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Introduction

NG2 cells are defined as CNS cells expressing chondroitin sulfate proteoglycan nerve/glia anti-
gen. The vast majority of NG2-positive cells also express platelet-derived growth factor recep-
tor alpha (PDGFRa) and are oligodendroglial progenitors (OPC). In addition a subpopulation
of pericytes expresses NG2, but is positive for PDGF receptor beta (PDGFRB) [1]. NG2-posi-
tive OPC comprise approximately 5% of the cells in the CNS where they are evenly distributed
in grey and white matter [2, 3]. NG2-positive OPC form synapses with neurons [4-6] and
react to brain injury with proliferation, as has been shown in several animal models as well as
in human demyelinating and degenerative diseases [7-9]. In vitro, NG2 positive cells can give
rise to oligodendrocytes, astrocytes and occasional neurons depending on cell culture condi-
tions [10-12]. In vivo, NG2 cells generate mostly oligodendrocytesas well as small populations
of astrocytes as has been demonstrated in fate mapping studies [9, 13-16]. The developmental
fate switch from the oligodendroglial into the astrocytic lineage is regulated by Olig2 [17]. A
large percentage of NG2 positive cells persists as a self-renewing population in the adult CNS
[18-21].

Although NG2 has been extensively used as a marker for OPC, relatively little is known
about the functional role of the NG2 proteoglycan. NG2 consists of a small intracellular and a
large extracellular domain. The extracellular domain is cleaved by proteases such as ADAM 10
in an activity-dependent fashion, which regulates glutamate signalling at nearby neurons. The
NG2 extracellular domain binds receptors, growth factors, extracellular matrix components
and proteases (for review see [22, 23]). Lack of NG2 expression in NG2 deficient (NG2-/-)
mice or pharmacological inhibition of NG2 ectodomain shedding in wild type OPC results in
NMDA and AMPA receptor-dependent reduction of neuronal current amplitudes and an
altered behaviour of NG2-/- mice in tests measuring sensorimotor function. These results dem-
onstrate a bidirectional cross-talk between OPC and the surrounding neuronal network [24,
25]. The intracellular domain can be cleaved by the gamma-secretase and may influence the
expression of genes, such as prostaglandin D2 synthase which has neuromodulatory properties
[26].

NG2 has been reported to promote migration and proliferation in oligodendroglial and neo-
plastic glioma cells [27-30]. In OPC the effect on migration is mediated via modulation of Rho
GTPases and RAC activity and an influence on cell polarity via selective subcellular localization
[31, 32]. Contradictory results have been published with respect to the effect of NG2 on de-
and remyelination, as well as on inflammation in inflammatory and/or demyelinating animal
models. Mice lacking NG2 were reported to show reduced inflammation as well as reduced
myelin damage and repair after injection of lysolecithin [33]. In contrast, in EAE experiments
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using this same NG2-/- mouse line [34] no differences in disease course or extent of de- and
remyelination or inflammation was observed [35]. We hypothesized that the effect of a lack of
NG2 might be amplified by extended time periods of demyelination. Furthermore, the initial
NG2-/- mouse line [34] was generated by insertion of a neo cassette that may affect the function
of nearby genes. We thus utilized mice lacking NG2 in which eYFP was inserted in the endoge-
nous NG2 locus [36]. When bred to homozygosity these mice lack expression of NG2. We fed
homozygous NG2-/- mice and their wild type littermates (NG2+/+) for 10 weeks with the copper
chelator cuprizone which leads to oligodendroglial death and compared the extent of de- and
remyelination as well as the degree of inflammation as measured by the numbers of Mac3 (+)
microglia/macrophages. In addition, we isolated OPC from NG2-/- as well NG2+/+ mice to
compare and analyze oligodendroglial properties prerequisite for remyelination, namely prolifer-
ation, migration and differentiation. In vitro, NG2-/- OPC demonstrated an increased migratory
capacity in PDGF-AA, but not FGF-elicited chemotaxis; however lack of NG2 did not affect pro-
liferation or differentiation of isolated OPC. No effect of NG2 deficiency on de- or remyelination,
numbers of myelinated axons, oligodendrocytes or microglia/macrophages was observed.

