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Development/Plasticity/Repair

Change of Fate Commitment in Adult Neural Progenitor
Cells Subjected to Chronic Inflammation

Ruxandra Covacu,'* Cynthia Perez Estrada,'* Lisa Arvidsson,>* Mikael Svensson,? and Lou Brundin'
'Division of Neurology, Center for Molecular Medicine, 2Division of Neurosurgery, Department of Clinical Neuroscience, Karolinska Institutet, SE-171 76,
Stockholm, Sweden

Neural progenitor cells (NPCs) have regenerative capabilities that are activated during inflammation. We aimed at elucidating how NPCs,
with special focus on the spinal cord-derived NPCs (SC-NPCs), are affected by chronic inflammation modeled by experimental autoim-
mune encephalomyelitis (EAE). NPCs derived from the subventricular zone (SVZ-NPCs) were also included in the study as a reference
from a distant inflammatory site. We also investigated the transcriptional and functional difference between the SC-NPCs and SVZ-NPCs
during homeostatic conditions. NPCs were isolated and propagated from the SVZ and cervical, thoracic, and caudal regions of the SC from
naive rats and rats subjected to EAE. Using Affymetrix microarray analyses, the global transcriptome was measured in the different NPC
populations. These analyses were paralleled by NPC differentiation studies. Assessment of basal transcriptional and functional differ-
ences between NPC populations in naive rat revealed a higher neurogenic potential in SVZ-NPCs compared with SC-NPCs. Conversely,
during EAE, the neurogenicity of the SC-NPCs was increased while their gliogenicity was decreased. We detected an overall increase of
inflammation and neurodegeneration-related genes while the developmentally related profile was decreased. Among the decreased
functions, we isolated a gliogenic signature that was confirmed by differentiation assays where the SC-NPCs from EAE generated fewer
oligodendrocytes and astrocytes but more neurons than control cultures. In summary, NPCs displayed differences in fate-regulating
genes and differentiation potential depending on their rostrocaudal origin. Inflammatory conditions downregulated gliogenicity in
SC-NPCs, promoting neurogenicity. These findings give important insight into neuroinflammatory diseases and the mechanisms influ-

encing NPC plasticity during these conditions.
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Introduction

Neural stem/progenitor cells (NPCs) are present in the mamma-
lian CNS throughout the neuroaxis (Weiss et al., 1996; Kehl et al.,
1997; McKay, 1997; Doetsch et al., 1999; Johansson et al., 1999),
and they respond to various pathological stimuli (Brundin et al.,
2003; Packer et al., 2003; Wong et al., 2004; Covacu et al., 2006;
Danilov et al., 2006; Thored et al., 2006; Ziv et al., 2006; Johans-
son et al., 2008; Whitney et al., 2009). However, it is evident that
the NPC response varies with the type and duration of the CNS
insult. Chronic inflammation is a hallmark of many autoimmune
diseases, such as multiple sclerosis (MS). Studies on NPC in the
context of chronic inflammation have so far focused on NPC
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niches in the brain (Picard-Riera et al., 2002; Monje et al., 2003;
Pluchino et al., 2008; Tepavcevi¢ et al., 2011), whereas the spinal
cord NPCs (SC-NPCs) have been mostly observed during trau-
matic injury models (Frisén et al., 1995; Mothe and Tator, 2005).
In previous studies, we demonstrated that SC-NPCs are mobi-
lized during chronic inflammation, modeled by experimental au-
toimmune encephalomyelitis (EAE) induced in the Dark Agouti
(DA) rat (Brundin et al., 2003; Danilov et al., 2006). This EAE
model is characterized by demyelinated, immune-infiltrated le-
sions, and the disease development resembles the human MS
disease (Storch et al., 1998; Pierson et al., 2012). In this study, we
aimed at elucidating how SC-NPCs are affected on a transcrip-
tional and functional level by chronic inflammation.

To answer these questions, we isolated and in vitro propagated
NPCs from the different rostrocaudal levels of the DA rat spinal
cord (SC) and also from the subventricular zone (SVZ). We mea-
sured the NPCs’ global transcriptome and, in parallel, assessed
their differentiation ability. The study was initiated with a com-
parison between SC-NPCs and SVZ-NPCs from naive (unimmu-
nized) rats, where the SVZ-NPCs served as a neurogenic
reference. Second, we performed the same transcriptional and
functional analyses on NPC populations generated from rats with
EAE and compared them with NPCs from naive rats. SVZ-NPCs
were used in this case as a reference from a distant inflammatory
site.
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Figure 1. Experimental setup. NPCs were isolated from the SVZ and from the cervical, tho-

racic, and caudal SC segments of naive DA rats or rats with EAE. (0, Th2, and Th12 denote the
vertebrae levels between which the mentioned SCsegments were cut: cervical, between C0and
Th2, thoracic, between Th2 and Th12 and caudal, below Th12. Total RNA was purified from
these NPC cultures, both undifferentiated and differentiated, and also from freshly isolated SVZ
biopsies. The global transcriptome was quantified using Affymetrix GeneChipRAT Gene 1.0 ST
arrays (n = 3, 1 array/rat/culture). Undifferentiated and differentiated NPCs were also used in
differentiation analyses.

Our results reveal basal longitudinal neuroxis-dependent dif-
ferences in the NPCs from naive animals where the neurogenic
capacity of the NPCs decreased in a rostrocaudal manner and was
replaced by an increasing gliogenicity. This was supported by
both transcriptome analyses and functional differentiation as-
says. In inflammation, the most adversely induced gene expres-
sion changes were found in the NPCs isolated from the caudal
part of the SC. We detected an increase in neurodegeneration and
inflammation-related genes and a general downregulation of
developmentally related genes. Moreover, in the SC-NPCs, the
gliogenic gene signature was downregulated after neuroinflam-
mation. The differentiation assays revealed decreased gliogenic
differentiation and increased neurogenic differentiation in SC-
NPCs from all three rostrocaudal levels. In all, our results have
important implications for the understanding the diversity of
NPC populations in the CNS and their behavior during chronic
inflammation.

