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Regulation of Oligodendrocyte Precursor
Maintenance by Chondroitin Sulphate
Glycosaminoglycans
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Chondroitin sulfate proteoglycans (CSPGs) have been proven to inhibit morphological maturation of oligodendrocytes as well
as their myelination capabilities. Yet, it remained unclear, whether CSPGs and/or their respective chondroitin sulfate glycos-
aminoglycan (CS-GAG) side chains also regulate the oligodendrocyte lineage progression. Here, we initially show that CS-
GAGs detected by the monoclonal antibody 473HD are expressed by primary rat NG2-positive oligodendrocyte precursor
cells (OPCs) and O4-positive immature oligodendrocytes. CS-GAGs become down-regulated with ongoing oligodendrocyte
differentiation. Enzymatic removal of the CS-GAG chains by the bacterial enzyme Chondroitinase ABC (ChABC) promoted
spontaneous differentiation of proliferating rat OPCs toward O4-positive immature oligodendrocytes. Upon forced differentia-
tion, the enzymatic removal of the CS-GAGs accelerated oligodendrocyte differentiation toward both MBP-positive and mem-
brane forming oligodendrocytes. These processes were attenuated on enriched CSPG fractions, mainly consisting of
Phosphacan/RPTPB/( and to less extent of Brevican and NG2. To qualify CS-GAGs as universal regulators of oligodendrocyte
biology, we finally tested the effect of CS-GAG removal on OPCs from different sources such as mouse cortical oligospheres,
mouse spinal cord neurospheres, and most importantly human-induced pluripotent stem cell-derived radial glia-like neural
precursor cells. For all culture systems used, we observed a similar inhibitory effect of CS-GAGs on oligodendrocyte differen-
tiation. In conclusion, this study clearly suggests an important fundamental principle for complex CS-GAGs to regulate the oli-
godendrocyte lineage progression. Moreover, the use of ChABC in order to promote oligodendrocyte differentiation toward
myelin gene expressing cells might be an applicable therapeutic option to enhance white matter repair.
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Introduction

nder physiological conditions oligodendrocytes form mye-

lin sheaths, which wrap the axons of central nervous sys-
tem (CNS) neurons. This ensures the electrical insulation of
axons and is prerequisite for fast saltatory action potential
propagation to occur. Within the last years, much effort has
been put into the identification of new molecular players,
which impact on oligodendrocyte differentiation and matura-
tion. This is of particular importance, since several severe neu-
rological disorders such as traumatic CNS injury or multiple
sclerosis are characterized by a progressive loss of myelinated
axons (Grossman et al., 2001; Lytle and Wrathall, 2007). As a

consequence, unmyelinated axons become particularly vulnera-
ble to further degeneration. Thus, a fast remyelination of these
axons is necessary to prevent any secondary axonal damage
(Franklin and Ffrench-Constant, 2008). Under such pathologi-
cal conditions, reactive astrocytes express high levels of various
extracellular matrix (ECM) molecules such as tenascins or
chondroitin sulfate proteoglycans (CSPGs) of the lectican fam-
ily (Barnett and Linington, 2013; Camand et al., 2004; Chen
et al., 2010; Dobbertin et al., 2003; Galtrey et al., 2007;
Garcia-Alias et al., 2009). Moreover, a recent study demon-
strated that highly proliferative pericytes also contribute to the
production of ECM molecules after spinal cord injury (Goritz
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et al., 2011). These molecules form a tight macromolecular
meshwork, the so-called glial scar, which is considered to exert
both beneficial and detrimental effects (Fitch and Silver, 2008;
Rolls et al., 2009). The mainly inhibitory impact of such
ECM components on axonal regeneration and neural plasticity
is well established (Galtrey and Fawcett, 2007; Gervasi et al.,
2008), and it has been shown that receptor protein tyrosine
phosphatase ¢ (PTPo), leukocyte common antigen-related
phosphatase (LAR), as well as NOGO receptor 1 and 3
(NgR1, NgR3) represent cognate neuronal receptors (Dicken-
desher et al., 2012; Fisher et al., 2011; Shen et al., 2009).

The use of the bacterial enzyme chondroitinase ABC
(ChABC) to degrade the chondroitin sulfate glycosaminoglycan
(CS-GAQG) side chains covalently attached to the proteoglycan
core proteins proved beneficial for axonal regeneration e.g. in the
case of spinal cord injury (Garcia-Alias et al., 2009; Laabs et al.,
2007; Lin et al., 2011; Wang et al., 2011). These observations
clearly demonstrate the importance of the CS-GAGs as regulators
of the CSPG-mediated inhibition of axonal outgrowth.

While the inhibitory influence of CSPG-containing scar
tissue on axonal regeneration is well established, novel data indi-
cate that CSPGs also impair the migration and (re-) myelination
capabilities of oligodendrocyte precursor cells (OPCs) in demye-
linated lesions (Harlow and Macklin, 2013; Siebert et al., 2011).
Along these lines, recent in vitro studies have shown that CSPGs
inhibit oligodendrocyte process extension in a Rho-dependent
manner (Pendleton et al., 2013; Siebert and Osterhout, 2011).
Interestingly, several RPTPs are known to be expressed within the
oligodendrocyte lineage (Canoll et al., 1996; Ranjan and Hud-
son, 1996), suggesting that RPTPs may also serve as a CSPG-
receptor in oligodendrocytes. In fact, RPTPB/C as well as RPTPo
have recently been shown to mediate the inhibitory effect of
CSPGs in oligodendrocytes (Kuboyama et al., 2012; Lamprianou
et al., 2011; Pendleton et al., 2013). Yet, it is not clear, whether
the inhibitory effect is restricted to morphological processes or
whether CSPGs act on the oligodendrocyte lineage progression
as well. In this study, we show that CS-GAGs that can be detected
e.g., by the monoclonal antibody 473HD, regulate the mainte-
nance of the OPC state under proliferative conditions. Under dif-
ferentiating conditions, they suppress the lineage progression
toward MBP-positive mature oligodendrocytes in a ChABC-
sensitive manner. Moreover, enzymatic CS-GAG removal not
only stimulates a massive oligodendrocyte membrane formation
from primary rodent cells but also from human-induced pluripo-
tent stem cell (hiPSC)-derived oligodendrocytes.

