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A B S T R A C T

Background: In multiple sclerosis loss of myelin and oligodendrocytes impairs saltatory signal transduction
and leads to neuronal loss and functional deficits. Limited capacity of oligodendroglial precursor cells to dif-
ferentiate into mature cells is the main reason for inefficient myelin repair in the central nervous system.
Drug repurposing constitutes a powerful approach for identification of pharmacological compounds promot-
ing this process.
Methods: A phenotypic compound screening using the subcellular distribution of a potent inhibitor of oligo-
dendroglial cell differentiation, namely p57kip2, as differentiation competence marker was conducted. Hit
compounds were validated in terms of their impact on developmental cell differentiation and myelination
using both rat and human primary cell cultures and organotypic cerebellar slice cultures, respectively. Their
effect on spontaneous remyelination was then investigated following cuprizone-mediated demyelination of
the corpus callosum.
Findings: A number of novel small molecules able to promote oligodendroglial cell differentiation were iden-
tified and a subset was found to foster human oligodendrogenesis as well as myelination ex vivo. Among
them the steroid danazol and the anthelminthic parbendazole were found to increase myelin repair.
Interpretation: We provide evidence that early cellular processes involved in differentiation decisions are
applicable for the identification of regeneration promoting drugs and we suggest danazol and parbendazole
as potent therapeutic candidates for demyelinating diseases.
Funding: This work was supported by the J€urgen Manchot Foundation, D€usseldorf; Research Commission of
the Medical Faculty of Heinrich-Heine-University D€usseldorf; Christiane and Claudia Hempel Foundation;
Stifterverband/Novartisstiftung; James and Elisabeth Cloppenburg, Peek and Cloppenburg D€usseldorf Stif-
tung and International Progressive MS Alliance (BRAVEinMS).
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Multiple sclerosis (MS) is a disabling demyelinating disorder of
the central nervous system (CNS) primarily arising from a misguided
immune reaction. Specifically, immune cell infiltration in the CNS
results in loss of myelin and oligodendrocytes, the myelin producing
cells of the CNS [1,2]. Loss of myelin leads to impaired saltatory nerve
conduction, neurodegeneration and eventually to irreversible neuro-
logical deficits [3,4]. In the adult CNS, a widespread population of
resident oligodendroglial progenitor cells (OPCs) retains the capacity
to generate myelinating oligodendrocytes throughout adulthood,
thus contributing to myelin repair [5]. Despite this regenerative
potential, the overall myelination capacity of these cells remains lim-
ited and further decreases over the course of the disease which is
likely due to inhibitory signals and lack of stimulatory cues [6�9].

While the currently used MS therapies successfully address the
autoimmune reaction no effective treatment in order to boost and
stabilize existing remyelination activities yet exists � rendering neu-
roregeneration an unmet clinical need [10,11]. Oligodendrogenesis is
dependent on many extrinsic and intrinsic cues the investigation of
which is promising in opening new therapeutic avenues [12]. In our
study, we focused on the p57kip2 protein, which we initially
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Research in context

Evidence before this study

The currently used therapeutic approaches for multiple sclero-
sis are mainly focused on the immunological aspects of the
pathology and they can slow down the progression of the dis-
ease, however, without inversion of the already existed dam-
age. Compound screening and drug repurposing approaches
led to the identification of compounds which promote oligo-
dendroglial cell differentiation as means of myelin repair and
neuroregeneration. And although some of them have already
entered clinical trials, enhancement of regeneration still
remains an unmet clinical need. Better understanding of the
regulatory cues of regeneration processes might lead the way
to new therapeutic approaches. In this respect, we previously
described p57kip2 as potent nuclear inhibitor of oligodendrog-
lial differentiation the subcellular re-localization of which
allows maturation to proceed..

Added value of this study

This study used the capacity of p57kip2 protein’s subcellular
localization to serve as early differentiation competence
marker. We identified four compounds with oligodendroglial
differentiation promoting competence in the rat system,
namely danazol, parbendazole, methiazole and nocodazole,
with the first three also being able to promote human oligoden-
droglial cell maturation as well as developmental myelination
of organotypic slice cultures. Moreover, danazol and parbenda-
zole also promoted remyelination in the cuprizone-mediated
mouse model of demyelination..

Implications of all of the available evidence

The use of p57kip2’s subcellular localization as readout of our
screening suggests its use as early oligodendroglial cell differ-
entiation competence marker and supports the notion that
early cellular processes involved in differentiation are applica-
ble for the identification of myelin repair promoting drugs. In
this context, we detected regenerative properties of the steroid
danazol and the antihelminthic parbendazole. In addition, our
study includes rat, mouse, and human systems as well as differ-
ent brain regions, suggesting targeted mechanisms which are
evolutionary conserved and are therefore suitable for biomedi-
cal translation
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identified as intrinsic inhibitor of myelinating glial cell differentiation
[13�15]. In a follow-up investigation we then demonstrated that the
subcellular localization of this protein is associated with and neces-
sary for the competence of OPCs to undergo differentiation [16]. Spe-
cifically, it was shown that p57kip2 translocation from the nucleus is
critical for these cells to proceed in differentiation, maturation, and
to generate myelin sheaths. Drug repurposing can serve as effective
means for the treatment of yet unmet clinical conditions, including
neurodegeneration [17�19]. This is exemplified by our recent dem-
onstration that teriflunomide, an immunomodulatory disease-modi-
fying treatment, which is approved as a first-line treatment for
relapsing MS, can also promote p57kip2 shuttling, OPC differentiation
as well as myelination in vitro [20].

During the past years, a number of studies aiming at identifying
(small) molecules able to promote oligodendroglial cell differentia-
tion and remyelination have emerged. Most of them are based on
pharmacological compound screenings using myelin marker expres-
sion [21�24]. Many of these approaches revealed novel regulatory
roles of known cellular mechanisms such as the cholesterol synthesis
pathway [25], histamine receptor- [26], and muscarinic acetylcholine
receptor signaling [21,22] and some substances already entered clini-
cal trials, reviewed by [10,27,28]. Despite these recent developments
a clinical application of an effective remyelinating treatment has still
not been achieved. In order to provide an alternative approach for
the identification of molecules that positively modulate myelin repair
we performed a phenotypic compound screening based on p57kip2’s
protein subcellular distribution in primary rodent OPCs. This analysis
was undertaken step-wise starting with primary rodent OPCs, then
applying an ex vivo myelination model and using primary human
OPCs with eventually testing active compounds in an in vivo de- and
remyelination model.

2. Methods

2.1. Ethics statements for animal and human tissue experiments

The generation of rodent primary oligodendroglial cell and orga-
notypic cerebellar slice cultures were approved by the ZETT (Zentrale
Einrichtung f€ur Tierforschung und wissenschaftliche Tierschutzauf-
gaben; O69/11, V54/09). Cuprizone mediated demyelination experi-
ments were approved by the authorities at LANUV (Landesamt f€ur
Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen; Az.:
81�02.04.2019.A203) and carried out according to ARRIVE guide-
lines. These experimental procedures are characterised by mild
severity grade and therefore no interventions to reduce pain, suffer-
ing and distress were needed. Human OPCs were isolated from sec-
ond trimester (14�17 weeks) fetal samples obtained from the
University of Washington Birth Defects Research Laboratory (MP-
37�2014�540; 13�244-PED; eReviews_3345).

