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General abstract 

 

Transplantation of glial cells, particularly olfactory ensheathing cells (OECs) and 

Schwann cells (SCs) is one of the most promising strategies for the treatment of spinal 

cord injury and for other neural repair therapies.  Effective proliferation and migration 

of glial cells are essential to optimize clinical applications; therefore identification of 

molecules that can promote and regulate these biological features is of great interest. 

The use of neurotrophic factors has long been considered as a potential approach, but, 

because of their high molecular weight; most are unstable. An important number of 

natural products have been reported in the literature to be able to mimic the effect of 

these neurogenic factors, mostly Curcuminoides (derived from the root turmeric) and 

Linckosides (isolated from the starfish Linckia laevigata).  These products have been 

demonstrated to be neuroprotective and neurogenic on nerve cells, however it is not 

comprehensively known if these neurogenic natural compounds can influence the 

biological activity of glial cells.  This thesis presents the evaluation of the effects of four 

known natural neurogenic compounds on the behaviour of OECs and SCs using 

proliferation assays and time-lapse microscopy analysis methods.   

 

First, the effects of curcumin on the behaviour of OECs and SCs were examined to 

determine if this compound could be of use to further enhance the therapeutic potential 

of these cells.  We then examined the effects of three novel neuritogenic steroid 

glycoside family isolated from the starfish Linckia laevigata (Linckoside A, B and 

granulatoside A) on the morphological properties, proliferation and migration of human 

olfactory ensheathing cells (hOECs).  
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We reported that low-dose curcumin (0.5 µM) increases proliferation of OECs as well 

as enhance by up to 4-fold cell migration by strongly regulating the dynamic 

morphology of OECS.  Most dramatically, curcumin starkly promotes a 10-fold 

increase in the phagocytic activity of OECs.  Importantly, transient activation of MAP 

kinases (p38 and ERK) was involved in the curcumin-mediated effects establishing that 

curcumin may exert a cell-type specific stimulation of p38 and ERK kinases pathways 

in OECs.  Interestingly, we found curcumin’s effects on SCs diverge remarkably from 

the effects observed on OECs. Small doses of curcumin (40 nM) increased by 5-fold the 

proliferation of SCs after just one day, these concentrations are significantly smaller 

than those that stimulated olfactory glia (0.5 µM).  Also curcumin significantly 

increased the dynamic activity of lamellipodial waves which are essential for SC 

displacement leading to a faster migration rates in curcumin-treated cells when 

compared with untreated cells (p<0.05). Furthermore, SCs treated with curcumin 

showed differences in the expression of proteins related to myelination and 

differentiation processes, particularly  the activated form of the MAP kinase p38 (p-

p38) (p<0.05).  Overall these results describe for first time that curcumin stimulates 

subtypes of closely related glia in different manner and that the therapeutically 

beneficial activities of these glial cells can be differentially enhanced by curcumin 

which could, in turn, improve the outcomes of neural repair therapies where these cells 

are used. 

 

After examination of the effects of linckosides on the behaviour of hOECs, it was found 

that hOEC proliferation rate was 20-50% higher in treated cells than in controls as 

detected by MTS assay. Dramatic morphological changes characterized by a higher 
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number of processes (p<0.001) and differences in the microtubule organization and 

expression levels of some early neuronal markers (GAP43 and βIII-tubulin) were also 

observed after linckosides treatments. Excitingly, hOECs displaying the largest 

morphological changes showed an increase in the expression of the phosphorylated 

form of ERK 1/2, suggesting that this pathway may be involved in the linckoside-

mediated morphological effects.  

 

Overall, this work is of importance because OECs and SCs are being widely 

considered for neural repair therapies and here we demonstrate how the 

behaviour of these cells can be enhanced in ways likely to benefit therapeutic 

outcomes for neural repair. These results clearly demonstrate that the behaviour of 

olfactory glia and SCs can be potently manipulated by using neurogenic natural 

products such as curcumin and linckosides. Combinational therapies where these small 

molecules may be used as a complement for  cell transplantation are of high interest to 

the fields of neural transplant therapies in the treatment of spinal cord injuries and other 

neurodegenerative diseases.  
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1. Introduction 

 

1.1 Transplantation of olfactory ensheathing cells to treat spinal cord injury 

 

Spinal cord injury is characterized by massive cellular and axonal loss, a neurotoxic 

environment, inhibitory molecules and physical barriers that hamper nerve regeneration 

and reconnection, leading to chronic paralysis. Transplantation of different types of 

cells is one of the strategies being examined in order to restore the lost cell populations 

and to re-establish a permissive environment for nerve regeneration. The mammalian 

olfactory system is one of the few zones in the body where neurogenesis occurs during 

the lifetime of the organism, with olfactory neurons being replaced daily with their 

axons elongating from the peripheral nervous system into the central nervous system to 

re-establish functional connections. The regenerative ability of this system is largely 

attributed to the presence of a unique group of cells called olfactory ensheathing cells 

(OECs). OECs have emerged as an encouraging cell candidate for transplantation 

therapies to repair the injured spinal cord with multiple animal models showing 

significant functional improvements. Several human trials have established that the 

procedure is safe and feasible and a recent functional restoration in a human now gives 

the impetus to improve the therapy (Tabakow, Raisman et al. 2014). Even though the 

results are promising with some animal models showing remarkable restoration of 

function, the variability amongst studies in terms of outcome assessments, cell purity, 

cell culture and transplantation protocols make it difficult to reach firm conclusions 

about the effectiveness of OEC transplant therapy to treat the injured spinal cord.  These 

variations need to be addressed in order to achieve a more realistic understanding of 
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how the benefits of OEC transplantation enhance the therapeutic outcomes.  In addition, 

the activity of OECs needs to be enhanced so that more effective functional restoration 

is achieved. 

 

1.1.1 Spinal cord injury 

 

Spinal cord injury results in large-scale neuronal loss with very limited capacity for 

regeneration, leading to chronic paralysis. The main factor hampering recovery is the 

inability of regenerating spinal cord axons to reach their target (reviewed by Leal-Filho 

2011). The pathophysiology of spinal cord injury is divided in two stages: the primary 

and secondary lesions. The primary lesion is caused by the direct mechanical trauma, 

i.e., laceration, contusion or compression, resulting in structural disturbances, death of 

neurons and damage to neural connections. This is followed by ischemia and 

microvascular damage (Beattie, Bresnahan et al. 1997), as well as excessive 

extracellular glutamate as a consequence of neuronal cell death (Hermann, Rogers et al. 

2001). The high concentration of glutamate and other excitatory amino acids lead to 

further progressive cell death via excitotoxicity and free radical production (Byrnes, 

Stoica et al. 2009). Altogether, the cell death, oxidative stress and inflammatory 

responses result in massive neuronal and glial cell death (Hulsebosch 2002, Jones, 

Anderson et al. 2003).  

 

The secondary lesion is characterized by continued inflammatory immune responses, 

including cytokine and interleukin secretion by macrophages and neutrophils (Bolton 

2005). Furthermore, axon demyelination, as a consequence of oligodendrocyte cell 
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death, results in loss of axonal conduction and subsequently a loss in synaptic 

communication. Activated astrocytes migrate to the injury site to degrade axonal debris 

and remove toxic chemicals, but the vast network of activated astrocytes creates a glial 

scar; a compact structure that becomes a barrier preventing regenerating axons from 

reaching their target (Bunge, Bunge et al. 1960, Matthews, St Onge et al. 1979). Thus, 

the complex damage resulting from the initial nerve injury leads to an environment that 

hampers or even completely inhibits neuronal regeneration (Hulsebosch 2002, Leal-

Filho 2011) (Figure 1.1). 

 

Current therapies for spinal cord injury do not lead to significant neural regeneration 

and functional recovery. Most of these therapies have aimed to minimize the post-

traumatic cell damage but fail to achieve the re-establishment of neuronal connections. 

Drug therapy is generally applied immediately following trauma to treat inflammation 

and initial degeneration (reviewed by Stahel, VanderHeiden et al. 2012, Batzofin, Weiss 

et al. 2013, Hurlbert, Hadley et al. 2013). This treatment is often followed by long term 

therapies aimed at promoting axonal growth and neutralising the toxic environment at 

the injury site. A major factor hampering axonal regeneration following spinal cord 

injury is the down-regulation of endogenous neurotrophins and one method that has 

shown promise is the injection of neurotrophins at the site of injury to replace the lost 

endogenous neurotrophins (Hulsebosch 2002). Peripheral glial cells can produce many 

growth factors and hence transplanting glia to the injury site is an even more promising 

approach as these cells can integrate with endogenous cells and scar tissue, producing a 

more long-term growth-promoting environment (Yan, Bunge et al. 2001, Feron, Perry et 

al. 2005, Cao, Zhu et al. 2007, Centenaro, Jaeger et al. 2011). Similarly, pluripotent 
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stem cells can be transplanted to the injury site, potentially promoting neuronal 

regeneration and production of glial cells. This method is still experimental, but has 

resulted in promising functional outcomes in animals (reviewed by Antonic, Sena et al. 

2013). Further, manipulation of gene expression to block production of growth-

inhibitory and toxic molecules has also resulted in some promising functional outcomes 

(reviewed by Leal-Filho 2011). Overall, while these therapeutic interventions have led 

to some positive outcomes including restoration of some function in humans after OEC 

transplantation, there is a clear need to improve the therapeutic approaches in order to 

achieve significant functional recovery in humans (Lim and Tow 2007, Leal-Filho 

2011, Tabakow, Jarmundowicz et al. 2013)  

 

 

 

Figure 1.1. Detrimental effects of secondary spinal cord injury events at the cellular 

and molecular level. Neurons are shown in green; glia in red. Injury to the spinal cord 

leads to (1) apoptosis and cell death (neurons and glial cells) with accumulation of cell 

debris and the generation of a toxic environment due to high extracellular glutamate 
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concentrations and the presence of free radicals; (2) formation of a glial scar which 

creates a physical barrier consisting of activated astrocytes. The resultant effect is that 

damaged axons are unable to regenerate and communicate due to presence of 

inhibitory molecules, loss of myelin and the physical barrier. 

 

1.1.1.2 Endogenous glial cells and their role in spinal cord injury 

 

Glial cells are the most abundant cells in the nervous system. They are closely 

associated with neurons and were previously described simply as supportive nervous 

tissue. A deeper understanding of glial cell biology, however, has demonstrated that 

glial cells exhibit a multitude of complex roles and are essential for the development 

and function of the entire nervous system (Jessen 2006). Glial cells are a heterogeneous 

population of cells that differ in developmental origin, molecular composition, structure 

and specific behaviour, and exist together with neurons and other cells in an integrated 

and co-dependent system (Chung and Barres 2011). Throughout the nervous system, 

glial cells have crucial roles in axonal extension and guidance, protection against 

mechanical, chemical and oxidative injury, as well as preservation of the electrical and 

chemical balance of all neurons (Ndubaku and de Bellard 2008).  

 

Glial cells can be broadly classified as being either central nervous system glia or 

peripheral nervous system glia. In the mature central nervous system (CNS), there are 

two major types of glial cells of neural origin; astrocytes and oligodendrocytes. Other 

types of CNS glial cells exist that originate from non-neuronal precursors; microglia 

constitute part of the innate immune system and  are believe to originate from 
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macrophage lineages (Chugani, Kedersha et al. 1991), however new evidences suggest 

they derive from erythromyeloid precursors from the yolk sac(Kierdorf, Erny et al. 

2013) . In the peripheral nervous system (PNS), Schwann cells constitute the main glial 

cell type, with the exception of the olfactory nervous system, which is populated by 

specialized glia termed olfactory ensheathing cells (OECs). Astrocytes play a critical 

role in the function and homeostasis of the CNS. They are required for the formation 

and maintenance of the blood-brain barrier, provide support for axonal extension and 

play an active role in neuronal signalling by exchange of ions and production of 

neurotransmitters, as well as cell adhesion and synapse signalling molecules  

(Kriegstein and Gotz 2003). Astrocyte–neuron interactions are known to secure the 

survival and normal function of neurons (Jessen 2004). Numerous studies have 

demonstrated that astrocytes play important neuroprotective roles, in neurodegenerative 

disorders (reviewed by Singh, Swarnkar et al. 2011, Cabezas, El-Bacha et al. 2012) and 

they have the ability to promote neuronal survival by protecting against reactive oxygen 

species and other stressors (Lopez, Cuadrado et al. 2007). 

 

After spinal cord injury, astrocytes respond rapidly by migrating to the injury site, 

where they proliferate and form a compact structure, a glial scar, to preserve the blood-

brain barrier, protecting the CNS and maintaining the adequate ionic environment 

necessary for nerve function. However, the glial scar eventually becomes a physical 

barrier that stops damaged axons from regenerating and reconnecting (Leal-Filho 2011) 

(Figure 1.1). Furthermore, astrocytes respond to neuronal injury by increasing their 

proliferation and by secreting glycoproteins such as chondroitin sulfate proteoglycans 
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(CSPG), which is considered  to inhibit axon elongation (Table 1.1) (Qiu, Cai et al. 

2002, Su, Yuan et al. 2009). 

