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Abstract
Adult neural progenitor cells (NPCs) are capable of differentiating into neurons, astrocytes, and oli-

godendrocytes throughout life. Notch and transforming growth factor b1 (TGF-b) signaling

pathways play critical roles in controlling these cell fate decisions. TGF-b has been previously

shown to exert pro-neurogenic effects on hippocampal and subventricular zone (SVZ) NPCs in vitro

and to interact with Notch in different cellular types. Therefore, the aim of our work was to study

the effect of TGF-b on adult rat brain SVZ NPC glial commitment and its interaction with Notch

signaling. Initial cell characterization revealed a large proportion of Olig21, Nestin1, and glial fibril-

lary acidic protein (GFAP1) cells, a low percentage of platelet-derived growth factor receptor a

(PDGFRa1) or NG21 cells, and <1% Tuj11 cells. Immunocytochemical analyses showed a signifi-

cant increase in the percentage of PDGFRa1, NG21, and GFAP1 cells upon four-day TGF-b

treatment, which demonstrates the pro-gliogenic effect of this growth factor on adult brain SVZ

NPCs. Real-time polymerase chain reaction analyses showed that TGF-b induced the expression

of Notch ligand Jagged1 and downstream gene Hes1. Notch signaling inhibition in cultures treated

with TGF-b produced a decrease in the proportion of PDGFRa1 cells, while TGF-b receptor II

(TbRII) inhibition also rendered a decrease in the proportion of PDGFRa1 cells, concomitantly

with a decrease in Jagged1 levels. These findings demonstrate the participation of Notch signaling

in TGF-b effects and illustrate the impact of TGF-b on glial cell fate decisions of adult brain SVZ

NPCs, as well as on oligodendroglial progenitor cell proliferation and maturation.
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1 | INTRODUCTION

The adult rodent, nonhuman primate, and human brain contain two

major neurogenic niches, that is the subgranular zone of the dentate

gyrus of the hippocampus and the subventricular zone (SVZ) of the lat-

eral ventricles (Eriksson et al., 1998; Jin et al., 2001). Neural progenitor

cells (NPCs) present in the adult mouse SVZ, also known as type B

cells, give origin to transit amplifying Nestin1 and Olig21 type C cells,

which differentiate into either neurons or NG21 oligodendroglial pro-

genitor cells (OPCs) (Lois & Alvarez-Buylla, 1994; Menn et al., 2006).

Neurons migrate to the olfactory bulb through the rostral migratory

stream, whereas OPCs proliferate and migrate into the corpus cal-

losum, striatum, or fimbria fornix and mature into myelinating oligoden-

drocytes (OLs) (Gonzalez-Perez & Alvarez-Buylla, 2011; Menn et al.,

2006). Studies carried out in adult rats have shown NPCs to bypass the

type C stage and convert directly into neuroblasts (Danilov et al.,

2009). In physiological conditions, few OLs are generated from adult

SVZ type B cells as compared with newly born neurons, probably due

to slow OL turnover (McCarthy & Leblond, 1988). However, in demye-

linating conditions, both OPCs residing in the adult brain and those

derived from NPCs present in the adult SVZ have been shown to gen-

erate new OLs in response to injury (Aparicio, Mathieu, Pereira Luppi,

Almeira Gubiani, & Adamo, 2013; Guo et al., 2015; Nait-Oumesmar

et al., 1999; Petratos et al., 2004; Picard-Riera et al., 2002).*Authors equally contributed to this work.
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Different roles have been assigned to cytokines present in the

neurogenic niches of the adult brain. In particular, transforming growth

factor bs (TGF-bs) in their three mammalian isoforms—TGF-b1, -b2,

and -b3—participate in the regulation of proliferation, differentiation,

and survival of different cell types (Kitisin et al., 2007). TGF-b1 has

been shown to exert pro-neurogenic effects both in the dentate gyrus

of the adult hippocampus in an in vivo model of adrenalectomy charac-

terized by enhanced neurogenesis (Battista, Ferrari, Gage, & Pitossi,

2006) and in the SVZ of adult rats injected with adenoviral vectors

expressing TGF-b (Mathieu, Piantanida, & Pitossi, 2010). In this field,

we have also demonstrated the involvement of the Smad2/3 pathway

in TGF-b1 pro-neurogenic effects in cultured hippocampal NPCs (Gra-

ciarena, Roca, Mathieu, Depino, & Pitossi, 2013). Furthermore, we

have recently shown TGF-b1 pro-neurogenic effects on NPCs in the

SVZ and, most important, Fibulin-2 mediation (Radice et al., 2015).

These results add up to the growing evidence supporting a pro-

neurogenic role of TGF-b1 in the adult brain.

TGF-b signaling is initiated by the binding of the ligand to its serine

and threonine kinase receptors on the cell membrane, that is type I

(TbRI) and type II (TbRII) receptors. Ligand binding results in the forma-

tion of a receptor heterocomplex in which TbRII phosphorylates the

threonine and serine residues of TbRI and thus activates it (Massague

& Chen, 2000; Wrighton, Lin, & Feng, 2009). The activated TbRI

recruits and phosphorylates R-Smad proteins, Smad2/3 for TGF-b,

which then makes up a heterocomplex with Smad4. The Smad com-

plexes then translocate to the nucleus to regulate target gene

transcription.

Another signaling pathway involved in cell fate commitment,

Notch is known to play a key role in controlling the proliferation and

differentiation of NPCs. In particular, in demyelinating pathological con-

ditions, previous work by our group using lysolecithin-induced focal

demyelination in rats proved Jagged1-mediated Notch activation to

trigger Hes5 expression in the SVZ, concomitant with an expansion in

OPC population. During subsequent apotransferrin-induced remyelina-

tion, Notch activation seemed to be mediated by the expression of F3/

contactin, inducing apotransferrin-mediated OL maturation (Aparicio

et al., 2013).