Materials and Methods

Isolation and Cultivation of Rat Oligodendrocyte
Precursor Cells

Mixed glial cultures were derived from postnatal rat pups (P0-P2)
according to standard protocols (Czopka et al., 2009; Milner and
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Ffrench-Constant, 1994). Briefly, the cortices of four rat pups were
carefully dissected and collected in a 15-mL reaction tube. The tissue
was dissociated for 20 min in 2 mL 0.25% T/E at 37°C. The reac-
tion was stopped by adding an equal amount of mixed glial culture
medium (DMEM, 10% FCS, 1% P/S). Thereafter, the tissue was
gently triturated, in order to get a single cell suspension. The suspen-
sion was filled up to 10 mL with culture medium, and the cells were
spun down for 5 min at 216 rcf. The cells were then resuspended in
10-mL culture medium and finally plated in a poly-D-lysine (PDL)
coated (10 pg mL™") T75 culture flask. The culture was kept at
37°C and 6% CO, for about 7 days, and the medium was changed
every 3 days. After 7 days, OPCs and microglial cells were shaken
off in a horizontal shaker over night at 37°C. Microglial cells were
then removed by preplating the cell suspension for 20 min on a bac-
terial dish. Finally, the OPCs were pelleted by centrifugation for
5 min at 216 rcf and resuspended in OPC medium (DMEM, 1%
N2 supplement, 100 pg mL™" BSA, 1% P/S). For immunocytochem-
ical analyses 25,000 cells were plated on poly-D,L-ornithine (P-Orn;
10 pg mL™") or poly-D,i-ornithine/PG coated 12-mm glass cover
slips. OPCs were either expanded in the presence of 10 ng mL™!
PDGF-AA and 10 ng mL ™" EGF2 (PF) or differentiated after growth
factor withdrawal in the presence of 400 ng mL™" Tj and 1% FCS
(TF). In some experiments, 50 mU mL~" Chondroitinase ABC
(Sigma—Aldrich, Munich, Germany) were added to the culture
medium, to affectively degrade CS-GAGs.

siRNA-mediated knock-down of Ptprz1

To perform Prprzl knock-down experiments, 45,000 OPCs were
plated on P-Orn coated 12-mm glass cover slips and expanded in
OPC medium containing PDGF-AA and FGF2. After 24 h, the
medium was changed to OPC medium lacking growth factors and
antibiotics. Afterward, the cells were transfected with 20 pM siRNA
(Sigma—Aldrich, siRNA ID: SASI_Rn01_00053280) and 20 pM
siGLO Green (GE Healthcare Life Sciences, Freiburg, Germany) or
only with 20 pM siGLO Green using 1% lipofectamine RNAIMAX
transfection reagent (Invitrogen by Life Technologies, Darmstadt,
Germany) in Opti-MEM (Life Technologies). After 6 h, the medium
was changed to OPC medium containing 400 ng mL™" T3 and 1%
FCS, and the cells were cultivated for further 48 h until they were

fixed and used for immunocytochemical analyses.

Isolation and Cultivation of Mouse Spinal Cord
Neural Precursor Cells

Except for some minor modifications E13.5 spinal cord neural pre-
cursor cells were essentially isolated and cultivated as previously
described (Karus et al., 2011, 2012). Because heparin is known to
interfere with Chondroitinase ABC activity, we omitted heparin
from those cultures and added only 20 ng mL™' EGF and 20
ng mL ™" FGF2. However, this did not notably affect the growth of
the NPCs, since we could passage these neurosphere cultures at least
10 times and still observed a multipotent phenotype under differen-
tiating conditions (not shown). To foster the differentiation towards
glial lineages and to promote cell survival we added 1% FCS to the

culture medium after growth factor withdrawal.
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Isolation and Cultivation of Mouse Cortical
Oligospheres

Neurospheres were prepared from E14.5 embryos from timed preg-
nant female wild-type mice, and oligospheres were generated from
such neurospheres as previously described with some modifications
(Pedraza et al., 2008). Briefly, the cortices of E14.5 mouse embryos
were collected and enzymatically digested using 30 U mL™" papain
(Worthington, NJ) in MEM (Sigma—Aldrich, Munich, Germany)
for 25 min at 37°C. The digestion was stopped by the addition of
an equal amount of ovomucoid. To obtain a single cell suspension,
the tissue was triturated mechanically. The cells of two cortices were
cultivated in neurosphere culture medium (DMEM/F12 1:1; 2%
B27 supplement; 1% P/S) containing 20 ng mL ™" EGF in a T12.5
flask. After 48 h, the floating neurospheres were passaged at a 1:3
ratio in neurosphere media containing EGE For the generation of
oligospheres, these secondary neurospheres were enzymatically disso-
ciated to a single cell suspension by using 0.25% T/E. After 5 min
the digestion was stopped via the addition of an equal amount of
ovomucoid. The cells were resuspended at a 1:2 ratio in neurosphere
medium now containing 20 ng mL~! PDGF-AA (Peprotech, Rocky
Hill, NJ) and 20 ng mL~' FGF2 (Peprotech). This allowed the
OPCs to proliferate. After 72 h, the oligospheres were passaged at a
1:2 ratio and were cultivated for another 4 days. Secondary oligo-
spheres were enzymatically dissociated to a single cell suspension,
resuspended in OPC medium (DMEM, 1% N2 supplement, 100
pug mL™" BSA, 1% P/S), and the cell suspension was filtered
through a 40-um cell-strainer. For immunocytochemical analysis
25,000 cells were plated on P-Orn coated 10-mm glass coverslips.
OPCs were either propagated in the presence of 20 ng mL™'
PDGF-AA and 10 ng mL™" FGF2 or allowed to differentiate in the
presence of 400 ng mL ™" T; and 1% HS.

Cultivation of Oli-Neu Cells

The oligodendrocyte precursor cell line Oli-Neu (Jung et al.,
1995) was cultured in 10 pg mL ™" PDL-coated T75 culture
flasks at 37°C, 7.5% CO,. The cells usually reached confluence
within 2—-3 days and were then passaged in a 1:5 ratio. Passaging
was performed by gentle trypsinization with 0.25% T/E, and
the reaction was stopped by adding an equal amount of ovomu-
coid followed by careful mechanical trituration.

Differentiation of Oligodendrocytes from Human
Radial Glia-like Neural Stem Cells

Differentiation of oligodendrocytes from hiPSC-derived radial
glia-like neural precursor cells (RGL-NPCs) was performed in
a three step culture paradigm according to a novel protocol
(Gorris et al., 2015). Briefly, 800,000 RGL-NPCs were
seeded onto matrigel coated 3.5 cm tissue culture dishes in
N2-medium (DMEM/F12, 1% N2, and 1.6% D-glucose)
containing 20 ng mL™" FGF2 and 20 ng mL~" EGE After
the cells had reached ~80% confluence, the differentiation
along the oligodendrocyte lineage was started. First, OPC
generation (step 1) was carried out for 2 weeks in N2-
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medium containing 10 ng mL~! EGE 10 ng mL~! PDGF-
AA, and 4 pg mL™" forskolin. After that OPCs were allowed
to proliferate (step 2) for another week in the presence of 10
ng mL ™! PDGF-AA, 30 ng mL ™! Ts, 20 ng mL ! noggin,
and 200 pM ascorbic acid. The first two steps were per-
formed to specifically support the development and prolifera-
tion of oligodendroglial progenitors. We intentionally omitted
FGF2 in the culture paradigm, because it has been shown to
impair the transition of human pre-OPCs to OPCs (Hu
et al., 2009). To reduce the differentiation of astroglial cells,
we further added noggin to the culture medium during the
second step. Finally, terminal differentiation for up to 5 weeks
was carried out in the presence of 30 ng mL™" T, 200 pM
ascorbic acid, and 1 pg mL™' laminin. In general the
medium was changed every other day.

