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Abstract

Neural stem and progenitor cells (collectively termed neural precursor cells [NPCs])

are found along the ventricular neuraxis extending from the spinal cord to the fore-

brain in regionally distinct niches comprised of different cell types, architecture, and

cell-cell interactions. An understanding of the factors that regulate NPC behavior is

critical for developing therapeutics to repair the injured central nervous system.

Herein, we demonstrate that myelin basic protein (MBP), the major cytoplasmic pro-

tein constituent of the myelin sheath in oligodendrocytes, can regulate NPC behav-

ior. Under physiological conditions, NPCs are not in contact with intracellular MBP;

however, upon injury, MBP is released into the neural parenchyma. We reveal that

MBP presented in a spinal cord niche is inhibitory to NPC proliferation. This

inhibitory effect is regionally distinct as spinal cord NPCs, but not forebrain-derived

NPCs, are inhibited by MBP. We performed coculture and conditioned media experi-

ments that reveal the stem cell niche is a key regulator of MBP's inhibitory actions on

NPCs. The inhibition is mediated by a heat-labile protein released by spinal cord

niche cells, but not forebrain niche cells. However, forebrain NPCs are also inhibited

by the spinal cord derived factor as revealed following in vivo infusion of the spinal

cord niche-derived conditioned media. Moreover, we show that MBP inhibits

oligodendrogenesis from NPCs. Together, these findings highlight the role of MBP

and the regionally distinct microenvironment in regulating NPC behavior which has

important implications for stem cell-based regenerative strategies.
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1 | INTRODUCTION

Adult neural stem cells (NSCs) arise from neuroepithelial cells that

comprise the neural tube during development and give rise to all the

cell types of the central nervous system (CNS).1,2 Through develop-

ment and into adulthood, NSCs persist in the periventricular region

lining the lateral ventricles in the forebrain and the central canal of

the spinal cord. Both forebrain and spinal cord NSCs and their
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progeny (together termed neural precursor cells [NPCs]) can be acti-

vated in response to injury. A key difference between the forebrain

and spinal cord is that forebrain NSCs contribute to ongoing neuro-

genesis throughout life, whereas the spinal cord becomes aneurogenic

in adulthood.3-5 Furthermore, the periventricular stem cell niche is

regionally distinct along the neuraxis; it has been well defined in the

forebrain and is composed of stem cells, multiciliated ependymal cells,

transient-amplifying cells, and neuroblasts. All these cells are intri-

cately organized into a well-characterized pinwheel structure and con-

tribute to the regulation of the neurogenic niche well into

adulthood.6,7 The spinal cord niche however is not as well-

characterized and is composed mostly of ependymocytes and a small

number of tanycytes.8,9

Factors that regulate NSC behavior in response to injury or dis-

ease are of particular interest in regenerative medicine. Cell-cell inter-

actions, released cytokines, and hormones are able to regulate cell

kinetics and progenitor fate. For example, resident microglia have

been shown to secrete pro-inflammatory and anti-inflammatory

markers that negatively regulate NSC survival and NSC migration,

respectively.10 Another factor with the potential of regulating cell fate

is myelin basic protein (MBP), an essential structural component in

the formation of mature myelin in the CNS, specifically the predomi-

nant 18.5-kDa splice isoform.11 Recently, we demonstrated that

extracellular MBP can regulate NSC behavior and more specifically,

MBP is inhibitory to spinal cord NSC (spNSC) proliferation in vitro

without affecting spNSC survival.12 MBP is expressed by oligodendro-

cytes and functions to bring together cytosolic membrane leaflets that

create the myelin sheath, which wraps around neuronal axons and

enables saltatory conduction.11 Under normal physiological condi-

tions, MBP is not found in the extracellular space; however, after

injury, it is released into the microenvironment. MBP is classified as

an intrinsically disordered protein (IDP) and its conformation, and

potential activity is highly dependent on the environment where it is

found.13 Hence, we asked if MBP-mediated inhibition of spNSCs was

a common feature of extracellular MBP along the neuraxis or

whether it had regionally distinct effects on NSC behavior based on

the known differences between the forebrain and spinal cord

microenvironments.6,8,9,14

Herein, we use both in vitro and in vivo assays to demonstrate

that the forebrain and spinal cord microenvironments differentially

regulate the effects of MBP on NSC proliferation and differentiation.

We show that MBP in the presence of the spinal cord microenviron-

ment is inhibitory to NSC proliferation in both the forebrain and spinal

cord. In addition, the presence of MBP reduces oligodendrogenesis

from spNSCs. Conversely, MBP in the presence of the forebrain

microenvironment is not inhibitory to NSC proliferation (brain or spi-

nal cord) through the use of cocultures and conditioned media (CM).

We also demonstrate that the inhibitory effects are mediated by a

heat-labile protein released from the spinal cord niche cells in

response to MBP. Interestingly, intraventricular infusion of CM from

spinal cord cultures which contains the inhibitory factor leads to

decreased proliferation of forebrain NSCs (brNSCs) and their progeny

in vivo, revealing that regionally distinct NSC populations are

responsive to the spinal cord-derived inhibitory factor. Together,

these findings demonstrate that MBP can regulate NPC kinetics in a

niche-dependent manner. Specifically, MBP interacts with the spinal

cord niche (but not the forebrain) to release a factor that inhibits pro-

liferation and oligodendrogenesis of sp and brNSCs.

