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Abstract

The regenerative capacity of the adult CNS neurons after injury is strongly inhibited by the spinal 

cord lesion site environment that is composed primarily of the reactive astroglial scar and invading 

meningeal fibroblasts. Olfactory ensheathing cell (OEC) transplantation facilitates neuronal 

survival and functional recovery after a complete spinal cord transection, yet the mechanisms by 

which this recovery occurs remain unclear. We used a unique multicellular scar-like culture model 

to test if OECs promote neurite outgrowth in growth inhibitory areas. Astrocytes were 

mechanically injured and challenged by meningeal fibroblasts to produce key inhibitory elements 

of a spinal cord lesion. Neurite outgrowth of postnatal cerebral cortical neurons was assessed on 

three substrates: quiescent astrocyte control cultures, reactive astrocyte scar-like cultures, and 

scar-like cultures with OECs. Initial results showed that OECs enhanced total neurite outgrowth of 

cortical neurons in a scar-like environment by 60%. We then asked if the neurite growth-

promoting properties of OECs depended on direct alignment between neuronal and OEC 

processes. Neurites that aligned with OECs were nearly three times longer when they grew on 

inhibitory meningeal fibroblast areas and twice as long on reactive astrocyte zones compared to 

neurites not associated with OECs. Our results show that OECs can independently enhance neurite 

elongation and that direct OEC-neurite cell contact can provide a permissive substrate that 

overcomes the inhibitory nature of the reactive astrocyte scar border and the fibroblast-rich spinal 

cord lesion core.

© 2015 Published by Elsevier Inc.

Please address correspondence to: Patricia E. Phelps, Ph.D., Dept. of Integrative Biology and Physiology, UCLA, Terasaki Life 
Sciences Building, 610 Charles Young Dr. East, Los Angeles, CA 90095-7239, Fax: (310) 206-9184, Telephone: (310) 825-7264, 
pphelps@physci.ucla.edu. 

Conflict of interest statement:
None

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Exp Neurol. Author manuscript; available in PMC 2016 July 01.

Published in final edited form as:
Exp Neurol. 2015 July ; 269: 93–101. doi:10.1016/j.expneurol.2015.03.025.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Spinal cord injury; Reactive astrocytes; OEC; Cell adhesion; Astrocytes; Meningeal fibroblasts; 
Neurite outgrowth

Introduction

Olfactory receptor neurons are generated and then project their axons from the peripheral 

into the central nervous system throughout life (CNS; Graziadei and Monti Graziadei, 

1985). The regenerative ability of the olfactory receptor neurons is enhanced by olfactory 

ensheathing cells (OECs), a distinct glia with features of both Schwann cells and astrocytes 

(Doucette, 1991; Ramón-Cueto and Valverde, 1995). After an olfactory nerve injury, OECs 

survive and maintain a conduit so that newly generated axons can grow into the damaged 

inhibitory areas of the adult olfactory system, cross the glia limitans, and contact their 

olfactory bulb targets (Doucette, 1991; Li et al., 2005). Due to these attributes, OECs are 

considered a promising treatment following spinal cord injury (SCI; Lu et al., 2002; Lopez-

Vales et al., 2006; Kubasak et al,. 2008; Ramón-Cueto et al., 1998, 2000; Tabakow et al., 

2014; Takeoka et al., 2011; Ziegler et al., 2011).

While adult CNS neurons have a capacity to regenerate, they usually fail to regrow 

functional axons due to a non-permissive or inhibitory environment. After injury astrocytic 

cell bodies hypertrophy and their processes widen, cluster together, elongate, and display 

increased glial fibrillary acidic protein (GFAP) immunoreactivity, a response defined as 

reactive astrogliosis (Barrett et al., 1981; Reier and Houle, 1988; Silver and Miller, 2004; 

Sofroniew, 2009). A GFAP-positive scar border of reactive astrocytes forms due to both the 

injury and the invasion of meningeal fibroblasts (Silver and Miller, 2004; Wanner et al., 

2013). The processes of newly generated reactive astrocytes become oriented transversely to 

isolate the intact spinal cord from the lesion core, a response that limits axon regeneration 

(Barnabé-Heider et al., 2010; Li et al., 2012; Wanner et al., 2013). Additionally, increased 

chondroitin sulfate proteoglycan (CSPG) and class 3 semaphorin (Sema3) expression 

contribute to the inhibitory environment formed at the lesion site (Buss et al., 2009; Fitch 

and Silver, 2008; Hu et al., 2010; Pasterkamp et al., 2001). A scar-like culture model 

(Wanner et al., 2008) replicates the wide-spread reduction of neurite outgrowth as a result of 

reactive astrogliosis and elevation of inhibitory CSPGs phosphacan, neurocan, and tenascin. 