Immunological Reagents

In the following, all primary antibodies used in this study are
listed. The monoclonal antibodies were: anti-O4 (1:50; mouse
IgM) (Sommer and Schachner, 1981), anti-Nestin (1:500;
mouse IgG; clone rat-401; Millipore, Hofheim, Germany),
anti-MBP (1:50; mouse IgG; clone 129-138; Millipore, Hof-
heim, Germany); anti-CS (1:300 (immunofluorescence), 1:100
(Western-blot); rat IgM; clone mAb473HD) (Faissner et al.,
1994), BrdU (1:50; mouse IgG; clone BMGG6HS; Roche,
Mannheim, Germany), ant-MBP (1:25; ra; Abcam, Cam-
bridge, UK). The polyclonal antibodies were: anti-Olig2
(1:200; rabbit; Millipore, Hofheim, Germany), anti-Tnc
(1:300 (immunofluorescence), 1:2,000 (Western-blot); rabbit,
batch Kaf14/1) (Faissner and Kruse, 1990), anti-RPTPB/(
(1:300 (immunofluorescence), 1:1,000 (Western-blot); rabbit,
batch Kaf13/5) (Faissner et al., 1994), anti-NG2 (1:300
(immunofluorescence and Western-blot); rabbit; Millipore,
Hotheim, Germany), ant-Pdgfrac (1:300 (immunofluores-
cence), 1:10,000 (Western-blot); rabbit, Santa-Cruz, Hamburg,
Germany).

Immunocytochemistry

After removal of the culture medium adherent cells were
washed twice with PBS/A (PBS + 0.1% BSA). After that the
primary antibodies for extracellular or membrane bound epi-
topes (473HD, O4, Kaf13/5) were incubated in PBS/A for
30 min at room temperature. Then, the cells were fixed with
4% PFA for 10 min at room temperature. In case of intracel-
lular epitopes, the fixation was carried out prior to the incu-
bation with primary antibodies diluted in PBT1
(PBS + 0.1% Triton X100 + 1% BSA). Next, the cells were
washed two times with PBT1. The incubation with species-
specific Cy2-, Cy3-, Alexa488, or Alexa555-coupled second-
ary antibodies (Dianova or Invitrogen) diluted in PBS/A was
carried out at room temperature for further 30 min. Hoechst
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or Dapi (both 1:10%) were additionally added to visualize the
cell nuclei. Finally, the cells were washed two times with PBS
and mounted with either PBS/Glycerin (1:1) or mowiol.

Anion Exchange Chromatography

Sulfated proteoglycans were enriched from Oli-Neu condi-
tioned cell culture medium using DEAE anion exchange
chromatography (Sirko et al., 2010a). In brief, 250 mL con-
ditioned medium were cleared by centrifugation for 10 min
at 4,000¢ and then adjusted to 500 mL containing finally
7 M urea and 25 mM Tris pH 7.5. After that the solution
was stirred overnight at 4°C. The next day, the solution was
loaded on a DEAE column for 24-48 h with a constant flow
rate of 0.5 mL min~!. After that, the column was washed
with 30 column volumes of DEAE-washing buffer with a
flow rate of 2 mL min~'. Bound molecules were eluted with
a step gradient of 0.3 M, 0.7 M, and 2.0 M NaCl. Two col-
umn volumes were used for each NaCl concentration. During
the elution fractions were collected, and the protein content
of each fraction was assessed by measuring the light extinction
at 280 nm. Finally, the PGs of the 0.7 M fraction were pre-
cipitated through the addition of two volumes EtOH/1.3%
CH;COOK overnight at —20°C. Precipitated proteins were
spun down for 10 min at 16,000g, washed twice with 80%
EtOH and finally resuspended in 50 pL PBS. In some cases,
an aliquot of the proteoglycans was biotinylated using the EZ
link biotinylation kit according to the manufacturer’s instruc-
tions (Thermo Fisher Scientific, Waltham, MA).

Western-Blot

Adherent cells were homogenized and solubilized in 4°C cold
cell lysis buffer (50 mM Tris-HCl pH 7.4; 150 mM NaCl;
5 mM EDTA; 5 mM EGTA; 1% Triton X100; 0.1% Na-
desoxycholate; 0.1% SDS) and incubated for further 30 min on
ice. After that, the lysate was cleared by centrifugation
(16,000¢) at 4°C, and the protein concentration was deter-
mined using a protein quantification kit (Pierce, Rockford,
USA) according to the manufacturer’s instructions. Usually, 10
Ug protein were run on a 8% (v/v) SDS-gel under reducing con-
ditions and transferred to a PVDF membrane (Roth, Karlsruhe,
Germany) using a semi-dry blotting procedure. After transfer
the membrane was blocked with 5% (w/v) skim milk powder in
Tris-buffered-Saline (TBS) for 1 h at room temperature. The
primary antibodies diluted in 5% skim milk powder in
TBS + 0.05% Tween20 (TBST) were incubated over night at
4°C. Subsequently, the membrane was washed three times with
TBST for 10 min and the incubation with the HRP-coupled
secondary antibodies (1:5,000) diluted in 5% skim milk pow-
der in TBST was carried out at room temperature for 1 h. The
membrane was then washed again three times with TBS. Finally
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the signal was detected using enhanced chemiluminescence rea-

gent (Pierce, Rockfort, USA).

Semiquantitative RT-PCR

OPCs and differentiated oligodendrocytes were lysed in RLT
buffer, and total RNA was isolated according to the manufac-
turer’s instructions (RNeasy Mini Kit, Qiagen, Hilden, Ger-
many). Total RNA (1 pg) was reverse transcribed into cDNA
using the First strand ¢cDNA Synthesis Kit (Fermentas, St.
Leon-Rot, Germany), and 1 pL cDNA was used for PCR
analysis. The following primer pairs were used:

Phosphacan ~ for:  5'-TTGACAAGTGATGAAGAGAG
TGG-3';  Phosphacan  rev:  5'-AATCAGCACATCTCG
TTCTATCC-3'; RPTPP/C long for: 5'-TCAGGAGTATCCAA
CAGTTCAGAG-3'; RPTPB/ long rev: 5'-GTGTTGGTGG
TGTAGATATTACTCG-3'; RPTPP/ short for: 5'-CCACTA
GCAACATCCTCCATTC-3"; RPTPB/ short rev: 5'-TCCA
GTAGATGAGAATACCAACAAG-3', (Dobbertin et al,,
2003) RPIPo for: 5'-GTCACATGGGACTCAGGCAA-3';
RPTPg rev: 5'-GGTGTAGTAGACGCGGTAGC-3'; Actin
for: 5'-TATGCCAACACAGTGCTGTCTGGTGG-3'; Actin
rev: 5'-AGAAGCACTTGCGGTGCACGATGG-3'.

Documentation and Data Analysis

Photomicrographs of immunolabeled cells were taken at the
Axioplan2 or Apotome Imager Z.1 using AxioVision 4.4 and
4.8 software, respectively. Both microscope systems were
equipped with an AxioCam HRc camera (Zeiss, Jena, Ger-
many). For quantitative analyses of immunocytochemical
antigen detections, at least 200 Hoechst-positive nuclei were
counted in at least three independent experiments per anti-
body and culture condition. The quantification of the mem-
brane area or the area occupied by a single oligodendrocyte
was performed using Image] software. Phase contrast images
were taken at the Axiovert200M equipped with an AxioCam
HRc camera using AxioVision 4.8 software (Zeiss, Jena,
Germany).

All data are expressed as mean = SD. Statistical signifi-
cance was assessed using the paired and unpaired two-tailed
Student’s ¢ test and the P values are given as *<0.05,
*P<0.01, and *P<0.001.

