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Abstract

Oligodendrocytes (ODCs) are myelinating cells of the central nervous system (CNS)
supporting neuronal survival. Oxidants and mitochondrial dysfunction have been sug-
gested as the main causes of ODC damage during neuroinflammation as observed in
multiple sclerosis (MS). Nonetheless, the dynamics of this process remain unclear,
thus hindering the design of neuroprotective therapeutic strategies. To decipher the
spatio-temporal pattern of oxidative damage and dysfunction of ODC mitochondria
in vivo, we created a novel mouse model in which ODCs selectively express the
ratiometric H,O, biosensor mito-roGFP2-Orp1 allowing for quantification of redox
changes in their mitochondria. Using 2-photon imaging of the exposed spinal cord,
we observed significant mitochondrial oxidation in ODCs upon induction of the MS
model experimental autoimmune encephalomyelitis (EAE). This redox change became
already apparent during the preclinical phase of EAE prior to CNS infiltration of
inflammatory cells. Upon clinical EAE development, mitochondria oxidation remained
detectable and was associated with a significant impairment in organelle density and
morphology. These alterations correlated with the proximity of ODCs to inflamma-
tory lesions containing activated microglia/macrophages. During the chronic progres-
sion of EAE, ODC mitochondria maintained an altered morphology, but their oxidant
levels decreased to levels observed in healthy mice. Taken together, our study
implicates oxidative stress in ODC mitochondria as a novel pre-clinical sign of
MS-like inflammation and demonstrates that evolving redox and morphological

changes in mitochondria accompany ODC dysfunction during neuroinflammation.
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1 | INTRODUCTION

Multiple sclerosis (MS) is a chronic inflammatory disease of the central
nervous system (CNS) characterized by heterogeneous disease presenta-
tion, with progressive loss of motor function as common clinical symp-
the CNS of MS patients
oligodendrocyte (ODC) death and demyelination, axonal degeneration

tom. Histopathologically, displays
and multifocal invasion of inflammatory cells. ODCs produce myelin and
are metabolically coupled with axons (Fiinfschilling et al, 2012; Lee
et al,, 2012). Accordingly, experimental ODC depletion directly leads to
neuronal death (Locatelli et al., 2012) and metabolic impairments in ODCs
impact the temporal resolution of axonal firing (Moore et al., 2020). In
MS patients, ODCs show altered heterogeneity not only in lesioned sites,
but also in the non-inflamed normal-appearing white matter, thus sug-
gesting a widespread dysfunction of these cells in the entire CNS during
neuroinflammation (Huynh et al., 2014). Given extensive ODC damage in
early CNS lesions devoid of inflammatory infiltrates, some researchers
have even proposed that MS may arise from a primary ODC defect, but
this hypothesis remains debated (Barnett & Prineas, 2004).

ODCs can suffer from a variety of damaging mechanisms lead-
ing to impairment and cell death (Zeis & Schaeren-Wiemers, 2008),
together contributing to disease progression in MS and other neu-
rological disorders (Lucchinetti et al., 1999; Zeis & Schaeren-
Wiemers, 2008). Among these insults, oxidative stress is a main
degenerative process (Haider et al., 2011) caused by the increased
presence of reactive oxygen/nitrogen species (ROS/RNS) in the
affected CNS tissue. ROS/RNS are tightly regulated signaling medi-
ators (Trachootham et al., 2008) mainly released as by-products of
physiological processes. Their intracellular production and detoxifi-
cation are in a delicate equilibrium that impacts ODC survival in
several pathologies (Lopez-Juarez et al., 2017; Mclver et al., 2010).
Increasing intracellular concentrations of ROS/RNS can lead to
DNA damage and lipid peroxidation in ODCs (Haider et al., 2011;
Tang et al., 2017). Moreover, ODCs are the largest CNS sink for
iron (Todorich et al., 2009), with iron accumulation directly linked
to the amplification of ROS/RNS-induced oxidation.

Chiefly responsible for intracellular ROS/RNS production during
homeostasis and pathology, mitochondria are dynamic organelles
regulating vital physiological processes including energy production,
ion homeostasis and anti-apoptotic mechanisms (Knott et al., 2008).
ROS/RNS are mainly released by mitochondria because of their met-
abolic functions (Lacza et al., 2006; Murphy, 2009). At the same time
however, mitochondria are highly susceptible to oxidative damage,
with metabolic impairment or inflammation causing overproduction
of radicals at the level of the oxidative phosphorylation chain and
consequent damage to mitochondrial DNA, lipids, and proteins
(Mronga et al., 2004; Witte et al., 2014). Oxidative stress in these
organelles directly impairs ATP production and diminishes organelle
biogenesis, thus creating a vicious circle of self-sustaining cellular
dysfunction (Mronga et al., 2004; Rose et al, 2017; Witte
et al., 2014). Notably, mitochondrial damage is proposed as a primary
factor in ODC pathology during MS, potentially through ROS/RNS
mediated mechanisms (Bolafios et al., 1997; Konradi et al., 2012; Lan
etal., 2018).

In the complex scenario of CNS inflammation however, ROS/RNS
are also massively produced by resident and blood borne myeloid
cells. The extracellular release of oxidizing radicals by these immune
cells is considered a main agent of tissue destruction in both MS and
MS models (Haider et al., 2011; Locatelli et al, 2018; Mendiola
et al., 2020). However, the overall role of ROS/RNS remains contro-
versial and context-dependent by driving tissue damage and at the
same time decreasing T cell-mediated inflammation in animal models
(De Caterina et al., 1995; Niedbala et al., 2011). Taken together, the
combined actions of intracellular and immune-mediated ROS/RNS
production could drive mitochondrial impairment and dysfunction in
ODCs during neuroinflammation. While the therapeutic targeting of
oxidative stress would require precise understanding of the spatio-
temporal actions of oxidizing radicals, the dynamics of these pro-
cesses in ODCs during MS and MS-like inflammation remain however
speculative.

To visualize the fast spatial and temporal dynamic of oxidation in
ODC mitochondria, we created the OQDCM!tGFP-Tomato animal model
in which MOG™ mature ODCs express in their mitochondria the ratio-
metric peroxide sensor mito-roGFP2-Orpl. In this probe, the yeast
thiol peroxidase Orp1 is fused to redox-sensitive GFP (roGFP2). Oxi-
dation of Orp1 by peroxides induces the formation of a disulfide bond
in roGFP2, altering its fluorescence (Gutscher et al., 2009). Altogether,
ratiometric changes in fluorescence emission allow to assess varia-
tions in peroxide levels (Fujikawa et al., 2016; Gutscher et al., 2009).

By performing 2-photon imaging of ODCMiteGFP-Tomato ice
induced with the MS model experimental autoimmune encephalomy-
elitis (EAE), we here observed a significant increase in ODC mitochon-
dria oxidation as soon as 8 days post immunization and until the
clinical onset of the disease. Complementary histological analysis
showed that at these initial EAE stages, oxidation correlated with
higher density and decreased length of ODC mitochondria, both indic-
ative of a disbalanced homeostasis of these organelles and suggesting
impaired functionality. Counterintuitively, while mitochondrial length
decreased during the subsequent chronic phase of autoimmune neu-
roinflammation, mitochondrial oxidation returned to homeostatic
levels.

Taken together, our data suggest that distinct mechanisms affect
mitochondrial physiology in ODCs at the different phases of EAE
development. Our experimental platform shows for the first time
in vivo that oxidative pathology in ODC mitochondria is an early hall-
mark of autoimmune neuroinflammation, with dysfunction of these
organelles as a key mechanism potentially contributing to ODC

pathology.