The scar-like environment in this model is generated by the addition of two injury-inducing 

factors to quiescent astrocytes: 1) confrontation with meningeal fibroblasts and 2) 

mechanical stretch (Wanner et al., 2008).

OECs may overcome the injury site inhibition and promote neurite sprouting and outgrowth 

by providing both an adhesive cellular substrate and permissive soluble factors (Chung et 

al., 2004; Kafitz and Greer 1999; Pellitteri et al., 2009; Sonigra et al., 1999). Indeed OECs 

express multiple adhesion molecules involved in axon outgrowth, secrete trophic factors, 

and ensheath growing axons to protect them from inhibitory molecules (Doucette, 1990; 

Lipson et al., 2003; Ramón-Cueto and Valverde, 1995; Woodhall et al., 2001). Trophic 

factors, such as brain-derived neurotrophic factor (BDNF), contribute to the ability of OECs 
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to enhance axon regeneration on an inhibitory substrate (Ruitenberg et al., 2003; Runyan 

and Phelps, 2009), but the contact-mediated OEC-neuron interactions are not well studied.

The growth-promoting characteristics of OECs lead to their use as therapeutic cellular grafts 

following SCI. Over the past decade a number of studies reported that OECs support axon 

regeneration in vivo, even after a complete transection (Kubasak et al, 2008; Lopez-Vales et 

al., 2006; Lu et al., 2002; Ramón-Cueto et al., 1998, 2000; Tabakow et al., 2014; Takeoka et 

al., 2011; Ziegler et al., 2011). Despite the reported functional improvements, most of these 

studies could not identify OECs post-implantation and consequently the OEC interactions in 

a SCI environment remain unclear. In the present study, we used an established model of 

SCI that recapitulates the inhibitory environment of the astroglial scar and its fibroblast 

border (Wanner et al., 2008) to test how OEC transplantation facilitates neurite regeneration. 

We identified OEC-neurite alignment as a critical regulator of neurite outgrowth on the 

growth-inhibitory substrates in scar-like cultures.

Materials and Methods

Astrocyte-meningeal fibroblast co-culture

Methods to prepare co-cultures of astrocytes and meningeal cells (predominantly fibroblasts, 

but also microglia and blood vessels) were similar to those reported in Wanner et al. (2008, 

2012). Astrocytes were cultured from neonatal rat cerebral cortices in 5% fetal bovine serum 

(FBS, Hyclone, Logan, UT) and upon reaching confluency, cultures were switched to a 

mixture of 1:1 DMEM and Ham’s F12 (D/F medium, Gibco) supplemented with 5% horse 

serum. Approximately 200,000 astrocytes were seeded onto deformable membranes (962 

mm2 Bioflex 6 well plates, Flexcell Int. Corp., Hillsborough, NC) previously coated with 

collagen (Fig. 1; control culture). Astrocyte cultures were slowly withdrawn from serum and 

kept serum-free until the addition of meningeal cells.

Meningeal fibroblasts were isolated from newborn rat cortical meninges, dissociated and 

resuspended with 3% trypsin, collagenase, and DNAse I. They were grown for 5 days on 

poly-L-lysine-coated dishes (PLL; Sigma, St. Louis, MO). Meningeal fibroblasts were 

added to the astrocytes on deformable membranes after 4 weeks in vitro with 130,000 cells 

per culture in 10% FBS/DF medium (Fig. 1). Astrocyte-fibroblast co-cultures grown on 

deformable membranes were given two short pressure pulses (3.5–3.8 psi) with a pressure 

controller (Ellis et al., 1995) that induced abrupt membrane deformation and mechanical 

trauma to the cells (Fig. 1; scar-like culture).

OEC primary culture

Olfactory bulbs were collected from 8–10 weeks old Sprague Dawley rats and the 

leptomeninges were removed to reduce fibroblast contamination. Methods to prepare OEC 

primary cultures were adopted from Ramón-Cueto et al. (2000). OECs were dissected from 

the first two layers of the olfactory bulb and washed in Hank’s Balanced Salt Solution 

(HBSS, Gibco, Rockville, MD) prior to tissue centrifugation at 365 g for 5 min. The tissue 

pellet was first resuspended in 0.1% trypsin and HBSS without Ca2+/Mg2+ (Gibco), then 

placed in a 37°C water bath, and mixed intermittently for 10 min. D/F medium 
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supplemented with 10% FBS and 1% Penicillin/Streptomycin (P/S, Gibco) was used to 

inactivate trypsin prior to centrifugation. Dissociated cells were rinsed and centrifuged 3 

times, and then plated into 25 cm2 culture flasks pre-coated with 0.5 mg/ml PLL. Cells were 

maintained at 37°C for 7 days and D/F medium was changed every 2 days.