 

Oligodendrocytes are morphologically similar to astrocytes, albeit with fewer and 

smaller branched processes. They play different roles in the modulation of neuronal 

function as well as the regulation of proliferation, survival and differentiation of 

neurons (Jauregui-Huerta, Ruvalcaba-Delgadillo et al. 2010). The most important role 

of oligodendrocytes, however, is to myelinate axons. The myelin sheet provides 

electrical insulation around the nerve fibres, speeding the transmission of electrical 

signals (Jessen 2004). The myelin layer also protects the axons by creating a “safe 

chamber”, resembling a growth-promoting channel through which the axon extends. 

After a spinal cord injury, populations of oligodendrocytes are rapidly affected by high 

levels of glutamate and massive cell death follows. Oligodendrocytes that do survive 

produce neurite outgrowth inhibitor (Nogo), myelin-associated glycoprotein (MAG), 

and oligodendrocyte-myelin glycoprotein (OMP) (Table 1.1). These proteins bind to the 

Nogo receptor, repressing myelin production and affecting axonal outgrowth and 

neuronal synapses (Jones, Anderson et al. 2003).  

 

Microglia, which are essentially macrophages present within the CNS, respond to injury 

by migrating to the injury site, where they phagocytose debris, secrete a range of both 

pro- and anti-inflammatory cytokines and growth factors which initially have a 

neuroprotective effect. Over time, however, microglia near and in the injury site 

respond to the constant prolonged activation by secreting molecules that are growth-

inhibitory or toxic, thus repressing axonal regeneration (Chatzipanteli, Garcia et al. 
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2002, Pearse, Chatzipanteli et al. 2003, Block and Hong 2005). The majority of the 

activated microglia will start a transition to the M1 type, which can directly induce 

neuronal death (Kigerl, Gensel et al. 2009, Gao, Zhu et al. 2013). Thus, together with 

the glial scar, the local environment at a CNS injury site inhibits long-term neuronal 

extension and regeneration. 

 

The PNS differs dramatically from the CNS in terms of capability to regenerate itself 

after injury. In contrast to central nerves, peripheral nerves in general regenerate after 

injury, unless large nerves have been completely severed. Schwann cells play an active 

role in repair of damaged peripheral nerves as a consequence of their ability to 

differentiate, migrate, proliferate, secrete growth factors, and produce myelin. Schwann 

cells are classified as either myelinating or non-myelinating. Myelinating Schwann cells 

enwrap individual peripheral axons, forming the myelin sheath, whereas the non-

myelinating type have metabolic and mechanical support functions (Jessen 2004). After 

spinal cord injury, Schwann cells migrate from the periphery into the injury site within 

the CNS, and participate in endogenous repair processes (Table 1.1). They re-enter the 

cell cycle, lose their myelinating phenotype and de-differentiate into an immature state, 

and begin to express trophic factors and cell adhesion molecules that provide a more 

favourable environment for axon regeneration and extension (Oudega and Xu 2006). 

 

1.1.2 The mammalian olfactory nervous system  

 

The mammalian olfactory nervous system is one of the few regions in the CNS in which 

neurogenesis continuously occurs during the lifetime of the organism (Mackay-Sim and 
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Kittel 1991, Mackay-Sim and Kittel 1991). The primary sensory neurons of the 

olfactory system line the dorsal/caudal nasal epithelium and their dendrites that extend 

to the apical surface of the olfactory epithelium are directly exposed to the environment 

(Figure 1.2). The neurons are subjected to attack and destruction by bacterial (St John, 

Ekberg et al. 2014) and viral pathogens as well as toxins within the air and thus need to 

be replaced throughout life. Whilst the average life-span of olfactory neurons has not 

been clearly determined in humans, mouse olfactory neurons generally live for one to 

three months. Neurons that degenerate are rapidly replaced by new neurons arising from 

progenitor cells that line in the basal layer of the olfactory mucosa (Mackay-Sim and 

Kittel 1991), a process that occurs throughout life (Ramon-Cueto and Santos-Benito 

2001) .  

 

Table 1.1. Glial cell response to spinal cord injury  

 

Type of Glia 

 

Response in spinal cord injury event Reference 

Astrocytes Removal of toxic chemicals 

(glutamate). Proliferation and 

secretion of neuroprotective but 

growth-inhibitory factors. Formation 

of glial scar. 

(Qiu, Cai et al. 2002, Su, 

Yuan et al. 2009)  

Oligodendrocytes 

 

Massive death due to high glutamate 

concentrations. Production of 

glycoproteins with Nogo-receptor 

affinity that will suppress myelin 

production.  

(Jones, Anderson et al. 

2003, Jessen 2004, 

Arevalo, Santos-Galindo 

et al. 2010) 
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Microglia 

 

Initially phagocytosing debris and 

producing neuroprotective factors. 

Over time become neurotoxic and 

growth-inhibitory due to constant 

activation. 

(Chatzipanteli, Garcia et 

al. 2002, Pearse, 

Chatzipanteli et al. 2003, 

Block and Hong 2005, 

Kigerl, Gensel et al. 

2009) 

Schwann cells  

 

Cells de-differentiate to an immature 

state, lose their myelin sheath 

conformation and migrate from the 

periphery into the injury site in the 

CNS, where they participate in 

endogenous repair processes by 

expression of neurotrophic factors. 

(Farbman and Squinto 

1985, Jessen 2004, 

Oudega and Xu 2006) 

 

 

The primary olfactory system comprises the olfactory mucosa and bundles of olfactory 

nerves that project into the olfactory bulb. Stem cells that line the basal layer of the 

olfactory epithelium give rise to primary olfactory sensory neurons which migrate 

apically to populate the olfactory epithelium (Figure 1.2). Olfactory sensory neurons 

have a bipolar morphology with a single dendrite extending onto the surface of the 

epithelium and a single axon projecting to and terminating in the olfactory bulb. Each 

olfactory neuron expresses a single odorant receptor type with the neurons mosaically 

distributed throughout the epithelium, but the axons of the same odorant receptor type 

converge to the same targets within the olfactory bulb (Vassar, Chao et al. 1994, 

Mombaerts, Wang et al. 1996). To reach their targets in the olfactory bulb, the axons of 

the olfactory sensory neurons project through the lamina propria that underlies the 

olfactory epithelium and pass through the bony cribriform plate to enter the nerve fibre 

layer which is the outer layer of the olfactory bulb and within the CNS.  Thus, new 
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axons must constantly traverse the PNS-CNS border and find their correct targets inside 

the olfactory bulb (Valverde, Santacana et al. 1992, Tennent and Chuah 1996, 

Chehrehasa, Windus et al. 2010). The constant ability of olfactory neurons to regenerate 

and the unique ability of olfactory axons to extend across the PNS-CNS boundary are 

attributed to the presence of the glia of the olfactory system, called OECs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Anatomical organisation of the olfactory system. Primary olfactory 

sensory neurons lie within the olfactory epithelium (OE). Their axons project through 

the cribriform plate (CP) and enter the olfactory bulb where they terminate in their 

target glomeruli. OECs within the lamina propria (LP) encase the bundles of numerous 

different axons as they project to the olfactory bulb. In the outer nerve fibre layer (NFL) 

of the olfactory bulb, the OECs (red) aid the defasciculation and sorting of the different 
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axons. In the inner layer of the nerve fibre layer the OECs (blue) assist with the 

refasciculation and targeting of similar axons to their targets. Astrocytes form a barrier 

around the glomeruli (dashed circles). The olfactory sensory neurons within the OE are 

subjected to toxic molecules within the inhaled air and pathogens such as bacteria and 

viruses which can result in the death of the neurons (spotted neurons). OECs 

phagocytose the debris from the degenerated axons. Stem cells lining the basal layer of 

the OE replenish the neuron population which project axons through channels 

maintained by the OECs.  

 

 

1.1.3  Olfactory ensheathing cells – the glia of the olfactory system 

 

OECs arise from neural crest (Barraud, Seferiadis et al. 2010) and they are constantly in 

close contact with the axons of olfactory neurons all the way from the nasal epithelium 

to the outer layer of the olfactory bulb. OECs ensheathe the axons of olfactory neurons 

by the extension of cytoplasmic processes (Chuah and Zheng 1992, Tennent and Chuah 

1996) followed by the fasciculation of the axons into larger bundles which ultimately 

join to form the olfactory nerve (Whitesides and LaMantia 1996). In contrast to 

Schwann cells, which in the process of myelination enwrap one or a few axons (Figure 

1.3), OECs ensheathe bundles of multiple axons by projecting extensive thin 

cytoplasmic processes around and between the numerous axons within the fascicles 

(Figure 1.2, Figure 1.3).  
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Figure 1.3. The different populations of glia in the olfactory system. Panels A-F show 

coronal sections through the olfactory system of a transgenic reporter mouse (OMP-

ZsGreen X S100ß-DsRed; Windus, Claxton et al. 2007, Ekberg, Amaya et al. 2011) that 

expresses ZsGreen fluorescent protein in olfactory neurons and DsRed fluorescent 

protein in glia. (A) The primary olfactory neurons (green) within the olfactory 

epithelium (OE) project axons into the lamina propria (LP) where they coalesce into 

fascicles wrapped up by OECs (red). Nuclei (blue) are stained with DAPI. (B) Along 

parts of the septum in the nasal cavity, the axon fascicles of the main olfactory system 

are adjacent to axon fascicles of the accessory (pheromone) olfactory system. (C) 
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Branches of the trigeminal nerve also innervate the nasal cavity; the trigeminal nerve 

axons are encased by Schwann cells with the trigeminal nerves running adjacent to the 

main olfactory nerve fascicles that are encased by OECs (double-headed arrows). (D) 

The cell bodies of the olfactory glia are mainly restricted to the periphery of the axon 

fascicles with their processes permeating the central regions of the axon fascicle. (E) 

Schwann cells of the trigeminal nerve form tube-like encasing of individual axons. (F) 

In the olfactory bulb, OECs (red) in the nerve fibre layer (NFL) form a barrier with the 

astrocytes (green; GFAP immunostaining) in the glomerular layer (GL). (G) Schematic 

of the ensheathment of olfactory axons by OECs. The cell bodies of OECs are largely 

restricted to the exterior and the processes of the OECs penetrate the internal areas of 

the nerve bundle where they surround numerous olfactory axons. (H) Schematic of 

Schwann cell ensheathment of other peripheral nerves in which individual axons are 

myelinated and encased by Schwann cells. Scale bar is 65 μm in A; 50 μm in B; 30 μm 

in C; 20 μm in D; 15 μm in E; 40 μm in F. 

  

OECs also have a role in promoting axon growth and are known to secrete numerous 

axon growth promoting factors, such as nerve growth factor, brain derived neurotrophic 

factor and neuregulins (Boruch, Conners et al. 2001). During development, OECs 

proliferate and migrate ahead of axons or surround the growth cones of axons (Tennent 

and Chuah 1996, Chehrehasa, Windus et al. 2010). Loss of OECs from the olfactory 

nerve during development results in poor axon growth and targeting (Barraud, St John 

et al. 2013) which demonstrates that OECs are crucial to the growth and maintenance of 

axons.  
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OECs are also thought to be crucial for regeneration during normal turnover of olfactory 

sensory neurons or after a large-scale infection by bacteria and viruses, or a major 

injury. Bacterial infection can lead to the death of olfactory sensory neurons and 

subsequently damage of their axons (St John, Ekberg et al. 2014) or injury can directly 

lead to the destruction of the axons (Graziadei, Levine et al. 1978, Chehrehasa, Windus 

et al. 2010). The debris from the  degenerated axons must be removed but unlike other 

areas of the body where cells of the immune system usually clear away debris, in the 

olfactory system this function primarily relies on the OECs (Su, Chen et al. 2013, 

Nazareth, Tello Velasquez et al. 2015). OECs have been shown to continuously 

phagocytose debris arising from the degenerating axons that occurs during normal 

turnover of neurons or after widespread injury  (Wewetzer, Kern et al. 2005, Su, Chen 

et al. 2013, Nazareth, Lineburg et al. 2015, Nazareth, Tello Velasquez et al. 2015). 

OECs are also able to phagocytose bacteria and thereby protect the olfactory pathway 

from infection (Wewetzer, Kern et al. 2005, Leung, Chapman et al. 2008, Panni, 

Ferguson et al. 2013).  

 

OECs form a three-dimensional structure resembling a tunnel through which the axons 

extend (Figure 1.3). These structures remain largely intact even after olfactory axons 

have degenerated completely following large-scale injuries to the olfactory epithelium 

(Li, Field et al. 2005) although the processes of the OECs retract and enlarge as they 

engulf the degraded axons (Nazareth 2015). However, after a large scale injury, OECs 

can proliferate not only locally around the injury but also from precursors that are 

present in the olfactory mucosa after which they then migrate along the olfactory nerve 

(Chehrehasa, Ekberg et al. 2012). By maintaining open channels through which 
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regenerating axons can extend and by responding to injury by proliferating and 

migrating to the region of need, the OECs with their axon growth-promoting properties 

provide the structure and support needed for the continuous successful regeneration of 

the olfactory system.  