Notch family is constituted by transmembrane receptors Notch1,

2, 3, and 4, which are activated by the binding of ligands Delta1, 3, and

4 and Jagged1 and 2 (Dave et al., 2011). Ligand binding induces a first

cleavage, by ADAM metalloprotease, which then generates a

membrane-tethered intermediate acting as a substrate for the

g-secretase complex which, in turn, releases the Notch intracellular

domain (NICD) into the cytoplasm. NICD then translocates to the

nucleus, where it activates the transcription of Notch target genes such

as the basic helix loop helix (bHLH) transcriptional repressors known as

Hairy/Enhancer of Split (Hes) genes (Kopan & Ilagan, 2009).

Both TGF-b and Notch appear to be implicated in the myelin

repair process associated to demyelinating disorders such as Multiple

Sclerosis (MS). The presence of reactive Jagged1-expressing astrocytes

in response to the upregulation of TGF-b appears to be one of the rea-

sons for remyelination failure. In particular, the presence of Notch1

and its effector, Hes5, in OPCs of MS lesions suggests that Jagged-

activated Notch signaling might inhibit OPC maturation (John et al.,

2002). Along the same line, TGF-b1 has been proven to induce the

expression of Jagged1 in human astrocyte cultures (Zhang et al., 2010).

Finally, Notch and TGF-b signaling have been shown to act synergisti-

cally in co-cultures of mesenchymal stromal cells and NPCs, inducing

NPC differentiation into astrocytes and OLs (Robinson, Foraker, Ylos-

talo, & Prockop, 2011).

In this context, and with a view to unveiling possible NPC response

mechanisms upon demyelination, the present work characterized cell

populations arising from adult brain SVZ cultures and, most impor-

tantly, assessed changes induced by TGF-b1 (TGF-b) and the underly-

ing interplay between TGF-b and Notch signaling.

2 | MATERIALS AND METHODS

2.1 | Animals

Adult Wistar rats (5–6 weeks old) were housed in a temperature—(22–

238C) and photoperiod—(12-hr light/dark) controlled room and pro-

vided food and water ad libitum. All animal procedures were performed

according to the regulations of the National Institutes of Health, USA.

Experimental protocols were approved before implementation by the

Institutional Committee for the Care and Use of Laboratory Animals

(CICUAL) at Facultad de Farmacia y Bioquímica, Universidad de Buenos

Aires, Argentina.

2.2 | NPC isolation and culture

Adult rat brain SVZ were dissected and submitted to mechanical

disruption. Cells were thoroughly washed in DMEM/F12 medium,

placed in 10-cm dishes and cultured in DMEM/F12 medium

(Gibco-ThermoFisher, Grand Island, NY), containing 2% B27-

supplement (Gibco-ThermoFisher), 20 ng/ml human basic fibroblast

growth factor-2 (b-FGF, PeproTech, Rocky Hill, NJ), 20 ng/ml rat

epidermal growth factor (EGF; PeproTech), 4 g/l anhydrous glucose

and 1% penicillin/streptomycin (proliferation medium), and incubated

in a humidified chamber at 378C in 5% CO2/20% O2. Factors were

added every 48 hr and, after 7 days in culture, neurospheres were

plated in 10-cm dishes (for RNA extraction or Western blot analy-

sis) or glass coverslips (for immunocytochemical assays) pre-coated

with 50 mg/ml of poly-ornithine. In all cases, neurospheres were

kept in proliferation medium for 48 hr after plating, after which the

medium was replaced with DMEM/F12 containing 2% B27-

supplement, 5 ng/ml b-FGF, 5 ng/ml EGF, 4 g/l anhydrous glucose

and 1% penicillin/streptomycin (differentiation medium) supple-

mented according to each experimental design. For all experimental

designs, fields were selected at random and cells away from the

neurospheres were counted and expressed as a percentage of total

cell count. A total of at least 300 cells were counted for each cell

marker analyzed in each one of three independent experiments per-

formed in triplicate.
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2.3 | Cell proliferation

To study changes in cell proliferation rates, mouse anti-Ki67 (1:500,

BD Pharmingen, San Jos�e, CA) was used to stain proliferating cells fol-

lowing the procedure described for immunocytochemical studies.

Proliferation rates were further assessed through 5-bromo-20-

deoxyuridine (BrdU) experiments. After 7 days in culture, neurospheres

were plated for 48 hr in proliferation media, after which cells were

pulse-labeled by BrdU (10 mM) in control or TGF-b-containing media.

After a 90-min pulse, media were replaced by control or TGF-

b-containing media for an additional 24 hr. Cells were then washed

with phosphate buffer saline (PBS) and fixed in a solution of parafor-

maldehyde 4% w/v in PBS. They were then treated with 2 M HCl in

PBS containing 1% Triton X-100 for 15 min at room temperature. After

blockade with a solution of PBS containing 1% donkey serum (Sigma-

Aldrich) and 0.1% Triton X-100, cells were treated with a monoclonal

anti-BrdU antibody (1:500) and then with a Cy2-conjugated donkey

anti-mouse secondary antibody (1:1000). In addition, NPC marker Nes-

tin, astrocyte-like NPC marker glial fibrillary acidic protein (GFAP) and

OPC marker platelet-derived growth factor receptor a (PDGFRa) were

used to characterize proliferating cells. Taking 300 cells for each experi-

mental condition, BrdU1 cells and Ki671 cells were analyzed by fluo-

rescence microscopy using ImageJ software. Three independent

experiments were performed in triplicate.

2.4 | Cell differentiation and inhibition experiments

Cells were plated and submitted to the different treatments 48 hr later

according to the experimental design.

� For short term experiments, media were replaced every 48 hr with

differentiation medium containing either vehicle or 20 ng/ml TGF-

b1. This procedure was repeated for 4 days and rendered two

experimental conditions (control and1TGF-b).