OEC immunopurification

Hydrophobic petri dishes were coated overnight with Biotin-SP-conjugated AffiniPure goat 

anti-mouse IgG (1:1000; Jackson Immunoresearch Laboratories, West Grove, PA) in 50 mM 

Tris buffer. Dishes were washed 4 times with 25mM PBS (Gibco) and then incubated 

overnight with antibody against p75-nerve growth factor receptor (anti-p75-NGFR, 1:5; 

clone 192, Chandler et al., 1984) at 4°C. Dishes were rinsed 3 times with 25mM PBS and 

treated with a mixture of PBS and 0.5% BSA for 1 hr at room temperature. Before 

immunopanning cells, antibody treated dishes were washed with PBS and DMEM.

OEC primary cultures were treated with 0.25% trypsin in HBSS without Ca2+/Mg2+ for 3 

mins at 37°C before trypsin inactivation with D/F medium. Cells were centrifuged at 216 g 

for 10 mins and resuspended in D/F medium. Cells were added to pre-treated anti-p75-

NGFR dishes and incubated at 37°C for 10 mins. Unbound cells were washed off and a cell 

scraper was used to recover bound cells which were then subjected to a second 

immunopanning. Purified p75-NGFR-positive OECs were resuspended, plated on PLL-

coated culture flasks, and incubated at 37°C for 7 days with medium changed every 2 days. 

Purified OECs were stimulated with pituitary extract (20 μg/ml, Gibco) and forskolin (2 μM, 

Sigma). Mitogens were removed and cells were pretreated with CellTracker™ Green 

CMFDA (7 μM, Molecular Probes, Eugene, OR) for 1 hr at 37°C. After rinsing, OECs were 

incubated with D/F medium for 1 hr, washed with PBS, and trypsinized. 100,000 OECs 

were added to the scar-like cultures 5–6 hours after the mechanical stretch (Fig. 1; scar-like 

+ OEC culture).

Cerebral cortical neuron cultures

Neurons were obtained from postnatal day 6–8 rat cerebral cortices after removal of the 

leptomeninges. Cerebral cortices were harvested in Hibernate-A medium (BrainBits, Inc., 

Springfield, IL) with P/S, L-glutamine (L-glu, Gibco), and B27 supplement (Gibco), then 

chopped and digested with warm papain (2 mg/ml, Worthington, Lakewood, NJ) in 

Hibernate-A medium with P/S and L-glu. Neurons were enriched with an OptiPrep step 

gradient (Axis-Shield, Norton, MA). One day after stretch, all cultures received 100,000 

neurons pipetted into the center of the culture (Fig. 1). After 24 hrs, cultures were fixed 

using 4% paraformaldehyde in Tris-buffered saline (TBS) for 1 hr and washed. Additional 

24-hour co-cultures were tested for neuron viability and most neurons without processes co-

localized with live uptake of propidium iodide, indicating loss of cell integrity. Four 

independent culture experiments were conducted and 1–3 wells per experiment were 

analyzed for each experimental variable.

Immunocytochemical procedures

Cultures were permeabilized with 0.3% Triton in TBS for 30 mins, blocked with 5% donkey 

and goat serum (Sigma) overnight, incubated with anti-GFAP (1:500, mouse or rabbit, BD 
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Biosciences Pharmingen, San Jose, CA; Dako, Carpinteria, CA) and rabbit anti-β3 tubulin 

(1:1500, Covance, Berkeley, CA) or mouse anti-fibronectin (1:500, BD Biosciences 

Pharmingen) overnight at 4°C. To visualize immunostaining, Cy3- and Cy5-conjugated 

fluorescent secondaries (1:250, 1:80, respectively; Jackson ImmunoResearch, West Grove, 

PA) were used. Nuclei were stained with Hoechst dye (Sigma) for 5 mins. Cultures were 

washed with TBS, dried, and then cover slipped onto glass slides with Fluorogel (Electron 

Microscopy Sciences, Hatfield, PA).