Results

The 473HD Epitope is Expressed in the Early
Oligodendroglial Lineage

CSPGs are major constituents of the neural ECM during
CNS development (Faissner and Reinhard, 2015; Maeda,
2015) and under pathological conditions, such as spinal cord
injury. CSPGs bear highly sulfated GAG chains, which are
believed to represent important molecular mediators of the
cell biological function of CSPGs under pathological condi-
tions (Harlow and Macklin, 2013; Iozzo and Schaefer, 2015).
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FIGURE 1: Expression of the 473HD epitope within the oligodendrocyte lineage: (A) Photomicrographs of OPCs plated under differenti-
ating conditions labelled against the 473HD epitope in combination with stage-specific markers (NG2 for oligodendrocyte precursor
cells; O4 for immature oligodendrocytes; MBP for myelin gene expressing oligodendrocytes). The 473HD epitope was present on OPCs
as well as on immature O4-positive cells. MBP-positive cells did not exhibit any 473HD immunoreactivity. (B) Quantitative analysis of the
473HD-positive cell population during a 3-day differentiation period in comparison to O4- or MBP-positive cells. During differentiation
the population of 473HD-positive cells declined, while especially the number of MBP-positive cells increased. (C) Western-blot analysis
additionally confirmed the overall decrease of the 473HD-expression during oligodendrocyte differentiation. Scale bar: 25 pm.

Although recent studies have demonstrated that CSPGs regu-
late  morphological oligodendrocyte maturation (Pendleton
2013; Siebert and Osterhout, 2011), their influence on

the oligodendrocyte lineage progression remained uncertain.

et al.,
Here, we chose the unique 473HD epitope as a typical CS

epitope present on Phosphacan/RPTPB/C and first analysed its
expression within the oligodendrocyte lineage. For that purpose
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we cultivated rat OPCs and monitored the expression of the
473HD epitope under differentiating conditions in comparison
to the OPC marker NG2, the immature oligodendrocyte
marker O4, and the mature oligodendrocyte marker MBP. We
found that the 473HD is expressed by NG2-positive OPCs as
well as by O4-positive immature oligodendrocytes (Fig. 1A).
In contrast MBP-positive oligodendrocytes did not express the
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TABLE 1: Marker Profile of Differentiating Primary Rat
Oligodendrocytes Cultivated for a Period of 3 Days
Days in vitro Marker % Immunolabeled cells N
0.5 473HD  50.4 = 10.2 3
04 13.4+6.7 4
MBP 1.5%1.1 3
1 473HD  47.2*+14.0 3
04 349+ 8.1 5
MBP 2.1*+14 5
2 473HD  21.0*8.5 4
04 35.7£8.9 5
MBP 11.3 3.9 4
3 473HD  4.3*=3.2 3
04 18.0 £ 12.0 5
MBP 16.7 £ 10.4 3
At least 200 cells were counted per experiment. The numbers
indicate mean = SD, N: number of independent experiments.

473HD epitope (Fig. 1A). A quantitative analysis of its expres-
sion in comparison to O4 and MBP under differentiating con-
ditions revealed a general decrease in 473HD-positive cells
within a 3 day differentiation period (473HD: 0.5 day:
50.4% * 10.2%, 1 day: 47.2% * 14.0%, 2 days: 21.1% *
8.5%; 3 days: 4.3% * 3.2%). In contrast, the number of O4-
positive cells initially increased within the first day and
decreased again after 3 days (O4: 0.5 days: 13.4% * 6.7%,
1 day: 34.9% *8.1%, 2 days: 35.7% £8.9%, 3 days:
18.0% = 12.0%). The number of MBP-positive cells continu-
ously increased during this time period (MBP: 0.5 day:
1.5% = 1.1%, 1 day: 2.1% = 1.4%, 2 days: 11.3% * 3.9%,
3 days: 16.7% * 10.4%) (Fig. 1B and Table 1). Western-blot
analysis confirmed the overall down-regulation of the 473HD
epitope within the analysed differentiation period (Fig. 1C). In
line with these data, we also noticed a strong expression of the
473HD epitope by O4-positive immature oligodendrocytes
differentiated from mouse cortical oligosphere cultures. How-
ever, MBP-positive mature oligodendrocytes did not notably
express this CS-motif (Supp. Info. Fig. S1). In summary, our
expression data demonstrate that the 473HD epitope is mainly
confined to immature oligodendrocyte phenotypes.

Chondroitinase ABC Effectively Degrades CS-GAGs
from OPC Cultures

The bacterial enzyme ChABC is a commonly used enzyme
for the degradation of CS-GAGs. To address possible func-
tions of CS-GAGs for the oligodendrocyte lineage progres-
sion, we added 50 mU mL~' ChABC to OPC cultures
under proliferative and differentiating conditions. To confirm

the suitability of ChABC to interfere with CS-GAG chain
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biology in our OPC cultures, we initially analysed the expres-
sion of the 473HD epitope and its carrier protein Phospha-
can/RPTPR/C in the presence and absence of ChABC under
proliferating conditions. Untreated OPCs express high levels
of both Phosphacan/RPTPB/C and the 473HD epitope (Fig.
2A). After CS-GAG removal the immunoreactivity for Phos-
phacan/RPTPR/L appeared to be enhanced. In contrast the
473HD immunoreactivity was strongly reduced (Fig. 2A).
Western-blot analysis of OPC detergent extracts also demon-
strated the effective degradation of CS-GAGs after ChABC
treatment (Fig. 2B).

To analyze the influence of CS-GAGs on the oligoden-
drocyte lineage progression in detail, we plated OPCs on con-
trol (P-Orn) and PG-enriched substrates in the presence and
absence of ChABC. The PG fractions were isolated from Oli-
Neu cell line culture supernatants via DEAE anion-exchange
chromatography. For that purpose, 250 mL conditioned
medium were collected and loaded onto a DEAE sepharose
column (Fig. 3A). After several washing cycles, the proteins
were eluted in a step-wise manner using increasing NaCl con-
centrations (0.3, 0.7, and 2 M) (Fig. 3A). The eluate was col-
lected in small fractions, and the light absorption of each
fraction was measured at 280 nm, in order to identify the
high protein fractions (Fig. 3B). While the 0.3 M fraction
contained several proteins, the 0.7 M fraction was mainly
composed of high molecular mass proteins (Fig. 3C). Glyco-
proteins such as Tenascin-C were mainly detectable in the
0.3 M fraction, whereas e.g. the 473HD epitope was clearly
enriched in the 0.7 M fraction (Fig. 3C) as expected because
previous studies had shown that Oli-neu releases substantial
amounts of DSD-1-PG/Phosphacan (Garwood et al., 1999;
Schnadelbach et al., 1998). Western-blot analysis of a biotin-
ylated 0.7-M aliquot showed that several CSPGs were present
in our preparation, since different distinct bands appeared in
the western-blot after ChABC digestion, reflecting the strong
glycosylation of these proteins in the absence of ChABC. A
more detailed analysis of the PG fractions derived from Oli-
Neu cell culture supernatants in comparison to mouse cortical
neurospheres and P2 rat brain revealed that the 0.7 M frac-
tion mainly contained Phosphacan/RPTPB/{ and to less
extent Brevican. In contrast, Neurocan was not present in our
PG enriched fractions (Supp. Info. Fig. S2A,B). NG2 repre-
sents a known CSPG expressed by OPCs and occurs in a gly-
cosylated and non-glycosylated isoform (Fidler et al., 1999;
Morgenstern et al., 2003). Thus, we additionally analysed its
expression in our PG fractions. Non-glycosylated NG2 was
detectable as a distinct band in the 0.3 M fraction. In con-
trast, a smear in the high molecular mass range was indicative
of glycosylated NG2 in the 0.7 M fraction. Yet, the NG2-
level in this fraction was lower than the 473HD-level (Supp.
Info. Fig. S2C).
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levels of Phosphacan/RPTPf/{ and the 473HD epitope under control conditions, the addition of ChABC effectively reduced the inmmu-
noreactivity for the 473HD epitope. In contrast, the immunoreactivity for its carrier protein appeared to be enhanced. Hoechst (blue)
was additionally added, in order to visualize the cell nuclei. (B) Western-blot analysis further demonstrated the successful degradation of
the 473HD epitope in the presence of ChABC. Scale bar: 50 pm. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