2 | MATERIALS AND METHODS

2.1 | Mice

Mice were housed within the Department of Comparative Medicine

at the University of Toronto. Experiments were conducted following

the approval by the Animal Care Committee and in accordance with

the Guide to the Care and Use of Experimental Animals. Both sexes

from the mutant shiverer mouse model (lacking mature MBP), shi/shi

−/− (SHI) (http://jaxmice.jax.org/strain/001428.html; Bar Harbour,

Maine), were used in this study as well as the transgenic Rosa26EYFP

(http://jaxmice.jax.org/strain/006148; Bar Harbour, Maine) for

coculture experiments. C57/Bl6 mice (Charles River) received at

6 weeks of age were acclimated and were used for our in vivo CM

infusion studies at 8 weeks of age.

2.2 | Dissection and in vitro assays

The protocol for isolation and culturing of NSCs has been previously

described.15,16 Briefly, mice were euthanized with an overdose of

sodium pentobarbital and the spinal cord and/or forebrain was removed.

The tissue surrounding the central canal of the spinal cord and/or tissue

lining the lateral ventricle of the forebrain was carefully dissected and

dissociated into single cells using enzymatic treatment (trypsin

[40 mg/30 mL] and hyaluronidase [24.9 mg/30 mL]; T1005-1G/

H6254-1G, Sigma, Canada) and mechanical trituration. Cells were plated

at 1 to 10 cells/μL in Neurobasal-A medium (10888022, Invitrogen,

Canada) containing L-glutamine (2 mM, 25030164, Invitrogen),

Significance statement

Neural precursor cells (NPCs) reside in regionally distinct

niches in the central nervous system (CNS). The niche regu-

lates NPC behavior in homeostatic and injury conditions.

This study shows that myelin basic protein (MBP), a major

constituent of myelin sheaths in the CNS, regulates NPC

behavior in a niche dependent fashion. in vitro and in vivo

studies reveal that MBP presented in the spinal cord niche,

but not the brain niche, results in the release of a protein

that inhibits NPC proliferation and oligogenesis. Hence,

regionally distinct niches respond differently to the same

protein (MBP), by releasing factors that regulate NPCs

throughout the CNS.
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penicillin/streptavidin (100 U/0.1 mg/mL, 15140163, Invitrogen), mito-

gens (epidermal growth factor [20 ng/mL]; fibroblast growth factor

[10 ng/mL]; heparin [2 μg/mL], Sigma) with or without MBP (0-100 μg/

mL, Invitrogen). Primary neurospheres were plated at clonal density

(10 cells/μL).15 For spinal cord samples, cells were plated in media with

the appropriate mitogens for 24 hours, then collected and replated for

primary neurosphere formation. All primary neurosphere cultures (fore-

brain and spinal cord) contain niche cells as a result the dis-

section protocol previously referenced. Primary neurospheres were

counted after 7 days. For passaging, neurospheres were collected and

mechanically dissociated into single cells then replated at clonal density

(1-10 cells/μL)15 in the same media conditions. For all experiments using

passaged neurospheres, NPCs were twice passaged. For cocultures, the

total numbers of neurospheres were counted using brightfield micros-

copy and the total numbers of YFP positive (YFP+) neurospheres were

counted using fluorescence imaging. All YFP+ neurospheres were

derived from wild type (WT) (MBP+ mice). YFP negative spheres were

from shiverer mice (SHI) lacking MBP. The cumulative plating densities

of the YFP+ and YFP negative cells were at, or below, clonal density

(10 cells/μL); hence, the resulting neurospheres were not the result of

mixing of the YFP+ and YFP negative populations.

2.3 | Neurosphere culture myelin depletion

Percoll Plus solution (23%, Millipore-Sigma, GE17-5445-01) dissolved in

1X sterile phosphate-buffered saline (PBS) was added to primary enzy-

matically digested tissue (brain and spinal cord) and triturated until tissue

was homogenized in the solution. The solution was then centrifuged for

15 minutes at 1800 RPM. Myelin supernatant was removed and myelin

depleted tissue was washed with serum-free media (37�C). The

resuspended pellet was triturated until homogenized and centrifuged at

1500 RPM for 3 minutes. Supernatant was removed and cells were coun-

ted and plated at clonal density in the neurosphere assay as described.12

2.4 | CM experiments

CM was generated from primary spinal cord and forebrain dissections

by plating cells at 50 cells/μL for 48 hours. CM was collected follow-

ing centrifugation and filtered through a 0.22-μm syringe driven filter

unit (Millipore, Toronto, Canada, http://www.cedarlanelabs.com/).

Heat inactivation of CM was further performed by boiling samples at

100�C for 30 minutes, after which they were allowed to cool, sterile-

filtered (0.22-μm syringe driven filter unit (Millipore), and res-

upplemented with fresh media at a 1:1 dilution.

2.5 | ELISA

Filtered and nonfiltered CM was assayed using an ELISA kit for MBP

(Cloud-Cone Corp, Texas, http://www.cloud-cone.us/) in accordance

with the manufacturer's protocol and as described previously.12

2.6 | Neurosphere differentiation

Following 7 days of culture for primary and 14 days of culture for pas-

saged neurospheres, the neurospheres (100-150 μm) were picked

using a P20 pipette and plated onto Neural Basal Media (21103049,

Thermo Fisher Scientific, Canada) containing laminin (L2020-1MG,

Millipore-Sigma) (50 μL in 10 mL). Forty-eight well plates were used

and each sphere was plated in a single well. Neurospheres were dif-

ferentiated for an additional 7 days.