Imaging, neuron tracing, and statistical analysis

Images were obtained using a Zeiss LSM 510 confocal microscope. Approximately 16 fields 

from the central-most area of the stretch wells that contained GFAP-negative zones and 

multiple neurons were analyzed for neurite outgrowth. Peripheral areas were excluded for 

consistency. Neurons and their neurites were quantified and traced using the Neurolucida 

7.50.4 neuron reconstruction program (MicroBrightField, Inc., Williston, VT). Individual 

neurite lengths and cell body details were exported to Microsoft Excel (Redmond, WA) 

using Neurolucida Explorer 4.50.4 (MicroBrightField, Inc., Williston, VT). Neurite 

processes were measured and the extent of their glial association was scored as aligned, 

crossing, or not associated. Additionally, neurons and neurite processes were binned based 

on their location in either a GFAP-positive or negative area. Neurons were counted in the 

GFAP-negative fibroblast zone only if neurites remained entirely within the GFAP-negative 

area. Neuron counts were normalized per image and reported as the sum of neurons 

analyzed in all 16 fields of each culture. Culture experiments were conducted in triplicate or 

quadruplicate and data sets presented as a mean ± SEM. Statistical analyses of differences 

between means was calculated using a two-way ANOVA, performed with JMP Software 

(version 10.0.0 for Microsoft Windows, SAS Institute Inc., Cary, NC). Statistical 

significance was determined by p < 0.05.

Results

Scar-like cultures mimic key aspects of spinal cord injury

To better understand how OECs interact with injured neurons in vivo, we tested OECs in an 

in vitro assay that recapitulates the features of a traumatic SCI. We used a scar-like culture 

model composed of astrocytes challenged by meningeal fibroblasts that is then mechanically 

stretched to induce molecular and morphological features of reactive astrogliosis and 

fibroblast clustering (Fig. 1; Wanner et al., 2008). Scar-like cultures reproduce features of 

the inhibitory environment found near the glial scar border and the lesion core after 

complete spinal cord transection (Fig. 2). At one month post-SCI, stellate GFAP-positive 

astrocytic processes bundle together to encircle the GFAP-negative, non-neural tissue in the 

spinal cord injury site (Fig. 2A–B). Similarly in scar-like cultures elongated processes of 

GFAP-positive reactive astrocytes surround clusters of fibronectin-labeled meningeal 

fibroblasts (Fig. 2E). Thus borders are established separating the astrocyte and fibroblast 

areas similar to those found after SCI (Fig. 2C–E; Göritz et al., 2011; Reier and Houle, 

1988; Wanner et al., 2008, 2013). Neurites typically avoided growing into the non-

permissive GFAP-negative fibroblast areas (Fig. 2C). Therefore, our scar-like cultures 
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provide multiple small-scale zones of astrocytic scar borders reminiscent of the inhibitory 

scar border formed following SCI.

Features of reactive astrogliosis and GFAP immunoreactivity remained following the 

addition of OECs to the scar-like cultures (Fig. 2C–D). OECs intermingled with astrocytes, 

and interestingly, they crossed the reactive astrocyte borders, and often entered into the 

fibroblast-filled, GFAP-negative areas (Fig. 2D–E). Neurons grown in scar-like + OEC 

cultures adhered and extended neurites into the non-permissive fibroblast territory primarily 

when they associated with OECs (Fig. 2D). These cultures, therefore, are suitable to assess 

if OECs can stimulate neurite outgrowth in a scar-like environment.

OECs promote neurite outgrowth in scar-like cultures

To evaluate the extent to which OECs promoted neurite outgrowth in growth-inhibitory 

scar-like cultures, we compared neurite outgrowth on quiescent astrocytes (positive control), 

and on injured astrocyte-meningeal fibroblast co-cultures in the absence or presence of 

OECs (scar-like or scar-like + OEC). Approximately 5,300 neurons were traced and 

reconstructed and the lengths of 12,700 neurites were quantified. The same percentage of 

neurons initiated neurite outgrowth in the three culture conditions (control 85±0.01% of 

neurons; scar-like 85±0.02%; scar-like + OEC 85±0.02%; mean ± SEM; n=4). Additionally, 

no differences were found in the mean number of neurons with neurites sampled per culture 

(control 117±16 neurons; scar-like 135±20; scar-like + OEC 135±17; n=4). Likewise, the 

number of neurons that failed to grow any neurites did not differ between cultures. These 

neurons were excluded from further analysis as more than 90% co-localized with propidium 

iodide.