� For long term experiments, media were replaced every 48 hr and

rendered the following three experimental conditions: (a) cells were

kept in differentiation medium for 8 days; (b) cells were kept in dif-

ferentiation medium containing 20 ng/ml TGF-b1 for the first 4 days

and in differentiation medium without TGF-b1 for another 4 days;

and (c) cells were kept in differentiation medium containing 20 ng/

ml TGF-b1 for 8 days.

Treatment time points were chosen on the basis of previous work (Bat-

tista et al., 2006; Radice et al., 2015).

In addition, TGF-b signaling inhibition experiments were per-

formed by treating cultures with TbRII inhibitor SB431542 (Sigma-

Aldrich, St. Louis, MO). After 48-hr cell plating, cultures were pre-

treated with dimethyl sulfoxide (DMSO), 5 mM SB431542 or 10 mM

SB431542 (control1DMSO, control15SB, and control110SB,

respectively) for 90 min, and then kept in control media or added 20

ng/ml TGF-b1 (1TGF-b1DMSO, 1TGF-b15SB, and 1TGF-

b110SB, respectively) for 24 hr. Cells were then fixed for immunocy-

tochemical analyses or harvested for Western blot analyses.

Furthermore, Notch signaling inhibition experiments were carried

out using g-secretase inhibitor N-[N-(3,5-Difluorophenalcetyl-L-ala-

nyl)]-S-phenylglycine-t-butyl ester (DAPT, Calbiochem, San Diego, CA).

After 48-hr cell plating, cells were pre-incubated for 1 hr with either

DMSO or 10 mM DAPT (control1DMSO and control1DAPT, respec-

tively) and media were then changed to control or 1TGF-b media

(1TGF-b1DMSO and 1TGF-b1DAPT, respectively) for 24 hr.

Notch inhibition was also evaluated in long term experiments. Cells

were then fixed for immunocytochemical analyses.

2.5 | Immunocytochemistry

After different experimental protocols, cells were fixed with 4%

paraformaldehyde in PBS for 20 min and then washed twice with

PBS. Nonspecific binding was blocked by 30-min incubation at room

temperature in PBS containing 1% donkey serum (Sigma-Aldrich)

and 0.1% Triton X-100. Coverslips were subsequently incubated for

2 hr at room temperature with the following primary antibodies

diluted in blocking solution: rabbit anti-GFAP (1:1000, Dako, Carpin-

teria, CA) and mouse anti-Nestin (1:1000, BD Pharmingen) to stain

astrocyte or type B NPCs; rabbit anti-b III tubulin (TujI, 1:500,

Sigma-Aldrich) or mouse anti-TujI (1:1000, Promega, Madison, WI)

to stain early differentiated neurons, goat anti-PDGFRa (1:500, Neu-

romics, Edina, MN) and rabbit anti-NG2 (1:1000, Millipore, Billerica,

MA) to stain OPCs, rabbit anti-Olig2 (1:1000, Millipore) to stain the

oligodendroglial progeny, mouse anti-myelin basic protein (MBP,

1:750, BioLegend, San Diego, CA) to stain mature OLs, anti-TbRII

(1:500, Santa Cruz, Dallas, TX) to detect cells expressing this recep-

tor and goat anti-Jagged1 (1:500, Santa Cruz) to evaluate Notch sig-

naling. After PBS washes, coverslips were incubated with fluorescent

dye-conjugated secondary antibodies diluted in PBS for 2 hr at

room temperature. Secondary antibodies used were Cy2- or Cy3-

conjugated donkey anti-rabbit, Cy3-conjugated donkey anti-goat

(1:1000, Jackson Immunoresearch Laboratories Inc, West Grove, PA)

and Cy2-conjugated donkey anti-mouse in combination with 1 mg/

ml Hoechst (Sigma-Aldrich). Once incubations were finished, cover-

slips were washed twice in PBS and mounted onto glass slides with

a mounting medium. Microscopic observations were done using an

Olympus BX50 microscope and digital images were taken with a

CoolSnap digital camera. Marker-positive cells were counted using

ImageJ (Media Cybernetics, Silver Spring, MD) and results were

expressed as the percentage of positive cells over total cell number.

A total of at least 300 cells were counted for each cell marker ana-

lyzed in each one of three independent experiments performed in

triplicate. To study the colocalization between TbRII and Nestin and

GFAP or PDGFRa, cells were examined by laser confocal micros-

copy using an Olympus FV 1000 microscope (Olympus, Japan).

2.6 | OL morphological differentiation

Mature OL diameter and process complexity, from TGF-b-treated and

control cultures, were evaluated using Sholl analysis. Briefly, principal

OL processes were initially outlined using NeuronJ plugin for ImageJ

G �OMEZ PINTO ET AL. | 3



(National Institutes of Health, Bethesda, MD) to exclude adjacent cells

and secondary processes. Next, a minimum of 30 MBP1 cells were

analyzed in terms of branching process number and length by counting

the number of process intersections with each one of the concentric

circles with increasing radius superimposed on OL cell bodies (starting

radius, 10 lm; step size, 10 lm; end, 180 lm) using Sholl analysis plu-

gin for ImageJ.

2.7 | Western blot

TGF-b signaling inhibition experiments results were further corrobo-

rated by evaluating the level of Notch ligand Jagged1 by Western blot.

