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Abstract
Abnormal myelination underlies the pathology of white matter diseases such as 
preterm white matter injury and multiple sclerosis. Osteopontin (OPN) has been 
suggested to play a role in myelination. Murine OPN mRNA is translated into a 
secreted isoform (sOPN) or an intracellular isoform (iOPN). Whether there is an 
isoform- specific involvement of OPN in myelination is unknown. Here we gener-
ated mouse models that either lacked both OPN isoforms in all cells (OPN- KO) 
or lacked sOPN systemically but expressed iOPN specifically in oligodendrocytes 
(OLs- iOPN- KI). Transcriptome analysis of isolated oligodendrocytes from the ne-
onatal brain showed that genes and pathways related to increase of myelination 
and altered cell cycle control were enriched in the absence of the two OPN iso-
forms in OPN- KO mice compared to control mice. Accordingly, adult OPN- KO 
mice  showed  an  increased  axonal  myelination,  as  revealed  by  transmission 
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1   |   INTRODUCTION

Oligodendrocytes  are  the  myelinating  cells  of  the  cen-
tral nervous system (CNS). The inability of oligodendro-
cytes to myelinate axons underlies the pathology of white 
matter diseases such as preterm white matter injury and 
multiple sclerosis. The primary cellular target in preterm 
white  matter  injury  is  premyelinating  oligodendrocytes 
that are abundantly present in the brain during weeks 23– 
32 of gestation in humans and at postnatal day (P) 2– 7 in 
mice.1  Oligodendrocytes  at  this  developmental  stage  are 
especially vulnerable to  insults such as  infection and in-
flammation, and the identification of factors that regulate 
normal oligodendrocyte development and myelination is 
essential  for  understanding  the  mechanisms  underlying 
white matter injury and disease.

Osteopontin  (OPN),  encoded  by  the  secreted 
phosphoprotein  1  (Spp1)  gene,  is  a  multifunctional  gly-
cophosphoprotein  involved  in  various  physiological  and 
pathological  processes.2– 5  The  diverse  functions  of  OPN 
are attributable to its multiple variants arising from tran-
scriptional,  posttranscriptional,  and  posttranslational 
modifications.  An  alternative  translation  of  the  OPN 

mRNA  generates  two  isoforms  of  OPN,  a  secreted  form 
(sOPN)  and  an  intracellular  form  (iOPN).6,7  Although 
most  functional  activities  of  OPN  have  been  ascribed  to 
sOPN,  accumulating  evidence  suggests  that  iOPN  also 
serves specific roles in controlling cell migration, motility, 
proliferation, and immunity.7– 15

OPN expression is frequently upregulated in the CNS 
under  various  pathological  conditions  such  as  inflam-
mation,16 neurodegeneration,17,18 and perinatal brain  in-
jury.19– 22 We recently showed a marked increase in OPN 
protein  expression  in  microglia  and  astrocytes  in  post-
mortem preterm infant brains with white matter injury.23 
In addition, strong OPN immunoreactivity is detected in 
axons at the periphery of the ischemic zone in both sub-
acute and chronic periventricular leukomalacia lesions in 
human infants.24

OPN  has  been  suggested  to  play  a  role  in  myelin-
ation.25,26  It  has  also  been  implicated  in  the  pathogen-
esis  of  adult  white  matter  diseases,27  and  lack  of  OPN 
significantly reduces the disease severity of experimen-
tal  autoimmune  encephalomyelitis,  an  animal  model 
of multiple sclerosis.28 While OPN appears  to have ad-
verse effects in some disease models, effects appear to be 
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electron  microscopy  imaging,  and  increased  expression  of  myelin- related  pro-
teins. In contrast, neonatal oligodendrocytes from OLs- iOPN- KI mice compared 
to control mice showed differential regulation of genes and pathways related to 
the increase of cell adhesion, motility, and vasculature development, and the de-
crease  of  axonal/neuronal  development.  OLs- iOPN- KI  mice  showed  abnormal 
myelin formation in the early phase of myelination in young mice and signs of 
axonal degeneration in adulthood. These results suggest an OPN isoform- specific 
involvement, and a possible interplay between the isoforms, in myelination, and 
axonal integrity. Thus, the two isoforms of OPN need to be separately considered 
in therapeutic strategies targeting OPN in white matter injury and diseases.

K E Y W O R D S

myelin, oligodendrocytes, osteopontin isoforms, RNA- sequencing
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context and age dependent as administration of recom-
binant OPN reduces the infarct size in a murine stroke 
model29;  while  in  immature  brain  injury  models,  OPN 
either  show  protection,20,21  or  does  not  affect  gray  or 
white matter injury following hypoxia- ischemia- induced 
brain injury.19,30 Whether the different outcomes result 
from  the  effects  of  different  OPN  isoforms  and  their 
expression  by  specific  cell  types  is  unknown.  In  the 
current  study,  we  generated  mouse  models  that  either 
lacked both OPN isoforms in all cell types (OPN- KO) or 
lacked  sOPN  systemically  but  expressed  iOPN  specifi-
cally in oligodendrocytes (OLs- iOPN- KI) to discern the 
effects  of  sOPN  and  oligodendrocyte- specific  iOPN  on 
myelination.

2   |   MATERIALS AND METHODS

2.1  |  Mice

C57/BL/6J  (wild  type,  Charles  River),  B6;129S4- 
Olig1tm1(cre)Rth/J  (Olig1Cre,  The  Jackson  Laboratory), 
and  C57/BL/6J- Spp1flstop/flstop  (Spp1flstop/flstop,  Harvey 
Cantor's  laboratory,  Dana- Farber  Cancer  Institute, 
Boston,  MA,  USA)9  mice  were  housed  and  bred  at 
the  Experimental  Biomedicine  facility  (University  of 
Gothenburg, Sweden). Animal experiments conformed 
to  the  guidelines  established  by  the  Swedish  Board  of 
Agriculture  (SJVFS  2019:  9),  were  approved  by  the 
Gothenburg  Animal  Ethics  Committee  (ethical  num-
ber 2042/18), and were reported in accordance with the 
ARRIVE guidelines (Animal Research: Reporting of In 
Vivo Experiments).31 Day of birth was defined as post-
natal day (P) 0.