2 | MATERIAL AND METHODS

21 | Animals

iNOS-tdTomato were kindly provided by Prof. Alain Bessis (ENS Paris,
France); MOG-cre mice by Prof. Ari Waisman (University of Mainz,
Germany); CCR2-RFP x CX3CR1-GFP mice were a gentle gift of
Dr. Israel F. Charo (UCSF); mito-roGFP2-Orp1 mice were provided by
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Prof. Tobias Dick (University Heidelberg); Ail14 reporter mice are from
The Jackson laboratory. Mice were housed in individually ventilated
cages under specific pathogen-free conditions. Animal procedures
were performed in accordance with the Swiss legislation on the pro-
tection of animals and were approved by the veterinary office of the
Canton of Bern, Switzerland.

2.2 | Active experimental autoimmune
encephalomyelitis induction and control immunization

aEAE was induced in both male and female mice by injection of myelin
oligodendrocyte glycoprotein peptide 35-55 (MOGss.55 peptide,
200 pg per animal, Genscript) and complete Freund's adjuvant
(Incomplete Freund's Adjuvant, Santa Cruz Biotechnology; supple-
mented with Mycobacterium tubercolosis, Difco). An emulsion of
MOGgs.55 and CFA was injected subcutaneously in mouse flanks and
at the tail base at day O; in addition, 300 ng of pertussis toxin (List
Biological Laboratories, Campbell, CA) was injected intraperitoneally
at day O and day 2. As controls served mice treated as above, however
with CFA emulsified in Dulbecco's phosphate- buffered saline (DPBS,
Gibco, Paisley, UK) without MOGs3s5.55. Immunized mice were
weighted and disease development scored daily according to a previ-
ously established system (Tietz et al., 2016). Four clinical time points
were defined: weight loss (5 animals presenting a 3%-5% loss of
weight shortly preceding clinical symptoms), clinical onset (9 animals
showing a limb tail and partial hind leg paraparesis, average clinical
score + SD 1.03 + 0.47), symptomatic peak of disease (10 animals pre-
senting hind leg paraparesis and unsteady gait or hind leg paraplegia
4 days after EAE onset, average clinical score + SD 1.6 +0.31),
chronic EAE (7 animals showing a recovered, yet not complete
strength in the hind limbs 10 days after disease onset, average clinical
score + SD 0.92 + 0.31). At day 8 post treatment, 6 mice following
CFA + PTx + MOGg3s.55 immunization and 5 mice following CFA +-

PTx control immunization were analyzed.

2.3 | Spinal cord isolation and cryostat sections
Mice were sacrificed and transcardially perfused with 4% paraformal-
dehyde (PFA, Merk Darmstadt, Germany) in DPBS (Gibco, Paisley,
UK); isolated spinal cords were post-fixed in 4% PFA overnight,
cryopreserved in 30% sucrose (Sigma-Aldrich, St. Louis, MO) diluted
in DPBS for 3 days and frozen at —80°C in O.C.T. (Tissue-Tek).
20-25 pm spinal cord longitudinal sections were cut using a cryostat
(HM550, Thermo Fisher).

24 | Immunofluorescence stainings of CNS tissue

For Ibal, CC1 and NeuN stainings, spinal cord sections were initially
fixed with 100% ice cold acetone at —20°C for 10 min and dried
before being reconstituted with 1x homemade Tris-buffered saline
(1x TBS). For MBP and COX IV staining, sections were fixed with

100% ice cold methanol at —20°C and washed with 1x TBS
(3 x 10 min). Unspecific binding was prevented by incubation in 10%
goat or donkey serum containing 0.1% Triton (Sigma-Aldrich,
St. Louis, MO) diluted in 1x TBS (for Ibal, CC1 and NeuN stainings),
5% BSA containing 0.3% Triton in 1x TBS (for MBP stainings) or 5%
FBS in 1x TBS (for COX IV stainings). Following 1x TBS rinsing, the
slides were incubated overnight at 4°C with the following primary
antibodies: goat anti-lbal (NB100-1028, Novus Biologicals, 1:100);
mouse anti-CC1 (MABC200, Sigma-Aldrich, 1:200); mouse anti-NeuN
(Sigma Millipore Corp, 1:100) (antibodies diluted in 2% goat serum
containing 0.1% Triton in TBS), rat anti-MBP (MCA409S, aa82-87,
1:100, diluted in 1% BSA + 0.3% Triton in 1x TBS) and mouse anti-
COX IV (Biolegend, Clone 4011-B3,E8, Cat. 937,802, 1:100, diluted in
1x FBS). After tissue rinsing 3 x 10 min with 1x TBS, the slices were
incubated for 2 h at RT in the following secondary antibodies: Alexa
Fluor 647 goat anti-mouse IgG (Invitrogen, stock 2 mg/mL), donkey
anti-goat AF647 IgG (H + L) (Jackson ImmunoResearch) (diluted at
1:200 in 2% goat serum in 1x TBS for CC1, NeuN and Ibal stainings
orin 1x FBS in 1x TBS for the COX IV staining), goat anti-rat AF647
(diluted at 1:200 in 1% BSA in 1x TBS). Following 1x TBS wash
(3x10 min), the sections were incubated with DAPI (1:5000 in 1x
TBS, 1 mg/ml stock, AppliChem, Darmstadt, Germany) for 10 min at
RT and mounted with Mowiol 4-88 (Sigma-Aldrich, St Louis, MO).

Analysis of MBP immunostaining was performed on images
acquired with a 20x objective of a fluorescence microscope (Nikon,
Eclipse E600). For the other stainings, Z-stack images of CNS sections
were acquired using a LSM800 confocal microscope (Zeiss) with 40x
magnification and analyzed using Fiji (National Institute of Health,
Bethesda, MD). The shape factor of single ODC mitochondria was
assessed by hand-drawing the length and width of single organelle
puncta via Fiji and calculating their ratio via Excel. Distinct puncta
were identified by manually reducing the intensity of fluorescence in
the GFP channel before the analysis, to confirm the physical separa-
tion of individual signals. The density of ODC mitochondria was
assessed manually by defining the tdTomato™ cytosolic cell body sur-
rounding the nucleus and by counting the number of identifiable mito-
chondria puncta within the area. lbal'-containing lesions were
defined as cluster accumulations of at least 4 DAPI™ Ibal™ myeloid
cells disrupting the normal-appearing tissue organization. The catego-
ries “close,” “intermediate,” and “far” in relationship to distance from
such lesions were assigned as a measure of proximity to cellular
sources of ROS/RNS.

2.5 | Flow cytometry

CX3CR1-GFP x CCR2-RFP mice were sacrificed at indicated time
points following induction of EAE; non-immunized littermates were
used as healthy controls. Following perfusion with 1x PBS, brain and
spinal cord tissues were isolated and placed in ice cold 1x PBS. Each
organ was cut into small pieces and digested at 37°C for 30 min in
HBSSMe+ M+ containing 0.4 mg/ml collagenase VIII and 1 pg/ml
DNase (Roche). Tissue homogenization was performed in glass
homogenizers using dissection media (3 ml/organ) containing
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HBSSM& + S+ 25 mM HEPES buffer solution (Gibco, Paisley, UK)
and 45% glucose dissolved in sterile water. Following filtration
through 70 pm strainers (SPL Life Sciences, Cat. 93,070) and washing
with FACS buffer (PBS + 2% Fetal Calf Serum-SeraGlob), cell gradi-
ent was performed using 37% Percoll (Ge Healthcare Biosciences,
Cat. 17-0891-01) and centrifugation at 800 g, for 30 min at 4°C.
This step allowed the creation of a density gradient formed by a
myelin ring at the surface, a middle layer containing CNS resident and
infiltrating myeloid cells and a blood cell ring at the bottom of the
tube. The middle layer was filtered through 70 pm cell strainer and
washed. Following centrifugation (10 min, 1200 rpm, 4°C), the super-
natant was discarded, and the cells were prepared for antibody stain-
ing. Cells were incubated with blocking anti-CD16/32 (homemade)
for 15 min on ice. After washing, cells were incubated for 30 min
at 4°C, in dark conditions, with the following antibodies diluted in
FACS buffer: CD3 (AF700 anti-mouse, clone 17A2, Biolegend, Cat.
100216), CD11b (PercP anti-mouse/human, clone M1/70, Biolegend,
Cat. 101230), CD45 (PE/Cy7 anti-mouse, clone 30F11, Biolegend
103114) and Lyé6G (APC anti-mouse, Clone 1A8, Biolegend, Cat.
127614). Detection of ROS production was performed via deep red
CellROX staining (Thermo Fisher) according to the manufacturer
instructions. Cells isolated from inguinal lymph nodes of C57BL6/j
mice (Charles River laboratories) were used for compensations and
instrument set-up. The samples were acquired using an Attune NxT
cytometer (Thermo Fisher Scientific). A total volume of 250 pl was
analyzed per sample. Analysis was performed using the FlowJoTM
software (version 10, Ashland). Following the identification of popu-
lations of interest based on size and granularity, we performed the
downstream analysis on single cell populations and identified infil-
trating monocytes as CD45"&"CD11b* CCR2*CX3CR1"®¢, granu-
locytes as CD45"8"CD11b* CCR2"®® Ly6G™, lymphocytes as
CD45Me"CD11b"8CD3* and microglia as CD45"termediatecy11p+
CX3CR17CCR2"°8,

