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Adult rat myelin enhances axonal outgrowth from neural stem 
cells
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Kawaguchi2, Paul Lu1,3, Michael K. E. Schäfer4, Grace Woodruff5, Jacob Robinson1, Philip 
Canete1, Jennifer N. Dulin1, Cedric G. Geoffroy1, Lutz Menzel4, Binhai Zheng1, Giovanni 
Coppola2, Mark H. Tuszynski1,3,‡

1Department of Neurosciences, University of California, San Diego, La Jolla, CA 92093, USA.

2Departments of Psychiatry and Neurology, University of California, Los Angeles, Los Angeles, 
CA 90095, USA.

3Veterans Administration Medical Center, San Diego, CA 92161, USA.

4Department of Anesthesiology and Focus Program Translational Neurosciences, Medical Center 
of the Johannes Gutenberg-University, Mainz, Germany.

5Department of Cellular and Molecular Medicine, University of California, San Diego, La Jolla, CA 
92093, USA.

Abstract

Axon regeneration after spinal cord injury (SCI) is attenuated by growth inhibitory molecules 

associated with myelin. We report that rat myelin stimulated the growth of axons emerging 

from rat neural progenitor cells (NPCs) transplanted into sites of SCI in adult rat recipients. 

When plated on a myelin substrate, neurite outgrowth from rat NPCs and from human induced 

pluripotent stem cell (iPSC)–derived neural stem cells (NSCs) was enhanced threefold. In vivo, 

rat NPCs and human iPSC–derived NSCs extended greater numbers of axons through adult 

central nervous system white matter than through gray matter and preferentially associated with 

rat host myelin. Mechanistic investigations excluded Nogo receptor signaling as a mediator of 
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stem cell–derived axon growth in response to myelin. Transcriptomic screens of rodent NPCs 

identified the cell adhesion molecule neuronal growth regulator 1 (Negr1) as one mediator of 

permissive axon-myelin interactions. The stimulatory effect of myelin-associated proteins on 

rodent NPCs was developmentally regulated and involved direct activation of the extracellular 

signal–regulated kinase (ERK). The stimulatory effects of myelin on NPC/NSC axon outgrowth 

should be investigated further and could potentially be exploited for neural repair after SCI.

INTRODUCTION

Regenerative growth of axons in the injured central nervous system (CNS) is strongly 

inhibited by molecules associated with adult myelin, including Nogo (1–4), myelin­

associated glycoprotein (MAG) (5, 6), oligodendrocyte myelin glycoprotein (OMgp) (7, 

8), netrin (9), ephrins (10), and other molecules (4). Experimental efforts in the field 

of CNS regeneration research have sought to target myelin-associated inhibitors, with 

resultant increases in adult axonal growth (2, 11, 12). Typically, measures to neutralize 

myelin-associated inhibitors generate growth of up to several hundred axons in the host 

spinal cord over distances of up to a few millimeters (2, 11, 12).

Recently, we reported that grafts of rodent neural progenitor cells (NPCs) or human neural 

stem cells (NSCs) into adult spinal cord lesion sites in rodent models resulted in the 

outgrowth of tens of thousands of stem cell–derived axons over distances as long as 50 

mm through adult spinal cord white matter (13–16). Such growth is consistently observed 

with stem cells from mouse, rat, and human sources (13–15). The number and distance 

over which stem cells extend axons from spinal cord lesion sites collectively exceed that of 

adult axons by 1000- to 10,000-fold (17). Notably, NPCs and NSCs normally extend their 

axons during CNS embryonic development, well before extensive myelination has occurred. 

These observations prompted us to investigate interactions between adult CNS myelin and 

immature axons that extend from stem cell grafts placed in lesion sites of rats with spinal 

cord injury (SCI). A previous study reported that postnatal day 4 cerebellar granule neurons 

cultured on a single myelin protein component MAG showed less inhibition of neurite 

outgrowth than did adult neurons plated on the same substrate (6). Another study reported 

that embryonic day (E) 17 mouse spinal cord neurons exhibited increased neurite outgrowth 

on a MAG or myelin-oligodendrocyte glycoprotein (MOG) substrate compared to a control 

substrate (18). However, neurite outgrowth from rat E14 to E15 retinal ganglion cell neurons 

was inhibited by myelin (19). Previous studies have not examined neurite outgrowth from 

developing spinal cord neurons on whole myelin extracts, which collectively contain at least 

six proteins that inhibit neurite outgrowth (1–10).

Here, we examined whether whole myelin extracts inhibited neurite outgrowth from rodent 

developing neurons as a function of developmental stage and whether axonal outgrowth in 

vivo was influenced by myelin. We report that axons from rodent NPCs and from human 

iPSC–derived NSCs were not inhibited or repelled, but rather were stimulated, by adult rat 

CNS myelin.
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RESULTS

NPC-derived axons preferentially extend through adult host white matter in vivo

We grafted rat E14–derived, green fluorescent protein (GFP)–expressing multipotent NPCs 

to sites of a C5 right hemisection spinal cord lesion in four adult F344 rats and compared 

axonal outgrowth in recipient rat host white matter versus gray matter after 2 weeks (Fig. 

1). Tens of thousands of axons emerged from the lesion/graft site as previously reported 

(14, 15), extending over long distances through white matter (Fig. 1A). Quantification of 

NPC-derived axonal numbers in transverse sections at C8, four spinal cord segments below 

the lesion/graft site, revealed a significant, fourfold greater number of axons in white matter 

compared to gray matter, which contains little myelin (P < 0.05, paired t test; Fig.1, B to D).