2.2. Rat oligodendroglial cell culture and immunocytochemistry

Primary OPC cultures from postnatal day zero or one cerebral rat
cortices (Wistar rats of either sex) were generated as previously
described [14,16,29]. Briefly, freshly removed cortices were cut in
small pieces and placed in Minimum Essential Medium (MEM,
Thermo Fisher Scientific, Darmstadt, Germany). After centrifugation
at 2000 rpm for one minute the pellet was resuspended in 1 ml of
digestion medium (MEM; 40 mg/ml DNAse; 0.24 mg/ml L-cystein;
30 U/ml papain, all Sigma�Aldrich, Taufkirchen, Germany). Following
incubation (5% CO2, 90% relative humidity, 37 °C) for 45 minutes, 1 ml
of trypsin inhibitor solution [Leibvitz’s medium L-15, Thermo Fisher
Scientific; 1 mg/ml trypsin inhibitor, Sigma�Aldrich; 50 mg/ml bio-
tin-free bovine serum albumin (BSA), Carl Roth, Karlsruhe, Germany;
40 mg/ml DNase I type IV, Sigma�Aldrich] was added. The solution
was incubated for four minutes at room temperature (RT) and then
the supernatant was removed. Subsequently, 1 ml of trypsin inhibitor
solution was added to the pellet, followed by resuspension and addi-
tion of 10 ml Dulbecco�s Modified Eagle Medium (DMEM, Thermo
Fisher Scientific) containing 10% fetal bovine serum (Brazilian origin,
Lonza, Basel, Switzerland; USA origin, Capricorn Scientific, Palo Alto,
CA, USA); 4 mM L-glutamine; 100U/ml penicillin/0.1 mg/ml strepto-
mycin (both Thermo Fisher Scientific). The solution was centrifuged
for five minutes at 1200 rpm and the supernatant was removed. In
the next step, the pellet was resuspended in 1 ml of the same
medium. Cell suspension from two animals was added to each
uncoated T-75 cell culture flask (Greiner Bio-One, Kremsm€unster,
Austria). Mixed glial cultures were maintained for ten days (5% CO2,
90% relative humidity, 37 °C) before OPC purification was performed.
The medium was changed after the first four days and two times a
week thereafter. Upon OPC purification, purity of the culture (~98%)
was determined via anti�A2B5 staining (Merck Millipore, Darmstadt,
Germany; data not shown). OPCs were seeded either onto 1 mg/ml
poly-D-lysine coated (PDL, Sigma�Aldrich) 96-well plates (96-well
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Black/Clear Flat Bottom TC-treated Imaging Microplate with Lid,
Corning, Glendale, AZ, USA) for the compound screening or onto
0.25 mg/ml PDL coated glass coverslips (13 mm) in 24-well plates for
each step of validation and initially kept in DMEM based Sato
medium [5 mg/ml bovine insulin; 50 mg/ml human transferrin;
100 mg/ml bovine serum albumin fraction V (BSA, Thermo Fisher Sci-
entific); 6.2 ng/ml progesterone; 16 mg/ml putrescine, 5 ng/ml
sodium selenite; 400 ng/ml T3 (tri-iodo-thyronine); 400 ng/ml T4
(thyroxin; all Sigma�Aldrich unless stated otherwise); 4 mM L-gluta-
mine; 100U/ml penicillin/0.1 mg/l streptomycin (both Thermo Fisher
Scientific)]. Cell differentiation was induced 1.5 h after plating by
addition of Sato medium supplemented with 0.5% fetal bovine serum
(referred to as differentiation medium hereafter). At the same time
corresponding chemical compounds were applied.

Cells were fixed with 4% paraformaldehyde (PFA) for ten minutes
at RT and non-specific staining was prevented by blocking with 10%
normal goat serum (NGS, Sigma�Aldrich) for 45 min at RT. Rabbit
anti-p57kip2 primary antibody (Sigma-Aldrich Cat# P0357, RRID:
AB_260,850) diluted 1:250 in blocking solution was applied over-
night at 4 °C. Staining with rat anti-myelin basic protein (MBP, 1:250,
Bio-Rad, Hercules, CA, USA Cat# MCA409S, RRID:AB_325,004) was
performed in blocking solution containing 0.02% Triton X-100 (Sig-
ma�Aldrich) overnight at 4 °C. Cells stained using the mouse anti-
myelin oligodendrocyte glycoprotein antibody (MOG, 1:500, Merck
Millipore Cat# MAB5680, RRID:AB_1,587,278) were permeabilised
with 0.1% Triton X-100 in blocking solution and 0.01% in antibody
solution. Following washing steps with PBS, coverslips were incu-
bated with the secondary antibodies goat anti-rabbit Alexa Fluor 594
(1:500, Thermo Fisher Scientific Cat# A-11,037, RRID:AB_2,534,095)
or goat anti-rat Alexa Fluor 488 (1:500, Thermo Fisher Scientific Cat#
A-11,006, RRID:AB_2,534,074) both diluted in PBS and incubated for
two hours at RT. Nuclei were counterstained with
40,6�diamidino�2�phenylindole (DAPI, 1:100, Roche, Basel, Switzer-
land). Finally, the coverslips were washed with PBS and mounted
using Citifluor AF1 mountant solution (Electron Microscopy Sciences,
Hatfield, PA, USA). Staining specificity was confirmed upon applica-
tion of the same secondary antibodies without prior application of
the corresponding primary antibodies (data not shown). For image
acquisition the Zeiss Axionplan2 microscope (Carl Zeiss Microscopy,
Jena, Germany) was used and the analysis was performed with the
ImageJ BioVoxxel software (BioVoxxel Toolbox, RRID:SCR_015825).
Nine images per coverslip were captured using 20x magnification
and the same exposure times throughout each experiment. Two cov-
erslips were analysed per condition. The total cell number per field
was assessed via DAPI staining. For quantification, the number of pro-
tein marker-positive cells in relation to the total cell number was cal-
culated and expressed as percentage.

