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Editorial on the Research Topic
Oligodendrocytes: from their development to function and dysfunction

Human central nervous system (CNS) myelination occurs before 20 years old
and continues throughout our lives (Herbert and Monk, 2017). CNS myelination and
remyelination by oligodendrocytes (OLs) is important for obtaining rapid conduction
of action potentials and appropriate neuronal communications to support higher brain
functions (Masson and Nait-Oumesmar, 2023). OLs and oligodendrocyte precursor
cells (OPCs) exist in the corpus callosum, and OPCs have the ability to cell-divide
and differentiate into OLs. Previous studies have examined various signal pathways of
OL development, CNS myelination, and remyelination in vivo and in vitro analysis
systems (Taylor and Monje, 2023). During CNS myelination and remyelination, OLs
generate a multitude of processes and new myelin sheaths by wrapping suitable axons.
However, the extent of involvement of various signal cascades and/or molecules in these
developing OL lineage cells, CNS myelination, and remyelination remains to be fully
elucidated. Thus, this Research Topic is looking to address key aspects of the function
and dysfunction of OLs, promote the discussion around this Research Topic, and facilitate
knowledge dissemination.

The co-editor, Wake’s lab members Yoshida et al,, report that the different properties
of Ca?t responses of OLs are induced activity-dependent glutamate and adenosine
triphosphate (ATP) release from neurons or astrocytes. Further, these activity-dependent
responses were lost in the Alzheimer’s disease (AD) mice model, but a higher frequency
of ATP release induced Ca’>* responses due to neurodegeneration. Hong et al. perform a
systematic analysis of multiple brain regions and cerebrospinal fluid (CSF), and socially
isolating dog groups during the juvenile stage led to a small number of differentially
expressed genes in multiple brain regions except the prefrontal cortex (PFC). Maruyama
ctal. apply global lipidomic analyses to identify circulating lipids that mediate amyotrophic
lateral sclerosis (ALS) pathogenesis. They identified a decrease in circulating free fatty
acids, including oleic acid (OA) and linoleic acid (LA), and OA and LA inhibited
excitotoxic oligodendrocyte cell death via the cell surface receptor FFARI (free fatty
acid receptorl) in ALS model mice. Zhao et al. find that the OPC differentiation and
OL morphology were significantly different between the brain and spinal cord, and
inhibition of endoplasmic reticulum (ER) stress could effectively attenuate OPC death.
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Han et al. discuss recent findings suggesting an unexpected role
of oligodendroglia, the cells that received far less attention than
neurons and other glial cells. They also reviewed the possibility
that OL lineage cells might be one of the most vulnerable
cell types responding to the changing microenvironment in the
brain during neurodegenerative diseases. Delfino et al. report
that only platelet-derived growth factor receptor alpha (PDGFR-
a) positive oligodendrocyte lineage cells are ciliated and reveal
heterogeneity in the frequency of cilium presence on OPCs,
depending on primary culture conditions and cerebral regions
of mice. Further, they show the plasticity of oligodendroglia
primary cilium length in response to different drugs. Mei et al.
indicate the important molecular and genetic evidence that inositol
1,4,5-trisphosphate receptor type 2 (Itpr2) is dramatically up-
regulated in differentiating OLs and regulates OL differentiation
and myelin development through an extracellular signal-regulated
kinase (ERK)-dependent mechanism. Valihrach et al. review
the current understanding of OL heterogeneity in health and
disease based on single-cell and single-nucleus transcriptomic
technologies. They provide our OL research community with a
unified overview of key transcriptomic studies dealing with OL
heterogeneity in the mammalian CNS and consensus marker genes
of selected OL populations. Chacon-De-La-Rocha et al. report
that there is a premature decrease in OPC density at 9 months
in AD model mice and that at 14 months, OPC displayed a
shrunken and fibrous morphology, indicative of morphological
dystrophy. They also indicate that changes in OPCs are potential
factors in the progression of AD pathology. This Research Topic
highlights the important themes of unraveling the mechanisms
behind oligodendrocytes’ formation and function, which may
lead to a better understanding of their dysfunction and role in
CNS pathologies.
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Myelin disruption is a feature of natural aging and Alzheimer’s disease (AD). In the
CNS, myelin is produced by oligodendrocytes, which are generated throughout life by
oligodendrocyte progenitor cells (OPCs). Here, we examined age-related changes in
OPCs in APP/PS1 mice, a model for AD-like pathology, compared with non-transgenic
(Tg) age-matched controls. The analysis was performed in the CA1 area of the
hippocampus following immunolabeling for NG2 with the nuclear dye Hoescht, to
identify OPC and OPC sister cells, a measure of OPC replication. The results indicate
a significant decrease in the number of OPCs at 9 months in APP/PS1 mice, compared
to age-matched controls, without further decline at 14 months. Also, the number of OPC
sister cells declined significantly at 14 months in APP/PS1 mice, which was not observed
in age-matched controls. Notably, OPCs also displayed marked morphological changes
at 14 months in APP/PS1 mice, characterized by an overall shrinkage of OPC process
domains and increased process branching. The results indicate that OPC disruption is a
pathological sign in the APP/PS1 mouse model of AD.

Keywords: hippocampus, myelin, OPC, oligodendrocyte progenitor cell, Alzheimer’s disease

INTRODUCTION

Alzheimer’s disease (AD) is the most common type of dementia and it is characterized by the
formation of intracellular neurofibrillary tangles (NFTs) and extracellular amyloid-B (AB) plaques
(Braak and Braak, 1991). White matter disruption is present at an early stage of AD pathology (Thara
et al,, 2010; Bartzokis, 2011), and post-mortem analyses indicate that a loss of oligodendrocytes
in AD could serve as a diagnostic tool for differentiating white matter pathologies in dementia
(Sjobeck and Englund, 2003; Brickman et al., 2015). Studies in human AD and mouse models
indicate loss of oligodendrocytes and demyelination is most pronounced at the core of Ap plaques
(Mitew et al., 2010). Hence, myelin loss is a feature of human AD and mouse models (Desai et al.,
2009), but the underlying causes are unresolved.
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OPC Disruption in APP/PS1

In the adult brain, oligodendrocyte progenitor cells (OPCs)
are responsible for the life-long generation of oligodendrocytes,
required to myelinate new connections formed in response
to new life experiences, and to replace myelin lost in
pathology (Young et al., 2013; McKenzie et al, 2014; Xiao
et al, 2016; Hughes et al, 2018). OPCs are identified by
their expression of the NG2 proteoglycan and are sometimes
known as NG2-cells or NG2-glia (Butt et al,, 2002). Before
differentiating into mature myelinating oligodendrocytes,
OPCs transition through an intermediate phase identified
by expression of the G-protein coupled receptor GPR17
(Vigano et al., 2016). Notably, early changes in OPCs may
be a pathological sign and underlie myelin loss in mouse
models of AD-like pathology (Mitew et al., 2010; Rivera et al.,
2016; Vanzulli et al., 2020). This possibility is supported by
immunostaining of post-mortem AD brain showing changes
in NG2 immunoreactivity in individuals with high AB plaque
load (Nielsen et al., 2013).

The APP/PS1 transgenic mouse expresses familial
AD-causing mutated forms of human APP (APPswe, Swedish
familial AD-causing mutation) and presenilinl (PS1dE9)
and is used extensively as a model for AD-like pathology
(Borchelt et al,, 1997). The APP/PS1 mouse presents early
AP plaque deposition in the hippocampus at 4-5 months of
age and extensively throughout the forebrain by 8 months
(Borchelt et al., 1997), which is linked to greatly impaired
synaptic long-term potentiation (LTP) after 8 months of age
in the CAl area of the hippocampus in APP/PS1 (Gengler
et al, 2010). Furthermore, several studies provide evidence
that white matter and myelin disruption are early clinical
signs of APP/PSI mice (Shu et al, 2013; Wu et al, 2017;
Chao et al, 2018; Dong et al, 2018), with evidence that
myelin disruption in APP/PS1 mice aged 6 months is
accompanied by decreased learning and spatial behavior
performance (Chao et al., 2018; Dong et al., 2018). Also, there
is evidence of increased NG2 cell numbers in the temporal
lobe of 6 months old APP/PS1 mice (Dong et al., 2018),
and clustering of hypertrophic NG2 cells around AP plaques
in the cortex of 14-month-old APP/PS1 (Li et al., 2013).
Here, we examined changes in OPCs in 9 and 14 months
old APP/PS1 mice, compared to age-matched non-transgenic
controls, and focused on the AD-relevant CAl area of the
hippocampus. Our results indicate a premature decline in OPC
numbers at 9 months in APP/PS1, whilst at 14 months OPCs
displayed cellular shrinkage and increased process branching
in APP/PS1, characteristic of reactive changes in response to
pathology (Ong and Levine, 1999; Butt et al., 2002). This study
identifies pathological changes in OPCs in the APP/PS1 mouse
model of AD.

MATERIALS AND METHODS
Ethics

The animal study was reviewed and approved by the University
of Southampton Animal Welfare Ethical Review Body (AWERB).
All procedures were carried out following the Animals (Scientific
Procedures) Act 1986 of the UK.

Animals and Tissue

Transgenic APP/PS1 mice were used that contain human
transgenes for both APP (KM670/671NL, Swedish) and
PSEN1 (L166P). APPswe/PSEN1dE9 mice (APP/PS1) on a
C57BL/6 background were originally obtained from The Jackson
Laboratory and heterozygous males were bred at our local
facilities with wild-type female C57BL/6] (Harlan). Offspring
were ear punched and genotyped using PCR with primers
specific for the APP-sequence (forward: GAATTCCGACATGA
CTCAGG, reverse: GTTCTGCTGCATCTTGGACA). Mice
not expressing the transgene were used as non-transgenic
wild-type littermate controls. Mice were housed in groups
of 4-10, under a 12-h light/12 h dark cycle at 21°C, with
food and water ad libitum. No mice were excluded and
experimental groups contained a spread of sexes. Mice weight
was monitored throughout the experiment. APP/PS1 mice and
age-matched non-transgenic controls aged 9 and 14 months old
were perfusion-fixed intracardially under terminal anesthesia
with 4% paraformaldehyde (PFA), then post-fixed for 2 h
with 4% PFA. Sections were cut on a vibratome (Leica)
at a thickness of 35 pm then stored in cryoprotectant
at —70°C until use.

Immunohistochemistry

Sections were treated for a blocking stage of either 10-20%
normal goat serum (NGS) or normal donkey serum (NDS)
or 0.5% bovine serum albumin (BSA) for 1-2 h, depending
on the primary antibodies to be used. Sections were washed
three times in PBS and incubated overnight in primary
antibody diluted in blocking solution containing 0.25% Triton-
X: rabbit anti-NG2, 1:500 (Millipore); rabbit anti-Olig2, 1:500
(Millipore); rabbit anti-GPR17, 1:100 (Cayman Labs); rat anti-
MBP, 1:300 (Millipore). Sections were washed three times
in PBS and incubated overnight in primary antibody diluted
in blocking solution containing 0.25% Triton-X: rabbit anti-
NG2, 1:500 (Millipore); rabbit anti-Olig2, 1:500 (Millipore);
rabbit anti-GPR17, 1:100 (Cayman Labs); rat anti-MBP, 1:300
(Millipore). Tissues were then washed three times in PBS and
incubated with an appropriate fluorochrome secondary antibody
(AlexaFluor® 488, AlexaFluor® 568, 1:400, Life Technologies),
or biotinylated secondary antibody (Vector Labs) diluted in
blocking solution for 1-2 h. Finally, sections were washed
three times with PBS before being mounted on glass slides
and covered with mounting medium and glass coverslips ready
for imaging.

Imaging and Analysis

Immunofluorescence images were captured using a Zeiss
Axiovert LSM 710 VIS40S confocal microscope and maintaining
the acquisition parameters constant to allow comparison
between samples within the same experiment. The acquisition
of images for cell counts was done with x20 objective. Images
for OPC reconstruction were taken using x100 objective
and capturing z-stacks formed by 80-100 single plains with
an interval of 0.3 pm. Cell counts were performed in the
CA1 area in projected flattened images from z-stacks formed
by 10 or 15 z-single plain images with 1 pm interval
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FIGURE 1 | Changes in oligodendrocyte progenitor cells (OPCs) in the CA1 area of the hippocampus of APP/PS1 mice. Hippocampi of 9 months old and 14

months old APP/PS1 mice were compared to age-matched controls. (Ai,Aii,Bi,Bii) Representative confocal images of immunofluorescence labeling for NG2 (green)
to identify OPCs and counterstaining with Hoechst (blue) for nuclei, to identify OPC sister cells (some indicated by arrows), as illustrated at higher magnification (inset,
Ai), from non-transgenic controls (Ai,Bi) and APP/PS1 mice (Aii,Bii), aged 9 months (Ai,Aii) and 14 months (Bi,Bii); scale bars = 50 wm in main panels and 10 wm
in the inset. (C,D) Bar graphs of the numerical density of NG2+ OPCs (C) and OPC sister cells (D). Data are expressed as Mean + SEM; *p < 0.05, ANOVA followed

by Tukey’s post hoc test, n = 3 animals for each group.

between them, and cell density was calculated as the total
number of cells per unit area expressed as cells per mm?.
The relative density of MBP immunolabeling was measured
within a constant field of view (FOV) using Image]. For
DAB immunostaining of Olig2+ oligodendrocytes, sections
were examined on an Olympus dotSlide digital slide scanning
system based on a BX51 microscope stand with an integrated
scanning stage and Olympus CC12 color camera. The cell
coverage of OPCs was measured using Image] by drawing
a line around the cell processes and measuring the area
enclosed within the line and expressing the data relative to
the area of the CAl in each section. For morphological
analysis of single OPCs, cells were drawn using Neurolucida
360, and their morphology was analyzed using Neurolucida
360 explorer for measurements of the number of processes
per cell, number of process terminals (end-points), number
of nodes (branch points), and cell complexity; OPC cell
complexity refers to the normalization and comparison of
processes derived from the dendritic complexity index (Pillai
et al., 2012), whereby Neurolucida 360 Explorer calculated cell
complexity from the sum of (terminal orders + the number
of terminals) multiplied by the (total dendritic length/number
of primary dendrites), where the terminal is defined as a
process ending and terminal order is the number of branches

along a process, between the cell body and the terminal
(calculated for each terminal). For Sholl analysis, the interval
between Sholl shells was 5 pm. Data were expressed as
Mean £ SEM and tested for significance by ANOVA followed by
Tukey’s post hoc test for cell numbers, myelin immunostaining,
OPC cell domains, and neurolucida analyses of OPCs, and
Sidak’s multiple comparisons test for Sholl analysis, using
GraphPad Prism 6.0.

RESULTS

Premature Decline of OPCs in the
Hippocampus of APP/PS1 Mice

The hippocampus displays a high degree of adult
oligodendrogenesis, which is important for learning
and plasticity (Steadman et al, 2020). Here, we used

NG2 immunolabeling to identify adult OPCs (Nishiyama et al.,
2016) in the CAL1 area of the hippocampus (Figure 1); NG2 is also
expressed by pericytes, which are directly applied to blood vessels
and readily distinguished from OPCs, which are distinguished
by their complex process bearing morphology (Hamilton
et al., 2010). OPCs are uniformly distributed throughout the
hippocampus at both 9 and 14 months, in APP/PS1 mice and
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FIGURE 2 | Changes in oligodendrocytes and myelin in the CA1 area of the hippocampus of APP/PS1 mice. Hippocampi of 9 months old (Ai,Bi) and 14 months
old (Bi,Bii) APP/PS1 mice (Ai,Bi) were compared to age-matched controls (Aii,Bii). (Ai,Aii,Bi,Bii) Representative photomicrographs of immunolabeling for MBP
(red in Ai,Aii,Bi,Bii main panels) to identify the extent of myelination, together with GPR17 for immature oligodendrocytes (green in upper insets in Ai,Aii,Bi,Bii) and
Olig2 for the total number of oligodendrocyte lineage cells (brown in lower insets in Ai,Aii,Bi,Bii); scale bars = 50 um, except upper insets = 20 wm. (C-E) Bar
graphs of numerical density of GPR17+ cells (C) and Olig2+ cells (D), together with MBP immunofluorescence density (E); data are expressed as Mean + SEM;
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age-matched controls (Figures 1Ai,Aii,Bi,Bii). NG2+ OPCs
are often observed as duplets or triplets (some indicated by
arrows in Figures 1Ai,Aii,Bi,Bii, and at higher magnification
in the inset in Figure 1Ai). OPC duplets are recently divided
sister-cells and their frequency is a measure of OPC cell
division (Boda et al., 2015), confirming previous studies that
adult OPCs continue to divide slowly in old age (Psachoulia
et al., 2009; Young et al, 2013). Quantification confirmed a
significant difference in the numerical density of NG2+ OPCs
in APP/PS1 at 9 months compared to age-matched controls
(Figure 1C; two-way ANOVA p < 0.05, followed by Tukey’s
post hoc test). The data indicated a 50% decrease in NG2+ OPCs
at 9 months in APP/PS1 to a level observed at 14 months in
natural aging (Figure 1C); there was no further decline in OPC
numbers between 9 and 14 months APP/PS1 mice, which were
the same as age-matched controls (Figure 1C). Also, there was a
significant decrease in the numerical density of OPC sister cells
at 14 months in APP/PS1 mice (Figure 1D; two-way ANOVA
p < 0.05, followed by Tukey’s post hoc test, p < 0.05). Overall,
the results indicate a premature decline in OPC numbers at
9 months in APP/PS1 mice.

Decline in Myelination in the Hippocampus

of APP/PS1 Mice

The hippocampus displays a high degree of myelination, which
is essential for cognitive function (Abraham et al., 2010), and
myelination has been shown to be disrupted in APP/PS1 mice,
which is relevant to AD pathology (Ota et al, 2019; Chao
et al., 2018; Dong et al., 2018). Immunolabeling for MBP is
prominent in the CA1l area at both 9 and 14 months in controls
and in APP/PS1 (Figures 2Ai,Aii,Bi,Bii), as are GPR17+ cells,
which are an intermediate stage between OPCs and myelinating
oligodendrocytes (upper insets, Figures 2Ai,Aii,Bi,Bii), and
Olig2+ cells, which is expressed by all oligodendroglial cells
(lower insets, Figures 2A1,Aii,Bi,Bii). Between 9 and 14 months
of age, we observed no significant changes in the numerical
density of GPR17+ and Olig2+ oligodendrocytes, in controls
or APP/PS1 (Figures 2C,D), and so we did not analyze
oligodendrocyte cell numbers further; it should be noted there
was wide variability in GPR17+ cells at 14 months in controls,
but overall there was no apparent difference in the number of
GPR17+ cells in APP/PS1 between 9 and 14 months in the
CA1 region of the hippocampus. Significant age-related changes
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FIGURE 3 | OPC process domains in the CA1 area of the hippocampus of APP/PS1 mice. Hippocampi of 9 months old and 14 months old APP/PS1 mice were
examined, compared to age-matched controls, using immunofluorescence labeling for NG2 (green) to identify OPCs. High magnification confocal projections of
OPCs and their process domains (indicated by broken white lines) in the 9 months old hippocampus (Ai,Aii), and the 14 months old hippocampus (Bi,Bii), in
controls (Ai,Bi) and APP/PS1 (Aii,Bii). Scale bars = 20 wm. (Aiii,Biii) Box-Whisker plots of the total area of OPC process domains. Data are Mean + SEM,
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in MBP immunostaining were detected in the CA1 region and
this was not observed in APP/PS1 mice (Figure 2E; ANOVA,
p < 0.01, followed by Tukey’s post hoc tests). Overall, the
results indicate MBP immunostaining is retarded at later stages
of pathology in APP/PS1 mice.

OPC Exhibit Cellular Shrinkage at

14 Months in APP/PS1 Mice

The results above indicate OPC are disrupted in APP/PS1 mice,
which is often associated with changes in OPC morphology in
AD and other pathologies (Butt et al., 2019a,b; Vanzulli et al.,
2020). Therefore, we examined OPC morphology in-depth, using
high magnification confocal images and measuring the process
domains of individual cells and the total coverage of NG2 cells
within the CA1 (Figure 3). Significant differences were detected
in the size of OPC process domains in 14 months APP/PS1
(Figure 3Biii; ANOVA, p < 0.001, followed by Tukey’s post
hoc test, p < 0.001); no differences were observed in OPCs
at 9 months in APP/PS1 compared to controls. The results
indicate that at 14 months OPCs display a significant shrinkage
in APP/PS1.

OPC Exhibit Increased Process Branching
and Cellular Complexity at 14 Months in

APP/PS1 Mice
The underlying morphological changes resulting in OPC

shrinkage in APP/PS1 mice were examined in further detail using

Neurolucida cell tracing. Confocal images of 80-100 z-sections,
each of 0.3 wm thickness, were captured using an x100 oil
objective and reconstructed and analyzed using Neurolucida
360 and Neurolucida 360 Explorer (Figures 4Ai,Aii,Bi,Bii;
n =9 cells from three animals in each group). Consistent with
the results above, OPC morphology was significantly altered
at 14 months in APP/PS1 compared to age-matched controls,
with the average number of processes per cell being unaltered
(Figure 4C), whereas processes displayed increased branching,
with a significantly greater number of process terminals or
endpoints (Figure 4D; ANOVA p < 0.01, followed by Tukey’s
post hoc test, p < 0.05) and several branch points or nodes
(Figure 4E; ANOVA p < 0.01, followed by Tukey’s post hoc test,
p < 0.01), with a consequent 3-fold increase in the Neurolucida
measurement of cell complexity in 14 month APP/PS1 compared
to age-match controls (Figure 4F; ANOVA p < 0.01, followed
by Tukey’s post hoc test, p < 0.01). In contrast, no changes in
the morphological parameters of OPCs were detected between
9 and 14 months in wild-type mice (Figures 4C-F) or in
9 month APP/PS1 OPC compared to age-matched controls
(Figures 4C-F). The age-related changes in OPC complexity
in APP/PS1 mice were examined further using Sholl analysis
(Figure 5A; n = 9 cells for each group, ANOVA followed by
Sidak’s multiple comparisons test). Sholl analysis confirmed
significant differences in OPC morphology in APP/PS1 mice
between 9 and 14 months, with significant increases in the
number of endpoints (Figure 5B), the number of nodes

Frontiers in Cellular Neuroscience | www.frontiersin.org

10

December 2020 | Volume 14 | Article 575082


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

Chacon-De-La-Rocha et al.

OPC Disruption in APP/PS1

APP/PS1

9-month

C e NS 9 o NS *
= 3 e 5]
S g
En 3™
H 5
g 10 é L
L] 3
z
WT  APP/PS1  WT APP/PS1 WT APP/PS1  WT APP/PS1
9-month 14-month 9-month 14-month
E & F
g = PR, J x 200000 NS **
£ 3
z ~ 150000
- 150 ‘?
s ]
2 100 S 100000
E E
E L B
K
o
WT APP/PS1  WT  APP/PS1
9-month 14-month WT APP/PS1  WT  APP/PS1

9-month 14-month

FIGURE 4 | OPC morphological changes in the CA1 of the APP/PS1 mouse
model compared to an age-matched controls. Data were generated by
Neurolucida 360 analysis of NG2 immunostained cells (Ai,Aii,Bi,Bii).
Box-whisker plots of (C) processes per cell, (D) number of end-points, (E)
number of nodes, (F) cell complexity index. Data expressed as Mean + SEM.
ANOVA, followed by Tukey’s post hoc test, *p < 0.05, **p < 0.01; NS, not
significant; n = 9 cells from three animals in each group.

(Figure 5C), and inprocess lengths (Figure 5D). Also, analysis
of processes length in the different branch orders identified that
OPCs displayed increased process length in the distal branches
(Figure 5E). In contrast to these changes in APP/PS1, no
significant differences were found in OPC morphology in natural
aging (Figure 5, insets); at 14 months, OPCs displayed a decrease
in process lengths in the proximal branches, whereas this
parameter was increased in APP/PS1 at 14 months (Figure 5E,
inset). It is important to note that the small number of cells
analyzed by Neurolucida and Sholl may have introduced the
possibility of bias. Nonetheless, the measurements of OPC
process domains, together with Neurolucida and Sholl analyses,
all indicate that OPC shrinkage is a key feature in APP/PS1 at
14 months and is associated with increased process branching,

giving OPCs a more fibrous appearance that is similar to
“reactive” NG2 cells reported in human AD and AD models (Li
et al., 2013; Nielsen et al., 2013; Vanzulli et al., 2020), as well as
injury models (Ong and Levine, 1999; Butt et al., 2005; Jin et al,,
2018), and this was not observed in age-matched controls.

DISCUSSION

Age-related loss of myelin is a pathological feature of human
AD (Bartzokis, 2011; Brickman et al., 2015) and in animal
models of AD (Desai et al,, 2009; Mitew et al., 2010; Dong
et al,, 2018; Vanzulli et al., 2020). We observed a decrease in
MBP immunostaining at 14 months in the hippocampus of
APP/PS1 mice, consistent with evidence that myelination is
disrupted in this model of AD (Shu et al,, 2013; Wu et al., 2017;
Chao et al., 2018; Dong et al., 2018). The key findings of the
present study are that there is a premature decrease in OPC
density at 9 months in APP/PS1 mice and that at 14 months
OPC displayed a shrunken and fibrous morphology, indicative of
morphological dystrophy. These findings indicate that changes in
OPCs are potential factors in the progression of AD pathology.
Our data support previous studies that there is a decline
in the number of OPCs in natural aging (Young et al., 2013).
Notably, this age-related loss of OPCs occurred at 9 months of
age in APP/PS1, indicating a premature loss of OPCs in this
model of AD. The reduction in OPCs numbers at any point is a
measure of changes in cell proliferation and/or death at earlier
points, hence the reduction in OPC numbers at 9 months in
APP/PSI mice reflects an acceleration of the age-related loss of
OPCs, which in natural aging occurs at later ages. The decrease
in OPCs at 9 months in APP/PS1 indicates their capacity for
self-renewal, defined as maintaining OPC numbers relatively
constant over time, was reduced at a point before this age, which
is consistent with the evidence of advanced OPC senescence in
7.5-month-old APP/PS1 mice (Zhang et al., 2019). We observed
a reduction in OPC sister cells at 14 months in APP/PSI,
which is a measure of recently divided OPCs (Boda et al,
2015), suggesting that OPC self-renewal may be compromised
at later ages in APP/PS1, although further studies are required
to confirm this, for example using multiple injections of BrdU.
The changes in OPCs were associated with a reduction in MBP
immunostaining at 14 months in APP/PS1 mice compared to
controls. MBP immunostaining, taken as a measure of the overall
extent of myelination, was increased between 9 and 14 months
in wild-type controls, but not in APP/PS1 mice, consistent
with multiple lines of evidence that myelination is disrupted in
AD-like pathology (Desai et al., 2009; Mitew et al., 2010; Shu
et al, 2013; Wu et al, 2017; Chao et al,, 2018; Dong et al,
2018; Vanzulli et al.,, 2020). We did not detect evident changes
in GPR17+ and Olig2+ oligodendrocytes, and no conclusions
can be drawn on the overall numbers of oligodendrocytes at
this time. The decrease in MBP immunostaining at 14 months
in APP/PS1 mice may reflect changes in the number and lengths
of myelin sheaths, which has been reported in aging (Hill et al.,
2018; Hughes et al., 2018). Myelin remodeling is important for
nervous system plasticity and repair (Chorghay et al., 2018;
Williamson and Lyons, 2018; Foster et al., 2019; Ortiz et al.,
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2019), and the decline in myelination in APP/PS1 may be related
to neuronal loss and learning dysfunction in these mice (Chao
et al,, 2018). The results provide evidence of OPC and myelin
disruption in the hippocampus of APP/PS1 mice, suggesting key
features of human AD are replicated in this mouse model.
Notably, the early loss of OPCs at 9months in
APP/PS1 hippocampus is followed at 14 months by a more
fibrous appearance of NG2+ OPCs due to cell shrinkage and
increased branching, similar to the fibrous morphology of
“reactive” NG2-glia (Ong and Levine, 1999; Butt et al., 2002).
Fibrous or reactive NG2-glia have been reported to be associated
with amyloid-p plaques in human AD and mouse models (Li
et al., 2013; Nielsen et al., 2013; Zhang et al., 2019; Vanzulli
et al, 2020), and further studies are required to determine
whether OPC morphological changes depend on their relation
to amyloid-p plaques, as has been reported for astrocytes
(Rodriguez et al.,, 2016). Since OPCs are the source of new
myelinating oligodendrocytes in the adult brain (Dimou et al,,
2008; Rivers et al., 2008; Zhu et al., 2008; Kang et al., 2010), it is
possible their dystrophy in AD-like pathology may be a causative
factor in myelin loss, but this will require comprehensive analyses
to verify, using techniques such as fate-mapping and live-cell
imaging. Furthermore, the underlying causes of OPC shrinkage
in APP/PS1 are unresolved, but OPC are known to contact
synapses in the hippocampus (Bergles et al., 2000), and reduced
synaptic activity is an important feature in APP/PS1 mice
(Gengler et al., 2010), which could result in retraction of OPC

processes (Chacon-De-La-Rocha et al., 2020). Also, neuronal
activity regulates myelination and myelin repair (Wake et al,
2011; Gibson et al., 2014; Ortiz et al., 2019), and the observed
disruption of OPCs suggests this may be an important factor in
myelin loss in AD-like pathology.

CONCLUSION

Our findings demonstrate that OPCs undergo complex
age-related changes in the hippocampus of the APP/PS1 mouse
model of AD-like pathology. We conclude that OPC disruption
is a pathological sign in AD and is a potential factor in accelerated
myelin loss and cognitive decline.
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Myelination of neuronal axons in the central nervous system (CNS) by oligodendrocytes
(OLs) enables rapid saltatory conductance and axonal integrity, which are crucial
for normal brain functioning. Previous studies suggested that different subtypes of
oligodendrocytes in the CNS form different types of myelin determined by the diameter
of axons in the unit. However, the molecular mechanisms underlying the developmental
association of different types of oligodendrocytes with different fiber sizes remain elusive.
In the present study, we present the evidence that the intracellular Ca?t release
channel associated receptor (/fpr2) contributes to this developmental process. During
early development, /tpr2 is selectively up-regulated in oligodendrocytes coinciding with
the initiation of myelination. Functional analyses in both conventional and conditional
Itpr2 mutant mice revealed that /tpr2 deficiency causes a developmental delay of OL
differentiation, resulting in an increased percentage of CAllI* type I/Il OLs which prefer
to myelinate small-diameter axons in the CNS. The increased percentage of small
caliber myelinated axons leads to an abnormal compound action potentials (CAP)
in the optic nerves. Together, these findings revealed a previously unrecognized role
for ltpr2-mediated calcium signaling in regulating the development of different types
of oligodendrocytes.

Keywords: axon diameter, conduction velocity, oligodendrocyte, myelination, ITPR2

INTRODUCTION

In the central nervous system (CNS), myelin is elaborated by oligodendrocytes (OLs) and plays
a crucial role in axonal conductance and integrity (Fields, 2008; Martins-de-Souza, 2010; Nave,
2010; Miron et al., 2011; Edgar and Sibille, 2012). Abnormal myelin development has been
implicated in several neuropsychiatric diseases including schizophrenia and major depression
(Fields, 2008; Martins-de-Souza, 2010; Edgar and Sibille, 2012), and defective motor skill
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learning (McKenzie et al., 2014). Previous studies demonstrated
that not all axons in the CNS are myelinated, and in general,
only larger axons of certain diameters (>0.2 wm) are ensheathed
by oligodendrocyte processes. In 1928, del Rio Hortega classified
the oligodendrocytes into four types (type I-type IV) according
to their morphological features (HP, 1928). Among these
four types, type I/II oligodendrocytes predominantly myelinate
small diameter axons (0.2-0.4 pm), whereas type III/IV
oligodendrocytes that myelinate larger caliber axons (Butt
et al, 1995). More recent studies showed that isoenzyme
carbonic anhydrase II (CAII) is a specific marker for type I/II
oligodendrocytes, while type III/IV oligodendrocytes are CAII-
negative (Butt et al., 1998; Butt and Berry, 2000). Intriguingly,
oligodendrocytes appear to be very plastic and can change
their phenotype, as oligodendrocytes that normally myelinate
small diameter axons are able to myelinate large diameter axons
when transplanted into demyelinated tracts (Fanarraga et al.,
1998), and expression of CAII increases when the volume
of supported myelin decreases (O’Leary and Blakemore, 1997;
Berry et al., 1998). Although recent single-cell sequencing
analyses have provided additional molecular evidence for the
existence of different types of oligodendroglia (Zeisel et al., 2015;
Marques et al., 2016), the molecular mechanisms underlying
the development of oligodendrocyte subpopulations and their
association with different fiber sizes have remained elusive.

Early studies have suggested that intracellular calcium
signaling plays an important role in the survival and
differentiation of oligodendrocyte progenitor cells (OPCs),
and the maintenance of the myelin sheath as well (Soliven,
2001; Paez et al,, 2012). The calcium homeostasis imbalance
can result in demyelinating disease (Tsutsui and Stys, 2013).
Although oligodendrocytes can release Ca’* from internal
stores through both inositol 1,4,5-trisphosphate receptors
(ITPRs) and ryanodine receptors (RyRs), only ITPRs could
evoke the Ca?* waves in newly differentiated OLs and initiate
the myelin formation process (Haak et al,, 2001). ITPRs are
intracellular Ca?>* release channels that are mainly localized in
the endoplasmic reticulum (ER). There are three isoforms of
ITPRs (ITPR1-3) that are differentially expressed in the CNS
tissues, with ITPR2 being solely transcribed in glial cells (Sharp
etal., 1999). However, the expression and functional involvement
of Itpr2 in oligodendrocyte development and myelinogenesis has
not been defined.

In this study, we report that Itpr2 is selectively upregulated
in oligodendrocytes during differentiation and myelin formation
stages. Functional studies with both conventional and conditional
mutants revealed that Itpr2 deficiency causes a developmental
delay of oligodendrocyte differentiation in the CNS, resulting
in an increased percentage of CAII™ type I/Il OLs and small-
diameter myelinated axons with abnormal CAP.

MATERIALS AND METHODS

Animals
All animal experiments were performed in accordance with
the institutional guidelines drafted by the Laboratory Animal

Center, Hangzhou Normal University, and were approved by
the Animal Ethics Committee of Hangzhou Normal University,
China. The Itpr2-KO, Itpr2/1o*, Myrf**, Nkx2.2/'°%, Oligi-Cre,
Cnp-Cre, and Sox10-GFP mouse lines were described previously
(Lu et al., 2002; Lappe-Sietke et al, 2003; Li et al, 2005;
Emery et al., 2009; Tripathi et al., 2011; Mastracci et al., 2013).
For the removal of Itpr2 in oligodendrocyte lineage, Itpr2/'~
mice were interbred with Cnp-Cre transgenic mice to confirm
that the myelination phenotypes observed in Itpr2 conventional
knockouts are attributable to oligodendrocyte-specific defects.
Animals of either sex were used for analyses.

Electron Microscopy

Wild type and mutant mice perfused with a phosphate
buffer solution containing 2.5% glutaraldehyde and 4%
paraformaldehyde (PFA, pH 7.2). The optic nerve and
corpus callosum tissues were isolated and post-fixed in 1%
osmium tetroxide for 1 h. Tissues were then washed in
0.1 M cacodylate buffer, dehydrated in graded ethanol and
embedded in epoxy resins. Ultrathin sections (0.5 pm) were
stained with toluidine blue and observed under a transmission
electronic microscope.

Electrophysiology

All experiments were performed at room temperature (22-
25°C). During preparation, artificial cerebrospinal fluid (aCSF)
containing (in mM): NaCl 126, KCI 3.0, CaCl, 2.0, MgCl, 2.0,
NaH,POy4 1.2, NaHCO3 26, and glucose 10, was continuously
equilibrated with a humidified gas mixture of 95% 0,/5%
CO;. The optic nerves were dissected out at the optic chiasm
behind the orbit. The nerve tissues were equilibrated in the
beaker with aCSF for 30 min before each experiment. Recording
micropipettes were pulled from borosilicate glass capillaries and
the glass nozzles were polished until they could adhere to the
optic nerves tightly. One micropipette was attached to the rostral
end of the nerve for stimulation, the end of which was held by a
custom-made stimulating suction electrode, which was made of
a polished glass wrapped with silver wires and controlled by an
isolator. The second micropipette was attached to the caudal end
of the nerve for recording, and all recordings were orthodromic.
The maximum compound action potentials (CAP) were evoked
with electrical pulses at 0.05 ms in duration elicited at 0.2 Hz.
While this process was completed, the stimulus pulse intensity
was reduced to evoke 70% maximum reaction and recorded for
20 min. Signals were filtered at 2 kHz with a MultiClamp 700B
amplifier (Molecular Devices, Palo Alto, CA). Data were sampled
at 10 kHz and analyzed using ClampFit 10 (Molecular Devices).
The curve fitting routine for describing the CAP in terms of
Gaussian functions has previously been described (Allen et al.,
2006), and data were fit using Microsoft Excel. The stimulus
artifact was included in the fitting procedure as it impinges
upon the 1st CAP peak. The best fit of a CAP by multiple
Gaussian functions provides parameters that can be used to
reconstruct the CAP.
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In situ RNA Hybridization

Tissues were fixed with 4% PFA in PBS (pH 7.4) at 4°C overnight.
Tissues were then cryo-protected in 30% sucrose, embedded
in optimal cutting temperature compound (OCT) medium,
and sectioned on a cryostat at 16-18 pum. The procedures for
in situ hybridization (ISH) have been described previously (Zhu
et al, 2013). The digoxin-labeled RNA probes used for ISH
corresponded to nucleotides 1210-2178 of mouse Plpl mRNA
(NM_011123.4), nucleotides 7028-7970 of mouse Itpr] mRNA
(NM_010585.5), nucleotides 134-698 of mouse Itpr2 mRNA
(NM_019923.4), and nucleotides 6818-7761 of mouse Itpr3
mRNA (NM_080553.3).

Immunofluorescence Staining

Animals were fixed by transcardial perfusion with cold 4%
PFA after the animals were deeply anesthetized. Brains, spinal
cords and optic nerves were isolated and post fixed overnight,
cryoprotected in 30% sucrose, embedded in OCT compound and
stored at —80°C for cryo-sectioning. After incubation in blocking
buffer (10% goat serum and 0.2% Triton X-100 in PBS), tissue
sections (16 pwm thickness) were first incubated with primary
antibodies at 4°C overnight and then with second antibodies at
room temperature for 2 h, followed with 1 mg/mL DAPI for 5-10
min. Slides were mounted with mowiol mounting medium. The
primary antibodies were used as follows: anti-OLIG2 (1:1,000,
Millipore, Cat# AB9610, RRID: AB_570666), anti-CC1 (1:500,
Abcam, Cat# ab16794, RRID: AB_443473), anti-ITPR2 (1:10,
Millipore, Cat# AB3000, RRID: AB_91282), anti-NeuN (1:500, R
and D Systems, Cat# MAB377, RRID: AB_2298767), anti-CAII
(1:50, ABclonal, Cat# A1440, RRID: AB_2761269), anti-SOX10
(1:400, Oasis Biofarm), anti-ALDHI1L1 (1:200, Oasis Biofarm).
The secondary antibodies used were Alexa Fluor 488/594-
conjugated antibodies (Invitrogen, Carlsbad, CA, United States).

Western Blotting

Brainstem tissues were lysed in lysis buffer (Sigma, R0278)
with protease inhibitor cocktail (Sigma, P8340). Proteins from
control and mutant mice (30 pug each) were loaded for SDS-
PAGE electrophoresis and subsequently detected with anti-
ERK1/2 (1:5,000, Abcam, Cat# ab184699, RRID: AB_2802136),
anti-Phospho-ERK1/2 (1:5,000, Abcam, Cat# ab76299, RRID:
AB_1523577), anti-CNPase (1:2,000, Abcam, Cat# ab6319, RRID:
AB_2082593), anti-B-Actin (1:10,000, ABclonal, Cat# AC026,
RRID: AB_2768234) antibodies according to the protocol
(Ray et al., 2000).

Organotypic Slice Cultures

OL lineage-specific reporter mice Sox10-GFP at postnatal day
10 were sacrificed by cervical dislocation and then decapitated.
Coronal slices (230 pwm thick) from the mouse cerebral
cortex were first sectioned in aCSF (pH 7.4), transferred onto
30 mm diameter semiporous membrane inserts (Millicell-CM
PICMO03050) and then cultured in six-well tissue culture dishes
containing 3 mL of culture medium per well. The brain slice
culture medium consisted of 50% Eagle’s minimal essential
medium, 25% heat-inactivated horse serum, 25% Hank’s balanced

salt solution, 1% L-glutamine, and 1% penicillin/streptomycin.
Slices were maintained at 37°C in an incubator in atmosphere
of humidified air and 5% CO,. After 1 day in culture,
intracellular calcium chelator BAPTA-AM (20 wm) (Solarbio,
S1102) was added to the culture medium to assess its impact
on oligodendrocyte differentiation. For localization studies, the
slices were fixed with 4% PFA for 24 h at 4°C after 5 days in
culture and then detected the expression of CAII.

Statistical Analysis

Data statistical analyses were performed using the GraphPad
Prism software (version 8.0.2). For the quantitative analysis of
the distribution of axonal size in the corpus callosum and optic
nerve tissues, data were measured with a two-way analysis of
variance (ANOVA) followed by a post hoc holm-sidak test. For
the other data, one-way ANOVA followed by Sidak’s test was used
for comparison among three groups, and unpaired -test was used
for comparison among two groups. All the error bars represent
mean =+ standard error of the mean (SEM) unless specified
otherwise. And p-value < 0.05 was considered as statistically
significant. For each analysis, the results from independent
animals were treated as biological replicates (n > 3).

RESULTS

Itpr2 Is Selectively Up-Regulated in

Newly Differential Oligodendrocytes

A recent study suggested that Itpr2 is strongly expressed
in postnatal oligodendrocytes (Zeisel et al, 2015; Marques
et al., 2016). To determine the specificity and developmental
stages of Itpr2 expression during oligodendrocyte development,
we first performed RNA in situ hybridization (ISH) in the
CNS tissues from different developmental stages. In the brain
region, Itpr2 expression started to emerge in the corpus
callosum (CC) at around postnatal day (P7) stage, increased
progressively thereafter (Figures 1A,B). By P15, its expression
was detected throughout the entire CC tissue (Figure 1C).
However, at P30, its expression was significantly down-regulated
(Figure 1D). Similarly, in the spinal cord region, Itpr2 was
detected in the white matter glial cells starting at about embryonic
day 18.5 (E18.5), and the number of Itpr2*™ cells gradually
increased with time and reached the maximum at P3-P7 stages
(Supplementary Figures 1A-D). At later postnatal stages, Itpr2
expression was gradually diminished in the white matter of
spinal cord (Supplementary Figures 1E,F). The spatiotemporal
pattern of Itpr2 expression suggests its selective up-regulation
in differentiating OLs (Figures 1A-D and Supplementary
Figures 1A-F).

To further confirm that Itpr2 is indeed expressed in
differentiating OLs, we next examined the expression of Itpr2 in
the spinal cords of Cnp™®/*; Nkx2.2/'" and Olig’/*; Myrf/f!
mice. In the OligI-Cre mouse line, the Cre activity is expressed
in OPCs and mature OLs (Lu et al., 2002), whereas in the
Cnp-Cre mouse line, the Cre is primarily expressed in early
differentiating OLs (Yu et al., 1994; Baumann and Pham-
Dinh, 2001). The Cnp"®/*+; Nkx2.2//# conditional mutant mice
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Corpus Callosum
B

Optic Nerve

FIGURE 1 | /tpr2 is selectively up-regulated in differentiating OLs in the CNS.
(A-D) Expression of Itpr2 in the forebrain tissues as detected by RNA in situ
hybridization (ISH). Black arrows highlight /tpr2+ cells. The number of /tpr2
positive cells in the corpus callosum increased progressively from P7 to P15
and then decreased gradually thereafter. Scale bar represents 5 wm. (E,F)
Double immunofluorescence of anti-ITPR2 combined with anti-OLIG2 or
anti-CC1 in P15 corpus callosum. Double positive cells are represented by
white arrows. CC, corpus callosum; CTX, Cortex. (G-l) Representative
images of ITPR2" cells that co-express OLIG2, CC1 but not ALDH1L1 in P15
optic nerve. Scale bar represents 25 um.

delayed OPC differentiation in the spinal cord (Q. Zhu et al,,
2014), while Olig"®/*+; Myrf!//l mice arrested oligodendrocyte
differentiation and myelin gene expression (Emery et al., 2009;

McKenzie et al., 2014; Xiao et al., 2016). As expected, the number
of Itpr2* cells was dramatically reduced in both Nkx2.2 and Myrf
conditional knock-out mice compared to the control groups
(Supplementary Figure 2).

The selective expression of ITPR2 in differentiating OLs was
further validated by double immunostaining with two well-
established oligodendrocyte markers, CC1 and OLIG2, in P15
brain. Indeed, the majority of ITPR2-positive cells were co-
stained with the newly formed OL marker CC1 (Cai et al,
2010; Young et al., 2013) or the general oligodendrocyte lineage
marker OLIG2 in the corpus callosum (Figures 1E,F) and the
optic nerves (Figures 1G,H). In addition, ITPR2% cells did not
co-express the astrocyte lineage marker ALDHIL1 in the optic
nerves at early postnatal stage (Figure 11). Similarly, ITPR2" cells
in P4-P7 spinal tissues (white matter) also co-expressed OLIG2
and CCI but not with neuronal marker NeuN (Supplementary
Figures 1G-J). Together, these data manifest that Itpr2 is highly
and selectively expressed in differentiating OLs in early postnatal
CNS tissues, suggestive of its important role in OL maturation
and myelination.