2.7 | Immunocytochemistry — Neurospheres

Following differentiation, cells were fixed with 4% paraformaldehyde

(PFA). To stain, cells were blocked in 10% normal goat serum (NGS;

1:10, 005-000-121, Jackson Immunoresearch, Europe) for 1 hour and

incubated in O4 primary antibody overnight at 4�C (mouse monoclo-

nal, 1:1000, R&D systems, MAB1326, Canada). On the second day,

cells were washed (3x 5 minutes in 1X PBS), and a secondary antibody

was added for 1 hour at room temperature (1:400, Alexa 568 goat-

anti mouse IgM, Thermo Fisher Scientific, A21043). Cells were then

washed, permeabilized for 20 minutes (0.3% Triton-X), and washed

again. The second block (10% NGS) was added for 1 hour at room

temperature; following this, primary antibodies for GFAP (rabbit,

1:500, Sigma, G9269) and BIII-Tubulin (mouse monoclonal, 1:1000,

Sigma, T8660) were added and incubated at 4�C overnight. On the

third day, secondaries for GFAP (1:400, Alexa 647 goat-anti-rabbit

IgG, Thermo Fisher Scientific, A21245) and BIII-Tubulin (1:400, Alexa

488 goat-anti mouse IgG, Thermo Fisher Scientific, A11029) were

added for 1 hour at room temperature, followed by Hoechst 33258

(1:1000) for 10 minutes at room temperature. Wells were covered

with 1 mL of PBS and imaged.

2.8 | Tissue section immunohistochemistry

Mice were overdosed with sodium pentobarbital (intraperitoneally

injected [i.p.]) and transcardially perfused with 4�C PBS followed by 4%

PFA. Tissue was post-fixed in 4% PFA, then transferred and stored in

30% sucrose in PBS until sectioning. Tissue was cryosectioned at

20 μm and mounted on SuperFrost slides (Fisherbrand, Canada). For

staining, slides were rehydrated with PBS for 10 minutes followed by

20 minutes of permeabilization with 0.3% Triton-X (Thermo Fisher Sci-

entific, 28313). Slides are then washed 3x 5 minutes in 1X PBS. The

EdU Click-iT (Thermo Fisher Scientific; C10340 [Alexa fluor 647]) reac-

tion was performed according to the manufacturer's instructions. Slides

were then blocked in a blocking solution for 1 hour (9.5 mL of 0.3%

Triton-X, 0.5 mL normal goat serum (005-000-121, Jackson Immuno-

research) and 100 mg of Bovine Serum Albumin (A96-47-100G, Sigma).

Anti-sox2 (rabbit polyclonal, 1:200, ab97959, Abcam, USA) was used as

our primary antibody and left on the slides overnight at 4�C. The fol-

lowing day, slides were washed (3x 5 minute PBS) and then incubated

with Alexa fluor 568 for Sox2 (goat anti-rabbit, 1:400, A32723, Thermo
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Fisher Scientific) as a secondary antibody for 1 hour at room tempera-

ture. Slides were washed and then counterstained with DAPI (1:10000,

D1306, Invitrogen). Final washes were performed before adding

mounting medium (Dako, S3023) to the slides, which were then cover-

slipped with 24 × 60 microscope cover glass (Fisherbrand) and left to

dry overnight at room temperature.

2.9 | Imaging

Cells were imaged at ×20 using a Zeiss Microscope (Axio Observer,

Canada). The O4+ oligodendrocytes were counted from four regions

of the 48-well plate. The percentage of O4+DAPI+/DAPI+ cells was

calculated as the sum of the four regions per sphere and then aver-

aged across the total number of spheres counted.

Sections were imaged at ×20 on the Zeiss Microscope. Four to

five brain sections extending from the genu of the corpus callosum to

the crossing of the anterior commissure were counted per animals.

The percent of Sox2+ EdU+/Edu+ cells counted per area (200 × 250

microns, i.e., 205 K pixels) in the dorsolateral corner of the sub-

ventricular zone in both hemispheres. The average of both hemi-

spheres was taken per section, and then this number was averaged

per brain (ie, per slide).

2.10 | Spinal cord injury

A spinal cord injury (SCI) was performed as previously described.16,17

Briefly, mice were anesthetized with 5% isoflurane (inhalation) and

ketoprofen (5 mg/kg; injected i.p.). A laminectomy was performed at

level T8/9 and the spinal cord exposed. A 30-gauge needle was used

to lesion the dorsal funiculus from rostral to caudal, sparing the cen-

tral canal, with the aid of a surgical microscope. Control mice received

laminectomy but no needle injury.