2.3. Western blotting

For western blot analysis, 2.4 £ 106 OPCs per well were seeded in
0.25 mg/ml PDL coated 6-well plates and after incubation in Sato
medium for 1.5 h, cells were treated either with 0.1 mM parbenda-
zole or DMSO for control in differentiation medium for one hour.
Afterwards, cells were detached with pre-warmed trypsin-EDTA
(Capricorn Scientific; 5% CO2, 90% relative humidity, 37 °C, for three
to five minutes). Prior to centrifugation (1500 rpm, ten minutes, 4 °
C), the enzymatic reaction was stopped with differentiation medium.
Cell pellets were immediately frozen on dry ice and stored at �80 °C.
Cell lysis was carried out on ice with radioimmunoprecipitation assay
buffer (RIPA buffer, Cell Signaling Technology, Danvers, MA, USA)
supplemented with HALTTM Protease-/Phosphatase inhibitor cocktail
and EDTA (both Thermo Fisher Scientific). Specimens were subjected
to ten seconds of sonication with an ultrasound homogenizer (Sono-
pulsHD2070; 50% power, pulse 0.5 seconds on and 0.5 seconds off)
and subsequently centrifuged (14,000 rpm, ten minutes, 4 °C) to
proceed with the supernatant. Protein concentrations were deter-
mined using the DC Protein Assay (BioRad, Cat# 5,000,112). Samples
were subjected to standard sodium dodecyl sulfate (SDS) gel electro-
phoresis and semi-dry western blotting using Bolt 12% Bis-Tris Plus
gels and nitrocellulose membranes (both Thermo Fisher Scientific).
Proteins were stained using the PierceTM Reversible Protein Stain Kit
(Thermo Fisher Scientific, Cat# 24,580) for protein normalization
prior blocking with 1% milk powder for one hour at RT and applying
the following primary antibodies: rabbit anti-p38 (1:1000, Cell Sig-
naling Technology Cat# 9212, RRID:AB_330,713), rabbit anti-p-p38
(1:1000, Cell Signaling Technology Cat# 9211, RRID:AB_331,641),
mouse anti-GAPDH (1:5000, Merck Millipore Cat# MAB374, RRID:
AB_2,107,445) and the secondary antibodies anti-rabbit IgG, HRP-
linked (1:2000, Cell Signaling Technology Cat# 7074, RRID:
AB_2,099,233) and anti-mouse IgG (H + L), made in horse (1:5000,
Vector Laboratories, Burlingame, CA, USA Cat# PI-2000, RRID:
AB_2,336,177). Signals were visualized using Super Signal West Pico
Chemiluminescent Substrate (Thermo Fisher Scientific, Cat# 34,579)
applied for five minutes. Membranes were first used to detect p-p38
and afterwards stripped with 10 ml ReBlot Plus Strong Solution (1x,
Merck Millipore) for the detection of p38 and the housekeeping pro-
tein (GAPDH), all in a sequential manner on the same membrane to
ensure reliable quantification. Protein bands were quantified using
the Fusion FX software (Vilber Lourmat, Eberhardzell, Germany). The
intensity for each band was determined and normalized to the total
amount of the loaded protein amount and the intensity of the GAPDH
band of the corresponding sample.

2.4. Chemical compound library screening

For the compound screening the Prestwick Chemical Library (Pre-
stwick, Illkirch, France, Cat# PCL1280.10�50-G96), consisting of
1280 small molecules with high chemical and pharmacological diver-
sity and 99% approved by the FDA, EMA and other agencies, was cho-
sen and handled according to specifications from the providers.
Compounds were tested on primary rat OPCs seeded onto PDL coated
96-well plates at a density of 5000 cells/well. All compounds were
tested at a concentration of 10 mM and the cells were allowed to dif-
ferentiate for 24 hours. As positive control 1 mM of the S1P agonist
FTY720/Fingolimod [Echelon Biosciences, Salt Lake City, UT, USA,
CAS 402,616�26�6; [30] and as negative controls differentiation
medium +/- 0.5% DMSO were used. Each substance was tested in trip-
licates within each individual experiment and each experiment was
repeated twice. For the determination of the subcellular localization
the rabbit anti-p57kip2 primary antibody [p57kip2, 1:250, Sigma-
Aldrich Cat# P0357, RRID:AB_260,850; [16] and the goat anti-rabbit
Alexa Fluor 594 secondary antibody (1:500, Thermo Fisher Scientific
Cat# A-11,037, RRID:AB_2,534,095) were used while nuclei were
counterstained with DAPI. Nine images per well with a 20x magnifi-
cation were automatically captured using the BD Pathway 855 High-
Content Cell Analyzer (BD Biosciences, Rockville, MD, USA) and the
signal intensity of the anti-p57kip2 staining was measured in each
region of interest (nucleus vs. cytoplasm) using the Attovision v.1.7.1
software package (BD Biosciences Systems, RRID:SCR_014315). Anal-
ysis of the acquired data was conducted via an algorithm designed in
house using the Matlab Software R2015a (Mathworks, Inc, RRID:
SCR_001622), which provides the percentage of cells with prevailed
nuclear p57kip2 localization in each well. As criterion for hit com-
pound identification a � 0.75 fold change in nuclear localization of
the p57kip2 protein was used.

2.5. Organotypic cultures of cerebellar slices

For the preparation of slice cultures, a previously described proto-
col [31] with few adaptations was used. Briefly, freshly prepared
intact cerebelli from Wistar rats aged seven days of both sexes, were
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embedded in 4% agarose (UltraPure Low Melting Point, Thermo
Fisher Scientific) and mounted vertically to the flat metal chuck of
the HM 650 V microtome (Thermo Fisher Scientific) using superglue
(UHU, Mannheim, Germany). Sagittal sections, 350 mm thick, were
made (cutting frequency: 50 Hz, cutting amplitude: 1 mm, cutting
speed: 12 mm/s) and plated onto cell culture inserts (hydrophilic
PTFE, pore size: 0.4 mm, diameter 30 mm; Merck Millipore, Darm-
stadt, Germany) in 6�well plates upon addition of 1 ml of culture
medium [50% MEM; 25% Hank's Balanced Salt Solution (HBSS) +/+;
25% heat inactivated horse serum; containing 100U/ml penicillin/
0.1 mg/ml streptomycin (all Thermo Fisher Scientific), and 5 mg/ml
D�glucose monohydrate (Merck Millipore)] underneath the mem-
brane. Compounds were diluted in the same medium and applied
four hours later as medium change. A total number of six to eight sli-
ces per animal were plated onto two inserts and kept in culture for
three days (5% CO2, 90% relative humidity, 37 °C). Slices were then
washed once with PBS both on the top and underneath the insert and
fixed with 4% PFA for 20 minutes at RT.

For the immunofluorescence staining slices were permeabilised
with 0.5% Triton X-100 in PBS and non-specific binding was pre-
vented by incubation in blocking solution [10% NGS, 1% bovine serum
albumin fraction V (BSA; Thermo Fisher Scientific), 0.2% Triton X-100
in PBS]. Primary antibodies rabbit anti-neurofilament (NF, 1:1000,
Abcam, Cambridge, UK Cat# ab8135, RRID:AB_306,298), rat anti-MBP
(1:250, Bio-Rad Cat# MCA409S, RRID:AB_325,004), and mouse anti-
OLIG2 (OLIG2, 1:500, Merck Millipore Cat# MABN50, RRID:
AB_10,807,410) were diluted in antibody solution [10% NGS, 1% BSA,
0.1% Triton X-100 in PBS]. Secondary antibodies goat anti-rabbit
Alexa Fluor 405 (1:500, Thermo Fisher Scientific Cat# A-31,556,
RRID:AB_221,605), goat anti-rat Alexa Fluor 488 (1:500, Thermo
Fisher Scientific Cat# A-11,006, RRID:AB_2,534,074), and goat anti-
mouse Alexa Fluor 647 (1:500, Thermo Fisher Scientific Cat# A32728,
RRID:AB_2,633,277) were diluted in secondary antibody solution (1%
NGS, 1% BSA, 0.1% Triton X-100 in PBS). All steps were performed
overnight at 4 °C and slices were then mounted using Citifluor. Stain-
ing specificity was confirmed upon application of the same secondary
antibodies without prior application of the corresponding primary
antibodies (data not shown). Image acquisition was performed using
a confocal microscope (CLSM 510, Carl Zeiss Microscopy) and ana-
lysed with the Zen 2 Blue Edition (Carl ZEISS Microscopy, ZEN Digital
Imaging for Light Microscopy, RRID:SCR_013672) and ImageJ BioVox-
xel software packages. Briefly, three images per field were obtained
using 40x magnification via Z-stack scanning covering 2 mm depth in
total and prior the analysis they were projected onto a single plane
via orthogonal projection. To assess the number of myelinating oligo-
dendrocytes in relation to the total number of OLIG2-positive cells
12�16 fields from similar structures were analysed for all conditions.
The typical morphology of myelinating cells in organotypic slices is
presented in Fig. 4a-a’’’.