Delayed Oligodendrocyte Differentiation
in Itpr2 Mutant Brain

To assess the in vivo role of Itpr2 in regulating OLs differentiation
and myelin development, we next examined the expression
of mature OL marker PlpI in postnatal brain tissues by ISH.
It was found that the number of PlpI™ myelinating OLs in
Itpr2=/~ corpus callosum was significantly lower than that of
controls between P7 and P15 stages (Figures 2A-B/,D) when
OLs undergo active differentiation and myelination in this region
(Franco-Pons et al., 2006; Korrell et al,, 2019). Intriguingly,
the number of PlpI*™ OLs was not altered in P21 control

| Itpr2-/- |
A

Pip1

FIGURE 2 | Ablation of /tpr2 gene delays the differentiation of oligodendrocytes. (A-C’) Plp7 mRNA expression in coronal forebrain sections of wild-type (A-C) and
Itpr2-KO (A’-C’) mice at indicated stages. (D) Quantification of Pjp7+ cells per section (n = 3) in the corpus callosum of /tpreKO mice. Error bars indicate

Means + SEM. Scale bar represents 100 pm.
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and mutant tissues (Figures 2C,C’,D). These results indicate a
transient developmental delay of OL differentiation when Itpr2
gene is inactivated.

Increased Percentage of Small Diameter
Myelinated Axons in lipr2 Mutants

To examine the effects of ITPR2 ablation on axonal myelination,
we performed transmission electron microscopy (TEM) analysis
on cross-sections of the corpus callosum (CC) and the optic nerve
(ON) of postnatal day 60 (P60) wild-type and ItprZ_/ ~ mice
(Figures 3A-B'). Strikingly, ultrastructural analyses showed that
there were significantly more myelinated axons in CC of Itpr2~/~
mice compared with the controls. And optic nerve tissues
showed a similar number of myelinated axons between wild-
type and Itpr2~/~ mice (Supplementary Figure 5). To evaluate
whether axons of a certain caliber were more severely affected
in the absence of ITPR2, we quantified the relative frequency of
myelinated axons with respect to their corresponding diameters.
Quantitative analyses showed that a larger proportion of
myelinated axons had small diameters (0.2-0.7 pm) in the CC
region of mutants, and the percentage of myelinated axons with
large diameters was markedly reduced (larger than 1.5 pum)
(Figure 3C; Two-way ANOVA P-values summary: interaction:
F = 4.720, p = 0.0036; axon diameter: F = 36.29, p = 0.0010;
genotype: F = 0.7167, p = 0.4359. For small diameters, WT:
59.95 % 0.4234%, Itpr2~/~: 76.34 £ 4.492%; for large diameters,
WT: 7.68 £ 0.9467%, Itpr27/7: 0.13 %+ 0.07336%). Similarly,
the proportion of small-diameter myelinated axons in the Itpr2
mutant optic nerve also increased significantly, while the large-
diameter myelinated axons decreased (Figure 3D; Two-way
ANOVA P-values summary: interaction: F = 11.61, p < 0.0001;
axon diameter: F = 111.1, p < 0.0001; genotype: F = 0.5946,
p = 0.4837. For small diameters, WT: 28.71 % 0.3378%, Itpr2=/~:
43.35 £ 0.9538%; for large diameters, WT: 14.48 £ 1.055%,
Itpr2=/~: 6.33 £ 1.253%). Thus, Itpr2 mutation significantly
reduced the diameters of myelinated axons. As a whole group,
g-ratios were unaltered in the corpus callosum and optic
nerves between the two groups of animals, but the g-ratios
in different diameter range displayed different trends. As the
scatter plots of g-ratio against axon caliber showed the small-
diameter myelinated axons exhibited smaller g-ratios indicative
of thicker myelin sheath in the mutant CC and optic nerves,
while the large-diameter myelinated axons showed the opposite
result (Figures 3E,F). Together, these data manifest that Itpr2
deficiency altered the size population of myelinated axons in the
CNS, increasing the percentage of smaller axons for myelination.

Reduced Conduction Velocity in the ltpr2

Deficient Central Nervous System

Previous studies showed CAP recorded from rodent optic nerve
is polyphasic in profile, with total area under the CAP as an index
of nerve function. It is suggested that the CAP is related to the
composition of the axons (Evans et al., 2010). To further confirm
our results, we recorded the CAP of optic nerves from wild-type,
Itpr2=/~ and Itpr2cKO mice (Figure 4A). With the increase of
stimulation intensity, the total CAP area increased continuously

and finally reached a stable plateau for control, Itpr2cKO and
KO groups (Figure 4B). However, the total CAP area was
significantly decreased in Itpr2cKO and KO mice compared
to wild-type mice (Figure 4D; One-way ANOVA, F = 18485,
p < 0.0001). The typical evoked CAP response was polyphasic
in profile (Figure 4C), which is in line with the previous findings
(Govind and Lang, 1976; Evans et al., 2010; Horowitz et al., 2015).
Prior studies showed that CAP could exhibit multiple peaks, with
the largest diameter axons contributing to the 1st CAP peak and
the smaller axons contributing to the 2nd and 3rd CAP peaks
(Evans et al., 2010). Thus, the shift in the relative proportion of
small vs. large axons would suggest that the peaks of the axons
shift in size. Compared to the control groups, the first peak
became smaller in both Itpr2cKO and KO groups (Figure 4E;
One-way ANOVA, F = 18485, p < 0.0001), in agreement with our
electron microscopy results (Figure 3). We also found that the
values for the latency for the 1st peak increased in the Itpr2cKO
and KO mice compared to wild-type mice (Figure 4F; One-
way ANOVA, F = 29.99, p < 0.0001). Collectively, these data
indicated that a higher proportion of smaller myelinated fibers
in Itpr2 mutant mice adversely affected their CAP in the CNS.

Increased Percentage of Type I/l
Oligodendrocytes Was Increased in Itpr2
Mutants

We next explored the possible mechanism underlying
the increased percentage of small caliber axons that are
myelinated in the mutants. Early studies identified four types
of oligodendrocytes, among which CAII™ type I/II OLs tend
to myelinate small caliber axons (Butt et al, 1998; Butt and
Berry, 2000). Thus, we next investigated the possibility that the
delayed OL differentiation in the mutants may cause an increased
proportion of type I/II OLs, leading to a higher percentage of
smaller myelinated axons. Immunostaining of the wild-type
brain tissues revealed that at P4, CAII"/CC1* double positive
cells were rarely seen in the corpus callosum (Figure 5A). At
P7, a small number of CAII* positive cells began to emerge
in the corpus callosum (Figure 5B). By P15, the density of
CAII/CC1™ type I/II cells was significantly increased in the
corpus callosum (Figures 5C,D), suggesting that the type I/II
group were later-born OLs. Consistently, the percentage of
CAIITSOX10" OLs in SOX10" population (white arrows) in
Itpr2 mutant mice was significantly elevated in the white matter
at all postnatal stages examined (Figures 5E-H). A similar
increase in the ratio of CAIITSOX10" OLs was also found in
the Itpr2 conditional mutant (cKO) brain tissues (Figures 5I-L).
Together, these data strongly suggest that the delayed OL
differentiation in Itpr2 deficiency results in an increased ratio of
type I/II oligodendrocytes.

Given that ITPR?2 is the main receptor for intracellular release
of calcium, it is plausible that Ca?™ signaling may be involved
in the differentiation of OL subtypes. To address this possibility,
membrane permeable Ca>T chelator BAPTA-AM was applied
to brain slice culture of SoxI0-GFP mice to block intracellular
calcium release. After 5 days of treatment, brain slices were
subjected to CAIl immunostaining (Figure 5M). Consistent with
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P60

Axon diamter(um)

FIGURE 3 | Knockout /tpr2 increases the percentage of small-diameter myelinated axons in corpus callosum and optic nerve. (A-B’) Electron microscopy images of
the corpus callosum (CC) (A,A’) and optic nerve (ON) (B,B’) from P60 wild-type and /tpor2~/~ mice. Scale bar represents 1 um. (C) Quantification of percentage of
myelinated axons in the corpus callosum by size. An increased number of myelinated small-diameter axons (<0.7 .wm) and a decreased number of myelinated
large-diameter axons (>1.5 um) were observed in ltpr2 mutants. Two-way ANOVA P-values summary: interaction: F = 4.720, p = 0.0036; axon diameter:

F =36.29, p = 0.0010; genotype: F = 0.7167, p = 0.4359. (D) The distribution of axonal size in optic nerve is similar to that in the corpus callosum. Two-way
ANOVA P-values summary: interaction: £ = 11.61, p < 0.0001; axon diameter: F = 111.1, p < 0.0001; genotype: F = 0.5946, p = 0.4837. (E) The relationship
between diameters and g-ratios of axons from the corpus callosum of wild-type and /tpr2KO mice at P60. Averaged g-ratios were 0.836 + 0.007 (wild-type, 654
axons from 3 animals, black squares) and 0.833 + 0.008 (itpr2~/—, 1,447 axons from 4 animals, red triangles), p = 0.72. (F) The relationship between diameters
and g-ratios of axons from the optic nerve of wild-type and /tpr2KO mice at P60. Averaged g-ratios were 0.858 + 0.001 (wild-type, 635 axons from 3 animals, black
squares) and 0.825 4 0.070 (ltpr2~/—, 696 axons from 3 animals, red triangles), p = 0.55. Error bars indicate Means + SEM.
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the in vivo findings, the density of CAII* type I/Il OLs was
significantly increased after treatment with 20 pm BAPTA-AM
(Figures 5N,N’,0). Thus, disruption of ITPR2 gene and blocking
intracellular calcium release had the same effect of significantly
increasing the proportion of type I/II oligodendrocytes both
in vivo and in vitro.

The ERK1/2 pathway has been shown to be critical for
OL differentiation both in vitro and in vivo (Guardiola-Diaz
et al., 2012; Chen et al., 2015; Rodgers et al., 2015; Mei et al,,
2021). Previous studies have shown that the release of calcium
from intracellular stores can stimulate the ERK activity which
can directly influence OL differentiation (Kim et al., 2020).
Consequently, we conjectured whether preventing the release

of intracellular calcium influx by deletion of ITPR2 can down-
regulate the ERK phosphorylation level. To test this possibility,
we examined the expression of CNPase, ERK and p-ERK via
Western blotting (Figures 6A,D), and found a decrease of
CNPase expression and p-ERK level in the brainstem of Itpr2cKO
and KO mice at P7 and P15, while the total level of ERK protein
was not significantly altered (Figures 6B,C,E,F). Thus, the
expression of CNPase and ERK phosphorylation level was indeed
down-regulated in the conventional and conditional mutant
brainstem at early developmental stages. Taken together, our
studies suggest that ITPR2 deletion may affect the differentiation
of oligodendrocytes and the ratio of type I/II oligodendrocytes by
abating Ca?"-dependent ERK activation.
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FIGURE 4 | Electrophysiological measurements of CAP from optic nerves. (A) The diagram of electrophysiological measurements of CAP from optic nerve.

(B) Normalized total CAP area of optic nerves showing a S-type growth in response to increasing stimulus current (n = 5, 7, 4). (C) Representative 70% maximum
CAP of optic nerves from wild-type (WT), conditional knockout (cKO) and conventional mutants (KO) mice. The large stimulus artifact has been truncated and is
followed by a polyphasic waveform peaks. And compared to the control groups, the first peak became smaller and the third peak became larger in the /tpr2 cKO
and KO groups. (D) Analysis of the values for the CAP area (WT: 8.878 + 0.01151 mV*ms, KO: 5.759 £ 0.03151 mV*ms, cKO: 3.713 + 0.01563 mV*ms, one-way
ANOVA, F = 14817, p < 0.0001, n = 6, 6, 6.) in the optic nerves. (E) Analysis of the values for CAP peak (WT: 5.364 4 0.01007 mV, KO: 2.763 4+ 0.01365 mV,
cKO: 2.464 + 0.01118 mV, one-way ANOVA, F = 18485, p < 0.0001, n = 6, 6, 6) in the optic nerves. (F) Analysis of the values for CAP latency (WT:

1.000 # 0.08515 ms, KO: 0.5000 =+ 0.04082 ms, cKO: 0.3750 + 0.01443 ms, one-way ANOVA, F = 29.99, p < 0.0001, n = 5, 4, 4.) in the optic nerves. Error bars
indicate Means + SEM.

DISCUSSION These progressive processes are accurately controlled by a

large number of intracellular factors and extracellular signals.
Oligodendrocytes arise from specific regions of neural epithelium  Calcium signaling emerges as an important regulator for
and then migrate to the entire CNS before they differentiate  oligodendrocyte development and axonal myelination (Soliven,
and form myelin sheaths wrapping around neuronal axons. 2001). There are three IP3R subtypes (ITPR1-3) in mammals
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FIGURE 5 | Disruption of ITPR2 increases the proportion of type I/Il oligodendrocytes. (A-C) Double immunostaining of CAll and CC1 in early postnatal brain
tissues. (D) Quantification of the density of CC1 positive cells and CAIll/CC1 double positive cells in the corpus callosum of wild-type mice. (E-G’)
Immunofluorescent images of CAll and SOX10 staining in corpus callosum tissues from various stages of WT and /tpr2-/mice. Double positive cells are represented
by white arrows. (H) Quantitative analysis of the ratio of CAII* cells in SOX10* oligodendrocytes at indicated stages. (I-K’) CAll and SOX10 double-immunostaining
in corpus callosum tissues from various stages of control and Cnp®e/+; jtor2/'/ mice. Double positive cells are represented by white arrows. Scale bar represents
50 wm. (L) Quantitative analysis of the percentage of CAIl* cells in SOX10* oligodendrocytes at indicated stages. (M) Schematic of workflow of organotypic slice
cultures. (N,N’) Immunostaining of CAll in the corpus callosum of cultured Sox70-GFP slices. Compared with the control groups, the ratio of CAIITSOX10*
oligodendrocytes remarkably increased in the corpus callosum of cultured slices treated with 20 WM BAPTA-AM. Scale bar represents 50 um. (O) Quantification of
the percentage of CAIl/SOX10-GFP double positive cells in SOX10-GFP* population in brain slice culture from (N,N’). Error bar indicates Means 4+ SEM. n > 3.
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FIGURE 6 | /tpr2 deletion inhibits the Ca?*-dependent ERK activation. (A) The expression and phosphorylation of ERK, CNPase and ERK in brainstem tissues from
wild-type and Itpr2=/~ mice at P10, P15 and P30 in grouping image. -actin was used as the internal control. (B) Quantification of CNPase protein level in the
brainstem of /tpr2=/~ mice which were normalized to the wild-type group. (C) Quantification of ERK1/2 phosphorylation level in the brainstem of /tpr2=/~ mice
which were normalized to the wild-type group. (D) The expression and phosphorylation of ERK, CNPase, and ERK in brainstem tissues from control and Cnp®®/+;
Itpr2f!/T mice at P7, P15, and P30 in grouping image. p-actin was used as the internal control. (E) Quantification of CNPase protein level in the brainstem of
Cnp°re/+; Itpr2f!/f mice which were normalized to the control group. (F) Quantification of ERK phosphorylation level in the brainstem of Cnp®®/+; itor2f!//! mice
which were normalized to the control group. Error bar indicates Means + SEM. n = 3.

(Furuichi et al,, 1994). We found that only ITPR2 is highly
expressed in differentiating OLs, consistent with the recent
studies with RNA-seq analyses showing that Itpr2 is expressed
in cells of oligodendrocyte lineage (Zeisel et al., 2015; Marques
etal., 2016). Expression of the other two isoforms is not detected
in the white matter in both control and Itpr2~/~ spinal tissues
(Supplementary Figure 3), indicating a lack of compensatory
up-regulation of Itprl/3 in the absence of Itpr2. Based on these
findings, we believe that ITPR2 is the predominant channel
responsible for intracellular release of calcium in OLs.

Our expression analyses established that Itpr2 is highly up-
regulated in differentiating OLs at early postnatal stages (Figure 1
and Supplementary Figure 1) when oligodendrocytes undergo
active differentiation and myelination (Franco-Pons et al., 2006;
Korrell et al., 2019). In fact, its expression is not detected in
immature OPCs in embryonic tissues and is downregulated after
axonal myelination in adult tissues (Figure 1 and Supplementary
Figure 1). The strong expression of Itpr2 in differentiating
OLs suggests its important role in regulating OL differentiation
and myelin formation. In support of this idea, Itpr2 deficiency
induced a transient developmental delay of OL differentiation
and myelin gene expression (Figure 2). The delayed OL
differentiation in the mutants is apparently associated with the
abnormal myelin sheath development and axonal function, as
suggested by the marked increase in the percentage of small

diameter myelinated axons in the corpus callosum and optic
nerve, and the abnormal CAP in Itpr2 knockout (Figures 3, 4).
Since our expression analyses clearly demonstrate that Itpr2 is
not expressed in neurons or astrocytes at the early postnatal
stages when oligodendrocyte differentiating, we would argue
that the phenotypic alterations observed in both conventional
and conditional mutants are cell-autonomous and attributed to
defects in oligodendrocyte development. Consistent with this
idea, deleting Itpr2 in conditional mutants does not appear to
affect the expression of astrocyte markers in the corpus callosum
or neuronal markers in the cortex (Supplementary Figure 4).

It was previously demonstrated that type I/II oligodendrocytes
predominantly myelinate small diameter axons, and these myelin
sheaths display fewer lamellae and shorter internodal lengths
(Butt and Berry, 2000). In keeping with this early finding, we
detected an increased population of type I/II OLs in Itpr2 mutant
brain tissues (Figure 5). Meanwhile, the ratio of small diameter
myelinated axons to larger ones is increased in the mutant tissues,
which negatively impacts the saltatory conduction of electrical
signals. It has been previously demonstrated that the generation
of the precise number of OLs is necessary to myelinate entirely a
given population of axons (Barres et al., 1992; Burne et al., 1996;
Barres and Raff, 1999), and that small fiber diameter (0.2-0.4
pm) is sufficient to initiate wrapping by oligodendrocytes (Lee
et al., 2012). It is conceivable that an excess number of type I/II
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OLs shifts myelination to smaller diameter axons, and the ratio of
small/large diameter myelinated axons was altered together with
the conduction velocity of electrical signals. A similar observation
was made in Gab¥//; Olig1"®/*+ mice, in which ablation Gab1 in
the OLs resulted in delayed OL differentiation and an increased
proportion of small-diameter axons being myelinated (Zhou
et al., 2020). At this stage, it is not known why type I/IT OLs
are associated with small caliber axons. One possibility is that
these late-born OLs fail to provide certain trophic or nourishing
factors for further growth of myelinated axons. Alternatively,
ITPR2 deficiency may affect the formation of Ca?™ wave which
in turn affects the neuronal activity that has been suggested to
regulate the sizes of axon (Sinclair et al., 2017). In addition, earlier
reports have showed that ERK signaling pathway is necessary
for oligodendrocyte differentiation (Sun et al., 2013; Gaesser
and Fyffe-Maricich, 2016). Interestingly, the release of calcium
from intracellular stores can stimulate the ERK activity (Kim
et al, 2020). Our data have shown that Itpr2 expression is
correlated with the elevation of ERK phosphorylation (Figure 6),
raising the possibility that ITPR2 might regulate oligodendrocyte
differentiation via the intracellular calcium-dependent activation
of the ERK pathway.

In summary, our studies provide the important molecular
and genetic evidence that Itpr2 is dramatically up-regulated
in differentiating OLs and regulates OL differentiation and
myelin development. To our knowledge, this is the first report
that ITPR2-mediated calcium signaling can directly affect the
differentiation of OL subtypes possibly through an ERK-
dependent mechanism, and therefore influence the development
of myelinated axons.
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Oligodendrocytes (OL) have been for decades considered a passive,
homogenous population of cells that provide support to neurons, and
show a limited response to pathological stimuli. This view has been
dramatically changed by the introduction of powerful transcriptomic methods
that have uncovered a broad spectrum of OL populations that co-
exist within the healthy central nervous system (CNS) and also across
a variety of diseases. Specifically, single-cell and single-nucleus RNA-
sequencing (scRNA-seq, snRNA-seq) have been used to reveal OL variations
in maturation, myelination and immune status. The newly discovered
immunomodulatory role suggests that OL may serve as targets for future
therapies. In this review, we summarize the current understanding of OL
heterogeneity in mammalian CNS as revealed by scRNA-seq and snRNA-
seq. We provide a list of key studies that identify consensus marker genes
defining the currently known OL populations. This resource can be used to
standardize analysis of OL related datasets and improve their interpretation,
ultimately leading to a better understanding of OL functions in health
and disease.

oligodendrocyte, heterogeneity, scRNA-seq, snRNA-seq, populations, marker genes

Introduction

OLs represent a type of glial cells found in the CNS of invertebrates and vertebrates.
Their primary role is to envelop the axons of the neurons in myelin, which provides
insulation and maintains the electrical impulse conduction. Since their first description
in 1921, they have been considered a heterogeneous population, displaying variable
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morphology and spatial distribution (Del Rio-Hortega, 1921).
However, decades of subsequent research have led to the general
understanding that OLs are instead a homogenous population
of cells, without any major functional heterogeneity. It was not
until recently that advances in single-cell analysis revealed a
new spectrum and sources of OL heterogeneity, including their
variations related to differentiation state, developmental origin,
anatomical site, age and sex (for an extensive review, see Secker
and Williams, 2022).

A completely new area of OL characterization started with
the advent of single-cell transcriptomic techniques allowing
analysis of thousands of cells, each characterized by the activity
of thousands of genes. The first landmark studies characterizing
OL transcriptional heterogeneity were performed on single cells
in healthy animals (Zeisel et al,, 2015, 2018; Marques et al,
2016). The introduction of protocols for the analysis of single
nuclei isolated from archived samples facilitated the expansion
and application of the technique to investigations from human
tissues. Currently, we are experiencing a boom in transcriptional
studies characterizing OLs in a variety of pathological conditions
and disease states, rapidly extending our understanding of OL
heterogeneity. However, with the increasing number of scRNA-
seq and snRNA-seq studies, and the enormous complexity of
the information embedded within each dataset, there is a new
challenge for OL researchers that is the comparison and the
interpretation of newly acquired data with existing studies.
Although this step is not mandatory and often missed in reports,
it provides an important insight into the general function
of OLs, potentially transferring knowledge derived from one
particular model to a broader spectrum of pathological states.

The process of data interpretation using other studies
as reference is typically done by comparing selected marker
genes to a defined OL population or by integrative analysis.
The relation of OL populations is then assessed by the
overlap of these marker genes or by enrichment type of
analysis. The downside is that the calculation of marker
genes is heavily influenced by the data processing and the
particular downstream analysis, which biases the comparison
of populations. Integrative analysis is therefore a more robust
way to interpret new data (Stuart and Satija, 2019). Integration
allows merging of data for the unified processing of multiple
datasets, even if they are derived using different protocols or
experimental models. Although more robust, this method is
biased by the choice and settings of the integration tool. Finally,
the choice of reference studies is of uttermost importance. This
is far from trivial as features of OL heterogeneity of interest,
may be hidden in studies characterizing completely unrelated
biological questions.

To guide OL researchers in the wealth of current knowledge,
we prepared a compact review summarizing the current
understanding of OL heterogeneity in health and disease based
on single-cell and single-nucleus transcriptomic technologies.
Our motivation is to provide the community a unified overview
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of key transcriptomic studies dealing with OL heterogeneity
in the mammalian CNS (Table 1) and consensus marker
genes of selected OL populations (Table 2). We hope that the
interpretation of new datasets with respect to those already
available will lead to a standardization of OL nomenclature and
our better understanding of their transcriptional heterogeneity.

Oligodendrocyte heterogeneity in
health

Since the advent of scRNA-seq analysis, there have been
efforts to classify the CNS cell types. Early datasets comprised
only of tens of cell types represented by hundreds to thousands
of cells. The low proportion of OLs did not allow for their in-
depth characterization or the OLs were not the primary focus
of the studies. The first milestone deciphering OL heterogeneity
was made in murine CNS, in studies published by researchers
from the Division of Molecular Neurobiology at Karolinska
Institute (Zeisel et al., 2015, 2018; Marques et al., 2016).

The study of Zeisel et al. (2015) focused on somatosensory
cortex and hippocampal CAl region of juvenile mice, and
analyzed over 3,000 cells, including more than 800 OLs.
Clustering revealed six OL populations representing various
stages of maturation: post-mitotic, immature, pre-myelinating,
myelinating, intermediate, and terminally differentiated post-
myelination OLs. Marques et al. (2016) provided further details
by analyzing over 5,000 cells of OL lineage in 10 regions
of murine juvenile and adult CNS. In total, they observed
12 clusters of OL lineage, representing a continuum from
oligodendrocyte precursor cells (OPC) to mature OLs (OPC,
COP, NFOL1-2, MFOL1-2, and MOL1-6; Table 2). Whereas
the initial stages of OL maturation (to MFOLI1-2) were found
sequential and uniform across CNS regions, mature OLs showed
regional specificity, being present in unique proportions in
each brain region. Moreover, cells sampled from adult mice
comprised mostly of OPCs and two populations of mature
OLs (MOL5-6), while juvenile cells were represented by the
full spectrum of the OL populations. Lastly, the study of Zeisel
et al. (2018) expanded the scope of the previous datasets by
analyzing 19 CNS regions, counting over half a million of cells,
with a large fraction comprising of OLs. Their analysis identified
10 clusters of OL lineage (OPC, COP1-2, NFOL1-2, MFOL1-
2, MOL1-3; Table 2), but even with the increased sample size,
it did not reveal any additional OL subtypes beyond those
already described by Marques et al. (2016). Notably, despite
the large similarity of the two datasets, there was not a perfect
cluster match, probably due to different scRNA-seq technology
and data processing protocols used. These differences might be
possible to remove with integrative analysis, standardizing the
nomenclature, and defining a set of consensus marker genes
for future studies. For now, the marker genes and the reference
for interpretation of new datasets might be selected based on
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TABLE 1 Selection of key transcriptomic studies for understanding OL heterogeneity in health and disease*.

Study Species Condition = Methods # of OL Significance Accession number
(mouse/human) cluster (incl. (custom database if
OPCs) available)
Zeisel et al. (2015) Mouse Ctrl scRNA-seq 6 First large-scale scRNA-seq study of GSE60361 (link)
all cell types in mouse CTX and HC
Marques et al. (2016) Mouse Ctrl scRNA-seq 12 First large-scale OL focused GSE75330 (link)
scRNA-seq study in mouse CNS
Zeisel et al. (2018) Mouse Ctrl scRNA-seq 10 First large-scale scRNA-seq of all cell SRP135960 (link)
types in mouse CNS
Falcao et al. (2018) Mouse Ctrl, EAE scRNA-seq 14 First scRNA-seq defining disease GSE113973 (link)
related OL clusters
Jakel et al. (2019) Human Ctrl, MS snRNA-seq 9 First OL focused snRNA-seq of MS GSE118257 (link)
patients and healthy controls
Mathys et al. (2019) Human Ctrl, AD snRNA-seq 5 First large-scale snRNA-seq of AD syn18485175
patients and healthy controls
Floriddia et al. Mouse Ctrl, SCI ISH/ISS, 11 Spatial distribution of mature OLs in GSE128525 (link)
(2020) scRNA-seq WM and GM of murine brain and SC
Zhou et al. (2020) Both Ctrl, AD snRNA-seq 2-5 Description of GSE140511, syn21125841
Serpina3n™ C4b™ reactive OLs in AD
mice
Chen et al. (2020) Both Ctrl, AD 1SS, ST - Spatial characterization of GSE152506, syn22153884
plaque-induced transcriptomic (link)
response in AD
Lee et al. (2021) Mouse Ctrl, AD scRNA-seq 7-8 Description of two disease-associated ~ GSE160512, GSE181786,
OL clusters across three AD models GSE153895
Yao et al. (2021) Mouse Ctrl sc + snRNA-seq, 9 BICCN—transcriptomic and nemo:dat-chlngb7 (link)
snATAC-seq, epigenomic cell atlas of mouse CTX
snmC-seq2
Bakken et al. (2021) Both Ctrl snRNA-seq, 4-9 BICCN—comparison of motor CTX  nemo:dat-ek5dbmu (link)
snmC-seq2, in human, marmoset and mouse
SNARE-seq2
Russ et al. (2021) Mouse Ctrl sc + snRNA-seq 5 Harmonized atlas of mouse SC cell GSE158380 (link)
types (six integrated datasets)
Morabito et al. Human Ctrl, AD snRNA-seq, 14-15 Chromatin accessibility and syn22079621 (link)
(2021) snATAC-seq transcriptomic characterization of
AD
Bartosovic et al. Mouse Ctrl scCUT&Tag 5 scCUT&Tag profiling of histone GSE163532 (link)
(2021) modification and TFs in murine OLs
Hilscher et al. (2022 Mouse Ctrl 1SS 12 Spatial distribution of OL populations Data not available
from Marques et al. (2016)
Sadick et al. (2022) Human Ctrl, AD snRNA-seq 7 OL integration in multiple human GSE167494 (link)
AD datasets
Kenigsbuch et al. Mouse Ctrl, EAE, aging scRNA-seq 14 Definition of DOLs in murine models GSE202297
(2022) of AD, MS and aging
Kaya et al. (2022) Mouse Aging scRNA-seq 4-7 Identification of Data not yet released
interferon-responsive OLs during
WM aging
Yadav et al. (2022) Human Ctrl snRNA-seq, ST 8 Cellular taxonomy of adult human SC GSE190442 (link)
Meijer et al. (2022) Both Ctrl, EAE snATAC-seq, 12 In-depth epigenomic analysis of GSE166179 (link)
multiome immune genes in OLs
Pandey et al. (2022) Both AD, MS sc + snRNA-seq, 4-17 Characterization of three OL GSE180041, GSE182846

smFISH

activation states across disease
models

(link)

*For a curated database of all available single-cell transcriptomics studies with key experimental information (see Svensson et al., 2020).

Ctrl, healthy conditions; EAE, experimental autoimmune encephalomyelitis; MS, multiple sclerosis; AD, Alzheimer’s disease; SCI, spinal cord injury; ISH, in situ hybridization; ISS, in situ
sequencing; snATAC-seq, single-nucleus assay for transposase-accessible chromatin using sequencing; snmC-seq2, single nucleus methylcytosine sequencing; SNARE-seq2, single-nucleus
chromatin accessibility and messenger RNA expression sequencing; snRNA/ATAC multiome, Chromium Single Cell Multiome ATAC + Gene Expression; ST, Spatial transcriptomics
(Visium, 10x Genomics); smFISH, multiplexed single-molecule fluorescence in situ hybridization; CTX, cortex; HC, hippocampus; WM/GM, white/gray matter; SC, spinal cord; TFs,
transcription factors; DOLs, disease-associated oligodendrocytes.
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TABLE 2 Marker genes of selected OL populations as reported by authors.
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Study OL clusters  Gene signature Source
Marques et al. (2016) OPC Ptprzl, Pdgfra, Serpine2, Cspg5, Vcan, Cspg4 Supplementary Table 1—Top 6 marker genes of each
COP Cd9, Neu, 43110035E14Rik, Bmp4, Gpr17, Vean branch of the dendrogram in Figure 1C (out of 50). For
NFOL1 9630013A20Rik, Arpclb, Tmem2, Chn2, Mpzll, Frmdda Z‘;‘;ﬂ:ﬁ;:ﬁ:sfttazz :]'Zet:;‘;fe;:eﬁ:;:’;n‘i’ggz’;oisCglzzte:r
NFOL2 9630013A20Rik, Arpclb, Tmem2, Mobp, Ddrl, Tspan2 were selected. Of note, the list of genes is strictly related to
MFOL1 Ctps, Tmem141, Opalin, 9630013A20Rik the dendrogram in Figure 1C.
MFOL2 Ctps, Tmem141, Opalin, Mal, Ptgds, Evi2a-evi2b
MOL1 Apod, Sepp1, S100b, Fosb, Dusp1, Dnajbl
MOL2 Apod, Sepp1, S100b, Anxa5, Kik6, Mgst3
MOL3 Apod, Seppl, S100b, Car2, Cntn2, Gad2
MOL4 Apod, Sepp1, S100b, Serpinbla, Neatl, Seppl
MOL5 Apod, Sepp1, S100b, Cyp51, Dhcr24, Pdlim2
MOL6 Apod, Sepp1, S100b, 1133, Apoe, Ptgds
Zeisel et al. (2018) OPC Pdgfra, Clqll, Sapcd2, Emidl, Lhfpl3 Supplementary Table 4—Combination of markers genes
COP1 Neud, Brcal, Bmp4, Pak4, Lims2 uniquely identifying populations based on “trinarization”
CcoP2 Tnr, Rinl, Gprl7, Enpp6, Pdcdd scoring procedure developed by authors.
NFOL1 Cnksr3, H2-Ab1, Rras2, 1123a, Tmem163
NFOL2 Tmem?2, Gm26834, Rras2, Itpr2, Semadd
MFOL1 Ccpl110, Snx33, Hhip, Tmem88b, Arap2
MFOL2 2210011C24Rik, Wfdc18, Tmem141, Birc2, Fam214a
MOL1 Opalin, Ninj2, Efhdl, Mal, Ppplrl4a
MOL2 Hapln2, Dock5, Anln, Ugt8a, Gjbl
MOL3 Klk6, Nkx2-9, Cdknlc, Rab37, 2700046A07Rik
Falcao et al. (2018) EAE ml Serpina3m, KIk8, Serpina3c, Serpingl, Irf7, Cd74, Ifih1 Supplementary Figure 4B—Representative genes for
EAE_m3 Lyz2, C4b, Serpina3n, Kike, Igtp, Irgm2, Ccdcl3 EAE-associated modules (sortable list in Supplementary
EAE_m13 Plin4, Hif3a, Fam107a, Phyhdl, Cdknla, Sultlal Table 1)
Jakel et al. (2019) ImOLs ARHGAP24, MEF2C, C10orf11, APOE, CD74, DOCKS, Supplementary Figure 8C—Selection of key markers
PLXDC2, ELL2, APBB1IP, HLA.DRA, C3, PTPRC (sortable list in Supplementary Table 4)
Zhou et al. (2020) Reactive OLs C4b, Serpina3n, H2-d1 Figure 2A—Three highlighted marker genes (sortable list
in Supplementary Table 1)
Lee et al. (2021) MOL-DA1 C4b, Serpina3n Figure 2D—Selected marker genes (full list in
MOL-DA2 Cdb, Serpina3n, Cdknla, Ddit3, Gadd45a Supplementary Table 8)
Yao et al. (2021) OPC Pdgfra Coll4al, Cnrl, Gad2, Spock3, Sema3c, Zfp385b Supplementary Table 6—Top 6 marker genes for each

Oligo Enpp6_1
Oligo Enpp6_2
Oligo Enpp6_3
Oligo Enpp6_4
Oligo Opalin_1
Oligo Opalin_2
Oligo Opalin_3
Oligo Opalin_4
Sadick et al. (2022) Int0
Intl
Int2
Int3
Int4
Int5
Int6
DOLs
MOL-DA1

Kenigsbuch et al. (2022)
Pandey et al. (2022)

MOL-DA2
MOL-INF

Kaya et al. (2022) AROs

IROs

Coll4al, Kenipl, Cxcll4, Spock3, Sema3c, Chrna7
Coll4al, Gad2, Cxcl14, Cnrl, Rab3c, A830018L16Rik
Coll4al, Grikl, Cxcll4, Spock3, Sema3c, Necabl

Kcnipl, Gadl, Coll4al, Gad2, Grikl, Pax6

Adarb2, Gripl, Coll4al, Kcnipl, Gadl, Dabl
A830018L16Rik, Kcnipl, Coll4al, Grikl, Slc2al3, Gadl
Gripl, Coll4al, Kcnipl, A830018L16Rik, Grikl1, Gadl
Coll4al, Kenipl, Gadl, Maf, Shisa9, Netol

SVEPI, LINC01608, PLXDC2, DYSF

CTNNA2, CNDP1, ST3GAL6, QDPR, CRYAB

FP236383.3, MT-ND4, MT-ND3, MT-CO2, MT-ATP6
ACTN2, SLC5A11, RASGRF1, LINC00609, ANKRD18A
SGCZ, MDGA2, CNTN1, KCNIP4, FRY

RBFOX1, AFF3, ACSBG1, COL18A1

NRP2, LUCATI, NAV2, CAMK2D, NEAT1

Serpina3n, C4b, H2-d1, H2-k1, B2m, 1133, Kik6, CD9, CD63
Serpina3n, C4b, Anxa2, Plvap, Thbs3, Steap3, Emp3, Parvb,
§100a10, Tnfrsfla, Col6al, Semadf

Cdknla, Bax, Ddit3, Fos, Atf4, Egrl, Ccndl, Tnfrsfl2a, Btgl,
Egr2, KIf4, Fgf7, Rrad, Gdf15

H2-d1, Statl, Bst2, Igtp, Psmb8, Irgm1, Ifitl, Irf7, Psmel,
Oasl2, H2-q4, Tapl, Ifit2

C4b, Serpina3n, Socs3, Vim, Gadd45a, Bbc3

Ifi2712a, H2-k1, Usp18, B2m, Statl

consensus OL population (full list available)

Figure 3E—Selection of top markers of four integrated OL
datasets (sortable list in Supplementary Table 5)

Figure 2F—Highlighted marker genes

Figure 2B—Selected marker genes (sortable list in
Supplementary Table 2)

Figure 1G—Highlighted marker genes

OPC, oligodendrocyte precursor cells; COP, committed OL; NFOL, newly formed OL; MFOL, myelin forming OL; MOL, mature OL; EAE, experimental autoimmune encephalomyelitis;
ImOLs, immune OLs; MOL-DA, mature OL disease-associated; Int, integrated cluster of OLs, DOLs, disease-associated OLs; MOL-INF, mature OL interferon-associated; AROs, aging-

related OLs; IROs, interferon-responsive OLs.
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specific preferences. While the annotation used by Marques et al.
(2016) has been applied in several subsequent studies (Falcao
et al., 2018; Jakel et al., 2019; Floriddia et al., 2020; Bartosovic
etal., 2021; Hilscher et al., 2022; Meijer et al., 2022; Pandey et al.,
2022) and has become a standard in the field, an advantage of the
Zeisel et al. (2018) annotation are the region-specific references
rich in OLs, whose transcriptome was measured with the widely
used 10x Genomics technology.

The classification of OLs in human CNS lagged behind
the progress in mouse because of practical constrains in
obtaining fresh samples for isolation of single cells. This has
since changed with the introduction of protocols for the
analysis of single nuclei, making it possible to process archived
samples from the human brain biobanks. Using snRNA-seq,
the first studies comprised of only a small number of OLs,
limiting the annotation to a few clusters vaguely reflecting OL
maturation (Habib et al,, 2017; Lake et al., 2018). The first
comprehensive characterization was a study describing altered
OL heterogeneity in the white matter (WM) of five healthy
donors and four individuals with progressive multiple sclerosis
(MS) (Jakel et al., 2019). The authors identified seven clusters
of mature OLs (Oligol-6 and ImOLs), and clusters of OPC
and committed oligodendrocyte precursors (COP). Integrative
analysis with two previous datasets (Habib et al, 2017; Lake
et al,, 2018), re-annotated the Oligo6 cluster to an intermediate
state, connecting the OPC and COP clusters with the mature
OLs. Immune OLs (ImOLs) resembled the OPC and COP,
but also expressed immune response related genes (Table 2).
Comparison of the human clusters with those previously
obtained for the mouse OLs by Falcao et al. (2018), revealed
similarities between the two species. In short, several other
publications characterizing OL heterogeneity in CNS diseases
have appeared (see next chapter). These reported varying
numbers of clusters, most likely affected by the particular
experimental design and data-processing pipeline used. It is
likely that the complexity of human CNS will require dedicated
efforts to determine and annotate the full spectrum of human
OL heterogeneity. The first step in this direction was recently
taken by Sadick et al. (2022), who integrated their data with
three other studies (Grubman et al.,, 2019; Mathys et al., 2019;
Zhou et al,, 2020) identifying seven OL populations (Table 2),
that appeared consistently across the datasets. However, an in-
depth functional characterization was not performed. Of note, a
similar integrative approach was used to create a harmonized
atlas of mouse spinal cord cell types, but with limited details
of OLs (Russ et al, 2021). Lastly, a comprehensive cellular
taxonomy of the adult human spinal cord was recently released
by Yadav et al. (2022), including an integrative analysis of
mouse and human data.

Leaving the strictly OL-oriented research, the BRAIN
Initiative Cell Census Consortium (BICCC) provides a great
source of information that reveals additional layers of OL
heterogeneity. Recently, BICCN released results of its first
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implementation phase presenting a multimodal cell census and
an atlas of the mammalian primary motor cortex (BICCN,
2021). This massive resource provides a detailed transcriptomic
and epigenomic cell atlas of the mouse primary motor cortex
(Yao et al, 2021), including its spatial organization (Zhang
et al,, 2021) and comparison across human, marmoset (a new
world monkey) and mouse (Bakken et al., 2021). The integrative
analysis of seven scRNA-seq and snRNA-seq datasets led to
the identification of 116 cell types, counting 59 classes of
inhibitory and 31 classes of excitatory neurons, highlighting
their large transcriptional diversity. Non-neuronal cells were
categorized into 26 clusters, of which eight classes defined the
populations of OLs (Table 2). As the BICCN is mostly a neuron-
oriented effort, OL heterogeneity receives less attention and
many of the interesting findings are waiting to be revealed by
the community. The ultimate goal of BICCN is to perform
the complete characterization of mouse and human CNS,
and therefore another wealth of knowledge is expected in
the upcoming years.

The
technologies

recent developments in spatial transcriptomic

OL
transcriptional variation to their anatomical location. Floriddia

have made it possible to correlate
et al. (2020) inspected spatial distribution of three populations
of mature OLs in white and gray matter (GM) of murine brain
and spinal cord. Specifically, they focused on populations of
MOLI1, MOL2, and MOL5/6 as defined by Marques et al. (2016),
which showed the most distinctive expression profiles. Using
a limited number of marker genes, the authors demonstrated
different spatial preference and response to spinal cord injury.
Further details were provided by Hilscher et al. (2022), who
utilized probabilistic cell typing by in situ sequencing (pciSeq;
Qian et al,, 2020), and measured the expression of 124 marker
genes of all 12 OL populations as described by Marques et al.
(2016). The study focused on murine GM and WM in brain
and spinal cord at postnatal, juvenile and young adult age, and
revealed age and region related alterations in the composition of
OL populations. Together, these two pioneering efforts provided
the first hints for the understanding of the functional roles of
the OL populations with respect to their anatomical locations.

Oligodendrocyte heterogeneity in
disease

Falcao et al. (2018) represents a landmark study in
understanding OL heterogeneity in disease, describing several
disease specific OL populations in the spinal cord of mice
induced by experimental autoimmune encephalomyelitis
(EAE), which is an experimental model of multiple sclerosis
(MS). In total, the authors identified 14 clusters, including three
populations specific for the controls and five specific for EAE.
Notably, even when separated into controls and EAE clusters,
all the OLs resembled the clusters from Marques et al. (2016).
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The analysis of major data trends revealed modules associated
with EAE (Table 2), composed of genes related to interferon
response, antigen processing and presentation via the major
histocompatibility complex class I and II (MHC-I and -II)
and immune protection, represented by the Serpina3 gene
family. Altogether, the data showed active immunomodulatory
function of OLs in EAE, contesting the long-term dogma of
their passive role with limited responsiveness to pathogenic
stimuli. Extending the study, Jakel et al. (2019) performed an
analysis of OLs in human samples with various levels of MS
pathology. They identified a cluster of immune CD74" OLs
(ImOLs), resembling the data from the mouse EAE model.
Notably, the recent study by Meijer et al. (2022) showed
epigenomic priming of immune genes, further confirming
OL immunomodulatory role. Moreover, the positioning of
MS susceptibility single-nucleotide polymorphisms (SNPs)
within the accessible regulatory regions of genes involved in
immune regulation, suggested an altered function of OLs in
disease progression.

The initial findings on OL heterogeneity in EAE/MS
were soon accompanied by reports from intensive Alzheimer’s
disease (AD) research. Focusing on the murine AD model,
Zhou et al. (2020) reported Serpina3n™ C4b™ reactive OL
population (Table 2), specifically enriched in plaque-bearing
regions. The gene signature markedly overlapped with EAE-
enriched populations of OLs identified earlier by Falcao et al.
(2018), suggesting a shared response of OLs in two distinct
neurodegenerative models. The identical population of reactive
OLs (annotated MOL-DA1) was subsequently confirmed by
Lee et al. (2021), who assayed OL heterogeneity in AD
models of amyloidosis and tauopathy (Table 2). Moreover,
combined tau-amyloid pathology showed more extensive OL
response, giving rise to population of OLs with strong Tp53
signaling (MOL-DA?2), potentially leading to cell-cycle arrest
and apoptosis, however, without any prominent loss of OLs.
In situ hybridization (ISH) across brain regions confirmed
the existence of cell clusters in affected areas and absence in
control old animals except aged WM, suggesting age related
neurodegenerative changes in this compartment. Notably,
both astrocytes and OLs contributed substantially to the
overall C4b and Serpina3n signal. Finally, a recent study of
Kenigsbuch et al. (2022) largely confirmed the findings of the
aforementioned reports by defining a population of disease-
associated oligodendrocytes (DOLs, Table 2), whose gene
signature was found in multiple CNS pathologies, including
models of MS, AD and aging. Majority of the 26 markers
defining DOLs were related to immune response, and regulated
by the transcription factor families Stat/Irf, YY1/NF-kB and
Sox9, in accordance with the findings of Meijer et al. (2022),
who demonstrated a role of Statl in the immune OL population.
Using human protein homologs of mouse Serpina3n as a
key DOLs marker, authors detected SERPINA3 in human AD
samples, demonstrating the relevance of the mouse data for
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human pathology. This, however, contrasts the report of Zhou
et al. (2020), who did not detect reactive OLs in human AD
samples using snRNA-seq, or Chen et al. (2020), who screened
plaque regions for C4A/C4B and SERPINA3 transcripts by in situ
sequencing (ISS).