2.11 | In vivo Conditioned Media (CM) infusion

Mice were anesthetized as per above. Alzet 1007D mini osmotic

pumps (0.05 μL/hour, Direct Corp, California, http://www.alzet.com/)

containing spinal cord CM (SHI, WT, or control media) were implanted

subcutaneously and attached to a cannula implanted into the lateral

ventricle at the coordinates (relative to Bregma): AP +0.2 mm, ML

0.7 mm, and DV 2.5 mm below the dura. Control media (Neural Basal

Media, 21103049, Thermo Fisher Scientific), SHI spCM or WT spCM

was delivered for 7 days. Mice received two injections of EdU (50 mg/

kg) prior to sacrifice, on day 6 and day 7 (1 hour prior to perfusion).

2.12 | Statistics

Data are represented as means ± SEM. Two-tailed t tests were per-

formed to compare between two groups. One-way ANOVAs were

used to compare multiple groups with Dunnet's post hoc test. Two-

way ANOVAs were used to compare multiple groups with Tukey's

post hoc test. Significance is considered P < .05. All graphs and ana-

lyses are generated from Excel (Microsoft) or GraphPad Prism 6 (Graph

Pad Software, California).

3 | RESULTS

3.1 | MBP-mediated inhibition of neural stem cell
proliferation and oligodendrogenesis is niche-
dependent

Previous work has shown that spNSC proliferation is inhibited in a

dose-dependent fashion in the presence of exogenous MBP.12 Fur-

thermore, the absence of MBP leads to increased numbers of spNSCs

as seen from shiverer mutant mice (SHI) that are devoid of mature

MBP.18 Here, we asked if brNSCs were similarly affected by MBP. In

the first set of experiments, we compared the numbers of primary

neurospheres derived from the forebrain and spinal cord of SHI

(devoid of MBP) and littermate controls (WT, containing MBP). Pri-

mary cultures periventricular regions of the forebrain (lateral ventri-

cles) and spinal cord were plated in the presence of epidermal growth

factor (EGF), basic fibroblast growth factors (bFGF), and heparin; the

numbers of free-floating colonies of neural stem and progenitor cells

(aka neurospheres) were assayed after 7 days in vitro. We observed a

significant 10-fold increase in the number of spinal cord neurospheres

from SHI mice compared to WT controls (Figure 1A); however, there

was no difference in the numbers of forebrain-derived neurospheres

between these same groups (Figure 1B). We postulated that this was

due to: (a) an intrinsic difference between forebrain and spinal cord-

derived neurospheres in their response to MBP and/or (b) an extrinsic

or niche-dependent difference in how the MBP is processed and/or

presented in these two regionally distinct microenvironments.

To confirm that the increase in neurospheres obtained from the

SHI mice spinal cord was due to the lack of myelin and not a differ-

ence in the mouse genotype, we performed an experiment to remove

myelin from the WT spinal cord and compared neurosphere growth to

control WT spinal cord neurospheres (myelin not removed). We used

a Percoll Plus density gradient to remove myelin from WT spinal cord

tissue and found that myelin-depleted tissue generated a significant

11-fold increase in neurospheres compared to control WT spinal cord

tissue (Supplemental Figure 1). This is similar to the increase in neuro-

spheres previously observed from SHI spinal cords (Figure 1A).

We next performed a dose-response curve on SHI primary fore-

brain and spinal cord NSC using exogenous MBP. Our previous work

has shown that the physiological concentration of MBP in primary

WT spinal cord cultures is �80 μg/mL.12 Therefore, we grew primary

SHI cultures from forebrain and spinal cord of SHI mice in the pres-

ence of exogenous MBP over a range of concentrations (0, 25,

50, and 100 μg/mL). Identical to what was observed in Xu et al,12 we

observed a significant dose-dependent reduction in the formation

of spinal cord neurospheres (Figure 1C). However, the numbers of
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F IGURE 1 Myelin basic protein (MBP) inhibits neural stem cell proliferation and oligodendrocyte differentiation through its interaction with
the spinal cord niche. A, A 10-fold increase in the number of spinal cord-derived neurospheres grown from primary culture of SHI mice compared
to wild-type (WT) controls (n = 3 independent experiments; P = .0124). B, No difference in the number of forebrain-derived neurospheres from
SHI and WT control mice. C,D, The numbers of primary SHI neurospheres are reduced in the presence of exogenous MBP in a dose-dependent
manner in the spinal cord—25, 50, and 100 μg/mL—(C) but not the forebrain (D) (n = 3 independent experiments per region). E,F, Passaged SHI
neurosphere-derived cells from spinal cord (E) and forebrain (F) are unaffected by the presence of exogenous MBP—25, 50, and 100 μg/mL (n = 4
independent experiments per region). G, Primary spinal cord neurospheres from WT mice give rise to significantly fewer oligodendrocytes than
spinal cord neurospheres from SHI mice (P = .0475). Following passaging, oligodendrogenesis is no longer inhibited from WT-derived
neurospheres (P = .0473); n ≥ 7 neurospheres per group. H, Representative images of differentiated primary and passaged spinal cord-derived
neurospheres from SHI and WT mice; scale bar = 100 μm. Arrowheads indicate DAPI+/O4+ oligodendrocytes. I, Primary and passaged forebrain-
derived neurospheres from WT and SHI mice give rise to similar oligodendrocyte formation; n ≥ 6 neurospheres per group. J, Representative
images of differentiated primary and passaged forebrain-derived neurospheres from SHI and WT mice; scale bar = 100 μm. Arrowheads indicate
DAPI+/O4+ oligodendrocytes. Data are represented as means ± SEM. Statistics: A,B, t tests; C-F, one-way ANOVAs; G,I, two-way ANOVAs.
*P < .05, ***P < .001, ****P < .0001
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forebrain-derived neurospheres were not changed in the presence of

the exogenous MBP at these same concentrations (Figure 1D).