Materials and Methods
Animals

NG2eYFP knock-in mice [24, 37] have been previously described. Heterozygous mice were
mated and resulting litters were genotyped using the following primers: NG2eYFP forward
5-TGACCTTGGATTCTGAGC-3; NG2eYFP-/- reverse 5'-CGCTGAACT TGTGGCCGTTT
A-3; NG2eYFP+/+ reverse 5'-ACAGCTTTCCTTCCAGAC-3. Mice lacking or expressing NG2
will be subsequently referred as NG2-/- or NG2+/+, respectively. Animal handling and experi-
ments were conducted according to the German animal protection laws and approved by the
responsible governmental authorities (LANUV Nordrhein-Westfalen (AZ 84.-02.04.2012.A427;
AZ 8.87-51.05.20.10.262; AZ 8.84.-02.05.20.12.286).

Cuprizone Model

For de- and remyelination studies, NG2-deficient as well as wild-type littermates (8 weeks of
age, body weight between 20 and 25 g, n = at least 5 mice per time point and genotype with
normal day/night cycle) were fed with 0.2% (w/w) cuprizone (Sigma Aldrich, C9012) mixed in
powdered chow for 10 weeks. Control animals were fed with powdered chow without cupri-
zone. Mice were sacrificed under deep anesthesia by intracardial perfusion with phosphate-
buffered saline (PBS) after 10 weeks of cuprizone diet as well 7 and 14 days after cessation of
the diet. Brains were removed and the hemispheres were cut sagittally in the midline. One
hemisphere was frozen in liquid nitrogen for RNA analyses, the other hemisphere, together
with liver, spleen, and spinal cord was fixed in 4% (w/w) paraformaldehyde (PFA) solved in
PBS overnight before embedding it in paraffin.

Immunohistochemistry

Sections (4 pm) were stained by luxol fast blue periodic acid schiff (LFB-PAS). For this pur-
pose, sections were stained with LFB solution for 72 h, washed with 0.05% LiCO; and subse-
quently stained with 1% periodic acid followed by Schiff reagent incubation for 20 min.
Immunohistochemistry was performed using a biotin-streptavidin peroxidase technique
(Dako, K5001) and an automated immunostainer (Autostainer Link 48, Dako). For better anti-
gen retrieval, sections were pretreated with citrate buffer (pH 6) for 40 min. in a steamer. After
deparaffinization, intrinsic peroxidase was blocked by incubation with DAKO REAL"
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Peroxidase Blocking solution (DAKO, S2023) for 5 min. All antibodies were diluted in DAKO
REAL™ Antibody Diluent (DAKO, S0809). Sections were incubated with the primary antibod-
ies rabbit anti-Olig2 (1:150) (IBL, Spring Lake Park, Minnesota, 18953), mouse anti-NogoA
(1:10.000) (11c7, a generous gift from M.E. Schwab, Brain Research Institute, University of
Zirich and Department of Biology, Swiss Federal Institute of Technology Ziirich, Switzerland),
mouse anti-Mac3 (1:200) (Mac clone.M3/84, BD Pharmingen, 553322), mouse anti-GFAP
(1:4,000) (Dako, Z0334), and mouse anti-Ki67 (1:100) (Abcam, ab16667) for 30 min. at RT.
Sections were incubated with secondary biotinylated anti-mouse (1:400) (Amersham Biosci-
ences, Freiburg, Germany), or anti-rabbit (1:400) (Vector Laboratories, Peterborough, UK)
antibodies for 15 min. at RT. Nuclei counterstain was performed using DAKO REAL™ Hema-
toxylin for 5 min. at RT. DAKO REAL™ DAB+Chromogene (DAKO, K3468) was used as color
substrate and sections were mounted with Eukitt® mounting medium (O. Kindler GmbH)
after dehydration. To determine the extent of de- and remyelination in the caudal corpus callo-
sum LFB-PAS staining was evaluated by a semi quantitative score for myelination (0: < 10%;

1: 11-33%; 2: 34-67% 3: >68% of the area of the dorsal corpus callosum was myelinated). The
numbers of cells positive for NogoA, Mac3, or Olig2 were quantified in a blinded fashion in the
caudal part of the corpus callosum in at least 7 standardized microscopic fields of 10,000 um*
each which were defined by an ocular morphometric grid.

