Received: 25 March 2019

Revised: 10 September 2019

Accepted: 11 September 2019

DOI: 10.1002/glia.23724

RESEARCH ARTICLE

WILEY

Heterogeneous fate choice of genetically modulated adult
neural stem cells in gray and white matter of the central

nervous system

Felix Beyer?
Janos Groh?

Laura Reiche! | Martina Cantone® | Julio Vera®

| Janusz Jadasz?!

| Iria Samper Agrelo! | Jessica Schira-Heinen! |

| Anastasia Manousi® | Christine Bitermann® | Veronica Estrada® |

| Francesca Vigano? |

Leda Dimou® | Hans Werner Miiller! | Hans-Peter Hartung® | Patrick Kiiry?

*Department of Neurology, Medical Faculty,
Heinrich-Heine-University Dusseldorf,
Dusseldorf, Germany

2Department of Neurology, Developmental
Neurobiology, University Hospital Wiirzburg,
Wirzburg, Germany

3Laboratory of Systems Tumor Immunology,
Department of Dermatology,
Universitatsklinikum Erlangen, Erlangen,
Germany

4Physiological Genomics, Institute of
Physiology, Ludwig-Maximilians Universitat
Miinchen, Miinchen, Germany

Correspondence

Patrick Kiiry, Neuroregeneration Laboratory,
Department of Neurology, Heinrich-Heine-
University, MoorenstraBe 5, D-40225
Dusseldorf, Germany.

Email: kuery@uni-duesseldorf.de

Present address

Martina Cantone, Faculty of Mechanical
Engineering, Specialty Division for Systems
Biotechnology, Technische Universitat
Miinchen, Miinchen, Germany

Present address

Leda Dimou, Molecular and Translational
Neuroscience, Department of Neurology, Ulm
University, Ulm, Germany.

Funding information

Walter and llse Rose Foundation; Peek &
Cloppenburg Dusseldorf Stiftung;
Stifterverband/Novartisstiftung; iBrain; DMSG
Ortsvereinigung Dusseldorf und Umgebung e.
V.; Christiane and Claudia Hempel Foundation;
Deutsche Forschungsgemeinschaft, Grant/
Award Numbers: KU1934/5-1, KU1934/2-1

Abstract

Apart from dedicated oligodendroglial progenitor cells, adult neural stem cells
(aNSCs) can also give rise to new oligodendrocytes in the adult central nervous
system (CNS). This process mainly confers myelinating glial cell replacement in patho-
logical situations and can hence contribute to glial heterogeneity. Our previous stud-
ies demonstrated that the p57kip2 gene encodes an intrinsic regulator of glial fate
acquisition and we here investigated to what degree its modulation can affect stem
cell-dependent oligodendrogenesis in different CNS environments. We therefore
transplanted p57kip2 knockdown aNSCs into white and gray matter (WM and
GM) regions of the mouse brain, into uninjured spinal cords as well as in the vicinity
of spinal cord injuries and evaluated integration and differentiation in vivo. Our
experiments revealed that under healthy conditions intrinsic suppression of p57kip2
as well as WM localization promote differentiation toward myelinating oligodendro-
cytes at the expense of astrocyte generation. Moreover, p57kip2 knockdown con-
ferred a strong benefit on cell survival augmenting net oligodendrocyte generation.
In the vicinity of hemisectioned spinal cords, the gene knockdown led to a similar
induction of oligodendroglial features; however, newly generated oligodendrocytes
appeared to suffer more from the hostile environment. This study contributes to our
understanding of mechanisms of adult oligodendrogenesis and glial heterogeneity
and further reveals critical factors when considering aNSC mediated cell replacement

in injury and disease.
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1 | BACKGROUND

Heterogeneity among oligodendroglial progenitor cells (OPCs)
has previously been related to their gray (GM) or white matter
(WM) localization in the central nervous system (CNS; (Lentferink,
Jongsma, Werkman, & Baron, 2018; Vigano, Mobius, Gotz, & Dimou,
2013)). Based on single cell sequencing data, this information has
recently been expanded describing regional differences among oligo-
dendroglial cells (Marques et al., 2016) as well toward disease-specific
lineages upon demyelination (Falcao et al., 2018; Jakel et al., 2019).
Moreover, new reports point to an additional contribution to myelin
repair in the adult CNS from partially lesioned oligodendrocytes
(Duncan et al., 2018; Yeung et al., 2019). Besides GM and WM struc-
tures, the subventricular zone (SVZ), one of the stem cell niches of the
adult brain, represents yet another source for myelinating cells, thus
possibly contributing to glial heterogeneity. Adult self-renewing,
multipotent neural stem cells (adult neural stem cells [aNSCs]) mainly
generate neuroblasts which eventually differentiate into mature neu-
rons of the olfactory bulb or the striatum (Bond, Ming, & Song, 2015;
Lim & Alvarez-Buylla, 2016) but were also shown to give rise to new
oligodendroglial cells in the corpus callosum following demyelinating
events (Brousse, Magalon, Durbec, & Cayre, 2015; Menn et al., 2006;
Nait-Oumesmar et al., 1999; Nait-Oumesmar et al., 2007; Picard-Riera
et al., 2002; Xing et al., 2014). Signals responsible for neuronal versus
glial progeny decisions remain yet to be identified but a number of
factors were shown to either inhibit or promote stem cell-dependent
oligodendrogenesis (Akkermann, Beyer, & Kiiry, 2017). In addition, bio-
informatics analysis predicts the existence of a number of unexploited
signaling pathways acting on niche cells (Azim et al., 2018). Neverthe-
less, a detailed knowledge about intrinsic regulators and extrinsic influ-
ences is needed in order to understand whether and how neural stem
cells can be exploited for robust oligodendrocyte replacement, as
warranted by WM loss observed in many neuropathologies. It also
remains to be shown to what degree activation of endogenous stem/
progenitor cells versus supply of exogenous cells (transplantation) is
applicable and whether generated cell derivatives correspond to fully
myelinating oligodendrocytes or are alike cells only. Likewise, little is
known about the influence of regional differences (GM and WM) as
well as of an injury environment on transplanted aNSCs. As previous
stem cell transplantation studies revealed poor fate directing properties
when NSCs were, for example, instructed to differentiate into neurons
prior to transplantation (Koutsoudaki et al., 2016) or when cells over-
expressed IGF-1 (Miltiadous et al., 2013), this supports a potential dom-
inant effect of the host tissue.

The p57kip2/cdknlc gene encodes one of the intrinsic regulators
involved in oligodendroglial cell fate acquisition. We previously dem-
onstrated that short-hairpin RNA (shRNA) mediated suppression of
this gene in rat aNSCs, derived from the subgranular zone and SVZ
stem cell niches, induces oligodendroglial features at the expense of
astrocyte generation, notably despite the presence of strong astro-
genic cues (Jadasz et al., 2012). In addition, there is evidence for a

differential expression of p57kip2 along SVZ subregions correlating

with variations in the extent of oligodendrocyte progeny generation
(Akkermann et al., 2017). In the current study, we investigated
whether this intrinsic fate modulation leads to the same degree of
oligodendrocyte formation following aNSC transplantation into different
healthy brain and spinal cord regions and whether it can also dominate
over factors emanating from a hostile, pathophysiological environment.
To this end, genetically modulated aNSCs were transplanted into cortex
(GM) and corpus callosum (WM), GM and WM of the spinal cord as well
as in the vicinity of acutely lesioned spinal cords in order to investigate
differential instructive signals influencing survival, tissue integration, and
oligodendroglial differentiation. While we show that also in mouse,
SVZ-derived aNSCs p57kip2 knockdown generally induces an oligoden-
droglial fate we nevertheless detected remarkable differences between
WM and GM grafted cells as well as a differential impact from the
injury environment on grafted cell survival. Taken together, our results
uncover heterogeneous oligodendroglial fate determining and matura-

tion effects mediated by extrinsic and intrinsic regulators.