 

OECs produce numerous growth factors such as fibroblast growth factor (FGF), insulin-

like growth factor (IGF), vascular endothelial growth factor (VEGF), as well as 

neurotrophic factors such as nerve growth factor (NGF), brain-derived neurotrophic 

factor (BDNF), glial cell-derived neurotrophic factor (GDNF), neurotrophin 4 (NT4) 

and NT5; as well as extracellular matrix and cell adhesion molecules including laminin, 

collagen, galectin-1, heparin sulfate proteoglycans, glial-derived nexin and N-cadherin 

(Doucette 1990, Doucette and Devon 1993, Chuah and Teague 1999, Kafitz and Greer 

1999, Tisay and Key 1999, Boruch, Conners et al. 2001, Woodhall, West et al. 2001, 

Woodhall, West et al. 2003, Chuah, Choi-Lundberg et al. 2004, Chung, Woodhouse et 

al. 2004, Vincent, Taylor et al. 2005, Mackay-Sim and St John 2011). These OEC-

derived factors are likely to play an important role in nerve repair and regeneration 

processes as well as neutralization of toxic cell environments due to the excess of free 

radicals and neurotransmitters such as glutamate (Doucette 1995, Ramon-Cueto 2000, 

Woodhall, West et al. 2001, Woodhall, West et al. 2003, Ramon-Cueto 2011).  

 

1.1.4 Differences between olfactory ensheathing cells and Schwann cells  

 

Originally, OECs were referred to as Schwann cells of the olfactory system (Doucette 

1984), but their distinctive characteristics separated them from other glial cell types to 
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such an extent that they were classified as an individual glial type. OECs possess 

features of both CNS and PNS glia in terms of morphology and molecular profile, 

consistent with their location to both the central and peripheral part of the olfactory 

nervous system and their ability to cross the PNS-CNS interface. Developmentally, 

OECs and Schwann cells are of neural crest origin (Barraud, Seferiadis et al. 2010), in 

contrast to astrocytes, which arise from radial glia of neuroepithelial origin (Kriegstein 

and Gotz 2003). OECs are known to express a number of different proteins found in 

either Schwann cells or astrocytes. For example non-myelinating Schwann cells and 

OECs (except those in the inner nerve fibre layer of the olfactory bulb) present 

immunoreactivity for the p75 low-affinity neurotrophin receptor (p75NTR) (Ramon-

Cueto 2000).  

 

Whilst similarities between Schwann cells and OECs are evident, one particularly 

important difference exists in the ability to interact with astrocytes. In contrast to 

Schwann cells, OECs interact freely with astrocytes, without causing detrimental effect 

on the astrocyte population (Lakatos, Franklin et al. 2000). This specific feature is of 

great interest for nerve regeneration therapies where both populations (OECs and 

astrocytes) interact at an injury site (Chuah, Hale et al. 2011). When transplanted OECs 

are confronted with astrocytes in spinal cord injury sites, astrocyte processes, which 

form the glial scar, alter their morphology to create a bridging pathway with OECs that 

allow severed axons  to extend across the lesion establishing functional connections 

(Ramer, Au et al. 2004, Li, Xu et al. 2012). 

 



19 
 

In contrast to Schwann cells, OECs migrate ahead of the regenerating axons, extending 

their processes to provide a cellular pathway that facilitate axonal extension and 

adhesion (Tennent and Chuah 1996, Chehrehasa, Windus et al. 2010). OECs increase 

their migration ability by the formation of bigger and thicker processes (Valverde, 

Santacana et al. 1992), maintaining a continuous ensheathment of the axons during the 

regeneration process and leading to enhanced axon growth (Chehrehasa, Windus et al. 

2010). The capacity of OECs to promote olfactory system renewal and regeneration, as 

well as their capacity to bridge, enter, and interact with cells of injured host tissue, 

constitute key factors contributing to the increasing interest in the use of transplanted 

OECs as therapeutic candidates in spinal cord injury treatments.  

 

1.1.5 Use of glial cells in the treatment of spinal cord injuries 

Re-establishment of nerve connections after spinal cord injury depends of the ability of 

axons to extend along a pathway to reach their targets. This living pathway consists of 

glial cells, which provide a dynamic channel through which axons can extend towards 

their targets (Ramer, Au et al. 2004, Li, Xu et al. 2012). After spinal cord injury, the 

severed nerves are able to survive and sprout locally. However, they are unable to 

elongate and re-establish the connections, primarily because the glial pathway is altered, 

blocked and sometimes completely lost. Consequently, a primary objective in the 

treatment of spinal cord injury is re-establishment of the glial pathway. Transplantation 

of glial cells into the injury site is therefore a promising therapeutic approach for repair 

spinal cord injury (Oudega and Xu 2006).  
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Glial cell transplantation addresses many of the challenges that must be overcome for 

successful functional improvement, including (1) re-establishment of a growth-

promoting environment, (2) replacement of lost cell populations (neurons and glia), and 

(3) facilitation and promotion of axonal regeneration and extension. Pioneering studies 

have established that transplantation of glial cells can improve axonal repair, enhance 

re-growth of damaged nerve cells and improve functional recovery (Li, Field et al. 

1997, Yan, Bunge et al. 2001, Santos-Benito and Ramon-Cueto 2003, Thuret, Moon et 

al. 2006). Additionally, glial cells have the potential to produce neurotrophic molecules 

that activate axon regeneration and extension (Jones, Anderson et al. 2003, Feron, Perry 

et al. 2005).  

 

Different types of glial cells have been investigated as treatment for spinal cord injury 

including Schwann cells from peripheral nerves and OECs. Schwann cells have been 

used for transplantation due to the important role they play in axon regeneration and 

myelination. Schwann cells transplanted to the damaged spinal cord can stimulate 

regeneration of damaged neurons, presumably due to the production of neurotrophic 

factors (Park, Lim et al. 2010), and can also enhance axon remyelination and extension 

(Lavdas, Chen et al. 2010, Flora, Joseph et al. 2013). However, the axonal regeneration 

has thus far been limited to restricted areas because Schwann cells have failed to 

migrate considerable distances into the injured tissue (Lankford, Sasaki et al. 2008). The 

limited migration is most likely due to unfavorable interaction between the transplanted 

Schwann cells and host astrocytes (Li, Xu et al. 2012). Additionally, Schwann cells 

have been reported to inhibit myelination by the secretion of connective tissue growth 

factor, whereas OECs do not (Lamond and Barnett 2013). Thus, Schwann cells may not 
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be the optimal cell type for transplantation therapies due to their poor migration 

properties, inability to freely interact with endogenous glia and expression of inhibitory 

molecules. 

 

1.1.6 Transplanted OECs in spinal injury models 

 

Implantation of OECs to promote repair after spinal cord injury have been performed in 

a variety of spinal cord injury animal models (Table 1.2). Most of these studies have 

shown that in rodents with spinal cord injury, OEC transplantation promotes the 

regeneration of axons (Li, Field et al. 1997, Bartolomei and Greer 2000, Gudino-

Cabrera, Pastor et al. 2000, Ramer, Au et al. 2004, Thuret, Moon et al. 2006) and 

improves functional restoration of breathing and climbing ability (Li, Decherchi et al. 

2003, Su and He 2010, Stamegna, Felix et al. 2011). In a study of spinal-injured dogs, 

the transplantation of OECs and fibroblasts restored significant movement in some dogs 

probably through the restoration of local circuitry, which clearly demonstrates that the 

procedure has high potential (Granger, Blamires et al. 2012). Some studies, however, 

concluded that transplantation of OECs into injured spinal tract did not lead to any 

detectable difference in axonal extension and functional outcomes (Collazos-Castro, 

Muneton-Gomez et al. 2005, Lu, Yang et al. 2006, Chhabra, Lima et al. 2009). 
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Table 1.2. Recent examples of in vivo transplantation of olfactory ensheathing cells  

First 
Author 
(year) 

Species 
 

Transplanted 
cells/tissue 

Purity of 
OECs 

Main Outcomes 

Richter 
(2005) 

Mouse  Lamina propria 
Olfactory Bulb 

92% p75 
positive cells 

Stimulation of outgrowth of 
axon sprouting. Enhanced 
angiogenesis  
LP derived OECs superior 
ability to migrate  

Collazos-
Castro 
(2005) 

Rats Olfactory Bulb 
derived OECs 

90% p75 
positive cells 

Partial improvement of motor 
function. No improvement in 
axonal regeneration 

Feron 
(2005) 
Mackay-
Sim (2008) 

Human Lamina propria 
derived OECs 

76-88% p75 
positive cells 
>95% S100 
and GFAP 
positive cells 

Transplantation is feasible and is 
safe up to 3 years of post-
implantation. 
No deterioration in neurological 
or functional level 
 

Lu (2006) Rats Lamina propria 
derived OECs 

97% p75 
positive cells 

Partial Improvement on axonal 
regeneration. No difference 
compared with fibroblast 

Huang 
(2006) 

Human 
embryos 

Olfactory bulb 
derived cells 

n/a Neurological functional 
improvement after 
transplantation. 

Lima 
(2006) 

Humans Whole layer 
olfactory 
mucosa 

n/a Transplantation is feasible, 
relatively safe, and potentially 
beneficial. 
Recovery of bladder sensation 
and improvement in motor 
function scores 

Toft (2007) Rats Olfactory Bulb 
 

98% p75 
Positive cells 

Improvement on spinal cord 
function in sensory pathways 

Yamamoto 
(2009) 

Rats Olfactory 
mucosa 

Mixed 
culture (5% 
p75 positive) 

Restored directed fore-paw 
retrieval but not axon 
regeneration observed 

Munoz-
Quiles 
(2009) 

Rats Olfactory Bulb n/a Progressive improvement in 
motor function and axonal 
regeneration 

Salehi 
(2009) 

Rats Embryonic stem 
cells + Olfactory 
Bulb OECs 

95% p75 
positive cells 

Neural regeneration, neuron 
survival and partial functional 
recovery 

Chhabra 
(2009) 

Humans Whole layer 
olfactory 
mucosa 

n/a Procedure is relatively safe and 
feasible. No efficacy could be 
demonstrated 

Aoki 
(2010) 

Rats Whole layer 
olfactory 
mucosa 

n/a Partial improvement in motor 
function and axonal regeneration 

Ma (2010) Rats neurotrophin-3 
genetically 
modified 
Olfactory bulb 

95% p75 and 
S100ß 
positive cells 

Effective improvement of 
axonal regeneration and motor 
function 
OECs able to produce NT-3 in 
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First 
Author 
(year) 

Species 
 

Transplanted 
cells/tissue 

Purity of 
OECs 

Main Outcomes 

derived OECs vivo 
 

Amemori 
(2010) 

Rats Lamina propria 
derived OECs + 
cAMP infusion 

75% p75 
positive cells 

Improvement motor function. 
Axon regeneration, sprouting 
and branching  
Reduce astrocytic hypertrophy 

Ziegler 
(2011) 

Rats Olfactory bulb n/a 
p75 Immuno 
purification  

Improvement in hind limb 
function, injection of OEG 
facilitated regeneration of axons 
across a complete mid-thoracic 
spinal cord transection. 

Centenaro 
(2011) 

Rats Lamina propria 
derived OECs 

n/a Discrete motor improvement, 
improved tissue sprouting 

Zhang 
(2011) 

Rats Lamina propria 
derived OECs 

n/a Disappearance of the lesion 
cavity and integration of 
repaired tissue 
Activation of host Schwann 
cells, improved myelination 

Novikova 
(2011) 

Rats Olfactory Bulb 
derived OECs 

93-95% Improvement in motor function 
and neuronal regeneration 
Aged cell are less effective 

Tharion 
(2011) 

Rats Olfactory 
lamina propria 
derived OECS + 
olfactory Nerve 
Fibroblasts 
(ONL) 

Around 50% 
p75 positive 
cells + 50% 
fibronectin 
positive cells 
(ONL) 

Improvement in diaphragm 
activities 
Motor function and axonal 
regeneration improved 
Disappearance of the lesion 
cavity 

Stamegna 
(2011) 

Rats Lamina propria 
derived OECs 

90% p75 
positive cells 

Improvement in axonal 
regeneration and motor function. 
Improvement in diaphragm and 
phrenic nerve activities.  

Granger 
(2012) 

Dogs Olfactory 
mucosa 

50% p75 
positive cells 

Significantly better fore–hind 
coordination. Effects are likely 
to be on local intraspinal  

Huang 
(2012) 

Human 
embryos 

Olfactory bulb 
derived cells 

n/a Treatment feasible after more 
than three years. 
Improvement of neurological 
function. No adverse effects 
noted 

Tabakow 
(2013) 

Humans Olfactory 
mucosa 

20-50% 
S100 
positive cells 

Improvement of neurological 
function observed. No adverse 
effects noted 
 

Mayeur 
(2013) 

Rats Lamina propria 
and olfactory 
bulb 

>97% p75 Improved axon regrowth and 
reduced scar formation 

Toft (2013) Rats Olfactory bulb >97% Reduced astrocytic hypertrophy 
Torres-
Espin 

Rats Olfactory bulb 
derived cells 

>75% 
p75/S100 

Protection/preservation of tissue 
around injury site 
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First 
Author 
(year) 

Species 
 

Transplanted 
cells/tissue 

Purity of 
OECs 

Main Outcomes 

(2014)  positive 
cells 

Tabakow  
(2014) 

Humans Olfactory bulb No 
purification 
protocol 
applied 
16% 
p75/NGFR 
positive cells  

Functional regeneration of 
supraspinal nerve connections.  