CS-GAG Removal Enhances Spontaneous
Oligodendrocyte Differentiation

CS-GAGs can directly bind to growth factors such as FGF2
(Milev et al., 1998) and promote FGF2-dependent prolifera-
tion of e.g. cortical NPCs (Sirko et al., 2010b). Thus, we first
investigated a possible influence of CS-GAGs on the BrdU-
incorporation rate of OPCs under proliferating conditions.
For that purpose we added 1 uM BrdU for 2 and 4 h to
OPCs plated either on a control substrate (P-Orn) or on
enriched PGs in the presence and absence of ChABC (Fig.
4A-D). The number of BrdU-positive cells, however, did not
differ between all four conditions investigated (2 h: w/o P-
Orn: 26.3% *= 7.9%; ChABC P-Orn: 28.7% * 7.1%; w/o
PG: 25.3% = 7.9%; ChABC PG: 26.6% * 5.4%; 4 h: w/o
P-Orn: 30.6% = 7.3%; ChABC P-Orn: 31.2% = 5.9%; w/o
PG: 29.7% *= 7.1%; ChABC PG: 31.0% *= 8.1%; n=2 for
each condition and time point) (Fig. 4E,F). Because the over-
all expression of CS-GAGs decreased with ongoing OPC dif-
ferentiation (Fig. 1), we next analysed, whether the
degradation of CS-GAGs promotes spontaneous differentia-
tion of OPCs already under proliferating conditions. To
address this issue, we determined the number of O4-positive
cells in the presence of PDGF-AA and FGF2 after 2 and 3
days in vitro. We observed an enhanced number of O4-
positive cells after CS-GAG removal on both substrates (Fig.
4G-]). The number of Pdgfra-positive cells, however, did
not notably change. Moreover, OPCs exhibited a less complex
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morphology on the PG substrate. Especially the number of
cell processes seemed to be strongly reduced (Fig. 4G-]). The
quantitative analysis of O4-positive cells revealed a significant
increase of spontaneously differentiating OPCs upon ChABC
treatment. In contrast, cultivation on a PG substrate did not
affect the number of O4-positive cells (48 h: w/o P-Orn:
8.4% = 0.4%; ChABC P-Orn: 12.8% %= 1.0% (P < 0.001);
wlo PG: 9.3% *1.1%; ChABC PG: 13.0% = 1.4%
(P=10.0012); 72 h: w/o P-Orn: 8.3% = 1.0%; ChABC
P-Orn: 13.6% * 1.7% (P < 0.001); w/o PG: 8.2% = 0.5%j;
ChABC PG: 14.1% *=1.5% (P=0.0051); n=4 for each
condition and time point) (Fig. 4K,L).

CS-GAGs Inhibit Morphological Maturation and

Myelin Gene Expression of Differentiating OPCs

So far our data suggest that CS-GAGs are involved in OPC
maintenance rather than in OPC proliferation. Therefore, we
next investigated the influence of CS-GAGs on the oligoden-
drocyte lineage progression under differentiating conditions.
Here, we used MBP as a marker for mature, myelin gene
expressing oligodendrocytes. On the P-Orn control substrate
OPCs readily differentiated into multi-branched MBP-
expressing oligodendrocytes within 2 days. Moreover, several
oligodendrocytes had already formed membrane sheets (Fig.
5A). In contrast the number of MBP-positive cells on the PG
substrate  was  significantly  reduced [w/o  P-Orn:
14.3% * 0.6%; w/o PG: 9.5% = 0.2% (P=0.0011) (=4

Volume 64, No. 2


http://wileyonlinelibrary.com

load elute
0.15 M NaC! 1: 0.3 M NaCl

—) 2: 0.7 M NaCl
3:2.0 M NaCl

DEAE

discard
flow-through

UUUU

t fractions

Bl
a
(
.

coll

250 —
150 -

100 -
5 =

Karus et al.: CS-GAGs Regulate OPC Maintenance

03, 03M

0.7M

E280
«— 03 M NaCl
«— 0.7 M NaCl
«— 2.0 M NaCl

5 10 15 20 25 30 35 40
fraction no.

proteoglycan
core porteins

FIGURE 3: Purification of proteoglycans from Oli-Neu cell culture supernatants. (A) Schematic depiction of the purification protocol. The
purification using DEAE sepharose was divided into three phases. During the first phase the column was loaded with the culture superna-
tant for up to 48 h. In the second phase the column was washed with a low salt solution (0.15 M). Finally, the proteins were eluted in a
step wise manner using different salt concentrations. (B) The protein content of the different fractions was photometrically determined.
After addition of 0.3 M and 0.7 M NaCl solutions proteins could be eluted. (C) While the 0.3 M fraction contained several proteins of vary-
ing size, the 0.7 M fraction contained high molecular mass proteins. The glycoprotein Tenascin-C was mainly present within the 0.3 M frac-
tion. In contrast, the 0.7 M fraction contained large amounts of the 473HD epitope. (D) An aliquot of the 0.7 M fraction was additionally
biotinylated and run on a SDS-gel. Western-blot analysis using streptavidin-coupled-HRP revealed the presence of different proteins
within this fraction. After degradation of the CS-GAGs, however, many distinct protein signals appeared, demonstrating the high CS-GAG

content within the 0.7 M fraction. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

for both conditions)] (Fig. 5B,E). In addition, the PG sub-
strate attenuated the morphological maturation of the oligo-
dendrocytes (Fig. 5B). The addition of ChABC did not
notably affect the number of MBP-positive cells on the con-
trol substrate [ChABC P-Orn: 14.6% * 0.5% (»=4)] (Fig.
5C,E). However, ChABC treatment rescued the effect of the
PG substrate on the number of MBP-positive cells [w/o PG:
9.5% * 0.2%; ChABC PG: 15.2% *=0.7% (P<0.001);
n =4 for both conditions] (Fig. 5D,E). After 3 days of differ-
entiation the number of MBP-positive cells was still reduced
on the PG substrate in comparison to the control substrate
[wlo P-Orn: 25.7% *£3.0%; w/o PG: 19.1% % 1.5%
(P=10.0134); n=4 for both conditions] (Fig. SEG,]). How-
ever, the difference appeared to be less pronounced. Again,
ChABC treatment did not alter the number of MBP-positive
cells. on the control substrate (ChABC  P-Orn:
24.0% = 2.4%; n=4) (Fig. 5H,]), but could rescue the PG
effect (w/o PG: 19.1% =* 1.5%; ChABC PG: 27.5% = 1.0%
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(P=0.0012); n=4 for both conditions) (Fig. 5I]). Strik-
ingly, we also observed a significantly increased number of
membrane  forming  oligodendrocytes  [w/o  P-Orn:
26.9% * 7.9%; ChABC P-Orn: 33.9% = 7.5% (P < 0.001);
wlo PG: 25.0% *4.6%; ChABC PG: 33.2% *£7.1%
(P=0.006); n=75 for each condition] as well as larger mye-
lin membranes [w/o P-Orn: 6600.7 = 969.2 pm? ChABC
P-Orn:  10481.9+943.1 pum”> (P=0.007); wlo PG:
5018.8 = 720.7 um?; ChABC PG: 8492.3 * 620.3 pm? (P=
0.003); 7 =3 for each condition] upon CS-GAG removal on
both substrates (Fig. 6A-D).