Electron Microscopy (EM)

For EM 4 mice from each treatment group were perfused with 10 ml PBS followed by 10 ml
Karlsson-Schultz fixation solution (0.1 M phosphate buffer pH 7.4, 0.5% sodium chloride, 4%
PFA and 2.5% glutaraldehyde). Brains were removed and incubated for 4 additional days in
Karlsson-Schultz fixation solution. The brains were cut coronally and the corpora callosa were
dissected (between bregma 1.32 and 0) and embedded in araldite (Agar Scientific, EPOXY
RESIN KIT, R1030). Araldite blocks were cut in 1 pm sections, stained with Richardson’s stain
(1% methylene blue in 1% borax solution and 1% azur II solution) for examination by light
microscopy. Corpus callosum areas were further trimmed and ultrathin sections were pre-
pared. Ultrathin sections were stained with uranyl acetate (Serva, 77870) as well as Reynold’s
lead citrate and examined by transmission electron microscopy. The quantification of myelin-
ated axons were done in at least 4 different regions including only axons with a diameter of
more than 0.30 um. Additionally, we quantified the g-ratio (axon diameter/fibre diameter) of
least 100 axons (> 0.30 um in diameter) per animal using the NIH ImageJ software.

Generation of primary murine oligodendrocyte precursor cells (OPCs)

OPCs were isolated by sequential immunopanning and kept under proliferative conditions as
described earlier [38] until the onset of experiments. Briefly, the brains of postnatal day 6-9
NG2-/- deficient or NG2 wild type mouse brains were dissected, chopped, and triturated. The
obtained single cell suspension was resuspended in panning buffer and transferred to a bacte-
rial culture dish coated with Anti-BSL1 Griffonia simplicifolia lectin (Vector Labs, L-1100) for
negative selection, followed by a positive selection step using rat anti-mouse CD140a (Biole-
gend, 135902) as primary antibody and AffiniPure goat anti-rat IgG (H + L) (Dianova, 112-
005-003) as secondary antibody enabling a purity of 95% OPC. The adherent OPCs were
washed with PBS and detached in OPC culture medium [38] using cell scrapers and plated in
culture flasks coated with poly-L-lysine (PLL). The OPCs were cultured in the presence of
platelet-derived growth factor-AA (PDGF-AA) (10 ng/ml) (Peprotech, 100-13A) and NT3

(5 ng/ml) (Peprotech, 450-03). To induce differentiation PDGF-AA was replaced by ciliary
neurotrophic factor (CNTF) (10 ng/ml) (Peprotech, 450-13).
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Cell Based Assays—viability, proliferation, migration, and differentiation

Viability of oligodendroglial cells was determined under proliferating and differentiating con-
ditions according to manufacturer’s protocol using CellTiter-Glo™ Luminescent Cell Viability
Assay (Promega, G7570). Cell proliferation was determined measuring Bromodeoxyuridine
(BrdU) incorporation (Cell Proliferation ELISA, BrdU (colorimetric), Roche Diagnostics,
11647229001). Cell viability and proliferation was measured with the GloMax®-Multi Detec-
tion System (Promega).

OPC migration (chemokinesis) was analyzed using the JuLI™ Br Live Cell Analyzer (Peglab)
for chemokinesis experiments. Using the JuLI™ Live Cell Analyzer NG2-/- and NG2+/+ OPCs
were plated in culture medium with either PDGF-AA (30 ng/ml) or FGF2 (20 ng/ml)(R&D
Systems). Images were taken simultaneously every 15 min. for 18 hours and the generated
movies were analyzed for total cell movement per um as well as to their average speed in pm
per min. The analysis was performed using the MTrack] plugin for Image] (NIH systems).
Chemotaxis was determined via impedance measurements using the xCELLigence system.
Cells were plated in the PLL-coated upper chamber of a CIM-Plate16 (ACEA Biosciences). To
stimulate OPC migration, 30 ng/ml PDGF-AA was added in the culture medium of the lower
chamber. The impedance was measured every 15 min. for 24 h and migration was quantified
according to manufacturer’s protocol (xCELLigence, RTCA DP Analyzer, RTCA software 1.2,
ACEA Biosciences).