Turning attention to human AD samples, OL heterogeneity
has been interrogated in several studies investigating multiple
brain
2019;

regions (Del-Aguila et al, 2019; Grubman et al,
Mathys et al, 2019; Lau et al., 2020; Zhou et al,
2020; Gerrits et al.,, 2021; Leng et al., 2021; Morabito et al,
2021; Sadick et al, 2022). Majority of studies concluded
dysregulated OL functions in AD, including changes in
differentiation, myelination and metabolic adaptation to
neuronal degeneration. OLs have been accented as important
players in disease progression, showing sexual dimorphism
(Mathys et
genes (Grubman et al, 2019), and expression of potential

al,, 2019), dysregulation of AD susceptible

targets for novel AD therapeutics (Morabito etal., 2021).
Interestingly, distinctive immune related response observed
in murine models of MS and AD were not captured in any
of the human studies, except for the very rare CD74T OLs
(counting for 0.001% of all OLs) identified by Morabito
et al. (2021) and a minor cluster of antigen presenting OLs
identified by Sadick et al. (2022). Moreover, these cells were
not characterized by the expression of neither C4B nor
SERPINA3, which constitute the key markers of reactive
OLs, alias DOLs.

The lack of immune OL signature in AD samples was
recently scrutinized by Pandey et al. (2022). Using multi-dataset
integration, the authors defined three distinct activation states of
OLs across the mouse models of AD and MS (MOL-DA1, MOL-
DA2, and MOL-IEN), which were characterized by expression
of inflammatory-, survival- and interferon-associated genes
(Table 2). Follow-up integrative analysis of human OL datasets
revealed similar gene signatures in MS patients, but not in AD,
indicating a distinct transcriptional response of OLs in human
AD pathology. The latest contribution to the understanding of
OL heterogeneity in neurodegeneration was provided by Kaya
et al. (2022), who studied WM aging in mouse. The authors
identified clusters of aging-related Serpina3n™ C4b™ OLs
(AROs) and interferon-responsive StatlI™ B2m™ OLs (IROs)
characterized by the expression of type I interferon response
genes and MHC-I genes (Table 2). The two populations
resembled the inflammatory- and interferon- clusters described
by Pandey et al. (2022), but the population presumably involved
in the OL survival (MOL-DA2) was missing. Altogether, the data
indicates shared, but also distinct response of OLs in different
pathologies that requests further investigation.

To date, single-cell and single-nucleus transcriptomics have
been applied to most neurodegenerative and neuropsychiatric
disorders, e.g., amyotrophic lateral sclerosis (Pineda et al.,, 2021),
Parkinson’s disease (Smajic et al., 2022), schizophrenia (Ruzicka
et al,, 2020), major depressive disorders (Nagy et al., 2020),

frontiersin.org


https://doi.org/10.3389/fncel.2022.1025012
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Valihrach et al.

and autism (Velmeshev et al,, 2019). Unfortunately, the analysis
of OLs has often not been of primary interest and therefore
not explored in detail. Other CNS disorders with a recently
discovered role of OLs in its disease etiology, e.g., epilepsy
(Knowles et al, 2022), are still awaiting in-depth single-
cell transcriptomic characterization. Attention is also required
for the OLs in the acute CNS injuries, where their role is
largely unexplored.

Conclusion

We provide a comprehensive overview of key studies
defining the current spectrum of OL heterogeneity in health and
disease. We document a first standardized OL nomenclature
in murine healthy CNS and strong indication of distinct
reactive immune OL gene signature present in multiple
models of CNS pathologies. OL heterogeneity in human
is less defined and there are distinct transcriptional OL
phenotypes present in MS and AD patients. Future studies
are needed to establish a robust nomenclature of human OLs
and characterize the full spectrum of OL activation states in
other CNS disorders.

Author contributions

LV, ZM, and DZ drafted the manuscript. RK, SB, PA, MK,
and MA participated in subsequent review and editing process.
All authors have read and agreed to the published version
of the manuscript.

References

Bakken, T. E., Jorstad, N. L., Hu, Q., Lake, B. B., Tian, W., Kalmbach, B. E., et al.
(2021). Comparative cellular analysis of motor cortex in human, marmoset and
mouse. Nature 598, 111-119. doi: 10.1038/s41586-021-03465-8

Bartosovic, M., Kabbe, M., and Castelo-Branco, G. (2021). Single-cell CUT&Tag
profiles histone modifications and transcription factors in complex tissues. Nat.
Biotechnol. 39, 825-835. doi: 10.1038/s41587-021-00869-9

BICCN (2021). A multimodal cell census and atlas of the mammalian primary
motor cortex. Nature 598, 86-102. doi: 10.1038/s41586-021-03950-0

Chen, W. T,, Lu, A, Craessaerts, K., Pavie, B., Sala Frigerio, C., Corthout, N.,
et al. (2020). Spatial transcriptomics and in situ sequencing to study alzheimer’s
disease. Cell 182:€919. doi: 10.1016/j.cell.2020.06.038

Del Rio-Hortega, P. (1921). Estudios sobre la neurogia. La glia de escasas
rediaciones (oligodendroglia). Bol. Real Soc. Esp. Hist. Nat. 21, 63-92.

Del-Aguila, J. L., Li, Z,, Dube, U., Mihindukulasuriya, K. A., Budde, J. P.,
Fernandez, M. V., et al. (2019). A single-nuclei RNA sequencing study of
Mendelian and sporadic AD in the human brain. Alzheimers Res. Ther. 11:71.
doi: 10.1186/s13195-019-0524-x

Falcao, A. M., van Bruggen, D., Marques, S., Meijer, M., Jakel, S,
Agirre, E., et al. (2018). Disease-specific oligodendrocyte lineage cells arise
in multiple sclerosis. Nat. Med. 24, 1837-1844. doi: 10.1038/s41591-018-
0236-y

Frontiers in Cellular Neuroscience

33

10.3389/fncel.2022.1025012

Funding

This study was supported by project LX22NPO5107
(MEYS): Financed by EU—Next
institutional support RVO 86652036.

Generation EU and

Acknowledgments

We thank Ravindra Naraine for his assistance with
language editing.

Conflict of interest

Author MK was employed by TATAA Biocenter AB.

The remaining authors declare that the research was
conducted in the absence of any commercial or financial
that could be
conflict of interest.

relationships construed as a potential

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Floriddia, E. M., Lourenco, T., Zhang, S., van Bruggen, D., Hilscher, M. M.,
Kukanja, P., et al. (2020). Distinct oligodendrocyte populations have spatial
preference and different responses to spinal cord injury. Nat. Commun. 11:5860.
doi: 10.1038/s41467-020-19453-x

Gerrits, E., Brouwer, N., Kooistra, S. M., Woodbury, M. E., Vermeiren, Y.,
Lambourne, M., et al. (2021). Distinct amyloid-beta and tau-associated microglia
profiles in Alzheimer’s disease. Acta Neuropathol. 141, 681-696. doi: 10.1007/
s00401-021-02263-w

Grubman, A., Chew, G., Ouyang, J. F., Sun, G., Choo, X. Y., McLean, C., et al.
(2019). A single-cell atlas of entorhinal cortex from individuals with Alzheimer’s
disease reveals cell-type-specific gene expression regulation. Nat. Neurosci. 22,
2087-2097. doi: 10.1038/s41593-019-0539-4

Habib, N., Avraham-Davidi, L., Basu, A., Burks, T., Shekhar, K., Hofree, M., et al.
(2017). Massively parallel single-nucleus RNA-seq with DroNc-seq. Nat. Methods
14, 955-958. doi: 10.1038/nmeth.4407

Hilscher, M. M., Langseth, C. M., Kukanja, P., Yokota, C., Nilsson, M., and
Castelo-Branco, G. (2022). Spatial and temporal heterogeneity in the lineage
progression of fine oligodendrocyte subtypes. BMC Biol. 20:122. doi: 10.1186/
§12915-022-01325-z

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

frontiersin.org


https://doi.org/10.3389/fncel.2022.1025012
https://doi.org/10.1038/s41586-021-03465-8
https://doi.org/10.1038/s41587-021-00869-9
https://doi.org/10.1038/s41586-021-03950-0
https://doi.org/10.1016/j.cell.2020.06.038
https://doi.org/10.1186/s13195-019-0524-x
https://doi.org/10.1038/s41591-018-0236-y
https://doi.org/10.1038/s41591-018-0236-y
https://doi.org/10.1038/s41467-020-19453-x
https://doi.org/10.1007/s00401-021-02263-w
https://doi.org/10.1007/s00401-021-02263-w
https://doi.org/10.1038/s41593-019-0539-4
https://doi.org/10.1038/nmeth.4407
https://doi.org/10.1186/s12915-022-01325-z
https://doi.org/10.1186/s12915-022-01325-z
https://doi.org/10.1038/s41586-019-0903-2
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Valihrach et al.

Kaya, T., Mattugini, N., Liu, L., Ji, H., Besson-Girard, S., Kaiji, S., et al. (2022).
T cells induce interferon-responsive oligodendrocytes during white matter aging.
bioRxiv [Preprint]. doi: 10.1101/2022.03.26.485917

Kenigsbuch, M., Bost, P., Halevi, S., Chang, Y., Chen, S., Ma, Q, et al.
(2022). A shared disease-associated oligodendrocyte signature among multiple
CNS pathologies. Nature Neurosci. 25, 876-886. doi: 10.1038/s41593-022-01104-7

Knowles, J. K., Xu, H., Soane, C., Batra, A., Saucedo, T., Frost, E., et al.
(2022). Maladaptive myelination promotes generalized epilepsy progression. Nat.
Neurosci. 25, 596-606. doi: 10.1038/s41593-022-01052-2

Lake, B. B,, Chen, S, Sos, B. C,, Fan, J., Kaeser, G. E,, Yung, Y. C, et al.
(2018). Integrative single-cell analysis of transcriptional and epigenetic states in
the human adult brain. Nat. Biotechnol. 36, 70-80. doi: 10.1038/nbt.4038

Lau, S. F, Cao, H,, Fu, A. K. Y, and Ip, N. Y. (2020). Single-nucleus
transcriptome analysis reveals dysregulation of angiogenic endothelial cells and
neuroprotective glia in Alzheimer’s disease. Proc. Natl. Acad. Sci. U.S.A. 117,
25800-25809. doi: 10.1073/pnas.2008762117

Lee, S. H., Rezzonico, M. G., Friedman, B. A., Huntley, M. H., Meilandt, W. J.,
Pandey, S., et al. (2021). TREM2-independent oligodendrocyte, astrocyte, and T
cell responses to tau and amyloid pathology in mouse models of Alzheimer disease.
Cell Rep. 37:110158. doi: 10.1016/j.celrep.2021.110158

Leng, K, Li, E., Eser, R,, Piergies, A,, Sit, R., Tan, M., et al. (2021). Molecular
characterization of selectively vulnerable neurons in Alzheimer’s disease. Nat.
Neurosci. 24, 276-287. doi: 10.1038/s41593-020-00764-7

Marques, S., Zeisel, A., Codeluppi, S., van Bruggen, D., Mendanha Falcao, A.,
Xiao, L., et al. (2016). Oligodendrocyte heterogeneity in the mouse juvenile and
adult central nervous system. Science 352, 1326-1329. doi: 10.1126/science.aaf
6463

Mathys, H., Davila-Velderrain, J., Peng, Z., Gao, F., Mohammadi, S., Young,
J. Z., etal. (2019). Single-cell transcriptomic analysis of Alzheimer’s disease. Nature
570, 332-337. doi: 10.1038/s41586-019-1195-2

Meijer, M., Agirre, E., Kabbe, M., van Tuijn, C. A., Heskol, A., Zheng, C.,
et al. (2022). Epigenomic priming of immune genes implicates oligodendroglia in
multiple sclerosis susceptibility. Neuron 110:e1113.

Morabito, S., Miyoshi, E., Michael, N., Shahin, S., Martini, A. C., Head, E., et al.
(2021). Single-nucleus chromatin accessibility and transcriptomic characterization
of Alzheimer’s disease. Nat. Genet. 53, 1143-1155.

Nagy, C., Maitra, M., Tanti, A., Suderman, M., Theroux, J. F., Davoli, M. A, et al.
(2020). Single-nucleus transcriptomics of the prefrontal cortex in major depressive
disorder implicates oligodendrocyte precursor cells and excitatory neurons. Nat.
Neurosci. 23, 771-781. doi: 10.1038/s41593-020-0621-y

Pandey, S., Shen, K, Lee, S. H., Shen, Y. A,, Wang, Y., Otero-Garcia, M., et al.
(2022). Disease-associated oligodendrocyte responses across neurodegenerative
diseases. Cell Rep. 40:111189. doi: 10.1016/j.celrep.2022.111189

Pineda, S. S., Lee, H., Fitzwalter, B. E., Mohammadi, S., Pregent, L. J., Gardashli,
M. E, etal. (2021). Single-cell profiling of the human primary motor cortex in ALS
and FTLD. bioRxiv [Preprint]. doi: 10.1101/2021.07.07.451374

Qian, X,, Harris, K. D., Hauling, T., Nicoloutsopoulos, D., Munoz-Manchado,
A. B, Skene, N, et al. (2020). Probabilistic cell typing enables fine mapping of

Frontiers in Cellular Neuroscience

34

10.3389/fncel.2022.1025012

closely related cell types in situ. Nat. Methods 17, 101-106. doi: 10.1038/s41592-
019-0631-4

Russ, D. E., Cross, R. B. P., Li, L., Koch, S. C., Matson, K. J. E., Yadav, A.,
et al. (2021). A harmonized atlas of mouse spinal cord cell types and their spatial
organization. Nat. Commun. 12:5722. doi: 10.1038/s41467-021-25125-1

Ruzicka, W. B., Mohammadi, S., Davila-Velderrain, J., Subburaju, S., Tso,
D. R, Hourihan, M., et al. (2020). Single-cell dissection of schizophrenia
reveals neurodevelopmental-synaptic axis and transcriptional resilience. medRxiv
[Preprint]. doi: 10.1101/2020.11.06.20225342

Sadick, J. S., O’Dea, M. R., Hasel, P., Dykstra, T., Faustin, A., and Liddelow, S. A.
(2022). Astrocytes and oligodendrocytes undergo subtype-specific transcriptional
changes in Alzheimer’s disease. Neuron 110, 1788-1805.e1710. doi: 10.1016/j.
neuron.2022.03.008

Seeker, L. A., and Williams, A. (2022). Oligodendroglia heterogeneity in the
human central nervous system. Acta Neuropathol. 143, 143-157. doi: 10.1007/
s00401-021-02390-4

Smajic, S., Prada-Medina, C. A, Landoulsi, Z., Ghelfi, J., Delcambre, S., Dietrich,
C,, et al. (2022). Single-cell sequencing of human midbrain reveals glial activation
and a Parkinson-specific neuronal state. Brain 145, 964-978. doi: 10.1093/brain/
awab446

Stuart, T., and Satija, R. (2019). Integrative single-cell analysis. Nat. Rev. Genet.
20, 257-272. doi: 10.1038/s41576-019-0093-7

Svensson, V., da Veiga Beltrame, E., and Pachter, L. (2020). A curated database
reveals trends in single-cell transcriptomics. Database 2020:baaa073. doi: 10.1093/
database/baaa073

Velmeshev, D., Schirmer, L., Jung, D., Haeussler, M., Perez, Y., Mayer, S., et al.
(2019). Single-cell genomics identifies cell type-specific molecular changes in
autism. Science 364, 685-689. doi: 10.1126/science.aav8130

Yadav, A., Matson, K. J. E., Li, L., Hua, L, Petrescu, J., Kang, K., et al. (2022).
A Cellular Taxonomy of the Adult Human Spinal Cord. bioRxiv [Preprint]. doi:
10.1101/2022.03.25.485808

Yao, Z., Liu, H,, Xie, F., Fischer, S., Adkins, R. S., Aldridge, A. L, et al. (2021).
A transcriptomic and epigenomic cell atlas of the mouse primary motor cortex.
Nature 598, 103-110. doi: 10.1038/s41586-021-03500-8

Zeisel, A., Hochgerner, H., Lonnerberg, P., Johnsson, A., Memic, F., van der
Zwan, J., et al. (2018). Molecular Architecture of the Mouse Nervous System. Cell
174:€1022. doi: 10.1016/j.cell.2018.06.021

Zeisel, A., Munoz-Manchado, A. B., Codeluppi, S., Lonnerberg, P., La Manno,
G., Jureus, A, et al. (2015). Cell types in the mouse cortex and hippocampus
revealed by single-cell RNA-seq. Science 347, 1138-1142. doi: 10.1126/science.
aaal934

Zhang, M., Eichhorn, S. W., Zingg, B., Yao, Z., Cotter, K., Zeng, H., et al. (2021).
Spatially resolved cell atlas of the mouse primary motor cortex by MERFISH.
Nature 598, 137-143. doi: 10.1038/s41586-021-03705-x

Zhou, Y., Song, W. M., Andhey, P. S., Swain, A., Levy, T., Miller, K. R,
et al. (2020). Human and mouse single-nucleus transcriptomics reveal TREM2-

dependent and TREM2-independent cellular responses in Alzheimer’s disease.
Nat. Med. 26, 131-142. doi: 10.1038/541591-019-0695-9

frontiersin.org


https://doi.org/10.3389/fncel.2022.1025012
https://doi.org/10.1101/2022.03.26.485917
https://doi.org/10.1038/s41593-022-01104-7
https://doi.org/10.1038/s41593-022-01052-2
https://doi.org/10.1038/nbt.4038
https://doi.org/10.1073/pnas.2008762117
https://doi.org/10.1016/j.celrep.2021.110158
https://doi.org/10.1038/s41593-020-00764-7
https://doi.org/10.1126/science.aaf6463
https://doi.org/10.1126/science.aaf6463
https://doi.org/10.1038/s41586-019-1195-2
https://doi.org/10.1038/s41593-020-0621-y
https://doi.org/10.1016/j.celrep.2022.111189
https://doi.org/10.1101/2021.07.07.451374
https://doi.org/10.1038/s41592-019-0631-4
https://doi.org/10.1038/s41592-019-0631-4
https://doi.org/10.1038/s41467-021-25125-1
https://doi.org/10.1101/2020.11.06.20225342
https://doi.org/10.1016/j.neuron.2022.03.008
https://doi.org/10.1016/j.neuron.2022.03.008
https://doi.org/10.1007/s00401-021-02390-4
https://doi.org/10.1007/s00401-021-02390-4
https://doi.org/10.1093/brain/awab446
https://doi.org/10.1093/brain/awab446
https://doi.org/10.1038/s41576-019-0093-7
https://doi.org/10.1093/database/baaa073
https://doi.org/10.1093/database/baaa073
https://doi.org/10.1126/science.aav8130
https://doi.org/10.1101/2022.03.25.485808
https://doi.org/10.1101/2022.03.25.485808
https://doi.org/10.1038/s41586-021-03500-8
https://doi.org/10.1016/j.cell.2018.06.021
https://doi.org/10.1126/science.aaa1934
https://doi.org/10.1126/science.aaa1934
https://doi.org/10.1038/s41586-021-03705-x
https://doi.org/10.1038/s41591-019-0695-9
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

& frontiers | Frontiers in

‘ @ Check for updates

OPEN ACCESS

Hiroaki Wake,
Nagoya University, Japan

Holly Colognato,

Stony Brook University, United States
Enrica Boda,

University of Turin, Italy

Giada Delfino
giada.delfino@inserm.fr

This article was submitted to
Non-Neuronal Cells,

a section of the journal

Frontiers in Cellular Neuroscience

20 September 2022
03 November 2022
24 November 2022

Delfino G, Bénardais K, Graff J,
Samama B, Antal MC, Ghandour MS
and Boehm N (2022) Oligodendroglial
primary cilium heterogeneity during
development

and demyelination/remyelination.
Front. Cell. Neurosci. 16:1049468.
doi: 10.3389/fncel.2022.1049468

© 2022 Delfino, Bénardais, Graff,
Samama, Antal, Ghandour and Boehm.
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

Original Research
24 November 2022
10.3389/fncel.2022.1049468

Oligodendroglial primary cilium
heterogeneity during
development and
demyelination/remyelination

Giada Delfino!?3*, Karelle Bénardais*?34, Julien Graff23,
Brigitte Samamat234, Maria Cristina Antal*234,

M. Said Ghandour'* and Nelly Boehm?234

!|Cube Laboratory UMR 7357, Team IMIS, Strasbourg, France, ?Institut d'Histologie, Service Central
de Microscopie Electronique, Faculté de Médecine, Université de Strasbourg, Strasbourg, France,

SFédération de Médecine Translationnelle de Strasbourg (FMTS), Strasbourg, France, *Hopitaux
Universitaires de Strasbourg, Strasbourg, France

The primary cilium (PC) has emerged as an indispensable cellular antenna
essential for signal transduction of important cell signaling pathways. The
rapid acquisition of knowledge about PC biology has raised attention
to PC as a therapeutic target in some neurological and psychiatric
diseases. However, the role of PC in oligodendrocytes and its participation
in myelination/remyelination remain poorly understood. Oligodendrocyte
precursor cells (OPCs) give rise to oligodendrocytes during central nervous
system (CNS) development. In adult, a small percentage of OPCs remains
as undifferentiated cells located sparsely in the different regions of
the CNS. These cells can regenerate oligodendrocytes and participate
to certain extent in remyelination. This study aims characterize PC in
oligodendrocyte lineage cells during post-natal development and in a
mouse model of demyelination/remyelination. We show heterogeneity
in the frequency of cilium presence on OPCs, depending on culture
conditions in vitro and cerebral regions in vivo during development and
demyelination/remyelination. In vitro, Lithium chloride (LiCl), Forskolin and
Chloral Hydrate differentially affect cilium, depending on culture environment
and PC length correlates with the cell differentiation state. Beside the role
of PC as a keeper of cell proliferation, our results suggest its involvement in
myelination/remyelination.

OPCs, primary cilium, development, myelination, demyelinating diseases
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Introduction

In the last two decades, a century-forgotten organelle,
the primary cilium (PC), has emerged as an indispensable
PC
forms when a cell has completed mitosis and enters G0/G1
phase (Hsu et al, 2017; Wang and Dynlacht, 2018). PC
is essential for transduction of numerous important cells

cellular antenna, involved in several cell functions.

signaling pathways, particularly Sonic hedgehog (Shh) (Corbit
et al,, 2005). In the central nervous system (CNS), PC has
been largely studied in neurons (Baudoin et al, 2012; Bae
et al, 2019; Toro-Tapia and Das, 2020), which possess a
PC from neuroepithelial to post-mitotic stage. During brain
development, PC affects neuronal precursors migration and
differentiation, and the ablation of PC impairs interneurons
migration from ganglionic eminence to the dorsal cortex
(Higginbotham et al,, 2012). In adult, PC seems to play a role
in neuronal energy metabolism (Han et al., 2014; Song et al,
2018) and learning and memory cognitive functions (Berbari
et al., 2014).

For long time, ciliary disfunctions have been correlated
exclusively with the pathogenesis of ciliopathies. In a previous
study, we showed the presence of one of the Bardet-Biedl
syndrome proteins, in oligodendrocytes lineage in human
and mouse CNS (Bénardais et al, 2021). Recent studies
now point at PC implication in other pathologies such as
neurological and psychiatric diseases (Hu et al., 2017; Munoz-
Estrada et al, 2018; Bae et al,, 2019; Mustafa et al., 2019).
A correlation between cilium length and cellular functions has
been observed in some cell types. For examples, elongated PC
in hippocampal neurons, through overexpression of serotonin
5-HT6 receptor at PC membrane, has been correlated with
cognition impairment in APP/PS1 mouse (Hu et al, 2017).
Also, in striatal neurons of a mouse model of Huntington’s
disease, shorter PC were correlated with age progression and
mHTT (mutant Huntingtin) accumulation (Mustafa et al,
2019).

PC length adapts to environmental cues or drug treatments.
Lithium Chloride (LiCl), a well-known treatment for bipolar
disease is a potent PC elongation drug. LiCl elongates PC
in different cell types, such as neurons (Miyoshi et al,
2009), synoviocytes, astrocytes (Ou et al, 2009), fibroblasts
(Nakakura et al., 2015), chondrocytes (Thompson et al., 2016),
or osteoblasts (Oliazadeh et al,, 2017). In human, PC in olfactory
neurons precursors cells obtained from schizophrenia and
bipolar disorders patients were elongated in Lithium treated
patients (Munoz-Estrada et al, 2018). Several intracellular
pathways have been implicated in cilium length control,
among them cAMP pathway; for example, cAMP and forskolin
elongate PC in renal (Sherpa et al, 2019) or endothelial
cells (Besschetnova et al., 2010; Abdul-Majeed et al., 2012),
although cAMP elevation induced cilia resorption in an
embryonic renal cell line (Porpora et al, 2018). Ablation
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of PC by Chloral Hydrate has also been used to study
correlation between PC and cell function (Deren et al., 2016;
Martin-Guerrero et al., 2020; Shi et al., 2020; Wei et al.,
2022).

The acquisition of knowledge about PC biology in some
cell types during the past years has raised the possibility
that PC might be a therapeutic target in some diseases
(Arrighi et al., 2017; Spasic and Jacobs, 2017; Wang et al,
2021). However, the role of PC in oligodendroglial cells
remains poorly understood and particularly in relation to
myelination/remyelination. In myelin degenerating diseases,
such as multiple sclerosis, enhancing regeneration of CNS
myelin is an important therapeutic goal (Franklin and
Ffrench-Constant, 2017). Indeed, chronic loss of myelin
will lead to axonal and neuronal degeneration. Preventing
neurodegeneration may be achieved by directly targeting
the neurons or by accelerating remyelination. Remyelination
following oligodendrocytes loss relies on oligodendrocyte
precursor cells (OPCs) either deriving from quiescent resident
OPCs (Franklin and Ffrench-Constant, 2008; Zawadzka et al.,
2010) or from subventricular neural progenitor cells (Nait-
Oumesmar et al., 2007; Xing et al., 2014; Kang et al., 2019) which
migrate and differentiate in the damaged area. Heterogeneity
in OPCs cells has appeared in lasts years (Bribidn et al,
20205 Beiter et al, 2022; Hilscher et al, 2022); a spectrum
of OPCs phenotypes depending on age (Spitzer et al.,, 2019),
transcriptional factors (Beiter et al., 2022), environmental cues
(Bribidn et al., 2020), and regional localization (Hilscher et al.,
2022) has been described. Recent studies report the presence
of a PC in OPCs that disappears concomitantly with cells
differentiation (Falcon-Urrutia et al., 2015; Cullen et al., 2020).
The present work aims at studying the status of oligodendrocyte
PC during oligodendrocytes development and in a mouse
model of demyelination/remyelination in relation with their
microenvironment and anatomical localization.

Materials and methods
Animals

The plp-eGFP transgenic mice expressing the enhanced
green fluorescent protein (eGFP) driven by the myelin
proteolipid protein gene (plp) promoter in C57BL/6 genetic
background were generously provided by Dr. W. Macklin
(Cleveland Clinic Foundation, Ohio, USA) and housed in
the central animal facility of the Faculty of Medicine in
Strasbourg. Animals were maintained under fixed 12 h
light/dark cycle with free access to water and food. All
procedures were conducted in accord with the guidelines for
animal care and the experimental protocol was approved by
the local ethics committee (CREMEAS, reference n° #17089-
2018101116367904 v2).
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Mouse purified oligodendrocyte
precursor cells cultures

Mixed primary glial cell cultures were prepared according
to O’Meara et al. (2011) with slight modifications. Briefly, post-
natal day 0 (P0) plp-eGFP pups were killed by decapitation
and cerebral hemispheres were isolated, diced and digested
in 0.3% Papain, 0.3% L-cysteine and 0.06% DNase I at 37°C
for 20 min. Enzymatic reaction was stopped by DMEM
(1X) Glutamax medium (Gibco, France) supplemented with
10% fetal bovine serum (FBS) (Gibco, France) and 0.5%
penicillin/streptomycin. Cells were dissociated, filtered through
a 40pm nylon cell strainer, and centrifuged at 1,200 rpm. The
pellet was resuspended in supplemented DMEM (1X) Glutamax
and cells were plated into 100 mm Petri dishes previously
coated with poly-L-lysine and placed at 37°C in humified 5%
CO; incubator for 12 days. OPCs grown on the bed layer
of astrocytes were mechanically dissociated, the medium was
collected, replated in uncoated Petri dish, and incubated at
37°C in humified 5% CO; for 30 min. After incubation, the
medium was collected, centrifuged at 1,200 rpm and the pellet
was resuspended in proliferation or differentiation medium.
Proliferation and differentiation media components are listed
in Supplementary Table 1. Cells were plated on poly-L-lysine
coated coverslips at 5 x 10% per well into 24-well plates and
grown in the same incubation conditions as above during 24,
48and 72 h (1,2, 3 DIV).

Oligodendroglial cell line 158N culture

The immortalized murine oligodendroglia cell line 158N
(Feutz et al, 1995) was cultured on poly-L-lysine coated
coverslips in DMEM (1X) Glutamax medium supplemented
with 10% FBS and 0.5% penicillin/streptomycin in an incubator
at 37°C in humified 5% CO; until 70% confluence was reached.

Cell culture treatments

Purified OPCs cultures and cell line 158N were treated for
20 h with 10 mM of LiCl (Sigma, France) or 50 M forskolin
(Sigma, France) dissolved, respectively, in proliferation or
differentiation medium or in serum free DMEM (1X) Glutamax.
To study primary cilium ablation, purified OPCs were treated
for 20 h with or without 2 mM Chloral Hydrate dissolved in
proliferation or differentiation medium and fixed at 2 DIV.

Cuprizone induced demyelination
mouse model

Plp-eGFP mice, 8 weeks old, were used to study
oligodendrocytes PC during demyelination.
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At the time of weaning, experimental mice were placed
randomly four per cage and fed with a normal chow. At
8 weeks old, control and treated mice were assigned randomly
to their experimental group and weighed. The mean weight
of mice was 20 g.

0.2%
Sigma, France) was mixed with milled chows and added to

Cuprizone (bis-cyclohexanone-oxaldihydrazone;
feeders each day (5-8 g per mouse). Animals were treated with
or without 0.2% of cuprizone for 3 or 6 weeks; a last group
of animals was treated or not for 6 weeks with cuprizone and
euthanized 6 weeks after treatment withdrawal.

Immunocytochemistry

Freshly prepared 4% formaldehyde in 0.1 M phosphate
buffer pH 7.4 was used as the fixative. Cells were fixed for
24 h. P2 mice were anesthetized by ice, all the others were
anaesthetized by ketamine (8 mg/kg)/Xylazine (5-16 mg/kg)
and fixed by transcardial perfusion. Brains were post-fixed for
three days in the same fixative and then coronal 50 or 20 pm
sections were prepared on a vibratome and processed as free-
floating sections.

Antibodies were diluted in blocking solution (2% normal
horse serum in PBS containing 0.2% of Triton X-100). For
single staining, cells or sections were exposed to primary
antibodies diluted in blocking solution overnight at room
temperature, then washed in PBS/0.2% of Triton X-100
and incubated for 2 h in appropriate secondary antibodies.
Biotinylated antibody reaction was revealed using peroxidase-
labeled streptavidin complex (Vectastain Elite kit, Vector
Laboratories, Abcys, France) followed by VIP, SG (Vector
Laboratories, Abcys, France) or HistoGreen (Novus Biologicals,
France) as peroxidase substrates.

When double immunofluorescence was performed using
antibodies from two different species (mouse/rabbit), cells were
exposed to the mix of primary antibodies overnight and then
incubated for 2 h in appropriate secondary antibodies.

For double staining using a fluorochrome and a chromogen
or when the two primary antibodies derived from the same
species, immunocytochemistry was completed first using a
chromogen followed by a second immunostaining using a
fluorochrome or a chromogen—tagged secondary antibody.
(Vectashield, Vector
Laboratories, Abcys, France) was used for fluorescence-labeled

Mounting medium with Dapi
sections or cultures. Chromogen-revealed sections were

mounted with Eukitt. The list of antibodies used in this study is
accessible in Supplementary Tables 2, 3.

Electron microscopy

158N cells were detached by a non-enzymatic cell
dissociation solution (Ref. S-014-M, Sigma) and the pellet was
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fixed in 2.5% glutaraldehyde in cacodylate buffer, post-fixed in
osmium tetroxyde and embedded in epon.

Ultrathin sections were stained with uranyl acetate and lead
citrate and observed in a Phillips M208 electron microscope.

Primary cilium length measurement

For the measurement of PC length, images were captured
with a BX60 microscope equipped with DP70 digital camera
(Olympus). For each cilium, three z-stacks were captured
with 100X objective to analyze the full axoneme. Length was
measured using Image] software (Image J, US National Institutes
of Health, Bethesda, MD, USA).

Study of oligodendrocyte precursor
cells cilium during development and
demyelination/remyelination

For developmental study, four groups of three male plp-
eGFP mice were used at P2, P10, P15, P30. For demyelination
experiments, six animals for each condition were analyzed.

All analyses were performed in three coronal sections
located between Bregma 0.98 mm and Bregma —0.46 mm
(Franklin and Paxinos atlas) from each animal. Cortex was
segmented in two regions, a superficial region, corresponding to
layers I, IT and III, and a deep region, corresponding to layers IV,
VI. Only the middle region of the corpus callosum was studied.

Images were captured with 20X objective on a light
microscope (Coolpix 995, Nikon, France) for cells counting
or with a 100X objective on fluorescent microscope (BX60,
Olympus, France) to visualize PC.

OPCs, oligodendroglial cells and myelin were characterized
respectively by PDGFR-a, OLIG2 and MBP immunostaining.
Proliferating OPCs and ciliated OPCs were detected by double
staining Ki67/PDGFR-a and ARL13b/PDGFR-a, respectively.
Astrocytic
respectively, by GFAPT and Ibal™ immunoreactivity. Bilateral

and microglial reactions were determined,
areas for each section were photographed and analyzed using
Image] software (Image J, US National Institutes of Health,

Bethesda, MD, USA; see text footnote 1).

Statistical analysis

Analyses were performed with GraphPad Prism 7 Software
(GraphPad Software, USA). Oligodendroglial cells distribution
(qualitative variables) in Figures 1E,F was analyzed using Chi-
Square test.

For other experiences, Student’s t-test or ANOVA (One- or
Two-way) followed by Bonferroni post-hoc test were employed.
Data are presented as mean =+ standard error of the mean

Frontiers in Cellular Neuroscience

38

10.3389/fncel.2022.1049468

(SEM). The list of the applied statistical tests is included in
Supplementary Table 4.

Results

The proportion of ciliated
oligodendrocyte precursor cells
depends on culture medium

We first studied the occurrence of a PC on oligodendroglial
purified cells grown in two different culture environments,
respectively, called proliferation and differentiation medium,
based on their composition. Cells were classified in four
stages according to their morphological
complexity, markers expression (PDGFR-a, CC1 and MBP) and
eGFP fluorescence intensity as shown in Figures 1A-D.

differentiation

Analysis of cells distribution showed predominant OPCs
and pre-oligodendrocytes at the three times of culture in
proliferation medium (Figure 1E), while in differentiation
medium (Figure 1F), immature and mature oligodendrocytes
appeared gradually, in a time-dependent manner.

PCs were stained by acetylated tubulin (Figure 1G) and
ARLI13b (Figure 1H). Since all acetylated tubulin PCs were
also ARL13b™ (Figure 1H), we used ARL13b as cilium marker
for quantification. Only OPCs and pre-oligodendrocytes had a
PC and the percentage of ciliated PDGFR-a™ cells increased
with time in proliferation medium (Figure 1I) but not in
differentiation medium (Figure 1J).

Culture medium impacts cilium
response to Lithium and forskolin

To study the plasticity of PC in oligodendroglial cells, we
treated oligodendroglial cell line 158N and murine purified
OPCs cultures with LiCl and forskolin, two chemicals able to
elongate PC in some cell types.

In cell line 158N, cilia were clearly identified by acetylated
tubulin and were longer than those of primary oligodendroglial
cells. Figures 2A-F illustrates the effect of treatment on
cilium length observed by immunofluorescence and electron
microscopy. In these cells, LiCl and forskolin importantly
increased PC length (Figure 2G).

In contrast, PC response in primary oligodendroglial cells
cultures depended on culture conditions. Both, LiCl and
forskolin elongated PC in proliferation medium (Figure 2H) but
only Lithium acted in differentiation medium (Figure 2I).

The distribution of cells at 2 DIV was not modified
by Lithium and forskolin treatment in proliferation medium
(Figure 2J) while in differentiation medium, forskolin had no
effect and Lithium maintained cells in a less differentiated state
as compared to controls (Figure 2K).
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Ciliated cells in proliferation and differentiation media. (A—D) Oligodendroglial cells in culture were classified in four stages according to
branching development, eGFP intensity and markers expression. PDGFR-a™ cells were divided in two stages: very weakly fluorescent bipolar
cells (OPCs) (A) and more intensely fluorescent multipolar cells with short processes (pre-oligodendrocytes) (B). Immature oligodendrocytes

were CC1t/MBP~

, intensely fluorescent highly branching cells (C). The late stage cells were brightly fluorescent mature oligodendrocytes

characterized by large flat membrane sheets, MBP* (D). (E,F) Distribution of eGFP* cells in proliferation and differentiation media at three times
of culture (days in vitro: DIV). Statistical significance was determined by Chi-Square Test (x2). Proliferation medium: df 83.26, p < 0.001***;

Differentiation medium: df 242.9, p < 0.001***

Graphs in (E,F) represent de mean number of eGFP* cells analyzed in three coverslips from

three independent experiences for each time. (G,H) Representative images of OPCs after double staining for acetylated tubulin (Ac
Tub)/y-tubulin (G) and Ac Tub/ARL13b (H). Stars indicate cilia. (1,J) Quantification of ARL13b*/PDGFR-a™ cells respectively in proliferation (1) and
differentiation medium (J). Statistical significance was determined by two-way ANOVA and Bonferroni post-hoc test was employed for multiple

comparisons. Data are presented as mean =+ error of the mean (SEM) and asterisks indicate

10 pumin (G,H)

Further we treated purified oligodendrocytes cultures
with Chloral Hydrate (CH), a chemical able to ablate PC
in some cell types. CH reduced the proportion of ciliated

cells only in differentiation medium (Figures 2L,M).
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**p < 0.01. Scale bar is 10 pm in (A=C), 5 um in (D),

proliferation medium, as expected for an anti-mitotic

drug, the total number of cells was reduced by CH
treatment and the cells were maintained in an immature

stage (Figure 2N) while in differentiation medium,
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FIGURE 2

Primary cilium plasticity in oligodendroglial cell line 158N and purified OPCs cultures. (A—=F) Cilium in 158 cell line. (A—C) Representative
photomicrographs of cilia in controls (A), LiCl (B) and forskolin (C) treated 158N cells. Primary cilium was stained by acetylated tubulin (Ac Tub)
and basal body by y-tubulin. Scale bar: 5 um. (D—F) Representative ultrastructural PC morphology. Mother centriole beginning to extend a short
axoneme associated to its membrane vesicle in the cytoplasm (D) and long axonemes in LiCl treated cells (E,F); scale bar: 300 nm. Stars shown
basal body (BB) in (D) and ciliary axoneme (Ax) in (E,F). (G) Both Lithium and forskolin lengthened cilia in 158N cells (One-way ANOVA followed
by Bonferroni post-hoc test; **p < 0.01; n = 3). (H=0) Cilium in primary oligodendroglial cell cultures. (H-K) Effect of lithium chloride and
forskolin. In proliferation medium, both lithium and forskolin lengthened cilia (H). In differentiation medium only lithium was able to elongate
primary cilium (1) at the tree times studied (one-way ANOVA followed by Bonferroni post-hoc test; **p < 0.01, ***p < 0.001. n = 3). (J,K) The
distribution of eGFPT cells at 2 DIV of culture was not modified in proliferation medium. (3) In differentiation medium, lithium maintains cells in
an immature state while forskolin had no effect. (K) Statistical significance was determined by two-way ANOVA and Bonferroni post-hoc test
was employed for multiple comparisons. Data are presented as mean =+ error of the mean (SEM) and asterisks indicate: *p < 0.05, **p < 0.01,
***p < 0.001. (L-O) Effect of chloral hydrate (CH). CH did not ablate PDGFR-a™ cells PC in proliferation medium (L) but only in differentiation
medium (M) (student's t-test; ***p < 0.001). (N,O) Effect of CH on eGFP* cells distribution in proliferation and differentiation media at 2 DIV of
culture. CH did not modify cells distribution in proliferation medium (N); in differentiation medium (O), CH treatment reduced the number of
cells in the less differentiated stages. Statistical significance was determined by Two-way ANOVA and Bonferroni post-hoc test was employed
for multiple comparisons. Data are presented as mean =+ error of the mean (SEM) and asterisks indicate: *p < 0.05.
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CH reduces the of «cells less differentiated

(Figure 20).

number

Oligodendrocyte precursor cells
primary cilium heterogeneity in corpus
callosum and cerebral cortex during
development

To attest the relevance of data obtained in vitro, showing
that OPCs differently develop a PC depending on their
environment, we studied PC in oligodendroglial cells in white
(corpus callosum) and gray (cerebral cortex) matters during
post-natal myelination from P2 to P30.

OPCs and proliferating OPCs during development were
identified by PDGFR-a/OLIG2 (Figure 3A) and Ki67/PDGFR-
a (Figures 3B,C) double staining. In vivo as was the case
in cultures, only PDGFR-a™ cells had an ARL13b™ cilium
(Figures 3D-F).

As expected, the proportion of PDGFR-a™ cells decreased
in corpus callosum and deep cortex (Figures 3G,H) from P2 to
P30 in parallel with the progressive myelination. In contrast, in
superficial cortex, this proportion increased continuously from
P2 to P30 (Figure 3I). The rate of proliferation of PDGFR-
a™ cells was highest in corpus callosum and decreased during
post-natal myelination in both corpus callosum and cortex
(Figures 3]J-L).

The proportion of ciliated PDGFR-a* cells and their
development differed between corpus callosum and cortex.
This proportion was lowest in corpus callosum and highest
in superficial cortex (Figures 3M-0). In corpus callosum, the
proportion sharply decreased from P2 to P10 followed by a
progressive increase until P30 (Figure 3M), as was also observed
in superficial cortex (Figure 30). In deep cortex, the proportion
of ciliated PDGFR-a™ cells did not vary during post-natal
development (Figure 3N).

Characterization of ciliated
oligodendrocyte precursor cells during
demyelination/remyelination in
cuprizone mouse model

Myelin loss started at 3 weeks and became severe at
6 weeks of cuprizone treatment (Figures 4A-D) as confirmed
by important loss of OLIG2™ cells in corpus callosum and deep
cortex (Figures 4E-G). After 3 weeks of cuprizone treatment,
MBP immunostaining remained strong due to the presence
of MBP™ debris from myelin and oligodendrocytes in corpus
callosum and cortex (Supplementary Figure 1). Six weeks after
the end of cuprizone treatment, the number of oligodendroglial
cells was recovered in superficial cortex (Figure 4G), partially
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recovered in corpus callosum (Figure 4E) while remaining very
low in deep cortex (Figure 4F).

As expected in the cuprizone model, we found strong
astrocytic and microglial reactions in corpus callosum and deep
cortex; 6 weeks after the end of treatment, these reactions
were attenuated. No astrocytic and microglial reactions were
observed in superficial cortex (Supplementary Figure 2).

The number of PDGFR-a™ cells was increased in corpus
callosum at early (3 weeks) and late (6 weeks) demyelination
stages (Figure 4H), while in deep cortex, a small increase in
the number of PDGFR-a™ cells was observed only at 6 weeks
of cuprizone treatment (Figure 4I). In superficial cortex the
number of PDGFR-a™ cells did not differ from that of controls at
any time of treatment (Figure 4]). In the three regions, 6 weeks
after the end of cuprizone treatment, there were no differences
in the number of PDGFR-a* cells in treated and control mice
(Figure 4H-J).

Interestingly, ~ the  changes in  ciliated  cells
(ARL13B*/PDGFR-a") population did not match that of
PDGFR-a® cells. We only observed a sharp increase of
ciliated cells in corpus callosum at 3 weeks of demyelination
(Figure 4K). At later stages in corpus callosum and in deep and
superficial cortex during the different stages, the proportion
of ciliated cells did not differ in treated mice as compared to
controls (Figure 4K-M).