2 | MATERIAL AND METHODS

2.1 | Animals

Female mice (C57BI/6) and rats (RjHan:W) were used as host animals
in order to avoid possible gender dependent heterogeneity. All
rodents were housed in a pathogen-free facility with 12 hr light/dark
cycle and supplied with food/water ad libitum. Transplantation experi-
ments into wildtype mice and rats were all approved by the LANUV
(Landesamt fir Natur, Umwelt und Verbraucherschutz Nordrhein-
Westfalen; Az.: 84-02.04.2015.A239; Az.. 84-02.04.2015.A525) and
carried out in accordance with ethical care. For the preparation of adult
mouse NSCs from wildtype C57BI/6 or transgenic (NesCreERT2:
tdTomato) mice 3 month old female animals were used. Please note
that NesCreERT2::tdTomato mice were received by introducing an
inducible tdTomato cassette (Gt(ROSA)26Sor locus; for further detail,
please see Jackson Laboratory stock No. 007914) into NesCreERT2
mice (Imayoshi, Ohtsuka, Metzger, Chambon, & Kageyama, 2006). Rat
aNSCs were prepared from 8 to 10 week old female Wistar rats.

2.2 | Adult mouse and rat neural stem cell culture
and transfection

Preparation of aNSCs was conducted using adult mouse and rat SVZs
as previously described (Jadasz et al, 2012; Jadasz et al., 2018).
Briefly, isoflurane anesthetized animals were killed by decapitation
and after removal of the brains SVZ of both hemispheres were pre-
pared, mechanically digested and transferred to 4°C phosphate buff-
ered saline (PBS; D8537; Sigma-Aldrich, Taufkirchen, Germany). After
washing in PBS, cells were enzymatically digested in PDD solution
containing papain (0.01%, Worthington Biochemicals, Lakewood, CA),
Dispase Il (0.1%, Boehringer, Ingelheim, Germany), DNase | (0.01%,
Worthington Biochemicals), and 12.4 mM MgS04, dissolved in HBSS
(PAA Laboratories) for 30 min at 37°C with trituration steps every

10 minutes. After additional washing steps in neurobasal (NB) medium
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(Gibco BRL, Karlsruhe, Germany) supplemented with B27 (Gibco),
2 mM L-glutamine (Gibco), 100 U/mL penicillin/0.1 mg/L streptomycin
(Gibco) and centrifugation at 140 rcf for 5 min, cells were resuspended
in NB medium supplemented with 2 mg/mL heparin (Sigma-Aldrich),
20 ng/mL FGF-2 (R&D Systems, Wiesbaden-Nordenstadt, Germany),
and 20 ng/mL EGF (R&D Systems) from here on referred to as NBall
medium. Cells were seeded at 1 x 10° cells in one T75 culture flask in
10 mL NBall medium and cultured for 7 days at 37°C in a humidified
incubator with 5% CO,. The medium was exchanged twice a week and
on Day 7 cells were passaged using accutase (PAA Laboratories) for
separation (10 min at 37°C). Mouse and rat aNSCs were dispersed
using an accutase step and subjected to nucleofection using a Lonza
nucleofection device and the adult mouse NSC nucleofector kit (Lonza,
Basel, Switzerland) as described before (Jadasz et al., 2018). Briefly,
4 x 10° cells were transfected using the program A-033 (high effi-
ciency) resuspended in 100 pL nucleofection solution and 10 ug plas-
mid DNA. Nucleofections were performed using constructs pPSUPER
(“ctrl”; empty vector control) and pSUPER-p57kip2 (“p57-KD”; suppres-
sion of p57kip2) and for visualization of transfected cells a citrine
expression vector was cotransfected at a ratio of 5:1 all as published
previously (Heinen et al., 2008; Jadasz et al., 2012; Kremer et al., 2009).
Transfected cells were plated on poly-L-ornithine/laminin (100 and
5 pg/mL; Sigma-Aldrich) coated and acid pretreated 13 mm glass cover
slips (8 x 10* cells/coverslip) for 24 hr in NBall medium before chang-
ing to astrocyte fate stimulating medium (Minimum Essential Medium
Alpha (a-MEM) supplemented with 10% fetal calf serum (FCS)). For
in vitro quantitative real-time reverse transcription PCR (QRT-PCR) anal-
ysis, transfected cells were first cultured in 10 mL NBall medium for 24 hr
in T75 flasks. Prior to fluorescent activated cell sorting (Jadasz et al.,
2012), cells were gently washed from the flasks, treated for 5 min with
accutase, washed with PBS containing 2 mM ethylenediaminetetraacetic
acid, and subsequently sorted by means of citrine expression. Sorted cells
were plated on 13 mm glass cover slips and cultured in «-MEM + 10%
FCS medium. For in vivo transplantation experiments, cells (derived from
transgenic tdTomato-positive mice or from wildtype rats) were transfected

as described above 1 hour prior to grafting.

2.3 | Immunocytochemistry

a-MEM + 10% FCS cultured mouse aNSCs were fixed after 4 or
7 days using 4% paraformaldehyde (PFA) and stained for the detec-
tion of marker proteins as previously described (Jadasz et al., 2018)
using the following antibodies: rabbit anti-neural/glial antigen 2 (NG2;
1:100, AB5320, Millipore, RRID: AB_11213678), rabbit anti-glutathi-
one-S-transferase-n (GSTx; 1:500, ADI-MSA-101, ENZO, RRID:
AB_10615079) and rabbit anti-glial fibrillary acidic protein (GFAP;
1:4000, Z0334, DAKO, RRID: AB_10013382). Primary antibodies were
incubated at 4°C overnight, followed by three washing steps (1x PBS)
and incubation with the secondary antibody (goat anti-rabbit Alexa 594;
1:500; A-11037, Thermo Fisher Scientific, RRID: AB_2534095) in PBS
(supplemented with 4,6-diamidin-2-phenylindol [DAPI]) at room tem-
perature (RT) for 30 min. Images were taken using a Zeiss Axioplan2

microscope and analyzed using the ImageJ BioVoxxel software.