Materials and Methods

Experimental animals and EAE induction. DA female rats 7— 8 weeks old
(Scanbur B&K; http://www.scanbur.eu/) were kept at the animal facility
at Karolinska University Hospital. All animal experiments were per-
formed in accordance with the Swedish ethical regulations (Stockholms
Norra Djurforsoksetiska Namnd).

Recombinant myelin oligodendrocyte glycoprotein (rMOG; amino
acids 1-125 from the N terminus) was prepared as previously described
(Amor et al., 1994). Female rats between 10 and 11 weeks of age were
anesthetized with isoflurane (Forane; Abbott Laboratories) and immu-
nized subcutaneously at the dorsal tail base with 200 ul inoculum con-
taining 20 nug rMOG in saline emulsified 1:1 with IFA (Sigma-Aldrich).
The rats were clinically assessed daily for signs of EAE from day 9 until
day 30-40 postimmunization. The clinical symptoms were scored as
follows: 0, no clinical signs of EAE; 1, tail weakness or tail paralysis; 2,
hindlimb paraparesis; 3, hindlimb paralysis; 4, tetraplegia; and 5, death.

Cell culture. Brains and SCs were harvested from naive animals and
from EAE-diseased animals with clinical score 2-3 at 30—40 d postim-
munization For the microarray expression analysis, only animals with
disease reaching score 3 were used and killed at day 40 postimmunization
NPC cultures were isolated and propagated from the SVZ and different
levels of the SC, which were defined as follows: cervical (CER = above
T2), thoracic (THOR = T2-T12), and caudal (CAUD = below T12); for
indication of segments, see Figure 1. The SVZ-derived NPCs were iso-
lated according to a modified protocol by Johansson et al. (1999). Briefly,
SVZ biopsies were isolated and the cells dissociated as for the SC tissue.
For isolation of the SC-NPCs, the SC was divided rostrocaudally and the
meninges were peeled off before mechanical and enzymatic dissociation
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Table 1. Sequences of primers for quantitative real-time PCR”

Target Forward primer Reverse primer
Gapdh 5'-TCAACTACATGGTCTACATGTTCCAG-3"  5'-TCCCATTCTCAGCCTTGACTG-3'
B-actin - 5'-CGTGAAAAGATGACCCAGATCA-3’ 5'-AGAGGCATACAGGGACAACACA-3'

ApoE 5'-ACACAGGAACTGACGGTACTGAT-3 5'-GTGTTTACCTCGTTGCGGTACT-3’

Erbb3 5"-CGTCATGCCAGATACACACC3' 5'-CCCAGAGAAGCACTGAGGTC-3
S1008 5'-TTCCATCAGTATTCAGGGAGAGA-3’ 5"-CCATAAACTCCTGGAAGTCACAC-3’
Tyrobp  5'-TACAGGCCCAGAGTGACAATTAC-3 5'-(TGTATACTTCTGGCCTCTGACC3”

“The primers were designed to span exon—exon borders by using the Primer3Plus software (http://
primer3plus.com/cgi-bin/dev/primer3plus.cgi).

using 200 U/ml DNase (Sigma-Aldrich) and 10 U/ml papain (Worthing-
ton). To remove the myelin debris the cells were resuspended in 0.9 M
sucrose in Hanks balanced salt solution (Invitrogen) and washed. The
cells were cultured in propagation medium, composed of DMEM/F-12
containing B27 supplement (Invitrogen), penicillin (100 U/ml), and
streptomycin (100 wg/ml) (Invitrogen; http://www.invitrogen.com), 20
ng/ml epidermal growth factor (EGF, Sigma-Aldrich; http://www.
sigmaaldrich.com), and 20 ng/ml basic fibroblast growth factor (bFGF,
R&D systems). The NPC cultures were propagated and passaged twice
and used in experiments as single cells after the second passage. For
differentiation, single-cell suspensions were seeded onto poly-p-lysine-
coated plates (Sigma-Aldrich) and cultured for 5-7 d in medium lacking
EGF and bFGF but supplemented with 1% FCS (Invitrogen).

Microarray analysis, sample preparation, and data analysis. Gene ex-
pression was measured in the following experimental groups: NPC cul-
tures (undifferentiated or differentiated) isolated from the SVZ and CER,
THOR, and CAUD parts of the SC and from the SVZ biopsy before NPC
culturing (Fig. 1). Within each of these groups, three naive controls and
three EAE individuals were compared. The array platform used was Af-
fymetrix GeneChip RAT Gene ST 1.0; one microarray was used for each
individual and each NPC culture. Array hybridization and basic data
processing were performed at the Bioinformatics and Expression Analy-
sis Core facility at Karolinska Institutet, Stockholm, Sweden. The basic
data processing involved background signal correction using the GC
composition-based background correction algorithm, array normaliza-
tion with global median and signal summarization using the probe log-
arithmic intensity error estimation (plier); all steps were performed in
the GeneChip Expression console from Affymetrix. Statistical signifi-
cance between naive and EAE groups was calculated using two-sided
unpaired Student’s ¢ test. The false discovery rate (FDR) was calculated
using the g-value plugin for R, and an FDR level of 5% was set. The
functional analysis and canonical pathway analysis of the entire dataset
was generated with Ingenuity Pathway Analysis (IPA, Qiagen,
http://www.qiagen.com/Ingenuity). Molecules from the dataset that met
the signal intensity cutoff of =50 and passed a 5% FDR level were con-
sidered for the analysis. To determine the p value of the association
between the dataset and a function, disease, or canonical pathway, Fish-
er’s exact test and Benjamini and Hochberg correction for multiple test-
ing were used. To identify differentially expressed genes between NPC
groups from naive animals, one-way ANOVA with adjusted Bonferroni
correction was performed in Multiple Experimental Viewer (MeV)
(Saced et al., 2003). Functional clustering was performed in WEB-based
Gene Set Analysis Toolkit (WEBGESTALT) (Duncan etal., 2010) and/or
DAVID Bioinformatics Resources 6.7 (Huang da et al., 2009). The data
discussed in this manuscript have been deposited in NCBI's Gene Ex-
pression Omnibus and has the GEO Series accession number GSE46373.

