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Abstract

In the central nervous system (CNS), insulin-like growth factor 1 (IGF-1) regulates

myelination by oligodendrocyte (ODC) precursor cells and shows anti-apoptotic prop-

erties in neuronal cells in different in vitro and in vivo systems. Previous work also

suggests that IGF-1 protects ODCs from cell death and enhances remyelination in

models of toxin-induced and autoimmune demyelination. However, since evidence

remains controversial, the therapeutic potential of IGF-1 in demyelinating CNS
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conditions is unclear. To finally shed light on the function of IGF1-signaling for ODCs,

we deleted insulin-like growth factor 1 receptor (IGF1R) specifically in mature ODCs

of the mouse. We found that ODC survival and myelin status were unaffected by the

absence of IGF1R until 15 months of age, indicating that IGF-1 signaling does not

play a major role in post-mitotic ODCs during homeostasis. Notably, the absence of

IGF1R did neither affect ODC survival nor myelin status upon cuprizone intoxication

or induction of experimental autoimmune encephalomyelitis (EAE), models for toxic

and autoimmune demyelination, respectively. Surprisingly, however, the absence of

IGF1R from ODCs protected against clinical neuroinflammation in the EAE model.

Together, our data indicate that IGF-1 signaling is not required for the function and

survival of mature ODCs in steady-state and disease.

K E YWORD S

demyelination, EAE, insulin-like growth factor 1, multiple sclerosis, neuroinflammation,
oligodendrocyte

1 | INTRODUCTION

Insulin-like Growth Factor 1 (IGF-1) and its receptor (IGF1R) are

major regulators of cellular differentiation, growth, motility, and apo-

ptosis (Fernandez & Torres-Aleman, 2012; Floyd et al., 2007; Mason

et al., 2003; Pang et al., 2007). The activity of IGF-1 is tightly

regulated by a complex system of IGF-binding proteins (IGFBPs) and

IGFBP-proteases, determining IGF-1 stability and localization

(Adams et al., 2000). In the central nervous system (CNS), IGF1R is

expressed by virtually all resident cells (Anlar et al., 1999), and its

ligand is both locally produced by glial cells and imported to the

CNS from the bloodstream (Fernandez & Torres-Aleman, 2012).

IGF-1 is a strong anti-apoptotic factor (Fernandez & Torres-

Aleman, 2012; Vincent et al., 2004) and has shown a consistent

neuroprotective effect in mouse models of X-linked adrenoleuko-

dystrophy (Mastroeni et al., 2009), Aβ-induced pathology (Carro

et al., 2002), Rett Syndrome (Tropea et al., 2009), and amyotrophic

lateral sclerosis (ALS) (Nagano et al., 2005). This molecule has there-

fore become a strong drug candidate for different pathologies of

the CNS (Arpa et al., 2011; Pini et al., 2012; Sevigny et al., 2008);

accordingly, the IGF-1 axis has also been investigated in multiple

sclerosis (MS) and its animal model experimental autoimmune

encephalomyelitis (EAE). Sera from MS patients show lower IGF-1

bioavailability (Lanzillo et al., 2011; Shahbazi et al., 2017) while sur-

viving ODCs upregulate IGF-1, IGF1R, and IGFBP-1/-6 at the edges

of chronically demyelinated plaques (Wilczak et al., 2008). Mean-

while, animal studies using the EAE model display contradicting

results. While in some studies IGF-1 administration failed to protect

mice from EAE (Cannella et al., 2000; Genoud et al., 2005), or even

increased disease severity (DiToro et al., 2020; Lovett-Racke

et al., 1998), in other studies it ameliorated clinical outcome (Bilbao

et al., 2014), improved remyelination (Li et al., 1998; Liu

et al., 1995) and reduced lesions (Yao et al., 1995). The encouraging

data from preclinical development led to a clinical study with MS

patients. The treatment with IGF-1 was well-tolerated but lacked a

therapeutic effect (Frank et al., 2002). However, results from animal

studies and clinical trials are difficult to interpret: IGF-1 affects dif-

ferent parenchymal cells and infiltrating inflammatory cells in a cell-

and context-specific fashion (Bilbao et al., 2014; Cuscik et al., 2014;

DiToro et al., 2020; O'Donnell et al., 2002). Along these lines, even

though the IGF-1/IGF1R axis is a known regulator of survival, prolif-

eration and myelination by ODC progenitors (OPCs) (Beck

et al., 1995; Carson et al., 1993; D'Ercole et al., 2002; Pang

et al., 2007; Zeger et al., 2007), the function of IGF1R signaling in

mature, post-mitotic ODCs remains controversial (Cheng

et al., 1998; Mason et al., 2003; Ye et al., 2002). This lack of knowl-

edge impedes further therapeutic approaches on the IGF axis and

interpretation of clinical results in MS.

In the current study, we assessed the role of IGF-1 in mature

ODCs by using a mouse model which overcomes the limitations of

LOCATELLI ET AL. 617
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IGF-1 application or developmental ablation of IGF1R. We limited

genetic IGF1R ablation to mature myelin oligodendrocyte glycopro-

tein (MOG)-expressing ODCs and showed that signaling through the

IGF1R does not regulate survival of ODCs or myelin status during

aging, toxin-induced demyelination, and neuroinflammation. The

absence of IGF1R from ODCs led to unexpected protection from the

induction of EAE and an intrinsically ameliorated disease. Altogether,

our results suggest cell-specific beneficial effects of reduced IGF-1

signaling in the context of neuroinflammation.

2 | RESULTS

2.1 | Deletion of IGF1R from mature ODCs does
not affect ODC number and myelin status

