the study of the subcellular
localization of mRNAs, clear advantages in comparison to
scRNA-seq methods. Unfortunately, these methods do only
work well on thin tissue sections, limiting the information we
gain from a three-dimensional point of view. Sequencing-driven
spatial methods in particular are still expensive and are thus
tend to be performed on small tissue pieces with few sections
from an individual, which may introduce some bias to the
biological findings.

Validation of results, preferably on a separate cohort of tissue,
is essential by classical immunohistochemistry/fluorescence and
in situ hybridization, and/or these burgeoning multiplexing
technologies, mentioned above. These have allowed spatially
detection of 100 different transcripts by in situ sequencing
(Lundin et al., 2020) or around 100 proteins and 1,000 genes
using oligonucleotide labeling in a tissue section (Geiss et al.,
2008; Kulkarni, 2011). Although imaging mass cytometry is
usually used to characterize novel cell populations, it can clearly
serve as a validation method for transcriptomic data as well.
These require analysis tools to distinguish signals in different
cells, but appear very useful and are likely to become standard
to address human pathologies in the future.

What Does the Future Hold?

The outputs of all of these technologies applied to human
WM pathologies are still no more than descriptive
pathology—although on a much deeper level than was ever
possible before and at least implying function. This work,
however, is just the start of a new era of single-cell resolution
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techniques that will revolutionize human pathology and will
most likely become a standard technology for pathological
assessment. The richness of these data will allow us to take
the next step, which is to address more functional changes
to gain a deeper understanding of the diseases. For example,
snRNA-seq will allow us to study transcriptomic changes in
a high number of cells in many different types of MS lesions
which then may allow us to reclassify them on a functional level,
namely their regenerative potential rather than using the classical
degenerative description. Moreover, these data may allow us to
determine lesion markers that can be used for PET-imaging and
will thus be an invaluable tool for disease diagnosis, prognosis,
and response to therapies. Furthermore, as most of the data are
gained similarly and deposited with its metadata on open-source
databases, it is then easier to compare many brain regions (such
as WM and GM, or brain and spinal cord) or diseases with each
other, to gain a much clearer picture of the cellular architecture
of our brain. The Human Cell Atlas is a collaborative effort to
exactly achieve this aim! not only for the brain but for the entire
human body.

So far, most of these technologies are used individually by
different groups but in the future, complementary but different
technologies will be used in the same experimental setup, and
their outputs integrated, as recently shown from the Allen Brain
Institute (Bakken et al., 2020). Maybe in 10 years from now, it
will be possible to look at the transcriptome, the epigenome, the
proteome and the metabolome on a single cell level from the
same tissue source at once, as suggested in Figure 3. Attempts
to achieve this have already been made in recent preprint
manuscripts where the authors were able to simultaneously study
either proteins and mRNA (Vistain et al., 2020) or chromatin
accessibility and gene expression (Ma et al., 2020) in single cells.
This will allow us to look at the same data from many different
perspectives to gain a deeper understanding of individual cells
in health and disease and further explore the pathological
mechanism. The options here seem endless with money as the
only limit!

Uhttps://www.humancellatlas.org/
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Myelin membranes are dominated by lipids while the complexity of their protein
composition has long been considered to be low. However, numerous additional myelin
proteins have been identified since. Here we revisit the proteome of myelin biochemically
purified from the brains of healthy ¢56BI/6N-mice utilizing complementary proteomic
approaches for deep qualitative and quantitative coverage. By gel-free, label-free mass
spectrometry, the most abundant myelin proteins PLP, MBP, CNP, and MOG constitute
38, 30, 5, and 1% of the total myelin protein, respectively. The relative abundance of
myelin proteins displays a dynamic range of over four orders of magnitude, implying
that PLP and MBP have overshadowed less abundant myelin constituents in initial
gel-based approaches. By comparisons with published datasets we evaluate to which
degree the CNS myelin proteome correlates with the mRNA and protein abundance
profiles of myelin and oligodendrocytes. Notably, the myelin proteome displays only
minor changes if assessed after a post-mortem delay of 6 h. These data provide the
most comprehensive proteome resource of CNS myelin so far and a basis for addressing
proteomic heterogeneity of myelin in mouse models and human patients with white
matter disorders.

Keywords: oligodendrocyte, myelin proteome, central nervous system (CNS), demyelination, post-mortem delay,
autopsy, label-free proteomics, transcriptome

INTRODUCTION

In the central nervous system (CNS) of vertebrates, the velocity of nerve conduction is accelerated
by the insulation of axons with multiple layers of myelin membrane provided by oligodendrocytes
(Nave and Werner, 2014; Snaidero and Simons, 2017). Compared to other cellular membranes
myelin is unusually enriched for lipids, in particular cholesterol, galactolipids and plasmalogens
(Norton and Poduslo, 1973a; Schmitt et al., 2015; Poitelon et al., 2020). Indeed, the biogenesis of
myelin may involve the coalescence of lipid-rich membrane-microdomains in the oligodendroglial
secretory pathway (Lee, 2001; Chrast et al., 2011). Notably, the dominant CNS myelin protein,
proteolipid protein (PLP), displays a high affinity to cholesterol-rich membrane-microdomains
(Simons et al., 2000; Werner et al., 2013). PLP and other cholesterol-associated myelin proteins may
thus enhance the coalescence and intracellular traffic of prospective myelin membranes (Schardt
et al., 2009). Indeed, both cholesterol and PLP are rate-limiting for myelination, as demonstrated
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by the dysmyelination observed in mice lacking
oligodendroglial cholesterol synthesis (Saher et al, 2005)
or PLP-expression (Yool et al, 2001; Mobius et al., 2008;
de Monasterio-Schrader et al., 2013).

As a key stage of myelination, the compaction of adjacent
CNS myelin layers requires myelin basic protein (MBP), as
evidenced by the complete lack of compact myelin in the
CNS of MBP-deficient shiverer-mice (Roach et al., 1985). It is
now thought that MBP both displaces filamentous actin and
cytoskeleton-associated proteins (Nawaz et al.,, 2015; Zuchero
etal., 2015; Snaidero et al., 2017) and saturates negative charges of
the headgroups of phosphatidylinositol-4,5-bisphosphate (PIP;)
on the cytoplasmic myelin membrane surfaces (Musse et al.,
2008; Nawaz et al, 2009, 2013) thereby pulling together
and compacting myelin membranes at the major dense line
(Raasakka et al., 2017).

It has been noted already in the early 1970s that PLP and
MBP constitute the most abundant CNS myelin proteins. At that
time the methods were developed for the enrichment of myelin
from nervous tissue by sucrose density gradient centrifugation
(Norton and Poduslo, 1973b; Erwig et al., 2019a) separation by
one-dimensional (1D)-polyacrylamide gel electrophoresis (SDS-
PAGE) and protein staining using Buffalo Black (Morris et al.,
1971) Fast Green (Morell et al., 1972) or Coomassie Blue (Magno-
Sumbilla and Campagnoni, 1977). Indeed, only few bands were
visible that we now know are mainly constituted by PLP, MBP
and cyclic nucleotide phosphodiesterase (CNP; Sprinkle et al.,
1983). Deficiency of CNP in mice impairs both the ultrastructure
of myelin and the long-term preservation of axonal integrity
(Lappe-Siefke et al., 2003; Edgar et al., 2009; Patzig et al., 2016;
Snaidero et al., 2017).

Evidently, the protein composition of myelin is more
complex when considering that various additional myelin
proteins have been identified, including myelin associated
glycoprotein (MAG; Quarles, 2007; Myllykoski et al., 2018),
myelin oligodendrocyte glycoprotein (MOG; Johns and
Bernard, 1999; von Biidingen et al, 2015), and claudin 11
(CLDN11; Gow et al, 1999; Denninger et al., 2015). This
insight motivated attempts to utilize the emerging mass
spectrometric techniques to approach all myelin proteins at
once, thereby covering the entire myelin proteome. Indeed,
purified myelin is suited for systematic assessment of its
molecular constituents (De Monasterio-Schrader et al.,
2012; Gopalakrishnan et al, 2013). Most early approaches
involved 2D-gels (Taylor et al., 2004; Vanrobaeys et al., 2005;
Werner et al., 2007), soon to be complemented by gel-free
shotgun-approaches (Vanrobaeys et al, 2005; Roth et al,
2006; Dhaunchak et al, 2010) and hybrid workflows (Ishii
et al., 2009). However, first systematic information on the
relative abundance of myelin proteins was achieved by label-
free quantification involving peptide-separation by liquid
chromatography (LC) coupled to detection with quadrupole
time-of-flight (QTOF) mass spectrometery (MS) (Jahn et al.,
2009) or by chemical peptide labeling with isobaric tags for
relative and absolute quantitation (iTRAQ) and subsequent
LC-MS-analysis (Manrique-Hoyos et al., 2012). A meta-analysis
of the approaches to the myelin proteome published by 2012

is available (De Monasterio-Schrader et al., 2012). Since then,
label-free protein quantification by LC-MS has proven useful in
the differential analysis of myelin in mouse models including
mice lacking PLP, CNP, or MAG (Patzig et al, 2016). For
example, this approach allowed identifying cytoskeletal septin
filaments to stabilize the ultrastructure of CNS myelin, thereby
preventing the formation of pathological myelin outfoldings
(Patzig et al., 2016; Erwig et al., 2019b).

The intention of this work was to both establish an
updated comprehensive compendium of the proteins associated
with CNS myelin and to accurately quantify their relative
abundance, as recently achieved for the proteome of myelin
in the peripheral nervous system (Siems et al., 2020). To this
aim we combined various gel-based and gel-free proteomic
techniques. In particular, we used nano-flow ultra-performance
liquid chromatography (nanoUPLC) for peptide separation and
an ion mobility-enabled QTOF-system for label-free protein
quantification by data-independent acquisition (DIA) mass
spectrometry in an alternating low and elevated energy mode
(MSE). While the MSE-mode allows quantifying myelin proteins
with the required dynamic range of over four orders of
magnitude, an ion mobility-enhanced version thereof [referred
to as ultra-definition (UD)-MSE] covers about twice as many
myelin-associated proteins, though at the expense of dynamic
range. Our workflow thus facilitates both to reliably quantify the
exceptionally abundant PLP, MBP, and CNP and to appreciate the
complexity of low-abundant myelin constituents.

MATERIALS AND METHODS

Animals

Male ¢57BL/6N wild-type mice at postnatal day 75 (P75) were
used for all experiments except for the differential analysis of
myelin purified from brains immediately frozen after dissection
compared to a post-mortem delay of 6 h at room temperature
(Figure 4), for which female ¢57BL/6N wild-type mice at P56
were used. Mice were bred and kept in the animal facility of the
Max Planck Institute of Experimental Medicine and sacrificed
by cervical dislocation. For the procedure of sacrificing mice
for subsequent preparation of tissue, all regulations given in
the German animal protection law (TierSchG §4) are followed.
Since sacrificing of rodents is not an experiment on animals
according to §7 Abs. 2 Satz 3 TierSchG, no specific authorization
or notification is required for the present work.

Myelin Purification

A myelin-enriched light-weight membrane fraction was
biochemically purified from mouse brains by sucrose density
centrifugation and osmotic shocks as recently described in
detail (Erwig et al., 2019a). Mice were sacrificed by cervical
dislocation at the indicated ages as three biological replicates per
condition (n = 3). Protein concentration was determined using
the DC Protein Assay Kit (Bio-Rad). Initial quality control by
gel electrophoresis and silver staining of gels was performed as
described (de Monasterio-Schrader et al., 2013; Joseph et al.,
2019). Briefly, samples were separated on a 12% SDS-PAGE gel
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(1 h at 200 V) using the Bio-Rad system, fixated overnight in
10% [v/v] acetic acid and 40% [v/v] ethanol and then washed
in 30% ethanol (2 x 20 min) and ddH,O (1 x 20 min). For
sensitization, gels were incubated 1 min in 0.012% [v/v] Na,S,03
and subsequently washed with ddH,O (3 x 20 s). For silver
staining, gels were impregnated for 20 min in 0.2% [w/v]
AgNO03/0.04% formaldehyde, washed with ddH,O (3 x 20 s)
and developed in 3% [w/v] Na;CO3/0.04% [w/v] formaldehyde.
The reaction was stopped by exchanging the solution with 5%
[v/v] acetic acid.

Gel-Based Proteome Analysis of Myelin
Gel-electrophoretic separation of myelin proteins with different
pre-cast gel systems (Serva) was performed essentially as recently
described in detail (Erwig et al., 2019a). Briefly, 1D separations
were performed with 5 pg protein load before (pre-wash) or
after (post-wash) subjecting myelin to consecutive high-salt and
high-pH washing/centrifugation cycles as previously described
(Werner et al., 2007; Jahn et al., 2013). Automated tryptic in-
gel digestion of proteins in gel bands (Schmidt et al., 2013) and
protein identification by LC-MS was performed as described (Ott
et al., 2015). For 2D separations, myelin was first delipidated
by methanol/chloroform precipitation and 300 jLg protein was
loaded on a 24 cm immobilized non-linear pH-gradient 3-12 strip
(Serva) by active rehydration (Erwig et al., 2019a). Automated
tryptic in-gel digestion of proteins in gel spots and protein
identification by MALDI-TOF mass spectrometry was performed
as described (Jahn et al., 2006; Werner et al., 2007).

Label-Free Quantification of Myelin

Proteins
In-solution digestion of myelin proteins according to an
automated filter-aided sample preparation (FASP) protocol
(Erwig et al, 2019a) and LC-MS-analysis by different MSE-
type data-independent acquisition (DIA) mass spectrometry
approaches was performed as recently established for PNS myelin
(Siems et al., 2020). Briefly, protein fractions corresponding to
10 g myelin protein were dissolved in lysis buffer (1% ASB-14,
7 M urea, 2 M thiourea, 10 mM DTT, 0.1 M Tris pH 8.5)
and processed according to a CHAPS-based FASP protocol in
centrifugal filter units (30 kDa MWCO, Merck Millipore). After
removal of the detergents, protein alkylation with iodoacetamide,
and buffer exchange to digestion buffer [50 mM ammonium
bicarbonate (ABC), 10% acetonitrile], proteins were digested
overnight at 37°C with 400 ng trypsin. Tryptic peptides were
recovered by centrifugation and extracted with 40 pl of 50 mM
ABC and 40 pl of 1% trifluoroacetic acid (TFA), respectively.
Combined flow-through were directly subjected to LC-MS-
analysis. For quantification according to the TOP3 approach
(Silva et al., 2006), aliquots were spiked with 10 fmol/pl of
yeast enolase-1 tryptic digest or Hi3 EColi standard (Waters
Corporation), the latter containing a set of quantified synthetic
peptides derived from E. coli. Chaperone protein ClpB.
Nanoscale reversed-phase UPLC separation of tryptic peptides
was performed with a nanoAcquity UPLC system equipped
with a Symmetry C18 5 pwm, 180 wm x 20 mm trap column

and a HSS T3 C18 1.8 um, 75 um x 250 mm analytical
column (Waters Corporation) maintained at 45°C. Peptides were
separated over 120 min at a flow rate of 300 nl/min with a
gradient comprising two linear steps of 3-35% mobile phase B
(acetonitrile containing 0.1% formic acid) in 105 min and 35-
60% mobile phase B in 15 min, respectively. Mass spectrometric
analysis of tryptic peptides was performed using a Synapt G2-S
QTOF mass spectrometer equipped with ion mobility option
(Waters Corporation). UDMSE analysis was performed in the
ion mobility-enhanced data-independent acquisition mode with
drift time-specific collision energies as described in detail (Distler
et al., 2014a, 2016). Continuum LC-MS data were processed
using Waters ProteinLynx Global Server (PLGS) and searched
against a custom database compiled by adding the sequence
information for yeast enolase 1, E. coli Chaperone protein
ClpB and porcine trypsin to the UniProtKB/Swiss-Prot mouse
proteome and by appending the reversed sequence of each
entry to enable the determination of false discovery rate (FDR).
Precursor and fragment ion mass tolerances were automatically
determined by PLGS and were typically below 5 ppm for
precursor ions and below 10 ppm (root mean square) for
fragment ions. Carbamidomethylation of cysteine was specified
as fixed and oxidation of methionine as variable modification.
One missed trypsin cleavage was allowed. Minimal ion matching
requirements were two fragments per peptide, five fragments
per protein, and one peptide per protein. The FDR for protein
identification was set to 1% threshold.

For post-identification analysis including TOP3 quantification
of proteins, the freely available software ISOQuant' was used
(Kuharev et al., 2015). Only peptides with a minimum length
of seven amino acids that were identified with scores above
or equal to 5.5 in at least two runs were considered. FDR
for both peptides and proteins was set to 1% threshold and
only proteins reported by at least two peptides (one of which
unique) were quantified as parts per million (ppm) abundance
values (i.e., the relative amount (w/w) of each protein in respect
to the sum over all detected proteins). The Bioconductor R
packages “limma” and “g-value” were used to detect significant
changes in protein abundance by moderated t-statistics as
described (Ambrozkiewicz et al., 2018; Siems et al., 2020). For
proteome profiling of wild-type myelin by MSE and UDMSE,
three independent experiments were performed, each with
three biological replicates and sample processing with duplicate
digestion and injection, resulting in a total of 12 LC-MS runs
per experiment. Abundance values in ppm are given as averages
of the four technical replicates per biological replicate and only
proteins quantified in at least two out of three experiments
are reported in the proteome resource (Supplementary Table
S1). Proteins identified as contaminants from blood (albumin,
hemoglobin) or hair cells (keratins) were removed from the
list. Proteome profiling comparing wild-type myelin without and
with post-mortem delay (Figure 4 and Supplementary Table
$2) was performed with three biological replicates and duplicate
digestion, resulting in a total of 6 LC-MS runs per condition.
Data acquisition was performed in the DRE-UDMSF mode
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(Siems et al., 2020) i.e., a deflection device was cycled between
full (100% for 0.4 s) and reduced (5% for 0.4 s) ion transmission
during one 0.8 s full scan, thereby providing a compromise
between identification rates and dynamic range.

Interpretation of Single-Cell Resolution

Transcriptome Data

Published single-cell RNA-sequencing (scRNA-seq) gene
expression matrices from datasets GSE60361 (Zeisel et al,
2015), GSE75330 (Marques et al., 2016), and GSE113973 (Falcao
et al.,, 2018), were obtained from Gene Expression Omnibus
(GEO) and analyzed using R package Seurat v3.1.0 (Butler
et al,, 2018; Stuart et al., 2019). Mature oligodendrocyte cell
populations were selected from each dataset as specified in
the results section and normalized gene counts were used for
calculating average expression profiles across single cells. Bulk
proteome and transcriptome datasets specified in the results
section were used as supplied in the Supplementary Tables to
the respective publications.

Deposition, Visualization and Analysis of

Proteomic Data

The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE (Perez-
Riverol et al., 2019) partner repository with dataset identifier
PXD020007. Pie chart, scatter plots, volcano plot and heatmap
were prepared in Microsoft Excel 2013 and GraphPad Prism 8.
Area-proportional Venn diagrams were prepared using BioVenn
(Hulsen et al., 2008)*. Trans-membrane domains were predicted
using TMHMM Server v. 2.0 (Krogh et al., 2001)’ and Phobius
(Kdll et al., 2007)*.

RESULTS

Proteome Analysis of CNS Myelin

To purify CNS myelin, we applied an established protocol
(Erwig et al., 2019a) to prepare a light-weight membrane fraction
from the brains of healthy ¢57Bl/6N-mice at P75. Aiming to
systematically identify myelin-associated proteins we used five
complementary approaches as summarized in Figure 1A. As the
most straightforward way of preparing myelin for proteomic
analysis, we separated proteins by 1D-SDS-PAGE and sectioned
the lane into 24 equally sized slices (Figure 1B), which we
subjected to automated tryptic in-gel digest followed by LC-
MS-analysis, thereby identifying 788 proteins (Supplementary
Table S1). When we subjected myelin to an additional washing
step of high-pH and high-salt conditions (Figure 1B) to deplete
soluble and peripheral membrane proteins before 1D-SDS-
PAGE-separation and mass spectrometry, we identified 521
proteins (Supplementary Table S1). To establish a reference
map of myelin proteins including proteoforms, we increased the

Zhttps://www.biovenn.nl/
3www.cbs.dtu.dk/servicess TMHMM
“http://phobius.sbc.su.se/

resolving power of protein separation by subjecting myelin to
2D-gel electrophoresis with isoelectric focusing (IEF) in the first
and horizontal SDS-PAGE in the second dimension (Figure 1C).
We stained the comprised proteins with colloidal Coomassie
(CBB250), picked CBB250-labeled gel-plugs (i.e., protein spots)
for automated tryptic in-gel digestion and identified the proteins
by peptide mass fingerprint (PMF) and MS/MS-fragment
ion mass spectra, both acquired on a MALDI-TOF mass
spectrometer. We identified 181 non-redundant proteins from
352 spots (Supplementary Table S1). Thereby we expanded
our previous myelin protein map (131 non-redundant proteins
from 217 spots, Werner et al., 2007), mainly owing to increased
resolution in the first dimension by utilizing longer IEF-strips
with a wider pH-range (Erwig et al., 2019a). When comparing
the proteins identified using the three gel-based approaches we
found a total of 930 proteins with a fair overlap (Figure 1D).

Considering  that contemporary gel-free, label-free
proteomic approaches allow the simultaneous identification
and quantification of proteins (Neilson et al., 2011; Distler et al.,
2014b) we subjected myelin to a workflow of solubilization using
ASB-14 and high-urea conditions, automated tryptic in-solution
digest by filter-aided sample preparation (FASP), fractionation
of peptides by nanoUPLC, and ESI-QTOF mass spectrometry.
This workflow was recently established for peripheral myelin
(Siems et al., 2020). Importantly, the utilized data-independent
acquisition (DIA)-strategy with data acquisition in the MSE-
mode allows the simultaneous quantification and identification
of all peptides entering the mass spectrometer, and thereby, when
signal intensities are correlated with a spike protein of known
concentration (TOP3 method; Silva et al., 2006; Ahrné et al.,
2013) the reliable quantification of proteins based on peptide
intensities. When subjecting myelin to LC-MS-analysis using
MSE we quantified 393 proteins (Supplementary Table S1;
labeled in orange in Figure 1E) with a false discovery rate (FDR)
of <1% and an average sequence coverage of 38.6%. Notably,
MSE quantitatively covered myelin proteins with a dynamic
range of over four orders of magnitude parts per million (ppm),
thereby allowing quantification of the exceptionally abundant
PLP and MBP. When using the ultra-definition (UD)-MSE-
mode, in which the ion mobility option provides an orthogonal
dimension of peptide separation after liquid chromatography
and before mass measurement, we identified and quantified 809
proteins (Supplementary Table S1; labeled in blue in Figure 1E)
with an average sequence coverage of 35.0%. UDMSE thus
identified about twice as many proteins as MSE. However, the
larger number of proteins identified by UDMSE went along with
a compressed dynamic range of about three orders of magnitude
ppm, which is insufficient to reliably quantify the most abundant
myelin constituents including PLP, MBP, and CNP. The data
acquisition mode-dependent differences in both numbers of
quantified proteins and dynamic range are best explained
by UDMSE achieving more efficient precursor-fragment ion
alignment and precursor fragmentation upon ion mobility
separation of peptides (Distler et al., 2014a, 2016) which causes
a ceiling effect for the detection of exceptionally intense peptide
signals and thus a compressed dynamic range as previously
observed for PNS myelin (Siems et al., 2020).
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FIGURE 1 | Proteome analysis of CNS myelin. (A) Schematic illustration of the gel-based (top) and gel-free (bottom) proteomic workflow to approach CNS myelin
purified from the brains of wild-type c57BI/6N mice dissected at P75. Note that gel-free proteome analysis enables largely automated sample processing and omits
labor-intense gel-electrophoresis, thus reducing hands-on time. (B) One-dimensional gel-separation of CNS myelin. Myelin was separated by SDS-PAGE without
(pre-wash) or upon (post-wash) depleting soluble and peripheral membrane proteins by an additional step of high-pH and high-salt conditions. Proteins were
visualized with colloidal Coomassie (CBB250). The denoted grid subdivides each lane into 24 equally sized slices, which were excised for automated tryptic digest,
peptide separation by nanoUPLC and data acquisition using an ESI-QTOF mass spectrometer, thereby identifying 788 (pre-wash) and 521 (post-wash) proteins,
respectively (see Supplementary Table S1). (C) Two-dimensional gel-separation of CNS myelin. Myelin was two-dimensionally separated using a
2D-IEF/SDS-PAGE with isoelectric focusing (IEF) in a 24 cm gel strip with nonlinear pH-gradient (pH 3-12) as the first and 10-15% acrylamide gradient SDS-PAGE
(25.5 x 20 cm, gel thickness 0.65 mm) as the second dimension. Proteins were visualized by colloidal Coomassie staining; protein spots were excised, subjected to
automated tryptic in-gel digestion and MALDI-TOF mass spectrometry, thereby identifying 181 non-redundant proteins from 352 spots (Supplementary Table S1).
(D) Venn diagram comparing the number of proteins identified in CNS myelin by the three gel-based approaches. (E) Number and relative abundance of proteins
identified in myelin purified from the brains of wild-type mice using two gel-free data acquisition modes (MSF, UDMSE). Note that MSF (orange) identifies
comparatively fewer proteins in purified myelin but provides a dynamic range of more than four orders of magnitude. UDMSE (blue) identifies a larger number of
proteins but provides a dynamic range of only about three orders of magnitude. Note that the dynamic range of MSE is required for the quantification of the
exceptionally abundant myelin proteins proteolipid protein (PLP), myelin basic protein (MBP) and cyclic nucleotide phosphodiesterase (CNP). Samples were analyzed
in three biological replicates with four technical replicates each (duplicate digestion and injection). For datasets see Supplementary Table S1. ppm, parts per
million. (F) Venn diagram comparing the number of proteins identified in CNS myelin by MSE, UDMSE and gel-based approaches. (G) Venn diagram of the proteins
identified in CNS myelin in this study compared with those identified in a previous approach (Jahn et al., 2009). (H) Venn diagram comparing the proteins identified in

CNS myelin in this study with those previously identified in PNS myelin (Siems et al., 2020). Selected marker proteins are denoted.

When comparing the proteins identified by MSE, UDMSF
and gel-based approaches we found a reasonably high overlap
(Figure 1F). Comparison of the 1155 proteins identified in CNS
myelin in the present study with those 309 identified >10 years
ago with the methodological standards of that time (Jahn et al,,
2009) shows a remarkably high overlap as well as an about three-
fold increase in the number of identified proteins (Figure 1G).
Notwithstanding that a number of the identified proteins will
originate from other cellular sources that contaminate purified
myelin, we believe that many of them are indeed low-abundant
constituents of the non-compact compartments of myelin.

A comparison of the proteins identified in CNS myelin
with the recently established PNS myelin proteome (Siems
et al., 2020) confirms that numerous proteins are present in
both, but also that many proteins were identified exclusively
in either CNS or PNS myelin (Figure 1H). Together, the
evolving technical standards of in-solution sample preparation
and MSE-type DIA mass spectrometry allows to comprehensively
identify and quantify proteins in myelin. However, only
MSE (but not UDMSF) provides a dynamic range suited to
address the relative abundance of the exceptionally abundant
PLP, MBP, and CNP. As importantly, the evolution of gel-
free methods shifts the major workload in myelin proteome
analysis from manual sample handling to data analysis,
with much less hands-on time required when compared to
gel-based approaches.

Relative Abundance of CNS Myelin

Proteins

As MSE provides the best possible dynamic range (Figure 1E),
we evaluated the relative abundance of all 393 proteins identified
in myelin by MSE (Figure 2 and Supplementary Table S1).
As per this dataset PLP constitutes 38% of the total myelin
protein [£1% relative standard deviation (RSD)]. MBP, CNP,
and MOG constitute 30% (+1%), 5% (+0.2%), and 1%
(40.03%) of the total myelin protein, respectively (Figure 2).
However, the present assessment of CNS myelin by MSE
extends well beyond the most abundant myelin constituents,

thus quantifying known myelin proteins including the tetraspan-
proteins CLDN11, CD81, TSPAN2, PLLP, CD9, CD82, GPM6B,
and GJC3, the immunoglobulin-domain containing cell-surface
proteins MAG, NFASC, CNTNI1, RTN4, CNTN2, CADM4,
HEPACAM, JAM3, CD47, and OMG, the enzymes SIRT2,
CA2, and ASPA, the cytoskeletal and cytoskeleton-associated
proteins TUBB4, SEPT2, SEPT4, SEPT7, SEPTS, TPPP, ANLN,
GSN, CFL1, and PADI2 as well as MOBP, BCAS1, NDRGI,
opalin, and CRYAB (Figure 2). By MSE, 46 known myelin
proteins account for approximately 80% of the total myelin
protein (Figure 2). The remaining 27% is constituted by
347 proteins not yet validated as myelin constituents by
independent methods.

Comparison to Related Datasets

An increasing number of studies provides mRNA or protein
abundance profiles of myelin or oligodendrocytes. To
systematically compare the CNS myelin proteome with
these profiles, we correlated our MSF-dataset (Figure 2 and
Supplementary Table S1) via the gene name entries with
related datasets for which quantitative information is publicly
available (Figure 3).

We first plotted the present MSF and UDMSE-datasets
(Supplementary Table S1) against each other (Figure 3A).
Considering that the same starting material has been assessed
it is not unexpected that the datasets correlate well, as
reflected by a correlation coefficient of 0.90 (Figure 3A).
Most visibly diverging from the linear regression line are
the most abundant myelin proteins PLP, MBP, CNP, MOG,
and CLDN11, reflecting that the dynamic range of UDMSE
is compressed in the high ppm-range compared to that of
MSE (also see Figure 1E). We then compared the present
MSE-dataset with an independent myelin proteome dataset
previously established by MSF (Jahn et al., 2009). We calculated
a somewhat lower correlation coefficient of 0.74 (Figure 3B),
probably owing to the previous use of a predecessor mass
spectrometer generation that provided a considerably lower
dynamic range. Yet, in conjunction with the high overlap
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Others

PLP

FIGURE 2 | Relative abundance of CNS myelin proteins. Pie chart of the MSF dataset shown in Figure 1E and Supplementary Table S1. The relative abundance
of known myelin proteins is given as percent with relative standard deviation (% +RSD). Note that known myelin proteins constitute approximately 73% of the total
myelin protein; proteins so far not independently validated as myelin proteins constitute about 27%.

Protein % (+/- RSD) Protein % (+/- RSD)
O PLP1 37,91 0,91 £ cD9 0,06 0,03
B MBP 29,60 0,95 MW EPB41L2 0,06 0,01
E CNP 511 0,21 B CD82 0,06 0,01
O MOG 1,22 0,03 O GSN 0,05 0,01
W CLDN11 1,20 0,13 B CNTN2 0,05 0,00
® MOBP 0,70 0,13 B CADM4 0,05 0,00
O MAG 0,67 0,05 CENPP6 0,05 0,01
B SIRT2 0,49 0,03 M EPB41L3 0,04 0,00
Ecp8l 033 0,073 MELGI3 0,04 0,00
O TUBB4 0,23 0,051 [ECFL1 0,04 0,01
B BCAS1 0,20 0,02 EGPM6B 0,04 0,01
B NFASC 0,18 0,01 B PADI2 0,04 0,00
O CNTN1 0,16 0,02 O HEPACAM 0,04 0,01
B CA2 0,16 0,03 B SEPT2 0,03 0,00
E RTN4 0,11 0,02 H JAM3 0,03 0,00
O SEPT8 0,11 0,02 0 CD47 0,03 0,01
B TSPAN2 0,10 0,02 ETPPP3 0,03 0,00
B ASPA 0,10 0,07 EGPR37 0,03 0,00
O SEPT7 0,10 0,01 CJOPALIN 0,03 0,01
H TPPP 0,08 0,01 H OMG 0,02 0,01
| PLLP 0,08 0,01 B GJC3 0,02 0,00
O NDRG1 0,08 0,01 D CRYAB 0,02 0,00
E ANLN 0,07 0,01 O Others 27,1

® SEPT4 0,06 0,01

between the proteins identified in the present and the previous
study (Jahn et al., 2009) (Figure 1G), myelin proteome analysis
emerges as fairly robust across independently purified starting
material and different generations of mass spectrometers. We
next compared the MSE-dataset to the proteome of acutely
isolated O4-immunopositive oligodendrocytes (Figure 3C)
as determined by label-free quantification (LFQ) using data-
dependent acquisition (DDA) on an orbitrap mass spectrometer
and MaxQuant-software (Sharma et al., 2015). The O4-antibody
preferentially immunolabels oligodendrocytes at the progenitor
(OPC) and pre-myelinating stages (Sommer and Schachner,
1981; Bansal et al,, 1989; Goldman and Kuypers, 2015); the
correlation coefficient was calculated as 0.16 (Figure 3C).
A correlation coeflicient of 0.02 (Figure 3D) was found
when comparing the MSE-dataset with the LFQ-intensity
profile of Ol-immunopositive primary oligodendrocytes
after 4 days in vitro (DIV) (Sharma et al., 2015). The myelin
proteome as determined here is thus more closely related
to the proteome of acutely isolated O4-immunopositive
oligodendrocytes than to that of Ol-immunopositive primary
oligodendrocytes 4 DIV.

We then compared the MSE-dataset with various available
mRNA-abundance profiles. When comparing the MSE-dataset
to the transcriptome of purified CNS myelin as determined by
RNA-seq (Thakurela et al., 2016) we calculated a correlation
coefficient of 0.27 (Figure 3E). Interestingly, the comparison
between the MSF-dataset and the RNA-seq-based transcriptome
of oligodendrocytes immunopanned from the cortex using
antibodies against MOG (Zhang et al., 2014) revealed a roughly
comparable correlation coefficient of 0.31 (Figure 3F). Notably,
MOG-immunopositivity labels myelinating oligodendrocytes,

implying that the stage of oligodendrocyte differentiation must
be considered when judging dataset correlations. It is thus not
surprising that a somewhat lower correlation coeflicient of 0.10
(Figure 3G) was calculated when comparing the MSE-dataset
with the RNA-seq-based transcriptome of acutely isolated 04" -
oligodendrocytes (Sharma et al., 2015). Finally, we compared the
MSE-dataset to several scRNA-seq-based transcriptome datasets
(Zeisel et al., 2015; Marques et al., 2016; Falcio et al., 2018).
To this aim we calculated the mean transcript abundance as
average count reads per unique molecular identifier (UMI) of
the cells in those clusters that reflect mature oligodendrocytes.
When comparing the MSE-dataset to mature oligodendrocytes
sorted from the mouse cortex and hippocampus [all 484 cells
in clusters Oligo5 and Oligo6 in Zeisel et al. (2015)], we find
a correlation coeflicient of 0.24 (Figure 3H). Importantly, we
find a roughly similar correlation coefficient when comparing
the MSE-dataset to mature oligodendrocytes sorted from 10
regions of the mouse CNS [all 2748 cells in clusters MOL1-
MOL6 in Marques et al. (2016)] (Figure 3I) or to mature
oligodendrocytes sorted from the spinal cord of mice [all 617
cells in clusters MOL2-Ct and MOL5/6-Ct in Falcio et al.
(2018)] (Figure 3J).

Together, when judging correlations between large
datasets evaluating mRNA and protein abundance profiles
of oligodendrocytes and myelin, aspects to be considered
include the method of sample preparation, the stage of
oligodendrocyte differentiation and the methodology of analysis.
Yet, roughly similar correlation coeflicients were calculated
when comparing the myelin proteome with various proteomic
and transcriptomic approaches to the molecular profiles
of oligodendrocytes.
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FIGURE 3| Comparison of the myelin proteome with proteome and transcriptome profiles of myelin and oligodendrocytes. (A) Logo-transformed relative
abundance of the proteins identified in myelin in this study by MSE plotted against their log, -transformed relative abundance as quantified by UDMSE. Data points
representing known myelin proteins as specified in Figure 2 are labeled in blue; all other data points in gray. The correlation coefficient (r) was calculated for all
proteins identified by MSE (displayed in gray) and specifically for the known myelin proteins (given in blue). The regression line is plotted for orientation. ppm, parts
per milion. (B) Same as (A) but plotted against the myelin proteome as previously assessed by MSE (Jahn et al., 2009). (C) Same as (A) but plotted against the
proteome of acutely isolated O4-immunopositive oligodendrocytes (Sharma et al., 2015). LFQ, label-free quantification. (D) Same as (A) but plotted against the
proteome of O1-immunopositive primary oligodendrocytes cultured for 4 days in vitro (DIV) (Sharma et al., 2015). (E) Same as (A) but plotted against the
RNA-seg-based transcriptome of myelin purified from the brains of mice (Thakurela et al., 2016). FPKM, fragments per kilobase of exon model per million reads
mapped. (F) Same as (A) but plotted against the RNA-seg-based transcriptome of oligodendrocytes immunopanned using MOG-specific antibodies (Zhang et al.,
2014). (G) Same as (A) but plotted against the RNA-seq-based transcriptome of acutely isolated O4-immunopositive oligodendrocytes (Sharma et al., 2015). RPKM,
reads per kilobase per million mapped reads. (H) Same as (A) but plotted against the scRNA-seqg-based transcriptome of mature oligodendrocytes in the mouse
cortex and hippocampus [mean of all 484 cells in clusters Oligo5 and Oligo6 in Zeisel et al. (2015)]. UMI, unique molecular identifiers. (I) Same as (A) but plotted
against the scRNA-seqg-based transcriptome of mature oligodendrocytes in 10 regions of the mouse CNS [mean of all 2748 cells in clusters OL1 — OL6 in Marques
et al. (2016)]. (J) Same as (A) but plotted against the scRNA-seg-based transcriptome of mature oligodendrocytes in the mouse spinal cord [mean of all 617 cells in

clusters MOL2-Ct and MOL5/6-Ct in Falcao et al. (2018)].

Persistence of the Myelin Proteome
Upon Post-mortem Delay

Autopsy material from human patients and healthy-appearing
controls is increasingly evaluated by systematic molecular
profiling, as exemplified by the recent snRNA-seq-based
assessment of oligodendroglial transcriptional profiles in
multiple sclerosis patients (Jakel et al., 2019). Notably, the use
of autopsy material involves a post-mortem delay between the
death of a subject and the collection of a biopsy. However,
post-mortem delay may affect sample integrity and thus data
validity. Considering that proteomic analysis of myelin in mice
is usually performed upon freezing of samples immediately
after dissection, we asked whether the myelin proteome can
also be assessed upon post-mortem delay. We thus purified
myelin from the brains of c¢57Bl/6N-mice to compare the
myelin proteome between mice after a post-mortem delay
of 6 h at room temperature with that of mice upon sample
freezing immediately after dissection. Upon SDS-PAGE-
separation and silver staining, no signs of major degradation
were evident and the band patterns appeared essentially
similar (Figure 4A). We next subjected myelin to routine
differential proteome profiling by UDMS® with dynamic range
enhancement (DRE-UDMSE) (Supplementary Table S2). Using
this data acquisition mode with intermediate features as to
identification rates and dynamic range (for methodological
details see Siems et al., 2020) we found that known myelin
proteins displayed only minor differences as visualized in a
volcano plot (red data points in Figure 4B) and a heatmap
(Figure 4C). Indeed, no known myelin protein exceeded the
threshold of a log,-fold transformed fold-change (FC) of
—1/+1, ie., a 2-fold increased or 0.5-fold diminished relative
abundance. Together, the myelin proteome displays only minor
changes upon a post-mortem delay of 6 h, implying that
proteomic assessment of myelin purified from autopsy samples
appears feasible.

DISCUSSION

Understanding the molecular complexity of the nervous
system involves molecular profiling of cells and cellular
specializations including myelin. Here we combined various

proteomic approaches for comprehensive coverage of the
CNS myelin proteome and identified 1155 proteins in myelin
biochemically purified from the brains of mice. We note that
gel-based methods involving separation at the protein level
facilitated a slightly higher identification rate compared to
gel-free methods comprising in situ-digestion of the entire
proteome, likely because of the pre-fractionation effect inherent
to the former. On the other hand, gel-free data acquisition
by UDMSE also enabled deep qualitative coverage while
necessitating considerably less input material and manual
sample handling.

Importantly, the MSE-data acquisition mode covered
a dynamic range of over four orders of magnitude of protein
abundance. Indeed, compared to a previous approach (Jahn et al.,
2009) the technical advancements implemented in the current
mass spectrometer generation now allow reliable quantification
of myelin proteins spanning from the exceptionally abundant
PLP and MBP to low-abundant constituents including
oligodendrocyte myelin glycoprotein (OMG) (Wang et al,
2002), oligodendrocytic myelin paranodal and inner loop protein
(OPALIN) (Golan et al., 2008; Kippert et al., 2008) and the
G-protein coupled receptor GPR37 (Yang et al., 2016). For PLP,
MBP and CNP our quantification is in accordance with but
specifies prior estimates based on 1D-gel separation and various
protein staining techniques, in which they were proposed to
constitute 30-45%, 22-35%, and 4-15% of the total myelin
protein, respectively (Morell et al., 1972, 1973; Banik and Smith,
1977; Deber and Reynolds, 1991). Notably, it also shifts our
previous MSE-based estimates for PLP and MBP (Jahn et al.,
2009) toward higher relative abundance, with the lower dynamic
range of the mass spectrometers at that time being the most
likely reason for the former under-quantification. It is not
surprising that PLP, MBP, and CNP have overshadowed less
abundant myelin constituents in initial gel-based approaches
when considering the exceptional dynamic range of the
relative abundance of myelin proteins. Together, the myelin
proteome provided here provides an updated comprehensive
compendium and re-adjusts the relative abundance of CNS
myelin proteins.

Do true myelin proteins exist that escape proteomic
identification? As exemplified by myelin and lymphocyte protein
(MAL) (Schaeren-Wiemers et al., 2004), the tryptic digest of
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FIGURE 4 | Persistence of myelin proteins upon post-mortem delay. (A) Myelin purified from the brains of mice at P56 was separated by SDS-PAGE (0.5 pg protein
load) and proteins were visualized by silver staining. Myelin of brains frozen upon a post-mortem delay of 6 h at room temperature was compared with myelin of
brains frozen immediately upon dissection (Ctrl). Note the similar band pattern. Gel shows n = 3 biological replicates per condition. (B) Volcano plot representing
differential proteome analysis by DRE-UDMSE to compare myelin purified from brains upon post-mortem delay with myelin of brains immediately frozen upon
dissection. For entire dataset see Supplementary Table S1. Data points represent proteins quantified in myelin purified from mouse brains frozen after a
post-mortem delay of 6 h at room temperature compared to immediately frozen brains and are plotted as the logs-transformed fold-change (FC) on the x-axis
against the —log+-transformed g-value on the y-axis. Vertical stippled lines mark a 2-fold/0.5-fold change (FC) as significance threshold. Horizontal stippled line
represents a —log1p-transformed g-value of 1.301, reflecting a g-value of 0.05 as significance threshold. Data points highlighted in red represent known myelin
proteins as specified in Figure 4C. Note that no known myelin protein exceeds the fold-change significance threshold. (C) Heatmap displaying known myelin
proteins as highlighted by the red data points in Figure 4B. Heatmap shows reduced (blue) or increased (red) abundance in myelin purified from brains after
post-mortem delay. Each horizontal line corresponds to the fold-change (FC) of a distinct myelin protein compared to its average abundance in control myelin plotted
on alogy color scale. Heatmap displays 6 replicates, i.e., three biological replicates per condition (M1, M2, M3) with two technical replicates each.
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TABLE 1 | Comparison of proteins identified in CNS myelin and disease genes associated with white matter pathology.

Protein name Gene symbol OMIM# Gene Locus Disease

Aldehyde dehydrogenase 3a2 ALDH3A2 609523 17p11.2 Sjogren-Larsson Syndrome
Aspartoacylase ASPA 608034 17p13.2 Canavan disease

Atlastin GTPase 1 ATL1 606439 14922.1 SPG 3A

Cathepsin D CTSD 610127 11p15.5 Ceroid lipofuscinosis
Contactin-associated protein 1 CNTNAP1T 602346 17921.2 LCCS 7

Cyclic nucleotide phosphodiesterase CNP 123830 17021.2 HLD

Dynamin 2 DNM2 602378 19p13.2 LCCS 5

Endoplasmic reticulum lipid raft-associated protein 2 ERLIN2 611605 8p11.23 SPG 18

Glial fibrillary acidic protein GFAP 137780 17921.31 Alexander disease
Glutamate-Ammonia ligase GLUL 138290 1925.3 Glutamine-deficiency, congenital
Heat-shock 60-kD protein 1 HSPD1 118190 2033.1 HLD 4, SPG 13

Hepatocyte cell adhesion molecule HEPACAM 611642 11924.2 MLC 2

Junctional adhesion molecule 3 JAM3 613730 11925 HDBSCC

Magnesium transporter NIPA1 NIPA1 608145 15011.2 SPG 6

Monoacylglycerol lipase ABHD12 ABHD12 613599 20p11.21 PHARC

Myelin basic protein MBP 159430 18023 18q deletion syndrome
Myelin-associated glycoprotein MAG 159460 19913.12 SPG 75
Myelin-oligodendrocyte glycoprotein MOG 159465 6p22.1 Narcolepsy 7

Neurofascin NFASC 609145 1932.1 NEDCPMD

Phosphoglycerate dehydrogenase PHGDH 606879 1pi12 PHGDH deficiency, NLS 1
Phosphoserine aminotransferase 1 PSAT1 610936 90g21.2 PSAT deficiency, NLS 2
Prosaposin PSAP 176801 10g22.1 Metachromatic Leukodystrophy
Proteolipid protein PLP1 300401 Xqg22.2 Pelizaeus-Merzbacher disease, SPG 2
Transmembrane protein 63a TMEMG63A 618685 1942.12 HLD 19

Tubulin beta 4a TUBB4A 602662 19p13.3 Dystonia 4, HLD 6

Proteins listed fulfill three criteria: (1) mass spectrometric identification in purified CNS myelin, (2) transcript expression in oligodendrocytes and (3) gene mutations
associated with diseases involving pathology of myelin or the white matter. For some of the proteins with additional expression in astrocytes, microglia or neurons it is
presently unknown whether loss/gain of function in oligodendrocytes is causative of the disease. HLD, Hypomyelinating Leukodystrophy, SPG, Spastic Paraplegia;, LCCS,
Lethal Congenital Contracture Syndrome; MLC, Megalencephalic leukoencephalopathy with subcortical cysts;, NLS, Neu-Laxova syndrome; HDBSCC, Hemorrhagic
destruction of the brain, subependymal calcification and cataracts; PHARC, polyneuropathy, hearing loss, ataxia, retinitis pigmentosa and cataract;, NEDCPMD,

neurodevelopmental disorder with central and peripheral motor dysfunction.

some myelin proteins may result in peptides incompatible with
mass spectrometric detection; their identification would require
the use of proteases other than trypsin. We also note that
some low-abundant signaling proteins with potent functions in
regulating myelination may be assumed to localize to myelin
in vivo but were not mass spectrometrically identified, as
exemplified by the G-protein coupled receptors GPR17 (Chen
et al, 2009) and GPR56/ADGRG1 (Ackerman et al., 2015;
Giera et al., 2015) and the Ig-domain containing LINGO1 (Mi
et al., 2005). It is currently speculative if these proteins are
preferentially expressed in oligodendroglial cell bodies rather
than myelin membranes or during the stages of oligodendrocyte
differentiation that precede myelination. It is also speculative if
enhanced mass spectrometric sensitivity would facilitate their
identification in myelin. Indeed, we can not formally exclude
that these proteins may be identified if less rigorous criteria
were applied (e.g., demanding only one peptide per protein),
which may be sufficient for identification but not for the
reliable quantification of proteins as aimed at in the present
study. Importantly, however, lower stringency may not only
identify more true myelin constituents but also false-positive
hits. This is a concern, in particular when considering that the
myelin-enriched fraction may comprise up to 5% contaminants

from other cellular sources (De Monasterio-Schrader et al., 2012).
We note that currently no biochemical method is available
that allows preventing this limitation. Yet, comparing various
datasets yields systematic information, for example on the
presence of a transcript in oligodendrocytes as expected for a
CNS myelin protein.

Mutations affecting genes that encode classical myelin
proteins including PLP, CNP, MAG, TUBB4, and ASPA
cause severe neurological disorders including hypomyelinating
leukodystrophies (HLD) and spastic paraplegias (SPG) (Kaul
et al, 1993; Saugier-Veber et al, 1994; Simons et al., 2013;
Lossos et al.,, 2015; Al-Abdi et al., 2020) (Table 1). However,
current sequencing efforts also identify disease-causing genes
that encode less well-characterized proteins. Notably, most
types of leukodystrophies and spastic paraplegias are caused by
mutations affecting genes of which the transcripts are enriched
in neurons, astrocytes or microglia rather than oligodendrocytes
(Nave and Werner, 2014; van der Knaap et al., 2019). For newly
identified disease genes, thus, evaluating mRNA-expression using
transcriptome datasets and presence of the protein in myelin
using the present myelin proteome resource may serve as
a useful entry point into identifying the primarily affected
cell type. For example, mutations of the HSPDI gene cause
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HLD4 or SPG13 (Hansen et al, 2002; Magen et al,
2008) and mutations of the TMEM63A gene cause
HLD19 (Yan et al, 2019) (Table 1). Considering that
both transcripts are expressed in oligodendrocytes as per
transcriptome datasets and both proteins are comprised in
the myelin proteome, the disease mechanisms may involve
primary impairment of the biogenesis, maintenance or
functions of myelin.

Dysfunctions of oligodendrocytes and myelin contribute to
the neuropathology in a growing number of neurodegenerative
disorders and their respective mouse models, including
Rett syndrome (Nguyen et al, 2013), amyotrophic lateral
sclerosis (Kang et al., 2013), Down syndrome (Olmos-Serrano
et al, 2016), Alzheimer’s disease (Nasrabady et al, 2018)
and multiple sclerosis (Factor et al, 2020). Considering
that molecular assessments now frequently involve autopsy
material, it is motivating that our data imply that myelin
proteome analysis appears well possible post-mortem, at
least up to a 6 h delay. A systematic understanding of the
abundance profiles of all myelin proteins in the healthy
brain and in myelin-related disorders may contribute to
comprehending myelin-related physiology and pathophysiology.
Myelin proteome analysis as pursued here provides a
basis for addressing possible proteomic heterogeneity of
myelin in dependence of CNS region, age and species, as
well as in mouse models and human patients with white
matter disorders.
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Myelin facilitates the fast transmission of nerve impulses and provides metabolic support
to axons. Differentiation of oligodendrocyte progenitor cells (OPCs) and Schwann cell
(SC) precursors is critical for myelination during development and myelin repair in
demyelinating disorders. Myelination is tightly controlled by neuron-glia communication
and requires the participation of a wide repertoire of signals, including neurotransmitters
such as glutamate, ATP, adenosine, or y-aminobutyric acid (GABA). GABA is the main
inhibitory neurotransmitter in the central nervous system (CNS) and it is also present in
the peripheral nervous system (PNS). The composition and function of GABA receptors
(GABARs) are well studied in neurons, while their nature and role in glial cells are still
incipient. Recent studies demonstrate that GABA-mediated signaling mechanisms play
relevant roles in OPC and SC precursor development and function, and stand out the
implication of GABARs in oligodendrocyte (OL) and SC maturation and myelination.
In this review, we highlight the evidence supporting the novel role of GABA with an
emphasis on the molecular identity of the receptors expressed in these glial cells
and the possible signaling pathways involved in their actions. GABAergic signaling
in myelinating cells may have potential implications for developing novel reparative
therapies in demyelinating diseases.

Keywords: GABA, GABA receptor, oligodendrocyte, Schwann cell, differentiation, myelination

INTRODUCTION

Glial cells express a vast repertoire of receptors and transporters for neurotransmitters and
neuromodulators and respond to axonal signals, being key and active elements of the nervous
system (Allen and Lyons, 2018). In vertebrates, oligodendrocytes (OLs) and Schwann cells
(SCs) are the myelin-forming glia of the central nervous system (CNS) and peripheral
nervous system (PNS), respectively. These cells are responsible for myelin building and
maintenance, a function highly regulated by neuronal activity (Gibson et al., 2014; Mitew
et al, 2018). Myelin speeds up nerve impulse propagation and provides metabolic and
trophic support to axons (Nave and Trapp, 2008; Kidd et al, 2013; Philips and Rothstein,
2017). Thus, myelination represents the major function of these cells, although they carry
it out with some differences; while OLs can myelinate multiple axons simultaneously, each SC
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wraps one single axon (Jessen and Mirsky, 2005; Nave and Trapp,
2008). Regarding their specific characteristics, oligodendroglial
cells represent a highly diverse and specialized cell population
(Marques et al, 2016). Mature myelinating OLs develop
from glial precursors named oligodendrocyte progenitor cells
(OPCs), which constitute the main proliferating cell type in
the adult CNS (Dawson et al., 2003). On the other hand, SCs
derive from SC precursors, which differentiate into immature
SCs. These immature SCs can generate both myelinating
and non-myelinating SCs (or Remak glia) according to PNS
requirements, like the presence of specific signals in the
microenvironment and the diameter of axons in their vicinity
(Jessen and Mirsky, 2005, 2019; Kidd et al., 2013).

Differentiation of OPCs and SC precursors is necessary for
remyelination in demyelinating diseases like multiple sclerosis
(MS) and myelin formation in dysmyelinating diseases such as
leukodystrophies in the CNS or Charcot-Marie Tooth in the PNS.
In this regard, understanding the mechanisms of action involved
in this complex neuron-glia crosstalk will help us in the search
for new therapeutic approaches in these pathologies.

Neuronal activity and several signals such as transcriptional
and growth factors, axonal ligands, hormones, extracellular
matrix components or neurotransmitters regulate OPC/SC
precursor differentiation and myelination. Among them,
GABAergic signaling has attracted great interest in the last years
(Procacci et al., 2013; Zonouzi et al., 2015; Arellano et al., 2016;
Hamilton et al., 2017; Serrano-Regal et al., 2020).

GABA, which is present both in the CNS and PNS, exerts
an excitatory role during development to modulate neuronal
growth and synapse formation (Ben-Ari, 2002). It acts mostly
through ionotropic GABA, (GABAsRs) and metabotropic
GABAGg receptors (GABAgRs) that are well described in neurons
but not yet fully characterized in myelinating cells. Although the
expression of GABA receptors (GABARs) in OL/SC precursor
lineages is widely documented (von Blankenfeld et al., 1991;
Williamson et al., 1998; Magnaghi et al., 2004; Luyt et al., 2007;
Arellano et al.,, 2016; Serrano-Regal et al., 2020), their role in
differentiation and myelination is a matter of ongoing research.

In this review, we recapitulate recent evidence about
GABA, and GABAjg receptor expression and function in
oligodendroglial and SCs, together with the implication of
the GABAergic signaling in OPC/SC differentiation and
myelination. Furthermore, we discuss possible signaling
pathways involved in these events and their relevance
to develop new therapies to treat demyelinating and
dysmyelinating diseases.

EXPRESSION OF GABARs IN
OLIGODENDROGLIAL AND SCHWANN
CELLS

GABA\ Receptors

GABAARs are integral membrane ion channels—permeable
to CI~ and HCO3~ anions—composed of five subunits that
mediate the major form of fast inhibitory neurotransmission
in the CNS (Olsen and Sieghart, 2008; Doyon et al., 2016).
There are, at least, 19 distinct GABAAR subunit genes, which

include 6 o (al-a6), 3 B (B1-B3), 3 y (y1-y3), 3 p (pl-
p3), and 1 gene of the respective §, ¢, 6, and m subunits
(Sieghart and Savi¢, 2018). This diversity results in different
homomeric or heteromeric subunit combinations that may have
specific locations in the CNS, particular pharmacology, and,
consequently, distinctive functional characteristics (Vogt, 2015).
The subunit profile that forms GABAsRs depends on several
factors including brain region, cell type, developmental stage, and
physiological or pathophysiological conditions (Levitan et al.,
1988; Seeburg et al., 1990; Waldvogel and Faull, 2015). Currently,
11 GABAAR subtypes with different subunit combinations have
been identified, being most of them heteromeric receptors
formed by axBxyx or axpxd (where x represents any subtype
of a given subunit; Figure 1A), whereas others are homomeric
receptors formed by p subunits (Barnard et al., 1998).