2.4 | Gene expression analysis

Transfected and sorted mouse aNSCs were lysed after 7 days
using 350 uL RLT lysis buffer (Qiagen) supplemented with
B-mercaptoethanol (1:100, Sigma). Total RNA purification, cDNA
synthesis, and gRT-PCR were performed as previously described
(Jadasz et al., 2012). For sequence detection, the following forward
(fwd) and reverse (rev) primers were used, with TBP and ODC serv-
ing as reference genes:

TBP_fwd: AGAATAAGAGAGCCACGGACAACT, TBP_rev: TGGCT
CCTGTGCACACCAT; ODC_fwd: GGTTCCAGAGGCCAAACATC,
ODC_rev: GTTGCCACATTGACCGTGAC; p57kip2_fwd: CCGAC
TGAGAGCAAGCGAAC, p57kip2_rev: ATTGGTGATGGACGGCTCCT;
NG2_fwd: ACGATCCACCTCGCATCATC, NG2_rev: GTTCCACA
GGGACACCAGAG; GSTrn_fwd: CATGCCACCATACACCATTGTC,
GSTn_rev: CATTCGCATGGCCTCCA; nestin_fwd: AGCCATTGTGGT
CTACGGAAGT, nestin _rev: TCCACACACCCCAGTGGTT; Hes5_fwd:
TGCAGGAGGCGGTACAGTTG, Hes5_rev: GCTGGAAGTGGTAAG
CAGCTT; GFAP_fwd: CCAGCTTCGAGCCAAGAA, GFAP_rev:
GAAGCTCCGCCTGGTAGACA; AQP4_fwd: TCCTGATGTGGAGCTCA
AACG, AQP4_rev: GCTGCGCGGCTT TGC; Sox2_fwd: CCAGCGCAT
GGACAGCTA, Sox2_rev: GCTGCTCCTGCATCATGCT.

2.5 | Stereotactic transplantation into GM and WM
of the mouse brain

Then, 1 hr prior to transplantation, mouse aNSCs were trans-
fected as described above and kept at RT in PBS. For transplanta-
tion into the mouse brain, cells were centrifuged for 5 min at
140 rcf and resuspended in PBS to a density of 1 x 10° cells/pL.
Recipient C57BI/6) mice were deeply anesthetized using iso-
flurane inhalation. Approximately 0.75 uL of the cell suspension
was injected in either the WM or GM of the somatosensory cor-
tex of (13-14 week old) mice according to Vigano et al. (2013).
Transplantations were performed with a Hamilton syringe (10 pL
Neuros Model 1701 RN, ga 33, L 0-20 mm) into the WM at
0.7 mm (anterior-posterior), +1 mm (medial-lateral), 2.1-1.8 mm
(dorsal-ventral) relative to the bregma and into the GM at
0.7 mm (anterioposterior), *1 mm (medial-lateral), 1.5-1.3 mm
(dorsal-ventral) relative to the bregma using a motorized robot
stereotaxic instrument and StereoDrive software (Neurostar).
Postoperative care comprised an analgesic treatment (RIMADYL,
Pfizer; 5 mg/kg) for 3 days starting on the day of operation. For
tissue removal, mice were deeply anesthetized with isoflurane
and transcardially perfused with 20 mL ice-cold PBS followed by
20 mL 4% PFA. Mouse brains were harvested and postfixed over-
night in 4% PFA at 4°C, followed by 24-48 hr cryoprotection in
30% sucrose (in PBS) at 4°C. Brains were embedded in Tissue-
Tek OCT (Sakura Finetek Europe, Netherlands), frozen, and stored
at —80°C until preparation of 10 pm sections using a cryostat
(Leica CM3050S). Sections were stored at —80°C.
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2.6 | Stereotactic transplantation into the intact and
hemisected rat spinal cord

Adult female rats were operated as previously described (Schira et al.,
2012) with slight modifications. Briefly, after dorsal hemisection at
thoracic level eight (Th8) using a Scouten wire knife (Bilaney), the dura
was sutured and then rat aNSC transplantation was performed using a
glass capillary, attached to a Small Animal Stereotaxic Instrument
(David Kopf Instruments), at 2 mm rostral and 2 mm caudal to the
lesion, 0.1 mm lateral to the midline and 1.1 mm (for GM) or 0.7 mm
(for WM) dorsal-ventral from the dural surface. For the transplantation
of aNSCs into the intact spinal cord, no hemisection was performed but
cells were implanted at the same coordinates as previously mentioned.
At each transplantation site 2 pL containing 1 x 10° either control
transfected (ctrl; empty vector) or p57kip2-suppressed (p57-KD) cells
in PBS were injected slowly within 4 min. Cells were transfected
60 min prior to grafting and for cell detection a citrine expression vec-
tor was cotransfected as indicated above. Please note that for both
conditions, control and p57-KD, transfection efficiency was comparably
high (Supplementary Figure 2). Postoperative care included prophylac-
tic oral antibiotic treatment (Baytril, Bayer Health Care; 0.4 mL/kg) and
manual bladder expression for 1 week. Further to this, rats received
an analgesic treatment (RIMADYL, Pfizer; 5 mg/kg) for 3 days starting
on the day of operation. Seven days postoperation, animals were
transcardially perfused. Rats were deeply anesthetized using a mixed
solution containing Ketamine (100 mg/kg body weight) and xylazine
(10 mg/kg body weight) and transcardially perfused with 200 mL 4°C
PBS followed by 400 mL 4% PFA. Spinal cords were harvested and
postfixed overnight in 4% PFA at 4°C, followed by 24-48 hr
cryoprotection in 30% sucrose (in PBS) at 4°C. Spinal cords were then
embedded in Tissue-Tek OCT (Sakura Finetek Europe), frozen, and
stored at —30°C until preparation of 10 um sections using a cryostat
(Leica, CM3050S). Sections were stored at —30°C.

2.7 | Immunohistochemistry

Brain and spinal cord sections were thawed and left to dry for at least
15 min at RT. Before blocking, sections were rehydrated for 5 min in
distilled water, transferred to —20°C acetone (5 min), and washed in
1x TBS (pH 7.6) and 1x TBS-T (TBS containing 0.02% Triton) for 5 min
each. Blocking was performed with 5-10% biotin-free bovine serum
albumin (BSA; in TBS-T) for 30 min at RT, followed by application of the
following antibodies (in 5-10% BSA in TBS) and incubation overnight:
rabbit anti-NG2 (1:100; MAB5320; Millipore, RRID: AB_11213678; RT),
rabbit anti-sex determining region Y-Box 10 (Sox10; 1:100, $1058C002,
DCS Immunoline, RRID: AB_2313583; RT), rabbit anti-GFAP (1:10,000;
Z0334, DAKO, RRID: AB_10013382; 4°C), goat anti-doublecortin (Dcx;
1:100, sc-8066, Santa Cruz, RRID: AB_2088494; 4°C), rabbit anti-GSTx
(1:4,000; ADI-MSA-101, ENZO, RRID: AB_10615079; 4°C), mouse anti-
2',3'-cyclic-nucleotide 3'-phosphodiesterase (CNPase; 1:5,000, 836,402,
Biolegend, RRID: AB_2565362; 4°C), rat anti-myelin basic protein (MBP;
1:500, MCA409S, BioRad, RRID: AB_325004; 4°C), rabbit anti-NeuN
(1:500; ab177487, Abcam, RRID: AB_2532109; 4°C), mouse anti-myelin

oligodendrocytes glycoprotein (MOG; 1:500, MAB5680, Millipore, RRID:
AB_1587278; 4°C), and chicken anti-green fluorescent protein/citrine
(1:500-2,000; GFP-1020, Aves, RRID: AB_10000240; 4°C or RT). Sec-
tions were washed two times for 7.5 min in TBS and incubated with the
species-appropriate fluorochrome-conjugated secondary antibody (1:500
in PBS) for 30 min at RT: donkey anti-chicken Alexa 488 (703-545-155,
Jackson Immuno Research Labs, RRID: AB_2340375), donkey anti-goat
Alexa 647 (A-21447, Thermo Fisher Scientific, RRID: AB_2535864),
goat anti-chicken Alexa 488 (A-11039, Thermo Fisher Scientific, RRID:
AB_2534096), goat anti-rabbit Alexa 405 (A-31556, Thermo Fisher
Scientific, RRID: AB_221605), goat anti-mouse Alexa 647 (A-32728,
Thermo Fisher Scientific, RRID: AB_2633277), goat anti-rat Alexa
647 (A-21247, Thermo Fisher Scientific, RRID: AB_141778), goat
anti-rabbit Alexa 594 (A-11037, Thermo Fisher Scientific, RRID:
AB_2534095), and DAPI or RedDot 2 (Biotium, Cat.#: 40061). Images
were taken using a Zeiss CLSM microscope 510 (CLSM 510, Zeiss,

Jena, Germany) and analyzed using the ImageJ BioVoxxel software.