First, to understand whether ODCs express IGF1R in the homeostatic

human brain and during MS, we analyzed mRNA levels in an existing

single-nucleus RNA sequencing dataset obtained from post-mortem

human brains of patients without and with MS (Jäkel et al., 2019). We

observed expression of the IGF1R in all ODCs and OPCs of healthy

and inflamed tissue (Figure 1a). Further, increased expression was

found in the committed oligodendrocyte (COPs) cluster of chronic

inactive lesions and the oligo6 cluster of remyelinating lesions, sug-

gesting a key function of IGF1R in ODC development (Jäkel

et al., 2019). Next, to functionally study the role of IGF-1 signaling in

mature ODCs, we moved to a mouse model. We crossed a strain car-

rying a loxP-flanked 3rd exon of the IGF1R gene (Klöting et al., 2008),

coding for the ligand-binding moiety, to the MOGi-cre strain

(Hovelmeyer et al., 2005) displaying Cre activity in post-mitotic

mature ODCs; we hereafter call these animals oIGF1R�/� mice

(Figure 1b). In contrast to previously published models using Olig1-

and PLP-cre (Zeger et al., 2007), the deletion of IGF1R in oIGF1R�/�

mice did not affect developmental myelination as the promoter for

MOG commences expression in ODCs at the terminal stage of myeli-

nation (Solly et al., 1996), as we previously described (Locatelli

et al., 2012; Locatelli et al., 2015). By using the genotyping approach

reported in Klöting et al., 2008, we observed recombination of the

loxP-flanked Igf1r gene specifically in CNS and not in peripheral tissue

(i.e., tail) of oIGF1R�/� mice (Figure 1c). A more detailed analysis on

upper and lower spinal cord, hippocampus, cerebellum, spleen, kidney,

and liver confirmed tissue specificity (data not shown). To assess the

degree of MOGi-cre-driven recombination in oIGF1R�/� mice and bet-

ter characterize the frequency of cre-mediated genetic recombination

in mature ODCs, we crossed MOGi-cre mice to a fluorescent reporter

strain (ROSA26-EYFP) (Srinivas et al., 2001). We found that in these

oIGF1REYFP reporter mice, EYFP was expressed by 98% of CC1+

ODCs in the cortex and cerebellum and 67% of CC1+ ODCs in the

spinal cord (Supplementary Figure 1a,b). To obtain information about

the deletion frequency on the basis of individual ODCs, we analyzed

IGF1R expression by immunofluorescence analysis of CNS tissue sec-

tions. We confirmed that, compared to mature CC1+ ODCs in Cre-

negative littermates, most ODCs in the oIGF1R�/� brain and spinal

cord did not express IGF1R (Figure 1d,e). Together, characterization

of Cre-induced recombination in oIGF1R�/� mice indicated an effi-

cient deletion of IGF1R from mature ODCs.

We next assessed whether the absence of IGF-1 signaling in

ODCs leads to changes in weight, basic micro-anatomy, and motor

function. Analysis of the CNS of oIGF1R�/� mice by H&E staining,

LFB-PAS staining, and through Iba1-specific antibodies failed to reveal

structural and cellular anomalies or signs of gliosis (Supplementary

Figure 1c). Furthermore, oIGF1R�/� mice did not show any difference

in body weight compared to controls (Supplementary Figure 1d). We

used a Rotarod test for assessing motor function and did not observe

any impediments until 15 months of age (Supplementary Figure 1e).

As IGF-1 signaling is known to regulate myelination in ODC pro-

genitors (Wrigley et al., 2017), we next assessed the overall myelin

content of the CNS of oIGF1R�/� and control mice at 3, 5, and

9 months of age by immunoblotting. Western blot analysis did not

reveal any significant differences in protein levels of MOG and myelin

basic protein (MBP) (Supplementary Figure 2a–c). To exclude the pos-

sibility of regional changes of myelin content through IGF1R ablation,

we performed a detailed histological analysis of PLP expression. Again

we did not find any difference in the myelination of white matter

tracts of oIGF1R�/� mice compared to controls, with myelin sheaths

appearing uncompromised up to at least 15 months of age

(Figure 2a,b and data not shown).

Further, ultrastructural analysis by electron microscopy did not

reveal ultrastructural abnormalities in ODCs in 1 month and

12 months-old animals (Figure 2c,d). Also a g-ratio analysis in 1 year

old animals did not show any difference between groups

(Supplementary Figure 2d). Accordingly, and in contrast to reported

developmental ablation of IGF1R along ODC maturation (Zeger

et al., 2007), ODC density was unchanged in the CNS of oIGF1R�/�

mice compared to controls (Figure 2e and Supplementary Figure 2e).

Next, we investigated whether the density of NG2+ OPCs would also

remain unaltered in oIGF1R�/� mice. Interestingly, while the number

of NG2+ OPCs in tissue sections was comparable to littermate con-

trols in most CNS regions, we detected an increased number of NG2+

cells specifically in the brain stem of 9 months old oIGF1R�/� mice

(Figure 2f,g), thus indicating that prolonged absence of IGF1R can

have local indirect effects on the OPC lineage during aging. Analysis

of axonal structures by NF staining and electron microscopy did not

show differences between oIGF1R�/� and controls (Supplementary

Figure 2f,g and data not shown). Taken together, absence of IGF1R

signaling in mature ODCs did not lead to major CNS abnormalities in

young and aged mice.

2.2 | IGF1R signaling does not affect ODC survival
during toxic demyelination

The copper chelator cuprizone is a widely used agent for investigating

non-inflammatory sterile demyelination and subsequent remyelina-

tion. It leads to mitochondrial impairment in ODC (Benetti

et al., 2010; Werner et al., 2010) and subsequent transient depletion

of ODCs mainly from the corpus callosum (Zatta et al., 2005). Given

the described myelo-protective role of IGF-1 in the cuprizone model

618 LOCATELLI ET AL.
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(D'Ercole et al., 2002; Mason et al., 2000), we tested the sensitivity of

IGF1R-negative ODC toward toxin-induced degeneration. Feeding

of oIGF1R�/� and control mice with 0.2% cuprizone led to both com-

parable ODC depletion and subsequent repopulation in the two

groups (Figure 3a). We were also unable to find differences in animal

weight (Supplementary Figure 3a) and in the histological appearance

of the corpus callosum (Supplementary Figure 3b). Analyses of PLP

and MOG protein levels by western blot (Figure 3b,c) and histology

(Figure 3d) revealed no significant differences between groups. As

demyelination leads to the accumulation of progenitors of ODCs, we

F IGURE 1 Legend on next page.
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analyzed the density of OPCs in the corpus callosum and observed

similar accumulation of NG2+ cells in the mutant animals following

cuprizone intoxication (Figure 3e,f). Also, analysis of the axonal sta-

tus by NF- and Smi32-specific staining did not reveal differences

between the genotypes (Figure 3g,h). In summary, the absence of

IGF1R from mature ODCs during cuprizone-induced demyelination,

hence mitochondrial stress, did not have an impact on the survival of

ODCs nor affect the timing of remyelination following toxin

removal.

2.3 | Diminished neuroinflammation
in oIGF1R�/� mice compared to controls

The cellular and molecular mechanisms leading to demyelination in

neuroinflammation differ substantially from cuprizone-intoxication

and include oxidative stress, excitotoxicity, CD8+ T cell cytotoxicity,

and stimulation of death receptors (McTigue & Tripathi, 2008). How-

ever, the role of IGF-1-mediated signaling in protecting ODCs during

neuroinflammation has remained controversial (Bilbao et al., 2014;

Cannella et al., 2000; DiToro et al., 2020; Genoud et al., 2005; Lovett-

Racke et al., 1998). We hence addressed whether IGF1R signaling was

involved in the response of mature ODCs to autoimmune CNS inflam-

mation and induced EAE by immunizing oIGF1R�/� mice and

oIGF1R+/+ controls against the MOG35-55 peptide. Surprisingly, we

consistently observed less severe development of clinical neuroin-

flammation by ablation of IGF1R. Disease incidence (91.3% in control

oIGF1R+/+ mice vs. 69.2% in oIGF1R�/�) and clinical severity both sig-

nificantly decreased (Figure 4a,b). While the oIGF1R+/+ control groups

in these EAE experiments did not comprise cre+ animals

(Supplementary Figure 4a), further tests comparing disease develop-

ment in MOG-cre+ and MOG-crenegative mice excluded a potential Cre-

or Mog-locus-dependent bias in EAE outcome (Supplementary

Figure 4b).