After 24-hr culture in the presence or absence of TGF-b, and in the

presence or absence of TbRII inhibitor, cells were harvested and

washed twice with PBS and the cellular pellet was then resuspended in

buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, 0.1% Triton X-

100 (v/v), 1% NP40 (v/v), 2 mM ethylenediaminetetraacetic acid,

2 mM ethylene glycol-bis(b-aminoethyl ether)-N,N,N’,N’-tetraacetic

acid and protease inhibitors (Roche Cocktail, Hoffmann-La Roche, Basi-

lea, Switzerland). Samples containing 20 mg protein were separated by

sodium dodecyl sulfate polyacrylamide gel electrophoresis (7.5% acryl-

amide; Laemmli, 1970) and blotted onto polyvinylidene difluoride mem-

branes. After 45-min blockade in 5% (w/v) non-fat milk in tris-buffered

saline containing 0.1% Tween 20, membranes were probed overnight

at 48C with anti-Jagged1 (1:200) or anti-b tubulin (1:1000) antibodies.

Membranes were subsequently incubated for 2 hr at room temperature

with the corresponding secondary horseradish peroxidase-conjugated

antibody (1:10000). Bands were visualized by enhanced chemilumines-

cence (ECL plus, Amersham Biosciences, Piscataway, NJ) using Image

Quant LAS500 equipment (GE Healthcare, Piscataway, NJ) and quanti-

fied from three independent experiments using ImageJ software

(National Institutes of Health).

2.8 | Real-time polymerase chain reaction

After differentiation protocols, cells were lysed and total RNA was iso-

lated by means of an RNAqueous-Micro Kit (Ambion, Foster City, CA)

according to the manufacturer’s instructions. Samples were used for

reverse transcription with random hexamer primers, using a High-

Capacity cDNA Reverse Transcription Kit and a TaqMan RT Kit. Real-

time polymerase chain reaction (RT-PCR) was performed on an Applied

Biosystems 7500 RT-PCR System as follows: 5 min at 958C and then

40 cycles of 4 sec at 958C, 1 min at 678C, and 1 min at 728C. Specificity

of the amplification product was confirmed by examination of dissocia-

tion reaction plots. A distinct single peak indicated that a single DNA

sequence was amplified during PCR. Each sample was tested in tripli-

cate and samples obtained from three independent experiments were

used to determine the relative expression levels of each transcript by

employing the comparative CT method (DDCT method). Normalized to

endogenous reference b2-microglobulin and relative to a control, the

amount of target is given by 22DDCT (RQ). The primers used for RT-

PCR were:

Gen
Forward
primer Reverse primer

b2-
migroglobulin

TCTTTCTGGTGCTTG
TCTC

AGTGTGAGCCAG
GATGTAG

Jagged1 GACGACTG
TAACACCTGCCA

AGTGGTGAGACCT
GGAGACA

Hes1 ACACCGGACAAA
CCAAAGAC

ATGCCGGGAGCT
ATCTTTCT

Hes5 TCCAGAGCTC
CAGGCATGG

CCGCAGTCGATT
TTTCTCCTT

MAG TCCTGGCCACGGTCAT
CTA

CACACCAGTACTCC
CCATCGT

Ascl1 TCCGGTTTCGTCCTA
CTCCT

CTGCCATCCT
GCTTCCAAAG

2.9 | Statistical analysis

Results were expressed as the mean6 SEM and statistical differences

among treatments were determined using Student’s t test and one- or

two-factor analysis of variance (ANOVA) followed by Bonferroni’s mul-

tiple comparison test.

3 | RESULTS

3.1 | Culture characterization

Adult brain SVZ cells grown as neurospheres can differentiate into

both neurons and OLs in vitro, although this differentiation pattern may

be different in the presence of growth factors. To characterize cell pop-

ulations originating from SVZ NPCs in vitro in proliferation media, adult

brain SVZ neurospheres were plated in coated coverslips and cultured

for 48 hr until fixation for cell phenotype characterization. In this condi-

tion, cell characterization revealed Nestin1 (67%65%), GFAP1

(70%63%), Nestin1/GFAP1 (64%64%), Olig21 (83%64%),

PDGFRa1 (10%610%), NG21 (8%64%), PDGFRa1/NG21 (9%6

8%), and TujI1 (1%60%) cells. Nestin1/GFAP1 cells probably reflect

the abundance of adult brain SVZ type B progenitor cells. In turn, the

values observed for PDGFRa1 or NG21 cells may respond to the

presence of OPCs, while the even lower proportion of TujI1 cells

reflects a small degree of neurogenesis in these culture conditions. It

should be pointed out that the proportion of Olig21 cells was remark-

ably higher than that of PDGFRa1/NG21 cells (Figure 1).

3.2 | TGF-b effects on culture phenotype

With the aim of unveiling TGF-b effects on adult brain SVZ neuro-

sphere cultures, cells expressing cytokine receptor TbRII were first ana-

lyzed through immunocytochemical studies using markers Nestin,

GFAP, and PDGFRa. Results revealed TbRII colocalization with all

GFAP1, Nestin1, and PDGFRa1 cells (Figure 2a) and no changes in

TbRII expression pattern upon TGF-b addition to the culture media

(Supporting Information Figure 1).
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In addition, cell subpopulations identified in culture characteriza-

tion assays were analyzed for changes induced by TGF-b. Four-day cul-

tures in the presence of TGF-b exhibited a significant increase in the

proportion of GFAP1 (46%) and, most important, in the proportion of

PDGFRa1 (153%), NG21 (207%), and PDGFRa1/NG21 cells (300%)

regarding controls (Figure 2c,d). However, no changes were observed

in the percentage of TujI1 (data not shown), Nestin1 or Nestin1/

GFAP1 cells (Figure 2d). To further establish whether the changes

induced by TGF-b affect NPC fate decisions, cell proliferation, or both,

proliferation rates were evaluated through Ki67 expression and BrdU

incorporation assays in the total cell population and in each cell type.

Ki67 expression assays rendered a significant increase in total cell pro-

liferation after 24-hr culture (200%) and a significant increase in the

proportion of PDGFRa1/Ki671 cells (160%; Figure 3c,e,f). Accord-

ingly, BrdU incorporation assays also revealed a significant increase in

total cell proliferation (105%) and a significant increase in the propor-

tion of PDGFRa1/BrdU1 cells (402%) 24 hr after TGF-b stimulus (Fig-

ure 3d,g,h). Furthermore, no significant differences were observed

between the proportions of Ki671 and BrdU1 cells either in control or

TGF-b-treated cells (Figure 3i).