2.6. Human fetal oligodendroglial cell culture and
immunocytochemistry

Human fetal second-trimester (14�17 weeks) telencephalon tis-
sue samples collected from elective abortions were provided by the
University of Washington Birth Defects Research Laboratory � an
NIH supported program (MP-37�2014�540; 13�244-PED; eRe-
views_3345) (Seattle, Washington, USA). The tissue was digested
with 0.25% trypsin (Thermo Fisher Scientific) and 25 mg/mL DNase I
(Roche, Laval, Canada) to obtain dissociated cells. OPCs that comprise
~0.1% of the total cells were isolated using immunomagnetic beads
coated with O4 antibody (Miltenyi Biotec, Bergisch Gladbach, Ger-
many Cat# 130�096�670, RRID:AB_2,847,907) [32�34]. After selec-
tion, cells were plated in 96-wells plates coated with poly-L-lysine
(Sigma-Aldrich) and extracellular matrix (ECM-gel from Engelbreth-
Holm-Swarm murine sarcoma, Sigma-Aldrich) at a density of 1 £ 104
cells per well. Cells were cultured in DMEM-F12 media supplemented
with N1 (Sigma-Aldrich), B27 supplement (Sigma-Aldrich), PDGF-AA
(10 ng/ml) and bFGF (10 ng/ml, both Sigma-Aldrich) for four days
before treatment with reagents as triplicates for four and six days,
media with reagents were changed every two days. Cells were live
stained with mouse anti-O4 (1:200, R&D Systems, Minneapolis, MN,
USA Cat# MAB1326, RRID:AB_357,617), and hybridoma anti-GalC
IgG3 (GC, 1:50, Montreal Neurological Institute, McGill University,
Montreal, Quebec, Canada) monoclonal antibodies for 15 minutes at
37 °C and then fixed with 4% PFA for ten minutes in RT. Secondary
antibodies goat anti-mouse IgM-Alexa Fluor 647 (1:500, Southern-
Biotech, Birmingham, AL, USA Cat# 1021�31, RRID:AB_2,794,254) to
O4 and goat anti-mouse IgG3-Alexa Fluor 488 (1:500, Thermo Fisher
Scientific Cat# A-21,151, RRID:AB_2,535,784) for GC were used for
30 minutes at RT. Cell nuclei were stained with Hoechst 33,258
(1:1000, Thermo Fisher Scientific Cat# H3569, RRID:AB_2,651,133).
Cells were imaged and the O4- and GC-positive cells were counted.

2.7. Cuprizone mediated demyelination and remyelination

Eight-week-old female C57BL/6 mice (Janvier Labs, Le Genest
Saint Isle, Mayenne, France) were used and all experiments were per-
formed in the animal facility of the Heinrich-Heine-University (Zen-
trale Einrichtung f€ur Tierforschung und wissenschaftliche
Tierschutzaufgaben; ZETT) under pathogen-free conditions and in
accordance with ethical care. Only mice of the same age and with
body weight between 17 and 19 gr were included and as additional
exclusion criterion >10% weight loss during the experiments was
used. No animals were excluded from the analysis. Animals were dis-
tributed equally into cages (groups) upon delivery and were given
one week as acclimatization period before the initiation of the experi-
ments. Using the software G*Power a required size of six animals per
group with effect size d 2.6 and confidence interval 95% was com-
puted. Demyelination was induced by feeding 0.2% (w/w) cuprizone
[bis(cyclohexanone)oxaldihydrazone]-containing diet [either from
Envigo (Indianapolis, IN, USA Cat# TD.140803) or from SSNIFF Spe-
zialdi€aten GmbH (Soest, Germany; maintenance diet pellets 10 mm,
V1534 implemented with 0.2% cuprizone, Sigma-Aldrich, CAS
370�81�0)] for six weeks. Thereafter animals were given standard
rodent chow (SSNIFF, Cat# V1534). Parbendazole (MedChem Express,
Monmouth Junction, NJ, USA, CAS 14,255�87�9) was applied at a
concentration 1.14 mg/ml and using 20 mg/kg body weight as dose.
Parbendazole stock concentration consisted of 13.33 mg/ml in DMSO
which was further diluted using sterile saline solution with 2% Tween
80 (Sigma-Aldrich). A total volume of 350 ml of the parbendazole
solution or the corresponding vehicle solution (8.6% DMSO in sterile
saline solution with 2% Tween 80) was administered daily via intra-
peritoneal (i.p.) injections for the last 17 days of cuprizone treatment.
Danazol (Sigma-Aldrich, CAS 17,230�88�5; stock concentration
30 mg/ml in DMSO) was diluted first 1:1 in Tween 80 in order to
increase the stability in aqueous solutions and then further diluted
down to a final concentration of 0.4 mg/ml in drinking water for oral
application (5 ml per animal and per day, 100 mg/kg body weight to
be applied daily). One week upon cuprizone withdrawal animals
were deeply anesthetized using isoflurane inhalation and transcar-
dially perfused with 20 ml PBS followed by 20 ml 4% PFA in PBS,
brains were then removed and post-fixation was performed over-
night in 4% PFA at 4 °C.

Following post-fixation, cryoprotection of mouse brains was per-
formed in 30% sucrose (in PBS) at 4 °C for 48 hours. Brains were then
embedded in Tissue-Tek OCT medium (Sakura Finetek Europe, Neth-
erlands), frozen and stored at �80 °C until sectioning with cryostat
(Leica CM3050S, Wetzlar, Germany). Coronal 10 mm sections were
prepared and stored at �80 °C. Regions of interest, medial (Bregma
�0.82 to �1.22 mm) and caudal (Bregma �1.94 to �2.34 mm) parts
of corpus callosum, were assessed according to [35].
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For immunohistochemical staining, sections were thawed and air-
dried for at least ten minutes at RT. Rehydration was performed for
five minutes in distilled water, followed by transfer to �20 °C acetone
for five minutes and two consecutive washing steps first in 1x TBS
(pH 7.6) and then 1x TBS-T (TBS implemented with 0.02% Triton X-
100; pH 7.6) for five minutes each. Non-specific staining was blocked
with 10% biotin-free bovine serum albumin (BSA, Carl Roth) in TBS-T
or 10% normal donkey serum (NDS, Sigma�Aldrich) in TBS-T for
30 minutes at RT, followed by primary antibody solution application
(10% BSA in 1x TBS or 10% NDS in 1x TBS) and incubation overnight
at 4 °C. The following primary antibodies were used: mouse anti-APC
(CC1, 1:500, GeneTex Cat# GTX16794, RRID:AB_422,404), rabbit
anti-glutathione-S-transferase pi (GSTpi, 1:2000, Enzo Life Sciences,
Farmingdale, NY, US Cat# ADI-MSA-101-E, RRID:AB_2,039,147), goat
anti-PDGFR (alpha/CD140A, 1:250, Neuromics, Edina, MN, US Cat#
GT15150, RRID:AB_2,737,233), and rat anti-PLP [PLP, 1:250, kind gift
from B. Trapp and R. Dutta, Dept. of Neurosciences, Cleveland Clinic,
OH, USA [36]. Slices were then washed twice in 1x TBS for five
minutes each and secondary antibodies were diluted 1:200 and
applied for 30 minutes along with DAPI (1:50) in PBS. The following
secondary antibodies were used: goat anti-rabbit Alexa Fluor 594
(1:200, Thermo Fisher Scientific Cat# A-11,037, RRID:AB_2,534,095),
goat anti-rat Alexa Fluor 488 (1:200, Thermo Fisher Scientific Cat# A-
11,006, RRID:AB_2,534,074), goat anti-rabbit Alexa Fluor 488 (1:200,
Thermo Fisher Scientific Cat# A-11,008, RRID:AB_143,165), goat anti-
mouse Alexa Fluor 488 (1:200, Thermo Fisher Scientific Cat# A32728,
RRID:AB_2,633,277), and donkey anti-goat Alexa Fluor 488 (1:200,
Thermo Fisher Scientific Cat# A-11,055, RRID:AB_2,534,102). Two
final washing steps were performed with 1x TBS-T and 1x TBS for
five minutes prior to mounting with ShandonTM Immu-Mount
(Thermo Fisher Scientific). Staining specificity was confirmed upon
application of the same secondary antibodies without prior applica-
tion of the corresponding primary antibodies (data not shown). For
image acquisition and analysis a CLSM confocal microscope and the
Zen 2 Blue edition and ImageJ BioVoxxel software packages were
used, respectively. Animal handling and tissue processing were per-
formed by the same person (AM) to ensure stability and control of all
parameters and cofounders. Data analysis was conducted blindly.