2.6 | Two-photon intravital microscopy

The cervical spinal cord was exposed by laminectomy as previously
described (Haghayegh Jahromi et al., 2017). Briefly, animals were intu-
bated by insertion of a canula in the trachea providing oxygen and iso-
flurane through a Minivent system (Harvard apparatus). Laminectomy
(C2-5) was performed and spinal column fixed at C1 and Cé in a ste-
reotactic frame. Body temperature and heart rate were recorded and
stored electronically. To provide treatment access, dura mater was
carefully removed prior to imaging using a needle and forceps
(Romanelli et al., 2013), and tissue superfused with a warm home-
made CSF solution (Locatelli et al., 2018). Incubation with reagents
was performed on the exposed spinal cord for a minimum of 10’ in
warm CSF (DTT, Sigma Aldrich; H,O,, Merck; Fluoromyelin red stain-
ing, Invitrogen). Imaging was performed via 2-photon (LaVision Trim-
Scope Il microscope, Spectra-Physics laser). Mouse respiration via
MiniVent was synchronized to picture acquisition through a triggering
device (TrigViFo) reducing imaging artifacts (Vladymyrov et al., 2020).
Through an additional toolkit (VivoFollow II) (Vladymyrov et al., 2020),

this synchronization allowed real-time distortion correction. Tissue
displacement was automatically corrected by objective and stage
adjustment through a Python script (VivoFollow 1) (Vladymyrov
et al., 2016). Single images, z-stacks, and videos were acquired with
ImSpector software (LaVision). For ratiometric mito-roGFP2-Orp1l
imaging, 3D volumes of the spinal cord were acquired twice, alternat-
ing 800 and 940 nm wavelengths (3% laser power, 1041 x 1041 pixel
resolution, 800 Hz speed; for representative images: 940 nm, 3.8%
laser power, 2041 x 2041 resolution, 600 Hz speed, PMT gain 60%,
step-size 1 pm). Raw images were processed with Fiji (Schindelin
et al., 2012) and saved as TIF. Region of interests were created around
cells/structures/mitochondria and fluorescence analyzed after back-
ground subtraction. Distinct mitochondria puncta were identified by
manually reducing the intensity of fluorescence in the GFP channel in
Fiji before the analysis, to confirm the physical separation of individual

mitochondria.

2.7 | Statistics

Statistical analysis was performed using GraphPad Prism 9 software
(La Jolla, CA). All values are presented as box and whiskers (min to
max). Datasets were first tested for normality using the Shapiro-Wilk
normality test. Kruskal-Wallis test with Dunn's multiple comparison
test was then used to compare 3 or more experimental groups and
Mann Whitney U test was used to compare 2 groups. For the flow
cytometry analysis and animal-based comparisons in Figures 2b,h and
3b,e,g,i,n, one-way ANOVA with post hoc Bonferroni's comparison
was performed. Asterisks indicate significant differences (*p < .05,
**p < .01 and ***p < .001, ****p < .0001).

3 | RESULTS
3.1 | Validation of the ODC™MitoGFP-Tomato
animal model

To study and visualize ODC mitochondrial pathology in a mouse model,
we crossed MOG-cre mice (Hévelmeyer et al.) to cre-inducible mito-
roGFP2-Orp1 mice (Fujikawa et al., 2016) and cre-inducible tdTomato
reporter (Ai14) mice (Madisen et al., 2010). In the resulting MOG-cre x
mito-roGFP2-Orpl x Ail4 model (henceforth ODCMtoGFP-Tomato,
Figure 1a), GFP" mitochondria could be detected in the tdTomato™
ODC cell body and cytoplasmic extensions, together allowing to visual-
ize the distribution of these organelles in the complex ODC cytoarchi-
tecture (Figure 1b and Supplementary Movie). To exclude potential
MOG-cre-driven recombination in neuronal cells (Frihbeis et al., 2013),
we stained CNS sections of QDCMtoGFP-Tomate yice for the ODC
marker CC1 and for the neuronal marker NeuN and found that 95% of
roGFP2" tdTomato™ cells stained positive for CC1 (Figure 1c).

Next, we analyzed expression and detection range of the mito-
roGFP2-Orp1 sensor in vivo. We exposed the cervical spinal cord of
ODCMiteGFP-Tomato \yica by [aminectomy and observed that ODC-
specific tdTomato and mito-ORP1-roGFP2 expression could be
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reliably detected in the spinal cord white matter (Figure 1d). We
assessed the detection range of the mitochondrial sensor in ODCs by
incubating the exposed spinal cord of healthy ODC™MteGFP-Tomate jcq
with increasing amounts of hydrogen peroxide (1-10 to 100 pM). In
our system, upon 2-photon excitation at 800 and 940 nm, the ratio of
mito-roGFP2-Orp1 emission intensities is directly related to the
degree of probe oxidation ( Meyer & Dick, 2010) (Figure 1e). More-
over, given its ratiometric characteristics, mito-roGFP2-Orp1 senses
peroxide without being perturbed by photobleaching or variations in
expression (Gutscher et al, 2009). Sensor oxidation significantly
increased over the untreated baseline values after incubation with
1 uM peroxide and reached the expected maximum detection range
(circa 2.5 fold increase over basal conditions) following incubation
with 100 uM peroxide, as reported in previous studies (Breckwoldt
et al., 2014) (Figure 1f). Incubation with dithiothreitol (DTT; 100 pM),
a disulfide reductant, did not lead to a significant decrease in probe
oxidation, thus suggesting an overall reduced basal state of ODC
mitochondria during homeostasis (Figure 1g).

ODCMiteGFP-Tomato jice gllowed to detect a wide

In summary,
range of peroxide concentrations in ODC mitochondria in vivo. This
mouse model can thus be used to assess changes in the redox state of

ODC mitochondria in a pathological context.

3.2 | ODC mitochondria are oxidized upon
development of autoimmune neuroinflammation

ROS/RNS have been proposed as main drivers of tissue damage in
MS (Smith, 2011), but their subcellular distribution and temporal dis-
semination during neuroinflammation remain unclear. To shed light on
oxidative mechanisms specifically in ODC mitochondria, we assessed
mito-roGFP2-Orp1 emission intensity in vivo in ODCMitoGFP-Tomato
mice during the course of EAE. Notably, we observed a significant
increase in mitochondrial oxidation at the first clinical signs of EAE
development, that is, when animals started losing weight 10-11 days
after immunization (“weight loss”), and upon the subsequent onset of
motor symptoms (Figures 2a,b and S1a). At these early stages, mito-

roGFP2-Orpl emission in ODC mitochondria resembled values

detected after exposing healthy spinal cords to 1-10 pM of peroxide
(Figure 2c). This higher oxidative state observed at the time when
mice started to lose weight could be significantly decreased in vivo by
spinal cord incubation with DTT, thus showing that, in principle, ODC
mitochondrial oxidation could be pharmacologically reversed during
EAE (Figure 2d).

