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Polysialic acid is a glycan modification of the neural cell adhesion molecule (NCAM) produced by the polysialyltransferases ST8SIA2 and
ST8SIA4. Polysialic acid has been detected in multiple sclerosis plaques, but its beneficial or adverse role in remyelination is elusive. Here,
we show that, despite a developmental delay, myelination at the onset and during cuprizone-induced demyelination was unaffected in
male Ncam1 � / � or St8sia2 � / � mice. However, remyelination, restoration of oligodendrocyte densities, and motor recovery after the
cessation of cuprizone treatment were compromised. Impaired differentiation of NCAM- or ST8SIA2-negative oligodendrocyte precur-
sors suggested an underlying cell-autonomous mechanism. In contrast, premature differentiation in ST8SIA4-negative cultures ex-
plained the accelerated remyelination previously observed in St8sia4 � / � mice. mRNA profiling during differentiation of human stem
cell-derived and primary murine oligodendrocytes indicated that the opposing roles of ST8SIA2 and ST8SIA4 arise from sequential
expression. We also provide evidence that potentiation of ST8SIA2 by 9-cis-retinoic acid and artificial polysialylation of oligodendrocyte
precursors by a bacterial polysialyltransferase are mechanisms to promote oligodendrocytic differentiation. Thus, differential targeting
of polysialyltransferases and polysialic acid engineering are promising strategies to advance the treatment of demyelinating diseases.
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Introduction
Demyelination and loss of oligodendrocytes in the CNS are hall-
mark features of devastating diseases such as multiple sclerosis
and leukodystrophies (Trapp and Nave, 2008; Franklin and

Ffrench-Constant, 2008; Köhler, 2010). In multiple sclerosis, re-
myelination can occur spontaneously but often fails or is incom-
plete. Reasons might be a lack of oligodendrocyte precursor cells
(OPCs) or insufficient recruitment of OPCs to demyelinated le-
sions, but impaired differentiation of OPCs into remyelinating
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immunostaining and cell counting.

The authors declare no competing financial interests.
Correspondence should be addressed to Herbert Hildebrandt, Institute of Clinical Biochemistry, Hannover Med-

ical School, Carl-Neuberg-Strasse 1, 30625 Hannover, Germany. E-mail: hildebrandt.herbert@mh-hannover.de.
S. Werneburg’s present address: Department of Neurobiology, University of Massachusetts Medical School, 55

Lake Avenue North, Worcester, MA 01655.
H.L.S. Fuchs’ present address: Technische Universität Braunschweig, Institute for Biochemistry, Biotechnology

and Bioinformatics, Spielmannstrasse 7, 38106 Braunschweig, Germany.
DOI:10.1523/JNEUROSCI.1147-17.2017

Copyright © 2017 the authors 0270-6474/17/378131-11$15.00/0

Significance Statement

The beneficial or adverse role of polysialic acid (polySia) in myelin repair is a long-standing question. As a modification of the
neural cell adhesion molecule (NCAM), polySia is produced by the polysialyltransferases ST8SIA2 and ST8SIA4. Here we demon-
strate that NCAM and ST8SIA2 promote oligodendrocyte differentiation and myelin repair as well as motor recovery after
cuprizone-induced demyelination. In contrast, ST8SIA4 delays oligodendrocyte differentiation, explaining its adverse role in
remyelination. These opposing roles of the polysialyltransferases are based on different expression profiles. 9-cis-retinoic acid
enhances ST8SIA2 expression, providing a mechanism for understanding how it supports oligodendrocyte differentiation and
remyelination. Furthermore, artificial polysialylation of the cell surface promotes oligodendrocyte differentiation. Thus, boosting
ST8SIA2 and engineering of polySia are promising strategies for improving myelin repair.
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oligodendrocytes is considered the most likely explanation for
the failure of remyelination (Kuhlmann et al., 2008; Franklin and
Gallo, 2014). Some of the underlying mechanisms are decoded,
but a better understanding of these processes will promote strat-
egies to improve remyelination.

Polysialic acid (polySia) is a negatively charged cell surface glycan
present on developing axons and OPCs (Schnaar et al., 2014). In
vitro and in vivo data suggest that polySia plays a dual role during
oligodendrocyte development. Its presence promotes motility,
chemotactic migration, and recruitment of OPCs (Wang et al.,
1994; Barral-Moran et al., 2003; Zhang et al., 2004; Glaser et al.,
2007) but inhibits differentiation into myelinating oligodendro-
cytes (Decker et al., 2000, 2002; Franceschini et al., 2004). Devel-
opmental downregulation of polySia before myelination appears
to be a prerequisite for efficient myelin formation and mainte-
nance (Trotter et al., 1989; Bartsch et al., 1990; Nait Oumesmar et
al., 1995; Charles et al., 2000; Fewou et al., 2007; Jakovcevski et al.,
2007; Bakhti et al., 2013). Re-expression of polySia is associated
with demyelinated axons in chronic multiple sclerosis lesions but
not with remyelinated axons in shadow plaques. Therefore, polySia
has been suggested to act as an inhibitor of remyelination (Charles et
al., 2002). However, demyelinated multiple sclerosis lesions also har-
bor polySia-positive progenitors of the oligodendrocyte lineage
(Nait Oumesmar et al., 2007).

PolySia is produced by the polysialyltransferases (polySTs)
ST8SIA2 and ST8SIA4. During brain development, these en-
zymes show overlapping but clearly distinct expression profiles
and cell type-specific contributions to polysialylation (Schnaar et
al., 2014). Both polySTs modify the neural cell adhesion molecule
(NCAM; gene name Ncam1), which is by far the major polySia
carrier in neurons and OPCs. Additionally, polysialylation of the
synaptic cell adhesion molecule (SynCAM 1; gene name Cadm1)
by ST8SIA2 has been described in a subpopulation of mainly
NCAM-negative murine OPCs as well as in stem-cell derived
human OPCs (Werneburg et al., 2015a,b).