To investigate whether priming of the immune response

against the MOG peptide differed between oIGF1R�/� and control

animals, we assessed the number of antigen-specific T cells in mice

immunized with MOG35-55. We performed an in vitro restimulation

with the peptide and found a comparable response for all

genotypes (Supplementary Figure 4c). Since a decreased number of

regulatory Foxp3+ T (Treg) cells was reported to lead to enhanced

EAE severity (Koutrolos et al., 2014) we compared Treg cell num-

bers in both genotypes. Accordingly, the numbers of Treg cells

were unaffected by absence of IGF1R on ODCs in the induction

phase of EAE in lymph nodes (Supplementary Figure 4d). To inves-

tigate the underlying transcriptomic differences as a result of the

absence of IGF1R from ODCs, we performed microarray analysis

of spinal cord tissue of immunized mice 9 days p.i. (pre-clinical

phase). However, this analysis revealed no relevant and significant

differences between oIGF1R�/� and control mice (data not shown).

In conclusion, the absence of IGF1R from mature ODCs decreased

the clinical severity and incidence of EAE without directly affecting

the T cell response.

2.4 | IGF1R does not control ODC number or
apoptosis during EAE

To unmask the distinct role of IGF1R from overlying effects of the

observed severity of EAE in individual mice, we performed a

detailed histological analysis in time- and clinical score-matched

oIGF1R�/� and control animals. We did not observe any relevant his-

topathological differences after H&E and LFB-PAS stainings and by

ultrastructural analysis (data not shown). Notably, ODC density in

the different experimental groups remained unchanged at peak EAE

and after 1 month of disease (Figure 4c). Similarly, the level of myelin

proteins such as MBP and MOG was comparable in oIGF1R�/� mice

compared to control mice (Figure 4d). To investigate whether IGF1R

plays an anti-apoptotic role in ODCs during EAE, we then analyzed

the number of apoptotic CC1+ cells in the acutely inflamed spinal

cord through staining for activated Caspase 3 (Casp3)

(Supplementary Figure 5a). Both, the densities of Casp3+ CC1+ cells

and the total number of Casp3+ cells appeared comparable in

oIGF1R�/� mice compared to controls (Figure 4e,f), thus showing

that the absence of IGF1R from ODCs did not have a general influ-

ence on ODC apoptosis during EAE. We next analyzed whether

recruitment of progenitors of ODCs was affected in oIGF1R�/� and

found a comparable accumulation of NG2+ OPCs in the inflamed

F IGURE 1 Expression of IGF1R in human and mouse ODCs, and receptor deletion in oIGF1R�/� mice. (a) Expression of IGF1R by the
indicated cell types from MS patients and healthy individuals. Single cell RNAseq data as published by Jäkel et al. (Jäkel et al., 2019). Ctrl, nuclei
from healthy individuals; from MS patients: NAWM, normal-appearing white matter; A, active; CA, chronic active; CI, chronic inactive; RM,
remyelinated. (b) Mice carrying an IGF1R gene with loxP-flanked 3rd exon (IGF1Rf/f, left) were crossed to mice expressing the Cre recombinase
specifically in ODCs (MOGi-cre, center). The resulting offspring (MOGi-creTg/WT/IGF1Rf/f = oIGF1R�/�) features recombination of the IGF1R locus
specifically in MOG-expressing, mature ODCs. (c) DNA was isolated from CNS and tails of oIGF1R�/� and control animals. PCR with primers
spanning exon 3 of the IGF1R gene reveals bands of 1100 bp (WT gene) in IGF1R+/+ control mice and bands of 1350 bp (IGF1Rf allele) and

570 bp (IGF1RΔ allele/recombined locus) in oIGF1R�/� mice. Recombination of the IGF1Rf allele was specific for the CNS. (d) Representative
picture of spinal cord white matter sections from oIGF1R�/� and control animals immunostained with the ODC-specific CC1 and with IGF1R-
specific antibodies. CC1 is shown in red, IGF1R in green. Dashed white lines indicate CC1+ ODCs highlighting the IGF1R negativity of ODCs in
oIGF1R�/� mice. Scale bar, 30 μm. (e) Quantification of IGF1R-expressing CC1 positive cells in brain and spinal cord isolated from oIGF1R�/� and
control mice, following manual blinded quantification of immunofluorescent staining for pIGF1R and CC1, for brain n = 3, for spinal cord n = 6.
Two tailed student's T test, *** = p < .001. A, active; CA, chronic active; CI, chronic inactive; CNS, central nervous system; MOG, myelin
oligodendrocyte glycoprotein; MS, multiple sclerosis; NAWM, normal-appearing white matter; ODC, oligodendrocyte; RM, remyelinated
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spinal cords of oIGF1R�/� and control mice (Supplementary

Figure 5b). Also, the density of NeuN+ neurons was similar in the

spinal cord of the different experimental groups (Figure 4g and

Supplementary Figure 5c), and ultrastructural investigation of axonal

status in the white matter nearby inflammatory lesions did not reveal

any obvious difference between groups (data not shown). Taken

F IGURE 2 Absence of IGF1R from mature ODC does not lead to structural or cellular abnormalities in the CNS. (a) CNS sections from
oIGF1R�/� and control mice of 1 month of age were stained with a PLP-specific antibody (displayed in red). Scale bar, 200 μm. (b) Relative
intensity of PLP-specific staining from sections treated as in (a). Shown is mean ± s.e.m., n = 5. (c) Representative electron micrographs of ODCs
and myelinated axons from the cerebellum of 1 month old and (d) 12 months old oIGF1R�/� and control mice. (e) Sections from indicated CNS
areas oIGF1R�/� and control mice at 3 or 12 months of age were immunostained with an ODC-detecting, ASPA-specific antibody. Cells were
manually counted in a blinded fashion; shown is the relative ASPA+ cell density in oIGF1R�/� compared to control mice. The bar graph depicts the
mean density ± s.e.m., n = 5. (f) Representative sections of the brain stem of 9 months old oIGF1R�/� and control mice were immunostained with
the OPC-detecting NG2-specific antibody. Scale bar, 50 μm. (g) CNS sections from 9 months old oIGF1R�/� and control mice were
immunostained with NG2-specific antibodies and cells manually counted (field size: 0.25 mm [Floyd et al., 2007]). The bar graph shows relative
cell density ± s.e.m., n = 4. *p < .05, Student's T test. ASPA, aspartoacylase; CNS, central nervous system; IGF1R, insulin-like growth factor
receptor 1; ODC, oligodendrocyte; PLP, proteolipid protein
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together, deletion of IGF1R from mature ODCs did not affect ODC

survival within neuroinflammatory lesions.