On the basis of these results showing an expanded OPC subpopu-

lation, long term experiments were carried out to establish the effect

of TGF-b treatment on OPC maturation using mature oligodendroglial

marker MBP. To such end, changes in the proportion of cell popula-

tions present in the culture, that is Nestin1, GFAP1, Nestin1/GFAP1,

PDGFRa1 and MBP1 cells, were analyzed in experimental conditions

(a), (b), and (c), described in Section 2 (Figure 4a).

Interestingly, 8-day cultures in the presence of TGF-b exhibited no

changes in the percentages of Nestin1/GFAP1 cells. However, the

presence of TGF-b either during 4 or 8 days induced a significant

decrease in the percentage of Nestin1 cells regarding controls (52%

and 48% for conditions (b) and (c), respectively), probably at the

expense of an increase in PDGFRa1 (65% and 150% for conditions (b)

and (c), respectively) and GFAP1 cells (33% and 26% for conditions (b)

and (c), respectively). These findings may be thought to hint at a pro-

gliogenic effect of TGF-b on type C Nestin1 cells present in this adult

SVZ neurosphere cultures (Figure 4b).

In addition, and most interestingly, a significant increase was

observed in the proportion of MBP1 (115%) after 8 days’ culture in

the presence of TGF-b. This increase may respond to the increase pre-

viously detected in the proportion of OPCs or a direct effect of TGF-b

upon OL differentiation. In order to further analyze the possible effects

of TGF-b on OPC maturation, cell morphological complexity was eval-

uated in the experimental conditions described above using Sholl analy-

sis. Although control cells showed a larger number of intersections at

low radius values, TGF-b-treated cells in both (b) and (c) conditions

exhibited a significantly higher number of intersections at radii raging

between 40 mm and 90 mm (Figure 5), which reveals more and longer

processes and, hence, higher mature OL morphological complexity.

3.3 | Notch involvement in TGF-b effects

Given the relationship between TGF-b and Notch ligand Jagged1, the

proportion of cells expressing Jagged1 was immunocytochemically

evaluated after 4-day culture, with results showing a significantly

higher proportion in TGF-b-treated cultures as compared with control

conditions (95%; Figure 6b,c). Worth highlighting, Jagged1 was exclu-

sively expressed by GFAP1 cells. Additional support was obtained

through Western blot studies, which also rendered significantly higher

FIGURE 1 Neurosphere culture characterization. (a) Experimental
timeline. (b) Fluorescence microscopy images of
immunocytochemistry for Nestin, GFAP, NG2, PDGFRa, Olig2, and
the corresponding merges. Scale bar, 50 lm. (c) Quantitation of
relative percentages. Results are expressed as the percentage of
positively stained cells over total cells visualized with Hoechst.
Values are expressed as the mean6 SEM of three independent
experiments performed in triplicate [Color figure can be viewed at
wileyonlinelibrary.com]
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Jagged1 levels in TGF-b-treated cultures (Figure 6d). To further corrob-

orate the interaction between TGF-b and Notch signaling, ligand

Jagged1 transcript levels were evaluated by RT-PCR, together with

Notch downstream signaling genes potentially involved in OPC prolif-

eration (Hes1 and Hes5) and maturation (MAG) and a gene involved in

neuronal commitment (Ascl1). In agreement with findings reported

above, TGF-b-treated cultures exhibited a 50% increase in Jagged1

transcript levels after 6-hr culture (Figure 6e), which is also in line with

the 1-fold increase observed in Hes1 expression after 6-hr culture and

the 2-fold increase detected after 24-hr culture (Figure 7a), without

changes in Hes5 expression (Figure 7b). As expected, MAG gene

expression showed no changes either after 6- or 24-hr culture (Figure

FIGURE 2 TbRII expression and TGF-b effects on cell populations in short term cultures. (a) Confocal microscopy images of immunocyto-
chemistry for TbRII colocalization with Nestin, GFAP, and PDGFRa. Scale bar, 20 mm. (b) Experimental timeline. (c) Fluorescence microscopy
images of immunocytochemistry for PDGFRa, NG2, and merge in control and TGF-b-treated cultures. Scale bar, 50 mm. (d) Quantitation of
relative percentages. Results are expressed as the percentage of positively stained cells over total cells visualized with Hoechst. Values are
expressed as the mean6 SEM of three independent experiments performed in triplicate (two-way ANOVA, Bonferroni’s post-test) *p< .05
[Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 OPC proliferation after TGF-b treatment. (a,b) Experimental timelines. (c) Fluorescence microscopy images of immunocytochem-
istry for PDGFRa and Ki67 in control and TGF-b-treated cultures. (d) Fluorescence microscopy images of immunocytochemistry for
PDGFRa and BrdU in control and TGF-b-treated cultures. Scale bar, 50 mm. (e–h) Quantitation of relative percentages. Results are
expressed as the percentage of Ki67, PDGFRa/Ki67, BrdU, or PDGFRa/BrdU positive cells over total cells visualized with Hoechst. (i)
Quantitation of relative percentages. Results are expressed as the proportion of Ki671 and BrdU1 cells over total cells visualized with
Hoechst. Values are expressed as the mean6 SEM of three independent experiments performed in triplicate (Student’s t test for independ-
ent samples) *p< .05 [Color figure can be viewed at wileyonlinelibrary.com]
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7c), which reflects the absence of mature OLs at early culture time

points. Finally, no changes were observed in Ascl1 levels, in parallel

with the unaltered proportion of Tuj11 cells reported above (Figure

7d).