Subsequent analysis of ODC mitochondrial oxidation at the symp-
tomatic peak of EAE (4 days after clinical onset, Figure S1b) showed a
strong heterogeneity in ODC oxidation, with a minority of ODCs con-
taining highly oxidized mitochondria (Figure 2a,e) and a vast majority of
ODCs showing a significant decrease in roGFP2-Orp1 oxidation reach-
ing values observed in non-immunized control mice (Figure 2a,b). Sur-

prisingly, analysis of QDCMitoGFP-Tomato

mice at the chronic stage of the
disease (10 days after onset of clinical symptoms, Figure Sic) revealed
that mitochondria oxidation in ODCs further decreased becoming com-
parable to untreated mice (Figure 2b) and to the DTT-induced fully
reduced state detected in healthy spinal cords (Figure 2f).

To assess whether mitochondria oxidation correlated with myelin
loss, we immunostained spinal cord tissue sections from ODC™toGFP-Tomato
mice with an anti-MBP antibody. A significant decrease in MBP staining
could be observed at all analyzed timepoints of clinical disease, with the
strongest loss at disease onset (Figure S1d,e). Thus, no direct correlation
between ODC oxidation and demyelination could be observed at the tis-
sue level.

Taken together, in vivo imaging of the spinal cord of QDCM!teGFP-Tomato
mice during EAE revealed a complex evolution of the mitochondrial redox
state in ODCs, with an increase in oxidation at the preclinical and clinical
stages of disease development and a subsequent decrease along the
chronic phases of EAE. These data highlight how pathological processes
affecting the physiology of ODC mitochondria are already dominant at the
very beginning of CNS inflammation.

3.3 | Pre-clinical mitochondrial oxidation is
detected in absence of CNS-invading immune cells

Earlier work in murine EAE models has shown that mitochondria mal-

functioning in CNS cells can occur several days before the first clinical

FIGURE 1

Expression and detection range of the Mito-roGFP2-Orp1 sensor in ODC™°CGFP-Tomato iyica (3) Diagram illustrating the genetic

make-up of ODC™MtGFP-Tomato ice (h) Representative mitochondrial distribution in a roGFP2*tdTomato™ ODC from a 4%PFA-fixed spinal cord
tissue of a ODCMeCGFP-Tomato 4156 |n green, mitochondrial signal; in red, cytosolic signal, in cyan, nuclei (DAPI). Shown are selected planes (with
indicated depth in pm) from the imaged z-stack, illustrating detection of single mitochondria (white arrows) in the main cytosolic processes and in
non-compact myelin (quadrant V-VI). Scale bar, 10 pm. (c) Spinal cord from ODC™MteGFP-Temato yica were isolated and 20 pm thick sections
stained with anti-APC clone CC1 (left) and NeuN (right). Shown is the percentage of colocalization of roGFP* tdTomato™ cells with CC1 and
NeuN, n = 5. (d) In vivo maximum intensity projection of the spinal cord of a ODC™Mt°GFP-Temate 16,56 Green signal (roGFP2) identifies ODC
mitochondria, red signal (tdTomato) ODC cytosol, 2-photon wavelength used was 940 nm, laser power 3.5%, 1024 x 1024 pixel. Scale bar,

20 pum; magnified inlet, scale bar, 8 pm. (e) Structure of the Mito-roGFP2-Orp1 protein, showing cysteine residues reactive to oxidation.
roGFP2-Orp1 possesses a mitochondrial-targeting sequence (coxVIIIB) allowing import to the organelle matrix. Depending on the 2-photon
excitation wavelength used (right), oxidation increases (at 800 nm) or decreases fluorescence (940 nm). Oxidation sensed by ORP1 is transferred
with fast kinetics to roGFP2. (f,g) 800/940 nm emission ratio recorded via 2-photon imaging of the spinal cord of ODC™Mt°CFP-Tomato ipica Shown
are box and whiskers graphs with number of mitochondria averaged per single ODC. Peroxide (f) and DTT (g) were incubated for 10’ on the
exposed tissue at the indicated concentrations, 5 mice per group, untreated cells, n = 42, 1 uM peroxide, n = 43, 10 uM peroxide, n = 38,

100 uM peroxide, n = 45, DTT, n = 49. Kruskal-Wallis test with Dunn's multiple comparison test, *p < .05; ***p < .0001 (f) and

Mann Whitney U test (g).
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FIGURE 2 In vivo imaging in ODC™tGFP-Tomato iyice shows mitochondrial oxidation in ODCs upon induction of anti-myelin immunity.

(a) 800/940 nm 2-photon emission ratio of the spinal cord of ODCMtGFP-Tomato yjce 4t steady state and at the indicated stages of EAE
development. Shown are box and whiskers representations with number of mitochondria averaged per single ODC. Cells from untreated, n = 650
(n = 6 mice); weight loss, n = 353 (n = 3 mice); onset, n = 692 (n = 3 mice); peak n = 1067 (n = 5 mice); chronic EAE, n = 450 (nh = 3 mice).

(b) Box and whiskers representations of single mice from (a). (c) 800/940 nm ratio of the spinal cord of ODC™©GFP-Tomate pice iy untreated mice
(n = 6), at the weight loss stage of EAE (n = 3) or following incubation with peroxide as in Figure 1f (n = 5). (d) 800/940 nm ratio of the spinal
cord of ODCMtoGFP-Tomato \yice ot the weight loss stage of EAE before treatment (left, n = 336) and following incubation with DTT (right,

n = 226) (n. of mice per group = 3). Shown are values from single mitochondria. (e) Representative 2-photon images of ODCs in the cervical
spinal cord of ODC™MteGFP-Tomate 1yice Green signal (roGFP2) identifies ODC mitochondria, red signal (tdTomato) cytosol. False color scale
indicates 800/940 nm values of single mitochondria puncta. Scale bar, 4 um. (f) 800/940 nm ratio recorded via 2-photon imaging of spinal cords
of healthy ODCMiteGFP-Tomato iyice following incubation with DTT (n = 5) or in EAE mice at the during chronic EAE (n = 3). (g) 800/940 nm
emission ratio of the spinal cord of ODC™teGFP-Temato yjce at steady state and at the indicated stages of EAE development; D8, day 8 post
MOG3;s._55 immunization; D8 CFA + PTx, day 8 post injection of CFA and PTx; box and whiskers representations with number of mitochondria
averaged per single ODC or h) per single mouse. Cells from untreated, n = 650 (n = 6 mice); weight loss, n = 353 (n = 3 mice); D8, n = 133

(n = 5 mice); D8 CFA + PTx n = 132 (h = 4 mice). (i) 800/940 nm emission ratio of the spinal cord of ODCMtCGFP-Tomato mice 4t steady state and
at the indicated stages of EAE development. Datapoints correspond to averaged values of mitochondria puncta from the same ODC. Number of
mice analyzed: Untreated, n = 3; day 8 post immunization, n = 5; onset, n = 5. (j) Representative 2-photon images of ODCs in the cervical spinal
cord of ODCMiteGFP-Tomato ice ot day 8 post MOG + CFA immunization. Green signal (roGFP2) identifies ODC mitochondria, red signal
(tdTomato) cytosol. False color scale indicates 800/940 nm values of single mitochondria puncta. White dotted line indicates mitochondria
assigned to the “cell body,” yellow dashed line indicates mitochondria assigned to “processes.” Scale bar, 4 um. (a,c,g) Kruskal-Wallis test with
Dunn's multiple comparison test, *p < .05; **p < .001; ***p < .0001. (b,h) 1-way ANOVA with Bonferroni's post hoc comparison, *p < .05;