Oligodendroglial Cells

Activation of GABAARs is relevant for the modulation of
myelinating cell physiology (Magnaghi, 2007; Vélez-Fort et al,,
2012), however, the specific subunit composition of GABA4Rs
expressed in these cells remains unknown. Electrophysiological
recordings in OPCs and OLs reveal differences between the
response of the GABAAR expressed in these cells and those
expressed in neurons and astrocytes (Table 1), suggesting
the presence of a novel GABAJR subtype with unique
stoichiometry in the oligodendroglial lineage (von Blankenfeld
et al, 1991; Williamson et al., 1998; Vélez-Fort et al., 2012;
Arellano et al., 2016).

von Blankenfeld et al. (1991) suggested that GABAARs in
murine OPCs and OLs carry a y subunit required to form the
benzodiazepine binding site, as they observed potentiation of
the GABA response in these cells with classic benzodiazepines.
Moreover, the inverse agonist B-carboline methyl 4-ethyl-6,7-
dimethoxy-9H-B-carboline-3-carboxylate (DMCM) reduced the
GABA-induced current responses in oligodendroglial cells,
unlike what happens in astrocytes. Contrary to that, Williamson
etal. (1998) reported no influence of flunitrazepam or DMCM in
the response elicited by GABA in rat-derived OPCs, indicating
an absence of the y subunit in the GABAsRs expressed by
these cells. This observation was supported by the inhibitory
effect of Zn**, which is characteristic of receptors that lack the
y2 subunit. RT-PCR analyses conducted in the same study did
not find expression of y2, al, a6, and § subunit mRNAs in OPCs.
Although amplification of other subunits was demonstrated, the
results were interpreted with caution since the preparation was
85% pure for OPCs and the presence of GABARs from other
cell types could not be excluded. In a third study conducted by
Bronstein et al. (1998), the GABA response of an immortalized
murine glial cell line that expresses mature myelin proteins was
insensitive to diazepam and sensitive to Zn**, reinforcing the
idea of y-subunit absence.

Later, Passlick et al. (2013) reported the expression of two
types of GABAARs in hippocampal NG2 cells from juvenile
mice by functional and pharmacological analyses and single-cell
RT-PCR. NG2 cells from this brain area express, on the one
hand, postsynaptic GABAsRs comprised of a combination of
al, a2, B3, y1, and y2 subunits and, on the other hand, they
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have extrasynaptic GABAsRs mostly lacking the y2 subunit
(Figure 1B).

Our studies of GABAAR responses conducted in cultured
immature OLs from the rat forebrain and mature OLs from
the optic nerve showed that these cells are diazepam-sensitive,
suggesting once more the presence of a y subunit (Arellano
et al., 2016). This positive modulation by benzodiazepines
was observed when using low GABA concentrations (<ECj),
which may explain the discrepancies with previous studies.
Concerning the specific subtype of y subunit, two observations
indicate that y2 may not contribute to oligodendroglial
GABA,Rs: (1) Zn** blocks GABA responses; and (2) indiplon,
a positive allosteric modulator acting on y2 subunit-containing
receptors, does not modulate GABA currents. Therefore,
these receptors likely contain either yl or y3 subunit
(Arellano et al., 2016).

Regarding B subunits, potentiation of the GABA response
by loreclezole suggests the presence of B2 or B3 subunits, since
B1 subunit-containing receptors are insensitive to this drug
(Arellano et al.,, 2016). Finally, concerning o subunits, a3 is
the most likely candidate because it forms receptors with low

sensitivity to GABA (Karim et al., 2013), as it is the case of OLs
(ECsg between 70 and 100 wM).

Together, these pharmacological studies suggest that
the composition of the GABAAR expressed in rat-derived
oligodendroglial cells is a combination of the a3, f2 or 3,
and yl or y3 subunits (Figure 1B). Also, we confirmed the
expression of the a3 subunit by immunocytochemistry in
cultured OLs (Arellano et al., 2016). These observations are
supported by previous functional genomic analyses performed
in OLs (Cahoy et al., 2008). Moreover, RNA sequencing (RNA-
Seq) transcriptional analyses of purified NG2 cells obtained from
P17 mice revealed that the a3 subunit is the most expressed
a-subtype, while among B subunits, 3 and 2 are much more
abundant than B1. Lastly, y1 is expressed at much higher levels
than y2 and y3 (Larson et al., 2016).

An important factor for the diversity of GABAaRs
expressed and the subunits involved in their conformation
will undoubtedly be the species. For example, regarding
humans, a recent study of the GABA,R-subunit expression
in OPCs isolated from the middle temporal gyrus of healthy
adults—based on the single-nucleus RNA-Seq analysis by Hodge
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TABLE 1 | Pharmacological properties of neuronal and oligodendroglial GABAARS.

Neurons
Drug Synaptic (axpxy2) Extrasynaptic (oexpx$) Oligodendroglial cells
GABA Low ECso 1-30 uM Low ECs0 0.5 nM-10 uM High ECsp 70-100 pM
(Gibbs et al., 1996; Baur and Sigel, (Brown et al., 2002; Wallner et al., (Williamson et al., 1998; Arellano
2003; Mortensen et al., 2012) 2003; Mortensen et al., 2012) et al., 2016)
THIP No effect + No effect
(Mortensen et al., 2010) (Brown et al., 2002; Meera et al., (Arellano et al., 2016)
2011)
Zn?* Low or No effect - -
(Hosie et al., 2003) (Carver et al., 2016) (Bronstein et al., 1998; Passlick
et al., 2013; Arellano et al., 2016)
g-CCB — or No effect No effect +
(Pena et al., 1986; (Jiménez-Gonzélez et al., 2011) (Arellano et al., 2016;
Cisneros-Mejorado et al., 2020) Cisneros-Mejorado et al., 2020)
DMCM — — —
(Pefa et al., 1986) (Brown et al., 2002) (von Blankenfeld et al., 1991;
Arellano et al., 2016)
Diazepam + No effect +
(Walters et al., 2000; Goodkin and (Goodkin and Kapur, 2009) (von Blankenfeld et al., 1991;
Kapur, 2009) Passlick et al., 2013; Arellano et al.,
2016)
Indiplon + No effect No effect
(Petroski et al., 2006) (Michelsen et al., 2007) (Arellano et al., 2016)
Flunitrazepam + No effect +

Loreclezole

(Goodkin and Kapur, 2009)

*

+
(Wingrove et al., 1994)

(Goodkin and Kapur, 2009)

*

+
(Wingrove et al., 1994)

(von Blankenfeld et al., 1991;
Arellano et al., 2016)

+

(Arellano et al., 2016)

(+) Potentiator/agonist; (=) Inhibitor; (*) B2 or B3 subunit required.

et al. (2019)—showed that OPCs from this brain area express
high mRNA levels of a3, all f subunits, y2 and, interestingly,
the ¢ subunit (Figure 2). These mRNAs, if translated and
incorporated into functional receptors, would increase the
variety of potential configurations and may have important
functional and pharmacological consequences (Jones and
Henderson, 2007; Bollan et al., 2008; Belujon et al., 2009).

Schwann Cells

GABA -type receptors are relevant to SC physiology (Magnaghi
et al, 2001, 2006). However, their pharmacological and
functional properties, as well as their molecular identity, are not
clear. GABA 4R subunit composition in rat-derived cultured SCs
includes a2 and a3, as well as the three f subunits, while mRNAs
of al and y2 subunits have been found at much lower levels
(Magnaghi et al., 2006; Figure 1C). Moreover, the presence of a2,
a3, and B3 proteins were confirmed by immunocytochemistry.
Alpha-2 and B3 subunits are also expressed in SC-like adult
stem cells derived from bone marrow or adipose tissue, as
their levels are upregulated following SC differentiation in vitro
(Faroni et al., 2012). Also, GABAAR stimulation with muscimol
increases the proliferation rate of SCs, meaning that GABAergic
signaling has an important role in these cells (Magnaghi et al.,
2006). However, despite these important findings, there is still
little knowledge about the specific composition of GABAARs
expressed in differentiated SCs.

GABAg Receptors

GABAGgRs are G-protein coupled receptors (GPCRs) responsible
for the slower and prolonged GABA-mediated inhibitory

transmission. They were first described pharmacologically
as bicuculline-insensitive metabotropic receptors that were
activated by the GABA analog baclofen (Bowery and Hudson,
1979; Hill and Bowery, 1981). Functional GABApRs are
heterodimers constituted by two receptor subunits, GABAg; and
GABAGg;, that cooperate to perform signal activation (Kaupmann
etal., 1998; Kuner et al.,, 1999). GABAg; is responsible for ligand
binding, while GABAp, contains binding sites for allosteric
modulators (Galvez et al., 2001; Binet et al., 2004), couples with
Gi/o-protein, and is necessary for trafficking the heterodimer to
the cell surface, where the receptor becomes active (Calver et al.,
2000; Couve et al.,, 2000). Among the effector elements involved
in GABAgR signaling pathways in neurons are voltage-gated
Ca** channels (VGCC), inwardly-rectifying potassium channels
(Kir) and adenylyl cyclase (AC; Bowery et al., 2002; Bettler et al.,
2004; Figure 3). However, the specific coupling of GABAgRs to
the molecular effector may differ depending on the cell type and
region analyzed (Booker et al., 2018).

Oligodendroglial Cells

Myelinating cells express both subunits of GABAgRs, which are
negatively-coupled to AC (Magnaghi et al., 2004; Luyt et al,
2007). However, their functional characteristics are not as well
known as in the case of neurons. Regarding oligodendroglial
cells, we recently confirmed by immunocytochemistry and
RT-qPCR the expression of GABAp; and GABAg, subunits
in OPCs and OLs from the rat cerebral cortex and in OLs
from the optic nerve (Serrano-Regal et al, 2020). We also
performed calcium imaging assays and electrophysiological
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FIGURE 2 | The fractional contribution (FC) of GABAAR subunits in human
oligodendrocyte progenitor cells (OPCs). Normalized gene expression levels
for all 19 GABAAR subunits expressed as a percentage (mean + S.E.M.) of
the total available pool of MRNA for GABAARs in OPCs (PDGFRa* cells) from
human brains, estimated from publicly available datasets (Hodge et al., 2019;
https://celltypes.brain-map.org/rnaseq). The single-nucleus analysis used
normalized RNA-Seq datasets from the middle temporal gyrus isolated from
six subjects with no known neuropsychiatry or neuropathological history
(three males and three females; 35-66 years old). Gene expression level in
each dataset was transformed into FC (Sequeira et al., 2019). FC is defined
as the percentage of the expression level of each subunit gene (signaled in
the “y” axis) to the sum of the 19 genes for GABAARs subunits within each
human/cell. Detailed demographic characteristics, as well as technical white
papers for data processing and quality control, can be downloaded from the
same site. Confirmatory analysis of OPC markers enrichment and lack of
neuronal markers were performed for all datasets.

recordings in these cells and observed that baclofen does not
modify their response to KCl 50 mM, calcium influx, and
Kir currents. These results strongly suggest that GABAgRs in
oligodendroglial cells are not coupled to Ca?* and Kir channels
in the same manner as in other cell types (Serrano-Regal et al.,
2020). Likewise, GABAgRs from CA1 somatostatin interneurons,
unlike pyramidal neurons, are not coupled to the canonical
Kir3 signaling cascade (Booker et al.,, 2018), which suggests a
functional diversity of downstream effectors depending on cell
type and location, and warrants the need of exploring these
features in OLs as well as in SCs.

Charles et al. (2003) did not find any colocalization of
GABAg; subunit and MBP expression in myelinating OLs
in the white matter of the rat spinal cord and suggested
that GABAgR expression in developing OLs decreases during
differentiation. Following this, Luyt et al. (2007) observed
downregulation of the GABAg; subunit in mature OLs from

the mouse periventricular white matter, while the expression
of GABAjp, remained constant. As they reported changes
in GABAg;/GABApg, ratios in mature OLs, they raised the
possibility that one subunit alone or in combination with another
protein could make GABAgR functional in different cell types
(Calver et al.,, 2000; Luyt et al., 2007). In contrast, our recent
results show that cultured oligodendroglial cells from the rat
forebrain and mature OLs from the optic nerve express GABAg;
and GABAgp, subunits at different stages of maturation, as well as
mature OLs from the juvenile and adult rodent corpus callosum
in vivo (Serrano-Regal et al., 2020). These discrepancies can be
explained by the different regions analyzed, as GABAg;/GABAg;
expression exhibits important regional variations (Luyt et al.,
2007). Since oligodendroglial cells are extremely diversified, the
different cells targeted in these studies may correspond to distinct
oligodendroglial and OPC subpopulations (Marques et al., 2016;
Spitzer et al., 2019; Marisca et al., 2020).

Schwann Cells
SCs also express different isoforms of the GABAgR, such as -1a,
-1b, -1c, and -2 (Magnaghi et al., 2004, 2006).

Downregulation of GABAgR expression occurs in pre-
and non-myelinating SCs (Corell et al.,, 2015). Neurosteroids
modulate the expression of GABAgR subunits in cultured SCs
and, as GABAgR is downregulated with age in the PNS, the
GABA synthesized in the adult sciatic nerve acts through
the ionotropic GABAAR, present both in neurons and SCs
(Magnaghi et al., 2006). Interestingly, the conditional knockout
of the GABAg; subunit in SCs changes the expression of
GABA4R subunits a3, a4, Bl, and § (Faroni et al., 2019),
suggesting that GABAgRs in these cells regulate somehow the
expression of GABA A Rs and/or their subunits.

Opverall, more detailed analyses such as single-cell RNA-seq
would help to better figure out the expression of GABAg; and
GABAGg; subunits along the oligodendroglial and SC lineages.

POTENTIAL GABA SYNTHESIS AND
RELEASE IN MYELINATING CELLS

Although GABAergic neurons are the main source of GABA
(especially in the CNS), GABA synthesis also occurs in glial cells
(Seiler et al., 1979; Angulo et al., 2008; Héja et al., 2012). Two
potential pathways for GABA synthesis have been described in
brain-derived glial cells. GABA is mainly produced through the
classical pathway as a result of glutamate decarboxylation by
the glutamic acid decarboxylase (GAD) enzymes (Roberts and
Frankel, 1950). In neurons, the two isoforms of GAD—GADss
and GADg;—differ in their catalytic and kinetic properties
and their subcellular distribution (Kaufman et al., 1991).
Also, GABA can be synthesized from the monoacetylation
of putrescine with the participation of the monoamine
oxidase B (MAOg) enzyme in the non-classical pathway
(Seiler et al., 1973).

Consistent with an RNA-seq transcriptome and splicing
database (Zhang et al, 2014), oligodendroglial cells express
gadl, gad2, and maob mRNAs. GADg; mRNA (gadl) is greatly
expressed by OPCs, although its levels decrease notably as they
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FIGURE 3 | Possible signaling pathways downstream GABARs leading to myelination. Activation of the Gi/o-linked GABAgR may reduce CREB phosphorylation as
it is negatively coupled to adenylyl cyclase (AC; Luyt et al., 2007). Alternatively, it may also induce CREB phosphorylation possibly via activation of PLCg/FAK/PKC or
MAPK cascades, as observed in neurons (Carlezon et al., 2005; Zhang et al., 2015). Moreover, activation of GABAgR leads to Src phosphorylation (Serrano-Regal
et al., 2020) that could ultimately induce CREB activation. Phosphorylation of Src may also lead to Akt phosphorylation via PISK as observed earlier (Barati et al.,
2015), and contribute to a positive feedback loop with p88MAPK (Mugabe et al., 2010; Lin et al., 2015), which is involved in myelination (Fragoso et al., 2003, 2007).
On the other hand, the GABAg+ subunit of GABAgR might be sequestered by phosphatases like PP2A (as occurs in some neurons), a mechanism that blocks its
activity and can be reverted by high intracellular Ca2* levels (Li et al., 2020). Finally, the GABAAR allosteric modulator ALLO regulates Schwann cell (SC) myelination
via Src-FAK signaling, involving cytoskeleton reorganization (Melfi et al., 2017).

differentiate into mature myelinating OLs. However, gad2 is  oligodendroglial cells at 1, 3, and 6 days in vitro (Serrano-Regal
expressed to a lesser extent throughout the oligodendroglial et al., 2020). Similarly, we verified the expression of the MAOg
lineage. Regarding maob, OPCs and myelinating OLs express  enzyme in these cells at the same time points. These results
higher levels than newly formed or immature OLs (Zhang et al.,  indicate that cultured oligodendroglial cells may synthesize
2014). Accordingly, we confirmed the presence of GADgs/67 by ~ GABA by the two alternative pathways mentioned above. Indeed,
immunocytochemistry and western blot in rat-derived cortical ~we found GABA immunostaining in cortical and optic-nerve
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derived oligodendroglial cells at different stages of maturation
(Serrano-Regal et al., 2020). Possibly, GABA is synthesized by
one pathway or another depending on the stage of maturation
of the cells, as GABA may have different roles in OPCs vs.
mature OLs.

GADg; is present in SCs and its levels increase in the
presence of the progesterone metabolite allopregnanolone
(ALLO; Magnaghi et al, 2010). Moreover, Corell et al
(2015) demonstrated the presence of GABA and GADgs/67 in
premyelinating and non-myelinating SCs. These findings show
that SCs both produce and store GABA.

Together, these observations indicate that OLs and SCs
synthesize and store GABA, which could be released by
reversal operation of GABA transporters including GAT-1 and
GAT-3, that are expressed by OLs (Fattorini et al., 2017;
Serrano-Regal et al., 2020). Also, SCs are capable to take
up ambient GABA at concentrations above 1 uM (Brown
et al,, 1979), though the nature of the transporters involved is
still unknown.

GABA RECEPTORS IN OPC/SC
PRECURSOR DIFFERENTIATION AND
MYELINATION

In the CNS, OPCs are the main (but not unique) source of
remyelination, since they respond to white matter injury, migrate
to the lesioned area and differentiate into mature OLs to produce
new myelin sheaths (Franklin et al., 1997; Nait-Oumesmar et al.,
1999; Hesp et al., 2015). Moreover, surviving mature OLs are
also a source of remyelination (Duncan et al., 2018). SCs may
also participate, although to a lesser extent, in restoring myelin
in the CNS (Zawadzka et al., 2010; Garcia-Diaz and Baron-Van
Evercooren, 2020).

Differentiation of OPCs/SCs and myelination are exquisitely
coordinated processes mediated by a deep dialogue between
neuronal and glial cells that entail the participation of a variety
of signals and intercellular communication systems, including
ATP, glutamate or GABA neurotransmitter signaling (Li et al.,
2013; Faroni et al., 2014; Salzer, 2015; Zonouzi et al., 2015;
Arellano et al,, 2016; Hamilton et al., 2017; Serrano-Regal et al.,
2020), as well as neuronal activity (Wake et al., 2011; Gibson
etal, 2014; Fannon et al., 2015). Specifically, GABAergic neurons
establish direct synapses with OPCs throughout the CNS,
indicating that this communication may control proliferation,
migration, differentiation, the establishment of axonal contacts
and their wrapping, OPC survival in the adult brain or myelin
maintenance (Lin and Bergles, 2004; Kukley et al., 2008; Vélez-
Fort et al, 2010; Orduz et al, 2015; Zonouzi et al, 2015;
Balia et al., 2017; Mount et al., 2019). However, the precise
function of GABA in OPC differentiation and myelination
remains controversial.

GABA, Receptors

Contrary to mature neurons, activation of GABAsRs in OPCs
leads to depolarization and an increase in cytosolic Ca?* levels
(Kirchhoff and Kettenmann, 1992), resulting from Ca?* influx
through activated VGCC (Paez and Lyons, 2020). Thus, a rise in

Ca** in the cytosol may regulate OPC proliferation, migration
and maturation and, consequently, OL (re)myelination (Cheli
et al., 2016; Santiago-Gonzalez et al., 2017; Baraban et al., 2018;
Krasnow et al., 2018; Marisca et al., 2020).

As oligodendroglial cells constitute a highly dynamic
and heterogeneous population, the expression of GABA4Rs
and their different subunits changes as these cells progress
along their lineage, as occurs with the expression of certain
ion-channels (Spitzer et al, 2019), and these changes can
affect their intercellular relationship and differentiation. In
line with this, we observed that oligodendroglial GABAAR
expression in vitro is dependent on the close interaction
between axons and OLs, as OLs cultured alone lose GABA
responses with differentiation (Arellano et al., 2016). Moreover,
the presence of the y2 subunit, which is associated with a
possible role in neuron-OPC synapse formation, decreases with
age along with the density of GABAergic synaptic contacts
in cortical NG2 cells of mature mice (Balia et al., 2015).
Thus, NG2 cells may switch the expression of GABARs
from synaptic (with y2 subunit) to extrasynaptic (without
y2 subunit) during development (Vélez-Fort et al, 2010).
Surprisingly, genetic inactivation of oligodendroglial y2 does
not affect OPC proliferation and differentiation, while it
causes progressive and specific depletion of the OPC pool
that lacks y2-mediated synaptic activity without affecting
the oligodendrocyte production (Balia et al, 2017). These
observations indicate that GABAergic communication in
cortical OPCs through vy2-containing GABAsRs does not
play a role in oligodendrogenesis but rather modulates
OPC maintenance.

GABAergic signaling regulates OPC population and OPC
differentiation and myelination in the cerebellar white matter
in vivo (Zonouzi et al., 2015). In turn, hypoxia causes a strong
downregulation of the GABAergic synaptic input from local
interneurons to OPCs (NG2 cells) as well as an increase in the
proliferation of these cells and a delay in their maturation, which
limits myelination. These effects are mimicked in control animals
when blocking GABARs with their antagonist bicuculline.
However, they are reverted when applying tiagabine, a selective
inhibitor of the GABA transporter GAT-1 that increases GABA
availability in the extracellular space. Treatment with tiagabine
results in a decrease of NG2 cell proliferation and an increase of
myelinating OLs, reverting the hypomyelinating effect caused by
perinatal hypoxia (Zonouzi et al., 2015). These findings strongly
suggest that GABAergic signaling (either neuronal activity-
dependent or independent) influences OPC development
and differentiation and, therefore, it may help to develop
novel therapies to improve OPC differentiation into damaged
brain areas.

GABAergic signaling through GABA 4 Rs may also be relevant
for the stronger remyelination that occurs following focal
demyelination in the corpus callosum of late pregnant rats
compared to virgin and postpartum ones (Kalakh and Mouihate,
2019). This pregnancy-associated promyelinating effect was lost
when either the GABAAR was blocked or when 5a-reductase,
the rate-limiting enzyme for the endogenous GABA 4R activator
ALLO, was inhibited (Kalakh and Mouihate, 2019). Moreover,
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N-butyl-B-carboline-3-carboxylate (3-CCB), a selective drug
activating preferentially oligodendroglial GABARs, promotes
remyelination in a model of gliotoxin-induced demyelination
in the rat cerebellar caudal peduncle as assessed using
magnetic resonance imaging (MRI) together with myelin
staining (Cisneros-Mejorado et al., 2020). Together, these results
strongly suggest that GABA R-mediated signaling promotes
myelination and remyelination in OLs either directly or
indirectly. However, at odds with these data, activation of
GABARs by endogenous GABA in cortical organotypic cultures
reduces the number of oligodendroglial cells and myelination
whereas enlarges internode length, influencing the velocity of
the nerve impulse propagation (Hamilton et al., 2017). These
effects may be due to GABA released by glial cells. However,
we could not assess this idea as gabazine treatment of OPC
cultures had no significant effect on myelin protein production
(Serrano-Regal et al., 2020).

Neurosteroid therapy is another pharmacological approach
to modulate GABALR activity in the nervous system, as they
act as allosteric modulators of these receptors in the nanomolar
concentration range (Lambert et al., 2009). Indeed, progestin
ALLO increases myelin basic protein (MBP) production in
rat-derived cerebellar organotypic slices, an effect that requires
GABAARs (Ghoumari et al., 2003). This observation points
to these receptors as mediators of myelination. The effects of
neurosteroids are of special interest in postnatal development,
as they may help to prevent neurodevelopmental disorders
associated with preterm birth (Shaw et al., 2019). ALLO, which is
mainly synthesized in the placenta, has an important role during
nervous system development. In premature neonates, ALLO
concentration decreases abruptly and this decrease is associated,
in part, with hypomyelination (Shaw et al., 2015). Consequently,
experimental administration of the ALLO analog ganaxolone
as replacement therapy in guinea pig-preterm neonates showed
positive effects on myelination, through its interaction with
GABARs. Therefore, neurosteroid replacement could be a good
therapeutic option to improve myelination in this condition
(Shaw et al., 2019).

Neurosteroids may also enhance GABAAR function in
SCs. Thus, ALLO acting via GABA, receptor can influence
peripheral myelin protein 22 (PMP22) synthesis (Magnaghi et al.,
2006). Moreover, ALLO modulates SC morphology, motility,
and myelination in SC/dorsal root ganglia neuron (DRG)
co-cultures via the Src/focal adhesion kinase (FAK) pathway,
a signaling cascade that involves GABARs and relies on actin
rearrangements (Melfi et al., 2017). Therefore, neurosteroids
represent a promising molecular approach for the treatment
of peripheric pathologies. Together, the studies discussed
in this section connect GABAAR signaling with OPC/SC
differentiation and/or myelination using pharmacological
approaches. However, the results observed cannot be solely
attributed to the action of GABA on GABARs. Although
pharmacology may be a good strategy to enhance OPC/SC
differentiation and myelination in pathological conditions,
potential side-effects must also be considered. To minimize
them, it would be of great interest to use more specific drugs
acting on myelinating cell GABAARs and/or to use genetic

approaches to specifically target the different GABAAR subunits
expressed in these cells.

GABAg Receptors
An early study suggests that GABAgRs may be relevant for OPC

development as baclofen increases migration and proliferation in
cultured OPCs derived from periventricular white matter (Luyt
et al., 2007). However, more recent studies could not confirm
those findings as baclofen did not change OPC proliferation
or total OPC number in dissociated and organotypic cultures
derived from the cortex (Hamilton et al.,, 2017; Serrano-Regal
et al., 2020). This discrepancy could reflect the different brain
areas studied. Thus, different subpopulations of OPCs may
exist in white and gray matter that behave differently or have
different responses to baclofen, as proposed by Luyt et al. (2007).
In contrast, baclofen reduced cell proliferation of SC cultures
(Magnaghi et al., 2004). However, in dissociated developing DRG
primary cultures, in which SCs proliferate spontaneously in vitro,
baclofen did not affect (Corell et al., 2015).

On the other hand, GABA and baclofen modulate OPC
differentiation, as well as the myelination capacity of mature OLs
cultured with DRG neurons, pointing out GABAgRs as relevant
modulators of OL maturation and myelination (Serrano-Regal
et al., 2020). Consistent with these observations, GABAgRs
also regulate SC differentiation both in the myelinating
and non-myelinating phenotypes. Thus, forskolin-induced
SC differentiation in vitro correlates with a redistribution
of GABAg; and GABAj, subunits of GABAgRs. Indeed,
in the cytoskeleton rearrangement that takes place during
differentiation, GABAgRs colocalize with f-actin on the SC
elongated processes (Procacci et al., 2013).

Apart from being essential for SC commitment to a
non-myelinating phenotype during development, GABAgRs
are key modulators of neuronal-SC interactions regarding
myelination, as GABAg, receptor total null mice showed altered
levels of PMP22 and myelin protein zero (P0) as well as thinner
myelin sheaths. These mice also presented fiber alterations,
which causes changes in pain behavior, gait abnormalities,
and motor coordination disturbances (Magnaghi et al., 2008).
Together, these findings suggest a role for GABAgRs in the
control of SC myelination. Moreover, both GABAgR subunits
in addition to GABA and GADgs/s; were found at the node of
Ranvier in a sub-population of myelinated sensory fibers (Corell
et al.,, 2015). Surprisingly, GABAgR expression is upregulated in
SCs of injured nerves, which may be interpreted as an adaptive
response for stimulating the neighboring axons to re-grow
distally to the injury (Corell et al., 2015).

Finally, conditional deletion of the GABAg; subunit in SCs
altered their proliferation, migration, and myelination capacities,
as well as reduced neurite length of co-cultured DRGs (Faroni
etal., 2019). Furthermore, molecular and transcriptomic changes
were also observed both in SCs and DRGs derived from mice
lacking GABAg; subunit in SCs (P0-GABA-B1/1), Interestingly,
the expression of some GABAR subunits by SCs and DRGs
was also altered, indicating a possible role of GABAgRs in
regulating the expression of GABA s Rs in these cells (Faroni et al.,
2019). Similar studies using conditional deletion of GABAgR
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subunits in oligodendroglia will help to understand the role of
these receptors and their impact on myelination and pain and
motor behavior.

POSSIBLE SIGNALING PATHWAYS
DOWNSTREAM GABARs RELATED TO
MYELINATION

Myelination, either by OLs or SCs, involves the participation
of several intracellular signaling pathways. Indeed, some
of those pathways are common in the CNS and PNS. For
instance, binding of neuregulins (NRGs) to ErbB receptors
activates a sequence of canonical intracellular pathways
downstream from many receptor tyrosine kinases (RTKs), such
as phosphatidylinositol-3-kinase (PI3K)/Akt/mammalian target
of rapamycin (mTOR) or mitogen-activated protein kinases
(MAPK; Newbern and Birchmeier, 2010).

Intracellular 3',5'-cyclic adenosine monophosphate (cAMP)
induces cell differentiation and myelination requiring the
participation of the cAMP response element-binding protein
(CREB). CREB mediates the stimulation of MBP expression by
cAMP in OLs (Afshari et al., 2001). Moreover, in mouse-derived
cultured SCs, the combined action of cAMP/NRGI increases
the expression of myelin proteins Krox-20 and PO, through a
mechanism that relies on the activity of transcription factors
from the CREB family (Arthur-Farraj et al., 2011).

The Src family kinases (SFKs) are nonreceptor tyrosine
kinases that integrate external signals from both integrin and
growth factor receptors and transduce signals related to OL and
SC development and myelination (Colognato et al., 2004; Melfi
et al., 2017). In particular, signaling pathways downstream the
Src-family member Fyn regulate morphological differentiation
of OLs, the recruitment of cytoskeleton components, and
local translation of MBP (see White and Kramer-Albers, 2014;
Quintela-Lopez et al., 2019). GABAgR specific activation with
baclofen induces Akt phosphorylation, which is dependent on
PI3K and Src kinases, promoting chemotaxis and cytoskeletal
rearrangement in rat basophilic leukemic cells (Barati et al,
2015). Accordingly, we found that Src-family kinases inhibition
abrogates GABAgR-induced OL differentiation (Serrano-Regal
et al., 2020). This observation corroborates the role of the Src
family in OL differentiation through a mechanism dependent on
GABAGgR activation (Figure 3).

GABAARs are also linked to Src and FAK signaling.
The modulation of SC development and myelination by the
neurosteroid ALLO in SC/DRG co-cultures occurs via Src and
FAK signaling activation, which depends on GABA s Rs and actin
reorganization (Melfi et al., 2017). Besides, Src-family members
can interact reciprocally with kinases from the MAPK family, like
the serine/threonine-protein kinase p38 MAPK, as c-Src elicits
p38 MAPK phosphorylation and the opposite (Mugabe et al.,
2010; Lin et al, 2015; Wu et al., 2015). Therefore, it would
be of great interest to investigate this kind of interactions in
myelinating cells, as p38 MAPK is a key element in the initial
steps of myelination in SCs (Fragoso et al.,, 2003), as well as
in OL maturation and myelination since specific p38 inhibitors
block in vitro myelination of DRGs by OLs (Fragoso et al., 2007).

Also, conditional knockout of p38 in oligodendroglial cells leads
to defects in myelination early in development (Chung et al.,
2015). At odds with those findings, deletion of p38 in the same
mouse model increases remyelination after cuprizone-induced
demyelination (Chung et al., 2015), while selective deletion of
p38c MAPK in OLs did not compromise myelination in a mouse
model of periventricular leukomalacia (PVL; Chung et al., 2018).
These conflicting pieces of evidence indicate that the precise role
of p38 MAPK in SC/OL differentiation and myelination and its
relation with GABARSs remains to be elucidated (Figure 3).

Since GABAgRs couple negatively to AC in OLs (Luyt
et al., 2007), activation of CREB downstream these receptors
is not expected due to decreased cAMP levels. However, other
intracellular signaling cascades activated downstream G-protein
coupled receptors, such as MAPK cascades, may phosphorylate
CREB (see Carlezon et al., 2005). Thus, GABAgR stimulation
in cultured mouse cerebellar granule neurons with baclofen
activates CREB via PLCB/FAK/PKC (Zhang et al., 2015). Further
clarification of the link between GABAgR activation and CREB
specifically in myelinating cells is a matter of ongoing study and
could contribute to a better understanding of the signaling routes
that control myelination and remyelination (Figure 3).

Finally, GABAgR function may be modulated by its direct
association to protein phosphatase 2A (PP2A), as observed in
GABAergic neurons from the rodent ventral tegmental area (Li
et al., 2020). Therefore, PP2A-GABAgR interaction results in
an increase of GABAgR dephosphorylation and its subsequent
internalization, an effect reverted with high intracellular Ca?*
levels. Again, it is worth exploring if these mechanisms also occur
in myelinating cells and whether they are relevant to myelin
pathology (Figure 3).

DISCUSSION

GABA is among the signals that drive OLs and SCs to axon
interactions. The fact that GABA acts mainly on two different
types of receptors—ionotropic GABA,Rs and metabotropic
GABAgRs—makes it difficult to understand the role of this
neurotransmitter in myelinating cell physiology. Moreover, OLs
and SCs are highly dynamic cell lineages with different stages
of maturation.

While the molecular composition of both GABARs and
their mechanisms of action are well described in neurons,
their properties in myelinating glial cells remain elusive. Native
GABAARs are composed of multiple subunit combinations
with diverse pharmacology, both of which vary regionally,
adding a huge heterogeneity to their properties and functions.
This diversity is also reflected somehow in GABARs in
OLs and SCs. Thus, SCs express extra-synaptic subunits (in
particular the § subunit, which is key for neurosteroid affinity),
while OLs express subunits commonly found at postsynaptic
densities, meaning that GABAARs of OLs and SCs have
different subunit composition and, consequently, different
pharmacological profiles and functional behaviors (Faroni et al.,
2019). Also, there is a switch in the expression of synaptic to
extrasynaptic GABA sRs as OPCs progress in the lineage (Vélez-
Fort et al., 2010; Balia et al., 2017).
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FIGURE 4 | Effects of GABAergic signaling in oligodendroglial differentiation and myelination. OPCs express GABAa and GABAgRs. Activation of GABAaRs causes
depolarization in these cells (Kirchhoff and Kettenmann, 1992; Baraban et al., 2018). In absence of axons (top), they lose GABAAR expression as they differentiate
into mature OLs (Berger et al., 1992; Arellano et al., 2016); however, expression of GABAgRs is largely stable over time (Serrano-Regal et al., 2020). In the presence
of axons (low), GABAAR expression is modulated by neurons, as OPCs maintain their expression towards the myelinating stage (Arellano et al., 2016). Moreover,
oligodendroglial cells express GAT-1 transporter and synthesize GABA, which may be released by reverse GAT-1 operation and activate GABA receptors (GABARSs)
in an autocrine manner. Exogenous GABA or baclofen promotes oligodendroglial differentiation and myelination in vitro (Serrano-Regal et al., 2020).

In oligodendroglial cells, GABAAR expression goes down
as they mature and acquire a myelinating phenotype (Berger
et al, 1992; Arellano et al., 2016). In contrast, GABAgR
expression is quite stable at all stages (Serrano-Regal et al,
2020). Sustained GABAAR expression in oligodendroglial cells
depends on the presence of axons, though the mechanisms
driving GABAAR stabilization remain still unknown. Thus, it
is likely that molecules released from neurons in an activity-
independent manner may drive GABAAR expression (Arellano
et al., 2016; Hamilton et al., 2017; Figure 4).

Also, OLs and SCs can synthesize and store GABA, and
to take it up from the extracellular fluid through specific
GABA transporters (Fattorini et al., 2017). It is therefore
conceivable that these cells may release GABA by mechanisms
including reverse functioning of the transporters, as observed
in other glial cell types (Barakat and Bordey, 2002). Early
experiments demonstrated that cultured satellite glial cells from
DRG can release [PH]GABA in response to a depolarizing
stimulus (Minchin and Iversen, 1974). Thus, GABA released
by myelinating cells might act in a paracrine or autocrine
way (as suggested by Magnaghi, 2007) to, ultimately,

modulate their differentiation and/or their myelination
capacity (Figure 4). Interestingly, this mechanism operates
for instance in polysialylated forms of neural cell-adhesion
molecule (PSA-NCAM) progenitor cells in the CNS, which
eventually differentiate into glial cells. Thus, autocrine/paracrine
loops involving neurosteroids and GABA signaling in these
progenitors modulate their proliferation and differentiation
(Gago et al, 2004). Synthesis of neurosteroids occurs in
SCs (Chan et al,, 2000), and may stimulate GABA synthesis
in these cells via a rapid protein kinase A (PKA)-dependent
autocrine loop (Magnaghi et al., 2010). In this way, neurosteroids
provide the specific ligand for GABAAR activation (Magnaghi
et al., 2010). As neurosteroids are involved in promoting SC
differentiation and myelination acting through GABAjRs,
a possible paracrine/autocrine mechanism could underlie
these processes.

GABA, and GABAjg receptors may exert opposite roles
on myelinating cells, as proposed for SCs in pathological
conditions (Faroni and Magnaghi, 2011). Both central and
peripheral myelinating cells express GABA, and GABAg
receptors, however, this expression depends on the presence
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of surrounding axons and, as occurs with other receptors and
transporters, may vary along the lineage or even depending on
the nervous system area (Marques et al., 2016; Spitzer et al,
2019). Thus, depending on the developmental stage of these
cells and the GABAR involved, the neurotransmitter GABA may
play different physiological functions. Moreover, GABAergic
signaling could potentially regulate specific subgroups of cells
from the OL/SC lineages in different ways, either action-
potential dependently or independently. Thus, it appears that
in OPCs GABA acts mostly through GABARs to carry out
some important functions at the progenitor level (as regulation
of the population size, OPC maintenance, axon-glia recognition,
differentiation or myelination initiation; Zonouzi et al., 2015;
Arellano et al., 2016; Balia et al., 2017; Hamilton et al., 2017;
Marisca et al., 2020).

Finally, GABAgRs may contribute to myelin maintenance
(Figure 4). In this regard, GABARs may parallel somehow the
various functions played by glutamate receptors, as AMPARs
are crucial for the early stages of remyelination while NMDARs
are relevant for myelin maintenance and to fuel axonal function
(Lundgaard et al., 2013; Gautier et al., 2015; Saab et al., 2016).

In sum, understanding the contribution of the GABAergic
signaling to OL and SC physiology may be critical to find
therapeutic tools to improve remyelination in demyelinating
diseases. Meanwhile, it is necessary to clarify in detail the
role of GABA in OL and SC differentiation and myelination,
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Recent evidence highlighted the importance of white matter tracts in typical and atypical
behaviors. White matter dynamically changes in response to learning, stress, and
social experiences. Several lines of evidence have reported white matter dysfunction in
psychiatric conditions, including depression, stress- and anxiety-related disorders. The
mechanistic underpinnings of these associations, however, remain poorly understood.
Here, we outline an integrative perspective positing a link between aberrant myelin
plasticity and anxiety. Drawing on extant literature and emerging new findings, we
suggest that in anxiety, unique changes may occur in response to threat and to safety
learning and the ability to discriminate between both types of stimuli. We propose that
altered myelin plasticity in the neural circuits underlying these two forms of learning
relates to the emergence of anxiety-related disorders, by compromising mechanisms of
neural network synchronization. The clinical and translational implications of this model
for anxiety-related disorders are discussed.

Keywords: myelin, synchrony, oligodendroccyte, connectivity, interneuron

INTRODUCTION

Myelination in vertebrates, represents a successful mechanism of adaptation to the development of
complex behaviors, requiring increased speed of axonal conduction. While in some invertebrates
fast transmission is achieved by decreasing resistance due to axonal expansion, in craniates and
jawed fish the insulation provided by myelin allows axons of similar caliber to increase their
speed of communication by several hundred folds (Tomassy et al, 2016). Oligodendrocytes
(OLs) are the myelin-forming cells of the central nervous system (CNS). They derive from
oligodendrocyte progenitor cells (OPCs), which continue to proliferate and differentiate into new
OLs throughout life (Dimou et al., 2008; Zhu et al., 2011; Young et al., 2013; Hill et al., 2018).
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The insulating properties of myelin are essential for saltatory
axonal conduction. However, in higher-order organisms, the
myelin sheath is not a static cellular compartment but is rather
a dynamic membrane, capable of providing metabolic supports
to axons in conditions of elevated energetic demands (Nave,
2010; Saab and Nave, 2017). Finally, recent findings have defined
the formation and remodeling of new myelin in response to
experience and learning as key contributors to physiological
brain function and behavior (Liu et al., 2012; Makinodan et al.,
2012; Gibson et al., 2014; Mckenzie et al., 2014; Hughes et al,,
2018; Mitew et al., 2018; Bonnefil et al., 2019; Geraghty et al,,
2019; Swire et al., 2019; Pan et al., 2020; Steadman et al., 2020).
Yet, the functional significance of myelinating OLs concerning
psychological adaptation remains poorly understood. Here, we
first discuss the concept of myelin plasticity and review evidence
that it occurs in response to social experiences and in the
context of learning of motor and non-motor skills, including
learning about threat. We then review literature related to
white matter alterations in psychiatric disorders, with a focus
on stress- and anxiety-related disorders. Finally, we discuss
emerging evidence supporting associations between altered
myelin plasticity in circuits regulating threat and safety learning
and the ability to discriminate between threat and safety stimuli
as purported anxiogenic mechanisms and outline key clinical and
translational implications.

WHITE MATTER AND MYELIN PLASTICITY
IN RESPONSE TO SOCIAL EXPERIENCE
OR LEARNING

The concept of myelin plasticity includes diverse types of
cellular processes such as de novo myelin formation and
remodeling of pre-existing myelin. De novo myelination refers
to the differentiation of local resident OPCs into myelin-
forming OLs and/or wrapping of previously unmyelinated
axons or axonal segments (Tomassy et al, 2014; Hill
et al, 2018). Myelin remodeling refers to changes in the
number of wraps around myelinated axons or in the length
of myelinated segments between two nodes of Ranvier
(i.e., internodal length).

Myelin plasticity was initially reported in studies addressing
exposure to social stressors both in humans and in animal
models. One of the initial studies conducted in human
children exposed to severe childhood neglect identified reduced
thickness of the corpus callosum area in these individuals
compared to controls (Teicher et al, 2004; Mehta et al,
2009). Maternal deprivation in rodents, early weaning, and
social deprivation during the critical period of adolescence
also resulted in defective myelination detected in juvenile mice
(Kodama et al, 2008; Makinodan et al., 2012; Yang et al,
2017). The effect of social stress was not limited to a critical
developmental period, as adult mice exposed to chronic variable
stress, social isolation or social defeat, also altered the OL
transcriptome, and decreased myelin thickness in the medial
prefrontal cortex (mPFC; Liu et al, 2012, 2018; Bonnefil
et al, 2019). Together, these studies provide clear evidence

of a link between myelination of specific brain regions and
social experience.

White matter plasticity was reported to be modulated also
in response to motor and non-motor learning. Myelination
of distinct neural pathways in children, for instance, follows
a stereotyped sequence that coincides with the development
of important motor milestones, such as sitting, crawling,
and then walking (Aubert-Broche et al, 2008; Tomassy
et al, 2016). Learning how to juggle in adulthood increased
myelination of subcortical white matter at the right posterior
intraparietal sulcus, which was detected as increased fractional
anisotropy (FA) in MRI (Scholz et al, 2009). The inverse
relationship between the extent of white matter changes and
age of training was assessed by the analysis of FA at the
posterior midbody/isthmus of the corpus callosum in piano
players, which revealed greater connectivity and sensorimotor
synchronization performance in those who learned earlier
rather than later in life (Steele et al, 2013). Non-motor
learning was similarly associated with changes in white
matter. For example, in children aged 3 months to 4 years,
the myelin volume fraction in the frontal and temporal
cortices showed a positive correlation with predicted language
abilities, which strengthened with age (O’Muircheartaigh et al,,
2014). In subjects learning a second language as adults,
systematic, learning-dependent changes were also observed
in the white matter tracts associated with traditional left
hemisphere language areas and their right hemisphere analogs
(Schlegel et al., 2012).

Animal studies repeatedly demonstrate life-long myelin
plasticity in response to motor and non-motor learning. For
instance, learning a novel motor skill in rats resulted in higher
FA in the subcortical white matter of the sensorimotor cortex
and increased myelin protein expression after training (Sampaio-
Baptista et al., 2013). The necessity of myelin plasticity for skill
acquisition and memory consolidation was further demonstrated
using transgenic mice. Impairing new myelin synthesis by
conditional ablation of the lineage-specific transcription factor
Myrf, prevented de novo myelination during training and
impaired new motor skill acquisition while retaining intact
general motor function (Mckenzie et al., 2014). Similarly,
preventing the formation of new OLs and myelin impaired spatial
memory formation and water maze performance (Pan et al,
2020; Steadman et al., 2020).

Additional studies support a role for OL lineage cells in
memory consolidation. Impaired formation of new myelin
via lineage-specific ablation of the transcription factor Myrf
did not affect contextual freezing immediately after learning,
but rather impaired memory retrieval (Pan et al, 2020;
Steadman et al, 2020), thereby suggesting that generation
of new OLs was required for fear memory consolidation.
It was also reported that memory consolidation required
the occurrence of rhythmic oscillatory communication to
synchronize activity across brain regions (Pajevic et al,
2014), which was impaired in the Myrf conditional knockout
mice (Steadman et al, 2020), thereby highlighting the
functional relevance of myelination for learning-induced
synchronized activity.
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MYELIN AND WHITE MATTER
ALTERATIONS IN STRESS- AND
ANXIETY-RELATED DISORDERS

The importance of myelin plasticity in response to external
conditions and shaping behavioral consequences led to the
concept that myelination of white matter tracts regulating
learning about threat may be altered in pathologies characterized
by behavioral maladaptation and are associated with changes in
brain function. Magnetic resonance imaging (MRI) allows for the
indirect measurement of brain connectivity, both functionally
(fMRI) and structurally (diffusion MRI; Figure 1). Parameters

FIGURE 1 | Imaging brain connectivity. Two widely used imaging techniques
to assess connectivity are functional magnetic resonance (fMRI; left) and
diffusion tensor imaging (DTI; right). fMRI indirectly measures neural activity
between two or more regions through statistical analysis of correlated
changes in the blood oxygen level-dependent MRI signal (Buxton, 2009). In
contrast, DTl measures structural connectivity or the organization of white
matter tracts running between neural regions. Fractional anisotropy (FA),
derived from DT, indicates the degree to which water molecules preferentially
diffuse along one direction. Because myelin restricts water molecules to
diffuse mainly along the direction of axonal bundles, higher FA values are
often interpreted as indicating greater myelination or organization of white
matter tracts (Thomason and Thompson, 2011).

that are characteristically measured are FA, which indicates the
degree to which water molecules preferentially diffuse along
one direction. Because myelin restricts water molecules to
diffuse mainly along the direction of axonal bundles, higher FA
values are often interpreted as indicating greater myelination or
organization of white matter tracts (Thomason and Thompson,
2011). Complementary diffusion values, such as radial, axial,
and mean diffusivities, provide additional information related
to the integrity, caliber, and myelination of white matter
(Song et al., 2003).

The uncinate fasciculus is an important white matter tract
connecting brain regions regulating the threat response (e.g.,
amygdala) with those regulating behavior (e.g., PFC; Figure 2),
and its myelination follows a characteristic developmental
trajectory during adolescence, reaching stability in young
adulthood (Lebel and Beaulieu, 2011; Thomason and Thompson,
2011). Early in life, excitatory signals have been shown to emerge
from the amygdala directed to the PFC, while later in life,
inhibitory signaling from the PFC to the amygdala favors
emotional regulation (Ghashghaei et al., 2007; Cressman et al.,
2010). While functional connectivity studies do not indicate the
direction of influence, a valence switch from positive to negative
PFC-amygdala fMRI correlations during normal development
supports the existence of this developmental pattern
(Gee et al., 2013).

The progressive increase of FA in the uncinate fasciculus,
in young healthy subjects, reflects effective myelination of
this tract and results in facilitated communication between
PFC and amygdala (Kim and Whalen, 2009; Tromp et al,
2012). In contrast, decreased FA in the uncinate fasciculus
was reported in subjects with anxiety-related traits and was
suggestive of disrupted or inefficient myelination (Westlye et al.,
2011). Importantly, a reduction in structural connectivity, as
indicated by reduced bilateral FA in both uncinate fasciculi
was consistently detected among individuals with a generalized
anxiety disorder (Tromp et al., 2012), and also in children

FIGURE 2 | The uncinate fasciculus is a characteristic trajectory connecting the prefrontal cortex (PFC) and amygdala. MRI tractography depicts the uncinate
fasciculus overlain on transverse (left) and sagittal (right) T1 weighted sections. The color bar scales the tract by fractional anisotropy (FA) values.
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exposed to socioemotional deprivation (Eluvathingal et al,
2006). Decreased FA and radial diffusivity were also detected in
the left uncinate fasciculus of affected monozygotic adolescent
twins with anxiety disorders compared to unaffected siblings
(Adluru et al, 2017), collectively suggesting compromised
communication between PFC and amygdala in such individuals
(Yavas et al., 2019).

While altered connectivity between the amygdala and PFC
has been well documented in several stress and anxiety-
related disorders (Tromp et al., 2012), pathological inflammatory
demyelination of the septo-fornical area, has also been reported
in multiple sclerosis patients with high anxiety, and suggested to
contribute to its pathogenesis (Palotai et al., 2018).

However, the alteration of white matter microstructure
involved in anxiety-related personality traits is not restricted
to corticolimbic pathways. For example, harm avoidance
in adult subjects was positively associated with radial and
mean diffusivity, not only in the uncinate fasciculus but
also in the anterior thalamic radiation, corpus callosum,
parahippocampal cingulum, corticospinal tract, and inferior and
superior longitudinal fasciculi (Westlye et al., 2011; Lu et al,
2018). Reduced FA was also detected in the medial and posterior
portions of the corpus callosum of children with post-traumatic
stress disorder (PTSD; Jackowski et al., 2008), and altered
inter-hemispheric frontal, frontal-limbic, or frontal-temporal
connectivity was identified as a potential marker of vulnerability
to anxiety in young healthy subjects (Yang et al, 2019) and
symptomatic anxiety in patients with late-life depression (Li
et al., 2020). Finally, it is conceivable that anxiety may lead to
elevated blood pressure, a condition that has been associated
with scattered ischemic or micro-hemorrhagic white matter
lesions occurring in bloodshed regions in older subjects (Iadecola
et al., 2016). While this association is unlikely to account for
the changes in FA as discussed above, it is worth mentioning
that hypertensive patients with dislipidemia showed decreased
spectroscopic signal for N-acetylaspartic-acid (NAA), thereby
suggesting that associated comorbidities may interfere with
the process of new myelin synthesis in white matter tracts
(Chiappelli et al., 2019).

THE IMPORTANCE OF THREAT AND
SAFETY DISCRIMINATION IN ANXIOGENIC
MECHANISMS OF STRESS- AND
ANXIETY-RELATED DISORDERS

In addition to disruptions in threat learning, growing evidence
suggests that anxiety disorders are characterized by impaired
threat/safety discrimination, resulting in generalized fear
that is typically associated with a proliferation of avoidance
behaviors that incapacitate daily function and have a negative
impact on mental health (Lissek et al., 2009; Sep et al., 2019).
Disrupted discrimination derives from several learning
processes gone awry: overly strong conditioning to threat,
as well as underdeveloped defensive response suppression to
non-threatening stimuli. Combined, overactive communication
patterns characteristic of making associations between cues

and threatening outcomes, and underactive patterns of
communication that are characteristic of fear suppression
towards non-threatening cues, leads to generalized fear and
anxiety (Jovanovic et al., 2010, 2012). Therefore, proper
discrimination learning depends on the development and
maintenance of connected functional circuits that can support
both fear acquisition and fear suppression.

Safety learning is integrally linked to fear learning.
Non-threatening neutral cues or safety cues that signal the
explicit absence of threat, when learned, become conditioned
inhibitors of fear (Pavlov, 1927; Rescorla, 1988). An effective
safety cue can also be positively reinforcing because it signals
the active lack of threat, and therefore carries motivational and
rewarding properties. For example, when presented with a safety
cue, animals show increased instrumental responding, such
as more vigorous bar pressing for a reward (Hendry, 1967),
and stronger conditioned place preference for the area where
the safety cue was presented (Rogan et al.,, 2005). Therefore,
learning about non-threatening or safe stimuli is likely to engage
a set of regions that are overlapping but distinct from those
involved in fear conditioning, and can include circuits that
engage the processing of reward (Luo et al.,, 2018). Although
the hippocampal-amygdala-prefrontal network is active during
threatening and non-threatening cues, the cell populations
involved and modes of communication between these regions
are different during these two types of learning (Sangha et al,,
2013, 2014; Mayer et al, 2018; Ng et al., 2018). Therefore,
encoding modes within and communication between areas are
both crucial to maintain accurate and updated information to
appropriately dial anxiety, and myelin dysregulation in this
circuit has been associated with fear generalization and PTSD
(Jovanovic et al., 2010; Fani et al., 2012).

CIRCUIT-LEVEL COMMUNICATION THAT
SCULPTS THREAT-SAFETY
DISCRIMINATION LEARNING

At the circuit level, inter-regional communication underlies
the ability to discriminate between threat and safety and is
manifested by oscillations that reflect fluctuating membrane
potentials in groups of neurons due to incoming inputs from
distal sites and local firing (Buzsaki et al, 2013; Akam and
Kullmann, 2014; Pesaran et al., 2018). Theta (4-12 Hz) and
gamma (30-120 Hz) rhythms are the two main types of
oscillations related to discrimination learning. The oscillatory
communication patterns between distal sites shift as different
regions are exposed to cues that are paired or unpaired with
aversive experience (Lesting et al, 2011; Likhtik et al, 2014;
Stujenske et al., 2014; Ciocchi et al., 2015; Karalis et al., 2016;
Padilla-Coreano et al., 2019).

For instance, during retrieval of differential fear conditioning,
presentations of aversive stimuli lead to increased strength
and theta synchrony in the basolateral amygdala (BLA) and
in the PFC, relative to presentations of the non-threatening
stimulus (Likhtik et al., 2014; Karalis et al., 2016). Furthermore,
when fear is suppressed during retrieval of non-aversive stimuli,
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theta oscillations in the PFC predict BLA theta rhythms, decreases between these regions, and PFC theta oscillations
suggesting that information from PFC to BLA is transferred via  organize BLA activity (Lesting et al., 2011; Davis et al., 2017;
oscillatory theta band activity (Likhtik et al., 2014; Figure 3).  Rahman et al., 2018), suggesting that theta-encoded information
Likewise, when a fear-conditioned cue becomes less aversive  transfer from the PFC to the BLA (carried by the uncinate
after extinction learning, communication in the theta band  fasciculus) may be a common signature of fear inhibition across
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several learning paradigms. Notably, in animals that generalize
fear after discrimination learning, theta oscillations remain high
in the PFC-BLA pathway during aversive and non-aversive
stimuli, without a predominance of theta-information transfer
from the PFC to the BLA (Likhtik et al., 2014). Thus, similar
PFC-BLA processing of threat and non-threat are signature
characteristics of fear generalization.