2.5 | Absence of IGF1R from ODCs does not
impact inflammation upon EAE development

To dissect the underlyingmechanisms of amelioration of EAE development

in the absence of IGF1R signaling, we analyzed recruitment of peripheral

immune cells into the CNS and the local glia response to inflammation. His-

tological analysis revealed comparable lesion size between oIGF1R�/� and

control mice (Supplementary Figure 5d). By flow cytometry, we observed

that the total number of invading lymphocytes in theCNSwas not different

between clinical score-matched oIGF1R�/� and controls, both at the peak

of the disease and during the chronic phase (Figure 5a).

Furthermore, the production of key inflammatory cytokines such

as IFN-γ, GM-CSF, and IL-17 by invading CD4+ T cells did not differ

between groups at the peak of the disease (Supplementary Figure 6a,

Figure 5b), neither in the percentage of expressing cells nor in expres-

sion level per cell population (data not shown). Also, the number of

CNS-infiltrating Treg cells was comparable among the different

groups (Figure 5c). Both, by histological examination and by flow cyto-

metry, we observed similar numbers of microglia and invading macro-

phages in oIGF1R�/� and control animals, with a comparable MHC-II

expression (Figure 5d–f). Furthermore, both CD11bhighCD45high

invading myeloid cells and CD11bintermediateCD45intermediate microglia

showed similar expression of the markers CD11c, CD95, CD95l, and

CD44, with subtle expression variations, showing statistical signifi-

cance only in case of CD44 positivity by invading macrophages

(Figure 5f).

F IGURE 4 oIGF1R�/� mice show ameliorated disease but no change in ODC density. (a) oIGF1R�/� and control animals were induced with
EAE and scored daily for clinical signs of disease. Shown is clinical score of disease and a table reporting incidence, day of clinical onset and
average maximum clinical score. The data was pooled from 6 independent EAE experiments (total of 52 oIGF1R�/� and 46 control mice). (b) Area
under the curve (AUC) calculation of disease severity in the mice shown in (a), shown is average ± s.e.m. **p < .001, Mann Whitney U test.
(c) oIGF1R�/� and control mice were induced with EAE and sacrificed at peak disease and 1 month (Chronic EAE) after induction of EAE. CNS
sections were immunostained with ASPA-specific antibody and cells manually counted in a blinded fashion (field size 0.22 mm [Floyd et al.,
2007]). The data is representative of two independent experiments. The bar graph shows mean ± s.e.m., n = 9. (d) Brain lysates of oIGF1R�/� and
control mice 1 month after induction of EAE were immunoblotted and analyzed using MOG- and MBP-specific antibodies. The bar graph shows
mean staining intensity ± s.e.m., n = 5. (e) Spinal cord sections of oIGF1R�/� and control mice 2 days after clinical onset of EAE were stained with
DAPI, CC1 and activated caspase 3-specific antibodies. The number of CC1+ Casp3+ cells or. (f) Casp3+ cells, manually counted in a blinded
fashion (field size 0.25 mm [Floyd et al., 2007]), is shown. The data is representative of two independent experiments. The bar graph shows the
mean number ± s.e.m., n = 7. (g) NeuN+ cells manually counted (field size 0.25 mm [Floyd et al., 2007]). Data are representative of two
independent experiments. Bar graph shows average number ± s.e.m., n = 7. ASPA, aspartoacylase; CNS, central nervous system; EAE,
experimental autoimmune encephalomyelitis; IGF1R, insulin-like growth factor receptor 1; ODC, oligodendrocyte; MBP, myelin basic protein;
MOG, myelin oligodendrocyte glycoprotein
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Notably, immunofluorescent analysis of IGF1R expression at the

clinical peak of EAE revealed a strong expression by microglia/

macrophages (data not shown), especially within inflammatory lesions

in MHC-II+ cells (Figure 5g). To assess whether IGF1R signaling might

directly impact the functioning of myeloid cells in our model, we

assessed the effect of IGF-1 signaling on microglia proliferation

in vitro (Dolga et al., 2012). We observed that treatment of microglial

cells with IGF-1 (500 ng/ml) in vitro led to an increase in the prolifera-

tion rate under standard culture conditions and following TNF-α and

IFN-γ-mediated activation (Figure 5h, Supplementary Figure 6b,c), but

did not alter the expression levels of the activation markers MHC-II

and CD44 (Supplementary Figure 6d,e).

Taken together, despite a significant reduction in EAE clinical

course, histological and cytometric analysis of CNS inflammation

only revealed minor changes due to the absence of IGF1R

from ODCs.

3 | DISCUSSION

Once considered mere myelinating cells of the CNS, the central

importance of ODCs in CNS homeostasis and pathological distur-

bances have found ever greater appreciation in recent years. ODCs

were described to provide essential metabolic support for CNS axons

and thus proved to be vital for regular neuronal activity (Funfschilling

et al., 2012; Lee et al., 2012). These functional connections were sup-

ported further in a recent study showing the loss of temporal resolu-

tion of axonal signaling upon induction of metabolic defects in ODCs

F IGURE 5 Legend on next page.
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(Moore et al., 2020). Furthermore, experimental ODC ablation

(Locatelli et al., 2012), ODC-specific peroxisome impairment, and PLP

overexpression (Ip et al., 2006; Kassmann et al., 2007) were invariably

followed by neuronal degeneration. Notably, in the two latter

genetically-modified models, ODC impairment also led to the recruit-

ment of lymphocytes to the CNS (Ip et al., 2006; Kassmann

et al., 2007), thus indicating that ODCs participate in the complex

interplay between the CNS and the immune system (Kerschensteiner

et al., 2009; Zeis & Schaeren-Wiemers, 2008).

The key role of ODCs in CNS homeostasis becomes particularly rel-

evant in MS and is well-represented in demyelinating animal models such

as EAE (Locatelli et al., 2012; Lucchinetti et al., 1999; McTigue &

Tripathi, 2008) and cuprizone intoxication (Benetti et al., 2010; Zatta

et al., 2005). In EAE, ODC death and demyelination within CNS inflam-

matory lesions are central to the clinical progression of disease

(Lucchinetti et al., 1999). ODCs in MS patients also show altered hetero-

geneity that may suggest susceptibility to demyelination and epigenetic

differences in genes such as BCL2L2 and NDRG1 potentially decreasing

anti-apoptotic mechanisms even in non-affected CNS regions (Huyhn

et al., 2014; Jäkel et al., 2019). However, finding suitable therapeutic

strategies protecting ODCs and myelin during neuroinflammation and

other CNS diseases is a relatively untapped research area. The IGF-1

pathway has been among those protective strategies assessed in recent

years in MS and its model EAE, but results remained sadly inconsistent

among studies (Bilbao et al., 2014; Cannella et al., 2000; DiToro

et al., 2020; Genoud et al., 2005; Lanzillo et al., 2011; Li et al., 1998; Liu

et al., 1995; Lovett-Racke et al., 1998; Shahbazi et al., 2017; Wilczak

et al., 2008; Yao et al., 1995). To finally settle the specific question about

the role of the IGF-1 pathway during CNS inflammation we decided for

genetically ablating its receptor from mature ODC. In this genetic model,

we observed that the presence of IGF1R appeared dispensable for physi-

ological maintenance of myelin and cell survival of mature ODCs in adult

animals up to 15 months of age, even though IGF-1 is known to deliver

a robust anti-apoptotic signal to OPCs during development (Chesik

et al., 2008), While at first sight this result appears to differ from observa-

tion in an IGF1R ablation model using PLP-cre, in which the authors

showed up to 25% decrease in ODC numbers in the corpus callosum at

25 weeks of age (Zeger et al., 2007), this work also presented IGF1R dele-

tion in a fraction of NG2+ OPCs. It hence appears possible that PLP-cre

induced recombination partially affected CNS cell-types other than

mature ODCs (Michalski et al., 2011). Our study, by using a genetic model

restricting recombination most stringently to mature ODCs, and by

addressing several timepoints and anatomical CNS regions, leads instead

to the firm conclusion that ODC-specific absence of IGF1R does not alter

the steady-state physiology of these cells nor CNS myelin status.