Oral administration of cuprizone is widely used as a highly
reproducible model to investigate the pathobiology of demyeli-
nation and remyelination in the brain without the influence of
the peripheral immune system (Matsushima and Morell, 2001;
Kipp et al., 2009; Skripuletz et al., 2011). Scrutinizing the idea of
an inhibitory role of polySia during remyelination, accelerated
recovery from cuprizone-induced demyelination was detected in
the corpus callosum of ST8SIA4-negative mice (Koutsoudaki et
al., 2010). In contrast to ST8SIA4, the contributions of NCAM
and ST8SIA2 to CNS remyelination have not yet been analyzed,
but a recent study indicates that ST8SIA2 promotes oligodendro-
cyte differentiation and is implicated in myelin maintenance
(Szewczyk et al., 2017).

Here, we comparatively analyze developmental myelination and
cuprizone-induced demyelination and remyelination in Ncam1� /�

and St8sia2� / � mice, which is correlated to motor coordination
monitored by the rotarod test (Franco-Pons et al., 2007). We
demonstrate a congruent delay of developmental myelination,
remyelination, and oligodendrocyte recovery in the absence of
NCAM or ST8SIA2, accompanied by a prolonged decline of
motor function. The difference between the current results and
the improved remyelination in ST8SIA4-negative mice (Kout-
soudaki et al., 2010) was followed up by comparing in vitro dif-
ferentiation of Ncam1� / �, St8sia2� / �, and St8sia4� / � OPCs.
In addition, we studied the time course of polyST expression, its
modulation by 9-cis-retinoic acid (9cRA), a potent promoter of
OPC differentiation and remyelination (Huang et al., 2011), and
the impact of enzymatically engineered polysialylation on the

differentiation of wild-type, NCAM-deficient, or polyST-defi-
cient OPCs.

Materials and Methods
Animals. Ncam1�/�, St8sia2�/�, and St8sia4�/� mice were backcrossed
to the C57BL/6J genetic background as described previously (Werneburg
et al., 2015b). Cohorts of wild-type and knock-out mice were generated
by mating �/� and �/� mice obtained from heterozygous founder
colonies. Protocols for animal use were in compliance with the German
Animal Welfare Act and approved by the local authorities (Niedersäch-
sisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit,
permission no. 33.9-42502-04-11/0574).

Cuprizone treatment. Experimental demyelination was induced by
feeding male Ncam1 � / � or St8sia2 � / � mice and their respective wild-
type littermates a diet containing 0.2% cuprizone (bis-cyclohexanone
oxaldihydrazone, Sigma-Aldrich) mixed into a standard rodent chow
(Koutsoudaki et al., 2010). Cuprizone feeding started at postnatal day 56
(P56) and was maintained for 5 weeks to induce profound demyelina-
tion. Spontaneous remyelination was enabled by withdrawing cuprizone
from the diet. During experimentally induced demyelination and remy-
elination, mice were observed daily and their body weight was deter-
mined twice a week.

Histology and immunohistochemistry. At the indicated time points,
mice were deeply anesthetized and killed by transcardial perfusion
(Schiff et al., 2011). Brains were dissected, post-fixed overnight in 4%
PFA and embedded in paraffin. Histology and immunohistochemistry
were performed on coronal, 7-�m-thick serial sections as described pre-
viously (Gudi et al., 2009) with the following modifications: Luxol fast
blue (LFB) staining was performed with cresyl violet according to Klüver
and Barrera (1953). Antigen retrieval was performed for 10 min in a
steam oven using 10 mM citrate buffer, pH 6.0, with 0.05% Tween-20.
Sections were stained using the Mouse on Mouse Basic Immunodetection
Kit (Vector Laboratories) according to the manufacturer instructions. The
following primary antibodies were used: anti-APC (adenomatous polyposis
coli) mouse IgG2b (1:200; catalog #ab16794, Abcam); anti-APP (amyloid
precursor protein) mouse IgG1 (1:1000; catalog #MAB348, Millipore);
anti-cleaved caspase-3 rabbit (clone 5A1E; 1:200; catalog #9664S, Cell
Signaling Technology); polyclonal rabbit anti-GFAP (glial fibrillary
acidic protein; 1:100; catalog #G9269, Sigma-Aldrich); polyclonal rabbit
anti-Iba1 (ionized calcium-binding adapter molecule 1; 1:200; catalog
#019-19741, Wako); polyclonal rabbit anti-Ki-67 (SP6; 1:200; catalog
#RM-9106, Thermo Fisher Scientific); anti-myelin basic protein (MBP)
mouse IgG2b (1:500; catalog #SMI-99P-100, Covance); polyclonal rabbit
anti-NG2 chondroitin sulfate proteoglycan (1:400; AB5320, Millipore);
polyclonal rabbit anti-Nogo-A (neurite outgrowth inhibitor A; 1:750;
catalog #AB5888, Millipore); polyclonal rabbit anti-Olig2 (1:500; AB9610,
Millipore); and anti-myelin proteolipid protein (PLP) mouse IgG2a

(1:500; catalog #MCA839G, Serotec). After washing, sections were in-
cubated with biotinylated secondary antibodies (1:500), followed by
peroxidase-coupled avidin– biotin complex (all from Vector Laborato-
ries). Reactivity was visualized using diaminobenzidine (DAB; Vector
Laboratories). Slides were mounted with Vitro-Clud (R. Langenbrinck).
All sections for one experiment were processed in parallel and incubated
with DAB for the exact same time.

Proliferation or apoptosis of OPCs was addressed by double-immuno-
fluorescence staining of Olig2 with Ki-67-specific rat IgG2a (clone TEC-3;
1:50; M7249, Dako), or by combining Olig2 immunofluorescence with
terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
end labeling (TUNEL), as described previously (Schiff et al., 2011). An-
tigen retrieval was performed for 20 min, and primary antibodies were
detected with Alexa Fluor-488- and Alexa Fluor-568-conjugated second-
ary antibodies (Invitrogen).