2.8 | Histological cell quantification

Immunohistochemical staining was done on brain sections of the
corresponding centers of transplantation (on average, 25 sections per
marker per time point were analyzed). Fluorescently marked cells
were counted on each picture/section leading to an average value for
each animal. Observed cell numbers are represented by the area of an
individual circle (Figure 3). For quantification of cell numbers in spinal
cord, transplantation experiments corresponding centers of transplan-
tation were used and 14-24 sections encompassing the transplanta-
tion zone per animal were analyzed. After calculating the mean
number of citrine-positive cells per section, this number was then
multiplied with the total number of sections containing citrine-
positive cells (between 40 and 65 sections per animal) to indicate total

numbers of surviving cells in the spinal cord.

2.9 | Immunoelectron microscopy

For immunoelectron microscopy, mice were perfused with 4% PFA in
cacodylate buffer, brains were dissected and postfixed overnight.
Brains were embedded in 6% agarose in cacodylate buffer, and
50-pm-thick coronal sections were cut in PBS using a microtome
(Microm HM 650 V, Thermo Fisher Scientific). Free-floating sections
were blocked with 1% BSA in PBS and incubated with 0.1 M NalO3 in
PBS and subsequently in 5% dimethyl sulfoxide in PBS. Sections were
incubated with rabbit anti-GFP antibody (1:100; AB3080, Millipore,
RRID:AB_91337) in 1% BSA in PBS overnight at 4°C and immune reac-
tions were subsequently visualized using a biotinylated secondary anti-
body (biotinylated goat anti-rabbit IgG; 1:50; BA-1000, Vector, RRID:
AB_2313606) and streptavidin-biotin-peroxidase (PK-6100, Vector
Laboratories, RRID:AB_2336819) complex using diaminobenzidine-HCI
(SK-4105, Vector Laboratories, RRID:AB_2336520) and H,O,. After
diaminobenzidine staining, appropriate regions of the corpus callosum
were cut, the sections were osmicated and processed for light and elec-

tron microscopy by dehydration and embedding in Spurr's medium.
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Ultrathin sections (70 nm) were mounted to copper grids, counter-
stained with lead citrate, and investigated using a ProScan Slow Scan
CCD camera mounted to a Leo 906 E electron microscope (Zeiss) and

corresponding software iTEM (Soft Imaging System).

2.10 | Statistical analysis

Statistical analyses and graphs were done using Excel and Graph-Pad
Prism 5.0 software. To determine statistical significance in graphs with
more than two conditions, ordinary (not repeated measures) two-way
analysis of variance with Bonferroni posttest was applied. For datasets
with two conditions, Student's two-sided, unpaired t test was applied.
Statistical significance thresholds were set as follows: *p < .05; **p < .01;

##kp < 001. All data are shown as mean values + SEM and “n” represents

the number of independent experiments performed.

3 | RESULTS

3.1 | p57kip2 gene suppression leads to
oligodendroglial fate acquisition in cultured aNSCs

The p57kip2/cdknlc gene has previously been shown to encode a
negative regulator of Schwann cell and oligodendroglial precursor cell
differentiation (Heinen et al., 2008; Kremer et al., 2009). Moreover, we

demonstrated that enforced downregulation of p57kip2 expression

leads to accumulation of oligodendroglial features and markers in rat
hippocampus-derived aNSCs (Jadasz et al., 2012). Please note that in
this previous publication, we demonstrated that p57kip2 suppression
induces a moderate survival benefit in aNSCs and that it also slightly
promoted their proliferation. In order to prepare in vivo stem cell matu-
ration studies, we conducted a series of experiments using cultured
adult mouse SVZ-derived NSCs. To assess whether p57kip2 gene sup-
pression also instructs an oligodendroglial fate in mouse aNSCs, we
transfected them with a p57kip2 specific shRNA generating vector
(p57-KD; Heinen et al., 2008; Jadasz et al., 2012; Kremer et al., 2009).
Control cells were transfected with an empty expression vector and for
identification of transfected cells, a citrine-encoding construct was
cotransfected. Transfected cells were fluorescence-activated cell sorted
by means of their citrine expression (Jadasz et al., 2012) 1 day following
transfection and subsequently cultured in an astroglial fate promoting
medium as described previously (Jadasz et al., 2012; Jadasz et al.,
2018). Seven days following transfection, transcript levels were mea-
sured and suppression of p57kip2 was confirmed (Figure 1a). This was
accompanied by an increased gene expression of NG2 (oligodendroglial
precursor marker; Figure 1b) and of the mature oligodendrocyte marker
GSTr (Figure 1c). At the same time, the expression of the negative reg-
ulator of oligodendroglial differentiation Hes5, of astroglial GFAP and
aquaporin-4 (AQP4) and of stem cell markers nestin and Sox2 was
decreased (Figure 1d-h). For validation of RNA expression, immunocy-
tochemical staining using antibodies directed against NG2 (4d), GST=
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FIGURE 1 Increased oligodendroglial gene expression in adult NSCs following suppression of p57kip2. gRT-PCR of FACS-sorted aNSCs

7 days following shRNA-mediated suppression of p57kip2 (p57-KD; gray bars) revealed p57kip2 transcript level reduction (a) compared to control
transfected cells (ctrl; black bars). This led to an increased expression of early (NG2; b) as well as of mature oligodendroglial marker genes (GSTx;
c). The increase in oligodendroglial gene expression was accompanied by a decreased expression of stem cell genes nestin (d) and Sox2 (h), of the
oligodendroglial differentiation inhibitor Hes5 (e), and of the astrocytic marker genes GFAP (f) and AQP4 (g). Data are shown as mean values,
error bars represent SEM. Number of independent experiments: n = 3 for (b,g), n = 4 for (d), n = 5 for (c,h,f), and n = 6 for (a,e). Statistical
significance was calculated using Student's two-sided, unpaired t test: *p < .05; **p < .01; ***p < .001. aNSCs, adult neural stem cells; FACS,
fluorescent activated cell sorting; GFAP, glial fibrillary acidic protein; GSTr, glutathione-S-transferase-n; qRT-PCR, quantitative real-time reverse
transcription PCR; shRNA, short-hairpin RNA
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(7d), and GFAP (7d) were performed. Only transfected cells (marked by
citrine expression) were scored and quantification confirmed increased
oligodendroglial identities at the expense of GFAP expression in
p57kip2 suppressed aNSCs (Figure 2).