Phosphacan/RPTPp/; as Potential Mediator for
CS-GAG-Dependent Oligodendrocyte Lineage
Progression

Because the Pprzl gene codes for known CS-GAG carrier
proteins generated through alternative splicing, we analysed
the expression of the three known isoforms Phosphacan,
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tainings of OPCs labelled against the OPC marker Pdgfra. and the immature oligodendrocyte marker O4. (K, L) While a surplus of CS-
GAGs (PG) did not change the number of spontaneously differentiating OPCs, the ChABC-mediated degradation of CS-GAGs resulted in
an enhanced differentiation towards O4-positive cells quantified after 48 and 72 h. Note that on the PG substrate OPCs (H) were much
smaller and had shorter processes in comparison to the control substrate (G). This effect could be rescued after CS-GAG removal (J).
Hoechst (blue) was additionally added, in order to visualize the cell nuclei. Scale bar: 50 um. [Color figure can be viewed in the online
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RPTPB/Cong and RPTPR/Cor, in OPCs and oligodendro-
cytes. In addition, we also examined the expression of
RPTPg, which is a known receptor for CSPGs (Pendleton
et al., 2013; Shen et al., 2009), mediating the inhibitory effect
on oligodendrocyte process extension. For the expression analy-
sis, we cultivated OPCs both in the presence of PDGF-AA
and FGF2 and in the presence of T3 and FCS and finally iso-
lated the RNA after 2 days. The results of the semiquantitative
RT-PCR indicate that all Phosphacan/RPTPB/C isoforms were
expressed under proliferating and differentiating conditions
(Supp. Info. Fig. S3A). Yet, the expression of RPTPB/(,, and
RPTPR/ ghore was downregulated in differentiated oligodendro-
cytes, whereas the expression of Phosphacan remained unal-
tered in differentiated oligodendrocytes compared with the
expression in OPCs. RPTPG was also expressed by OPCs and
seemed to be downregulated in differentiated oligodendrocytes
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reminiscent of the temporal expression of RPTPB/(j,,, and
RPTPR/Cghore (Supp. Info. Fig. S3B).

To more specifically address the function of Phospha-
can/RPTPR/C in the context of a CS-GAG-dependent oligo-
dendrocyte lineage progression, we next performed a siRNA-
mediated knock-down of the Peprzl gene in rodent OPCs.
For that purpose, we transfected OPC cultures with a specific
Piprzl siRNA and analysed the number of Phosphacan/
RPTPR/C-positive cells as well as MBP-positive cells 2 days
after transfection. We additionally used siGLO Green, to
detect transfected cells. Immunopositive cells were quantified
within the siGLO-positive population. The siRNA transfected
oligodendrocyte cultures showed a significant reduction in the
number of Phosphacan/RPTPR/C-positive cells compared
with the control cultures (siGLO+siRNA: 12.94% =+ 7.58%;
siGLO: 65.81% *9.29%, n =3, P=0.002), demonstrating
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FIGURE 5: CS-GAGs attenuate myelin gene expression and membrane formation: (A-J) Differentiating OPCs plated on either a control
(P-Orn) or PG-substrate in the presence and absence of ChABC were analysed after 48 (A-E) and 72 (F-J) h. The addition of ChABC on the
control substrate had no effect on the number of MBP-positive cells at both time points (E, J). In contrast cultivation on the PG-substrate
resulted in a significantly reduced number of MBP-positive cells in comparison to the control substrate. This effect could be reverted after
CS-GAG removal (E, J). Moreover, the size of the MBP-positive cells on the PG-substrate (B, D, G, 1) was much smaller in comparison to
the control substrate (A, C, F, H). Hoechst (blue) was additionally added, in order to visualize the cell nuclei. Scale bar: 50 um. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

the successful knock-down on a cellular level. However, on a
global level no reduction was visible, most likely owing to the
low overall transfection efficiency (~20%, data not shown).
Upon knock-down of Piprzl we observed a trend towards
an increased number of MBP-positive cells after 2 days in
culture, yet this was not statistically significant (siGLO:
28.87% *= 11.23%;  siGLO+siRNA:  44.75% * 23.48%,
n=3, P=10.3) (Supp. Info. Fig. S4A,B). Importantly, we also
found that despite knock-down the culture substrate exhibited
a 473HD immunoreactivity, which was comparable to that of
the control condition (Supp. Info. Fig. S4C), indicating a slow
CS-GAG turnover and an ongoing substrate conditioning by
non-transfected cells. Beyond that effect, the CSPGs NG2 and
brevican that are not targeted by the knock-down may addi-

tionally contribute to an inhibitory environment.
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CS-GAG Removal from Mouse and Human NPC-
derived Oligodendrocytes Accelerates
Morphological Maturation