Oligodendroglial differentiation was assessed by three different assays: cell morphology,
immunocytochemistry (ICC) and quantitative RT-PCR (qRT-PCR). For the evaluation of cell
morphology, oligodendroglial differentiation was induced and images were taken after 6, 24,
30 and 48 h. Cell processes of 100 cells per time point were counted and classified as oligoden-
droglial progenitor (0-2 processes), immature (3-13 processes) or mature (differentiated cells
with myelin sheet formation) oligodendrocytes. For ICC, OPCs were differentiated for 48
hours and fixed in 4% PFA for 20 min. at RT. Cells were permeabilized for 10 min. in 0.5% Tri-
ton X-100 in PBS and unspecific antibody binding was blocked using 5% FCS (v/v) in PBS for
30 min. The primary antibodies were rat anti-MBP (1:200) (Abcam, Ab7349) and rabbit anti-
PDGFRo (1:300) (Santa Cruz, SSC338). Incubation was performed at 4°C over night. Second-
ary antibody staining was performed using Cy™3 AffiniPure Goat Anti-Rat IgG (H+L) (1:500)
(Jackson, 112-165-167) and donkey anti-Rabbit IgG (H+L), Alexa Fluor® 647 conjugate
(1:500) (Invitrogen, A31573) for 2 hours at RT before embedding it in Roti@®-Mount Fluor-
Care DAPI (Carl Roth, HP20.1). Images were taken using the laser scanning microscope
(LSM) 700 (Zeiss Jena) and the Imager M2 (Zeiss Jena). At least 200 cells were quantified and
the numbers of MBP(+) and PDGFRai(+) were assessed as percentage of total DAPI(+) cells.
All experiments were repeated at least three times.

RNA isolation and quantitative Real-Time PCR

Total RNA from cells or corpus callosum was isolated using peqGOLD Total RNA Kit, (Peq-
Lab Biotechnologie GmbH, 12-6634) according to manufacturer's protocol. Quantification of
total RNA was performed with Nanodrop ND1000 (Peglab). mRNA was transcribed into
cDNA using the High Capacity cDNA Transcription Kit (Applied Biosystems, 4368813).
cDNAs were diluted to a final concentration of 0.75 ng/pl. All qRT-PCRs were carried out
using the StepOne Plus real time cycler (Applied Biosystems) and the KAPA SYBR FAST ABI
Prism master mix (Peqlab, 07-KK4603-03). The melting curve of each sample was determined
to ensure the specificity of the products. The following primers were used: Pdgfra forward 5'-C
TGCCAGCTCTTATTACCCT CT-3; Pdgfra reverse 5-TTAGCTAGCGGCCGCGC AGCA
CATTCATACTCTCCAC-3'; Mbp forward 5'-AAGAACATTGTGACACCTCGAA-3'; Mbp
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reverse 5'-CTCTTCCTCCCAGCTTAAAGAT-3'; Plp1 forward 5'-CAAGACCTCTGCCAGT
ATAG-3'; Plp1 reverse 5'-AGATCAGAACTTGGT GCCTC-3'; Mag forward 5'-ACCGCCTTC
AACCTGTCTGT-3'; Mag reverse 5'-CTCGTTCACAGTCACGTTGC-3'; II-1f8 forward 5'-GC
CCATCCTCTGTGACTCAT- 3'; reverse 5'-AGGCCACAGGTATTTTGTCG-3; Ifng forward
5'-CAAGTTTGAGGTCAACAACCCACA-3'; Ifng reverse 5'-CCACCCCGAATCAGCAGCG
AC-3’ All results were normalized to the housekeeping gene RPLP0. RPLPO forward 5'-CGAC
CTGGAAGTCCAACTAC-3’, RPLPO reverse 5'-ATCTGCTGCATCTGCTTG-3'. Cycling con-
ditions consisted of an initial heating period over 10 min. at 95°C, followed by 40 cycles; each
cycle consisted of denaturation at 95°C for 15 sec, annealing for 15 sec, and extension at 72°C
for 1 min. All samples were processed as technical triplicates and were analyzed by the Pfaffl
AACt method.