NPC-derived axons preferentially associate with host myelin in vivo

To determine whether NPC-derived axons exhibited preferential association with myelin 

membranes in vivo when growing caudal to an SCI lesion site, we performed 

immunohistochemical and electron microscopic analysis of graft-derived axons associated 

with host myelin in vivo. Rat E14–derived multipotent NPCs were grafted to sites of 

C5 right hemisection injury, and 3 months later, we quantified the proportion of GFP­

labeled axons per field that contacted myelin membranes (Fig. 2). Sixty-five percent of 

GFP-labeled, graft-derived axons contacted a myelin membrane per field examined, which 

was significantly greater (P < 0.05, Z test) than predicted if axons randomly extended 

through the same fields (40%; Fig. 2F). To investigate whether axons derived from human 

NSCs also associated with rat host myelin, we grafted NSCs derived from human iPSCs into 

sites of a C5 right hemisection lesion in rats. Three months later, graft-derived human axons 

were observed to be closely associated with MBP-immunoreactive rat host myelin. This 

interaction was assessed six spinal segments caudal to the lesion/graft site (Fig. 2A). Graft­

derived human axons were associated with both intact host myelin sheaths (in ascending 

systems) and degenerating myelin (in descending systems) (Fig. 2, B to E).

NPC axon growth is stimulated by a CNS myelin membrane substrate

To understand mechanisms underlying potential myelin-mediated effects on outgrowth of 

NPC-derived axons, we used in vitro models. First, we confirmed that neurite outgrowth 

from adult rat dorsal root ganglion (DRG) neurons was inhibited when the neurons were 

plated onto myelin isolated from adult rat spinal cord (Fig. 3, A to D and I) (11, 20). Adult 

rat DRG neurons were dissociated and plated on the following substrates: PDL, laminin, 

myelin, or laminin plus myelin for 48 hours, and neurite extensions were assessed in 

neurons using anti–βIII-tubulin antibody. As expected from previous work (11, 20), neurite 

outgrowth from adult DRG neurons was increased threefold when plated on laminin, and 

this effect was significantly attenuated by myelin [P < 0.0001, one-way analysis of variance 

(ANOVA), with P < 0.0001 post hoc Tukey’s test, comparing a laminin/myelin substrate 

to laminin alone and a myelin substrate to laminin or laminin/myelin; Fig. 3, A to D and 

I]. In contrast, cultures of rat E14 spinal cord–derived multipotent NPCs exhibited growth 

activation when plated on myelin that exceeded the effects of plating on laminin alone (Fig. 

3, E to H and J). Rat NPCs plated on laminin exhibited a significant, twofold increase in 

neurite outgrowth compared to a PDL substrate (P < 0.0001, one-way ANOVA; P < 0.0001 
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post hoc Tukey’s test comparing laminin to PDL; Fig. 3J). Notably, when cultured on a 

myelin substrate, NPCs exhibited the greatest degree of neurite outgrowth (>3-fold increase 

compared to PDL, P < 0.0001 post hoc Tukey’s test), which exceeded the growth-promoting 

effects of laminin (P < 0.0001, post hoc Tukey’s test; Fig. 3J). The effects of myelin plus 

laminin did not differ from that of myelin alone (P = 0.2; Fig. 3J). Non-neural membranes 

prepared from rat liver tissue showed a significantly reduced potential to promote neurite 

growth from rat NPCs compared to myelin membranes (1.3-fold compared to 3.1-fold, P < 

0.0001 post hoc Tukey’s test; fig. S1A). Other characteristics of in vitro neurite outgrowth, 

including longest neurite and neurite branching, were also stimulated by myelin (fig. S1, B 

to D). These findings indicate that myelin specifically promoted neurite outgrowth from rat 

E14 spinal cord–derived NPCs, exceeding the effects of laminin. We confirmed using Tau1 

labeling that myelin exerted its growth-promoting effects on the axonal compartment of rat 

E14 spinal cord–derived NPCs (fig. S3).

Axon outgrowth from human iPSC–derived NSCs increases in response to myelin

Axonal extensions from human NSCs also readily occur through adult white matter in the 

rodent injured spinal cord (14, 15). To determine whether axonal outgrowth from human 

NSCs was stimulated by myelin, we plated neurons purified from human iPSC–derived 

NSCs on laminin plus myelin substrates using the same methods used for rodent NPCs 

(Fig. 3, K and M). Human iPSC–derived neurons exhibited a significant 2.5-fold increase 

in neurite extension on a rat myelin substrate (one-way ANOVA with P < 0.0001 post hoc 

Tukey’s test; Fig. 3N) and a twofold increase when plated on a monkey myelin substrate (P 
< 0.001; Fig. 3N) compared to laminin alone.

NPCs are inhibited by chondroitin sulfate proteoglycans

To determine whether the growth state of NPCs was specifically enhanced by myelin rather 

than reflecting a generalized state of activated growth in NPCs, we cultured E14-derived 

rat spinal cord NPCs on chondroitin sulfate proteoglycan (CSPG) substrates that are well 

known to inhibit the growth of injured adult axons (21, 22). Neurite outgrowth from E14­

derived rat spinal cord NPCs was significantly inhibited by CSPGs in a dose-dependent 

manner (P < 0.0001 one-way ANOVA, with P < 0.001 post hoc Tukey’s test; Fig. 4, A and 

B).

Myelin-induced growth is developmentally regulated

To assess whether the growth-promoting effects of myelin on rat NPC–derived neurite 

growth were developmentally regulated, we measured neurite outgrowth from cultures of 

rat spinal cord–derived NPCs prepared from E14 through E19 rat spinal cord. These cell 

preparations were plated on either PDL or PDL plus myelin (Fig. 4, C and D). Notably, the 

ability of myelin to promote neurite outgrowth steadily declined from a peak at E14 and E15 

to a complete loss of the effect by E19 (P < 0.0001, one-way ANOVA; P < 0.001, post hoc 

Tukey’s test, showing significant loss of neurite stimulation by E17 compared to E14 and 

E15; Fig. 4D). In a separate experiment, we plated E14-derived multipotent rat NPCs on 

PDL, allowed them to mature for 6 days in vitro, and assessed the effects of replating them 

onto a myelin substrate (fig. S4). Neurite outgrowth from these cells, at the “equivalent” 

biological age of E20, was significantly inhibited by myelin (P < 0.001, t test), supporting 
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the notion that the developmental age of NPCs was important for growth stimulation by 

myelin.