Quantitative real-time PCR. RNA was purified using an RNeasy mini
kit (QIAGEN), and cDNA was prepared using the iScript kit (Bio-Rad).
Quantitative real-time PCR (qPCR) was performed using a Bio-Rad iQ5
iCycler Detection System with a two-step PCR using SYBR Green
(Bio-Rad). Expression levels corrected for amplification efficiency and
normalized to housekeeping gene expression (Gapdh or [-actin) were
analyzed using iQ5 v2.0 software (Bio-Rad). The primers used for SYBR
Green reactions are listed in Table 1. The expression pattern detected
with the gene array was verified with qPCR for the following genes: ApoE,
Erbb3, S100B, and Tyrobp (Figure 2).
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Figure2. A, Quantitative PCR validation of expression of ApoE, Erbb3, S1003, and Tyrobp in NPCs isolated from the different CNS regions of naive rats and rats with EAE (n = 2—4). Error bars
indicate mean == SEM. *p << 0.05 (unpaired t test). **p << 0.01 (unpaired t test). B, The corresponding fold change of expression values EAE/naive detected in the gene array. The expression pattern
detected with the gene arrays could be verified with quantitative PCR for most of the genes in most of the experimental groups, with the exception of Apoe.

Colorimetric measurement of nitrite. After the first passage, NPC cul-
tures supernatants (naive, n = 23; EAE, n = 27) were collected and nitrite
levels were measured using Griess Reagent (Sigma-Aldrich) according to
the manufacturer’s instructions.

Immunohistochemistry. Cells were differentiated on poly-p-lysine hy-
drobromide (Sigma-Aldrich) coated glasses, fixed with 4% PFA in PBS
(Bie&Berntsen A-S), blocked in PBS/0.1% saponin/10% goat serum, and
incubated with the primary antibody overnight. After washing, the sec-
ondary antibody was applied for 1 h at room temperature. Antibodies
and their corresponding dilution used were as follows: rabbit anti-Sox2
(Millipore) 1:500, mouse anti-nestin (Millipore Bioscience Research Re-
agents) 1:100, mouse anti-Ascll (BD Biosciences PharMingen), rabbit
anti-Olig2 (Abcam) 1:250, rabbit anti-glial fibrillary acidic protein
(GFAP) 1:1000 (Dako), mouse anti-galactocerebroside (Gal C) 1:100
(Millipore), mouse anti-B-III tubulin (Tuj) 1:100 (Millipore), mouse-
anti rat CD11b 1:200 (Millipore), Cy3 donkey anti-mouse 1:1000 (Jack-
son ImmunoResearch Laboratories), Alexa-488 donkey anti-rabbit 1:500
(Invitrogen), Alexa-594 goat anti-mouse IgG 1:100 (Invitrogen), Alexa-
488 goat-anti mouse IgG (Invitrogen) 1:200, and Alexa-594 goat anti-
mouse IgG (Invitrogen) 1:200. For visualizing all cells, the nuclei were
counterstained with DAPI (Invitrogen). Labeled cells were visualized and
photographed using a fluorescence (Leica DFC 320 Microsystems) and
confocal microscope (Leica TCS SP5 Confocal Microscopy System).

After immunohistochemistry, GFAP *, B-III tubulin*, Gal C™*, and
CD11b ™ cells were counted and presented as percentage of the total
number of DAPI * cells. The number of animals used for each assessment
was 4—7 in each group (naive and EAE) for all immunostainings.

Western blot. NPCs were differentiated in medium without mitogens
but supplemented with 1% FCS for 5-7 d, and total cell homogenates

were made using RIPA buffer (Invitrogen). Cell homogenates were sep-
arated by SDS-PAGE at 180 V and transferred to a nitrocellulose mem-
brane (1 h at 100 V). After blocking in PBS/Tween (0.01%) with 5%
nonfat milk, the membrane was incubated with primary antibody at 4°C
overnight. After washing, the secondary antibodies were added to the
membrane for 1 h at room temperature. Antibodies used were as follows:
rabbit anti-GFAP 1:1000, mouse anti-Gal C 1:300, B-actin 1:2000, mouse
anti-Tuj 1:50, swine anti-rabbit HRP 1:500 (Dako), and goat anti-mouse
1:1000 (Dako). Bands were detected using enhanced chemiluminescence
Western Blotting Detection kit (GE Healthcare Bio-Sciences). The bands
were scanned (Umax PowerLook 1120), and the net intensity was mea-
sured using the Image] software (http://rsbweb.nih.gov/ij). Each protein
was examined in NPCs isolated from 3 controls and 3 diseased animals.

Results

NPCs from healthy animals show regional differences: higher
neurogenic capacity in SVZ-NPCs compared with SC-NPCs
During the development of the CNS, the NPCs are anatomically
and temporally exposed to different cues along the neuroaxis and
have been reported to develop regional characteristics (Shi-
habuddin et al., 1997; Kulbatski et al., 2007; Kelly et al., 2009;
Kulbatski and Tator, 2009). We wanted to use a global approach
to identify the gene expression differences between adult NPCs
from the SVZ and the SC. The SVZ is a germinal niche and the
residing SVZ-NPCs have high neurogenic competence (Lois and
Alvarez-Buylla, 1994), thus providing a “neurogenic reference”
for the gene profiling analysis. We isolated NPCs from the SVZ
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Genes with differential expression in undifferentiated SVZ-NPCs versus SC-NPCs. 4, Heat map showing expression levels of differentially expressed genes in undifferentiated SVZ versus
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the heat maps, the MeV software was used. Color coding bars represent level of expression: red represents high expression; green represents low expression levels.

and different rostrocaudal levels of the SC from healthy, nonim-
munized (here referred to as “naive”) DA rats and measured the
global transcriptome using Affymetrix GeneChip Rat Gene 1.0
ST arrays (Fig. 1). The measurements were performed both in
undifferentiated and differentiated cultures.