Statistics

All cell culture experiments were performed in triplicates and replicated at least three times if
not mentioned otherwise. In text and figures, the results are provided as mean + SEM. Student-
t test or Bonferroni-corrected one- or two-way ANOVA tests (multiple comparisons) were per-
formed for statistical analysis. Tests were considered significant with p values < 0.05. All statis-
tical analyses were performed using GraphPad Prism 5.03 (GraphPad Software, San Diego,
CA).

Results

NG2-/- OPC demonstrate an increased PDGF-AA elected chemotaxis,
but no differences in chemokinesis, viability, or proliferation

OPC were isolated from P 6-9 NG2-/- or NG2+/+ mouse brains using a sequential immuno-
panning protocol resulting in a purity of >95% [38]. Culturing of cells in the presence of
PDGEF-AA and NT3 maintains them in a proliferative und migratory stage; replacing
PDGF-AA by CNTF results in the differentiation into mature oligodendrocytes.

Viability was determined after 6, 24 and 48 hours under proliferating and differentiating
conditions. No differences in cell viability were observed between the two genotypes (Fig 1A
and 1B). To analyze proliferation, BrdU assays were performed. No difference was detected
comparing NG2-/- and NG2+/+ OPCs (Fig 1C). Additionally, we determined the migratory
capacity of NG2-/- and NG2+/+ OPCs analyzing undirected (chemokinesis) as well as directed
(chemotaxis) migration. To examine chemokinesis, live cell imaging and cell tracking was per-
formed. No differences in total movement or the average speed could be determined (Fig 1D,
S1 and S2 Movies). In contrast, NG2-/- OPC demonstrated a significant higher directed migra-
tion compared to NG2+/+ OPC if PDGF-AA was used as a chemoattractant (Fig 1F). However,
this difference was not observed if FGF2 was used as chemoattractant instead of PDGF-AA
(Fig 1G). To determine whether different expression patterns of the receptor PDGFRa. may
contribute to the differences observed in PDGF-AA elicited chemotaxis, we analyzed the
expression levels of PDGFRa in NG2+/+ and NG2-/- OPCs. No difference in Pdgfra was
observed (Fig 1E).

Loss of NG2 does not affect oligodendroglial differentiation

For the evaluation of oligodendroglial differentiation OPC were allowed to differentiate into
mature oligodendrocytes over 48 hours. Samples were taken after 6, 24, and 48 hours. The
mRNA expression levels of the myelin associated genes Mbp, Plp1, and Mag increased over
time, but no differences in the relative expression levels between NG2-/- and NG2+/+
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Fig 1. PDGF-AA elicited increased directed migration (= chemotaxis) in NG2-/- OPCs. Viability was comparable between NG2-/- and NG2

+/+ oligodendroglial lineage cells under proliferating (A) or under differentiating (B) conditions. Additionally, no differences could be observed comparing the
proliferative activity of NG2-/- and NG2+/+ OPCs after 24 h (n = 4) (C). No differences in total movement or average speed between NG2-/- and NG2

+/+ were observed in chemokinesis assays. Using PDGF-AA as chemoattractant significantly increased chemotaxis of NG2-/- compared to NG2+/+ OPCs
was observed (n = 5) (F). When FGF2 was used as chemoattractant, chemotaxis was comparable between the two genotypes (n = 4) (G). NG2-/- and NG2
+/+ OPCs express comparable levels of PdgframRNA (n =5) (E).

doi:10.1371/journal.pone.0163841.9001

oligodendrocytes were detected (Fig 2A). Furthermore, we quantified the number of processes
of NG2-/- and NG2+/+ oligodendrocytes 6, 24, 30, and 48 hours after initiation of oligoden-
droglial differentiation. As expected the number of processes increased during oligodendroglial
differentiation; however no differences between the two genotypes were observed (Fig 2C).
Using immunocytochemistry we determined the number of MBP-positive mature oligoden-
drocytes and PDGFRo-positive OPC after 48 hours. Again, no differences were detected