Using an inflammatory model of MS and a toxin-induced demyelin-

ation model, we further show that absence of IGF1R from mature

ODCs: (a) does not alter the pathophysiology of cuprizone-mediated

demyelination, (b) does not significantly affect the subsequent remyeli-

nation and (c) does not affect the survival of ODCs in neuroinflamma-

tory lesions. Taken together, experiments in oIGF1R�/� mice showed

unchanged ODC densities during adulthood, aging, cuprizone-intoxica-

tion, and EAE, clearly indicating that survival of mature ODCs is not

controlled by activation of IGF1R in these contexts. Our data thus sug-

gest that the dependence of ODC lineage cells on the anti-apoptotic

function of IGF-1 is lost during terminal differentiation. Such reliance

on specific pathways was reported for multiple developmental stages

of ODCs. For instance, AMPA/kainate receptor-mediated excitotoxicity

F IGURE 5 Inflammatory cell phenotype during anti-CNS autoimmunity in absence of oligodendroglial IGF1R. (a) Cells from the CNS of
oIGF1R�/� and control animals 2 days (acute) or 12 days (chronic) after induction onset of EAE were analyzed by flow cytometry. They were
stained with CD4-, CD8-, CD11b-, CD45-specific antibodies. Shown is the relative number of CD4+ and CD8+ T cells in the CD11bnegative,
CD45+ population in oIGF1R�/� compared to control mice. The data is representative of two independent experiments, shown is the mean ± s.e.
m. (n = 8). (b) Bar graph showing percentage of pro-inflammatory cytokine producing T cells in the CD4+, CD11bnegative, CD45+ population
isolated from the CNS of oIGF1R�/� and control mice induced with EAE and analyzed at peak disease. The data is representative of two
independent experiments; shown is the mean ± s.e.m, n = 8. (c) Cells were isolated from the spinal cord and cerebellum of oIGF1R�/� and control
animals 2 days after disease onset (day 12 post immunization) and analyzed by flow cytometry after staining with CD4-, CD11b-, CD45-,
Foxp3-specific antibodies. Shown is the total number of Foxp3+, CD4+, CD11bnegative, CD45+ cells per CNS (n = 4). (d) EAE was induced in
oIGF1R�/� and control animals and animals sacrificed at clinical peak of disease. Spinal cord sections were stained with DAPI, MHC-II, and
IB4-specific antibody and positive cells manually and blindly counted. Shown is the mean ± s.e.m., n = 4. (e) oIGF1R�/� and control animals were
induced with EAE. CNS cells isolated at peak disease and immunostained for CD45, CD11b were analyzed by flow cytometry. Shown are relative
percentages per CNS of CD45intermediate-CD11b+ microglia and of CD45high-CD11b+ activated microglia/macrophages in oIGF1R�/� compared to
oIGF1R+/+ controls. The data is representative of three independent experiments. The bar graph shows the mean ± s.e.m., n = 10. (f) Cells were
isolated at peak disease from the CNS of MOG-immunized oIGF1R�/� and control animals. The cells were immunostained for CD45, CD11b,
CD11c, CD95l, MHC-II, CD95, and CD44 and analyzed by flow cytometry. Shown are relative percentages. The data is representative of two
independent experiments. The bar graph shows mean ± s.e.m., n = 8. *p < .05, Mann Whitney U test. (g) Spinal cord sections from EAE-induced
oIGF1R�/� animals 2 days after disease onset were immunostained with DAPI, Isolectin B4, and with MHC-II-, activated IGF1R-specific
antibodies. Scale bar, 60 μm. (h) Microglial cells were seeded in 96-well E-plates at a density of 15,000 cells/well and monitored with a real-time

impedance-based xCELLigence system. After 24 h, the cells were treated with IGF-1 (500 ng/ml) in the absence of serum in the medium
(as indicated with the arrow [Fernandez & Torres-Aleman, 2012]). A short time after each treatment, the cell index drastically drops for 30–
60 min due to the media change and temperature difference. The time point of treatment or media change is marked as “0 h” in the graph (n = 3).
Subsequently, microglia was activated with recombinant mouse (rm)TNF-α 100 ng/ml and rmIFN-γ 50 U/ml in the presence or absence of IGF-
1500 ng/ml (as indicated with the arrow [Floyd et al., 2007]). Results are given as mean values ± S.D. (***p < .001 vs. non-treated microglia,
ANOVA, Scheffé's test, n = 3). ASPA, aspartoacylase; CNS, central nervous system; EAE, experimental autoimmune encephalomyelitis; IGF1R,
insulin-like growth factor receptor 1; ODC, oligodendrocyte; MOG, myelin oligodendrocyte glycoprotein
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(Benarroch, 2009), anoxia (Khwaja & Volpe, 2008), oxidative stress

(French et al., 2009), and IFN-γ signaling (Lin et al., 2007) show stage-

specific survival potential for the ODC lineage.

Even though the absence of IGF1R did not affect ODC survival in

our model, it consistently lowered disease presentation upon induction

of anti-myelin autoimmunity, reducing the incidence of the disease and

the severity of affected animals. We show that this protection was not

mediated by reduction of the encephalitogenic T cell response. It rather

seems to be an inherent property of the IGF1R-deficient ODC com-

partment. However, when we analyzed mRNA expression in the spinal

cord of pre-clinical animals, we did not find any significant difference

that could provide an explanation or support further hypothesis-driven

exploration. Therefore, the actual mechanism behind EAE amelioration

in oIGF1R�/� mice remains at this point unclear.