Gamma oscillations develop along with the maturation
of inhibitory signaling and depend on the myelination of
Parvalbumin (PV+) GABAergic inhibitory interneurons (Traub
et al,, 1996; Fries, 2009; Sohal et al., 2009; Hu et al., 2014;
Striiber et al.,, 2015), which are extensively myelinated in an
activity-dependent manner (Stedehouder and Kushner, 2017;
Stedehouder et al., 2018, 2019). GABAergic activity and gamma
oscillations in the PFC are crucial for cue detection and encoding
(Courtin et al., 2014; Piantadosi and Floresco, 2014; Howe et al.,
2017). While the role of gamma rhythm in fear learning is still
the subject of active investigation (Headley and Paré, 2013),
fear suppression to non-threat is associated with an increase in
gamma-range synchrony in communication among cortical and
subcortical regions (Figure 3; Stujenske et al., 2014; Concina
et al., 2018). We, therefore, propose that good discrimination
between threat and non-threat requires optimal myelination of
PV+ interneurons, manifesting in regional gamma synchrony.
We further posit that aberrant myelination coupled with
impaired white matter integrity of the PFC-BLA connection may

result in decreased gamma rhythm, loss of discrimination, and
lead to fear generalization.

Furthermore, temporal precision is necessary for inter-
regional communication, when BLA gamma oscillations
are coupled to PFC theta oscillations during a successfully
discriminated non-threat (Stujenske et al, 2014), suggesting
that prefrontal input has a direct or indirect role in driving
gamma activity in the BLA (Rosenkranz and Grace, 2001;
Amano et al., 2010; Bukalo et al., 2015; Strobel et al., 2015;
Bloodgood et al., 2018). This faster oscillatory mode of cross-
regional communication is shaped by excitatory-inhibitory
interactions that require millisecond range timing of inhibitory
activity (Buzsdki and Wang, 2012; Courtin et al., 2014). Given
its role in speeding up communication, new myelin formation,
sheath integrity, and effective remodeling are likely to play an
integral role in sculpting inhibitory-excitatory dialogue during
discrimination learning.

MYELIN PLASTICITY AND
OLIGODENDROCYTE LINEAGE CELLS AS
REGULATORY MECHANISMS OF CIRCUIT
CONNECTIVITY

Based on the previously discussed evidence of changes in
white matter tracts in anxiety disorders, we posit that
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disruptions in threat and safety discrimination are related to
defective mechanisms of cortical synchronization. Connectivity
determines the speed and timing of electrical activity transmitted
between relay points, leading to synchronous activation of neural
networks and rhythmic oscillations. A mathematical model
has predicted that a 1-ms conduction delay would interrupt
the phase by 30°, significantly affecting signal amplitude and
phase coherence (Pajevic et al., 2014). Besides, myelination
may be the most effective way not only of modulating
conduction velocity, but also impacting self-organization of
brain oscillation and affecting cognitive performance (Mabbott
et al, 2006; Scantlebury et al., 2014; Bells et al., 2019;
Noori et al, 2020). In terms of threat and safety learning,
it will be important to take into consideration the fact that
myelination of glutamatergic neurons and PV+ GABAergic
interneurons (Stedehouder and Kushner, 2017; Stedehouder
et al., 2018, 2019) might bear important and unique functional
consequences on the overall activity of the neural networks
and consequent oscillations (Figure 4), with altered myelination
of PV+ interneurons, likely impacting gamma oscillations
and myelination of BLA-mPFC pyramidal tracts impacting
theta rhythms.

It is also important to notice that OL lineage cells are
capable of influencing neural activity and regulating circuit
function in manners that are independent of canonical models
of myelin plasticity and myelin remodeling. One example is
the role of transmembrane proteoglycan nerve-glia antigen 2
(NG2), which is expressed on the surface of OPCs and has been
proposed to act as a neuro-glial signal (Sakry et al., 2014) by
being cleaved in an activity-dependent manner and modulating
glutamate receptor activity in neighboring neurons (Sakry et al.,
2014). Myelinating OLs also regulate K+ homeostasis, due to
the expression of inward rectifying K+ channel, Kj4.1, and
OL-specific conditional ablation of this channel has been linked
to delayed recovery of white matter axons from repetitive
stimulation (Larson et al., 2018).

Taken together, we, therefore, posit that discrimination
between threatening and safe cues may rely on distinct modalities
of white matter plasticity or regulation of OL lineage cell function
to favor neuronal synchronization across neural networks. We
further predict that specific alterations of these mechanisms may
be related to the development of anxiety disorders.
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Enhanced neuronal activity in the healthy brain can induce de novo myelination and
behavioral changes. As neuronal activity can be achieved using non-invasive measures,
it may be of interest to utilize the innate ability of neuronal activity to instruct myelination
as a novel strategy for myelin repair in demyelinating disorders such as multiple sclerosis
(MS). Preclinical studies indicate that stimulation of neuronal activity in demyelinated
lesions indeed has the potential to improve remyelination and that the stimulation
paradigm is an important determinant of success. However, future studies will need
to reveal the most efficient stimulation protocols as well as the biological mechanisms
implicated. Nonetheless, clinical studies have already explored non-invasive brain
stimulation as an attractive therapeutic approach that ameliorates MS symptomatology.
However, whether symptom improvement is due to improved myelin repair remains
unclear. In this mini-review, we discuss the neurobiological basis and potential of
enhancing neuronal activity as a novel therapeutic approach in MS.

Keywords: remyelination, neuronal activation, non-invasive brain stimulation, oligodendrocyte (OL) lineage cells,
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INTRODUCTION

“Neuronal activity-dependent” or “adaptive” myelination is the process by which electrical
activity of neuronal axons instructs oligodendroglial cells to myelinate these active axons, thereby
increasing their conduction velocity. Increased myelination is often associated with improved brain
function and this makes activity-driven myelination an attractive way to modulate neuronal circuit
function and behavior. For example, learning to play the piano increases white matter integrity in
the human brain, a measure associated with changes in white matter microstructures that include
alterations of myelin sheaths (Han et al., 2009). Similarly, learning a complex motor task leads to
increased myelination in motor brain areas in the mouse, while when this de novo myelination
was blocked, motor learning did not occur to the same extent (McKenzie et al., 2014). Moreover,
myelination defects of cortical parvalbumin interneurons results in a decreased inhibition and
an excitation/inhibition imbalance that correlates with whisker-dependent texture discrimination
impairments (Benamer et al., 2020). Neuronal activity-dependent myelination in animal models
can be achieved in various ways including direct neuronal stimulation by optogenetics or
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pharmacogenetics as well as indirect neuronal stimulation using
behavioral paradigms or non-invasive brain stimulation like
transcranial magnetic stimulation (TMS) and transcranial direct
current stimulation (tDCS). The fact that neuronal activity
can achieve de novo myelination in the healthy brain leads
to the hypothesis that this is an innate biological mechanism
that could be used to promote myelin regeneration under
pathological conditions.

Despite the limited regenerative capacity of the CNS,
myelin repair, or remyelination, can occur spontaneously
in demyelinating diseases such as multiple sclerosis (MS).
The most accepted mechanism of remyelination consists
of both recruitment and proliferation of oligodendrocyte
precursor cells (OPCs) as well as the differentiation of these
new OPCs into mature myelinating oligodendrocytes (OLs)
(Figure 1). However, recent studies in humans and rodents
also support the idea that pre-existing OLs are a major
source of myelin sheath regeneration (Figure 1; Jikel et al,
2019; Yeung et al, 2019; Bacmeister et al., 2020). While
remyelination is essential to prevent degradation of naked
axons and restore axon potential conduction in neurons in
the demyelinated lesion, remyelination failure is common in
MS. Current therapies, mainly focused on the inflammatory
component of the disease, are insufficient to prevent the
consecutive neuronal loss that causes disabilities. Although
recent clinical trials have tested the pro-remyelinating potential
of several molecules, treatment strategies that effectively
restore myelin in demyelinated lesions still need to be
developed (Lubetzki et al., 2020). In this context, enhancing
neuronal activity represents an attractive alternative strategy
for remyelination in brain disorders where myelination is
affected. In this minireview, we will address the potential
of neuronal activity-enhanced remyelination as a novel
therapeutic strategy in MS.

NEURONAL ACTIVITY-INDUCED
MYELINATION IN THE HEALTHY BRAIN

Initial studies in the 90s demonstrated that neurons
communicate with OL lineage cells at different stages of
OL maturation, thereby modulating the myelination process
(Barres and Raff, 1993; Demerens et al., 1996). From recent
studies on adaptive myelination in vivo, it became clear
that activation of neurons can stimulate the proliferation of
OPCs as well as their differentiation into myelinating OLs.
For example, optogenetic stimulation of layer V projection
neurons leads to increased OPC proliferation and differentiation
and an increase in myelin thickness (Gibson et al, 2014).
Moreover, neuronal activity improved motor function. The
use of DREADDs to pharmacogenetically enhance neuronal
activity of somatosensory neurons in mice also leads to increased
proliferation and differentiation of OPCs as well as a strong
bias for newly differentiated OLs to myelinate activated axons
(Mitew et al., 2018). When parvalbumin interneurons of the
medial prefrontal cortex (mPFC) are activated using DREADDs,
a significant increase in total length of myelination occurs

(Stedehouder et al., 2018). Notably, increasing cortical activity
by silencing parvalbumin interneurons using optogenetics in
the anterior cingulate cortex results in an enhanced proliferation
of OPCs, while decreasing cortical activity by optogenetically
activating parvalbumin interneurons leads to decreased
proliferation of OPCs (Piscopo et al., 2018). In this study, the
number of newly generated myelinating OLs was increased
in mice with increased cortical activity, but not altered in
mice with reduced cortical activity. In line with this, activating
parvalbumin interneurons with DREADDs, which should reduce
the activity of neuronal networks, did not affect the number
of myelinating OLs in the mPFC (Stedehouder et al., 2018).
Taken together, these studies indicate that active axons receive
increased myelination regardless of neuronal identity. They also
suggest that the effect of neuronal activity on OPC proliferation
and differentiation likely depends on the pattern of activity
within neuronal networks. This is supported by a study showing
that neuronal stimulation at various frequencies in vivo has
different effects on OPC proliferation and differentiation (Nagy
et al., 2017). Indirect measures of neuronal activation can also
influence OLs and myelination. It has been demonstrated in
mice that 14 or 28 days of repetitive TMS increased the survival
of new OLs leading to a larger number of myelinating OLs
and increased myelin internode length in the cortex (Cullen
et al., 2019). This is interesting because TMS is a method with
unknown biological mechanisms that has already been tested as
a therapy for MS in clinical studies (Centonze et al., 2007; Hulst
et al.,, 2017). It should be noted that the benefits of neuronal
activity may not be solely attributed to effects on OL lineage
cells and remyelination as neuronal activity is also known to
affect neurons, astrocytes and microglial cells (Li et al., 2012;
Hasel et al,, 2017). As such, it remains unclear to what extent
remyelination alone is necessary for the functional benefits of
enhanced neuronal activity.

How electrically active axons communicate with OPCs and
OLs to promote myelination remains unclear. However, there
are multiple synaptic and non-synaptic signaling mechanisms
that may play a role (Hines et al, 2015; Mensch et al,
2015; Wake et al., 2015; Hughes and Appel, 2019). Electrically
active axons release potassium which depolarizes OPCs and
leads to the opening of voltage-gated calcium channels on
OPCs (Barron and Kim, 2019). Activated, unmyelinated axons
release glutamate (Kukley et al, 2007; Ziskin et al., 2007)
which activates AMPA (Barron and Kim, 2019), NMDA
(Doyle et al, 2018) as well as metabotropic glutamate
receptors (Wake et al, 2015) on oligodendroglia. Neuronal
activity can also activate GABA and muscarinic receptors
on OPCs (Paez and Lyons, 2020). In addition, purinergic
receptors on oligodendroglia can be activated by activity-
induced increases of extracellular ATP (Welsh and Kucenas,
2018). The activation of the above-mentioned receptors and
transporters converges on an increase in the intracellular
calcium level in oligodendroglia. Accordingly, calcium signaling
in oligodendroglia increases OPC proliferation (Ohashi et al.,
2018), OPC morphological maturation (Waggener et al,
2013), OL differentiation (Cheli et al., 2018), the expression
of myelin-related transcription factors (Weider et al, 2018)
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FIGURE 1 | The process of remyelination. A schematic representation of myelination in healthy condition, during demyelination and during the process of
remyelination involving the migration of OPCs into the lesion from other brain regions, the proliferation of OPCs, the differentiation of new OPCs into myelinating OLs
and the remyelination of naked axons by both newly differentiated OLs and pre-existing OLs. Green: neurons, light blue: OPCs, dark blue: mature OLs, purple:

new-born cells.

and proteins (Cheli et al., 2018), as well as myelin sheath
thickness (Waggener et al., 2013). Moreover, the frequency
and amplitude of the calcium signals in OLs determine
whether myelin sheaths grow or retract (Baraban et al., 2018;
Krasnow et al., 2018). Alternatively, it has been proposed that
activity-dependent myelination is mediated by the morphology
of the to-be-myelinated axon (Stedehouder et al, 2019)
or via mechanotransduction (Lourenco and Graos, 2016).
Taken together, in the healthy brain, communication between
electrically active neurons and oligodendroglial cells affects
OL proliferation and differentiation, and can initiate de novo
myelination resulting in behavioral changes. Consequently, this

makes stimulation of neuronal activity an interesting approach
for myelin repair in demyelinating disorders such as MS.

MODULATION OF NEURONAL ACTIVITY
DURING REMYELINATION

While activity-driven myelination is accepted as a key mechanism
in the CNS, literature on the effect of neuronal activity on
myelin repair is still scarce. Nevertheless, a limited number of
studies have reported on the potency of manipulating neuronal
activity as a remyelination strategy in animal models. The
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intracerebral infusion of AMPA/kainate receptor antagonists
and a voltage-dependent Na™ channel blocker in demyelinated
lesions induced by ethidium bromide showed a decreased
differentiation of OPCs into myelinating OLs, an increased OL
apoptosis and a reduced remyelination (Gautier et al., 2015).
These results suggest that blocking neuronal activity negatively
affects remyelination. The reverse experiment was also initially
proposed in a model of contusive spinal cord injury in rats,
associated with demyelination without axonal loss (Li et al,
2017). Several days of electrical stimulation in the motor cortex
increased the number of OPCs and newly myelinating OLs as
well as enhanced remyelination in the remote demyelinated
region, the spinal cord. However, it was only recently that
a positive effect of neuronal activity on remyelination was
unequivocally demonstrated in vivo (Ortiz et al., 2019). Distinct
neural stimulation paradigms applied directly at the injured site
had particular effects on remyelination. On the one hand, in
lysolecithin-induced demyelinated lesions of the mouse corpus
callosum, a single 3 h session of 20 Hz optogenetic stimulation of
callosal axons led to increased proliferation of OPCs in the lesion
the day of the stimulation. However, this new pool of progenitors
did not result in a larger number of myelinating OLs 1 week later.
On the other hand, a 3 h 20 Hz optogenetic stimulation session
every day during 1 week increased OL differentiation, enhanced
the number of remyelinated axons and improved action potential
conduction in the lesion (Ortiz et al., 2019). This study using
direct neuronal stimulation indicates that neuronal activity may
indeed promote remyelination in demyelinated lesions under
specific stimulation paradigms.

Recent studies in animal models have addressed the effects
of indirect methods of neuronal stimulation on remyelination.
As indirect neuronal stimulation methods such as TMS,
tDCS and behavioral training are readily applicable in the
clinic, it is worthwhile to investigate different stimulation
methods in rodents. Sixty Hz electromagnetic stimulation
increases remyelination in toxin demyelinated lesions of the
rat corpus callosum (Sherafat et al,, 2012) and low frequency
electromagnetic stimulation promotes the differentiation of
OPCs and remyelination after spinal cord injury in rats (Li et al.,
2019). Epidural electrical stimulation after spinal cord injury
also enhanced remyelination and increased OL differentiation
and survival (Li et al, 2020). Likewise, brain activation using
20 Hz ultrasound bursts increased remyelination after cuprizone
demyelination in mice (Olmstead et al,, 2018) and voluntary
exercise immediately after lysolecithin lesions of the spinal cord
white matter increased OPC proliferation, differentiation and
remyelination (Jensen et al., 2018). Notably, pairing voluntary
exercise with the pro-myelinating drug clemastine showed an
additive effect in increasing myelin repair (Jensen et al., 2018).
Although it is likely that in both studies utilizing physical exercise
neuronal activity in the demyelinated lesion was enhanced,
neither study provides evidence that this was indeed the case.
Nevertheless, the results of OL differentiation and more efficient
remyelination are in line with the observations made in studies
employing direct neuronal stimulation. In addition to the above-
mentioned studies, it is known that brain stimulation can
influence myelination and oligodendroglial dynamics after brain

damage or traumatic injury. For example, tDCS in rats after focal
cerebral ischemia lead to a faster recovery of motor function and
stimulated the migration of OPCs to the lesion (Braun et al.,
2016). Moreover, oscillating field stimulation leads to increased
OPC differentiation and enhances functional recovery after spinal
cord injury in rats (Jing et al., 2015). This was confirmed in
a second study where enhanced remyelination and increased
protein expression of oligodendroglial marker Olig2 were found
(Zhang et al., 2014). Collectively, indirect methods of neuronal
activation can positively influence myelin repair.

Behavioral paradigms recruiting remyelinating brain regions
might be able to accelerate the remyelination process, likely
through increased neuronal activity. A recent study reported
increased neuronal firing rates in the motor cortex following
cuprizone demyelination that recovered to normal during the
same period in which remyelination was completed, suggesting
a correlation between the level of neuronal activity and
remyelination (Bacmeister et al, 2020). Behavioral training
that recruits the motor cortex during remyelination increased
the number of myelinating OLs and the number of myelin
sheaths produced by both pre-existing and newly formed OLs
relative to untrained demyelinated mice (Bacmeister et al., 2020).
Behavioral experiences can also improve myelin recovery in other
forms of brain injury. For example, increased OPC numbers
were found in ischemic lesions after environmental enrichment
(Komitova et al., 2006). After both environmental enrichment
and behavioral skilled reaching training, the number of OPCs was
increased in a rat model for stroke (Keiner et al., 2008). Likewise,
environmental enrichment increased the number of OPCs in a rat
model with hypomyelination (Maas et al., 2020) and increased the
OL differentiation and myelination in a model of perinatal brain
injury (Forbes et al., 2020).

Although neuronal activity can be enhanced in a controlled
manner to limit deleterious effects such as excitotoxicity, it
cannot be excluded that apart from benefits for remyelination,
enhanced neuronal activity may negatively affect the
demyelinated neurons themselves. Indeed, Na?™ and Ca?™
channel blocking agents have been shown to reduce damage
to neurons in demyelinating lesions by inhibiting a neuronal
cell membrane depolarizing mechanism (Brand-Schieber and
Werner, 2004). Further damage to demyelinated neurons
complicates their remyelination and this might explain why
during cuprizone demyelination in mice, enhancing neuronal
activity by behavioral intervention had no positive effects
on remyelination directly after demyelination, but only as
remyelination had commenced (Bacmeister et al, 2020).
Future studies into neuronal-activity dependent myelin repair
should take this precise timing into account, or may follow
an alternative route in which activity-dependent pathways in
OLs are stimulated directly instead of via neuronal activity
(Jung et al., 2020).

Although emerging lines of evidence point to a role of
neuronal activity in modulating oligodendroglia dynamics in
lesions, few papers have investigated the signaling mechanisms
that underlie the communication between electrically active
axons and oligodendroglia during remyelination. Since the
frequency of calcium transients is increased during remyelination
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(Battefeld et al., 2019), it is likely that OL calcium signaling
pathways play a role, as occurs in adaptive myelination.
However, whether intracellular calcium signaling has positive or
negative effects on myelination under pathological conditions
is unclear. For instance, ablation of the muscarinic M1 and
M3 receptors that induce calcium responses in oligodendroglia
enhances myelin repair, suggesting a negative role of muscarinic
receptor-mediated calcium increases (Mei et al., 2016; Welliver
et al,, 2018). On the contrary, the removal of the inwardly
rectifying calcium channel Cavl1.2, which should reduce calcium
activity, also impairs remyelination through decreases in OPC
proliferation and maturation (Santiago Gonzalez et al., 2017).
While the activation of some receptors inducing calcium
increases may have deleterious effects on myelin repair,
specific intracellular calcium increases may be necessary to
promote remyelination. In addition, it has been shown that
in demyelinated lesions experimentally induced by the direct
injection of gliotoxic agents, demyelinated axons make synaptic
connections with OPCs that are positive for the glutamatergic
synapse marker vGlut2, suggesting that axon-OPC synapses may
play a role in remyelination (Etxeberria et al., 2010; Gautier
et al., 2015; Sahel et al.,, 2015). Remarkably, an in vitro study
has shown that magnetic field stimulation induces calcium influx
in OPCs and enhances OPC differentiation and OL myelination
(Prasad et al., 2017), suggesting that electrical stimulation per se
may also induce direct effects on oligodendroglia in the absence
of neuronal activity. Taken together, these findings suggest that

complex mechanisms implicating calcium signals in OL lineage
cells may be involved in neuronal activity-induced remyelination
and that further research is necessary to unravel the associated
signaling pathways.

METHODS OF NEURONAL
STIMULATION AS NOVEL THERAPIES
IN MS

As emerging evidence suggests that increased neuronal activity
can aid remyelination, it is worthwhile to examine studies in
which MS patients with demyelinating lesions undergo neuronal
stimulation. Deep brain stimulation is the only direct stimulation
method that has been tried in MS patients. Several studies
have shown that thalamic deep brain stimulation significantly
reduces tremor and improves quality of life in MS patients
(Hooper et al, 2002; Berk et al., 2002; Bittar et al., 2005;
Thevathasan et al., 2011; Brandmeir et al., 2020). However, it
is unlikely that the positive effects of deep brain stimulation on
tremor symptoms rely on increased remyelination as the effects
are seen quickly after stimulation. Nevertheless, it would be
interesting to assess whether long treatment periods or different
deep brain stimulation protocols influence local remyelination
in patients. Clinical studies have also already explored non-
invasive brain stimulation as an attractive therapeutic approach
that is easily applicable in the clinic and, in some cases,

TABLE 1 | Effects of direct and non-invasive neuronal stimulation on OPC proliferation, OPC differentiation, remyelination, and symptomatology in preclinical models and

MS patients.
Enhanced OPC Enhanced OPC Enhanced remyelination Improved
proliferation in a lesion differentiation in a lesion in a lesion symptomatology
Preclinical Direct e Epidural electrical e Epidural electrical stimulation e Epidural electrical stimulation e Epidural electrical
models stimulation stimulation (Li et al., 2017) (Lietal, 2017, 2020) (Lietal, 2017, 2020) stimulation
e Optogenetics e Optogenetics (Ortiz et al., 2019) e Optogenetics (Ortiz et al., 2019) (Lietal, 2017, 2020)
(Ortiz et al., 2019)
Non-invasive e Behavioral training e Behavioral training e Behavioral training o Electromagnetic stimulation
stimulation (Bacmeister et al., 2020) (Bacmeister et al., 2020) (Bacmeister et al., 2020) (Lietal., 2019)
o Voluntary exercise o Electromagnetic stimulation e \oluntary exercise
(Jensen et al., 2018) (Lietal., 2019) (Jensen et al., 2018)
e Electromagnetic stimulation
(Sherafat et al., 2012)
e Electromagnetic stimulation
(Lietal., 2019)
e Ultrasound burst stimulation
(Olmstead et al., 2018)
MS Direct NA NA NA e Deep brain stimulation
patients stimulation (Hooper et al., 2002;
Berk et al., 2002;
Bittar et al., 2005;
Thevathasan et al., 2011)
Non-invasive NA NA NA e High intensity exercise
stimulation (Orban et al., 2019)
o rTMS (Nielsen et al., 1996;
Centonze et al., 2007;
Hulst et al., 2017)
o tDCS (Mattioli et al., 2016;
Charvet et al., 2018)
NA, Not Available.
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can be applied at home (Gough et al, 2020). Although the
mechanisms behind the effects of non-invasive brain stimulation
are yet to be explained and probably result from mixed
effects on neurons and glia, non-invasive brain stimulation
in MS patients has been shown to reduce motor symptoms
including spasticity, fatigue, neuropathic pain, tactile sensory
problems, as well as urinary tract difficulties (Leocani et al.,
2019). Different stimulation methods and various stimulation
patterns have successfully been tried. Using repetitive (r)TMS
for example, stimulation twice daily for 7 days has been shown
to reduce spasticity when applied to the spine in MS patients
(Nielsen et al., 1996) and high as well as low frequency
(r)TMS improve spasticity when applied to the motor cortex
for 2 weeks (Centonze et al, 2007). Notably, non-invasive
brain stimulation appears to improve cognition in MS patients,
a symptom that is not improved by current MS medication
(DeLuca et al., 2020). tDCS applied to the dorsolateral PFC
during 10 sessions of cognitive therapy enhanced training
effects on executive functioning and attention in MS patients
(Mattioli et al., 2016). The positive effects of tDCS applied
during cognitive therapy were replicated in a second study
for complex attention in MS patients (Charvet et al., 2018).
Similar results were found using rTMS over the dorsolateral
PFC which improved accuracy during a working memory
task (Hulst et al, 2017). Collectively, these studies point to
beneficial effects of non-invasive brain stimulation on alleviating
diverse MS symptoms, sometimes in the long term, and are
therefore a promising treatment avenue. However, whether non-
invasive brain stimulation constitutes a strategy to enhance
remyelination in MS is still unclear. In stroke patients, tDCS
increases white matter integrity, often considered as a proxy for
myelin integrity, which correlates with improved motor skills
(Zheng and Schlaug, 2015). Enhanced white matter integrity
after TMS has also been observed in aphasia patients (Lu et al.,
2014). However, both studies used magnetic resonance imaging
measures to assess white matter integrity and this technique
is not sensitive enough to measure myelination directly, but
rather represents a mix of myelin and axonal-related correlates.
Similar studies investigating the effects of non-invasive brain
stimulation on the state of demyelinating lesions in MS patients
are still lacking. Therefore, further studies are necessary to
find out whether the positive effects of non-invasive brain
stimulation on MS symptomatology are indeed caused by
enhanced remyelination.

Other than non-invasive brain stimulation, exercise and
behavioral paradigms have also been shown to positively
affect MS symptoms and their effects might be mediated by
enhanced neuronal activity. For example, 8 weeks of high
intensity exercise improve clinical outcome (Orban et al,
2019) and both exercise and cognitive training are effective
in reducing cognitive impairments in MS patients (DeLuca
et al., 2020). It has even been suggested that exercise should
be prescribed as a medicine in early MS stages (Dalgas
et al, 2019). As for non-invasive brain stimulation, the
neurobiological mechanisms underlying the positive effects of
exercise and cognitive training remain unknown. However,
white matter integrity is increased in MS patients that have a

high cardiorespiratory fitness (Prakash et al., 2010) indicating
that remyelination might play a role, but future studies
are still necessary to correlate symptom improvements with
remyelination. An important challenge for future MS research
studies will be to distinguish the benefits of non-invasive
brain stimulation caused by an increased remyelination from
those generated by improved neuronal regeneration, effects on
astrocytes and microglia, or even effects on motivation and
activeness of patients.

CONCLUSION

Neuronal activity-dependent myelination can take place
regardless of neuronal identity, but the effects of neuronal
activity on oligodendroglial cells likely depend on the cumulative
pattern of activity of a neuronal network. This means that both
direct stimulation of neurons by for example optogenetics and
indirect stimulation via non-invasive methods such as TMS
and behavioral training can achieve de novo myelination in
the healthy brain. The facts that neuronal activity can initiate
myelination and that neuronal stimulation can be achieved
relatively easily make activity-dependent myelination an
attractive strategy for myelin repair in demyelinating disorders
such as MS. Research into neuronal activity-dependent myelin
repair is still scarce, however, the few in vivo preclinical studies
that have been conducted suggest that enhanced neuronal activity
in a demyelinated lesion indeed has the potential to improve
remyelination (see Table 1 for an overview of preclinical and
clinical studies applying direct and indirect neuronal stimulation
and their effects on remyelination). Notably, as during adaptive
myelination in the healthy brain, the pattern and frequency
of the neuronal stimulation are important determinants of its
effect as a single stimulation session had no lasting effects on
remyelination, while repeated stimulation sessions significantly
improved remyelination in the demyelinated mouse corpus
callosum (Ortiz et al., 2019). In rodents, both direct stimulation
by optogenetics and indirect stimulation by non-invasive
brain stimulation or using behavioral training paradigms have
positive effects on myelin repair after injury. Non-invasive brain
stimulation and behavioral training can be readily applied in the
clinic and, in MS patients, it has been shown that rTMS, tDCS
and physical exercise can ameliorate disease symptomatology.
However, it is yet to be determined whether this improvement
of symptoms is caused by enhanced myelin repair after neuronal
stimulation or whether the benefits of neuronal activity could be
attributed to effects on the neurons themselves or on other brain
cells (Table 1).

It is known that electrically active axons can communicate
with oligodendroglia cells via synaptic and non-synaptic sites
involving a number of receptors and messenger molecules that
often lead to a depolarization of oligodendroglia and subsequent
intracellular calcium signals. The nature of the communication
from neurons to oligodendroglia and the frequency and
amplitude of intracellular calcium increases in oligodendroglia
are thought to determine the OL response to neuronal activity.
Future studies need to reveal the molecular pathways involved
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in, and the calcium response characteristics of oligodendroglia to
neuronal electrical activity.

In conclusion, the stimulation of neuronal activity is a
promising strategy for myelin repair in demyelinating disorders
such as MS and future research into the exact neurobiological
mechanisms as well as clinical evaluation of changes in the brain
after neuronal stimulation in patients will aid the development of
this novel therapeutic approach to myelin repair.

AUTHOR CONTRIBUTIONS

DM and MCA wrote and corrected the manuscript. Both authors
contributed to the article and approved the submitted version.

REFERENCES

Bacmeister, C. M., Barr, H. J., McClain, C. R., Thornton, M. A., Nettles, D.,
Welle, C. G., et al. (2020). Motor learning promotes remyelination via new and
surviving oligodendrocytes. Nat. Neurosci. 23, 819-831. doi: 10.1038/s41593-
020-0637-3

Baraban, M., Koudelka, S., and Lyons, D. A. (2018). Ca (2+) activity signatures
of myelin sheath formation and growth in vivo. Nat. Neurosci. 21, 19-23.
doi: 10.1038/s41593-017-0040-x

Barres, B. A., and Raff, M. C. (1993). Proliferation of oligodendrocyte precursor
cells depends on electrical activity in axons. Nature 361, 258-260. doi: 10.1038/
36125820

Barron, T., and Kim, J. H. (2019). Neuronal input triggers Ca(2+) influx through
AMPA receptors and voltage-gated Ca(2+) channels in oligodendrocytes. Glia
67, 1922-1932. doi: 10.1002/glia.23670

Battefeld, A., Popovic, M. A., de Vries, S. I, and Kole, M. H. P. (2019).
High-frequency microdomain Ca2+ transients and waves during early myelin
internode remodeling. Cell Rep. 26, 182-191.e5. doi: 10.1016/j.celrep.2018.
12.039

Benamer, N., Vidal, M., Balia, M., and Angulo, M. C. (2020). Myelination of
parvalbumin interneurons shapes the function of cortical sensory inhibitory
circuits. Nat. Commun. 11:5151. doi: 10.1038/s41467-020-18984-7

Berk, C., Carr, J., Sinden, M., Martzke, J., and Honey, C. R. (2002). Thalamic
deep brain stimulation for the treatment of tremor due to multiple sclerosis:
a prospective study of tremor and quality of life. . Neurosurg. 97, 815-820.
doi: 10.3171/jns.2002.97.4.0815

Bittar, R. G., Hyam, J., Nandi, D., Wang, S., Liu, X,, Joint, C., et al. (2005).
Thalamotomy versus thalamic stimulation for multiple sclerosis tremor. J. Clin.
Neurosci. 12, 638-642. doi: 10.1016/j.jocn.2004.09.008

Brandmeir, N. J., Murray, A., Cheyuo, C. Ferari, C, and Rezai, A. R.
(2020). Deep brain stimulation for multiple sclerosis tremor: a meta-analysis.
Neuromodulation 23, 463-468. doi: 10.1111/ner.13063

Brand-Schieber, E., and Werner, P. (2004). Calcium channel blockers ameliorate
disease in a mouse model of multiple sclerosis. Exp. Neurol. 189, 5-9. doi:
10.1016/j.expneurol.2004.05.023

Braun, R, Klein, R., Walter, H. L., Ohren, M., Freudenmacher, L., Getachew, K.,
et al. (2016). Transcranial direct current stimulation accelerates recovery of
function, induces neurogenesis and recruits oligodendrocyte precursors in a
rat model of stroke. Exp. Neurol. 279, 127-136. doi: 10.1016/j.expneurol.2016.
02.018

Centonze, D., Koch, G., Versace, V., Mori, F., Rossi, S., Brusa, L., et al. (2007).
Repetitive transcranial magnetic stimulation of the motor cortex ameliorates
spasticity in multiple sclerosis. Neurology 68, 1045-1050. doi: 10.1212/01.wnl.
0000257818.16952.62

Charvet, L., Shaw, M., Dobbs, B., Frontario, A., Sherman, K., Bikson, M., et al.
(2018). Remotely supervised transcranial direct current stimulation increases
the benefit of at-home cognitive training in multiple sclerosis. Neuromodulation
21, 383-389. doi: 10.1111/ner.12583

FUNDING

This work was supported by grants from a subaward agreement
from the University of Connecticut with funds provided by
Grant No. RG-1612-26501 from National Multiple Sclerosis
Society (NMSS), Fondation pour laide & la recherche sur
la Sclérose en Plaques (ARSEP), ANR under the frame of
the European Joint Programme on Rare Diseases (EJP RD,
project no. ANR-19-RAR4-008-03), ANR under the frame of
Neuron Cofund (Era-Net Neuron, project no. ANR-18-Neur-
0001-01). DM is recipient of a postodoctoral fellowship from
Fondation pour la Recherche Médicale (FRM, project no.
SPF202005011919). MCA is a CNRS (Centre National de la
Recherche Scientifique) investigator.

Cheli, V. T., Santiago Gonzélez, D. A., Zamora, N. N,, Lama, T. N., Spreuer, V.,
Rasmusson, R. L., et al. (2018). Enhanced oligodendrocyte maturation and
myelination in a mouse model of timothy syndrome. Glia 66, 2324-2339. doi:
10.1002/glia.23468

Cullen, C. L., Senesi, M., Tang, A. D., Clutterbuck, M. T., Auderset, L., O’Rourke,
M. E,, et al. (2019). Low-intensity transcranial magnetic stimulation promotes
the survival and maturation of newborn oligodendrocytes in the adult mouse
brain. Glia 67, 1462-1477. doi: 10.1002/glia.23620

Dalgas, U., Langeskov-Christensen, M., Stenager, E., Riemenschneider, M., and
Hvid, L. G. (2019). Exercise as medicine in multiple sclerosis-time for a
paradigm shift: preventive, symptomatic, and disease-modifying aspects and
perspectives. Curr. Neurol. Neurosci. Rep. 19:88. doi: 10.1007/s11910-019-
1002-3

DeLuca, J., Chiaravalloti, N. D., and Sandroff, B. M. (2020). Treatment and
management of cognitive dysfunction in patients with multiple sclerosis. Nat.
Rev. Neurol. 16, 319-332.

Demerens, C., Stankoff, B., Logak, M., Anglade, P., Allinquant, B., Couraud, F.,
etal. (1996). Induction of myelination in the central nervous system by electrical
activity. Proc. Natl. Acad. Sci. U.S.A. 93, 9887-9892. doi: 10.1073/pnas.93.18.
9887

Doyle, S., Hansen, D. B., Vella, J., Bond, P., Harper, G., Zammit, C., et al. (2018).
Vesicular glutamate release from central axons contributes to myelin damage.
Nat. Commun. 9:1032. doi: 10.1038/s41467-018-03427- 1

Etxeberria, A., Mangin, J. M., Aguirre, A., and Gallo, V. (2010). Adult-born
SVZ progenitors receive transient synapses during remyelination in corpus
callosum. Nat. Neurosci. 13, 287-289. doi: 10.1038/nn.2500

Forbes, T. A., Goldstein, E. Z., Dupree, J. L., Jablonska, B., Scafidi, J., Adams,
K. L., et al. (2020). Environmental enrichment ameliorates perinatal brain
injury and promotes functional white matter recovery. Nat. Commun. 11:964.
doi: 10.1038/541467-020-14762-7

Gautier, H. O. B., Evans, K. A., Volbracht, K., James, R., Sitnikov, S., Lundgaard,
I, et al. (2015). Neuronal activity regulates remyelination via glutamate
signalling to oligodendrocyte progenitors. Nat. Commun. 6:8518. doi: 10.1038/
ncomms9518

Gibson, E. M., Purger, D., Mount, C. W., Goldstein, A. K., Lin, G. L., Wood,
L. S, etal. (2014). Neuronal activity promotes oligodendrogenesis and adaptive
myelination in the mammalian brain. Science 344:1252304. doi: 10.1126/
science.1252304

Gough, N., Brkan, L., Subramaniam, P., Chiuccariello, L., De Petrillo, A., Mulsant,
B. H., et al. (2020). Feasibility of remotely supervised transcranial direct
current stimulation and cognitive remediation: a systematic review. PloS One
15:€0223029. doi: 10.1371/journal.pone.0223029

Han, Y., Yang, H., Lv, Y.-T,, Zhu, C.-Z,, He, Y., Tang, H.-H., et al. (2009).
Gray matter density and white matter integrity in pianists’ brain: a combined
structural and diffusion tensor MRI study. Neurosci. Lett. 459, 3-6. doi: 10.1016/
j-neulet.2008.07.056

Hasel, P., Dando, O., Jiwaji, Z., Baxter, P., Todd, A. C., Heron, S., et al. (2017).
Neurons and neuronal activity control gene expression in astrocytes to regulate

Frontiers in Cellular Neuroscience | www.frontiersin.org

February 2021 | Volume 15 | Article 645240


https://doi.org/10.1038/s41593-020-0637-3
https://doi.org/10.1038/s41593-020-0637-3
https://doi.org/10.1038/s41593-017-0040-x
https://doi.org/10.1038/361258a0
https://doi.org/10.1038/361258a0
https://doi.org/10.1002/glia.23670
https://doi.org/10.1016/j.celrep.2018.12.039
https://doi.org/10.1016/j.celrep.2018.12.039
https://doi.org/10.1038/s41467-020-18984-7
https://doi.org/10.3171/jns.2002.97.4.0815
https://doi.org/10.1016/j.jocn.2004.09.008
https://doi.org/10.1111/ner.13063
https://doi.org/10.1016/j.expneurol.2004.05.023
https://doi.org/10.1016/j.expneurol.2004.05.023
https://doi.org/10.1016/j.expneurol.2016.02.018
https://doi.org/10.1016/j.expneurol.2016.02.018
https://doi.org/10.1212/01.wnl.0000257818.16952.62
https://doi.org/10.1212/01.wnl.0000257818.16952.62
https://doi.org/10.1111/ner.12583
https://doi.org/10.1002/glia.23468
https://doi.org/10.1002/glia.23468
https://doi.org/10.1002/glia.23620
https://doi.org/10.1007/s11910-019-1002-3
https://doi.org/10.1007/s11910-019-1002-3
https://doi.org/10.1073/pnas.93.18.9887
https://doi.org/10.1073/pnas.93.18.9887
https://doi.org/10.1038/s41467-018-03427-1
https://doi.org/10.1038/nn.2500
https://doi.org/10.1038/s41467-020-14762-7
https://doi.org/10.1038/ncomms9518
https://doi.org/10.1038/ncomms9518
https://doi.org/10.1126/science.1252304
https://doi.org/10.1126/science.1252304
https://doi.org/10.1371/journal.pone.0223029
https://doi.org/10.1016/j.neulet.2008.07.056
https://doi.org/10.1016/j.neulet.2008.07.056
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Maas and Angulo

Neuronal Activity as a Remyelination Strategy

their development and metabolism. Nat. Commun. 8:15132. doi: 10.1038/
ncomms15132

Hines, J. H., Ravanelli A. M. Schwindt, R., Scott, E. K., and
Appel, B. (2015). Neuronal activity biases axon selection for
myelination in vivo. Nat. Neurosci. 18, 683-689. doi: 10.1038/nn.
3992

Hooper, J., Taylor, R., Pentland, B., and Whittle, I. R. A. (2002). Prospective
study of thalamic deep brain stimulation for the treatment of movement
disorders in multiple sclerosis. Br. J. Neurosurg. 16, 102-109. doi: 10.1080/
02688690220131769

Hughes, A. N., and Appel, B. (2019). Oligodendrocytes express synaptic proteins
that modulate myelin sheath formation. Nat. Commun. 10:4125. doi: 10.1038/
541467-019-12059-y

Hulst, H. E., Goldschmidt, T., Nitsche, M. A., de Wit, S. J., van den Heuvel,
O. A, Barkhof, F,, et al. (2017). rTMS affects working memory performance,
brain activation and functional connectivity in patients with multiple sclerosis.
J. Neurol. Neurosurg. Psychiatry 88, 386-394. doi: 10.1136/jnnp-2016-314224

Jakel, S., Agirre, E., Mendanha Falcdo, Q., van Bruggen, D., Lee, K. W., Knuesel,
L, et al. (2019). Altered human oligodendrocyte heterogeneity in multiple
sclerosis. Nature 566, 543-547. doi: 10.1038/s41586-019-0903-2

Jensen, S. K., Michaels, N. J., Ilyntskyy, S., Keough, M. B., Kovalchuk, O., and
Yong, V. W. (2018). Multimodal enhancement of remyelination by exercise
with a pivotal role for oligodendroglial PGCla. Cell Rep. 24, 3167-3179. doi:
10.1016/j.celrep.2018.08.060

Jing, J.-H., Qian, J., Zhu, N., Chou, W.-B., and Huang, X.-J. (2015). Improved
differentiation of oligodendrocyte precursor cells and neurological function
after spinal cord injury in rats by oscillating field stimulation. Neuroscience 303,
346-351. doi: 10.1016/j.neuroscience.2015.07.017

Jung, K., Kim, H. N, Jeon, N. L., and Hyung, S. (2020). Comparison of the efficacy
of optogenetic stimulation of glia versus neurons in myelination. ACS Chem.
Neurosci. 11, 4280-4288. doi: 10.1021/acschemneuro.0c00542

Keiner, S., Wurm, F., Kunze, A., Witte, O. W., and Redecker, C. (2008).
Rehabilitative therapies differentially alter proliferation and survival of glial
cell populations in the perilesional zone of cortical infarcts. Glia 56, 516-527.
doi: 10.1002/glia.20632

Komitova, M., Perfilieva, E., Mattsson, B., Eriksson, P. S., and Johansson,
B. B. (2006). Enriched environment after focal cortical ischemia enhances
the generation of astroglia and NG2 positive polydendrocytes in adult
rat neocortex. Exp. Neurol. 199, 113-121. doi: 10.1016/j.expneurol.2005.
12.007

Krasnow, A. M., Ford, M. C., Valdivia, L. E., Wilson, S. W., and Attwell, D. (2018).
Regulation of developing myelin sheath elongation by oligodendrocyte calcium
transients in vivo. Nat. Neurosci. 21, 24-28. doi: 10.1038/s41593-017-0031-y

Kukley, M., Capetillo-Zarate, E., and Dietrich, D. (2007). Vesicular glutamate
release from axons in white matter. Nat. Neurosci. 10, 311-320. doi: 10.1038/
nnl1850

Leocani, L., Chieffo, R., Gentile, A., and Centonze, D. (2019). Beyond rehabilitation
in MS: insights from non-invasive brain stimulation. Mult. Scler. 25, 1363-1371.
doi: 10.1177/1352458519865734

Li, G, Fan, Z.-K,, Gu, G.-F,, Jia, Z.-Q., Zhang, Q.-Q., Dai, J.-Y., et al. (2020).
Epidural spinal cord stimulation promotes motor functional recovery by
enhancing oligodendrocyte survival and differentiation and by protecting
myelin after spinal cord injury in rats. Neurosci. Bull. 36, 372-384. doi: 10.1007/
512264-019-00442-0

Li, Q., Houdayer, T., Liu, S., and Belegu, V. (2017). Induced neural activity
promotes an oligodendroglia regenerative response in the injured spinal cord
and improves motor function after spinal cord injury. J. Neurotrauma 34,
3351-3361. doi: 10.1089/neu.2016.4913

Li, Y., Du, X,, Liu, C., Wen, Z., and Du, J. (2012). Reciprocal regulation between
resting microglial dynamics and neuronal activity in vivo. Dev. Cell 23, 1189-
1202. doi: 10.1016/j.devcel.2012.10.027

Li, Z,, Yao, F., Cheng, L., Cheng, W., Qi, L., Yu, S,, et al. (2019). Low frequency
pulsed electromagnetic field promotes the recovery of neurological function
after spinal cord injury in rats. J.Orthop. Res. 37, 449-456. doi: 10.1002/jor.
24172

Lourengo, T., and Graos, M. (2016). Modulation of oligodendrocyte differentiation
by mechanotransduction. Front. Cell. Neurosci. 10:277. doi: 10.3389/fncel.2016.
00277

Lu, H., Wu, H., Cheng, H., Wei, D., Wang, X., Fan, Y., et al. (2014). Improvement
of white matter and functional connectivity abnormalities by repetitive
transcranial magnetic stimulation in crossed aphasia in dextral. Int. J. Clin. Exp.
Med. 7, 3659-3668.

Lubetzki, C., Zalc, B., Williams, A., Stadelmann, C., and Stankoff, B. (2020).
Remyelination in multiple sclerosis: from basic science to clinical translation.
Lancet Neurol. 19, 678-688. doi: 10.1016/S1474-4422(20)30140-X

Maas, D. A, Eijsink, V. D., Spoelder, M., van Hulten, J. A., De Weerd, P., Homberg,
J. R, et al. (2020). Interneuron hypomyelination is associated with cognitive
inflexibility in a rat model of schizophrenia. Nat. Commun. 11:2329. doi: 10.
1038/s41467-020-16218-4

Mattioli, F., Bellomi, F., Stampatori, C., Capra, R., and Miniussi, C. (2016).
Neuroenhancement through cognitive training and anodal tDCS in multiple
sclerosis. Mult. Scler. 22, 222-230. doi: 10.1177/1352458515587597

McKenzie, I. A., Ohayon, D., Li, H., de Faria, J., Emery, B., Tohyama, K.,
et al. (2014). Motor skill learning requires active central myelination. Science
346:318-322. doi: 10.1126/science.1254960

Mei, F., Lehmann-Horn, K., Shen, Y.-A. A., Rankin, K. A., Stebbins, K. J.,
Lorrain, D. S., et al. (2016). Accelerated remyelination during inflammatory
demyelination prevents axonal loss and improves functional recovery. ELife
5:¢18246. doi: 10.7554/eLife.18246

Mensch, S., Baraban, M., Almeida, R., Czopka, T., Ausborn, J., El Manira, A., et al.
(2015). Synaptic vesicle release regulates myelin sheath number of individual
oligodendrocytes in vivo. Nat. Neurosci. 18, 628-630. doi: 10.1038/nn.3991

Mitew, S., Gobius, I., Fenlon, L. R., McDougall, S. J., Hawkes, D., Xing, Y. L., et al.
(2018). Pharmacogenetic stimulation of neuronal activity increases myelination
in an axon-specific manner. Nat. Commun. 9:306. doi: 10.1038/s41467-017-
02719-2

Nagy, B., Hovhannisyan, A., Barzan, R, Chen, T.-J., and Kukley, M.
(2017). Different patterns of neuronal activity trigger distinct responses of
oligodendrocyte precursor cells in the corpus callosum. PLoS Biol. 15:€2001993.
doi: 10.1371/journal.pbio.2001993

Nielsen, J. F., Sinkjaer, T., and Jakobsen, J. (1996). Treatment of spasticity with
repetitive magnetic stimulation; a double-blind placebo-controlled study. Mult.
Scler. 2,227-232. doi: 10.1177/135245859600200503

Ohashi, K., Deyashiki, A., Miyake, T., Nagayasu, K., Shibasaki, K., Shirakawa, H.,
et al. (2018). TRPV4 is functionally expressed in oligodendrocyte precursor
cells and increases their proliferation. Pfliigers Arch. 470, 705-716. doi: 10.1007/
s00424-018-2130-3

Olmstead, T. A., Chiarelli, P. A., Griggs, D. J., McClintic, A. M., Myroniv, A. N., and
Mourad, P. D. (2018). Transcranial and pulsed focused ultrasound that activates
brain can accelerate remyelination in a mouse model of multiple sclerosis.
J. Ther. Ultrasound 6:11. doi: 10.1186/s40349-018-0119-1

Orban, A., Garg, B., Sammi, M. K., Bourdette, D. N., Rooney, W. D., Kuehl, K.,
et al. (2019). Effect of high-intensity exercise on multiple sclerosis function
and phosphorous magnetic resonance spectroscopy outcomes. Med. Sci. Sports
Exercise 51, 1380-1386. doi: 10.1249/MSS.0000000000001914

Ortiz, F. C., Habermacher, C., Graciarena, M., Houry, P.-Y., Nishiyama, A., Nait
Oumesmar, B., et al. (2019). Neuronal activity in vivo enhances functional
myelin repair. JCI Insight 5:e123434. doi: 10.1172/jci.insight.123434

Paez, P. M,, and Lyons, D. A. (2020). Calcium signaling in the oligodendrocyte
lineage: regulators and consequences. Annu. Rev. Neurosci. 43, 163-186. doi:
10.1146/annurev-neuro-100719-093305

Piscopo, D. M., Weible, A. P., Rothbart, M. K., Posner, M. 1., and Niell, C. M.
(2018). Changes in white matter in mice resulting from low-frequency brain
stimulation. Proc. Natl. Acad. Sci. U.S.A. 115, E6339-E6346. doi: 10.1073/pnas.
1802160115

Prakash, R. S., Snook, E. M., Motl, R. W., and Kramer, A. F. (2010). Aerobic fitness
is associated with gray matter volume and white matter integrity in multiple
sclerosis. Brain Res. 1341, 41-51. doi: 10.1016/j.brainres.2009.06.063

Prasad, A., Teh, D. B. L., Blasiak, A., Chai, C., Wu, Y., Gharibani, P. M., et al. (2017).
Static magnetic field stimulation enhances oligodendrocyte differentiation and
secretion of neurotrophic factors. Sci. Rep. 7:6743. doi: 10.1038/s41598-017-
06331-8

Sahel, A., Ortiz, F. C., Kerninon, C., Maldonado, P. P., Angulo, M. C., and Nait-
Oumesmar, B. (2015). Alteration of synaptic connectivity of oligodendrocyte
precursor cells following demyelination. Front. Cell. Neurosci. 9:77. doi: 10.
3389/fncel.2015.00077

Frontiers in Cellular Neuroscience | www.frontiersin.org

February 2021 | Volume 15 | Article 645240


https://doi.org/10.1038/ncomms15132
https://doi.org/10.1038/ncomms15132
https://doi.org/10.1038/nn.3992
https://doi.org/10.1038/nn.3992
https://doi.org/10.1080/02688690220131769
https://doi.org/10.1080/02688690220131769
https://doi.org/10.1038/s41467-019-12059-y
https://doi.org/10.1038/s41467-019-12059-y
https://doi.org/10.1136/jnnp-2016-314224
https://doi.org/10.1038/s41586-019-0903-2
https://doi.org/10.1016/j.celrep.2018.08.060
https://doi.org/10.1016/j.celrep.2018.08.060
https://doi.org/10.1016/j.neuroscience.2015.07.017
https://doi.org/10.1021/acschemneuro.0c00542
https://doi.org/10.1002/glia.20632
https://doi.org/10.1016/j.expneurol.2005.12.007
https://doi.org/10.1016/j.expneurol.2005.12.007
https://doi.org/10.1038/s41593-017-0031-y
https://doi.org/10.1038/nn1850
https://doi.org/10.1038/nn1850
https://doi.org/10.1177/1352458519865734
https://doi.org/10.1007/s12264-019-00442-0
https://doi.org/10.1007/s12264-019-00442-0
https://doi.org/10.1089/neu.2016.4913
https://doi.org/10.1016/j.devcel.2012.10.027
https://doi.org/10.1002/jor.24172
https://doi.org/10.1002/jor.24172
https://doi.org/10.3389/fncel.2016.00277
https://doi.org/10.3389/fncel.2016.00277
https://doi.org/10.1016/S1474-4422(20)30140-X
https://doi.org/10.1038/s41467-020-16218-4
https://doi.org/10.1038/s41467-020-16218-4
https://doi.org/10.1177/1352458515587597
https://doi.org/10.1126/science.1254960
https://doi.org/10.7554/eLife.18246
https://doi.org/10.1038/nn.3991
https://doi.org/10.1038/s41467-017-02719-2
https://doi.org/10.1038/s41467-017-02719-2
https://doi.org/10.1371/journal.pbio.2001993
https://doi.org/10.1177/135245859600200503
https://doi.org/10.1007/s00424-018-2130-3
https://doi.org/10.1007/s00424-018-2130-3
https://doi.org/10.1186/s40349-018-0119-1
https://doi.org/10.1249/MSS.0000000000001914
https://doi.org/10.1172/jci.insight.123434
https://doi.org/10.1146/annurev-neuro-100719-093305
https://doi.org/10.1146/annurev-neuro-100719-093305
https://doi.org/10.1073/pnas.1802160115
https://doi.org/10.1073/pnas.1802160115
https://doi.org/10.1016/j.brainres.2009.06.063
https://doi.org/10.1038/s41598-017-06331-8
https://doi.org/10.1038/s41598-017-06331-8
https://doi.org/10.3389/fncel.2015.00077
https://doi.org/10.3389/fncel.2015.00077
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Maas and Angulo

Neuronal Activity as a Remyelination Strategy

Santiago Gonzilez, D. A., Cheli, V. T., Zamora, N. N, Lama, T. N., Spreuer,
V., Murphy, G. G., et al. (2017). Conditional deletion of the L-Type calcium
channel Cav1.2 in NG2-positive cells impairs remyelination in mice. J. Neurosci.
37,10038-10051. doi: 10.1523/JNEUROSCI.1787-17.2017

Sherafat, M. A., Heibatollahi, M., Mongabadi, S., Moradi, F., Javan, M.,
and Ahmadiani, A. (2012). Electromagnetic field stimulation potentiates
endogenous myelin repair by recruiting subventricular neural stem cells in
an experimental model of white matter demyelination. J. Mol. Neurosci. 48,
144-153. doi: 10.1007/s12031-012-9791-8

Stedehouder, J., Brizee, D., Shpak, G., and Kushner, S. A. (2018). Activity-
dependent myelination of parvalbumin interneurons mediated by axonal
morphological plasticity. J. Neurosci. 38, 3631-3642. doi: 10.1523/J]NEUROSCL
0074-18.2018

Stedehouder, J., Brizee, D., Slotman, J. A., Pascual-Garcia, M., Leyrer, M. L.,
Bouwen, B. L., et al. (2019). Local axonal morphology guides the topography
of interneuron myelination in mouse and human neocortex. ELife 8:¢48615.
doi: 10.7554/eLife.48615

Thevathasan, W., Schweder, P., Joint, C., Ray, N., Pretorius, P., Gregory, R., et al.
(2011). Permanent tremor reduction during thalamic stimulation in multiple
sclerosis. . Neurol. Neurosurg. Psychiatry 82, 419-422. doi: 10.1136/jnnp.2010.
213900

Waggener, C. T., Dupree, J. L., Elgersma, Y., and Fuss, B. (2013). CaMKII
regulates oligodendrocyte maturation and CNS myelination. J. Neurosci. 33,
10453-10458. doi: 10.1523/JNEUROSCI.5875-12.2013

Wake, H., Ortiz, F. C,, Woo, D. H., Lee, P. R, Angulo, M. C,, and Fields,
R. D. (2015). Nonsynaptic junctions on myelinating glia promote preferential
myelination of electrically active axons. Nat. Commun. 6:7844. doi: 10.1038/
ncomms8844

Weider, M., Starost, L. J., Groll, K., Kispert, M., Sock, E., Wedel, M., et al.
(2018). Nfat/calcineurin signaling promotes oligodendrocyte differentiation
and myelination by transcription factor network tuning. Nat. Commun. 9:899.
doi: 10.1038/s41467-018-03336-3

Welliver, R. R., Polanco, J. J., Seidman, R. A., Sinha, A. K., O’Bara, M. A.,
Khaku, Z. M., et al. (2018). Muscarinic receptor M 3 R signaling prevents
efficient remyelination by human and mouse oligodendrocyte progenitor cells.
J. Neurosci. 38, 6921-6932. doi: 10.1523/JNEUROSCI.1862-17.2018

Welsh, T. G., and Kucenas, S. (2018). Purinergic signaling in oligodendrocyte
development and function. J. Neurochem. 145, 6-18. doi: 10.1111/jnc.
14315

Yeung, M. S. Y., Djelloul, M., Steiner, E., Bernard, S., Salehpour, M., Possnert,
G., et al. (2019). Dynamics of oligodendrocyte generation in multiple sclerosis.
Nature 566, 538-542. doi: 10.1038/s41586-018-0842-3

Zhang, C., Zhang, G., Rong, W., Wang, A,, Wu, C,, and Huo, X. (2014).
Oscillating field stimulation promotes spinal cord remyelination by inducing
differentiation of oligodendrocyte precursor cells after spinal cord injury.
Biomed. Mat. Eng. 24, 3629-3636. doi: 10.3233/BME- 141190

Zheng, X., and Schlaug, G. (2015). Structural white matter changes in descending
motor tracts correlate with improvements in motor impairment after
undergoing a treatment course of tDCS and physical therapy. Front. Hum.
Neurosci. 9:229. doi: 10.3389/fnhum.2015.00229

Ziskin, J. L., Nishiyama, A., Rubio, M., Fukaya, M., and Bergles, D. E. (2007).
Vesicular release of glutamate from unmyelinated axons in white matter. Nat.
Neurosci. 10, 321-330. doi: 10.1038/nn1854

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Maas and Angulo. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org

70

February 2021 | Volume 15 | Article 645240


https://doi.org/10.1523/JNEUROSCI.1787-17.2017
https://doi.org/10.1007/s12031-012-9791-8
https://doi.org/10.1523/JNEUROSCI.0074-18.2018
https://doi.org/10.1523/JNEUROSCI.0074-18.2018
https://doi.org/10.7554/eLife.48615
https://doi.org/10.1136/jnnp.2010.213900
https://doi.org/10.1136/jnnp.2010.213900
https://doi.org/10.1523/JNEUROSCI.5875-12.2013
https://doi.org/10.1038/ncomms8844
https://doi.org/10.1038/ncomms8844
https://doi.org/10.1038/s41467-018-03336-3
https://doi.org/10.1523/JNEUROSCI.1862-17.2018
https://doi.org/10.1111/jnc.14315
https://doi.org/10.1111/jnc.14315
https://doi.org/10.1038/s41586-018-0842-3
https://doi.org/10.3233/BME-141190
https://doi.org/10.3389/fnhum.2015.00229
https://doi.org/10.1038/nn1854
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

',\' frontiers

in Cellular Neuroscience

ORIGINAL RESEARCH
published: 17 March 2021
doi: 10.3389/fncel.2021.576609

OPEN ACCESS

Edited by:

Maria Kukley,

Achucarro Basque Center
for Neuroscience, Spain

Reviewed by:

Yannick Poitelon,

Albany Medical College, United States
Jeffrey Dupree,

Virginia Commonwealth University,
United States

*Correspondence:
R. Douglas Fields
fieldsd@mail.nih.gov

Specialty section:

This article was submitted to
Non-Neuronal Cells,

a section of the journal

Frontiers in Cellular Neuroscience

Received: 26 June 2020
Accepted: 17 February 2021
Published: 17 March 2021

Citation:

Dutta DJ and Fields RD (2021)
Deletion of the Thrombin Proteolytic
Site in Neurofascin 155 Causes
Disruption of Nodal and Paranodal
Organization.