**p < .001; ***p < .0001. (d,f,i) Mann Whitney U test, ***p < .0001

allowing to distinguish tissue-invading RFP" inflammatory monocytes
from RFP"82ve GFP* resident microglia/macrophages. In vivo imaging
of these mice at day 8 post immunization revealed that invading RFP*
cells were absent from the exposed cervical spinal cord (data not shown).
To extend our analysis to the entire CNS, we performed flow cyto-
metry analysis of isolated brain and spinal cord tissue 8 days post

immunization. We observed that microglia numbers were unchanged

signs of disease, thus suggesting that the initial dysfunction might be
initially independent from the infiltration of peripheral inflammatory
players (Hasseldam et al., 2016; Qi et al., 2006). To test this hypothesis
in our model, we investigated ODC oxidation 8 days post immunization,
a timepoint in which peripherally activated immune cells have not yet
invaded the CNS. To confirm the latter, we induced EAE in a reporter
mouse model, CCR2-RFP x CX3CR1-GFP (Saederup et al, 2010),



compared to non-immunized control mice and no invading lympho- Furthermore, the enzyme producing NO, iNOS, was not expressed
cytes, monocytes or granulocytes were detectable in the spinal cord in CNS cells (data not shown) and ROS production could not
(Figure S2a) and brain (data not shown) of immunized mice. be detected in microglia cells at this timepoint (Figure S2b).
Untreated Onset EAE
(@) 25, — M (b) —_— ()
’ Hekek * 2'2-
kK *%k
= 2.0
.62.0- % é
8 8 3
@ o 1.8
< (] -
® 15 5 §
1.6 _I_ P 2
o
©
<
7}
10 1.4- .
® & & & & &
@ X & < XY .o
& & & ‘{é L &
\) N} C,éo N) OQ *O
*kk
n.s 249 kK
() 4, sns (e) 2—=—r () (@)o. M),
1.5+ n.s. * ns
2.24 Fkk * *% N ek
N 0.4- [

-
o
1

0.3

Shape factor
b

Shape factor

2 p

s <

Mitochondrial density
2
Density
Mitochondrial density

0.2
1 054 0.5
1.6 014 E
0 T ; @I @l 1 4-—;—r—1@—(:— 0.0 r . r 0.0 ; . . 0.0 T T T
G & & F K < < poar & &
0‘@ xQ ‘bQ,v' \Q,V' -ééb\ xQ Qf" é"@ @b ng, Qy. g?@b & Q,vg’ 6@ xq‘\ «y. sz.
& & ° & Ky © & & o & & Ko &
& ) & g
& ° S AR S MG N Ovoc’ o
. dedek sk
i — () 300y —** () 10000000
n.s
0.5- *k * ek *k%k
3 2407 - — 8000000-
0.4
>
b s >
2 24007 - B s
S g 2 6000000-
> 0.3-5 ? £ : 5
- — = [ =
= > E
< 2
[ X 1x10°7 4
5 4000000
0 0.2 Q S g 1
06
0.1 5x10 2000000+ Q
0.0-—7—7—T— 0- -
(]
\e‘b Q«.‘. ??’ V?/ & @b@vg/ Vg’@éo ??/
< & & 2 < <
G M N C P e
S & < S Tl
N
<® S

FIGURE 3 Legend on next page.



STEUDLER ET AL.

GLIA

Notably however, analysis of mito-roGFP2-Orpl emission in the
spinal cord of ODCMiteGFP-Tomato iyjce jndicated that ODC mitochon-
dria were significantly oxidized at this early stage (Figure 2g,h).

As the adjuvants used during EAE induction can activate the
innate immune system also in absence of a CNS-specific autoim-
mune response (Billiau & Matthys, 2001; Hofstetter et al., 2002),
we assessed whether the observed redox changes in ODC mito-
chondria were caused by the administration of complete Freund's
adjuvant (CFA) and pertussis toxin (PTx) in mice. We thus injected
ODCMitoGFP-Tomato mice with CFA and PTx (without MOGgs.s5)
and analyzed mito-roGFP2-Orpl emission by 2-photon imaging.
Treatment with CFA and PTx alone did not affect ODC mitochon-
drial oxidation (Figure 2g,h), strongly indicating that the observed
redox changes in ODCs required the full development of anti-CNS
immunity.

In this context, previous work suggested that during autoim-
mune CNS pathology ODC dysfunction progresses in a “dying-back”
fashion with myelin sheaths and distal processes degenerating
despite the survival of the ODC cell body (Romanelli et al., 2016). To
understand whether oxidation could affect ODC mitochondria in
distal cytosolic processes prior to the mitochondria in the ODC cell
body, we separately analyzed the redox state of mitochondria
located in direct vicinity to the nucleus versus in cytoplasmic exten-
sions at the preclinical and early clinical stages of EAE. At both
timepoints, we observed comparable oxidative states in mitochon-
dria close to the nucleus and in distal processes, thus demonstrating
that mitochondrial oxidation within the ODC does not depend on
the subcellular localization (Figure 2i,j). However, it remains unclear
whether a homogeneous degree of oxidative damage would have
similar functional consequences in differentially located ODC
mitochondria.

Taken together, preclinical analysis of ODCMtGFP-Tomato pice
showed that a significant increase in ODC mitochondria oxidation
precedes the infiltration of peripheral immune cell in the CNS. At the
same time, the observed redox changes were dependent on the

mounting of anti-myelin immune responses that follows immunization

3.4 | Impaired mitochondrial density, morphology,
and complex IV expression in ODCs during the course
of EAE

The morphology of a mitochondrion is highly dynamic and regulated
by different mechanisms including fusion and fission, in turn maintain-
ing physiological mitochondrial distribution and density (Knott
et al., 2008). Changes in mitochondria morphology directly correlate
with the well-being of these organelles (Garcia et al., 2019), with a
reduced shape factor (length/width of the single mitochondria) indica-
tive of decreased functionality and ATP production. However,
how neuroinflammation affects the shape of mitochondria in ODCs
remains undetermined.

To assess the latter in our model, we analyzed the shape factor of
ODC mitochondria in spinal cord sections of healthy and EAE-
affected ODCMteGFP-Tomato pice by confocal microscopy. Upon onset
of clinical EAE, we observed a significant decrease in the ODC mito-
chondria shape factor compared to ODCs from healthy animals
(Figure 3a-c). The shape factor further decreased in ODCs at the
chronic stage of disease (Figure 3a,b). To assess whether this change
of morphology could already be detected at the preclinical stages, we

analyzed tissue from ODCMitoGFP-Tomato

mice 8 days post immuniza-
tion and found that the shape factor of ODC mitochondria was
already significantly lower compared to healthy mice and not different
from mice at clinical onset (Figure 3d,e). Conversely, administration of
CFA + PTx (without MOGgs.55) in ODC™MtCFP-Tomato yjce did not
cause detectable morphological changes in ODC mitochondria, again
indicating that mitochondrial impairment is not caused by adjuvant-
induced immune cell activation but rather by specific development of
an anti-CNS immune response (Figure 3d,e).