 

 

Discrepancies between results may be attributed to different variables such as the exact 

nature of spinal cord injury, OEC isolation and culture protocols, transplantation 

procedure (site of the OECS transplantation and the time after injury that the 

transplantation is performed) and methodology used to assess outcome.  

 

Numerous studies have reported significant functional improvements following 

transplantation of OECs. In rodents, OEC transplantation improved or preserved local 

circuitry as detected electrophysiologically (Toft, Scott et al. 2007), and has improved 

fore-paw movement (Yamamoto, Raisman et al. 2009), motor function (Munoz-Quiles, 

Santos-Benito et al. 2009, Centenaro, Jaeger et al. 2011, Stamegna, Felix et al. 2011), 

hind limb function (Salehi, Pasbakhsh et al. 2009, Amemori, Jendelova et al. 2010, 

Aoki, Kishima et al. 2010, Ziegler, Hsu et al. 2011), plantar function  (Amemori, 

Jendelova et al. 2010), locomotor function (Ma, Zhang et al. 2010) and diaphragm 

activity (Tharion, Indirani et al. 2011). Thus depending on the type of injury and the 

assessment of particular functional tests, OEC transplantation can improve functional 

outcomes. 
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Corresponding anatomical outcomes after OEC transplantation have also been detected 

with the majority of studies focusing on axon growth and reduction in cavity formation 

and astrocytic scarring (Amemori, Jendelova et al. 2010, Centenaro, Jaeger et al. 2011, 

Tharion, Indirani et al. 2011, Zhang, Huang et al. 2011, Toft, Tome et al. 2013, Torres-

Espin, Redondo-Castro et al. 2014). The reduction in cavity formation and astrocytic 

scarring are considered important features as they preserve the axonal circuitry and 

reduce the formation of physical barriers that prevent axonal growth. In these situations, 

OECs could be considered to indirectly promoting axon growth as they are enhancing 

the local environment to make it subsequently amenable to axon growth across the 

injury site. However, anatomical improvements are not always detected despite 

functional recovery being observed. Significant restoration of fore-paw retrieval 

function in dogs but not axon regeneration (Yamamoto, Raisman et al. 2009) may 

indicate local circuitry changes outside of the immediate injury site (Granger, Blamires 

et al. 2012) or improved preservation of function of the spared axons. 

 

The timing of transplantation of OECs may also be important for anatomical and 

functional outcomes. Acute transplantation of OECs may be preferable as the potential 

ability of OECs to reduce cavity formation and reduce the creation of an inhibitory 

environment would likely promote axon regeneration. Indeed, acute transplantation of 

OECs has shown higher functional and anatomical outcomes compared to delayed 

transplant (Lopez-Vales, Fores et al. 2006). However, other studies have not detected 

significant differences in outcomes for acute versus delayed transplantation of OECs 

(Munoz-Quiles, Santos-Benito et al. 2009, Centenaro, Jaeger et al. 2011, Torres-Espin, 

Redondo-Castro et al. 2014). In humans however, acute transplantation is not yet 
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feasible as recovery from spinal shock often leads to restoration of partial function over 

time. Thus spinal injury medical teams are generally reluctant to intervene with cell 

transplantation in the acute phase in case it jeopardises natural recovery. Nevertheless, it 

would seem reasonable that differences in efficacy and outcomes of acute versus 

delayed treatment may be revealed, if improvements in the experimental conditions 

were made and the purity of the cell preparations and co-transplanted cells was 

optimized (as discussed below).  

 

What are the mechanisms by which OECs promote regeneration of the spinal cord? 

OECs transplanted into spinal cord lesions promote regeneration of axons across the 

lesion, remyelination of axons (although the mechanism remains unknown) and 

resumption of numerous cellular functions (Ramon-Cueto 2000, Santos-Benito and 

Ramon-Cueto 2003, Ramer, Au et al. 2004, Li, Xu et al. 2012). In particular, OECs 

provide a physical “bridge” which assists directional regeneration of severed axons 

across injury sites (Ramon-Cueto and Nieto-Sampedro 1994, Boruch, Conners et al. 

2001, Resnick, Cechvala et al. 2003) which is consistent with the role of OECs within 

the injured olfactory system where it has been shown that OECs migrate ahead of axons 

and that superior axon regeneration occurs when a substantial OEC environment has 

been created (Chehrehasa, Windus et al. 2010). Different neurotrophic factors such as 

GDNF and NGF have been identified to regulate migration of OECs (Cao, Liu et al. 

2004, Windus, Claxton et al. 2007). For example, when OECs are genetically modified 

to express higher levels of GDNF they display a superior ability to promote axonal 

growth (Cao, Liu et al. 2004). At cellular level, GDNF acts by stimulating the behaviour 

of the peripheral lamellipodial waves, increasing cell-cell contact and contact-dependent 
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migration (Windus, Claxton et al. 2007). Indeed, it has been demonstrated that the 

motility of OECs in vitro is directly responsible for the apparent motility of axons due 

to the preference for axons to adhere to OECs (Windus, Chehrehasa et al. 2011). Thus 

the migration of OECs across the spinal cord injury site creates a physical glial bridge 

rich in axon growth promoting factors which together is likely to enhance axon 

regeneration.  

 

OECs are also thought to be superior to other glial cell types in their interactions with 

astrocytes. OECs do not tend to form barriers with astrocytes but instead intermix with 

the astrocytes and thereby reduce the formation of the astrocytic scar (Ramon-Cueto and 

Avila 1998, Lakatos, Franklin et al. 2000, Fairless and Barnett 2005, Santos-Silva, 

Fairless et al. 2007). Again, this is consistent with their in vivo role in the olfactory 

system where OECs of the inner nerve fibre layer interact extensively with the 

astrocytes that populate the more internal layers of the olfactory bulb (Lakatos, Franklin 

et al. 2000)  (Figure 1.3).  

 

The phagocytic activity of OECs may also improve the local environment of the injury 

site by removing cellular debris and thereby reducing the inhibitory factors that prevent 

axon regeneration. It has been clearly shown that OECs phagocytose axon debris within 

the olfactory system and in vitro (Wewetzer, Kern et al. 2005, Su, Chen et al. 2013), as 

well as within the injured spinal cord (Lankford, Sasaki et al. 2008). 

 

In summary, the likely benefits of transplantation of OECs are that they migrate across 

the injury site to form a glial bridge rich in axon growth promoting factors, they reduce 
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cavity formation, they interact with astrocytes to reduce scar formation, and they likely 

phagocytose axon debris from the damaged cells to rapidly create an environment 

favourable for axon regeneration (Figure 1.4).  

 

1.1.7 Limitations of the use of OECs 

 

One of the disadvantages of using OECs for transplantation is the limited survival and 

low proliferation rates observed over time in culture (Doucette 2002), making large-

scale expansion of OECs a main challenge. Moreover, variability in the local 

environment may induce changes in the morphology of OECs, affecting their behaviour 

(Vincent, West et al. 2005) and causing cells to exhibit characteristics associated with 

specific roles in nerve regeneration (Doucette 1995, Woodhall, West et al. 2003).  

 

OECs display a range of phenotypes in vitro and in vivo, and they are able to transform 

from one morphology type to another in response to modifications in the culture 

conditions (Doucette 1995, Windus, Claxton et al. 2007, Huang, Chen et al. 2008, 

Radtke, Lankford et al. 2010, Windus, Lineburg et al. 2010). In culture, OECs display 

different morphologies, including a flattened sheet-like morphology (astrocyte-like), 

bipolar fusiform morphology (Schwann cell-like) and multipolar morphology (Chuah 

and Au 1994, Huang, Wang et al. 2008). Morphology of OECs is known to be affected 

by variables such as the method of isolation and purification, cell culture conditions as 

well as presence of extracellular and intracellular molecules such as cAMP, dBcAMP 

endothelin-1 and fibulin-3 (Vincent, West et al. 2003, Huang, Wang et al. 2008, 

Vukovic, Ruitenberg et al. 2009). For example, expression of fibulin-3 in OECs results 
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in a predominant bipolar morphology with extremely long processes (Vukovic, 

Ruitenberg et al. 2009), whereas local changes in cAMP levels lead to dynamic 

morphology alterations dramatically affecting OECs migration rate (Huang, Wang et al. 

2008). 

 

Studies have shown that OEC plasticity is more evident after cells have been exposed to 

activated astrocytes and inflammatory mediators within a neuronal lesion site 

(Woodhall, West et al. 2003). This extreme plasticity in morphology and physiological 

changes in populations of OECs before and after transplantation may be a further cause 

for the discrepancy of results across studies. Thus, it is necessary to develop an optimal 

standard method by which OECs can be effectively propagated whilst maintaining a 

consistent or predictable phenotype. At the very least, a thorough characterisation of the 

mechanisms involved in regulating OEC morphology and behaviour is critical to 

guarantee better outcomes for OEC transplantation trials.  
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Figure 1.4. The potential therapeutic use of OECs for spinal cord repair. OECs (red) 

can be transplanted with fibroblasts (grey) into the injury site. Strategies that enhance 

the integration, proliferation and migration of OECs are likely to result in improved 

axon growth. Targets for improvement can include increasing proliferation of 
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transplanted cells; using fibroblasts to organise alignment and migration of OECs; 

enhancing how OECs phagocytose cellular debris; optimising the interaction between 

OECs and activated astrocytes to reduce glial scar formation. 

 

Another concern presented in transplantation of glial cells as a therapy for spinal cord 

injury is the inability of transplanted cells to integrate in the host spinal cord. This is due 

to over-expression of proteins that inhibit migration, such as Nogo, known to alter the 

morphology of lamellipodial membrane protrusions in OECs to favor focal adhesion 

rather than migration (Xu, Zhou et al. 2009). Some molecules such as proteoglycans can 

block the production of these inhibitory proteins, thus promoting the migration of 

transplanted cells into injured spinal tracts (Huang, Chen et al. 2008). In an olfactory 

injury model, it has been demonstrated that OECs migrate more extensively without the 

presence of axons, but that subsequent axon growth is then superior (Chehrehasa, 

Windus et al. 2010). After transplantation, OECs migrate ahead of regenerating axons 

through unfavorable growth environments increasing the potential of damaged axons to 

extend through the damaged site (Ramon-Cueto and Santos-Benito 2001, Chehrehasa, 

Windus et al. 2010, Ramon-Cueto 2011). Identification of factors or small molecules 

that enhance OEC migration properties could offer new strategies to increase the 

efficacy of OEC transplantation treatments.  

 

1.1.8 Future outlook and opportunities 

 

To date, experimental and clinical studies suggest that OEC transplantation is safe and 

effective (Tabakow, Jarmundowicz et al. 2013) and may provide real benefits in the 
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treatment of spinal cord injuries. However, It is crucial to have an in depth knowledge on 

OEC biology to enable the development of new strategies, perhaps with a more multi-faceted 

approach, to achieve an effective use of OECs in the treatment of spinal cord injury in 

humans.  

 

An interesting approach is the use of biomaterials and tissue engineering strategies that 

facilitate axon growth in the spinal cord, as well as to enhance the survival and 

integration of OECs or other cells transplanted to the injury site. For example, the use of 

a nerve bridge taken from a patient’s sensory nerve was effective in restoring some 

connections when co-transplanted with OECs in humans (Tabakow, Raisman et al. 

2014) . Alternatively, extracellular matrix motifs and bio-scaffolds can provide the 

transplanted cells with an enriched substrate that may increase cell proliferation and 

migration. For example, matrix proteins such as fibronectin and laminin, used on 

matrix-based scaffold have anti-apoptotic properties that may lead to an improvement 

on cell survival and migration (Friedman, Windebank et al. 2002).  

 

Moreover the use of combination therapies involving OEC transplantation and neural 

growth factors or molecules that mimic their neurotrophic effect are likely to achieve 

better results than conventional therapies, and provide a more efficient solution for 

neural repair in humans (Doucette 1995). Neuregulins and other neurotrophic factors are 

involved in the survival, proliferation and migration of OECs, as well as Schwann cells, 

oligodendrocytes and astrocytes. All different types of glial cells present receptors for 

neuregulins, molecules that promote glial growth and regulate the role of glial cells on 

nerve regeneration. OECs express various neuregulins including Neu differentiation 
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factor, glial growth factor and motor-neuron derived factor, as well as many receptors 

for these molecules, supporting the theory that OECs play an important role in the 

survival, growth-promotion and regeneration of severed nerve cells (Woodhall, West et 

al. 2001, Woodhall, West et al. 2003, Vincent, West et al. 2005). In recent years, few 

small natural products have been shown to promote neurite growth and display 

neurogenic activity (Rishton 2008, Xu, Lacoske et al. 2014) with some of them being 

currently in clinical trials. However, how glial cells respond to these natural products 

has not been deeply investigated leading to a necessity for a further understanding of the 

glia response to these and other novel neurogenic natural compounds. 