Postnatal cerebral cortical neurons grew long, branching neurites over control quiescent 

astrocyte lawns, while neurons on reactive astrocytes in scar-like cultures had short 

unbranched processes (Fig. 3A, B). When OECs were added to scar-like cultures, neurite 

outgrowth was restored to levels closer to control cultures (compare Fig. 3C to 3A) and 

these long neurites commonly were associated with OECs (Fig. 3D). Total neurite tree 

lengths of neurons grown on control astrocyte cultures were longer than those grown on 

scar-like cultures without or with OECs (Fig. 3E; control 304±26 μm; scar-like 136±17 μm; 

p< 0.0001; scar-like + OECs 217±17 μm; p< 0.05; n=4). The addition of OECs to the scar-

like cultures increased total neurite outgrowth 60% above that measured in scar-like cultures 

alone (Fig. 3B–E; p< 0.01).

OECs enhance neurite outgrowth by neurite-OEC association

Having established the ability of OECs to promote neurite outgrowth in scar-like cultures, 

we next asked how OECs enhance neurite outgrowth in an inhibitory environment. To 

determine if there was a contact-mediated effect between OEC processes and neurites, scar-

like + OEC cultures were examined in confocal images. Each neurite-OEC interaction was 

scored into one of three categories: 1) neurites aligned with and extensively contacting an 

OEC process (Fig. 4A1; Align), 2) neurites that crossed an OEC process (Fig. 4A2; Cross), 

and 3) neurites that did not interact with OECs (Fig. 4A3; None). When single neurites were 

separated by association category, 52±8% of neurites aligned with OEC processes, whereas 
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only 23±4% (p<0.01) crossed, and 26±5% (p<0.01) never contacted OECs (Fig. 4B). 

Measurements of neurites aligned with OEC processes were significantly longer (Fig. 4A1, 

C; 135±15 μm) than those that crossed (Fig. 4A2, C; 53±9 μm; p< 0.001) or never 

associated with OEC processes (Fig. 4A3, C; 30±3 μm; p< 0.0001). The length of neurites 

that crossed OECs did not differ from those with no interaction and are combined in future 

analyses (p= 0.14). These data show that OECs enhanced neurite elongation through direct 

alignment of neuronal and OEC processes in scar-like cultures.

Fibroblast zones are more growth inhibitory than astrocyte zones

To better understand OEC-enhanced neurite outgrowth, we then characterized the effect of 

the two distinct cellular substrates of scar-like cultures, i.e., reactive astrocytes (Fig. 5A–B) 

and meningeal fibroblasts (Fig. 5C–D), on neuronal adhesion and neurite outgrowth. In scar-

like cultures without OECs the percent of neurons with regenerating neurites was much 

greater in astrocyte than in fibroblast areas (Fig. 5E; 79±5% versus 21±5%; p<0.0001; n=3). 

In addition, the majority of neurites grew on astrocytes rather than on fibroblasts (Fig. 5F; 

90±1% of neurites versus 10±1% of neurites; p<0.0001) and the average neurite length was 

nearly three times longer on astrocytes than fibroblasts (60±12 μm versus 23±5 μm; p< 0.01; 

n=3). The addition of OECs to the scar-like cultures increased the distribution of neurons 

adhering to fibroblast areas by 50% and doubled the number of neurites within those areas 

(Fig. 3E; 32±2% of neurons; 20±7% of neurites). Neurites also were significantly longer in 

astrocyte zones with, than without OECs (Fig. 5F; 92±5 μm versus 60±12 μm; p< 0.05). In 

fibroblast zones, however, neurite lengths in the presence or absence of OECs did not 

significantly differ (Fig. 5F; 41±6 μm versus 23±5 μm; p= 0.14). This suggests that 

fibroblasts inhibited neurite outgrowth more than reactive astrocytes and that OECs acted 

independent of astrocytic inhibitory factors to enhance neurite elongation.

Neurite growth aligned with OECs is enhanced on both substrates

Because OECs could enhance neurite outgrowth better in astrocyte than in fibroblast areas, 

we asked if this enhanced neurite outgrowth depended upon cell surface interactions 

between neurites and OECs. We quantified this cell surface-mediated effect by separating 

individual neurites into groups that aligned or did not interact with OECs and remained 

entirely within reactive astrocyte or fibroblast zones. On both substrates, the mean neurite 

length was greatest when neurites aligned with OECs compared to neurites that did not 

contact OECs (Fig. 5B–D, G; aligned 136±17 μm versus non-aligned 37±5 μm on 

astrocytes, p< 0.0001; aligned 64±12 μm versus non-aligned 20±2 μm on fibroblasts, p< 