We put forward two non-complementary hypotheses to explain

the observed beneficial role of decreased IGF-1 signaling in ODCs dur-

ing neuroinflammation: (A) The ODC-specific deletion of IGF1R led to a

local unbalance in IGF-1 bioavailability, in turn enhancing IGF1R signal-

ing in other cell types within the CNS. While this hypothesis remains

challenging to prove experimentally, our in vitro culture system pro-

vided evidence that IGF-1 directly supports microglia expansion. Simi-

larly, several other blood-borne and CNS parenchymal cell types could

be affected by variations in IGF-1 signaling, in turn impacting EAE

development (Bilbao et al., 2014; DiToro et al., 2020; Labandeira-Garcia

et al., 2017). (B) Absence of IGF1R affects the overall metabolic activity

of ODCs, leading to an increased stress resistance of these cells. Upon

EAE induction this improved resilience turns into the observed

decreased clinical disease also by indirectly aiding the performance of

axons which are metabolically connected to ODCs (Funfschilling

et al., 2012; Lee et al., 2012). This hypothesis is supported by previous

observations: IGF1R signaling is a regulator of insulin-like anabolism in

the adult CNS in a context-dependent manner (Cheng et al., 1998; Fer-

nandez & Torres-Aleman, 2012). Lower metabolic rates in IGF1RKO

ODCs might protect these cells, as was found for human ODCs in vitro

(Rone et al., 2016). Interestingly, this counterintuitive detrimental role

of IGF1R signaling might also explain observations in Alzheimer's dis-

ease (Cohen et al., 2009) and ischemic models (Endres et al., 2007). In

both studies, reduced IGF-1 signaling improves survival of animals and

decreases neuronal loss and brain infarct size, respectively.

In summary, the described protection against EAE in absence of

IGF1R signaling by mature ODCs highlights the importance of this cell

type in CNS homeostasis and in their dynamic interplay with the

immune system. Our results also stress the complexity of IGF-1 medi-

ated pathways and indicate a detrimental role of IGF1R signaling in

mature ODCs during neuroinflammation.

4 | MATERIALS AND METHODS

4.1 | Mouse breeding and animal experimentation

Mice carrying a loxP-flanked Igf1r locus (IGF1Rf; Igf1rtm1Jcbr) (Klöting

et al., 2008) were crossed to mice with the gene of the Cre

recombinase introduced into the Mog locus (MOGi-cre; Mogtm1[cre]Gkl))

(Hovelmeyer et al., 2005). Animals homozygous for the IGF1Rf allele

and heterozygous for the MOGi-cre allele are denoted as oIGF1R�/�

mice. C57BL/6J mice for control groups were obtained from Janvier.

ROSA26YFP (B6.129X1-Gt(ROSA)26Sortm1(EYFP)Cos/J) (Srinivas et al.,

2001) were obtained from Andreas Diefenbach and crossed to MOGi-

cre, the heterozygous double mutants were denoted oIGF1REYFP. All

animals were kept under SPF and barrier conditions according to

Swiss and German animal law and institutional guidelines (permit

numbers 101 [CH], 177 [CH], 07–12 [DE]). Presence of respective

transgenes was confirmed by PCR analysis on DNA from tail biopsies

by use of the following primer pairs: MOGi-cre (WT 350 bp) GAC AAT

TCA GAG TGA TAG GAC CAG GGT ATC CC and GCT GCC TAT TAT

TGG TAA GAG TGG; MOGi-cre (knock-in, 700 bp) TCC AAT TTA CTG

ACC GTA CAC and CAT CAG CTA CAC CAG AGA CGG AAA TC;

IGF1R TCC CTC AGG CTT CAT CCG CAA and CTT CAG CTT TGC

AGG TGC ACG (WT, 300 bp; floxed, 350 bp); EYFP (200 bp) CTA TAT

CAT GGC CGA CAA GC and ACT GGG TGC TCA GGT AGT

GG. In vivo Cre-mediated recombination of IGF1R allele was con-

firmed by use of CCC AAA CAG ACC ACC ACC A and CTT CAG CTT

TGC AGG TGC ACG (floxed, 1350 bp; recombined, 570 bp). Experi-

ments were performed with both sexes. Animal experiments were

performed with permits under Swiss and German law obtained from

Swiss Cantonal and German regional authorities, respectively (Permit

numbers 55.2–1-54-2532-1-12 ZH13/06, ZH002/15, ZH141/15,

ZH195/18, ZH70/19), involving institutional animal welfare officers

and Cantonal and regional animal experimentation commissions.

4.2 | Motor testing and disease models

In RotaRod experiments, the mice were placed on the drum in three

consecutive trials with an acceleration from 5 to 50 rpm in 3 min and

time to fall was recorded. For cuprizone intoxication, mice were fed

for 5 weeks with 0.2% cuprizone (Sigma) mixed with ground food pel-

lets and then returned to normal chow. For EAE experiments 6 to

10 weeks old mice were immunized subcutaneously with 200 μg

(each flank 100 μg) of myelin oligodendrocyte glycoprotein MOG35-55

peptide (M4939, Invitrogen) emulsified in Complete Freund's Adju-

vant (CFA, H37 Ra, Difco laboratories), followed immediately and at

day 2 by i.p. injection of 200 ng pertussis toxin (Sigma). The EAE score

was calculated as follows: 0, no detectable signs of EAE, 0.5, distal

limp tail; 1, complete limp tail; 1.5, limp tail and hind limb weakness;

2, unilateral partial hind limb paralysis; 2.5, bilateral partial hind limb

paralysis; 3 complete bilateral hind limb paralysis; 3.5, complete hind

limb paralysis and unilateral forelimb paralysis; 4, total paralysis of

fore and hind limbs; 5, death.

4.3 | Flow cytometry and proliferation assay

Flow cytometric analysis of CNS-invading cells and proliferation

assays were performed as described in Locatelli et al. (2012). For
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staining of CNS cells, tissue was dissected and collected into 15 ml

tubes containing 5 ml Sigma RPMI (Sigma) supplemented with

0.2 mg/ml Collagenase D (Roche Molecular Products) and 0.1 mg/ml

DNase I. Tubes were placed on a water bath at 37�C, and the content

was resuspended twice for 1 min with a 10 ml serological pipette

(Sarstedt) and let to rest for 5 min. The suspension was filtered

through a 70 μM cell strainer into a 50 ml collection tube and further

mashed with the plunger of a syringe. Samples were centrifuged at

4�C for 10 min at 1500 rpm. The pellet was resuspended in 10 ml

phosphate-buffered saline (PBS) and 11 ml were transferred to 15 ml

collection tubes. The cell suspension was mixed with 30% Percoll

(GE healthcare) and centrifuged in a swinging rotor centrifuge for

59 min at 5000 rpm at 4�C without brakes. The interphase containing

the cells was collected and centrifuged for 10 min at 1200 rpm and

4�C. For intracellular staining, cells were incubated with 50 ng/mL

PMA and 1 μg/ml Ionomycin for 4 h 30 min at 37�C, 5% CO2, 90%

humidity. Afterwards, the cells were centrifuged for 5 min at

1200 rpm and 4�C, and stained for surface markers and incubated for

30 min in the dark and at 4�C. For Foxp3 staining, cells were fixed for

1 h at room temperature, in the dark, with 200 μl of eBioscience™

Foxp3/ Transcription Factor Staining Buffer Set (according to manu-

facturer instructions).