To understand whether mitochondrial numbers were also
affected during EAE, we analyzed ODC mitochondria density in spinal
cord sections from ODCMiteGFP-Tomato \nica  Compared to ODCs in
healthy animals, mice at clinical onset of EAE displayed a significantly
higher mitochondria density within ODCs, while mice at the chronic
stage of the disease displayed ODC organelle density similar to con-

of mice against MOGgs_ss. trol mice (Figure 3f,g). Analysis of tissue from ODCMtGFP-Tomato jce

FIGURE 3 Histological analysis of ODC mitochondria shows impairment in organelle morphology and density upon EAE induction.
(a-n) ODCMitoGFP-Tomato yjice were perfused, spinal cord tissue isolated and 4% PFA-fixed 20 pm thick sections were analyzed by confocal
microscopy. (a) Shown is shape factor (length/width of single puncta) of mitochondria averaged per single ODC or (b) per single mouse.
Untreated, no. of cells = 145 (n = 5 mice); onset, n = 80 (n = 4 mice); chronic EAE n = 60 (n = 3 mice). (c) Representative images of ODCs
analyzed as in (a). Green signal (roGFP2) identifies ODC mitochondria, red signal (tdTomato) cytosolic ODC structures. False color scale
indicates shape factor of single mitochondria puncta. Scale bar, 3 pm. (d) Box and whiskers representations with the shape factor (length/
width of single puncta) of mitochondria averaged per single ODC or (e) single mouse. Untreated, no. of cells = 145 (n = 5 mice); day

8 post injection of CFA and PTx, n = 70 (n = 4 mice); day 8 post immunization, n = 120 (n = 5 mice); onset, n = 80 (n = 4 mice). (f-i)
Density of mitochondria averaged per single ODC cell body (f,h) or per mouse (g,i). Untreated, n = 145 (n = 5 mice); onset,n =80 (n =4
mice); day 8 post injection of CFA and PTx, n = 70 (n = 4 mice); day 8 post immunization, n = 120 (n = 5 mice); chronic EAEn = 60 (n = 3
mice). (I) Box and whiskers representations of background-subtracted COX-IV immunostaining intensity detected in GFP™ mitochondria,
averaged per single ODC. Untreated, no. of cells = 65 (n = 4 mice); D8, n = 88 (n = 5 mice); onset, n = 55 (n = 3 mice); symptomatic
peak, n = 50 (n = 3 mice); chronic EAE n = 50 (n = 3 mice). (m) Representative images of ODCs analyzed as in (l). Green signal (roGFP2)
identifies ODC mitochondria, red signal (tdTomato) cytosolic ODC structures, magenta COX-1V immunostaining. Scale bar, 3 pm. (n) Box
and whiskers representations of mice from (1). (a,d,f,h,l) Kruskal-Wallis test with Dunn's multiple comparison test, (b,e,g,i,n) 1-way ANOVA
with Bonferroni post-hoc comparison, *p < .05; **p < .001; ***p < .0001



STEUDLER €T AL.

(@) g2, —** (b) 4.5-
** NS
2.0 >
[
A [0 1.04
2 18- ©
) i)
2 -
® 1.6 J. o
» 1l 5 0.5-
S
1.4+ J_ =
1.2 T T r 0.0
Q g >
& & ¢ S
&
<@
$
(d) wE (e)
2.5- Tk n.s. E : roGFP2
T LL
2.0
§ 1.5 o
< Q
<
[2) el
S c
S 1.0 -
©
0.5-
J_ o
77]
0.01— : ' =
< Q O
X v
& & ¢
&
\0
$©

FIGURE 4 Proximity of ODC mitochondria to activated microglia/macrophages correlates with dysfunction. (a-c) QDC™MtoGFP-Tomato yjce

were perfused at onset EAE, spinal cord tissue isolated and PFA-fixed 20 pm thick sections stained with an anti-lbal antibody and analyzed by
confocal microscopy, n = 4. (a,b) Box and whiskers representation with the (a) shape factor (length/width of single puncta) and (b) the density of
mitochondria averaged per single ODC. Cells within 20 pm from Ibal™ lesions (close), n = 30; cells between 20 pm and 40 pum from Ibal™ lesions
(intermediate), n = 25; cells further than 40 pm from Ibal™ lesions (far) n = 25. (c) Representative images of ODCs from ODCMitoGFP-Tomato i
analyzed as in (a). Green signal (roGFP2) identifies ODC mitochondria, red signal (tdTomato) cytosolic ODC structures, blue signal indicates nuclei
(DAPI), magenta indicates Ibal™ cells. Arrow-head indicates a “far” ODC, white arrow a “intermediate” ODC, encircled “close” ODCs. Scale bar,
8 pm. (d,e) ODC™MitoGFP-NOS e were analyzed by 2-photon imaging of the cervical spinal cord at the onset of EAE, n = 3. (d) 800/940 nm
emission ratio of Mito-ORP1-roGFP2; shown are mitochondria averaged per single ODC. Cells within 20 pm from iNOS™ cells (close), n = 50;
cells between 20 and 40 pum from iNOS™ cells (intermediate), n = 20; cells further than 40 pm from iINOS™ cells (far) n = 30. (e) Representative
2-photon image of ODCs in the cervical spinal cord of ODC™GFP-INOS ice Green signal (roGFP2) identifies ODC mitochondria, red signal
iNOS™ cells. Scale bar, 13 pm. (a,b,d) Kruskal-Wallis test with Dunn's multiple comparison test, *p < .05; **p < .001; ***p < .0001

isolated at preclinical EAE (day 8 p.i.) showed that ODC mitochondrial Finally, to indirectly assess whether neuroinflammation impacted
density was not affected at this stage, while control treatment with oxidative phosphorylation in ODC mitochondria, we immunostained
CFA + PTx resulted in a significant decrease of organelle density in spinal cord sections of untreated and EAE-induced ODCMtoGFP-Tomato

the ODC cell body compared to both healthy tissue and tissue from mice with an antibody detecting the complex IV subunit COX-IV.
EAE-induced mice at day 8 p.i. (Figure 3h,i). Complex IV/cytochrome c oxidase is a key enzymatic complex
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pumping protons across the mitochondrial membrane and consuming
oxygen for ATP production (Mahad et al., 2008). Compared to ODCs
from untreated mice, the intensity of COX-IV expression in ODC mito-
chondria generally increased at clinical onset and EAE symptomatic
peak but decreased during the chronic stage of disease (Figure 3l,m).
However, these changes were not significant when comparing single
mice (Figure 3n).

letoGFP-Tomato mice led to an

In summary, induction of EAE in OD
impairment in ODC mitochondrial morphology that became apparent
at preclinical stages and reached its maximum during the chronic
stages of the pathology. At the same time, the density of ODC mito-
chondria increased significantly at the clinical onset of EAE but
decreased to homeostatic levels at the chronic stages of EAE.
Together, our analysis suggests that autoimmune CNS inflammation
induces not only oxidative stress but also substantial and progressive

changes in mitochondria homeostasis and function in ODCs.

3.5 | Microglia/macrophage actions increase ODC
mitochondrial dysfunction during EAE

During neuroinflammation, myeloid cells are proposed as main agents
of oxidative damage induced to ODCs through their release of
ROS/RNS (Mishra & Yong, 2016; Murray & Wynn, 2011). These radi-
cals have different half-lives which directly affect their extracellular
distribution in the CNS, with peroxide potentially able to diffuse up to
100 pm in distance from its cellular source (Ledo et al., 2022; Santos
et al., 2010).

To understand the contribution of activated myeloid cells to ODC
mitochondrial dysfunction during EAE, we first assessed whether
ODC mitochondria morphological changes were influenced by the
proximity to microglia/macrophage-containing inflammatory lesions.
Spinal cord tissue sections from ODCM©CFP-Tomate ica sacrificed at
EAE onset were stained with an anti-lbal antibody, revealing the
presence of both microglia and CNS-infiltrating monocyte-derived
cells. At this stage of EAE, Ibal™ lesions inevitably contain ROS/RNS-
producing microglia/macrophages (Locatelli et al., 2018; Mendiola
et al., 2020) (Figure S2b). We analyzed mitochondria shape factor and
density in ODCs adjacent to inflammatory accumulations of Ibal™
cells (“close,” at less than 20 um distance from the outermost Ibal™
cells - presumably exposed to a higher ROS/RNS concentration), in
ODCs situated within an intermediate distance range (20-40 pm dis-
tance from lesions - defined as “intermediate™), as well as in ODCs
far from the lesion site (>40 pm from Ibal™ cellular accumulations -
defined as “far”). Mitochondrial shape factor was significantly lower in
ODCs situated close to accumulation of Ibal™ cells, compared to
ODCs located further away from inflammatory lesions (Figure 4a,c).
Density of these organelles was however unaffected by proximity to
lesions (Figure 4b).