Discussion

The main aim of this investigation was to study PC in
oligodendrocyte lineage cells during post-natal development
and in a mouse model of demyelination/remyelination. Our
results confirm that only PDGFR-a™ cells are ciliated and
reveal heterogeneity in the frequency of cilium presence
on OPCs, depending on culture conditions in vitro and
cerebral regions in vivo. We showed the plasticity of
oligodendroglial PC length in response to different drugs.
Since dramatic morphological changes of oligodendroglia are
correlated with the progression of differentiation and sensitivity
to environmental cues (Barateiro and Fernandes, 2014), we
analyzed oligodendroglial PC in different culture conditions
and in cerebral regions with different myelination levels The
dynamic of OPCs proliferation and differentiation in vitro
intimately correlates with the components of culture media
(La et al, 2008). The mitogen factors, PDGF and Shh
(Merchan et al,, 2007) maintain cells in a proliferating state,
while when thyroid hormones are added, proliferation and
differentiation simultaneously occur, recapitulating in vivo
development (Durand and Raff, 2000; Tang et al., 2000; Franco
etal,, 2008). The proportion of ciliated cells in culture increased
in proliferation medium, where proliferation index was high,
while in differentiation medium, the proportion did not vary.
This observation reinforce the role of oligodendroglial cilium in
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FIGURE 3

Ciliated oligodendroglial cells distribution in corpus callosum and cortex during mouse post-natal development. (A,B) Representative images of
double staining PDGFR-a/OLIG2 (A) and Ki67/PDGFR-a (B,C), respectively. Arrows in (B) indicate Ki67" nuclei staining in black (SG HRP
Substrate) in a PDGFR-a™ cell (red fluorochrome) and asterisk shown a Ki67" nucleus in a PDGFR-a~ cell. (C) Black and white image of (B)
(D—F) Representative image of ciliated PDGFR-a* cells in mouse corpus callosum, deep and superficial cortex at post-natal day 15. Asterisks
indicate primary cilia stained with ARL13b in black (SG HRP Substrate) in PDGFR-a™ cells stained by a green HRP Substrate (HistoGreen). In the
dotted squares, high magnification of a PDGFR*/ARL13b™" cells. (G-0) Quantification of PDGFR-a*t (G-1), Ki67" (J-L) and ARL13b* cells
(M-0) in corpus callosum, deep and superficial cortex. Groups were compared using one-way ANOVA followed by Bonferroni post-hoc test.
Data are presented as mean =+ error of the mean (SEM) and asterisks indicate: *p < 0.05, **p < 0.01, ***p < 0.001; the values for n are available
in Supplementary Table 4. Scale bar is 10 pm in (A=C) and 20 um in (D—F). The inspected cells for the evaluation of ciliated PDGFR-a*
percentage was 40-50 cells repeated in three different slices for each animal and each anatomical region studied at the different ages
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proliferation, as suggested by Cullen et al. (2020). However, this
result also suggests that PC could be implicated in transition
from proliferative to differentiating stages. Under proliferative

environment, many ciliated cells are generated awaiting for

Frontiers in Cell

ular Neuroscience

differentiation signals This

hypothesis may explain why in

the absence of proliferation factors in differentiation medium,
the proportion of ciliated cells is higher than in proliferation

medium after 1 day of culture but does not change over time.
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One point concerning OPCs in vitro needs to be raised: in
our cultures, cells from the whole cerebral cortex are cultured,
the subventricular zone (SVZ) as well as parenchymal OPCs. We
observed in vivo heterogeneity in the presence of a PC in OPCs
depending on cerebral regions, longitudinal single cells studies
may help refining our understanding on oligodendroglial PC.

Our results suggest the PC as a new marker of OPCs
heterogeneity regarding the difference between cerebral cortex
and corpus callosum in ciliated OPCs. We found different
number of OPCs available for myelination and different
frequencies in the presence of PC in different regions with
different myelin levels. This is in keeping in mind with recent
studies pointing to a molecular and functional heterogeneity of
OPCs, attributed to their developmental origin (Foerster et al,,
2019; Spitzer et al., 2019), their localization in white and gray
matter (Foerster et al., 2019; Spitzer et al., 2019; Winkler and
Franco, 2019) and their transduction signaling for proliferation
and differentiation (Spitzer et al., 2019; Winkler and Franco,
2019).

In corpus callosum, the most myelinated region, we
observed the lowest frequency of ciliated OPCs. This frequency
is much lower than that reported by Cullen et al. (2020);
indeed we only considered elongated PC and not punctate PC
because the latter may be remnants of PC (Paridaen et al,
2013) with either capacity to reassemble a fully developed
PC or to disappear with centrosome loss. During post-natal
development, the number of ciliated OPCs sharply decreased
in corpus callosum from P2 to P10 stage, concomitantly
with the onset of myelination. The same situation occurred
after cuprizone treatment: following a sharp rise in ciliated
OPCs at 3 weeks treatment, the frequency was decreased in
correlation with the onset of myelination (Gudi et al,, 2009).
This raises the question of OPCs origin: during the first post-
natal week, OPCs present in the corpus callosum are deriving
most from the dorsal SVZ, migrating within corpus callosum
and deep cortex (Kessaris et al, 2006), although ventrally
derived OPCs are still present. Later, corpus callosum OPCs
derive mainly from parenchymal OPCs proliferation. During
acute phase of demyelination, OPCs originate from both SVZ
and corpus callosum parenchyma (Brousse et al., 2015). Then,
two hypothesis may be proposed for the sharp rise of ciliated
OPCs at 3 weeks of CPZ treatment: pre-existing parenchymal
OPCs with remnants of PC in the cytoplasm could reassemble
a PC and proliferate; however, our observation of the highest
concentration of ciliated OPCs above the SVZ rather favors
a SVZ origin. Proliferating OPCs migrating in the corpus
callosum could there encounter a favorable environment for
differentiation. Previous studies showed that white matter is
more favorable for OPCs differentiation than gray matter
and during demyelination in CC (Vigano et al, 2013), cells
expressing the morphogen Shh have been identified (Ferent
et al, 2013). Moreover, astrocytes are involved in OPCs
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proliferation by secretion of growth factors (Houben et al., 2020;
Rawiji et al., 2020).

In deep cortex, where adult myelination is important
as compared to superficial cortex, we did not observe
modifications in the proportion of ciliated OPCs during post-
natal development and demyelination/remyelination. Most
studies focus on corpus callosum and very little is known about
OL and myelination/remyelination in cortex. However, recent
studies suggest that developmental OPCs differentiation and
myelination occur earlier in cortex as compared to corpus
callosum (Hilscher et al., 2022). We observed that the increase
in OPCs due to demyelination was delayed in deep cortex as
compared to corpus callosum. Other authors also mentioned
a delay in demyelination between cortex and corpus callosum
(Gudi et al, 2009). At our knowledge, it is not fully known
to which extent both origins of new OPCs contribute to deep
cortex remyelination, and which are the migrating capacities
of SVZ-derived OPCs during cuprizone-induced demyelination.
Further studies will be needed to determine if the ciliated OPCs
we observed in corpus callosum during early demyelination
participate to cortex remyelination or if there are two separate
pools, region-specific, of remyelinating OPCs. Our results also
suggest a limitation in ciliated OPCs for differentiation in deep
cortex compared to corpus callosum. Indeed, in corpus callosum
the sharp increase in ciliated OPCs followed by a sharp decrease
suggests that the cells underwent differentiation before a steady
state in proliferation/differentiation of parenchymal OPCs.
However, less pronounced microgliosis and astrogliosis could
also reduced OPCs recruitment and differentiation (Kotter et al.,
2001; Buschmann et al., 2012; Sen et al., 2022).

In superficial cortex, where myelination and OPCs
proliferation are weak, the remyelination is efficient as
previously observed by Orthmann-Murphy et al. (2020), we
found the highest level of ciliated OPCs. This region has also
the lowest astrogliosis and microgliosis following cuprizone
treatment. It has been suggested that the inability to fully
recover myelin in deep cortex results from inhibition of
myelination, in part due to inflammation (Baxi et al, 2017;
Kirby et al, 2019). However, the difference in remyelination
between superficial and deep cortex could also result from the
availability in new OPCs, resident OPCs being sufficient in the
low myelinated superficial cortex. During homeostasis, resident
OPCs are perhaps in a non-proliferating non-differentiating
favorable environment, explaining the high frequency of ciliated
OPCs; these ciliated OPCs could be immediately receptive to
differentiating cues due to the presence of PC.

Cells can regulate several of their functions by PC
morphological and functional modifications. PC length can be
modulated by drugs such as Lithium salts in mesenchymal
cells or neurons in vitro and in vivo (Miyoshi et al, 2009,
2011; Thompson et al., 2016; Oliazadeh et al., 2017; Spasic and
Jacobs, 2017) or by cAMP (Besschetnova et al., 2010; Abdul-
Majeed et al.,, 2012). This prompted us to test the possibility
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to modify oligodendroglial PC. Forskolin only elongated PC
in proliferation medium. cAMP signaling is complex in cells
with a PC; recent studies revealed that ciliary and cytoplasmic
cAMP constitute two pools which can be differently produced
and can differently act on cell biology and cilium length
(Pazour and Witman, 2003; Anvarian et al,, 2019; Nachury
and Mick, 2019; Hansen et al, 2020, 2022; Truong et al,
2021; Wachten and Mick, 2021). Moreover, cAMP induces
oligodendroglial differentiation (Raible and McMorris, 1993;
Ghandour et al,, 2002) but this effect was not observed here,
probably because of the short time exposure to forskolin.
Oppositely, PC length increased in OPCs in response to Lithium
independently from culture environment without modifying the
number of ciliated OPCs (Ou et al., 2009). Lithium maintained
oligodendroglial cells in an immature state in both proliferation
and differentiation media. However, in a previous study,
Meffre et al. (2015) observed a morphological differentiation
of oligodendrocytes attested by a 6-fold increase in MBP
mRNA under Lithium treatment in primary mixed glial cells
cultures. The difference in results may be explained by culture
conditions: Mefire et al. (2015) used primary culture where
oligodendrocytes lie on astrocytes bed-layer. It has been recently
observed that astrocytes are also direct targets of Lithium
(Rivera and Butt, 2019) and they support OPCs differentiation
by secreting soluble growth factors or by establishing physical
contacts (Nutma et al,, 2021). In contrast, as our cultures are
oligodendrocytes enriched at 90%, Lithium action may rather
be direct on oligodendroglial cells.

To reinforce a possible correlation between PC elongation
and OPCs lithium-induced differentiation impairment, we
ablated PC using Chloral Hydrate (Chakrabarti et al.,, 1998;
Praetorius and Spring, 2003; Overgaard et al., 2009). Chloral
hydrate was not able to decrease the number of ciliated cells
in proliferation medium and the cells were maintained in
undifferentiated stage. However, in presence of differentiation
factors, the absence of cilium had a slight effect in favor of
differentiation This effect is not due to proliferation impairment
since proliferation was not affected by Chloral Hydrate in
differentiation medium. Cullen et al. (2020) showed a reduction
of OPCs proliferation using a Cre lox approach to prevent cilia
assembly. However, the effects on OPCs differentiation were
not reported. Recently, several authors compared the effects
of inhibiting PC by either small interfering RNAs for the PC
protein IFT88, as used by Cullen et al. (2020) or PC specific
inhibitor (chloral hydrate) and observed similar effects on bone
and cartilage cells physiology (Martin-Guerrero et al., 2020;
Shi et al., 2020). The plasticity of PC in oligodendroglial cells
is a complex mechanism. Although our results need to be
reinforced to highlight the relationships between cilium length
modifications and OPCs differentiation, they suggest a potential
effect of Lithium in OPCs proliferation/differentiation through
PC modulation.
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Recently, several studies showed PC dysfunctions in the
pathogenesis of neurodegenerative (Karunakaran et al., 2020)
and psychiatric diseases (Munoz-Estrada et al,, 2018) and
pointed PC as a new marker of disease and as a potential target
for new drugs development. Since, Lithium has beneficial impact
on peripheral remyelination (Makoukji et al, 2012; da Silva
et al,, 2014; Fang et al,, 2016; Kuffler, 2021), in a preliminary
study (data not shown), we treated mice with Lithium during
the 6 weeks period after withdrawal of cuprizone; in deep cortex
where remyelination is delayed as compared to corpus callosum,
myelin deficit was even more pronounced as compared to
Lithium-untreated mice. This can be explained by our in vitro
results where Lithium maintained oligodendroglial cells in an
undifferentiated state.

However, Lithium treatment seemed to induce a shift to
higher values of both myelinated axons and fibers diameters.
These preliminary observations suggest differential roles of
Lithium, dependent on oligodendroglial stage of differentiation.

In conclusion, our results suggest the PC as a new marker of
heterogeneity of oligodendroglial lineage cells and present new
data, in CNS developmental myelination and remyelination.
Although we are aware of some limitations in our study which
remains on a descriptive level, it opens a field of research where
molecular approaches could answer why PC occurs only in a
subset of OPCs, how PC in these OPCs maintain them apart
from other OPCs and what are the real functions of PC during
development and in demyelination/remyelination.
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Neurodegenerative diseases (NDDs) are characterized by the progressive loss
of selectively vulnerable populations of neurons, which is responsible for the
clinical symptoms. Although degeneration of neurons is a prominent feature
that undoubtedly contributes to and defines NDD pathology, it is now clear
that neuronal cell death is by no means mediated solely by cell-autonomous
mechanisms. Oligodendrocytes (OLs), the myelinating cells of the central
nervous system (CNS), enable rapid transmission of electrical signals and
provide metabolic and trophic support to neurons. Recent evidence suggests
that OLs and their progenitor population play a role in the onset and
progression of NDDs. In this review, we discuss emerging evidence suggesting
a role of OL lineage cells in the pathogenesis of age-related NDDs. We start
with multiple system atrophy, an NDD with a well-known oligodendroglial
pathology, and then discuss Alzheimer's disease (AD) and Parkinson’s disease
(PD), NDDs which have been thought of as neuronal origins. Understanding
the functions and dysfunctions of OLs might lead to the advent of disease-
modifying strategies against NDDs.
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1 Introduction

Due to the lack of electrical activity, it was previously
assumed that glial cells functioned as nerve-glue and performed
housekeeping functions (Virchow et al., 1860). However, it is
now clear that glia are key components of the nervous system,
and their roles go far beyond housekeeping. Glia perform vital
tasks including regulatory roles in neural circuit formation,
synaptic transmission, ion homeostasis, metabolic support, and
waste disposal (Allen and Lyons, 2018; Kato and Wake, 2021).
Neurodegenerative diseases (NDDs) are characterized by the
progressive loss of selectively vulnerable populations of neurons,
and clinical symptoms manifested in each NDD depend on
neurons that are primarily affected. Accordingly, NDD research
focused on cell-autonomous neuronal mechanisms that lead to
neuronal dysfunction and death. However, as in many other
physiological and pathological processes, increasing evidence
suggests that glia play much more active roles in NDDs than
originally envisioned and may causally contribute to the onset
and progression of NDDs.

Oligodendrocytes (OLs) are highly specialized cells that
wrap axons with multiple myelin sheaths, which enable fast
and efficient transduction of electrical signals. In the human
brain, OLs comprise the most frequent glial cell population
comprising 45-75% of glial cells, followed by astrocytes (19-
40%) (von Bartheld et al,, 2016). OL progenitor cells (OPCs) are
present in the white and the gray matter, and they represent the
largest population of dividing cells in the adult central nervous
system (CNS) (Geha et al, 2010). OPCs retain the potential
to proliferate, differentiate, and generate myelin-forming OLs
throughout life (Rivers et al., 2008; Gibson et al,, 2014). In the
adult brain, new OLs are continually produced, and although
the efficiency may not be high, newly formed OLs can become
stably integrated into mature neural circuits and contribute
to the generation of new myelin sheaths (Yeung et al., 2014;
Hughes et al., 2018; Franklin et al.,, 2021). In addition to the
formation and repair of myelin, oligodendroglia play a role
in immunomodulation (Kirby and Castelo-Branco, 2021) and
assure the long-term integrity of axons by providing metabolic
and trophic support (Nave, 2010; Narine and Colognato, 2022),
all of which are particularly relevant in the context of NDDs.

Multiple (MS) is a
demyelinating, and chronic inflammatory disease of the

sclerosis neurodegenerative,
CNS, typically affecting young adults (Thompson et al., 2018;
Tintore et al, 2019; McGinley et al, 2021). The pathological
hallmark of MS is focal demyelinating lesions in the white
and the gray matter of the brain and the spinal cord, and MS
represents a disease in which OLs and myelin are prime targets
of pathology (Filippi et al,, 2018). Chronic demyelination is
thought to trigger a pathogenic cascade of events that cause
neurodegeneration: the loss of trophic and metabolic support
from OLs, redistribution of ion channels along denuded axons,
mitochondrial dysfunction, and enhanced oxidative stress
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have been proposed as potential mechanistic links leading to
axon degeneration and neuronal cell death following myelin
loss (Reich et al., 2018; Correale et al., 2019). In recent years,
myelin loss and OL dysfunction have been implicated in many
other NDDs, not only in the diseases where OL pathology is
prominent, such as multiple system atrophy (MSA), but also
in NDDs that have been thought of as primarily neuronal
origins, such as Alzheimer’s disease (AD) and Parkinson’s
disease (PD), two of the most prevalent NDDs. Thus, the
relationship among oligodendroglia dysfunction, myelin loss,
and neurodegeneration hinted from MS studies might be more
general and applied to many other NDDs.

Here we discuss the role of oligodendroglia, which include
OPCs and OLs, in NDDs, especially those associated with aging.
Increasing evidence suggests that oligodendroglia respond
sensitively to NDD pathology, and play an active role in
the initiation and progression of NDDs. Deciphering the
molecular mechanisms that regulate oligodendroglia function
is likely to provide novel insights into developing regenerative
therapies that may attenuate, halt, or even reverse the
progression of NDDs.

2 OL and myelin dysfunction in
NDDs

2.1 Multiple system atrophy

MSA is a devastating, adult-onset NDD in which multiple
neuronal pathways degenerate, causing a multifaceted clinical
presentation, including parkinsonism, cerebellar impairment,
and autonomic dysfunctions in various combinations (Fanciulli
and Wenning, 2015; Poewe et al, 2022). The pathological
hallmark of MSA is the presence of glial cytoplasmic inclusions
(GCIs), predominantly in OLs (Papp et al, 1989). GCIs
are composed of a-synuclein (a-Syn) aggregates, classifying
MSA as a synucleinopathy together with PD and dementia
with Lewy bodies (LBs) (Malfertheiner et al, 2021). MSA
histopathology also includes neuronal and astroglial inclusions,
selective neuronal loss and axon degeneration, and myelin pallor
accompanying gliosis (Jellinger, 2018). Controversy exists over
whether myelin loss is the initial event that leads to neuronal
cell death, or whether it is a secondary event as a result of
neuronal degeneration, but evidence from postmortem studies
and preclinical models supports the view that MSA is a primary
oligodendrogliopathy (Fanciulli and Wenning, 2015; Ettle et al.,
2016b). Consistent with this notion, restoring oligodendroglial
function and enhancing the formation of new myelin have been
suggested as a promising approach that may slow or halt disease
progression (Ettle et al., 2016a).

Postmortem studies of MSA brains have shown significant
correlations between GCI density and the severity of
striatonigral degeneration and olivopontocerebellar atrophy
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(Inoue et al., 1997; Ozawa et al., 2004), as well as the correlation
between GCI pathology and disease duration (Ozawa et al,
2004). In MSA, neuronal pathology in the form of a-Syn-
immunoreactive inclusions has also been reported and might be
widespread (Cykowski et al., 2015). However, the topography of
neuronal inclusions is poorly defined and their distribution and
frequency show little correlation with neuronal cell death or the
clinical symptoms of MSA.

Capturing the earliest changes, especially those that occur
prior to the manifestation of MSA pathology might provide
critical insights into the primary trigger of the disease. Although
much can be learned from autopsy studies, postmortem data
are not longitudinal in nature. To understand how the disease
progresses and to investigate the cause-effect relationship
between GCI and neurodegeneration, several rodent models
of MSA designed to express human o-Syn in OLs have been
generated. They develop GCI-like inclusions within OLs and
exhibit neurodegeneration, myelin abnormalities, and/or motor
deficits (Kahle et al., 2002; Shults et al., 2005; Yazawa et al., 2005).
Although these transgenic lines force OLs to overexpress a-Syn,
studies from these models suggest that the formation of GCI is
sufficient to drive neurological dysfunction.

2.1.1 Progression of a-Syn pathology

a-Syn is produced primarily in neurons, and
oligodendroglia do not normally express the protein (Solano
et al,, 2000; Miller et al., 2005). Although controversial, a few
studies reported the presence of SNCA mRNA in OLs (Asi
et al,, 2014; Djelloul et al,, 2015), suggesting the possibility that
endogenous a-Syn in OLs might provide a source for GCls.
The mechanisms responsible for the accumulation of a-Syn in
GClIs within OLs are unclear, but two hypotheses have been
proposed. One possibility is that OLs pathologically increase
the expression of a-Syn in MSA brains. However, postmortem
studies of MSA brains failed to elucidate the increase of
SNCA in OLs (Ozawa et al, 2001; Honglian et al., 2008; Asi
et al, 2014). Another possibility is that OLs take up a-Syn
secreted from neurons. Several studies have shown that OLs
can internalize diverse forms of a-Syn and that neuronal a-Syn
can be transferred to OLs (Kisos et al.,, 2012; Konno et al., 2012;
Reyes et al,, 2014). It is still enigmatic how a-Syn pathology
propagates and selectively accumulates among oligodendroglia
in MSA brains, but in the context of MSA, OLs might become
more vulnerable to the invasion of a-Syn, and the mechanisms
responsible for clearing pathogenic a-Syn might operate less
effectively compared to neurons.

Tubulin polymerization promoting protein (TPPP)/p25a,
an OL-specific phosphoprotein, is a component of GCI
(Kovacs et al, 2004) and has been suggested to contribute
to the formation of OL-specific a-Syn strain (Ferreira et al,
2021). TPPP/p25a is known to play a role in organizing
cellular microtubule network and promoting OL differentiation
(Lehotzky et al, 2010; Fu et al, 2019). In normal brains,
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TPPP/p25a colocalizes with myelin basic protein (MBP), but in
MSA brains, TPPP/p25a is found in the cell body (Song et al,,
2007). Translocation of TPPP/p25a precedes GCI formation
(Song et al, 2007), and this relocalization is thought to
promote a-Syn aggregation by stabilizing unstructured o-Syn
(Lindersson et al., 2005; Szunyogh et al., 2015). TPPP/p25a
has also been suggested to counteract a-Syn degradation by
inhibiting the maturation of autophagosome and its fusion
with the lysosome (Ejlerskov et al, 2013; Lehotzky et al,
2021). TPPP/p25a bears a KFERQ-like motif and could be
recognized and cleared via chaperone-mediated autophagy
(Mavroeidi et al., 2022). These studies suggest that enhancing
the autophagy-lysosome pathway might prevent GCI formation
by facilitating the clearance of a-Syn and TPPP/p25a in OLs.

Accumulation of a-Syn in OLs has been shown to
cause demyelination, iron overload, and exacerbate autophagy
impairment (Poewe et al,, 2022). Interestingly, in contrast to
the severe neuronal loss, previous studies have reported that
MSA brains show only a modest reduction in the number
of OLs (Salvesen et al,, 2015; Nykjeer et al,, 2017), suggesting
that cellular dysfunction of OLs, and not necessarily cell death,
induced by GCIs may be sufficient to cause neurodegeneration.
These results were in disagreement with earlier studies
documenting apoptotic cell death of OLs in MSA brains (Probst-
Cousin et al, 1998; Kragh et al., 2009, 2013). Further studies
are needed to thoroughly examine if the accumulation of a-Syn
causes oligodendroglial death in MSA brains and if the death
of GCI-positive OLs precedes and mediates neurodegeneration.
Accumulation of a-Syn has also been detected in PDGFRa™
OPCs and BCAS1H immature oligodendroglia in the brains of
MSA patients and MSA transgenic mice overexpressing human
wild-type a-Syn under the control of MBP promoter (May et al.,
2014; Kaji et al., 2020). In MSA brains, the number of OPCs was
increased (Ahmed et al., 2013; May et al., 2014), reminiscent of
the increase in OPC number in a variety of other CNS damages
(Keirstead et al., 1998; Schonrock et al., 1998; Hampton et al.,
2004; Magnus et al, 2008). Enhanced proliferation of OPCs
might occur in an attempt to compensate for the myelin loss
(Franklin et al,, 2021). However, under the burden of a-Syn,
immature oligodendroglia cannot differentiate into mature OLs
(Ettle et al., 2016a) and undergo cell death (May et al., 2014;
Kaji et al,, 2020), and thus fail to replace the defective OLs.
Defective oligodendroglia will not be able to provide sufficient
trophic and metabolic support to neurons (Jha and Morrison,
2020), and pathogenic a-Syn may induce neurodegeneration by
directly disrupting essential cellular functions in neurons (Wong
and Kraing, 2017) and indirectly via the aberrant activation of
micro- and astrogliosis (Harms et al., 2021; Figure 1).

Both intraneuronal LBs, the pathological hallmark of PD,
and GCIs are composed of a-Syn aggregates. However, MSA
and PD show prominent differences not only in the clinical
manifestations and the rate of disease progression, but also in
the brain regions and cell types vulnerable to the deposition of
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Oligodendroglial pathology and possible mechanisms contributing to MSA. Under healthy conditions, OLs enable saltatory conduction of
electrical signals, provide metabolic and trophic support, and play a role in providing an antioxidant defense system to neurons. In MSA,
TPPP/p25a relocates from the myelin sheath to the cell body, prior to a-Syn aggregation. Redistribution of TPPP/p25a causes cellular
enlargement, and a-Syn starts to accumulate in the enlarged cytoplasm. Metabolic and trophic support of OLs to neurons is compromised, iron
overload increases, and oxidative stress becomes aggravated. At later stages, a-Syn aggregates form GCls in OLs. a-Syn is transformed into a
toxic form in the intracellular environment of OL, where a-Syn seems to acquire distinct characteristics of MSA. MSA-type a-Syn might be
transferred to neurons, and pathogenic a-Syn may induce neurodegeneration by directly interfering with essential neuronal functions or
indirectly via aberrant activation of micro- and astrogliosis. As the disease progresses, microglia become destructive by releasing neurotoxic
inflammatory mediators, such as cytokines, chemokines, and reactive oxygen and nitrogen species. The changing state of microglia, reflected in
part, by their secretory profile, might play a crucial role in the progression of MSA. Enhanced proliferation of OPCs occurs, perhaps in an attempt
to compensate for the myelin loss, but under the burden of a-Syn, immature oligodendroglia fail to differentiate and undergo cell death.
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a-Syn. It has been suggested that pathological a-Syn in GCIs
and LBs are conformationally and biologically distinct (Peng
etal, 2018; Lau et al,, 2020), with GCI-derived a-Syn aggregates
being much more potent inducers of pathology than LB-derived
aggregates (Peng et al, 2018). Peng et al. (2018) provided
evidence that the different intracellular environments of OLs
and neurons convert a-Syn seeds to different strains. Neuronal
cytoplasmic inclusions (NCIs) are observed in MSA brains,
albeit less frequently. The ultrastructure of NCIs resembles that
of GClIs, rather than that of LBs from PD brains (Takeda et al.,
1997), and filaments in GCIs and NCIs are morphologically
indistinguishable (Murayama et al., 1992). In MSA, neurons are
the likely source for the initial a-Syn (see above), but a-Syn
is somehow transformed into a toxic form in the intracellular
environment of OLs, where a-Syn seems to acquire distinct
characteristics of MSA. To better understand MSA pathology, it
will be of great importance to reveal the molecular determinants
and cellular processes in the intracellular milieu of OLs that
confer toxicity.

2.2 Alzheimer's disease

AD is the most common age-related NDD (Alzheimer’s
Association, 2019; Hou et al, 2019). AD presents cognitive
and executive dysfunctions and is biologically defined by the
presence of amyloid beta (AP) plaques and neurofibrillary
tangles containing tau (Long and Holtzman, 2019; Knopman
etal,2021). Although AD is considered as a gray matter disease,
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postmortem AD brains clearly show white matter damages
(Scheltens et al., 1995; Gouw et al., 2008; Nasrabady et al.,
2018), and a number of studies have shown that the extent of
myelin loss correlates with AB burden (Grimmer et al., 2012;
Brickman et al,, 2015a; Dean et al,, 2017). Recently, single-
cell transcriptomic analyses of individuals with AD pathology
have revealed that oligodendroglia show pathology-responsive
transcriptional signatures, in addition to neurons and microglia,
the cell types which have been the primary focus in the AD
research field (Grubman et al,, 2019; Mathys et al,, 2019; Chen
et al,, 2020). Of note, myelination-related genes were among
the top differentially expressed genes perturbed in most major
cell types in AD brains, suggesting that myelination has a key
role in AD pathophysiology (Mathys et al., 2019). Postmortem
brain samples from AD patients with the common variant of
TREM?2 also showed significant changes in OLs: genes involved
in differentiation were downregulated, whereas those related to
lipid metabolism and oxidative stress were elevated, indicative
of impaired myelination and metabolic adaptation to neuronal
degeneration (Zhou et al., 2020).

Animal models of AD have greatly enhanced the
understanding of the molecular and cellular mechanisms
of the disease. Despite that existing models have focused largely
on neurons with a particular emphasis on proteinopathy,
several models exhibit defects or changes in oligodendroglia
(Desai et al, 2009; Gu et al, 2018; Chacon-De-La-Rocha
et al, 2020). A single-cell transcriptomic study using 5XFAD
mice—a murine model of amyloidosis carrying five familial AD
mutations—identified a novel OL population responding to A
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accumulation, defined by the expression of the complement
component C4b and the serine protease inhibitor Serpina3n
(Zhou et al, 2020). Other studies revealed the presence of
distinct but shared OL populations, termed “disease-associated
OLs,” detected across many different pathological models,
including mouse models of not only tauopathy and amyloidosis
but also MS (Kenigsbuch et al, 2022; Pandey et al, 2022).
Despite that the molecular signatures of OLs in human AD
seemed to be largely distinct from those observed in mouse
models (Zhou et al,, 2020; Pandey et al, 2022), it is clear
that OLs are vulnerable to neurodegenerative conditions and
acquire a distinct cellular state in response to the changing
microenvironment. A recent spatial transcriptomics study
using brains from APPN-G-F knock in mice (carrying Swedish
KM670/671NL, Arctic E22G, and Beyreuther/Iberian I716F
mutations) has demonstrated early alterations in a gene
expression network enriched for myelin and OL genes (Chen
et al, 2020). The gene set termed “OLIG module” mainly
expressed by OLs was highly expressed under mild AP exposure
but became downregulated in microenvironments with dense
AP accumulation (Chen et al, 2020). Together with the
postmortem analyses of human AD, data from animal models
provide strong support for the notion that OLs dynamically
respond to AD pathology (Figure 2).

In AD patients, white matter abnormalities can be detected
at least a decade before clinical manifestations (Mortamais et al.,
2013; Lee et al.,, 2016; Araque Caballero et al., 2018), and in AD
mouse models, myelin disruption can be observed prior to the
appearance of plaques and tangles (Desai et al., 2009). Moreover,
white matter abnormalities are associated with the risk and the
onset of AD (Tosto et al., 2014; Brickman et al.,, 2015b; Lee
etal, 2016). These lines of evidence support the notion that OLs
not only respond to pathology but also causally contribute to
AD. Further studies are needed to examine if OL-specific gene
expression can be detected in various models of AD, especially
at early stages, as well as in sporadic AD and familial AD patients
with other mutations to ensure that the transcriptional changes
in OL lineage cells actually reflect a significant process during
AD progression. More importantly, to thoroughly examine what
roles oligodendroglia play in the neurodegenerative process
and to investigate whether the changes in oligodendroglia are
causative, it will be imperative to perform longitudinal studies
in new models where initial changes take place in OPCs and/or
OLs.

2.2.1 Possibility of targeting oligodendroglia for
the treatment of AD

Given that myelin defect is highly associated with cognitive
dysfunction, promoting myelination might provide a way to
ameliorate clinical symptoms of AD. Recent studies showed
that enhancing myelin renewal, by deletion of the muscarinic
M1 receptor in oligodendroglia or administration of clemastine,
rescued deficits in cognition and hippocampal physiology in
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APP/PS1 mouse—an AD model overexpressing human amyloid
precursor protein (APP) and presenilin-1 (PS1) with mutations
associated with early onset familial AD (Chen et al,, 2021; Xie
et al,, 2021). To establish myelin loss as a major contributor to
cognitive impairment in the context of AD, temporal dynamics
of demyelination should be examined in other AD models,
including those modeling tau pathology (Yoshiyama et al., 2007)
and second-generation mouse models that have been generated
to overcome the intrinsic drawbacks of the overexpression
paradigm (Sasaguri et al,, 2017).

Zhangetal. (2019) reported the presence of OPCs exhibiting
a senescence-like phenotype characterized by the expression
of p21/CDKNI1A and p16/INK4/CDKN2A proteins in the Af
plaque environments of brains of AD patients and the APP/PS1
mice. They also showed that the administration of senolytic
drugs removed senescent OPCs from the brain, prevented
plaque formation, and improved cognition in APP/PSI1 mice.
The exact mechanisms by which senescent OPCs contribute
to the pathogenesis of AD remain to be investigated, but it
is plausible to suggest that secretory profiles of the senescent
OPCs play a role in triggering or enhancing local inflammation,
demyelination, and/or neuronal dysfunction. In addition to
serving as a reservoir for remyelination, OPCs have emerged
as active participants in multiple aspects of brain function.
OPCs receive synaptic information from neurons (Lin and
Bergles, 2004), associate closely with the blood-brain barrier
(BBB) (Seo et al., 2013), and play a role in immunomodulation
by monitoring the environment and releasing various factors
(Falcao et al., 2018; Kirby et al., 2019). Given the involvement
of synaptic loss (Subramanian and Tremblay, 2021), BBB
breakdown (Knox et al, 2022),
(Stephenson et al,, 2018) in the progression of AD as well as
other NDDs, understanding the roles of OPCs and how they
become dysregulated is likely to lay the groundwork for a new
era of NDDs.

and chronic inflammation

2.3 Parkinson'’s disease

PD is the most common neurodegenerative movement
disorder (Feigin et al., 2019). The loss of dopaminergic neurons
in the substantia nigra (SN) pars compacta and the deposition of
a-Syn in neurons are neuropathological hallmarks of PD (Poewe
et al,, 2017). For PD, highly efficacious therapies to increase
striatal dopamine levels are available, such as pharmacological
dopamine substitution and deep brain stimulation (Poewe et al,,
2017), providing an unrivaled example of an NDD that can be
effectively managed. However, none of these treatments slow
down disease progression, and there remains a critical unmet
need for disease-modifying therapies that can delay, prevent, or
reverse disease progression.

A recent study integrating genome-wide association studies
with single-cell transcriptomic data from the mouse nervous
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system revealed that PD is genetically associated not only with
cholinergic and monoaminergic neurons, as expected, but also,
unexpectedly, with OLs (Bryois et al., 2020). Interestingly, genes
upregulated in PD were specifically expressed in OLs, while the
downregulated genes were enriched in dopaminergic neurons.
Moreover, using postmortem brain transcriptomic data, Bryois
etal. (2020) confirmed that those upregulated genes in OLs were
elevated across all Braak stages, even in the earliest stages of the
disease. These results suggest that changes in OLs precede the
emergence of pathological traits, giving new insights into the
causes of PD. Consistent with these results, Agarwal et al. (2020)
performed single-nuclei transcriptomics of the human SN and
found that the genetic risk of PD was associated with OLs and
OPCs, in addition to dopaminergic neurons. The fraction of PD
genetic risk associated with OLs was distinct from that fraction
associated with dopaminergic neurons (Agarwal et al,, 2020),
suggestive of distinct PD-associated cell etiologies. They also
observed that the expression of LRRK2 gene, which encodes
leucine-rich repeat kinase 2 and which is associated with both
familial and sporadic PD (Hur et al., 2019; Hur and Lee, 2021),
was significantly higher in OPCs than in any other cell types in
the SN (Agarwal et al., 2020). The physiological and pathological
relevance of the manifestation of PD genetic risk through OLs
and OPCs remains to be investigated, but it might reflect the
role of oligodendroglia in controlling the local environment and
regional vulnerability of the SN.

The myelination status or the degree of myelination
has been suggested as a key factor determining neuronal
vulnerability to Lewy pathology in PD (Braak et al, 2006;
Orimo et al, 2011), along with other features, such as
long highly branched axons, autonomous activity, calcium-
dependent pacemaking, and high levels of oxidative stress
(Braak et al,, 2004; Chan et al,, 2009). In postmortem studies,
the accumulation of a-Syn was more evident in unmyelinated
or poorly myelinated axons (Braak et al, 1999; Volpicelli-
Daley et al, 2014). It is unclear if axonal hypomyelination
aggravates a-Syn pathology or if the axonal accumulation of a-
Syn affects membrane status or myelination, but Lewy neurites
might reflect pathological changes in the structural or functional
interaction between the axon and surrounding myelin. In
fact, white matter abnormalities have often been reported in
PD patients (Karagulle Kendi et al., 2008; Zhan et al., 2012;
Melzer et al, 2013; Duncan et al, 2016). The pathogenesis
is poorly understood, but white matter damage is detected in
newly diagnosed PD patients and has been reported to occur
before gray matter atrophy can be observed (Agosta et al,
2014; Duncan et al, 2016). A recent study taking a whole-
brain connectomics approach also suggested a significantly
decreased myelin content in PD patients compared with control
subjects, especially along the connections emerging from the
SN (Boshkovski et al,, 2022). Despite the increasing evidence
suggesting the possible involvement of oligodendroglia in PD,
OLs have received far less attention in PD compared to MSA and
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AD. Further studies are needed to investigate how OL lineage
cells are affected in PD and to explore if specific molecules
or functional pathways in oligodendroglia can be targeted for
therapeutic interventions.

3 Possible impact of defective
myelin-axon coupling on
neurodegeneration

Demyelination and dysfunction of oligodendroglia have
been implicated in a number of NDDs, but it is difficult to
ascertain whether defective oligodendroglia play a causal, or at
least a primary role, in early disease stages. Oligodendroglia have
long been suggested to provide trophic and metabolic support
for neuronal survival. Mutant mice lacking proteolipid protein,
a major myelin membrane protein, show late-onset axonal
degeneration (Klugmann et al, 1997; Griffiths et al,, 1998),
and mice lacking 2} 3’-cyclic nucleotide 3’-phosphodiesterase,
another myelin protein, exhibit abnormal axonal swelling and
degeneration in the absence of major myelin alterations (Lappe-
Siefke et al., 2003). These studies suggest that support from OLs
is essential for long-term axonal survival (Micu et al., 2018), but
also raise the question regarding the underlying mechanisms
of OL-axon interactions. One way that OLs provide support to
axons is via monocarboxylate transporters (MCTs), localized in
myelin (MCT1) and on the axolemma (MCT2), which function
to fuel lactate (Lee et al,, 2012). It has been shown that disruption
of MCT1 causes axonal damage and neuronal loss, and that
MCT1 is reduced in patients with amyotrophic lateral sclerosis
(Lee et al, 2012). The contribution of oligodendroglial MCTs
to other NDDs requires further study. To determine whether
oligodendroglia play a primary role in early stages of NDDs, it
will be imperative to reveal the actual factors provided by OLs to
nearby neurons and the mechanisms of interaction.

Postmortem studies have shown increased iron content in
specific regions of MSA, PD, and AD brains (Raven et al., 2013;
Carocci et al,, 2018; Mochizuki et al,, 2020). Although further
study is needed to determine whether iron dyshomeostasis
has a causal role and to investigate how much it contributes
to the aggravation of neurodegeneration, there is evidence
that iron dyshomeostasis is present at early stages in many
NDDs (Ndayisaba et al., 2019). In the adult brain, OPCs and
mature OLs are the cells with the highest iron levels (Connor
and Menzies, 1996; Reinert et al, 2019). Oligodendroglia
require iron as a cofactor for several enzymes that regulate
the proliferation and differentiation of OPCs, as well as the
production and maintenance of myelin (Todorich et al,, 2009).
The disturbance of iron homeostasis leads to the generation
of free radicals and oxidative stress. Ferroptosis is a recently
discovered type of cell death caused by the iron-dependent
accumulation of lethal amounts of lipid-based reactive oxygen
species (Dixon et al, 2012; Stockwell et al, 2017). Given
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Dynamic changes of oligodendroglia during the progression of AD. Under healthy conditions, OLs enable saltatory conduction of electrical
signals and provide metabolic and trophic support to neurons. In the AD brain, OLs are vulnerable to neurodegenerative conditions and acquire
a distinct cellular state in response to the changing microenvironment. Under mild A exposure, OLs alter gene expression and start to exhibit
myelin defects. As the disease progresses, defects in OL function and myelin loss become more evident in correlation with the increased AB
burden. Perturbation of myelin-axon coupling affects signal propagation as well as metabolic and trophic support. At later stages with higher A
burden, a specific subgroup of OLs express C4b and Serpina3n. Some aspects of the late-stage OLs might be shared across several NDDs. As
AD progresses, microglia also become destructive by releasing neurotoxic inflammatory mediators, such as cytokines, chemokines, and reactive
oxygen and nitrogen species. The changing state of microglia, reflected in part, by their secretory profile, might play a crucial role in the

progression of AD.

the high intracellular iron concentration in oligodendroglia
and low levels of antioxidative agents (such as glutathione
and mitochondrial manganese superoxide dismutase) coupled
with their high metabolic rate, it is tempting to speculate
that in NDDs, oligodendroglia are extremely vulnerable to
iron-induced oxidative damage and may undergo ferroptosis.
Neurons are also sensitive to oxidative stress, and a recent
study suggested that OLs play a role in protecting neighboring
neurons from iron-mediated cytotoxicity via secretion of ferritin
heavy chain (Mukherjee et al.,, 2020). It will be interesting to
explore if ferroptosis in oligodendroglia and neurons plays a role
in the pathogenesis of NDDs.

4 Uncovering the heterogeneity of
oligodendroglia and the impact of

aging

Recent studies have revealed that oligodendroglia comprise
a heterogeneous population (Zeisel et al., 2015; Marques et al,,
2016). OPCs and OLs might become morphologically and/or
functionally diversified not only during development (Marques
et al,, 2018) but also during the course of diseases (Zhou et al,,
2020). It remains to be determined if OPCs with certain genetic
and molecular signatures have a higher potential to differentiate
and myelinate. In the case of MS, it has been suggested that
disease pathology results from the loss of a certain subclass of
mature OLs rather than an overall failure of OPC differentiation,
and thus, a general strategy to enhance OPC differentiation
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might be insufficient to enhance remyelination (Jakel et al,
2019). Therefore, elucidating heterogeneity and functional
differences of the subclasses of oligodendroglia will be of great
importance, and strategies to restore the ones that contribute
to remyelination should be key. Analyses of AD patient brains
and AD mouse models have revealed the presence of a specific
population of OLs (Zhou et al, 2020; Kenigsbuch et al,
2022) exhibiting distinct gene expression profiles or phenotypes
associated with pathology and/or neurodegeneration. Zhou et al.
(2020) suggested that OL signatures associated with AD seemed
to be different from those associated with MS (Jakel et al., 2019)
or senescence (Zhang et al, 2019). By contrast, Kenigsbuch
et al. (2022) suggested the presence of an OL state associated
with diverse diseases, which could be found in multiple CNS
pathologies, regardless of the nature of the etiology. Future
studies are needed to examine whether the disease-responsive
signature of OL lineage cells reported in AD models are also
found in the context of other NDDs, and investigate to what
extent the signatures are etiology-specific and how much they
are conserved. Identification of the oligodendroglia population
with the responsive vs. driving nature of the disease will
also improve the understanding of the molecular and cellular
pathways underlying the onset and progression of NDDs.
Advancing age is the single most prominent risk factor
for NDDs. Although studies of OPC proliferation and
differentiation in the developing nervous system have suggested
a number of pathways that can be targeted to enhance
remyelination in the mature nervous system (Fancy et al,
20115 Ishino et al, 2022), increasing evidence suggests that
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young and old OPCs are not identical (Segel et al, 2019;
de la Fuente et al, 2020). In fact, a substantial loss of
myelinated fibers occurs with aging (Marner et al,, 2003), and
remyelination is thought to be one of the major processes in
the brain affected by aging (Sim et al., 2002; Neumann et al,
2019). Decreased remyelination efficiency has been attributed
to impaired infiltration of aged OPCs to the lesion area (Sim
et al,, 2002), reduced responsiveness of aged OPCs to pro-
differentiation factors, and their slower inherent capacity for
differentiation compared to young OPCs (Neumann et al,
2019). Transcriptomic analysis of OPCs isolated from young
and old rats suggested that aged OPCs acquire a variety of
hallmarks of aging. Nonetheless, OPCs persist throughout the
lifespan (Young et al., 2013), and rodent studies show that aged
OPCs can be rejuvenated and manipulated to undergo enhanced
differentiation (Neumann et al., 2019; Wang et al., 2020; Iram
et al,, 2022). In addition to their contribution to remyelination,
OPCs are thought to play much more diverse roles including
synaptic, vascular, and immunomodulatory functions (Akay
et al, 2021). Therefore, OPCs remain attractive targets with
immense translational potential to overcome the effects of aging.
A recent study suggested that aging was also associated with
the induction of distinct subpopulations of mature OLs, one
characterized by a high expression of Serpina3n and C4b and
a smaller subpopulation characterized by the expression of
genes related to an interferon response (Kaya et al, 2022).
Much remains to be elucidated regarding how aging alters
oligodendroglial lineage cells and how the changes in their
cell state contribute to age-related myelin degeneration and
insufficient myelin renewal. Developing methods to monitor
and manipulate aged and young oligodendroglia in vitro and
in vivo, technologies for in vivo imaging, and devising analytic
tools to investigate OL physiology and function hold great
potential to catalyze exciting studies deciphering functions and
dysfunctions of oligodendroglia and their significance in the
aging brain and NDD progression.