In undifferentiated NPCs from naive animals, we identified
187 differentially expressed genes between the SVZ-NPC and SC-
NPCs (one-way ANOVA and Dunn’s post hoc test, p < 0.001; Fig.
3A). Interestingly, 183 of the differentially expressed genes had a
higher expression level in the SVZ compared with the SC-NPCs,
whereas only four genes had higher expression levels in the SC (Fig.
3B). Further gene enrichment analysis on the gene set with higher
expression in the SVZ identified a cluster of 14 genes associated with
CNS development (GO:0007417), generation of neurons (GO:
0048699), neurogenesis (GO:0022008), and neuronal differentia-
tion (GO:0030182) (Figure 3C). These genes included the following:
Lhx2, Notch3, Ptk2, Cxcr4, Rorb, and Emx2 (Fig. 3C).

In the gene set from the differentiated NPCs from naive ani-
mals, we identified 146 differentially expressed genes that had a
higher expression level in the NPCs isolated from SVZ compared
with SC-NPCs (Fig. 4A). Also, here, we identified a set of neuro-
nal cell-related genes associated with cell functions found in dif-
ferentiated, mature neurons, mirroring the differentiated state of
the NPC cultures (Fig. 4B). Among these genes were as follows:
Dcx and Map?2, expressed in neuroblasts; and FoxG1, Lhx2, Nnat,
and Pou3f2, which promote neurogenesis (Pang et al., 2011).

In parallel to the array assay, NPCs from SVZ and SC were
differentiated, labeled for neuronal and glial markers, and quan-

tified. As shown in Figure 4, SVZ-derived NPCs generated signif-
icantly more neurons (p < 0.05) and more GFAP * astrocytes
(p < 0.05) than SC-NPCs (Fig. 4, C and D, respectively). Con-
versely, the SC-NPCs generated significantly more oligodendro-
cytes (p < 0.001; Figure 4D).

Together, our transcriptional and functional analyses from
NPCs cultured from naive rats clearly demonstrated that there
were distinct differences between SVZ and SC-NPC populations
(i.e., SVZ-derived NPCs displayed a stronger neurogenic fate
than their SC counterparts, which were more gliogenic).

Neurogenic Ascll * SC-NPC population is threefold higher in
EAE than in control

To investigate how chronic inflammation influenced the tran-
scriptional profile of NPCs, we compared gene expression levels
in undifferentiated or differentiated NPCs from EAE with NPCs
from naive rats (Figure 1). As a general read for the inflammatory
status of the harvested tissue used for cell culture isolation, the
levels of nitric oxide derivatives were measured in the culture
supernatants before the first culture passage (Aktan, 2004). The
nitrite levels were significantly higher in NPC cultures derived
from EAE versus naive animals (p < 0.05; Fig. 5A) but did not
differ significantly between different EAE-derived cultures, indi-
cating that the in vitro inflammatory status of the NPC cultures
derived from different SC levels of EAE rats did not differ signif-
icantly. We also quantified the numbers of CD11b ™" microglia/
macrophages in the NPC cultures. Compared with other immune
cells, the microglia/macrophage population has the highest prob-
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ability of survival in the NPC culture conditions and could there-
fore influence the results. Thus, NPC cultures from both EAE and
control animals were immune-labeled for CD11b, and the percent-
age of the CD11b ™ cells was quantified. CD11b ™ cells were present
in the NPC cultures, but their numbers were not significantly ele-
vated in EAE compared with naive controls (Fig. 5B).

We proceeded with the characterization of the NPC cultures
(Figure 5C-Q). Up to 90% of the SVZ-NPCs and SC-NPCs were
double-positive for Sox2 and Nestin, indicating that, at least in
regards to these markers, the cultures were homogeneous and
were kept in an immature state. The level of Sox2/Nestin immu-
nolabeling was similar in SC-NPC cultures from control and EAE
animals and also in SVZ-NPCs (Figs. 5C-H). We also assessed
the expression of Olig2 (Takebayashi et al., 2000) and Ascll
(Sommer etal., 1996), transcription factors involved in oligoden-
drogenesis and neurogenesis, respectively. The percentage of
Ascll ™ cells was threefold higher in EAE-derived SC-NPCs com-
pared with control, indicating that EAE has a beneficial effect on
this population (Figure 5I-K). The percentage of Olig2 ™ cells
was not significantly different in control and EAE-derived SC-NPC
cultures (Figure 5L,P,Q). On the other hand, the percentage of
Olig2 " Ascll ™ double-positive cells was significantly increased (p <
0.05) in EAE-derived SC-NPCs than in controls (Figure 50).

Neuroinflammation decreases the gliogenic gene profile

of SC-NPCs

Even though the different SC regions were similar in regards to
inflammatory status in vitro, significant gene expression changes
(FDR = 0.05 and fold change = 1.2 or fold change =< —1.2) were

detected only in one experimental group, namely, the caudal un-
differentiated NPC (Fig. 6; pdf format expandable).

To identify coregulated genes among the significantly regulated
genes from caudal NPCs, we used the MeV platform and could
detect two major gene clusters: one with higher expression in NPCs
from EAE and the second with higher expression in NPCs from
naive controls. We used the WEBGESTALT platform to functionally
classify these coregulated genes and could identify that the genes
with higher expression in EAE were enriched in immune-related
genes, whereas the genes with higher expression in controls were
enriched in developmental process-related genes (Fig. 6).