Thus, this spoke to the fact that at the same concentrations of MBP,

spinal cord and forebrain NSCs differ in their ability to proliferate and

make neurospheres—compared to MBP void controls. To determine

whether the MBP-mediated inhibition of neurosphere formation was

niche-dependent, pure populations of NPCs (in the absence of niche

cells) were derived from twice-passaged SHI forebrain and spinal cord

neurospheres and then grown in the presence of exogenous MBP.

Strikingly, we observed a loss of the inhibition of SHI spinal cord neu-

rospheres observed in primary cultures (which include the niche)

(Figure 1E) and as predicted, the numbers of forebrain-derived neuro-

spheres were unchanged in the presence of MBP (Figure 1F). These

data support the hypothesis that the interaction between MBP and

the spinal cord niche drives the inhibition of spNSC proliferation.

Both SHI and WT neurospheres demonstrate tripotency and

interestingly, we observed a significant difference in oligodendrocyte

differentiation between SHI and WT neurospheres. As shown in

Figure 1G,H, the fold change in the proportion of oligodendrocytes

revealed a significant reduction in primary WT spinal cord neuro-

spheres compared to primary SHI spinal cord neurospheres (2.9% ±

0.41% vs 4.9% ± 0.79% O4+ cells/neurosphere, WT vs SHI, respec-

tively). Interestingly, passaged spinal cord neurospheres (grown in the

absence of the niche) from WT mice gave rise to similar proportions

of oligodendrocytes as passaged SHI and were not significantly differ-

ent from SHI primary neurospheres (that were never exposed to

MBP) (5.1 ± 0.72% vs 5.5% ± 0.85% O4+ cells/neurosphere, WT vs

SHI, respectively) (Figure 1G,H). Similar experiments using brain

derived neurospheres from WT and SHI mice revealed no significant

differences in oligodendrogenesis between primary or passaged neu-

rospheres (Figure 1I,J). Hence, MBP is inhibitory to spNPC-derived

oligodendrogenesis in the presence of the spinal cord niche.

3.2 | The spinal cord niche is sufficient to inhibit
neurosphere formation and oligodendrocyte
differentiation

To further test the hypothesis that the MBP-mediated inhibition is

dependent on the spinal cord niche, we performed a series of

coculture experiments with primary forebrain and spinal cord-derived

cells. We predicted that if the niche influenced MBP presentation and

subsequently regulated NSC proliferation, then MBP from primary

spinal cord cultures would be inhibitory to forebrain-derived

neurosphere formation. We dissected the periventricular region from

yellow fluorescent protein (YFP) reporter mice, which express MBP

(MBP+), and cocultured these cells with SHI primary forebrain tissue

(MBP-) at plating ratios of 5:5 (YFP: SHI) or 9:1 (YFP: SHI).15 The use

of YFP reporter mice enabled us to distinguish MBP+ neurospheres

from MBP-negative, YFP-negative SHI neurospheres. Forebrain SHI

cells were plated at 1 and 5 cells/μL to serve as controls for the

coculture. After 7 days in vitro, the numbers of forebrain SHI neuro-

spheres were quantified (YFP-negative). We observed a significant

reduction in SHI forebrain-derived neurospheres when plated in the

presence of YFP+ spinal cord-derived cells (28% ± 8% reduction in

5:5 YFP:SHI cultures relative to SHI alone [5 cells/μL] and 80% ± 16%

reduction in 1:9 [SHI:YFP] cultures relative to SHI alone [1 cell/μL])

(Figure 2A). Hence, MBP presented in the spinal cord niche inhibited

NSC proliferation irrespective of the regional origin of the NSCs (brain

or spinal cord). The fact that MBP from primary forebrain cultures was

not inhibitory to brNSCs prompted us to make the prediction that

MBP in the context of primary forebrain cultures would not be inhibi-

tory. Indeed, in coculture experiments, we observed no change in the

numbers of SHI forebrain-derived neurospheres when plated with

YFP (MBP+) forebrain cells compared to SHI forebrain cultures alone

(Supplemental Figure 2). Together, these findings support the hypoth-

esis that brNSCs and spNSCs are not intrinsically different and that

MBP is sufficient to inhibit their proliferation when presented in the

context of the primary spinal cord niche.

Since our results suggest that MBP is exerting its inhibition of

NSC proliferation through interaction with the spinal cord niche, we

sought to determine whether this inhibition was mediated by a

released factor. We collected CM from both primary forebrain (brCM)

and spinal cord dissections (spCM) from SHI and WT control mice.

The WT CM was filtered to remove cellular debris and endogenous

MBP (validated using an ELISA, MBP = 9.16 ± 0.82 ng/mL from fil-

tered WT spCM—vs 80 μg/mL from unfiltered spCM12). We found

that SHI spNSCs plated in WT spCM resulted in a 33% ± 13% loss of

neurosphere formation compared to SHI spCM (Figure 2B). As

expected, when CM was derived from forebrain cultures, regardless

of the presence of MBP, it did not affect SHI spinal cord neurosphere

formation (Figure 2C). These findings suggest that a factor released

from spinal cord niche cells, in response to MBP, inhibits neurosphere

formation. Importantly, we observed a 26.9% ± 1.6% reduction in

forebrain-derived neurosphere formation with WT spCM (Figure 2D).