Myelin extracts directly activate neuron-intrinsic growth programs

To determine whether myelin activates classic signaling pathways in NPCs related to 

enhanced neurite outgrowth (23–25), we added myelin extracts to the media of cultures 

of dissociated rat E14 spinal cord–derived NPCs and examined phosphorylation of ERK. 

Three and six hours after myelin treatment, ERK was significantly activated in rat NPCs 

as determined by both Western blot and enzyme-linked immunosorbent assay (ELISA) 

(P < 0.05, Student’s t test; Fig. 5, A to C). This finding suggested that a ligand in the 

soluble myelin extract was binding to neuronal surface receptors, leading to downstream 

activation of neuronal growth programs. Application of the ERK inhibitor CAS1049738 

or the upstream mitogen-activated protein kinase (MAPK)/ERK kinase 1 (MEK) inhibitor 

PD98059 partially blocked myelin-mediated stimulation of neurite outgrowth in E14 rat 

spinal cord–derived NPCs (by 22 and 14%, respectively; P < 0.001, ANOVA; P < 0.01, 

post hoc Tukey’s test; fig. S5A). The partial effects of ERK/MEK inhibition indicated that 

other signaling pathways were also likely to be involved in myelin-mediated stimulation 

of neurite growth. To determine whether the ligand in the myelin extract was vulnerable 

to methods that denatured proteins, we heated the myelin extract to 95°C for 30 min and 

observed a significant attenuation of myelin-induced neurite outgrowth from E14 rat spinal 

cord–derived NPCs (P < 0.0001, one-way ANOVA; P < 0.0001, post hoc Tukey’s test 

comparing denatured myelin to naïve myelin; Fig. 5D). Confirming the protein nature of 

the myelin ligand, addition of proteinase K entirely abolished myelin-mediated activation of 

neurite outgrowth (P < 0.0001; Fig. 5D).

Some proteins that are present in adult myelin, such as MAG and netrin, are known 

to elicit opposing effects on axonal growth, switching between promotion/attraction and 

inhibition/repulsion depending on the developmental stage, neuronal receptor composition, 

and intracellular signaling pathways that are activated (6, 26, 27). To assess whether 

classic myelin-associated inhibitors of adult axon growth contribute to activation of neurite 

outgrowth from E14 rat spinal cord–derived NPCs, we plated NPCs on myelin isolated from 

single gene or triple-knockout animals lacking Nogo, MAG, and OMgp (11). Elimination of 

these myelin-associated proteins did not affect neurite outgrowth from rat NPCs (Fig. 5E), 

suggesting that other molecules might be facilitating NPC outgrowth on myelin.

Myelin-mediated outgrowth stimulation does not depend on elevated cAMP

Previous work from Filbin and colleagues demonstrated that the growth-promoting effects 

of MAG on young neurons was dependent on high concentrations of endogenous adenosine 

3′,5′-monophosphate (cAMP) (26) and that elevated cAMP in mature neurons reduced 

neurite inhibition on MAG or myelin substrates (28). We demonstrate that myelin-mediated 

growth stimulation of rat NPCs on myelin was not associated with increased cAMP and that 

myelin reduced cAMP concentrations in rat NPCs (*P = 0.05, **P < 0.01, Student’s t test; 

Fig. 5F). This reduction in cAMP was concomitant with increases in ERK (Fig. 5, F and 

D). Furthermore, when cAMP was elevated by forskolin administration, neurite outgrowth 

Poplawski et al. Page 5

Sci Transl Med. Author manuscript; available in PMC 2021 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



from rat NPCs was reduced on myelin substrates, whereas outgrowth on PDL or laminin was 

increased (P < 0.05, Student’s t test; Fig. 5G).

RNA sequencing is used to identify candidate molecular mechanisms of myelin 
stimulation

To further identify molecular mechanisms associated with myelin-induced stimulation of 

neurite outgrowth from E14 rat spinal cord–derived NPCs, we turned to RNA sequencing 

(RNA-seq). For this study, we used mouse NPCs to take advantage of mouse molecular 

genetics for candidate validation. First, we confirmed that neurite outgrowth from E12 

mouse spinal cord–derived multipotent NPCs was also stimulated by myelin substrates; we 

found similar results to rat NPCs (fig. S2).

We then performed RNA-seq on E12 mouse spinal cord–derived NPCs that were plated 

for 48 hours on substrates of PDL, laminin, laminin/myelin, or myelin alone (Fig. 6C and 

fig. S6). Compared to PDL substrate, using a 10% FDR threshold, 616 transcripts were 

differentially expressed on a myelin substrate, 529 on a laminin/myelin substrate, and 157 

on a laminin substrate (Fig. 6A); about 90% of these transcripts were down-regulated under 

growth-promoting conditions (Fig. 6A), suggesting that mechanisms enabling growth on 

myelin could be related to suppression of growth inhibitors. A total of 471 transcripts 

specifically changed when mouse NPCs were grown on myelin substrates compared to 

laminin substrates (Fig. 6B). Annotation of myelin substrate–induced transcripts yielded 

predicted functions related to the growth state of the cell, including cancer-related genes (a 

high cellular growth state), neuronal survival, differentiation and outgrowth, and formation 

of cellular protrusions (Z scores > 2 for myelin versus PDL; Fig. 6E). Gene ontology 

enrichment analysis of all up-regulated genes in response to myelin stimulation indicated 

preferential involvement of transmembrane receptor functions (Fig. 6D).