To obtain a better understanding of the underlying biological
processes, we performed IPA analysis on the entire caudal NPC
dataset. IPA confirmed the results from the WEBGESTALT anal-
ysis; the inflammatory gene signature was increased, whereas the
developmentally related gene signature was decreased in EAE
(Table 2). A subset of the most decreased functions were related
to cell viability, branching/neuritogenesis, and lipid metabolism,
whereas the most increased functions involved neurodegenera-
tion and inflammation (Table 2). Interestingly, when focusing
our analysis on nervous system-related genes, a subset of the most
significant functions that emerged involved glial-related func-
tions, such as myelination, quantity of Schwann cells, survival
and morphology of oligodendrocytes, and quantity and prolifer-
ation of neuroglia (Table 3). Within these functions, we could
detect genes with pivotal function in astrogliogenesis (Cntf, Stat3,
Fgf3, and Shh), oligodendrogenesis (Shh, Nkx6-2, Erbb3, and
Fgf2), and oligodendrocyte differentiation (Thra, Lingol, Rin4,
p73,and Aspa) (Fig. 7; Table 4). The collective expression changes
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in control SC-NPCs (P) and EAE SC-NPCs (Q) and their corresponding DAPI-stained nuclei (M, N). 0, Quantification of lig2 ™ /Ascl1 ™ double-positive SC-NPCs from controls and EAE. Data are
mean == SEM. *p < 0.05 (Student’s t test). **p << 0.01 (Student’s  test). Scale bars: (, F, 125 wm; D-H, 100 pom; J—Q, 25 pum.
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Heat map showing the levels of expression of genes with significant (FDR << 0.05 FC = 1.2 or FC = —1.2) expression changes in the caudal NPCs from EAE versus naive animals (n =

3). Two major clusters are shown: cluster 1 with enriched immune-related genes and cluster 2 enriched in developmental process-related genes. MeV platform was used to perform unsupervised

hierarchal clustering (Pearson’s correlation).

Table 2. Functional groups predicted to be affected during EAE in caudal NPCs*

No. of
Functions annotation pvalue Prediction  z-score  molecules
Formation of cellular protrusions 838E-10  Decreased —3.34 124
Growth of neurites 3.87E-08  Decreased —2.88 77
Morphogenesis of neurites 423E-05 Decreased —2.33 51
Branching of neurites 2.18E-04  Decreased —2.22 34
Dendritic growth/branching 7.32E-04  Decreased —2.19 25
Neuritogenesis 3.27E-06  Decreased —2.09 75
Differentiation of cells 1.70E-10  Decreased —3.22 287
Inflammation of organ 6.10E-04  Increased 420 108
Synthesis of lipid 2.04E-05 Decreased —2.49 104
Synthesis of phospholipid 254E-04  Decreased —2.27 30
Metabolism of membrane lipid derivative ~ 9.81E-06  Decreased —2.24 63
Neurodegeneration 2.35E-07  Increased 228 41
Degeneration of axons 4.74E-05  Increased 255 15
Degeneration of neurites 2.99E-05  Increased 27216
Apoptosis of neurons 4.23E-05  Increased 402 59
Cell survival 1.00E-07 Decreased —5.43 185
Quantity of cells 9.97E-11  Decreased  —5.09 259
Cell viability 1.10E-06  Decreased —5.05 168

“EAE-regulated genes in the caudal NPCs were annotated to functional clusters using IPA. Here we show the func-
tional groups (column 1) that have the strongest prediction rates to be either decreased orincreased during EAE. The
prediction rate is defined by the z-score, and the predictions with a z-score >2 or << —2 were deemed significant.
A negative z-score shows a down-regulated function, whereas a positive z-score shows an up-regulated function.
The last column shows the number of molecules annotated to a certain function.

of these genes predicted a downregulation of the function they
regulated (i.e., a decrease in astrogliogenesis, oligodendrogenesis,
and oligodendrocyte maturation). Further strengthening this
prediction, we detected that several canonical pathways involved
in gliogenesis were downregulated: CNTF, IGF1, FGF, and JAK/
STAT (Fig. 7; Table 5). In all, the transcriptome analysis pointed
to an increase in neurodegeneration-related genes and a decrease
in the gliogenic potential of SC-NPCs.

Functional validation: increased neurogenesis and decreased
oligodendrogenesis in SC-NPC isolated from rats with EAE
To functionally verify the microarray analyses, we determined
the effect of EAE on the differentiation potential of NPCs by
performing immunocytochemistry analysis and Western blot-
ting for neuronal (B-1II tubulin), astroglial (Gfap), and oligoden-
droglial (GalC) markers on differentiated cultures, derived from
naive or EAE animals. The ability to differentiate into the three
major cell types of the CNS (neurons, oligodendrocytes, and as-
trocytes) is the key feature of NPCs and could be affected in
neuroinflammation. Figure 8A, B shows the decrease of the oli-
godendrocyte percentage in EAE-derived SC-NPCs (p < 0.05;
Fig. 8B), and this was confirmed using Western blotting for GalC
(Fig. 8C). Astrogliogenesis, shown in Figure 8D—F, was also de-
creased in SC-NPCs, which was consistent with the array results.
Although the immunocytochemistry quantification showed a
significant decrease of GFAP* cells only in the thoracic NPCs,

Table 3. Functional groups belonging to the Nervous System Development and
Function category that were affected in caudal NPCs from EAE”