2.2  |  Immunofluorescent staining of 
tissue sections

Brains  were  collected  after  transcardial  perfusion  with 
0.9% saline followed by Histofix (Histolab, Sweden), and 
staining  was  performed  on  7- μm  thick  sagittal  paraffin 
sections.  Immunofluorescent  double  labeling  of  Olig2 
and OPN was performed on tissue sections from P16 wild 
type  mice  (n = 6/genotype).  After  blocking,  the  sections 
were  incubated  with  anti- Olig2  (AF2418,  R&D  Systems, 
5 μg/mL) and anti- OPN (Ab8448, Abcam, 1:250) antibod-
ies followed by incubation with appropriate Alexa Fluor- 
conjugated  secondary  antibodies  (Invitrogen,  1:500). 
Mounting  was  performed  using  ProLong  Gold  antifade 
reagent  with  DAPI  (Invitrogen).  Images  were  acquired 
using a Zeiss Axio Imager Z2 microscope, and measure-
ments were performed using Fiji ImageJ.

2.3  |  Magnetic- activated cell sorting 
(MACS) of oligodendrocytes

Mice  at  P5  were  decapitated,  and  the  cerebrum  brain 
tissue was collected. Tissue dissociation was performed 
using  the  Neural  Tissue  Dissociation  kit  (NTDK- P, 
130- 0292- 628,  Miltenyi  Biotec),  a  MACSmix  tube  rota-
tor  (130- 090- 753, Miltenyi Biotec),  and a gentle MACS 
Dissociator (130- 093- 235, Miltenyi Biotec) according to 
the manufacturer's instructions. O4+ cells were magnet-
ically  labeled  using  Anti- O4  MicroBeads  (130- 094- 543, 
Miltenyi  Biotec)  and  loaded  onto  a  LS  MACS  Column 
(130- 042- 401, Miltenyi Biotec), which was placed in the 
magnetic  field  of  a  QuadroMACS  Separator  (130- 090- 
976, Miltenyi Biotec). To  increase purity,  the O4+ cells 
were applied  to a second LS column and  the magnetic 
separation steps were repeated. Cell purity was ≥95% as 
assessed by  flow cytometry using  the anti- O4 antibody 
(130- 095- 887,  Miltenyi  Biotec)  and  by  immunofluores-
cent staining.

2.4  |  Immunofluorescent staining of  
cells

MACS- isolated  O4+  cells  from  P5  mice  were  added  to 
a  poly- l- lysine  (Sigma)- coated  chamber  slide  in  cul-
ture  medium  (DMEM:F12- HEPES,  1%  penicillin– 
streptomycin, 0.5% FBS, 30% B104 media, 1× B27, and 
10 ng/mL FGF- 2). Cells were allowed  to adhere  for 1 h 
before  fixation  and  permeabilization.  After  blocking, 
cells were incubated with primary antibodies (anti- OPN 
Ab8448,  Abcam,  1:250  and  anti- Olig2  AF2418,  R&D 
Systems,  5 μg/mL,  or  anti- OPN  and  anti- Calreticulin 
C6C,  Novus  Biologicals,  1:500)  followed  by  appro-
priate  Alexa  Fluor- conjugated  secondary  antibodies 
(Invitrogen, 1:500). Cells were mounted using ProLong 
Gold  antifade  reagent  with  DAPI  (Invitrogen),  and 
images  were  acquired  using  a  Zeiss  Axio  Imager  Z2 
microscope.

2.5  |  Reverse transcription- quantitative 
PCR (RT- PCR)

2.5.1  |  Spp1 expression in wild type 
mouse brain

Mouse brain homogenates at P1, 3, 5, 7, 12, and 16 were 
prepared  (n = 5/age).  Total  RNA  was  isolated  accord-
ing to the manufacturer's  instructions using the miRNe-
asy  Micro  Kit  (Qiagen).  cDNA  was  prepared  using  the 
QuantiTect Reverse Transcription Kit (Qiagen), and PCR 
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was run on a LightCycler 480 (Roche, Sweden). The fol-
lowing  primers  were  used:  Olig2  QT01041089  and  Spp1 
QT00157724. Melting curve analysis was performed to en-
sure that only one PCR product was obtained. For quan-
tification and for estimation of amplification efficiency, a 
standard curve was generated using a series of concentra-
tions of cDNA. The amplified Spp1 transcripts were quan-
tified with the relative standard curve and normalized to 
the concentration of total cDNA in each sample measured 
using the Quant- iTTM 338 OliGreen ssDNA Assay Kit 339 
(Invitrogen).

2.5.2  |  Gene expression in oligodendrocytes

Oligodendrocytes from control- , OPN- KO- , and OLs- iOPN- KI 
mice (n = 7) at P5 were isolated using MACS. Total RNA was 
isolated according to  the manufacturer's  instructions using 
the miRNeasy Micro Kit (Qiagen). cDNA was prepared using 
the QuantiTect Reverse Transcription Kit (Qiagen), and PCR 
was run on a LightCycler 480 (Roche, Sweden). The follow-
ing primers were used: Mbp QT00198478, Plp1 QT00096096, 
Cnp  QT00106764,  and  Mobp  QT00154924.  The  amplified 
transcripts were quantified with the relative standard curve 
and normalized to the concentration of total cDNA in each 
sample  measured  using  the  Quant- iTTM  338  OliGreen 
ssDNA Assay Kit 339 (Invitrogen).

2.6  |  Western blot

Total protein was prepared using mouse brain homogen-
ate, and the protein concentration was determined using 
a BCA Protein Assay Kit (Sigma). Proteins were separated 
by  SDS- PAGE  on  a  4%– 20%  Criterion  TGX  Stain- Free 
Precast  gels  (Bio- Rad).  After  blotting,  the  membranes 
were imaged for total protein. The membranes were in-
cubated  with  anti- OPN  antibody  (O- 17,  IBL,  1:1000), 
anti- MBP antibody (SMI94, BioLegend, 1:1000), or anti- 
PLP1  antibody  (ab9311,  Abcam,  1:1000)  followed  by 
HRP- conjugated  secondary  antibodies  (Vector,  1:5000). 
Enhanced chemiluminescence was performed using the 
SuperSignal  West  Dura  Extended  Duration  Substrate 
(Thermo  Scientific),  and  protein  expression  levels  were 
quantified  using  Image  Lab  (Bio- Rad)  and  normalized 
against total protein levels.