5 Concluding remarks

Despite the increased understanding of genetic factors and
molecular mechanisms contributing to NDDs, none of the
existing treatments alter the natural course of NDDs, and
there has been limited success in translating the knowledge
gained from preclinical studies into targeted therapies. NDD
research has been neurocentric for decades, but the complexity
and heterogeneity of NDDs suggest that NDDs result from
the activation of more than one pathogenic pathway, perhaps
involving multiple cell types as well as their interplay. Indeed,
studies over the last two decades have revealed new pathways
and cell types associated with NDDs, and we are beginning to
appreciate that the cell types associated with the genetic risk for a
particular NDD are not necessarily those cell types most directly
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affected by the defining pathology or those directly associated
with the clinical symptoms. Here we have discussed recent
findings suggesting an unexpected role of oligodendroglia,
perhaps the cells that received far less attention compared to
not only neurons but also other glial cells. Emerging evidence
supports the view that OL lineage cells might be one of
the most vulnerable cell types responding to the changing
microenvironment in the brain during the course of NDDs.
Moreover, OPCs and mature OLs might play a modifying role
in the onset and progression of NDDs. Given that OPCs exist
throughout life and retain the potential to generate new myelin,
these cells may serve as reservoirs for regenerative therapy to
combat NDDs. Understanding how oligodendroglia are affected
in NDDs and how they can be controlled should lead to an in-
depth understanding of NDDs and might help develop effective
diagnostic and therapeutic approaches.
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Severe traumatic spinal cord injury (SCI) leads to long-lasting oligodendrocyte
death and extensive demyelination in the lesion area. Oligodendrocyte
progenitor cells (OPCs) are the reservoir of new mature oligodendrocytes
during damaged myelin regeneration, which also have latent potential for
neurogenic regeneration and oligospheres formation. Whether oligospheres
derived OPCs can differentiate into neurons and the neurogenesis potential
of OPCs after SCI remains unclear. In this study, primary OPCs cultures were
used to generate oligospheres and detect the differentiation and neurogenesis
potential of oligospheres. In vivo, SCl models of juvenile and adult mice were
constructed. Combining the single-cell RNA sequencing (scRNA-seq), bulk
RNA sequencing (RNA-seq), bioinformatics analysis, immunofluorescence
staining, and molecular experiment, we investigated the neurogenesis
potential and mechanisms of OPCs in vitro and vivo. We found that
OPCs differentiation and oligodendrocyte morphology were significantly
different between brain and spinal cord. Intriguingly, we identify a previously
undescribed findings that OPCs were involved in oligospheres formation
which could further differentiate into neuron-like cells. We also firstly detected
the intermediate states of oligodendrocytes and neurons during oligospheres
differentiation. Furthermore, we found that OPCs were significantly activated
after SCI. Combining scRNA-seq and bulk RNA-seq data from injured spinal
cord, we confirmed the neurogenesis potential of OPCs and the activation of
endoplasmic reticulum stress after SCI. Inhibition of endoplasmic reticulum
stress could effectively attenuate OPCs death. Additionally, we also found
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that endoplasmic reticulum may regulate the stemness and differentiation
of oligospheres. These findings revealed the neurogenesis potential of OPCs
from oligospheres and injured spinal cord, which may provide a new source
and a potential target for spinal cord repair.

spinal cord injury, oligodendrocyte precursor cell, oligosphere, neurogenesis
potential, differentiation, transformation

1 Introduction

Oligodendrocytes are critical for myelin formation through
repeatedly wrapping neuronal axons (Franklin and Ffrench-
Constant, 2008; Irvine and Blakemore, 2008). Severe traumatic
spinal cord injury (SCI) leads to locomotor and sensory function
loss largely due to long-lasting oligodendrocyte death, extensive
demyelination, and Wallerian degeneration (Garcia-Ovejero
et al, 2014; Ahuja et al, 2017). Even in moderate SCI and
a considerable distance from the lesion area, oligodendrocyte
loss and demyelination can be serious (Lytle and Wrathall,
2007). After SCI, the main source of remyelination is from
oligodendrocyte progenitor cells (OPCs), also known as NG2
cells. OPCs can migrate, proliferate and gradually differentiate
into mature oligodendrocytes and then wrap axons to form a
new myelin sheath (Wu et al,, 2012).

Previous studies described that OPCs can form oligospheres
(Avellana-Adalid et al., 1996; Chen et al., 2007; Pedraza et al.,
2008; Gibney and McDermott, 2009; Li et al., 2015). Oligosphere
derived OPCs preserve the capacity to express differentiated
antigenic and metabolic phenotypes (Avellana-Adalid et al,
1996). When transplanted into the newborn shiverer mouse
brain, oligospheres were able to provide a focal reservoir of
migrating and myelinating cells (Avellana-Adalid et al., 1996).
Recent findings confirmed that OPCs have latent potential
for neurogenic regeneration, which may represent a potential
target for reprogramming strategies for spinal cord repair
(Heinrich et al., 2014; Torper et al., 2015; Tai et al., 2021).
However, whether oligospheres derived OPCs can differentiate
into neuron-like cells and the neurogenesis potential of OPCs
after SCI remains unclear (Chen et al., 2007).

In this study, primary OPCs cultures were used to
generate oligospheres and to oberserve the differentiation
and neurogenesis potential of oligospheres. We reported
a previously undescribed oligospheres derived OPCs could
differentiate into neuron-like cells. During the process of
differentiation, we firstly discovered the intermediate states
of oligodendrocytes and neurons. In vivo, by constructing
juvenile and adult SCI models, combining the single-cell
RNA sequencing (scRNA-seq), RNA sequencing (RNA-seq),
bioinformatics analysis, immunofluorescence staining, and
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molecular experiment, we further investigated the neurogenesis
potential of OPCs and its mechanisms after SCL

2 Materials and methods

2.1 Primary oligodendrocyte
progenitor cells culture

The experimental procedures were designed to minimize
the number of animals used as well as animal suffering. All
procedures were carried out in accordance with protocols
approved by the Institutional Animal Care and Use Committee
(TACUC) of the Tongji University School of Medicine. Animals
were housed on a 12-h light/dark cycle and had food
and water available ad libitum. Three or more independent
experiments were performed.

Primary OPCs cultures were obtained from postnatal day
1-2 (P1-2) Sprague Dawley rats (Shanghai Jiesijie Laboratory
Animal Co., Ltd., China) cerebral cortices and spinal cord.
Briefly, cerebral cortices and spinal cord were digested by
papain (5 mg/ml, Cat# LS003126, Worthington) and seeded
on 0.01% poly-D-lysine (PDL, Cat# C0312, Beyotime Institute
of Biotechnology, China)-coated 75-cm? flasks. Dissociated
cells were maintained in DMEM-F12 (Cat# 11330057, Gibco)
containing 10% fetal bovine serum (FBS, Cat# 16000-044,
Gibco) and 1% penicillin/streptomycin (Cat# 15140122, Gibco)
at 37°C for 7 days. During this time, primary OPCs
cultures were used for immunofluorescence staining to detect
the differences in OPCs differentiation between brain and
spinal cord.

Adherent cells were dissociated by Accutase (Cat#
A1110501, Gibco) after reaching 70-80% confluency for
10 min at 37°C and then reseeded in 100 mm culture dishes
(Cat# 430167, Corning) for 1 h. Then, the supernatant fluid was
collected to remove the astrocytes and neuron. As described
in a previous study (Hattori et al., 2017; Miyamoto et al,
2020), the medium was replated onto PDL-coated plates in
OPCs proliferation medium to only collect OPCs, containing
neurobasal medium (Cat# 10888022, Gibco), 10 ng/ml
PDGF-AA (Cat# 315-17, Peprotech), 10 ng/ml bFGF (Cat#
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45033, Peprotech), 2 mM glutamine (Cat# G7513, Sigma),
1% penicillin/streptomycin, 5 ng/ml insulin (Cat# P3376-100
IU, Beyotime Institute of Biotechnology, China), 20 ug/ml
NT3 (Cat# 450-03-10, Peprotech), and 2% B27 supplement
(Cat# A3582801, Gibco). Finally, OPCs with >95% purity were
obtained (by cell count) and reseeded in 100 mm culture dishes
(Cat# 430167, Corning) and poly-D-lysine-coated 12-well
culture plates with cell climbing sheets for the next experiment.

2.2 Primary OPCs culture to generate
oligospheres

Primary OPCs were obtained as described above. When
OPCs with >95% purity were obtained, dissociated cells
were reseeded in a new 100 mm non-coated Corning dish
with OPCs proliferation medium. Oligospheres started to
form after 4-5 days of culture, during which time the
oligospheres were blown up and dissociated for resuspension,
and facilitated oligospheres formation. The culture medium
was changed every 3 days depending upon the cellular
density. Approximately every 3 days half of the media
was changed and cells passaged without digestive enzyme
digestion. After elimination of adhering cells, oligospheres were
centrifuged (800 rpm for 5 min) and resuspended in OPCs
proliferation medium.

When oligospheres reached the fourth generation (F4),
they were seeded into glass coverslips with PDL-coated 12-well
culture plates. Immunofluorescence staining was performed to
detect the differentiation of oligospheres at 4 h (Day 0) and
Days 1, 3, 6, 9, 14, 21, and 28 after plating. We also found
that some oligospheres tended to attach to the bottom of the
plate, as previously reported (Chen et al., 2007), and free-floating
oligospheres only were used for passaging. The oligosphere
images under white light were taken by an Olympus microscope.
Three independent experiments were performed.

2.3 Oxygen-glucose deprivation model
and inhibitors treatment

To mimic hypoxic-ischaemic injury, an oxygen-glucose
deprivation (OGD) model (O < 0.1%) was constructed by
AnaeroPack (Cat# D07, Mitsubishi Gas Chemical Company,
Japan) in a 2.5 L closed plastic box. After reaching 70-
80% confluency at 3 days, OPCs were incubated in hypoxic
conditions with glucose-free DMEM (Cat# 11966025, Gibco)
for 3 h and then switched to DMEM-F12 containing 10%
FBS and 1% penicillin/streptomycin. The inositol-requiring
protein la (IREla) inhibitor STF083010 (Cat# 307543-71-
1, MedChemExpress) (Papandreou et al, 2011; Zhao et al,
2017a) and protein kinase RNA-like ER kinase (PERK)
inhibitor GSK2656157 (Cat# 1337532-29-2, MedChemExpress)
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(Atkins et al.,, 2013) with different concentrations were used
to treat primary oligodendrocytes at 1 h before and after
OGD stimulation, respectively. Then, OPCs were collected for
quantitative real-time PCR (RT-PCR), and live/dead cells by
Calcein AM/PI double staining and flow cytometry of apoptosis
by Annexin V-EGFP/PI double staining (Cat# KGA103, Jiangsu
KeyGen BioTech Corp., Ltd. China). Staining methods followed
the reference specification. Three independent experiments
were performed.

2.4 Spinal cord contusion model
construction

Eight-week-old wild-type C57BL/6 ] female mice (Shanghai
Jiesijie Laboratory Animal Co., Ltd.) were used for contusion
model construction, including sham group (n = 9) and SCI
group (n = 9). Spinal cord contusion models at T10 were
established using the MASCIS Impactor Model III (W.M.
Keck Center for Collaborative Neuroscience, Rutgers, The State
University of New Jersey, USA) (Duan et al.,, 2021).

Briefly, mice were weighed and deeply anesthetized with
iso-flurane evaporated in a gas mixture containing 70% N,O
and 30% O, through a nose mask. The back skin was shaved
and cleaned with 75% alcohol. A laminectomy at T10 was
performed to remove the part of the vertebra overlying the
spinal cord, exposing a circle of dura through an operating
microscope (Zeiss, Germany) and rodent stereotaxic apparatus
(RWD Life Science Co., Ltd., Shenzhen, China). The spinal
column was stabilized using lateral clamps over the lateral
processes at T9 and T11. Contusion was performed at T10
with a 5 g impactor and 6.25 mm height with a force
of about 60kdyn, which could cause a moderate injury as
previously reported (Wu et al, 2013, 2014), and then the
wound was sutured. Sham mice underwent laminectomy but not
contusion.

The following symbols were indicators of a successful
contusion model: (1) the impact point was located in the
middle of T10, (2) paralysis of both hindlimbs occurred
after awakening. Unsuccessful models were excluded in the
following experiment and analysis. Mice had received natural
illumination to keep warm before and after the surgery. Urine
was manually expressed from the bladders of the injured
mice twice per day until autonomous urination recovered.
Six weeks after contusion, the mice were sacrificed for
immunofluorescence staining.

2.5 Spinal cord crash model
construction

Eight-week-old wild-type C57BL/6 ] female mice (adult
mice) and 1-week-old and 2-week-old juvenile mice were used
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for spinal cord crash model construction, including sham and
SCI groups of 1-week-old mice (Sham_1 W, n = 3; SCI_1 W,
n = 3); sham and SCI groups of 2-week-old mice (Sham_2 W,
n = 3; SCI_2 W, n = 3); sham and SCI groups of 8-week-old
mice (adult female mice, Sham_8 W, n = 3; SCI_8 W, n = 3).
Three biological repeats were performed.

The pre-operative disinfection, anesthesia, and post-
operative care were conducted as the same as contusion model.
The crash model was also performed at T10 with No. 5 Dumont
forceps fixed on a stereotaxic apparatus and persisted for 3 s.
The paralysis of both hindlimbs occurred after awakening were
indicators of a successful crash model. Unsuccessful models
were excluded in the following experiment and analysis. Sham
mice received laminectomy without crash. The juvenile mice
were returned to the female mice cage to continue feeding
after crash. Two weeks after crash, the mice were sacrificed
for RNA-sequencing.

2.6 Immunofluorescence staining and
analysis

Briefly, mice were under deep anesthesia and intracardially
perfused with saline and then with 4% paraformaldehyde at
the indicated time. After post-fixation and cryoprotection,
the dissected 6 mm segment of spinal cord centered at
the lesion area, or 2 mm segment of lumbar enlargement
(L4-5), was coronally sectioned at 12 pum thickness and
thaw-mounted onto Superfrost Plus slides (Citotest Labware
Manufacturing Co., Ltd., Haimen, China). Spinal cord
sections were prepared for immunofluorescence staining
al.,

staining

following procedures
2017). The
of methods have been described previously (Zhu et al,
2021).

The primary antibodies used were as follows: glial
fibrillary acidic protein (GFAP, Cat# ab4674, Abcam, 1:500),
myelin basic protein (MBP, Cat# MAB386, Millipore, 1:500),
oligodendrocyte transcription Factor 2 (Oligo2, Cat# AF2418,
R&D system, 1:500), neural/glial antigen 2 (NG2, Cat#
AB5320, Millipore, 1:500), Nestin (Cat# ab134017, Abcam,
1:500), MAP2 (Cat# ab32454, Abcam, 1:500), Tau (Cat#
MAB3420, Millipore, 1:500); the secondary antibodies were
Alexa® Fluor 488 (Cat# A-32814, Invitrogen, 1:500), Alexa®
Fluor 488 (Cat# A-32790, Invitrogen, 1:500), Alexa® Fluor 555
(Cat# A-32773, Invitrogen, 1:500), Alexa Fluor® 594 (Cat#
ab150156, Abcam, 1:500), Alexa® Fluor 594 (Cat# ab150176,
Abcam, 1:500), Alexa® Fluor 647 (Cat# A-32795, Invitrogen,
1:500). Fluorescent antibodies of the same channel including
Alexa® Fluor 488 and Alexa® Fluor 594, were used to

match species differences during immunofluorescence staining.

described previously (Ren et

culture cells immunofluorescence

The nuclei were stained with 4’,6-diamidino-2-phenylindole
(DAPI, Cat# C1002, Beyotime Institute of Biotechnology), and
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fluorescence images were taken using confocal microscopy
(LSM 700, Carl Zeiss, Jena, Germany). Image acquisition
was performed with ZEN 2.3 (blue edition, Carl Zeiss),
and micrographs were assembled using Adobe Illustrator CC
2018.

For immunofluorescence analysis, lesion area covered the
lesion core, rostral and caudal injured spinal cords with a
distance of 500 wm from lesion core, respectively. A total
of three sections (eight areas of rostral and eight of caudal
injured spinal cords per section) were randomly selected in per
mice. Then the 160 pm x 160 pm images were exported by
ZEN 2.3. For culture cells immunofluorescence staining, the
images were directly exported by ZEN 2.3. Image-] software
with customized macros was used to quantify the fluorescence
intensity of proteins including the MBP, Olig2, and NG2 in
the images mentioned above. For sham group and treatment
groups, three mice per group were tested. For culture cells, three
biological repeats were conducted.

2.7 RNA-sequencing and bioinformatic
analysis

RNA-seq was used to examine the transcriptomes of the
lesion site at 2 weeks post injury (WPI), including sham and
SCI groups of 1-week-old mice (Sham_1 W, n = 3; SCI_1 W,
n = 3, crash model); sham and SCI groups of 2-week-old mice
(Sham_2 W, n = 3; SCI_2 W, n = 3, crash model); sham and
SCI groups of 8-week-old mice (adult female mice, Sham_8 W,
n=3; SCI_8 W, n = 3, crash model). Total RNA from 18 samples
with three biological replicates for each group was quantified to
obtain RNA data.

Briefly, animals were euthanized after terminal anesthesia
by pentobarbital overdose. Then, spinal cord tissue was
dissected from the lesion site under a dissecting microscope,
and 2 mm segments of the lesion site were harvested and
marked. The tissues were sent to the Beijing Genomics Institute
(BGI) Company (Shenzhen, China) in solid carbon dioxide
for further RNA-seq. The sequencing was performed on a
DNBSEQ system at BGI Company. Total RNA was isolated,
and RNA sequencing libraries were generated. Bioinformatics
analysis was carried out with the online platform Dr. Tom
(BGI Company). Only genes with transcripts per million
(TPM) > 1 were analysed. Differentially expressed genes (DEGs)
were identified using the DEGseq2 method and screened
with the criteria of q value < 0.05 and log2FC > 0.6,
where FC represents the fold change. The sequence and
sample data have been deposited in the NCBI database under
Sequence Read Archive (SRA) with Bioproject identification
number PRJNA847738 (Accession number: SRR19612226-
SRR19612243).

To further detect oligodendrocyte activation in lumbar
enlargement (L4-5), RNA-seq was used to examine the
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transcriptomes of lumbar enlargement tissues at 6 WPI,
including the sham (n = 6, female) and SCI groups
(n = 6, female, contusion model). Total RNA from 12
samples with six biological replicates for each group
was quantified to obtain RNA data. Spinal cord tissue
was dissected from lumbar enlargements (L4-5) under a
dissecting microscope, and 2 mm segments were harvested
and marked. RNA-seq and bioinformatic analysis were
also performed on a DNBSEQ platform and the online
platform Dr. Tom (BGI Company). Only genes with
TPM > 1 were analyzed. DEGs were identified using
the DEGseq method and screened with the criteria of
q value < 0.05 and log2FC > 0.6. The sequence and
sample data have been deposited in the NCBI database
under Sequence Read Archive (SRA) with Bioproject
identification number PRJNA847704 (Accession number:
SRR19611667-SRR19611678).

To further detect oligodendrocyte activation at different
time after SCI, the series matrix file data of GSE45006
were downloaded from the Gene Expression Omnibus
(GEO) public database, and the annotation platform was
GPL1335. Data from 24 samples from the lesion area of
the injured spinal cord with complete expression profiles
were extracted. Bioinformatics analysis was also carried out
with the online platform Dr. Tom (BGI Company). DEGs
were identified using the DEGseq method and screened
with the criteria of p-value < 0.01 and log2FC > 2.
The scRNA-seq results were analyzed through online
data from injured mouse spinal cordst (Milich et al,
2021).

2.8 Quantitative real-time PCR

The total RNA of cells was isolated with RNAiso
plus (Cat# 9108, Takara). The concentration and purity of
RNA samples were measured using a Nanodrop ND-2000
(Thermo Science, MA, USA) for further experiments. Five
hundred nanograms of RNA was converted to complementary
DNA (cDNA), which was synthesized with a PrimeScript
reverse transcriptase kit (Cat# RR037A, Takara). RT-PCR was
performed using a TB Green TM Premix Ex Taq Kit (Cat#
RR820A, Takara) on a Light Cycler Real-Time PCR System
(48011, Roche). The primer sequences (Shanghai Generay
Biotech Co., Ltd., Shanghai, China) were designed through
Primer-BLAST? and are listed in Supplementary Table 1.
The relative amounts of mRNA were calculated using the
AACt relative quantification method. GAPDH served as
the control gene, and the mRNA levels of specific genes
were normalized to GAPDH. Calculations and statistics were

1 https://jaeleelab.shinyapps.io/sci_singlecell/

2 https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi
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performed in Microsoft Excel version 16.36. Graphs were
plotted in GraphPad Prism 8 version 8.4.3. Three biological
repeats were performed.

2.9 Statistical analysis

All  experiments were conducted with three or
more duplicates. All continuous data were shown as
mean + SEM. One-way ANOVA was performed followed
by Student Newman-Keuls post-hoc test for continuous data.
P-values < 0.05 were considered statistically significant. Data
analyses were conducted using the Statistical Analysis System
(SAS), version 9.4 (SAS Institute, Inc., Cary, NC, USA). Plots
were generated using GraphPad Prism 8 software (GraphPad
Software, San Diego, CA, USA).

3 Results

3.1 OPCs differentiation were different
between brain and spinal cord

In this study, OPCs with >95% purity were obtained
(by cell count) and identified by Calcein AM staining and
the expression of oligodendrocyte lineage cell markers NG2
and MBP (Figures 1A, B). Previous reports have revealed
that oligodendrocytes are heterogeneous (Rowitch and
Kriegstein, 2010; Bechler et al, 2015). We also observed
that there were obvious differences in OPCs differentiation
between brain and spinal cord (Figures 1C, D). On the third
day of primary cell culture (mixed with OPCs, astrocytes,
etc.) in the medium of DMEM-F12 containing 10% FBS
and 1% penicillin/streptomycin, we found brain-derived
cells were mainly OPCs with a dark cell body, tadpole-
like, and only 2-3 branches (Figure 1C). In contrast,
spinal cord-derived OPCs were easier to differentiate
than brain-derived, reflected by the significant increase in
branches and processes (Figure 1D). Immunofluorescence
staining of NG2, MBP, and GFAP was further used to
detect dynamic changes of OPCs in both differentiation
and morphology (Figures 1C, D). We delineated cell
morphology, and calculated the diameter and area of OPCs
differentiated oligodendrocytes (Supplementary Figure 1).
When compared with brain, we found that spinal cord-
derived oligodendrocytes had larger cell areas and longer
diameters after maturation (Figures 1C-F). Spinal cord-
derived oligodendrocytes had showed longer diameter and
larger cell area at the 4th day, peaked at the 6th day and
were maintained until the 8th day (Figures 1E, F). Thus,
there were significant differences in OPCs differentiation
and oligodendrocytes morphology between the brain and
spinal cord.
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FIGURE 1

The oligodendrocyte progenitor cells (OPCs) differentiation and oligodendrocytes morphology are different between the brain and spinal cord
(A,B) OPCs with >95% purity were obtained (by cell count) and identified by Calcein AM staining and the expression of oligodendrocyte lineage
cell markers NG2 (green) and MBP (red). (C,D) Spinal cord-derived OPCs were easier to differentiate and mature than brain-derived cells
Immunofluorescence staining of NG2 (green), MBP (red), and GFAP (white) was used to detect the dynamic changes in oligodendrocytes. n = 3
biological repeats. Scale bars are indicated in the pictures. (E,F) The histograms showed the statistical results of oligodendrocytes diameter and
area. n = 3 biological repeats. Values are the mean £+ SEM. Statistical significance was determined by one-way ANOVA followed by Student

Newman—-Keuls post-hoc test. **P < 0.01, ***P < 0.001.

3.2 OPCs were involved in
oligospheres formation in vitro

In our culture system, we found that OPCs from
both brain and spinal cord could gather into oligospheres
on the 8th day of OPCs proliferation (

). Compared with spinal cord, brain-

and

derived oligospheres were more obvious in spherical and oval
shapes ( ). Thus, we
mainly focused on the formation of brain-derived oligospheres

and
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in the next experiment and analysis. Oligospheres were plated
on PDL-coated coverslips in OPCs proliferation medium to
detect their differentiation ( and
). We found that the volume of oligospheres
in the first generation (F1) was small (
). Oligospheres gradually differentiated after plating
( ). As previously reported (
, ), cells from oligospheres migrated away to form
individual OPCs with bipolar and tripolar morphologies
( ). According to cell morphology,
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we found that a large number of OPCs and oligodendrocytes
were formed and migrated out of the oligospheres at different
time in the F1 generation (Supplementary Figure 3A).
When oligospheres reached the F2 generation, the size and
diameter of oligospheres increased with round and oval
shapes (Supplementary Figure 3B). In the F3 generation, the
oligospheres reached a larger size and diameter (Supplementary
Figure 3C). In the F4 generation, the size and diameter
of the oligospheres reached the most significant values
(Figure 2B), which could also differentiate into a large number
of OPCs and oligodendrocytes at different time (Figure 2B).
We also found that a number of astrocytes were migrated
out of the oligospheres at different time (Figure 2B and
Supplementary Figure 3) as previous study reported (Chen
et al,, 2007).

3.3 Oligospheres can differentiate into
oligodendrocytes and neuron-like cells

The F4 generation oligospheres were used to observe
differentiation at different time through immunofluorescence
staining with markers of oligodendrocytes (MBP), OPCs (NG2),
and neurons (Tujl). On the first day after plating, there were
a large number of TuJl, MBP, and NG2 positive cells in
the oligospheres (Figure 3A). Nearly all oligospheres were
Tujl + MBP + NG2 + triple positive oligospheres (Figure 3A).
Meanwhile, MBP + positive oligodendrocytes and NG2 + OPCs
were wrapped by Tujl positive neuronal cells (Figure 3A).
As expected, we found almost all oligospheres were Nestin
positive (Supplementary Figures 4A, B), which indicated
that oligospheres have neural stemness. On the third day
after plating, the oligospheres differentiated into a majority of
MBP + positive oligodendrocytes, NG2 + OPCs, and a small
number of Tujl positive neurons (Figure 3B).

A previous study reported that no neuronal cells indicated
by the expression of Tujl were detected in an isolated
OPCs population, although approximately 2% of cells
represented other neuroglial cells or early progenitors, as
evidenced by the expression of Nestin and GFAP (Chen
et al, 2007). Interestingly, we found a large number of
Tujl + MBP + NG2 + triple-positive oligodendrocytes
on the sixth day after plating (Figure 3C), among which
a large number of these cells had Tujl-positive neurite-
like branches (Figure 3D). We speculated that these cells
may be in the intermediate state of oligodendrocytes and
neurons during oligospheres differentiation, which indicated
that these oligodendrocytes may trans-differentiate into
neurons in this culture system. In addition, we detected the
differentiation of oligospheres for a longer time. On the 9th,
14th, 21st, and 28th days of oligospheres differentiation, an
increasing number of Tuj1 positive cells were found at different
time (Supplementary Figures 5A-D). Through statistical
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fluorescence intensity at different differentiation time, we
found that Tujl expression gradually increased, while NG2
and MBP decreased (Figure 3E). These results reflect that
oligospheres differentiating into oligodendrocytes gradually
decreased, which indicated that OPCs may trans-differentiate
into neuron-like cells. However, these cells not grew long axon-
like branches (Figure 3D and Supplementary Figures 5A-D).
For most astrocytes were removed in our culture system, we
speculate that one of the reasons may be the lack of secreted
astrocyte factors, including BDNF and GDNEF, to promote
and guide the growth of neurons (Cunningham and Su, 2002;
Degos et al., 2013).

Furthermore, we wused more neuron markers for
immunofluorescence staining, including MAP2 and Tau.
The effects of different culture mediums on the results were
also observed. Firstly, we found that on the 6th day of
oligospheres differentiation, a large number of cells expressed
MAP2 in proliferation medium (Supplementary Figure 6A).
The cells had few branches and were in the immature state
(Supplementary Figure 6A). In contrast, in DMEM-F12
with 5% FBS medium and on the 6th day of oligospheres
differentiation, we found that a large number of cells also
expressed MAP2. However, the cells were relatively mature
and with abundant branches (Supplementary Figure 6B).
Secondly, under the condition of proliferation medium culture,
and on the 6th day of oligospheres differentiation, we found
that some NG2 positive cells (OPCs) expressed Tau protein,
and the branches were long (Supplementary Figure 6C).
However, in DMEM-F12 with 5% FBS medium and on the 6th
day of oligospheres differentiation, NG2 positive cells (OPCs)
were few, and almost no NG2 positive cells (OPCs) expressed
Tau protein (Supplementary Figure 6D). Thus, these results
indicated that oligospheres can differentiate into neuron-like
cells only in the proliferation medium.

3.4 OPCs are activated in the lesion
area and lumbar enlargement after SCI

After spinal cord contusion injury, oligodendrocytes in the
lesion area were activated at 6 weeks post injury (WPI) when
compared with the sham group, reflected by the expression
of the oligodendrocyte marker Oligo2, myelin marker MBP,
and OPCs marker NG2 (Figures 4A, C). The demyelination
of the lesion core was significant and not effectively repaired
(Figure 4A). Meanwhile, the activation of OPCs (NG2+) in the
lumbar enlargement was still very significant even at a distance
from the injured area (Figures 4B, D).

Through RNA-seq, we further observed transcriptional
changes in oligodendrocyte lineage cells both in the lesion
area and lumbar enlargement at different ages and time
(Figures 4E-G). Compared with juvenile mice, we confirmed
that the transcripts of MBP and Oligo2 in adult mice decreased
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FIGURE 2

Oligodendrocyte progenitor cells (OPCs) were involved in oligospheres formation. (A) Oligodendrocytes from brain formed into oligospheres
on the 8th day, as observed NG2 (green), MBP (red), and GFAP (white). n = 3 biological repeats. Scale bars are indicated in the pictures.

(B) Oligospheres from F4 generation were plated on PDL-coated 12-well plates to detect the differentiation at different time. F4 = the fourth
generation. n = 3 biological repeats. Scale bars are indicated in the pictures
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Immunofluorescence staining to detect the cellular composition of oligospheres at different differentiation period. (A—D) F4 generation
oligospheres were used for immunofluorescence staining to detect the cellular composition of oligospheres at different time with Tujl (green),
MBP (red), and NG2 (white). n = 3 biological repeats. Scale bars are indicated in the pictures. (E) The histograms showed the statistical results of
fluorescence intensity. Values are the mean £ SEM. Statistical significance was determined by one-way ANOVA followed by Student
Newman—-Keuls post-hoc test. *P < 0.05, **P < 0.01, ***P < 0.001. n = 3 biological repeats. Scale bars had been indicated in pictures.

significantly at 2 WPI ( ), which indicated that a
majority of oligodendrocyte death and extensive myelin sheath
loss occurred in the lesion area. Meanwhile, NG2 (CSPG4)
transcripts in adult mice were significantly up-regulated when
compared with juvenile mice but did not promote remyelination
). Additionally, we also found that

the transcripts of MBP and Oligo2 decreased with time after SCI,

of the lesion core (

while the transcripts of NG2 were gradually up-regulated but did
not promote the regeneration of the myelin sheath ( ).
Interestingly, the transcripts of NG2 were also significantly up-
regulated in lumbar enlargement, and the transcripts of MBP
and Oligo2 were down-regulated even at a distance from the
injured area at 6 WPI ( ).

Frontiers in

69

3.5 Combining scRNA-seq and
RNA-seq data to investigate the
neurogenesis potential of OPCs after
SCI

There is a dynamic process of pathophysiological changes
after SCL Its pathophysiology comprises acute and chronic
stages and incorporates a cascade of pathogenic mechanisms
(cell death, excitotoxicty, inflammation, neurodegneraton,
demyelination, remielination, scar formation, etc.) (

, ). The regional microenvironment of injured spinal
cord is quite different from that of cells cultured in vitro.
In vitro experiments are also difficult to simulate complex
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FIGURE 4

Oligodendrocyte progenitor cells (OPCs) are activated in the lesion area and lumbar enlargement after SCI. (A,B) Immunofluorescence staining
to detect the expression of oligodendrocyte lineage cell markers in the lesion area and lumbar enlargement after SCI. Olgio2 (green), MBP (red),
and NG2 (white). n = 3 biological repeats. Scale bars are indicated in the pictures. LC = lesion core. (C,D) The histogram and statistical results of
Oligo2, MBP, and NG2 fluorescence intensity. n = 3 biological repeats. Values are the mean + SEM. Statistical significance was determined by
one-way ANOVA followed by Student Newman—Keuls post-hoc test. **P < 0.01, ***P < 0.001. (E-G) RNA-seq results showed transcript
changes in oligodendrocyte lineage cells both in the lesion area and lumbar enlargement at different ages and time. dpi, day post-injury; WPI,
week post-injury; 1 W, 1-week-old; 2 W, 2-week-old; 8 W, 8-week-old; sham_1 W, 1-week-old sham group; sham_2 W, 2-week-old sham
group; sham_8 W, 8-week-old sham group; SCI_1 W, 1-week-old SCI group; SCI_2 W, 2-week-old SCI group; SCI_8 W, 8-week-old SCI group.

environmental changes in vivo. Thus, in order to know more
about the dynamic changes in different periods after SCI
in vivo, we analysis the RNA-seq and online scRNA-seq data.
By analyzing online scRNA-seq data from the injured mouse
spinal cord (see text footnote 1) (Milich et al, 2021), we
detected changes in the expression of Tujl (Tubb3) in OPCs
after SCI (Figures 5A, B). We found that oligodendrocyte cell
lines along with neurons were Tujl-specific expressing cells
under normal conditions (Figure 5C), as we found in vitro
(Figures 3A-D). In particular, the expression of Tujl in OPCs
increased gradually at 1 to 3 days post injury (dpi) after
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SCI but decreased at 7 dpi. Furthermore, we also found that
most of neuron markers were expressed in OPCs [such as
Map2, Mapt (Tau), Nefm (Neurofilament), Uchll, Doublecortin
(DCX), and Gap43] (Supplementary Figures 7A-E). Some of
these markers were increased in the early stage after injury
and then gradually decreased [such as TUBB3 (Tujl), Smnl,
Uchll, Gap43] (Figures 5A-C and Supplementary Figure 7F).
While, some markers were decreased in the early stage of
injury, and then gradually recovered (such as DCX, Nefm,
NeuroD, Tbrl, Thyl/Cd90, Mapt, Map2) (Figure 5D and
Supplementary Figure 7F). Furthermore, when compared with
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adult mice, most of neuron markers were well preserved in
juvenile mice (Supplementary Figure 7G). Meanwhile, the
spinal cord neurons almost did not express CSPG4 (NG2) under
normal conditions or after injury (Supplementary Figure 8).
Therefore, these Tujl + cells may be partly derived from NG2
positive OPCs. These results indicate that OPCs may have the
potential to trans-differentiate into neurons but not successfully
after SCI, which may be due to unknown environmental factors
or a lack of factors mediating transformation.

Recent study confirmed that SOX2-mediated in vivo
reprogramming of NG2 + glial cells could produce new
excitatory and inhibitory propriospinal neurons, reduce glial
scarring, and promote functional recovery after SCI (Tai et al,,
2021). The microtubule-associated protein doublecortin (DCX)
is normally expressed in neuroblasts and immature neurons
and can serve as a reliable marker for adult neurogenesis
(Tai et al, 2021). ASCLI, a master regulator expressed in
neural progenitors and critical for neuronal differentiation and
adult neurogenesis, was detected in 28.6% of SCI-induced
DCX + cells (Tai et al., 2021). By analyzing online scRNA-seq
data from the injured mouse spinal cord (Milich et al., 2021), we
found that Sox2, DCX, and ASCL1 were highly or specifically
expressed in OPCs under normal conditions, while these factors
were significantly down-regulated after SCI (Figure 5D). These
results further confirmed that OPCs may have the potential to
trans-differentiate into neurons but not successful after SCL

Furthermore, through RNA-seq, we also detected the
transcriptional changes in Sox2, DCX, and ASCLI in the lesion
area at different ages and time. Compared with juvenile mice,
we confirmed that the transcripts of DCX and ASCLI1, along
with MBP, Oligo2, and Tubb3 (Tuj1), in adult mice significantly
decreased at 2 WPI (Figure 5E), which indicated a large
number of oligodendrocytes and neuron death in the lesion
area. Meanwhile, compared with juvenile mice, transcripts of
SOX2 and NG2 in adult mice were significantly up-regulated
but did not promote neurogenesis (Figure 5E). We also found
that the transcripts of ASCLI gradually decreased and NG2
(CSPG4) gradually up-regulated with time after SCI (Figure 5F).
The transcripts of DCX, SOX2, and Tubb3 (Tujl) underwent a
process of dynamic change, first decreasing from 1 dpi to 3 dpi
but gradually increasing from 1 to 2 WPI, and then decreasing
again at 8 WPI (Figure 5F). These results suggest that the
injured tissue may try to promote the regeneration of neurons
after SCI but failed due to unknown factors.

3.6 ER stress inhibition could protect
OPCs from death and inhibit
oligospheres differentiation

Previously, we confirmed that inhibition of endoplasmic
reticulum stress (ER stress) related signal pathways can
effectively improve neuronal death (Zhao et al, 2017a,b).
Irreversible ER stress would trigger cell death initiated by
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the activation of three ER stress sensors separated from
immunoglobulin heavy chain binding protein (BiP/GRP78)
respectively, including inositol-requiring protein la (IREla),
protein kinase RNA-like ER kinase (PERK) and activating
transcription factor 6 (ATF6) (Hetz, 2012). Whether inhibiting
ER stress would also protect OPCs still remains unclear.

Then, we tried to detected the effect of ER stress inhibition
on OPCs death in vitro under hypoxic conditions. The
different concentrations of ER stress receptors IREla and
PERK inhibitors were used to intervene oligodendrocytes after
OGD. STF083010 is the specific inhibitor of IREla Rnase,
whereas GSK2656157 is a specific inhibitor of the PERK
kinase (Zhao et al., 2017a). Firstly, we detected the effects of
different concentrations of STF083010 and GSK2656157 on
oligodendrocyte mortality after OGD stimulation by Calcein
AM/PI double staining (Figures 6A, B). We found that
35 pM STF083010 could effectively reduce the death of OPCs
(Figures 6A, C). Meanwhile, 0.25 uM GSK2656157 could
significantly inhibit the death of OPCs (Figures 6B, D).

Through flow cytometry of apoptosis by Annexin
V-EGFP/PI double staining, we further confirmed that
35 uM STF083010 could effectively reduce the death of OPCs
(Figure 6E), and 0.25 pM GSK2656157 could significantly
inhibit the death of OPCs (Figure 6F). Through RNA-
seq, we found the transcripts of ER stress related genes
(Zhang et al,, 2021) were significantly up-regulated after SCI
(Figures 7A-C). The GO and KEGG pathway analysis also
revealed that ER stress associated signaling pathways were
activated (Figures 7D, E). We further screened the dynamic
changes of ER stress key genes after SCI in scRNA-seq and
RNA-seq data. We found that ER stress was activated in the
early stage of SCI, and gradually decreased (Supplementary
Figures 9A-E). Our RT-PCR results also revealed the unspliced
and spliced mRNA expression of X-Box Binding Protein
1 (Xbpl), as the downstream factors of ER stress, were
gradually increased after OGD stimulation, which could be
significantly inhibited by STF083010 treatment (Figure 7F).
Thus, inhibiting ER stress could reduce OPCs death under
hypoxic conditions.

The ER machinery integrates various intracellular and
extracellular signals. Previous study found that ER stress
regulated the intestinal stem cell state through monoclonal
antibody to C-Terminal binding protein 2 (CTBP2), and showed
CtBP2 mediates ER stress-induced loss of stemness (Meijer et al.,
2021). Therefore, we wondered whether inhibition of ER stress
would have effect on oligospheres differentiation. Interesting,
we found that inhibition of ER stress during oligospheres
differentiation could significantly increase the expression of
stem cell marker Nestin (Figure 7G). Furthermore, we
found that mRNA expression of oligodendrocyte lineage cells
marker Oligo2, and neuron markers NEUN and MAP2 were
significantly increased after ER inhibition (Figure 7H). Thus,
ER inhibition may be associated with stemness maintenance and
regulating the differentiation of oligospheres.
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FIGURE 5
Combining the scRNA-seq and RNA-seq data to investigate the neurogenesis potential of oligodendrocyte progenitor cells (OPCs) after spinal
cord injury (SCI). (A—C) scRNA-seq results show that oligodendrocyte lineage cell along with neurons were Tuj1-specific expressing cells under
normal conditions and after SCI. dpi = day post-injury. (D) Sox2, DCX, and ASCL1 were highly or specifically expressed in OPCs under normal
conditions, while these factors were significantly down-regulated after SCI. dpi = day post-injury. (E,F) RNA-seq results show the transcript
changes of the above factors along with the marker of oligodendrocyte cell lines in the lesion area at different ages and time. dpi, day
post-injury; WPI, week post-injury; 1 W, 1-week-old; 2 W, 2-week-old; 8 W, 8-week-old; sham_1 W, 1-week-old sham group; sham_2 W,
2-week-old sham group; sham_8 W, 8-week-old sham group; SCI_1 W, 1-week-old SCI group; SCI_2 W, 2-week-old SCI group; SCI_8 W,
8-week-old SCI group.
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Endoplasmic reticulum stress (ER) stress inhibition protect OPCs from death after OGD stimulation. (A,B) The effects of different concentrations
of STF083010 and GSK2656157 on OPCs mortality after OGD stimulation by Calcein AM/PI double staining. Scale bars had been indicated in
pictures. n = 3 biological repeats. (C,D) The histograms revealed the statistical results of oligodendrocytes mortality after OGD stimulation. n = 3
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post-hoc test. ***P < 0.001. (E,F) Through flow cytometry of apoptosis by Annexin V-EGFP/PI double staining, the results revealed the roles of
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Discussion

There were several findings in this study: (1) OPCs

differentiation and oligodendrocyte morphology were
significantly different between brain and spinal cord; (2)

OPCs were involved in oligospheres formation, which
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further differentiated into neuron-like cells. (3) A majority
of Tujl + MBP + NG2 + triple-positive cells with neurite-
like branches were detected during the differentiation of
oligospheres; (4) OPCs were significantly activated in the
lesion area and lumbar enlargement after SCI; (5) Combining
scRNA-seq and RNA-seq data, the neurogenesis potential of
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FIGURE 7
RNA-seq and bioinformatics analysis results after spinal cord injury (SCI) and RT-PCR results. (A—C) Heatmaps showed that the transcripts of ER
stress related genes were significantly up-regulated after SCI. Dpi, day post-injury; WPI, week post-injury; Sham _1w, Sham _1 week age;
Sham_2w, Sham _2 weeks age; Sham _8w, Sham_8 weeks age; SCI_1W, SCI_1 week age; SCI_2W, SCI_2 weeks age; SCI_8W, SCI_8 weeks age.
(D,E) GO and KEGG pathway analysis also revealed that ER stress associated signaling pathways were significantly activated. (F-H) The RT-PCR
results of Xbpl and Xbpls (spliced Xbpl), Nestin, Oligo2, Tujl, NEUN, and MAP2 mRNA expression. n = 3 biological repeats. Values are the
mean + SEM. Statistical significance was determined by one-way ANOVA followed by Student Newman-Keuls post-hoc test. *P < 0.05,
P <0.01, ***P < 0.001.
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OPCs were detected after SCI; (6) inhibition of ER stress could
effectively attenuate OPCs death; (7) ER inhibition may regulate
the stemness and differentiation of oligospheres.
Oligodendrocyte progenitor cells are the source for new
mature oligodendrocytes during the regeneration of damaged
myelin (Zawadzka et al., 2010; Gibson et al., 2014; McKenzie
et al,, 2014; Hughes et al,, 2018). We found that the OPCs
differentiation and oligodendrocyte morphology of brain and
spinal cord were significantly different. It has been established
that oligodendrocytes and OPCs from different regions of the
CNS have distinct origins and are functionally dissimilar, which
has implications for myelination and regenerative capacity
(Rowitch and Kriegstein, 2010; Bechler et al., 2015). OPCs from
the cortex and spinal cord produce myelin sheaths of different
lengths when cultured under similar conditions (Bechler et al,,
2015), and transplanted OPCs from white matter differentiate
faster than OPCs from gray matter (Vigano et al, 2013).
Cholesterol is an integral component of the myelin sheath.
A recent study demonstrated that OPCs in the spinal cord
exhibit higher levels of cell-autonomous cholesterol biosynthesis
than the equivalent stage precursors in the brain (Khandker
et al,, 2022). Conversely, brain oligodendrocytes have a higher
capacity for extracellular cholesterol uptake (Khandker et al,
2022). In addition, OPCs in different regions show different
responsiveness to growth factors (Hill et al,, 2013) and vary
in their capacity to differentiate when transplanted into other
CNS areas (Vigano et al,, 2013). Furthermore, the physiological
properties of OPCs have been found to diversify increasingly
over time (Spitzer et al, 2019), and mature oligodendrocytes
also show transcriptional heterogeneity (Floriddia et al., 2020).
Thus, oligodendrocyte heterogeneity should be taken into
consideration in future OPCs transplantation to promote
myelin regeneration after SCI. Previously, several studies
have described that OPCs can form oligospheres (Avellana-
Adalid et al., 1996; Chen et al., 2007; Pedraza et al., 2008;
Gibney and McDermott, 2009; Li et al, 2015). Importantly,
oligospheres-derived OPCs preserve the capacity to express
differentiated antigenic and metabolic phenotypes (Avellana-
Adalid et al,, 1996). A previous study showed that the B104CM-
containing oligospheres medium was most effective in inducing
oligospheres formation from neurospheres (Chen et al., 2007).
Meanwhile, the efficiency of forming oligospheres was low when
using the neonatal brain compared to the embryonic brain
(Chen et al,, 2007). They also reported that no neuronal cells, as
indicated by the expression of Tujl, were detected in the isolated
OPCs population (Chen et al,, 2007). In our study, oligospheres
were also effectively generated from the neonatal brain in our
culture system. Interestingly, we firstly detected the intermediate
states of oligodendrocytes and neurons during oligospheres
differentiation, for a number of Tujl + MBP + NG2 + triple-
positive OPCs on the sixth day after plating were observed,
among which a number of these cells had Tuj1-positive neurite-
like branches. Indeed, we found that MBP + positive cells
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were gradually decreasing in the process of oligospheres culture
and differentiation. We did not add other factors to the
medium to promote the differentiation of neurons. The OPCs
medium is refer to the previous reports (Hattori et al., 2017;
Miyamoto et al.,, 2020). The OPCs medium is considered to be
used for OPCs proliferation, but not for OPCs differentiation.
Oligospheres were formed by OPCs cells in suspension culture,
and then gradually differentiated into neuron like cells after
PDL coating and adherent culture. We speculated that OPCs
may acquire part of neural stemness during the process of
oligospheres formation, and finally differentiate into neuron like
cells. Thus, we identify a previously undescribed findings that
OPCs formed oligospheres could differentiate into neuron-like
cells. Furthermore, we also confirmed the significant activation
and neurogenesis potential of OPCs after SCI. These findings
highlighted the neurogenesis potential of OPCs, which may
provide a new insight for spinal cord repair.