0.001). This implies that the OEC-enhanced outgrowth in fibroblast zones was previously 

masked when aligned and non-aligned neurite lengths were combined (Fig. 5F). We next 

asked if the stunted neurite outgrowth on fibroblasts in scar-like cultures (Fig. 5C, inset) 

could be overcome when neurites aligned to OEC surfaces (Fig. 5B, D). Neurites were 

nearly three times longer in fibroblast zones when they aligned with OECs compared to 

when they did not interact (Fig. 5G; 64±12 μm versus 23±5 μm; p< 0.01). Confocal images 

of neurites aligned with OECs show evidence of direct cell-to-cell contact (Fig. 5H). This 

shows that the inhibitory factors from fibroblasts can be overcome if the neurites are directly 

aligned with OECs.
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Finally, to determine if neurite-OEC alignment was sufficient to enhance neurite elongation, 

we compared neurites that were aligned with OECs to those in quiescent astrocyte cultures 

and reactive astrocyte zones in scar-like cultures. When neurites aligned with OECs in 

reactive astrocyte zones, they were longer than neurites in quiescent or reactive astrocyte 

zones without OECs (Fig 5G; 136±17 μm versus quiescent astrocytes 109±7 μm, p< 0.05; or 

reactive astrocytes 60±12 μm, p< 0.0001). Moreover, the direct association between neurites 

and OEC processes in the fibroblast zones attenuated the stunted neurite outgrowth to the 

extent that neurite lengths matched those in the astrocyte zones of scar-like cultures (Fig. 

5A, D, G; 64±12 μm versus 60±12 μm, p< 0.78). Together our findings support that direct 

cell surface alignment with OECs is required to enhance neurite elongation in both scar-like 

astrocyte and fibroblast environments.

Discussion

We used an established glial scar model that replicates key features of the inhibitory 

environment following SCI to assess if OECs enhance neurite outgrowth of postnatal 

cerebral cortical neurons. Analyses of neuron reconstructions showed that the presence of 

OECs increased the total neurite tree length of neurons grown in scar-like cultures. We 

identified OEC-neurite alignment as a novel method by which OECs enhanced neurite 

elongation. In fact, alignment with OECs more than doubled the mean neurite lengths that 

grew in both the astrocyte and fibroblast zones. Additionally, neurites that aligned with 

OECs in the scar-like astrocyte zones were significantly longer than those in permissive 

quiescent astrocyte areas. In combination, our data suggest that OECs provide a spatially 

restricted and contact-dependent growth-promoting effect on neurites that is independent of 

the scar-like environment.

OECs can interact with inhibitory components of the glial scar

After SCI both meningeal fibroblasts and astrocytes along the scar border act as physical 

and chemical barriers that disrupt regeneration (Davies et al., 1997; Pasterkamp et al., 2001; 

Wanner et al., 2008, 2013). Similarly, neurite outgrowth was stunted in scar-like cultures 

due to the scar border generated by the presence of fibroblasts and mechanical stretch 

(Wanner et al., 2008). Theses fibroblast and reactive astrocyte zones reportedly contain two 

major molecules implicated in neurite outgrowth inhibition, Sema3A and CSPGs 

(Pasterkamp et al., 1998, 2001; Wanner et al., 2008, 2013). Sema3A is the best known 

substrate-bound, growth-inhibitory factor expressed by meningeal fibroblasts in vitro 

(Niclou et al., 2003; Shearer et al., 2003) and inhibits regeneration of axons that express the 

Sema3A receptor neuropilin-1 (NRP-1; Pasterkamp et al., 1998, 2001). Based on studies of 

the developing olfactory bulb, NRP-1-positive olfactory receptor neuron axons are repelled 

by Sema3A, and this inhibition contributes to pre-target axon sorting between the olfactory 

epithelium and the olfactory bulb (Imai et al., 2009). A subset of OECs in the olfactory 

nerve layer express Sema3A during development and likely contribute to axon orientation 

during their growth into the olfactory bulb (Crandall et al., 2000; Imai et al., 2009; 

Schwarting et al., 2000). OECs also express NRP-1 and the down-regulation of NRP-1 

expression on OECs reduces axonal outgrowth of dorsal root ganglia neurons (Roet et al., 

2013). Thus, because OECs express both Sema 3A and its receptor NRP-1, they are not 
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repelled by meningeal fibroblasts (Fig. 2D, 5D) and therefore can influence axon orientation 

(Fig. 5B, D).