(Fig 2B).
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Fig 2. Loss of NG2 does not affect oligodendroglial differentiation. Using qRT-PCR no differences in the relative expression of the myelin associated
genes Mbp, Pip1, or Mag were observed comparing NG2-/- and NG2+/+ cells (n = 5) (A). Inmunocytochemistry revealed no differences in the number of
PDGFRa(+) and MBP(+) cells after 48 h of differentiation (n = 6). Representative pictures of differentiated cultures are shown (B). Also the evaluation of cell
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doi:10.1371/journal.pone.0163841.9002

Lack of NG2 had no effect on remyelination after cuprizone-induced
demyelination

In order to evaluate the functional role of NG2 during de- and remyelination, we used the
cuprizone model. NG2-/- and NG2+/+ mice were fed for 10 weeks with cuprizone [39, 40]; as
expected this resulted in extensive demyelination especially in the dorsal part of the corpus cal-
losum as demonstrated by reduced LFB-PAS staining and significantly lower numbers of
NogoA (expressed by mature oligodendrocytes) or Olig2 (expressed by OPC and mature oligo-
dendrocytes) positive oligodendroglial lineage cells (Fig 3A-3F). Demyelination was further
confirmed by EM demonstrating reduced numbers of myelinated axons and an increased g-
ratio (axon diameter/fibre diameter) (Fig 3G-3I); additionally, reduced Mbp mRNA levels
were detected (Fig 3]). Demyelination was associated with an increase in Mac3 positive macro-
phages/microglia in both NG2-/- and NG2+/+ mice (Fig 4A and 4B) in the corpus callosum.
After cessation of cuprizone feeding, spontaneous remyelination occurred that was assessed
after 7 and 14 days. During remyelination no difference between the two genotypes was
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Fig 3. NG2 is dispensable for successful remyelination in the cuprizone model. After 10 weeks of cuprizone induced demyelination and
during subsequent remyelination (7 and 14 days after cessation of cuprizone diet) no differences in the extent of myelination (LFB-PAS) (A-B),
the numbers of NogoA(+) mature oligodendrocytes (C-D) or Olig2(+) cells (E-F) were detected between NG2-/- and NG2+/+ mice. Furthermore,
the quantification of myelinated axons and the g-ratio by EM revealed no differences between both genotypes (G-I). The expression level of Mbp
was similar in NG2-/- and NG2+/+ mice after 10 weeks of demyelination and 1 and 2 weeks of remyelination (J). Scale bars represent 500 um
and 100 pm respectively (B & insert), 50 um (D, F), and 1 ym (H).

doi:10.1371/journal.pone.0163841.g003

observed. Similarly, in NG2-/- and NG2+/+ mice comparable numbers of myelinated axons, g-
ratios and Olig2 or NogoA positive oligodendrocytesas well as Mbp levels were found using
EM, immunohistochemistry and quantitative RT-PCR analyzes after 7 and 14 days of remyeli-
nation (Fig 3). Interestingly, even after two weeks of remyelination the number of mature
NogoA positive oligodendrocytes was still significantly reduced compared to untreated control
mice. We observed a slightly increased number of proliferating Ki67 positive cells after 1 week
of remyelination compared to mice without cuprizone feeding; this increase was significant for
NG2-/- but not NG2+/+ mice (Fig 4C and 4D). However, no significant difference between
both genotypes was observed. To analyze axonal damage, we stained for amyloid precursor
protein (APP) that accumulates in injured axons at the site of disturbed axonal transport. APP-
positive axonal spheroids may persist for weeks or months [41] and the axons in which APP
accumulates either degenerate or recover [42]. We observed a slight increase in the number of
APP-positive axonal spheroids after 10 weeks of demyelination followed by a slow decrease
during remyelination; but no differences between the genotypes were observed (Fig 4E and
4F). Since recent data demonstrated that loss of NG2 lead to downregulation of pro-inflamma-
tory cytokines in a focal demyelinating model [33] we analyzed the expression levels of 1113
and Infg in the NG2-/- and NG2+/+ mice after de- and remyelination. We detected a slightly
decreased Infg expression in NG2-/- animals after 1 week of remyelination; no further differ-
ences in Ifng or 1113 expression between the two genotypes were observed.