 

1.2 Natural Products 

 

Natural products are compounds isolated from natural origins such as plants, animals or 

microorganisms. Common characteristics for natural products useful for potential drug 

leads: small molecular weight “drug-like” properties, unique chemical diversity, and 

secondary metabolites that are already a component of a biological environment 

(Ramon-Cueto 2000, Cao, Su et al. 2006, Harvey 2008). The use of natural products 

therapeutically has been practiced by different civilizations around the world. Ancient 

Asian and Indian medicines, for example are based on natural products to treat a huge 

range of human diseases. The evolution of natural products toward pharmaceutical 

candidates has been a long process in which the isolation and chemical characterization 

by researchers has been of great importance (Yan, Bunge et al. 2001, Lu, Yang et al. 

2006). 
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Thousands of pharmaceutical drugs have been developed from molecules found in 

nature. More than a half of the world’s population uses natural products for medicinal 

purposes and some of the bestselling modern drugs are developed from natural sources, 

representing multi-billion dollar revenues to the pharmaceutical industry (Harvey 2008, 

Molinski, Dalisay et al. 2009). Development of technologies that improve the screening, 

isolation and identification of natural compounds as well as the increasing interest of 

universities and private research institutes to undertake natural product research has had 

a tremendous impact on natural product discovery and have encouraged more 

economical support and advance in this field.  

 

Researchers are now more focused on understanding what is behind the mechanism by 

which natural products act and are undertaking a more mechanistic approach to 

determine the compounds’ bioactivity and mechanism of action (Vukovic, Ruitenberg et 

al. 2009). Methodologies in which the screening of new natural compounds is based on 

identification of specific properties against particular targets (diseases, protein and 

molecular pathway) have advanced the categorization of compounds according to their 

specificity (Alonso, Castro et al. 2005, Harvey 2008). This opens a window for the 

usage of natural products in the treatment of a more extensive range of diseases, 

including neurodegenerative and neurogenic disorders. 

 

Over a hundred natural product-derived compounds are currently undergoing clinical 

trials and at least the same amounts are in preclinical development.  In general, studies 

to discover novel natural products are mainly focused towards anti-cancer and anti-

infective agents, however many other therapeutic areas need to be considered and 
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developed.  At present, there is a rising interest in the development of natural 

compounds from sources used in traditional natural medicine, with some components 

from herbal tea already being approved by the Food and Drug Administration (FDA) 

(Harvey 2008). 

 

1.2.1 Neurogenic natural products 

 

A neurogenic product is an agent that enhances the process of generating new neurons 

(neurogenesis) (Rishton 2008). Recent studies indicate that neurogenesis occurs 

throughout life under both normal and degenerative conditions and that this persistent 

plasticity is crucial for normal nervous system physiology. Under deteriorating 

conditions, normal physiological pathways and cellular mechanisms involved in 

neurogenesis are disrupted (Nakatomi, Kuriu et al. 2002). This is seen in many types of 

nerve injury and neurodegenerative disorders, including Alzheimer’s disease, 

Parkinson’s disease, dementia, traumatic brain injury and SCI.  A neurogenic product 

can increase the number of neurons generated from neural precursors.  This activity is 

achieved by either the molecule acting as a mitogen or as a neuronal specification factor 

by promoting precursor cell differentiation towards neurons at the expense of glia 

(Doetsch, Garcia-Verdugo et al. 1999, Johansson, Momma et al. 1999). The 

proliferation and differentiation of neural stem cells are regulated by neuronal growth 

factors and neurotrophic factors such as NGF and GDNF, which are critical for neuronal 

development, survival and maintenance of neuronal functions (Mietz, Esser et al. 2003).   
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The use of neurotrophic factors in the treatment of neurodegenerative diseases has long 

been considered a potential therapeutic approach, but due to their high molecular weight 

most of such factors are unstable and unable to cross the blood-brain barrier (Gao, Li et 

al. 2010). Subsequently, there is a need for identification of small molecules that are 

able to mimic the effects of neurotrophic and neuroprotective factors in a safe way 

without secondary effects and toxicity (Liao, Newmark et al. 2002).  The discovery of 

new compounds that have the capacity to multiply neuronal progenitors and regulate 

cell fate could have massive implications on transplant therapies for neurodegenerative 

diseases where specific cell types are required (Rishton 2008). 

 

In particular, new advances in spinal cord injury therapies are focused on the 

combination of cell based therapies with molecular therapies that aim to protect neurons 

from secondary cell death, promote axonal growth, and to enhance conduction. Use of a 

diverse range of growth factors such as NGF, BDNF, GDNF and NT3 has shown to 

induce axonal growth and improve bladder and hind limb function as well as induce 

myelination  (Tuszynski, Gabriel et al. 1996, Grill, Murai et al. 1997, Liu, Kim et al. 

1999, Lu, Jones et al. 2005). However the delivery of these growth factors leads just to 

a partial recovery and some side effects have been observed after their use. The 

discovery of natural compounds that are able to mimic these growth factors effects 

while diminishing side effects is necessary for the advance on these promising 

therapeutic approaches (Thuret, Moon et al. 2006).  Natural products such as 

curcuminoids and other natural neuritogenic molecules are known to exert a 

neuroprotective activity as well as well to promote neurogenesis and nerve regeneration. 

However, the effect of these compounds in glial populations is not fully understood 
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because screening methodologies are often based on simple proliferation and viability 

assays that are unlikely to detect the real effect of these molecules on glial cell 

behaviour.  

 

1.2.1.1 Curcuminoids 

 

Curcuma longa is an herbaceous perennial plant of the ginger family, indigenous to 

south and Southeast Asia. Turmeric isolated from the rhizome of Curcuma has been 

widely used in Asian cookery, cosmetics and medicine for more than 2000 years. The 

medicinal activity of turmeric is attributed to its main components termed 

curcuminoids, i.e. a mixture of curcumin, demethoxycurcumin (DMC) and 

bisdemethoxycurcumin (Figure 1. 5) (Liao, Wu et al. 2012). The neuroprotective 

activity of curcumin has been studied and thus far, results have demonstrated 

antioxidant, anti-inflammatory and anti-protein-aggregate (as seen in 

neurodegeneration) activities (Lapchak 2011). Furthermore, curcumin is well known for 

its anti-inflammatory activity and is catalogued as an effective inhibitor of neurotoxicity 

as well as a neuroprotective agent due to its ability to scavenge free radicals and inhibit 

protein kinases involved in inflammatory responses (Liao, Wu et al. 2012).  Studies  

have shown that curcumin protects neurons against oxidative damage and attenuates 

neuroinflammation, and is able to cross the blood-brain barrier in animal models (Chuah 

and Teague 1999).   

 

The anti-cancer properties of curcumin are well recognized.  Several studies had shown 

that curcumin interacts with different targets involved in several biochemical pathways 
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involved in proliferation, migration and survival of different type of cancer cells (Gupta, 

Prasad et al. 2011). The mechanism of action by which curcumin exhibits its anti-cancer 

properties, including the down-regulation of NF-kB and the regulation of MAP kinases 

have been described in several reviews (Aggarwal, Kumar et al. 2003, Goel, Jhurani et 

al. 2008). Even though curcumin has a cytotoxic effect on cancer cells, it has shown to 

exert a differential effect in non-cancer cells particularly when small doses are used. 

Curcumin is known to promote not just neural proliferation but also neuron repair after 

injury (Lin, Lee et al. 2011).  

 

Figure 1.5. Chemical structures of curcumin, demethoxycurcumin (DMC) and 

bisdemethoxycurcumin (BDMC). Reprinted with permission (Liao, Wu et al. 2012) 
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The mechanism of action by which curcumin enhances neurogenesis has been partially 

elucidated, and growth factor and cytoprotective pathways are discussed fairly in the 

literature (Park and Kim 2002, Hatcher, Planalp et al. 2008, Liao, Wu et al. 2012). Liao, 

Wu et al. (2012) reported that curcuminoids promote neurite outgrowth and increase the 

expression of neuronal differentiation markers in PC12 cells. Kim, Son et al. (2008) 

found curcumin at low concentrations (0.1-0.5 µM) stimulated cell proliferation of 

cultured multi-potent neural progenitors cells (NPC), whereas high concentrations (20-

50 µM) were cytotoxic.  

 

Curcumin proliferative activity in NPC is due to the activation of extracellular signal-

related kinases (ERKs), key players in pathways known to be involved in regulation of 

neuronal differentiation and stress responses. When inhibitors of ERKs were used, the 

mitogenic effect of curcumin was not observed in this study. Moreover, when curcumin 

was administrated to adult mice, an increase in neurogenesis in the hippocampus was 

noted (Kim, Son et al. 2008).  

 

The potential of curcuminoids for treatment of neurological diseases such as 

Alzheimer’s and Parkinson’s diseases is based on the fact that they exhibit multiple 

characteristics present in known neuroprotective agents. Curcuminoids mixtures show a 

memory-enhancing effect in rats displaying Alzheimer’s disease–like neuronal loss as 

well as an increase in the expression of key protein kinases crucial for post-synaptic 

responses in the hippocampus (Ahmed, Enam et al. 2010). These particular 

characteristics make this natural product a strong candidate for treatment of memory 

enhancing in Alzheimer’s disease and other neurodegenerative diseases.  
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Currently, more than a dozen clinical trials of curcumin are underway to investigate the 

efficacy of this molecule as an anticancer agent (Li and Zhang 2014). However, the 

extremely poor solubility and very low bioavailability have been some of the challenges 

continuously highlighted as disadvantages of curcumin’s therapeutic value. Therefore, 

future research must address means of increasing these physical properties in order to 

accelerate the transition of this natural compound to the drug market.  Novel and 

promising delivery strategies as well as the synthesis of derivatives that are designed to 

improve curcumin’s biological activities may increase the  effective  therapeutic use of 

curcumin in the near future (Adams, Ferstl et al. 2004, Maiti, Mukherjee et al. 2007, 

Tsai, Jan et al. 2011). 

 

1.2.1.2 Natural products derived from starfish (Linckosides) 

 

Starfish (sea stars) are marine invertebrates belonging to the phylum Echinodermata. 

Starfish have been categorized by chemists, biochemists and pharmacologists as an 

interesting and viable source of marine natural products with a large range of biological 

activities ranging from cytotoxic to antiviral, antifungal and antimicrobial (Dong, Xu et 

al. 2011).  Steroid and related glycosides are the most well-known secondary 

metabolites of starfish. These compounds attract interest not just for their unusual 

chemical structure but also because of their various biological activities (Prokof'eva, 

Chaikina et al. 2003, Kicha, Ivanchina et al. 2007). Linckosides are members of the 

steroid glycoside family isolated from the starfish Linckia laevigata and a series of these 

compounds have been identified and named in alphabetic manner (Linckoside A-Q) 
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(Table 2). Linckosides A-E and K share a basic structure, with a carbon branch (C1-C3) 

that is glycosylated with another pentose (xylose or arabinose) at C-24 of the side chain 

(Table 1.2). This type of steroid glycoside structure is unique for Linckosides and 

another echinoderm derived molecule called echinasteroside F.  Small differences 

among the structures of the different linckosides result in specific structure-activity 

relationships. 

 

Table 2.1 Structures of linckosides isolated from the starfish Linckia laevigata. 

Modified with permission (Ivanchina, Kicha et al. 2011) 

 

 

Name R1 R2 R3 

 
Carbohydrate 
chain structure 

(Y1) 
 

 
Carbohydrat

e chain 
structure 

(Y2) 
 

 
Side Chain Structure 

(X) 

Linckoside A OH H OH 

 

2-OMe-β-D-Xylp- 

 

αL-Araf— 

 

Linckoside B OH H OH 

 

2-OMe-β-D-Xylp- 

 

β-D-Xylp 

 

Linckoside C OH H OH 

 

2-OMe-β-D-Xylp- 

 

β-D-Xylp 

 

 

Linckoside D OH H OH 

 

2-OMe-β-D-Xylp- 

 

β-D-Xylp 

 

Linckoside E OH H OH 

 

2-OMe-β-D-Xylp- 

 

αL-Araf— 
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Han et al. (2006) showed that linckosides enhance NGF activity in a 40-98% in PC12 

cells. The NGF-enhancing activity appears to be sensitive to the structural diversity in 

 

Linckoside F OH H OH 

 

2-OMe-β-D-Xylp- 

 

- 

 

 

Linckoside G OH H OH 

 

β-D-Xylp 

 

- 

 

Linckoside H OH H OH 

 

β-D-Xylp 

-  

 

Linckoside I OH H OH 

 

2-OMe-β-D-Xylp- 

 

β-D-Xylp  

Linckoside J OH H OH 

 

β-D-Xylp 

 

- 

 

Linckoside J OH H OH 

 

2-OMe-β-D-Xylp- 

 

αL-Araf— 

 

Linckoside M OH H OH 

 

2-OMe-β-D-Xylp- 

 

β-D-Xylp 

 

Linckoside N OH H OH 

 

2-OMe-β-D-Xylp- 

 

β-D-Xylp 

 

Linckoside O OH H OH 

 

2-OMe-β-D-Xylp- 

 

β-D-Xylp 

 

Linckoside P OH H OH 

 

2-OMe-β-D-Xylp- 

 

β-D-Xylp 

 

 

Linckoside Q OH H OH 

 

2-OMe-β-D-Xylp- 

 

- 
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chemical structure but is a common characteristic to the entire group (Qi, Ojika et al. 