2.8. Statistical analysis

Data are presented as mean§ standard error of the mean (SEM).
Graph design and statistical analyses were performed using the
GraphPad Prism 8.0.2 software (GraphPad Prism, San Diego, CA,
RRID:SCR_002798). The absence of Gaussian distribution of our data
was assessed via Shapiro-Wilk normality test and statistical signifi-
cance via unpaired Mann-Whitney U test or Tukey's range test fol-
lowing one-way ANOVA. Data were considered statistically
significant at *p < 0.05, **p < 0.01, ***p < 0.001. n represents the
number of independent experiments. A priori sample size calculation
for the in vivo experiments was performed using the G*Power 3.1.9.2
[37] software and the Wilcoxon-Mann-Whitney test (two groups).

2.9. Role of funders

The funding source had no role in study design, collection, analy-
sis and interpretation of data or in manuscript writing.

3. Results

3.1. Phenotypic screening for compounds that promote nuclear
exclusion of the p57kip2 protein

Nucleocytoplasmic shuttling of the p57kip2 protein is an early
event during the course of spontaneous OPC differentiation and we
could previously demonstrate that alteration of its gene expression
or of its subcellular protein localization severely impacts cellular mat-
uration [14,16]. We therefore chose the nuclear vs. cytoplasmic local-
ization of this protein to establish a phenotypic screening for
pharmacological compounds with the potential to promote oligoden-
drogenesis (Fig. 1a). As opposed to the majority of other screening
approaches we decided to test compounds using primary OPC culture
[16,20], which recapitulates closer the in vivo situation than cell lines
or stem cell derivatives, in order to increase the translational poten-
tial of this study. The sphingosine-1-phosphate receptor FTY720P/
Fingolimod (1 mM) was used as positive control and differentiation
medium with or without 0.5% DMSO served as negative controls
(Fig. 1c-c''). For determination of the subcellular localization of the
p57kip2 protein, stained cells were automatically captured using the
BD Pathway 855 High-Content Cell Analyzer. The staining protocol
used for this study is well established [16,20] and staining specificity
was regularly confirmed. In an automated way, signal intensities of
the anti-p57kip2 staining in nucleus and cytoplasm were measured
using the Attovision v.1.7.1 software and analysed with an algorithm
designed in house. The output of the analysis is the percentage of
cells with prevailed nuclear p57kip2 localization in each well, given
that the p57kip2 signal intensity in the two regions (nuclear vs. cyto-
plasmic) is provided as input. Hit compounds were considered those
which induced a � 0.75 fold change in nuclear localization of the
p57kip2 protein in comparison to the negative controls. This thresh-
old corresponds to the maximum increase in nuclear exclusion
between days one and three upon initiation of spontaneous differen-
tiation that has been detected previously [16,20]. Of note, this is also
the time frame when significant transition of OPCs to oligodendro-
cytes is taking place and importantly this threshold was kept con-
stant throughout the whole screening.

Out of 1280 compounds tested on primary rat OPCs, 21 substances
(Fig. 1d) were found to reproducibly boost p57kip2’s nuclear shut-
tling (as represented for benzamil hydrochloride, CAS 161,804�20�2
in Fig. 1c'''). Of note, this analysis also revealed doxorubicin (CAS
25316-40-9) to induce an exclusive nuclear localization of the
p57kip2 protein (data not shown). Whereas ifenprodil (CAS
23,210�56�2) [25,39,40] and isoxicam (CAS 34,552�84�6) [41]
already emerged from other pro-oligodendroglial screenings, the
majority of our confirmed hits were unknown in this context. How-
ever, some of the identified compounds are related to pathways that
have previously been shown to regulate OPC differentiation and sur-
vival such as the histamine receptor-3 (H3R) inverse agonist
GSK247246 [26] and benztropine acting on muscarinic receptors
[21], respectively, thus proving the efficacy of our screening
approach.

3.2. Secondary screening for compounds that promote OPC
differentiation in vitro

For further validation of the confirmed hits their impact on OPC
differentiation was determined by means of myelin protein expres-
sion. To this end, rat primary OPCs were cultured and stimulated
using compound concentrations ranging from 10 to 0.001 mM. Cells
were allowed to differentiate for three days upon compound stimula-
tion and immunofluorescence staining against the late myelin marker
MBP was performed. Potential cytotoxic effects were accessed via
evaluation of total cell numbers (data not shown). From this second-
ary screening four substances emerged with the capacity to positively
modulate OPC differentiation and the most efficient and well-toler-
ated concentrations were determined (Fig. 2f-i'; m-p).

Treatment with either 5 mM danazol, 0.02 mM parbendazole, or
0.1 mM methiazole (CAS 74,239�55�7) significantly induced the
number of MBP-positive cells (Fig. 2m-o). Treatment with 0.1 mM
nocodazole (CAS 31,430�18�9) induced only a non-significant
increase in MBP-positive cells but reproducibly resulted in more
complex morphological phenotypes (Fig. 2i-i'). Moreover, using



Fig. 1. In vitro phenotypic screening revealed compounds that promote nuclear exclusion of the p57kip2 protein in primary OPCs. Presentation of the readout and the experi-
mental setup of the primary screening procedure (a). Funnel illustration showing the complete progression of the screening (b). Representative images taken using the BD Pathway
855 High-Content Cell Analyzer visualizing p57kip2’s subcellular localization upon treatment with the negative controls, differentiation medium (control) and DMSO, the positive
control Fingolimod (1mM) and a profound primary hit benzamil hydrochloride (c-c'''). List of the confirmed primary hits (d). Arrows in c-c''' point at cells with cytoplasmic p57kip2
localization. Scale bars: 10mm.
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nocodazole a 31.43% decrease in the number of (DAPI positive) cells
was observed, indicating that this substance might exert cytotoxicity
and thus explaining the absence of statistically significant observa-
tions on myelin expression (Fig. 2p).