Negr1 mediates neurite growth on a myelin substrate in rat NPCs

One of the top transcripts that was up-regulated on a myelin substrate in our RNA-seq 

data set was neuronal growth regulator 1 (Negr1) (one-way ANOVA, with P < 0.01 post 

hoc Tukey’s test; Fig. 7A). This protein, also known as Neurotractin or Kilon, encodes a 

glycosylphosphatidylinositol (GPI)–anchored cell adhesion molecule that has been reported 

to function as a transneural growth-promoting factor in regenerative axon sprouting in the 

murine brain (29). On the basis of this activity, we chose to focus on this candidate to 

determine whether it was required for myelin-induced enhancement of neurite outgrowth 

in mouse NPCs. First, we confirmed that Negr1 mRNA and protein were increased in E12 

mouse spinal cord–derived NPC cultures after 48 hours in vitro (mRNA: P < 0.05, unpaired 

t test, Fig. 7B; protein: P < 0.05, unpaired t test, Fig. 7, C and D). To determine whether 

expression of Negr1 correlated with developmentally regulated changes in myelin-mediated 

neurite outgrowth in mouse NPCs (Fig. 4D), we quantified Negr1 mRNA expression via 

quantitative polymerase chain reaction (qPCR) in mouse NPCs derived from E12, E15, 

and E19 mouse embryos. Myelin-stimulated increases in Negr1 mRNA in mouse NPCs 

diminished from E12 to E19 (P < 0.05, Student’s t test; Fig. 7B), concomitant with the 

known decline in myelin-mediated neurite growth with age (Fig. 4D and fig. S4). Negr1 

has been postulated to increase ERK phosphorylation via signaling through FGFR2 (30); 
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this RNA-seq data set also showed statistically significant increases in FGFR2 mRNA 

after growth of mouse NPCs on myelin (fig. S5B). We then investigated whether Negr1 
protein expression was essential for myelin-mediated neurite outgrowth from mouse NPCs 

in culture. NPCs from Negr1-deficient mice (31) were cultured on PDL and a myelin 

substrate for 48 hours in vitro. Negr1 knockout mice showed no significant effects on 

neurite outgrowth from E12 mouse spinal cord–derived NPCs cultured on PDL (Fig. 

7E). In contrast, when cultured on a myelin substrate, mouse NPCs deficient in Negr1 
showed a significant 25% reduction in myelin-mediated neurite outgrowth compared to 

Negr1-positive littermate control NPCs (P < 0.05, Student’s t test; Fig. 7F). To determine 

whether overexpression of Negr1 could overcome inhibitory effects of myelin on more 

mature neurons, we transfected Negr1-pcDNA3 into E14 rat spinal cord–derived NPCs, 

matured them for 6 days in culture (a time point at which they become inhibited by 

myelin; fig. S4) and then replated the cells on myelin (fig. S8). Overexpression of Negr1 

significantly overcame myelin inhibition, increasing total neurite length per cell by 37% (P < 

0.0001, Student’s t test).

DISCUSSION

The growth inhibitory effects of myelin on axon regeneration by injured adult CNS neurons 

remain an obstacle to promoting functional spinal cord regeneration. Several experimental 

strategies to attenuate myelin inhibition have been investigated in rodents (2, 11, 12) and, 

in one case, in human patients with SCI (32). As previously reported (13, 33), host axons 

readily regenerate into the myelin-free milieu of a stem cell implant and form synapses with 

NPCs or NSCs, which in turn extend axons into the host spinal cord beyond the lesion 

site forming their own synapses with host neurons. We show here that myelin functionally 

enhanced the neuritic growth state of rodent NPCs and human NSCs, and did so through 

interacting protein partners expressed by rodent NPCs including Negr1. The mechanisms 

underlying enhancement of NPC/NSC axon growth on a myelin substrate are based on 

specific ligand-mediated interactions, as noted above, and are not merely a reflection of a 

baseline state of enhanced growth regardless of environment given that neurite outgrowth 

from rat NPCs was strongly inhibited by CSPGs. Notably, myelin is not present during 

early CNS development when axons are actively extending. Myelin is only formed after 

termination of axonal patterning and the establishment of mature projections, initiated 

around birth (34). Previous work has shown that developing (35–40) and even adult (41, 

42) neurons transplanted into the CNS of rodents and nonhuman primates (16) can extend 

long axons. In the current study, we show that myelin stimulates axon outgrowth from rat 

NPCs, but axon growth is blocked by CSPGs. Despite the accumulation of CSPGs around 

SCI sites (21, 43–45), rat NPC–derived axons are able to extend into the host spinal cord. 

NPC grafts have been shown to reduce reactive astrocytosis around spinal cord lesion sites 

by 80% [Fig. 3 in (13)], thereby attenuating a potential source of CSPGs (46–50).

There are a number of limitations to the current study. RNA-seq identified Negr1 as a 

candidate cell adhesion molecule mediating myelin-related activation of neurite outgrowth, 

and studies of NPCs derived from Negr1 knockout mice confirmed this candidate. Negr1 
is a member of the IgLON family of GPI-anchored cell adhesion molecules—the limbic 

system–associated membrane protein/opioid-binding cell adhesion molecule/neurotrimin 
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subgroup of the immunoglobulin superfamily (51)—and has been reported to promote 

neurite outgrowth in vitro (29, 31, 51). Given that Negr1-deficient mouse NPCs exhibited 

a 25% reduction in neurite outgrowth on a myelin substrate, other candidates identified 

by RNA-seq should be investigated to probe contributions of other molecules to myelin­

mediated growth. Eventually, complete elucidation of contributing molecular mechanisms 

to myelin-mediated enhancement of NPC axon growth may allow the rational design of 

strategies to enable adult axon growth through SCI lesion sites. A second limitation of this 

study is that the total myelin extract used in our work might be more representative of 

myelin debris that is exposed at the lesion site rather than intact or degenerating myelin 

found in the spinal cord white matter rostral and caudal to the lesion. However, we found 

that axons emerging from NPC/NCS grafts placed into rat SCI sites were associated with 

degenerating and intact myelin sheets. Further studies should investigate whether NPC/NSC 

graft–derived axons are preferentially associated with intact myelin versus degenerating 

myelin and thus prefer to grow along intact versus degenerating white matter tracts. Finally, 

it will be of interest to identify the molecules within adult CNS myelin extract that promote 

axon growth. Fractionation of the myelin extract and consecutive isolation of the signaling 

molecules that stimulate axon growth could lead to the design of therapeutic compounds that 

could be applied in combination with stem cell therapy to promote greater axon growth.