Purification, differentiation, and treatment of primary OPCs. Primary
OPCs were purified from mixed glial cultures as described previously
(Werneburg et al., 2015b). After adherence onto poly-L-lysine-coated
glass coverslips for 2 h, differentiation of OPCs into mature oligodendro-
cytes was induced by cultivating the cells in neurobasal medium supple-
mented with 2 mM GlutaMAX and 2% B27 (Thermo Fisher Scientific).
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Where indicated, 30 ng/ml T3 (triiodothyronine; catalog #T6397, Sigma-
Aldrich) or 10 nM 9cRA (R4643, Sigma-Aldrich) was added.

Engineering of polysialic acid. As previously described (Keys et al.,
2014), polyST from Neisseria meningitidis serogroup B (NmB) was ex-
pressed, purified, desalted, and stored at �80°C as a 2 mg/ml stock solu-
tion with 5% glycerol. A solution of 1.2 mg/ml NmB polyST and 1 mM

CMP-activated sialic acid (Nacalai Tesque) was added to either polySia-
NCAM-positive or polySia-negative, NCAM-positive CHO cell clones
(wild-type clone C6 or polysialylation-deficient clone 2A10; Eckhardt et
al., 1995) or to primary OPC cultures before differentiation. Cells were
incubated for 1 h to induce cell surface polysialylation independent of the
presence of NCAM, as shown previously (El Maarouf et al., 2012).

Differentiation of human stem cell-derived OPCs. Human embryonic
stem cells ES03 (ES Cell International and National Stem Cell Bank) were
maintained and differentiated into OPCs and mature oligodendrocytes
as described previously (Werneburg et al., 2015a).

Immunocytochemistry, immunoprecipitation, and immunoblotting. Im-
munocytochemistry, immunoprecipitation, and immunoblotting were
performed as described previously (Werneburg et al., 2015b).

Image acquisition and cell counting. Microscopy was performed using
an Axio Observer.Z1 Microscope equipped with a differential interfer-
ence contrast (DIC) module, an ApoTome module for optical sectioning
with structured illumination, and ZEN 2012 software (all from Carl Zeiss
Microimaging). DAB-stained sections were imaged with DIC, and
immunofluorescence-stained sections or cell cultures were imaged using
ApoTome technology. Micrographs covering the entire corpus callosum
were acquired using the MosaiX module of the ZEN software. For each
staining, identical settings were used to gather images of all experimental
groups.

For evaluation, all micrographs were coded and randomized to ensure
blinding of the experimental conditions. Counting of immunopositive
cells was performed by a trained examiner. On sections, cell densities
were determined by counting frames sized 0.005– 0.02 mm 2 randomly
placed within the corpus callosum close to the midline. In cell cultures,
randomly chosen frames of 0.15 mm 2 were evaluated.

Evaluation of myelination. A reliable scoring system was used to
evaluate developmental myelination as well as demyelination and
remyelination (Lindner et al., 2008). Per brain, at least two sections were
examined with a light microscope (CX31, Olympus) by two independent
blinded observers and categorized on a scale from 0 (complete demyeli-
nation) to 4 (normal myelin).

Motor performance. Motor performance was evaluated using an accel-
erating rotarod treadmill (IITC). Mice were placed on the stationary rod
and rotation accelerated within 180 s from an initial speed of 5 rpm to a
final speed of 40 rpm. The maximum duration of each trial was 240 s. On
each day of testing, the maximum latency to fall time was determined in
three trails for each animal with an intertrial interval of �5 min. Starting
on P53, all mice were trained on 3 consecutive days. Cuprizone treatment
started the next day (P56) and lasted for 5 weeks, followed by 3 weeks of
recovery. Throughout the 8 weeks, motor performance was assessed once
every 7 days, always at the same time of day and by one trained experi-
menter, who was blinded to the genotypes of the mice. After the last day
of testing, mice were killed and their brains were prepared for myelin
analysis.

RNA isolation and quantitative PCR. Total RNA was extracted using
the NucleoSpin RNA II kit (Macherey-Nagel), reverse transcribed,
and subjected to quantitative real-time RT-PCR of murine and human
St8sia2/ST8SIA2 or St8sia4/ST8SIA4 as described previously (Wer-
neburg et al., 2015a,b).

Statistical analysis. Data are presented as the mean � SEM. Numbers
of replicates are indicated in each figure legend. Statistical analyses were
performed using GraphPad Prism 7 software (GraphPad Software). The
unpaired Student’s t test was used to assess differences between two
groups. One-way ANOVA followed by Fisher’s least significance differ-
ence (LSD) post-tests were performed to compare multiple independent
groups. When one animal or cultures originating from one animal were
tested or analyzed at different time points, two-tailed Student’s t tests for
two groups and, where appropriate, one-way or two-way ANOVAs for
multiple groups were performed for each time point separately. Compari-

sons between one control and multiple test groups were performed using
Dunett’s multiple-comparison post-test (one-way ANOVA) and compari-
sons of treatment by the Bonferroni post-test (two-way ANOVA).

Results
Loss of NCAM and ST8SIA2 cause a comparable delay of
developmental myelination
Myelin was visualized by the standard LFB myelin stain and by
immunohistochemistry for PLP and MBP. Despite some varia-
tion between the different staining methods, the NCAM- and the
ST8SIA2-negative mice displayed a comparable delay of myelin
developmentatP8andP21whencomparedwithrespectiveNcam1�/�

andSt8sia2�/� animals (Fig. 1). The analysis of myelin development
was complemented by quantification of NG2-positive OPCs in the
corpus callosum (Table 1). Slightly reduced OPC densities were
detected in Ncam1� / � and St8sia2� / � animals at P8 and P21,
respectively. At P56, however, these differences were no longer
detectable. Thus, at the beginning of cuprizone treatment the
myelination of Ncam1� / � and St8sia2� / � animals was compa-
rable to that in the wild-type animals.

Remyelination is impaired in Ncam1 � / � and St8sia2 � / �

mice
As expected, 5 weeks of cuprizone treatment caused a prominent
loss of myelin in the corpus callosum of Ncam1�/� and
St8sia2�/� control mice, followed by a rapid onset of remyelina-
tion during the first week after cuprizone withdrawal (Fig. 2). In
Ncam1� / � and St8sia2� / � mice, the course of demyelination
was unaltered. However, the extent of remyelination during the
first week of recovery was significantly reduced.