For those hits which promoted transition from OPCs to mature oli-
godendrocytes (excluding nocodazole due to cytotoxicity) we addi-
tionally investigated the time point day six using MOG as marker and
we similarly detected a significant beneficial impact of parbendazole
on cell maturation (Fig. 2s). Cells treated with danazol and methia-
zole induced similar changes in MOG protein expression, however,
the effects were less prominent (Fig. 2q-r). Treatment with the benz-
imidazole derivatives, parbendazole and methiazole, not only led to
increased numbers of MOG-positive cells but also accelerated mor-
phological maturation (Fig. 2k-l'). At this point, our data provided
therefore strong evidence that using the p57kip2 nuclear shuttling
process as a screening read-out is efficient and successful for the
identification of novel drugs that can positively modulate already
early oligodendroglial cell stages.
3.3. Selected hit compounds promote oligodendroglial cell
differentiation in primary human OPCs

As this study aimed at the identification of promyelinating drugs
with a translational potential, it was of interest to explore the activi-
ties of selected compounds on human cells. For this purpose, we used
human fetal brain-derived O4-selected oligodendroglial progenitor
preparations [32�34,42] which were grown for four days in culture
and then treated for another four or six days in the presence of
0.002 mM and 0.02 mM parbendazole, 0.01 mM and 0.1 mM methia-
zole, or 0.5 mM and 5 mM danazol. Due to the suspected toxic effect
of nocodazole, this drug was excluded from the technically limited
experiments with primary human cells. For technical reasons two
completely different preparations from human donor tissues over a
period of more than six months were used (HF601 and HF603) which
resulted in quantitatively diverging expression levels. Nevertheless,
double staining using anti-O4 and anti-galactocerebroside (GC) anti-
bodies revealed that all three substances clearly elevated the



Fig. 2. Selected hit compounds promote p57kip2’s protein nuclear exclusion and OPC differentiation in vitro. Representative images taken using the BD Pathway 855 High-
Content Cell Analyzer visualizing the subcellular localization of the p57kip2 protein upon one-day long stimulation with 0.5% DMSO (a), danazol (b), methiazole (c), parbendazole
(d), and nocodazole (e) each at a concentration of 10 mM. Immunocytochemical analysis for the mature myelin marker MBP upon a three-day long stimulation of primary rat OPCs
with 5 mM danazol (m), 0.1 mM methiazole (n), 0.02 mM parbendazole (o), and 0.1 mM nocodazole (p). Immunocytochemical analysis for the mature myelin marker MOG upon a
six-day long stimulation of primary rat OPCs with 5 mM danazol (q), 0.1 mM methiazole (r), and 0.02 mM parbendazole (s). For each substance medium with the corresponding
DMSO concentration was used as control. Representative images for MBP (f-i') and MOG staining (j-l'). Arrows in representative pictures point at cells with cytoplasmic p57kip2
localization in a-e and arrowheads point to MBP-positive cells in f-i’ or MOG-positive cells in j-l'. Nuclei were counterstained with DAPI. Scale bars: 20 mm. Data are shown as mean
values and error bars represent SEM. Numbers of independent experiments n = 6 for (m), n = 4 for (n, p, q), n = 5 for (o, s), n = 3 for (r). Statistical significance was assessed using
Mann-Whitney U test, unpaired data: *p< 0.05; **p< 0.01; ***p< 0.001. Dan, danazol; Par, parbendazole; Met, methiazole; Noc, nocodazole; MBP, myelin basic protein; MOG, mye-
lin oligodendrocyte glycoprotein.
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percentage of morphologically matured human oligodendroglial cells
(compare Fig. 3e'',3f'',3g'',3h'') as well as their ability to express GC.
Note that the most consistent effects were observed for 5 mM dana-
zol at both time points, whereas the higher concentrations of parben-
dazole and methiazole resulted in declining values in cells of the
second preparation (HF603), particularly at the later time point. This
suggests additional titration and long-term toxicology investigations
to be conducted along the course of a future biomedical translation
process.

3.4. Members of the benzimidazole class of compounds promote ex vivo
myelination

As a next step we investigated the impact of treatment with
selected active compounds on endogenous developmental myelina-
tion. To this end, organotypic cerebellar slice cultures were prepared
from postnatal day seven Wistar rats. Stimulation with either 0.1 mM
parbendazole or 2 mM methiazole over three days induced a
significant increase in the myelination capacity of the endogenous
oligodendroglial cell population as shown by the improved potential
of OLIG2-positive cells to make up MBP-positive myelin sheaths
when compared to the control (DMSO) conditions (Fig. 4b-g). Dana-
zol revealed to exert a similar trend regarding the generation of mye-
linated segments, however, no significant differences were found
compared with controls (Fig. 4h).

3.5. Parbendazole and danazol enhance remyelination in vivo

To assess the impact on spontaneous remyelination of those com-
pounds with strongest and most wide-spread activities the cuprizone
mediated mouse model of de- and remyelination was applied [43].
We selected danazol and parbendazole for in vivo evaluation, as rep-
resentatives of steroid and benzimidazole compound classes, respec-
tively. To achieve demyelination of the corpus callosum mice were
fed with 0.2% cuprizone diet for a total of six weeks. During the last
17 days of cuprizone treatment, animals were either receiving daily



Fig. 3. Selected hit compounds enhance primary human OPC differentiation in vitro. Human OPCs of two different preparations (HF601, HF603) were cultured in the presence
of 0.5mM and 5mM danazol, 0.002mM, and 0.02mM parbendazole, or 0.01mM and 0.1mMmethiazole with DMSO-treated cells serving as controls. The results of each preparation
are presented separately (HF601 in a, b and HF603 in c, d) and correspond in total to two independent experiments. Human OPCs of batch HF601 consistently showed increased
degrees of anti-galactocerebroside (GC)-positivity at both time points and using all tested substance concentrations (a,b). Human OPCs of batch HF603 appeared generally less
mature, showed increased GC-positivity after four days of treatment but appeared sensitive to high parbendazole and methiazole concentrations (c,d). Representative pictures of
HF601 cells after six days of treatment (e-h'''). Note that all three substances evoked a clear morphological maturation of cells. Data are shown as means (derived from three wells
per condition) but due to large variations and the still rather low number of technical replicates no statistical significance was calculated. Scale bars 20mm.
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intraperitoneal injections of parbendazole (20 mg/kg) or oral admin-
istration of danazol (100 mg/kg). For each substance the same num-
ber of cuprizone-treated animals were administered the
corresponding vehicles. To assess the efficiency of both, cuprizone
treatment and the extent of remyelination, naïve (non-cuprizone-
treated) animals were also included in the analysis. The effect on
remyelination was investigated one week upon cuprizone with-
drawal (Fig. 5a). Immunohistochemical staining specificity was con-
firmed everywhere in order to exclude false positive signal detection.
Significant differences in the percentage of PLP-positive area
(myelinated) within the region of interest were observed upon
comparison of naïve with vehicle-treated groups, confirming the
efficiency of cuprizone-dependent demyelination (Fig. 5b,b’,f,g,g’,
h). Remarkably, parbendazole enhanced spontaneous remyelina-
tion as revealed by PLP density along the midline of the medial and
caudal compartments of the corpus callosum, as compared with
vehicle-treated counterparts (Fig. 5b-b'',f). This observation was
supported by corresponding differences in the numbers of cells