2.7  |  Transcriptome 
sequencing and analysis

O4+  oligodendrocytes  from  P5  mouse  brains  were  iso-
lated  using  MACS  (n = 6/genotype,  both  sexes).  Total 

RNA  was  isolated  according  to  the  manufacturer's  in-
structions  using  the  miRNeasy  Micro  Kit  (Qiagen), 
and  the  RNA  was  sent  to  Exiqon,  Denmark  (currently 
Qiagen),  for  quality  control,  library  preparation,  and 
RNA- sequencing  (RNA- seq)  (30M  reads,  50 bp  single- 
end  read).  Unsupervised  hierarchical  clustering  and 
principal component analysis (PCA) of the RNA- seq data 
were performed using matplotlib in Python. Differential 
gene  expression  between  control  mice  and  OPN- KO  or 
OLs- iOPN- KI  mice  was  analyzed  based  on  normalized 
expression data in Qlucore Omics Explorer 3.8 (Qlucore, 
Sweden), and multiple tests were accounted for by using 
the Benjamini- Hochberg correction at a  false discovery 
rate  of  0.05.  The  biological  implications  of  the  differ-
entially  expressed  genes  (DEGs)  were  evaluated  using 
Kyoto  Encyclopedia  of  Gene  and  Genomes  (KEGG) 
pathway analysis in WebGestalt.32 Gene Ontology (GO) 
enrichment  analysis  was  performed  using  g:Profiler 
(https://biit.cs.ut.ee/gprof iler/)33  and  GOplot  (1.0.2),34 
an  R  package  (R  4.1.1).  Regulated  molecular  pathways 
and biological  functions and diseases were explored by 
analyzing  the  DEGs  using  Ingenuity  Pathway  Analysis 
(IPA) (70750971, Qiagen) with a cutoff adjusted p- value 
of  <0.05.  Heatmaps  were  created  using  Qlucore  Omics 
Explorer 3.8 (Qlucore, Sweden).

2.8  |  Transmission electron microscopy 
(TEM)

2.8.1  |  12- week- old mice

Mice  (n = 5)  were  transcardially  perfused  with  0.9%  sa-
line  followed by  fixative  (0.1 M phosphate buffer pH 7.4, 
2.5% glutaraldehyde, and 2% paraformaldehyde) solution. 
The dissected corpus callosum was postfixed in 1% OsO4 
with 1% K4Fe(CN)6 followed by incubation in 0.5% UAc in 
dH2O, dehydrated, and gradually infiltrated with acetone: 
resin at 2:1 and then 1:2 followed by 100% resin and then 
embedded  in  100%  resin  with  accelerator  and  polymer-
ized at 60°C. The resin was from the Hard Plus Resin 812 
kit (EMS). Semi- thin sections (0.5 μm) were stained with 
Richardson's stain and regions of interest were identified. 
Ultra- thin sections (70 nm) were stained with lead nitrate 
and imaged on a Talos L120C TEM. Measurements were 
performed on three images per animal acquired at 2000× 
magnification.

2.8.2  |  P12 mice

At  P12  (n = 5– 6),  dissected  brain  tissue  was  prepared 
using the same protocol as for 12- week- old mice except 

https://biit.cs.ut.ee/gprofiler/
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for  using  a  Leica  EM  Automatic  Microwave  Tissue 
Processor  and  performing  the  infiltration  at  50°C.  For 
semi- thin sections (0.5 μm), basic fuchsin/azure B stain-
ing35 was used, and regions of  interest were identified. 
Ultra- thin  sections  (70 nm)  were  stained  with  lead  ni-
trate and imaged on a Talos L120C TEM. Measurements 
were  performed  on  six  images  per  animal  acquired  at 
2000× magnification.

2.9  |  Statistics

GraphPad Prism version 9 (GraphPad software, San Diego, 
CA, USA) was used to perform the statistical analyses of 
the  RT- PCR,  western  blot,  and  structural  analysis  data. 
Data were tested for normal distribution through the gen-
eration of QQ plots. Data were analyzed using the appro-
priate test as indicated in the figure legends and presented 
as bar graphs with mean ± SD. p < 0.05 was considered sta-
tistically significant.

3   |   RESULTS

3.1  |  Generation of OPN knockout 
(OPN- KO) mice and oligodendrocyte- 
specific iOPN knock- in (OLs- iOPN- KI) 
mice

First, we confirmed that OPN is expressed in oligoden-
drocytes in vivo in brain tissue sections from wild type 
mice  (Figure  1A).  In  order  to  investigate  a  potential 
isoform- specific  involvement  of  OPN  in  myelination, 
we generated OPN- KO and OLs- iOPN- KI mice. We used 
mice homozygous  for  the Spp1flstop allele knocked  into 
the  Spp1  locus  (Spp1flstop/flstop).  In  this  system,  a  STOP 
cassette is inserted upstream of a mutation site with a de-
letion of the 45 nucleotides after the translation start site 
(ATG) that encodes the N- terminal signal sequence di-
recting the secreted form of OPN to the endoplasmic re-
ticulum. Cre/loxP- mediated recombination induces the 
expression of the iOPN isoform after excision of a STOP 

F I G U R E  1  Expression of OPN in oligodendrocytes. (A) Left panel: A representative image of fluorescent double staining of Olig2 
(green) and OPN (red) with nuclear counterstain (DAPI) in the corpus callosum (delineated area) of wild type mice brain. Right panel: A 
magnification picture of selected area from the image in the left panel. Arrowheads: Oligodendrocytes expressing OPN. (B) Representative 
images of O4+ oligodendrocytes isolated from control mice at P5, stained using antibodies against OPN (red) and Olig2 (green), and nuclear 
counterstain (DAPI). (C) Representative images of oligodendrocytes isolated from control, OPN- KO, and OLs- iOPN- KI (iOPN- KI) mice at 
P5 showing the expression of OPN in oligodendrocytes that were co- stained using antibodies against Olig2 or the endoplasmic reticulum 
marker calreticulin. Scale bars are 100 μm in (A), 50 μm in (B), and 10 μm in (C).
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cassette.9  Crossing  of  Spp1flstop/flstop  mice  with  Olig1Cre 
mice36,37  generated  Olig1+/+Spp1flstop/flstop  (OPN- KO) 
mice that expressed neither sOPN nor iOPN in any cell 
type,  and  Olig1cre/+Spp1flstop/flstop  (hereafter  referred  to 
as OLs- iOPN- KI) mice that (1) expressed iOPN specifi-
cally  in  oligodendrocytes;  (2)  lacked  iOPN  in  all  non- 
oligodendrocyte  cell  types;  and  (3)  lacked  sOPN  in  all 
cell  types.  Olig1cre/+  Spp1+/+  mice  that  expressed  both 
sOPN and iOPN were used as control mice (referred to 
as  control  hereafter).  The  expression  of  both  isoforms 
in  these  mice  was  confirmed  by  immunofluorescent 
staining  of  isolated  O4+  oligodendrocytes.  Analysis  of 
cells  from  control  mice  at  P5  showed  OPN  staining  in 
all isolated cells (Figure 1B). Specifically, OPN staining 
was detected in the endoplasmic reticulum (as marked 
by  calreticulin),  suggestive  of  sOPN,  and  was  also  de-
tected  in  the  cytoplasm  and  nucleus,  indicating  iOPN 
(Figure  1C),  as  reported  previously.7  In  contrast,  OPN 
was not detected in O4+ oligodendrocytes isolated from 
OPN- KO  mice,  while  in  the  oligodendrocytes  isolated 
from OLs- iOPN- KI mice, OPN staining was mainly de-
tected  in  the  cytoplasm  and  nucleus  and  was  not  sub-
stantially stained with calreticulin (Figure 1C).