2002, Qi, Ojika et al. 2004, Kicha, Ivanchina et al. 2007). These findings suggest that 

linckosides could be considered as drug candidates for the prevention and treatment of 

neurodegenerative diseases in which NGF usage have been recommended but restricted 

due to its chemical properties such as high molecular weight.  

 

Although Linckia laevigata (blue starfish) has provided us with an important natural 

library of neurogenic compounds, it is worthy to continue the search of additional 

unidentified compounds, that could display similar or a more potent neurogenic activity.  

For example, it is known that starfish that are undergoing regeneration exhibit high 

concentrations of proliferative and mitogenic substances at the end of  the arm that is 

undergoing repair (King and Newmark 2012). Thus, isolation of compounds from 

Linckia laevigata undergoing regeneration constitutes a novel innovative approach in 

obtaining new natural compounds. 

 

1.3 Aims   

 

• To determine the effect of the known neurogenic natural product curcumin 

on the behaviour of  mammalian glial cells  

o Primary cultures of  mouse olfactory ensheathing cells will be used to 

examine the effect of the natural product curcumin on the biological 

properties of OECs  

o The effect of curcumin on a closely related glial cell, Schwann cells, will 

be assessed to determine if they react in the same way as OECs. 
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o The mechanisms of action by which curcumin influence glial cell 

behaviour will be assessed. 

 

• To determine the effect of Linckoside a, b and Ganglioside a on the 

proliferation, migration and morphology of human olfactory ensheathing cells  

o An established human OEC line (hOECs) will be used to examine the 

effect of the natural products Linckosides a, b and Ganglioside on the 

proliferation, migration and morphology of hOECs.  

 

 

1.4 Relevance of study 

 

One of the promising strategies for the treatment of spinal cord injury is the use of glial 

cells in transplantation. However, the identification of small molecules that can further 

promote and regulate glial cell behaviour is highly warranted to enhance the glial cells 

therapeutic applications. An important number of natural products, mostly curcuminoids 

(derived from the root Curcuma longa) and Linckosides (steroid glycosides derived 

from the starfish Linckia laevigata) have been reported in the literature to have effect on 

neurogenesis as well as neurotrophic and neuroprotective actions. This opens the 

question of whether these specific natural compounds carry neurogenic activity that can 

regulate glial cells activity through changes in proliferation, migration and morphology 

properties.  

 



45 
 

This project will identify known natural neurogenic compounds that regulate glial cells’ 

behaviour. These results could be used to improve the use of glia cell transplantation 

therapies for the treatment of spinal cord injury and other neurological diseases such as 

Alzheimer’s and Parkinson’s where nerve regeneration is required. 
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2.  Low-dose curcumin stimulates proliferation, migration and phagocytic activity 

of olfactory ensheathing cells  

 

2.1 Abstract 

One of the promising strategies for neural repair therapies is the transplantation of 

olfactory ensheathing cells (OECs) which are the glial cells of the olfactory system. We 

evaluated the effects of curcumin on the behaviour of mouse OECs to determine if it 

could be of use to further enhance the therapeutic potential of OECs. Curcumin, a 

natural polyphenol compound found in the spice turmeric, is known for its anti-cancer 

properties at doses over 10 µM, and often at 50 µM, and it exerts its effects on cancer 

cells in part by activation of MAP kinases. In contrast, we found that low-dose 

curcumin (0.5 µM) applied to OECs strikingly modulated the dynamic morphology, 

increased the rate of migration by up to 4-fold, and promoted significant proliferation of 

the OECs. Most dramatically, low-dose curcumin stimulated a 10-fold increase in the 

phagocytic activity of OECs. All of these potently stimulated behavioural characteristics 

of OECs are favourable for neural repair therapies. Importantly, low-dose curcumin 

gave a transient activation of p38 kinases, which is in contrast to the high dose 

curcumin effects on cancer cells in which these MAP kinases tend to undergo prolonged 

activation. Low-dose curcumin mediated effects on OECs demonstrate cell-type specific 

stimulation of p38 and ERK kinases. These results constitute the first evidence that low-

dose curcumin can modulate the behaviour of olfactory glia into a phenotype potentially 

more favourable for neural repair and thereby improve the therapeutic use of OECs for 

neural repair therapies. 
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2. 2 Introduction 

Transplantation of olfactory ensheathing cells (OECs) for neural repair therapies has 

been the subject of markedly increasing research over the last decade. The glial cells 

from the olfactory system have a number of attributes that make them particularly 

favorable and place them at the upper end of potentially useful cells. OECs have been 

shown to reduce inflammation (Chuah, Hale et al. 2011), promote axon regeneration 

(Simon, Martin-Bermejo et al. 2011, Garcia-Escudero, Garcia-Gomez et al. 2012, 

Sandvig, Hoang et al. 2012, Roet, Franssen et al. 2013), phagocytose cellular debris 

(Wewetzer, Kern et al. 2005, Lankford, Sasaki et al. 2008, Su, Chen et al. 2013) and 

bacteria (Leung, Chapman et al. 2008, Panni, Ferguson et al. 2013), as well as integrate 

with astrocytes to potentially allow them to penetrate astrocytic glial scar tissue 

(Lakatos, Franklin et al. 2000, Su, Yuan et al. 2009). When transplanted into the injured 

spinal cord in rodents (Li, Field et al. 1997, Ramon-Cueto 2000, Li, Sauve et al. 2003, 

Su and He 2010, Stamegna, Felix et al. 2011) and dogs (Granger, Blamires et al. 2012), 

OECs have been shown to promote axonal regeneration and improve functional 

restoration. It is known that the beneficial effects of OEC transplantations are mediated 

by different mechanisms, including the creation of a nerve-promoting environment, the 

production of neurotrophic factors, reduction of inhibitory factors and the remyelination 

of the damaged nerves (Yang, He et al. 2014). However, OEC transplant results can be 

variable with some studies concluding that no significant differences in axon 

regeneration or functional outcomes were achieved after OEC transplantation (Mackay-

Sim, Feron et al. 2008) . The factors for these contradictory outcomes are diverse; 

however OEC transplantation appears to be safe and offers unique properties as a 

leading candidate in transplantation therapies for nerve repair. A deeper understanding 
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of the biology of OECs as well as the identification of molecular factors that can further 

enhance OEC properties are highly warranted to develop a better strategy in the use of 

OECS in cellular therapies. 

 

Curcumin, a natural polyphenol compound found in the spice turmeric, is known for its 

anti-inflammatory and anti-cancer properties and has been used in traditional Chinese 

and Indian medicine for centuries (Hatcher, Planalp et al. 2008). High concentrations of 

curcumin (10-50 µM) induced apoptosis and autophagy in different types of cancer cells 

by activation of extracellular signal-related (ERK) and p38 MAP kinases (Wilken, 

Veena et al. 2011). However, curcumin can exert a dual effect in some cell types 

depending on the dosage (Liao, Wu et al. 2012). In neural progenitor cells, high doses 

of curcumin (20-50 µM) are cytotoxic whereas low doses (0.1-0.5 µM) stimulate cell 

proliferation (Kim, Son et al. 2008). Therefore, curcumin at different doses can elicit 

different cell responses while activating the same kinases pathways.  

 

The effect of curcumin on glial cells has been examined on Schwann cells and 

astrocytes. Curcumin (2-10 µM) promotes Schwann cell differentiation and improve 

neuropathy in model of early onset Charcot–Marie–Tooth disease (Patzko, Bai et al. 

2012). Within the injured spinal cord, curcumin has been reported to have anti-

inflammatory and anti-oxidative effects (Kavakli, Koca et al. 2011, Ormond, Peng et al. 

2012) at concentration of 40-60 mg/kg and to be neuroprotective by reducing neuron 

loss and minimizing activation of astrocytes (1 µM) (Lin, Lee et al. 2011). To date, 

however, the effect of curcumin on the behaviour of OECs has been not determined.  
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In this study, we have examined the effect of curcumin on the behaviour of mouse 

OECs using time-lapse microscopy. We found that curcumin dramatically stimulated 

the dynamic activity of OECs leading to a potent increase in the phagocytic activity as 

well as increased migration and proliferation. These results provide further insight into 

the cellular mechanisms that regulate phagocytic activity of OECs. In addition, as 

neuronal growth is dependent on the growth and behaviour of glia, these results indicate 

that curcumin could be used to enhance the activity of OECs and subsequently improve 

neural regeneration in cell transplant therapies.  

 

2.3 Materials and Methods 

2.3.1 Animals 

Two different transgenic reporter mouse lines were used: (1) OMP-ZsGreen mice, in 

which the olfactory marker protein promoter drives expression of ZsGreen fluorescent 

protein in primary olfactory sensory neurons (Ekberg, Amaya et al. 2011); (2) S100ß-

DsRed mice in which the human S100ß promoter drives expression of DsRed 

fluorescent protein in cells that express S100ß including OECs (Windus, Claxton et al. 

2007). S100ß-DsRed transgenic mice were used for obtaining cultures of DsRed-OECs; 

OMP-ZsGreen transgenic mice were used for explant cultures of olfactory mucosa and 

for generating fluorescently labelled cellular debris from olfactory axons. Breeding 

pairs of mice were housed in micro-isolation cages and postnatal day 7 (P7) offspring 

(n=3-6 male/female pups per assay) were sacrificed by decapitation.  
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2.3.2 Ethics Statement 

Animals were used with approval of the animal ethics committee of Griffith University 

(permit number: ESK/05/12/AEC). All experiments were implemented according to the 

guidelines established by National Health and Medical Research Council of Australia 

(NHMRC). 

 

2.3.3 OEC cultures 

OECs were purified from the lamina propria of S100β-DsRed transgenic mice using our 

previously published techniques (Windus, Claxton et al. 2007); in these mice OECs 

express the bright fluorescent red protein DsRed. Cells were maintained in Dulbecco’s 

Modified Eagle Medium (DMEM) with 10% fetal bovine serum, G5 supplement 

(Invitrogen), gentamicin, L-glutamine and 5% CO2 for one week and then replated for 

analyses.  

 

2.3.4 Verification of OEC identity 

Immunochemistry was used to verify the identity of the DsRed-positive OECs. For in 

vivo verification, heads from postnatal day 7 S100ß-DsRed mice were fixed in 4% 

paraformaldehyde (PFA) at 4˚C for 24 h, cryoprotected in 30% sucrose, frozen and 

sectioned on a cryostat microtome in 30 µm thick sections. For in vitro 

immunocytochemistry, OECs were fixed in 4% PFA for 10 min. Cryostat sections or 

cultured OECs were incubated for 30 min at room temp in 0.1 M phosphate buffered 

saline (PBS) with 2% bovine serum albumin (BSA) and 0.3% Triton X-100 (TX). 

Rabbit polyclonal anti-p75ntr (1:500, Promega, G3231, raised against the cytoplasmic 

domain of recombinant human p75, AB_430853 (Tripathi and Mctigue 2008)) or rabbit 
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polyclonal anti-S100ß (1:500, Dako, Z031129-2, raised against full length S100 isolated 

from cow brain, AB_2315306 (Edelmann, Glashauser et al. 2013)) antibodies 

(Supplementary Table 1) were diluted in 0.1 M PBS/2% BSA/0.3% TX. Cells and 

tissue sections were incubated with the antibodies overnight at 4°C, washed and 

incubated with goat anti-rabbit secondary antibodies conjugated to Alexafluor 488 (1 

μg/mL, Invitrogen, AB_10049650) or Alexafluor 594 (1:200, Invitrogen, 

AB_10049744) in PBS/BSA/TX at room temp for 1 h and then stained with DAPI to 

visualise nuclei.  

 

2.3.5 Generation of immortalized mOEC-GFP cells  

Primary cultures of olfactory bulb ensheathing glia were prepared from GFP-expressing 

mice (C57BL/6-Tg(ACTB-EGFP)1Osb/J, Jackson Laboratory, Bar Harbor, USA) by a 

previously described method (Ramon-Cueto and Nieto-Sampedro 1992, Franceschini 

and Barnett 1996) with modifications. Briefly, superficial layers of olfactory bulbs from 

postnatal day 11 (P11) mice were dissected out and the tissue dissociated. After 

incubation of 15 min with 0.1% trypsin in Hank's buffered salt solution (HBSS), 

digestion was stopped with 20% fetal calf serum (FCS) in HBSS, and the cells 

centrifuged and dissociated by several passes through Pasteur pipettes. The OECs 

seeded in 6 cm tissue culture plates were pretreated with poly-L-lysine and were 

maintained in DMEM-F12 supplemented with 10% FCS, 20 µg/ml pituitary extract and 

2 µM forskolin (ME) until confluence was reached. Immortalized clonal lines were 

established by transfection of the primary cultures with the plasmid pEF321-T, which 

expresses the viral oncogene SV40 large T antigen under the control of the EF1 

promoter (Kim, Uetsuki et al. 1990) using Lipofectamine (Gibco-BRL Life Tech.) as 
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indicated by the manufacturer's instructions. Three clones (1, 2 and 3) with rapid 

growth in DMEM supplemented with 10% fetal calf serum (FCS) were selected by 

limited dilution and re-cloned twice. After their initial selection, the clonal lines were 

maintained in ME. All three clones were also confirmed as positive for axonal 

regenerative activity using a rat retinal ganglion neuron co-culture assay (Moreno-

Flores, Lim et al. 2003). 