Front. Cell. Neurosci. 15:5766009.
doi: 10.3389/fncel.2021.576609

Check for
updates

Deletion of the Thrombin Proteolytic
Site in Neurofascin 155 Causes
Disruption of Nodal and Paranodal
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In the central nervous system, myelin is attached to the axon in the paranodal
region by a trimolecular complex of Neurofascin155 (NF155) in the myelin membrane,
interacting with Caspr1 and Contactin1 on the axolemma. Alternative splicing of a single
Neurofascin transcript generates several different Neurofascins expressed by several
cell types, but NF155, which is expressed by oligodendrocytes, contains a domain in
the third fibronectinlll-like region of the molecule that is unique. The immunoglobulin
5-6 domain of NF155 is essential for binding to Contactin1, but less is known
about the functions of the NF155-unique third fibronectinlll-like domain. Mutations
and autoantibodies to this region are associated with several neurodevelopmental and
demyelinating nervous system disorders. Here we used Crispr-Cas9 gene editing to
delete a 9 bp sequence of NF155 in this unique domain, which has recently been
identified as a thrombin binding site and implicated in plasticity of the myelin sheath.
This small deletion results in dysmyelination, eversion of paranodal loops of myelin,
substantial enlargement of the nodal gap, a complete loss of paranodal septate
junctions, and mislocalization of Caspr1 and nodal sodium channels. The animals exhibit
tremor and ataxia, and biochemical and mass spectrometric analysis indicates that while
NF155 is transcribed and spliced normally, the NF155 protein is subsequently degraded,
resulting in loss of the full length 155 kDa native protein. These findings reveal that this
9 bp region of NF155 in its unique third fibronectinlll-like domain is essential for stability
of the protein.

Keywords: Neurofascin155, thrombin, fibronectinlli-like, myelin, paranode, Crispr-Cas9, septate-like junctions,
demyelination

INTRODUCTION

Neurofascins are a family of cell-surface proteins of the immunoglobulin superfamily generated
by alternative splicing of a single Neurofascin (NF) transcript (Hassel et al., 1997). In the CNS,
oligodendroglial Neurofascin 155 (NF155) interacts with the axonal Casprl-Contactinl complex to
form septate-like cell-adhesion junctions that attach uncompacted loops of myelin to the paranodal
axon. These junctions are essential for neural impulse conduction by securing the uncompacted

Frontiers in Cellular Neuroscience | www.frontiersin.org n

March 2021 | Volume 15 | Article 576609


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://doi.org/10.3389/fncel.2021.576609
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fncel.2021.576609
http://crossmark.crossref.org/dialog/?doi=10.3389/fncel.2021.576609&domain=pdf&date_stamp=2021-03-17
https://www.frontiersin.org/articles/10.3389/fncel.2021.576609/full
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Dutta and Fields

Thrombin Domain Critical for NF155

margin of myelin to the axon, thereby forming the paranodal
loops, and maintaining separation of sodium channels in the
node of Ranvier from potassium channels in the juxtaparanodal
region (Banerjee et al., 2006). NF155 has a similar function in
Schwann cells forming myelin on axons in the peripheral nervous
system (Basak et al., 2007).

NF155 is a member of the L1-CAM family of cell adhesion
molecules, with 6 immunoglobulin-like extracellular domains
and four fibronectin type IIl-like (FNIII) extracellular regions
anchored to the membrane by a short transmembrane segment
(Hortsch, 1996). NF155 is produced by alternative splicing of
Neurofascin into a NF186 form, expressed on neurons, and
NF155, expressed by oligodendrocytes and localized to the
paranodal region of myelinated axons (Davis et al., 1996).
Binding of QKi to an RNA element (QRE2) in Nfasc intron
21 is required to promote inclusion of exons 21/22, which
encodes the third FNIII-like domain that is unique to NF155
(Darbelli et al., 2016).

The biological functions of NF155 are well established and the
functions of distinct domains comprising the macromolecule are
being identified. Conditional deletion of NF155 in mice results
in disruption of the paranodal junction and causes severe motor
coordination defects and death at 16-17 days after birth (Pillai
et al.,, 2009). Deletion of the immunoglobulin 5-6 domain in
NF155, results in a truncated protein that is expressed normally.
However, this domain is essential for binding of NF155 with
Contactinl and thus crucial for normal myelination. In mice with
the immunoglobulin 5-6 domains deleted, the paranodal septate
junctions are lost, resulting in diffusion of Casprl and Contactinl
from the paranodes and redistribution of the juxtaparanodal
potassium channels toward the nodes (Thaxton et al., 2010).

Less is known of the functions of the unique third FNIII-
like domain in NF155, but this region has been implicated in
various CNS immune and neurodevelopmental disorders (Kira
etal,, 2018; Efthymiou et al., 2019). Homozygous mutations in the
NFASC gene that introduces a STOP codon in AA846 (Arginine)
within the unique third FNIII-like domain in NF155, results
in a truncated NF155 protein, while sparing other members
of the NF family including NF186. This mutation causes a
severe neurodevelopmental disorder characterized by hypotonia,
amimia, and areflexia (Smigiel et al., 2018).

Autoantibodies to NF155 have been detected in various
central and peripheral autoimmune demyelinating pathologies
including Multiple Sclerosis (MS), Guillane-Barre syndrome
(GBS), Chronic Inflammatory Demyelinating Polyneuropathy
(CIDP), and Combined Central and Peripheral Demyelination
(CCPD) (Mathey et al., 2007; Kawamura et al., 2013; Yamasaki,
2013; Cortese et al., 2016; Burnor et al., 2018; Doppler
et al., 2018). In CIDP, the NF155 autoantibodies have been
traced to a domain that includes the unique third FNIII-like
domain in NF155 (Ng et al., 2012). Several peripheral nerve
neuropathological disorders, including GBS, CIDP, and others,
are also associated with NF155 autoantibodies or genetic variants
of NF155 (Ng et al., 2012).

Recent research has identified a thrombin binding site in
this third FNIII-like domain of NF155 at AA924-926. Cleavage
of NF155 at this site by thrombin results in detachment of

paranodal loops of myelin from the axon, widening of the
nodal gap, thinning of the myelin sheath, and a reduction in
conduction velocity (Dutta et al., 2018). We used Crispr-Cas9
to delete the nine nucleotides corresponding to the three amino
acids (AA924-926, Glycine-Arginine-Glycine) comprising the
thrombin cleavage site of NF155. Surprisingly, this small
deletion resulted in the complete loss of NF155 due to
degradation of the proten post-synthesis, phenocopying the
histological, ultrastructural, and functional outcome of complete
and conditional NF155 knock outs (Sherman et al., 2005; Pillai
etal., 2009). Thus this three amino acid site plays a crucial role in
the stability of the NF155 protein.

MATERIALS AND METHODS

Transgenic Mouse Production and

Maintenance

We generated a transgenic mouse line with Crispr-Cas9
mediated targeted deletion of 9 base pairs in chromosome 1:
132597812-132597821 corresponding to the thrombin cleavage
site spanning AA 924-926 (Glycine—Arginine—Glycine) in the
native Neurofascin 155 protein. The procedure was carried out
by Chengyu Liu and his team in the transgenic core facility at
the National Heart Lung and Blood Institute (NHLBI), National
Institutes of Health (NIH), MD, United States. P90 mice of both
sexes were used for all experimental analyses.

The NF155-Tdel mutant mouse line was generated using
Crispr/Cas9 following standard protocols (Wang et al., 2013).
Briefly, a sgRNA (TGGTCAATGGGAGAGGTGAC) was
designed to cut around AA924-926, and was synthesized

using ThermoFishers custom in vitro transcription
service. A single strand oligonucleotide ordered from
IDT, which lacked the 9bp coding for AA924-926

(aagagacagcaggccagcttecctggtgaccgtccccggggegtggtggccegectgt
tc ccctacagtaactacaagctggagatggtggtogotcaat—gacgggcctcgaagtga

aaccaaggaattcaccaccccagaaggag, in which the position of the
deleted 9 bp is marked by a hyphen), was used as a donor for
homology-mediated knockin. The sgRNA (20 ng/ul) was co-
microinjected with the donor oligonucleotides (100 ng/ul) and
Cas9 mRNA (50 ng/ul, ordered from Trilink BioTechnologies)
into the cytoplasm of zygotes collected from C57BL/6N mice
(Charles River Laboratories). Injected embryos were cultured in
M16 medium (MilliporeSigma) overnight in a 37°C incubator
with 6% CO,. In the next morning, embryos that reached the
2-cell stage of development were implanted into the oviducts
of pseudopregnant surrogate mothers (CD-1 strain purchased
from Charles River Laboratories). Offspring born to the foster
mothers were genotyped by PCR amplification using a primer
pair (forward primer: CAGTCACTACCA CCACTAACC
and reverse primer: CACTTTGGTGACGGTCATTCG)
followed by Sanger sequencing using forward sequencing
primer (CAACCTGCCTCTGTCTCAAAGG), or
amplified wusing a PCR primer pair (forward primer:
CAACCTGCCTCTGTCTCAAAGG and reverse primer:
CTGCACAGATCTCTTGATAA C) followed by Sanger
sequencing using a reverse primer (CACTTTGGTGAC
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GGTCATTCG). Founder mice with the desired 9bp deletion
were bred with wild type C57BL/6 for expanding the colonies.
Results of studies on a total of 38 mice are reported.

Genotyping and Sanger Sequencing
Genotyping of the transgenic mice was carried out by PCR
amplification of tail DNA followed by Sanger Sequencing of
PCR amplified DNA by Macrogen, MD, United States. The PCR
primer pair sequence is as follows:

NF155TDel_F1: CAA CCT GCC TCT GTC TCA AAG G

NF155TDel_R1: CTG CAC AGA TCT CTT GAT AAGC

After the sequences were obtained, it was aligned with the
wild-type sequence using Multialin webserver (Corpet, 1988) to
verify deletion of the intended 9 bp region in the genome.

Immunohistochemistry

Mice were anesthetized with Isoflurane and transcardially
perfused with 4% Paraformaldehyde in 0.IM Phosphate
buffer, pH 7.4. Optic nerves were collected, post-fixed in 4%
Paraformaldehyde for 2 h on ice, embedded and frozen at
-20°C for later longitudinal cryosectioning. Epitope retrieval
was performed in Citrate buffer, pH 6.0 (Invitrogen, Camarillo,
CA, United States), at 95°C for 10 min. Immunostaining with
anti-pan Sodium channel (Cat#56936, rabbit polyclonal IgG,
1:100, Sigma, Saint Louis, MO, United States) and anti-Casprl
antibody (Cat#73-001, mouse monoclonal IgG, 1:50, NeuroMab,
Davis, CA, United States) was conducted to visualize nodes
of Ranvier in optic nerves. Images were captured by confocal
laser microscopes (LSM510, LSM 780, LSM 710, Zeiss, Germany
and Olympus Fluoview FV3000 Tokyo, Japan), using 20, 40,
and 100X objective lenses and digital zoom up to 5X. Alexa
fluor 488 and 594 dyes, used for immunohistochemistry in
Figure 2, were excited at 500 and 590 nm respectively, and
their emission were captured at 520 and 618 nm respectively.
20X imaging objective was used with a numerical aperture of
0.4 for this figure. Pinhole was set to 1 and the size of optical
section was 1 micron. Results from 3 WT and 3 NF155-Tdel
mice are reported.

Electron Microscopy

Mice were anesthetized and transcardially perfused with 2.5%
Glutaraldehyde and 2% Paraformaldehyde in 0.13 M Sodium
Cacodylate, pH 7.4. Optic nerves were immediately removed
from animals, then post-fixed in the same solution for 2 h at room
temperature. Samples were post-fixed for 2 h in 2% Osmium
Tetroxide. Samples were washed six times in 0.13 M Sodium
Cacodylate, pH 7.4, and stained with 1% Uranyl Acetate in 0.05
M Sodium Acetate, pH 5.0, for 2 h at 4°C. Samples were then
dehydrated through a graded series of ethanol solutions and
infiltrated with Epon. Ultrathin sections were cut with a diamond
knife, stained with Uranyl Acetate and Lead Citrate and examined
by transmission electron microscopy. TEM micrographs were
generated via a paid contract with electron microscopists at
Science Exchange Inc. Results from 3 WT and 3 NF155-Tdel
mice are reported.

Immunoblotting

For detection of NF155, NF125, NF186, NSE, and Casprl;
freshly dissected optic nerve tissues were lysed in Tissue Protein
Extraction Reagent (TPER) with protease inhibitors (Pierce, IL).
The lysate was mixed with SDS-PAGE loading buffer (Thermo
Fisher Scientific, MD) before electrophoresis.

Total protein was resolved by SDS-PAGE on 4-12% NuPAGE
Bis-Tris gels (Life Technologies, Carlsbad, CA), transferred to
PVDF membrane (Immobilon-P, Millipore, Bedford, MA) and
blocked in Tris Buffer Solution (TBS, 10 Mm Tris-Cl, pH
7.5, 0.9% NaCl) containing 0.1% (v/v) Triton X-100 (TBST)
and either 5% (w/v) non-fat milk or 5% (w/v) bovine serum
albumin for 1 h at room temperature. Membranes were probed
with appropriate antibodies in TBST and either 5% non-
fat milk or 5% BSA overnight at 4°C. Primary antibodies
were visualized with HRP-conjugated secondary antibodies
(Amersham Pharmacia Biotech, Piscataway, NJ) at 1:5,000
dilution with either regular (picomolar sensitivity) or enhanced
(femtomolar sensitivity) chemiluminescence (Life Technologies,
Carlsbad, CA). The total protein loaded in the WT lane in
Figure 1C was approximately 50% higher than that in the
NF155T-del lane. Two identical trials were performed. Total
protein loaded in all lanes in Figure 1D were equal. Two
identical trials were performed. Results from 4 NF155-Tdel
and 2 WT mice are reported. Primary antibodies used for
immunoblotting: NF155 and NF125 polyclonal (Cat# ab15189,
Millipore, Billerica, MA) used at 1:1,000, NF155 and NF125
monoclonal (Cat# 15035, Cell Signaling, Danvers, MA) used at
1:1,000, NF186 (Cat# ab31457, Abcam, Cambridge, MA) used
at 1:1,000, NSE (Cat# ab53025, Abcam, Cambridge, MA) used
at 1:2,000, and Casprl (Cat# ab34151, Abcam, Cambridge, MA)
used at 1:1,000.

Antibodies Used for the Detection of

NF155 Cleaved Fragments

Upon cleavage of NF155 by thrombin, its two cleaved fragments
were detected in immunoblots with antibodies, polyclonal and
monoclonal, whose epitopes are located N-terminal to the
thrombin cleavage site in NF155 at AA 924. These antibodies
(Polyclonal antibody, Cat# ab15189, Millipore, Billerica, MA;
Monoclonal antibody, Cat# 15035, Cell Signaling, Danvers,
MA) with the N-terminal epitopes detect the full-length NF155
protein as well as its longer 125 kDa thrombin-cleaved fragment,
Neurofascin 125 (NF125).

Liquid Chromatography-Mass

Spectrometry (LC-MS) Analyses

Liquid chromatography-mass spectrometry (LC-MS) was used
to determine the presence of peptides corresponding to NF155
protein in immunoblots (Figure 1E) of NF155Tdel mice. Fresh
optic nerve tissue lysates from NF155Tdel mice were run in
a SDS-PAGE gel with size-appropriate protein ladders. Two
bands on the gel corresponding to 250-150 and 150-100 kDa
were excised and sent to the LC-MS facility at the National
Institute of Neurological Disorders and Stroke (NINDS), NIH for
protein identification analysis. Peptides identified by LC-MS as
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FIGURE 1 | Neurofascin 155 protein is degraded upon deletion of AA924-926 (GRG) in NF155Tdel mice. The predicted tertiary structure of wild type Neurofascin
155 (A) is overall similar to that of Neurofascin 155 with deleted thrombin binding site spanning AA924-926 (B). Green = NF125, the region of NF155 protein
N-terminal to the thrombin cleavage site. Blue = NF30, the region of the NF155 protein C-terminal to the thrombin cleavage site. Red = thrombin cleavage site.

A polyclonal NF155 antibody could not detect the full length NF155 (155 kDa) and its longer thrombin cleaved fragment NF125 (125 kDa) in optic nerve samples
from NF155Tdel mice (C). Instead, it detected smaller sized fragments weighing; 10, 15, and 85 kDa; potentially belonging to degraded NF155 fragments (C).
Expression of NF186 was not affected in NF155del mice (C). Neuron Specific Enolase (NSE) was used as loading control, and higher levels of protein were loaded in
the WT condition as a more rigorous test of possible NF155 fragments also appearing in normal conditions, but no such fragmentation was detected in WT animals
(C). (D) Use of a monoclonal antibody with 5% BSA as blocking buffer and longer exposure showed a protein smear in two independent optic nerve samples from
NF155Tdel mice, and no full length NF155 or its long thrombin cleaved fragment NF125 was observed, indicating degradation of the NF155 protein. Expression and
stability of Caspr1, one of the other members of the paranodal septate-like junctions, was normal in NF155Tdel mice (D). Protein loading, assessed via NSE
expression, was equal in all immunoblot lanes in (D). Liquid Chromatography —Mass Spectroscopy analysis confirmed the presence of peptides belonging to NF155
in the 2560-100 kDa region of the smeared lanes from NF155Tdel mice (E).
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belonging to NF155 protein were rendered in a protein amino
acid visualization tool, Protter (Omasits et al., 2014).

Protein Structure Prediction

The tertiary structure of native NF155 and its various
putative mutant forms resulting from mutations and deletions
in its thrombin cleavage site spanning AA924-926 were
predicted using I-TASSER (Iterative Threading ASSEmbly
Refinement), a state-of-the-art algorithm for protein structure
and function prediction (Roy et al., 2010). The predicted
structures were then rendered and annotated in Polyview-3D
(Porollo and Meller, 2007).

Neurological Assessment of NF155Tdel
Mice

NF155Tdel mice, beginning around 30 days after birth, exhibited
sustained symptoms of ataxia which progressively got worse as
the mice got older. We observed these mice regularly starting at
their day of birth and until their death between 3 and 6 months
of age. We observed them in their cages as well as outside their
cages. The behavior of 20 mice was examined.

RESULTS

The neurofascin gene in mice is in chromosome 1: 132,564,690
132,741,797. All members of the neurofascin family of proteins,
including NF155, are derived via alternative splicing of a single
neurofascin gene transcript (Hassel et al., 1997). The thrombin
cleavage site in NF155, located in the third Fibronectin-III like
domain, is in a domain unique to NF155 among all other
members of the Neurofascin family (Dutta et al., 2018). The 9
nucleotides corresponding to the 3 amino acid thrombin cleavage
site in NF155 [Glycine (G, AA924)—Arginine (R, AA925)—
Glycine (G, 926)] is located in chromosome 1: 132597812-
132597821. Having determined the exact coordinates of the NF
gene corresponding to the thrombin cleavage site in the NF155
protein, we proceeded to determine in silico, the putative effects
of various mutations and deletions in this site to NF155 structure.

Predictive modeling of the NF155 protein structure suggested
that this thrombin cleavage site is at the tip of a beta hairpin loop
protruding away from the protein core (Figure 1A). Thrombin
is capable of cleaving substrates with a wide range of amino
acid sequences (Le Bonniec et al., 1996; Jenny et al., 2003). We
introduced point mutations (Supplementary Figures S1A-E)
and deletions (Supplementary Figures S1IF-H) at and around
AA924-926 region of NF155 in silico. Among all alternatives
examined and shown in Supplementary Figures S1A-H,
deletion of the three AA (GRG, AA924-926) corresponding to
the entire thrombin cleavage site in NF155, yielded a predicted
3D structure that was most similar to the native NF155 tertiary
structure (Figures 1A,B). Moreover, since these three AA are
in a domain unique to NF155, this deletion would not have
deleterious effects on other members of the Neurofascin family.
We then performed Crispr-Cas9 mediated deletion of the
9 nucleotides, Chrl: 132597812-132597821, corresponding to
AA924-926 in the NF155 protein, in C57Bl6 mice.

We confirmed that the mice, hereby referred to as NF155-
Tdel, had the appropriate deletion by PCR amplification of
the Neurofascin gene in the transgenic mice followed by
Sanger sequencing of the amplified Neurofascin gene products
(Supplementary Figure S1I).

Although we deleted only the three amino acids (GRG,
AA924-926) corresponding to the thrombin cleavage site in the
NF155-Tdel mice, we could not detect the full-length 155 kDa
native protein in these mice by standard immunoblotting with
an NF155 polyclonal antibody. Signs of protein degradation were
evident (Figure 1C). These degraded fragments were not detected
in the WT lane, even with higher protein loading in the WT lane.
This implies that the bands in the NF155T-del lane in Figure 1C
are indeed degraded protein fragments of NF155T-del protein,
and are not non-specific protein bands. Use of a monoclonal
NF155 antibody after prolonged exposure in the presence of a
more sensitive chemiluminescent substrate, with and without 5%
milk fat as blocking and incubation buffer, showed a protein
smear where distinct protein bands should be, clearly indicating
that the NF155 protein was severely degraded (Figure 1D).
However, expression and stability of Casprl protein, one of the
interacting partners of NF155 in paranodal septate-like junctions,
was normal (Figure 1D). Neuron Specific Enolase (NSE) was
used as protein loading controls.

We detected normal amounts and sizes of nodal
Neurofascin186, the largest member of the family (Hassel
et al, 1997), indicating that the alternative splicing of this
neurofascin gene transcript is not affected by removal of the
9 nucleotides corresponding to the thrombin cleavage site in
NF155. Since the thrombin cleavage site is located in a domain,
the third Fibronectin III-like domain, which is unique to
NF155, other members of the neurofascin family, as expected,
were unaffected by removal of these 9 nucleotides from the
neurofascin gene. NF186 was detected with a pan NF C-terminal
antibody that does not detect full length NF155 as per the
antibody product datasheet'.

Both the polyclonal and the monoclonal NF155-specific
antibodies detected residues in the third FNIII domain unique
to NF155. Specifically, the NF155 polyclonal antibody detects
the epitope spanning AA 886-903 of the full length NF155
protein, and the NF155 monoclonal antibody detects residues
surrounding AA 881 of the full length NF155 protein. Since both
these antibodies recognize denatured proteins in immunoblots,
there is no reason to believe that any hypothetical change in
tertiary structure of NF155 in NF155Tdel mice would preclude
detection of the NF155 protein in immunoblots. These data
support the conclusion that the smearing and absence of full-
length NF155 protein detected in NF155Tdel immunoblots
is the consequence of degradation of the NF155 protein
in NF155Tdel mice.

For independent confirmation of the immunoblot data, we
performed liquid chromatography mass spectrometry (LC-MS)
analysis of two gel regions in the NF155Tdel immunoblot lane.
We excised the gel region spanning 250-150 kDa to probe
for the presence of NF155 protein weighing 155 kDa. We also

'https://www.abcam.com/neurofascin-antibody-ab31457.html
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excised the gel region spanning 150-100 kDa to probe for the
presence of NF125 protein weighing 125 kDa. The proteins in
the excised gel regions were enzymatically digested, with Trypsin
and Chymotrypsin, and the digested peptides were sequenced
via LC-MS. Peptides from the 250 to 150 kDa region of the gel
(red and yellow, Figure 1E), from full length NF155, mapped to
both N-terminal and C-terminal to the thrombin cleavage site
(blue, Figure 1E), as expected. However, surprisingly, 2 peptides
from the 150-100 kDa region of the gel (green and yellow,
Figure 1E) mapped C-terminal to the thrombin cleavage site
(blue, Figure 1E). These two peptides do not belong to the NF125
protein, which is N-terminal to the thrombin cleavage site in
NF155 (Dutta et al., 2018). Rather these two peptides belong
to NF30, the small thrombin cleaved fragment of NF155 (Dutta
et al,, 2018), weighs 30 kDa, and therefore should not be present
in the excised gel band spanning 150-100 kDa. In combination
with the smeared NF155Tdel lanes seen in Figure 1D, this
suggests that these two peptides are detected in a region they are
not supposed to be detected because these peptides, in NF155Tdel
mice, belong to randomly degraded fragments of NF155Tdel
protein between 150 and 100 kDa in size. LC-MS detection of
degraded fragments of the NF155 protein also indicates that
the alternative splicing of the neurofascin transcript into NF155
transcript was unperturbed in the absence of the deleted 9
nucleotides, and that only the subsequent structural integrity of
the mutated NF155 protein was affected.

Thus, the absence of the full length protein bands in sensitive
immunoblots, smeared immunoblot lanes, and the presence of
peptides corresponding to NF155 in the smeared immunoblot
lane below 155 kDa in NF155Tdel immunoblot lanes, indicate
that the NF155 protein was severely degraded in NF155Tdel
mice. This indicates that the 3 AA (GRG), AA924-926, is essential
for the structural integrity of the NF155 protein. In its absence,
the NF155 protein is targeted for proteolytic degradation.

To corroborate our immunoblot results of degradation of
NF155 in NF155Tdel mice (Figures 1C,D), we performed
immunohistochemistry of optic nerve samples from WT and
NF155Tdel mice (Figure 2). WT animals exhibited normal
morphology of nodes of Ranvier with sodium channels flanked
by Casprl in paranodes of optic nerves (Figure 2A). In
contrast, Casprl and sodium channel expression were diffuse
and disorganized in NF155 Tdel mice (Figure 2B). This implies
disorganization of normal paranodal structure with loss of
NF155 as previously reported (Pillai et al., 2009). Confocal
microscopy confirmed that oligodendroglial Neurofascin 155
(green, Figure 2C) colocalized with its interacting axonal partner
Casprl (red, Figure 2D) in WT mice (yellow, Figure 2E).
However, no Neurofascin 155 expression was detected in the
optic nerve of NF155 Tdel mice (Figure 2F). Casprl staining
was weak and not localized into paranodal domains in NF155
Tdel mice (red, Figures 2G,H). These histological results are
consistent with the known functions of NF155 in forming septate
junctions that attach myelin to the axon in the perinodal region.

To examine the fine structure and predicted loss of septate
junctions in NF155 Tdel mice, we performed transmission
electron microscopy (TEM) of optic nerve of WT mice and
NF155Tdel mice. In longitudinal sections, compared to WT mice

(Figure 3A), the nodal gap was abnormally elongated in the
NF155 Tdel mice (Figure 3B). In longitudinal sections, electron-
dense septate-like intercellular junctions between paranodal
loops of myelin and paranodal axon were present in WT mice
(Figures 3C,E) and absent in NF155Tdel mice (Figures 3D,F).
As expected, from the absence of septate-like junctions, the
outermost paranodal myelin loops were frequently detached from
the axon in NF155Tdel mice (Figure 3D) but were attached to the
axon in WT mice (Figure 3C). Myelin sheath thickness appeared
normal in both WT and NF155Tdel mice (Figures 3G,H).
Normal thickness of the myelin sheath upon complete loss
of NF155 has been described previously (Pillai et al., 2009).
Myelin sheath morphology also appeared normal in NF155Tdel
mice (Figures 3G,H). Normal myelin sheath morphology, upon
complete loss of Nf155, has been described previously (Sherman
et al., 2005; Pillai et al., 2009). However, we observed splitting
of the myelin sheath in some cases in the NF155 Tdel mice
(Figure 3H), giving a thicker appearance to those sheaths.
Splitting of the myelin sheath in this way is one of the most
common abnormalities in demyelinating conditions. With the
attachments of myelin to the axon via the septate junctions
missing, separation of the lamella that are no longer anchored
is to be expected.

Behaviorally, the NFI155Tdel mice had severe tremor
and ataxia, which they started exhibiting around 1 month
of age. This got worse with aging and most mice died
within 3-6 months. NF155Tdel mice had abnormal gait
and coordination, and exhibited sustained tremors, in
comparison to their age and sex matched wild-type counterparts
(Guyenet et al., 2010).

To assess their gait, we removed mice from their cages and
placed them on a flat surface and observed the mice from
behind while they walked. The WT mice moved normally, with
body weight supported on all limbs, abdomen not touching
the ground, and with both hindlimbs participating evenly.
In contrast, the NF155Tdel mice exhibited tremor, appeared
to limp with a lowered pelvis and feet pointing away from
the body while walking (“duck feet”). These symptoms got
progressively worse as the NF155Tdel mice aged and older mice
had difficulty moving forward and/or dragged their abdomen on
the ground while walking.

To assess their coordination, we performed the ledge test,
where we lifted the mouse from their cage and placed it on the
cage’s ledge. WT mice would walk along the ledge without losing
balance and then lower themselves into the cage using their paws.
The NF155Tdel mice, in contrast, would lose their footing while
walking along the ledge and simply fall into the cage headfirst
instead of landing on their paws.

To conclude, deletion of the 3 AA in NF155 protein
phenocopies a complete loss of the NF155 protein. As such,
the properties of the nodal gap, myelin sheath and animal
behavior are similar to mice with a complete deletion of NF155.
In contrast, removal of much larger domains of NF155; i.e.,
Imuunoglobulin 5-6 domain, has resulted in the expression of
a dysfunctional but truncated NF155 protein (Pillai et al., 2009).
This suggest that the 3AA, GRG (AA924-926), is required for
proper folding and structural integrity of the NF155 protein.
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FIGURE 2 | Neurofascin 155 expression is lost and Caspri organization is disrupted in NF155Tdel mice. Nodes of Ranvier were severely disrupted in the optic
nerves of NF155 Tdel mice, and NF155 protein could not be detected. The arrangement of nodal sodium channels and paranodal Caspri, as shown in extreme
high-magnification close-ups (A,B) showed the normal, regular arrangement of punctate Sodium channel (green) staining at the node flanked by tapering Caspr1
(red) staining at the paranode in wild-type animals (yellow arrow in A), but in contrast, these features were abnormal in the NF155Tdel mice (B). Wider field images at
lower magnification are provided in (C-H), illustrate the marked contrast between nodal structure in WT and NF155del mice. In WT mice (C-E), oligodendroglial
Neurofascin 155 (green, C) colocalizedwith its axonal interacting partner Caspr1 (red, D) in paranodes (yellow, E). However, in NF155 Tdel mice (F-H), NF155 could
not be detected (green, F) and Caspr1 staining was week and diffuse (red, G). Optic nerves are oriented vertically in (A,B) and diagonally from the upper left to lower
right of the other image panels (C-H). Imaging conditions were maximized to detect the faint expression of these proteins in the NF155Tdel mice (B) where
immunostaining for these proteins was diffuse and weak as a consequence of their mislocalization in the absence of NF155. Optic nerves were imaged in WT
animals using the same settings on the confocal microscope, resulting in a somewhat oversaturated image (A). Using microscopy settings optimized for imaging
these proteins in WT animals, staining of these proteins in the NF155Tdel mice was too dim to detect. Non-specific labeling of blood vessels in (C~H) could be due
to non-specific interaction of the primary antibodies used with immunoglobulins inside blood vessels. Scale bar = 5um.
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A Normal nodal gap

[ Normally attached paranodal loops

0.5 um in the rest of the images.

FIGURE 3 | Paranodal septate-like junctions are absent, and paranodal myelin attachment to the axon is disrupted in NF155Tdel mice. Transmission electron
micrographs (TEM) of wild-type optic nerve showed normal nodal gap size (A), and paranodal loops attached to either side of the node normally (C), via transverse
electron-dense sepatate-like junctions (E). In stark contrast, nodal gap was greatly expanded in NF155Tdel mice (B), and paranodal loops flanking the node were
detached and in most cases everted (D). Sepate-like junctions were absent in the NF155 Tdel mice (F). (E,F) Are higher magnification close-ups of (C,D) to show
the fine structure of septate junctions and their absence in NF155Tdel mice. Although, overall myelin morphology and thickness in NF155Tdel mice appeared normal
(G), there was sporadic evidence of splitting of the myelin sheath in NF155Tdel mice (H). * = salient events described for each panel. Scale bars = 1 umin (A,B) and

D Detached & everted paranodal loops
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NF 1S53
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DISCUSSION

Paranodal septate-like junctions are critical for proper saltatory
action potential propagation in vertebrate myelinated axons
(Cohen et al., 2020). Besides facilitating insulation by attaching
the myelin sheath to the axon, they separate the nodal Na™
channels from the juxtaparanodal K channels and restrict the
flow of ions between the node and the juxtaparanode (Brophy,
2001). Disruption in any of the three molecules that comprise

the septate-like junctions results in similar dysmyelinating
phenotypes with loss of the septate-like junctions culminating in
abnormal organization of the nodal gap and the myelin sheath
(Bhat et al., 2001; Boyle et al., 2001; Pillai et al., 2009). Because
of the absence of a functional NF155 protein in our NF155-Tdel
mice, they phenocopy mice with myelinating oligodendrocyte-
specific NF155 null mutants (Charles et al., 2002; Sherman
et al., 2005; Pillai et al., 2009). These mice also exhibit severe
ataxia associated with everted paranodal loops, loss of paranodal
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axoglial junctions and failure to maintain segregated axonal
domains around the node. Similar phenotype is observed in the
Casprl KO mice and the Contactinl KO mice (Bhat et al., 2001;
Boyle et al., 2001).

The Fibronectin III domain is an evolutionarily conserved
protein domain found in a wide range of extracellular proteins
(Campbell and Spitzfaden, 1994). It is on average 100 amino acids
long and exhibits a beta-sandwich structure. These domains are
commonly located between other protein domains and function
as structural spacers, to optimally arrange other domains in
space (Valk et al., 2017). The thrombin cleavage site in the third
FNIII-like domain is at the tip of the beta-sandwich structure,
in between two opposing antiparallel beta sheets. Given the
unique and essential role of FNIII domains in organizing and
stabilizing globular protein structure, it is evident that even slight
changes to this sequence and/or structure can be detrimental to
the structure and stability of the entire protein. This is possibly
the reason why larger deletions in non-fibronectin domains of
NF155; for example, deletion of the entire Contactinl-interacting
Immunoglobulin 5-6 domains in NF155, result in a truncated but
nevertheless stable protein (Thaxton et al., 2010).

Mutations in the third Fibronectin III-like domain, a 100
amino acid stretch of the NF155 protein (aa 839-938) have been
clinically associated with demyelinating neuropathies (Efthymiou
et al., 2019; Monfrini et al., 2019). These disorders are similar
to those associated with Neurofascinl55 autoantibodies in
demyelinating neuropathies (Ng et al., 2012; Doppler et al., 2018).
Whether mutations in NF155 can also lead to production of
NF155 autoantibodies has not been directly investigated yet, but
generation of fragments of myelin proteins can be immunogenic.
Our study reveals the critical importance of this three amino
acid sequence (AA924-926) in NF155 protein stability, and
this finding may be important for our understanding of yet to
be discovered human genetic disorders resulting from targeted
mutations in this critical region.
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Despite significant advances in our understanding of the pathophysiology of multiple
sclerosis (MS), knowledge about contribution of individual ion channels to axonal
impairment and remyelination failure in progressive MS remains incomplete. lon channel
families play a fundamental role in maintaining white matter (WM) integrity and in
regulating WM activities in axons, interstitial neurons, glia, and vascular cells. Recently,
transcriptomic studies have considerably increased insight into the gene expression
changes that occur in diverse WM lesions and the gene expression fingerprint of specific
WM cells associated with secondary progressive MS. Here, we review the ion channel
genes encoding K, Ca?*, Na*, and CI~ channels; ryanodine receptors; TRP channels;
and others that are significantly and uniquely dysregulated in active, chronic active,
inactive, remyelinating WM lesions, and normal-appearing WM of secondary progressive
MS brain, based on recently published bulk and single-nuclei RNA-sequencing datasets.
We discuss the current state of knowledge about the corresponding ion channels and
their implication in the MS brain or in experimental models of MS. This comprehensive
review suggests that the intense upregulation of voltage-gated Na™ channel genes in
WM lesions with ongoing tissue damage may reflect the imbalance of Nat homeostasis
that is observed in progressive MS brain, while the upregulation of a large number of
voltage-gated K channel genes may be linked to a protective response to limit neuronal
excitability. In addition, the altered chloride homeostasis, revealed by the significant
downregulation of voltage-gated CI~ channels in MS lesions, may contribute to an altered
inhibitory neurotransmission and increased excitability.

Keywords: multiple sclerosis, progressive, white matter, lesions, ion channels, transcriptome
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INTRODUCTION

Multiple sclerosis (MS) is an inflammatory demyelinating disease
of the central nervous system (CNS) affecting more than 2
million people worldwide. MS lesions in CNS white matter
(WM) are multiple focal areas of myelin loss accompanied by
inflammation, gliosis, phagocytic activity, and axonal damage
(Compston and Coles, 2008; Kuhlmann et al., 2017; Filippi
et al,, 2018; Rommer et al., 2019). Available MS therapies have
little benefit for secondary-progressive MS (SPMS) patients, who
develop progressive disability after a disease course characterized
by inflammatory attacks. Therefore, promoting neuroprotection
and remyelination are important therapeutic goals to prevent
irreversible neurological deficits and permanent disability.

Ion channels play a fundamental role in maintaining WM
integrity and regulating function of axons, interstitial neurons
(Sedmak and Judas, 2021), glia, and vascular cells. Dysregulation
of ionic homeostasis in the WM during demyelination is decisive
for axonal damage and cell death and may interfere with tissue
repair processes (Boscia et al., 2020). Furthermore, MS may
involve an acquired channelopathy (Waxman, 2001; Schattling
et al., 2014). Hence, selectively targeting ion channels in WM
represents an attractive strategy to overcome axonal and glial
impairment and prevent disease progression.

Recently, transcriptomic studies have considerably increased
our insight into gene expression changes occurring in the MS
brain (Elkjaer et al., 2019; Jakel et al., 2019; Schirmer et al., 2019).
Aiming at identifying the ion channel genes governing WM
dysfunction in SPMS brain, we analyzed the recent bulk RNA-
sequencing (RNA-seq) datasets by using the MS-Atlas (Elkjaer
et al,, 2019; Frisch et al., 2020). We put a special emphasis on the
distribution of shared and unique genes encoding ion channels in
chronic active (CA), active (AL), inactive (IL), and remyelinating
(RL) lesions, and normal-appearing white matter (NAWM)
compared to control WM (Figures 1A,B, Table 1). We identified
uniquely expressed ion channel genes: 34 genes in CA, 9inIL, 1
in AL, as well as 2 genes in all lesions and NAWM (Figures 1,
2, Table1). The CA lesions displayed the highest number
of upregulated ion channels genes while downregulated ion
channels genes were more consistently found in ILs (Figure 1C).
Next, we explored recent single-nuclei RNA-seq (snRNA-seq)
datasets to identify the expression of dysregulated ion channel
genes in cell clusters in the WM of control and SPMS brain (Jakel
etal., 2019; Tables 1, 2, Figure 3).

Abbreviations: AIS, axon initial segment; AL, active lesion; AP, action potential;
CA, chronic active lesion; Ca?T, calcium; Cay, voltage-gated calcium channels;
CIC, chloride channels; CNS, central nervous system; COP, committed OPCs; Cx,
connexin; EAE, experimental autoimmune encephalomyelitis; EAG, ether-ago-go;
ER, endoplasmic reticulum; GM, gray matter; HC, hemi-channel; IFN-y, gamma-
interferon; IL, inactive lesions; InOLG, immune oligodendroglia; K2P, two-pore
domain K channels; Kj;, inward rectifier potassium channel; KO, knockout; Ky,
voltage-gated K™ channels; LPS, lipopolysaccharide; MS, multiple sclerosis; Na*,
sodium; Nay, voltage-gated sodium channels; NAWM, normal-appearing white
matter; NCX, sodium calcium exchanger; OPCs, oligodendrocyte precursor cells;
Px, pannexin; RL, remyelinating lesion; RyR, ryanodine receptor; SCI, spinal cord
injury; SPMS, secondary progressive multiple sclerosis; TRP, transient receptor
potential; WM, white matter.

The goal of the present review is to discuss the current
knowledge on the expression and function of ion channels that
turned out to be significantly and uniquely dysregulated in WM
lesions of SPMS brain. We summarize the information in the
context of human MS and the related experimental models
(Tables 1-3, Figure 4).

K+ CHANNELS
Voltage-Gated K* Channels (K,)

Ky channels are composed of four a-subunits that assemble as
homo- or hetero-tetramers to form a membrane pore. Forty
human genes encode for Ky a-subunits representing 12 families.
Ky1-Ky4 (Shaker, Shab, Shaw, and Shal), Ky7 (KCNQ), and
Ky10-Ky12 (eag, erg, and elk) a-subunits produce functional
channels, while K5, K6, K8, and K9 fail to produce currents
when expressed alone in heterologous expression system and
are considered modulatory subunits for K,2-subfamily. The
diversity of Ky channels is further increased by the ability of
a-subunits to combine with auxiliary subunits, which regulate
gating properties.

Ky1.1, Ky1.2, and K, 1.4 (KCNA1, KCNA2, and KCNA4)
KCNA genes encode for low-threshold voltage-activated K1
(Ky1.1-1.8) channels, of which K, 1.1-K,1.6 are expressed in the
brain (Chittajallu et al., 2002; Vautier et al., 2004; Vacher et al.,
2008; Rasmussen and Trimmer, 2019). Ky1 channels display
little/no inactivation, resulting in sustained delayed rectifier K*
currents, with the exception of K, 1.4, which underlies transient
A-type KT current.

Neurons

Ky 1.1 expression is highest in the brainstem, while K 1.4 > K, 1.2
represent the main Ky1 subunits in the hippocampus (Trimmer,
2015). Ky1.1 channels, in association with Ky1.2, cluster in the
juxtaparanodal regions of axons under the myelin sheath and
regulate action potential (AP) propagation and neural excitability
(Wang et al., 1993; Trimmer and Rhodes, 2004; Ovsepian et al,,
2016). Mutations of Ky1 channels result in hyper-excitability,
episodic ataxia, myokymia, and epilepsy (Allen et al., 2020).

Glia

Mouse astrocytes express low levels of Ky1.1, Ky1.2, and Ky1.4
transcripts (Smart et al., 1997), but K1.2 and K,1.4 expression
is high in reactive rat astrocytes (Akhtar et al., 1999). K,1.1
transcripts and proteins are highly expressed in C6 glioma cells.
Rodent oligodendrocyte precursor cells (OPCs) express Ky1.1,
Ky1.2, and K, 1.4 transcripts (Attali et al., 1997; Chittajallu et al.,
2002; Falcao et al.,, 2018; Batiuk et al., 2020) but only K,1.4 and
low level of K 1.2 proteins (Attali et al.,, 1997; Schmidt et al.,
1999). In OPCs and astrocytes, the Ky1 subunits regulate cell
growth and cell cycle progression, e.g., K,1.4 overexpression in
vitro increases OPCs proliferation (Schmidt et al., 1999) while
deletion decreases it (Gonzalez-Alvarado et al., 2020). Recent
RNA-seq did not detect K,1.1, K{1.2, and K,;1.4 in mouse
microglia (Hammond et al., 2019), but earlier studies found
Ky1.1 and K,1.2 mRNAs and/or proteins in BV2 microglia,
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FIGURE 1 | The transcriptional landscape of ion channels in different types of
white matter brain lesions from patients with secondary progressive multiple
sclerosis. (A) The percentage of significantly differentially expressed genes
coding for ion channels among all dysregulated genes and within each lesion
type [chronic active (CA), active (AL), inactive (IL), and remyelinating (RL)] and
normal-appearing white matter (NAWM) compared to control white matter are
indicated. (B) The Venn diagram shows the number of lesion-specific
differentially expressed genes coding for ion channels and the number of
overlapping genes among the lesion types. (C) The number of significantly
differentially upregulated (red) and downregulated (blue) genes in each type of
while matter lesion and NAWM compared to control white matter are indicated.

rat cultured microglia, and amoeboid microglia within corpus
callosum during development, but barely in resting microglia
by P21 (Fordyce et al, 2005; Li F. et al., 2008; Wu et al,

2009). In microglia, Ky1.1 and Ky1.2 expression was linked
to cell activation (Eder, 1998), and their upregulation induced
by lipopolysaccharide (LPS), ATP, or hypoxia is involved in
the release of pro-inflammatory cytokines and intracellular
production of reactive oxygen species (ROS) and nitric oxide
(NO) (Li F. et al., 2008; Wu et al., 2009).

Expression and Function in MS

Bulk RNA-seq found upregulation of Ky1.1, K{1.2, and Kv1.4
transcripts in CA lesions (Figure 2, Table 1; Elkjaer et al,
2019; Frisch et al., 2020). The snRNA-seq detected significant
Ky1.2 expression in neuronal clusters, slight increase of K,1.4
transcripts in neuronal but not glial clusters, and no K,1.1
transcript (Tables 1, 2; Jakel et al., 2019).

The CA lesion is characterized by ongoing tissue damage
and, functionally, K,1.2 upregulation in CA lesions may be a
hallmark of axonal damage. While recent data found that KCNA1
gene is downregulated during demyelination in the cuprizone
model (Martin et al., 2018), in animal models of MS, K1.2
(and also Ky 1.1) ectopically redistributes to nodes and internodes
of WM axons (McDonald and Sears, 1969; Wang et al., 1995;
Sinha et al., 2006; Jukkola et al., 2012; Zoupi et al., 2013; Kastriti
et al,, 2015), while in human MS, the dislocation of K;1.2
channels is associated with paranodal pathology, particularly in
NAWM regions, and contributes to axonal dysfunction (Howell
et al., 2010; Gallego-Delgado et al., 2020). The upregulated and
redistributed K1.2 and Ky1.1 channels may hyperpolarize the
axonal resting membrane potential (Ves), elevate the amount
of depolarization necessary for AP initiation, and impair AP
conduction (Wang et al., 1995; Sinha et al., 2006; Jukkola et al.,
2012). Pharmacological inhibition of K,1.1 and Ky1.2 channels,
e.g., with 4-aminopyridine, enhances axonal conduction and
improves MS symptoms (Lugaresi, 2015).

It is difficult to speculate regarding K,1.4 function in MS
because data are not consistent. In animal models of MS and
spinal cord injury (SCI), this developmentally restricted subunit
re-appears/increases in OPCs, OLs, and astrocytic processes
around lesion sites (Herrero-Herranz et al., 2007; Jukkola et al.,
2012), but not in WM axons or microglia (Edwards et al.,
2002; Jukkola et al., 2012). Mice lacking K,1.4 exhibit reduced
myelin loss in the spinal cord WM during EAE but no change
of demyelination/remyelination in the corpus callosum in the
cuprizone model (Gonzalez-Alvarado et al., 2020). However, it is
unclear whether function of Ky1.4 subunits is relevant for glial
cells in human MS because snRNA-seq barely detected K,1.4
transcripts in glia clusters (Table 2).

Kv2.1 and Kv2.2 (KCNB1 and KCNB2)

Ky2 channels (encoded by KCNBI1 and KCNB2 genes) mediate
high-voltage-activated slowly inactivating delayed rectifier K+
currents (Guan et al., 2007). Ky2.1 channels can assemble with
electrically silent KS subunits, resulting in greater variability of
Ky2 currents (Trimmer, 2015; Johnson et al., 2019).

Neurons
High-density clusters of K,2.1 and K,2.2 localize to soma,
proximal dendrites, and axonal initial segment (AIS). K2
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TABLE 1 | Expression and distribution of unique and overlapping genes coding for ion channels within SPMS lesions.