Consistent with previous studies (Koutsoudaki et al., 2010;
Salinas Tejedor et al., 2015), a transient increase of NG2-positive
OPCs and a strong decrease of Nogo-A- or APC-positive mature
oligodendrocytes was detected in the corpus callosum of all cuprizone-
treated mice at week 4 and week 5 (Fig. 3A,B). This was accompanied
by corresponding increases of proliferative (Ki-67-positive) and
apoptotic (TUNEL-positive) OLIG2-labeled cells (Fig. 3C). In
Ncam1� / � and St8sia2� / � mice, the reappearance of mature,
Nogo-A- and APC-positive oligodendrocytes during remyeli-
nation was significantly reduced (Fig. 3B; 5.5 and 6 weeks). In
contrast, NG2-positive OPCs were only slightly reduced in
Ncam1� / � mice after 5 weeks of cuprizone treatment, and den-
sities of Ki-67- or TUNEL-positive OLIG2-positive cells were not
detectably affected in any of the two knock-out lines (Fig. 3B,C).
The latter was confirmed by using another apoptotic marker,
activated (cleaved) caspase-3. Moreover, the transient increase of
acute axonal damage as judged by APP-positive axonal swellings
(Lindner et al., 2009) as well as the numbers of Iba1-positive
microglia/macrophages or GFAP-positive astrocytes were not af-
fected by genotype (Fig. 3C).

Loss of ST8SIA2 may not only affect polySia synthesis on
NCAM but would also completely prevent the polysialylation of
SynCAM 1 in OPCs (Rollenhagen et al., 2012; Werneburg et al.,
2015b). To address a possible contribution of polySia-SynCAM 1
to remyelination, we analyzed brains from wild-type and Ncam1� /�

mice after 4 and 5 weeks of cuprizone treatment (i.e., the stages
with the highest numbers of NG2-positive OPCs). Using the es-
tablished repertoire of polySia immunoprecipitation followed by
Western blot analysis of SynCAM1 and vice versa (Galuska et al.,
2010; Werneburg et al., 2015b), we were not able to detect
polySia-SynCAM 1. In contrast, polySia-SynCAM 1 was readily
detected in brain extracts from postnatal day 1 Ncam1� /� mice,
which were used as a positive control (data not shown). Likewise,
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immunohistochemistry on paraffin sections yielded the previ-
ously described polySia signals in the brain of Ncam1� / � mice at
postnatal day 1 (Galuska et al., 2010), but, despite extensive screen-
ing of corpus callosum and other brain areas, no polySia signals were
found in the brains of Ncam1� /� mice after 4 or 5 weeks of cupri-
zone treatment (data not shown).

Deficits in remyelination affect locomotor recovery
Locomotor performance and motor coordination were tested in
a rotarod apparatus by measuring the time mice were able to walk
on a progressively accelerating rotating rod before falling down.
To control for a general decline of fitness, changes in body weight
were controlled over the 8 weeks of the experiment. The typical
reduction of body weight during cuprizone treatment (Stidwor-
thy et al., 2003) overlapped with the normal age-dependent in-
crease, but weight changes in Ncam1� / � and St8sia2� / � mice
were indistinguishable from those in the respective wild-type
controls (data not shown). All animals improved their motor
skills during a 3 d training period before the cuprizone treatment
(Fig. 4A). Consistent with previous reports (Franco-Pons et al.,
2007), the performance in the control groups declined between 3
and 5 weeks of cuprizone treatment and only incomplete recovery
was observed. A prolonged decline in Ncam1� /� and St8sia2� /�

mice led to a significantly worse performance at weeks 6 and 7, but
within 3 weeks after the end of cuprizone treatment (week 8) both
recovered to the level of the control groups (Fig. 4A). This was un-
expected, but the assessment of the myelin status revealed that my-
elination was also indistinguishable between the knock-out and
control groups at the end of the rotarod tests (Fig. 4B). Hence, the
delay of motor recovery corresponds to the delay of remyelination in
Ncam1� /� and St8sia2� /� mice.

9-cis-retinoic acid amplifies the divergent expression of
St8sia2 and St8sia4 during OPC differentiation
The identical negative impact of Ncam1 or St8sia2 deficiency
indicates that remyelination requires ST8SIA2-dependent poly-
sialylation of NCAM rather than SynCAM 1, the only other
known ST8SIA2 acceptor substrate, which has been detected in a
confined subset of OPCs (Werneburg et al., 2015b). As demon-
strated before, human and murine OPCs use ST8SIA2 and
ST8SIA4 to produce polySia-NCAM at the cell surface (Wer-
neburg et al., 2015a,b). However, in clear contrast to the previ-
ously observed acceleration of remyelination in St8sia4� / � mice,
which was associated with a faster recovery of mature oligoden-
drocytes and therefore has been assigned to enhanced OPC dif-
ferentiation (Koutsoudaki et al., 2010), the reduced reappearance
of Nogo-A- and APC-positive mature oligodendrocytes during
remyelination suggests a delay of OPC differentiation in Ncam1� /�

and St8sia2� / � mice. This poses the question of possible differ-
ences in ST8SIA2 and ST8SIA4 expression patterns and of the
role of NCAM polysialylation by ST8SIA2 and ST8SIA4 during
OPC differentiation.

PolyST expression levels during in vitro differentiation of hu-
man embryonic stem cell-derived and primary murine OPCs
were analyzed by quantitative PCR (Fig. 5). For human embry-
onic stem cell-derived OPCs, the in vitro differentiation protocol
started with cultures containing �90% PDGF receptor � and

Figure 1. Myelin development is slightly delayed in Ncam1 � / � and St8sia2 � / � mice. A, Representative examples of LFB, PLP, and MBP staining in the corpus callosum of wild-type (�/�),
Ncam1 � / �, and St8sia2 � / � mice at P21, compared with respective myelin stains at P56 (shown only for wild-type mice). Scale bar, 100 �m. B, Scoring of LFB, PLP, and MBP staining in the corpus
callosum of Ncam1 and St8sia2 wild-type (�/�) and knock-out (�/�) mice during postnatal development. A score of 0 represents no myelin, a score of 4 corresponds to normal myelination of
postnatal day 56 wild-type mice. Data are the mean � SEM of n � 4 animals per genotype and time point. One-way ANOVA indicated significant differences ( p � 0.05), and Fisher’s LSD post-test
was applied for pairwise comparisons between �/� and �/� for each age. *p � 0.05; **p � 0.01.