 

For immunocytochemical characterisation, cells were seeded on coverslips (3×103 per 

coverslip) and after 2 days of culture, fixed with 4% paraformaldehyde in phosphate- 

buffered saline (PBS) followed by incubation with anti-p75ntr and anti-S100ß 

antibodies (Supplementary Table 1) as described above for verification of the identity 

of the DsRed mouse OECs. 

 

2.3.6 Curcumin 

Curcumin (purity>80%) was obtained from Sigma (catalogue number C7727) and a 

stock solution (30 mM) was prepared in DMSO. For cell treatments, stock solution of 

curcumin was diluted in culture medium to the concentration of 0.1, 0.5, 1, 10 and 20 

µM. Treatments were always added 24 h post-seeding. 

 

2.3.7 Ontology map 

The network map was generated using Ingenuity Pathway Analysis (IPA) 

(http://www.ingenuity.com). IPA is built upon a knowledge base comprised of 

extensive peer-reviewed literature. The significance value (p<0.01) for network over-

representation was calculated using a right-tailed Fisher's exact test. 
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2.3.8 Proliferation assay 

 To examine the effect of curcumin on the proliferation of primary cultures of OECs, 

cells were plated into 96 well plates at a density of 3000 cells per well in total media for 

24 h and then exposed to different treatments (1) control medium (DMEM, 10% FBS, 

gentamicin, L-glutamine), or media containing (2) increasing concentrations of 

curcumin (0.1, 0.5, 1, 10, 20 µM (3) G5 supplement (Invitrogen), or (4) a combination  

of G5 and 0.5 µM curcumin. G5 supplement was used as a positive control since G5 is 

known to stimulate proliferation of OECs (Windus, Chehrehasa et al. 2011). For these 

assays we used primary cultures of OECs dissected from transgenic reporter mice as we 

have previously characterised these cells (Windus, Claxton et al. 2007, Windus, 

Lineburg et al. 2010, Windus, Chehrehasa et al. 2011). 

 

 After two or four days of treatment, proliferation of OECs was determined by 

colorimetric assay using MTS assay CellTiter96 Aqueous One Solution reagent 

(Promega, Madison, WI) for 1 h with absorbance at 490 nm measured in a plate reader. 

Images of all wells were also taken before and after the set time period to verify 

proliferation assay results. Inhibition of proliferation was assayed using ERK 

(Extracellular signal-regulated kinases) and p38 MAP (mitogen-activated protein) 

kinase inhibitors to block curcumin-induced proliferation of OECs. Cultures of purified 

S100β-DsRed OECs were plated in 96 well plates. After 24 h cells were incubated with 

the inhibitors SB203580 (p38 MAP kinase inhibitor, Sigma-Aldrich) and PD98059 

(MEK/ERK inhibitor, Sigma-Aldrich) at 100 µM for 24 h and then treated with 0.5 µM 
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curcumin for 48 h, followed by MTS assays and morphological assays as describe 

above to determine the effects of p38 and ERK kinases inhibitors in OEC lamellipodia 

 

2.3.9 Western blotting 

Cell line OECs were cultured on six wells plates. After the cells reached 70% 

confluence, curcumin (0.5 µM) treatment was applied by direct dilution into the culture 

medium and samples collected at  different time points (0.5, 1, 2, 4, 6 and 12 h). Cell 

pellets obtained from each time point were washed with HBSS and RIPA lysis buffer 

(150 mM NaCl, 1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl 

sulphate, 50 mM Tris, and pH 8.0). Homogenized and lysed samples were boiled for 5 

min in a gel-loading buffer at a sample/buffer ratio 1:2. Equal amounts of protein (40 µg 

for p-p38 and 20 µg for p-ERKs) were separated by SDS-PAGE using 10% gels. 

Proteins were transferred from the gel onto a PVDF transfer membrane (Thermo Fisher 

Scientific). Membrane was placed in blocking solution (5% skim dry milk in TBS-

Tween (TBS-T) buffer) for 30 min at room temp. Primary antibodies (Supplementary 

Table 1): mouse monoclonal antibodies against phospo-ERK (1:1000,Cell signalling, 

9101) (Cholfin and Rubenstein 2008) and phospo-p38 (1:500, Cell Signalling 

Technology, 9211) (Yamada and Jinno 2013) were incubated overnight at 4°C followed 

by horseradish peroxidase (HRP) (1:5000 Life Technologies, 65-6120) for 3h at room 

temp.  Bands were visualized using a chemiluminescence kit (Millipore). Levels of 

phospo-p38 and phospo-ERKS relative to β-tubulin (1:2000, Cell Signalling, 2128S) 

were quantified by densitometric analysis and expressed in arbitrary units. 
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2.3.10 Phagocytosis assays 

To determine how curcumin affected the degree of OEC-mediated phagocytosis, whole 

explants of olfactory mucosa tissue were cultured in the absence and presence of 0.5 

µM curcumin. Explants were established from crosses of OMP-ZsGreen and S100ß-

DsRed transgenic mice as described previously (Windus, Claxton et al. 2007, Ekberg, 

Amaya et al. 2011). The cultures were imaged after four days in culture to visualise the 

green fluorescent axonal debris within OECs. To verify that OECs phagocytosed 

fragments from olfactory neurons, we generated green fluorescent axonal debris from 

OMP-ZsGreen mice by dissecting out the nerve fibre layer and briefly digesting the 

axons with a lysis buffer (TrypLE Express (Life Technologies)) and collagenase (0.1 

mg/mL, Life Technologies) followed by trituration. We used OECs from S100β-DsRed 

transgenic mice so that they did not contain any ZsGreen axonal debris prior to the 

assay. OECs were plated at the same density (6×103 cells/chamber in 8-well glass 

chamber slides) and the same amount of axonal debris was added to the medium (50 

µl) and imaged over time. The axonal debris (identifiable by expression of ZsGreen 

protein) was added to dissociated cultures of DsRed OECs. Cells were studied using 

time-lapse imaging. LysoTracker Red DN-99 (Molecular Probes, 1µM) staining was 

carried to determine co-localization of the cellular debris with lysosome by confocal 

microscope. Phagocytosis of bacteria was conducted using heat-killed FITC labelled E. 

coli. 

 

For quantification of phagocytosis of axonal debris, after 12 and 24 h the dissociated 

OEC cultures were washed to remove external axonal debris, fixed in 4% PFA and 

imaged using confocal microscopy. Confocal microscope images were taken of the 
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dissociated cells (seeding density: 6×103 cells/chamber in 8-well glass chamber slides) 

with the laser and imaging parameters held constant (473 laser at 6.0% power and PMT 

voltage of 607) and with the levels set so that saturation of the green fluorescent channel 

(to visualise axon debris) did not occur. Quantification of the amount of internalised 

axonal debris was performed using ImageJ software to measure the mean intensity of 

green fluorescence (8 bit images were used giving a range of 0-255) within the entire 

cell boundaries as defined by the DsRed fluorescence of the cells.  

 

2.3.11 Live Cell Imaging 

For all experiments where live cell imaging was used, OECs were plated onto glass 

culture plates (6×103 cells/chamber in 8-well glass chamber slides) and imaged in CO2 

independent medium (Invitrogen) in a chamber maintaining cells at 37˚C. 

Epifluorescent live cell imaging was carried out using a Hamamatsu digital camera on 

an Olympus IX81 CellR microscope fitted with epifluorescence and differential contrast 

optics with time-lapse images taken every 10 min for up to 24 h. For some assays, 

confocal live cell imaging was carried out on an Olympus CV1000 confocal microscope 

with images taken every 3 min. 

 

2.3.12 Morphology assay 

Time-lapse image sequences were analysed using AxioVision (Zeiss, Germany) 

software to track the migration of cells. Image J software (freehand/segmented line 

tools) was used to measure the area of lamellipodia and length of branches. Counts of 

the number of branches and lamellipodia were also performed. To evaluate the changes 

in OEC lamellipodia after addition of ERK (Extracellular signal-regulated kinases) and 
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p38 MAP (mitogen-activated protein) kinase inhibitors, cultures of purified S100β-

DsRed OECs were plated in 96 well plates. After 24 h cells were incubated with the 

inhibitors SB203580 (p38 MAP kinase inhibitor, Sigma-Aldrich) and PD98059 

(MEK/ERK inhibitor, Sigma-Aldrich) at 100 µM for 24 h and then treated with 0.5 µM 

curcumin for 48 h, followed by morphological assays as described above. 

 

2.3.13 Migration assays 

To investigate how curcumin affected migration of OECs, cells were tracked over 24 h 

in the absence and presence of curcumin (0.5 µM). To study multidirectional migration 

within dissociated cell cultures, cells were cultured to 50% confluency and then imaged 

every 10 min for 24 h using time-lapse live cell imaging. Quantification of the migrated 

distance for individual cells was performed on every second frame and the average 

migration rate over entire period was calculated using Axiovision software. For scratch 

assays, OECs were cultured to 70% confluency followed by serum starvation for 24 h. 

After that, a wide scratch (~700 µm) was made using a pipette tip. Cells were left to 

migrate for 24 h during which individual cell migration was tracked using live-cell 

time-lapse microscopy with images taken every 10 min. The number of cells that had 

entered the scratched region was counted and Image J software was used to measure (1) 

the mean migration velocity over the entire path of movement and (2) the final 

displacement (s) of the cells from their initial position. Cell migration analyses were 

performed by tracking individual cells over the course of the live-cell imaging period 

both in the dispersed cultures and in scratch assays. 
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2.3.14 Statistical analyses 

To determine whether the data was normally distributed, normality tests (skewness and 

excess kurtosis coefficients) were used. Measurements of proliferation and 

morphological parameters (lamellipodia and branches) were tested for statistical 

significance using ANOVA one-way Tukey and LSD post-hoc analyses. Statistical 

significance of cell migration data collected from tracking cells in AxioVision was 

tested using Friedman non-parametric test. Phagocytosis data statistical significance 

was tested using Mann-Whitney U test. 

 

2.4. Results and Discussion 

2.4.1 Purification of OEC cultures 

To easily visualise and identify OECs in vivo and in vitro, we used the previously 

generated S100ß-DsRed mice in which the human S100ß promoter drives expression of 

DsRed in OECs (Windus, Claxton et al. 2007). We first verified the expression of 

DsRed by OECs in vivo in healthy postnatal pups (n=3) using tissue sections through 

the olfactory nerve bundles within the lamina propria lining the nasal septum. 

Iimmunostaining using antibodies against the p75 neurotrophin receptor, which is a 

standard marker of OECs, showed that all OECs expressed both DsRed fluorescent 

protein and p75 neurotrophin receptor (Fig. 2.1A-A”). After purification, in vitro 

cultures of OECs showed that 95% of cells expressed DsRed fluorescent protein (Fig. 

2.1B) and 95% of the DsRed cells also expressed the p75 neurotrophin receptor (Fig. 

2.1B’-B”) and thus these OEC cultures had a purity of at least 90%. The morphology of 

the cells in these primary cultures was predominantly bipolar. 



84 
 

 

Figure 2.1. Immunofluorescence of OECs in vivo and in vitro. (A-A”) A cross section 

through olfactory nerve bundles within the lamina propria of a postnatal day 7 mouse 

pup; OECs that surrounded and formed the nerve bundles expressed S100β-DsRed (A) 
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and p75ntr (A’); the merged image together with nuclei stained with DAPI is shown in 

A”. (B-B”) In cultures of purified OECs, the OECs continued to express DsRed (B); 

95% of DsRed OECs were positive for anti-p75ntr immunostaining (B’); the merged 

image is shown in B” together with nuclei which are stained with DAPI. Arrow in B” 

points to a cell that did not express DsRed or p75ntr. (C-D) Characterization of clonal 

cell line of mouse OECs expressing GFP. OECs were positive for anti-s100β (C) and 

anti-p75ntr (D). Scale bar = 50 μm in A-A”, C-D; 100 μm in B-B”.  

 

2.4.2 Curcumin increases proliferation of OECs 

As curcumin has been shown to regulate the proliferation of neural progenitors (Kim, 

Son et al. 2008) we determined whether curcumin regulates the proliferation of OECs. 