On the basis of these findings and evidence of TGF-b pro-oligo-

dendrogenic effects, g-secretase inhibitor DAPT was used in differen-

tiation assays in order to corroborate the involvement of Notch

signaling. Notch pathway inhibition produced a significant decrease in

the percentage of PDGFRa1 cells as compared with DMSO in TGF-

b-treated cultures (78%) but no changes in control cultures. In agree-

ment with these results, TGF-b-treated cultures exhibited a significant

reduction in PDGFRa1/Ki671 cells in the presence of Notch signaling

inhibitor as compared to DMSO (85%), but no variation in total Ki671

cells (Figure 8b).

In the same way, TGF-b pathway inhibition experiments using

TbRII inhibitor SB431542 were conducted to verify that the changes

observed in PDGFRa1 cell proliferation were unequivocally induced

by TGF-b through Jagged1-driven Notch activation. Western blot anal-

yses and immunocytochemical assays showed a decrease in Jagged1

levels and in the percentage of Jagged11 cells at both inhibitor con-

centrations, which proves the effective inhibition of TGF-b signaling

(Figure 9b,c). In addition, immunocytochemical assays showed a signifi-

cant decrease in the percentage of PDGFRa1 cells in TGF-b-treated

cultures at both inhibitor concentrations (9%62% with 5 and 10 mM

versus 18%62% with DMSO), which corroborates Notch mediation in

the pro-oligodendrogenic effect of TGF-b on adult brain SVZ neuro-

sphere cultures. Worth pointing out, no changes were observed in the

percentage of PDGFRa1 cells in control cultures at either inhibitor

concentration (10%63% with 5 mM and 9%62% with 10 mM) or with

DMSO (962; Figure 9d). Finally, SB431542 produced no significant

changes in the proportion of cells expressing TbRII in control or TGF-

b-treated cultures (Supporting Information Figure 2).

As regards other subpopulations identified in culture characteriza-

tion assays, changes induced by Notch signaling inhibition were also

evaluated in Nestin1/GFAP1, Nestin1/GFAP– and Nestin–/GFAP1

cells in TGF-b-treated and control cultures. No significant changes

were observed upon Notch inhibition in cell populations cultured in

control conditions. In contrast, in TGF-b-treated cultures, Notch inhibi-

tion produced a significant increase in the percentage of Nestin1/

GFAP1 cells (58%), no changes in Nestin1/GFAP– cells and a signifi-

cant decrease in the percentage of Nestin–/GFAP1 cells (73%; Figure

10b). In the same way, analyses of Notch inhibition in long term experi-

ments rendered a significant decrease in both PDGFRa1 (51%) and

MBP1 (67%) cells in 1TGF-b1DAPT cultures regarding 1TGF-

b1DMSO ones (Figure 10c,d).

Finally, to elucidate the contrasting effects of TGF-b, that is induc-

ing both OPC proliferation and OL maturation, analyses were con-

ducted on cell type distribution in the neurosphere cultures. Results

revealed clear interaction between neighboring PDGFRa1 and

Jagged1-expressing GFAP1 cells after 48-hr TGF-b treatment (Figure

11a). Most interestingly, and probably as a consequence of cell migra-

tion (Supporting Information Figure 3), PDGFRa1 cells appeared to be

detached from Jagged1-expressing GFAP1 cells after 8-day treatment

(Figure 11b,c).

These results suggest that OPC initial proliferation may take place

upon Notch activation Jagged1-mediated effect of TGF-b, while later

maturation may be the consequence of a direct effect of TGF-b on its

own receptor TbRII.

4 | DISCUSSION

One of the most frequent demyelinating neuropathologies affecting

young adults, MS is characterized by central nervous system (CNS)

demyelination as a consequence of persistent inflammation in the brain

and spinal cord. The development of therapeutic strategies continues

to prove a challenging task and requires thorough understanding of the

molecular regulation of OLs, the myelin forming cells in the CNS. The

adult brain SVZ has been shown to harbor neurons, astrocytes and OLs

(Menn et al., 2006), which respond to different pathological insults

such as trauma, ischemia, neurodegeneration, demyelination, and

inflammation (Nait-Oumesmar, Picard-Riera, Kerninon, & Baron-Van

Evercooren, 2008). In addition, growth factors are known to play an

important role in OL development and maintenance and are involved in

FIGURE 4 TGF-b effects on cell populations in long term cultures.
(a) Experimental timeline. (b) Quantitation of relative percentages
of immunocytochemistry for different cell markers in experimental
conditions (a), (b), and (c). Results are expressed as the percentage
of positively stained cells for Nestin/GFAP, Nestin, GFAP,
PDGFRa, and MBP over total cells visualized with Hoechst. Values
are expressed as the mean6 SEM of three independent
experiments performed in triplicate (one-way ANOVA, Bonferroni’s
post-test) **p< .01, ***p< .001, ****p< .0001
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the modulation of glial responses in various pathological scenarios. In

particular, previous work has proven TGF-b to be upregulated mainly

during maximal demyelination together with HGF, FGF-2, LIF, and IGF-

I (Lassmann, Bruck, & Lucchinetti, 2007).

In this context, and considering the repair potential of multipotent

NPCs in the adult SVZ, capable of migrating and differentiating into the

three major CNS cell types, this work investigated the pro-

oligodendrogenic effects of TGF-b on adult brain SVZ neurosphere cul-

tures and the possible participation of Jagged1-Notch activation in

these effects.