Table 1. NG2 cell quantification in the corpus callosum during developmental
myelination

Postnatal
day

NG2 cells/mm 2

Fisher’s
LSD

NG2 cells/mm 2

Fisher’s
LSDNcam1 �/� Ncam1 �/� St8sia2 �/� St8sia2 �/�

2 517 � 35 499 � 34 n.s. 552 � 23 535 � 22 n.s.
8 493 � 32 446 � 14 n.s. 526 � 40 462 � 7 p � 0.01
21 306 � 16 254 � 17 p � 0.1 258 � 17 223 � 11 p � 0.1
56 467 � 50 443 � 63 n.s. 472 � 14 467 � 35 n.s.

Values are the mean � SD, unless otherwise indicated; n � 3 each.
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OLIG2-double-positive cells (OPC stage; day 0 � day 98 of in
vitro differentiation starting from the stem cell stage) and resulted
in cultures with predominantly branched MBP-positive, but NG2-
and polySia-negative, oligodendrocytes at day 34 (Werneburg et al.,
2015a). As shown in Figure 5A, mRNA levels of ST8SIA2 and
ST8SIA4 increased from day 0 to day 12, followed by significant
downregulation until day 34 of human OPC differentiation. Com-
pared with human OPCs, mouse OPCs differentiate much faster
(Hu et al., 2009). Therefore, and to achieve a higher temporal reso-
lution, the course of polyST expression during in vitro differentiation
of mouse OPCs was studied on a much smaller time scale. As de-
picted in Figure 5B, this analysis revealed clearly distinct mRNA
expression profiles of St8sia2 and St8sia4. During differentiation
in the absence of mitogens or differentiation-promoting reagents
like thyroid hormone or retinoic acid (Barres et al., 1994), St8sia2
mRNA levels increased significantly between day 0 and day 3 of
in vitro differentiation (Fig. 5B, left, open circles). In contrast,
St8sia4 levels remained unaltered until day 3 but exhibited a sig-
nificant, more than twofold, increase between day 3 and day 6
(Fig. 5B, right, open circles). In a parallel set of cultures, we
studied the impact of 9cRA on polyST expression during OPC
differentiation, because 9cRA promotes OPC differentiation
and remyelination, and because its specific receptor, retinoid X
receptor gamma (Rxrg), is upregulated in demyelinated lesions
and influences OPC differentiation and remyelination in the
same manner (Huang et al., 2011). Moreover, ST8SIA2 and
ST8SIA4 are differentially regulated during retinoic acid-induced
differentiation of human neuroblastoma cells (Seidenfaden and
Hildebrandt, 2001). The presence of 9cRA during OPC differen-

tiation caused a massive increase of St8sia2 at day 3 and St8sia4 at
day 6, but, importantly, the distinct temporal expression pattern
with an early peak of St8sia2 and a late increase of St8sia4 mRNA
was maintained (Fig. 5B, closed circles).

Loss of NCAM or ST8SIA2 impairs but loss of ST8SIA4
promotes OPC differentiation
The impact of NCAM, ST8SIA2, and ST8SIA4 on OPC differen-
tiation was studied by monitoring the changing composition of
OPC cultures from wild-type and knock-out mice over 3 d in
T3-supplemented differentiation medium. OPCs were marked
by NG2, immature, and differentiated oligodendrocytes by the
O4 antibody, and mature oligodendrocytes were marked by MBP
(Fig. 6A). Compared with wild-type cultures, the appearance of
MBP-positive oligodendrocytes at the expense of NG2-positive
OPCs was significantly delayed in the Ncam1� /� and St8sia2� /�

cultures but were accelerated in St8sia4� /� cultures (Fig. 6B). Ac-
cordingly, O4-positive cells were diminished in Ncam1� / � and
St8sia2� / � but were augmented in St8sia4� / � cultures at day 0
and 1. Inversely to the altered numbers of MBP-positive cells, the
subfraction of NG2- and O4-double-positive cells was enhanced
in Ncam1� / � and St8sia2� / � cultures but was diminished in
St8sia4� / � cultures at day 2, whereas O4- and MBP-double-
positive cells were reduced in Ncam1� / � and St8sia2� / � cul-
tures at days 2 and 3 and were increased in St8sia4� / � cultures
at day 2. Thus, impaired in vitro differentiation of NCAM- or
ST8SIA2-negative OPCs contrasted with premature appearance
of MBP-positive oligodendrocytes in ST8SIA4-negative cultures.