Hence, these findings reveal that a factor (other than MBP) is released

from the primary spinal cord niche in response to MBP which is inhibi-

tory to both spinal cord and forebrain neurosphere formation.

Having shown that the neurospheres grown in the presence of MBP

within the spinal cord niche were less oligodendrogenic, we next asked

whether the presence of spCM was sufficient to inhibit oligodendrocyte

formation. We took passaged spinal cord neurospheres from SHI mice

and differentiated them in the presence of spCM for 7 days. In the pres-

ence of WT spCM, there was a significant 44% ± 13% decrease in the

proportion of oligodendrocytes compared to SHI spCM (Figure 2E). Col-

lectively, our results show that the spinal cord niche is sufficient to inhibit

NSC proliferation and oligodendrocyte differentiation.

3.3 | The polycationic charge of MBP mediates its
interaction with the spinal cord niche to release
factor(s) inhibitory to neural stem cell proliferation

Studies have shown that MBP and other highly positively charged

proteins can embed themselves into the negatively charged cell mem-

brane and can regulate cell signalling.19-21 To explore whether MBP's

LAKSHMAN ET AL. 781



high polycationic charge (+19) may play a role in its niche-dependent

activity, we modified the charge and asked if this altered the inhibitory

effects of MBP on spNSC behavior in primary spinal cord cultures.

We used UTC8, a recombinant form of murine 18.5-kDa MBP that

has pseudo-citrullinated residues to decrease the net positive charge

from +19 to +13, and UTC1, which is a recombinant form of native

MBP with a similar +19 net positive charge and serves as our con-

trol.11 As seen in Figure 3A, increasing concentrations of UTC8 was

less inhibitory on spinal cord neurosphere formation than the UTC1

controls. This result suggests that the high positive charge and

resulting basic nature of MBP plays a role in mediating the inhibition

of neurosphere formation.

Based on our previous observations, we also predicted that NSCs

derived from passaged neurospheres (niche removed) would also be

inhibited by WT spCM since it contained the inhibitory factor. This

would negate the possibility that passaging might select for a subset

of NSCs or restricted progenitors that are unresponsive to MBP inhi-

bition (as seen earlier in Figure 1E). Indeed, we found that WT spCM

is sufficient to inhibit passaged SHI spinal cord neurosphere formation

(Figure 3B) supporting the hypothesis that a spinal cord niche-

dependent factor is released in response to MBP. To test our hypoth-

esis that this inhibition was mediated by a released factor, we

performed loss of function experiments using heat inactivation of the

CM. We predicted that heat inactivation of WT spCM would result in

a rescue in neurosphere formation because of a loss of inhibition. CM

was collected and filtered from the spinal cord of WT (WT spCM) and

SHI (SHI spCM) mice, and heat-inactivated or left untreated. The SHI

spinal cord primary cultures were exposed to heat-inactivated or

untreated CM and the number of neurospheres was assessed. We

found that heat-inactivated WT spCM was no longer inhibitory to

neurosphere formation (Figure 3C). This rescue of neurosphere forma-

tion with heat-inactivated WT spCM supports the hypothesis that an

inhibitory, heat-labile, protein/factor facilitates MBP's indirect inhibi-

tion of neurosphere formation. Importantly, heat-inactivated SHI

spCM had no effect on neurosphere formation compared to SHI

spCM that was not heat-inactivated. Together, these findings reveal

F IGURE 2 Myelin basic protein (MBP)
interacts with the spinal cord niche to
release an inhibitory factor that inhibits
proliferation and oligodendrocyte
differentiation of forebrain and spinal cord
neural stem cells (NSCs). A, MBP in primary
spinal cord cultures from YFP+ mice leads
to reduced numbers of SHI forebrain (YFP-
negative) neurospheres in cocultures (n = 3

independent experiments per condition). B,
SHI-derived spinal cord NSCs cultures
generate decreased numbers of
neurospheres in the presence of littermate
wild-type (WT) spCM compared to SHI
spCM (n = 3 independent experiments). C,
SHI-derived spNSCs form comparable
numbers of neurospheres in both SHI
brCM and WT brCM (n = 3 independent
experiments); blue outline on bars indicates
the presence of brCM. D, SHI-derived
brNSCs are similarly impaired in
neurosphere formation when exposed to
WT spCM compared to SHI spCM (n = 3
independent experiments); red outline on
bars indicates the presence of spCM. E,
SHI-derived spinal cord neurospheres
generate fewer oligodendrocytes in the
presence of littermate WT spCM compared
to SHI spCM (P = .0102).; n ≥ 7
neurospheres per group. Data are
represented as means ± SEM. Statistics: A,
One-way ANOVA; B-E, t tests.
*P < .05, **P < .01
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that MBP is inhibitory to neurosphere formation because of the pres-

ence of an inhibitory factor rather than the absence of a permissive

factor. This leads us to our current model of MBP's regulation of NSC

kinetics via the spinal cord niche (Figure 3D).