Fig. 4. Parbendazole and methiazole significantly promote ex vivo developmental myelination. Organotypic cerebellar slices from P7 rats were subjected to a three-day long
substance application. For each substance medium with the corresponding DMSO concentration was used as control. Exemplary pictures of a myelinating oligodendrocyte revealing
morphological criteria used for the analysis (a-a’’’). Representative triple staining for OLIG2, MBP, and neurofilament for DMSO (b-c’’’) and parbendazole- (d-e''') treated slices. For
the overview images (b,d) four images per field were obtained using 20x magnification via Z-stack scanning covering 3 mm depth in total and prior to the analysis they were pro-
jected onto a single plane via orthogonal projection. Scale bars for the exemplary images (a-a’’’): 10mm. Scale bars for the overview images (b,d): 100mm. Scale bars for the detailed
images (c-c'''; e-e'''): 20 mm. Immunohistochemical analysis assessing the number of MBP-positive, myelinating oligodendrocytes in relation to the total number of OLIG2-positive
cells in slices treated with parbendazole (f), methiazole (g), danazol (h), and their corresponding DMSO concentrations (controls). Data are shown as means, and error bars represent
SEM. Mann-Whitney U test, for unpaired data was used and data were considered statistically significant at *p < 0.05, **p < 0 .01, ***p < 0.001. Number of experiments: n = 5 in all
cases. Par, parbendazole; Met, methiazole; Dan, danazol; NF, neurofilament; MBP, myelin basic protein.
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expressing mature oligodendroglial markers such as GSTp (Fig. 5c-
c'',f') and CC1 (Fig. 5d-d'',f''). In accordance, the early oligodendrog-
lial marker PDGFRa exerted an opposite pattern, with the vehicle-
treated group demonstrating significantly increased numbers of
PDGFRa-positive cells as compared to the other two groups (naïve
and parbendazole-treated mice, Fig. 5e-e'',f'''). Interestingly, oral
administration of danazol also significantly enhanced the PLP-pos-
itive area hence remyelination in the same experimental setup
(Fig. 5g-g'',h). However, only a small but statistically significant
positive impact on the generation of GSTp-positive cells was



Fig. 5. Parbendazole and danazol positively affect spontaneous remyelination in a cuprizone-induced demyelination mouse model. Schematic representation of the experi-
mental setup for cuprizone treatment and substance administration (a). Representative images of the oligodendroglial protein marker expression in corpus callosum after one
week of remyelination (b-e''; g-g''). Image magnification 10x. The extent of remyelination was revealed as the percentage of PLP-expressing area in the defined region of interest
between naïve, CPZ/vehicle-treated and CPZ/substance-treated groups. In a similar manner the impact of parbendazole and danazol on oligodendroglial cell differentiation and mat-
uration was assessed as revealed by the number/mm2 of mature (GSTp, f’,h’; CC1, f'',h'') and early (PGFRa, f''',h''') oligodendroglial protein marker-positive cells along the same area
of the corpus callosum. Naïve group n = 6 (n = 4 for the GSTp analysis); residual groups n = 5 each. For each mouse four coronal sections were analysed (two from the medial and
two from the caudal region) and the data are shown as mean values while error bars represent SEM. Significance was assessed using Tukey's range test following one-way ANOVA.
Data were considered statistically significant (95% confidence interval) at *p<0.05, **p<0.01, ***p<0.001. CPZ, cuprizone; veh, vehicle; Par, parbendazole; Dan, danazol; PLP, mye-
lin proteolipid protein; GSTp, glutathione-S-transferase Pi; CC1, adenomatous polyposis coli protein (APC) clone CC1; PDGFRa, platelet-derived growth factor receptor alpha. Scale
bars: 100 mm.
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observed, whereas numbers of CC1- and PDGFRa-positive cells
remained unaffected (Fig. 5h'-h''').

3.6. Parbendazole treatment activates p38MAPK in vitro

We then used available information on identified hit compounds
to shed light onto the underlying mechanism of p57kip2 nuclear
exclusion. p38MAPK activation is associated with regulation of
nuclear protein export [44�46]. Moreover, omeprazole, another
benzimidazole derivative, was shown to induce OPC differentiation
involving p38MAPK and ERK1/2 activation [47]. In order to investi-
gate whether p38MAPK is also activated in response to parbendazole,
we stimulated primary OPCs with this substance for 60 minutes and
indeed detected 2.3 times more phosphorylated p38MAPK (Fig. 6)
protein in relation to the DMSO-treated control.

4. Discussion

We established and successfully performed a phenotypic drug
screening based on the p57kip2 dependent regulation of OPC



Fig. 6. Parbendazole treatment induces phosphorylation of p38MAPK. Rat primary OPCs were treated either with 0.01 mM parbendazole or the corresponding DMSO concentration
(control) for one hour and harvested for Western blot analysis for the detection of p-p38, p38, and GAPDH proteins (a). Quantification of the relative protein expression (b). The rela-
tive protein expression of both the phosphorylated and non-phosphorylated forms of p38 was normalized over the total amount of the protein in the lysate and GAPDH levels. Data
represent means of two independent experiments. Error bars represent SEM.
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differentiation. On the one hand, this analysis provided information
on new pharmacological compounds with the potential to boost
myelin repair processes and on the other hand, we shed light on the
upstream regulatory mechanisms. Up to now it was revealed that the
intracellular p57kip2 shuttling process regulated gene expression
(via Ascl1 and Hes5), cytoskeletal dynamics (via LIMK-1), cell cycle
exit (CDK2; all described in [16]) as well as vascular ATPase activity
[48], however, corresponding signaling cascades or involved surface
receptors were not known.

We nevertheless took advantage of this potent mechanism in
order to identify compounds that can modulate early oligodendrog-
lial cell stages in contrast to the majority of other screenings which
were mainly based on MBP expression and which also addressed
later stages and larger time windows [21�26,38,39,49,50]. Moreover,
the 1280 compounds tested here mainly consisted of either FDA/
EMA- (US Food and Drug Administration/Europeans Medicines
Agency) approved substances or substances with a clinical trial his-
tory, with 98% of them being predicted to have a high blood-brain-
boundary (BBB) penetrance. In addition, we tested all substances
using primary OPCs which creates a condition closer to the in vivo sit-
uation as compared to cell lines or stem cell derivates that were used
in most related screenings [23�25,38,39,49�52]. Such unique selling
points, however, included the backdrop of larger variations when
using primary cells as well as the fact that p57kip2 translocation
appears to be an early and fast process, the detection of which can be
missed. Additional variations were likely deriving from the fact that
in our study cells of three different species (rat, human, mouse) as
well as OPCs deriving from cortex, cerebelli, or the corpus callosum
were examined.

Among the hits we identified ion channel modulators (e.g. benza-
mil hydrocloride), nonsteroidal anti-inflammatory drugs (NSAIDs;
e.g. fosfosal, CAS 6064�83�1) and neurotransmitter receptor modu-
lators (e.g. alverine citrate salt, CAS 5560�59�8). Given that these
mechanisms have previously been implicated in oligodendrogenesis
[53�56] our screening procedure and the selected parameters could
be validated. Moreover, a minor overlap with hits detected by other
screenings, namely ifenprodil [25,39,40] and isoxicam [41], was
observed. Of note, out of the identified hit compounds, only a small
number was indeed able to promote transition of OPCs to mature oli-
godendrocytes. Possible explanations may include inappropriate con-
centrations or time-points of application/investigation or that
additional, adverse pathways were elicited which interfered with cell
differentiation.