The live/dead staining was purchased from Invitrogen. The fol-

lowing antibodies were purchased from BD Biosciences: XMG1.2

(IFN-γ), TC11-18H10 (IL17), 53–6.7 (CD8), N418 (CD11c), 7 AD/PC61

(CD25), IM7 (CD44), 30-F11 (CD45), M1/70 (CD11b) and M5/114

(MHC-II) antibodies from BD Biosciences, SA367H8 (CD95), NOK1

(CD95L), RM4-5 (CD4), MP1-22E9 (GM-CSF) antibodies from Biole-

gend, FJK-16 s (Foxp3) from eBioscience. Data was acquired with LSR

II Fortessa (BD) and analyzed with Flow Jo version 10 (BD).

4.4 | Proliferation/thymidine incorporation assay

For radioactive proliferation assays, we activated 2 � 105 lymph node

cells per well with 60 μg/ml of OVA (Research Genetics) or MOG35–55

(Genscript) with or without 5 μg/ml antibody to CD28 (37 N, Bioex-

press) in complete IMDM (Sigma-Aldrich) in a 96-well plate in quadru-

plicates, cultured at 5% CO2.

4.5 | Microglia cultures

Cortex was removed from 1–3 days-old C57Bl/6 N pups, dissociated

for 15 min in 1 mg/ml trypsin and 2 min in 1 mg/mL trypsin inhibitor.

Cells were cultured in Dulbecco's modified Eagle (DMEM) consisting

of Hams F12 (50/50, Sigma), supplemented with 10% Fetal calf serum

(FCS), 100 U/ml penicillin, 100 μg/mL streptomycin and 2 mM gluta-

mine. After 2 days of in vitro cultivation, the growth medium was

completely replaced by fresh medium. After 10–14 days, flasks were

mechanically shaken for 60 min, 150 r.p.m. to yield microglia in the

supernatant, which were sub-cultured into uncoated 96 well plates

(15,000 cells/well). They were kept in 70% astrocyte conditioned

medium and 30% fresh DMEM/F12 supplemented with 10% Fetal

calf serum (FCS), 100 U/ml penicillin, 100 μg/ml streptomycin and

2 mM glutamine for 1–2 days to obtain steady-state microglia. For all

experiments, primary microglial cells were used only after the first and

second passage. After 24 h, the cells were treated with IGF-1

(500 ng/ml, Cadarlane) in the absence of serum in the medium. After-

wards, microglia were activated with recombinant mouse (rm)TNF-α

100 ng/ml (Peprotech) and rmIFN-γ 50 U/ml (Tebu-bio) or combined

rmTNF-α and rmIFN-γ in the presence or absence of IGF-1

500 ng/ml. MHCII and CD44 expression levels were determined by

FACS analysis 24 h after onset of rmTNF-α and rmIFN-γ exposure in

the presence and absence of IGF-1 pre-treatment (10,000 cells/

sample).

4.6 | xCELLigence impedance-based system

xCELLigence system Real-Time Cell Analyzer RTCA-MP (Roche Diag-

nostics) allows tracking cell resistance or impedance, depicted as cell

index values (CI) and normalization were performed using the RTCA

Software 1.2 (Roche Diagnostics). The normalization of cell index

(NCIti) arbitrarily sets the cell index values to 1 at the indicated time

points. Primary microglial cells were seeded at a density of 15,000

cells/well in 96-well E-plate (Roche Diagnostics). Prior to plating,

background impedance was determined and always subtracted as

blank value. At short time after each treatment, the cell index drasti-

cally drops for 30–60 min due to the media change and temperature

difference (Diemert et al., 2012), followed by a total recovery to

values before media change or drug treatment.

4.7 | Histology

Mice were euthanized with CO2 and perfused with PBS. For cryostat

sections the tissue was fixed overnight with 4% paraformaldehyde

(PFA), cryoprotected in 30% sucrose and frozen at �80�C. Frozen tis-

sue was cut sagittally in 40 μm thick sections and stained as described

before (Locatelli et al., 2012) with antibodies or antisera against fol-

lowing antigens: GFAP (DAKO, Q28115), aspartoacylase (ASPA; rab-

bit polyclonal serum, Dr. Matthias Klugmann, Mainz, Germany),

proteolipid protein (PLP; rat, homemade), nerve glia antigen 2 (NG2;

rat monoclonal, Dr. Jacqueline Trotter, Mainz, Germany), ionized cal-

cium binding adaptor molecule 1 (Iba1; rabbit polyclonal, Wako Pure

Chemical Industries), MHCII-specific antibody (rat, BD Biosciences),

tomato lectin (FITC conjugated, L9386, Sigma-Aldrich), APC-specific

antibody (CC1, Sigma-Aldrich), IGF1R-specific antibody (ab131476,

Abcam). Detection was accomplished using either horseradish

peroxidase-conjugated secondary antibodies or biotinylated second-

ary antibodies, streptavidin-horseradish peroxidase (Vector Laborato-

ries) and 3,3' diaminobenzidine (DAB; Sigma-Aldrich). For

immunofluorescenct stainings, sections were covered with Vecta-

shield (Vector Laboratories) and analyzed by confocal (Leica SP5/Zeiss

LSM800) or fluorescence (Olympus BX50) microscope. For paraffin
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sections, stainings for hematoxylin–eosin (H&E), Nissl as well as Luxol

Fast Blue and Periodic Acid Schiff (LFB/PAS), ionized calcium binding

adaptor molecule 1 (Iba1; rabbit, Wako), aspartoacylase (ASPA; rabbit

polyclonal serum, Dr. Matthias Klugmann, Mainz, Germany) were per-

formed as indicated in Locatelli et al. (2012). For NF staining, paraffin

sections were first dewaxed and rehydrated followed by antigen

retrieval in citrate buffer pH 6.0 for 10 min. Sections were then incu-

bated in 0.3% of hydrogen peroxide and blocked with 3% normal goat

serum (NGS) and 0.3% Triton X100 in PBS. NF-specific antibody

(N4142, Millipore) was incubated for 12 h at room temperature. A

biotinylated secondary antibody (goat anti-mouse, Vector) was used

for detection. The staining with DAB was developed using Vectastain

ABC kit (Vector) according to the manufacturer's protocols. Sections

were counterstained for 2 min with hemalaun (Dr. Hollborn and Sons).

4.8 | Immunoblotting

Mouse tissue was digested in lysis buffer (Tris-Cl 35 mM, NaCl

150 mM, NP-40 1%, Sodium deoxycholate 0.5%, Triton 1%, Na3VO4

1 mM, leuptinin 1 μg/ml, NaF 5 mM, PMSF 5 mM) for 300 , sonicated

and centrifuged at 13,000 rpm at 4�C for 20 min. Protein concentra-

tion was quantified with a BCA assay (Thermo Scientific). Proteins

were detected with anti-Vinculin (Cell Signaling), anti-MOG (818C5,

homemade), anti-MBP (Santa-Cruz), anti-NG2 (Millipore). Samples for

anti-NG2 immunoblotting were previously digested with Chondroiti-

nase ABC (Seikagaku) for 1 h at 37�C.