3.4 | Exposure of the MBP-exposed spinal cord
niche is sufficient to inhibit proliferation of NPCs
along the neuraxis

Our findings indicate that MBP-exposed spCM contains an inhibitory

factor that regulates NSC behavior in vitro. Next, we asked if this

would also be true in vivo. We predicted that following SCI, we would

observe reduced NPC proliferation in WT mice compared to SHI mice,

because of the presence of MBP. To test our hypothesis, we per-

formed a minimal SCI,16,17 which is known to cause MBP to be

released into the spinal cord parenchyma, in SHI and WT mice. Mice

were injected with the thymidine analogue EdU to label proliferating

cells, on day 5 post-injury (Figure 4A). The numbers of EdU+ cells in

the periventricular region of the central canal of the spinal cord was

assessed. We observed a 2.3 ± 0.4-fold increase in the numbers of

EdU+ cells in the injured SHI periventricular region, compared to

injured WT mice (Figure 4B,C). Under baseline conditions, there was

no difference in periventricular proliferation in WT vs SHI mice

F IGURE 3 Myelin basic
protein (MBP)'s high polycationic
charge plays a role in the niche
mediated release of a protein that
is inhibitory to forebrain and
spinal cord neural stem cell (NSC)
proliferation and
oligodendrogenesis. A, At
increasing concentrations of

recombinant 18.5-kDa MBP, the
less positively-charged, pseudo-
deiminated UTC8 isoform has less
of an inhibitory effect on primary
SHI spinal cord neurosphere
formation than the highly
positively charged isoform UTC1
(analogous to unmodified
18.5-kDa MBP) (n = 4
independent experiments). B,
Passaged SHI spNPCs are
inhibited in their ability to form
neurospheres when exposed to
primary wild-type (WT) spCM.
Passaged WT spCM (niche
removed) has no effect on
neurosphere formation compared
to passaged and primary SHI
spCM. C, Heat-inactivated WT
spCM rescues neural stem cell
numbers back to SHI spCM
levels. D, Schematic reflecting
that MBP's inhibitory effect on
NSC proliferation and
oligodendrogenesis is mediated
by factors released from niche
cells. Data are represented as
means ± SEM. Statistics: A-C,
Two-way ANOVAs. *P < .05,
****P < .0001; ns, not significant
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(Supplemental Figure 3). Hence, the presence of MBP in the spinal

cord niche was sufficient to inhibit injury-induced proliferation of

NPCs in the spinal cord in vivo.

In the next series of experiments, we asked if in vivo infusion of

CM from the MBP-exposed spinal cord (WT spCM) would lead to

reduced proliferation in the subventricular zone (SVZ) where NPCs

reside in the forebrain. We observed 41% ± 14% fewer proliferating

(EdU+) cells in the dorsolateral corner of the SVZ in mice

that received WT CM compared to SHI CM infused mice

(Supplemental Figure 4). To determine the identity of the EdU+ cells

accounting for the change in proliferation, we performed immuno-

histochemistry for Sox2 (to label NPCs) and calculated the

proportion of EdU+Sox2+ cells over the total number of EdU+ cells.

Consistent with our prediction, the proportion of proliferating NPCs

in the dorsolateral corner of the SVZ was significantly decreased

between WT CM infused and SHI CM infused mice (0.91 ± 0.07 vs

1.22 ± 0.09 relative to control media infused mice, Sox2+EdU+

cells; Figure 4E,F). In a second series of mice, an identical infusion

paradigm was performed followed by the neurosphere assay on day

7. Mice that received infusions of WT CM had a 64% ± 4.5%

decrease in forebrain neurospheres compared to mice that received

SHI CM (Figure 4G). Taken together, these findings demonstrate

that the spinal cord niche-derived inhibitory factor impacts neural

stem and progenitor cells along the neuraxis.

F IGURE 4 Infusion of spinal
cord-derived conditioned media
from wild-type (WT) cultures
inhibits neural precursor cell
proliferation. A, Experimental
paradigm; SCI, spinal cord injury,
arrows = EdU injections. B, The

numbers of EdU+ cells in the
periventricular region of the spinal
cord in WT mice is significantly
reduced compared to SHI mice
(n = 3 mice per group). C,
Representative image of EdU+
cells (green) in spinal cord
periventricular region at 5 days
post SCI; scale bar = 20 μm. D,
Experimental paradigm for the
spCM intraventricular infusion. E,
The fold change in SHI CM vs WT
CM are shown relative to the
Control media infused brains.
There is a significant decrease in
Sox2+/EdU+ NPC proliferation in
the presence of WT spCM in the
dorsolateral corner of the LV
(P = .0152). Red outline indicates
the presence of CM; n = 3 mice
per group. F Representative
images of Sox2+/EdU+ cells from
SHI-derived and WT-derived
spCM infused brains; scale
bar = 100 μm. G, Significantly
fewer neurospheres are formed
from forebrain of mice that
received WT spCM infusion (n = 3
mice/condition). Red outline
represents the presence of spCM.
Data are represented as means ±
SEM. Statistics: B,E, t tests; G,
one-way ANOVA.