Activation  No. of

Functions annotation pvalue  Activation z-score molecules
Myelination 6.59E-10 0.003 47
Growth of neurites 1.28E-05 Decreased —2.875 77
Morphology of nervous system 1.28E-05 134
Outgrowth of neurites 3.78E-05 Decreased —2.558 68
Regeneration of neurites 1.48E-04 —0.047 15
Quantity of neuroglia 1.80E-04 —0.213 22
Neuritogenesis 4.13E-04 Decreased —2.088 75
Quantity of Schwann cells 5.48E-04 —1.53 7
Morphology of nervous tissue 6.18E-04 92
Development of CNS 6.39E-04 —1.452 96
Regeneration of axons 1.37E-03 0.095 12
Myelination of cells 1.46E-03 17
Accumulation of neuroglia 2.09E-03 0 5
Quantity of CNS cells 2.27E-03 —0.89% 27
Morphogenesis of neurites 2.48E-03 Decreased —2.326 51
Proliferation of neuroglia 3.63E-03 —0.176 23
Morphology of CNS 4.39E-03 80
Length of neurites 4.63E-03 Decreased —2.243 15
Proliferation of neuroblasts 5.72E-03 —0.915 17
Abnormal morphology of PNS glial cells 5.95E-03 8
Abnormal morphology of neuroglia 6.27E-03 19
Abnormal morphology of oligodendrocytes ~ 7.09E-03 6
Branching of neurites 8.59E-03 Decreased —2.223 34
Axonogenesis 9.14E-03 —0.036 32
Quantity of cholinergic neurons 9.90E-03 —0.896 5
Regeneration of nervous tissue 9.90E-03 —0.728 7
Morphology of axons 9.90E-03 18
Differentiation of neurosphere cells 1.09E-02 —0.438 6
Growth of axons 1.31E-02 —0.172 24
Auditory evoked potential 1.35E-02 Decreased —2.485 16
Morphology of neuroglia 1.43E-02 22
Motor function 1.54E-02 —1332 19
Morphology of brain 1.64E-02 70
Differentiation of neuroblasts 1.79E-02 —0.936 7
Survival of oligodendrocytes 1.79E-02 —0.068 7
Abnormal morphology of Schwann cells 1.79E-02 7
Abnormal morphology of sciatic nerve 1.79E-02 7
Development of brain 1.89E-02 —0.998 68
Abnormal morphology of axons 1.89E-02 17
Dendritic growth/branching 1.95E-02 Decreased —2.188 25
Function of excitatory synapses 1.95E-02 3

“Genes in caudal NPCs that were EAE-regulated and belonged to the Nervous System Development and Function
category were annotated to functional groups using IPA. Here we show the functional groups (column 1) that have
the strongest prediction rates to be either decreased or increased during EAE. The prediction rate is defined by the
z-score, and the predictions with a z-score =2 or <<—2 were deemed significant. A negative z-score shows a
down-regulated function, whereas a positive z-score shows an up-regulated function. The last column shows the
number of molecules annotated to a certain function.

Western blotting showed a consistent decrease of the GFAP pro-
tein in all three SC groups (Fig. 8F). In contrast to the SC-NPCs,
the SVZ-NPCs generated a higher percentage of astrocytes (Fig.
8D, E), whereas oligodendrocyte differentiation was not affected
in SVZ-NPCs after inflammation.
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A, Genes related to astroglial and oligodendroglial differentiation in caudal NPCs from EAE versus naive animals. Analysis and figure made in IPA. B, Significantly regulated canonical

signaling pathways in NPCs from caudal SC-NPCs of EAE versus naive animals. Green represents downregulation of genes in EAE versus naive values; red represents upregulation of genes in EAE versus
naive values. Transparent bars represent no overlap with the dataset. Values on top of each column indicate the total number of genes annotated to a certain pathway.

In contrast to glial differentiation, the neuronal differentia-
tion was increased in SC-NPC cultures from EAE animals (Figure
8G,I). The Western blot analysis for the neuronal marker, B-III
tubulin, was also increased in SC cultures supporting the immu-
nocytochemistry data (Fig. 8 H,I). No statistical difference in
neuronal differentiation was found between EAE and naive-
derived progenitors obtained from the SVZ (Figure 8H).

In all, we demonstrate that EAE induces gene expression
changes predominantly in the SC-NPCs, which functionally
translates to a decrease of oligodendrocyte and astrocyte differ-
entiation and an increase in neuronal differentiation.

Discussion

The aim of this study was to investigate how SC-NPCs were af-
fected by chronic inflammation, modeled by EAE, an animal
model for MS. To that end, we induced EAE in DA rats; and after
30-40 d of disease, we isolated and propagated NPCs from the
SCs and SVZ, which was used as a reference from a distant in-
flammatory site. Using extensive gene expression analyses, we
revealed that the most significant changes occurred in NPCs iso-
lated from SC, the main site of inflammatory activity in this EAE

model (for review, see Pierson et al., 2012). The transcriptional
changes consisted of an upregulation of immune-related genes
and an overall downregulation of developmentally/nervous
system-related genes, especially that of gliogenesis-related genes.
In the SC, functional analyses of the NPC differentiation poten-
tial supported this finding and showed a significant decrease in
oligodendrocyte and astrocyte differentiation and an increase in
neuronal differentiation. This suggests that, during EAE, the oth-
erwise gliogenic SC-NPCs are pushed toward a more neurogenic
fate.

SVZ versus SC, active versus nonactive sites of regeneration

In healthy CNS, the sites of regeneration are the SVZ and the
hippocampus in the brain, which supply new neurons to the
olfactory bulb and subgranular zone, respectively (Lois and
Alvarez-Buylla, 1994; Gage, 2000). Importantly, under such
healthy conditions, the SC is mostly quiescent. Our results ob-
tained from healthy animals clearly demonstrated a neurogenic
potential for SVZ-NPCs in which neurogenic gene expression
signatures were significantly enriched compared with SC-NPCs.
The neurogenic gene expression signature of the undifferentiated
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Table 4. Genes involved in glial differentiation and supporting publications”