After SCI, astrocytes and fibroblasts up-regulate and secrete CSPGs (Bradbury et al., 2002; 

Burda et al., 2014; McKeon et al. 1995; Morgenstern et al. 2002). Treatment with 

chondroitinase ABC following injury enhances axon growth and blocks interactions 

between CSPGs and Sema3A to reverse the repulsive properties on neurite outgrowth 

(Bradbury et al., 2002; de Wit et al., 2005; Grimpe et al. 2005; McKeon et al. 1995; Zuo et 

al. 1998). Reportedly OECs express proteoglycanases, such as A disintegrin and 

metalloproteinase with thrombospondin motifs-1 and -4 (Guerout et al., 2010; Roet et al., 

2013), and appear to reduce CSPG immunoreactivity in the injured spinal cord (Lakatos et 

al., 2003). Together with these reports our results suggest that OECs may modulate 

extracellular matrix components by favorably interacting with both reactive astrocytes and 

meningeal fibroblasts to provide a more permissive substrate and stimulate neurite 

regeneration.

OEC-neurite alignment stimulates outgrowth

Our quantitative findings that OEC-neuron alignment enhances neurite outgrowth on 

meningeal fibroblast and reactive astrocyte territories is novel, but the mechanism of their 

growth enhancement via cell-to-cell contact could not be addressed in this study due to the 

multicellular nature of the scar-like cultures. Adhesion-type molecules expressed by OECs 

are likely to be involved: integrins, N-cadherin, or other cell adhesion molecules (CAMs; 

Akins et al., 2007; Fairless et al., 2005; Miragall et al., 1988; Roet et al., 2013). OECs 

express L1-CAM (Runyan and Phelps, 2009; Shields et al., 2010) and are reported to 

support neurite outgrowth of corticospinal tract neurons (Witheford et al., 2013). L1 also 

modulates the response to Sema3A and associates with NRP-1 to change the Sema3A-

induced chemorepulsion to chemoattraction (Castellani et al., 2000). In the olfactory bulb 

and nerve, OECs and olfactory receptor axons express NCAM during development and 

adulthood both at axon-axon and axons-OEC contacts (Miragall et al., 1988; Yoshida et al., 

1999). Additionally, siRNA knockdown of OEC-expressed NCAM significantly reduced 

neurite outgrowth (Roet et al., 2013).

N-Cadherin regulates direct cell-to-cell adhesion and interacts with downstream signaling 

cascades that promote neurite outgrowth (Bixby and Zhang, 1990; Kiryushko et al., 2004). 

OECs express high levels of N-Cadherin yet do not appear to use it to adhere to other OECs 

or astrocytes (Fairless and Barnett, 2005). One possibility is that the neurites use N-Cadherin 

to align with OECs, in a similar manner to that demonstrated for immature Schwann cells in 

vitro (Wanner and Wood, 2002; Wanner et al., 2006). Alternatively, OECs may modulate 

the distribution and function of N-Cadherin via the expression of the Scavenger Receptor 

Class B member 2, an enhancer of regenerative sprouting (Roet et al., 2013).

OECs in this study appear to enhance neurite outgrowth in an inhibitory environment by 

their unique ability to enter the fibroblast zones and promote neurite alignment along their 

surfaces. In addition, OECs extend neurite outgrowth beyond that which growth-permissive 

astrocytes and reactive astrocytes are able to provide. Thus, our results provide strong 
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evidence that direct OEC-neurite alignment is critical to enhance neurite outgrowth in these 

two different inhibitory environments.
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Highlights

• We test how OECs promote neurite outgrowth in an inhibitory scar-like culture 

model.

• Fibroblast zones are more growth-inhibitory than astrocyte zones.

• Mean neurite length on reactive astrocytes is 2-fold greater when aligned with 

OECs.

• Neurite-OEC alignment enhanced outgrowth 3-fold on meningeal fibroblasts.

• OECs have a direct contact-dependent, growth-promoting effect on cortical 

neurites.
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Figure 1. Schematic of experimental design and timeline
Experiments were conducted on either quiescent astrocytes (control) or co-cultures of 

stretched astrocytes and meningeal fibroblasts (scar-like). Mature astrocytes (light blue 

background) were cultured on deformable membranes and first confronted with fibroblasts 

to induce astrogliosis (dark blue background). Then astrocyte-fibroblast co-cultures were 

mechanically stretched 5–6 hours prior to the addition of OECs labeled with Cell Tracker 

Green (scar-like + OEC). One day later, cerebral cortical neurons (P6–P8) were added to all 

experimental conditions. Neurons were grown for 24 hours and fixed.
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Figure 2. Scar-like cultures mimic the glial scar borders formed after spinal cord transection
(A) Lesion site from an adult rat 1 month after a complete spinal cord transection. Reactive 

astrocytes express high levels of GFAP at the glial scar border (black, arrows) that divides 

the GFAP-positive and negative zones. (B) A GFAP-negative lesion area (*) is surrounded 

by elongated GFAP-expressing astrocytic processes (black arrowheads). (C) Scar-like 

culture has GFAP-negative lesion areas (*, black) that are surrounded by GFAP-positive 

astrocytes (blue). Neurites (yellow arrows) from a cortical neuron (white) typically do not 

enter inhibitory GFAP-negative zones (*). (D) OECs (green) in a scar-like culture 

intermingle with astrocytes (blue) and span the GFAP-negative zone (*, black). Neurons 