Here, we have shown that adult myelin, which is inhibitory for axonal regeneration by adult 

neurons, stimulates the growth of axons emerging from rodent NPC grafts and human iPSC–

derived NSC grafts. This effect is mediated in part by Negr1 signaling. Just as growth cones 

may interpret the same guidance cue as either attractive or repulsive during development 

(52), our study suggests that axons growing from early-stage NPCs can perceive otherwise 

inhibitory myelin as growth-promoting in the injured adult CNS. These findings identify an 

advantage of NPC-based approaches for promoting neural repair and raise the possibility 

of identifying new ways to overcome the inhibitory effects of myelin on adult axon 

regeneration.

MATERIALS AND METHODS

Study design

We examined the effect of myelin on the outgrowth of axons from rodent NPCs both in 

vitro and in vivo. We performed in vitro assays of neurite outgrowth on a myelin substrate 

together with molecular analyses using minimal replicates of three for each experimental 

condition. For in vivo studies in rat, given large differences in neurite outgrowth in 

white versus gray matter, we used sample sizes between four and eight to test significant 

differences. Numbers of replicates are listed in each figure legend. All experiments were 

randomized with regard to animal enrollment into treatment group, and experimenters were 

blinded to experimental condition when performing data analyses.

Animals

A total of 38 rats were used, including 8 adult female Fischer 344 rats for grafting and 

23 pregnant dams (3 GFP-positive) for embryonic tissue harvesting, and 7 athymic nude 

rats (The Jackson Laboratory) for grafting of human NSCs. A total of 18 pregnant mice 
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were used in this study for harvesting of embryonic tissue, including 12 C57BL/6 and 

6 Negr1-deficient C57Bl/6 (31). The National Institutes of Health (NIH) guidelines for 

laboratory animal care and safety were strictly followed. Animals had free access to food 

and water throughout the study. All surgeries were performed under deep anesthesia using a 

combination (2 ml/kg) of ketamine (25 mg/ml), xylazine (1.3 g/ml), and acepromazine (0.25 

mg/ml).

Transplantation surgeries and histology

Hemisection: Adult female Fischer 344 rats (n = 8) or athymic nude rats (n = 7) underwent 

C5 spinal cord lateral hemisection lesions, as described (14). Four rats were perfused 

2 weeks after grafting to assess axon density in white versus gray matter in transverse 

sections at C8. Four rats were perfused 3 months after grafting and processed for electron 

microscopy (EM) (53). Human iPSC–derived NSCs were generated as described (15) and 

grafted (100,000 cells/μl) into C5 hemisection lesion sites of athymic nude rats, 2 weeks 

later. Survival time was 3 months. Animal perfusion, histology, and immunohistochemical 

staining was performed as described (14, 15).

EM studies

Rats (n = 4) with C5 lateral hemisection and 2-week-delayed GFP-expressing E14 NPC 

grafts were perfused 3 months after grafting, and tissue was processed for EM as described 

(53).

Membrane fractionation

Myelin extraction from fresh adult C57BL/6 mice, Fischer 344 rats, and frozen adult 

Macaca mulatta spinal cords was performed using sucrose-gradient centrifugation, as 

described (54). Total protein concentration of myelin was assessed using a Bradford protein 

assay (Bio-Rad). Myelin from transgenic mice was obtained from the Zheng laboratory (11).

Myelin denaturation

To denature protein components, myelin extracts were either incubated at 95°C for 30 min 

or treated with proteinase K at 37°C for 30 min before coating tissue culture plates.

Primary cell culture

DRG culture from adult C57BL/6 mice was prepared as previously described (55) and 

cultured in 48-well plates with 250 neurons per well. NPCs of E12 spinal cords from 

C57BL/6 mice or E14 to E19 Fischer 344 rats were prepared as described (13) and plated 

in 48-well plates at 10,000 cells/250 μl Neurobasal + B27 per well. For the mitosis assay, 

10 μM BrdU was added to the culture medium. For the in vitro maturation assay, rat 

E14 spinal cord–derived NPCs were plated in PDL-coated six-well plates and cultured for 

6 days, as described above. Cells were washed three times with calcium- and magnesium­

free phosphate-buffered saline (PBS), digested in 0.25% trypsin for 5 to 10 min at 37°C, 

dissociated in Neurobasal media plus 10% fetal bovine serum, and then plated on myelin 

and PDL substrates.
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Negr1 overexpression study

Rat E14 spinal cord–derived NPCs were transfected using 4D-Nucleofector with the P3 

Primary Cell Kit (3 million per cuvette; Lonza). Either 3 μg of Negr1-pcDNA3 + 0.5 μg 

of Pmax-GFP (Lonza) or 3 μg of empty pcDNA3 backbone (31) + 0.5 μg of Pmax-GFP 

were used per electroporation in the 16-well Nucleocuvette Strip and plated on PDL-coated 

six-well plates, matured in vitro for 6 days, and replated on myelin substrates as described 

above.

Cell culture plate preparation and maintenance

Plates were precoated with PDL (20 μg/ml) overnight at room temperature (RT). In addition, 

some wells were coated with myelin or liver membranes at 10 μg/ml in PBS overnight 

at 4°C, or laminin (1 μg/ml; Sigma-Aldrich) for 4 hours at RT. In some experiments, 10 

μM forskolin (Sigma-Aldrich), ERK-kinase-(MEK) inhibitor (10 μg/ml; PD98059), ERK 
inhibitor (12.5 μM; CAS1049738), or CSPGs (10 to 30 μg/ml; EMD Millipore) was applied 

to the culture medium. All cells were cultured at 37°C in 5% CO2 for 48 hours, if not stated 

otherwise.