Figure 2. Reduced remyelination in Ncam1 � / � and St8sia2 � / � mice. A, Representative examples of LFB, PLP, and MBP staining in the corpus callosum of wild-type mice 5 weeks after the
onset of cuprizone treatment (5w: �/�), compared with respective myelin stains of wild-type (�/�), Ncam1 � / �, and St8sia2 � / � mice at week 6 (6w; i.e., 1 week after cuprizone
withdrawal). Scale bar, 100 �m. B, Scoring of LFB, PLP, and MBP staining in the corpus callosum of Ncam1 and St8sia2 wild-type (�/�) and knock-out (�/�) mice at weeks 4 and 5 of cuprizone
treatment and at week 0.5 and 1 of recovery after cuprizone withdrawal (i.e., week 5.5 and 6 after the onset of treatment). A score of 0 represents no myelin, and a score of 4 corresponds to normal
myelination of wild-type mice at the beginning of cuprizone treatment (week 0 � postnatal day 56). Data are the mean � SEM of n � 3 animals per genotype for week 0 and n � 5–7 per genotype
for all other time points. One-way ANOVA indicated significant differences ( p � 0.05), and a Fisher’s LSD post-test was applied for pairwise comparisons between �/� and �/� for each time
point. *p � 0.05; **p � 0.01; ***p � 0.001.
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Figure 3. Reduced oligodendrocytes during remyelination in Ncam1 � / � and St8sia2 � / � mice. A, Representative examples of NG2, Nogo-A, and APC staining in the corpus callosum of
wild-type mice at the onset (week 0), after 4 weeks of cuprizone treatment (week 4), and after 1 week of recovery after cuprizone withdrawal (week 6 after the onset of treatment). Scale bar,
100 �m. B, Densities of cells positive for NG2, Nogo-A, or APC. C, Densities of cells double positive for OLIG2 and Ki-67 or OLIG2 and TUNEL, of APP-positive axonal swellings, and of cells positive for
cleaved caspase-3 (c-Casp3), Iba1, or GFAP in the corpus callosum of Ncam1 and St8sia2 wild-type (�/�) and knock-out (�/�) mice at weeks 4 and 5 of cuprizone treatment and at weeks 0.5 and
1 of recovery after cuprizone withdrawal (weeks 5.5 and 6 after the onset of treatment). Data are the mean � SEM of n � 3 animals per genotype for week 0 and n � 5–7 per genotype for all other
time points. One-way ANOVA indicated significant differences ( p � 0.05), and a Fisher’s LSD post-test was applied for pairwise comparisons between �/� and �/� for each time point. p � 0.1
where indicated; *p � 0.05; **p � 0.01.
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PolySia engineering promotes OPC differentiation and
overcomes deficits caused by loss of NCAM or ST8SIA2
The identical negative impact of Ncam1 or St8sia2 deficiency
indicated that remyelination and OPC differentiation require
polysialylation of NCAM by ST8SIA2. In principle, polySia on
NCAM can modulate NCAM-specific interactions or exert NCAM-
independent functions by shaping the properties of the cell surface
or by interacting with polySia-binding factors (Schnaar et al.,
2014). Artificially enhanced polysialylation can be achieved by
polySTs of bacteria such as NmB, producing a capsular polysac-
charide that is chemically identical to the mammalian polySia (El
Maarouf et al., 2012; Keys et al., 2014). As shown before, the
addition of the NmB polyST and activated sialic acid (CMP-
Neu5Ac) as its donor substrate is sufficient to synthesize polySia
directly on the surface of various cell types (El Maarouf et al.,
2012). Using NCAM-negative cells, the previous study indicated
that NmB polyST is able to generate polySia on proteins other
than NCAM. To corroborate this, we performed Western blot
analyses of polySia-NCAM-positive or polySia-negative, NCAM-
positive CHO cell clones (Eckhardt et al., 1995) treated for just
1 h with NmB polyST. For both clones, this yielded a polySia-

immunoreactive smear extending from the position of the
polySia-NCAM signal down to lower molecular weights. The
broadly dispersed signals indicate that not just NCAM, but also
numerous other proteins were polysialylated (data not shown).
Hence, polysialylation by NmB polyST is independent from a
specific protein scaffold and implemented in the presence or ab-
sence of NCAM.

When added to OPC cultures for 1 h before differentiation,
NG2-positive precursors were significantly reduced and the more
differentiated O4-positive cells were increased in wild-type,
Ncam1� / � and St8sia2� / � cultures, but not in St8sia4� / � cul-
tures, after 1 d of differentiation (Fig. 7, top two panels). In-
versely, after 3 days the percentage of MBP-positive cells was
increased twofold to fourfold in polyST-treated compared with
untreated wild-type, Ncam1� / �, and St8sia2� / � cultures but
was only 50% higher in the St8sia4� / � cultures, in which the
numbers of MBP cells were already increased in the absence of
polyST (Fig. 7, bottom). Thus, artificial polysialylation of the cell
surface promotes OPC differentiation independent of NCAM
expression and rescues the deficits observed in Ncam1� / � and
St8sia2� / � cultures. Furthermore, the increase to similar levels
of MBP-positive cells after treatment with NmB polyST indicates
that acutely altered polySia levels and not developmental deficits
lead to the observed changes of differentiation in OPC cultures
derived from Ncam1- or polyST-deficient mice.

Discussion
This study demonstrates that the absence of NCAM or ST8SIA2
causes a congruent delay of developmental myelination as well
as impaired remyelination and oligodendrocyte recovery after
cuprizone-induced demyelination. The deficits of myelin repair
after cuprizone withdrawal are accompanied by a prolonged de-

Figure 4. Motor recovery is slightly delayed in Ncam1 � / � and St8sia2 � / � mice. A, The
fall latency of mice walking on an accelerating rotating rod (rotarod) was determined for co-
horts of Ncam1 and St8sia2 wild-type (�/�) and knock-out (�/�) mice during 3 d of train-
ing before cuprizone treatment (days 1–3), 5 weeks of cuprizone treatment (weeks 1–5), and 3
weeks of recovery (weeks 6 – 8). B, Scoring of LFB, PLP, and MBP staining in the corpus callosum
of rotarod-trained Ncam1 and St8sia2 wild-type (�/�) and knock-out (�/�) mice after the
end of the experiment (8 weeks). Data are the mean � SEM of n � 12–16 animals (A) or n �
4 animals per genotype (B). Two-tailed t tests were applied for pairwise comparisons between
�/� and �/� for each time point. *p � 0.05; **p � 0.01).