Directly converting non-neuronal cells into induced
neurons has emerged as an innovative strategy for brain and
spinal cord repair. OPCs have attracted extensive attention
because of their potential to self-renew, differentiate and repair
the myelin sheath. Recent studies reported that overexpression
of a variety of factors can induce NG2 cells (mainly OPCs)
to trans-differentiate into neurons, such as by Sox2 and
adeno-associated virus (AAV)-based reporter system (Heinrich
et al., 2014; Torper et al., 2015; Tai et al., 2021). Recently, Tai
et al. (2021) found that ectopic SOX2-induced neurogenesis
proceeding through an expandable ASCL1 + progenitor
stage was necessary and sufficient to reprogram NG2 glia
(mainly OPCs) into neurons after SCI. In addition, they
also demonstrated that NG2 glia were the main source of
ASCLI + cells (Tai et al, 2021). These findings indicate that
OPCs have the latent potential for neurogenic regeneration,
which may represent a potential target for reprogramming
strategies for spinal cord repair. OPCs may be one of the main
reservoirs that could further generate neurons after SCL. Thus,
the rational use of transgenic or virus transfection methods and
biomaterials may promote the transformation of OPCs into
neurons in injured spinal cord.

Age plays a key role in nerve regeneration and age-
dependent OPCs heterogeneity should be
(Baldassarro et al, 2019, 2020). In this study, the primary
cells were extracted from the brain tissue of newborn rats

considered

(P1-2), so we did not compare the OPCs between juvenile and
adult. According to our experience, it may be difficult to extract
primary cells from adult spinal cord and brain, because most
cells are difficult to survive during the extraction. Additionally,
we established SCI models in juvenile (1 week old and 2 weeks
old) and adult mice, and obtained transcriptome data of injured
spinal cord. We found juvenile mice had strong repair ability
after SCI, and the injured area can be effectively repaired
along with better functional prognosis than that of adult
mice (unpublished data). Furthermore, when compared with
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adult mice, our RNA-seq results also showed that the neuron
related markers in juvenile mice were well preserved after SCI.
Therefore, juvenile mice may have stronger nerve regeneration
ability than adult mice. However, there is still a lack of research
on the neurogenesis potential of OPCs in juvenile mice. More
work is needed in the future.

Endoplasmic reticulum stress refers to the process that
unfolded or misfolded proteins accumulate in the ER and
activate the unfolded protein response (UPR) under various
pathological conditions, so as to reduce unfolded protein load
and restore ER homeostasis (Hetz, 2012). However, irreversible
ER stress would trigger cell death initiated by the activation of
three ER stress sensors separated from immunoglobulin heavy
chain binding protein (BiP/GRP78) respectively, including
IREla, PERK and activating transcription factor 6 (ATF6)
(Hetz, 2012). Previously, we have confirmed that inhibition
of ER stress related signal pathways can effectively improve
neuronal death (Zhao et al, 2017a,b). In this study, we
also confirmed that inhibiting ER stress could reduce OPCs
death under hypoxic conditions. In contrast, a recent study
also found that the IRE1-XBPl-mediated UPR signaling
pathway contributes to restoration of ER homeostasis in
oligodendrocytes and is necessary for enhanced white matter
sparing and functional recovery post-SCI (Saraswat Ohri et al.,
2021). Oligodendrocyte-specific deletion of Xbpl exacerbates
the ER stress response and restricts locomotor recovery after
thoracic SCI (Saraswat Ohri et al, 2021). Thus, there were
inconsistent association between oligodendrocyte death and
ER stress, mainly for the double-sword role of ER stress in
regulating programmed cell death and homeostasis to protect
tissue integrity.

Several studies confirmed that ER plays an important role in
regulating stem cells differentiation. Liu and colleges (Liu et al.,
2012) confirmed that human embryonic stem cells (hESCs) cell
line H9 express high levels of UPR markers, such as XBP1 and
p-elF2a (a downstream factor of ER Stress) that are substantially
down-regulated in differentiated cells. Furthermore, researchers
found that inhibition of ER stress supported self-renewal of
mouse ESCs (mESCs) (Chen et al.,, 2014; Kratochvilova et al,,
2016). Another study also found that ER stress regulates the
intestinal stem cell state (Meijer et al, 2021). Additionally,
adaptive ER stress signaling via IREla-XBP1 preserves self-
renewal of hematopoietic and pre-leukemic stem cells (Liu
et al,, 2019). We also identified that ER may be associated with
differentiation and stemness of oligospheres. While, more works
are needed to explore the mechanisms.

There were also some limitations in this study. To our
knowledge, there are no effective methods to isolate 100% pure
oligodendrocytes to date, partly for current markers can also
be expressed in neural stem cells. However, we did observe
the intermediate states of oligodendrocytes and neurons during
oligospheres differentiation, which further highlighted the
neurogenesis potential of OPCs. Meanwhile, the mechanisms
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by which oligospheres differentiate into neuron-like cells are
still unknown. Thus, further works are needed, such as lineage
tracing of the generation and differentiation of oligospheres
along with more in-depth characterization of neurons arise from
them. Furthermore, oligospheres with biomaterials and factor
modification should be transplanted into the injured spinal cord
to detect their potential for neurogenesis and repair.
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Introduction: Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative
disease characterized by the white matter degeneration. Although changes
in blood lipids are involved in the pathogenesis of neurological diseases, the
pathological role of blood lipids in ALS remains unclear.

Methods and results: We performed lipidome analysis on the plasma of ALS
model mice, mutant superoxide dismutase 1 (SOD1%234) mice, and found that
the concentration of free fatty acids (FFAs), including oleic acid (OA) and linoleic
acid (LA), decreased prior to disease onset. An in vitro study revealed that OA and
LA directly inhibited glutamate-induced oligodendrocytes cell death via free fatty
acid receptor 1 (FFAR1). A cocktail containing OA/LA suppressed oligodendrocyte
cell death in the spinal cord of SOD1G934 mice.

Discussion: These results suggested that the reduction of FFAs in the plasma is
a pathogenic biomarker for ALS in the early stages, and supplying a deficiency in
FFAs is a potential therapeutic approach for ALS by preventing oligodendrocyte
cell death.

free fatty acids, amyotrophic lateral sclerosis (ALS), oligodendrocyte, lipidome, SOD1

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive and fatal degenerative disease
primarily characterized by selective loss of upper and lower motor neurons (MNs), muscle
wasting, and paralysis (Brown and Al-Chalabi, 2017). Approximately 90% of ALS cases are
sporadic, and the remaining 10% are inherited with mutations in genes such as superoxide
dismutase 1 (SOD1). Because of the genetic diversity and heterogeneous disease progression,
it takes approximately 1 year to diagnose ALS from the first symptom (Cellura et al., 2012).
As early intervention is a promising therapeutic approach for neurodegenerative diseases,
biomarkers that can facilitate early diagnosis and improve the prognosis of ALS are urgently
needed (Sturmey and Malaspina, 2022).

Increased energy expenditure, hypermetabolism, and alterations in several metabolites,
including lipids, have been reported in patients with both sporadic and familial ALS, as well
as in rodent models (Dupuis et al., 2004; Godoy-Corchuelo et al., 2022). Lipids comprise
diverse groups of molecules and act not only as energy sources but also as components of
the cell membrane and signaling molecules that regulate a variety of cellular responses via
receptors or transporters expressed on the cell surface in various organs, including the central
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nervous system (CNS) (Cermenati et al, 2015). Disruptions in
the lipid pathways within the CNS have been implicated in
triggering neurological pathologies in ALS (Chaves-Filho et al,
2019; Tracey et al., 2021). Moreover, the importance of systemic
lipid homeostasis in ALS pathology is suggested by the fact
that increased dietary lipids provide neuroprotective effects and
extend survival (Dupuis et al., 2004; Mattson et al., 2007), whereas
restricted calorie intake aggravates neurological symptoms in
ALS model mice (Pedersen and Mattson, 1999). However, global
changes in systemic lipid metabolites at the early stages of ALS
progression and their links to CNS pathogenesis remain unclear.

Emerging evidence has suggested that ALS is not merely a
disease of MNs, and that their interactions with glial cells, including
astrocytes, microglia, and oligodendrocytes (OLs), also mediate
the pathology of ALS (Boillée et al., 2006; Yamanaka et al., 2008;
Puentes et al,, 2016). Compared to other CNS glial cells, OLs
have distinct physiological functions, including forming a myelin
sheath to ensure neuronal axon integrity, rapid conduction, and
providing metabolic support for neurons (Lee et al., 2012; Nave
and Werner, 2014). OL dysfunctions and demyelination have been
reported in ALS patients (Kang et al., 2013). In a rodent ALS model
(SOD16%34 mice), degeneration of mature OLs and increased
proliferation of oligodendrocyte precursor cells were observed
prior to the appearance of neurological symptoms (Kang et al,
2013; Philips et al., 2013), suggesting that OLs mediate the early
pathogenesis of ALS. We and others have reported that peripheral-
derived factors, including hormones and immune cells, influence
the cellular response of OLs and oligodendrocyte precursor cells in
CNS disease, as vascular damage often occurs in the lesion (Kuroda
et al., 2017; Hamaguchi et al., 2019; Saitoh et al., 2022). Moreover,
OLs require lipids for development and function (Montani, 2021).
Thus, we hypothesized that alterations in circulating lipids in ALS
may affect oligodendrocyte function, thereby mediating the early
pathogenesis of ALS.

In this study, we conducted a non-targeted lipidomic analysis

16934 mice and

of circulating lipids in the plasma of SOD
found a robust decrease in subsets of FFAs, including oleic acid
(OA) and linoleic acid (LA), before the onset of symptoms.
In primary cultured murine oligodendrocytes, OA/LA inhibited
excitotoxic oligodendrocyte death through FFARI. Systemic
LA/OA administration before disease onset ameliorated OL and

MN deaths in SOD19%34 mice.

2. Materials and methods

2.1. Ethics

All  experimental procedures were approved by the
Committee on the Ethics of Animal Experiments of the National
Institutes of Neuroscience, National Center of Neurology and

Psychiatry (2021013R2).

2.2. Mice

Postnatal day 1 (P1) C57BL/6] mice were obtained from Tokyo
Laboratory Animals Science. SOD1-G93A transgenic mice, that
is express a G93A mutant form of human SOD1 were obtained
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from Jackson Laboratory (#002726) and heterozygous (SOD19934)
males were bred with wild-type (WT) female C57BL/6] mice
(Japan SLC). Offspring were ear punched and genotyped using
PCR with following primers: Human/Mouse Sodl forward,
CAGCAGTCACATTGCCCARGTCTCCAACATG; Human Sodl
reverse, CCAAGATGCTTAACTCTTGTAATCAATGGC; Mouse
Sodl GTTACATATAGGGGTTTACTTCATAATCTG.
Mice not expressing the transgene were used as WT littermate

reverse,

controls. Mice were housed in an air-conditioned room at 22°C
with a 12-h light-dark cycle, had free access to water and food, and
were maintained in sterile, pathogen-free conditions. The mice
were fed standard chow diets (CE-2, CLEA Japan) and water under
ad libitum conditions.

Female SOD19%34 mice were intraperitoneally administered
with linoleic acid-oleic acid-albumin (10.6 mg/kg, L9655, Sigma-
Aldrich) or bovine serum albumin (BSA; 1.25 g/kg, 810017, Sigma-
Aldrich) twice a week between P60 and P100.

2.3. Plasma preparation and lipidomics

Cardiac blood was collected via cardiac puncture from P60,
P100 SOD19%4, or WT mice under anesthesia, mixed with
one-hundredth of 1.3% ethylenediaminetetraacetic acid-2K/0.9%
saline, and centrifuged at 1,200 rpm for 15 min at 4°C. The
supernatant was collected as plasma and stored at -80°C until using.
Untargeted and unbiased lipidomic analysis were conducted at
Human Metabolome Technologies Inc. (HMT, Tsuruoka, Japan).

2.4. Primary culture of oligodendrocytes

Primary cultures of oligodendrocytes were obtained from
mice at P1 as previously described (Hamaguchi et al, 2019).
The forebrains were dissected and minced with fine scissors
in ice-cold phosphate-buffered saline (PBS). The minced tissues
were dissociated with 0.25% trypsin (15090-046, Thermo Fisher
Scientific, Waltham, MA, USA) in PBS at 37°C for 10 min. After
neutralization with Dulbecco’s modified Eagle’s medium (DMEM;
12800082, Thermo Fisher Scientific) containing 10% fetal bovine
serum (FBS; F7524, Sigma-Aldrich), cells were centrifuged at
1,500 rpm for 10 min, resuspended in 10% FBS-DMEM, and
filtered through a 70 pm nylon cell strainer. Cells were then
plated on poly-L-lysine (PLL; P2636, Sigma-Aldrich)-coated 10-
cm dishes at a density of 5 x 10° cells/dish and maintained at
37°C with 5% CO; in 10% FBS-DMEM. 10 days after culturing,
cells were washed with PBS and the remaining cells were treated
with 0.05% Trypsin-PBS at 37°C for 3 min. The detached cells
were filtered through a 40 pm nylon cell strainer and plated
into non-coated dishes and incubated at 37°C for 30 min.
Then, the non-adherent cells were collected and plated into
PLL-coated 96 well glass-bottom plate (5866-960, IWAKI) at a
density of 5 x 10* cells/well in culture medium, consisting of
DMEM/Nutrient Mixture F-12 Ham medium (DMEM/F12; D0547,
Sigma-Aldrich, St. Louis, MO, USA) supplemented with 1 mM
sodium pyruvate (58636, Sigma-Aldrich, St. Louis, MO, USA), 0.1%
bovine serum albumin (BSA; 810017, Sigma-Aldrich, St. Louis,
MO, USA), 50 pg/ml apo-transferrin (T5391, Sigma-Aldrich),
5 wg/ml insulin (11882, Sigma-Aldrich), 30 nM sodium selenite
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(89133, Sigma-Aldrich), 10 nM biotin (B4639, Sigma-Aldrich),
10 nM hydrocortisone (H6909, Sigma-Aldrich), 10 ng/ml platelet-
derived growth factor-AA (315-17, PeproTech), and 10 ng/ml
basic fibroblast growth factor (450-33, PeproTech). For the
purification of oligodendrocytes progenitor cells (OPCs), detached
cells were treated with CD140a (PDGFRa) Microbead kit (130-
101-547, Miltenyi Biotec, Bergisch Gladbach, Germany) and the
OPCs were plated onto PLL-coated 96-well glass plate at a
density of 5.0 x 10*/well in culture medium. We confirmed that
90.26 £ 0.93% of cells in the culture were labeled by Olig2, an
oligodendrocyte lineage cell marker, using immunocytochemical
analysis (data not shown).

Three days after culturing, mouse siGENOME siRNAs
(Horizon Discovery) for target genes were transfected into cultured
oligodendrocytes using Lipofectamine RNAIMAX (13778075,
Thermo Fisher Scientific, Waltham, MA, USA). Four hours
after transfection, the cells were treated with differentiation
medium and cultured for additional 3 days. Differentiation
medium consisted of DMEM/F12 containing 1 mM sodium
pyruvate, 0.1% BSA, 50 pg/ml apo-transferrin, 5 pg/ml insulin,
30 nM sodium selenite, 10 nM biotin, 10 nM hydrocortisone,
and 20 ng/ml triiodo-L-thyronine (T2752, Sigma-Aldrich). Then
the cells were treated with 30 WM Linoleic Acid-Oleic Acid-
Albumin (L9655, Sigma-Aldrich) (

) and 100 pM glutamate (G5889, Slgma Aldrlch St.
Louis, MO, USA) for 24 h, and dead cells were stained
with 1 pg/mL Propidium Iodide (PI; 169-26281, WAKO) for
30 min.

2.5. Immunocytochemistry

Cells were fixed with 4% paraformaldehyde (PFA, Merck,
Darmstadt, Germany) in PBS at room temperature for 30 min,
followed by permeabilization and blocking with blocking
solution (0.1% Triton X-100 and 3% BSA in PBS) for 1 h
at room temperature. Then, the cells were incubated with
the primary antibody, rat anti-myelin basic protein (MBP)
antibody (AB7349, Abcam, Cambridge, UK) at 1:500, and
rabbit anti-Cleaved caspase-3 (CC3; #9661, Cell Signaling
Technology, Danvers, MA, USA) at 1:1000 dilution in the
blocking solution overnight at 4°C. Primary antibody was
detected by the Alexa Fluor 488-conjugated donkey antibody
against rat IgG (Thermo Fisher Scientific) diluted with blocking
solution at 1:500. Nuclei were stained with 4',6-diamidino-2-
phenylindole (DAPI, 1 mg/ml, Dojindo Laboratories, Kumamoto,
Japan). Images were acquired using a confocal laser-scanning
microscopy (FV3000, Olympus, Tokyo, Japan) with a 20x/0.75
objective lens. To estimate oligodendroglial cell death, the
percentage of PIT MBPT cells in MBPT cells were calculated
from more than 50 MBP™ cells using Image] software (National
institute of health).

2.6. Quantitative reverse transcription
polymerase chain reaction (QRT-PCR)

Three days after siRNAs transfection, total RNA was isolated
from cultured oligodendrocytes using the TRIzol reagent
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(10296010, Thermo Fisher Scientific, Waltham, MA, USA).
For quantitative RT-PCR, cDNA was synthesized using the High-
Capacity cDNA Reverse Transcriptase Kit (4368814, Applied
Biosystems, Waltham, MA, USA). Real-time qRT-PCR was
performed using KAPA SYBR Fast Master Mix (7959397001,
KAPA Biosystems, Wilmington, MA, USA) with the following
primer pairs: Ffar] forward, GGGCTTTCCATTGAACTTGTTAG;

Ffarl reverse, GCCCAGATGGAGAGTGTAGACC; Gapdh
forward, AGGTCGGTGTGAACGGATTTG; Gapdh reverse,
TGTAGACCATGTAGTTGAGGTCA. PCR conditions

included one cycle at 95°C for 30 s, followed by 39 cycles
of 95°C for 5 s and 60°C for 45 s.
was

A melting analysis
carried out following PCR to monitor amplification
specificity. Relative mRNA expression was normalized against
Gapdh mRNA levels in the same samples and calculated by
the A/A-Ct method.

2.7. Immunohistochemistry

Mice were transcardially perfused with 4% PFA in PBS.
Lumbar spinal cords were post-fixed with 4% PFA in PBS
overnight at 4°C and then immersed in 30% sucrose in PBS
at 4°C. Tissues were embedded in optimal cutting temperature
compound (Tissue-Tek, Sakura Finetek), sliced into 30 pm
sections and mounted on Adhesive Glass Slides (Matsunami Glass).
Sections were permeabilized with 0.1% Triton X-100 in PBS
and blocked with 3% normal donkey serum in PBS for 1 h at
room temperature. The sections were incubated with primary
antibodies overnight at 4°C and then incubated with fluorescently
labeled secondary antibodies for 1 h at room temperature. The
following primary antibodies were used: rabbit anti-CC3 (#9661,
Cell Signaling Technology, Danvers, MA, USA, 1:1000), goat
anti-Olig2 (AF2418, R&D Systems, 1:1000), mouse anti-APC
(CC1; OP80, Calbiochem, 1:1000), rabbit anti-Ibal (019-19741,
Wako, 1:1000), mouse anti-glial fibrillary acidic protein (GFAP;
G3893, Sigma-Aldrich, St. Louis, MO, USA, 1:1000), goat anti-
choline acetyltransferase (ChAT; AB144P, Millipore, 1:1000), rabbit
anti-GPCR GPR40 (FFARI; ab236285, Abcam, Cambridge, UK,
1:500) antibodies. Alexa Fluor 488-conjugated donkey antibodies
against rabbit, or mouse IgG, Alexa Fluor 568-conjugated donkey
antibodies against mouse or goat IgG, and Alexa Fluor 647-
conjugated donkey antibody against rabbit IgG (Thermo Fisher
Scientific, Waltham, MA, USA) were used as secondary antibodies.
Images were acquired using a confocal laser-scanning microscopy
(FV3000, Olympus, Tokyo, Japan) with a 20x/0.75 objective lens.
Oligodendroglial cell death were evaluated with percentage of
CC3T CC1T Olig2™ cells in CC1T Olig2*cells and neuronal cell
death were evaluated with the number of ChAT™ cells in the
anterior horn using Image]. To evaluate the gliosis, fluorescence
intensity of GFAP and Ibal in the anterior horn was normalized
to its area using Image].

2.8. Grip strength test

The grip strength test for OA/LA or BSA-treated SOD19%34
mice were performed twice a week between P60 and P100. The mice
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were placed on a grid attached to grip strength meter (Bio-GS3;
Bioseb). The tail was pulled until the mouse released the grid, and
the maximum value (given by gram) from 10 trials was recorded.

2.9. Statical analysis

All statistical values are presented as mean values £ standard
error of mean (SEM). The number of samples analyzed is given
for each experiment. Significant differences were determined with
Student’s t-test, one-way analysis of variance (ANOVA) followed
by Tukey-Kramer test, or two-way ANOVA followed by Sidak’s
multiple comparison tests. All data were analyzed using Excel 2019
(Microsoft) or EZR (Kanda, 2013).

3. Results

3.1. Reduced circulating free fatty acid in
SOD1G93A

There are few reports on changes in blood lipid levels before
the appearance of symptoms. To investigate how circulating lipids
are altered with ALS progression, we performed global lipidomic
analysis of plasma from SOD19%*4 mice at the pre-symptomatic
(P60) and symptomatic (P100) stages (Weydt et al., 2003; Kaiser
et al, 2006; Rudnick et al, 2017). Consistent with previous
reports, no SOD16%34 mice exhibited hindlimb tremor symptoms
at P60, while 88.8% of SOD19%*4 mice showed symptoms at P100
(Figure 1A). When compared to WT (P100) controls, SOD16934
mice exhibited a decrease in subsets of FFAs from the pre-
symptomatic stage, which was sustained during the progression of
pathology (Figure 1B and Supplementary Table 1). Conversely, we
found a decrease in lysophosphatidylcholine from the symptomatic
stage (Figure 1C) and no significant changes in lysophosphatidic
acid (Figure 1D). Thus, we decided to focus on FFA during
ALS progression. FA (16:0), FA (16:1), FA (17:0), FA (17:1), FA
(18:0), FA (18:1), FA (19:0), FA (19.1), FA (20:0), FA (20:1),
FA (20:2), FA (20:3), FA (21:1), FA (22:1), FA (22:3), FA (22:4),
FA (22:5), and FA (22:6) were significantly reduced in SOD16G934
mice at P60 (Supplementary Table 1). Among the downregulated
FFA species, OA (FA 18:1), a monosaturated 18-carbon fatty acid
that is one of the most common types of fatty acid in nature,
was relatively abundant in circulation (Gongalves-de-Albuquerque
et al, 2012) and showed a significant decrease before the onset
(Figure 1E and Supplementary Table 1, 58.5 £ 3.0% at P60
compared to WT, P = 0.0312). Among other 18-carbon fatty
acids, LA (FA 18:2), a polyunsaturated fatty acid, also showed the
second highest level in physiological conditions (Supplementary
Table 1), and a similar decreasing trend was observed in the
early stage of ALS pathogenesis (Figure 1F, 62.0 & 5.6% at P60
compared to WT, P = 0.075). Notably, OA and LA have been
implicated to facilitate neuroprotective effects in neurodegenerative
diseases (Vesga-Jiménez et al, 2022). In addition, the mixture
of OA and LA has been shown to exert synergistic effect on
various cellular processes (Belal et al., 2018). These facts prompted
us to investigate whether OA and LA are involved in ALS
pathogenesis.

Frontiers in Cellular Neuroscience

10.3389/fncel.2023.1081190

3.2. Oleic and linoleic acid prevent
oligodendroglial cell death through Ffarl

Oligodendrocyte death, including apoptosis, has been reported

in pre-symptomatic SOD16934

mice (Kang et al., 2013; Philips
et al, 2013; Ferraiuolo et al, 2016). Excitotoxic damage has
been implicated in oligodendrocyte death in CNS diseases
associated with OL degeneration (Matute et al., 2007; Foran
and Trotti, 2009). FFAs, including OA and LA have been
suggested to inhibit apoptosis via G protein-coupled receptors
(Katsuma et al., 2005). This prompted us to investigate whether
FFAs support oligodendrocyte survival by inhibiting apoptosis.
To test this hypothesis, we examined whether OA and LA
prevented oligodendrocyte death induced by glutamate-induced
excitotoxicity in murine primary cultured OLs. Treatment with
glutamate increased PIT dead cells in MBP™ oligodendrocytes,
consistent with previous reports (Oka et al., 1993; Matute et al,
2006), while an increase in the population of PIT oligodendrocytes
was diminished in the presence of the OA/LA cocktail (Figures 2A,
B). OA/LA alone did not affect the death of OLs (Figures 2A, B).
These results suggested that OA/LA prevent excitotoxicity-induced
OL death.

Free fatty acids exert various cellular responses through
receptors and transporters expressed in cells. To elucidate the
molecular mechanisms by which FFAs regulate oligodendrocyte
survival, we conducted siRNA-based functional screening for
known cell surface receptors (FFAR1-4, GPR84, and 119) (Kimura
et al, 2020), intercellular transporters (CD36 and SLC27al-6)
(Kazantzis and Stahl, 2012), intracellular transporters (FABP3, 5,
7, and 12) (Falomir-Lockhart et al., 2019), and nuclear receptors
(PPARa, 8, and y) (Varga et al., 2011) for FFAs. We used a
commercially available siRNA library consisting of siRNA pools
that include four distinct siRNAs targeting different regions of
genes (Mukherjee et al, 2020; Allan et al,, 2021; Simoneschi
et al, 2021; Uyeda et al, 2021). Among the tested genes, only
siRNA targeting Ffarl exhibited a significant reduction in the anti-
cell death effect of OA/LA (Figures 2C, D). RT-PCR analysis
confirmed the inhibition of Ffarl expression (Figure 2E), whereas
Ffar]l knockdown itself did not affect oligodendrocyte survival
(Figure 2F). These results suggest that OA/LA prevents excitotoxic
cell death in oligodendrocytes via FFARI.

Oleic acid/linoleic acid also affect astrocytes (Murphy, 1995;
Nakajima et al., 2019), which were present in the culture we used in
our study. Thus, we further investigated whether OA/LA directly
facilitated anti-cell death effects on oligodendrocytes through
FFAR1 by purification culture of PDGFRa™ OPCs using magnetic-
activated cell sorting (MACS), which allows high-purity culture of
Olig2™ cells (90.26 £ 0.93%). We found that OA/LA suppressed
glutamate-induced oligodendrocyte cell death (Figures 3A, B),
and silencing Ffarl expression significantly inhibited anti-cell
death effect of OA/LA in purified oligodendrocyte culture
(Figures 3C, D), indicating that OA/LA directly supported
oligodendrocyte survival via FFARI. To investigate whether
OA/LA inhibited apoptosis, we analyzed cleaved-caspase3™
(CC3, an apoptosis marker) in purified oligodendrocytes culture
treated with glutamate in the presence of OA/LA. The result
revealed that treatment with glutamate increased CC3* MBP™
oligodendrocytes, while an increase in the population of CC3*

frontiersin.org


https://doi.org/10.3389/fncel.2023.1081190
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Maruyama et al. 10.3389/fncel.2023.1081190

SiFfar1 -
siPpara 1
siPparg 1

A B
* %k *
% 40 -
5 9 .
> > .
[%2]

v :0-
& % % d
=
5 < 20 -

2] . 3
40_'?< © % -
g_l 5(_-) o o

(]
:-. m 10 - . e bt
38 = || E
o
5 0 : . : :
+ Glutamate - + + -
o) OA+LA - - + +
C 4.
* [ ]
BX304{ ° .
e ; . 3
%E;zo- « ° s £
2% - ¢
ol ] o
&210m . .
0 T T T T T .
IS N QX B 4
s AN g )
3 €L W Q Iy
(;) (%] ] %] (75 FJ
[75]

siFabp5 {1 & |
SiCd36{ eelHe
siSlc7a1 A °
siSIc27a2{ @ pe
siSlc27a3 {8 =&
siSlc27a4{__ & p—i e

SiFabp12 -

siFabp7 {__ e+ e
o
siGpré4 1o |
siGpr119{__ & 1
siSlc27a5{_ & |3
siSlc27a6 {1 ® e} e

Glutamate, OA + LA

o
m
m

15 4 20 -
2 * 2 NS
c ~
S P .
1] =
: 7 ° 8 15 -
~15 A siFfar1 o
S e s 11 —— & T
2 o ° Q ha () .
2 . ° i
9 11 L ° — 10 A °
e S ) °
2 L 3
%05 ‘ 205 1 T i
I 3 T o 5
o — [ m
e & =
0 T T >l . =
45 41 05 0 05 1 15 0 , : 0 . :
log,(Fold change) siControl siFfar1 siControl siFfar1

FIGURE 2

FFARL is a candidate molecule that regulates oligodendrocyte cell death. (A) Representative images show the fluorescence of PI (red) and
immunocytochemistry for MBP (green) of primary oligodendrocytes treated with vehicle, glutamate, glutamate + OA + LA, OA + LA. White arrows
indicate PI"™ MBP cells. Scale bar: 30 wm. (B) Graph indicating the percentage of PI™ MBP* cells in MBP* cells (vehicle: n = 6, glutamate: n = 6,
glutamate + OA + LA: n = 6, OA + LA: n = 5). (C) Graph showing the percentage of PI* MBP* cells in MBP* cells of primary oligodendrocyte culture
transfected with siRNA library followed by treatment with glutamate + OA + LA (n = 3 for each). (D) Plot indicating the —logyg (p-value) and log;
(fold change) of PIT MBP* cell percentage compared with control siRNA in each siRNA treatment (n = 3 for each group). (E) Relative expression of
Ffarl mRNA in primary oligodendrocytes after control or Ffarl siRNA treatment (n = 3 for each group). (F) The percentage of PI* MBP* cells in MBP*
cells after Control or Ffarl siRNA treatment (n = 3 for each group). Error bars represent mean £+ SEM, **P < 0.01, *P < 0.05, assessed by one-way
ANOVA followed by Tukey—Kramer test for panels (B—D), and by two-sided Student's t-test for panels (E,F), NS, not significant.
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oligodendrocytes was diminished in the presence of the OA/LA
cocktail (Figures 3E, F). Furthermore, inhibition of Ffarl
expression significantly diminished the anti-apoptotic effect of
OA/LA (Figures 3G, H), indicating that OA/LA directly supported
oligodendrocyte survival via FFARI.

3.3. OL/LA supports oligodendroglial
survival in SOD16234

We then
in  oligodendrocyte

of OA/LA
progression.

role
ALS
Immunohistochemical analysis revealed the expression of FFAR1 in
the CC17* Olig2* OLs of SOD19%34 mice (Figure 4A). SOD19%34
mice were intraperitoneally administered an OA/LA cocktail

investigated the in vivo

survival  during

from the pre-symptomatic (P60) to symptomatic (P100) stages
(Avila-Martin et al., 2011). Immunohistochemical analysis showed
a decrease in the number of CC3" apoptotic oligodendrocytes in
the anterior column of the OA/LA-treated SOD16%34 spinal cord
compared with that of vehicle-treated controls at the terminal
point (Figures 4B, C), without changes in the number of CC1™
Olig2™ OLs (Figure 4D). These results suggest that circulating
OA/LA prevents OL death during ALS pathogenesis. To investigate
the functional significance of OA/LA treatment, we assessed the
motor function of OA/LA-treated SODI mice by measuring grip
strength. It was found that OA/LA treatment exerted a protective
effect on loss of grip strength (Figure 4E), suggesting that the
protective effect of OA/LA on oligodendrocyte also contributed to
mitigating the ALS pathology.

3.4. OA and LA support motor neuron
survival in SOD1G934

Finally, we examined whether circulating OA/LA affects other
aspects of ALS pathology, such as MN loss (Rosen et al., 1993)
and gliosis (Philips and Rothstein, 2014). Immunohistochemical
analysis revealed a slight increase in the number of surviving
ChAT"T MNs in the anterior column of the OA/LA-treated
SOD1%%34 spinal cord compared to that in vehicle-treated SOD1
animals (Figures 5A, B). Regarding gliosis, the expression level
of Ibal (microglial marker) in the OA/LA-treated SOD16%34 was
comparable to that of vehicle-treated controls (Figures 5C, D).
The expression level of GFAP (astroglial marker) was increased in
the OA/LA-treated SOD1634 compared to that of vehicle-treated
controls (Figures 5E, F), confirming the successful treatment of
OA/LA in vivo. Taken together, these results suggest that OA/LA
also have a protective effect on MNs.

4. Discussion

In this study, we applied global lipidomic analyses to identify
circulating lipids that mediate ALS pathogenesis. We identified
a robust decrease in circulating FFAs, including OA/LA, even in
pre-symptomatic SOD19%34 mice. OA/LA inhibited excitotoxic
oligodendrocyte cell death via the cell surface receptor FFARI.
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We also observed that the systemic administration of OA/LA
ameliorated the loss of OLs and MNs in SOD19%34 mice.

Alteration in lipid components has been reported in the
cerebrospinal fluids and plasma in patients with ALS (Sol et al,
2021). Previous clinical studies have suggested interactions of
FFAs with ALS; the levels of polyunsaturated fatty acids, including
LA, was low in the FFA fraction of the blood and cerebrospinal
fluids of patients with ALS (Henriques et al, 2015; Nagase
et al., 2016), which is consistent with our rodent study. In ALS
patients, functional decline correlates with increased resting energy
expenditure, leading to a decrease in fat mass (Jésus et al., 2018),
which might also decrease FFA release (Mittendorfer et al., 2009).
In addition, high intake of polyunsaturated fatty acids is associated
with a reduced risk of ALS (Fitzgerald et al., 2014). These reports
support the notion that polyunsaturated fatty acids, including OA
and LA, are protective, and reduction of polyunsaturated fatty
acids in the plasma may be detrimental for ALS pathogenesis.
Future studies should investigate the role of polyunsaturated fatty
acids in plasma in human ALS pathology. Circulating FFAs are
derived from stored triglycerides (TGs), which are the ester forms
of FAs synthesized primarily in the liver and adipose tissue (Van
Harmelen et al., 1999; Zechner et al., 2005). The concentration of
postprandial circulating TGs was decreased in ALS mice due to
increased lipid uptake in peripheral organs (Dupuis et al., 2004;
Fergani et al., 2007). Furthermore, increased mobilization of lipids
in ALS mice purportedly occurs to sustain metabolic requirements
in peripheral glycolytic skeletal muscle, which has higher demands
for fatty acid oxidization rather than as an energy source (Steyn
et al, 2020). Thus, such changes in the metabolic demand for
lipids might lead to a decrease in circulating FFAs prior to the
onset of ALS. In contrast, we observed a tendency for circulating
FFAs levels to increase as ALS progressed. This may be due to
accumulated oxidative stress with disease progression, causing
hydrolysis of tissue and membrane lipids to FFAs and release into
the circulation (Barber et al., 2006; Nagase et al., 2016). Regarding
other factors regulating circulating lipids, the gut microbiome is
known to produce short-chain fatty acids (SCFAs, having fewer
than six carbons) as metabolites of dietary fibers, which are released
into the circulation (Dalile et al., 2019). SOD19%34 mice exhibited
changes in the composition and function of the gut microbiome
prior to disease onset (Blacher et al., 2019). Although we could not
detect SCFAs in our analysis, changes in the gut microbiome in
ALS may also affect the systemic lipidome. Further investigations in
peripheral organs are needed to elucidate the mechanism by which
circulating FFAs levels decrease.

Our in vitro experiments revealed that OA/LA inhibit
excitotoxic OL death. We treated OL with OA/LA at 30 uM, which
is lower than plasma concentration (OA: 0.03-3.2 mM, LA: 0.2-
5 mM) (Abdelmagid et al., 2015). However, FFAs, including OA
and LA, were reported to be effective in cell death inhibition at a
concentration of 10-50 wM in vitro (Ahn et al., 2013; Lee et al,,
2022). Therefore, we used OA/LA at 30 WM to assess the cell death
suppressive effects of OA/LA in this study. OA/LA suppressed
glutamate-induced OL death via interaction with FFARI, a G
protein-coupled receptor. FFARI is coupled with Gq protein and
activated by medium-chain fatty acids (with 6-12 carbons) and
long-chain fatty acids (with more than 12 carbons), including OA
and LA (Kasai et al,, 20115 Ito et al., 2021). FFAR1 activation has
been reported to trigger several downstream signaling cascades,
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FIGURE 3

OA and LA inhibit glutamate-induced oligodendrocyte apoptosis via FFARL. (A) Representative images show the fluorescence of Pl (red) and
immunocytochemistry for MBP (green) of purified primary oligodendrocytes treated with vehicle, glutamate, glutamate + OA/LA, and OA/LA. Scale
bar: 100 um. (B) Graph showing the percentage of PIT MBP* cells in MBP™ cells assessed from panel (A) (Vehicle: n = 4, glutamate: n = 4,
glutamate + OA/LA: n = 4, and OA/LA: n = 4). (C) Representative images showing the fluorescence of Pl (red) and immunocytochemistry for MBP
(green) in purified primary oligodendrocytes treated with control siRNA or Ffarl siRNA in the presence of glutamate with or without OA/LA. Scale
bar: 100 wm. (D) Graph showing the percentage of PIT MBP* cells in MBP™ cells (Control siRNA in glutamate: n = 4, Control siRNA in

glutamate + OA/LA: n = 4, Ffarl siRNA in glutamate + OA/LA: n = 4, and Ffarl siRNA in glutamate + OA/LA: n = 4). (E) Representative images
showing fluorescence of immunocytochemistry for CC3 (cyan) and MBP (green) of purified primary oligodendrocytes treated with vehicle,
glutamate, glutamate + OA/LA, and OA/LA. Scale bar: 100 um. (F) Graph showing the percentage of CC3™ MBP™ cells in MBP* cells assessed from
panel (E) (vehicle: n = 4, glutamate: n = 4, glutamate + OA/LA: n = 4, and OA/LA: n = 4). (G) Representative images showing the fluorescence of
immunocytochemistry for MBP (green) and CC3 (cyan) of purified primary oligodendrocytes treated with control siRNA or Ffarl siRNA in the
presence of glutamate with or without OA/LA. Scale bar: 100 pm. (H) Graph showing the percentage of CC3™ MBPT cells in MBP* cells assessed
from panel (G) (Control siRNA in glutamate: n = 4, Control siRNA in glutamate + OA/LA: n = 4, Ffarl siRNA in glutamate + OA/LA: n = 4, and Ffarl
siRNA in glutamate + OA/LA: n = 4). NS, not significant, *P < 0.05, **P < 0.01, assessed by one-way ANOVA followed by Tukey—Kramer test for
panels (B,F), and two-way ANOVA followed by Sidak’s multiple comparison tests for panels (D,H)
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FIGURE 4

Days after birth

OA and LA prevent the OL loss in SOD1%93A mice. (A) Representative images show the immunohistochemistry for CC1 (green), Olig2 (red), and Ffarl
(cyan) in the spinal cord section of SOD1%93A at P100. (B) Representative images indicate immunohistochemistry for CC1 (green), Olig2 (red), and
CC3 (cyan) in the spinal cord of Vehicle or OA + LA injected SOD1G93A mice at P100. White arrows indicate CC1*+ Olig2t CC3+ cells. (C) Graph
shows the number of CC1t Olig2+ CC3+ cells per mm? (n = 4 for each group). (D) Graph shows the number of CC1t Olig2™* cells per mm? (n = 4
for each group). (E) Graph showing the gram of grip strength (vehicle: n = 3, OA/LA: n = 4). *P < 0.05 assessed by two-sided Student's t-test for
panel (C) and two-way ANOVA followed by Sidak’s multiple comparison test for panel (E). Scale bars: 25 um for panels (A,B)

including phosphatidylinositol-3 kinase (PI3K)/AKT, mitogen-
activated protein kinase (MAPK)/extracellular signal-regulated
kinase (ERK) signaling ( ), which would protect
OLs from excitotoxic apoptosis (

). According to the contribution of other receptors, Gprl20
(also known as FFAR4) mediates the anti-apoptotic effect of FFAs
( ). Gpri20 is expressed in oligodendrocytes
( ); however, transfection of Ffar4 siRNA did not
influence the anti-apoptotic effect of OA/LA on OLs. Therefore,
the anti-apoptotic role of FFAR4 might be differently regulated in
cell types depending on the downstream signaling molecules they
express. Further investigation is needed to elucidate the mechanism
regulating the protection of OLs by OA/LA.

Frontiers in

Our in vivo experiments revealed that systemic OA/LA
administration ameliorated OL apoptosis without changes in the
total number of mature OLs. The enhanced oligodendrogenesis
and OL degeneration have been observed in pre-symptomatic
SOD16%34 mice (
OLs is maintained during disease progression (

), and the number of mature

). These reports suggest that the oligodendrocyte turnover
is enhanced in SOD1 mice, which might mask the changes in
mature OLs with inhibition of apoptosis. In contrast, it has been
reported that inhibition of oligodendrocyte apoptosis delayed
disease progression and prolonged survival of SOD1 mutant
mice ( ) raising the possibility that inhibition of
oligodendrocyte apoptosis is effective for ALS pathology, despite
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FIGURE 5

OA and LA prevent the degeneration of MNs in SOD1%93A mice. (A) Representative images show the immunohistochemistry for ChAT in the spinal
cord section. (B) The graph shows the number of ChAT* cells per section (vehicle: n = 5, OA + LA: n = 4). (C—F) Representative images show the
immunohistochemistry for Ibal (green, C) and GFAP (red, E) in the spinal cord section. Graphs show the relative fluorescence intensity of Ibal (D)
and GFAP (F), respectively (n = 4 for each group). Error bars represent mean + SEM, *P < 0.05 assessed by two-sided Student's t-test. NS, not

significant. Scale bars: 100 wm (A,C,E)

the low number of apoptotic oligodendrocytes even in pathogenic
condition. As oligodendrocytes support motor neuron survival,
suppressing oligodendrocyte apoptosis by OA/LA would be an
effective treatment for ALS pathology. Indeed, OA/LA treatment
ameliorated MN loss and motor dysfunction in SODI mice.
Although we detected FFAR1 expression in OLs of ALS mouse
spinal cords, FFARI expression was also observed in MNs of
primate spinal cords ( ). Thus, OA/LA may have a
protective effect on MNs. We also observed enhanced astrogliosis
in OA/LA-treated SOD mice. Astrocytes are reported to express
fatty acid receptors or transporters, such as FABP7 and PPARYy,
which regulate astrocyte reactivity, neuronal morphology, and
). Further
investigation is needed to elucidate the prospect of astrocyte-

metabolism ( ;

mediated oligodendrocyte cell death suppression by OA/LA.
Recent advantages of lipidomic analysis have revealed global

changes in lipids in neurological diseases, such as Parkinson’s

disease ( ), Alzheimer’s disease (

), and multiple sclerosis ( ) in addition
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to ALS. Further evaluation of the multiple roles of FFA in the
pathogenesis of CNS diseases, including ALS, may contribute
to unveiling novel molecules that can serve as both biomarkers
and therapeutic targets for CNS pathologies with abnormal lipid
metabolism.
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Social isolation (SI) exerts diverse adverse effects on brain structure and function
in humans. To gain an insight into the mechanisms underlying these effects,
we conducted a systematic analysis of multiple brain regions from socially
isolated and group-housed dogs, whose brain and behavior are similar to
humans. Our transcriptomic analysis revealed reduced expression of myelin-
related genes specifically in the white matter of prefrontal cortex (PFC) after
S| during the juvenile stage. Despite these gene expression changes, myelin
fiber organization in PFC remained unchanged. Surprisingly, we observed more
mature oligodendrocytes and thicker myelin bundles in the somatosensory
parietal cortex in socially isolated dogs, which may be linked to an increased
expression of ADORA2A, a gene known to promote oligodendrocyte maturation.
Additionally, we found a reduced expression of blood-brain barrier (BBB)
structural components Aquaporin-4, Occludin, and Claudinl in both PFC and
parietal cortices, indicating BBB disruption after SI. In agreement with BBB
disruption, myelin-related sphingolipids were increased in cerebrospinal fluid in
the socially isolated group. These unexpected findings show that Sl induces
distinct alterations in oligodendrocyte development and shared disruption in
BBB integrity in different cortices, demonstrating the value of dogs as a
complementary animal model to uncover molecular mechanisms underlying
Sl-induced brain dysfunction.
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Introduction

Social interactions are basic human needs, analogous to other
basic needs such as nutrition or sleep (Baumeister and Leary, 1995;
Cacioppo et al., 2011; Tomova et al., 2020), which offer safety and
security, support offspring survival, reduce the need for energy
expenditure, and provide a form of social reward (Eisenberger,
2012). Social interaction is important for people at all ages; a lack
of or reduced social interaction, such as mandated measures during
the COVID-19 pandemic, leads to socioemotional and cognitive
deficits in early life (<5 years old) and an increased occurrence
of psychiatric disorders such as depression and anxiety during
adolescence and adult stages (Rutter et al.,, 2007; Cacioppo et al.,
2011; Kennedy et al., 2016; Sonuga-Barke et al., 2017; Loades
et al., 2020; Deoni et al., 2021; Pancani et al., 2021; Taheri Zadeh
etal, 2021; Shuffrey et al., 2022). Magnetic resonance imaging and
diffusion tensor imaging neuroimaging analysis revealed decreased
white matter integrity in specific brain regions, including the
prefrontal cortex (PFC), in children who experienced early social
deprivation (Eluvathingal et al., 2006; Govindan et al., 2010; Bick
etal., 2015).