Protein Gene Bulk lesion? Fold change Up (+)/down (-) Current type/ Highly expressed in
regulated (compared to control conductance WM clusters of
WM)? human brain®
Kt channels
Ky 1.1 KCNA1 CA +1.42 Delayed rectifier
K, 1.2 KCNA2 CA +1.06 Delayed rectifier neuron2
K, 1.3 KCNA3 AL, CA, IL +1.67 (AL); +1.35 (CA); +1.34 (IL) Delayed rectifier
Ky 1.4 KCNA4 CA +1.34 A-type
Ky 1.5 KCNA5 AL, RL +0.86 (AL); +1.36 (RL) Delayed rectifier
Ky 2.2 KCNB2 CA +1.56 Delayed rectifier Neuront, 2, 3,4, 5
Ky 2.1 KCNBH1 CA +1.26 Delayed rectifier Neuront, 2, 3
K, 3.3 KCNC3 CA +0.87 A-type
K, 3.4 KCNC4 AL, IL +0.81 (AL); +0.72 (IL) A-type
K, 4.2 KCND2 CA +0.95 A-type OPC, COP, neuroni,3
Ky 4.3 KCND3 AL, CA, IL +0.63 (AL); +0.86 (CA); +0.93 (IL) A-type neuroni, 2, 3
K, 6.1 KCNG1 AL, RL +2.72 (AL); +3.7 (RL) Modifier of Kv 2
Ky 7.1 KCNQ1 AL, CA +0.91 (AL); +0.75 (CA) M-type
Ky 7.2 KCNQ2 CA +0.75 M-type neuroni, 2
K, 7.3 KCNQ3 CA +0.85 M-type ImOLGs, neuroni, 2, 3,
5, microglia/
macrophages
K, 7.4 KCNQ4 AL, CA, I, RL +1.19 (AL);+ 0.92 (CA); +1.36 (IL); M-type
+2.22 (RL)
K 7.5 KCNQ5 CA +1.69 M-type Neuront, 2, 3,5
K, 8.1 KCNV1 CA +1.48 Modifier of Kv 2
Ky 9.2 KCNS2 CA +0.90 Modifier of Kv 2
K, 9.3 KCNS3 AL, IL, RL, NAWM —2.72 (AL); —1.5 (IL); —1.98 (RL); —0.71 Modifier of Kv 2
(NAWM)
Ky 10.1/EAG1 KCNH1 CA, IL +0.81 (CA); +0.93 (IL) Delayed rectifier Neuront, 2, 3
Ky 10. 2/EAG2 KCNH5 CA +1.38 Delayed rectifier Neuron2
Ky 11.3/ERG3 KCNH7 CA +1.38 Delayed rectifier Neuront, 2, 3,5
Ky 12.1/ELK1 KCNH8 AL, CA, IL, RL, NAWM —1.25 (AL); —1.4(CA); —2.05 (IL); —2.38 Delayed rectifier Oligo3, Oligo4, Oligo6
(RL); —0.62 (NAWM)
TREKA1 KCNK2 CA +1.03 Leak, two pore
TWIK2 KCNK6 AL, IL +1.57 (AL); +0.82 (IL) Leak, two pore
TREK2 KCNK10 AL —0.65 Leak, two pore
Kcal.1 KCNMA1 AL, CA, IL +0.69 (AL); +0.87 (CA); +0.7 (IL) Calcium-Activated OPC, neuront, 2, 3, 5,
microglia/macrophages
Kca2.3 KCNN3 IL -0.7 Calcium-Activated Astrocytesi
Kna1.1 KCNT1 CA +1.24 Sodium-Activated
Kna1.2 KCNT2 CA, IL +0.92 (CA); +1.15 (IL) Sodium-Activated Neuront, 2, 3, pericytes,
vascular smooth cells
Ki2.1 KCNJ2 AL, CA, I, RL —0.54 (AL); —0.48 (CA); —0.54 (IL); Inward rectifier
—0.92 (RL)
Ki3.4 KCNJ5 AL, CA, RL, NAWM +2.58 (AL); +1.56 (CA); +1.9 (RL); Inward rectifier
+1.53 (NAWM)
Ki3.2 KCNJ6 CA +1.34 Inward rectifier Neuront, 2, 3
Ki6.1 KCNJ8 AL, IL +0.74 (AL); +0.71 (IL) Inward rectifier
Ki3.3 KCNJ9 CA, RL —0.52 (CA); —0.9 (RL) Inward rectifier
Ki 4.1 KCNJ10 IL, RL —1.06 (IL); —1.09 (RL) Inward rectifier Oligo5
Kir5.1 KCNJ16 CA +1.27 Inward rectifier
Na* channels
Na, 1.1 SCN1A CA +1.12 TTX-sensitive OPC, COP, neuront, 2,

3,4,5

(Continued)
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TABLE 1 | Continued

Protein Gene Bulk lesion® Fold change Up (+)/down (-) Current type/ Highly expressed in
regulated (compared to control conductance WM clusters of
WM)? human brain®
Na, 1.2 SCN2A CA +1.1 TTX-sensitive Neuront, 2, 3,4, 5
Na, 1.3 SCNB3A CA +0.87 TTX-sensitive OPC, neuront, 2, 3,5
Na,1.6 SCNBA CA +1.15 TTX-sensitive Neuront, 2, 3, 5
Na, 1.9 SCN11A IL —-1.16 TTX-resistant
Ca?* channels
Ca,1.2 CACNA1C CA +0.56 L-type Neuront, 2, 3, 5,
pericytes
Ca,1.3 CACNA1D CA +0.57 L-type Neuron1,3
Ca,2.1 CACNA1A CA +0.64 P/Q-type OPC, neuront, 2
Ca,2.3 CACNA1E CA +0.97 P/Q-type Neuront, 2, 5
Ca,3.1 CACNA1G L +1.8 T-type
Ca,3.2 CACNA1H CA +1.12 T-type
Ca,3.3 CACNA1I CA +1.03 T-type
Ryanodine
Ryr2 RYR2 CA +0.85 Ca’* Release Neuront, 2, 3
channel
Ryr3 RYR3 IL —-0.76 Ca?t Release Astrocytes
channel
TRP channels
TRPC1 TRPC1 AL, IL, RL —0.5 (AL); —0.48 (IL); —0.85 (RL) Ca?*-permeable
cation channel
TRPM2 TRPM2 IL +0.92 Ca?*-permeable
cation channel
TRPM3 TRPM3 IL, RL —1.09 (IL); —0.98 (RL) Ca?*-permeable Astrocytesi, neuroni
cation channel
TRPM6 TRPM6 CA, IL, RL —0.99 (CA); —1.06 (IL); —1.08 (RL) Ca’*-permeable
cation channel
TRPP1 PKD2 IL —0.48 Ca’*-permeable
cation channel
TRPP3 PKD2L2 CA —0.58 Ca?*-permeable
cation channel
TRPVA TRPVA CA —1.04 Ca’*-permeable
cation channel
TRPV3 TRPV3 AL, CA, IL, RL —0.51 (AL); —0.72 (CA); —0.5 (IL); —0.74 Ca?*+-permeable
(RL) cation channel
TRPVS TRPVS AL, CA, I, RL —1.4 (AL); —1.67 (CA); —1.72 (IL); —2.02 Ca?t-permeable
RL) cation channel
TRPV6 TRPV6 AL, CA, IL, RL, NAWM —1.77 (AL); —1.97 (IL); —1.32 (CA); Ca?*-permeable
—2.23 (RL); 0.86 (NAWM) cation channel
Cl~ channels
CLC-2 CLCN2 CA —-0.57 Inward rectification
CLC-4 CLCN4 AL, IL, RL —0.79 (AL); —0.73 (IL); —1.03 (RL) CI=/H* antiporter
CLC-7 CLCN7 CA -0.72 CI=/H* antiporter
Connexins and pannexins
Cx43 GJAT AL, CA, RL +1.53 (AL); +1.12 (CA); +1.19 (RL) Monovalent and Astrocytest,
divalent ions astrocytes2
Cx32 GJB1 AL, CA, IL, RL —1.6 (AL); —1.5 (CA); —1.85 (IL); —2.44 Monovalent and Oligo5
(RL) divalent ions
CX37 GJA4 IL +1.19 Monovalent and Pericytes
divalent ions
Cx47 GJC2 AL, CA —1.62 (AL); —1.74 (CA) Monovalent and
divalent ions

(Continued)

Frontiers in Cellular Neuroscience | www.frontiersin.org 85 June 2021 | Volume 15 | Article 685703


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Boscia et al.

lon Channels in Multiple Sclerosis Lesions

TABLE 1 | Continued

Protein Gene Bulk lesion? Fold change Up (+)/down (-) Current type/ Highly expressed in
regulated (compared to control conductance WM clusters of
WM)? human brain®
Panx1 PX1 IL +0.56 Monovalent and
Others divalent ions
Piezo2 PIEZO2 AL, CA, IL, RL —0.92 (AL); —1.01 (CA); —0.93 (IL); Ca?* -permeable Oligo1, Oligo6
—1.49 (RY)
CFTR CFTR AL, CA, IL, RL —1.22 (AL); —1.37 (CA); —1.77 (IL); Cl~-permeable Oligo1
—1.86 (RL)
Hy 1 HVCNA1 CA, RL +0.71 (CA); +0.92 (RL) H*-selective
Nayi2.1 NALCN AL, IL, RL —0.49 (AL); —0.73 (IL); —0.88 (RL) Sodium leak
channel,
non-selective
Orai3 ORAI3 AL, RL +0.87 (AL); +1.25 (RL) Store-Operated
Ca’* entry
Aquaporin 1 AQP1 CA, IL —1.03 (CA); —0.12 (IL) Water, ammonia, Astrocytest,
H20, permeability astrocytes2
CATSPERG CATSPERG CA +0.7 Ca?* -permeable
CATSPERE CATSPERE IL -0.48 Ca?* -permeable

aExpression and distribution of unique and overlapping genes coding for ion channels within chronic active (CA), active (AL), inactive (IL) remyelinating (RL) lesions, and normal-appearing
white matter (NAWM). The information is based on the bulk-RNAseq (Elkjaer et al., 2019) and data are collected from the database available at www.msatlas.dk (Frisch et al., 2020).
bCell type-specific clusters with significant expression of ion channels genes in human brain WM. The information is based on the snRNAseq from the WM of individuals with SPMS
and non-neurological control subjects (Jakel et al., 2019), and data are collected from the database available at https://ki.se/mbb/oligointernodeen/ where the encoded subunits were
listed according to the IUPHAR nomenclature. Fold changes of up-regulated genes are shown in bold.

channels influence AP duration during high-frequency firing
and regulate neuronal excitability (Guan et al, 2007). Ky2.1
mutations are associated with neonatal encephalopathy epilepsies
and neurodevelopmental delays (Torkamani et al., 2014; Thiffault
et al., 2015; de Kovel et al., 2017).

Glia
RNA-seq detected KCNBI gene in mouse OPC and microglia
(Falcao et al., 2018; Hammond et al., 2019).

Expression and Function in MS

Bulk RNA-seq revealed upregulation of K,2.1 and K,2.2
transcripts in CA lesions of SPMS brain (Figure 2, Table 1;
Elljaer et al., 2019; Frisch et al, 2020), while snRNA-seq
found K,2.1 and K;2.2 in neuronal clusters (Tables1, 2;
Jakel et al., 2019). During EAE, K,2.1 protein expression was
downregulated in spinal cord motor neurons (Jukkola and Gu,
2015). Remarkably, K,2.1 channels exist as freely dispersed
conducting channels, or form electrically silent somatodendritic
clusters (Schulien et al,, 2020). Upregulated clustered Ky2.1
channels promote functional coupling of L-type Ca?" channels
in plasma membrane to ryanodine receptors (RyRs) of the
endoplasmic reticulum (ER) (Deutsch et al, 2012; Kirmiz
et al., 2018; Vierra et al., 2019) and may modulate intracellular
Ca’*t level contributing to cell damage, while dispersal of
Ky2.1-clusters blocks apoptogenic Kt currents and provides
neuroprotection (Sesti et al., 2014; Justice et al., 2017). Hence, to
elucidate the functional role of Ky 2 upregulation in MS (Table 1),
it will be important to determine whether it reflects an increase in
clustered or dispersed K2 channels.

Ky3.3 (KCNC3)

The KCNC3 gene encodes for the K, 3.3 subunit, which, together
with K,3.1, K;3.2, and K,3.4, belongs to the K3 channel
subfamily (Shaw). The K,3.3 and K,3.4 mediate transient A-
type Kt currents, while Ky3.1 and K,3.2 mediate sustained
K™ currents.

Neurons

K3 channels localize to axonal and somatodendritic domains,
and play a critical role in regulating AP firing at high frequency
(Rasmussen and Trimmer, 2019). KCNC3 mutations result in
spinocerebellar ataxia type-13 and cerebellar neurodegeneration
(Rasmussen and Trimmer, 2019).

Glia

Cortical and hippocampal astrocyte cultures express K,3.3 and
Ky3.4 mRNAs and proteins (Bekar et al., 2005; Boscia et al., 2017).
KCNC3 mRNA was detected in mouse OPCs and microglia
(Larson et al., 2016; Falcao et al., 2018).

Expression and Function in MS

Bulk RNA-seq showed significant K,3.3 upregulation in CA
lesions (Figure 2, Table 1), while snRNA-seq revealed its
predominant distribution in neuronal clusters (Table 2; Jakel
et al,, 2019). K3.3 may play a detrimental role in MS because it
increases in injured WM axons during EAE progression in mice
and in human MS lesions (Jukkola et al., 2017), and the deletion
of K,3.1, which forms hetero-tetramers with K 3.3, reduced EAE
severity in mice (Jukkola et al., 2017).
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FIGURE 2 | The expression profile of the ion channel genes uniquely expressed in different lesion types. (A) Left panel: The Venn diagram represents the number of
overlapping and lesion-specific differentially expressed genes coding for ion channels in chronic active (CA), active (AL), inactive (IL), and remyelinating (RL) lesions and
in normal-appearing white matter (NAWM) compared to control white matter. Right panel: The heatmap shows two genes, coding for ion channels KCNH8 and
TRPV®6 that are significantly altered in all lesion types compared to control white matter. Scale bar indicates fold changes. (B) The Venn diagram, the heatmap, and the
scale bar show the single ion channel gene, KCNK10, which is uniquely downregulated in active lesion (AL). (C) The Venn diagram, the heatmap, and the scale bar
show the eight genes coding for ion channels that are uniquely significantly differentially dysregulated in inactive lesion (IL). (D) The Venn diagram, the heatmap, and

KCNH8
TRPV6
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AL
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the scale bar show the 33 genes coding for ion channels that are significantly and differentially dysregulated compared to control white matter in chronic active lesion
(CA). The red box in Venn diagrams marks the genes that are specifically dysregulated in the corresponding type of lesion.

Frontiers in Cellular Neuroscience | www.frontiersin.org 87 June 2021 | Volume 15 | Article 685703


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Boscia et al.

lon Channels in Multiple Sclerosis Lesions

TABLE 2 | Profiling expression of unique gene in lesions in WM clusters of healthy and SPMS brain?.

Protein Gene Neuron Astrocyte OPC COoP ImOLG Oligo Microglia Pericyte
K* channels
Kv1.1 KCNA1 n.d n.d n.d n.d n.d n.d n.d n.d
Kv1.2 KCNA2 + +/- +/~- +/~ - +/- - _
Kv1.4 KCNA4 +/- - - - - - - -
Kv2.1 KCNBH1 + +/- +/- + +/- +/- - +
Kv2.2 KCNB2 ++ +/- - +/- 4/- /- - -
Kv3.3 KCNC3 + +/- - +/- 4/- /- /- -
Kv4.2 KCND2 +++ + ++++ +++ + +/- +/- +/-
Kv7.2 KCNQ2 + +/- + + +/- +/~ - A
Kv7.3 KCNQ3 +++ + + + ++ +- +++ +/-
Kv7.5 KCNQ5 + 4 ++ + +/- + + +/- +/- +/-
Kv8.1 KCNV1 + - - +/- +/— - — _
Kvo.2 KCNS2 + - - +/- - - - -
Kv10. 2/EAG2 KCNH5 + +/- +/- + +/- +/- - -
Kv11.3/ERG3 KCNH7 +++ +/- - + + +/- - -
Kv12.1/ELK1 KCNH8 + +++ ++ +++ ++ +++ +/- +/-
TREK1 KCNK2 + +/- + +/- - - - -
TREK2 KCNK10 + +/- +/- + +/~- +/- - -
Kca2.3 KCNN3 + ++ + + + +/- +/- +/-
KNa1.1 KCNT1 + - +/— 4/ - - -
Kir3.2 KCNJ6 + +/- + + - + - -
Kir5.1 KCNJ16 - +/- + + - - - _
Na* channels
Nav1.1 SCN1A ++ + +++ ++ + +/- - -
Nav1.2 SCN2A +++ + +/- + + +/- - +/-
Nav1.3 SCN3A ++ +/- ++ ++ + + - +/-
Nav1.6 SCNBA n.d n.d n.d n.d n.d n.d n.d n.d
Nav1.9 SCN11A n.d n.d n.d n.d n.d n.d n.d n.d
Ca?* channels
Cav1.2 CACNA1C +++ + + + + +/- - +++
Cav1.3 CACNA1D ++ +/- + + + +/- + _
Cav2.1 CACNAITA +4+ + +++ ++ + +/- + +/-
Cav2.3 CACNA1E 4+ +/- +/— + + 4/ _ _
Cav3.1 CACNA1G + - +/- +/- - - - -
Cav3.2 CACNA1TH n.d n.d n.d n.d n.d n.d n.d n.d
Cav3.3 CACNA1I + - - +/- - - - -
Ryanodine
Ryr2 RYR2 ++ 4+ + +/- + + + +/- +
Ryr3 RYR3 + +++ + + + +/- +/- +/—
TRP channels
TRPM2 TRPM2 + /- - +/- + _ + VA
TRPP1 PKD2 + ++ + ++ ++ + + +
TRPP3 PKD2L2 n.d n.d n.d n.d n.d n.d n.d n.d
TRPV1 TRPVA1 +/- +/- - +/- - +/- - -
TRPV6 TRPV6 n.d n.d n.d n.d n.d n.d n.d n.d
CI~ channels
CLC-2 CLCN2 +/- +/- +/- +/- +/- + - -
CLC-7 CLCN7 + + + + + + + +/~
Connexins
Cx37 GJA4 - - - - - - - S+
(Continued)
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TABLE 2 | Continued

Protein Gene Neuron Astrocyte OPC COoP ImOLG Oligo Microglia Pericyte
Pannexin

Px1 PANX1 n.d n.d n.d n.d n.d n.d n.d n.d
Catsper

CATSPERG CATSPERG +/- +/- - +/- +/- +/- - -
CATSPERE CATSPERE n.d n.d n.d n.d n.d n.d n.d n.d

asn-RNAseq from the white matter of individuals with SPMS and non-neurological controls. The information is based on the snRNAseq from the WM of individuals with SPMS and
non-neurological control subjects (Jakel et al., 2019), and data are collected from the database available at https://ki.se/mbb/oligointernodeen/. Expression levels are based on the

mean normalized expression counts (log-scale) per cluster.

+/— (log scale > 0.01 < 0.1); + (log scale > 0.1 < 0.5); ++ (log scale > 0.6 < 1); + + + (log scale >1.1< 1.5); + + ++ (log scale > 1.5); — (log scale 0); n.d., not detected, red (+),

highly expressed gene in the cluster if compared to the rest of the clusters.

Note, that in the database, some of the clusters encompass both control and MS samples and, therefore, the mean can represent a combination of counts from control and MS brain.

Kv4.2 (KCND2)

The KCND2 gene encodes for the Ky4.2 subunit that (together
with Ky4.1 and K4.3) is a member of the K4 channel subfamily
(Shal) and is highly expressed in the brain (Alfaro-Ruiz et al.,
2019). Ky4 channels activate at subthreshold potentials and then
inactivate and recover rapidly. They mediate transient A-type K
current (Bahring et al., 2001; Birnbaum et al., 2004).

Neurons

Ky4.2 subunits are highly expressed in soma and dendrites
of hippocampal neurons and interneurons. They regulate the
threshold for AP initiation and repolarization, frequency-
dependent AP broadening, and AP back-propagation (Nerbonne
et al.,, 2008). Ky4.2 mutations are associated with infant-onset
epilepsy and autism.

Glia

Ky4.2-transcripts were found in mouse astrocytes (Bekar et al.,
2005) and OPCs, but only at very low levels in microglia (Falcao
et al., 2018; Hammond et al., 2019; Batiuk et al., 2020).

Expression and Function in MS

Bulk RNA-seq found significant Ky4.2 upregulation in CA
lesions (Figure 2, Table 1; Elkjaer et al, 2019; Frisch et al,
2020). The snRNA-seq reported significant expression of
Ky4.2 transcripts in neuronal, OPCs, and committed OPCs
(COP) clusters (Table?2; Jakel et al, 2019). Ky4.2 subunit
may contribute to oligodendrocyte dysfunction in SPMS brain
because dysregulated KCND2 transcripts are associated with
oligodendrocyte dysfunction in mental illnesses (Vasistha et al.,
2019).

Kyv7.2, K,7.3, and K, 7.5 (KCNQ2, KCNQ3, and
KCNQ5)

The KCNQ genes encode for K,7.1-K,7.5 (KCNQI-KCNQ5)
family members that underlie a voltage-gated non-inactivating
outward Kt current, known as M current (Iy;).

Neurons

The K,7.2/3 or K,7.3/5 hetero-tetramers represent the dominant
subunit composition in neurons (Wang et al., 1998; Cooper et al.,
2000; Kharkovets et al., 2000), while K,7.4/K,7.5 is dominant in

vascular smooth muscles (Brueggemann et al., 2014). The K,7.2-
and K, 7.3 subunits co-cluster with Nay channels at AIS and nodes
of Ranvier in rodent somatosensory cortex and spinal cord WM
and gray matter (GM) (Pan et al., 2006; Cooper, 2011; Battefeld
etal., 2014). K,7.5 localizes to soma and dendrites of cortical and
hippocampal neurons and contributes to afterhyperpolarization
currents (Tzingounis et al., 2010). The K7 channels stabilize
Viest> influence neuronal subthreshold excitability, and regulate
spike generation (Jentsch, 2000; Miceli et al., 2008). By reducing
the steady-state inactivation of nodal Na, channels, the K7
channels increase the availability of transient Na, currents at
nodes of Ranvier, thereby accelerating the AP upstroke and
elevating short-term axonal excitability (Hamada and Kole,
2015). In the perisomatic region, K,7 channels counteract the
persistent Na, current and restrain repetitive firing (Pan et al,,
2006; Cooper, 2011). Variants of KCNQ2/KCNQ3 or KCNQ4
genes cause developmental/epileptic disorders and hearing loss
(Soldovieri et al., 2011; Miceli et al., 2013).

Glia

KCNQ3 gene is expressed in spinal cord WM astrocytes (Devaux
et al., 2004), while KCNQ5 is expressed in rat retinal astrocytes
(Caminos et al, 2015). The KCNQ2-5 mRNAs and proteins
were detected in rat cortical OPCs and microglia cultures, while
differentiated oligodendrocytes showed weak KCNQ4 expression
(Wang et al., 2011; Vay et al., 2020).

Expression and Function in MS

Bulk RNA-seq found upregulation of KCNQ2-3-5 transcripts
in CA lesions (Figure 2, Table1; Elkjaer et al., 2019; Frisch
et al., 2020). The snRNA-seq reported KCNQ2-3-5 expression
in neuronal clusters and KCNQ3 expression in immune
oligodendroglia (ImOLG) and microglia/macrophages clusters
(Tables 1, 2; Jakel et al, 2019). K,7.3 upregulation may
reflect increased necessity of the channels along the axons
because K,7.3 subunit extensively redistributes to internodes
of acutely and chronically demyelinated GM axons in the
cuprizone model (Hamada and Kole, 2015). It is tempting to
speculate that K,7 upregulation may be beneficial during MS.
First, K7 channels may increase the availability of transient
Na, current via membrane hyperpolarization supporting AP
conduction in demyelinated axons (Battefeld et al., 2014).
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Second, K,7 channels may mitigate inflammation-induced
neuronal excitability because, following LPS exposure, the Iy
inhibition underlies hyperexcitability of hippocampal neurons
that is reversed by a nonselective K,7-opener retigabine (Tzour
et al,, 2017). Although retigabine also exerts neuroprotective
effects in several neurodegenerative conditions (Boscia et al.,
2006; Nodera et al, 2011; Wainger et al., 2014; Bierbower
et al, 2015; Li et al, 2019; Vigil et al., 2020; Wu et al,

2020), a clinical trial with retigabine analog flupirtine failed
to demonstrate neuroprotective effects during MS (Dorr et al,,
2018). Furthermore, blockade of K7 channels with XE-991
inhibited migration of LPS-treated pro-inflammatory microglia
in vitro (Vay et al., 2020), suggesting that these channels may
promote the pro-inflammatory role of microglia also during
MS. Hence, neuronal and glial K7 channels may have diverse
functions during MS.
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TABLE 3 | Expression and role of unique dysregulated ion channels in experimental models of MS.

Gene/protein

Distribution, localization

Cellular functions during physiological
conditions

WM in MS models

Alterations

Role

KONAT/K, 1.1

KONA2/K, 1.2

KCNA4/K, 1.4

KCNB1/K,2.1

KCNB2/ K,2.2

KCNC3/K,3.3

KCND2/K,4.2

KCNQ2/K,7.2

KCNQS/K,7.3

KCNQ5/K, 7.5

KCNV1/K,8.1

KCNS2/K,9.2

KCNH5/EAG2

KCNH7/ERG3

KCNHB8/ELK1

JPN of myelinated axons

Microglia, astrocyte (t),
OPCs ()

JPN of myelinated axons

Reactive astrocyte,
microglia, OPC
Axons (HP)

Reactive astrocyte, OPCs

Soma, proximal dendrites,
AIS
Microglia, OPCs (t)

Soma, proximal dendrites,
AIS
Not detected in glia

Axons, somatodendritic
compartment
Astrocyte, microglia (t),
OPCs (t)

Soma, dendrites
Astrocyte (t), OPCs (1),
microglia (t)

AlS, nodes of Ranvier
OPCs, microglia

AlIS, nodes of Ranvier
Microglia (pro-inflammatory),
OPCs, astrocyte (t)

Soma, dendrites
Astrocyte, OPCs, microglia
Unknown

Oligo lineage (t)

Unknown

Oligo lineage (t)
Unknown

Astrocyte (t), OPCs (t)
Unknown

Astrocyte (t), OPCs (t),
microglia (t)

Unknown

OPCs (t)

Regulate AP propagation and neural excitability

Proliferation, cell activation

Regulate AP propagation and neural excitability

Proliferation, cell activation

Regulate AP propagation and neural excitability

Proliferation

Influence AP duration during high frequency firing,
regulate neuronal excitability

Influence AP duration during high frequency firing,
regulate neuronal excitability

Regulate AP firing at high frequency

Regulate threshold for AP initiation and
repolarization, frequency-dependent AP
broadening, AP back-propagation

Stabilize Vyest, regulate activity of Nay-channels,
accelerate AP upstroke, influence neuronal
subthreshold excitability, regulate spike generation,
and repetitive firing

Stabilize Vyest, regulate activity of Nay-channels,
accelerate AP upstroke, influence neuronal
subthreshold excitability, regulate spike generation
and repetitive firing

Contributes to AHP currents in the HP

Co-assemble with K,2.1, reduce K,2.1 current
density which may lead to AP broadening and
hyper-synchronized high-frequency firing
Co-assemble with K, 2.1

Unknown

Dampen excitability, stabilize Vyest

Unknown

Redistribution to internodes
and nodal segments,
upregulation

Redistribution to internodes
and nodal segments,
upregulation

Upregulation in astrocytes
and OPCs around EAE
lesions

Unknown in WM
Downregulation in motor
neurons of GM spinal cord
during EAE

Unknown

Upregulation in some injured
WM axons

Unknown

Unknown

Unknown in WM
Upregulated in
demyelinated neocortical
axons of L5 pyramidal
neurons in the

cuprizone model.

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Hyperpolarise axonal Vygst,
affect AP threshold, impair
AP conduction

Hyperpolarise axonal Vygst,
affect AP threshold, impair
AP conduction

Deficiency ameliorated EAE
course in KO mice, but have
no effect on demyelination/
remyelination in the
cuprizone model

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown in WM

Ensure AP conduction in
demyelinated GM axons,
decrease excitability

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

(Continued)
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TABLE 3 | Continued

Gene/protein

Distribution, localization

Cellular functions during physiological
conditions

WM in MS models

Alterations Role
KCNK2/ Axons, and node of Contribute to “leak” K*-current, help establishing Unknown Deficiency aggravates
TREK1 Ranviers in afferent and maintaining Viest, regulate neuronal excitability, EAE course in KO mice
myelinated nerve ensure AP repolarization at nodes of Ranvier in Channel activation reduces
afferent myelinated fibers CNS immune cell trafficking
Astrocyte, microglia (t) Contribute to passive membrane K* conductance, across BBB and attenuate
OPCs (t) glutamate release EAE course
KCNK10/ Unknown Contribute to “leak” K*-current, help establishing Unknown Unknown
TREK2 and maintaining Vrest
Astrocyte Contribute to K* buffering, glutamate
OPCs (t) clearance
KCNT1/Knal.1 Soma, axons Regulate the generation of slow Unknown Unknown
Astrocytes (t) afterhyperpolarization, firing patterns, and setting
and stabilizing the Vyest
KCNN3/ Dendrites, AIS Regulate AP propagation and neuronal excitability, Unknown Unknown
Kca2.3 contribute to maintaining Ca?t-homeostasis
Astrocyte, microglia, oligo K* buffering in astrocytes
lineage (t) Microglia proliferation and cytokines production
KCNJ6/K;:3.2 Somatodendritic KT-homeostasis, maintenance of Viest, Unknown Unknown
compartment hyperpolarization, control of AP firing and neuronal
excitability, inhibition of excitatory neurotransmitter
Astrocyte, oligo lineage (t) release
KCNJ16/K;;5.1 Somatodendritic Silent channel when combined with K;;2.1. When Unknown Unknown
compartment, dendritic combined with K;;4.1, build channels with larger
spines conductance and greater pH-sensitivity. Plays a role
in synaptic transmission
Astrocyte, oligo lineage, Chemoreception
microglia (t) K* buffering
SCN1A/ Somatodendritic Saltatory conduction, maintenance of sustained Increase or no change; Unknown
Nay 1.1 compartment, AIS, nodes of  firing, control of excitability localize along the
Ranvier demyelinated regions
Microglia, astrocyte, Microglia phagocytosis, cytokine release
OPCs (t)
SCN2A/ AIS, immature nodes of Back-propagation of AP into the somatodendritic Increase of diffuse Unclear. Suggested:
Na, 1.2 Ranvier, along the compartment, may support slow spike propagation distribution along preservation of AP
non-myelinated axons demyelinated axons in propagation, or axonal
various mouse models; no damage
change in myelin-deficient
rat
Astrocyte, pre- Oligo maturation Upregulated in astrocytes
oligodendrocytes during EAE
SCNBA/ Somatodendritic AP initiation and propagation, proliferation and No change in the optic Unknown
Na,1.3 compartment, along the migration of cortical progenitors nerve
axons including myelinated
fibers
Astrocyte oligo lineage (t)
SCNB8A/ AIS, nodes of Ranvier; low AP initiation and propagation, neuronal excitability Decrease at the nodes of May trigger Na*t increase in
Na,1.6 density on cell soma, Ranvier, increase of diffuse axoplasm, reversal of NCX,
dendritic shafts, synapses distribution along the and intra-axonal Ca%*
damaged axons, no change overload. Deletion improves
at AIS axonal health during EAE
Astrocyte, microglia oligo (t) Upregulated in microglia/
macrophages during EAE
SCN11A/ Soma, proximal processes Regulate excitation, control activity-dependent Unknown Unknown
Na,1.9 Negligible in all glial cells (t) axonal elongation, mediate sustained depolarizing

current upon activation of muscarinic receptors

(Continued)
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TABLE 3 | Continued

Gene/protein Distribution, localization

Cellular functions during physiological
conditions

WM in MS models

Alterations Role
CACNA1C/ Somatodendritic Synaptic modulation, propagation of dendritic Ca?+ Unknown Unknown. Suggested:
Cay1.2 compartment (synaptically, spikes, regulation of glutamate receptor trafficking, Neurodegeneration because
extrasynaptically), axons, CREB phosphorylation, coupling of excitation to L-type VGCCs blockers
axonal terminals nuclear gene transcription, modulation of long-term attenuate mitochondrial
(extrasynaptically), pioneer potentiation, neurites growth and axonal pathfinding pathology in nerve fibers
axons during development during development and axonal loss
Astrocyte, oligo lineage, Astrogliosis Deletion in astrocyte-
reactive microglia OPCs development and myelination reduces cell activation and
pro-inflammatory mediators
release in the cuprizone
model
Deletion in OPCs reduced
remyelination in the
cuprizone model
CACNA1D/ Somatodendritic Pacemaking activity, spontaneous firing, Unknown Unknown. Suggested:
Cay1.3 compartment, axonal Ca?*-dependent post-burst after-hyperpolarization, neuroprotection because
cylinders Ca’*-dependent intracellular signaling pathways, L-type VGCCs blockers
regulation of morphology of dendritic spines and attenuate mitochondrial
axonal arbores pathology in nerve fibers
Astrocyte, microglia Oligodendrocyte-axon signaling, release of and axonal loss
oligo lineage pro-inflammatory mediators by microglia
CACNA1A/ Axonal synaptic terminals, Neurotransmitter release at neuronal and Unknown Unknown
Cay2.1 axonal shafts in WM, neuron-glia synapses, regulation of BK and SK
somatodendritic channels, control of neuronal firing, regulation of
compartment gene expression, local Ca* signaling, and cell
survival
Reactive astrocyte Calcium influx in oligo upon neuronal activity
OPCs, premyelinating oligo,
microglia (t)
CACNA1E/ Dendritic spines, axonal Neurotransmitter release, synaptic plasticity, Unknown Unknown
Cay2.3 terminals regulation of BK, SK, and Ky4.2 channels
Astrocyte, oligodendrocyte
CACNA1G/ Somatodendritic Generation and timing of APs, regulation of neuronal  Unknown T-cells from KO mice show
Cay3.1 compartment, AIS excitability, rhythmic AP bursts in thalamus, decreased cytokine release
neuronal oscillations, neurotransmitter release
Astrocyte (t) oligo lineage Deficiency in KO mice
inhibits the autoimmune
response in the EAE model
CACNA1TH/ Somatodendritic Generation and timing of APs, regulation of neuronal ~ Unknown Unknown
Cay3.2 compartment, AIS excitability, rhythmic AP bursts in thalamus,
neuronal oscillations, neurotransmitter release
Astrocyte oligo lineage
CACNA1l/ Somatodendritic Generation and timing of APs, regulation of neuronal ~ Unknown Unknown
Cay3.3 compartment excitability, rhythmic AP bursts in thalamus,
neuronal oscillations, neurotransmitter release
RyR2 Along ER (also in axons) Ca’* release from the ER into the cytoplasm, Unknown Unknown
vesicle fusion, neurotransmitter release, synaptic
plasticity, growth cone dynamics
Astrocyte, oligo lineage
RyR3 Along ER (also in axons) Ca’* release from the ER into the cytoplasm, Unknown Unknown
vesicle fusion, neurotransmitter release, synaptic
plasticity, growth cone dynamics
Astrocyte, OPCs, Astrocyte motility
oligodendrocytes OPCs development
TRPVA Soma, post-synaptic Regulation of Ca®*-signaling, synaptic plasticity Suggested a main role in Both detrimental and
dendritic spines, synaptic regulating microglia beneficial effects have been
vesicles inflammatory response described in EAE disease
Astrocyte, Astrocyte: migration, chemotaxis, activation during

microglia, oligodendrocytes

stress, inflammasome activation
Microglia: migration, cytokine production, ROS
generation, phagocytosis, polarization, cell death

(Continued)
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TABLE 3 | Continued

Gene/protein

Distribution, localization

Cellular functions during physiological
conditions

WM in MS models

Alterations Role
TRPV6E Unknown Unknown Unknown Unknown
Astrocyte ()
TRPM2 Soma and neurites in Contribute to synaptic plasticity and play an Upregulated in TRPM2 deficiency reduce
neuronal cultures inhibitory role in neurite outgrowth monocyte-lineage cells monocyte infiltration in EAE
Microglia, astrocyte (t), Microglia activation and generation of
oligodendrocyte (t) proinflammatory mediators
PKD2/TRPP1 ER, primary cilia, and Maintenance of Ca2+-homeostasis, cell proliferation Unknown Unknown
plasma membrane
Astrocyte (t), microglia (t),
oligo lineage (t)
PKD2L2/ Unknown Unknown Unknown Unknown
TRPP3 Astrocyte (t), microglia (t)
CLCN2/CLC-2 Plasma membranes, Maintenance of low intracellular CI~ level, control of Unknown Unknown
intracellular membranes cell volume homeostasis, regulation of
GABAxR-mediated synaptic inputs, regulation of
neuronal excitability
Astrocyte, OPCs, microglia Interacts with AQP4 in astrocytes, regulates OPCs
differentiation, contribute to volume regulation and
phagocytosis in microglia
CLCN7/CLC-7 Lysosomes Suggested function in the neuronal endo-lysosomal Unknown Unknown
pathway
Microglia, astrocyte (t), oligo Regulate lysosomal acidification in
lineage (t) activated microglia
GJA4/CX37 Largely expressed in Regulate vasomotor activity, endothelial Unknown Unknown
vascular cells permeability, and maintenance of body fluid balance
PANX1/Px1 Soma, dendrites, axons Paracrine and autocrine signaling, ATP-sensitive Unknown Panx-1 induced ATP release
Astrocyte, OPCs microglia ATP release in complex with P2X7Rs, intercellular and inflammasome
propagation of Ca?t-waves, cell differentiation, activation contribute to WM
migration, synaptic plasticity, memory damage during EAE
Inhibition of Panx1 using
pharmacology or gene
disruption delays and
attenuates disease course
in EAE and cuprizone model
CATSPERG Unknown Unknown Unknown Unknown
Oligo lineage (t) Microglia (t)
CATSPERE Unknown Unknown Unknown Unknown

AHP afterhyperpolarization; AlS, axon initial segment; AR, action potential: BK, big-conductance Ca?*-activated K*-channels; ER, endoplasmatic reticulum; GABAAR, ionotropic gamma
aminobutyric acid A receptor; HP. hippocampus; JPN, juxtaparanodal regions; NCX, Na*/Ca?t exchanger; SCI, spinal cord injury; SK, small-conductance Ca?*-activated K*-channels;
SSCx, somatosensory cortex; t, transcipts; Vyest, resting membrane potential.

Ky8.1 and K,9.2 (KCNV1 and KCNS2)

Neurons

KCNVI and KCNS2 genes encode for electrically silent (KS)
K;8.1- and K;9.2 subunits that assemble into hetero-tetrameric
channels with K2 subunits (Bocksteins, 2016). A number of
channelopathies is ascribed to K S subunits (Salinas et al., 1997a;
Liu et al., 2016; Allen et al., 2020), pointing to their important
physiological role.

Glia
KCNV1I and KCNS2 transcripts were found in oligodendrocyte
lineage cell (Marques et al., 2016).

Expression and Function in MS

Bulk RNA-seq showed upregulation of KCNV1 and KCNS2 genes
in CA lesions (Figure 2, Table 1; Elkjaer et al., 2019; Frisch et al.,
2020). The snRNA-seq detected KCNV1 and KCNS2 in neuronal
clusters (Table 2; Jakel et al., 2019). Co-assembly between K,8.1
and K,2.1 reduces Ky2.1 current density (Hugnot et al., 1996;
Castellano et al., 1997): the high stoichiometry of the K,8.1
subunit suppresses surface expression and favors retention of
heteromeric channels in the ER (Salinas et al., 1997b). Neurons
with reduced K, 2.1-mediated currents demonstrate broadened
APs (Du et al, 2000) underlying hyper-synchronized high-
frequency firing observed during epilepsy. Hence, upregulated
KyS subunits in CA lesions may influence the localization of
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Neuronal dysfunction:
Kv1.1, Kv1.2, Kv2, Ks, Kv3.3, RYR2,
Nav1.2, Nav1.6, Cav1.2, Cav3.2

Cell damage: CIC-2, CIC-7, Cav1.2,
Cav1.3
Inflammatory response: TRPV1

Dampen excitability:
Kv4.2, KCNQ, EAG2, ERG3, TREK1, Kir3.2

Support AP propagation:
Nav1.1, Nav1.2, Nav1.3
Inflammatory response: TRPV1
K* buffering: TREK1, Kir5.1
BBB permeability TREK1
Remyelination: Cav1.2, Cav2.1

Inflammatory response:
KCNQ3

Demyelination/myelination:
KNa1.1 (?), CIC-2 (?)

Oligodendrocyte activities:
Kv4.2, Nav1.1, Nav1.3, ELK1
Microcirculation: Cav1.2

ECM alteration: TRPV6 (?)

-d

K* buffering and hyperexcitability:
TREK2

Neuronal and axonal dysfunction
Cav3.1, TRPM2, PX1, PKD2

K* buffering and hyperexcitability: K.,2.3
Astrocyte scarring: RYR3

Microglia damage and cell infiltration:
TRPM2, Cav3.1.

Angiogenesis: Cx37

Oligodendrocyte activities: ELK1
ECM alteration: TRPV6 (?)

Oligodendrocyte activities: ELK1
ECM alteration: TRPV6 (?)

Oligodendrocyte activities: ELK1
ECM alteration: TRPV6 (?)

Oligodendrocyte activities: ELK1
ECM alteration: TRPV6 (?)

Putative
Detrimental

Putative
Beneficial

Unexplored

Role in MS lesions

FIGURE 4 | Putative roles of ion channels encoded by uniquely dysregulated genes in SPMS lesions. Schematic illustration of the putative detrimental (red box),
putative beneficial (blue box), and unexplored (gray box) functional roles of ion channel encoded by the uniquely dysregulated genes in active (AL), chronic active (CA),
inactive (IL), and remyelinating (RL) lesions, and normal-appearing white matter (NAWM) of SPMS brain. Source icon is from Biorender.com.

clustered K2 subunits in SPMS brain and affect AP firing
and/or propagation.

Eag2, erg3, and elk1 (KCNH5, KCNH7, and KCNH8)
KCNH genes encode for K,10-K,12 subfamilies, all orthologs
of the Drosophila ether-ago-go (EAG) channels. They include
two eag (K,10), three eag-related (erg/K,11), and three eag-
like (elk/K,12) K channels that can form heteromeric channels
within each subfamily (Rasmussen and Trimmer, 2019).

Neurons

All EAG channels are expressed in the CNS neurons (Ludwig
et al., 2000; Papa et al., 2003; Zou et al., 2003), but only erg-
mediated currents have been verified using suitable blockers
(Bauer and Schwarz, 2018).

Glia

RNA-seq detected KCNH5, KCNH7, and KCNH8 expression in
mouse OPCs (Falcao et al., 2018). KCNH5 and KCNH?7 genes
were found in astrocytes (Batiuk et al.,, 2020), while only the
KCNHY7 gene was detected in mouse microglia (Hammond et al.,

2019). Erg-type currents were reported in neopallial microglia
cultures (Zhou et al., 1998) and hippocampal astrocytes (Emmi
et al., 2000; Papa et al., 2003).

Expression and Function in MS

Bulk RNA-seq detected increased KCNH5(eag2) and
KCNH7(erg3) transcripts in CA lesions and downregulation of
KCNHS8(elk1) transcript in all lesions and NAWM (Figure 2,
Table 1; Elkjaer et al., 2019; Frisch et al., 2020). The snRNA-seq
found significant expression of KCNH5 and KCNH7 transcripts
in neuronal clusters and KCNHS8 in mature oligodendrocyte
clusters (Tables 1, 2; Jakel et al., 2019). The functional role of
eag2, erg3, and elkl during MS may be related to altered neuronal
excitability. Indeed, human eagl and eag2 gain-of-function
mutations underlie severe neurological disorders associated
with epileptic seizures (Allen et al., 2020). The erg channels
that are active at subthreshold potentials stabilize the Vies
and dampen excitability (Fano et al, 2012). Erg3 knockdown
in mice increases intrinsic neuronal excitability and enhances
seizure susceptibility, while treatment with erg activator reduces
epileptogenesis (Xiao et al., 2018). Erg3 expression is decreased
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in the brain of epilepsy patients. Remarkably, association of
KCNH7(erg) intronic polymorphisms with MS pathogenesis was
speculated although never substantiated (Martinez et al., 2008;
Couturier et al., 2009).

Two-Pore Domain K* Channels (K2P)

K2P K™ channels are encoded by 15 KCNK genes, stratified into
six subfamilies: TWIK, TASK (TWIK-related acid-sensitive),
TREK (TWIK-related arachidonic acid activated), THIK
(tandem pore domain halothane-inhibited), TALK (TWIK-
related alkaline pH-activated), and TRESK (TWIK-related
spinal cord) K channels (Enyedi and Czirjak, 2010). K2P K+
channels contribute to “leak” K* current, helping to establish
and maintain Vyeg (Enyedi and Czirjak, 2010).

TREK1 and TREK2 (KCNK2 and KCNK10)

Neurons and Glia

KCNK2 and KCNK10 genes encode for TREK-1 and TREK-2
channels, which are expressed in neurons, astrocytes, and OPC
(Hervieu et al., 2001; Talley et al., 2001; Falcao et al., 2018).
Only TREK-1 transcripts were detected in microglia (Hammond
et al,, 2019). In astrocytes, TREK channels contribute to passive
conductance and glutamate release (Zhou et al., 2009; Woo
et al,, 2012). TREK-1 and TREK-2 may be activated by a wide
range of physiological and pathological stimuli reminiscent of
inflammatory environment including membrane stretch, heat,
intracellular acidosis, and cellular lipids (Ehling et al., 2015).

Expression and Function in MS

Bulk RNA-seq found upregulated TREK-1 transcripts in CA
lesions, but a divergent modulation was observed for TREK-
2 mRNAs in ALs (Figure 2, Tables 1, 2; Elkjaer et al., 2019;
Frisch et al, 2020). KCNK2 and KCNKIO transcripts were
detected in neuronal and oligodendrocyte clusters, but scarcely
observed in astrocytes (Table2; Jakel et al., 2019). TREK-1
upregulation in CA lesions most likely reflects a protective
response because TREK-1 plays a neuroprotective role during
neurological diseases, including MS (Djillani et al., 2019).
TREK-1 reduces neuronal excitability by hyperpolarizing the
membrane potential (Honore, 2007) and is required for rapid
AP repolarization at the node of Ranvier in mammalian afferent
myelinated nerves, while TREK-1 loss-of-function retards nerve
conduction and impairs sensory responses in animals (Kanda
et al., 2019). Treatment of mice with TREK-1 activators, riluzole
(Gilgun-Sherki et al., 2003), or alpha-linolenic acid attenuates
EAE course (Blondeau et al., 2007), while these effects are reduced
in TREK-1"/~ mice (Bittner et al., 2014). TREK-1 function is
also important for non-neuronal cells because aggravated EAE
course in TREK-17/~ mice is associated with increased numbers
of infiltrating T cells and higher endothelial expression of ICAM1
and VCAMI1 (Bittner et al., 2013), and TREK-1 is reduced in
the microvascular endothelium in inflammatory MS brain lesions
(Bittner et al., 2013).

TREK-2 downregulation in AL, a lesion type characterized by
myelin breakdown and infiltration by inflammatory cells (Elkjaer
et al., 2019; Frisch et al., 2020), may contribute to reduced
glutamate and KT buffering and neuronal over-excitation

because TREK-2 helps maintain the membrane potential and low
extracellular glutamate and K™ level during ischemia (Gnatenco
et al.,, 2002; Rivera-Pagan et al., 2015).

Na*- and Ca?*-Activated K* Channels
Knal.1 (KCNT1)

Neurons

The KCNTI and KCNT2 genes encode for Slack and Slick
K" channels that are activated by Na™ influx (Bhattacharjee
and Kaczmarek, 2005). They localize to soma and axons of
neurons (Bhattacharjee et al., 2002; Brown et al., 2008; Rizzi
et al.,, 2016) and are involved in the generation of slow after-
hyperpolarization, regulation of firing patterns, and setting and
stabilizing the Vyeg (Franceschetti et al., 2003). Alterations in
KCNTI1 and KCNT2 genes are linked to early-onset epileptic
encephalopathies and Fragile-X-syndrome (Kim and Kaczmarek,
2014).

Glia
RNA-seq detected KCNT1 gene in mouse astrocytes (Batiuk et al.,
2020).

Expression and Function in MS

Bulk RNA-seq showed Kp,l.1 upregulation in CA lesions
(Figure 2, Tablel; Elkjaer et al, 2019; Frisch et al,
2020). SnRNA-seq detected KCNT! in neuronal clusters
(Table2). KCNTI function in MS may be related to
myelination/demyelination because severely delayed myelination
occurs in patients with KCNTI mutations (Vanderver et al.,
2014). Furthermore, KCNT1 is a causative gene in infants with
hypomyelinating leukodystrophy showing WM alterations
(Arai-Ichinoi et al., 2016), and KCNTI mutations occur in
infant epilepsy associated with delayed myelination, thin corpus
callosum, and WM hyper-intensity in MRI (McTague et al., 2013;
Shang et al., 2016; Borlot et al., 2020).

Kca2.3, SK3 (KCNN3)

The KCNN3 gene encodes for the SK3 subunit of small-
conductance Ca®t-activated K channels (SK channels). They
mediate Ca** gated K™ current and thus couple the increase
in intracellular Ca?* concentration to hyperpolarization of the
membrane potential.

Neurons

SK3 channels are found on dendrites and AIS (Abiraman et al.,
2018). They play a role in AP propagation and regulation
of neuronal excitability (Stocker, 2004). They protect against
excitotoxicity by maintaining Ca?>* homeostasis after NMDA
receptor activation (Dolga et al., 2011).

Glia

RNA-seq detected intense KCNN3 expression in mouse
astrocytes (Batiuk et al., 2020), confirming earlier studies, which
showed labeling of GFAP™ processes in the supraoptic nucleus
for SK3 channels and suggested the role of SK3 in astrocytic
K™ buffering (Armstrong et al., 2005). Oligodendrocyte lineage
cells express low levels of KCNN3 mRNA (Falcao et al., 2018),
while mouse microglia does not express KCNN3 (Hammond
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et al, 2019). However, rat microglia in culture expresses the
SK3 subunit, which is increased upon microglia activation
with LPS (Schlichter et al., 2010). SK3 activation inhibited
microglia proliferation, inflammatory IL-6 production, and
morphological transformation to macrophages, while blocking
SK3 in microglia-reduced neurotoxicity (Dolga et al., 2012).

Expression and Function in MS

Bulk RNA-seq showed significant and unique downregulation
of KCNN3 in ILs (Elkjaer et al., 2019; Frisch et al., 2020).
SnRNA-seq revealed high KCNN3 expression in astrocyte clusters
(Figure 2, Table1; Jakel et al, 2019). ILs consist of large
demyelinated areas devoid of macrophages but filled with scar-
forming astrocytes showing reduced ability to buffer glutamate
and K+ (Compston and Coles, 2008; Kuhlmann et al., 2017;
Filippi et al, 2018; Schirmer et al., 2018). Hence, KCNN3
downregulation in MS may reflect altered function of astrocytes,
e.g., KT buffering (Armstrong et al., 2005), contributing to axonal
hyper-excitability and death.

Inward Rectifier Kt Channels (K;)

KCNJ gene family encodes Kj, channels and comprises 16
subunits of Kj;1-Kj;7 subfamilies categorized into four groups:
(1) classical (Kj2.x); (2) G-protein-gated (K 3.x); (3) ATP-
sensitive (K;;6.x); and (4) KT -transport channels (K, 1.x, Kj;4.x,
Ki5.x, Ki;7.x) (Hibino et al., 2010). At a comparable driving
force, Ki; channels allow greater influx than efflux of K*-
ions. Their high open probability at negative transmembrane
voltages makes them well-suited to set the Ve and to control
cell excitability.

Kir3.2 (KCNJ6)

KCNJ6 gene encodes for Kj:3.2 subunits, also known as G-
protein-gated Kj, (GIRK2) channels that are effectors for Gi/o-
dependent signaling and mediate outward K* current.

Neurons

Kir3.1/K;;3.2 hetero-tetramers are found in the somatodendritic
compartment of neurons. Activation of GIRK channels is
mediated by G-protein-coupled receptors including muscarinic,
metabotropic glutamate, somatostatin, dopamine, endorphins,
endocannabinoids, etc. GIRK channels are important for K
homeostasis and maintenance of Ve near the K™ equilibrium
potential. GIRK current hyperpolarizes neuronal membrane
reducing spontaneous AP firing and inhibiting neurotransmitter
release (Luscher and Slesinger, 2010). GIRK signaling contributes
to learning/memory, reward, pain, anxiety, schizophrenia,
addiction, and other processes (Mayfield et al., 2015). K;j3.2
mutations in mice lead to a loss of K™ selectivity and increased
Na® permeability of the channel, resulting in the weaver
phenotype (Liao et al., 1996; Surmeier et al., 1996).

Glia

Astrocytes and Miiller cells express K;3 channels (Raap et al.,
2002). Kj;3.2 transcripts were detected in the mouse optic nerve
(Papanikolaou et al., 2020) and oligodendrocyte lineage (Falcao
etal., 2018), but not in microglia (Hammond et al., 2019).

Expression and Function in MS

RNA-seq revealed KCNJ6 upregulation in the CA lesions (Elkjaer
et al., 2019; Frisch et al., 2020). The snRNA-seq predominantly
found KCNJ6 transcripts in neuronal clusters (Jakel et al., 2019;
Table 1). The functional role of K;;3.2 channels in MS may be
related to membrane hyperpolarization and compensation of
excessive neuronal excitability driving neurodegeneration.

Kir5.1 (KCNJ16)

KCNJ16 gene encodes for Kj:5.1 subunit, which forms an
electrically silent channel when combined with Kj2.1 (Derst
et al., 2001; Pessia et al., 2001), but is functional when combined
with Kj4.1 (Konstas et al., 2003). Clustering of heteromeric
Kj;4.1/Kj;5.1 and homomeric Kj;5.1 channels on plasmalemma
involves the anchoring protein PSD-95 (Tanemoto et al., 2002;
Brasko et al., 2017). Heteromeric K;;4.1/K;.5.1 channels exhibit
larger channel conductance, greater pH sensitivity, and different
expression patterns if compared to Kj-4.1 homomers (Tanemoto
et al., 2000; Tucker et al., 2000; Pessia et al., 2001; Hibino et al.,
2010).

Neurons

In cultures, Kj5.1 immunoreactivity was detected in
somatodendritic compartments where PSD-95 immunoreactivity
was also localized. The K;;5.1/PSD-95 complex may exist at
dendritic spines in vivo and play a role in synaptic transmission
(Tanemoto et al., 2002).

Glia

Ki;5.1 mRNA is two-fold higher in OPCs (NG2*-glia) vs.
astrocytes (Zhang et al, 2014), and mouse brain microglia
expresses Kj;:5.1 transcript too (Hammond et al., 2019). Kj;:5.1
expression in oligodendrocytes and astrocytes depends on its
association with Kj;4.1: loss of Kj;4.1 reduces K;;5.1, suggesting
that altered expression/distribution of K;j:5.1 may contribute
to the phenotype of Kj4.1 knockout mice (Brasko et al,
2017; Schirmer et al., 2018). The oligodendroglial K; 5.1/Kj4.1
channels are important for K™ clearance (Poopalasundaram
et al,, 2000; Neusch et al,, 2001), long-term maintenance of
axonal function, and WM integrity (Kelley et al., 2018; Schirmer
et al,, 2018). In astrocytes, Ki;5.1/K;jr4.1 channels contribute to
chemoreception, spatial K™ buffering, and breathing control
(Mulkey and Wenker, 2011).

Expression and Function in MS

Bulk RNA-seq revealed K;:5.1 upregulation in CA lesions
(Table 1; Elkjaer et al.,, 2019; Frisch et al., 2020). SnRNA-seq
detected Kj;5.1 in OPCs clusters and scarcely in astrocytes. The
KCNJ16 gene is upregulated during demyelination and acute
remyelination in mouse cuprizone model (Martin et al., 2018).
Upregulation of Kj;5.1 may reflect the role of the oligodendroglial
Kir4.1/K;;5.1 channels in K™ clearance during MS and may
represent a mechanism to compensate Kj4.1 reduction in MS
brain (Schirmer et al., 2014). Alternatively, K;;5.1 upregulation
may underlie reduced Kj;4.1 function in MS because presence of
Kj;5.1 subunit confers loss of functional activity to K 4.1/K;.5.1
channels under oxidative stress (Jin et al., 2012).
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Voltage-Gated Nat Channels (Nay)

In the mammalian brain, Na, are composed of a-subunit (260
kDa) and one or several B-subunits (B1-f4, of 33-36 kDa)
(Goldin et al.,, 2000). The a-subunit forms the channel pore
and acts as a voltage sensor; P-subunits play a modulatory
role and influence voltage dependence, gating kinetics, and
surface expression of the channel (Goldin et al., 2000; Yu and
Catterall, 2003; Namadurai et al., 2015). The nine Nay1.1-Nay 1.9
a-subunits are encoded by the corresponding genes SCNIA-
SCN5A and SCN8A-SCNI1IA. In addition, Nax isoform was
described,which is encoded by the SCN6/7A gene.

Nay1.1 (SCN1A)

Neurons

Nay 1.1 channels localize to the somatodendritic compartment of
principal neurons and AIS of GABAergic interneurons, spinal
cord motor neurons, and retinal neurons (Ogiwara et al., 2007;
Duflocq et al., 2008; Dumenieu et al., 2017). Nay1.1 channels
are also present at the nodes of Ranvier of the cerebellar WM,
fimbria, corpus callosum, and spinal cord WM (Ogiwara et al.,
2007; Duflocq et al., 2008; O’Malley et al., 2009). They play a
role during saltatory conduction along myelinated axons and
are essential for maintaining the sustained firing of GABAergic
interneurons and Purkinje cells, thus controlling the excitability
of neuronal networks (Duflocq et al., 2008; Dumenieu et al.,
2017). Mutations in Nay1.1 channels result in various types of
epilepsy and reduced volume of brain GM and WM (Lee et al.,
2017; Scheffer and Nabbout, 2019).

Glia

Human astrocytes show negligible immunolabelling for Nay1.1
and no upregulation in the WM of MS patients (Black et al.,
2010). Transcriptome analysis revealed low level of SCN1A
in mouse cortical and hippocampal astrocytes (Batiuk et al.,
2020). RNA-seq detected SCNIA in oligodendrocytes and OPCs
throughout the CNS (Larson et al., 2016; Marques et al,
2016; Falcao et al, 2018). The functional role of Nayl.l
channels in astrocytes and oligodendroglia remains unknown.
Transcriptome studies have not detected SCNIA in microglia
prepared from brain homogenates (Hammond et al., 2019), but
Nay1.1 protein was found in microglia derived from neonatal
rat mixed glial cultures (Black et al., 2009). Nay1.1 channels may
be involved in regulation of phagocytosis and/or release of IL-
la, IL-B, and TNF-a from microglia (Black et al., 2009). The
Nay 1.1 mRNA was detected in astrocytoma, oligodendroglioma,
and glioblastoma samples from patients where these channels
may contribute to the pathophysiology of brain tumors (Schrey
et al., 2002).

Expression and Function in MS

Bulk RNA-seq detected SCNIA upregulation in CA lesions
(Figure 2, Table 1; Elkjaer et al., 2019; Frisch et al., 2020). The
snRNA-seq revealed significant expression of Nay1.1 transcripts
in neuronal, committed OPC, and OPC clusters (Tables 1, 2;
Jakel et al., 2019). Experimental models do not provide clues
regarding the functional role of Nay1.1 channels in MS: Nay1.1
expression was increased or unaltered in the optic nerve during

EAE (Craner et al,, 2003; O’Malley et al., 2009), while in the
spinal cord, these channels clustered at the nodes of Ranvier and
localized along the demyelinated regions (O’Malley et al., 2009).
SCNIA upregulation in human MS may reflect the necessity of
the channel for redistribution along the demyelinated axons and
support of AP propagation.