Figure 5. Differences of polyST expression profiles during OPC differentiation are amplified
by 9-cis-retinoic acid. A, ST8SIA2 and ST8SIA4 mRNA levels during in vitro differentiation of
human embryonic stem cell-derived (ESd) OPCs (see text for details). B, St8sia2 and St8sia4
mRNA levels during in vitro differentiation of mouse OPCs cultured under control conditions
(ctrl) or in the presence of 9-cis-retinoic acid (RA). For each mRNA species, data are expressed
relative to the mean expression level at day 0, which was set to 1. Values represent the mean �
SEM from n � 3 independent replicates for each time point. One-way ANOVA indicated signif-
icant differences ( p � 0.05), and a Fisher’s LSD post-test was applied for pairwise comparisons
between different time points (*p � 0.05; **p � 0.01; ***p � 0.001) or between ctrl and
RA-treated cultures of the same time point (##p � 0.01). rel., Relative.
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cline of motor function. Together, the
data indicate that the ST8SIA2-mediated
polysialylation of NCAM is necessary for
efficient remyelination and for the differen-
tiation of OPCs into MBP-positive oligo-
dendrocytes. However, even in the absence
of NCAM, polysialylation of the cell surface
is sufficient to promote oligodendrocyte dif-
ferentiation and to rescue the deficits caused
by the absence of NCAM or ST8SIA2.

The impaired in vitro differentiation of
St8sia2-deficient OPCs corroborates find-
ings of our previous study, which focused
ondeficits inmyelinmaintenancemanifesting
in increasingly thinner myelin sheaths of 3- to
8-month-old St8sia2� / � mice (Szewczyk
et al., 2017). However, the previous study
did not investigate whether the loss of
ST8SIA2 exerts its effects by affecting
polySia synthesis on NCAM or on Syn-
CAM 1 as the second carrier of polySia in
OPCs (Werneburg et al., 2015b). In con-
trast to NCAM, SynCAM 1 is exclusively
polysialylated by ST8SIA2 (Rollenhagen
et al., 2012; Werneburg et al., 2015b).
Therefore, an NCAM-independent role of
polySia-SynCAM 1 in OPC differentia-
tion and remyelination would have pro-
vided a rationale for the divergent impact
of ST8SIA2 and ST8ISIA4 on these pro-
cesses. Yet, despite considerable efforts,
we could not detect polySia-SynCAM 1
in brains of cuprizone-treated mice. To-
gether with the congruent negative impact
of Ncam1 or St8sia2 deficiency, this clearly
argues that ST8SIA2-dependent polysia-
lylation of NCAM, not SynCAM 1, is re-
quired for OPC differentiation in vitro
and during myelin repair.

In contrast to these findings in Ncam1- or
St8sia2-deficient mice, we demonstrated pre-
viously that the loss of ST8SIA4 promotes
remyelination (Koutsoudaki et al., 2010).
Strikingly, the divergent impact of ST8SIA2
and ST8SIA4 on remyelination in vivo is
mirrored by opposing roles of the two en-
zymes during the cell-autonomous pro-
cess of OPC differentiation in vitro. As
discussed in the previous paragraph,
the differentiation-promoting effect of
ST8SIA2 is based on the polysialylation of
NCAM. Paradoxically, the inhibitory ef-
fect of ST8SIA4 on OPC differentiation
also depends on polysialylation of NCAM,
because NCAM is the only substrate for

Figure 6. OPC differentiation is delayed in Ncam1 � / � and St8sia2 � / � cultures but is accelerated in St8sia4 � / � cultures.
A, Representative examples of OPC cultures stained for NG2, O4, and MBP at day 0 (d0) and d3 of in vitro differentiation in T3
medium. DAPI (blue) was used as a nuclear counterstain. Scale bar, 50 �m. B, Percentages of cells positive for NG2, O4, or MBP and
of cells double positive for NG2 and O4 or O4 and MBP in OPC cultures derived from wild-type (WT), Ncam1 � / �, St8sia2 � / �, or
St8sia4 � / � mice after 0, 1, 2, and 3 d of in vitro differentiation. Per genotype, OPCs from three animals were prepared indepen-
dently, and each of the OPC pools was split into cultures that were differentiated for 0, 1, 2, and 3 d, respectively. After triple
immunofluorescence staining, marker-positive cells were evaluated by the counting of 13–15 randomly selected frames per

4

culture. Data are the mean � SEM of n � 3 cultures per ge-
notype and time point. For each time point, one-way ANOVA
was applied, and for p � 0.05 pairwise comparisons between
WT mice and each of the �/� groups were performed by
Dunett’s multiple-comparison post-test. *p � 0.05;
**p � 0.01.
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ST8SIA4 in these cells, as shown by the absence of polySia from
OPCs derived from Ncam1 and St8sia2 double-deficient mice
(Werneburg et al., 2015b). Hence, it seems enigmatic how the
two enzymes can exert opposite effects, but the sequence of ex-
pression with ST8SIA2 at early stages and ST8SIA4 later during
OPC differentiation provides a reasonable explanation. Accord-
ingly, polysialylation of NCAM during the early phase of OPC
differentiation is mainly driven by ST8SIA2. Altered receptor ty-
rosine kinase signaling, particularly increased levels and activity
of PDGF receptor �, have been observed in St8sia2-deficient
OPCs, and this may be the underlying mechanism for how the
loss of ST8SIA2 inhibits differentiation (Szewczyk et al., 2017).
Considering the equally enhanced differentiation of NCAM-
positive and NCAM-negative OPCs in response to artificial
polysialylation with NmB polyST, an NCAM-independent role of
polySia can be envisaged (e.g., in modulating the binding of sol-
uble ligands), as shown in various other cellular systems (Schnaar
et al., 2014). During later stages of oligodendrocytic differentia-
tion, the polysialylation of NCAM is taken over by ST8SIA4 be-
fore polySia has to be downregulated to enable myelin sheath
formation. In the absence of interactions with axons, the mech-
anisms underlying the inhibitory role of polySia at this stage re-

main to be studied. It also will be interesting to explore the
regulatory mechanisms underlying the temporal expression pat-
terns of the polySTs during OPC differentiation, but this will be
challenging because so far, the transcriptional regulation of these
enzymes is largely unknown.