The impact of CS-GAG degradation from rodent OPC cul-
tures on the oligodendrocyte lineage progression prompted us
to analyse, whether the ability of ChABC to stimulate oligo-
dendrocyte differentiation could also be observed in neural
precursor cell (NPC) cultures. In particular late-stage NPCs,
i.e. radial glia-like NPCs, represent a versatile cellular donor
source for e.g. white matter repair due to a pronounced
intrinsic glial differentiation propensity. However, it is of
utmost importance to identify and eventually modulate novel
molecular pathways governing oligodendrocyte differentiation.
To address the effect of ChABC-treatment on the differentia-
tion of NPC-derived oligodendrocytes, we initally chose
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FIGURE 6: CS-GAG degradation fosters myelin membrane forma-
tion: (A, B) Representative examples of differentiating oligoden-
drocytes immunolabelled for MBP after 72 h. While some MBP-
positive oligodendrocytes still did not form myelin membranes
(A), others already exhibited a strong membrane forming pheno-
type (B). (C) The number of membrane forming oligodendrocytes
was not affect by the PG substrate. However, enzymatic CS-GAG
degradation led to a significant increase of membrane forming
cells on both substrates. (D) ChABC treatment resulted in signifi-
cantly larger myelin membranes independent from the substrate
the oligodendrocytes were cultivated on. Hoechst (blue) was
additionally added, in order to visualize the cell nuclei. Scale bar:
25 um. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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primary mouse spinal cord NPCs, since they exhibit a rela-
tively low oligodendrocyte differentiation capacity under
standard neurosphere culture conditions (own observation).
Spinal cord NPCs grown under high density conditions
readily formed neurospheres within 1 week in the presence
of EGF and FGF2 (Fig. 7A). The addition of ChABC
resulted in an attachment of the neurospheres and seemingly
stimulated cellular migration on the bottom of the culture
flask (Fig. 7B). Interestingly, many cells migrating out of the
neurosphere exhibited a morphology reminiscent of OPCs
or differentiating oligodendrocytes (Fig. 7B’). Thus, we ana-
lysed the expression of the OPC markers Pdgfro, Nkx2.2,
and Olig2 under control and ChABC treated conditions.
However, we did not observe any differences in the global
expression levels of the respective genes or proteins in our
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NPC cultures (Fig. 7C,D), suggesting no changes of the
overall oligodendroglial specification from NPCs under pro-
liferative conditions. Thus, we subsequently analysed the
effect of CS-GAG removal on the oligodendrocyte differen-
tiation from primary NPCs after growth factor withdrawal.
For that purpose we dissociated the neurospheres and plated
single neurosphere cells on a laminin substrate in the pres-
ence and absence of ChABC. Under these conditions many
presumptive oligodendrocytes expressed high levels of the
473HD epitope under control conditions (Fig. 7E). The rel-
ative numbers of O4-positive (Fig. 7F) or MBP-positive
(Fig. 7G) cells were low under control conditions. The addi-
tion of ChABC significantly increased the number of both
populations, although the increase was small (04 w/o:
2.0% * 0.8%; O4 ChABC: 3.4% * 1.3%; n = 6; P = 0.006;
MBP w/o: 0.93% * 0.4%; MBP ChABC: 1.8% * 0.5%;
n=4; P=0.050) (Fig. 7H,I). In contrast, the amount of
membrane forming oligodendrocytes (Fig. 7G) was strongly
increased after CS-GAG removal (w/o: 13.5% = 3.4%;
ChABC: 35.5% *9.1%; n=4; P=0.004) (Fig. 7]). These
data indicate that CS-GAG removal from differentiating
mouse spinal cord NPCs also promotes the differentiation
of oligodendrocytes towards more mature phenotypes.

Next, we asked, whether the stimulatory effect of
ChABC on oligodendrocyte differentiation from rodent
radial glia-like NPCs can also be observed in cultures of
hiPSC-derived oligodendrocytes. For that purpose we used
radial glia-like neural precursor cells (RGL-NPCs), which
we generated from hiPSCs and subsequently differentiated
along the oligodendrocyte lineage according to a novel pro-
tocol (Gorris et al., 2015). Seven weeks after the initiation
of the differentiation regime we added 50 mU mL™'
ChABC to the cultures for another week. After that, we
observed many OLIG2-positive cells expressing the 473HD
epitope under control conditions (Fig. 8A). ChABC treat-
ment resulted in the loss of the 473HD immunoreactivity
without notably changing the relative number of OLIG2-
positive cells (Fig. 8B). Western-blot analysis additionally
confirmed the effective CS-GAG degradation in these
human cell cultures (Fig. 8C). In the absence of ChABC we
readily found several MBP-positive cells displaying a com-
plex morphology (Fig. 8D). ChABC treatment accelerated
morphological maturation of MBP-positive oligodendrocytes
resulting in a massive membrane formation (Fig. 8E). We
quantified this morphological maturation in two independ-
ent experiments by assessing the territory occupied by a sin-
gle oligodendrocyte (Fig. 8F). In both experiments ChABC
treatment resulted in a significantly larger oligodendrocyte
area given in arbitrary units [Expl w/o: 879.9 *259.5
(n=17); Expl ChABC: 1,472.2*3929 (n=10),
P<0.001; Exp2 wlo 827.6*x2375 (n=11); Exp2
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FIGURE 7: CS-GAG removal stimulates oligodendrocyte differentiation from mouse spinal cord NPCs: (A, B) Phase contrast images of mouse
E13.5 spinal cord NPC cultures grown as neurospheres. Note that CS-GAG removal resulted in an adherent growth of the NPCs. Moreover,
many cells reminiscent of differentiating oligodendrocytes migrated out of the neurosphere. (C, D) However, the overall expression levels of
the known OPC markers Pdgfra, Nkx2.2, and Olig2 were not affected as determined by either Western-blot or RT-PCR analysis, respectively.
a-Tubulin or f-Actin served as loading control. (E-G) Representative photomicrographs of oligodendrocytes differentiated from spinal cord
NPCs after 4 days labelled for the 473HD epitope, O4, and MBP. Note, that some MBP-positive cells had already formed myelin membranes.
(H-J) The enzymatic degradation of CS-GAGs resulted in a small but significant increase of both O4-positive and MBP-positive cells. More-
over, the maturation of oligodendrocytes with respect to membrane formation was strongly enhanced in the presence of ChABC. Hoechst
(blue) was additionally added, in order to visualize the cell nuclei. Scale bar: 100 um (A, B); 50 pm (B’); 25 um (E-G). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 8: CS-GAG removal stimulates myelin membrane formation of hiPSC-derived oligodendrocytes. (A, B) Representative photomi-
crographs of oligodendrocytes differentiated from hiPSC-derived RGL-NPCs and stained for OLIG2 and the 473HD epitope. Under con-
trol conditions a strong 473HD immunoreactivity was detectable after 5 weeks of terminal differentiation. ChABC treatment efficiently
reduced the 473HD immunoreactivity without affecting the relative number of OLIG2-positive cells. (C) Western-blot analysis confirmed
the successful degradation of CS-GAGs. p-Actin served as loading control. (D) In the absence of ChABC several MBP-positive oligoden-
drocytes, that already displayed a complex morphology, were observed. (E) Addition of 50 mU mL™" ChABC for 1 week already led to
an accelerated morphological maturation. As a consequence many MBP-positive oligodendrocytes showed a massive membrane forma-
tion. (F) Quantification of the area covered by a single oligodendrocyte (white dashed lines) in two independent experiments revealed a
significant increase upon ChABC treatment (P<0.001 for both experiments). Numbers indicate the number of oligodendrocytes assessed
in each condition. Dapi (blue) was additionally added, in order to visualize the cell nuclei. Scale bar: 100 um (A, B); 50 um (D, E).

ChABC: 1,664.3 +170.2 (n=8), P<0.001]. These data
clearly show that the effect of CS-GAG degradation on oli-
godendrocyte differentiation, which we have described in
detail in cultures of rodent cells, can also be recapitulated in

cultures of human cells.