Notably, three benzimidazoles were found to exert positive effects
on several parameters of oligodendrogenesis. This compound family
has been associated with anti-microbial, anti-viral, anti-cancer, anti-
protozoal, anti-helminthic, anti-inflammatory, and analgesic activi-
ties [57]. Whereas their broad application in veterinary medicine has
revealed drawbacks related to teratogenic and cytotoxic effects [58],
their numerous pharmacological properties led to the development
of drugs, such as the anti-ulcer medications pantoprazole and omep-
razole, which are broadly subscribed in human medicine without the
implication of severe side effects. Of note, omeprazole was recently
proposed as promoter of oligodendroglial cell differentiation and
remyelination [47].

We instead found parbendazole, methiazole, and nocodazole to
clearly promote oligodendroglial cell differentiation and proceeded
with parbendazole and methiazole, two less-characterized members
of the compound family. As the methiazole cell cycle profile linked
this compound to parbendazole and two other tubulin destabilizing
agents [59] we believe that their similar effects could be attributed to
alterations of the microtubule dynamics via a p38MAPK-related
mechanism which was indeed substantiated by our observation of a
parbendazole dependent induction of phosphorylated p38MAPK pro-
tein. Similar phosphorylation events were also shown to occur in
response to omeprazole [47]. Nocodazole, on the other hand, a
known microtubuli destabilizer, was described to act in a pro-oligo-
dendroglial way and manner via increased microtubule arborization
when applied acutely at nanomolar concentrations [60]. However,
the authors reported increased cytotoxicity at micromolar levels,
which is in accordance with our results, as well as deleterious effects
on in vitro myelination even at low concentrations, thus justifying its
exclusion from our further investigations.

Given their similar mode of action and based on the fact that in
vivo experimentations are restricted parbendazole was selected for
application on cuprizone demyelinated mice, taking into account
that all three here investigated benzimidazole derivatives are pre-
dicted to be able to penetrate the BBB according to ADMET evaluation
[61]. Moreover, teratogenic effects of parbendazole were only
reported in sheep and cattle when administered at concentrations
higher or equal to 60 mg/kg body weight [62], so the here adminis-
tered daily doses of 20 mg/kg suggested a safe treatment, and finally
confirmed a positive impact on the number of maturing oligoden-
droglial cells as well as on myelin reconstitution in vivo.

To what degree a similar positive impact of i.p. administered par-
bendazole on myelin lesion repair can also been observed in an
inflammatory background (e.g. in experimental autoimmune enceph-
alomyelitis) needs to be addressed in future experiments. Likewise,
possible prolonged effects due to alternative dosing and application
routes will also have to be determined.

The fourth studied substance, danazol, is an extensively studied
testosterone derivative with anti-gonadotropic and anti-estrogenic
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properties, which has initially been approved by the FDA for the
treatment of endometriosis [63]. Danazol has been studied in cancer
research in view of its potential to induce toxic effects on, among
others, leukemic and multidrug-resistant cancer cells [64,65].
Recently, danazol was reported to rescue MBP gene expression in a
zebrafish mutant featuring reduction or complete loss of MBP expres-
sion in the peripheral nervous system [66]. Here, we show prominent
promotion of oligodendroglial cell differentiation using both rat and
human primary OPCs, minor improvement of ex vivo myelination
using rat tissue and significantly increased in vivo remyelination in
cuprizone challenged mice. The latter of which appears to be
restricted to a net positive effect on the size of the myelin-positive
area and to a small significant increase in the number of GSTp-posi-
tive cells, as opposed to the clear-cut changes on OPC and oligoden-
drocyte numbers upon parbendazole application. Nevertheless, it has
to be taken into account that danazol was applied orally thus limiting
control over the consumed doses. In addition, its limited effects on
myelin repair could also result from its poor aqueous solubility and
dissolution [67]. But given the advantage that it can be applied as
oral drug, future in vivo tests are warranted. This could include either
the use of direct drug delivery into the stomach (via gastric gavage),
the application of higher concentration and/or of different surfactant
and emulsifier solution in order to find out whether danazol’s effect
on spontaneous remyelination could be improved. The fact that other
steroids have also been reported to exert a myelin repair potential
additionally supports our findings. Specifically, progesterone and
nestorone were shown to upkeep oligodendroglial cell maturation
and myelin repair in cuprizone-induced chronic demyelinating
regions [68]. Other studies highlight the prominent effect of testos-
terone and its synthetic analogue 7a-methyl-19-nortestosterone on
myelin repair by oligodendrocytes in chronic and acute demyelinated
lesions via the androgen receptor [69,70].

Given that substances were administrated while microgliosis,
astrogliosis, OPC proliferation, and oligodendrocyte formation were
still ongoing with the latter ones being vulnerable to cuprizone once
they have reached a certain maturation state [71], we can therefore
not fully exclude additional cytoprotective effects of parbendazole
and danazol to occur in vivo. However, based on our cell- and tissue
culture experiments we nevertheless suggest that the here observed
positive effects on remyelination are mainly resulting from an
increased OPC differentiation potential. Specific compound related
cell proliferation effects were not determined i.e. animals were not
killed at corresponding earlier time points. However, in the danazol-
and parbendazole-treated mice we looked at the number of OLIG2-
positive cells among the different groups and observed similar num-
bers in both substance and vehicle treated-mice (data not shown)
thus speaking against a strong proliferation effect.

Finally, from a biological point of view, the here presented analy-
sis has yielded important insights into signaling cascades controlling
the p57kip2 dependent nuclear blockade of oligodendroglial differ-
entiation. Our data suggest that external signals acting on ion chan-
nels and neurotransmitter receptors, microtubule dynamics
(nocodazole, methiazole, parbendazole), steroid hormone receptors
(danazol), sigma-1 receptors (opipramol, CAS 315�72�0), COX1/2,
and STAT5 (isoxicam and fosfosal) are involved in the
p57kip2 shuttling/OPC differentiation process, with most of the
impact possibly resulting from microtubule modulation and activa-
tion of steroid hormone receptors (Fig. 1). It also revealed mitogen-
activated protein kinases (MAPK) such as p38 to be implicated in the
regulatory role in this process, which is additionally supported by
our previous observations that CXCL12 chemokine stimulation
resulted in MAPK phosphorylation and promoted oligodendroglial
differentiation [72]. Moreover, p57kip2 nuclear exclusion and the
subsequent promotion of cell differentiation were found to occur in
an exportin 1 (CRM1) dependent manner [16]. And then, p38MAPK
activation has previously been associated with nuclear export of
different proteins such as E2F1, MAPK-activated protein kinase 5
(MK5), and NFAT, in all cases with the involvement of CRM1 [44�46].

Taken together, the here presented small scale library screening
revealed to be a sensitive and powerful method for the detection of
early promoters of the oligodendroglial cell differentiation process,
which nevertheless fostered long-lasting impacts such as myelin pro-
duction and axon wrapping. We applied a limited number of pharma-
cologically active compounds to primary oligodendroglia of three
different species, of different CNS origins and in different environ-
ments thus looking for conserved molecular mechanisms. This alter-
native screening, particularly the short-term read-out based on
protein translocation, proved to be applicable and successful, which
is why application to larger compound libraries is suggested. Our
findings on parbendazole and danazol are of great interest when it
comes to white matter repair, particularly in light of them also being
active in human oligodendroglial cells. Nevertheless, it must be con-
sidered that these hit compounds may only act as leading substances
of which derivates shall be developed and tested.
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