Nay1.2 (SCN2A)

Neurons

The Nay1.2 channels localize to the AIS, immature nodes of
Ranvier, and in non-myelinated axons during early development.
As nervous system matures, Nayl.2 channels are replaced
by Nayl.6 channels (Boiko et al., 2001; Osorio et al., 2005;
Dumenieu et al,, 2017), although in some neurons, they remain
into adulthood. Nayl.2 channels of the AIS control back-
propagation of APs into the somatodendritic compartment, while
Nay 1.6 channels are being placed at distal parts of the AIS control
initiation and propagation of AP into the axon (Boiko et al., 2003;
Hu et al,, 2009). Nay1.2 channels are also diffusely distributed
along non-myelinated axons in the adult CNS where they may
support slow spike propagation (Arroyo et al., 2002; Dumenieu
etal., 2017).

Glia

Nay1.2 protein was found in rat astrocytes isolated from the
spinal cord and optic nerve (Black et al, 1995), but only
limited Nay 1.2 expression was observed in human astrocytes in
control and MS tissue (Black et al., 2010). The RNA-seq detected
SCN2A expression in oligodendrocytes and OPCs (Larson et al.,
2016; Marques et al., 2016). Knockdown of Nayl.2 in pre-
oligodendrocytes of the auditory brainstem resulted in reduced
number and length of cellular processes and decreased MBP level,
indicating that Nayl.2 channels are important for structural
maturation of myelinating cells and myelination (Berret et al,,
2017). Microglia expresses no/little functional Nay1.2 channels
(Black et al., 2009; Pappalardo et al., 2016; Hammond et al., 2019).

Expression and Function in MS

Bulk RNA-seq detected upregulation of SCN2A gene in CA
lesions (Figure 2, Table 1; Elkjaer et al, 2019; Frisch et al,
2020), while snRNA-seq showed abundant SCN2A expression in
neuronal clusters (Tables 1, 2; Jakel et al., 2019). The upregulation
may reflect re-expression of Nay 1.2 protein, in line with previous
reports showing diffuse distribution of Nay1.2 channels along
the demyelinated axons in human MS lesions within optic
nerve and spinal cord (Craner et al., 2004b). Axonal Nay1.2
channels may contribute to preservation of AP propagation and
re-establishment of myelin sheathes (Coman et al., 2006), as it
occurs during development. On the other hand, Nay 1.2 channels
may promote axonal damage by increasing the intracellular
Na™ concentration that triggers reversal of Na*/Ca?* exchanger
(NCX) and Ca?* overload in the axoplasm (Friese et al., 2014;
Schattling et al., 2016). In line with this, human gain-of-function
mutation in the mouse SCN2A gene triggers axonal damage,
neurodegeneration, disability, and lethality in the mouse model
of MS (Schattling et al., 2016). Expression of “developmental”
Nay 1.2 channels in axons was also found in animal models of

Frontiers in Cellular Neuroscience | www.frontiersin.org

June 2021 | Volume 15 | Article 685703


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Boscia et al.

lon Channels in Multiple Sclerosis Lesions

MS, i.e., in adult Shiverer mice that lack myelin (Westenbroek
etal,, 1992; Boiko et al.,, 2001), in transgenic mice overexpressing
proteolipid protein that initially have normal myelination but
then lose myelin (Rasband et al., 2003), and in the demyelinated
optic nerve and spinal cord during EAE (Craner et al., 2003,
2004a; Herrero-Herranz et al., 2008). However, other data
showed that in chronic spinal cord MS lesions, Nay1.2 channels
localize on astrocytic processes surrounding the axons rather
than on axons themselves (Black et al., 2007), and Nay1.2
expression/distribution was unchanged in the spinal cord of
myelin-deficient rats (Arroyo et al., 2002).

Nay1.3 (SCN3A)

Neurons

Nay 1.3 channels are highly expressed in rodent and human CNS
throughout the embryonic development (Black and Waxman,
2013). Some studies reported that their expression decreases
during the first weeks after birth, while others found Nay1.3
immunoreactivity in GM and/or WM of adult rat and human
brain (Whitaker et al., 2001; Lindia and Abbadie, 2003;
Thimmapaya et al., 2005; Cheah et al., 2013). Nay1.3 channels
mainly localize to the somatodendritic compartment of neurons
but were also detected along the axons including myelinated
fibers where they may contribute to initiation and propagation
of APs (Whitaker et al., 2001; Lindia and Abbadie, 2003;
Cheah et al.,, 2013; Wang et al., 2017). In the developing brain,
Nay 1.3 channels regulate proliferation and migration of cortical
progenitors that do not fire APs (Smith et al., 2018).

Glia

The mRNA and Nay1.3 protein were detected in astrocytes
(Black et al., 1995). RNA-seq demonstrated SCN3A expression
in oligodendroglial cells and suggested higher expression in
OPCs vs. mature oligodendrocytes (Larson et al., 2016; Marques
et al., 2016). Nay1.3 expression in microglia was negligible or
absent (Black et al., 2009; Hammond et al., 2019). Heterogeneous
expression (from weak to strong) of Nay1.3 mRNA occurred in
human astrocytoma, oligodendroglial tumors, and glioblastoma
(Schrey et al., 2002). Functions of Nayl.3 channels in glia
remain unknown.

Expression and Function in MS

Bulk mRNA-seq reported upregulation of SCN3A gene in the
CA lesions (Elkjaer et al., 2019; Frisch et al., 2020). The snRNA-
seq found significant SCN3A expression in neuronal and OPCs
clusters (Jakel et al., 2019; Tables 1, 2). SCN3A upregulation
during MS may reflect augmented expression of Nay 1.3 protein
in axons that is necessary for supporting/re-establishment of AP
propagation in injured WM, because increased Nay 1.3 levels are
known to be associated with higher neuronal firing. For instance,
mRNA and Nay1.3 protein were upregulated in spontaneously
epileptic rats (Guo et al., 2008), and expression in hippocampal
neurons of a novel coding variant SCN3A-K354Q resulted in
enhanced Nay1.3 currents, spontaneous firing, and paroxysmal
depolarizing shift-like depolarizations of the membrane potential
(Estacion et al., 2010).

Nay1.6 (SCN8A)

Neurons

Nay1.6 channels cluster at high-density at the AIS and nodes
of Ranvier of GM and WM axons, but can be also located on
the soma, dendrites, and synapses although at a lower density
(Caldwell et al., 2000; Dumenieu et al., 2017; Johnson et al., 2017;
Eshed-Eisenbach and Peles, 2020). The expression level of Nay 1.6
channels is low during development, but significantly increases
as the nervous system matures (Boiko et al., 2001; Osorio
et al., 2005; Dumenieu et al., 2017). In the adult CNS, Nay1.6
channels are the major Na™ channels responsible for initiation
and propagation of APs (Boiko et al., 2003; Hu et al., 2009). Loss
of Nay 1.6 activity results in decreased neuronal excitability, while
gain-of-function mutations potentiate excitability (O’Brien and
Meisler, 2013). SCN8A mutations in mice result in ataxia, tremor,
and dystonia; in humans, SCN8A haploinsufficiency is associated
with intellectual disability, while hyperactivity can contribute to
pathogenesis of epileptic encephalopathy (O’Brien and Meisler,
2013; Meisler, 2019).

Glia

RNA-seq detected SCN8A transcripts in mouse oligodendrocyte
lineage (Marques et al, 2016), but they were negligible in
microglia (Hammond et al., 2019). Immunoreactivity for Nay1.6
was observed in cultured spinal cord astrocytes and in brain
microglia in vitro and in situ (Reese and Caldwell, 1999; Black
et al., 2009; Black and Waxman, 2012; Hossain et al., 2013), but
their functional role is unknown.

Expression and Function in MS

Bulk mRNA-seq found upregulation of SCN8A gene in CA
lesions (Elkjaer et al., 2019; Frisch et al., 2020), while snRNA-
seq did not detect SCN8A transcripts (Jakel et al., 2019)
(Tables 1, 2). Upregulation of SCN8A may reflect increased
diffuse distribution of the channels along the demyelinated
axons; it may be important for remyelination but may also
contribute to axonal damage. Re-distribution of Nay 1.6 channels,
in parallel to their loss from the nodes of Ranvier, was reported
previously in chronic, active, and inactive MS plaques within
cerebral hemisphere, cerebellum, and spinal cord WM tissue
from MS patients (Craner et al., 2004b; Black et al., 2007; Howell
et al,, 2010; Bouafia et al., 2014), as well as in several CNS
regions affected by demyelination in animal models, including
optic nerve and spinal cord WM (Craner et al., 2003, 2004a,b;
Hassen et al., 2008; Howell et al., 2010). Expression of Nay1.6
channels is disrupted at the nodes of Ranvier of WM axons in
Shiverer mice that lack compact myelin (Boiko et al., 2001, 2003),
and in transgenic mice overexpressing proteolipid protein that
initially have normal myelination but then lose myelin (Rasband
et al., 2003). During EAE in animals, Nay1.6 co-localizes with
NCX and may contribute to persistent Na*t influx, increased
Na™ level in the axoplasm, reversal of NCX, and intra-axonal
Ca?* overload leading to axonal damage (Craner et al., 2004a).
Interestingly, robust increase in Nay 1.6 expression was detected
also in microglia/macrophages and was associated with microglia
activation and phagocytosis in human MS brain and in the EAE
model (Craner et al., 2005). SCN8A deletion resulted in reduced
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inflammation and improved axonal health during EAE (Alrashdi
et al., 2019). Hence, microglial Nay1.6 may contribute to the
pathophysiology of MS as well, yet, snRNA-seq did not detect
SCN8A in WM glia clusters (Tables 1, 2).

Nay1.9 (SCN11A)

Neurons

Although Nay1.9 channels are mainly expressed in sensory
ganglia neurons (Wang et al., 2017), Nay1.9 mRNA and/or
protein were detected in soma and/or proximal processes of
neurons in the olfactory bulb, hippocampus, cerebellar cortex,
supraoptic nucleus, and spinal cord of rodents and humans
(Jeong et al., 2000; Blum et al., 2002; Subramanian et al., 2012;
Wetzel et al,, 2013; Black et al.,, 2014; Kurowski et al., 2015).
Information regarding axonal labeling for Nay1.9 is lacking.
Nay 1.9 channels regulate excitation in hippocampal neurons in
concert with BDNF and TrkB, control activity-dependent axonal
elongation in spinal cord motoneurons, and mediate sustained
depolarizing current upon activation of M1 muscarinic receptors
in cortical neurons (Blum et al., 2002; Subramanian et al., 2012;
Kurowski et al., 2015). It is uncertain whether, similar to their
role in the PNS (Cummins et al., 1999; Wang et al., 2017), Nay1.9
channels contribute to the regulation of Vs and AP threshold in
the CNS neurons.

Glia

Very little expression of Nay1.9 channels occurs in astrocytes,
myelinating glia, and microglia (Marques et al., 2016; Pappalardo
et al., 2016).

Expression and Function in MS

Bulk mRNA-seq showed SCN11A downregulation in ILs (Elkjaer
et al., 2019; Frisch et al., 2020). By contrast, snRNA-seq did not
detect SCN11A mRNA (Jakel et al., 2019; Tables 1, 2). Functional
consequence of SCN11A downregulation in MS is unknown.

Voltage-Gated Ca?* Channels (VGCCs)

The VGCCs are composed of al-, -, 0a2/3-, and y-subunits
(Catterall, 2011; Zamponi et al., 2015). The pore-forming al-
subunit determines channel activity, whereas other subunits are
auxiliary and regulate function of al-subunit. In mammalian
cells, 10 different al-subunits, encoded by different genes,
classify into three subfamilies: Cay 1, Cay2, and Cay3 (Catterall,
2011; Zamponi et al., 2015; Alves et al., 2019). Depending on
the pharmacological properties and activation voltage of Ca?*
currents, five different types of VGCCs are distinguished: L-type,
N-type, P/Q-type, R-type, and T-type.

L-Type VGCCs

The al-subunit of L-type VGCCs is encoded by CACNAIS
(Cayl.1), CACNAIC (Cayl.2), CACNAID (Cayl.3), or
CACNAIF (Cayl.4) genes. High sensitivity to dihydropyridine
modulators distinguishes L-type Ca?* channels from other types
of VGCCs. In the CNS, mainly Cay1.2 and Cay1.3 subunits are
expressed (Lipscombe et al., 2004; Zamponi et al., 2015), but
Cayl.1 subunit was detected in human and rat basal ganglia
where it is co-expressed with RyRs in GABAergic neurons
(Takahashi et al., 2003).

Cay1.2 (CACNA1C)

Neurons

Cay 1.2 channels account for 89% of all Ca?* currents mediated
by L-type VGCCs in the brain (Alves et al., 2019; Enders
et al., 2020). In hippocampal neurons, Cay1.2 channels localize
to somatodendritic compartment being placed at synapses or
extra-synaptically (Joux et al, 2001; Hoogland and Saggau,
2004; Obermair et al., 2004; Tippens et al., 2008; Ortner and
Striessnig, 2016), as well as to axons and/or extrasynaptic regions
of axonal terminals (Tippens et al., 2008). Within the WM,
Cay1.2 channels were identified in the developing rat pioneer
axons and the follower axons projecting through the optic nerve,
corpus callosum, anterior commissure, lateral olfactory tract,
corticofugal fibers, thalamocortical axons, and the spinal cord
(Ouardouz et al., 2003; Huang et al., 2012).

Cay1.2 channels open upon membrane depolarization beyond
—30mV, and mediate direct Ca®* entry from the extracellular
space into the cytoplasm. In addition, they may act as voltage
sensors, transducing membrane depolarization to the RyRs
activation and subsequent Ca?* release from the ER via the
mechanism of Ca’>*~induced Ca®**t release (CICR) (Ouardouz
et al., 2003; Micu et al,, 2016; Vierra et al., 2019). Clustering
and functional coupling of plasmalemmal Cay1.2 channels to
RyRs of the ER is mediated by the Ky2.1 channels (Vierra et al.,
2019).

Neuronal Cayl.2 channels are involved in synaptic
modulation, propagation of dendritic Ca>* spikes, regulation of
glutamate receptor trafficking, CREB phosphorylation, coupling
of excitation to nuclear gene transcription, modulation of
long-term potentiation, spatial learning, and fear response
(Hofmann et al., 2014; Hopp, 2021). During brain development,
spontaneous Ca?T transients mediated by Cay1.2 channels
regulate neurite growth and axonal pathfinding (Huang et al,,
2012; Kamijo et al., 2018). Genetic variations in CACNAIC gene
are associated with Timothy syndrome, Brugada syndrome,
epilepsy, depression, schizophrenia, and autism spectrum
disorders (Bhat et al., 2012; Bozarth et al., 2018).

Glia

Cay 1.2 channels are expressed in cultured astrocytes and mediate
Ca’* transients upon direct Ca?T entry and/or subsequent
activation of RyRs (D’Ascenzo et al, 2004; Du et al, 2014;
Chelietal., 2016b). Ultrastructural studies found Cay 1.2 proteins
also in hippocampal astrocytes (Tippens et al., 2008). In vitro,
Cay1.2 channels contribute to the mechanism of astrogliosis
(Du et al., 2014; Cheli et al.,, 2016b), and in mouse models
of Alzheimer’s disease, they were detected in reactive astrocyte
associated with AB-positive plaques (Willis et al., 2010; Daschil
etal., 2013).

Cayl.2 mRNA and/or protein are expressed in
oligodendrocytes and their progenitors (Agrawal et al., 2000;
Paez et al., 2009, 2012; Fulton et al.,, 2010; Haberlandt et al.,
2011; Cheli et al., 2016a; Larson et al,, 2016; Marques et al.,
2016; Santiago Gonzalez et al., 2017; Paez and Lyons, 2020;
Pitman et al., 2020). Cay 1.2 channels may regulate proliferation,
migration, survival, or differentiation of OPCs, and myelination
(Cheli et al.,, 2015, 2016a; Paez and Lyons, 2020; Pitman et al,,
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2020). In human cultured OPCs, static magnetic stimulation
augmented Cay1.2 mRNA expression, intracellular Ca?* levels,
and OPC differentiation (Prasad et al., 2017), suggesting a causal
relationship between these processes.

Functional expression of Cay1.2 channels in microglia is
still debated (Hopp, 2021). Sequencing data showed no/low
CACNAIC expression in microglia (Hammond et al, 2019),
and no Cayl.2 was found in cultured microglia even upon
stimulation with TNF-a/IFN-y (Schampel et al., 2017). However,
increased immunolabelling for al1C-subunit of L-type VGCCs
was observed in reactive microglia during excitotoxicity in rat
hippocampus (Espinosa-Parrilla et al., 2015).

Expression and Function in MS

Bulk RNA-seq detected increased CACNAIC expression in CA
lesions (Figure 2, Table 1; Elkjaer et al., 2019; Frisch et al., 2020).
The snRNA-seq showed significant CACNAIC expression in
neuronal and pericyte clusters (Jakel et al., 2019; Tables 1, 2),
while low expression in OPCs and astrocyte clusters. In mouse
models of MS, application of L-type VGCCs blockers reduces
brain and spinal cord WM damage, decreases mitochondrial
pathology in nerve fibers, attenuates axonal loss, increases
oligodendrocyte survival, and promotes remyelination (Brand-
Schieber and Werner, 2004; Schampel et al., 2017; Ingwersen
et al., 2018; Zamora et al.,, 2020). These findings suggest that
Cay1.2 channels contribute to damage during MS. However,
expression and activity of Cay1.2 channel increased in OPCs
within the demyelinated lesions in the mouse corpus callosum
after cuprizone treatment (Paez et al., 2012), and deletion of
Cay 1.2 specifically in OPCs resulted in reduced myelination and
lower MBP and MOG expression (Santiago Gonzalez et al., 2017).
Hence, activity of L-type channels in oligodendroglial lineage
is crucial for remyelination in this MS model, but it is unclear
whether oligodendroglial Cay 1.2 channels also play a role during
MS in humans. Upregulation of Cay 1.2 channels in pericytes may
reflect altered microcirculation in MS lesions, in analogy to the
role of L-type VGCCs in pericytes outside the brain (Hashitani
and Mitsui, 2019).

Cay1.3 (CACNA1D)

Neurons

Cay1.3 channels localize primarily in neuronal cell bodies and
dendrites in GM (Hell et al., 1993; Zhang et al., 2005) but were
also found in the developing rat optic nerve, corpus callosum
(Huang et al., 2012), and axons in spinal dorsal columns of
adult rats where they form clusters with RyR2s (Ouardouz et al.,
2003). Cay1.3 channels activate at the membrane potential of
—55mV (Lipscombe et al, 2004) and are important players
in generating the pacemaking activity and spontaneous firing
(Zuccotti et al., 2011). Cay1.3 channels control Ca2+—dependent
post-burst after-hyperpolarization in CA1 pyramidal neurons,
and their activity may trigger Ca®"-dependent intracellular
signaling pathways (Gamelli et al., 2011; Striessnig et al.,
2014). Cayl.3 channels may contribute to the mechanisms
of memory because their increased expression correlates with
memory loss during aging while their inhibition improves
age-related memory deficits (Veng et al., 2003). Deletion of

Cay1.3 channels results in increased firing rates of amygdala
neurons (probably caused by a reduced slow component of
post-burst after-hyperpolarization) and underlies altered fear
consolidation in Cay1.3 knockout mice (McKinney et al,
2009). Cay1.3 channels are important for formation of cellular
architecture: their various splice variants regulate morphology
of dendritic spines while their deletion results in reduced
morphology of axonal arbors (Hirtz et al., 2012; Stanika et al.,
2016).

Glia

Cay1l.3 mRNA and/or protein were detected in cultured or
freshly isolated rat brain astrocytes; Cay1.3 channels may
mediate intracellular Ca?* increase directly and via Ca’*-
mediated activation of RyRs (Latour et al., 2003; Yan et al., 2013;
Du et al.,, 2014; Enders et al,, 2020). Cay1.3 expression increases
in reactive astrocytes after status epilepticus in mice, suggesting
that role in initiation, maintenance, or spread of seizures (Xu J. H.
etal., 2007). Yet, other studies have not found Cay 1.3 channels in
astrocytes (D’Ascenzo et al., 2004).

Cay1.3 channels are expressed in cortical and hippocampal
OPCs where they, in concert with other Ca?" channels, may
mediate Ca?" entry from the extracellular space and/or trigger
CICR from the ER (Haberlandt et al., 2011; Cheli et al,
2015). Knockdown of Cayl.3 reduces Ca’t influx but does
not affect expression level of myelin proteins, proliferation, or
morphological differentiation of OPCs (Cheli et al., 2015). In
the adult rat spinal cord WM, Cay1.3 channels are expressed by
APC-positive oligodendrocytes, may mediate oligodendrocyte-
axon signaling, and/or contribute to Ca?*-dependent injury
following trauma (Sukiasyan et al, 2009). Static magnetic
stimulation may alter Cay1.3 gene expression level in human
cultured OPCs (Prasad et al., 2017), suggesting that external
manipulations may be a useful approach to modulate L-type
VGCCs in oligodendroglial cells during diseases.

RNA-seq detected CACNAID gene (and its various splice
variants) in microglia (Hammond et al., 2019), and its expression
increased upon microglia activation (Espinosa-Parrilla et al,
2015). Cayl.3 channels regulate synthesis and release of pro-
inflammatory substances from microglia, e.g., NO and TNF-a
(Espinosa-Parrilla et al., 2015).

Expression and Function in MS

Bulk RNA-seq showed CACNAID upregulation in CA lesions
(Elkjaer et al., 2019; Frisch et al., 2020), while snRNA-seq detected
significant expression of CACNAID in neuronal clusters (Jakel
et al, 2019; Tables 1, 2). Administration of L-type VGCCs
blockers resulted in multiple beneficial effects in animal MS
models (see above), suggesting that Cay1.3 channels, perhaps
in concert with Cay1.2 channels, contribute to tissue damage
during MS.

P/Q-Type VGCCs

Cay2.1 (CACNA1A)

The CACNAIA gene encodes the pore-forming al-subunit
of P/Q-type (Cay2.1) VGCCs. Sensitivity to w-Agatoxin
distinguishes Ca?* currents mediated by these channels.
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Neurons

Cay2.1 channels localize on axonal synaptic terminals and play
a fundamental role in neurotransmitter release: their direct
interaction with the SNARE proteins and synaptotagmin is
required for positioning the docked synaptic vesicles near the
Ca** channels for fast vesicular exocytosis (Rettig et al., 1996;
Zamponi et al., 2015; Mochida, 2019). Cay2.1 channels are also
present at somatodendritic compartments of neurons (Catterall,
2000; Zamponi et al,, 2015; Mochida, 2019) where they co-
localize with BK and SK channels and provide Ca* for activation
of these channels (Berkefeld et al., 2006; Indriati et al., 2013; Irie
and Trussell, 2017). Ca?t enters through the Cay2.1 channels
and triggers further Ca®* release from the intracellular stores
upon activation of RyRs on the ER (Berkefeld et al., 2006; Indriati
et al., 2013; Irie and Trussell, 2017). These mechanisms control
neuronal firing even in the millisecond time scale (Irie and
Trussell, 2017). Somatodendritic Cay2.1 channels regulate gene
expression, local Ca?" signaling, and cell survival (Pietrobon,
2010).

Cay2.1 channels are also present in the WM, i.e., corpus
callosum and developing optic nerve (Alix et al., 2008; Nagy
et al,, 2017). In the optic nerve, Cay2.1 channels are transiently
clustered in the axolemma at the sites where the underlying
vesicular and tubular elements are fusing with the axonal
membrane (Alix et al., 2008). Some of these sites later become
nodes of Ranvier, and mutations of the alA-subunit results in
malformation of the nodes of Ranvier (Alix et al., 2008). In
the corpus callosum, Cay2.1 channels mediate fast release of
glutamatergic vesicles at axon-OPC synapses, and blockade of
these channels in slices reduces release at axon-glia synapses by
88% (Nagy et al., 2017).

Cay2.1 channels may play a role in nociception because
inflammatory and neuropathic pain is altered in mice with
deletion of Cay2.1 channels (Pietrobon, 2010). Mutations in the
CACNAIA gene underlie familial hemiplegic migraine type 1,
spinocerebellar ataxia type 6, and episodic ataxia type 2, and may
be associated with increased risk of epilepsy (Pietrobon, 2010;
Rajakulendran et al., 2012; Izquierdo-Serra et al., 2020).

Glia

RT-PCR detected alA-subunit in mouse cortical astrocytes in
culture, but Cay2.1 channels did not mediate Ca>* entry into
astrocytes (Cheli et al., 2016b). Exposure of mouse primary
astrocytes to B-Amyloid did not affect Cay2.1 transcript
level (Daschil et al, 2014). However, increased expression
of Cay2.1 channels was observed in reactive astrocytes after
status epilepticus in mice, suggesting their role in initiation,
maintenance, or spread of seizures (Xu J. H. et al., 2007).
Cay2.1 channels are expressed in hippocampal OPCs, and in pre-
myelinating oligodendrocytes of the brainstem (Haberlandt et al.,
2011; Barron and Kim, 2019). In brainstem oligodendrocytes,
opening of Cay2.1 channels is triggered upon depolarization
mediated by glutamate (via AMPA receptors) or high KT, as well
as upon electrical stimulation of axons (Barron and Kim, 2019),
suggesting that Cay2.1 channels mediate Ca?* influx into the
oligodendroglial cells upon neuronal activity in vivo. In this way,
neuronal activity may trigger and/or modulate Ca**-dependent

signaling in oligodendroglial cells. RNA-seq detected CACNAIA
gene in microglia (Hammond et al., 2019). Cay2.1 channels may
contribute to glioblastoma progression because their inhibition
reduced proliferation of glioblastoma cells, although to a lesser
extent than blockade of N-type channels (Nicoletti et al., 2017).

Expression and Function in MS

Bulk RNA-seq found CACNAIA upregulation in CA lesions
(Elkjaer et al., 2019; Frisch et al, 2020). The snRNA-seq
revealed significant expression of CACNAIA transcripts in
neuronal and OPCs clusters (Jakel et al., 2019; Tables 1, 2).
CACNAIA upregulation in MS may reflect the necessity to
build new nodes of Ranvier on demyelinated axons within
the CA lesions. In oligodendroglial cells, Ca** entry through
Cay2.1 channels may be required for activation of intracellular
signaling pathways necessary for differentiation of OPCs and
pre-myelinating oligodendrocytes.

Cay2.3 (CACNA1E), R-Type VGCCs

Neurons

Cay2.3 channels are localized to the dendritic spines and
pre-synaptically (Parajuli et al., 2012). Cay2.3-mediated Ca>"
currents activate upon strong membrane depolarization and
are distinguished by sensitivity to low NiCl, concentrations
and SNX-482 toxin. Presynaptic R-type channels play a role in
neurotransmitter release (Wu et al., 1999; Gasparini et al., 2001)
and synaptic plasticity (Dietrich et al., 2003; Yasuda et al., 2003;
Takahashi and Magee, 2009), but their efficiency in triggering
neurotransmitter release may be lower compared to P/Q- or
N-type VGCCs if they are placed distantly from vesicle release
sites (Wu et al., 1999). Dendritic R-type channels are coupled
to SK channels and provide Ca?* influx for their activation
during excitatory postsynaptic potentials and back-propagating
APs (Bloodgood and Sabatini, 2008; Jones and Stuart, 2013).
The capacity of dendritic SK channels to promote generation of
dendritic Ca** spikes also depends on Cay2.3 activation (Bock
et al., 2019). Besides, Ca2t influx via Cay2.3 channels may be
necessary for activation of Ky4.2 channels (Wang et al., 2014).
The Cay2.3 channels also form complexes with BK channels, and
this functional interaction modulates AP properties and short-
term plasticity in hippocampal neurons (Gutzmann et al., 2019).
Studies in KO mice revealed that Cay2.3 channels are involved
in the mechanisms of sleep modulation, fear response, pain, and
seizures (Saegusa et al., 2000; Lee et al., 2002; Weiergraber et al.,
2007; Siwek et al., 2014; Zamponi et al., 2015; Wormuth et al.,
2016). Deletion of Cay2.3 channels in mice resulted in larger
infarct size after middle cerebral artery occlusion in vivo and
larger Ca®* entry into the cells upon oxygen-glucose deprivation
in slices, suggesting that Cay2.3 channels are protective during
ischemic tissue damage (Toriyama et al., 2002).

Glia

In primary astrocyte cultures, mRNA and Cay2.3
proteins were detected using RT-PCR, Western blotting,
immunohistochemistry, and electrophysiological recordings
(Latour et al, 2003; D’Ascenzo et al, 2004). During
myelinogenesis, oligodendrocytes within WM of the brainstem,
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cerebellum, and telencephalon transiently express Cay2.3
channels, but their expression strongly decreases into adulthood
(Chen et al., 2000). Ultrastructural analysis demonstrated Cay2.3
immunoreactivity in soma and processes of oligodendrocytes,
paranodal loops, and loose myelin sheaths (Chen et al., 2000).
RNA-seq detected only negligible CACNAI expression in
microglia (Hammond et al., 2019).

Expression and Function in MS

Bulk RNA-seq showed CACNAIE upregulation in CA lesions
(Elkjaer et al., 2019; Frisch et al, 2020), while snRNA-seq
found significant expression of CACNA 1E transcripts in neuronal
clusters (Jakel et al., 2019; Tables 1, 2). The functional role of
Cay2.3 channels in MS is unknown.

T-Type VGCCs

The T-type channels (Cay3) are low-voltage activated Ca’*
channels with a1-subunit being encoded by CACNA1G (Cay3.1),
CACNAIH (Cay3.2), or CACNAII (Cay3.3) gene. They are widely
distributed in the brain, spinal cord, and DRGs. Ca,3 channels
activate around Vs, show fast inactivation kinetics (Cav3.1
> Cav3.2 > Cav3.3), and mediate tiny Ca?* currents (Perez-
Reyes, 2003; Weiss and Zamponi, 2019). Cay3 channels regulate
neuronal excitability and play a role during rhythmic AP bursts
of thalamic relay neurons, which underlie generation of neuronal
oscillations under physiological (sleep) and pathophysiological
(epilepsy) conditions (Suzuki and Rogawski, 1989; Astori et al.,
2011). Cay3 channels are involved in regulation of nociceptive
pathways, sensory processing, hormone, and neurotransmitter
release (Weiss and Zamponi, 2019). Mutations in Ca,3 genes
are linked to neurodevelopmental, neurological, and psychiatric
diseases (Lory et al., 2020). Pharmacological non-selective T-type
channel blockers are clinically used as antiepileptic drugs and also
show anti-nociceptive effects (Zamponi et al., 2015).

Cav3.1, Ca3.2, and Ca3.3 (CACNA1G, CACNA1H, and

CACNAT1I)

Neurons

Cay3 isoforms display distinct distribution patterns with
prominent somatodendritic expression in thalamic and

hippocampal neurons (McKay et al., 2006). Ca** imaging and
pharmacological experiments showed that Ca,3.2 and Ca,3.3
subtypes located in the AIS influence the generation and the
timing of APs (Bender and Trussell, 2009; Kole and Stuart,
2012). In rodent WM, Ca,3 transcripts were detected at low level
(Aguado et al.,, 2016), and information on cellular distribution
is lacking.

Glia

Some studies detected Cay3.1 transcripts and proteins in rat
cortical astrocytic cultures (Latour et al., 2003), while others
found only scarce Cay3.1 expression in cultured astrocytes (Cheli
et al., 2016b; Kim et al., 2018). Divergent findings showed that
Cay3.2 immunoreactivity was absent (Chen et al, 2015) or
present (Li et al., 2017) in rat spinal cord astrocytes. Cay3.1 and
Cay3.2 transcripts were detected in clonal oligodendroglial CG4
cell line (Rui et al., 2020) and in OPCs isolated from mouse cortex

(Zhang et al., 2014) or hippocampal slices (Haberlandt et al.,
2011). In microglia, RNA-seq did not detect the Ca,3 isoforms
(Hammond et al., 2019).

Expression and Function in MS

Bulk RNA-seq revealed upregulation of Ca,3.2 and Ca,3.3
genes in CA lesions and upregulation of Cay3.1 in ILs (Elkjaer
et al, 2019; Frisch et al, 2020; Table1). The snRNA-seq
detected Cay3.1and Cay3.3 transcripts in neuronal clusters,
while it did not detect the Cay3.2 (Jakel et al., 2019; Tables 1,
2). Genome-wide sequencing identified significant association
of a Cay3.2 mutation (CACNAIHp.RI871Q) with patients
suffering relapsing-remitting MS (Sadovnick et al., 2017). Cay3
upregulation in MS lesions may be triggered by inflammatory
mediators and may contribute to axonal dysfunction. Indeed,
prostanoids and hydrogen sulfide modulate Cay3.2 expression
and function, and increased Cay3.2 channel activity and
axonal accumulation is associated with inflammation and pain
(Sadovnick et al,, 2017; Chen et al., 2018). T-type currents
contribute to Ca?*-mediated injury of spinal cord WM axons
triggered by anoxia (Imaizumi et al., 1999) and to peripheral
nerve injury (Watanabe et al., 2015). L/T-type VGCC blocker
lomerizine prevents retinal ganglion cell death after diffuse
axonal injury (Karim et al., 2006).

Animal studies suggest that Cay3.1 upregulation in IL, a
lesion type with complete demyelination and substantial axonal
loss, may play a detrimental role. Specifically, the Cay3.1-
deficient mice are markedly resistant to EAE induction, and this
effect may be mediated by lower production of granulocyte—
macrophage colony-stimulating factor (a cytokine implicated
in EAE susceptibility) by CNS-infiltrating Thl and Th17 cells
(Wang et al, 2016). The Cay3.1 subunit is a functionally
predominant T-type channel in CD4" T cells (Trebak and
Kinet, 2019). The Cay3.1-mediated Ca®T increase is critical for
calcineurin-NFAT activation driving transcription of cytokines in
T cells, and T cells from Ca,3.1-deficient mice show decreased IL-
17A, IL-17F and IL-21 production. The development of isoform-
specific modulators should help in establishing the differential
role of Cay3 subtypes in MS lesions.

Ryanodine Receptors

RyRs encompass three mammalian isoforms, RyRI-3, which
form homo-tetrameric channels on the ER. RyRs are highly
conductive Ca?* channels: they get activated by Ca’** influx
upon plasma membrane depolarization mediating CICR from
the ER (Fill and Copello, 2002; Lanner et al., 2010). In the brain,
the RyR2s show predominant expression, followed by RyR3s, and
then RyR1s (McPherson and Campbell, 1990; Giannini et al,
1995).

RyR2 and RyR3

Neurons

RyRs localize along ER of neurons, including WM axons
(Giannini et al., 1995). They play a role in vesicle fusion,
neurotransmitter release, synaptic plasticity, and growth cone
dynamics (Giannini et al., 1995; Kushnir et al., 2018). RyRs form
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complexes with L-type Ca?* channels: RyR1-Cay1.2 and RyR2-
Cay1.3 (Ouardouz et al., 2003). WM axons transduce membrane
depolarization to Ca®* release from ER, whereby L-type VGCCs
gate RyRs, analogous to “excitation—-contraction coupling” in
muscles (Ouardouz et al., 2003; Stirling and Stys, 2010). Genetic
mutations or oxidative stress can render RyRs leaky to Ca’*
and promote defective signals as observed in neurodegenerative
disorders, heart failure, and muscular dystrophy (Kushnir et al.,
2018).

Glia

RYR2 and RYR3 transcripts, but only RyR3 protein, were found
in cultured astrocytes from mouse brain (Matyash et al., 2002;
Kesherwani and Agrawal, 2012). RyR2 transcripts and proteins
were upregulated in spinal WM astrocytes after hypoxic injury
(Kesherwani and Agrawal, 2012) and SCI (Liao et al., 2016;
Pelisch et al., 2017). All RYRs subunits were found in rat optic
nerve oligodendrocyte cultures (Ruiz et al, 2010), but RYR3
was selectively expressed in rat cortical OPCs (Haak et al,
2001; Li T. et al, 2018). RyR3s amplify small inward Ca?*
currents in astrocytes and OPC, regulating behavior of these cells
(Simpson et al., 1998; Matyash et al., 2002; Haberlandt et al.,
2011). RyRs mediate stress response in oligodendrocytes, and
RyR inhibition attenuated intracellular Ca** overload following
AMPA excitotoxicity (Ruiz et al., 2010). RyR1 and RyR2 mRNAs
were detected in adult human microglia, whereas only RyR3 was
found in fetal microglia (Klegeris et al., 2007). RNA-seq did not
detect RYR2 and RYR3 in mouse microglia (Hammond et al,,
2019).

Expression and Function in MS
Bulk RNA-seq found upregulation of RyR2 transcripts in CA
lesions and downregulation of RyR3 in ILs (Table 1; Elkjaer et al.,
2019; Frisch et al., 2020). The snRNA-seq revealed significant
expression of RyR2 in neuronal clusters and of RyR3 in the
astrocytel cluster (Table 1; Jakel et al., 2019). RyR subunits
probably play a differential role in perturbed intracellular
Ca’* homeostasis in WM cells of SPMS brain. RyR2 in CA
lesions may contribute to axonal dysfunction because intra-
axonal Ca’* overload mediated by RyRs and IP3Rs activates
the mitochondrial permeability transition pore and contributes
to axonal dieback and degeneration following WM ischemic
injury (Ouardouz et al., 2003; Stirling and Stys, 2010; Kesherwani
and Agrawal, 2012) and SCI (Stirling et al., 2014; Liao et al.,
2016). The RyRs inhibitor ryanodine significantly attenuates
mitochondrial dysfunction (Villegas et al., 2014), axonal dieback,
and secondary axonal degeneration in injured WM (Thorell et al.,
2002; Stirling et al., 2014; Orem et al,, 2017). In line, mice with
RyR2 gain-of-function mutation exhibit more axonal damage
than wild-type controls following SCI (Stirling et al., 2014), while
RyR2 knockdown attenuates mitochondrial dysfunction and ER
stress and improves functional recovery (Liao et al., 2016).
Functional RyR3s may contribute to astrocyte migration in
response to injury, which is important for tissue remodeling and
wound healing. In fact, RyR3s control astrocyte motility because
astrocytes from RyR3 KO mice display reduced migratory
activity (Matyash et al., 2002). Conversely, RyR3 downregulation

in ILs may influence the formation of dense astrocytic scar
imposing a major barrier to axonal and myelin regeneration.
RyR3s also contribute to intracellular Ca** transients during
OPCs differentiation, while RyR3 inhibition prevents OPCs
development (Li T. et al, 2018). Interaction between RyRs
and NCX in oligodendrocyte processes may represent an
amplification mechanism to generate Ca?* transients required
for oligodendrocyte differentiation in vitro (Casamassa et al,
2016; Hammann et al., 2018; de Rosa et al., 2019; Boscia et al.,
2020). However, it remains unclear whether these mechanisms
play a role in human MS. The development of selective
modulators will help to establish function of RyRs in MS.

TRP Channels

Transient receptor potential (TRP) channels are tetrameric non-
selective cation channels which encompass 30 different types
(Nilius and Owsianik, 2011). Upon TRP channel activation,
the membrane potential depolarizes, leading to activation or
inactivation of voltage-gated ion channels and regulation of
Ca’" signaling (Gees et al., 2010). Various intracellular or
extracellular stimuli, including chemical and osmotic stress,
can trigger activation of TRP channels (Clapham, 2003). TRP
channels are involved in pain, regulation of neurotransmitter
release, and immune functions. Vanilloid TRP channels (TRPV),
melastatin TRP channels (TRPM), and polycystin TRP channels
(TRPP) have been detected in WM lesions of patients with
progressive MS.

TRPV1

Neurons

In the CNS, TRPV1 channels are mainly localized on cell bodies
and dendritic spines, but also in synaptic vesicles (Goswami
et al, 2010). TRPV1 channels are activated by exogenous
(i.e., capsaicin) or endogenous (i.e., high temperatures, acid
pH, anandamide, 2-arachidonoylglycerol, and lipid metabolites)
stimuli (Van Der Stelt and Di Marzo, 2004). They play a role
in weight, appetite, and energy homeostasis (Derbenev and
Zsombok, 2016; Christie et al., 2018); synaptic plasticity (Gibson
et al., 2008; Wang et al., 2020); neuropathic pain (Rivat et al.,
2018); and regulation of inflammatory response (Kong et al.,
2017).

Glia

TRPV1 channels are expressed in astrocytes (Ho et al., 2014),
microglia (Sappington and Calkins, 2008), and, to a lesser extent,
oligodendrocytes (Gonzalez-Reyes et al., 2013; Marques et al,,
2016).

Expression and Function in MS

Bulk RNA-seq showed significant TRPV1 downregulation in
CA lesions (Figure 2, Table 1; Elkjaer et al., 2019; Frisch et al,,
2020), while snRNA-seq barely detected TRPV1 (Table 2; Jikel
and Williams, 2020). The downregulated TRPV1 in CA lesions
may influence neural plasticity and glia response both in the
hypocellular inactive demyelinated core and in the hypercellular
rim filled with activated glia. However, it is unclear whether
dysfunctional TRPV1 has pro- and anti-inflammatory roles,
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and whether it favors or prevents CA lesion expansion and
progression, because experimental findings are inconsistent. In
rodents, administration of TRPV1 agonists reduced EAE severity
(Tsuji et al., 2010), while the TRPV1 antagonist capsazepine,
although ineffective for EAE severity (Paltser et al, 2013),
reversed the beneficial effects of the endocannabinoid uptake
inhibitor (Cabranes et al., 2005). Beneficial effects of TRPV1
may be mediated by its ability to promote micro-vesicle release
from microglia, which enhances glutamatergic transmission in
neurons (Marrone et al., 2017). However, on the other hand,
TRPV1 stimulation induces the pro-inflammatory phenotype of
microglia while downregulation promotes the anti-inflammatory
phenotype (Hassan et al., 2014; Marrone et al., 2017). TRPV1
also regulates microglia migration, cytokine production, ROS
generation, phagocytosis, and death (Kim et al., 2006; Schilling
and Eder, 2009; Miyake et al,, 2015). Furthermore, TRPV1
mediates migration and chemotaxis of astrocytes, their activation
during stress and injury (Ho et al.,, 2014), and inflammasome
activation. The picture becomes even more complex because
TRPV1-KO mice show higher lethality during EAE peak but
better recovery in the chronic stage (Musumeci et al., 2011).
In addition, genetic deletion of TRPV1 in mice resulted in
significant protection in the MOG-EAE model, and less severe
breakdown of BBB (Paltser et al., 2013). Interestingly, patients
with severe MS progression show over-representation of single-
nucleotide polymorphisms (SNPs) in the TRPV1 gene (Paltser
et al., 2013) that can affect the expression and activity of
the channel and cortical excitability, and modulate pain (Xu
H. et al., 2007; Mori et al., 2012; Stampanoni Bassi et al.,
2019).

TRPV6

TRPV6 channels are distinguished by high Ca?*t selectivity
(van de Graaf et al, 2006) and constitutive activity at
low intracellular Ca?T levels and Vi (Vennekens et al,
2000). TRPV6 channels can form homo- or hetero-tetramers.
TRPV5-6 are mainly expressed in epithelial and bone cells
(Hoenderop et al., 2003).

Neurons and Glia

In the mouse brain, TRPV6 channels are expressed in neurons,
while transcripts were detected in astrocytes by RNA-seq (Riccio
et al.,, 2002; Nijenhuis et al., 2003; Batiuk et al., 2020).

Expression and Function in MS

Bulk RNA-seq found TRPV6 downregulation in all MS lesion
types and in NAWM (Figure 2, Table 1; Elkjaer et al., 2019;
Frisch et al, 2020), but snRNA-seq failed to detect TRPV6
transcripts (Table 2; Jakel et al., 2019). Little is known about
the functional role of TRPV6 in brain cells. However, TRPV6
deletion in trophoblasts correlates with altered extracellular
matrix (ECM) formation in the labyrinth during pregnancy
(Winter et al., 2020). Hence, it will be important to investigate
whether TRPV6 downregulation contributes to ECM alterations
observed in SPMS lesions and believed to be a key remyelination-
inhibiting factor.

TRPM2

Neurons

TRPM2 channels are found in cell bodies and neurites (Nagamine
et al., 1998; Olah et al., 2009) and often co-localize with a
marker of dopaminergic neurons (Bai and Lipski, 2010). They are
Ca’*-permeable sensors of various stimuli (Huang et al., 2020),
contribute to synaptic plasticity, and inhibit neurite outgrowth
(Sita et al., 2018).

Glia

TRPM? transcripts are intensely expressed in mouse microglia
(Malko et al., 2019), but only at lower levels in astrocytes and
oligodendrocytes (Choi et al., 2015; Marques et al., 2016; Falcao
et al., 2018; Batiuk et al., 2020; Table 3). TRPM2 plays a critical
role in microglia activation and generation of pro-inflammatory
mediators, thus contributing to neuropathic pain, brain damage
due to chronic hypo-perfusion, neonatal hypoxia-ischemia, and
amyloid-beta (Malko et al., 2019).

Expression and Function in MS

Bulk RNA-seq showed increased TRPM?2 expression in the ILs
(Table 1; Elljaer et al, 2019; Frisch et al., 2020). SnRNA-seq
found TRPM?2 in neuronal, microglia, and ImOLG clusters. The
functional role of TRPM2 channels in ILs, lesions that display
reduced microglia density, axonal loss, and upregulation of stress
response genes (Elljaer et al., 2019; Frisch et al, 2020), may
be related to neuronal and microglia damage. Indeed, TRPM2
channel is upregulated by diverse pathological stimuli (Malko
et al, 2019) and is an important element during oxidative
stress, mitochondrial dysfunction (Freestone et al., 2009), and
neurodegenerative disorders (Chung et al., 2011). Constitutive
TRPM2 activation is triggered by ROS and leads to pathological
Ca’* signaling and cell death (Eisfeld and Luckhoff, 2007;
Naziroglu and Luckhoff, 2008). Knockout of TRPM2 gene in
mice, or blocking the channels with miconazole, improves
pathological outcome in EAE and attenuates painful behavior
(Melzer et al., 2012; So et al., 2015; Tsutsui et al., 2018). TRPM2-
KO mice show reduction of CXCL2 chemokine production
by CNS-infiltrating macrophages and suppressed neutrophil
infiltration of the brain tissue (Tsutsui et al., 2018). These findings
suggest that TRPM2 may represent a promising target in SPMS.

TRPP1 and TRPP3 (PKD2 and PKD2L2)

The TRPP(PKD2) channels are encoded by TRPPI(PKD2),
TRPP2(PKD2L1I), and TRPP3(PKD2L2) genes
(www.guidetopharmacology.org) and form Ca?*-permeable
non-selective cation channels. In the mouse brain, PKD2
and PKD2L2 transcripts are detected in neurons and glia
(Table 3). TRPP1 is present on the ER, primary cilia, and plasma
membrane, and TRPP3 is widely expressed in fetal tissues (Guo
et al., 2000).

Expression and Function in MS

Bulk RNA-seq detected significant downregulation of PKD2 or
PKD2L2 in ILs and CA lesions, respectively (Elkjaer et al., 2019;
Frisch et al, 2020) (Figure2, Table 1). SnRNA-seq detected
PKD2 transcripts in neuronal and glia clusters but did not detect
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PKD2L2 (Table 2). It is unclear whether TRPP downregulation
in MS lesions is beneficial or detrimental. On one hand, it
may be detrimental because TRPP1 and TRPP3 channels are
important for maintaining Ca?* homeostasis and contribute to
cell proliferation (Xiao and Quarles, 2010; Xiao et al., 2010),
while TRPP1 knockdown results in increased susceptibility to
stress-induced cell death in kidney epithelial cells (Brill et al.,
2020). On the other hand, overexpression of TRPP contributes to
apoptosis (Xiao and Quarles, 2010; Xiao et al., 2010), and TRPP1
is upregulated as a direct consequence of ER and oxidative stress
during pathological conditions.

Chloride Channels

CIC channels mediate voltage-dependent transmembrane
transport of Cl™. They are expressed in plasmalemma and
intracellular membranes forming transmembrane dimers
(Weinreich and Jentsch, 2001). CIC proteins can function as
Cl~ channels or as CI7/H" exchangers. CICs regulate Ve in
skeletal muscle, trans-epithelial CI~ reabsorption in kidneys,
and intracellular pH and CI~ concentration through coupled
Cl7/H* exchange in several cell types including brain cells.

CIC-2 (CLCN2)

The CLCN2 gene encodes a voltage- and volume-regulated CIC-
2 channel (Chu et al., 1996), essential for efflux of accumulated
Cl™ and control of cell volume homeostasis. CIC-2 is expressed
in neurons and glia (Jentsch et al., 2005) and is upregulated at
low osmolarity, cell swelling, and membrane hyperpolarization
(Grunder et al., 1992; Clark et al., 1998).

Neurons

CIC-2 localizes on inhibitory interneurons and regulates GABA o
receptor-mediated synaptic inputs from basket cells (Foldy et al.,
2010). CI™ extrusion by CIC-2 following hyperpolarization
ensures the maintenance of low intracellular ClI~ concentration
following synaptic inhibition (Foldy et al., 2010). The link of
CIC-2 mutations with generalized epilepsies in humans suggests
an important role of CIC-2 in regulating neuronal excitability
(Kleefuss-Lie et al., 2009).

Glia

Astrocytes express CIC-2 that interacts with AQP4 to regulate
Cl™ influx and efflux (Benfenati et al., 2007). CIC-2 is expressed
in microglia and may regulate cell volume and phagocytosis
(Ducharme et al., 2007). In oligodendrocyte lineage cells,
CIC-2 positively regulates OPCs differentiation (Jentsch and
Pusch, 2018) and transcription factors for myelin genes, thus
contributing to myelin formation and WM integrity (Hou et al,,
2018).

Expression and Function in MS

Bulk RNA-seq showed significant CLCN2 downregulation in CA
lesions (Elkjaer et al., 2019; Frisch et al., 2020; Figure 2, Table 1).
SnRNA-seq detected CLCN2 transcripts in oligodendrocyte
clusters, while they were only faintly observed or absent in
other clusters (Table 2). Several findings suggest that CLCN2
downregulation in MS may reflect altered WM integrity and/or
contribute to the mechanisms of myelin destruction: first,

CICN27/~ mice exhibit abnormal WM morphology (Blanz
et al., 2007); second, loss-of-function CLCN2 mutations lead to
leukodystrophy; third, loss of cell adhesion molecule Glial CAM,
which binds to CIC-2 in glia, is associated with leukodystrophy
(Jeworutzki et al., 2012; Hoegg-Beiler et al., 2014). Of note,
though, is a recent report showing that leukodystrophy fully
develops only when CIC-2 is disrupted in both astrocytes
and oligodendrocytes (Goppner et al., 2020). It remains to be
investigated whether CLC-2 loss in glia contributes to the failure
of myelin repair in human CA lesions.

CIC-7 (CLCN?7)

The CLCN7 gene encodes for the chloride-proton antiporter
CIC-7 localized to lysosomes and crucial for function of
osteoclasts and brain cells (Kornak et al., 2001; Jentsch and Pusch,
2018).

Neurons and Glia

In mice, neurons and microglia express CIC-7 protein (Kasper
et al., 2005 Majumdar et al, 2011; Weinert et al, 2014),
while transcripts were found in astrocytes and oligodendrocyte
lineage (Falcao et al., 2018; Batiuk et al.,, 2020). Mutations in
the human CLCN7 gene are associated with osteopetrosis and
neurodegeneration (Kornak et al., 2001).

Expression and Function in MS

Bulk RNA-seq detected significant CLCN7 downregulation in CA
lesions (Elkjaer et al., 2019; Frisch et al., 2020; Figure 2, Table 1).
SnRNA-seq found CLCN7 transcripts in neuronal and all glia
clusters (Table 2). Functional role of CIC-7 under demyelinating
conditions is unknown. In neurons, CIC-7 on lysosomes
contributes to the function of the endosomal-lysosomal pathway
(Poet et al., 2006; Bose et al., 2021). Lysosomal localization
of CLC-7 increases during microglia activation, leading to
increased lysosomal acidification and AP degradation (Majumdar
et al, 2011). CICN7-deficient mice display widespread WM
atrophy, neuronal loss, microglia activation, astrocytosis, and
accumulations of storage material in lysosomes (Kornak et al.,
2001; Kasper et al., 2005; Pressey et al., 2010). In SPMS lesions,
dysfunctional CIC-7 activity may directly affect the luminal
pH and CI~ concentrations and lysosomal protein degradation
(Wartosch et al., 2009), which, in turn, may lead to neuronal and
glial degeneration in the WM.

Connexins

Connexins (Cxs) are transmembrane proteins with channel and
non-channel functions. Channel functions include the formation
of gap junctions (GJs) and hemichannels (HCs) (Saez et al.,
2003; Wang et al., 2013; Gajardo-Gomez et al., 2016), while non-
channel functions involve adhesion properties and intracellular
signaling (Zhou and Jiang, 2014; Leithe et al., 2018). More than
20 Cxs genes have been described in humans, and 11 of them
are expressed in the brain (Willecke et al.,, 2002; Theis et al.,
2005). Cxs are essential players in ionic homeostasis, intercellular
Ca’t signaling and Ca’*t waves propagation, gliotransmission,
synaptic transmission and plasticity, brain metabolism, brain-
blood barrier development and integrity, and myelination
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(Takeuchi and Suzumura, 2014). In the WM, GJs are essential
for K buffering in response to neuronal activity, they facilitate
transport of nutrients and ions from oligodendrocyte soma to
myelin layers and from astrocytes to oligodendrocytes (Bradl and
Lassmann, 2010). In the WM, HCs are involved in metabolic
coupling and energy supply to neurons, and provide a major
pathway for glucose entry into OPCs and oligodendrocytes (Niu
et al., 2016).

Cx37 (GJA4)

Cx37, encoded by GJA4 gene, predominantly builds heterotypic
GJs with Cx40 and Cx43 in vascular cells and plays an
essential role in vasomotor activity, endothelial permeability, and
maintenance of body fluid balance (Falcao et al., 2018; Li et al.,
2018).

Expression and Function in MS

Bulk RNA-seq revealed significant GJA4 upregulation in ILs
(Elkjaer et al,, 2019; Frisch et al, 2020), while snRNA-seq
showed high GJA4 expression in pericyte cluster (Jakel et al,
2019; Tables 1, 2). In chronically demyelinated axons, as those
within ILs, hypoxia due to imbalance between increased energy
demand and reduced ATP production because of mitochondrial
dysfunction may drive angiogenesis. However, while providing
trophic factors for tissue remodeling, angiogenesis may
contribute to hypoperfusion and neurovascular uncoupling
(Girolamo et al., 2014). Interestingly, Cx37 knockdown with
siRNA in human umbilical vein endothelial cells diminishes
capillary branching (Gartner et al., 2012), but Cx37~/~ mice
develop a more extensive vasculature under ischemic conditions
and show enhanced recovery after hind limb ischemia (Fang
et al., 2011). In the future, it will be important to investigate
whether Cx37 protein contributes to aberrant cerebrovascular
and angiogenic responses in human ILs during MS.

Pannexins

The Pannexin (Px) family consists of three members, encoded by
Panx1, Panx2, and Panx3 genes. Pannexins do not form GJ in
vivo but operate as plasma membrane channels (pannexons) and
participate in paracrine and autocrine signaling in brain GM and
WM (Sosinsky et al., 2011; Sahu et al., 2014; Dahl, 2015).

Px1 (PANX1)

Px1 is permeable to anions, some negatively charged molecules
(glutamate, aspartate, and ATP), and fluorescent dyes (Ma et al.,
2012; Yeung et al, 2020). Opening of Pxl may be promoted
by voltage, increased intracellular Ca®*, mechanical stress,
extracellular KT, oxygen deprivation, caspases cleavage, ATP
binding to P2Y or P2X; receptors, activation of al-adrenergic,
NMDA, and thromboxane receptors (Chiu et al., 2018; Dahl,
2018; Whyte-Fagundes and Zoidl, 2018).

Neurons and Glia

Px1 is distributed in GM and WM regions, including cerebellum,
corpus callosum, and fimbria fornix of mice (Bruzzone et al.,
2003) and rats (Vogt et al, 2005). Pxl is expressed in
neurons, astrocytes, microglia, oligodendrocytes, vascular cells,
and peripheral immune cells (Iglesias et al., 2009; Swayne et al.,

2010; Orellana et al., 2013; Good et al., 2018; Lapato and Tiwari-
Woodruff, 2018). In neurons, Px1 may be co-expressed with Px2
and is found in cell soma, dendrites, and axons (Cone et al., 2013).