Discussion

CSPGs are expressed under several neuropathological condi-
tions such as traumatic CNS injury or MS. Over many years,
the role of CSPGs has been exclusively studied with regard to
axon degeneration and regeneration (Busch and Silver, 2007;
Galtrey and Fawcett, 2007; Harlow and Macklin, 2013; Rolls
et al., 2009). However, the massive lack of intact myelin and
the increasing inability of OPCs to remyelinate in the context
of MS suggested, that CSPGs may also have a major impact
on the biology of oligodendroglial cells. Along these lines, it
has recently been shown that CSPGs affect OPC migration as
well as their remyelination capability iz vivo (Lau et al., 2012;
Siebert et al., 2011). /n vitro studies have further demonstrated
that CSPGs mainly inhibit oligodendrocyte process extension
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and myelination in a Rho-dependent manner (Pendleton
et al., 2013; Siebert and Osterhout, 2011). These data estab-
lish a prominent role of CSPGs for the morphological matura-
tion of oligodendrocytes. However, the influence of CSPGs
and their covalently attached CS-GAG side chains on the oli-
godendrocyte lineage progression still remained controversial.
Using the monoclonal antibody 473HD, recognizing a unique
CS-motif primarily present on the CSPG phosphacan/
RPTPB/C (Clement et al., 1998; Ito et al., 2005; Purushotha-
man et al., 2012), we showed that rodent OPCs as well as
immature O4-positive oligodendrocytes express high levels of
this epitope. Yet, the expression declines with ongoing OPC
differentiation towards myelin gene expressing oligodendro-
cytes. In line with this, we also noticed a decreasing mRNA
expression of phosphacan/RPTPB/{ under differentiating con-
ditions. Along these lines, the expression of its long receptor
isoform by immature glial cells has been demonstrated in ear-
lier studies (Dobbertin et al., 2003; Faissner et al., 1994).

In addition to Phosphacan/RPTPB/C immature oligo-
dendrocytes express the NG2 proteoglycan 7 vivo and in
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vitro (Levine et al,, 2001; Nishiyama et al., 2009; Sakry
et al.,, 2011; Stallcup and Beasley, 1987; Trotter et al., 2010).
The fact that such CSPGs are exclusively expressed in the
early oligodendrocyte lineage suggests that they may restrict
OPC differentiation. To address this hypothesis, we designed
a combinatorial experimental setup in which rat OPCs were
plated either on a control substrate or on a PG-enriched sub-
strate in the presence and absence of ChABC. We demon-
CS-GAG

differentiation, while an overrepresentation of affinity purified

strate  that removal accelerates rat OPC
proteoglycans attenuates differentiation towards MBP-positive
oligodendrocytes. The latter effect could be rescued by
ChABC. This indicates that CSPGs act on OPCs primarily
via their CS-GAG side chains rather than via their core pro-
teins. Moreover, it appears as if CS-GAGs are necessary for
maintaining OPCs in an immature state, since ChABC treat-
ment also results in an enhanced spontaneous differentiation
towards O4-positive cells already under proliferating condi-
tions. We also observed an enhanced oligodendrocyte differ-
entiation from mouse spinal cord NPCs, which is consistent
with a previous report demonstrating an increased oligoden-
drocyte differentiation from rat forebrain NPCs upon CS-
GAG removal (Gu et al., 2009). Therefore, our data strongly
support the idea that CSPGs are important regulators of the
oligodendrocyte lineage progression. Yet, a recent study
reported that the CSPG Aggrecan does not interfere with the
oligodendrocyte lineage progression (Pendleton et al., 2013).
Importantly, our PG-substrate was mainly composed of Phos-
phacan/RPTPB/C, Brevican, and NG2, and we documented
an inhibitory effect of such PGs on the number of MBP-
positive cells under differentiating conditions. Thus, it is
tempting to speculate that different CSPGs may differentially
affect oligodendrocyte differentiation. In this context, we
observed a trend towards an increased number of MBP-
positive  oligodendrocytes upon siRNA-mediated Prprzl
knock-down in rodent OPCs. Although this observation still
needs more experimental support, it already indicates that
Phosphacan/RPTPR/{ contributes to a CS-GAG-dependent
oligodendrocyte lineage progression. Moreover, a similar effect
has already been documented for primary human OPCs (Sim
et al., 2006). In addition, the fact that functional regeneration
after demyelinating lesions is affected in Ptprzl knock-out
mice (Harroch et al., 2002) demonstrates the importance of
Phosphacan/RPTPR/C for oligodendrocyte biology.

Yet, a key question is: How do CSPGs in general and
Phosphacan/RPTPB/C in particular regulate OPC mainte-
nance? CSPGs are known to bind different growth factors or
cytokines such as FGF2, PDGF-AA, and pleiotrophin
(Goretzki et al., 1999; lozzo and Schaefer, 2015; Maeda
et al., 1999; Milev et al., 1998; Purushothaman et al., 2012;
Sugahara and Mikami, 2007). Signalling via the pleiotrophin-
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RPTPB/C axis regulates self-renewal of human fetal OPCs
(McClain et al., 2012). It is conceivable that the enzymatic
degradation of the CS-GAGs might have altered the mito-
genic activity of growth factors in our culture system, since
all are potent mitogens for OPCs (Bogler et al., 1990; Noble
et al., 1990; Pringle et al., 1989). Along these lines, we have
recently documented a reduced FGF2 signalling accompanied
by an impaired proliferation of telencephalic NPCs after CS-
GAG removal (Sirko et al., 2010b). Nevertheless, CS-GAG
removal in primary rat OPC cultures did not affect the pro-
liferation rates based on BrdU incorporation analysis. But we
cannot formally exclude that the overrepresentation of growth
factors (i.e., FGF2 and PDGF-AA) in our primary oligoden-
drocyte cultures might have masked any effect on
proliferation.

In line with the current view that CSPGs inhibit the
morphological maturation of oligodendrocytes, we observed a
massive increase of myelin membrane formation upon
ChABC treatment. Although this effect was clearly visible in
all culture systems used, it was particularly pronounced in
cultures of hiPSC-derived oligodendrocytes. It is known, that
CSPGs signal through RPTPG in oligodendrocytes and act
on their morphology in a Rho-dependent manner (Pendleton
et al., 2013; Siebert and Osterhout, 2011). Interestingly, we
recently identified the Rho-GEF Vav3 as an intracellular
downstream component of CS-GAG signalling (unpublished
data). Vav3 regulates the activity of small GTPases such as
RhoA and RhoG (Movilla and Bustelo, 1999). Therefore,
Vav3 might be an interesting candidate for CSPG mediated
signaling in oligodendrocytes. Vav3 has been shown to be
expressed by NPCs (Pollard et al., 2008), suggesting key
functions of Vav3 for neural development. Along these lines
recent studies demonstrated a crucial role of Vav3 for cerebel-
lar (Quevedo et al., 2010) and retinal (Luft et al., 2015)
development.

Our data not only support recent observations concern-
ing the inhibitory effect of CSPGs on the morphological mat-
uration, but also qualify CSPGs as important regulators of
the oligodendrocyte lineage progression. Moreover, we pro-
pose that CSPGs orchestrate oligodendrocyte differentiation
in a universal manner, because we did neither observe species-
specific (rat, mouse, human) nor region-specific (forebrain,
spinal cord) differences. In the future, it would be interesting
to analyse, whether the beneficial effect of ChABC-injection
observed in various animal models (Galtrey et al., 2007;
Garcia-Alias et al., 2009; Laabs et al., 2007) is accompanied
by an increased oligodendrocyte differentiation and myelina-
tion. An initial study has already demonstrated that ChABC-
injection into the damaged area after a spinal cord contusion
injury not only ameliorated axonal regeneration but also
stimulated the migration of endogenous OPCs towards the
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lesion site (Siebert et al., 2011). Moreover, pharmacological
interference with CS-GAG synthesis fosters remyelination
after lysolecithin-induced demyelination (Lau et al., 2012). In
conjunction with our observation in cultures of hiPSC-
derived oligodendrocytes, these studies suggest that CSPGs
may represent promising pharmacological targets for enhanc-
ing white matter repair.
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