Immunocytochemistry

Cells were fixed and stained for mouse anti–βIII-tubulin (1:2000, Promega), mouse anti­

Tau1 (1:200, Chemicon MAB342), rabbit anti-Map2 (1:1000, EMD Millipore AB5622), 

or mouse anti-BrdU, (EMD Millipore, MAB3222) as described (55). Mitosis assay was 

performed as described (56). Cells were imaged at 4× or 10× with ImageXpress, and neurite 

outgrowth was automatically quantified by MetaXpress software (Molecular Devices).

Human iPSC generation and culture

Human iPSC–derived neurons were derived and purified as described (57). Plates were 

precoated overnight at 37°C with poly-ornithine (40 μg/ml in water, Sigma-Aldrich), washed 

three times with sterile water, subsequently coated with either rat or monkey myelin (10 

μg/ml in PBS) overnight at 4°C, washed three times with PBS, coated with laminin (5 μg/ml 

in media) for 4 hours at RT, and washed three times with media before plating of cells. Cells 

were cultured at 37°C in 5% CO2 for 48 hours.

Enzyme-linked immunosorbent assay

Rat E14 NPCs were cultured as described above. Adult CNS myelin was added to the media 

2 hours after plating (10 μg/ml). At 0.5, 3, 6, 24, and 48 hours posttreatment, cells were 

washed twice with PBS. ELISAs were performed according the manual of ERK1/2 Instant 

One ELISA Kit (eBioscience) and a direct cAMP ELISA kit (Enzo Life Sciences). cAMP 

was acetylated to increase the sensitivity of detection.

Western blot analysis

Rat E14 spinal cords were dissociated and plated in six-well tissue culture–treated plates 

plus laminin (1 μg/ml in PBS; Sigma-Aldrich) and/or myelin substrates at 3 × 106 cells 

per well. Protein samples were collected at 0.5, 3, 6, 24, and 48 hours after plating. 

Immunoblots were performed as previously described (25) and labeled with rabbit anti–
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phospho-p44/42 MAPK (ERK1/2) (1:1000, Cell Signaling), anti- p44/42 MAPK (ERK1/2) 

(1:1000), anti–β-actin (1:10,000, Sigma-Aldrich), or anti-Negr1 (1:2000, Clone 5A4.1, 

EMD Millipore). Blots were developed using SuperSignal West Dura ECL substrate 

(Thermo Fisher Scientific) and imaged using ChemiDoc MP imaging system (Bio-Rad). 

All blot densitometry data were quantified using Image Lab software (Bio-Rad).

RNA isolation and sequencing

Mouse E12 NPCs were cultured for 48 hours on precoated plates as described above. 

RNA was collected using the Absolutely RNA Nanoprep Kit (Agilent) according to 

the manufacturer’s instructions. Total RNA integrity was examined using the Agilent 

Bioanalyzer 2000 (Agilent) and quantified with NanoDrop (Thermo Fisher Scientific). 

Total RNA (20 ng) was used to generate cDNA using Ovation RNA-Seq System V2 

(NuGEN) following the manufacturer’s instruction. cDNA (100 ng) was used in the library 

preparation using Ovation Ultralow Library Systems (NuGEN). The cDNA was fragmented 

to 300 base pairs (bp) using the Covaris M220 (Covaris), and then the manufacturer’s 

instruction was followed for end repair, adaptor ligation, and library amplification. All 

samples were multiplexed into a single pool to avoid batch effects (58) and sequenced 

using an Illumina HiSeq 2500 sequencer (Illumina) across four lanes of 69-bp paired-end 

sequencing, corresponding to three samples per lane and yielding between 45 and 55 

mil reads per sample. Alignment to the Mus musculus (mm10) refSeq (refFlat) reference 

gene annotation was performed using the STAR-spliced read aligner (v 2.3.0) (59) with 

default parameters. Data quality was assessed on base quality calls, nucleotide composition 

of sequences, insert sizes, percent of uniquely aligned reads, and transcript coverage 

using custom scripts (available at https://github.com/icnn/RNAseq-PIPELINE) and picard­

tools-1.118 (http://broadinstitute.github.io/picard/). Read alignments were visualized using 

the Integrative Genomics Viewer (60). Ninety-two percent to 93% of the reads mapped 

uniquely to the mouse genome. Total counts of read fragments aligned to candidate 

gene regions were derived using the HTSeq program (www.huber.embl.de/users/anders/

HTSeq/doc/overview.html) with mouse mm10 (Dec.2011) refSeq (refFlat table) as a 

reference and used as a basis for the quantification of gene expression. Only uniquely 

mapped reads were used for subsequent analyses. Differential expression analysis was 

conducted with R-project and the Bioconductor package edgeR (v 3.14.0) (61). Statistical 

significance of differential expression was determined at FDR < 10% (q < 0.1).

Gorilla (62) and Ingenuity Pathway Analysis software (Qiagen) were used for data analysis 

(complete gene list was used).

Quantitative polymerase chain reaction

Total RNA was isolated from NPC cultures using the RNeasy Mini kit (Qiagen). 

For cDNA synthesis, the reverse transcription reaction was performed using the 

PrimeScript RT Master Mix (Perfect Real Time, Clontech). Negr1 [agctggaatcttctgctgatgagc 

(forward) and caaaaagcactcagtactgtggcc (reverse)], Malat1 [atgtttgataccagtgctgggtgg 

(forward) and aaccctactgacgaatctgcttcc (reverse)], Miat [gaaaccaccagaacttctggtagc 

(forward) and accacctatctccagatcttctgg (reverse)], H19 [atccatcttcatggccaactctgc (forward) 

and gtaaatggggaaacagagtcacgg (reverse)], and Plekhb1 [tactggcaggacatacccttaacc 
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(forward) and atgttaacagtcgagctgagctcc (reverse)] expression was normalized to 

glyceraldehyde-3-phosphate dehydrogenase expression [gacttcaacagcaactcccactct (forward) 

and ggtttcttactccttggaggccat (reverse)].