J. Neurosci., August 27, 2014 - 34(35):11571-11582 « 11579

Reference oligodendrocyte Reference astrocyte
Symbol Affymetrix ID FC FDR Family differentiation differentiation
ASPA 10744766 —34 0.029 Enzyme Francis et al. (2006)
CNTF 10729024 —25 0.042 Cytokine Tatebayashi et al. (1999);
Setoguchi et al. (2004)
ERBB3 10899839 —2.2 0.027 Kinase (alaora etal. (2001)
FGF2 10815026 —32 0.047 Growth factor Viti etal. (2003)
FGFR3 10777748 23 0.028 Kinase Ohetal. (2003) Ohetal. (2003)
IGF1 10894695 10.6 0.045 Growth factor Galvin etal. (2010)
|GFBP6 10899465 —21 0.019 Other Russo et al. (2005)
IL6ST 10813007 —16 0.025 Transmembrane receptor Nakashima et al. (1999)
LINGO1 10917711 1.8 0.028 Other Mi et al. (2005);
McDonald etal. (2011)
NKX6-2 10726477 —16 0.023 Transcription regulator Caietal. (2005)
RTN4 10774766 —-1.8 0.030 Other Pernet et al. (2008)
SERPINE2 10929288 =17 0.029 Other Cavanaugh etal. (1990)
SHH 10852676 —16 0.020 Peptidase Nery etal. (2001); Okano-Uchida et al. (2004)
Tekki-Kessaris et al. (2001)
STAT3 10747506 =15 0.034 Transcription regulator Rajan et al. (1998);
Kamakura et al. (2004)
THRA 10738056 —20 0.047 Ligand-dependent nuclear receptor Billon et al. (2002)
P73 10882050 =15 0.037 Transcription regulator Billon et al. (2004)
UGt 10826607 —18 0.033 Enzyme Bansal (1999)

“Data were retrieved from IPA. FC, Fold change EAE versus naive.

Table 5. Significantly changed signaling pathways in caudal NPCs from EAE animals®

No overla

Ingenuity canonical pathways —log (B-H p value) Downregulated No change Upregulated with dataget

PTEN signaling 4.5E00 28/135 (21%) 0/135 (0%) 2/135 (1%) 105/135 (78%)
PI3K/AKT signaling 3.74E00 28/144 (19%) 0/144 (0%) 1/144 (1%) 115/144 (80%)
Axonal guidance signaling 2.82E00 54/440 (12%) 0/440 (0%) 8/440 (2%) 378/440 (86%)
Reelin signaling in neurons 2.81E00 16/82 (20%) 0/82 (0%) 4/82 (5%) 62/82 (76%)
Signaling by Rho family GTPases 2.72E00 37/252 (15%) 0/252 (0%) 4/252 (2%) 211/252 (84%)
Integrin signaling 2.72E00 32/207 (15%) 0/207 (0%) 4/207 (2%) 171/207 (83%)
FGF signaling 2.56E00 17/92 (18%) 0/92 (0%) 3/92 (3%) 72/92 (78%)
Actin cytoskeleton signaling 2.56E00 33/238 (14%) 0/238 (0%) 4/238 (2%) 201/238 (84%)
IGF-1signaling 2.49E00 20/105 (19%) 0/105 (0%) 17105 (1%) 84/105 (80%)
NGF signaling 2.38E00 22/118 (19%) 0/118 (0%) 0/118 (0%) 96/118 (81%)
Ephrin receptor signaling 2.32E00 27/200 (14%) 0/200 (0%) 4/200 (2%) 169/200 (85%)
(XCR4 signaling 2.27E00 25/167 (15%) 0/167 (0%) 2/167 (1%) 140/167 (84%)
JAK/Stat signaling 1.94E00 14/70 (20%) 0/70 (0%) 1770 (1%) 55/70 (79%)
(NTF signaling 1.91E00 12/55 (22%) 0/55 (0%) 0/55 (0%) 43/55 (78%)

“Table shows the significantly EAE-requlated canonical pathway in caudal NPCs. The analysis was performed using IPA. The p value is corrected for multiple comparisons using the Benjamini—Hochberg correction. The remaining
columns show the number of molecules belonging to a certain pathway that were downregulated (column 3), unchanged (column 4), or upregulated (column 5) in our dataset. The percentages that these molecules constitute
from the total number of molecules known to be involved in a certain pathway are shown in parentheses. The last column shows the number and percentage of the remaining molecules not requlated in our dataset butinvolved

in a certain pathway.

NPCs consisted of Emx2 and FoxG1, involved in telencephalic
differentiation (Tao and Lai, 1992; Bishop et al., 2000) and, to-
gether with Lhx2, Cxcr4, and Egfr, have been identified by others
in the neurogenic gene signature of embryonic cortical NPCs (Kelly
et al., 2009). Lhx2, which inhibits astrogliogenesis and promotes
neurogenesis in hippocampus (Subramanian et al., 2011), and
FoxG1 were also found in the neurogenic gene signature of differen-
tiated NPCs, together with Dex and Map2, markers of neuroblasts
and immature neurons, respectively (Kempermann et al., 2004;
Ming and Song, 2005). The higher neurogenicity of the SVZ-NPCs
compared with SC-NPCs was further corroborated by functional
analyses of NPCs from naive controls revealing that, under compa-
rable culture conditions, SVZ-NPCs generated a higher percentage
of neurons (Fig. 4C). Importantly, and in agreement with earlier
studies demonstrating the gliogenicity of the SC (Kulbatski et al.,
2007; Kulbatski and Tator, 2009; Petit et al., 2011), we found that the

SC-NPCs in turn generated a higher percentage of oligodendrocytes
(Fig. 4D).

Inflammation alters the differentiation potential of SC-NPCs

Upon exposure to inflammation, the SC-NPC differentiation re-
sulted in a decreased percentage of oligodendrocytes and in-
creased percentage of neurons to the same levels as SVZ-NPC
cultures (Fig. 8H ). This differentiation effect could have occurred
either through a selective effect upon a certain cell population or
through an actual diversion of differentiation mechanisms.
Speaking in favor of the cell population effect is the fact that we
have a decrease in the glia population. Kulbatski et al. (2007),
Kulbatski and Tator (2009), and Petit et al. (2011) have charac-
terized the radial glia (RG) population, present at the pial surfaces
of the SC. These RG cells have sphere-forming ability but are only
producing glial-restricted progenitors and are also present in dif-
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ferentiated spheres. Moreover, these stud-
ies show that the RG are absent in the
brain but in the SC their abundance in-
creases gradually in a rostrocaudal direc-
tion. Thus, in our cultures, which were
composed of both ependymal and pial cell
subsets, a deleterious effect on radial glia
would result in fewer glia cells in differen-
tiated SC-NPCs. Immunolabeling of our
differentiated SC-NPC cultures for BLBP,
an RG marker, had indeed reveled that
differentiated SC-NPC cultures from EAE
animals were completely devoid of BLBP,
whereas up to 30% of the corresponding
controls were BLBP * (data not shown).
On the other hand, the increase of the
Olig2 */Ascll © double-positive popula-
tion (Fig. 50) in the immature SC-NPCs
cannot be explained by a deleterious effect
on another cell population but rather by a
possible instructive effect of EAE on
neurogenesis.