Having established that transfection of the p57kip2 suppression
vector confers an oligodendroglial fate on mouse SVZ-derived aNSCs
as compared to control transfected cells (ctrl), we next investigated
how to accomplish in vivo transplantation experiments with the
lowest degree of technical variance among different host animals and
surgeries. We therefore examined whether SVZ-derived aNSCs from
transgenic tdTomato expressing mice (driven by nestin promoter
(Imayoshi et al., 2006)) showed similar (p57kip2 dependent) properties
in terms of oligodendroglial fate choice as nontransgenic transfected
cells. For this purpose, we used a transgenic reporter mouse line in
which the tdTomato expression was observed in approximately 50%
of the cultured aNSCs (data not shown) as additional source for the
preparation of SVZ aNSCs. Transfection of the p57kip2 suppression

FIGURE 2 Suppression of
p57kip2 in adult NSCs induces
oligodendroglial protein
expression. Immunocytochemical
304 analysis of p57kip2 suppressed
(p57-KD; gray bars) and control
204 transfected aNSCs (ctrl; black
bars) for the oligodendroglial
precursor marker NG2 after
101 4 days (a-c), for the mature
oligodendrocyte protein GSTx
0- after 7 days (d-f) and for GFAP
4d after 7 days (g-i). Note that only

transfected cells (citrine-positive)
were analyzed. Arrows in
representative images point
toward double positive (citrine/
604 corresponding marker protein)
cells. Scale bar in (h): 200 um.
40- Data are shown as mean values,
error bars represent SEM.
Number of independent
experiments: n = 3. Statistical
significance was calculated using
Student's two-sided, unpaired
d t test: *p < .05; **p < .01;

##kp < 001. aNSCs, adult neural

stem cells; CNS, central nervous
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vector/citrine vector combination reproducibly resulted in a third of
cells being citrine-positive (of which 50% were also tdTomato-positive),
hence with knocked down p57kip2 levels, whereas another third of
cells was tdTomato-positive only. In our in vivo approaches, we then
strictly compared green to red-only cells in order to have a site-by-site
comparison of p57kip2 suppressed compared to control aNSCs.
Note that cultured nontransfected/wildtype aNSCs, control-transfected/
wildtype aNSCs and nontransfected/tdTom-positive (transgenic) aNSCs
showed the same astroglial and oligodendroglial protein marker expres-
sion dynamics (Supplementary Figure 1). Inmunocytochemistry revealed
that the degree of nestin positivity was the same (100%) in both, wil-
dtype and tdTom-positive, stem cell populations. In addition, GFAP,
GSTx, and Hes5 gene expression analysis revealed the same p57-KD-
dependent expression dynamics as shown for transfected wildtype
aNSCs (Supplementary Figure 3). We also transplanted this cell popula-
tion onto myelinating cocultures (Géttle et al., 2015; Géttle et al., 2018)

in order to provide an as much as possible physiological ex vivo
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environment. These experiments revealed that suppression of p57kip2-
induced Sox10 expression, a marker expressed in the whole oligoden-
drocytic lineage, in transgenic (tdTomato-positive) aNSCs from 14.63%
+ 0.84% to 30.37% + 2.17% which was to a similar degree as when con-
trol transfected wildtype aNSCs were compared to p57-KD transfected
wildtype aNSCs (data not shown). This provided strong evidence that a
direct assessment of citrine-positive (p57-KD) versus tdTomato-only-
positive (ctrl) cells perfectly reflects the differences as previously seen
when p57-KD transfected cells were compared to control transfected
cells. This constitutes an important aspect as we aimed at comparing
cell fates upon modulation of p57kip2 expression in each individual
host animal in situ, hence with a minimum of variation arising from the

use of different mice or injection sites.

3.2 | p57kip2 suppressed aNSCs show survival
advantage in both, GM and WM

As a next step, transgenic (tdTomato-positive) aNSCs transfected with
the p57-KD/citrine vector combination were transplanted into
13-14 week old mouse brains. Coordinates were chosen according to
a previous study challenging the fate of grafted OPCs (Vigano et al.,

| | | y)a | .
I I | 7”7 ] 4
4 dpt 14 dpt 42 dpt
(b) o
GM —»
T*r?=6,16 w12 =425 T*r? =251
(c) p
WM —»
m*7r?=5090 mx7r? =385 Txr? =411

FIGURE 3 WM tissue and suppression of p57kip2 support
survival of transplanted adult NSCs. (a) aNSC transplantation set up
into GM or WM (GM, WM) and time points (ctrl: tdTomato-only-
positive nontransfected cells; p57-KD: citrine-positive p57kip2
suppressed cells). Grafting into GM (b) and WM (c) of young adult
mouse brains. Brains were analyzed 4, 14, or 42 days
posttransplantation (dpt). (b,c) Area (A = zr?) of pies represent the
average cell count per field of view following all immunohistochemical
analyses for each time point and tissue (GM vs. WM). Average
survival rates of p57-KD cells (green) and ctrl cells (red) are given in
percent within each pie. aNSCs, adult neural stem cells; GM, gray
matter; WM, white matter [Color figure can be viewed at
wileyonlinelibrary.com]

2013) and modulated aNSCs were either implanted into WM or GM
regions (corpus callosum and neocortex, respectively). Note that every
graft was composed of tdTomato-only-positive control cells and
of cells with downregulated p57kip2 expression (citrine-positive).
Counting the number of fluorescent cells at 4, 14, and 42 days post-
transplantation (dpt) revealed differences in cell survival rates
depending on the genetic modulation and site of transplantation
(as presented as pie charts in Figure 3). Overall, p57kip2 suppressed
aNSCs showed greater survival rates as compared to control cells in
both GM and WM, and at all time points examined. Such an increased
survival upon p57kip2 knockdown, despite the fact that these cells
underwent nucleofection, suggests that gene suppression or the sub-
sequently induced oligodendroglial fate acquisition confer a survival
benefit. Over time, a modest decline in surviving cell numbers was
observed which was less prominent in WM as compared to GM (com-
pare Figure 3c to b). Furthermore, the survival benefit of p57-KD cells
appeared to increase over time. Importantly, because cell counts were
not generated by means of a longitudinal analysis but derived by
examining tissues from different cohorts of grafted mice, a direct
comparison in numbers is only possible between GM and WM at a
single time point but not within a given tissue between different time
points. Nevertheless, using the here presented grafting procedure, we
were able to reproducibly generate mice with implanted, genetically
modified cells over a period of up to 6 weeks, thus allowing detailed

analysis of maturation in vivo and tissue integration.

3.3 | WM signals and suppression of p57kip2
promote oligodendroglial fate choice

In order to determine the impact of a modulated p57kip2 expression
in addition to GM versus WM environmental cues on fate acquisition
of adult NSCs, brain sections (4, 14, and 42 dpt) were subjected to
immunofluorescent staining (Figures 4 and 5). Quantitative analysis
revealed that at 4 dpt Sox10 protein could only be detected in
WM implanted cells or in GM implanted cells when they were
p57kip2 suppressed (Figure 4b-d””)l). In the WM, the number of
Sox10-positive cells was further increased by p57kip2 knockdown.
A similar induction of NG2 positivity was observed in response to
p57kip2 suppression at 4 dpt in both tissues (Figure 4e-g””,m). Note
that at this stage, both tissues featured comparable numbers of
implanted cells as represented by the pie charts in Figure 3. Concom-
itantly, the expression of GFAP was significantly decreased due to
the p57kip2 knockdown at 4 dpt, whereas levels were generally
lower in the WM (Figure 4h-i"",n). To test for a possible early neu-
ronal fate, brain sections were stained using an antibody directed
against the neuroblast marker Dcx. Neither suppression of p57kip2
nor tissue specific effects led to significant differences in the ratio
of transplanted aNSC-derived neuroblasts (Figure 4j-k””,0).