Discussion

NG2-positive OPC are responsible for developmental myelination well as remyelination after a
demyelinating event. Although NG2 is a widely used marker to identify OPC, relatively little is
known about the functional role of NG2 expressed by oligodendroglial lineage cells. The aim of
our study was to investigate the functional role of NG2 for oligodendroglial proliferation, migra-
tion, differentiation and remyelination in a demyelinating model in which mice are fed cuprizone.
For our in vitro and in vivo experiments we used mice in which the endogenous NG2 is
replaced by EYFP. In contrast to earlier NG2-/- mouse lines the neo cassette which may affect the
function of nearby genes was removed [36]. Using isolated NG2-/- and NG2+/+ oligodendrocytes
we observed an increased PDGF-AA elicited chemotaxis, but no differences in oligodendroglial
viability, proliferation or differentiation between NG2-/- and NG2+/+ mice. In the cuprizone
model, no differences between NG2-/- and NG2+/+ mice were observed with respect to de- and
remyelination, inflammation, axonal damage or oligodendroglial proliferation and differentiation.
Migration of OPC is regulated by a large number of environmental cues, among them
growth factors such as PDFG-AA and FGF2 (for review see [43], [44-47]. The exact pathways
by which PDGF activates migration of OPCs is unknown; however activation of Cdk5 by Fyn
followed by phosphorylation of WAVE2, activation of the ERK pathway, increase of intracellu-
lar Ca®* levels and modulation of components of the cytoskeleton may be involved [44, 48—
50]. The downstream signalling pathways modulating oligodendroglial migration induced by
FGF?2 are less well studied. FGF2 mediates its effect on migration via FGFRI, one of 4 FGF
receptors, most likely in a PDGF-AA-independent mechanism [45, 51, 52]. So far only one
study examined the functional role of NG2 for oligodendroglial migration. Oli-neu cells stably
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Fig 4. No difference in the numbers of microglia/macrophages, proliferating cells and axonal damage between NG-/- and NG2+/+ mice in the
cuprizone model. After 10 weeks of demyelination and during subsequent remyelination (7 and 14 days after cessation of cuprizone diet) no differences in
the numbers of microglia/macrophages (Mac3) (A-B) or proliferating cells (Ki67+) (C-D) were observed. Furthermore, the extent of axonal damage
measured by APP-positive spheroids was comparable in NG2-/- and NG2+/+ mice during de- and remyelination (E-F). gRT-PCR revealed no differences in
the expression levels of //13 between NG2-/- and NG2+/+ mice (G) and the expression of Infg was reduced in NG2-/- mice after 1 week of remyelination (H).
Scale bars represent 50 um (B, D, and F).

doi:10.1371/journal.pone.0163841.9g004

transfected with control or shRNA directed against NG2 demonstrated decreased directed
migration in response to FGF2, potentially via activation of the RhoA/Rock pathway [31, 32].