3.2  |  Differential expression of the two 
OPN isoforms modulates oligodendrocyte 
gene expression signatures

We  first  wanted  to  analyze  which  genes,  biological 
processes,  and  signaling  pathways  in  oligodendrocytes 
were affected by differential expression of the two OPN 
isoforms.  We  therefore  performed  RNA- seq  analysis 
of  O4+  oligodendrocytes  isolated  at  P5  from  control, 
OPN- KO, and OLs- iOPN- KI mice. Mice at P5 were cho-
sen based on the observation that OPN expression in the 
brain is highest around this age (Figure S1).19 Notably, 

substantial transcriptomic differences were observed in 
oligodendrocytes  of  controls  versus  OPN- KO  or  OLs- 
iOPN- KI mice, while cells from OLs- iOPN- KI mice dis-
played  less  distinct  segregation  compared  to  OPN- KO 
cells  (Figure  2A).  After  multiple  testing  correction 
(q < 0.05),  a  total  of  2609  and  2013  genes  were  differ-
entially  expressed  in  OPN- KO  and  OLs- iOPN- KI  mice 
compared to controls, respectively, of which 1108 of the 
DEGs  overlapped  between  the  conditions  (Figure  2B). 
Thus,  1501  genes  were  differentially  expressed  specifi-
cally in OPN- KO mice, and 905 genes were differentially 
expressed specifically in OLs- iOPN- KI mice, suggesting 
specific functional roles of the intracellular and secreted 
OPN isoforms (Data S1 and S2).

3.3  |  Global knockout of both isoforms of 
OPN leads to gene signatures reflecting 
increased myelination and altered 
oligodendrocyte cell cycle control

To examine the effects of the absence of both isoforms of 
OPN,  we  focused  on  the  1501  genes  that  were  differen-
tially expressed specifically in OPN- KO mice (Figure 2B). 
Among  these  genes,  the  top  20  upregulated  genes  were 
associated  with  myelination  (Bcas1,  Nfe2l3,  Kif1bp,  and 
Bmp4),  cell  cycle,  proliferation  and  apoptosis  (Dusp9, 
Erbb3, and Tmeff2), cytoskeleton and cell adhesion (Cdh7, 
Gipc1,  Arhgef28,  Lims2,  and  Tprn),  and  metabolism 
(B3gnt9, Neu4, and Mc5r) (Table S1). The top 20 downregu-
lated genes were linked to cell cycle and apoptosis (Psrc1, 
Dapk1, Ifi204, Zfp217, and Rel), neuronal functions (Lypd6, 
Lrtm, Kcnt1, and Cacna1h),  inflammation and immunity 
(Cybb, Cmklr1, Rnaset2a, Clec4n, Rel, and Cd36), and me-
tabolism (Abdhd8, Cmklr1, Hmox1, and Cd36) (Table S2).

To  gain  insights  into  the  potential  molecular  mecha-
nisms  involved,  we  used  a  systems  biology  approach  to 

F I G U R E  2  Gene expression differences in oligodendrocytes following differential expressions of the two OPN isoforms. 
Oligodendrocytes were isolated at P5 from control, OPN- KO, and OLs- iOPN- KI mice, and RNA- seq was performed. (A) PCA of the different 
mouse genotype groups. (B) Venn diagram of DEGs in OPN- KO versus control (pink), OLs- iOPN- KI versus control (green) and overlapping 
(pink/green).
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analyze the biological functions and regulatory pathways 
underlying the differential gene expression signatures. We 
first  performed  IPA  core  analysis  of  the  1501  OPN- KO- 
specific  DEGs  compared  to  control  (p < 0.05,  Figure  3A, 
Data  S3). The  top  predicted  increased  function  was  my-
elination  of  cells.  Accordingly,  when  focusing  on  genes 
implicated  in  oligodendrocyte  development  and  myelin-
ation, we observed upregulation of genes associated with 
myelination,  that  is,  Mog,  Plp1,  Mag,  Rtn4,  Mbp,  Myrf, 
Cnp, and Mopb in OPN- KO mice (Figure 3B, Data S1 and 
S2). Gene expression analysis using RT- PCR demonstrated 
increased expression of Mbp, Plp1, and Cnp in oligoden-
drocytes of OPN- KO and OLs- iOPN- KI mice compared to 
control mice, while the expression of Mobp was increased 
in  OPN- KO,  but  not  in  OLs- iOPN- KI  mice  (Figure  3C– 
F).  This  was  in  accordance  with  expression  differences 
observed in the RNA- seq data (Data S1 and S2). Further, 
significantly enriched biological functions associated with 
the S phase of cell cycle, viability, survival, and develop-
ment, including neuronal and vascular development had 
positive  z- scores  (Figure  3A).  Biological  functions  that 
were  predicted  to  be  decreased  were  synthesis  of  poly-
saccharides,  and  functions  associated  with  proliferation 
and the G2/M cell cycle checkpoint. In addition, signifi-
cantly enriched biological  functions related to cell death 
and apoptosis had negative z- scores (Figure 3A). Separate 
analysis of genes involved in cell cycle regulation demon-
strated that genes critical for G2/M phase transition and 
cell cycle progression, for example, Ccnb1, Ccnb2, Cdc20, 
and  Cdk1,  were  downregulated  in  OPN- KO  (Figure  3G, 
Data S1 and S2).