The mechanisms underlying SI-induced brain structural and
behavioral changes have been mostly studied in PFC using rodent
models (Liu et al., 2012; Makinodan et al., 2012; Yamamuro
et al,, 2018; Xiong et al,, 2023). For example, SI leads to reduced
expression of the ErbB3 ligand neuregulin-1. The NRGI1-ErbB
signaling pathway, which is important for OL maturation, is
linked to reduced medial PFC myelination in response to SI in
juvenile mice (Makinodan et al., 2012). Since the developmental
progression of various processes including myelination of different
brain regions is distinct (Hong et al., 2022), different brain regions
may react differently to SI. Uncovering those SI-induced molecular
changes in different brain regions are critical to understand SI-
induced brain dysfunction. However, it remains unclear how SI
affects different brain regions at the molecular and cellular levels.

Domestic dogs (Canis familiaris), with a gyrencephalic brain
structure similar to that of humans, have evolved complex and
efficient cross-species emotional and social processing abilities
during long history of coevolution with humans (Muller et al,
2015). In addition, our recent work has revealed conserved inter-
regional protein expression patterns, especially myelination-related
proteins, in the brain between dog and human (Hong et al., 2022).
The domestic dog has been used for decades as experimental
models in studies of neuroscience, cognition, evolutionary genetics,
and diseases such as neurological and psychiatric disorders (Adams
et al, 2000; Wang et al., 2013; Bunford et al., 2017; Liu et al,
2018; Cao et al, 2021). In particular, dogs are considered effective
models for studying social behaviors and mental disorders caused
by adverse early life experiences (Berns and Cook, 2016; Ogata,
2016; Bunford et al., 2017; Dietz et al., 2018).

To investigate the mechanisms underlying SI-induced brain
dysfunction, we performed transcriptomic and immunochemical
analyses of various brain regions from socially isolated and group-
housed dogs during the juvenile stage. We found that SI decreased
myelin-related gene expression specifically in PFC white matter,
but myelin fiber organization remained unchanged. However, SI
increased thickness of myelin bundles containing more fibers in the
somatosensory parietal cortex (Par), possibly due to more mature
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oligodendrocytes. SI also disrupted blood-brain barrier (BBB)
integrity in both PFC and Par, as evidenced by reduced expression
of BBB component proteins. Consistently, myelin-related lipids
were significantly increased in cerebrospinal fluid (CSF). These
findings shed new light on the molecular and cellular mechanisms
underlying the detrimental effects of SI on the brain.

Materials and methods

Dogs and housing conditions

Purebred healthy male Beagles were obtained from Beijing
Marshall Biotechnology Co., Six male Beagle dogs (weight
2.9 £ 0.3 kg) from three different litters were maintained in a
natural 12-h light-dark cycle (2 dogs in each cage). After weaning at
postnatal day 51 (P51), 6 littermates were reared together in a cage
until P60. Then, three males, one per litter, were housed together
in one cage. The other three were housed individually in a quiet
location within a building with minimum human activity for 4-
weeks.

MRI data acquisition and analysis

Five beagles (3 socially isolated and 2 group-housed littermates
of the socially isolated dogs; one of the 3 group-housed dogs
had a chip implanted under its skin, which made it unsuitable
for MRI analysis; age 96.6 £ 0.49 days, weight 4.8 + 1.59 kg)
were scanned at 3T MRI scanner (MAGNETOM Prisma, Siemens
Healthcare, Erlangen, Germany) with a home-made 4-channel
Tx/Rx RF coil to obtain high quality structural MRI (sMRI)
and diffusion MRI (dMRI). For sMRI, T2-weighted images were
acquired at the same position and spatial resolution as T1-weighted
images using the SPACE sequence, which utilized different flip
angles to optimize contrasts for T2 sampling. The main scan
parameters: FOV =128 x 128 mm2; TE = 3.68 ms; TR = 2,370 ms;
TI = 1,030 ms; FA = 8°; acquisition data matrix size 256 x 256.
DWI was acquired using an EPI sequence with multiband
acceleration. The main scan parameters were: voxel 1.2 mm
isotropic, FOV = 120 x 120 mm?; TE = 86 ms; TR = 7,000 ms;
FA = 90°; acquisition data matrix size 80 x 80, 64 diffusion
gradients in different directions, and four b-values of 0 s/mm?,
1,000 s/mm?, 2,000 s/mm?, and 3,000 s/mm?, respectively. Each
scan lasted about 30-45 min. For diffusion datasets, the original
diffusion images were preprocessed using FSL, including motion
and eddy-current corrected. FA, MD, RD, and AD maps were
obtained using “dtifit” algorithms. The FA, AD, and RD diffusion
maps of PFC and Par regions in cortical gray matter and white
matter were compared between the SI and Ctrl group using a
two-sample unpaired ¢-test.

Brain dissection

Brains were weighted and placed ventral side up onto a chilled
glass plate on ice. Upon receipt of the dog brain, the fresh tissue
was immediately embedded in a gelatin matrix using a self-made
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mold (patent No. ZL 2022 2 0238374.7). The brain was positioned
for coronal sectioning. In order to check for technical artifacts,
3D printing brain models were used as prefabrication. The very
first rostral section was obtained from the olfactory bulb. The
stereotaxic reference grid was 2 mm intervals. Sections were divided
into left and right hemispheres by cutting along the midline using
a long scalpel. The left brain was used for lipidomics, RNAseq, and
biochemical analysis. All specimens and residual brains were stored
at —80°C after frozen in liquid nitrogen. The right brain was used
for staining after the sections were fixed in 4% PFA in PBS for at
least 72 h. For detailed descriptions of different brain regions, we
referred to the supplement of the book named The Beagle Brain
in Stereotaxic Coordinates ( ). To ensure consistency,
all dissections were performed by Dr. Huilin Hong and Dr. Hui
Zhao.

Immunohistochemistry of dog brain
tissue and imaging

The animal was anesthetized with xylazine/ketamine or
isoflurane and perfused with 4% PFA in PBS. The right brain
hemisphere was removed and fixed in 4% PFA in PBS overnight.
For cryosections, samples were transferred to 30% sucrose solution,
embedded in optimal cutting temperature compound (OCT) for
at least 2 days and stored at —80°C. Coronal dog brain sections
(10 wm) were cut by cryostat (Leica). Sections were stored free-
floating in cryoprotective solution (25% ethylene glycol, 20%
glycerol, in PBS). High resolution and contrast myelin staining
was achieved using the gold phosphate derivative, TrueGold Kit
(BK-ACO001, Oasis Biofarm Inc., Hangzhou, China), following
published protocols (
sections are permeabilized and blocked for 1 h with 0.2%
triton-x-100, 10% Fetal Bovine Serum (FBS), and 5% Bovine
Serum Albumin in PBS, and then incubated overnight at 4°C

). For most staining,

with the primary antibodies. Primary antibodies were diluted
in 0.2% PBST and applied overnight at 4°C. The primary
antibodies we used included rabbit anti-MBP (ab7349, 1:1,000),
mouse anti-CC1 (OP80, 1:500), mouse anti-NeuN (ab104224,
1:500), rabbit anti-MYRF (OB-PRB007-02, 1:300), and guinea
pig anti-Sox10 (OB-PGB001, 1:300), guinea pig anti-AQP4 (OB-
PGP0016, 1:500), Goat anti-GFAP (ab53554, 1:1000), rabbit anti-
laminin (L9393, 1:200), rabbit anti-occludin (71-1500, 1:500),
rabbit anti-claudinl (ab15098, 1:500). The sections were then
washed with 0.2% PBST, and subsequently incubated with
Alexa Fluor tagged secondary antibodies (1:1,000) for 2 h at
RT.

Conventional confocal images of MBP bundles
488 nm with a Leica TCS SP8
microscope using a 40x oil objective. Confocal stacks (z-

were
collected at confocal
step size = 1 pm) were processed with Image] software
(National Institutes of Health). For MBP staining images,
whole slide scans of tissue were collected with PerkinElmer
40x
rendering and visualization were processed with Imaris 6.5
software.!

Vectra Polaris using a 20x or objective; 3D
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Quantitative analysis of
oligodendrocytes and myelin bundles

Oligodendrocyte density and morphology in dog brain were
quantified as previously described ( ;

). Ratios of OL subgroups and morphological changes
of OLs in white matter of the PFC and Par were quantified from
3 animals in each group. To quantify the number of the cellular
protrusions of CC1* OLs, over 90 CC1™ OLs from 3 animals of
each group were characterized (the number of quantified CC1*
OLs in each animal of group: Controls, 41/33/30; SI, 41/39/39).
The number of OL protrusions between groups was analyzed using
one-way ANOVA and the Bonferroni test. The number of CC1T,
Sox10" OLs was quantified in a rectangle area of 461 x 263 um
using Image].

To quantify the fluorescence intensities of MBP labeled myelin
bundles composed of myelin fibers, three regions of interest of 0.06
mm? were selected in layers 2/3 of the gray matter per sample for
analysis by Image]. Statistical significance was calculated with two-
tailed Student’s ¢-test. Data are presented as means &= SEM.

RNA extraction

Tissue slices were taken from the medial PFC, Amygdala,
Hippocampus, parietal lobe, occipital lobe, and flash frozen for
subsequent processing. A bead mill homogenizer (Bullet Blender,
Gingko Biotech) and chilled stainless-steel beads (SSB14B, Next
Advance) were used to lyse the pulverized brain tissue. Total
RNA was extracted using a non-phenolic procedure (RNeasy Plus
Mini Kit, Qiagen), followed by DNase treatment (TURBO DNase,
Ambion) as per product instructions. RNA was reverse transcribed
with SuperScript™ III first-strand synthesis system for RT-PCR
(Invitrogen, 18080-051) and quantitative real-time PCR (qPCR)
was performed using KAPA SYBR® FAST qPCR (KAPA, KK4601)
at Stratagene Mx3000P Agilent technologies.

Transcriptomic analysis

After the library was constructed, we used Qubit 2.0 for
preliminary quantification, diluted the library, and then used
Agilent 2100 to detect the size of the insert in the library. RNA-
seq was performed by Novogene using an Illumina NovaSeq
6000 platform by PE150 sequencing strategy. After using fastp
to trim reads to obtain high-quality reads, we generated at
least 12 G of clean data. The paired-end reads were mapped
to the Canis lupus familiaris reference genome (ROS_Cfam_1.0)
using Hisat2. The sort command in Samtools was used to
convert sam files to bam files. For improved gene-level analysis,
StringTie was used to assemble and quantify the transcripts in
each sample using the annotation gtf (ROS_Cfam_1.0.105) file
for the Canis lupus familiaris reference genome. Then, the R
package IsoformSwitchAnalyzeR was used to assign gene names
to transcripts assembled by StringTie and estimate reads counts of
gene level summaries, which can be particularly helpful in cases
where StringTie could not perform assignment unambiguously.
To ensure high confidence results, only the genes annotated as
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“protein coding” in Biomark and supported by more than 2 samples
were used for subsequent differential expression analysis. We used
DESeq2 to normalize the count matrix and analyze differential
expression (fold change >1.5 and adj p < 0.05).

qPCR

Extracted RNA was reverse transcribed using an iScript™
cDNA Synthesis kit (BIO-RAD), followed by qPCR using KAPA
SYBR(R) FAST kit (Roche, KK4601) on a Real-Time QPCR System
(Agilent). The relative mRNA expression levels were analyzed
according to the AA Ct method (Livak and Schmittgen, 2001).
GAPDH was used as the reference gene. The genes and primers
used for qPCR are listed in Supplementary Table 2. For validation
of RNA-seq results, we compared the qPCR results of representative
genes including Agp4, Uqcrh, Ndufal2, Cox7a2l, Erbb3, Egfr, Mobp,
Ecsit, Ptp4a2, Adora2a, Arnt, Myo5a, Duspl9, Lrrc3b, B3galt6, and
Cntn2 with RNA-seq data using Pearson correlation test.

Functional enrichment analysis

Functional enrichment analysis was performed using the R
package ClusterProfiler (4.4.1) (Wu et al, 2021) with default
parameters (p-value cutoff = 0.05, g-value cutoff = 0.2). To ensure
the accuracy of the enrichment test, only the genes involved in the
differential expression analysis in the previous step were used as
background. We examined all Gene Ontology terms from the latest
version of “org.Cf.eg.db” and KEGG pathways from the official API.

GSEA

Target gene sets were derived from experimentally validated
mouse oligodendrocyte lineage markers (Marques et al., 2016). We
assessed enrichment of these markers in transcriptome data using
permutation testing with 100,000 iterations. The visualization of
enrichment results relied on the plotting functions that come with
ClusterProfiler (4.4.1) (Wu et al., 2021), except that the specific
KEGG pathway maps relied on the Pathview web tool.?

Lipidomics analysis

Lipids were extracted according to a modified version of
the Bligh and Dyer’s protocol (Lam et al, 2021). The CSF
lipidome was quantified using a high-coverage targeted lipidomic
approach as described previously (Lam et al., 2021). All lipidomic
analyses were conducted on a system comprising an Exion-
UPLC coupled with a 6500 Plus QTRAP that runs Analyst
v.1.6.3 (Sciex). All quantifications were conducted using internal
standard calibration. Levels of short-, medium-, and long-chain
TAGs and DAGs were calculated by referencing to spiked internal
standards of TAG(14:0)3-d5, TAG(16:0)3-d5, TAG(18:0)3-d5, d5-
DAG17:0/17:0, and d5-DAG18:1/18:1 from Avanti Polar Lipids.

2 https://pathview.uncc.edu/
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Free cholesterols and cholesteryl esters were analyzed as described
previously with d6-cholesterol and d6-CE18:0 cholesteryl ester
(CE) (CDN isotopes) as internal standards.

Statistical analyses

Statistical significance between groups was determined by
two-tailed Student’s t-test, whereas multiple comparison between
genotypes was determined by one-way ANOVA with a Tukey post-
hoc test and two-way ANOVA. Asterisks above a column indicate
comparisons between a specific genotype and control, whereas
asterisks above a horizontal line denote comparisons between two
specific genotypes. ns denotes p > 0.05; *indicates p < 0.05;
**denotes p < 0.01; ***indicates p < 0.001.

Results

Sl induces reduced expression of
myelin-related genes in PFC white
matter

To elucidate the effect of SI on brain development, we designed
an experiment of SI of beagle dogs from 2 month after weaning
to 3-month old. Specifically, three two-month-old beagle dogs
(one from one litter) were socially isolated for 1 month, while the
other three corresponding littermates were raised together in the
same cage (Supplementary Figure 1). To examine which brain
regions were affected by SI, we performed transcriptomic analysis
of the prefrontal cortex (PFC) and parietal cortex, as well as the
subcortical hippocampus and amygdala (Supplementary Table 1).
The gray matter and the white matter of different cortices were
analyzed separately.

We found that the white matter of the PFC showed much
more differentially expressed (DE) genes than the other regions
after SI. Specifically, we detected 708 and 37 DE genes in the
white matter and gray matter of the PFC, respectively, compared
with 7 and 20 DE genes in the white matter and gray matter
of the parietal cortex (Par) (Figure 1A). The representative
DE genes from the PFC and Par, including myelin-associated
oligodendrocyte basic protein (MOBP), aquaporin 4 (AQP4), and
adenosine a2a receptor (ADORA2A), were independently verified
by RT-PCR (Figure 1B; Supplementary Tables 2, 3), validating
the quality of the transcriptomic data. Gene Ontology (GO)/Kyoto
Encyclopedia of Genes and Genomes (KEGG) analyses showed that
the significantly increased genes in the PFC white matter of SI dogs
are involved in ATP metabolic processes and neuron projections,
while the decreased genes are involved in the extracellular matrix
(ECM)-receptor interaction and cell adhesion (Figure 1C). No
GO/KEGG pathways were identified in other regions due to a
limited number of DE genes.

Although the myelin-related pathway was not enriched by
GO/KEGG analysis, several myelin-related genes, including MOBP
and proteolipid protein 1 (PLP1), were significantly downregulated
in the PFC white matter of SI dogs compared with control dogs
(Figure 1D). To determine which stage of the myelination process
was affected by SI in PFC, we performed gene set enrichment
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FIGURE 1
Social isolation (SI) leads to decreased levels of myelin-related gene expression and lipids in the white matter of the prefrontal cortex. (A) The
number of differentially expressed (DE) genes in each brain region of SI dogs compared with group-housed controls. (B) The dot plot shows RNAseq
and quantitative real-time-PCR (qRT-PCR) values of select genes with significant changes in different regions. (C) Bubble heatmap shows enriched
GO and KEGG pathways of Sl induced up- and down-regulated genes in the white matter of PFC (Fisher's exact test, fc > 1.5, adjusted p < 0.05). Size
and color of bubbles indicate fold enrichment for that pathway and adjusted p-value, respectively. Upregulated pathways are in red, downregulated
pathways are in blue. (D) Volcano plots of differentially expressed genes in white matter of PFC after SI. The cutoff values were set at fc > 1.5 or
fc < 0.67 and p < 0.05. Significantly down-regulated myelin-related genes are highlighted in green. (E) GSEA plot shows enrichment of different
stage-specific markers, most of which are significantly down-regulated in PFC of socially isolated dogs compared with control. ***p < 0.001.

analysis (GSEA) of RNAseq data, which assessed the distribution
of predefined gene sets. We utilized 50 previously published
marker genes for each of the five cell types representing different
2016). All
markers for oligodendrocytes (OLs) at later maturation stages

stages of the myelination process (Marques et al,

including differentiation-committed oligodendrocyte precursors
(COPs), newly formed oligodendrocytes (NFOLs),
forming oligodendrocytes (MFOLs), and mature oligodendrocytes

myelin-

(MOLs) were downregulated (Figure 1E). Together, our findings
demonstrated that SI leads to reduced OL maturation in the white
matter of PFC.

Sl induces thicker myelin bundles with
more fibers in the Par but not in PFC

To examine the effects of SI-induced reduction of myelin-
related gene expression on myelin, we labeled myelin fibers with an
MBP antibody and the TrueGold dye, a gold phosphate derivative
(Schmued, 1990). The organization of MBP-labeled myelin fibers in
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the gray matter of PFC and Par was different in that there was an
obvious radial organization of myelin fibers from the white matter
to the gray matter of the Par but not the PFC (Figures 2A-D).
No obvious changes in myelin fibers in the PFC were observed
after SI. However, the MBP-labeled myelin bundles by wide field
microscopy were markedly thicker with parallel fibers in the Par
after SI (Figures 2C-D). High magnification images showed thicker
myelin bundles consisting of more parallel fibers and fewer myelin
fiber crosses between longitudinal myelin bundles in the Par after
SI (Figures 2G, H), but no changes in the PFC (Figures 2E, F).
Specifically, the MBP intensity of myelin bundles and the number
of myelin fibers in myelin bundles were significantly increased
(Figure 2M). Similar to MBP staining, TrueGold staining showed
thicker myelin bundles containing multiple parallel myelin fibers
in the Par after SI (Figures 2I-L; Supplementary Figure 2). The
thicker myelin bundles were colocalized with CC1 (a marker for
mature OL) expression, suggesting a potential role of more mature
OLs in regulating myelin bundle organization (Figure 2N). To
identify if ST affected the distribution of mature neurons which may
lead to the thicker myelin bundles, we performed immunostaining
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FIGURE 2

Social isolation (SI) of juvenile dogs results in the disorganization of myelinated fibers in the gray matter of the parietal cortex. (A—D) Confocal
images of myelinated fibers labeled by MBP (green) in the PFC and Par of socially isolated and group-housed dogs. Scale bar, 400 mm. (E-H)
Three-dimensional reconstruction images of MBP staining of Par and PFC regions boxed in the corresponding panels (A—D). Scale bar, 60 um. (I-L)
Images of myelinated fibers labeled by TrueGold kit in PFC and Par of socially isolated and group-housed dogs. Scale bar, 10 um. No obvious
changes of myelinated fibers in the gray matter of PFC but disorganized myelin fibers in Par gray matter were observed after SI. (M) Statistics of MBP
intensity in panels (A—D) and the number of myelin fibers for each bundle in panels (E-H). *p < 0.05; ***p < 0.001. (N) Co-staining images of MBP
(green) and CCl1 (red) in Par of socially isolated and group-housed dogs.

Frontiers in 97


https://doi.org/10.3389/fncel.2023.1201295
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Hong et al.

with antibodies against NeuN (Supplementary Figure 3). The
results showed a linear distribution of neuronal cell bodies in Par
after SI (Supplementary Figure 3C), which may contribute to more
parallel myelinated axons. The cell adhesion protein protocadherin
(PCDH) has been reported to regulate the distribution pattern of
neurons in cortex (Lv et al., 2022). Specifically, down-regulated
PCDH results in a similar linear distribution of neuronal cell bodies
(Lv et al., 2022). Consistently, the mRNA level of PCDHB6 was
decreased after SI although not to a statistically significant level
probably due to a small sample size (Fold change = 0.42; p = 0.07;
Supplementary Figure 3D). Thus, a reduced PCDHB6 expression
may alter the distribution pattern of neurons contributing to the
unique pattern of more parallel myelin fibers in the Par after SI.

To further verify SI-induced changes in myelin structure in the
Par, we performed diffusion Magnetic Resonance Imaging (dMRI)
of SI and control dogs. We quantified the values of fractional
anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and
radial diffusivity (RD), which are commonly used parameters for
describing white matter microstructure, in the PFC and Par of SI
dogs and group-housed control dogs. The changes from 2 months
to 3 months old between the groups were compared because the
individual variance. Our results showed a trend of increased FA but
decreased AD in the Par white matter of SI dogs (Supplementary
Figure 4), indicating more organized myelin fibers, consistent
with thicker myelin bundles with more parallel fibers observed by
immunostaining (Figures 2D, H, L). No changes were observed for
MD and RD in the PFC and Par after SI. The immunohistochemical
and imaging results together demonstrate that juvenile SI leads to
altered myelin fiber organization in the gray matter of Par but not
PFC.

Sl increases the number of mature OLs in
Par but not in PFC white matter

While myelin-related genes were downregulated in PFC white
matter, ADORA2A, which inhibits OPC proliferation and promotes
OL maturation (Coppi et al., 2021), was upregulated (FC = 31;
adj p = 0.003) in the Par white matter following SI (Figure 1B;
Supplementary Figure 5). Consistently, immunofluorescence
staining against NeuN (a marker for mature neurons), the
transcription factor CC1, and MYRF [myelin regulatory factor, a
marker for premyelinating OL (Huang et al, 2022)] revealed a
marked increase in the density and number of CC1* cells in the Par
white matter of SI dogs compared with control dogs (Figures 3A-
D). In contrast, the number of MYRF™ cells in Par white matter
decreased after SI compared with that of group-housed dogs
(Figure 3C). As a control, there were no obvious differences in
the number of CC1T and MYRF™ cells in the PFC white matter
between SI dogs and control dogs. These results indicate that SI at
the juvenile stage induced more mature CC1* OLs together with
fewer immature Myrf™ OLs in the white matter of the Par but not
the PFC.

To quantify the proportion of immature and mature OLs, we
performed double immunostaining with antibodies recognizing
CC1 and the transcription factor Sox10 (Figures 3E-G), which
is expressed throughout the whole lineage including OPCs,
with gradually decreasing levels as the OLs mature (Emery
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et al, 2009). Antibodies specifically recognize OPCs were
not available or not working in dog. We quantified the
percentages of three populations of OL cells: (i) Sox10TCC1~
cells, representing OPCs/COPs/NFOLs; (ii) Sox10TCCl1™t cells,
representing immature MFOLs; and (iii) Sox10~ CC1t cells,
representing mature MOLs with more cellular protrusions
(Figure 3F). Immature OLs (Sox10TCC1~) showed a characteristic
morphology of prominent cell bodies and few filopodia-like
protrusions (Figure 3A). Sox10T cells were widely distributed
throughout the PFC and Par white matter. OLs in the PFC white
matter were relatively more immature than those in the Par white
matter based on the protrusion number of CC1™ OLs. No obvious
changes in the three populations of OL cells were observed in the
PFC after SI (Figure 3E). However, the number of CC1T OLs were
significantly increased in the Par white matter of SI dogs compared
with control dogs (Figure 3F; the percentage of CC1T OLs among
DAPI-positive cells of 330~420 in the Par area of 0.23 mm?: 44.8%
for control versus 55.1% for SI, p = 0.0003). Consistently, the
number of cellular processes per CC1™ OL was higher in SI dogs
than the controls; the cumulative frequency of cellular processes
>5 per CC1T OL was 50% in SI versus 30% in control group
(Figure 3G). These results show that SI results in more mature OLs
specifically in the Par white matter.

Sl results in disrupted blood-brain barrier
integrity

In addition to myelin-related changes, transcriptomic analysis
also revealed a significant decrease in the expression of the gene
encoding AQP4 (FC = 0.38; adj p = 0.037, Figure 1B), a water
channel localized at astrocytic endfeet (a structural component of
the BBB), in PFC white matter after SI. To verify whether BBB
integrity was compromised by SI, we performed immunostaining
and verified a significant decrease in AQP4 protein levels in the
PFC and Par (Figures 4A-H). AQP4 was completely colocalized
with GFAP around blood vessels in group-housed controls, but it
was only partially colocalized with GFAP at the astrocyte endfeet in
PEC after SI, suggesting AQP4 is missing at certain areas of GFAP-
positive signals (Figures 4A, B). We also examined the expression
of other structural components of the BBB, including the basement
membrane protein Laminin and tight junction proteins Occludin
and Claudinl (Figures 4A-H; Supplementary Figure 6). All three
proteins were expressed and colocalized with AQP4 in blood vessels
in the PFC and Par of the control dogs. No obvious changes of
expression level were observed for Laminin after SI. However,
the expression levels of Occludin and Claudinl were significantly
decreased, similar to that of AQP4, suggesting a disruption of
BBB integrity in the PFC after SI (Figures 4C, D; Supplementary
Figures 6C, D). In the Par, we noticed that the co-localization of
AQP4 with GFAP remained normal (Figures 4E, F); however, the
intensity of AQP4, Occludin and Claudinl at BBB was significantly
reduced as in the PFC after SI (Figures 4G, H; Supplementary
Figures 6G, H). These results suggest disrupted BBB integrity in
different brain regions after SI.

Compromised BBB integrity may lead to the leakage of
blood components from blood vessels to CSF. An increased level
of albumin in CSF is considered a hallmark of BBB leakage
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Social isolation (Sl) increases the number of mature oligodendrocytes in the white matter of the parietal cortex. (A) Schematic representation of the
stage-specific markers during OPC differentiation and oligodendrocyte maturation. Markers in bold are analyzed in the present study. (B) More
CC1* cells in the Par white matter of SI dogs. Co-staining images of CC1 (green) and NeuN (red) in the gray matter (on the left of the interrupted
white line) and white matter (on the right of the interrupted white line) of Par and PFC from socially isolated and group-housed dogs. Scale bar,
200 wm. (C) Co-staining confocal images of CC1, MYRF, and DAPI in the gray matter of Par and PFC from socially isolated and group-housed dogs
Scale bar, 100 um. (D) Fewer MYRF™ labeled immature OLs but more CC1* labeled mature OLs in the white matter of Par after SI. **p < 0.01.

(E) Triple staining wide-field images of CC1, Sox10, and DAPI in PFC and Par white matter of socially isolated and group-housed dog. Scale bar,

100 wm. (F) Statistical results of the percentages of CC1TSox10", CC1+tSox10", CC1 Sox10™", and CCl1*cells in white matter of PFC and Par. **p <
0.01; ***p < 0.001. (G) Cumulative probability plot of branch number of CC1* oligodendrocytes in Par white matter of control and SI dogs.

( ). Consistently, we observed a higher
level of albumin, although not reaching significance, in the CSF
of SI dogs than in that of control dogs ( ), possibly due
to the greatly varied albumin levels in different individuals and
a small sample size. To further examine the effect of disrupted
BBB integrity after SI, we performed lipidomic analysis of CSF
and found significant increases in membrane polar sphingolipids,
including lactosylceramide (LacCer), glucosylceramide (GluCer),
galactosylceramide (GalCer), and sphingomyelin (SM), specific
components of myelin, in the CSF of SI dogs compared with control
dogs ( ). These results indicate that SI results in an
increase in myelin-related lipids in CSFE, which may be leaked from
the affected brain regions through compromised BBB integrity.

In this study, we performed a systematic analysis of multiple
brain regions and CSE from socially isolated and group-housed

Frontiers in

dogs at the juvenile stage using multiomic and immunochemical
analyses. Overall, SI of dogs during juvenile stage lead to a small
number of differentially expressed genes in multiple brain regions
except the PFC. This could be explained by a few possibilities.
First, 3-7 weeks of age of dogs is a critical period for socialization
). Dog
pups separated from the mother at 30 to 40 days during the

with human beings ( ;

critical period were more likely to develop a variety of behavioral
problems, including fearfulness, noise sensitivity, and excessive
). Thus,
when dogs experienced SI starting at 2 months of age, their

barking at later ages ( ;

social development was mostly completed. Second, dogs were not
completely socially isolated, as caregivers came in twice a day for
feeding and cleaning.

Myelination is essential for ensuring efficient connectivity
within and among different brain regions; abnormal myelination
leads to cognitive dysfunction and abnormal social behaviors (

s ). Prolonged social isolation of
adult mice decreases the level of myelin gene transcripts in PFC
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FIGURE 4

Social isolation of dogs leads to a defective blood—-brain barrier and increased lipids in CSF. (A,C,E,G) Double staining of AQP4 (green) and GFAP or
Occludin in the PFC and Par of socially isolated and group-housed dogs. Scale bar, 20 um. (B,D,F,H) Quantifications of the relative area of
AQP4/GFAP, AQP4/Occludin, and the mean intensity of AQP4, GFAP, and Occludin in the control and SI groups (5 GFAP-positive branches per
animal). *p < 0.05; **p < 0.01; ***p < 0.001. (I) Quantification of the ratio of Albumin level [cerebrospinal fluid (CSF)/Serum] in Sl and control groups.
(J) The heatmap of different lipid class of CSF in group-housed and social isolated dogs. Red box indicates myelin-related lipids which were
significantly increased after Sl. (K) Volcano plots of differentially expressed lipids in the CSF of Sl dog brains versus controls by lipidomic analysis.

( ). Here, we demonstrated a differential effect of = OLs in the Par. There are two possible explanations: on one

SI on myelin-related processes of different cortices for the first  hand, previous studies have demonstrated an important role of
time, i.e., SI during the juvenile stage of dogs induced decreased  neural activity in myelination. Suppressing neural activity during

expression of myelin-related genes in the PFC but more mature =~ CNS development reduces OPC proliferation (
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1993) and disrupts the myelination of the optic nerve (Demerens
et al., 1996). Conversely, inducing neuronal activity via electrical
stimulation or optic genetics promotes OL survival, OL maturation,
and axon myelination in vitro (Stevens et al., 2002; Ishibashi et al.,
20065 Gibson et al, 2014). The PFC is an integrative hub that
receives input from all other cortical regions and functions to
plan and direct motor, cognitive, affective, and social behaviors
(Miller, 1999; Miller and Cohen, 2001; Forbes and Grafman, 2010;
Euston et al, 2012). However, during SI, dogs were confined to
a cage with much less locomotion, which may lead to decreased
neural activities and thus reduced OPC differentiation and OL
maturation in the PFC compared with group-housed controls.
The Par area is vital for sensory perception and the integration
of vision, touch, hearing, and smell (Freedman and Ibos, 2018;
Xu, 2018; Medendorp and Heed, 2019). It is possible that the
sensory perception would be enhanced to compensate for the
broadly inhibited activities of SI dogs. Indeed, dogs showed
gradually increased social expectation (heightened attentiveness
and increased activities preceding the arrival of caregivers) since
the second week of SI (data not shown). As a result, the
enhanced sensory perception of hearing and smell in the Par may
increase neuronal activity, which promotes OL maturation in the
Par.

On the other hand, the effects of SI on OL development in
the PFC and Par may differ as the two brain regions develop at
different paces, i.e., there are differential myelination progressions
in different brain regions of dogs during postnatal development
(Hong et al,, 2022). Double immunostaining with Sox10 and CC1
revealed that there are more mature OLs in the Par than in the
PFC of 3-month-old control dogs. Previous studies have shown
that OPCs in white matter form synapses with neuronal axons and
establish a microenvironment via excitatory and inhibitory synaptic
input from neuronal axons (Karadottir et al., 2008). As OPCs
differentiate into premyelinating OLs, they lose synaptic input as
well as the expression of glutamate receptors (De Biase et al,
2010). Since the PFC contains more immature OLs and probably
more OPCs than the Par, there may be more synapses formed
between neuronal axons and OPCs in the PFC. Thus, reduced
neuronal activity due to SI may exert a more negative impact
on OPC differentiation in the PFC than in the Par. Moreover,
transcription and translation occur with different paces at different
time points and are detected with different sensitivity, which
may explain why reduced myelin gene expression in the PFC
following SI didn’t affect oligodendrocyte or myelin fiber number
by immunostaining.

In conjunction with more mature OLs, we observed thicker
myelin bundles with more parallel myelin fibers in the Par after SI.
The reason for this unique myelin fiber pattern which hasn’t been
reported before is currently unknown. The more mature OLs and
linear distribution of neurons may contribute to the thicker myelin
bundles after SI. The linear distribution of neurons may be caused
by reduced expression of PCDHB6 in Par; homophilic interaction
of PCDHs between neighboring cells from the same progenitor
cells have a repulsive effect (Schreiner and Weiner, 2010; Brasch
et al, 2019). In addition, vascular endothelin has been reported
to regulate the number of myelin sheaths in mouse; increasing
endothelin signaling rescues SI-induced myelination defect in the
PFC of mice (Swire et al., 2019). It’s possible that SI may increase
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the expression of endothelin leading to more myelin sheaths in the
Par.

Although no obvious disruption of myelin structure in PFC
and Par by immunostaining, myelin-related sphingolipids were
increased in CSF in the socially isolated group, indicating
demyelination, defective myelin formation, or both. Electron
microscopy would be needed to ascertain if myelination process
in the PFC or Par was affected by SI in future. Clemastine,
an antimuscarinic compound, has been shown to enhance OL
progenitor differentiation and successfully reverse social avoidance
behavior in socially isolated adult mice (Liu et al., 2012, 2016).
Given the different effects of SI on OL development in PFC and Par,
the effects of clemastine need to be assessed in different cortices.
Furthermore, the effect of thicker myelin bundles on neural circuit
activity in the Par after SI remains to be clarified.

In addition, we revealed disrupted BBB integrity in both PFC
and Par after SI by transcriptomic, immunochemical and lipidomic
analyses for the first time. How would SI disrupt BBB integrity?
Inflammation and oxidative stress can lead to the overproduction
of matrix metalloproteinase-9 (MMP-9) by OPCs, disrupting the
integrity of the BBB (Seo et al, 2013). A recent study of SI
in juvenile mice shows an increased level of neuroinflammatory
cytokine IL-18 and BBB damage in amygdala (Wu et al.,, 2022).
It is not yet clear whether the BBB disruption is due to the
overproduction of MMP-9 by OPCs, neuroinflammation, or other
unknown mechanisms in the cortices of SI dogs. Further research is
needed to fully understand the impact of SI on the integrity of the
BBB.

In summary, these findings of shared and distinct changes
in multiple brain regions shed new light on the molecular and
cellular mechanisms underlying the detrimental effects of SI
on the brain. Our study demonstrates the value of dogs as a
complementary animal model for a mechanistic study of SI-
induced brain development abnormalities and disorders.
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Oligodendrocytes (OCs) form myelin around axons, which is dependent on
neuronal activity. This activity-dependent myelination plays a crucial role in
training and learning. Previous studies have suggested that neuronal activity
regulates proliferation and differentiation of oligodendrocyte precursor cells
(OPCs) and myelination. In addition, deficient activity-dependent myelination
results in impaired motor learning. However, the functional response of OC
responsible for neuronal activity and their pathological changes is not fully
elucidated. In this research, we aimed to understand the activity-dependent OC
responses and their different properties by observing OCs using in vivo two-
photon microscopy. We clarified that the Ca?* activity in OCs is neuronal activity
dependent and differentially regulated by neurotransmitters such as glutamate
or adenosine triphosphate (ATP). Furthermore, in 5-month-old mice models of
Alzheimer's disease, a period before the appearance of behavioral abnormalities,
the elevated Ca?* responses in OCs are ATP dependent, suggesting that OCs
receive ATP from damaged tissue. We anticipate that our research will help in
determining the correct therapeutic strategy for neurodegenerative diseases
beyond the synapse.

KEYWORDS

Alzheimer's disease, ATP, glutamate, oligodendrocyte, two photon microscopy

1. Introduction

Oligodendrocytes (OCs) form myelin around axons to regulate conduction velocity (Fields,
2008; Emery, 2010; Nave, 2010). Accumulated studies have shown the activity-dependent myelin
plasticity associated with training and learning in humans and rodents (Scholz et al., 2009;
Gibson et al., 2014; McKenzie et al., 2014; Xiao et al., 2016; Kato et al., 2020). Activation of
neuronal activity promotes proliferation and differentiation of oligodendrocyte precursor cells
(OPCs) and myelination (Wake et al., 2011; Hines et al., 2015; Mensch et al., 2015; Wake et al,,
2015). Inhibition of OPC differentiation due to specific gene deletion (MyRF) in adults results
in impaired motor learning process. The promotion of activity-dependent myelination increases
the conduction velocity that changes the spike arrival time and contributes to temporal
regulation of neuronal activity and spike timing dependent plasticity (Markram et al., 1997; Bi
and Poo, 1998; Feldman, 2012). Over expression of the proteolipid protein 1 (PLP) gene results
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in impaired regulation of myelin basic protein (MBP) expression,
which is associated with the motor learning process. Impaired activity-
dependent myelination causes abnormal neuronal populational
activity (increased spontaneous activity and reduced task associated
activity), which ultimately results in deficient motor learning process
(Kato et al., 2020).

To appropriately regulate the conduction velocity, OCs should
receive information associated with neuronal impulse. Previous studies
showed that OCs express receptors for neurotransmitters such as
glutamate and adenosine triphosphate (ATP) and affect their metabolism
(Groc et al,, 2002; Agresti et al., 2005; Karadottir et al., 2005; Salter and
Fern, 2005; Fields and Burnstock, 2006; Micu et al., 2006; Zonouzi et al.,
2011; Fannon et al., 2015; Feng et al., 2015; Gautier et al., 2015; Spitzer
etal, 2019). OPCs form a synapse-like structure with neurons, where
glutamatergic signaling induces depolarization and development of Ca**
transients via a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptors (AMPAR) and P/Q and L type voltage-gated Ca** channels
(Kukley et al., 2007; Berret et al., 2017; Barron and Kim, 2019) to
promote OPC differentiation and myelination (Paez et al., 2009; Cheli
etal, 2015, 2016; Barron and Kim, 2019). Optogenetically induced OC
depolarization in the subiculum of the hippocampus facilitates
conduction velocity in these axons, which affects the bursts of pyramidal
neurons and long term potentiation (Yamazaki et al., 2019), suggesting
the role of OC depolarization in glutamatergic neuronal circuitry activity.
In contrast, ATP is released from presynaptic terminals via synaptic
vesicles and this release is a co-release with glutamate and acetylcholine
(Li and Harlow, 2014). ATP is also released from axonal segments that
are situated away from the synaptic terminal (Wieraszko et al., 1989), i.e.,
the neuronal soma via extra synaptic vesicles. The receptors for ATP
metabolism such as adenosine diphosphate, adenosine monophosphate,
and adenosine expressed in OCs finally bind with P2 and P1 receptors,
which show synergistic or opposing effects such as migration,
proliferation, and differentiation (Stevens et al., 2002). ATP is even
released in extracellular spaces of the damaged brain, suggesting that
ATP contribute to the development of neurodegenerative diseases
(Zelentsova et al., 2022). Myelinated axons in white matter are associated
with cognitive function, and their impairment is known as Alzheimer’s
disease (AD) (Amlien and Fjell, 2014). In this research, we proposed to
study the differing effects of neurotransmitters on Ca** activity in OCs.
Our results demonstrated that Ca** activities in OCs were differentially
regulated by neuronal transmitters such as ATP or glutamate. In
5-month-old mice models of AD, larger Ca** activities in OCs were ATP
dependent. These data suggest that OCs in mice models of AD mainly
receive purinergic signals from the release of ATP caused by damaged
tissue. This research will provide insights into the physiological and
pathological responses of OCs that contribute to the pathogenesis of
neurodegenerative disorders.

2. Materials and methods

2.1. Mice

All experimental protocols used in animals were approved by the
Animal Care and Use Committees of Nagoya University Graduate
School of Medicine and Kobe University Graduate School of Medicine.
For two-photon imaging, we used male mice to avoid potential
variability due to estrus cycles. All animals used in this study were
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allowed free access to food and water and housed under a 12h light/
dark cycle. We used C57BL/6 (WT) mice and a bi-genic mouse
(C57BL/6 genetic background) that harbored PLP-tTA (RBRC05446,
RIKEN BRC, Wako, Japan) and tetO-GCaMP6 transgenes
(RBRC09552, RIKEN BRC, Wako, Japan), which resulted in the
expression of a fluorescence Ca** indicator, GCaMP6, in OCs/OPCs
(PLP-GCaMP6 mouse) (Inamura et al., 2012; Ohkura et al., 2012;
Tanaka et al., 2012). The genotype of the PLP-GCaMP6 mouse was
determined using PCR with the following primer sequences: PLP-tTA,
5-TTTCC CATGG TCTCC CTTGA GCTT-3, 5-CGGAG TTGAT
CACCT TGGAC TTGT-3", 5-CTAGG CCACA GAATT GAAAG
ATCT-3',and 5-GTAGG TGGAA ATTCT AGCAT CATCC-3’; tetO-
GCaMP6, 5-ATTTC TGAAT GGCCC AGGTC TGAG-3", 5-CTGCT
CTGGT GTCTG TGTTA CCTG-3, and 5- AAGGC AGGAT
GATGA CCAGG ATGT-3". We also used tri-genic mice (C57BL/6
genetic background) harboring App™-SFN-GT PLP-tTA, and tetO-
GCaMP6 transgenes. App™-STN-SF knock-in mice express Swedish
(KM670/671NL), Beyreuther/Iberian (I716F), and Arctic (E693G)
mutations in the App gene because of the presence of an endogenous
promoter of C57BL/6] background (Saito et al., 2014). Each
experiment was performed using mice of the appropriate age for the
experiment (WT mice, 6-24weeks old; PLP-GCaMP6 mice,
6-24 weeks old; AppN-GTN-GE 16-24 weeks old; and mice crossed
with AppN-SFANL-GF and PLP-GCaMP6 mice, 16-24 weeks old).

2.2. Surgery and adeno associated virus
injection

Under anesthesia with ketamine (74mg/kg, i.p.) and xylazine
(10mg/kg, i.p.), the skin was disinfected with 70% (w/v) ethanol, the
skull was exposed and cleaned, and a custom-made metallic plate was
firmly attached to the skull with a dental cement (C-CEM ONE; GC,
Tokyo, Japan). The surface of the intact skull was coated with an
acrylic-based dental resin (Super bond; Sun Medical, Shiga, Japan) to
avoid drying of the surface. The metallic plate facilitated securing the
mice to a manipulating frame for performing craniotomy, AAV
injection, and two-photon imaging. One or two days after plate
attachment, craniotomy (circular shape; 2.5 mm in diameter) and/or
AAV injection were performed under isoflurane (1.0%) anesthesia.
The position of the cranial window was determined by stereotaxic
manipulation, according to the mouse brain atlas (centered 0.8 mm
anterior and 1.2 mm lateral to the bregma). The surface of the brain
was covered with 2% (w/v) agarose L (Nippon Gene, Tokyo, Japan) in
saline and a glass window composed of two coverslips (2.0mm
[square] and 4.5 mm [round] in diameter; Matsunami, Osaka, Japan)
joined using ultraviolet light-polymerized adhesive (NOR-61, Norland
Product, Cranbury, NJ). The edge of the cranial window was sealed
with an ultraviolet light-polymerized adhesive and dental cement.