We next examined expression of the mature oligodendrocyte
marker GSTr among transplanted aNSCs at 14 dpt (Figure 5b-e).
Generally, GSTr was found to be expressed in more cells transplanted
into the WM, we nevertheless observed a robust and significant

induction in response to the p57kip2 knockdown. On the other hand,
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FIGURE 4 Conferring an oligodendroglial fate to adult NSCs in vivo
following suppression of p57kip2 and transplantation into WM tissue.
(a) aNSC transplantation set up into GM or WM, time point, and
examined marker proteins (ctrl: tdTomato-only-positive nontransfected
cells; p57-KD: citrine-positive p57kip2 suppressed cells). (b-0)
Immunohistochemical analysis for Sox10, NG2, GFAP, and Dcx was
performed 4 days posttransplantation to reveal early fate choices of
transplanted aNSCs. While oligodendroglial and astroglial marker protein
expression correlate inversely, expression of Dcx showed neither tissue

at this time point, reduction in GFAP-positivity was more pronounced
among WM implanted cells (Figure 5f). Finally, in order to test for
functional integration including stem cell-derived myelin protein
expression and the establishment of myelin sheaths, transplanted cells
were analyzed at 42 dpt, mainly focusing on WM. We examined to
what degree p57kip2 knockdown also confers a benefit in myelination
when cells were exposed to axons in vivo. Moreover, we also wanted
to address the question whether aNSCs after being cultured for sev-
eral passages in vitro still have the potential to fully differentiate into
myelinating oligodendrocytes following transplantation. Brain sections
were subjected to immunofluorescent staining using antibodies
against myelin proteins CNPase, MBP, and MOG. In WM, a strong
increase in the degree of myelin protein expressing cells was detected
in response to the long-term p57kip2 knockdown (Figure 5g-j). Note
that a comparison between GM and WM, which was conducted using
MOG stained cells, revealed that p57kip2 suppression boosts myelin
expression in both tissues (Figure 5j). Furthermore, overall induction
levels were higher in WM and together with the fact that at this time
point significantly more p57kip2-suppressed cells survived in WM as
compared to GM (see Figure 3), the overall yield in mature myelinating
oligodendrocytes was severely elevated in this condition. These cells
also displayed multiple myelin positive cell extensions morphologically
resembling mature oligodendrocytes (Figure 5g-g'’; i-iv). An initial
qualitative electron microscopic analysis further confirmed that pro-
cesses of transplanted p57kip2-suppressed cells, identified by means of
electron dense phenazine precipitates derived from anti-citrine immu-
nohistochemical detection, were indeed found in direct proximity to
myelin sheaths around corpus callosum axons. These myelinating
extensions are therefore likely to derive from transplanted aNSC-
derived oligodendrocytes (Figure 5k-m). The degree of actively
myelinating cells out of the pool of p57kip2 suppressed cells, over time
as well as in relation to their integration sites, should be determined in
upcoming studies.

3.4 | Stem cell-derived oligodendrogenesis in the
spinal cord

In order to test whether the observed pro-oligodendroglial behavior
of modulated stem cells is maintained under hostile conditions, aNSCs
were transplanted into the lesioned spinal cord. For practical reasons,

rat spinal cord hemisection characterized by a profound local lesion

nor p57kip2-dependent changes. Inserts in (c-c””) and (f-f"”) correspond
to blow-ups in (d-d””) and (g-g"”), respectively. White arrows point
toward citrine- and Sox10-/NG2-/GFAP-/Dcx- double-positive cells,
respectively, while open arrows point toward tdTomato- and NG2-/
GFAP-/Dcx- double-positive cells, respectively. Scale bar in (c) for all
nonblow up pictures: 100 pm. Scale bar in (d) for all blow-ups: 20 pm.
Data are shown as mean values, error bars represent SEM. Number of
independent experiments: n = 5 animals per graft site. Statistical
significance was calculated using two-way ANOVA with Bonferroni
posttest: *p < .05; **p < .01. ANOVA, analysis of variance; aNSCs, adult
neural stem cells; GFAP, glial fibrillary acidic protein; GM, gray matter;
WM, white matter [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 Suppression of p57kip2 leads to an (a) GM

increased yield of adult NSC-derived myelinating CNPase
oligodendrocytes. (a) aNSC transplantation set up WM MBP

into GM or WM, time points and examined marker (f( ’?\73}& GSTm MO_G
proteins (ctrl: tdTomato-only-positive \\\v/&/;‘» GFAP electron microscopy
nontransfected cells; p57-KD: citrine-positive | | | L, | R
p57kip2 suppressed cells). (b-e) | | I 4 | g
Immunohistochemical analysis 14 days 4 dpt 14 dpt 42 dpt

posttransplantation revealed that the ratio of GSTxn

expressing cells was increased in WM and upon
p57kip2 suppression. (f) At the same time, less
transplanted aNSCs differentiated into GFAP
expressing astrocytes. Immunohistochemical
assessment of myelin protein expressing cells in the
corpus callosum 42 days after transplantation
revealed significant increases in CNPase- (h), MBP-
(g-g""), and MOG-positive cells (j) following p57kip2
suppression (green bars). Inserts in (c-c””) and (g"’)
correspond to blow-ups in (d-d””) and (i-iv),
respectively. White rectangles in (g"’) surround
MBP-positive processes of transplanted p57-KD
aNSC in the corpus callosum. White arrows point
toward citrine- and GSTx- (b-d"”) or MBP- (g-g"’)
double-positive cells. (k-m) Electron microscopy
images show that p57-KD cells after 42 days
posttransplantation exhibit anti-GFP staining-
derived electron dense precipitates in the cytoplasm
of myelinating extension (asterisks) and are in direct
proximity to myelinated axons (arrows) in the corpus
callosum. Data are shown as mean values, error bars
represent SEM. Number of independent
experiments: n = four animals per graft site for (e,f,j)
and n = three animals for (h,i). Statistical significance
was calculated using Student's two-sided, unpaired

t test (h,i) and using two-way ANOVA with
Bonferroni posttest (e,f,j): *p < .05; **p < .01; 100
wkp < 001. Scale bar in (¢””,g"’): 100 pm, scale bar 80
in (d””): 20 pm, scale bar in (iv): 25 pm, scale bar in ig M
(k,I): 1 pm, scale bar in (m): 500 nm. ANOVA, 20 i
analysis of variance; aNSCs, adult neural stem cells; 0 —

citrine (p57-KD)

% of positive cells

GFAP, glial fibrillary acidic protein; GM, gray matter; (I) MEP
GSTr, glutathione-S-transferase-n; MBP, myelin L1007
basic protein; WM, white matter [Color figure can B 80 ™
be viewed at wileyonlinelibrary.com] ?2 jg
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(an overview of such a lesion and citrine-positive transplanted cells
[green] is shown in Supplementary Figure 4) was chosen and SVZ-
derived rat aNSCs were used according to our previous study (Jadasz
et al.,, 2012). Here, either empty vector control transfected- (ctrl) or
p57kip2-suppressed (p57-KD) aNSCs were transplanted into GM and
WM rostral and caudal to the lesion site, immediately after spinal

cords were hemisectioned (Figure 6a). In contrast to our observations

p57-KD GSTn
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on mouse brain implanted stem cells, the average number of
transplanted and surviving cells in the lesioned spinal cord signifi-
cantly dropped in response to the p57kip2 knockdown at 7 dpt
(Figure 6b). Immunofluorescent staining revealed no difference in the
extent of Sox10-positivity in control cells between GM and WM and
a significantly increased degree of Sox10-positivity in p57-KD cells
transplanted into WM tracts (Figure 6c-h",i). The number of GSTx
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FIGURE 6 High vulnerability of aNSC-
derived oligodendroglial cells in the

spinal cord injury microenvironment.