It is well established that inflammation
induces NPC activity, and various inflam-
matory factors have been shown to have
priming effects on NPC differentiation
(Butovsky et al., 2006; Covacu et al.,
2006). In an earlier study using the same
DA rat model of EAE, we observed
BrdU "/NeuN " cells that had originated
from the ependymal regions of the SC and
migrated into the inflammatory lesions
(Danilov et al., 2006). Several cytokines
and inflammatory factors have been
shown to have neurogenic effects on
NPCs, and one of them is IFN, a pivotal
cytokine in the inflammatory reaction in
EAE. Interestingly, IFN+y exerts opposite
effects in the brain and SC inflammation,
acting anti-inflammatory in the brain and
proinflammatory in the SC (Wensky et al.,
2005; Lees et al., 2008) and reviewed by
Pierson et al. (2012). The discrepancy of
the IFNy effect in the different CNS com-
partments might explain results from
Tepavcevicetal. (2011). In amodel of targeted EAE with periven-
tricular brain lesions, this group showed that the inflammation
rendered the SVZ-NPCs more gliogenic, producing higher num-
bers of Olig2 * cells and less neurogenic, generating fewer neuro-
blasts (Tepavcevic et al., 2011). These findings contrast with our
results on SC cells where the gliogenic preference of the SC-NPCs
was decreased during inflammation, indicating that the NPC
populations of the CNS are not only intrinsically different but
respond differently to inflammation. In addition, the response of
the NPCs to various types of inflammation might vary. For instance,
we have compared our dataset with a study performed by Lee et al.
(2013) who analyzed the regulation of stem cell-related genes in
spinal cord injury. Fifteen genes overlapped between our datasets.
All these genes were upregulated in the spinal cord injury, whereas in
our dataset only three were upregulated while the rest of 12 were
downregulated (data not shown), indicating that the outcome of the
inflammatory exposure on the NPCs might have the opposite effect
in spinal cord injury than in EAE.
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In vitro differentiation of NPCs from SVZ and SC of EAE and naive control animals. A-C, Oligodendrogenesis. 4,
Differentiated NPCs labeled for oligodendrocytic marker GalC ™ (red). Nuclei stained with DAPI (blue). B, Percentage of oligoden-
drocytes (GalC */DAPI ™) in NPC cultures from SVZ (n = 4-6) and SC cultures (n = 5-7). , Western blot analysis for GalC and
B-actin used as loading control. D-F, Astrogliogenesis. D, Differentiated NPCs labeled for astrocytic marker GFAP (green). E,
Percentage of astrocytes (GFAP /DAPI ™) in NPC cultures from SVZ (n = 4 - 6) and SC (n = 4). F, Western blot analysis for GFAP.
G-I, Neurogenesis. G, Differentiated NPCs labeled for neuronal marker 3-11l tubulin. H, Percentage of neurons (B-11l tubulin */
DAPI *) in NPC cultures from SVZ (n = 4—6) and SC (n = 4 or 5). I, Western blot analysis for 311l tubulin. Black bars represent
naive controls; white bars represent EAE. Scale bar, 50 pem. Scale bar: G, 25 pm. Data are mean == SEM. *p << 0.05 (nonparametric
Mann—Whitney). **p < 0.01 (nonparametric Mann—Whitney).

The decreased gliogenic preference of NPCs in our analyses
was supported by the decrease of several pivotal gliogenic factors
and their signaling pathways. Among these signaling pathways,
we counted CNTF, IGF1, and FGF. The expression of IgfI, which
has been reported to support oligodendrocyte differentiation and
maturation (Galvin et al., 2010), was increased 10-fold in EAE-
exposed NPCs. However, all its downstream signaling pathways,
among them JAK/STAT, also involved in CNTF signaling, were
downregulated, possibly counteracting the benefit of the IgfI up-
regulation. Importantly, loss of remyelination capacity, with un-
derlying dysfunction in oligodendrocyte differentiation, is a
hallmark of chronic MS (Patrikios et al., 2006). In addition to the
functions associated with oligodendrocyte differentiation, the ar-
ray data gave strong predictions associated with lipid metabolism
and neurodegeneration. It is well established that, in MS, normal-
appearing white matter can harbor degenerating axons, which
can be one of the features involved in the pathology of chronic
MS (Bjartmar et al., 2001). Recently, Laule et al. (2013) described
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the features of diffusely abnormal white matter in MS patients
where loss of myelin lipids was accompanied by neurodegen-
eration. It is noteworthy that NPCs exposed a relatively short
time to inflammation in vivo display such an extensive upregu-
lation of gene signatures involved in neurodegeneration. This
might reflect an in vivo situation where inflammation condi-
tions the NPC’s transcriptional program to support patholog-
ical mechanisms.

In the present study, we demonstrate that SC-NPCs differ
from SVZ-NPCs transcriptionally and functionally. In the
healthy CNS, the SC-NPCs were more gliogenic whereas the
SVZ-NPCs were more neurogenic. The gliogenicity of the SC-
NPCs was decreased by chronic inflammation that rendered the
cells more neurogenic. This finding has important clinical impli-
cations for chronic inflammatory diseases, such as MS, where
NPCs in the different CNS compartments might be affected dif-
ferently by inflammation. Understanding the heterogeneity of
NPCs and their response to inflammation is pivotal for under-
standing the disease etiology and serve as a starting point for
future treatment designs.
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