2.3. Chemogenetic manipulation

For chemogenetic activation of neuronal activity, a 750nL
recombinant AAV encoding the hM3D DREADD (designer receptor
exclusively activated by designer drugs) vector solution was injected
into the left motor cortex (M1) or the ventral-anterior/ventral-lateral
thalamic nuclei (VA/VL) in the left hemisphere using a glass capillary
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(tip diameter, 10 pm). The axons of the VA/VL neurons extended to
the ipsilateral side of M1. To visualize the Ca®* response of axons,
AAV1-human synapsinl (hSyn)-axon GCaMP6s-P2A-mRuby3
(Addgene; 1 pL, 1.8 x 10" viral genomes/mL) was used. The positions
of M1 and VA/VL were determined by stereotaxic manipulation
according to the mouse brain atlas, and a small hole was made in the
skull to introduce the glass capillary into the M1 (centered 0.8 mm
anterior and 1.2 mm lateral to the bregma, at a depth of 0.5 mm from
the cortical surface) or VA/VL (centered 1.0 mm posterior and 1.0 mm
lateral to the bregma, at a depth of 3.2 mm from the cortical surface).
An AAV vector encoding the hSyn promoter driven Gg-DREAAD (a
genetically modified human muscarin receptor) and AAV8-hSyn-
hM3D-mCherry (Addgene; 1.5x 10" viral genomes/mL diluted in
sterile saline in a 1:1 ratio) was used. After AAV injection, the small
hole and the intact skull were covered with 2% (w/v) agarose gel
(Nippon Gene, Tokyo, Japan) and the dental cement to avoid drying.
For the combined performance of chemogenetic activation and
two-photon microscopy, craniotomy above the M1 cortices was
performed after AAV injection. The mice were housed individually
and allowed to recover for at least 3 weeks. All experiments were
started approximately 3-5weeks after the surgical operation (AAV
injection and craniotomy). Clozapine N-oxide (CNO, Sigma-Aldrich)
was used to activate DREADD and dissolved in a 0.5mg/mL saline
stock solution. As shown in Figure 1, Supplementary Figures 2, 3, Ca*
imaging of OCs was performed during a quiet resting state without
CNO, and the same region was imaged again 1 to 5h after CNO
intraperitoneal injection (5mg/kg).

2.4. Drug application on brain surface in
vivo

For the in vivo saline or drug application on the brain surface after
Pre-imaging, the cover glass was removed and saline, tetrodotoxin
(5pM TTX, Tocris Bioscience, Minneapolis, MN), 6-cyano-7-
nitroquinoxaline-2,3-dione disodium (100pM CNQX, Tocris
Bioscience, Minneapolis, MN), Suramin hexasodium salt (100 pM
MN), and
pyridoxalphosphate-6-azophenyl-2’,4"-disulfonic acid tetrasodium
salt (300pM PPADS, Tocris Bioscience, Minneapolis, MN) were
applied on the mice brain surface and incubated for 30 min under

Suramin, Tocris  Bioscience, = Minneapolis,

isoflurane (1.0%) anesthesia. After saline or drug application, the
brain surface was covered with a custom-made cover window
comprising two cover slips. The edge of the window was sealed with
the ultraviolet light-polymerized adhesive and the dental cement.

2.5. Two-photon imaging

Two-photon images were acquired from the left M1/M2 cortices
using a laser scanning system (C2 plus and Al, Nikon, Japan)
equipped with two types of water-immersion objective lens (25x,
numerical aperture [N.A.] =1.10 and 16x, N.A. = 0.80; Nikon, Japan).
The two-photon imaging based on C2 plus excitation light beams used
aTi:sapphire laser (Coherent, Santa Clara, CA) and imaging based on
Al excitation light beams used aTi:sapphire laser (Spectra-Physics,
Santa Clara, CA) operating at a 920-950 nm wavelength. The imaging
fields were 203 x 203 um (objective lens 25x, digital zoom 2.5) and
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198 x 198 um (objective lens 16x, digital zoom 4.0) at a 100-250 pm
depth below the brain surface. The scan speed was 500 or 1,000 ms/
frame. Continuous 500- or 1,000-frame serial images were acquired
for each imaging field with no interval time.

2.6. Imaging analysis

Images were analyzed using Image] (National Institute of Health)
and MATLAB software packages (Math Works, Natick, MA). Videos
and 3D images were corrected for focal plane displacement using
ImageJ plugin TurboReg and StackReg. The observed cell body area
and the number of primary processes of GCaMP’ +ve (PLP’ + ve) cells
were as follows and did not differ between groups (cell body area
[pm?]: PLP-GCaMP6 mice, 86.60 + 1.94 [8-12 weeks old], 90.68 +4.65
[4months old], 88.17+3.11 [5months old], mice crossed with
AppN-SFALGT and PLP-GCaMP6 mice, 88.58 +£3.70 [4 months old],
86.91+1.60 [5months old]; number of primary processes:
PLP-GCaMP6 mice, 7.80+0.17 [8-12weeks old], 7.83+0.27
[4 months old], 8.04 +0.28 [5months old], mice crossed with App™-&
NL-GF and PLP-GCaMP6 mice, 8.00+0.38 [4 months old], 7.81+0.16
[5months old], Kruskal-Wallis test followed by Dunn’s test,
Supplementary Figure 1A). To estimate the M1 OC Ca?* activity, the
regions of interest in M1 were determined using non-negative matrix
factorization. For the detection and analysis of Ca** transients,
baseline fluorescence was defined as the 35th percentile of the total
fluorescence intensity histogram, which was obtained during all
imaging periods (F,). Ca** transients were calculated using the
equation AF/F, (AF=F-F;), where AF is the instantaneous
fluorescence signal and AF exceeded 4 standard deviations (SDs) of
the baseline fluorescence (F,). We used an F, set at the 35th percentile
of the total fluorescence distribution while re-analyzing the results.
The frequency of occurrence of Ca** transients was calculated as the
ratio of the total number of transients over all the imaging periods.
The intensity of each Ca® transient (AF/F,) was subsequently
computed using area under the curve (AUC), which was calculated by
integrating area between traces representing Ca** transients and a
horizontal line expressing baseline fluorescence. Amplitude was
calculated as the maximum AF/F, of each Ca’* transient. Latency was
calculated as the duration between the occurrence of the first Ca*
transient that exceeded and was less than 4 SDs of baseline fluorescence.

2.7. Electrophysiology

Sixteen-channel silicone probes with recording sites
measuring 177 pm* (NeuroNexus Technologies), spaced 25 pm
apart at depths of 3.2 mm below the cortical surface, were utilized
to record neuronal activity in VA/VL neurons in 9-week-old mice
under 0.5% isoflurane anesthesia. In vivo recordings were
conducted using the Omniplex system (Plexon, Dallas, TX) at
baseline, during chemogenetic activation before, and after
administration of CNQX (100 pM), Suramin (100 pM) and PPADS
(300 uM). Spike signals were filtered within the bandpass of
300Hz to 8 kHz. Spikes were detected through threshold-level
crossing, typically set at 50 uV (Kato et al., 2020, 2023). Single unit
sorting was performed using principal component analysis in an

offline sorter (Plexon).
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FIGURE 1

Neuronal activity-dependent Ca?* activities in oligodendrocytes (OCs). (A,B) Representative images (A) and quantification (B) of GCaMP expression in
the motor cortex of PLP-GCaMP mice and co-localization with markers for OC + oligodendrocyte precursor cell (OPC) (Olig2), OC (CC1), OPC
(PDGFRa, NG2), neuron (NeuN), astrocyte (S100p) (Olig2 [83.41 + 3.899%], CC1 [72.65 + 3.464%], PDGFRa+ [9.979 + 0.9322%], NG2 [6.736 + 0.2401%],
NeuN [1.481 + 0.7246%], and S100p [8.156 + 0.5504%]). Scale bar, 30 um. (C,D) Representative images of MBP immunostaining in the motor cortex of
PLP-GCaMP6 mice. Scale bars: in (C), 100 pm; in (D), 30 pm. (E) Quantitative analysis of the co-localization areas of MBP and GCaMP’ + ve processes
based on immunostaining data. The proportion of MBP’ + ve processes in the processes of GCaMP’ + ve cells was about 15%. (F) Experimental protocol
of Ca?* imaging in OCs. The first craniotomy was performed one week before Pre-imaging (Pre) using two-photon microscopy. After Pre-imaging, a
second craniotomy was performed and TTX was applied for 30 min, followed by a second imaging (TTX) of the same cells. (G,H) Representative image
of GCaMP' + ve cells of the motor cortex in PLP-GCaMP6 mice before and after TTX application. Red spots indicate the Ca?* activated areas (spot).
Scale bar = 30 um. Representative Ca?* traces from spots of typical GCaMP' + ve cells are shown. (l) Changes in Ca?* spots, Ca®* events and total area
under the curve (AUC) of GCaMP’ + ve cells between before and after TTX application. The number of Ca?* spots and Ca?* events and total AUC were
significantly decreased after TTX application. Pre: n = 6 mice, 13 imaging fields (cells); TTX: n =6 mice, 13 imaging fields (cells). *p <0.05, **p <0.01,
Mann-Whitney U test. Data are presented as mean + standard error of mean. For detailed data, check the source data file. (J) Changes in AUC,
Amplitude, and Latency of GCaMP’ + ve cells between before and after TTX application. AUC was not significantly changed, Amplitude was significantly
decreased, and Latency was significantly increased after TTX application. Pre: n = 6 mice, 426 events; TTX: n =6 mice, 189 events. N.S., not significant,
*p < 0.05, ***p <0.001, Mann-Whitney U test. Violin plots show median (black line) and distribution of the data. For detailed data, check the source data
file. (K) Proportions of AUC and Latency were not significantly changed between before and after TTX application. The proportion of lower Amplitude
was significantly increased after TTX application. N.S., not significant, **p < 0.01, Kolmogorov-Smirnov test. For detailed data, check the source data
file.

and

2.8. Immunohistochemistry Microsystems, ~Wetzlar, Germany). After blocking

permeabilization for 1h in 5% bovine serum albumin and 0.5% Triton

The mice were deeply anesthetized with isoflurane and
transcardially perfused with 4% paraformaldehyde in phosphate
buffer (pH 7.4). Their brains were post-fixed in the same fixative
overnight at 4°C, which were then extracted from the skull and
equilibrated in 30% sucrose solution in phosphate buffer saline (PBS).
The brains were cut in 30 pm-thick sections using a microtome (Leica
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X-100 in PBS, the slices were incubated at 4°C overnight with a
primary antibody diluted in PBS. After washing with PBS, the slices
were subsequently incubated with a secondary antibody in PBS at
room temperature for 3h and mounted on glass slides in
Fluoromount-G (Southern Biotech, Birmingham, AL). Imaging was
conducted using an FV3000 confocal microscope (Olympus) with 10x
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(Olympus; N.A. = 0.3) and 60x oil-immersion objectives (N.A. = 0.9).
The primary antibodies used in this study were as follows: anti-Olig2
(rabbit; Millipore, AB9610; 1:1000), anti-adenomatous polyposis coli
(clone CC1) (mouse; Calbiochem, OP80; 1:500), anti-PDGFRax (goat;
R&D systems, AF1062; 1:200), anti-NG2 (rabbit; Millipore, AB5320;
1:500), anti-NeuN (mouse; Millipore, MAB377; 1:500), anti-S100f
(rabbit; Abcam, ab52642; 1:1000), anti-MBP (mouse; BioLegend,
clone SMI 99; 1:100), and anti-GFP (chicken; Novus biologicals,
NB100-1614; 1:2000). Amyloid p (Ap) deposition was visualized by
intraperitoneal administration of Methoxy-X04 (Tocris Bioscience,
4,920; 2mg/kg). To visualize dying or dead cells in the brain, Fluoro-
Jade C staining (Biosensis, TR-100-FJT) was performed using brain

NL-G-F/NL-G-F

tissue from 5-month-old App and age-matched control

mice, according to the manufacturer’s recommended protocol.

2.9. Y-maze test

The mice were housed individually before transferring to the
behavioral laboratory, where they were kept during the behavioral
analysis. The laboratory had a 12h light/dark cycle (lights on at
06:00am) and was air-conditioned and maintained at a temperature
of approximately 22-23°C and a humidity of approximately 50-55%.
All experiments were conducted in the light phase (06:00-18:00) and
started at the same time. The Y-maze apparatus was composed of
white plastic and comprised three compartments (6 cm in width,
40cm in length, and 12 cm in height) radiating out from the center
platform (6 x 6 x 6 cm triangle). In this test, each mouse was placed in
the center of the maze facing toward one of the arms and was then
allowed to explore the maze freely for 8 min. An arm entry was defined
as the entry of four legs in an arm, and the investigator counted the
sequence of entries on a television monitor from behind a partition.
An alternation was defined as entries in all three arms on consecutive
choices (the maximum number of alternations was the total number
of entries minus 2). The percent alternation was calculated as (actual
alternations divided by maximum alternations) x 100, which was the
spontaneous alternation behavior of the mouse, and was considered a
measure of memory performance.

2.10. Data analysis and statistics

Data were analyzed using GraphPad Prism 9 statistical software
(GraphPad Software Inc., La Jolla, CA). All data are presented as
mean + standard error of mean. Unpaired ¢-test, Mann-Whitney U-,
Kolmogorov-Smirnov test and Kruskal-Wallis test and Friedman test
followed by Dunn’s test were used to test for statistical significance.

3. Results

3.1. Neuronal activity inhibition reduced
the functional response of OCs

Neuronal activity-dependent myelination has been demonstrated
in humans and rodents. Its impairment has been shown to result in
asynchronized activity in late stages of motor learning tasks reducing
the motor learning efficacy (Kato et al., 2020), suggesting that the OC
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response is associated with neuronal activity. We first assessed the
functional response of OCs, which may contribute to the activity-
dependent process. The mice specifically expressing the Ca** indicator
(GCaMP6) under the PLP promotor (PLP-GCaMP mice) were used
to observe the functional response of OCs in M1 in vivo.
Immunohistochemical staining was performed to identify the
differentiation level of GCaMP’ +ve (PLP’ +ve) cells in PLP-GCaMP
mice. Approximately 85% of the GCaMP’ +ve cells were OCs/OPCs
and about 75% of them were CC1 positive, which indicated that most
of the GCaMP’ + ve cells were mature OCs (Figures 1 A,B). In addition,
the proportion of MBP’ +ve processes in the GCaMP’ + ve cells was
about 15% (Figures 1C-E), suggesting that the GCaMP’ + ve cells were
mature but pre-myelinating OCs. Furthermore, we only chose OC that
have more than 5 processes (Supplementary Figure 1 A). We performed
Pre-imaging in mice that had undergone craniotomy (1st) several
weeks prior to drug administration. We then performed a craniotomy
(2nd), applied TTX to the brain surface to inhibit neuronal activity,
and obtained the second image after 30min (Figure 1F). Next,
we observed the Ca® response of OCs in vivo in M1 using a
two-photon microscope (Figures 1G,H and Supplementary movie 1).
We analyzed the Ca** response of OCs using a MATLAB-based script
(Maruyama et al., 2014). We counted the number of Ca** spots in the
imaging frame (Ca** spots), number of Ca** events in the imaging
frame (Ca® events), total AUC of all Ca** responses in the imaging
frame (total AUC), individual AUC of all Ca®* responses (AUC),
individual amplitude of all Ca** responses (Amplitude), and latency of
all Ca®* responses (Latency) in the imaging frame. Before the
application of drugs, to exclude the effects of craniotomy, we first
applied saline (for 30 min) with craniotomy after Pre-imaging (initial
imaging) (Supplementary Figure 1B). Saline application with
craniotomy did not affect Ca** spots and Ca** events, total AUC, AUC,
Amplitude, and Latency in OCs (Supplementary Figures 1C,D). Ca*
spots (Pre: 8.000+0.6405, TTX: 4.615+0.6257, p=0.0009), Ca*
events (Pre: 32.77 £6.800, TTX: 15.00 +2.990, p=0.0086), total AUC
(Pre: 387.2+80.60, TTX: 152.4+36.77, p=0.0256), and Amplitude
(Pre: 1.650+0.06944, TTX: 1.293+0.1003, p=0.0004) in OC Ca**
responses were significantly reduced with TTX application on the
brain surface (Figures 11,]). Furthermore, applying the same analysis
as described above at the individual mouse level showed that
Amplitude did not change, but Ca** spots, Ca®* events and total AUC
with TTX
(Supplementary Figures 1E,F), suggesting that these factors were

significantly reduced application
neuronal activity-dependent. Accumulation curves showed that
number of lower amplitude Ca** activities was increased after TTX

application (Figure 1K).

3.2. Neuronal activity promotes functional
response of OCs

We next promoted neuronal activity using the chemogenetic
method. The AAV coding hM3Dq designer receptor, a modified
human M3 muscarinic receptor under the hSyn promotor, was
injected in VA/VL of PLP-GCaMP6 mice. To verify whether axonal
activity increased with chemogenetic activation, we visualized the
axonal Ca** responses (visualized by AAV [AAV1-hSyn-axon-
GCaMP6s-P2A-mRuby3] injection into VA/VL) that projected from
VA/VL neurons to M1 (Supplementary Figures 2A-E). The AUC and
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Ca?* activities in oligodendrocytes (OCs) are regulated by glutamate. (A) Experimental protocol of the chemogenetic activation of the thalamocortical
circuit and two-photon Ca?* imaging with the application of neurotransmitter receptor antagonists, 6-cyano-7-nitroquinoxaline-2,3-dione disodium
(CNQX), Suramin hexasodium salt (Suramin), and pyridoxalphosphate-6-azophenyl-2’,4’-disulfonic acid tetrasodium salt (PPADS). An adeno associated
virus (AAV) vector coding Gg-DREAAD (hM3D) was injected into the motor thalamus and craniotomy (first) was performed. Then, 3—5 weeks after
surgical operation (AAV injection and craniotomy [first]), two-photon Ca?* imaging of OC was performed. A synthetic ligand clozapine N-oxide (CNO)
was administered for hM3D activation (5 mg/kg, i.p.) after Pre-imaging (Pre). One hour after CNO application, two-photon Ca?* imaging was
performed again (CNO). After second imaging (CNO), neurotransmitter receptor antagonists were applied on the brain surface by craniotomy
(second), and then, third imaging was performed (CNO + inhibitor). Two-photon Ca?* imaging of OCs was obtained from the same cells in all imaging
sessions. (B) Representative images showing the hM3D-mCherry expression in the motor thalamus and thalamocortical axons of motor cortices
5weeks after the AAV injection. (C) Representative Ca®* traces from spots of typical GCaMP’ + ve cells at Pre-imaging, and after CNO and CNO + CNQX
application. (D) Ca?* spots, Ca®* events and total area under the curve (AUC) were significantly increased after CNO application. CNQX application
significantly decreased these parameters. Pre: n =23 mice, 48 imaging fields (cells); CNO: 23 mice, 48 imaging fields (cells); CNO + CNQX: n =7 mice,
18 imaging fields (cells), N.S., not significant, **p <0.01, ***p <0.001, ****p < 0.0001, Kruskal-Wallis test followed by Dunn's test. Data are presented as
mean + standard error of mean. For detailed data, check the source data file. (E) No statistically significant differences were detected in Latency
between pre-imaging and after CNO application. AUC and Amplitude was significantly increased after CNO application. CNQX, application significantly
decreased Amplitude. AUC was not significantly different between CNO and CNO + CNQX applications. Amplitude and Latency was significantly
increased between CNO and CNO + CNQX applications. Pre: n =23 mice, 736 events; CNO: n = 23 mice, 2047 events; CNO + CNQX: n =7 mice, 286
events. N.S., not significant, ***p <0.001, ****p <0.0001, Kruskal-Wallis test followed by Dunn’s test. Violin plots show median (black line) and
distribution of the data. For detailed data, check the source data file. (F) Proportions of larger AUC and higher Amplitude were significantly higher after
CNO application than before. The proportion of lower Amplitude was significantly higher after CNO + CNQX application than after CNO application.
The proportion of longer Latency was increased after CNO + CNQX application than after CNO application. Pre: n = 23 mice, 736 events; CNO: n =23
mice, 2047 events; CNO + CNQX: n =7 mice, 286 events. ***p <0.001, ****p <0.0001, Kolmogorov—-Smirnov test. For detailed data, check the source

data file.

total AUC of axonal Ca*" responses significantly increased with CNO
injection and that persisted for 5h (Supplementary Figures 2A-E).
We then these OCs M1
(Supplementary Figure 2F). Ca** responses of OCs in M1 were

examined effects on in
visualized in PLP-GCaMP mice to quantify the changes associated
with the chemogenetic activation of VA/VL axons. Ca** spots, Ca®*
events, total AUC, and Amplitude of Ca** responses of OCs in M1
significantly increased 1h after CNO administration and persisted for
at least 5h (Supplementary Figures 2F-]), suggesting only a small
effect of different time courses of Ca*" imaging. We further assessed
whether Ca** responses of OCs in M1 were affected only by VA/VL
axonal activity or even with neuronal activity in M1. We injected AAV
coding hM3Dq under hSyn promoter in M1 to promote activation of
cortical neurons and tested whether that activated OCs in L1 of M1
(Supplementary Figure 2K). Ca* spots, Ca** events, total AUC, AUC,
Amplitude, and Latency of Ca** responses of OCs in L1 of M1 did not

show any detectable changes, suggesting the minimum impact of
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neurons of M1 but significant impact of VA/VL axonal activity on
OCs in L1 of M1 (Supplementary Figures 21-0). These results
indicated that the increased Ca* response in OC requires enhanced
activity of VA/VL axons projecting to M1 (Figures 2A,B). We then
measured the Ca* response in OCs with chemogenetic activation of
axons projecting from VA/VL neurons. Ca** spots (Pre: 4.885+0.4102,
CNO: 9.333+0.7324, p<0.0001), Ca®* events (Pre: 15.22+1.449,
CNO: 38.72+3.534, p<0.0001), total AUC (Pre: 142.4+20.83, CNO:
465.1+44.16, p<0.0001), AUC (Pre: 9.249+0.5549, CNO:
11.48+0.3921, p<0.0001) and Amplitude (Pre: 1.141+0.04281, CNO:
1.422+£0.03225, p <0.0001) were increased after CNO administration,
consistent with TTX application, suggesting that these factors were
affected by neuronal transmitters such as glutamate and ATP. OCs
express receptors for ATP and glutamate such as AMPAR, P2X-R, and
P2Y-R (Groc et al., 2002; Agresti et al., 2005; Fields and Burnstock,
2006; Zonouzi et al., 2011; Fannon et al,, 2015; Feng et al.,, 2015;
Gautier et al., 2015; Spitzer et al., 2019). We, therefore, attempted to
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identify specific transmitters affecting these factors of OC Ca*
responses by treating with specific inhibitors. Using in vivo
electrophysiology, we first tested whether neuronal activity in VA/VL
was altered by CNQX, Suramin, PPADS application on the brain
surface during chemogenetic activation. We observed no significant
changes in the activity of VA/VL neurons activated by chemogenetic
method before and after administration of these inhibitors
(Supplementary Figures 2P-R). We next attempted to evaluate the
contribution of glutamatergic transmission in the activity-dependent
OC responses. To inhibit AMPAR expressed on the cell surface of
OCs, the antagonist for AMPAR (CNQX) was used after CNO
injection (Figure 2A). CNQX applied after the second craniotomy
Ca® of OCs
(Supplementary Figures 1A-C). CNQX treatment significantly
reduced Ca® spots (CNO: 9.333+£0.7324, CNO+CNQX;
5.111+0.5417, p=0.0032), Ca* events (CNO: 38.72+3.534,
CNO+CNQX: 16.24+2.316, p=0.0002), total AUC (CNO:
465.1+44.16, CNO+CNQX: 197.9+38.29, p=0.0027), Amplitude
(CNO: 1.141+0.04281, CNO + CNQX: 1.124+0.06736, p=0.0004)
and Latency (CNO: 15.46+0.2839, CNO+CNQX: 21.31+0.9205,
p<0.0001) of OCs, indicating that AMPAR mediating Ca®* activity
contribute to of OC responses (consistent with Figure 1)

showed minimum effects on responses

(Figures 2C-F). The accumulation curve showed that the number of
higher Amplitude Ca®* activities was increased after CNO
administration. On the other hand, the number of lower Amplitude
Ca’* activities was increased after CNQX application (Figure 2F).
We further examined whether these factors changed with the
inhibition of ATP signaling. To inhibit P2 receptors, the antagonist
for P2 receptors (Suramin) and P2X and Y receptors (PPADS) were
used after CNO injection (Figure 2A). Inhibition of P2 receptors with
Suramin reduced Ca** spots (CNO: 9.333+0.7324, CNO + Suramin;
4.633+0.3887, p<0.00223), Ca** events (CNO: 38.72+3.534,
CNO + Suramin: 16.03+2.476, p=0.0004), total AUC (CNO:
465.1+44.16, CNO + Suramin: 141.2+30.56, p=0.0001), AUC
(CNO: 11.48+0.3921, CNO + Suramin: 7.373+0.7401, p <0.0001),
Amplitude (CNO: 1.422+0.03225, CNO + Suramin: 1.021 +0.07104,
p<0.0001) and Latency (CNO: 15.46+0.2839, CNO + Suramin:
12.70£0.5211, p<0.0001) of OCs (Figures 3A-D). Consistent with
data from Suramin application, inhibition of P2X and Y receptors
using PPADS reduced Ca** spots (CNO: 9.333+0.7324,
CNO+PPADS; 3.533+0.4641, p<0.0001), Ca’>* events (CNO:
38.72+3.534, CNO +PPADS: 11.23+1.218, p<0.0001), total AUC
(CNO: 465.1£44.16, CNO + PPADS: 72.35+14.37, p<0.0001), AUC
(CNO: 11.48+0.3921, CNO +PPADS: 5.320+0.5848, p<0.0001),
Amplitude (CNO: 1.422+0.03225, CNO + PPADS: 0.8632 + 0.05715,
p<0.0001) and Latency (CNO: 15.46+0.2839, CNO +PPADS:
12.67+0.7579, p<0.0001) of OCs (Figures 3E-H). The accumulation
curve showed that the number of lower Amplitude Ca** activities was
increased after Suramin and PPADS application (Figures 3D,H). As
previously described, the chemogenetic activation of VA/VL neurons
promoted activity in VA/VL axons and OCs in L1 of M1 for 5h. To
verify that the effect of antagonists was not due to differences in the
time course after chemogenetic activation, we performed Pre-imaging
followed by CNO administration. Subsequently, we applied saline or
PPADS following craniotomy, and finally performed imaging 1 h after
CNO administration with saline or PPADS (imaging 1h after
CNO +saline and 1h after CNO + PPADS, respectively). The results
showed that Ca®* responses in OCs persisted in the saline group,
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whereas in the PPADS group, Ca** responses in OCs significantly
reduced, indicating an effect of neurotransmitter antagonists
(Supplementary Figures 3A,B). In addition, glutamate and ATP
differentially affected the latency of Ca®* transients in OCs
(Figures 2EJF 3C,D,G,H).
significantly shortened the latency of Ca®* transients in OCs,

Suramin and PPADS application

suggesting that ATP induced longer latency of Ca’** transients. In
contrast, CNQX lengthened the latency of Ca®* transients in OCs,
indicating that glutamate induced faster latency of Ca** transients in
OCs. Thus, the latency of Ca®* responses in OCs is regulated by
different types of neurotransmitters previously known to elicit Ca**
responses in OCs (Gallo et al., 1996; Bergles et al., 2000; Chittajallu
et al., 2004; Lin and Bergles, 2004; Lin et al., 2005; Kukley et al., 2007;
Karadottir et al., 2008; Kougioumtzidou et al., 2017). Furthermore,
our analysis of Ca** responses in OCs at the individual mouse level
that at the (cells)
(Supplementary Figures 3C-H).

was similar to imaging fields level

3.3. OC responses in mice model of AD

The release of ATP from the dying and dead cells of the damaged
brain (Honda et al., 2001; Davalos et al., 2005; Haynes et al., 2006;
Matute et al., 2007; Duan et al., 2009) increases extracellular ATP
concentrations and contributes to AD pathology (Burnstock, 2008;
Cieslak and Wojtczak, 2018; Francistiova et al., 2020). Therefore,
we attempted to detect the difference in OC responses in mice models
of AD. We used App™-STNL-GT mice, as reported previously and
provided by Dr. Saido, as the mice models of AD (Saito et al., 2014).
We first assessed the behavioral abnormalities and found no detectable

NL-GFNLGF - mijce. However,

changes in 4- or 5-month-old App
6-month-old App™-STA-GT mice had impaired alteration ratio
(Supplementary Figure 4A), though the number of entries was not
impaired, which is consistent with the result of a previous study (Saito
et al., 2014). Since white matter lesions appear in head magnetic
resonance imaging of patients with AD before the onset of cognitive
decline (Lee et al., 2016), we next focused on the period before the
onset of behavioral abnormalities at 4 or 5months of age, by observing
OC Ca* responses in App-¢"N-GT mice (Figures 4A,B). Ca®* spots,
Ca* events, total AUC, AUC, Amplitude, and Latency were not
increased in 4-month-old App™-¢TN-6Tmjce, suggesting that OCs in
4-month-old App™-SN-GT mice did not show abnormal Ca?*
activities (Figures 4C-F). In contrast, Ca** spots, Ca** events, total
AUC, AUC, Amplitude, and Latency increased significantly in
5-month-old ~AppN-CFNL-GT
(Supplementary movies 2, 3), both at the imaging field (cells)

mice than in control mice
(Figures 4G-J; see also source data file) and individual mouse levels
(Supplementary Figures 4B,C), suggesting abnormal Ca®* activities are

NL-G-F/NL-GF Furthermore,

present in 5-month-old App mice.
we confirmed by immunohistochemical staining that the
differentiation levels of GCaMP’ +ve cells do not differ between
5-month-old App™-¢"N-SF mice and age-matched control mice
(Supplementary Figure 4D). These increased abnormal Ca** activities
in OCs were not inhibited by TTX treatment (Figure 5A), suggesting
that neuronal activity did not contribute to increased abnormal Ca*
NL-G-F/NL-G-F

activities in OCs of 5-month-old App mice (Figures 5B-F).
Therefore, we hypothesized that dying or dead cells in 5-month-old

AppN-SFNLGT mijce released ATP, enhancing the functional OC
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Ca?* activities in oligodendrocytes (OCs) are regulated by ATP. (A,E) Representative Ca?* traces from spots of typical GCaMP’ + ve cells at Pre-imaging,
and after CNO, CNO + Suramin, and CNO + PPADS applications. (B,F) Ca?* spots, Ca®* events and total area under the curve (AUC) were significantly
increased after CNO application. Suramin, and PPADS applications significantly decreased these parameters. Pre: n = 23 mice, 48 imaging fields (cells);
CNO: 23 mice, 48 imaging fields (cells); CNO + Suramin: 9 mice, 15 imaging fields (cells): CNO + PPADS: n =7 mice, 15 imaging fields (cells), N.S., not
significant, **p <0.01, ***p <0.001, ****p < 0.0001, Kruskal-Wallis test followed by Dunn’s test. Data are presented as mean + standard error of mean.
For detailed data, check the source data file. (C,G) No statistically significant differences were detected in Latency between pre-imaging and after CNO
application. AUC and Amplitude was significantly increased after CNO application. Suramin, and PPADS applications significantly decreased Amplitude.
Suramin and PPADS significantly decreased AUC, Amplitude and Latency. Pre: n =23 mice, 736 events; CNO: n = 23 mice, 2047 events;

CNO + Suramin: n =9 mice, 289 events; CNO + PPADS: n =7 mice, 289 events. N.S., not significant, *p < 0.05, **p <0.01, ***p <0.001, ****p <0.0001,
Kruskal-Wallis test followed by Dunn’s test. Violin plots show median (black line) and distribution of the data. For detailed data, check the source data
file. (D,H) Proportions of larger AUC and higher Amplitude were significantly higher after CNO application than before. The proportion of lower
Amplitude was significantly higher after CNO + Suramin, and CNO + PPADS applications than after CNO application. The number of shorter Latency
Ca?* activities was increased after CNO + Suramin and Suramin + PPADS applications than after CNO application. Pre: n = 23 mice, 736 events; CNO:

n =23 mice, 2047 events; CNO + Suramin: n =9 mice, 289 events; CNO + PPADS: n =7 mice, 289 events. *p<0.05, **p <0.01, ****p <0.0001,

responses. To test this hypothesis, we first stained 5-month-old
AppNL-G-F/NL-G-F

had more dying or dead cells compared to age-matched control mice.

mice with Fluoro-Jade C to investigate whether they

As expected, the number of dying or dead cells was significantly

increased in 5-month-old App™-GTANL-GF

mice compared to that in
age-matched control mice (Supplementary Figure 4E). To further
explore whether the abnormal Ca** activities in OCs were due to the
increased ATP in 5-month-old App™-¢"N-GF mice, Suramin and
PPADS were administered to 5-month-old App™-¢FN-GT mice
(Figure 5A). Suramin and PPADS application significantly reduced
Ca** spots (Pre: 8.206+1.613, Suramin + PPADS: 2.618+0.2829,
p=0.0044), Ca** events (Pre: 33.56+5.976, Suramin + PPADS:
7.559+0.8920, p<0.0001), total AUC (Pre: 443.3+77.70, Suramin +
PPADS: 46.20+9.347, p <0.0001), AUC (Pre: 13.86 +0.8542, Suramin
+ PPADS: 7.286 +0.8543, p <0.0001), Amplitude (Pre: 1.751 +£0.06353,
Suramin + PPADS: 1.041 +£0.08171, p <0.0001). Suramin and PPADS
application also reduced Latency (Pre: 15.71+0.4135, Suramin +
PPADS: 12.59+0.7377, p<0.0001) both at imaging fields (cells)
5F-H)
(Supplementary Figures 4F,G). Accumulation curves also showed a

(Figures and individual mouse levels
significant change in the distribution of AUC, Amplitude and Latency
after Suramin + PPADS application (Figure 5I). In contrast, CNQX

application did not show detectable changes in OC Ca** responses in
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5-month-old App™-¢"N-GF mice (Figures 5]-M). Furthermore,
properties of Ca** responses (AUC, Amplitude, and Latency) did not
correlate with the distance between Ca®* spots and Ap deposition, but
they were definitely more effectively suppressed by ATP inhibitors in
OCs of 5-month-old App™-S"N-6T mice than in OCs of age-matched
control mice (Supplementary Figures 4H,1). These data suggest that
OCs in 5-month-old App™-S"N-6T mice mainly receive ATP released
from dying or dead cells.

4. Discussion

In this research, we observed OC Ca®" responses. Activity-
dependent glutamate and ATP release from neurons or astrocytes
trigger OC responses with different properties of Ca®* responses. In
mice models of AD, these activity-dependent responses were lost but
higher frequency of ATP release induced Ca®* responses due
to neurodegeneration.

Myelination is essential for efficient information processing in
the brain. OPCs originate in the ventral ventricular layer of the zona
limitans intrathalamica in the mesencephalon. From here, OPCs
proliferate and migrate to be widely distributed in the brain. After
they settle in the brain, OPCs differentiate and myelinate the axons
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FIGURE 4
Ca?* activity of oligodendrocytes (OCs) is altered in 5-month-old AppN-SFN=GF mice. (A) Experimental protocol of two-photon Ca?* imaging of OCs in
AppNt-EFNEGF mice. For this purpose, transgenic mice (PLP-GCaMP6) were crossed with AppN-¢"N=GF mice and craniotomy was performed one week
before imaging. (B) Representative image of GCaMP' + ve cells in the motor cortex of 5-month-old age-matched control and App"-&FN-GF mice.
Arrow indicates a GFP* cell. Arrowhead indicates amyloid p deposition visualized by intraperitoneal administration of Methoxy-X04. Scale bar, 30 pm.
(C) Representative Ca®* traces from typical GCaMP' + ve cell processes from 4-month-old age-matched control and AppNL-G-F/NL-G-F mice. (D) No
statistically significant differences were detected in Ca?* spots, Ca®* events and total area under the curve (AUC) between Control and AppN=G-F/NEG-F
mice at 4 months of age. Control: n = 6 mice, 12 imaging fields (cells); AppN-¢N-CF: n = 6 mice, 15 imaging fields (cells). N.S., not significant by Mann—
Whitney U-test. Data are presented as mean + standard error of mean. For detailed data, check the source data file. (E) No statistically significant
differences were detected in the AUC, Amplitude, and Latency between Control and AppN“&/N-G-F mice at 4 months of age. Control; n = 6 mice, 233
events; AppN-SFNEGF g = 6 mice, 418 events. N.S., not significant, Mann—Whitney U-test. Violin plots show median (black line) and distribution of the
data. For detailed data, check the source data file. (F) Proportions of larger AUC, Amplitude, and Latency were not significantly different between
Control and AppN-&NEGF mice at 4 months of age. Control; n = 6 mice, 233 events; AppN-¢FN-GF- 1 = 6 mice, 418 events. N.S., not significant,
Kolmogorov-Smirnov test. For detailed data, check the source data file. (G) Representative Ca®* traces from typical GCaMP’ + ve cell processes from
5-month-old age-matched control and AppN=S-FN-GF mice. (H) Ca?* spots, Ca?* events and total AUC were significantly higher in AppN=S-FNSGF mice
than in Control mice at 5 months of age. Control: n = 8 mice, 22 imaging fields (cells); App"=SFN-CF: n = 8 mice, 18 imaging fields (cells). **p<0.01,
***%n < 0.0001, Mann—-Whitney U-test. Error bar shows mean + standard error of mean. For detailed data, check the source data file. (I) AUC,
Amplitude, and Latency were significantly higher in AppN=SFN-GF mice than in Control mice at 5 months of age. Control: n = 8 mice, 364 events; App"™
GFINLGF: 0 = 8 mice, 877 events. ****p < 0.0001, Mann-Whitney U-test. Violin plots show median (black line) and distribution of the data. For detailed
data, check the source data file. (3) Proportions of larger AUC and higher Amplitude and Latency were significantly higher in AppN-©F/N-GF mice than in
Control mice at 5months of age. Control: n = 8 mice, 364 events; AppN=SFN-GF: n = 8 mice, 877 events. **p <0.01, ****p < 0.0001, Kolmogorov—
Smirnov test. For detailed data, check the source data file.
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Ca?* imaging of OCs in App"“&FN-GF mice at 5months of age. One week after craniotomy (first), two-photon Ca?* imaging was performed (Pre). After
Pre- imaging, TTX or neurotransmitter receptor antagonists (CNQX or Suramin and PPPADS) were applied on the brain surface by craniotomy
(second), and then, second imaging was performed (Inhibitor). Two-photon Ca?* imaging of OCs was obtained from the same cells in all imaging
sessions. (B) Representative Ca?* traces from typical GCaMP’ + ve cell processes after TTX application. (C) No statistically significant differences were
detected in Ca?* spots, Ca?* events and total area under the curve (AUC) between before and after TTX application. Pre: n =9 mice, 19 imaging fields
(cells); TTX: n =9 mice, 19 imaging fields (cells). N.S., not significant, Mann-Whitney U-test. Data are presented as the mean + standard error of mean.
For detailed data, check the source data file. (D) No statistically significant differences were detected in AUC, Amplitude, and Latency between before
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Kolmogorov-Smirnov test. (F) Representative Ca?* traces from typical GCaMP’ + ve cell processes after Suramin + PPADS application. (G) Ca** spots,
Ca?* events and total AUC were significantly decreased after Suramin + PPADS application. Pre: n = 10 mice, 17 imaging fields (cells); Suramin + PPADS:
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FIGURE 5 (Continued)

n =10 mice, 17 imaging fields (cells). **p < 0.01, ****p <0.0001, Mann-Whitney U-test. Data are presented as the mean + standard error of mean. For
detailed data, check the source data file. (H) AUC, Amplitude, and Latency were significantly decreased after Suramin + PPADS application. Pre: n =10
mice, 777 events; Suramin + PPADS: n = 10 mice, 208 events. ****p <0.0001, Mann-Whitney U-test. Violin plots show median (black line) and
distribution of the data. For detailed data, check the source data file. (I) Proportions of smaller AUC, lower Amplitude, and shorter Latency were
significantly increased after Suramin + PPADS application. Pre: n =10 mice, 777 events; Suramin + PPADS: n =10 mice, 208 events. ***p <0.001,
**¥+%p < 0.0001, Kolmogorov—Smirnov test. For detailed data, check the source data file. (J) Representative Ca®* traces from typical GCaMP’ + ve cell
processes after CNQX application. (K) No statistically significant differences were detected in Ca** spots, Ca** events, and total area under the curve
(AUC) between before and after CNQX application. Pre: n =10 mice, 18 imaging fields (cells); CNQX: n = 10 mice, 18 imaging fields (cells). N.S., not
significant, Mann—Whitney U-test. Data are presented as the mean + standard error of mean. For detailed data, check the source data file. (L) No
statistically significant differences were detected in AUC, Amplitude, and Latency between before and after CNQX application. Pre: n = 10 mice, 822
events; CNQX: n =10 mice, 780 events. N.S., not significant, Mann—Whitney U-test. Violin plots show median (black line) and distribution of the data.
For detailed data, check the source data file. (M) Proportions of AUC, Amplitude, and Latency were not significantly different between before and after

CNQX application. Pre: n =10 mice, 822 events; CNQX: n =10 mice, 780 events. N.S., not significant, Kolmogorov-Smirnov test. For detailed data,

check the source data file.

to regulate the conduction velocity. Previous studies showed that
proliferation and differentiation of OPCs and myelination depend
on neuronal activity (Menn et al., 2006; Xing et al., 2014). TTX
injection into the eyes reduced OPC proliferation, and inhibition of
neurotransmitter release by the botulinus or tetanus toxin resulted
in deficient activity-dependent myelination due to impaired local
translation of myelin basic protein (Barres and Raff, 1993). OCs
express various receptors for neurotransmitters such as AMPA,
NMDA (N-methyl-D-aspartic acid), gamma-aminobutyric acid B,
and purinergic P1 and P2 receptors. Growing evidence suggested
that neurotransmitters regulate migration and proliferation of
OPCs, differentiation into OCs, and myelination in mature OCs
(Nishiyama et al., 2021). Adenosine, the metabolite of ATP, has
been shown to inhibit proliferation of OPCs, in contrast to ATP,
which itself is a contradictory result. In addition, OPCs form a
synapse-like structure with axons and receive glutamate on
AMPAR, which promotes OPC proliferation and inhibits their
differentiation into OCs (Agresti et al., 2005; Kato et al., 2018).
AMPA, NMDA, and P1 and P2 signaling mediates Ca** transients
in OCs/OPCs that
developmental changes in these receptor expressions have been
known (Matute et al., 2007; Spitzer et al., 2019).

Here, we showed that glutamate-mediated Ca** transients in
OC exhibited a short decay, but ATP-mediated Ca** transients in
OC exhibited a long decay. These differences may induce various

regulate downstream signaling. The

gene expressions to regulate their fate differently. Deficient activity-
dependent myelin regulation in adult mice impaired temporal
regulation of spike arrival, leading to increased spontaneous
neuronal activity and reduced movement-induced neuronal activity
in the primary motor cortex, which in turn impaired the motor
learning process (Kato et al., 2020). Although a previous study
demonstrated that Ca®* transients in myelin sheaths of L5 or L6
PLP-positive cells in mice are not dependent on neuronal activity
but are dependent on mitochondria (Battefeld et al., 2019), our
study showed that L1 GCaMP +ve (PLP’ +ve) cells were
predominantly CCl positive but a few were MBP positive,
suggesting that pre-myelinating OCs showed neuronal activity
dependent responses.

ATP is known to be released abundantly from degenerative
brain tissue. Released ATP activates P2X7 signaling, which
promotes inflammatory response in neurodegenerative diseases,
such as AD, amyotrophic lateral sclerosis, multiple sclerosis, and
spinal cord injury that cause apoptosis or dysmorphic changes in

Frontiers in Cellular Neuroscience

OCs, and ultimately induces de-myelination to promote disease
progression. Specifically, in studies in patients with AD and mice
models of AD, spatial transcriptome analysis revealed that genetic
changes in OCs around Ap deposition occur early in the disease
(Chen et al,, 2020). Furthermore, OCs/OPCs have been found to
show accelerated aging in mice models of AD and removal of these
cells have been found to improve their cognitive function (Zhang
et al,, 2019). We used mice models of AD and found that the
abundant ATP released from degenerative brain tissue increased
abnormal Ca* responses in OCs, which may cause dysmorphic
changes in OCs. In addition, the increased abnormal Ca** responses
in OCs may trigger myelin defects, abnormal myelination, or
abnormal turnover in OPC differentiation. A recent study suggested
that structural defects in myelin promote Af deposition and is an
upstream risk factor for AD (Depp et al, 2023), which may
be associated with abnormal Ca®* responses in OC observed at
5months of age prior to the onset of behavioral abnormalities.
Further studies are needed to clarify the effects of abnormal Ca*
responses in OCs on disease progression.
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