(a) Hemisected rat spinal cord
transplantation set up, time point, and
examined marker proteins (ctrl: control
transfected cells [black bars]; p57-KD:
p57kip2 suppressed cells [gray bars]; both
populations marked by means of citrine
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cotransfection). (b) Cell survival was negatively
affected in the p57-KD aNSC population. (c-u)
Immunohistochemical analyses for Sox10,
GSTx, and GFAP 7 days posttransplantation.
Inserts in (d-d"), (g-g"), (k-k”), and (n-n")
correspond to blow-ups shown in (e-¢€”), (h-
h"), (I-1"), and (0-0"), respectively. White
arrows point toward citrine- and Sox10-/
GSTr-/GFAP- double-positive cells,
respectively, while open arrows point toward
citrine-positive cells only. Scale bar in (d) for all
nonmagnified pictures: 100 pm. Scale bar in
(e) for all blow-up pictures: 20 pm.

(v) Transplantation set up into the noninjured
rat spinal cord, time point, and examined
marker proteins (ctrl: control transfected cells
[black bars]; p57-KD: p57kip2 suppressed cells
[gray bars]; both populations marked by means
of citrine cotransfection). (w) Cell survival of
p57-KD and ctrl-transfected cells was not
affected in the lesion-free transplantation
paradigm. (x-z) In the intact spinal cord

6 transplantation set up, the p57-KD cell
population showed low (z) or no (x,y) pro-glial
differentiation compared to the control aNSCs.
5 However, transplantation into WM resulted in
a significantly increased number of
oligodendroglial cells compared to GM grafts
(x,y). Data are shown as mean values, error
bars represent SEM. Number of independent
experiments: n = 6 control- versus 5 p57-KD
animals for hemisected animals and 4 control-
versus 5 p57-KD animals for transplantation
into the noninjured spinal cord. Statistical
significance was calculated using Student's
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protein-positive transplanted stem cells was increased by the p57kip2
knockdown in both, GM as well as WM (Figure 6j-0”,p) with the
highest ratio of GSTx-positive aNSC-derived cells to be found upon
gene knockdown in the WM area. While we showed that in the intact
(or mildly traumatically affected) mouse brain the impact of WM as
well as of the p57kip2-knockdown leads to a reduced astrocyte gen-

eration, staining for GFAP expression in spinal cord implanted stem

two-sided, unpaired t test (b,w) and using two-
way ANOVA with Bonferroni posttest (i,p,u,x-
80 2): *p < .05; **p < ,01. aNSCs, adult neural

” == stem cells; GFAP, glial fibrillary acidic protein;
GM, gray matter; GSTr, glutathione-S-
transferase-r; WM, white matter [Color figure
can be viewed at wileyonlinelibrary.com]
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cells revealed almost no change in the extent of this marker expres-
sion (Figure 6g-t”,u). In line with the observation that none of the
transplanted aNSCs were found expressing the neuronal marker
NeuN (data not shown), it can be concluded that almost exclusively
glial derivates arose from grafted stem cells, probably due to the
astrogenic environment (Beyer, Samper Agrelo, & Kiiry, 2019 and ref-

erences therein). Note that since in the lesion paradigm we decided to
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perform our analyses at 7 dpt, so considerably later than in the brain
(4 dpt), neuron detection was carried out using NeuN as marker. This
goes along with the finding that for control- as well as for p57-KD
cells, respective proportions of GFAP- and Sox10-positive cells added
up close to 100% in both GM and WM. In contrast to our findings of
reduced numbers of citrine-positive/p57kip2 suppressed cells in the
vicinity of hemisectioned spinal cords (Figure 6b), survival rates
between transplanted control- and p57-KD aNSCs did not differ in
the nonlesioned spinal cord (Figure éw). Here, we found that a total
number of 686.9 + 27.3 p57-KD cells and 662.4 + 29.9 ctrl cells sur-
vived and integrated into the host tissue at 7 dpt. Moreover, upon
transplantation into the intact spinal cord no profound pro-
oligodendroglial effect in response to suppression of p57kip2 was
observed as assessed using markers such as Sox10 and GSTrn
(Figure 6x.y). The extent of GFAP-positive cells was comparable in
lesioned and nonlesioned tissues (Figure 6u,z) with a differentiation
effect upon knockdown of p57kip2 resulting in a slight increase in
GFAP-positive astrocytes after transplantation in the lesion-free
spinal cord. However, aNSCs transplanted into the WM still showed
increased oligodendroglial marker expression as compared to GM
transplants (Figure 6x,y).

4 | DISCUSSION

An assessment of glial heterogeneity within the CNS is an important
yet unsolved aspect of cell lineage analysis and for myelinating cells, it
includes the description of different oligodendroglial cell populations
within different brain regions (Vigano et al., 2013), during develop-
ment (Spitzer et al., 2019) or in demyelinating diseases (Jikel et al.,
2019). Vigano et al., for example, reported an impaired differentiation
of GM-derived OPCs compared to WM-derived OPCs upon hetero-
topic transplantation into GM and WM suggesting intrinsic differ-
ences between adult OPC subpopulations to occur (Vigano et al.,
2013). Furthermore, they demonstrated that the WM environment
can help to overcome intrinsic inhibitory cues acting on GM OPCs
providing evidence for a role of differentially expressed extracellular
matrix and/or diffusible ligands. Additional impact results from the
contribution of aNSCs being heterogeneous between not only differ-
ent niches but also revealing variations within well-defined niches
such as the SVZ (Mizrak et al., 2019). For OPCs and aNSCs, over-
lapping intrinsic regulators of oligodendroglial differentiation have
been described, such as, for example, Sox10, Olig2, and p57kip2
(Copray et al., 2006; Jadasz et al., 2012; Pozniak et al., 2010). Yet, it
remains to be shown whether overall differentiation and maturation
processes are really identical and to what degree progenitor or stem
cell derivatives depend on environmental cues. The latter fact is also
important considering the observation that internodes in remyelinated
animals differ in terms of length and thickness depending on the origin
of the myelinating cells (Xing et al., 2014). In order to achieve a better
understanding of how aNSCs can contribute to glial cell heterogeneity
either in different brain regions or under hostile conditions and to see

whether extrinsic signals can be overcome by intrinsic manipulation of

the stem cell fate choice, we transplanted genetically modulated
aNSCs in different CNS regions of mice and rats. By using less com-
mitted neural stem cells (as compared to committed OPCs), we aimed
to reveal the full potential of healthy and lesioned GM- versus WM-
derived heterogeneous signals on cell fate acquisition and integration.