Interaction between Px1 and purinergic signaling deserves
special attention because Px1 forms complexes with P2X;Rs
(Taruno, 2018). Binding of ATP to P2X7R triggers opening of
Px1 channels with subsequent ATP release (Locovei et al., 2007;
Iglesias et al., 2008; Pelegrin et al., 2008; Chiu et al., 2018). ATP
signaling involving Px1 channels regulates neurite outgrowth
and synaptic plasticity in neurons, while in glia, it underlies
intercellular propagation of Ca** waves, cell differentiation, and
migration (Giaume et al., 2021).

Expression and Function in MS

Bulk RNA-seq showed significant PANXI upregulation in ILs
(Table 1; Elkjaer et al., 2019; Frisch et al., 2020), but snRNA-
seq did not detect PANXI transcripts (Jakel et al, 2019).
ILs are lesions with little/no inflammatory activity but with
sharply demarcated hypocellular areas of demyelination and
axonal degeneration. Px1 activation is known to enable ATP
release, and ATP is a “find me” signal promoting chemotaxis
of microglia/macrophages to the injury site for fast clearance of
dead cells and a molecule important for myelination (Chekeni
et al, 2010; Gajardo-Gomez et al, 2016). Hence, PANXI
upregulation in ILs may be a compensatory mechanism that
stimulates glial activity. On the other hand, upregulated Px1
mRNA expression in cerebellum and spinal cord in chronic EAE
contributes to WM damage (Lutz et al., 2013). Uncontrolled
opening of P2X7R-Px1 complex in response to demyelination
triggers excessive glutamate and ATP release, altered Ca?"
dynamics, excitotoxicity, damage of axons, and myelin (Orellana
et al., 2011; Crespo Yanguas et al., 2017). Knockout or blockade
of Px1 with probenecid in rodents restrains EAE symptoms and
results in reduced inflammation and decreased oligodendrocyte
damage (Hainz et al., 2017), suggesting that Px1 activity supports
damage during MS. More studies are required to establish how
Px1 should be modulated in order to halt neurodegeneration
during MS.

CatSper Channels

Catsperg and Caspere

Cation channel of spermatozoa (CatSper) is a highly complex
multi-subunit voltage-gated Ca®"-permeable ion channel. Four
distinct a-subunits (CatSper1-4) and several accessory subunits
are encoded by CATSPER genes (Qi et al., 2007). The CatSper
channel is essential for the activity of sperm flagellum and sperm
fertility (Lishko and Mannowetz, 2018). RNA-seq detected only
CATSPERG transcripts in mouse neurons, oligodendrocytes, and
microglia (Marques et al., 2016; Hammond et al., 2019; Jakel et al.,
2019).

Expression and Function in MS

Bulk RNA-seq found downregulation of the auxiliary subunit
gamma (CASPERG) and epsilon (CATSPERE) in CA lesions
and ILs, respectively (Table 1; Elkjaer et al., 2019; Frisch et al,,
2020). SnRNA-seq did not find CATSPERE transcripts and barely
detected CATSPERG in neuronal and glia clusters. It is difficult to
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speculate on the role of CatSper channels in MS lesions because
characterization of these subunits is limited to sperm cells, and
no data on CatSper protein expression or function in the brain
are available.

CONCLUSIONS

Understanding how distinct ion channels regulate CNS ionic
homeostasis in WM neurons, axons, glia, and vascular cells
under chronic demyelinating conditions is of critical importance
for the development of novel therapeutic strategies to prevent
neurodegeneration and disability progression and improve
functional recovery and repair in MS. Recent Bulk RNA-seq
(Ellgjaer et al., 2019; Frisch et al., 2020) revealed a considerable
number of ion channel genes that are altered in different types
of WM lesions of the SPMS brain, particularly in WM CA
lesions, a type of lesion that develops in MS patients despite
disease-modifying therapy and predicts a more aggressive disease
course (Absinta et al., 2019; Elliott et al.,, 2019). SnRNA-seq
found that transcripts for dysregulated ion channels belong
to the clusters of neurons, astrocytes, oligodendrocyte lineage,
microglia/macrophages, and pericytes (Jakel et al., 2019). The
dysregulation of ion channel genes in MS may be detrimental
or beneficial for functions of neurons, including interstitial
neurons. Intense upregulation of genes encoding voltage-gated
Na™ channels in CA lesions may reflect the imbalance of Na™
homeostasis observed in SPMS brain (Inglese et al., 2010).
Conversely, the upregulation of a large number of voltage-
gated KT channel genes may be linked to a protective response
to limit neuronal excitability. The altered Cl~ homeostasis,
revealed by the significant downregulation of voltage-gated Cl~
channels in MS lesions, may contribute to an altered inhibitory
neurotransmission and increased excitability. Depending on the
type of alterations, dysregulated ion channels in MS may favor
AP propagation and dampen neuronal hyperexcitability or, on
the contrary, may contribute to axonal dysfunction and cell
death. Altered expression and/or function of ion channels may
also influence key properties of glia including proliferation,
migration, spatial buffering, cytokine release, cell metabolism,
myelin repair, angiogenesis, BBB permeability, and several other
important functions.

We described the importance of uniquely dysregulated
genes well-known to play a role in WM dysfunction in the
MS brain (KCNA1, KCNA2, SCN2A, and SCN8A), or in
experimental models of MS (KCNC3, KCNQ3, KCNK2,
CACNA1C, CACNAIG, TRPV1, TRPM2, and PANX1).
Furthermore, we highlighted the importance of ion channel
genes that are uniquely dysregulated in SPMS lesions but have
never been previously explored in MS brain. Those genes are
expressed in OPC (KCND2, SCN1A, SCN3A, and CACNA1A),
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Oligodendrocytes (OLs) form a myelin sheath around neuronal axons to increase
conduction velocity of action potential. Although both large and small diameter axons
are intermingled in the central nervous system (CNS), the number of myelin wrapping is
related to the axon diameter, such that the ratio of the diameter of the axon to that of
the entire myelinated-axon unit is optimal for each axon, which is required for exerting
higher brain functions. This indicates there are unknown axon diameter-dependent
factors that control myelination. We tried to investigate physical factors to clarify
the mechanisms underlying axon diameter-dependent myelination. To visualize OL-
generating forces during myelination, a tension sensor based on fluorescence resonance
energy transfer (FRET) was used. Polystyrene nanofibers with varying diameters similar
to neuronal axons were prepared to investigate biophysical factors regulating the OL-
axon interactions. We found that higher tension was generated at OL processes
contacting larger diameter fibers compared with smaller diameter fibers. Additionally,
OLs formed longer focal adhesions (FAs) on larger diameter axons and shorter FAs on
smaller diameter axons. These results suggest that OLs respond to the fiber diameter
and activate mechanotransduction initiated at FAs, which controls their cytoskeletal
organization and myelin formation. This study leads to the novel and interesting idea
that physical factors are involved in myelin formation in response to axon diameter.

Keywords: oligodendrocyte, myelination, tension sensor, mechanical factor, fluorescence resonance energy
transfer

INTRODUCTION

In the central nervous system (CNS) white matter, large and small caliber axons are intermingled,
and the diameter of myelin internodes is highly divergent (Weruaga-Prieto et al., 1996), especially
in the spinal cord. Large diameter axons are more suitable for being myelinated than small diameter
axons (Friede, 1972). Additionally, the ratio of [axon diameter] to [axon + myelin diameter]
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(g-ratio) is adjusted to optimum values for each axon.
Optimization of the g-ratio is important for higher brain
functions. This indicates that myelin formation is tightly
associated with the axon caliber, involving unknown
diameter-dependent regulatory factors.

A previous study has reported that OLs can myelinate axons of
paraformaldehyde-fixed dorsal root ganglion neurons similarly
to live axons (Rosenberg et al,, 2008). Lee et al. (2012) have
previously reported that OL can ensheath a myelin membrane
on artificial electrospinning nanofibers without living neurons.
These reports indicate that molecular signaling activated by
functional proteins on the axonal surface is not required
for initiation of myelination, but rather there are permissive
axonal cues that initiate myelination (Lee et al., 2012). They
also investigated the effect of fiber diameter on myelination
using varying nanofiber diameters (0.2-4.0 pm), revealing that
larger diameter fibers (more than 0.4 pm) were preferentially
ensheathed by OLs. However, the mechanisms underlying
optimal myelination according to axon diameter have not been
tully elucidated.

Cémara et al. (2009) have previously reported that (1
integrin plays important roles in axoglial interactions that sense
axon size and initiate myelination. Reduction in Pl integrin
function by its dominant negative form affects myelination of
small-diameter axons but not large-diameter axons (Camara
et al,, 2009). Integrin is one of the major proteins in the
focal adhesion complex. Focal adhesions (FAs) mechanically
link the extracellular matrix (ECM) to the cytoplasm and are
assemblies for mechanotransduction, which transduce signals
from the ECM to the actin stress fibers. Integrin and other
FA proteins, such as focal adhesion kinase (FAK), paxillin
and talin, play important roles in refining FA complexes in
response to mechanical stimulation (Giannone and Sheetz, 2006;
Schwartz and DeSimone, 2008; Geiger et al., 2009). Suzuki et al.
(2012) have also reported that myelination of small-diameter
axons was significantly impaired in the spinal cord of teneurin-
4 deficient mice. Furthermore, Teneurin-4 positively regulated
FAK, an essential signaling molecule for myelin formation
(Suzuki et al., 2012).

As mentioned above, because integrin is involved in
OL-neuron interactions that sense axon size to initiate
myelination and is one of the key players in FAs, it is
interesting to investigate OL mechanical forces across FAs,
which are key platforms for mechanical signal transduction
initiated by integrin.

In this study, we thus tried to assess physical OL factors
that depend on axon diameter. To visualize the mechanical
force generated at OL processes during myelination, we used
a previously reported tension sensor (Grashoff et al, 2010).
The tension sensor consists of two fluorophores that sandwich
a tension sensor module consisting of a 40-amino-acid-long
elastic domain (Grashoff et al., 2010). Because fluorescence
resonance energy transfer (FRET) enables monitoring protein-
protein interactions of two fluorophores, the tension loading on
this sensor can reduce FRET efficiency.

We investigated the FRET index of the tension sensor at
OL processes contacting nanofibers with different diameters.

We found that higher tension was generated at OL processes
contacting larger diameter fibers compared with smaller diameter
fibers. Additionally, OL formed longer FAs on larger diameter
fibers and shorter FAs on smaller diameter fibers. Previous studies
have reported that FAs act as mechanotransducers that transmit
various signaling pathways (Geiger et al., 2009), which regulate
cell morphogenesis and dynamics. These and our results indicate
that physical factors are involved in myelin formation in response
to axon caliber by activating mechanical signaling initiated at FAs.

MATERIALS AND METHODS

Animals

Neonatal P1 rats of Wistar ST genetic background were
purchased from Japan SLC (Shizuoka, Japan). Animal
experimental procedures were approved by the Committee
of Animal Experimentation of Nagoya City University Medical
School and were conducted in accordance with the animal care
guidelines of Nagoya City University.

DNA Construction

The pcDNA3.1-CMV-VinculinTS-mTFP1-mVenus plasmid
was a gift from Martin Schwartz (Addgene plasmid # 26019).
Super-folder GFP with A206K monomeric mutation (msfGFP)
(Zacharias et al.,, 2002; Pedelacq et al., 2006) was created by
introducing mutations by using the QuikChange Site-Directed
Mutagenesis kit (Agilent Technologies). The pcDNA3.1-
CMV-TSmod-sfGFP/ShadowG plasmid was constructed by
inserting msfGFP and ShadowG (Murakoshi et al., 2015) into
the pcDNA3.1-CMV-VinculinTS-mTFP1-mVenus plasmid by
replacing mTFP1 and mVenus.

Preparation of Nanofibers

Polymer fibers were prepared by electrospinning from
polystyrene (average M,, ~ 280,000, Sigma-Aldrich, St. Louis,
MO, United States) in solvent mixtures of tetrahydrofuran (THE,
Fujifilm Wako, Osaka, Japan) and N, N-dimethylformamide
(DME, Fujifilm Wako, Osaka, Japan) (the volume ratio of THF
and DMF is 1:1). The fluorescent dye, sulforhodamine 101
(Purity > 95.0%, Tokyo Chemical Industry Co., Ltd., Tokyo,
Japan), was added to the solutions at a concentration of 0.0025%
wi/v for fluorescent labeling of fibers. The electrospinning device
was the same as that previously described (Matsumoto et al.,
2013). For the adjustment of fiber diameter, the solutions
with various concentrations were used. Polystyrene fibers with
diameters ranging from 0.55 to 4.0 m were directly electrospun
on glass coverslips (18 mm square, thickness of 0.13-0.17 mm,
Matsunami Glass Ind., Ltd., Osaka, Japan) from 14 to 22
wt% polystyrene/THF-DMF solutions. The electrospinning
conditions were set to keep stable jet formation for each solution:
The applied voltage was 12 kV, the flow rate of spinning solution
was 0.2-0.5 ml/h; and the distance between the nozzle tip and the
collector was 100 mm. The duration of the spinning was 20 sec.
The fiber-containing glass coverslips (18 mm square) were put
onto the 35 mm culture dishes and applied with elastic adhesive
(AX-176, CEMEDINE Co., Ltd., Tokyo Japan) on both edges of
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the 18 mm coverslips (including both ends of the nanofibers),
and then air-dried for at least 24 h. The nanofibers were sterilized
for cell culture by placing the fiber-containing glass coverslips
under the UV light for 20 min.

Oligodendrocyte Progenitor Cell (OPC)

Culture

The cortices of postnatal day 1 neonatal rats were dissociated
and trypsinized, and then cultured on poly-D-lysine (PDL,
Sigma, P0899)-coated flasks in DMEM with 10% fetal calf serum
(FCS). By 10 days in vitro, these cultures consisted of microglia
and oligodendrocyte precursor cells growing on an astrocyte
monolayer. Microglia were removed based on their differential
adhesion to the surface of astrocytes by mechanical shaking at
180 rpm at 37°C for 30 min. Purified OPCs were then acquired
by mechanically shaking from the surface of astrocytes at 200 rpm
at 37°C overnight. Purified OPCs were seeded on poly-D-
lysine (PDL)- or Laminin-coated dishes, and maintained in
growth medium: DMEM supplemented with 1 x N2 supplement
(Invitrogen, Carlsbad, CA, United States), 0.01% bovine serum
albumin, FGF2 (10 ng/ml, R&D systems) and PDGF-AA (10
ng/ml, R&D systems). To induce the differentiation of OPCs,
FGF2 and PDGF-AA were removed from the culture medium,
and triiodothyronine (T3, 30 ng/ml) was applied. Cells were then
maintained in the differentiation medium for 2-5 additional days
and fixed with 4% paraformaldehyde.

Oligodendroglial-Nanofiber Cultures
Following Transfection of the Tension

Sensor

To coat the nanofiber-containing glass coverslips, we dropped
200 pl of poly-D-lysine solution (final concentration of
0.1 mg/ml) onto an area of the coverslips with nanofibers
and incubated for 1 h at room temperature, and coverslips
were washed by immersing them by sterile water 3 times and
air-dried the coverslips. The fiber-containing glass coverslips
were then coated with laminin solution (0.1 mg/ml) for
2 h at 37°C, following the poly-D-lysine coating. One day
before transfection, purified OPCs (1.5 x 10° cells per
coverslip) were seeded onto the laminin-coated coverslips with
nanofibers. Plasmid construct was pcDNA3.1-CMV-TSmod-
sfGFP/ShadowG. The cells were transfected with the plasmid
using LipofectAMINE 2,000 reagent (Invitrogen). We diluted
2.5 ng of DNA in 50 pl Opti—MEMTM medium (Invitrogen)
and 3 pl of LipofectAMINE 2,000 in 50 pl Opti-MEM™
medium (Invitrogen) without serum, and combined the diluted
DNA and diluted LipofectAMINE 2,000 (total volume was
100 pl). The transfection complex (100 pl) was applied
to each coverslip containing OPCs along with 300 pl of
growth medium. After having kept the coverslips containing
fibers and OPCs in small volumes of medium for 3 h of
incubation, the medium was changed to 2 ml of growth
medium and the cells were maintained overnight. On the
next day, the medium was changed to 2 ml of myelinating
culture medium: composed of 50:50 mixture of DMEM
(Invitrogen) supplemented with 1x N2 supplement (Invitrogen)

and 0.01% BSA: Neurobasal medium (Invitrogen) supplemented
with 1x B27 supplement (Invitrogen) and 1x Gluta-MAX™
(Thermo Fisher Scientific), containing penicillin-streptomycin
(Invitrogen), N-acetyl cysteine (5 pg/ml; Sigma) and forskolin
(10 wM; Sigma). The medium was changed every 3 days
for the remainder of the culture period. The length of the
culture period required for optimal FRET observation was
8~10 days.

Two-Photon Fluorescence Lifetime
Imaging

Details of the 2pFLIM-FRET imaging were described previously
(Yasuda et al., 2006). Briefly, msfGFP in the FRET sensor
was excited with a Ti-sapphire laser (Mai Tai; Spectra-
Physics) tuned to 920 nm. The scanning mirror (6210H;
Cambridge Technology) was controlled with a PCI board
(PCI-6110; National Instruments) and Scanlmage software
(Pologruto et al, 2003). The green fluorescence photon
signals were collected by an objective lens (60x, 0.9 NA;
Olympus) and a photomultiplier tube (H7422-40p; Hamamatsu)
placed after a dichroic mirror (565DCLP; Chroma) and
emission filter (FF01-510/84 or FF03-510/20; Semrock).
Measurement of fluorescence lifetime was carried out using
a time-correlated single-photon counting board (SPC-150;
Becker & Hickl) controlled with custom software (Yasuda
et al., 2006). The construction of fluorescence lifetime image
was described previously (Murakoshi, 2021). Briefly, we
acquired the mean fluorescence lifetime in each pixel by
calculating the mean photon arrival time <f¢> using the
following Equation (1).

<t>:/tF(t)dt+/F(t) dt — ty (1)

where f, is obtained by fitting the whole image with
double exponential functions convolved with an instrument
response function as described previously (Murakoshi, 2021).
Subsequently, the mean fluorescence lifetime in each pixel was
converted to the corresponding color to generate fluorescence
lifetime images.

Evaluation of Fluorescence Lifetime
Changes

Fluorescence lifetime changes to the control value were evaluated
as follows. The control area was assigned to fluorescent positive
OL processes that did not contact nanofibers, and the average
fluorescence lifetime value of each pixel at the control area
was then calculated for each picture field. If there were several
processes that did not contact the nanofibers in a picture field,
the fluorescence lifetime of the control value was averaged by
those processes to normalize it. The histogram was made by the
fluorescence lifetime obtained at each pixel. Color was assigned
to the average value of each histogram to construct a fluorescence
lifetime image. Since FRET is known to shorten the fluorescence
lifetime of the donor fluorophore (Murakoshi, 2021), we
measured the fluorescence lifetime changes at fluorescent positive
OL processes contacting nanofibers compared to the control area.
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Immunostaining

The cultured cells were fixed with 4% paraformaldehyde (PFA) in
0.1 M phosphate buffer (pH 7.4) and used for immunostaining.
Fixed cells were blocked with 5% normal goat serum in
phosphate-buffered saline and 0.1% Triton X-100 (PBST) and
then incubated with primary antibodies overnight at 4°C.
The primary antibodies used were as follows: rat anti-GFP
antibody (1/500, Nacalai Tesque, 04404-84), monoclonal anti-
a-tubulin antibody (1/500, Sigma, T9026), rat anti-myelin basic
protein (MBP) antibody (Millipore, MAB386), monoclonal O4
antibody (1/300, R&D systems, MAB1326) and rabbit anti-
paxillin antibody (1/250, abcam, ab32084, clone Y113). After
being rinsed with PBST, the cells were incubated with secondary
antibodies. The secondary antibodies used were Alexa 488- or
594-conjugated goat anti-mouse, anti-rabbit and anti-rat IgG or
goat anti-mouse IgM (Molecular Probes). Fluorescent signals
were visualized using AX70 fluorescence microscope (Olympus,
Tokyo) and AlRsi confocal fluorescence microscope (Nikon,
Tokyo). The number of OL primary processes was analyzed using
“Analyze/Sholl” tool of Fiji software based on Image] (NIH).

Statistical Analyses

All results are expressed as the mean = SEM. For comparison
of two groups, a Student’s t-test was used. p-values < 0.05
were considered significant. Data for multiple comparisons were
analyzed by one-way ANOVA followed by a Tukey-Kramer
post hoc test using the statistical program GraphPad InStat 3
(GraphPad Software, San Diego, CA, United States). A multiple
comparison post-test was performed only if p < 0.05. The level of
significance was p < 0.05.

RESULTS

Establishment of a New Assay System to
Examine Fiber Diameter-Mediated
Mechanical Forces During Myelination

Using a Tension Sensor

A previous study has observed that myelinated axons have
diameters ranging from 0.3 to 2 pm in the mammalian
CNS (Remahl and Hildebrand, 1982). Another report has
demonstrated that the threshold for minimum fiber diameter
ensheathed by OLs was 0.4 pm (Lee et al., 2012). However, the
mechanisms underlying myelination control by axon diameter
are not well known.

To examine the correlation between axonal fiber diameter
and mechanical forces generated at OL processes contacting the
fibers, we used polystyrene nanofibers with different diameters.
OPCs were seeded on small (0.55-0.9 pwm), medium (1.5-1.7
pwm), or large-diameter (2.5-4.0 jum) nanofibers (Figures 1A-C).
We confirmed that OLs cultured on coverslips with nanofibers
maintain their capacity to myelinate the fibers similarly to live
axons (Figures 1D,E).

We next investigated the FRET index of the tension
sensor at OL processes contacting each fiber group. The
previously reported tension sensor has two fluorophores (mTFP1

and mVenus) with a tension sensor module comprising a
40-amino-acid-long elastic domain between them (Grashoff et al.,
2010). The mechanical force loading on this sensor changes
the FRET efficiency, because FRET can monitor the protein-
protein interaction of two fluorophores. In this study, the two
fluorophores (mTFP1 and mVenus) in the tension sensor were
changed to the FRET pair of monomeric super-folder GFP
(msfGFP)-ShadowG (Murakoshi et al., 2015). To quantitatively
monitor the FRET index, we used fluorescence lifetime
imaging microscopy (FLIM), which measures fluorescence
lifetime changes of the donor fluorophore (Yasuda, 2006). The
fluorescent proteins pair for the FLIM-FRET was msfGFP
as the energy donor and ShadowG as the energy acceptor
(Murakoshi et al., 2015).

At first, to examine whether transfection of the tension sensor
itself does not affect OL properties and function, OPCs cultured
on laminin-coated dishes were transfected with the tension
sensor, and OL differentiation and the number of OL primary
processes were examined. The tension sensor-transfected OPCs
were transferred to culture medium without FGF2 and PDGF-
AA to induce OL differentiation for 2 days. Transfection of
the tension sensor did not affect the number of O4 + cells,
a marker of immature and mature OLs differentiated from
OPCs (Figures 2A-C). Additionally, the tension sensor did not
affect the number of MBP + cells, a marker of mature OLs,
which were maintained for 5 days in the differentiation medium
(Figures 2D-F). We next examined the number of OL primary
processes to assess OL morphology using immunocytochemistry
with anti-a-tubulin antibody. Transfection of the tension
sensor did not influence the number of OL primary processes
(Figures 2G-I). Taken together, these results indicate that the
tension sensor itself did not influence OL morphology or
differentiation from OPCs to O4 + OLs.

Higher Tension Is Generated at OL
Processes Contacting Large-Diameter
Fibers

Next, we investigated the FRET index of the tension sensor at
OL processes contacting small (0.55-0.9 pm), medium (1.5-1.7
pm), or large-diameter (2.5-4.0 wm) nanofibers. To quantitate
the FRET index, FLIM was used to measure fluorescence lifetime
changes of the donor fluorophore. The fluorescence lifetime is the
time from when excitation light transits a fluorescent molecule
to a high energy state, leading to the emission of a fluorescent
photon. A histogram was made from the fluorescence lifetime
obtained at each pixel. The average value of each histogram was
then calculated, and color assignment was performed to construct
a fluorescence lifetime image. FRET shortens the fluorescence
lifetime of the donor fluorophore (Becker, 2012), hence it can
be detected with FLIM. Using FLIM analysis, we found that OL
processes contacting medium and large-diameter fibers showed
longer average fluorescence lifetime, indicating higher tension,
compared with small-diameter fibers (Figures 3A-C). These
results suggest that higher tension is generated at OL processes
contacting larger diameter axons, and physical factors influence
myelin formation in response to axon caliber.
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FIGURE 1 | OLs can ensheath polystyrene nanofibers similarly to live axons. (A-C) Phase contrast images of polystyrene nanofibers with diameters ranging
0.55-0.9 pm [(A), small diameter], 1.5-1.7 wm [(B), medium diameter] and 2.5-4.0 um [(C), large diameter]. Scale bar, 5 um. (D) Fluorescent image of MBP (a
mature OL marker, green) and sulforhodamine (red), labeling polystyrene nanofibers after 7 days in vitro. Scale bar, 100 wm. (E) Magnified images of (D), showing OL
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To test whether the FRET index is actually related to the
mechanical force generated in OLs, the cells were treated
with cytochalasin D, which depolymerizes the F-actin network
and inhibits actomyosin contractility (Brown and Spudich,
1979). Cytochalasin D application to OLs significantly decreased
the average fluorescence lifetime, meaning decreased tension
(Figures 3D,E). This result indicates that the FRET index of the
tension sensor was truly dependent on a cytoskeleton-dependent
intracellularly generated force.

We further examined whether different tensions can be
detected in one OL that simultaneously extends processes to
both smaller and larger diameter fibers. To this end, mixed
nanofibers with both smaller and larger diameters on a culture
dish were prepared. We observed that the tension generated by
one OL on the smaller diameter fibers was lower than that on the
larger diameter fibers (Figures 3F,G), indicating that the tension
difference detected by the tension sensor is not likely to be caused
by the maturation state of each OL, but rather is dependent on
the different fiber diameters.

The Length of FAs Formed by OLs
Positively Correlates With the Fiber

Diameter

FA complexes are generated at the adhesion points and
mechanically link the ECM to the cell, acting as key platforms
for mechanotransduction. They consist of integrins, which bind

to the ECM, adapter proteins, which link integrins to the
cellular cytoskeleton, and cytoplasmic proteins, which are the
downstream effectors of signaling pathways. A previous study has
reported that the tension sensor was properly recruited to FAs
where it was co-localized with paxillin, an FA protein (Grashoff
etal., 2010). Hence, the tension sensor enables monitoring of the
localization of FAs at OL processes. To test whether the GFP-
positive tension sensor is actually localized at FAs in OLs, we
performed double-immunostaining for GFP and paxillin, one
of the typical FA markers. The GFP-positive tension sensor was
co-localized with paxillin at the tip of OL processes on laminin-
coated dishes (Figure 4A), indicating that the tension sensor was
localized at FAs in OLs.

We next performed length measurements of the tension
sensor-positive signals at OL processes contacting nanofibers
with different diameters, which were supposed to be an
indicator of FA sizes. We quantified the signal length of
the tension sensor in each fiber group. OLs showed shorter
tension sensor + signals on small-diameter fibers (0.55-0.9
pm), compared with those produced on medium (1.5-1.7 pm)
and large-diameter (2.5-4.0 pwm) fibers (Figures 4B,C). We
further performed immunostaining of FAs in cultured OLs
on nanofibers for 8 days. FAs on nanofibers were detected
by anti-paxillin antibody and merged with sulforhodamine-
positive nanofibers. FA immunostaining showed that longer
FAs were formed on larger diameter fibers (Figures 4D,E),
indicating that the length of FAs formed by OLs positively
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FIGURE 2 | Transfection of the tension sensor does not affect OL differentiation and morphogenesis. (A-C) The number of O4 + immature and mature OLs [red in
(A,B)] among the GFP + tension sensor (TS)-expressing cells (B) was comparable to that in GFP-expressing control cells (A) on laminin-coated dishes. The
transfected cells were detected by GFP expression (green). PDGF-AA and bFGF were removed from the culture medium 1 day after transfection, and
triiodothyronine (T3, 30 ng/ml) was applied. Cells were maintained for 2 additional days, and then fixed for immunostaining with anti-O4 antibody. Arrows indicate
0O4-GFP double-positive cells. Scale bar, 50 um. (C) The ratio of O4 + GFP + cells/GFP + cells was quantified (ns, no significant difference compared with control
values, Student’s t-test; n = 25 fields of view analyzed per condition, from three independently prepared cultures established on different days). (D-F) The number of
MBP + mature OLs [red in (D,E)] among the GFP + tension sensor (TS)-expressing cells (E) was comparable to that in GFP-expressing control cells (D) on
laminin-coated dishes. The transfected cells were detected by GFP expression (green). Cells were maintained for 5 days in the differentiation medium. Arrows
indicate MBP-GFP double-positive cells. Scale bar, 100 wm. (F) The ratio of MBP + GFP + cells/GFP + cells was quantified (ns, no significant difference compared
with control values, Student’s t-test; n = 21 fields of view analyzed per condition, from four independently prepared cultures established on different days). (G-1)
Transfection of the tension sensor did not affect the number of OL primary processes on laminin-coated dishes. Cells were maintained for 3 days after removal of
PDGF-AA and bFGF from the culture medium. OL processes were visualized by immunostaining with an anti-a-tubulin antibody (red). Scale bar, 20 pm. (I) The
number of primary processes per GFP + OL was quantified (ns, no significant difference compared with control values; Student’s t-test, n = 27 cells analyzed per
condition, from three independently prepared cultures established on different days).
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FIGURE 3 | Higher tension is generated at OL processes contacting larger diameter fibers. (A) Representative fluorescence lifetime images of the tension
sensor-expressing OL contacting nanofibers with different diameters. Sulforhodamine (red) shows polystyrene nanofibers. Arrows indicate the fluorescence lifetime
images on nanofibers. Scale bar, 10 wm. (B) A schematic drawing of a conformational change in the elastic domain of the tension sensor. The efficiency of FRET
decreases when a mechanical force is applied on it, setting the two fluorophores apart from each other. (C) Quantification of average fluorescence lifetime changes
relative to the control value in OLs contacting small-diameter (0.55-0.9 wm), medium-diameter (1.5-1.7 wm) and large-diameter (2.5-4.0 pm) nanofibers

(**P < 0.001 by one-way ANOVA with a Tukey’s post hoc test; n = 58 areas analyzed per condition, from five independently prepared cultures established on
different days). (D) Fluorescence lifetime images of tension sensor-expressing OLs treated with cytochalasin D (1 wM). The images show OL processes before

and after (10, 20, and 30 min) cytochalasin D treatment. Sulforhodamine (red) shows polystyrene nanofibers. Cytochalasin D application to OLs significantly decreased
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FIGURE 3 | Continued

the fluorescence lifetime, meaning lowered tension. Scale bar, 20 um. (E) The time course of average fluorescence lifetime changes in response to cytochalasin D (1
M) application (**P < 0.01, *P < 0.05 compared with control values; Student’s t-test, n = 4 independently prepared cultures established on different days). In the
cytochalasin D experiments, the gross FRET index was analyzed in each field including OL processes both with and without nanofiber contacts, and compared with
the values before cytochalasin D application. In OLs treated with cytochalasin D, the average fluorescence lifetime was getting significantly shorter (indicating lower
tension) within the first 10 min of application. (F) A representative fluorescence lifetime image of the tension sensor-expressing OL contacting both small and large
nanofibers simultaneously. The tension generated by one OL on the smaller diameter fiber was lower than that on the larger diameter fiber. Sulforhodamine (red)
shows polystyrene nanofibers. The right pictures are higher magnification views of the boxed areas in the left picture. The arrow and arrowhead indicate the tension
sensor + signals on larger or smaller diameter fibers, respectively. Scale bar, 20 um. (G) Quantification of average fluorescence lifetime changes relative to the
control value in OLs contacting smaller or larger diameter nanofibers on a culture dish (***P < 0.001 larger diameter values compared with smaller diameter values;
Student’s t-test, n = 30 cells analyzed from three independently prepared cultures established on different days).

correlates with the fiber diameter. Previous studies have reported
that FAs act as mechanotransducers that transmit various
intracellular signaling pathways (Geiger et al., 2009). Among the
FA components, various signaling molecules including tyrosine
kinases, tyrosine phosphatases and adaptor proteins have been
identified (Geiger et al., 2009). The activity of these kinases
and phosphatases triggers intracellular signaling pathways that
control cell properties. These previous reports and our results
suggest that OLs respond to the fiber diameter and activate
mechanotransduction initiated by the FAs, which might control
their cytoskeletal organization and myelin formation.

Finally, Figure 5A shows a representative image of the
distal and proximal contact point to the OL process contacting
nanofibers. Some OL processes exhibited unidirectional fiber
coverage. We thus extracted the fiber coverage elongating
unidirectionally and analyzed the FRET index in each fiber
group. In the population that elongated unidirectionally, the
tension sensor within the proximal contact points near the
OL processes showed a longer average fluorescence lifetime,
indicating high tension, whereas within the distal contact
points far from the OL processes it showed a shorter average
fluorescence lifetime, indicating low tension (Figures 5A,B).
Previous reports have proposed a two-step model of myelination:
(1) actin assembly drives OL process extension to ensheath
axons, (2) local actin disassembly induces lateral spreading of the
myelin membrane and its wrapping (Nawaz et al., 2015; Zuchero
et al., 2015). These previous reports and our result showing
lower tension within the distal contact points on nanofibers
indicate that distal contact points exhibit a higher level of actin
disassembly compared with proximal contact points, suggesting
that more actin disassembly at the distal FAs on the axon fiber
enables OL plasma membrane to lateral membrane flow for
continuous myelin growth.

DISCUSSION

There are large and small-caliber axons in the CNS white matter.
OLs ensheath various diameters of axons (Weruaga-Prieto et al.,
1996). Large-diameter axons tend to be myelinated compared
with small-diameter axons (Friede, 1972). Additionally, the ratio
of [axon diameter] to [axon + myelin diameter] (g-ratio) is
adjusted to optimum values for each axon, which is essential
for exerting higher brain functions. This indicates that the axon
diameter is associated with myelin formation, and there might

be regulatory factors in response to the diameter. However, the
mechanisms underlying axon diameter-dependent myelination
have not been well clarified.

Céamara et al. (2009) have previously reported that f1 integrin
is one of the factors that survey axon diameter and control
myelination. They demonstrated that Bl integrin signaling is
required for myelinating small-diameter axons. Integrin forms a
signaling complex to initiate myelination by signal amplification.
This signal amplification is necessary for triggering myelination
of small-diameter axons, whereas large-diameter axons can be
myelinated regardless of this amplification (Camara et al., 2009).
The axonal signal proportional to the diameter and above a
certain threshold is required to initiate myelination. Integrin
is one of the major FA proteins. FA is a central “hub” that
transduces mechanically induced signaling from the ECM to the
actin cytoskeleton. Expression of dominant-negative 1 integrin
reduces this mechanical signaling, so that the signal initiated
by some small axons will not be above the required threshold
for myelination (Camara et al., 2009). In the present study, we
found that OLs formed shorter FAs on small-diameter axons
(Figure 4), thereby providing less signals that were not above
the threshold level. This is consistent with the fact that small-
diameter axons in the CNS are unmyelinated in many cases.
Furthermore, Suzuki et al. (2012) have reported that myelination
of small-diameter axons was significantly affected in teneurin-
4-deficient mice and that Teneurin-4 regulates integrin p1-FAK
signaling. By contrast, OLs form longer FAs on large-diameter
axons, which might generate signals at a level significantly higher
than the threshold level, and thus not be canceled by a partial
reduction in B1 integrin signaling by its dominant negative form.

Because the FA protein, integrin, has been reported to
play important roles in OL-neuron interactions that regulate
axon diameter-dependent myelination as mentioned above,
we focused on mechanical forces generated at OL processes
contacting axon fibers with different diameters. We found
that large-diameter fibers induced a lower FRET index in
OLs, indicating high tension, compared with small-diameter
fibers (Figure 3). These results indicate that higher tension is
generated at OL processes contacting larger diameter axons. We
further examined whether different tensions can be detected
in one OL that extends processes that contact both smaller
and larger diameter fibers simultaneously (Figures 3E,G). The
results suggest that the tension difference detected by the tension
sensor is not caused by the maturation state of each OL. In
the process of myelin formation, OLs must first extend their
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FIGURE 4 | OLs form longer FAs on larger diameter fibers and shorter FAs on smaller diameter fibers. (A) Double immunofluorescence of GFP + tension sensor
(green) and paxillin (red), a typical FA marker, is shown. The GFP + tension sensor was co-localized with paxillin at the tip of OL processes. Scale bar, 20 um. (B) A
representative length image of the tension sensor + signals on small, medium and large- diameter fibers. The longer signals were observed on larger diameter fibers.
Sulforhodamine (red) shows polystyrene nanofibers. Arrows indicate the tension sensor + signals on nanofibers. Scale bar, 10 wm. (C) The length of the tension
sensor + signals was quantified in each fiber group. OLs formed shorter tension sensor + signals on small-diameter fibers (0.55-0.9 um), compared with those
produced on medium (1.5-1.7 wm) and large-diameter (2.5-4.0 nm) fibers (***P < 0.001 by one-way ANOVA with a Tukey’s post hoc test; n = 81 areas analyzed
per condition, from five independently prepared cultures established on different days). (D) Immunofluorescence of paxillin (an FA marker, green) is shown.
Sulforhodamine (red) shows polystyrene nanofibers. The paxillin + FAs were observed on nanofibers with small or large diameters. Arrows indicate paxillin + FAs on
nanofibers. Scale bar, 100 wm. (E) The size of paxillin + FAs on each fiber group was quantified. The shorter FAs were formed on small-diameter fibers (0.55-0.9
um), whereas longer FAs were produced on medium (1.5-1.7 um) and large-diameter fibers (2.5-4.0 pm) (*P < 0.001 by one-way ANOVA with a Tukey’s

post hoc test; n = 96 FAs analyzed per condition, from three independently prepared cultures established on different days).
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FIGURE 5 | Distal contact points on nanofibers far from the OL processes exhibit lowered tension generation. (A) A representative fluorescence lifetime image of the
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are also shown. The distal contact points far from the OL processes exhibited lower tension. Sulforhodamine (red) shows polystyrene nanofibers. Scale bar, 10 um.
(B) Quantification of average fluorescence lifetime changes relative to the control value in the distal contact points or proximal contact points to each OL process
exhibiting unidirectional fiber coverage in small-diameter (0.55-0.9 um), medium-diameter (1.5-1.7 um) and large-diameter (2.5-4.0 wm) groups (**P < 0.01,

*P < 0.05 proximal values compared with distal values; Student’s t-test, n = 7 areas analyzed for small-diameter fibers, n = 11 areas analyzed for medium-diameter
fibers, n = 15 areas analyzed for large-diameter fibers, from four independently prepared cultures established on different days). (C) Schematic drawing of
mechanical force generated by OLs contacting neuronal axons with different diameters. Higher tension is generated at OL processes ensheathing larger diameter
axons compared with smaller diameter axons, suggesting that physical factors influence myelin formation in response to axon caliber. Additionally, OLs form longer
FAs on larger diameter axons and shorter FAs on smaller diameter axons. The proximal FAs near the OL processes showed higher tension, whereas the distal FAs
far from the OL processes showed lower tension. This study suggests that intracellular signaling is initiated at FAs, whose size depends on axon diameter, and
controls myelin formation involving actin assembly/disassembly.

processes to ensheath axons, which is driven by actin assembly. ~We confirmed that the GFP-positive tension sensor was co-

When OL processes contact neuronal axons, they form FAs at
the contact foci. The larger the axon diameter is, the more the
tip of OL processes must expand to surround it, therefore larger
FA formation is required. When mechanical forces are loaded on
FAs, the FAs connecting to the actin cytoskeleton are enlarged
and thickened (Geiger et al., 2009). Taken together, larger FA
formation at OL processes, which involves increased generation
of mechanical forces, is recruited for larger diameter axons.

A previous study has reported that the tension sensor
was properly recruited to FAs where the tension sensor was
co-localized with paxillin, an FA protein (Grashoff et al., 2010).

localized with paxillin in OLs (Figure 4). Hence, the tension
sensor is supposed to be an indicator of the localization of
FAs at OL processes. Furthermore, in the previous report,
mechanical force was measured in cells transiently expressing
vinculin-GFP, which was specifically localized at FAs (Balaban
et al., 2001). The expression of a vinculin-GFP fusion protein
enables the visualization of individual adhesion sites in live cells
and the quantification of their applied force by combination
with the elasticity theory (Balaban et al, 2001). Moreover,
fluorescent-tagged FA proteins, such as paxillin-GFP fusion
protein or zyxin-GFP, was used to monitor adhesion turnover in
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murine embryonic fibroblasts (Webb et al., 2004). Webb et al.
(2004) have also shown that localization of zyxin-GFP to the
dynamic adhesion points was due to inherent properties of the
molecule. These reports demonstrated that fluorescent-tagged FA
proteins can be used for monitoring FA properties and dynamics.

FAs act as a central “hub” that transduces various mechanical
signaling pathways (Geiger et al., 2009). Several tyrosine
phosphorylated proteins are activated in the transduction
of FA-induced mechanical signaling pathways. For example,
FAK activation is positively controlled by actomyosin activity
and leads to upregulation of Src family kinases (Webb et al,
2004). FAK and Src family kinases are involved in myelination
during its initial stages and OL morphogenesis, respectively
(Forrest et al., 2009; Gonsior et al., 2014). We performed length
measurements of tension sensor + signals on nanofibers and FA
immunostaining with anti-paxillin antibody. Our results showed
that longer FAs were formed on larger diameter fibers, while
shorter FAs were formed on smaller diameter fibers, indicating
the length of FAs positively correlates with the fiber diameter
(Figure 4). These previous reports and our results suggest that
OLs respond to fiber diameter and activate mechanotransduction
initiated at FAs, which controls the cytoskeletal organization
of OLs and thus myelin formation. The linkage between the
actin cytoskeleton and the ECM is strengthened when force
is applied to this linkage. Previous studies have reported that
the size of FAs is tightly linked to the intensity of these applied
forces (Balaban et al., 2001; Rape et al., 2011). Forces loaded on
the actin cytoskeleton-adhesion complexes facilitate maturation
of FAs in a positive feedback fashion. Maturation of FAs
further activates intracellular signaling initiated at FAs (Seo
et al., 2011; Gautrot et al., 2014). These previous reports and
our data showing the linear dependence between mechanical
force and the area of FAs in OLs indicate that larger FAs
formed on larger diameter axons can facilitate more mechanical
signals, such as FAK phosphorylation, compared with those on
smaller diameter axons.

Our study showed that the tension sensor within proximal
contact points on nanofibers near the OL processes exhibited
longer fluorescence lifetime, indicating high tension, whereas
within distal contact points far from the OL processes it exhibited
shorter fluorescence lifetime, indicating low tension (Figure 5).
Previous reports have proposed a two-step model of myelination.
First, OL processes are extended to ensheath axons driven by
actin assembly. Second, disassembly of actin filaments initiates
membrane growth of OLs (Nawaz et al., 2015; Zuchero et al.,
2015). The previous reports and our results indicate that distal
contact points exhibit higher level of actin disassembly compared
with proximal contact points. It is possible that intracellular
cytoplasmic pressure can easily push the membrane forward
at distal contact points, enabling lateral membrane flow and
myelin wrapping.

CONCLUSION

We observed OL-generating forces during myelination in a
manner dependent on fiber diameter using a FRET-based tension

sensor. Higher tension was generated at OL processes contacting
larger diameter fibers compared with smaller diameter fibers.
Additionally, OLs formed longer FAs on larger diameter fibers,
compared with shorter FAs on smaller diameter fibers. The
proximal FAs near the OL processes showed higher tension, while
the distal FAs far from the OL processes showed lower tension.
These results suggest a novel and interesting idea that physical
factors are involved in myelin formation in response to axon
diameter. The present study suggests that intracellular signaling
is initiated at FAs, whose size depends on axon diameter, which
control actin assembly/disassembly and thus myelin formation.
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Glioblastomas (GBM) are the most aggressive tumors originating in the brain.
Histopathologic features include circuitous, disorganized, and highly permeable blood
vessels with intermittent blood flow. These features contribute to the inability to direct
therapeutic agents to tumor cells. Known targets for anti-angiogenic therapies provide
minimal or no effect in overall survival of 12—-15 months following diagnosis. Identification
of novel targets therefore remains an important goal for effective treatment of highly
vascularized tumors such as GBM. We previously demonstrated in zebrafish that a
balanced level of expression of the transmembrane protein TMEM230/C200RF30 was
required to maintain normal blood vessel structural integrity and promote proper vessel
network formation. To investigate whether TMEM230 has a role in the pathogenesis
of GBM, we analyzed its prognostic value in patient tumor gene expression datasets
and performed cell functional analysis. TMEM230 was found necessary for growth
of U87-MG cells, a model of human GBM. Downregulation of TMEM230 resulted in
loss of U87 migration, substratum adhesion, and re-passaging capacity. Conditioned
media from U87 expressing endogenous TMEM230 induced sprouting and tubule-like
structure formation of HUVECs. Moreover, TMEM230 promoted vascular mimicry-like
behavior of U87 cells. Gene expression analysis of 702 patients identified that TMEM230
expression levels distinguished high from low grade gliomas. Transcriptomic analysis of
patients with gliomas revealed molecular pathways consistent with properties observed
in U87 cell assays. Within low grade gliomas, elevated TMEM230 expression levels
correlated with reduced overall survival independent from tumor subtype. Highest
level of TMEM230 correlated with glioblastoma and ATP-dependent microtubule
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kinesin motor activity, providing a direction for future therapeutic intervention. Our
studies support that TMEM230 has both glial tumor and endothelial cell intracellular
and extracellular functions. Elevated levels of TMEM230 promote glial tumor cell
migration, extracellular scaffold remodeling, and hypervascularization and abnormal
formation of blood vessels. Downregulation of TMEM230 expression may inhibit both
low grade glioma and glioblastoma tumor progression and promote normalization of
abnormally formed blood vessels. TMEM230 therefore is both a promising anticancer
and antiangiogenic therapeutic target for inhibiting GBM tumor cells and tumor-

driven angiogenesis.

Keywords: cargo vesicle transport, angiogenesis and normalization of vascular network, tumor cell migration
and adhesion, anticancer and antiangiogenic therapy, glioma, kinesin motor proteins

INTRODUCTION

Glioblastoma (GBM) is the most malignant of brain tumors,
representing 15% of all tumors within the brain. Glioblastoma
is characterized by extensive vascularization, invasion and tissue
remodeling with few patients surviving beyond 2 years (Ushio,
1991; Puzzilli et al., 1998; Karpati et al., 1999; Ohgaki and
Kleihues, 2005; Brandes et al., 2008; Birk et al., 2017; Polivka]r.,
Polivka et al., 2017; Gusyatiner and Hegi, 2018; Kang et al,
2020; Widodo et al., 2021). These pathological features contribute
to GBM being highly untreatable and associated with the
tumor recurring following therapeutic intervention. Studies
suggest that while blood vessels of the tumor microenvironment
are supportive to tumor cells, existing and newly generated
tumor vasculature are often permeable, making targetability of
antitumor agents ineffective (Visted et al., 2003; Tate and Aghi,
2009; Thomas et al., 2014; Trevisan et al.,, 2014; Vartanian
et al.,, 2014; Weathers and De Groot, 2014, 2015; Wang et al,,
2016; Wirsching et al., 2016; Touat et al., 2017; Zhou et al,
2020). Anti-angiogenic therapies while effective in certain types
of tumors, have proven ineffective to normalize existing and
newly generated tumor vasculature or block angiogenesis for
treatment in GBM patients. Why antiangiogenic treatments are
not efficacious in the highly vascularized GBM remains unknown
(Jain, 2013; Arrillaga-Romany and Norden, 2014; Bartolotti et al.,
2014; Redzic et al., 2014; Aldape et al., 2015; Masui et al., 2016;
Montano et al., 2016; Ludwig and Kornblum, 2017; Jo and Wen,
2018; Jovcevska, 2018; Gately et al., 2019; Uddin et al., 2020; Jones
et al., 2021; Lopes Abath Neto and Aldape, 2021). No specific
mutations and chromatin lesions linked with GBM explain
the ineffectiveness of anti-angiogenic strategies. Therefore,
epigenomic components of the GBM tumor environment and
interactions of different cell types likely contribute to the lack of
effectiveness of current therapies (Nagarajan and Costello, 2009;
Kondo et al., 2014; Romani et al.,, 2018). The model of tumor
associated angiogenic switch supports that tumor cells remodel
extracellular matrix tension or secrete factors or vesicles that
promote vascularization of the tumor environment (Sogno et al.,
2009; Xu et al.,, 2016; Groblewska et al., 2020). Of particular
interest is whether tumor cells with angiogenic potential or tumor
associated endothelial cells induced to have aberrant angiogenic
features share genes in common that have pleiotropic like

properties. Recently, we identified the transmembrane protein,
TMEM230 as a novel regulator of normal development associated
angiogenesis in zebrafish (Carra et al, 2018). Modulation of
TMEM230 expression was sufficient to affect the activities of
components of the VEGF and Delta/Notch signaling pathways
and induce new blood vessel formation and structural remodeling
of existing blood vessels in vivo (Carra et al., 2018). This
suggested that TMEM230 promotes aspects of angiogenesis
in parallel or independently of the Delta/Notch and VEGF
signaling pathways. TMEM230 has the properties of being
a novel master regulator in angiogenesis. Depending on the
expression level, TMEM230 could induce or recover aberrant
number of endothelial cells and inhibit or promote the normal
function and structural properties of blood vessels. Additionally,
TMEM230 could recuperate normal function and 3D structural
properties of aberrantly formed blood vessels such as induced
in disease or cancer development. Therefore, precise regulated
levels of TMEM230 expression may determine its role in normal
or disease associated angiogenesis. Search of published and
open access research on microarray, sequencing and proteomic
expression analysis did not uncover any datasets to ascertain
at a preliminary level whether TMEM230 was differentially
expressed specifically between non-malignant glial cells and glial
cells from low- or high-grade gliomas. As TMEM230 sequence
is conserved in human and zebrafish, we investigated whether
TMEM?230 is expressed in human tumors and may represent
a promising novel drug target for antiangiogenic or antitumor
therapy to restrict GBM tumor cell properties and tumor cell
promoted angiogenesis.

In this study we demonstrated that TMEM230 represents
a novel pleiotropic acting gene with both intracellular and
extracellular tumor and vascularization in the form of vascular
mimicry and angiogenic promoting capacities. Conditioned
media from U87 cells expressing TMEM230 promoted human
endothelial cells to sprout and form tubule-like structures.
Intracellular expression of TMEM230 in U87-MG promoted cells
to migrate and organize into endothelial vessel-like structures,
a process described as vascular mimicry as vascular mimicry
(VM). The vascular mimicry was inhibited in U87 cells when
TMEM230 was down regulated. Our new study supported that
the TMEM230 expressing U87 cells may secrete extracellular
components and modulate their tumor microenvironment to
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promote tumor cell induced VM or endothelial associated
angiogenesis. Our previous research supports that proper levels
of TMEM230 are necessary for normal endothelial cell sprouting
and maintaining the structural integrity of blood vessels. Here
we propose that aberrantly elevated levels of TMEM230 promote
abnormal vascularization by driving endothelial cells to generate
an abundance of defective blood vessels or glial tumor cells to
form vessel like structures through VM. Moreover, TMEM230
drives glial tumor cells to promote abnormal tissue and existing
blood vessel remodeling. TMEM230 therefore functions in two
different cell types (glial and endothelial) to promote in tumor
formation, tissue destruction and hypervascularization, and
destabilization of existing normal blood vessels. Judicious and
precise use of levels of TMEM230 for therapy may inhibit these
tumor properties and also help to normalize blood vessel function
in GBM. Human TMEM230 emerges as a promising novel target
for antiangiogenic and antitumor therapies due to its pleiotropic
like regulatory role in tumor associated angiogenesis and invasive
and vascular mimicry properties in U87 tumor cells.

MATERIALS AND METHODS

Patient Data Collection

mRNAseq datasets of GBM and LGG brain tumors and
corresponding patient clinical data were obtained from The
Cancer Genome Atlas (TCGA) (Cancer Genome Atlas Research
Network, Weinstein et al,, 2013), analyzed using R package
TCGA2STAT (Wan et al., 2016), and normalized with RSEM (Li
and Dewey, 2011). GBM and LGG datasets used for TMEM230
expression included 172 brain samples from patients with high
grade (G3, G4) GlioBlastoma Multiforme (GBM) and 530 brain
samples from patients with low grade gliomas that include
198 oligodendroglioma, 134 oligoastrocytoma, 197 astrocytoma.
Grades 3 and 4 tumors were defined according to the American
Joint Committee on Cancer AJCC. For gene expression analysis
we excluded the samples of unknown grading.

Patient RNA-Seq Gene Expression
Analysis

Differential gene expression analysis was performed using
DESEQ2 with a p-Value cut-off <0.0001 and an absolute log2 fold
change cut-off >0.58 (Love et al., 2014). Functional enrichment
analysis was performed using DAVID (6.8) (Huang da et al,
2009). Only terms with a corrected p-Value (Benjamini) < 0.05
were considered. The expression data related to the TCGA
repository of LGG samples were downloaded using the
TCGA2STAT R package (2) and gene expression analysis was
performed using the DESEQ2 R package (version 1.30.1").

Correlation and Heatmap Analysis of
TMEM230 Expression From Patient Data

Correlation of TMEM230 gene expression levels on
overall survival (OS) in astrocytoma, oligoastrocytoma and
oligodendroglioma patients was performed using the Kaplan-
Meier plotter online tool, GRAPHPAD PRISM. For each glioma

Uhttps://bioconductor.org/packages/release/bioc/html/DESeq2.html

subtype, analytical groups were generated based on the median
of the RSEM normalized gene expression of TMEM230. The
difference in survival between groups was calculated using
the software R unpaired ¢-test. The Heatmap on the 100 most
variable expressed genes was generated using the R “pheatmap”
package. The functional enrichment analysis of the differential
expressed genes was performed with DAVID 6.8.

RNA Isolation and RT PCR

RNA was isolated from US87 cells in which TMEM230
down regulated or control cells using TRIzol
Reagent  (Thermo  Fisher Scientific, 15596026) and
reverse transcribed using High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific, 4368813) following
manufacturer’s instructions. Quantitative real-time PCR
(qQRT-PCR) was performed with a 7500 Real-Time PCR
System (Applied Biosystem, 4345241) in total volumes
of 20 uL per reaction with TMEM230 specific primers
(TMEM230_FW: 5-GATTGGCGCCTTTCTCATTATT-
3 and TMEM230_RV: 5- CTGCCCCCCCTTTGCT-3')
and HPRT1 primers as endogenous control (HPRT1_FW:
5-TTTGCTGACCTGCTGGATTACA-3’ and HPRT1_RV:
5'-GGTCATTACAATAGCTCTTCAGTCTGAT-3') using the
SYBR Select Master Mix (Thermo Fisher Scientific, 4472918). All
reactions were performed in triplicates 3 times. A ACt analysis
was used to determine the relative gene expression levels after
normalization with the housekeeping gene HPRT1.

was

Generation and Cloning of the
Endogenous TMEM230 Variant 2
(ISOFORM 2) Transcript

The TMEM230 coding sequence was amplified from c¢cDNA

obtained from U87 ¢DNA using primers T230infFw: 5'-
gagctagcgaattcgaaTGTTATGATGCCGTCCCGTA-3" T230infRv

and 5'-atccgatttaaattcgaaCTATGGGGTGGGTGCTA-3'.
Capital letters represent the nucleotide sequence that

anneal with the endogenous TMEM230 transcript. Small
letters are the docking sequences of the vector with the
restriction sites underlined. The destination plasmid pCDH-
CMV-MCS-EF1-copGFP (SBI CD511B-1) was linearized
using the BstBI restriction enzyme. Plasmid insert cloning
was completed using In-fusion Cloning Plus (Clontech
TAKARA 638920) following manufacturer’s instructions.
The U87 cDNA sequence was compared to the wild-
type sequence on non-malignant human patient cells to
confirm that U87 cells do not contain a mutated or aberrant
sequence of TMEM?230.