(white) extend processes along the OECs (yellow arrows) in both the GFAP-positive and 

GFAP-negative zones. (E) Astrocytic processes (blue) in a scar-like culture encircle 

fibronectin-labeled meningeal fibroblasts (red) that are concentrated in the GFAP-negative 

area (*). GFAP, Glial fibrillary acidic protein; β3-tub, β3-tubulin; OEC, olfactory 

ensheathing cell; FN, fibronectin. Scale A= 100 μm; B, C–D, E = 50 μm.
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Figure 3. OECs facilitate neurite outgrowth in scar-like cultures
(A) Postnatal day 8 neurons extend long neurites (yellow arrows) on a quiescent astrocyte 

control culture. (B) A growth inhibitory scar-like culture reduces neurite extension (arrows). 

(C, D) The identical scar-like co-culture is illustrated without (C) or with OECs (D; green) 

to best visualize alignment of neurite outgrowth with OECs. Neurites marked by arrows in C 

align with OECs identified by arrowheads in D. (E) Average total neurite tree length per 

neuron in control, scar-like, and scar-like + OEC cultures. Each experiment (n=4) is 

represented by a black dot, while means ±SEM values for each variable are represented in 

red. *p < 0.05, **p < 0.01, and ***p < 0.001 for this and subsequent figures. GFAP, Glial 

fibrillary acidic protein; β3-tub, β3-tubulin; OEC, olfactory ensheathing cell. Scale A–D = 

50 μm.
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Figure 4. OEC-enhanced neurite outgrowth is mediated by neuron-OEC association
(A) In scar-like + OEC cultures associations between neurons and OECs were classified as: 

1) aligned (single arrowheads), 2) crossing (double arrowhead), or 3) no interaction (double 

arrowhead). (B) An average of 52% of measured neurites aligned with OECs, while 23% of 

neurites crossed and 26% did not associate with OECs. (C) Neurites aligned with OECs 

were longer than those that crossed or did not associate with OECs. Individual experiments 

(n=4) in B and C are represented by black dots, with the means ±SEM values marked in red. 

GFAP, Glial fibrillary acidic protein; β3-tub, β3-tubulin; OEC, olfactory ensheathing cell. 

Scale A = 50 μm; A1–3 = 25 μm.
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Figure 5. Neurite-OEC alignment enhances neurite outgrowth in both astrocyte and fibroblast 
zones
(A, C) In scar-like cultures neurons within the GFAP-positive reactive astrocyte zones (A, 

blue) have longer neurites (arrows) than neurons in the GFAP-negative fibroblast zones (C, 

black area). Retraction bulbs (arrow, inset C) are found in fibroblast areas. (B, D) In scar-

like + OEC cultures neurons extend long processes (yellow arrowheads) within both 

astrocyte (B) and fibroblast zones (D) if they associate with OECs. Neurites in scar-like + 

OEC cultures (D) can abruptly alter their direction to maintain alignment with OECs (white 

arrowheads). (E) Quantification of the percentage of neurites that grew into astrocyte (blue) 

versus fibroblast (black) zones. If OECs are present, however, the percentage of neurites 

within the fibroblast zones doubled. (F) Mean neurite lengths in astrocyte (blue) versus 

fibroblast (black) zones show that neurites are longer in scar-like + OEC cultures in both 

zones than in scar-like cultures alone. (G) Comparison of all neurites measured and sorted 

by their alignment status with OECs. In both the astrocyte and fibroblast zones, neurites are 

significantly longer if they align with OECs (align) versus no alignment (none). Neurites 

that align with OECs in reactive astrocyte zones are 25% longer than neurites from 

quiescent astrocyte cultures alone. Neurite-OEC alignment also enhances the average neurite 

length in the fibroblast zones to the same level of outgrowth without OECs in the astrocyte 

zones. Blue (astrocyte zone) or black (fibroblast zone) dots represent neurite length averages 

per culture experiment (n=3) and the mean ±SEM corresponds to large dots. (H) Orthogonal 

view of direct cell-to-cell contact between an OEC (green) and neurites (red) growing 

exclusively in a fibroblast zone (see D). Scale A–D = 50 μm.
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