Our data clearly demonstrated that mouse and rat neural stem
cells equally respond to lowered p57kip2 expression levels in that this
manipulation increased the establishment of oligodendroglial features,
improved and accelerated the generation of myelinating oligoden-
droglial cells at the expense of astroglial marker expression. Such
directed fate acquisition and differentiation appeared to dominate
over tissue specific cues such as in GM areas of the brain, where oli-
godendroglial fate directing cues seem to be either limited or of
inhibitory nature. Moreover, increased oligodendroglial differentia-
tion upon transplantation into WM tracts was further enhanced by
the intrinsic p57kip2 modulation, which additionally granted a sur-
vival benefit resulting in a much higher yield of myelinating aNSC-
derived oligodendrocytes. Of note, neuronal differentiation was not
observed in cultured cells and following transplantation, no differ-
ences in the extent of neurogenesis were observed. Whereas in stem
cell culture this is likely to result from the astroglial promoting
medium hence conferring a restriction to glial decisions it can be
concluded that in vivo p57kip2 does not influence neurogenesis in
this context.

Experimental transplantation of NSCs into CNS tissue aiming
either at directed cell replacement or the local generation of trophic
signals has so far almost exclusively been conducted under patho-
physiological conditions (Assinck, Duncan, Hilton, Plemel, & Tetzlaff,
2017; Beyer et al., 2019). Few studies only engaged into regional dif-
ferences (Fricker et al., 1999; Gage et al., 1995; Herrera, Garcia-
Verdugo, & Alvarez-Buylla, 1999; Seidenfaden, Desoeuvre, Bosio,
Virard, & Cremer, 2006) and none of them considered a potential
impact of GM versus WM on implanted stem cells. Overall, the cur-
rently published injury- and pathology-free CNS transplantation stud-
ies imply that transplanted NSCs do sense their ectopic environment
and to some degree adapt environment-specific migratory features
and fate acquisition (summarized in Beyer et al. (2019)). However,
direct assessment of GM versus WM differences on NCS fate and a
detailed overview of oligodendroglial differentiation over time has so
far been missing.

The here described differences observed between GM and WM
of healthy and lesioned CNS point to dominant roles of an intrinsic
fate modulation (here by suppression of p57kip2) and WM signals
regarding oligodendroglial fate acquisition and successful execution of
differentiation programs in the healthy CNS and of injury environmen-
tal cues related to cell survival. Based on these observations, particu-
larly taking into account lowered long-term survival rates among GM
grafts, it can be concluded that therapeutic cell replacement strategies
either should be limited to diseases with a clear WM impact or must
consider additional survival promoting manipulations. The absent pro-
oligodendroglial effect in response to p57kip2 knockdown in the
healthy spinal cord differed from our observations in the healthy

brain. Several reasons might account for these differences such as, for
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example, myelination dynamics and myelin as well as oligodendrocyte
turnover not being identical over all CNS regions (Foran & Peterson,
1992; Snaidero & Simons, 2014; Williamson & Lyons, 2018). Further,
we have to acknowledge that the composition of both tissues and
their signaling cues affecting NSC fate and differentiation might differ.
Finally, we cannot rule out species differences between our two
rodent transplantation models. This can be interpreted in that
p57kip2 suppression driven pro-oligodendroglial differentiation and
cell integration can only be seen in tissues with a certain need for (re)
myelination. Another question to be solved in the future relates to the
heterogeneity among SVZ aNSCs (Azim et al., 2018) which might
have an impact on how receptive these cells respond to an intrinsic
p57kip2 modulation or extrinsic cues upon transplantation.
Whether this includes for example the expression of a specific sub-
set of gap junction proteins such as connexins would be of interest
to address. Dynamic connexin expression following transplantation
into striatal slice cultures and the generation of connexin-
dependent networks were reported to affect adult neural precur-
sor survival (Jaderstad, Jaderstad, & Herlenius, 2011; Ravella,
Ringstedt, Brion, Pandolfo, & Herlenius, 2015). To what degree
observed dependencies also apply to endogenous stem cells natu-
rally giving rise to new oligodendrocytic cells, hence in a noninva-
sive experimental paradigm, thus most likely limited to myelin
repair in demyelinating conditions, needs to be addressed in future
experiments.

Taking other transplantation studies into account, it appears that the
number of surviving NSCs seems to be overall rather low (as exemplified
in Herrera et al. (1999), Raedt et al. (2009), and Seidenfaden et al.
(2006)); summarized in Beyer et al. (2019)). It is therefore of considerable
interest to see that suppression of the intrinsic regulator p57kip2 imparts
a survival benefit. This might indeed be promising in light of improving
potential myelinating cell replacement strategies. However, we also
found that the number of p57kip2 suppressed cells was severely reduced
upon grafting into lesioned CNS tissue suggesting that a promoted oligo-
dendroglial fate acquisition on the one hand facilitates successful tissue
integration but on the other hand might come with an increased sensitiv-
ity toward hostile cues as described before (Casha, Yu, & Fehlings, 2001,
Crowe, Bresnahan, Shuman, Masters, & Beattie, 1997; Pfeifer et al,,
2006; Rowland, Hawryluk, Kwon, & Fehlings, 2008; Vroemen, Aigner,
Winkler, & Weidner, 2003). An influence of spinal cord infiltrating
peripheral immune cells (Anderson, 2002; Margul et al., 2016) can also
not be excluded yet. Such an impact could only be addressed by future
transplantation experiments into subacute spinal cord injuries at later
time points featuring reduced inflammation and beyond secondary cell
death. Changes toward less hostile lesion conditions have in fact already
been described for transplanted NSCs in temporal lobe epilepsy models
(Raedt et al., 2009). However, it remains to be seen to what degree such
a delayed aNSC application makes sense as grafting into lesion regions
primarily aims at protection of demyelinated/endangered axons. In this
regard, cotransplantation of NSCs with other cells that can exert an over-
all benefit to the whole lesion environment such as mediated by
unrestricted somatic stem cells (Schira et al., 2012) or mesenchymal stem
cells (Jadasz et al., 2012; Jadasz et al., 2018) might therefore constitute a

promising alternative approach. Of note, cotransplantations of NSCs with
other cells revealed indeed to be beneficial in terms of cell survival and
functional improvements in ischemic stroke animal models (Cai et al.,
2015; Luo et al., 2017). Moreover, coapplication of blockers of spinal
cord injury-evoked oligodendroglia hostile cues such as chondroitin sul-
fate proteoglycans (Dyck, Kataria, Akbari-Kelachayeh, Silver, & Karimi-
Abdolrezaee, 2019) might further increase the vyield in p57-KD aNSC-
derived oligodendrocytes.

In conclusion, our work uncovered regional heterogeneity
between rodent CNS GM and WM affecting survival and fate of
transplanted aNSCs. Here, WM tissue substantially promoted both,
survival as well as differentiation into myelinating oligodendrocytes.
In addition, we showed that suppression of the p57kip2 gene further
increased WM effects and in part antagonized lower oligodendroglial
yield in GM grafts. Gene knockdown-promoted oligodendrogenesis,
however, suffers from a negative impact on cell survival mediated by
the injured CNS hostile microenvironment, which must therefore be

addressed prior to future cell replacement therapies.
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