Next, we performed GO enrichment analysis where 
the  1501  specific  DEGs  were  classified  into  different 
categories according to the GO terms for biological pro-
cesses.  The  top  significant  GO  terms  were  associated 
with  regulation  of  broad  biological  and  cellular  pro-
cesses,  localization,  and  nervous  system  development 
(Figure 3H,I, Data S3). In addition, numerous GO terms 
involving  cell  cycle  regulation  were  enriched,  as  were 
axonogenesis,  axon  ensheathment,  and  myelination 
(Data S3).

Further, the core analysis by IPA predicted that the top 
canonical pathways activated in OPN- KO mice compared 
to control mice included ErbB and neuregulin (NRG) sig-
naling  pathways  (Figure  4A,  Data  S3).  The  ErbB- NRG 
receptor- ligand  signaling  is  involved  in  nervous  system 
development and in the control of oligodendrocyte devel-
opment  and  myelination.38,39  Other  pathways  predicted 
to be activated were apelin signaling, involved in various 
physiological processes  including oligodendrocyte devel-
opment and myelination,40 and NF- κB signaling, involved 
in  many  cellular  pathways  including  cell  cycle  control 
and  oligodendrocyte  function.  The  G2/M  checkpoint 

regulation  was  predicted  to  be  activated  while  cell  cycle 
control  of  chromosomal  replication  was  predicted  to  be 
inhibited, indicating a decrease of cell cycle progress and 
an increase of the S phase, as predicted in the biological 
function analysis (Figure 3A). Additionally, Rac signaling 
relevant to cell shape changes during oligodendrocyte de-
velopment was predicted to be inhibited.

KEGG  pathway  analysis  also  revealed  a  high  enrich-
ment in cell cycle and ErbB signaling, as well as apopto-
sis, MAPK signaling, and PI3K- Akt signaling (Figure 4B), 
all of which are important in oligodendrocyte function by 
regulating cell cycle, cell survival, cell movements, devel-
opment, and myelination.

Lastly,  IPA  suggested  transcription  factor  7- like  2 
(TCF7L2) as the top upstream regulator activated and the 
prostaglandin  E  receptor  2  (PTGER2)  to  be  the  top  up-
stream regulator inhibited in the OPN- KO versus control 
dataset (Figure 4C,D, Data S3).

Together, these analyses suggest that the main biolog-
ical  processes  enriched  in  oligodendrocytes  of  OPN- KO 
mice  are  associated  with  myelination  and  cell  cycle 
control.

3.4  |  Oligodendrocyte- specific 
expression of iOPN in global absence of 
both isoforms alters expression of genes 
involved in cell adhesion and migration, 
vascular development, and neuronal 
development

To examine the effect of expression of iOPN in oligoden-
drocytes  without  the  influence  of  sOPN,  we  focused  on 
the  905  DEGs  specific  in  OLs- iOPN- KI  mice  compared 
to control mice (Figure 2B). Of these, the top 20 upregu-
lated genes were associated with cell movements such as 
actin cytoskeleton organization,  focal adhesion, and mi-
gration  (Fgd5,  Cdc42ep3,  Nrep,  Tgm2,  Clec14a,  Tm4sf1, 
Thbs2,  Rhoj,  and  Emcn)  and  lipid  metabolism  (Atp10d 
and Apod). Moreover, some of the most upregulated genes 
were  associated  with  angiogenesis  (Vwf,  Clec14a,  Emcn, 
Tek, and Hspa12b) (Table S3). The top 19 downregulated 
genes  were  linked  to  neuronal  functions  (Stac3,  Tenm2, 
and  Camkv),  DNA  damage  control,  and  repair  (Eya4, 
Palb2, and Nabp1), as well as cell proliferation and differ-
entiation (Trim14, Bmp2k, Hs6st3, and Efcab7) (Table S4).

IPA  core  analysis  of  the  905  specific  DEGs  demon-
strated that the top 15 increased functions in OLs- iOPN- KI 
mice  were  associated  with  cell  movements,  survival, 
and growth, as well as angiogenesis and vasculogenesis. 
Predicted decreased biological functions were mainly as-
sociated with death, apoptosis,  and necrosis  (Figure 5A, 
Data S4).
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F I G U R E  3  Myelination of cells and cell cycle control were predicted to be enriched biological functions in oligodendrocytes of OPN- KO 
mice. IPA and GO analysis were performed using the 1501 DEGs in OPN- KO versus control. (A) Histogram of the 15 most significantly enriched 
biological functions with most positive and most negative z- scores predicted by IPA. (B) Heatmap across all the samples using genes involved 
in oligodendrocyte development and myelination. (C– F) Expression analysis of the oligodendrocyte and myelin- related genes Mbp (C), Plp1 
(D), Cnp (E), and Mobp (F), using RT- PCR. One- way ANOVA and Dunnett's post hoc test were performed. (G) Heatmap across all the samples 
using genes involved in cell cycle. (H) GOplot of the most significant enriched biological processes in OPN- KO versus control. The outer circle 
represents how many genes that are upregulated or downregulated in the GO term. The inner circle has a double function: the height of the bar 
indicates negative log10 of adjusted p- value and the color of the bar represents the z- score. (I) The GO terms. *p < 0.05; **p < 0.01; ***p < 0.001.
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F I G U R E  4  Pathway analysis revealed enriched NRG- ErbB signaling, cell cycle, and cell survival signaling in oligodendrocytes of 
OPN- KO mice. Canonical pathways and biological implications were assessed using IPA and KEGG pathway analysis of the 1501 DEGs 
in OPN- KO versus control. (A) Histogram of the 20 most significant canonical pathways predicted by IPA. (B) Top biological implications 
using KEGG pathway analysis. (C, D) Graphical summary of the networks predicted by IPA downstream of TCF7L2 in (C) and downstream 
of PTGER2 in (D).
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GO analysis reinforced these findings with the top sig-
nificant  GO  terms  including  developmental  processes, 
especially the development of the vasculature, as well as 
cellular  motility  and  migration  (Figure  5B,C,  Data  S4). 
Further, significant enrichment was identified for several 
GO  terms  involved  in  the  regulation  of  cell  death,  axon 
guidance,  as  well  as  axon  and  neuronal  development 
(Data S4).