Secondly, we assessed whether the redox state of ODC mito-
chondria would be similarly influenced by proximity to activated
microglia/macrophages. As the mito-roGFP2-Orp1 sensor may suffer

artefactual oxidation in fixed tissues, unless properly conserved with

alkylating agents (Fujikawa et al., 2016), we again made use of intravi-
tal 2-photon imaging. To visualize ROS/RNS-releasing myeloid cells
in vivo, we crossed MOG-cre x mito-roGFP2-Orpl mice to iNOS-
tdTomato reporter mice (Béchade et al., 2014), hence obtaining the
ODCMteGFP-INOS 1yadel. Our previous work showed that iNOS™ cells
in the spinal cord of EAE-induced mice act as key tissue damaging
players secreting ROS/RNS starting from the weight loss phase of dis-
ease (Locatelli et al., 2018). Accordingly, analysis of OQDCMtoGFP-INOS
mice at EAE onset showed that ODC proximity to iNOS™ myeloid
cells correlated with an increase in mitochondrial redox state, with
ODCs within 20 pm of distance from iINOS™ cells showing signifi-
cantly more oxidation compared to farther cells (Figure 4d,e).

In summary, upon clinical development of autoimmune CNS
inflammation, both morphology and oxidative stress of ODC mito-
chondria appear significantly affected by the proximity of myeloid
cell-containing inflammatory lesions. Thus, at these stages of EAE,
direct actions of activated microglia/macrophages substantially con-

tributed to the progressive dysfunction of ODC mitochondria.

4 | DISCUSSION

ODC dysfunction is a pathological trait common to several CNS condi-
tions (McTigue & Tripathi, 2008). In MS lesions, ODCs are thought to
survive the initial demyelinating attack (Wolswijk, 2000) while suffering
a “centripetal” damage with myelin degeneration spreading progres-
sively through distal processes toward the cell body (Romanelli
et al.,, 2016). At the same time, analysis of ODC density in the CNS of
MS patients demonstrates that ODC cell death is highly heterogeneous,
with certain lesions showing complete loss of ODCs and others show-
ing numbers of ODCs exceeding those found in the periplaque white
matter (Zeis & Schaeren-Wiemers, 2008). These distinct patterns of cel-
lular degeneration appear patient-specific and conserved over time
(Metz et al., 2014). Overall, this high variability in ODC damage sug-
gests that dysfunction in these cells during anti-myelin immunity is
likely context-dependent and potentially caused by non-overlapping
mechanisms.

In this context, ample evidence indicates oxidative stress and
mitochondrial pathology as main agents of ODC degeneration (Witte
et al., 2014). Diffuse ODC positivity for malondialdehyde and oxidized
phospholipids in CNS tissue from MS patients directly implicates oxi-
dative damage as an important contributor to demyelination (Haider
et al., 2011). Abundant iron storages and physiologically low levels of
antioxidants in ODCs can amplify oxidative stress-induced dysfunc-
tion specifically in this cell type (Lassmann & van Horssen, 2016).
Accordingly, homeostatic control of oxidation is an essential requisite
for cell survival, as demonstrated by the higher susceptibility of mice
to cuprizone intoxication following an ODC-specific deletion of the
antioxidant regulator Nrf2 (Nellessen et al., 2020). Oxidative stress in
ODCs is strongly interlinked to mitochondrial damage (Roth &
Nufez, 2016), with inflammation decreasing ODC mitochondrial func-
tion (Minchenberg & Massa, 2019). In turn, mitochondrial stress and

energetic impairment in ODCs can potentially affect the metabolically
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connected axons (Flnfschilling et al., 2012; Y. Lee et al., 2012) and
further contribute to worsening of clinical symptoms in MS patients.
Mitochondria are extremely sensitive to damage induced by
ROS/RNS (Higgins et al., 2010) and possess detoxifying mechanisms
including manganese superoxide dismutase and catalase (lbrahim
et al., 2000). Pharmacological support of these anti-oxidative pro-
cesses significantly protects ODCs upon lysolecithin-induced demye-
lination (Chamberlain et al., 2017). In certain MS lesions, ODCs were
found to lack the COX-1 and COX-IV mitochondrial subunit, an alter-
ation potentially caused by NO and indicative of impaired oxidative
phosphorylation (Mahad et al., 2008). Analysis of mitochondrial DNA
also showed the presence of mutations specific to MS patients in
genes encoding for functional proteins including COX-l (Al-Kafaji
et al., 2022; Poursadegh Zonouzi et al., 2014).

Despite this considerable body of evidence, the spatial and tem-
poral dynamics of mitochondrial pathology and oxidative dysfunction
in ODCs during neuroinflammation remain unclear. We thus created a
transgenic mouse model to directly visualize oxidative status and mor-
phology of ODC mitochondria in vivo and in real time through expres-
sion of roGFP2-Orp1 (Gutscher et al., 2009). Recent work highlighted
the potential of roGFP2-based imaging to assess the mechanisms
leading to, for example, transection-induced axonal degeneration
(Breckwoldt et al., 2014), and oxidative stress in a Parkinson's disease
model (Sanchez-Padilla et al., 2014).

In our study, 2-photon imaging revealed significant ODC mito-
chondrial oxidation upon induction of anti-myelin inflammation in the
spinal cord of ODC™Mt°GFP-Tomato nice The observed redox changes
were not caused by adjuvants and were thus not triggered by general
activation of immune cells but specifically related to the development
of anti-myelin immunity. Mitochondrial oxidation could be reversed
by treatment with a reducing agent and was comparable to changes
induced by tissue exposure to 1-10 pM peroxide. However, while the
roGFP2-Orp1 probe reports mainly on the presence of hydrogen per-
oxide, it can also respond to peroxynitrite and hypochlorite (Miiller
et al., 2017). Hence, our study does not allow to assess exactly which
oxidants caused the observed changes. Notably, a substantial increase
in oxidation was detected as early as 8 days after MOGg35.55 immuni-
zation, a timepoint in which peripheral leukocytes did not yet invade
the CNS and ROS/RNS production could not be detected in CNS
cells. At these initial stages of EAE, ODC mitochondria also displayed
a significantly decreased shape factor, a morphological change highly
suggestive of impaired functionality (Breckwoldt et al., 2014; Niki¢
et al., 2011).

Our observations at preclinical stages of EAE are in accordance
with earlier work in murine models showing that mitochondrial oxida-
tive dysfunction in CNS cell types precede the formation of inflamma-
tory lesions (Hasseldam et al., 2016; Qi et al., 2006). The mechanism
behind this pre-clinical increase in ODC mitochondrial oxidation
remains undefined but we hypothesize two partially overlapping
causes: (I) thanks to their anatomical proximity to blood vessels,
microglia and astrocytes sense the formation of peripheral anti-CNS
immunity (lvan et al., 2021; Sanmarco et al., 2021; Simpson &

Oliver, 2020) and release inflammatory molecules directly or indirectly

leading to oxidation of ODC mitochondria; () ODC metabolism
becomes affected by toxic molecules or subtle alterations in blood
supply which follow EAE induction (Rosko et al., 2019) together lead-
ing to organelle malfunction and intrinsic overproduction of reactive
species at the level of the oxidative phosphorylation complexes.
Connecting these two scenarios, earlier work showed that ODCs
suffering from mitochondrial stress release inflammatory cytokines
and chemokines (Scheld et al., 2019) and thus potentially support the
activation of surrounding glial cells triggering a deleterious loop prop-
agating oxidative dysfunction at preclinical stages (Murphy, 2009).