4.9 | RNA isolation

Samples were homogenized in 1 ml TRIZOL (Sigma-Aldrich) and

incubated for 5 min at room temperature (RT). 200 μl chloroform

per sample were added, incubated for 3 min at RT, and centrifuged

at 8000 rpm for 15 min at 4�C. The aqueous phase containing RNA

was transferred into a fresh tube and precipitated adding 500 μl iso-

propyl alcohol after 10 min incubation at RT and centrifugation at

800 rpm for 10 min at 4�C. The supernatant was removed, and the

RNA pellet washed with 1 ml 75% ethanol. Samples were centri-

fuged at 5000 rpm for 5 min at 4�C and the RNA pellet then was

let drying out for 15 min at RT. The RNA was finally dissolved in

45 μl RNase free water with 5 μl of 10x incubation buffer and 1 μl

DNAseI. The samples were incubated at 37�C for 20 min, then 1 μl

0.5 M EDTA was added and incubated at 75�C for 10 min and

finally chilled on ice.

4.10 | cDNA synthesis

1 μl random primers (100 ng/μl), 1 μl dNTP (10 mM), 4 μl First-strand

buffer (5x), 2 μl DTT (0.1 M), and 1 μl RNase OUT were incubated for

2 min at 37�C and then 1 μl M-MLV RT (200 U/μl) was added. 5 μg

RNA was diluted in 10 μl RNase free H2O, heated to 65�C for 5 min

and quenched on ice. Afterwards, 10 μl Master Mix were added to the

RNA, incubated 10 min at 21�C, 50 min at 37�C and finally 15 min at

70�C. The cDNA was finally diluted 1:10.

4.11 | RNA array

oIGF1R�/� and control female animals were induced with EAE and

sacrificed after 9 days. RNA was isolated from spinal cord tissue and

assessed by microarray analysis (n = 5). Total RNA was labeled and

hybridized to Affymetrix GeneChip® Mouse Gene 1.0 ST arrays accord-

ing to the manufacturer's instructions. We used the oligo package to

import and process the scanned arrays into R (Carvalho &

Irizarry, 2010). Further, we assessed the quality of scanned arrays with

array Quality Metrics (Kauffmann et al., 2009). “Robust multichip aver-

age” was then used for background correction, normalization and to

control for technical variation between arrays within the study (Irizarry

et al., 2003). For annotation, we used both the original Affymetrix

probe set and an updated probe grouping provided by Brainarray (Dai

et al., 2005). Only probe sets that map to a unique gene were consid-

ered for further analysis. Then, a linear model was fitted to each of the

remaining probe set's expression data, and the estimated coefficients

given the set of contrasts were computed using Limma (Smyth, 2004).

Due to high variability in disease progression and small sample size, the

list of differentially expressed genes was reported without adjusting for

multiple testing and should be interpreted with caution.

4.12 | Electron microscopy

Electron microscopy analyses were performed as previously described

(Locatelli et al., 2012). Briefly, animals were sacrificed and transcardially

perfused with saline followed by a fixative containing 4% paraformalde-

hyde (Serva, Heidelberg, Germany) and 2% glutaraldehyde (Serva) in

PBS. After post-fixation for 24 hours in the same fixative, the tissue

was rinsed and cut into sections of 50 to 60 μm using a vibrating micro-

tome (Leica Microsystems, Wetzlar, Germany). The sections were

stained with 0.5% osmium tetroxide (EMS, Hatfield, PA, USA). After

rinsing in PBS, the sections were dehydrated in graded alcohol and fur-

ther stained with 1% uranyl acetate (Merck, Darmstadt, Germany) in

70% alcohol. After final dehydration the sections were transferred in

propylene oxide (Sigma Aldrich, Steinheim, Germany) and incubated in

Durcupan (Sigma Aldrich) between coated microscope slides and cover

glasses. After polymerization at 56�C for 48 h, the cover glasses were

removed and the sections were mounted on blocks of resin, followed

by final polymerization. Areas of interest were trimmed and cut using

an ultra-microtome (Leica Microsystems). Ultra-thin sections with an

average thickness of 55 nm were transferred on formvar-coated copper

grids and stained with lead citrate. Analysis was performed using a

Zeiss SIGMA electron microscope (Zeiss NTS, Oberkochen, Germany)

equipped with a STEM detector and ATLAS software. Morphology and

ultra-structure of myelin sheaths and ODCs was evaluated in the cor-

pus callosum and cerebellar fiber tracts.
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4.13 | Single-cell RNA sequencing data
preprocessing

Human MS single-nucleus RNA-Sequencing data and the correspond-

ing metadata were downloaded from Gene Expression Omnibus

accession number GSE118257 and normalized using the R package

RaceID version 0.2.3 run under R version 4.0.2. RaceID was run using

default parameters with the following adjustments. Cells with minimal

transcript counts above the 25th percentile, that is, 747 genes, were

included. The CCcorrect function was run using dimensional reduction

(dimR = TRUE) on 20 principal components (nComp = 20), the follow-

ing batch effect associated genes were excluded using the CGenes

function: JUN, FOS, ZFP36, HISPA1A, HISPA1B, DUST1, EGR1, and

MALAT1. Clustering was run with the cln parameter of the clustexp

function set to 22.

4.14 | Single-cell RNA sequencing data
visualization

Data processing was conducted using the Tidyverse R package ver-

sion 1.3.1. Gene expression data was visualized using the ggplot2 R

package version 3.3.3. Normalized gene expression of IGFR1 was

plotted across cell types and disease stages. For improved readabil-

ity, clusters with less than 1% of all cells (i.e., <133 cells) and data

from underrepresented cell types (Macrophages with 13 cells, and

vascular smooth muscle cells with 1 cell) were excluded from the

final plot.

4.15 | Code availability

The code to reproduce the single-cell RNA-Sequencing figure can be

found under: https://github.com/rsankowski/locatelli_ms_celltype_

comparison.

4.16 | Statistics

Statistical analysis was performed using GraphPad Prism 8 (La Jolla,

CA, USA). All values are presented as mean ± SEM. Asterisks

indicate significant differences (*p < .05, **p < .01, and ***p < .001,

****p < .0001). Animals were allocated randomly and experiments per-

formed blindedly where necessary (see also figure legends). Following

validation of normal distribution, unpaired t-test was used for the

analysis in Figure 1e, Figure 2b,e,g, Figure 3a,b,d,f, Figure 4d–h,

Supplementary Figure 1c,d, Supplementary Figure 2a,c. When not

normally distributed, data was compared using the Mann Whitney U

test in Figures 4b and 5a–f. One-way ANOVA with Bonferroni post-

hoc analysis was used in Supplementary Figure 4a,c,d and Supplemen-

tary Figure 5b. In Figure 5h and Supplementary Figure 6b,c, results

are given as mean values ± S.D. and tested with 1 way ANOVA and

Scheffé's multiple comparison test.
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