First, the characterization of cell populations originating

from adult brain SVZ NPCs cultured in the presence of EGF and

FGF revealed high proportions of Nestin1, GFAP1, and

Nestin1/GFAP1 cells. Adult brain SVZ type B Nestin1 and

GFAP1 cells can generate neurons and young migrating NG21

OPCs, which in turn proliferate locally or mature into OLs with

myelinating capacity (Menn et al., 2006). However, the predomi-

nance observed of Olig21 cells in our studies is in agreement

with results obtained by Hack, Sugimori, Lundberg, Nakafuku, &

Gotz (2004) showing that Olig2 is required for the generation of

neurospheres and may essentially mediate EGF and FGF signal-

ing (Hack, Sugimori, Lundberg, Nakafuku, & Gotz, 2004). Inter-

estingly, 10% of cells were found to express NG2 proteoglycan

and PDGFRa, markers of OPC population, while <1% were

FIGURE 5 OL morphological complexity after TGF-b treatment in long term cultures. (a) Experimental timeline. (b) Fluorescence micros-
copy images of immunocytochemistry for MBP in experimental conditions (a), (b), and (c). Scale bar, 20 mm. (c) Representative image of con-
dition (c) and processes outlined with superimposed Sholl rings. Scale bar, 20 mm. Quantitation of Sholl ring-OL process intersection as a
function of Sholl ring radius in experimental conditions (a), (b), and (c). Values are expressed as the mean6 SEM of three independent
experiments performed in triplicate (two-way ANOVA, Bonferroni’s post-test) *(a) versus (b); #(a) versus (c); *p< .05, **p< .01, ***p< .001,
****p< .0001, #p< .05, ##p< .01, ###p< .001, ####p< .0001 [Color figure can be viewed at wileyonlinelibrary.com]
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found to be TujI1, which suggests that relatively more NPCs

are committed to the oligodendroglial fate in these culture

conditions.

In agreement with findings reported by Zhang et al. (2010) and Pal-

azuelos, Klingener, & Aguirre (2014), our immunocytochemical results

showing colocalization of TbRII with Nestin, GFAP, and PDGFRa

FIGURE 6 Notch ligand Jagged1 expression after TGF-b treatment. (a) Experimental timeline. (b) Fluorescence microscopy images of immu-
nocytochemistry for Jagged1, GFAP, and merge in control and TGF-b-treated cultures. Scale bar, 50 mm. (c) Quantitation of relative percen-
tages. Results are expressed as the percentage Jagged11 cells over total cells visualized with Hoechst. Values are expressed as the mean6
SEM of three independent experiments performed in triplicate (Student’s t test for independent samples) *p< .05. (d) Western blot analyses
and relative quantification of Jagged1 levels in control and TGF-b-treated cultures. Values are expressed as the mean6 SEM of three inde-
pendent experiments (Student’s t test for independent samples) *p< .05. (e) Real-time PCR analyses of Jagged1 transcript levels in control
and TGF-b-treated cultures during 6 and 24 hr. All results are expressed as RQ and TGF-b results are expressed as relative to control val-
ues. Values are expressed as the mean6 SEM of three independent experiments performed in triplicate (Student’s t test for independent
samples) *p< .05, **p< .01 [Color figure can be viewed at wileyonlinelibrary.com]
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proved cytokine receptor to be expressed in NPCs, astrocytes and

OPCs, respectively. The significant increase observed in GFAP1 and

PDGFRa1/NG21 cells in 4-day TGF-b-treated cultures may respond

to an increase in total cell proliferation and, particularly, OPC prolifera-

tion, as evidenced by results obtained in Ki67 expression and BrdU

incorporation assays. These most interesting results demonstrate that

TGF-b induces the proliferation of OPCs generated in the adult SVZ

culture. In contrast, the fact that TGF-b induced an increase in GFAP1

cells but no changes in Nestin1 or Nestin1/GFAP1 cells provides fur-

ther evidence of NPC glial commitment upon TGF-b treatment. Fur-

thermore, TGF-b did not produce changes in the population of TujI1

neuroblasts, which were nearly undetectable. Taken together, these

data further suggest that TGF-b specifically targets glial cell

commitment.

Remarkably, results obtained in 8-day cultures in the presence of

TGF-b still showed OPC proliferation but also revealed OPC differen-

tiation into mature OLs, as evidenced by an increase in the proportion

of MBP1 cells. These findings may appear to contrast the notion that

Jagged1-mediated Notch activation restricts OPC maturation. How-

ever, as different from studies conducted in co-cultures of primary

astrocytes and OPCs (Zhang et al., 2010), our cultures containing

Nestin1/GFAP1 type B cells may explain TGF-b effects on Jagged1-

driven cell fate decisions, which render ongoing OPC expansion and

still allow for some of these OPCs to differentiate into mature MBP1

OLs. Alternatively, as our studies use neurosphere-derived OPCs, the

fact that OPCs migrate and lose contact with TGF-b-induced

Jagged1 activation in GFAP1 cells may also explain OPC maturation

in spite of Jagged1 well documented restrictive effects. Furthermore,

a direct effect of TGF-b on OPC differentiation may be inferred

from our results revealing higher mature OL morphological complex-

ity. That is, TGF-b may act upon TbRII present in OPCs and hence

activate Smad3/4 signaling, which in turn induces the expression of

c-myc and p21, subsequent cell cycle withdrawal and final OPC

maturation, recapitulating mechanisms involved in CNS myelination

(Palazuelos et al., 2014). As a matter of fact, Jagged1/Notch-medi-

ated and direct effects of TGF-b on OPCs derived from neuro-

spheres appear to coexist and outweigh one another in a time- and

space-dependent manner. In this sense, these adult brain SVZ neu-

rosphere cultures may be thought to reproduce SVZ cell behavior

in vivo.