PLOS ONE | DOI:10.1371/journal.pone.0163841 October 18,2016 10/15



@° PLOS | ONE

NG2 in OPC Differentiation and Remyelination

Similarly, we observed an effect of NG2-deficiency on directed migration; however, in our
experiments lack of NG2 resulted in increased directed migration in response to PDGF-AA,
but not FGF2. The differences in the results might be explained by the different cell populations
used (primary murine oligodendroglial cells vs. Oli-neu cells). However, despite the discrepan-
cies, our results support the notion that FGF2 and PDGF-AA modulate oligodendroglial
migration via different signalling cascades [45]. Migration of oligodendrocytes may be also reg-
ulated by NMDA receptors [53]. Interestingly, neuronal NMDA receptor dependent long term
potentiation and AMPA receptor subunit properties are changed in NG2-/- compared to wild-
type mice [24]. However, there is no indication that NG2-/- OPC have altered NMDA receptor
composition; furthermore the glutamatergic synapses appear normal in NG2-/- OPC [54]. The
signaling cascades in vivo regulating oligodendroglial proliferation are not well understood.
Earlier publications have demonstrated a reduced proliferation and delayed differentiation of
OPC in NG2-deficient mice during developmental myelination or after lysolecithin-induced
demyelination [27, 33]. Additionally, NG2-deficient keratinocytes or glioma cells demon-
strated reduced proliferation [30, 55-57]. Using isolated OPC from NG2-/- and NG2+/+ mice
we did not observe a difference in oligodendroglial proliferation or differentiation in vitro.
However, the above mentioned publications demonstrated decreased oligodendroglial prolifer-
ation and delayed oligodendroglial differentiation in NG2-/- mice in in vivo studies, a more
complex situation. In the area of a stab wound differences in the accumulation and polarity of
OPC were seen between NG2-/- and NG2+/+ mice [31]. In a model of traumatic brain injury
(TBI) where a controlled cortical impact was used, strikingly worse clinical outcome was seen
in mice lacking NG2 compared to WT littermates [58]. An up-regulation of the chemokine
CXCL13 in macrophages, enhanced infiltration of CD45+ leukocytes and an increase of acti-
vated Iba-1+/CD45+ microglia/macrophages was observed in NG2-/- mice 30 days after TBI.
In both these models where striking differences between NG2-/- and NG2+/+ mice were seen,
there is an extensive inflammation with blood brain barrier damage and it is conceivable that
the NG2 proteoglycan itself, possibly as a shed ectodomain, modulates the inflammatory
response. Since it has been shown that cleavage of the extracellular NG2 domain regulates neu-
ronal networks [24] it might be also possible that neuronal signaling in turn modulates oligo-
dendroglial properties, such as proliferation or differentiation. To further study potentially
indirect effects of NG2 on oligodendroglial proliferation and differentiation in vivo we used the
cuprizone model. Cuprizone is a copper chelator that induces oligodendroglial cell death fol-
lowed by demyelination, astrogliosis and microglia activation. Since the blood brain barrier is
not affected only few blood derived monocytes and T cells invade the CNS; furthermore axonal
damage is less pronounced that in inflammatory demyelinating models such as EAE [59, 60].
OPC are already recruited during ongoing demyelination, but the formation of new myelin
sheaths starts after cessation of the cuprizone diet [61]. Using Olig2 as a marker that labels
OPC as well as mature oligodendrocytes, we observed a significant increase in the number of
total oligodendrocytes during remyelination, but there was no difference in the number of
Olig2-positive or Ki67 positive proliferating cells between NG2-/- and NG2+/+ mice, suggest-
ing that NG2 has no major effect on oligodendroglial proliferation in vivo in this model. Simi-
larly, in NG2-/- and NG2+/+ mice comparable numbers of mature NogoA-positive were
found indicating that NG2 has also no major effect on oligodendroglial differentiation, at least
not in the cuprizone model. However, we cannot exclude that the observed differences between
the different in vivo studies might be either due to the different animal models and a variable
immune cell/OPC interactions or different NG2 knock-out mice used.

Newly differentiated oligodendrocytes derived from adult OPC are responsible for remyeli-
nation [62-64]. Earlier studies reported delayed de- and remyelination in lysolecithin-induced
demyelinating lesions; this was associated with an increased expression of anti- and a
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downregulation of pro-inflammatory cytokines [33]. The decrease in remyelination was associ-
ated with reduced proliferation of progenitors; whether delayed oligodendroglial differentiation
might have contributed to delayed remyelination was not assessed. In contrast, using the same
NG2-/- mouse line no effect on inflammation, extent of demyelination or remyelination was
observed in EAE [35]. The differences in remyelination between the two studies might be
explained by the different animal models; however the assessment of remyelination in EAE is dif-
ficult since the age of the lesion and the time point of initiation of remyelination is not known for
an individual lesion. In the cuprizone model we observed comparable numbers of proliferating
cells, numbers of Olig2 or NogoA positive oligodendrocytes as well as myelinated axons between
NG2-/- and NG2+/+ mice, suggesting that oligodendroglial proliferation and differentiation as
well as remyelination were not affected by NG2 deficiency. These findings suggest that NG2 is
dispensable for successful remyelination after cuprizone-induced demyelination

In summary, we have shown here that lack of NG2 affects directed migration of isolated oligo-
dendrocytes; but has no effects on proliferation, differentiation or remyelination in vivo in a
model where little adaptive inflammation is induced. To elucidate the exact mechanisms how
NG2 regulates oligodendroglial properties such as migration further studies are required. In par-
ticular future work should focus on the interplay between NG2-expressing cells and the immune
system in these complex in vivo situations where inflammation is a striking component.
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