Statistical analysis

All data are presented as the mean ± SEM if not mentioned otherwise. For quantification 

of axon number in white versus gray matter (Fig. 1) as well as for Western blot, ELISA, 

and qPCR quantification (Figs. 5, B, C, F, and G, and 7, B and D) and neurite outgrowth 

(Fig. 7, E and F, and figs. S3, S4, and S7), an unpaired, two-tailed Student’s t test was used. 

For analysis of electron microscopy data (Fig. 2), a Z test was used to compute a two-tailed 

P value. For all in vitro experiments (Figs. 3 to 5, D and E, and figs. S1, S2, and S6), 

as well as Negr1 RNA-seq (Fig. 7A), a one-way ANOVA with Tukey’s post hoc test was 

applied unless noted otherwise. For RNA-seq analysis, a false detection rate of 10% (FDR q 
< 0.1) was applied (Fig. 6, A to C). In all statistical analyses, a significance criterion of *P 
≤ 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 was used. Individual level data for 

experiments with n < 20 can be found in table S1.
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Fig. 1. Rat NPCs extend greater numbers of axons into spinal cord white matter than gray 
matter.
(A) GFP-expressing E14 rat spinal cord–derived NPCs were grafted into sites of C5 spinal 

cord hemisection lesions (black dotted line indicates graft boundary) 2 weeks after injury. 

One month after grafting, horizontal sections of spinal cord were immunolabeled for GFP 

(green) and the neuronal marker NeuN (red). Immunolabeling indicated that rat NPCs 

extended their axons through spinal cord host white matter (WM) and gray matter (GM). 

Greater numbers of axons appeared to extend through WM than GM. The rostral section 

of spinal cord is on the left, and the caudal section is on the right. (B and C) GFP 

immunolabeling of rat NPC graft–derived axons in transverse sections of rat spinal cord 

demonstrated larger numbers of axons extending into caudal host spinal cord white matter, 

three spinal segments below the graft site. (D) Quantification of data in (B) and (C). Mean ± 

SEM (*P < 0.05, paired, two-tailed t test; n = 4 rats). Scale bars, 500 μm (A), 25 μm (B and 

C).
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Fig. 2. Human NSC–derived and rodent NPC–derived neurons preferentially associate with host 
myelin.
(A) GFP-labeled human induced pluripotent stem cells (iPSC)–derived NSCs (green) were 

grafted into sites of C5 hemisection lesions in immunodeficient rats. GFP-expressing 

graft-derived axons (green/yellow) are shown extending along myelin basic protein (MBP)–

immunoreactive intact rat host myelin (red; white arrowheads) and degenerating rat host 

myelin (black arrowheads). The section shown was taken from six spinal cord segments 

(T3) below the lesion/graft site. (B) Electron micrograph showing apposition of a rat NPC 

graft–derived axon from an E14 rat spinal cord–derived NPC graft (black arrowhead) to 

rat host myelin (white arrowheads). Section was taken two spinal cord segments below a 

graft placed at a C5 hemisection lesion site. The graft axons are immunogold-labeled for 

GFP. (Inset) Higher magnification inset showing rat NPC graft–derived axon directly in 

contact with rat host myelin. (C to E) Transverse sections taken two spinal cord segments 

caudal to the graft site, showing association of GFP-immunoreactive rat NPC graft–derived 
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axons with rat host myelin. (C) GFP-immunoreactive rat NPC graft–derived axon in contact 

with rat host myelin. (D) Higher magnification image of (C). (E) GFP-labeled rat NPC 

graft–derived axon not in direct contact with rat host myelin (F) Percentage of GFP-positive 

graft-derived axons in direct physical contact with host myelin compared to the probability 

of direct physical contact assuming random axon growth. Sixty-five percent of graft-derived 

axons directly contacted rat host myelin. Mean ± SEM (*P < 0.05, Z test; n = 105 axons). 

Scale bars, 10 μm (A), 0.5 μm (B, C, and E), and 0.2 μm (D).
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Fig. 3. Human NSC-derived and rat NPC–derived axon growth is stimulated by myelin in vitro.
(A to D) Adult rat DRG neurons plated on laminin exhibited increased growth, which 

was inhibited by myelin as expected. This inhibition is quantified in (I) (****P < 0.0001, 

one-way ANOVA with post hoc Tukey’s test; n = 3 rats; n = 4 wells per rat). (E to H) 

E14 rat spinal cord–derived NPCs exhibited stimulation of neurite growth on myelin, but 

not laminin. This growth stimulation is quantified in (J) (****P < 0.0001, one-way ANOVA 

with post hoc Tukey’s test; n = 9 rat embryos, n = 2 to 3 wells per embryo). Values are 

normalized to the poly-D-lysine (PDL) substrate for each individual experiment. (K to M) 

Neurite outgrowth from human iPSC–derived NSCs was stimulated on myelin derived from 

either monkey or rat spinal cord. A βIII-tubulin label was used to identify axons and is 

quantified in (N). Values are normalized to the laminin substrate (a required substrate for 

culturing iPSC-derived NSCs) for each individual experiment (****P < 0.0001, one-way 

ANOVA, with ***P < 0.001, ****P < 0.0001 post hoc Tukey’s test; n = 3 individual 
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experiments, n = 6 to 10 wells per experiment). Mean ± SEM. Scale bars, 100 μm (A to D), 