In further establishing a relationship between TGF-b and Notch

signaling, the addition of TGF-b to our neurosphere cultures induced a

significant increase in the expression of Notch ligand Jagged1 exclu-

sively by GFAP1 astrocytes, one of the cell subpopulations whose pro-

portion increased upon TGF-b treatment. In addition, the increase

detected in Notch effector Hes1 transcript levels is in agreement with

FIGURE 7 Notch signaling gene expression after TGF-b treatment. Real-time PCR analyses of (a) Hes1, (b) Hes5, (c) MAG, and (d) Ascl1
transcript levels in control and TGF-b-treated cultures during 6 and 24 hr. All results are expressed as RQ and TGF-b results are expressed
as relative to control values. Values are expressed as the mean6 SEM of three independent experiments performed in triplicate **p< .01,
***p< .001
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the increase observed in Jagged1 transcript levels, Jagged1 protein lev-

els and Jagged11 cells. In turn, no changes were observed in MAG

gene expression, which, as expected, reflects the absence of mature

OLs at early culture time points. These results agree with findings men-

tioned above on TGF-b and Jagged1-Notch joint mediation of deficient

OPC maturation in MS patients and their impact on OPC size and

differentiation during remyelination (John et al., 2002; Zhang et al.,

2010).

Moreover, Notch signaling inhibition reversed the effects exerted

by TGF-b in cell subpopulations. That is, the fact that g-secretase

inhibitor DAPT produced a significant decrease in the population of

PDGFRa1 OPCs in TGF-b-treated neurospheres—but no significant

changes in control ones—is in line with the decrease observed in

GFAP1 astrocytes. Also, the increase induced by Notch inhibition in

the proportion of Nestin1/GFAP1 type B cells further supports a glio-

genic effect of TGF-b on neurosphere cultures. Finally, and most inter-

estingly, the comparable results obtained in TGF-b-treated cultures

when inhibiting TbRII rather than Notch signaling are in agreement

with findings reported by Zhang et al. (2010) in human astrocyte cul-

tures and provide stronger evidence of interplay between TGF-b and

FIGURE 8 Notch signaling inhibition after TGF-b treatment in OPCs. (a) Experimental timeline. (b) Fluorescence microscopy images of
immunocytochemistry for PDGFRa/Ki67 merge in control and TGF-b-treated cultures in the presence of DMSO or g-secretase inhibitor
DAPT. Scale bar, 20 mm. Quantitation of relative percentages. Results are expressed as the percentage of positively stained cells for
PDGFRa, Ki67/PDGFRa, and Ki67 over total cells visualized with Hoechst in control and TGF-b-treated cultures in the presence of DMSO
or g-secretase inhibitor DAPT. Values are expressed as the mean6 SEM of three independent experiments performed in triplicate (two-way
ANOVA, Bonferroni’s post-test) *p< .05, **p< .01 [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 9 TbRII inhibition after TGF-b treatment. (a) Experimental timeline. (b) Western blot analyses and relative quantification of
Jagged1 levels in control and TGF-b-treated cultures in the presence of DMSO or TbRII inhibitor SB431542. (c) Fluorescence microscopy
images of immunocytochemistry for Jagged1 in control and TGF-b-treated cultures in the presence of DMSO or TbRII inhibitor SB431542.
Scale bar, 50 mm. Quantitation of relative percentages. Results are expressed as the percentage of positively stained cells for Jagged1
over total cells visualized with Hoechst. (d) Fluorescence microscopy images of immunocytochemistry for PDGFRa in control and TGF-
b-treated cultures in the presence of DMSO or TbRII inhibitor SB431542. Scale bar, 50 mm. Quantitation of relative percentages. Results
are expressed as the percentage of positively stained cells for PDGFRa over total cells visualized with Hoechst. Values are expressed
as the mean6 SEM of three independent experiments performed in triplicate (two-way ANOVA, Bonferroni’s post-test) *p< .05,
**p< .01 [Color figure can be viewed at wileyonlinelibrary.com]
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Jagged1-driven Notch signaling in the regulation of OPC proliferation

and maturation.

In conclusion, adult brain SVZ neurosphere cultures in the pres-

ence of EGF/FGF are characterized by a predominance of Nestin1/

GFAP1 type B cells and by the presence of PDGFRa1/NG21 OPCs,

all of which express TbRII. At early culture stages, TGF-b favors glial

cell fate decisions by inducing an increase in GFAP1 astrocytes

expressing Jagged1, which in turn further promotes oligodendroglial

FIGURE 10 Notch signaling inhibition after TGF-b treatment in other cell subpopulations. (a) Experimental timeline. (b) Fluorescence microscopy
images of immunocytochemistry for Nestin/GFAP merge in control and TGF-b-treated cultures in the presence of DMSO or g-secretase inhibitor
DAPT. Scale bar, 20 mm. Quantitation of relative percentages. Results are expressed as the percentage of Nestin1/GFAP1, Nestin1/GFAP–, and
Nestin–/GFAP1 cells over total cells visualized with Hoechst in control and TGF-b-treated cultures in the presence of DMSO or g-secretase
inhibitor DAPT. Values are expressed as the mean6 SEM of three independent experiments performed in triplicate (two-way ANOVA, Bonferro-
ni’s post-test) *p< .05, **p< .01. (c) Experimental timeline. (d) Quantitation of relative percentages of immunocytochemistry. Results are expressed
as the percentage of PDGFRa1 and MBP1 cells over total cells visualized with Hoechst in control and TGF-b-treated cultures in the presence
of DMSO or g-secretase inhibitor DAPT. Values are expressed as the mean6 SEM of three independent experiments performed in triplicate
(two-way ANOVA, Bonferroni’s post-test) ****p< .0001 [Color figure can be viewed at wileyonlinelibrary.com]
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cell fate decisions and induces the proliferation of PDGFRa1 OPCs. At

later cultures stages, once OPCs have migrated away from GFAP1

astrocytes expressing Jagged1, TGF-b induces Notch-independent

TbRII-mediated OPC differentiation into mature MBP1 OLs. Even if

further experiments will be necessary to elucidate the underlying

mechanisms, these results reinforce the notion of an indirect Jagged1/

Notch-mediated and a direct TbRII-mediated pro-oligodendrogenic

effect of TGF-b on adult brain SVZ NPC cultures (Figure 12).
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