At the subsequent beginning of clinical EAE however, peripheral
leukocytes including ROS/RNS-producing monocyte-derived cells
massively infiltrate the CNS leading to tissue damage (Locatelli
et al., 2018). Activated myeloid cells secrete ROS through NADPH
oxidase complexes, myeloperoxidases, and xanthine oxidases
(Bedard & Krause, 2007). RNS production is instead regulated by the
metabolism of L-arginine, which is catabolized to NO and L-citrulline
by the enzyme iNOS (Locatelli et al., 2018; Rath et al., 2014). Beside
mediating tissue damage, iINOS-produced NO shows an anti-
inflammatory role by decreasing endothelial and Th17 cell activation,
thus highlighting its context-dependent effects during neuroinflamma-
tion (De Caterina et al., 1995; Niedbala et al.,, 2011). During EAE,
ROS/RNS can be produced by both activated CNS-resident microglia
(Simpson & Oliver, 2020) and blood borne monocyte-derived macro-
phages (Locatelli et al., 2018), which respectively proliferate and
invade the CNS and together contribute to the formation of myeloid-
cell dominated CNS lesions (Jorddo et al, 2019; Saederup
et al., 2010). Despite the ability of some ROS to diffuse extracellularly
to a relatively long distance from their cellular source (Ledo
et al.,, 2022), the high reactivity of radicals will presumably affect cells
near ROS/RNS production to a higher degree. At clinical disease onset
in ODCMiteGFP-Tomato i - ODC mitochondria accordingly displayed:
() compromised morphology in close proximity to lesions containing
Ibal™ microglia/macrophages, and (1l) higher oxidation state close to
iNOS™ microglia/macrophages. Myeloid cells are known effectors of
myelin damage in EAE (Romanelli et al., 2016; Yamasaki et al., 2014),
and iINOS-produced NO can directly block oxidative phosphorylation
and cause mitochondria dysfunction (Mahad et al., 2015; Tengan &
Moraes, 2017).

Taken together, our data suggest that oxidative impairment in
ODC mitochondria is a novel and reliable early marker of anti-myelin
adaptive immunity. Furthermore, our work indicates that during pre-
clinical and clinical neuroinflammation, mitochondria dysfunction is
likely triggered by distinct stage-dependent cellular mechanisms.

During the progression of EAE toward the chronic stages, oxida-
tion in ODC mitochondria however decreased appearing comparable
to the homeostatic levels detected in healthy animals. It is tempting to
correlate this reduction in oxidative stress to the anti-inflammatory
evolution of immune cell players in the inflamed CNS following clinical
onset. In particular, we described the progressive functional changes
in CNS-invading monocyte-derived cells, switching from ROS/RNS-
producing iNOS™ to a dominant tissue-repair Arginase-1* phenotype

along disease progression (Locatelli et al., 2018). Nonetheless, ODCs
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at the chronic stages of EAE showed an impaired mitochondrial mor-
phology and lower expression of the complex IV subunit COX-1V com-
pared to both clinical onset and steady-state. Thus, even in absence
of diffuse oxidation, ODC mitochondria remain chronically affected
also at later stages of disease.

The evolution of mitochondrial morphology is typically regulated
by the fusion and fission processes that govern organelle homeostasis
(Tondera et al., 2009). While fission leads to the elimination of dys-
functional mitochondria (Twig et al., 2008), organelle fusion is consid-
ered a defense mechanism that reduces impairment through the
exchange of damaged DNA between organelles (Tondera et al., 2009).
Accordingly, alteration in the equilibrium between these mechanisms,
especially following radical-induced mitochondria fragmentation (Wu
et al, 2011), results in bioenergetic dysfunction and cell damage
(Hoppins et al., 2007) potentially leading to cell death (Lee et al.,
2021). Accordingly in both MS tissue and in the EAE model, early
pathology in spinal cord axons is characterized by a reduced mito-
chondrial shape factor suggesting loss of function in these organelles
(Nikic¢ et al., 2011). In our work, decreased shape factor and increased
density of ODC mitochondria at EAE onset suggest a ROS/RNS-
induced fragmentation potentially circumventing fusion mechanisms.
During the chronic stages of EAE however, ODC mitochondria display
a strongly decreased shape factor but density and redox state compa-
rable to mitochondria in healthy animals. Whether these morphologi-
cal changes at chronic EAE are a long-term consequence of the
preceding oxidative stress or caused by temporally distinct mecha-
nisms remains to be addressed. Nonetheless, the normal density and
oxidation of mitochondria at this stage would suggest a recovery of
homeostatic fusion-fission and anti-oxidant mechanisms in ODCs fol-
lowing the initial phases of clinical neuroinflammation.

Our study has several limitations. First, whether the described
changes in ODC mitochondria directly influence myelin stability and
clinical presentation in the EAE model remains unaddressed. Mitochon-
dria oxidation was only observed pre-clinically and at the clinical onset
of EAE but not in later disease phases, however demyelination and clin-

CmitoGFP-Tomato mice until

ical symptoms were clearly detectable in OD
the chronic phase of disease. Thus, oxidative stress in ODC mitochon-
dria seems to generally precede tissue damage and disease presenta-
tion. Nonetheless, only a correlative analysis of myelin stability at the
single cell level would reveal whether mitochondrial impairment is a
direct driver of demyelination. While we could visualize compact
myelin in vivo via incubation of the spinal cord with a Fluoromyelin
dye (Romanelli et al., 2013) (data not shown), the dense distribution

CmitoGFP-Tomato mice and the intrinsic limita-

of reporter signal in OD
tions of 2-photon resolution did not allow to connect the status of
myelinated sheaths to ODC mitochondria at a single cell level.
Other approaches, for instance in vivo sparse labeling of ODCs via
rabies virus infection (Romanelli et al., 2016), might shed light on
the potential causality between mitochondrial dysfunction and
demyelination.

Secondly, despite changes in COX-IV immunoreactivity would
suggest variations in ATP production at the different stages of EAE
(Mahad et al., 2008), our work did not functionally assess whether

neuroinflammation impacts ODC mitochondrial Ca?* buffering

capacity, membrane potential, oxidative phosphorylation and produc-
tion of metabolites by the tricarboxylic acid cycle (Martinez-Reyes &
Chandel, 2020). Notably, the relative weight of these mitochondrial
functions in relation to ODC and myelin homeostasis remain unclear.
ODCs are described as glycolytic cells (Fiinfschilling et al., 2012) and
their mitochondria possess a relatively low surface area suggesting
reduced ATP production compared to other CNS cell types (Rinholm
et al., 2016; Rone et al., 2016). However, research on energetic
dynamics in mature ODCs is a field in its infancy (Rosko et al., 2019).
The different shape and density of mitochondria in processes and
cytoplasmic myelin also suggests distinct organelle functions depend-
ing on the subcellular areas (N. Meyer & Rinholm, 2021). Ca?* homeo-
stasis in ODC mitochondria seems however an essential feature, as
indicated by the generation of calcium waves (P. B. Simpson &
Russell, 1996) and calcium transients during myelin remodeling
(Battefeld et al., 2019).

Finally, given the reported differences between EAE-affected
mice and MS patients in expression of ROS/RNS producing enzymes
and in mechanisms amplifying oxidation (e.g., iron storages) (Schuh
et al., 2014), the translational value of our animal-based work must be
interpreted with caution.

To summarize, our study in ODCMteGFP-Tomato

mice provides the
first in vivo description of the progressive pathological changes in
ODC mitochondria upon induction of anti-myelin immunity. Our
data indicate that ODC mitochondrial oxidation is a preclinical
marker of autoimmune CNS inflammation and suggest that this early
impairment might play a role in the subsequent evolution of ODC

dysfunction.
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