The  canonical  pathways  from  IPA  (Figure  6A,  Data 
S4)  predicted  to  be  activated  included  GP6  signaling 
pathway, nitric oxide signaling, VEGF signaling, and en-
dothelial nitric oxide synthase (eNOS) signaling, which 
are  all  involved  in  vascular  regulation.  In  addition, 
PI3K- Akt  and  mTOR  signaling  were  activated,  as  well 
as  downstream  translational  control  pathways  (eIF4- 
p70S6K  signaling  and  EIF2  signaling),  while  its  nega-
tive  counterpart  PTEN  signaling  was  inhibited.  Also 
predicted to be activated were ephrin receptor signaling 
involved  in  axon  guidance,  cell  migration,  and  axon- 
oligodendrocyte  interactions  preceding  myelination.41 
Further,  PAK  signaling  was  predicted  to  be  activated, 
which  is  involved  in  cell  migration,  proliferation,  sur-
vival,  and  neuronal  plasticity  via  its  activities  in  actin 
cytoskeleton  modulation.42  RhoGDI  signaling,  which 
negatively regulates Rho GTPases and is involved in cy-
toskeletal dynamics and cell movements, was predicted 
to  be  inhibited.  Furthermore,  KEGG  pathway  analy-
sis  demonstrated  an  enrichment  in  focal  adhesions, 

extracellular  matrix  (ECM)- receptor  interactions,  and 
PI3K- Akt signaling, further implicating the enrichment 
of cell migration and survival (Figure 6B).

Lastly,  IPA suggested the NF- κB (complex) as  the top 
upstream regulator activated and α- catenin (CTNNA1) as 
the top upstream regulator inhibited in the OLs- iOPN- KI 
versus control dataset (Figure 6C,D, Data S4).

Taken together, these analyses suggest that the main 
processes  enriched  in  oligodendrocytes  expressing 
iOPN,  in  global  absence  of  sOPN,  are  associated  with 
various aspects of cell adhesion and motility, axonal and 
neuronal  development,  and  the  development  of  brain 
vasculature.

3.5  |  Oligodendrocyte- specific 
expression of iOPN in global absence of 
both isoforms detains continued myelin 
wrapping in the early phase of 
myelination

Next, we explored the impact of the differential expression 
of the two OPN isoforms in myelination in vivo. We used 
mice at P12, a developmental stage at which myelination 
has commenced, but the most rapid phase of myelination 
in the corpus callosum white matter has not yet begun.43 
TEM was used to investigate the myelin ultrastructure in 
the corpus callosum (Figure 7A).

F I G U R E  5  Biological functions 
associated with cellular movements and 
vascular development were upregulated 
in OLs- iOPN- KI mice. IPA and GO 
analysis were performed using the 905 
DEGs in OLs- iOPN- KI versus control. (A) 
Histogram of the 15 most significantly 
enriched biological functions with most 
positive and most negative z- scores 
predicted by IPA. (B) GOplot of the most 
significantly enriched biological processes 
in OLs- iOPN- KI versus control. The outer 
circle represents how many genes that are 
upregulated or downregulated in the GO 
term. The height of the bar in the inner 
circle indicates negative log10 of adjusted 
p- value and the color of the bar represents 
the z- score. (C) The GO terms.
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The  g- ratio,  a  key  measure  of  myelination  defined 
as  the  ratio  of  the  inner  axonal  diameter  to  the  total 
outer  fiber diameter  (Figure 7B), was not  significantly 
different between control, OPN- KO, and OLs- iOPN- KI 
mice  (Figure  7C).  Additionally,  no  significant  differ-
ences  were  observed  in  myelin  thickness,  distribution 
of  axon  diameters,  or  number  of  myelinated  axons 
(Figure 7D– F). However, myelination  in OLs- iOPN- KI 
mice appeared less developed compared to control and 
OPN- KO mice (Figure 7G). This prompted us to further 
examine  the  degree  of  myelination,  with  type  1  axons 

just being ensheathed or containing one to two myelin 
wraps, and type 2 axons having formed myelin sheaths 
(Figure 7H).

Overall, there was no significant difference between 
type 1 and  type 2 myelination  in control and OPN- KO 
mice, while OLs- iOPN- KI mice had significantly  fewer 
axons with more advanced type 2 myelination compared 
to  type  1  axons  (p = 0.02)  (Figure  7I).  Accordingly,  the 
type 2:type 1 ratio was significantly reduced compared to 
control (p = 0.002) and OPN- KO (p = 0.0008) (Figure 7J). 
As the number of type 1 myelinated axons was similar 

F I G U R E  6  Pathways regulating cell adhesion, migration, and survival were enriched in OLs- iOPN- KI mice. Canonical pathways and 
biological implications were assessed using IPA and KEGG pathway analysis of the 905 DEGs in OLs- iOPN- KI versus control. (A) Histogram 
of the 20 most significant canonical pathways predicted by IPA. (B) Top biological implications using KEGG pathway analysis. (C, D) 
Graphical summary of the networks predicted by IPA downstream of NF- κβ (complex) in (C) and downstream of α- catenin in (D).
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among the three genotypes, these results thus suggested 
that initiation of myelination in OLs- iOPN- KI mice was 
normal but continued myelin wrapping was hampered, 

indicating that expression of iOPN in oligodendrocytes 
without  sOPN  might  specifically  inhibit  the  reinforce-
ment of myelination at this stage of development.
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3.6  |  The lack of sOPN enhances 
myelination in adulthood, while 
oligodendrocyte- specific expression of 
iOPN in global absence of sOPN impairs 
axon integrity

Next,  we  explored  the  influence  of  OPN  isoforms  on 
myelination  in  vivo  after  the  myelination  process  is 
completed. To  this end, we used adult mice at  the age 
of  12 weeks  and  used  TEM  to  investigate  the  myelin 
ultrastructure  in  the  corpus  callosum  white  matter 
(Figure  7A,B).  In  contrast  to  young  mice,  the  g- ratio 
was  decreased  in  adult  OPN- KO  mice  compared  to 
controls (p = 0.007), but not in OLs- iOPN- KI mice com-
pared  to  controls  (p = 0.35)  (Figure  8A).  Furthermore, 
there was a  significant  increase of myelin  thickness  in 
both OPN- KO mice (p = 0.0001) and OLs- iOPN- KI mice 
(p = 0.003) while no significant difference between OLs- 
iOPN- KI  and  OPN- KO  mice  was  observed  (p = 0.12) 
(Figure 8B). The lower g- ratio in OPN- KO mice resulted 
from  the  increased  myelin  thickness,  as  the  distribu-
tion of axon diameters did not differ between the geno-
types (Figure 8C). Interestingly, OLs- iOPN- KI mice, but 
not  OPN- KO  and  control  mice,  had  many  dark  axons 
with  dense  axoplasm  accompanied  by  collapsed  my-
elin  sheaths,  which  can  be  a  characteristic  of  ongoing 
degeneration44  (Figure  8D,E).  In  addition,  OPN- KO 
and OLs- iOPN- KI mice had increased expression of the 
myelin- related proteins myelin basic protein (MBP) and 
myelin proteolipid protein 1 (PLP1) compared to control 
mice, assessed by western blot (Figure 8F,G).