30 μm (E to H), and 20 μm (K to M). A.U., arbitrary units.
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Fig. 4. Rat NPCs are inhibited by CSPGs.
(A and B) Neurite outgrowth from E14 rat spinal cord–derived NPCs was inhibited by 

CSPG in a dose-dependent manner (***P < 0.001, one-way ANOVA, with *P < 0.05, ***P 
< 0.001 post hoc Tukey’s test; n = 3 rat spinal cords, n = 2 wells per spinal cord). (C 
and D) Myelin-dependent neurite outgrowth from rat NPCs derived from rat embryos at 

different developmental stages was developmentally regulated and declined steadily from 

E14 to E19 (****P < 0.0001, one-way ANOVA with post hoc Tukey’s test; n = 3 embryos 

per time point, n = 4 wells per embryo). Values are normalized to the PDL substrate for each 

individual experiment. Mean ± SEM. Scale bars, 20 μm (A), 30 μm (C).
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Fig. 5. Myelin activates pERK and reduces cAMP in rat NPCs.
(A to C) Extracellular signal–regulated kinase (ERK) is activated in cultures of E14 rat 

spinal cord–derived NPCs grown on PDL, laminin (Lam), or myelin substrates as indicated 

by (A and B) Western blot (n = 3) and (C) ELISA (*P < 0.05, two-tailed t test; n = 2 ELISAs 

with n = 3 to 4 wells per condition). (D) Neurite-myelin interactions are mediated by soluble 

protein ligands; boiling or proteinase K digestion significantly attenuated myelin-mediated 

activation of neurite outgrowth from E14 rat spinal cord–derived NPCs (n = 3 embryos, n 
= 3 to 4 wells per embryo). (E) Neurite outgrowth from mouse E12 spinal cord–derived 

NPCs is not inhibited in the presence of myelin isolated from either Nogo, MAG, or OMgp 
knockout (KO) mice, or the triple knockout compared to wild-type (WT) myelin (n = 3 

to 4 embryos, n = 2 to 3 wells per embryo; ****P < 0.0001, one-way ANOVA, with 

*P < 0.05, ***P < 0.001, ****P < 0.0001 post hoc Tukey’s test; n.s., not significant). 

(F) cAMP is reduced upon exposure of E14 rat spinal cord–derived NPCs to myelin as 
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shown by ELISA (*P ≤ 0.05, **P < 0.01, two-tailed t test; n = 2 ELISAs, n = 3 wells 

per condition). (G) Forskolin (1 mM) administration to increase neuronal cAMP in E14 rat 

spinal cord–derived NPC cultures resulted in slightly higher neurite outgrowth on laminin, 

but significantly reduced neurite outgrowth on myelin after 24 hours in vitro (*P < 0.05, 

**P < 0.01, two-tailed t test; n = 3 embryos, n = 2 to 3 wells per embryo). All values are 

normalized to the PDL or PDL dimethyl sulfoxide (DMSO) condition for each individual 

experiment. Mean ± SEM.
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Fig. 6. RNA-seq of rat NPCs exposed to myelin.
(A) Shown is the number of differentially expressed transcripts revealed by RNA-seq in 

mouse E12 spinal cord–derived NPCs cultured on myelin, laminin/myelin, or laminin 

substrates compared to PDL control substrate [false discovery rate (FDR) < 0.1, n = 3 

replicates per condition]. Down-regulated transcripts are shown in magenta and up-regulated 

transcripts in turquoise. (B) Venn diagram showing uniquely regulated and overlapping 

transcripts for mouse E12 spinal cord–derived NPCs cultured on myelin substrate (blue), 

laminin/myelin substrate (green), or laminin substrate alone (brown) compared to PDL 

control substrate (FDR < 0.1). (C) Heatmap of the 100 most differentially regulated 

transcripts (FDR < 0.1). Increased expression is shown in red, and reduced expression is 

shown in green. Transcripts and experimental groups are arranged by hierarchical clustering. 

Note that experimental groups that contain myelin cluster together. (D) Gene ontology (GO) 

enrichment analysis of up-regulated transcripts upon myelin stimulation compared to PDL 
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substrate via GOrilla (complete gene list enrichment P value: yellow box = 10−3 to 10−5, 

orange box = 10−5 to 10−7). (E) Cellular functions of proteins encoded by genes in the 

gene expression data set assigned using the Ingenuity Pathway analysis software (complete 

gene list). Predicted activation of cellular function is indicated in turquoise and predicted 

inhibition in magenta (saturation of color correlates with confidence of prediction).

Poplawski et al. Page 26

Sci Transl Med. Author manuscript; available in PMC 2021 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. Negr1 mediates the effects of myelin on mouse NPC neurite outgrowth.
(A) Negr1 mRNA expression in mouse E12 spinal cord–derived NPCs significantly 

increased on a myelin substrate compared to a laminin or PDL substrate as shown by 

RNA-seq (one-way ANOVA with **P < 0.01 post hoc Tukey’s test; n = 3). (B) qPCR 

shows reduced Negr1 mRNA expression in mouse E12 spinal cord–derived NPCs grown 

on a myelin substrate as a function of embryonic age (*P < 0.05 two-tailed t test; n = 3 

individual experiments). (C) Western blot showing increases in Negr1 protein in mouse E12 

spinal cord–derived NPCs after plating on myelin, but not laminin (Lam) or PDL. β-Actin is 

the loading control. (D) Quantification of Western blot shown in (C) (*P < 0.05 two-tailed t 
test; n = 5 individual experiments). (E) E12 spinal cord–derived NPCs from Negr1-deficient 

mice displayed no change in baseline neurite growth observed on a PDL substrate. (F) A 

25% reduction in myelin-mediated neurite outgrowth from E12 spinal cord–derived NPCs 
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from Negr1-deficient mice was observed (*P < 0.05 two-tailed t test; n = 5 embryos per 

genotype, n = 4 wells per embryo. Mean ± SEM for all panels.
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