*P < .05, **P < .01
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4 | DISCUSSION

Herein, we have shown that primary forebrain and spinal cord tissue dif-

fer in their response to exogenously presented MBP. Neurosphere for-

mation from spNSCs is inhibited whereas those from brNSCs are

unaffected at the same concentration of exogenous MBP. We have

demonstrated that spNSCs behave similar to brNSCs and are no longer

inhibited by MBP when cultured in the presence of MBP in the absence

of their niche, thus indicating that MBP does not provide a direct inhibi-

tory effect. Furthermore, we have shown that following exposure to

MBP, a heat-labile factor from the spinal cord niche, but not the fore-

brain niche, is sufficient to alter NSC behavior along the neuraxis. Based

on our studies, we cannot rule out the possibility that a combination of

more than one factor (membrane-bound or secreted) is responsible for

the inhibitory effect on neural precursor proliferation however, we have

demonstrated that a soluble, heat-labile factor in the CM (after MBP

exposure to the primary spinal cord niche) is sufficient to account for

the observed inhibition. We have further demonstrated that following

SCI, and in response to intraventricular infusion of MBP-exposed spinal

cord niche CM (spCM), the NSPC response is consistent with predic-

tions, demonstrating reduced proliferation. Finally, our findings indicate

that the presence of MBP can lead to reduced oligodendrogenesis in

the spinal cord derived NPC differentiation assay. Together, these find-

ings have potential implications for disease and injury models.

MBP is classified as an IDP meaning that its conformation in solu-

tion is dependent on the composition of the microenvironment.13

Indeed, IDPs have been shown to serve multifunctional regulatory roles

in aspects such as signal transduction, adhesion, and cell cycle

regulation—owing to their molecular flexibility which enables them to

adopt any local conformations needed to bind to different targets.19-21

In support of this, our findings suggest that MBP plays a signaling role

in the spinal cord niche, but not the forebrain, which results in the

release of a factor that regulates the behavior of NSC populations along

the neuraxis. This function is different from its intracellular role of

bringing together cytosolic leaflets of oligodendrocytes to create the

compact myelin sheath. Further studies are warranted to determine

what factors in the extracellular space might be contributing to this sig-

naling role of MBP, as well as what cells in the spinal cord niche are

responsive to this adaptative conformation that leads to released fac-

tors that regulate NSC kinetics. This would also have implications in

designing therapeutic interventions to treat spinal cord injuries as we

consider modifying the microenvironment at the site of injury to

remove MBP-mediated inhibition of NSCs as a means to promote

recovery. For example, herein we have demonstrated that MBP's high

net positive charge plays a role in its niche interactions, and thus a pos-

sible therapeutic target could be neutralizing this positive charge to pre-

vent the downstream cascade leading to NSC inhibition.

The finding that oligodendrogenesis is regulated by the presence

of MBP in the spinal cord has important implications for neural repair.

It is well established in the literature that oligodendrocyte formation

following SCI is critical for neural repair and functional recovery.22,23

Studies have shown that after SCI, spinal cord NPCs have a limited abil-

ity to differentiate into oligodendrocytes because of a modified

expression of growth factors that are necessary for oligodendrocyte

maintenance and growth. Additionally, Salewski et al have shown that

mature remyelinating cells are necessary for functional recovery follow-

ing SCI.24 Our results have demonstrated that we are able to regulate

the number of oligodendrocyte precursors with the presence of MBP.

Therefore, the effects seen on mature oligodendrocytes after SCI may,

in part, result from the effects of MBP on oligodendrocyte precursors.

Our findings support the hypothesis that regionally distinct NSCs

along the neuraxis are not intrinsically different, but rather their behav-

ior is dictated by their respective environments. A compelling example

of niche regulated behavior of NPCs comes from studies showing that

when NPCs from the aneurogenic rat spinal cord were transplanted

into the SVZ of rat pups, a known neurogenic niche of NSCs, the spinal

cord-derived cells migrated to distinct regions of the brain (ie, olfactory

bulb, frontal cortex, and occipital cortex), and differentiated into neu-

rons that were morphologically and functionally similar to host neu-

rons.25 Additionally, NSCs from the neurogenic SVZ of the adult human

brain have been shown to exclusively give rise to glial lineages when

transplanted into the adult rat spinal cord.26 This observation is consis-

tent with our findings that regionally distinct NSC behavior, prolifera-

tion, and oligodendrogenesis are dictated by the environment.

Our results demonstrating CNS niche-dependent effects of a sin-

gle molecule have also been shown with the drug metformin, which

has different effects on NSC kinetics (such as proliferation and differ-

entiation) depending on the niche.27 Specifically, metformin's effects

on NSCs are sex and age-dependent. Moreover, nonresponsive NPCs

cultured with metformin-exposed niche cells leads to altered NPC

kinetics. The presence of sex hormones is thought to underlie this dif-

ferential responsiveness.27 The findings are comparable to the niche-

dependent behavior in response to MBP whereby similar effects on

brain and spinal cord NSCs can be elicited, but only when MBP is pres-

ented in the context of the spinal cord niche.

5 | CONCLUSION

Neural stem cells are a promising therapeutic for neural regeneration

through activation of endogenous precursors or cell transplantation.

To harness their potential, it is important to understand the factors

and environmental conditions which influence their behavior. Here,

we have shown that regionally distinct environments, in response to

the same protein (MBP), can differentially regulate NPC kinetics and

cell fate. Delineating the mechanism in which spinal cord MBP medi-

ates its inhibitory effects will aid in the optimization of treatment

strategies to repair the injured CNS.
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