In sum, these results suggested that sOPN may act as a 
negative regulator of myelination in the final stages of my-
elination  that  may  involve  regulation  of  the  expression  of 
myelin- related proteins, as  increased myelin  thickness and 
increased expression of the major constituents of myelin was 
observed  in  OPN- KO  and  OLs- iOPN- KI  mice,  which  both 
lack the sOPN isoform. Importantly, the expression of OLs- 
iOPN in the absence of sOPN resulted in disruption of axonal 
integrity suggesting that expression of sOPN and iOPN need 
to be balanced for proper myelination and axonal integrity.

4   |   DISCUSSION

In the current study, we used a newly generated mouse 
model  with  oligodendrocyte- specific  expression  of 
iOPN to reveal  that both sOPN and OLs- iOPN isoforms 
are  required  for  proper  myelination  and  axon  integrity 
(Figure  9).  OLs- iOPN- KI  mice,  in  which  oligodendro-
cytes express iOPN alone without modulation by sOPN, 
featured  delayed  myelination  in  young  age,  and  degen-
erated axons in adulthood. Oligodendrocytes from these 
mice  showed  transcriptional  changes  related  to  cell 
contacts, suggesting that iOPN might be involved in the 
communication  of  oligodendrocytes  to  the  extracellular 
matrix  and  to  axons,  interactions  important  for  proper 
myelination and axon integrity.  In OPN- KO mice,  lack-
ing both sOPN and iOPN globally, and in OLs- iOPN- KI 
mice, increased myelination was observed in adulthood, 
suggesting that sOPN possibly acts as a negative regulator 
of myelination, and that  loss of sOPN may alter myelin 
homeostasis. This study thus shows a separate contribu-
tion  of  the  two  OPN  isoforms  to  myelination  and  axon 
integrity.

RNA- seq analysis of oligodendrocytes at P5, the stage 
during which OPN expression peaks in the mouse brain, 
agreed with the myelin structural observations that in the 
complete absence of both OPN isoforms there was an up-
regulation of genes associated with myelination and IPA 
predicted  an  increase  in  myelination  of  cells.  ErbB  and 
NRG  signaling  that  are  implicated  in  myelination  were 
predicted  to  be  increased  in  these  mice.  In  vitro  studies 
have  suggested  that NRG- ErbB singling  is  important  for 
oligodendrocyte  generation  and  development,45,46  and 
loss of ErbB signaling leads to hypomyelination in vivo.39 
In  the  absence  of  ErbB2,  oligodendrocytes  fail  to  un-
dergo  terminal  differentiation  and  to  ensheath  axons.47 
Increased  activation  of  NRG- ErbB  signaling  in  OPN- KO 
mice may enhance axon myelination.

Furthermore,  bioinformatic  analyses  predicted  in-
creased  S  phase  with  a  decrease  of  the  G2/M  phase 
transition  and  M  phase  in  OPN- KO  oligodendrocytes. 
Consistently,  several  signal  transduction  pathways  were 

F I G U R E  7  OLs- iOPN- KI mice featured delayed myelination. Myelination in the corpus callosum was examined in control, OPN- KO, 
and OLs- iOPN- KI mice at P12 using TEM. (A) A representative image of a sagittal semi- thin section stained with Richardson's stain. The 
trapezoid shows the region that was cut into ultra- thin sections and imaged with TEM. (B) Schematic representation of an axon illustrating 
the measurement of myelin thickness and g- ratio calculation. Myelination was quantified by measuring g- ratio (C), myelin thickness 
(D), and the distribution of the diameter of myelinated axons (E). (F) The number of myelinated axons in different genotypes of mice. 
(G) Representative electron photomicrographs from control, OPN- KO, and OLs- iOPN- KI mice. (H) Representation of myelin wrapping 
classification: type 1 included axons that were ensheathed to axons with 1– 2 myelin wraps, and type 2 included axons with a formed 
myelin sheath. (I) The number of myelinated axons of the different myelination types. (J) The ratio of myelination type 2:type 1 in the three 
genotypes. One- way ANOVA and Tukey's post hoc test were performed (C, D, F, J). Two- way ANOVA and Šídák's multiple comparison test 
were used (I). The calculations were performed on six images per animal acquired at 2000× magnification and an average of 40 axons per 
animal, n = 5– 6/group. Scale bars = 3 μm. *p < 0.0.5; **p < 0.01; ***p < 0.001.
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predicted to be altered in OPN- KO cells, which could be 
involved in the dysregulation of cell cycle control, includ-
ing NF- κB signaling and the PI3K- Akt pathway.

TCF7L2 (also called TCF4) was predicted to be the top 
activated upstream regulator in OPN- KO oligodendrocytes 
compared to controls. TCF7L2 is a transcription factor and 

F I G U R E  8  Lack of both sOPN and iOPN resulted in hypermyelination in the adult mouse brain. Myelination in the corpus callosum 
was examined in control, OPN- KO, and OLs- iOPN- KI 12 weeks old mice using TEM. (A– C) Morphometric data on the g- ratio (A), myelin 
thickness (B), and the distribution of the diameter of myelinated axons (C). (D) The number of dark axons in the different genotypes of 
mice. An average of 300 axons/mouse was counted, n = 5/group. One- way ANOVA and Tukey's post hoc test were performed (A, B, D). (E) 
Representative electron micrographs showing myelinated axons in the different genotypes of mice (left three panels, 12,500× magnification, 
scale bar = 1000 nm), and dark axons (red arrows) in OLs- iOPN- KI mice (the panel on the far right, 50,000× magnification, scale 
bar = 200 nm). (F, G) Expression analysis of the myelin- related proteins MBP (F) and PLP1 (G) using western blot. MBP and PLP1 expression 
were normalized to total protein levels. One- way ANOVA and Dunnett's post hoc test were performed. (H) Representative western blot 
images of MBP (upper panel) and PLP1 (lower panel). *p < 0.05; **p < 0.01; ***p < 0.001.
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a key mediator of the canonical Wnt pathway that  is ex-
pressed in oligodendrocytes only in early postnatal stages 
where it is required for oligodendrocyte development and 
myelination.48,49 PTGER2, which was predicted to be the 
top upstream  inhibited  regulator, has been shown  to ar-
rest  oligodendrocyte  progenitor  maturation.50  However, 
whether the regulation by these factors is involved in the 
hypermyelination  observed  in  the  absence  of  both  iso-
forms of OPN warrants further investigations.