The inhibitory effect of ST8SIA4 on OPC differentiation sup-
ports the previous assumption that improved differentiation of
OPCs into myelinating oligodendrocytes causes the enhanced
remyelination observed in St8sia4� / � mice (Koutsoudaki et al.,
2010). Reversely, impaired OPC differentiation is regarded as a
major reason for the failure of remyelination. Hence, the reduced
differentiation of NCAM- or ST8SIA2-negative OPCs in vitro is
in agreement with compromised remyelination in Ncam1� /� and
St8sia2� /� mice. A causal relation is further supported by the ob-
servation that not only myelin, but also the densities of mature
Nogo-A- or APC-positive cells, are markedly reduced in remyelinat-
ing Ncam1� /� and St8sia2� /� mice, whereas NG2-positive cells
are less affected. Moreover, the transiently increased densities of
proliferating or apoptotic cells of the oligodendrocyte lineage and
of microglia/macrophages, astrocytes, or damaged axons are not
detectably affected. Together, these data converge into the coher-
ent picture that impaired or enhanced generation of myelinating
oligodendrocytes from OPCs cause delayed or accelerated remy-
elination in Ncam1� / � and St8sia2� / � or St8sia4� / � mice,
respectively.

Recent studies highlight the intricate reciprocal interactions
among myelination, motor cortex activity, and fine tuning of motor
performance (Gibson et al., 2014; McKenzie et al., 2014; Xiao et al.,
2016). Consistently, studies that relate the progress of remyelina-
tion to motor coordination demonstrate that the extent of demy-
elination correlates with the severity of motor dysfunction
(Franco-Pons et al., 2007; Skripuletz et al., 2015; Okazaki et al.,
2016). The concomitant delay of remyelination and motor recov-
ery in Ncam1� / � and St8sia2� / � mice as well as the return of
both parameters to wild-type levels after 3 weeks of recovery, as
shown in the current study, provide further support for a causal
relationship between myelination and motor performance.

Because of the prominent role of 9cRA in promoting OPC
differentiation and remyelination in vitro and in vivo (Huang et
al., 2011), we studied its impact on polyST expression during OPC
differentiation. Remarkably, we could demonstrate that 9cRA regu-
lates St8sia2 and St8sia4 differentially. The expression of both
polySTs is strongly upregulated under 9cRA treatment, but St8sia2
RNA levels peak well before the St8sia4 transcripts start to rise, so
that the sequential expression pattern of the two polySTs, as ob-
served without differentiation-promoting reagents, is maintained.
In conjunction with the impairments of OPC differentiation and
remyelination in the absence of ST8SIA2, the strong but still tempo-
rary augmentation of St8sia2 expression by 9cRA implicates that the
improved differentiation of OPCs cultured in the presence of 9cRA,
as shown by Huang et al. (2011), is based on a transient transcrip-
tional upregulation of St8sia2. Combined, the data suggest that 9cRA
promotes OPC differentiation and remyelination by increasing the
levels of ST8SIA2 during early stages of oligodendrocytic differ-
entiation. Notably, the data on polyST expression during the
differentiation of human embryonic stem cell-derived OPCs, al-
though preliminary and on a coarse time scale, indicate that human
oligodendrogenesis also involves a significant upregulation and
downregulation of both enzymes. Thus, a selective targeting of
polySTs, as achieved by 9cRA, could be an efficient therapeutic
strategy to improve myelin repair in human diseases.

PolySia engineering by the application of NmB polyST to cul-
tured OPCs before differentiation not only overcomes the differ-

Figure 7. Enforced polysialylation of the cell surface strongly accelerates OPC differentia-
tion. Percentages of cells positive for NG2, O4, and MBP in OPC cultures derived from wild-type
(WT), Ncam1 � / �, St8sia2 � / �, and St8sia4 � / � mice after 1 and 3 d of in vitro differentia-
tion. Before differentiation, cultures were treated for 1 h with (�) or without (�) NmB polyST,
as indicated. OPC pools were prepared as described for Figure 6 and split into pairs of polyST �

and polyST � cultures that were differentiated for 1 or 3 d, respectively. After triple-
immunofluorescence staining, marker-positive cells were evaluated by the counting of 10 –15
randomly selected frames per culture. Data are the mean�SEM of n�3 cultures per genotype
and time point. For each time point, two-way ANOVA was applied (p � 0.05 for treatment,
each), and comparisons between the polyST � and polyST � pairs of cultures were performed
by the Bonferroni post-test: *p � 0.05; **p � 0.01; ***p � 0.001. Importantly, note that the
polyST treatment was performed in parallel with the experiment shown in Figure 6, and the
same values for untreated cultures (polyST �) were used in Figures 6 and 7. The separation into
two graphs is for the sole purpose of clear presentation.
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entiation deficits caused by the loss of Ncam and St8sia2, but also
overrides the effect of St8sia4 deficiency. As shown in the mouse
model, injection of bacterial polyST into the brain leads to cell
surface polysialylation within �3 h and has no obvious adverse
consequences (El Maarouf et al., 2012). As corroborated by the
results of the current study, NmB polyST adds polySia mainly not
to NCAM but to numerous other cell surface proteins, implicat-
ing that the overall polysialylation of the cell surface and not
altered functions of a specific protein affect cellular behavior.
Importantly, bacterial polyST induces polysialylation in gray and
white matter transiently. Under the conditions of the former study,
the engineered polySia was present for �2–3 weeks, depending on
the site of injection (El Maarouf et al., 2012). Therefore, the promi-
nent effects of engineered polySia on the differentiation of wild-type
as well as differentiation-compromised OPCs in vitro provide proof
of principle that enforced polysialylation of the cell surface holds the
potential to promote myelin repair by overcoming impaired differ-
entiation of OPCs into remyelinating oligodendrocytes.

In conclusion, we have shown here that polysialylation of
NCAM by ST8SIA2 is needed for oligodendrogenesis, remyelina-
tion, and recovery of motor function after cuprizone-induced
demyelination. The different time course of St8sia2 and St8Sia4
mRNA expression during the early stages of OPC differentiation
provides a rationale for the opposing cell-autonomous impact of
the two polySTs on the differentiation process in vitro and on
myelin repair in vivo. Finally, the data disclose that the augmen-
tation of ST8SIA2 by 9cRA and enzymatic engineering of polySia
are promising therapeutic strategies to improve regeneration in
demyelinating disorders.
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