Cloning of Lentiviral System-Based
Construct for Inhibiting TMEM230

Protein Expression

The shTMEM230 sequence (for down regulation of endogenous
TMEM230) was cloned into pcDNA™6.2-GW/EmGFP using
the BLOCK-iT™ Pol II miR RNAi Expression Vector Kit
with EmGFP (Thermo Fisher Scientific K493600) following
the manufacturer’s instruction. The following sequences were
annealed to generate double stranded oligonucleotides:
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TOP:5'-TGCTGTGTAGGTTCACTTAACATCT Tgttttggccact
gactgacAAGATGTTGTGAACCTACA-3 and

BOTTOM:5 -cctgTGTAGGTTCACAACATCT Tgtcagtcagtgg
ccaaaacAAGATGTTAAGTGAACCTACAC-3'. Capital letters
represent the sense and anti-sense sequences of the small hairpin
RNA to be expressed for targeting the endogenous TMEM230
transcript. Small letters are the sequence forming the loop of
the hairpin structure. The expression cassette of the resulting
plasmid and the control vector provided in the kit (pcDNA™6.2-
GW/EmGFP-miR-neg Control) were amplified by PCR using the
following primers: FW 5-GGCATGGACGAGCTGTACAA-3’
and RVNotl 5-GTGCGGCCGCATCTGGGCCATTT-3" (which
added a NotI restriction site). The PCR product was cloned into
the destination lentiviral vector pPCDH-CMV-MCS-EF1-copGFP
(SBI CD511B1), between BamHI and NotI restriction sites.

Lentivirus Production

Lentiviral particles were produced in HEK293T cells by
transfecting pCDH or pLENTI vectors together with psPAX2
and pMD2.G (gift from Didier Trono, Addgene plasmids #12260
and #12259) as helper vectors for 2nd generation viral packaging
(with a ratio 4:3:1, respectively) using the Lipofectamine™
2000 Transfection Reagent (Thermo Fisher Scientific 11668027)
following manufacturer’s instructions. Cell culture supernatants
containing the lentiviral particles were harvested after 48 and
72 h, concentrated by ultracentrifugation at 120,000 rcf for 3 h
and stored at —80°C for later use.

Adherent Cell Cultures

The human brain glioblastoma U87-MG cell line was recently
obtained from the ATTC and maintained in DMEM (Euroclone,
ECB7501L) supplemented with 10% fetal bovine serum (FBS,
Sigma, F7524), 1% Glutamine (Cambrex, BE17-605E) and
1% penicillin/streptomycin (Life Technology, 15140-122) in a
humidified atmosphere of 5% CO, at 37°C. Cells were cultured
to an 80% level of confluence. Transduction was performed
on adherent cells using lentiviral vectors (shSCR-GFP, used as
control and shTMEM?230-GFP for downregulating endogenous
TMEM230). Cells were allowed to recover for 1 day following
transduction in transduction culture medium and then culture
was continued with DMEM supplemented with 10% FBS or
10% KnockOut Serum Replacement (SR, Life Technologies,
10828-028), 1% Glutamine and 1% penicillin/streptomycin,
depending on the assay to be performed. Human umbilical
vein endothelial cells (HUVECs) were grown in EGM2 medium
consisting of Ham’s F12/DMEM-Glutamax (Life Technologies,
21765-029:31966-021) at a ratio of 1:1 supplemented with
additional factors [Eurogene: (CC-4176), heparin (CC-4396A),
hydrocortisone (CC-4112A), epidermal growth factor (CC-
4317A), human basic fibroblast growth factor (CC-4113A),
vascular endothelial growth factor (CC-4114A), ascorbic acid
(CC-4116A), FBS (CC-4101A), gentamicin (CC-4381A), and
R? Insulin-like growth factor (R3IGF1, CC-4115A)]. Human
umbilical vein endothelial cell were cultured in a humidified
atmosphere of 5% CO; at 37°C to an 80% level of confluence and
medium replaced twice a week.

Conditioned Medium Collection From
U87-MG Grown With Fetal Bovine Serum
or Serum Replacement Containing

Medium

Conditioned media was collected from cells transduced with
shSCR or shTMEM230 viral constructs cultured with 10% FBS or
10% SR, centrifuged at 2,000 x g for 5 min to clear supernatant
of cells and cell debris and stored at -20°C for using in co-
culture experiments.

U87-MG Tubulogenesis Assay

20,000 shSCR or shTMEM230 lentivirus transduced U87-MG
cells were cultured in growth factor reduced Matrigel (BD
Biosciences, 356231) in 48-well plates (Greiner, Twin-Helix,
677180) using U87 (tumor) or HUVEC (vascular) medium as
described in the text. Structure formation was monitored for 24,
48, and 96 h by fluorescence microscope.

Human Umbilical Vein Endothelial Cell
Angiogenesis Assays

For tubulogenesis assay, 20,000 HUVEC were plated in growth
factor reduced Matrigel (BD Biosciences, 356231) in 48-
well plates (Greiner, Twin-Helix, 677180) for 24 h. Tubuli
forming media used were conditioned media obtained from
U87shSCR cultured with FBS; U87shTMEM230 cultured with
FBS; U87shSCR cultured with SR, or U87shTMEM230 cultured
with SR.

For spheroid outgrowth assay, 16,000 HUVEC were
suspended in 100 pl of 20% HUVEC medium containing
2% methylcellulose solution (Sigma, M7027) in 96 well plates.
Spheroids were collected the day after and embedded in 60%
methylcellulose containing 40% FBS and Collagen R (SERVA,
Euroclone, SE4725401) at a ratio 1:1 and then layered onto
a solidified bed of rat collagen in 96-well plates. After the
methylcellulose-collagen mixture solidified, 100 pl of medium
with or without angiogenic promoting factors were added.
Angiogenetic factors used were 300 ng/ml Angiopoietin I (Sigma,
Merck, SRP300) and 30 ng/ml VEGF (Sigma, Merck, V7259).
Spheroids formed within 24 h from control cells with angiogenic
factors. Five distinct culture conditions were examined: EGM2
(HUVEC medium) + or — angiogenic factors; condition media
from U87shSCR grown in FBS + or — angiogenic factors;
U87shTMEM230 in FBS + or — angiogenic factors; U87shSCR
in SR + or — angiogenic factors; and U87shTMEM230 in SR
+ or — angiogenic factors. Spheroids from all experimental
conditions were compared to spheroids generated from control
cells cultured in fresh EGM2. Control spheroids contained of
approximately 800 cells within 24 h.

Adherent Co-cultures of Human

Umbilical Vein Endothelial Cells and
U87-MG Cells

Drops of 50 pl containing 20,000 HUVEC were plated with
shSCR or shTMEM230 transduced U87 cells at two opposite
ends of a well in a 12 well-plate. U87 cells were distinguished
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from HUVEC because of their green fluorescence. Following cell
attachment at 37°C and 5% CO2, culture media was added to
immerse the adherent cells. A combination of U87 + EGM2
media at a ratio of 1:1 was used. Cell migration capacities of
U87 and HUVEC were monitored for more than 10 days. Half
of media was replaced with fresh media every 3 days.

Western Blotting Analysis

For TMEM230 expression analysis proteins were prepared
from conditioned media precipitated with Trichloroacetic
acid (TCA, Sigma, T0699) followed by wash of methanol
(412532, Carlo Erba) or U87 cells lysed on ice using Laemmli
buffer (100 mM TRIS pH 7, 200 mM DTT, 20% glycerol,
4% SDS). About 10 pg and 100 pg of total protein for
each sample derived from cells or conditioned media were
mixed with a 6x loading dye buffer (0.375M Tris pH 6.8,
12% SDS, 60% glycerol, 0.6M DTT, 0.06% bromophenol
blue) and loaded onto 10% SDS denaturing poly-acrylamide
gels. After transferring proteins to a PVDF membrane (GE-
Biotechnology, Euroclone, 10600021), the membrane was stained
with 0.1% Ponceau S (Sigma, P3504) in 5% acetic acid (Thermo
Fisher Scientific, A/0400/PB17), washed, blocked with 5%
fat-dried milk (Euroclone, EMR180001) and incubated with
primary antibodies. Antibodies used were polyclonal rabbit
anit-C200RF30 (TMEM230, 1:1,000, Santa Cruz, sc-85410),
monoclonal mouse anti-MOESIN (1:200, Santa Cruz, sc-58806),
polyclonal rabbit anti-CD138 (Syndecan-1, 1:250, Thermo Fisher
Scientific, 36-2900), anti-HCAM (CD44, 1:1,000, Santa Cruz, sc-
9960) and polyclonal goat anit-B-ACTIN (1:2,000, Santa Cruz, sc-
1615, used as endogenous control). Donkey anti-rabbit (1:20,000,
Amersham, NA934V), sheep anti-mouse (1:10,000, Amersham,
NA931V), and donkey anti-goat (1:15,000, Santa Cruz, sc-2020)
were used as secondary antibodies.

Coomassie Staining

Electrophoresis gels were fixed for 30 mins in fixing solution (7%
glacial acetic acid in 40% methanol) and placed in a staining
solution of 0.1% Coomassie Brilliant Blue (Sigma, B0149), 7%
glacial acetic acid in 40% methanol for 1 h. Gels were washed in
a de-staining solution (10% acetic acid in 15% methanol), rinsed
and de-stained with 25% methanol for 24 h.

Immunofluorescence Analysis

U87 control and shTMEM230 cells were fixed with 4%
Paraformaldehyde (Sigma) in 1x PBS for 10 min at room
temperature (RT). Cells were incubated with a blocking
buffer of 5% normal goat serum in 1x PBS. The primary
antibodies used were anti-FIBRONECTIN (1:200 dilution,
Chemicon  International, = AB2033), anti-CAVEOLIN-1
(1:100 dilution, Santa Cruz, sc-7875) and anti-phalloidin-
TRITC conjugated (1:2,000, Sigma, P1951), all incubated
for 2 hours at RT. Both were incubated for 2 h at RT.
The cells were washed with 1x PBS and incubated with
a secondary antibody of goat anti-rabbit Alexafluor-555
(1:500 dilution, A21429, Life Technologies) for 1 h at RT.
Nuclei were visualized with 4/,6'-diamidino-2-phenylindole
(DAPI) staining.

RESULTS

Analysis of TMEMZ230 Gene Expression
in Human Glioma Tumors From the
Cancer Genome Atlas Datasets Revealed
That Human Glioblastoma Multiforme
Expresses Higher Levels of TMEM230

Compared to Lower Grade Gliomas

We recently showed that TMEM230, a transmembrane protein
conserved in vertebrates and highly expressed in the vascular
compartments, modulates endothelial cell sprouting and
migration in Zebrafish early development (Carra et al., 2018).
As the formation of new blood vessels is necessary for tumor
expansion, the expression level of TMEM230 was evaluated
in several types of human glial tumors to establish whether
TMEM?230 expression discriminates glioblastoma multiforme
(GBM) from lower grade glial (LGG) tumors. A cohort of 530
patient samples with low grade gliomas (LGG) and a cohort of
172 patient samples with GBM from The Cancer Genome Atlas
(TCGA) RNA sequencing (RNAseq) database were analyzed
for TMEM230 expression level (The Cancer Genome Atlas
Research Network?) (Cancer Genome Atlas Research Network,
Weinstein et al., 2013). TMEM230 was significantly higher in
GBM compared with brain LGG with a P-value ***P < 0.0001
using the unpaired ¢-test (Figure 1A).

TMEM230 Low Expression Is Associated

With Improved Overall Survival Rate

To investigate whether a correlation existed between TMEM230
expression and overall survival rate, RNAseq expression datasets
and clinical data of glial tumor affected patients were analyzed.
The patient clinical features are summarized in Supplementary
Table 1 and include gender, age, tumor size, and TMEM230
transcript expression level.

The cohort of 530 LGG patient samples was classified
according to each tumor type and the expression level of
TMEM?230. RNA sequencing data and clinical data of 198
oligodendroglioma, 134 oligoastrocytoma, 197 astrocytoma, were
analyzed using the TCGA2STAT R package (Wan et al., 2016).
We then investigated whether TMEM230 expression correlated
with patient prognosis using Kaplan-Meier survival analysis
that determined a relationship between lower expression of
TMEM?230 and increased overall survival of patients in all
types of LGG (Figure 1B). Additionally, we evaluated whether
TMEM230 expression correlated the specific glioma tumor
subtypes, astrocytoma (top), oligoastrocytoma (middle) and
oligodendroglioma (bottom). Higher TMEM230 was associated
with worse prognosis (Figure 1C). Moreover, it was observed
that a higher percentage of patients died more rapidly compared
to patients with lower expression of TMEM?230 (Figures 1B,C).
Our previous work demonstrated that TMEM230 regulates
endothelial cell sprouting and migration associated with
angiogenesis in early Zebrafish development (Carra et al., 2018)

Zhttp://www.cancergenome.nih.gov/
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and TMEM230 protein was reported to be a component of
vesicle trafficking and turnover (Kim et al., 2017; Mandemakers
et al., 2017; Conedera et al., 2018; Deng et al., 2018; Wang
etal., 2021). A functional enrichment analysis of the differentially

expressed genes in patient derived LGG with low and high
expression level TMEM230 was then performed with DAVID
6.8 and only the terms with a corrected p-value (Benjamini,
Bonferroni or FDR) <0.05 were considered. Molecular pathways,
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FIGURE 1 | Expression of TMEM230 in brain Glioblastoma Multiforme (GBM) and Low-Grade Gliomas (LGG) analyzed from The Cancer Genome Atlas.

(A) Glioblastoma multiforme tumors showed significantly elevated level of TMEM230 mRNA compared to low-grade gliomas (unpaired t-test p < 0.0001).
Low-grade gliomas consist of astrocytoma, oligoastrocytoma and oligodendroglioma patient samples. (B) Poor prognosis was correlated with high TMIEM230 in
low-grade gliomas. (C) Poor prognosis was correlated with high TMEM230 in astrocytoma (top), oligoastrocytoma (middle) and oligodendroglioma (bottom).
Relationship between TMEMZ230 expression levels and prognosis of low-grade gliomas affected patients indicated that lower expression of TMEM230 was
associated with increased overall survival. Each glioma subtype is indicated by the median of gene expression of TMEM230. B and C analyses were generated from
the Kaplan-Meier test based on the expression of medium TMEMZ230. (D) Representative heatmap displaying the most variable expressed genes for astrocytoma
using the R with “pheatmap” package for which functional enrichment was generated with DAVID program.

Top 100 differentially expressed genes with TMEM230 high and low in patient astrocytoma
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keywords and diseases correlated with high or low levels of
TMEM230 in patient gliomas derived from the functional
enrichment are shown in Supplementary Tables 2-12. The
analysis of genes and pathways differentially expressed support

that TMEM230 has both intracellular and extracellular roles.

In particular, the intracellular role is in cell membrane and
extracellular matrix regulation and cell adhesion. An extracellular
role was identified associated with cell cargo and exosome
trafficking in all the types of gliomas analyzed from patients
(Supplementary Tables 2-12, see red arrow, yellow and green
highlighted terms). A representative heatmap indicates the most
variable expressed genes in patient astrocytoma using the R
with the “pheatmap” package (Figure 1D). To investigate the

intracellular and extracellular role of TMEM230 in GBM, the U87
glioblastoma cell line that expresses TMEM230 and recapitulates
the GBM invasive and proangiogenic tumor cell properties was
chosen for functional analysis.

Constitutive Inhibition of Endogenous
TMEM230 Expression in U87-MG Cells

Lentiviral
downregulate TMEM230 mRNA and protein expression
were generated. U87-MG cells were transduced with a dual
promoter containing lentiviral construct expressing the copGFP
reporter and TMEM230 mRNA (for TMEM230 upregulation),
with copGFP and a short hairpin sequence designed to

to constitutively upregulate and
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downregulate TMEM230 (U87shTMEM230) or with copGFP
alone and copGFP with a scrambled short hairpin sequence
(U87shSCR), both used as control. The effectiveness of the
shTMEM230 construct in down regulating TMEM230 protein
in U87 cells was verified by comparison with the U87 control
cells (Figures 2A,B). Potential unwanted off-site effects of the
sh-mediated downregulation of endogenous TMEM230 were
previously evaluated and not observed with Tmem230 specific
morpholino oligos in zebrafish (Carra et al., 2018). Fetal bovine
serum (FBS) may contain bovine generated TMEM230 protein or
extracellular vesicles associated with TMEM230 protein (Guida
et al, 2020). Therefore, the role of the human endogenous
TMEM230 protein and endogenous TMEM230 generated
vesicles in U87 cells was evaluated using 2 different tissue culture
conditions, in which the culture media was identical except
for containing serum replacement (SR) or extracellular vesicle
depleted FBS. The use of SR ensured that the assays in which
TMEM230 was downregulated in U87 did not contain and
was not compensated by TMEM230 protein and TMEM230
associated vesicles exogenously derived from bovine serum.
Use of FBS prepared by removing extracellular vesicles also
guaranteed that there were no TMEM230 associated vesicles
exogenously derived from the bovine serum in the culture
assays. An additional purpose of using SR containing culture
conditions was to determine whether the function of TMEM230
was dependent or modified by known or unknown soluble sera
components such as cytokines, growth factors and inflammation
modulating factors present in FBS.

Since serum replacement, unlike FBS is composed by defined
proteins artificially derived and contains no animal protein or
vesicles, as expected, TMEM230 protein was not detected in SR
(Figure 2C, top panel lane 2, SR). TMEM230 protein was also
not detected in vesicle depleted FBS (Figure 2C top panel lane
3, FBS). While TMEM230 protein was not detected, Ponceau
S staining panel (bottom) shows the considerable amount of
protein loaded for each condition. While TMEM?230 protein
was not detected in conditioned media generated by U87 cells
cultured in SR or vesicle-deplete FBS conditions (Figure 2C,
top panel lanes 4 and 5), in conditioned media from cells in
which TMEM230 was upregulated using a lentiviral system,
increased detection of CD81 (extracellular vesicle associated
marker) was observed (Figure 2D, lane 3, TMEM230), suggesting
that TMEM230 is associated with vesicle generation, turnover
and/or secretion (Figure 2D). Coomassie staining, bottom panel
verifies equal protein loading was performed (Caby et al., 2005;
Haqqani et al., 2013; Jeppesen et al., 2014).

Constitutive Downregulation of
Endogenous TMEM230 Promoted
Morphological Remodeling of Cell and
Cytoplasm, Cell Detachment, and
Reduction in U87-MG Re-passaging
Capacity

Time course experiments in which TMEM230 was constitutively
down regulated revealed that U87-MG cells cultured in media

containing vesicle depleted FBS (Figure 3) or SR (Figure 4)
showed over time a rapid change in cell and cytoplasm
morphology and a decrease in the number of cells anchored to
tissue culture plates. U87shTMEM230 cell cytoplasm contracted
within 24 hr in vesicle depleted FBS conditions (Figure 3, panels
3,4) or in SR conditions (Figure 4, panels 7,8) compared to
control cells (Figure 3, panels 1-2, Figure 4, panels 5-6). Onset
of the GFP reporter expression is at 0 hr. These results suggest
loss of normal cytoskeleton structure and loss of cell membrane
interaction with the extracellular scaffold with downregulation
of endogenous TMEM230 protein. Change in cell morphology
and fragmentation of cytoplasmic invadopodium like extensions
were correlated with the loss of the anchorage ability of the
cells, as observed with less cells attached to the culture plates
over time see 0-72 h. See PO for FBS (Figure 3, panels 1-13)
and 0-192 h for SR (Figure 4, panels 1-16). Cells in which
TMEM230 was downregulated also displayed significantly less
ability to reattach with subsequent re-passaging (P1) compared
to control cells expressing TMEM230 in vesicle depleted FBS.
Compare 72 h in PO, Figure 3, panels 12-13, and panels
16-17. Second passage (P2) U87shTMEM230 cells in FBS
displayed almost no adhesion capacity when attempts were
made to generate a third passage on tissue culture plates (data
not shown). In contrast, indefinite re-passaging was possible
for U87shSCR control cells cultured in FBS (not shown).
Green fluorescent protein control cells expressing endogenous
TMEM230 cultured in SR containing media appeared more
stressed (in terms of cell morphology, fragmentation of
cytoplasmic extensions and substratum attachment capacity)
compared to control cells cultured in FBS conditions. See SR
conditions, Figure 4, panels 13, 14 at initial plating and FBS
conditions, Figure 3, panels 18, 19 at P1. This was likely due
to SR lacking essential factors necessary for maintaining the
metabolic and growth demands of tumor cells. This suggested
that TMEM230 may protect tumor cells in conditions in which
essential extracellular growth factors are reduced or absent
as in the case of SR media conditions. SR conditions may
therefore recapitulate deficient conditions associated in vivo
with a rapidly proliferating tumor cells in an insufficient
vascularized and rapidly expanding or large tumor mass.
Collectively, these analyses support that TMEM?230 is necessary
for U87 cells to maintain anchorage capacity to extracellular
scaffolds/substratum or proper cytoskeleton function and
structure. Additionally, TMEM230 may protect cells in stressful
environments or conditions, such as those associated with growth
factor deficiency and/or hypoxic tumor cores.

It is reported that TMEM230 is associated with vesicle
generation, trafficking and turnover (Deng et al.,, 2016, 2018),
in agreement our data suggested that increased expression
of TMEM230 correlated with extracellular vesicle release
(Figure 2D). We therefore evaluated both the intracellular and
extracellular roles of TMEM230 in promoting 3D sprouting and
migration in U87 cells, features that may recapitulate tumor cell
aggressive properties associated with GBM, such as invasion and
vascular mimicry. Additionally, we investigated the extracellular
role of TMEM230 in promoting sprouting and migration of
human umbilical vein endothelial cells (HUVECs), cultured in
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FIGURE 2 | Validation of endogenous and lentivirus downregulation of TMEM230 mRNA and protein expression in U87-MG cells. (A) Validation of constitutive
downregulation of endogenous TMEMZ230 transcript expression with lentiviral system. Endogenous control: HPRT, Error bars represent 95% confidence interval.

(B) Validation of constitutive downregulation of endogenous TMEM230 protein expression with the lentiviral system. Endogenous control: $-actin. (C) Western blot
analysis (top panel) showed TMEM230 protein was not detected in fetal bovine serum (FBS), serum replacement (SR) or conditioned media (CM) containing serum
replacement or FBS (CM SR and CM FBS) obtained from endogenous TMEM230 expressing U87 cells. Ponceau S staining (lower panel) showed an abundance of
protein was loaded. (D) Coomassie blue staining showed an increase of expression of extracellular vesicle membrane protein, CD81 in conditioned media of U87
cells constitutively over-expressing TMEM230 with respect to conditioned media collected from control cells (U87GFP and U87shSCR). Detection of CD81 (D) but
lack of detection of TMEM230 protein in culture media (C) supports that the TMEM230 protein regulates extracellular vesicle generation or secretion but is not itself a

component of extracellular vesicles.
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conditioned media generated by TMEM230 expressing U87 cells
or by U87 cells in which TMEM230 was downregulated.

TMEM230 Expressing U87-MG Cells
Promote Human Umbilical Vein
Endothelial Cell Sprouting, Motility and

Tubule-Like Structure Formation

To determine whether extracellular components associated with
expression of TMEM230 promote blood vessel cell sprouting,
HUVECs were cultured in conditioned media obtained from
U87 control cells (U87shSCR) expressing endogenous TMEM230
or U87 cells in which endogenous TMEM230 expression was
constitutively downregulated (U87shTMEM?230). The culture
media conditioned by the U87 cells was added to HUVEC plated
as separated spots of confluent cells or as a 3D body formed
by cell hanging drops in methylcellulose and collagen. These
conditions recapitulate sprouting, migration and blood vessel
formation (Nakatsu et al., 2003; Crampton et al., 2007; Nakatsu
and Hughes, 2008; Heiss et al., 2015). When cultured with media
conditioned by U87 cells in which TMEM230 was expressed in
the absence of proangiogenic factors, HUVEC cells seeded in
Matrigel formed tubule-like structures (Figure 5, panels 2,4).
When cultured with media conditioned by U87 cells in which

TMEM230 was downregulated, tubule structures where not
observed (Figure 5 panels 1-3, compare to HUVEC cultured with
conditioned media by TMEM230 U87 expressing cells, panels
2,4). Similarly, HUVEC bodies seeded in 3D (in FBS or SR media)
conditioned by U87 cells in which TMEM230 was downregulated
failed to display cell sprouting (Figure 5, panels 7,8) compared to
HUVEC cells cultured with media conditioned by endogenous
TMEM230 U87 expressing cells (Figure 5, panels 5,6).

Results support that U87 tumor cells expressing TMEM230
recapitulate blood vessel sprouting or the early steps in vessel
formation without direct contact with HUVECs. Significantly
less sprouting was observed in the assay in which media
not conditioned by U87 was used (Figure 5, panel 9)
compared to culture media conditioned by TMEM230 expressing
U87 (Figure 5, panels 5,6) or when proangiogenic factors
were present (Figure 5, panel 15). Surprisingly, sprouting
was initiated in HUVEC cultured in conditioned media
obtained from TMEM230 expressing U87 cells, regardless if
proangiogenic factors were present (Figure 5, panels 11,12) or
not (Figure 5, panels 5-6).

Collectively, these results support that angiogenic like
behavior was initiated in HUVEC by extracellular vesicles
or factors generated from U87 cells expressing endogenous
TMEM230 rather than components derived from FBS or SR.
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TMEM230 Promotes U87-MG Cell
Migration, Tumor and Endothelial Cell
Interaction, and Displacement of

Endothelial Cells

The ability of TMEM230 to promote tumor cell migration and
displacement of endothelial cell to cell contacts as an early
step in blood vessel disruption was accessed by determining
whether TMEM230 expressing U87 cells can invade into
endothelial cells, displace endothelial cell-cell contacts and cell-
ECM scaffold interactions, using co-culture assays of U87
and HUVEC cells. U87shSCR cells or U87shTMEM230 cells
in parallel culture assays were plated as a confluent mass
equidistant from a confluent mass of HUVECs (Figure 6A, low
magnification shows assay set up). As previously observed, both
peripheral and core U87shTMEM?230 confluent cells showed
rapid onset of aberrations in their morphologies (Figures 3, 6B).
Downregulation of TMEM230 in U87 cells was associated with a
cytoplasm of reduced mass, disrupted cytoplasmic invadopodium
like extensions, decreased cell anchorage and reduced contacts
among initially confluent plated cells (Figure 6B). Migration
of U87shSCR cells or U87shTMEM230 was evaluated over
time (9 days) relative to the HUVECs. U87 cells with reduced
TMEM230 expression as observed in Figure 3, displayed reduced
anchorage capacity and lack of motility compared to control
cells (Figures 6B,C). In contrast, U87 control cells displayed
extensive cell to cell contacts and motility capacity. U87 cells
migrated from their initial seeding site into the core mass of non-
GFP expressing HUVECs (Figure 6D-F). HUVECs, in both U87
control and U87shTMEM230 conditioned media, displayed little
migration capacity for the entire time span of the assays. Contact
and displacement of the confluent HUVECs were observed when
U87 control cells infiltrated into the HUVEC mass, a behavior
that is associated with the first step of intussusceptive induced
blood vessel branching (Figures 6D-F; Djonov et al., 2003;
Burri et al, 2004). The U87 assays demonstrated TMEM?230
expression was necessary for tumor cell motility and infiltration-
like behavior and supported that aberrant elevated levels of
TMEM230 expression promote intravasation and blood vessel
branching in the GBM tumor.

Collectively, contact and displacement of HUVECs observed
with  TMEM230 expressing U87 therefore support that
TMEM230 in addition to having a role in infiltrating and
remodeling tumor tissue, may also have an equally important
role in tumor colonization through contact and intravasation of
tumor cells into blood vessels.

TMEM230 Dependent U87-MG Migration
and Tubule Like Structure Formation

Mimic Blood Vessel Formation Through
Vascular Mimicry

Vascular Mimicry (VM) is a not completely characterized process
in which tumor cells recapitulate vascularization of tumor tissue
by generating microchannels or by attaching themselves to blood

vessels and following their 3D structure for oxygen and nutrient
effusion. VM has been identified with GBM (Arbab et al., 2015;

Ahsan et al., 2017; Angara et al, 2017). Formation of blood
vessel like structures by tumor cells themselves, may allow
uniting tumor cell vessels with existing endothelial blood
vessels to augment tissue perfusion and promote conditions
suitable for metastasis formation. To evaluate whether vascular
mimicry is also a property associated with TMEM230, U87
cells where plated in 3D Matrigel. In contrast to cells in which
TMEM230 was downregulated, U87 cells expressing endogenous
TMEM230 displayed collective movement and cell to cell contact,
cell sprouting and invasion in Matrigel, generating structures
reminiscent of lumen containing tubules (Figures 7A,B). These
structures wholly generated and containing only tumor cells
may represent the early steps of the vascular mimicry associated
with GBM. Generation of 3D like vessel structures provided an
additional role of TMEM230 for promoting perfusion of a tumor
mass, necessary for continued aggressive tumor expansion and
infiltration into tissue.

The collective results of our study support that TMEM230
promotes anchorage, motility, sprouting and branching like
behavior in two diverse cell types found in GBM, tumor glial cells
and resident tumor blood vessel cells, as demonstrated in U87 and
HUVEC assays (Figures 3-7). Increase in expression of CD81,
a marker associated with extracellular vesicles detected from
conditioned media of TMEM230 expressing cells (Figure 2D),
suggests that TMEM230 has both intercellular and extracellular
functions and the extracellular activities are achieved through
extracellular vesicles and/or secreted factors.

RNA Sequence Analysis of Glioblastoma
and Lower Grade Glial Patient Samples
From the TGCA Dataset

To evaluate whether the changes in the cellular properties
observed in US87 cell assays in which TMEM230 was
downregulated, correlated with molecular pathways associated
with patient glioma properties, differential gene expression
analysis was performed from LGG subtypes and GBM
tumors based on TMEM230 expression levels by comparing
RNA-seq datasets. Functional enrichments with a p-Value
(Benjamini) < 0.05 derived from the most variable expressed
genes revealed 335 (oligodendrogliomas Supplementary
Table 2), 107 (oligoastrocytoma Supplementary Table 3), 438
(astrocytoma Supplementary Table 4), and 67 (glioblastoma
Supplementary Table 5) molecular pathways correlated
with high and low levels of TMEM230 in LGG and GBM
(Supplementary Figures 1-4 and Supplementary Tables 2-5).
When gene expression analysis was performed comparing
high-grade gliomas (GBM) with all low-grade glioma
(LGG) subtypes combined and independent of the level of
TMEM230 (Supplementary Figure 5 and Supplementary
Table 6), pathways identified with high and low TMEM230
(Supplementary Figures 1-4) were a subset, as expected.
Genes and pathways different between high grade (GBM) and
low-grade gliomas (LGG) (Supplementary Figures 1-5) may
provide insight into which pathways are correlated with lower
overall patient survival based on tumor grading (Figure 1 and
Supplementary Figures 7-9). To determine whether TMEM230
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necessary for scaffold attachment of cells.

Fetal Bovine Serum (P0 and P1)

FIGURE 3 | Downregulation of TMEM230 was sufficient to promote loss of U87-MG substratum adhesion capacity in fetal bovine serum containing media. Control
(U87shSCR) and U87 cells in which TMEM230 was constitutively downregulated (U87shTMEM230) were cultured in extracellular vesicle depleted FBS (Fetal Bovine
Serum) containing culture media. Equal number of control cells and cells in which endogenous TMEM230 was downregulated were plated (PO) in vesicle depleted
FBS containing culture media and monitored over 72 h, starting from when green fluorescent protein (GFP) expression was first observed (0 h, not shown). Cells in
which TMEM230 were downregulated displayed decrease in cytoplasm dimensions and disrupted cytoplasmic invadopodium like extensions. Cells were
re-passaged (P1) and monitored for additional 144 h. Re-passaged cells (P1) displayed a more limited capacity for cell adhesion, supporting that TMEM230 is

U87shTMEM230
il

A

may be a master regulator in development of diverse low-grade
gliomas, expression analysis was performed to identify pathways
that correlated with different TMEM230 expression levels in
all LGG tumors (Supplementary Figure 6 and Supplementary
Table 7). Pathways were found in common in the different
LGG suggesting that TMEM230 may regulate similar pathways.
Candidate pathways may include signaling, extracellular matrix,
cell membrane and adhesion regulation and extracellular
exosome function (Supplementary Figure 6). Analysis was
also performed to identify specific pathways correlated with
different expression levels of TMEM230 in low grade (G2)
and high grade (G3) astrocytoma (Supplementary Figures 8,
9 and Supplementary Tables 9, 10) and high grade GBM

and astrocytoma independently of the level of TMEM230
(Supplementary Figure 7 and Supplementary Table 8) and in
GBM and astrocytoma, oligoastrocytoma and oligodendroglioma
(Figures 8A-C and Supplementary Tables 11, 12).

Collectively, the pathways correlated with different TMEM230
expression levels identified from LGG patient and high-grade
glioma GBM support the functional cellular behavior observed
in the U87 cell assays in which TMEM230 expression was
modulated. In particular, downregulation of TMEM230 in LGG
was associated with repression of cellular activities regulating cell
membrane and extracellular matrix function and organization,
cell secretion and specifically exosome activity and angiogenesis
(see Figure 8A). These analyses provide strong support that
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U87shSCR

over 192 h, starting from when GFP expression was first observed (0 h).

Serum Replacement (P0)

FIGURE 4 | Downregulation of endogenous TMEM230 was sufficient to promote loss of U87-MG substratum adhesion capacity in serum replacement containing
media. Control (U87shSCR) and U87 cells in which TMEM230 was constitutively downregulated (U87shTMEM230) were cultured in serum replacement (SR)
containing media (P0). Equal number of control cells and cells in which TMEM230 was downregulated were plated in SR containing culture media and monitored

TMEM230 function uncovered in U87 regulate the tumor
processes of cell attachment, migration and secretion in glioma
formation and progression. There was also a clear transition
in changes in glial tumor cellular activity with increasing levels
of TMEM230 as shown with GBM and LGG pathways being
different except for exosome and extracellular matrix pathways
(Figures 1A, 8B,C and Supplementary Table 12).

As the transition in gene and pathways profiles correlated
with the levels of TMEM230 expression, our results support
that TMEM230 is a novel clinical marker that may differentiate
GBM from LGG tumor properties for application in patient
diagnostics and prognosis. Surprisingly, GBM tumors with
highest TMEM230 expression indicated that TMEM230
activity was associated with cellular properties correlated
with the regulation of cargo transport or vesicle trafficking
via ATP hydrolysis of motor proteins of the kinesin family.
Collectively, expression analysis of GBM and LGG identified
candidate pathways regulated by TMEM230 in glial tumor
formation. These pathways include cell adhesion and migration,
secretion and membrane regulation, angiogenesis, response
to hypoxia, endocytic vesicle membrane, exosome vesicle

regulation, lysosome and phagosome functions. Validation
of candidate targets of TMEM230 activity was performed by
determining whether genes identified differentially expressed
in gliomas were modulated with downregulation of TMEM230
in U87 «cells (Supplementary Figure 10). Representative
differentially expressed genes in patient gliomas were
selected for expression analysis in U87 cells (Figure 8 and
Supplementary Tables 1-12). Western blot analysis indicated
that SYNDECAN-1, CD44, and MOESIN proteins were
downregulated with the inhibition of TMEM230 in U87 cells
(U87shTMEM230) (Supplementary Figure 10A). SYNDECAN-
1, CD44, and MOESIN all have roles in cytoskeleton (such
as the actin family of proteins) regulation, cell adhesion and
migration and tumor tissue remodeling. That TMEM230 may
have a role in actin polymerization and cytoskeleton regulation
was supported by immunofluorescence staining of phalloidin
showing that U87 cells in which TMEM230 was downregulated
displayed a decrease in long multistrand structures of actin
(Supplementary Figure 10B). Immunofluorescence also
showed that cell migration and scaffold regulating protein,
CAVEOLIN-1 was also downregulated in U87 in which
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FIGURE 5 | Human umbilical vein endothelial cells cultured in FBS and serum replacement containing conditioned media from U87-MG cells expressing endogenous
TMEM230 promoted angiogenic behavior. (1-4) Representative images at 24 h of human umbilical vein endothelial cells (HUVEC) in Matrigel treated with conditioned
media obtained from 3 days cultures of U87 control (U87shSCR) and U87 in which TMEM230 was down regulated (U87shTMEM230). (5-15) Human umbilical vein
endothelial cells in 3D treated with conditioned media obtained from 3 days cultures of U87 control and U87 which TMEM230 was down regulated shown for
without (5-9) and with angiogenic factors (11-14). U87 cells were cultured in media containing fetal bovine serum (FBS) or serum replacement (SR).

TMEM230 was downregulated (Supplementary Figure 10B).
Other candidate proteins tested, such as FIBRONECTIN did
not show a predicted change in expression with TMEM230
downregulation suggesting that additional genes influence
glioma tumor formation and progression (Supplementary
Figure 10C).

The collective analyses provide insight into how TMEM230
may regulate cellular activities in tumor tissue remodeling and
aberrant vascularization in tumor development and progression.
TMEM230 may be a novel candidate gene target to repress
both tumor cell properties and tumor driven angiogenesis and
consequently in the improvement of patient overall survival, not
just for patients with high-grade glioblastoma and low-grade
gliomas but also other types of abnormally vascularized tumors.

DISCUSSION

Tumor associated angiogenic switch is an event driven by
the interactions of the tumor micro-environment and tumor
cells that may lead to aggressive tumor properties and
significant increase of probability tumor recurrence, subsequent
to therapeutic intervention and patient mortality (Brown and
Giavazzi, 1995; Bissell, 1999; Chintala et al., 1999; Bello et al.,
2004; Box et al., 2010; Brooks et al., 2010; Alves et al., 2011; Belotti
et al., 2011; Hielscher and Gerecht, 2012; Catalano et al., 2013;

Ahir et al., 2020). While various known stimuli such as oxygen
deprivation, inflammation and mechanical stress are inducers of
angiogenic switch, key molecular components of the process are
still not fully known. For instance, it is unclear if angiogenic
switch utilizes similar genes and pathways in diverse tumors.
Comprehensive characterization of tumor promoting angiogenic
and extracellular matrix remodeling factors will contribute to
identifying novel therapeutic targets for anticancer therapy,
especially considering that existing antiangiogenic therapies
based on canonical factors such as VEGF and VEGFR have
proven often ineffective in certain tumors, such as GBM (Achen
and Stacker, 1998; Fischer et al., 2005; Bergers and Hanahan,
2008; Argyriou et al, 2009; Crawford and Ferrara, 2009; Jo
et al., 2012; Chowdhary and Chamberlain, 2013; de Groot et al,,
2013; Arrillaga-Romany and Norden, 2014; Bartolotti et al., 2014;
Curry et al, 2015; Ghiaseddin and Peters, 2015; Ameratunga
et al., 2018; Jo and Wen, 2018; Anthony et al., 2019; Ceci et al,,
2020; Funakoshi et al., 2020). Search of published and open access
research on microarray, sequencing and proteomic expression
analyses did not uncover any datasets to evaluate whether
TMEM230 was differentially expressed specifically between non-
malignant glial cells and glial cells from low- or high-grade
gliomas. Surprisingly, also no patient study was available that
allowed for directly comparing expression of any gene in
non-malignant glial cells and glial cells from low- or high-
grade gliomas. Existing gene expression studies only allowed
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FIGURE 6 | Endogenous TMEM230 promoted U87-MG cell migration, tumor-endothelial cell contact and displacement in co-culture assays. (A) Low magnification
shows the co-culture assay set up. (B) Representative images showing the periphery (outgrowth) and core (initial location of cell plating) of U87shTMEM230 cells at
48 h. Downregulation of TMEM230 in U87 cells was associated with cytoplasm of reduced mass, disrupted cytoplasmic invadopodium like extensions, decreased
cell anchorage and reduced contacts among initially confluent plated cells. (C) Representative images of U87shTMEM230 cells at periphery and core at 9 days. U87
cells with reduced TMEM230 expression displayed reduced anchorage capacity and motility (see red circle at periphery of initial site of plating of the confluent cells)
compared to control cells. (D-F) Displacement of the confluent human umbilical vein endothelial cells by U87 control cells (U87shSCR) expressing endogenous
TMEM230 through infiltration into the confluent mass of human umbilical vein endothelial cells (see red circles), a behavior that is associated with the first step of

intussusceptive induced blood vessel branching.

comparing glial cells from non-malignant tissue with tumor brain
tissue in toto, or specific cell types but without the non-malignant
counter-part cell from single cell sequencing data (Darmanis
etal., 2015, 2017; Batiuk et al., 2017, 2020; Bayraktar et al., 2020).
While studies do not allow a direct comparison of TMEM230
between non-malignant and malignant specific cell types of the
brain, they support that TMEM230 is ubiquitously expressed in
most cell types from the human non-malignant or malignant
brain of patients, including glial cell lineages (see Supplementary
Figure 11).

Our study here supported that TMEM230 promoted
angiogenesis by inducing sprouting and tubule-like structures
in HUVECs and vessel like structures by tumor cells themselves

through a process described as vascular mimicry. Additionally,
when TMEM230 was down regulated in tumor cells, the
tumor cells lost the ability for substratum adhesion and
consequently, substrate dependent motility. Control tumor
cells expressing endogenous TMEM230 displayed significant
migration capacity and when confronted with endothelial cells
in their path, infiltrated, enveloped or displaced confluent
colonies of endothelial cells, suggestive of the intussusceptive
structural remodeling of blood vessels, leading to new vessel
branching. TMEM230 appears to have the capacity to augment
tissue vascularization by 3 known mechanisms that promote
oxygen and nutrient diffusion of tissue. One is migration and
homing like behavior of tumor cells to existing blood vessels.
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FIGURE 7 | Endogenous expression of TMEM230 promoted U87-MG migration and tubule like structure formation recapitulating a vascular mimicry like behavior.
(A) Representative 3D bodies or structures (only the borders of a larger 3D body of U87shSCR or a complete body of U87shTMEM230 cells are shown by red
circles) of U87 cells expressing endogenous TMEM230 displayed vascular mimicry, cell sprouting, collective cell movement, and invasion in 3D Matrigel. U87 cells in
which endogenous TMEM230 was downregulated did not generate 3D bodies of significant size in agreement that TMEM230 was required for U87 cell growth. Two
different media were used for generating VM like structures from U87 cells, media used for culturing adherent U87 tumor cells or HUVEC shown in Figures 3, 5 (top

HUVEC Media

These properties allow tumor cells to home to, infiltrate and
displace endothelial cells resulting in the generation of new
branching structures by intussusceptive structural remodeling
of existing blood vessels (Figure 6). Another is tumor cells
expressing proangiogenic paracrine factors or secreting vesicles
that co-opt epigenomic mechanisms of endothelial cells. The
secreted factors induce new sprouting and vessel like structure
formation of endothelial cells (Figure 5). The last mechanism
is tumor cells remodeling the microenvironment to generate
microchannels or vessel like structures that recapitulate lumen
formation, a process described as VM (Figure 7). The 3 different
models of tissue vascularization are well characterized in
glioblastoma tumors. These models are described in diverse
vascularized tumors (Burri et al., 2004; Djonov and Makanya,
2005; Dome et al, 2007; Hillen and Griffioen, 2007; Makanya
et al, 2009; Sacewiczetal,2009; Hlushchuk etal.,2011;
Axnick and Lammert, 2012; De Spiegelacre et al., 2012;
Ribatti and Crivellato, 2012; Ribatti and Djonov, 2012;
Mentzer and Konerding, 2014; Bugyik et al, 2016; Krishna
Priya et al., 2016; Nowak-Sliwinska et al.,, 2018; Diaz-Flores
et al.,, 2020; Saravanan et al., 2020; Ribatti and Pezzella, 2021).
Tumor cells generating microchannels through degradation and
remodeling of the tumor extracellular matrix recapitulates lumen

formation associated with neovascularization. Microchannels
allow tumor cells to directly interact with existing and distant
blood vessels. Consequently, the microchannels allow for
increased passive oxygen and nutrient diffusion. Tumor cells
may also follow along the blood vessels, whereby the blood
vessel structures act as guides, allowing tumor cells to spread
both internally into and externally around existing blood vessels
(Ge and Luo, 2018; Zavyalova et al., 2019; Fathi Maroufi et al,,
2020; Mei et al., 2020; Wechman et al., 2020; Zhang et al., 2020;
Majidpoor and Mortezaee, 2021; Ribatti and Pezzella, 2021;
Treps et al., 2021; Wei et al., 2021).

Insight into the molecular components of these 3 mechanisms
is provided by gene expression analysis obtained from patients
with glial tumors (Supplementary Figures and Tables) and
the observation that expression of TMEM230 in GBM is
positively correlated with increased expression of genes and
pathways associated with extracellular vesicles, angiogenesis, cell
adhesion and motility. While the TMEM230 expression profile
of patient GBM was due to the contribution of diverse cell
types comprising the tumor, we demonstrated that TMEM230
promoted anchorage, motility, sprouting and branching like
behavior in two diverse cell types found in GBM, the tumor glial
cells and resident tumor blood vessel cells, as demonstrated in
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U87 and HUVEC assays. Therefore, the pathways enriched in
GBM in which TMEM230 expression was elevated indicated that
angiogenic switch associated with GBM was a process driven
by the physical interactions of different cell types and scaffold
or soluble factors present in the tumor environment. This is
in agreement with the identification that TMEM230 has both
intracellular and extracellular activity in tumor development and
tumor driven angiogenesis. As our previous results showed that
TMEM?230 was expressed in diverse human tumor cell lines and
patient tumor cells, this was suggestive that different tumors
may utilize similar TMEM230 modulated genes and pathways for
promoting tumor associated angiogenic switch. As extracellular
vesicles such as exosomes are known to induce angiogenesis and
modulate remodeling of the tumor microenvironment, future
study will need to be performed to validate the role of TMEM230
in exosome activity in angiogenesis and determine whether
exosomes are from diverse TMEM230 expressing cells in GBM.

Cell adhesion molecules such as integrins and other
membrane proteins, are essential for cell attachment to
basement membrane and extracellular matrix components to
allow migration and remodeling of the microenvironment
of both tumor cells and endothelial cells (Balkwill, 2003;
Levin, 2005; Mackay, 2008; Alves et al,, 2011; Lechertier and
Hodivala-Dilke, 2012; Armento et al, 2017; Angelopoulou
and Piperi, 2018; Lefranc et al, 2018). In this study, we
demonstrated that downregulation of TMEM230 inhibited
the adherence of U87 tumor cells both to the basement
membrane like scaffold (Matrigel, cellulose or collagen) and to
polystyrene surface of tissue culture plates. Cellular migration
is dependent on the transfer of force from the cytoskeleton
scaffold to the ECM. Loss of adherence is correlated with
inability of the tumor cells to migrate and interact with
HUVECs, conditions necessary for intussusceptive structural
remodeling of blood vessels and for vascular mimicry. Gene
expression analysis of patients supported that expression of genes
associated with integrin mediated signaling and binding, focal
adhesion complex formation, extracellular and transmembrane
protein turnover are well represented and correlated with
increased expression of TMEM230. Gene expression analysis
of patients further suggested that TMEM230 played a role
maintaining tumor cell adherence to the extracellular scaffold,
necessary for tumor cell motility and invasion. In agreement,
endogenous inhibitors of angiogenesis are often associated with
extracellular matrix or basement membrane proteins which
function to interfere with endothelial cell sprouting, migration
and tube morphogenesis and down regulate genes expressed
in endothelial cells (Pozzi and Zent, 2009; Box et al., 2010;
Simon-Assmann et al., 2011).

Gene expression analysis uncovered specific pathways
associated with the increase of TMEM230 expression in
LGG and glioblastoma from patients (Figure 8C and
Supplementary Table 12). These pathways involved: cell
adhesion, secretion and membrane regulation, angiogenesis,
response to hypoxia, endocytic vesicle membrane and exosome
vesicle regulation and lysosome and phagosome activities.
Highest levels of TMEM230 were correlated in glioblastoma
with ribosome generation, mitochondria ATP synthesis,

kinesin motor proteins, ATP synthesis and ATP dependent
microtubule motor activity. Kinesins are motor proteins
that move large proteins, vesicles, structures and organelles
such as mitochondria with ATP dependent hydrolysis along
microtubules (Ali and Yang, 2020; Furnish and Caino, 2020;
Konjikusic et al, 2021). Most kinesins regulate transport
from intracellular locations toward the cell periphery such
as membrane components for cell membrane homeostasis,
turnover and recycling. These intracellular cargos in turn can
be derived from phagosomes and destined for lysosome
activity. Formation of large multicomponent structures
such as ribosomes require motor proteins to be transported
to sites of assembly. Extracellular secretion of signaling
products and extracellular matrix remodeling factors such as
metalloproteinases are also regulated by kinesins in normal
and disease development. This activity is also coordinated
with actin for cell migration and 3D structure sprouting via
membrane component turnover and regeneration (Feiguin et al.,
1994; Langford, 1995; Oosawa, 1995; Hehnly and Stamnes,
2007). Therefore, the results of our analysis suggest that further
investigations of kinesins and additional ATP-dependent
cytoskeletal regulators may be worthwhile in the context of
TMEM230 function.

In conclusion, the tumor properties associated with glioma
patients are supportive of the functional tumor role of TMEM230
demonstrated in the U87 and HUVEC assays performed in
this study. Higher levels of TMEM230 promoted aggressive
tumor behavior, remodeling and increased endothelial and
tumor cell (vascular mimicry) based vascularization of 3D
scaffolds through intracellular and extracellular activities of
TMEM230. All evidence supports that TMEM230 may be a
novel target gene for both anticancer and anti-angiogenesis for
certain highly vascularized tumors that are currently intransigent
to therapeutic interventions. Moreover, molecular tumor and
angiogenic pathways identified with TMEM230 may help develop
novel therapeutic strategies for inhibiting migration, abnormal
tumor microenvironment and blood vessel remodeling of tumor
glial cells, and tumor driven angiogenesis of glioblastoma cells.
Moreover, this study combined with our previous research
supports that precision regulation of TMEM230 epxression levels
in patients may likely promote normalization of tumor formed
abnormal blood vessels to allow for better delivery of antitumor
therapeutic drugs.

Inhibition of endogenous angiogenic promoting factors, such
as TMEM230, are attractive targets for cancer therapy and tumor
associated angiogenesis, as they may be less toxic and less likely to
lead to drug resistance than exogenous inhibitors. Since we have
previously demonstrated that TMEM230 appears to be a master
regulator of angiogenesis, independent and in parral to the VEGF
and NOTCH signaling pathways, our study presents a novel
strategy and alternative target for inhibiting the VEGF dependent
angiogenic pathway. This is especially relevant in clinical cases
where VEGF specific targeted or antibodies therapies do not
function. Modulation of TMEM230 may have applications in
addition to cancer treatment, for instance disorders in which
unregulated angiogenesis results in unwanted new blood vessel
formation such as in macular degeneration.
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Supplementary Figure 1 | Representative enriched pathways identified from
differentially expressed Genes in patient derived oligoastrocytoma with high and
low TMEMZ230 expression.

Supplementary Figure 2 | Representative enriched pathways identified different
between high or low TMEM230 expression from differentially expressed genes
(DEG) in patient samples of oligoastrocytoma.

Supplementary Figure 3 | Representative enriched pathways identified different
between high or low TMEMZ230 expression from differentially expressed genes
(DEG) in patient samples of astrocytoma.

Supplementary Figure 4 | Representative enriched pathways identified different
between high or low TMEMZ230 expression from differentially expressed genes
(DEG) in patient samples of glioblastoma.

Supplementary Figure 5 | Representative enriched pathways identified different
between glioblastoma and LGG from DEG.

Supplementary Figure 6 | Representative enriched pathways identified different
between high or low TMEMZ230 expression from DEG in LGG.

Supplementary Figure 7 | Representative enriched pathways identified different
between high or low TMEMZ230 expression from DEG in GBM and astrocytoma.

Supplementary Figure 8 | Representative enriched pathways identified different
between high or low TMEMZ230 expression from DEG in low grade
(G2) astrocytoma.

Supplementary Figure 9 | Representative enriched pathways identified different
between high or low TMEMZ230 expression from DEG in high grade (G3)
astrocytoma.

Supplementary Figure 10 | Protein validation of TMEM230 candidate
responding genes in U87-MG. (A) Western blot analysis for SYNDECAN-1, CD44,
and MOESIN proteins in U87 control cells (U87shSCR) and in U87 cells in which
TMEM230 was down regulated (U87shTMEM230). Endogenous control: 3-ACTIN.
(B) Immunofluorescence analysis for CAVEOLIN-1 and ACTIN through phalloidin
interaction in U87 control and shTMEM230 transduced cells (GFP staining). Nuclei
are visualized with DAPI. That TMEM230 may have a role in actin polymerization
and cytoskeleton regulation is supported by immunofluorescence staining of
PHALLOIDIN showing that U87 cells in which TMEM230 was downregulated was
associated with decrease in the number and quality in the long multistrand
structures of actin. (C) Immunofluorescence analysis for FIBRONECTIN in U87
control and shTMEM230 transduced cells (GFP staining). Nuclei are visualized
with DAPI. Expression analysis of patient samples suggests that Fibronectin is
differentially expressed between gliomas and non-malignant glial cells.
Immunofluorescence analysis supports that FIBRONECTIN is not differentially
expressed in U87 control and shTMEM230 transduced cells, and therefore
TMEM230 does not regulate FIBRONECTIN expression.

Supplementary Figure 11 | TMEM230 expression in diverse cell types from
non-malignant and malignant human brain. (A) Distribution of TMEM230
transcripts in different non-malignant cell populations from human brain according
to the study of Darmanis (2015) (Accession: GSE67835, survey of human brain
transcriptome diversity at the single cell level). Candidate cell populations were
identified representative of the major neuronal, glial and vascular cell types
according to published candidate gene markers. The distribution is represented by
a boxplot with a minimum, the first quartile, the sample median, the third quartile
and the maximum of the expression for each cell population, from the bottom to
the top. The distribution profiles support that TMEM230 is expressed in most
non-malignant cells at relatively equal but low levels. (B-D) Expression analysis of
Tmem?230 from Single-Cell Rna-Seq Analysis of Infiltrating Neoplastic Cells at the
Migrating Front of Human Glioblastoma. (B) 2D-tSne representation of all single
cells included from the study of Darmanis (2017) with a sample size of n = 3,589.
Cell clusters are differentially colored and identified as distinct cell classes. (C)
Expression of characteristic cell-type-specific genes overlaid on the 2D-tSne
space. (D) Quantification of Tmem230-positive cells of distinct cell classes.

Supplementary Table1 | Patient clinical features include gender, age, tumor size
in cm® and TMEM230 expression level.

Supplementary Table 2 | All enriched pathways identified different between high
or low TMEM230 from differentially expressed genes (DEG) in patient samples of
oligodendrogliomas A).

Supplementary Table 3 | All enriched pathways identified different between high
or low TMEM230 expression in oligoastrocytoma of patients from DEG.

Supplementary Table 4 | All enriched pathways identified different between high
or low TMEM230 expression in astrocytoma of patients from DEG.
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Supplementary Table 5 | All enriched pathways identified different between high
or low TMEM230 expression in glioblastoma of patients from DEG.

Supplementary Table 6 | All enriched pathways identified different between
glioblastoma and LGG from DEG.

Supplementary Table 7 | All enriched pathways identified different between high
or low TMEM230 expression in LGG from DEG.

Supplementary Table 8 | All enriched pathways identified different between high
or low TMEM230 expression in GBM and astrocytes from DEG.
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