While  a  complete  loss  of  OPN  resulted  in  an  in-
creased myelination, the expression of OLs- iOPN in the 
absence of sOPN primarily affected functions and path-
ways  involved  in  actin  cytoskeleton  arrangements,  cell 
adhesion, and cell migration. In OLs- iOPN- KI mice, the 
expression  of  iOPN  in  oligodendrocytes  in  the  absence 
of  sOPN  interfered  with  myelination  at  P12,  when  my-
elination begins.43 Specifically, in these mice, initial axon 
ensheathment was normal but myelin wrapping was de-
layed. Axon ensheathment by oligodendrocytes and sub-
sequent  myelin  wrapping  are  proposed  to  be  driven  by 
Arp2/3- dependent  actin  filament  assembly  followed  by 
actin filament disassembly through the interactions of PI 
(4, 5) P2 with cofilin and gelsolin.51,52 sOPN is known to 
bind to the CD44 receptor,53 which is expressed by oligo-
dendrocyte precursors (OPCs) at early postnatal stages,54 
while  iOPN  is  found  to  be  colocalized  with  CD4455  to 
modulate  CD44  activities56  and  regulate  cell  protrusion 
and migration as part of the CD44- ezrin/radixin/moesin 
(ERM) complex.8 Moreover,  the ERM complex  interacts 
with PI (4, 5) P2 to link actin filaments to the cell mem-
brane.57 In addition, sOPN activates PI (4, 5) P2 and the 

association  of  Arp2/3  with  WASP,  thus  inducing  actin 
polymerization.58 Indeed, the fact that genes involved in 
actin  cytoskeleton  organization  are  among  the  top  up-
regulated genes in OLs- iOPN- KI mice further reinforces 
the  possible  link  between  the  two  OPN  isoforms,  actin 
organization,  and  myelination.  Furthermore,  the  alter-
ation of actin dynamics may also affect microtubule and 
neurofilament organization within the axons,59 resulting 
in condensed electron dense axoplasm,60,61 which may at 
least partly explain the dark axons observed in adult OLs- 
iOPN- KI mice.

The  different  outcomes  in  the  OPN- KO  and  OLs- 
iOPN- KI mouse models may be at least in part attributed 
to differential activity of the MAPK pathway and PI3K- 
Akt  pathway  in  OPN- KO  and  OLs- iOPN- KI  mice,  re-
spectively.  Both  the  MEK/ERK1/2- MAPK  and  PI3K/
Akt/mTOR signaling pathways play  important  roles  in 
the  regulation  of  myelination,  and  they  cooperate  to 
promote  myelin  sheath  growth.62  PI3K- Akt  promotes 
oligodendrocyte  development  and  initiation  of  my-
elination  through  mTOR  complex  1  (mTORC1),  while 
MEK- ERK1/2- MAPK preserves the integrity of myelin-
ated  axons  in  adulthood  independently  of  mTORC1. 
The above molecular pathways and networks might act 
in  concert  to  regulate  axon  myelination  and  integrity, 
leading to the upregulation of myelination- related genes 
in  OPN- KO  oligodendrocytes  already  at  early  develop-
mental stages.

IPA and GO analysis indicated an activation of pathways 
involved  in  the vasculature development  in OLs- iOPN- KI 
oligodendrocytes, including nitric oxide, VEGF, and eNOS 

F I G U R E  9  Schematic summary. During normal conditions (control, left panel) sOPN and OLs- iOPN contribute to a proper myelination 
process and axonal integrity, where sOPN possibly act as a negative regulator of myelination in the final stages of myelination. iOPN may 
have a role in the contact of oligodendrocytes to the external environment, which could involve sOPN interplay, and/or axon contact, 
interactions important for myelination and axon integrity. The absence of both isoforms (OPN- KO, middle panel) leads to an increase of 
myelination at adulthood and transcriptomic changes related to increased myelination genes and signaling already at early age. OLs- iOPN 
expression without modulation by sOPN (iOPN- KI, right panel), resulted in an increased myelination as well as dark axoplasm and signs of 
axon degeneration in adulthood, and transcriptomic changes in oligodendrocytes at early age included enrichment of genes and pathways 
related to cell adhesion/migration and axonal development.
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signaling. VEGF signaling  regulates OPC migration63 and 
OPCs  migrate  extensively  during  development  using  the 
vasculature as a physical substrate.64 OPC HIFα  signaling 
has been suggested to couple postnatal white matter angio-
genesis, axon integrity, and the onset of myelination,37 and 
oligodendroglial  HIFα  has  been  shown  to  activate  VEGF 
and regulate CNS angiogenesis.65 Hif1a was upregulated in 
OLs- iOPN- KI mice and HIFα signaling was among the pre-
dicted canonical pathways, thus providing a potential link 
between  iOPN,  angiogenesis,  and  myelination.  However, 
future studies are required to better understand the possible 
involvement of  iOPN in angiogenesis. A  limitation of  the 
study  is  that  further  investigations  of  whether  sOPN  and 
OLs- iOPN  share  similar  molecular  pathways  or  regulate 
distinct gene networks to impact oligodendrocyte develop-
ment, myelination, and axon integrity were not carried out 
but lie in the future studies.

In  summary  (Figure  9),  here  we  show  that  iOPN 
and  sOPN  have  distinct  but  likely  interacting  functions 
during  myelination.  In  the  absence  of  sOPN,  OLs- iOPN 
has a negative effect on myelination during the initiation 
stages, and subsequently, the axon integrity, while genetic 
ablation of both isoforms rescues this effect. In adulthood, 
sOPN acted as a negative regulator of myelination, demon-
strating that effects differ between developmental stages, 
which  might  explain  the  contradictory  results  regarding 
the role of OPN in white matter injury and disease, neu-
rodegeneration,  and  neuroprotection  in  developing  and 
adult brains.
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