We assayed curcumin at the concentrations of 0.1, 0.5, 1, 10, 20 µM and found that 

curcumin at low dose (0.5 µM) promoted proliferation of OECs, whereas at higher 

concentrations (>10 µM), proliferation was instead reduced (Figure 2.2A-C). In the 

curcumin treated wells, proliferation was not uniform across the wells with localised 

regions showing considerably higher concentrations of cells, particularly those that had 

close cell-cell contact (Figure 2.2B). Interestingly, cells treated with the combination of 

curcumin and G5 showed the highest proliferation (Fig. 2.2D). Proliferation rates were 

calculated to confirm the results. After two days of incubation, there was a significant 

increase of OEC proliferation in cultures treated with 0.5 µM curcumin (p<0.05), 

G5+0.5 µM curcumin (p<0.01) and G5 alone (p<0.05) (Figure 2.2E). Curcumin at 

concentrations of 10 and 20 µM curcumin had significantly lower rates of proliferation 

compared to cells grown in control media (p<0.05; Figure 2.2E). At concentrations of 

0.5-1.0 µM, the OECs had a largely bipolar morphology and underwent increased 
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proliferation in comparison to controls (Figure 2.2A, B). At concentrations above 1 µM, 

many of the OECs adopted a flattened morphology, consistent with lower dynamic 

activity (Figure 2.2C) (Windus, Claxton et al. 2007). After four days of incubation, 1 

µM curcumin, 0.5 µM curcumin with G5, and G5 alone significantly increased 

proliferation compared to control media (p<0.05; Figure 2.2F). Concentrations of 

curcumin of >10 µM significantly decreased proliferation compared to control media 

(p<0.05; Figure 2.2F).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Low-dose curcumin treatment increases OEC proliferation. (A-D). 

Increased proliferation of OECs was observed after treatment with 0.5 μM curcumin 

(B) or 0.5 μM curcumin combined with G5 supplement (D); cells appeared to have 
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longer processes and formed a net-like structure. Cells treated with higher 

concentrations of curcumin (C) displayed a more flattened morphology (arrows) and 

the number of cells was lower compared to the control (A). Scale bar = 100 μm in A-D. 

(E-F) Quantification of the proliferation rate in MTS assays. (E) After two days in 

culture 0.5 μM curcumin with or without G5, and G5 supplement alone had 

significantly higher proliferation compared to control treatment. Higher doses of 

curcumin (10, 20 μM) showed a significant decrease in OEC proliferation compared to 

control treatment p<0.05 (*), p<0.001 (**). After four days in culture, 1 μM curcumin, 

0.5 μM curcumin with G5, and G5 supplement alone significantly increased OEC 

proliferation; whereas 10 μM and 20 μM curcumin decreased proliferation compared to 

control treatment (F). p<0.05(*), p<0.001(**), one way ANOVA post-hoc Tukey test. 

(G) ERK (PD98059) and p38 kinase (SB203580) inhibitors blocked curcumin-induced 

proliferation of OECs p<0.05 (*); p<0.01 (**) compared with control; p<0.01 (##) 

compared with cultures treated with curcumin alone; (n=30-36 cells per treatment). 

Values are expressed as mean ± s.e. of triplicates. Low-dose curcumin induced 

transient-activation of ERK and p38 MAP kinases in OEC cells (H). Whole cell extracts 

(40 µg for p-p38 and 20 µg for p-ERKs) from OECs treated with and without curcumin 

(0.5 μM) for the indicated time periods were subjected to western blot analysis using 

antibodies against phospo-ERK1/2 and phospo-p38. Data represent the mean of three 

independent experiments ± s.e. Statistical significance was determined by Student’s t-

test p<0.05 (*). Levels of β-tubulin were used as loading control.  

 

Among the concentrations of curcumin tested, 0.5 µM was the most effective in 

stimulating OEC proliferation, and this concentration was used for all following assays. 
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Curcumin has been shown to regulate proliferation of other cell types in a similar 

concentration-dependent manner. At low concentrations (0.1-0.5 µM) curcumin 

stimulated cell proliferation of cultured multi-potent neural progenitors cells (Kim, Son 

et al. 2008), whereas high concentrations of curcumin (>12.5 µM) are often cytotoxic to 

various cancer cell lines (Kim, Son et al. 2008, Huang, Tsai et al. 2010). 

 

To assess the role of the ERK and p38 kinase pathways in curcumin-mediated cell 

proliferation, OECs were incubated with PD98059 (ERK inhibitor) and SB203580 (p38 

MAP kinase inhibitor), which have been shown to block growth factor-induced mitogen 

activation on OECs (Yan, Lu et al. 2003). Both the ERK and p38 MAP kinase inhibitors 

significantly reduced proliferation of OECs grown without curcumin (Figure 2.2G), 

suggesting that both pathways play important roles in the basal proliferation of OECs. 

Incubation with both inhibitors blocked the proliferative effect of curcumin (Figure 

2.2G) indicating that MEK/ERK and p38 MAP kinase are involved in the curcumin-

mediated effect on proliferation of OECs. Although, these results suggest that ERK and 

p38 kinase pathways are involved in the proliferation of OECs as the inhibitors 

significantly suppress the effect of curcumin, it is unclear if the phosphorylation levels 

of these kinases in OECs change after administration of curcumin.  

 

Protein kinases regulate proliferation, survival, migration and other cellular events. 

Activation of p38 MAP kinases by curcumin has been reported in ovarian cancer cell 

lines, where curcumin was able to induce cell apoptosis (Weir, Selvendiran et al. 2007). 

The effect of curcumin is dependent on the cell types as curcumin differentially affects 

proliferation of neural stem cells and non-neural cancer cells even if the same MAP 
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kinases pathways are activated (Goel, Kunnumakkara et al. 2008). Curcumin has been 

shown to selectively regulate the activation of the ERK and p38 MAPK pathways in 

different cells types. Curcumin (10-50 µM) induce cell apoptosis and autophagy (Weir, 

Selvendiran et al. 2007, Watson, Greenshields et al. 2010) in different cancer cells 

(Wilken, Veena et al. 2011), whilst in neural progenitors,  curcumin (0.5 µM) was able 

to increase proliferation (Kim, Son et al. 2008). These results suggest that the effect of 

curcumin is dependent on the cell types and dosage, as curcumin differentially affects 

proliferation of neural stem cells and non-neural cancer cells even if the same MAP 

kinases pathways are activated (Kim, Son et al. 2008). As glial cells are of a neural 

lineage, we therefore performed western blot analysis using low-dose curcumin (0.5 

µM) to determine if these kinases are activated by curcumin treatment (Fig. 2.2H). We 

used the clonal cell line of mouse OECs as these cells would provide a uniform 

response to curcumin. The cell line OECs were confirmed positive for expression of 

S100β and p75 neurotrophin receptor (Figure 2.1C-D). Stimulation by curcumin (0.5 

µM) transiently increased the activation of p38 pathway at 6 h returning to basal levels 

within 12 h. A delayed activation of p38 in control cells was observed at 12h. Levels of 

phosphorylated ERK-1 on curcumin cells treated were reduced at 2 h with later peaks at 

6 h and 12 h. Phosphorylated ERK-2 showed activation at 6 h and 12h. These results 

suggest that low-dose curcumin stimulates the activity of these MAP kinases in OECs. 

Previous studies have shown that MAP signalling pathways are involved in multiple 

functions such as proliferation, phagocytosis and generation of cytokine expression. 

Curcumin is known to regulate these pathways in a differential manner according to the 

cell type (Goel, Jhurani et al. 2008).  
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2.4.3 Curcumin interacts with molecules and pathways involved in different glial 

biology features 

In order to identify other biological pathways associated with curcumin that may be 

relevant to glia biology; we applied a network knowledge database to highlight 

curcumin key functions and interactions according to published literature. Ingenuity 

Pathway Analysis (IPA) provides a bioinformatic method to build first order molecular 

interactions and subsequently generate pathways of highest significance from genome-

wide expression data (Calvano, Xiao et al. 2005). Network nodes shown in Figure 2.3 

were all significantly (p<0.01) over-represented in the first order curcumin network, 

compiled from data validated in multiple model organisms. The ontology map of 

molecular interactions of curcumin showed that it has been implicated in pathways 

regulating phagocytosis of microglia, activation of glia, differentiation of phagocytosis, 

recruitment of phagocytes (Bisht, Choi et al. 2009, Mimche, Thompson et al. 2012) and 

proliferation of immune cells (Rogers, Kireta et al. 2010). Curcumin has been reported 

to interact with numerous molecular targets, including growth factors, inflammatory 

cytokines, transmembrane receptors, transcription factors, protein kinases and 

regulatory enzymes (Zhou, Beevers et al. 2011). As the ontology analysis indicated that 

curcumin may affect phagocytosis, migration and morphology we therefore examined 

these behaviours in detail. 
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Figure 2.3. Ontology map of molecular and pathway interactions with curcumin. The 

ontology map was generated by IPA and identified numerous molecules that interacted 

with curcumin. The five biological processes listed on the right that operated through 

the associated molecules were all significantly over-represented (p<0.05). 
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2.4.4 Curcumin modulates the behaviour of OECs in explants of olfactory mucosa 

The effect of curcumin on OEC behaviour was further examined in cultured explants of 

olfactory mucosa. To easily visualise olfactory sensory neurons, we used the previously 

generated OMP-ZsGreen transgenic mice in which ZsGreen is strongly expressed by the 

olfactory neurons and their axons (Ekberg, Amaya et al. 2011). The OMP-ZsGreen 

mice were crossed with the S100β-DsRed transgenic mice so that explants of olfactory 

mucosa from the offspring contained olfactory neurons that expressed ZsGreen 

fluorescent protein, and OECs that expressed DsRed fluorescent protein. After four days 

incubation in control medium (DMEM/10% FBS), OECs had started to migrate out of 

the explants (Figure 2.4A, B), however, extension of olfactory axons require external 

growth factors to be present in the culture (Windus, Chehrehasa et al. 2011), and thus 

no axons were seen in these cultures. A considerable amount of axon-derived debris was 

present in the culture medium immediately surrounding the explants (arrows, Figure 

2.4B). The majority of OECs contained green fluorescent debris in the cytoplasm, 

suggesting that the cells had phagocytosed the axonal debris (arrow with tail, Figure 

2.4B). 

 

In the presence of curcumin (0.5 µM), the number of OECs that had migrated out of the 

explants, as well as the distance migrated, was markedly increased (Figure 2.4C vs 9A). 

At higher magnification it appeared that the OECs contained considerably more green 

fluorescent axonal debris than the cells in control medium (arrows, Figure 2.4D). 

Further, axonal debris could not be detected in the medium surrounding the explant 

(arrows with tail, Figure 2.4D’), in stark contrast to the large amounts of debris 

observed under control conditions (Figure 2.4B’). Since it was observed that curcumin 
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appeared to induce changes in phagocytic activity and migration on OECs, these effects 

were further investigated.  

 

 

Figure 2.4. Curcumin increases the phagocytic activity of OECs in explant cultures. 

(A) In explants in control medium some OECs (arrowheads) migrated out from explants 

(large solid mass) and axonal debris (numerous small dots, arrows) was present in the 

medium. (B) Higher magnification view of OECs migrating out of an explant together 

with green axon debris in control medium. Axonal debris was present in the medium 

(arrows) as well as within the OECs (arrow with tail); a migrating neuron is indicated 

(arrowhead); B’ ZsGreen debris was present in the medium (arrows); B” red 

fluorescence of OECs. (C) When grown in medium containing 0.5 µM curcumin, 

numerous OECs had migrated out of the explant and contained high levels of green 

axon debris (arrows), and there was little axon debris in the medium. (D) Higher 

magnification view shows accumulation of ZsGreen within OECs (arrows); D’ ZsGreen 
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debris was not detected in the medium (arrows with tail); D” red fluorescence of OECs. 

Scale bar = 100 μm in A, C; 45 μm in B, D.  

 

2.4.5 Phagocytosis of axonal debris by OECs is potently stimulated by curcumin 

We examined the degree of phagocytosis of axonal debris in dissociated cultures of 

OECs. After 24 h, OECs in control medium had taken up small amounts of green 

fluorescent axonal debris (Figure 2.5A). The phagocytosis of axonal debris varied 

amongst the OECs, with some OECs having taken up large amounts of debris, while 

other OECs did not contain any debris at all (Figure 2.5A-A’). When OECs were 

incubated in medium containing curcumin (0.5 µM) there was a dramatic difference in 

the phagocytosis of axonal debris and all OECs in the culture contained large amounts 

of axonal debris (Figure 2.5B-B’). The OECs in the curcumin cultures also exhibited 

numerous large lamellipodia emanating from the shafts of the cell processes and cell 

bodies (arrows with tails, Figure 2.5B) which were not detected on OECs in control 

medium (Figure 2.5A). We confirmed that the cell debris was localized within 

lysosomes by using Lysotracker (Figure 2.5C-C’) and confocal imaging. We then 

quantified the phagocytosis of the green fluorescent axonal debris by densitometric 

measurement of the fluorescent intensity contained within the cells. The phagocytosis of 

axonal debris by OECs treated with curcumin was significantly increased by over ten-

fold after 12 h incubation and over 5-fold after 24 h incubation compared to controls 

(Figure 2.5D). In addition to axonal debris, the phagocytosis assay was also conducted 

using heat-killed FITC labelled E. coli. OECs in curcumin media showed a dramatically 

higher amount of bacteria inside the bodies when compared with OECs in control media 
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(Fig. 5E-F) suggesting that the increase in the phagocytic activity is not limited to 

axonal debris.  

 

Figure 2.5. Curcumin increases the phagocytic activity of OECs in vitro. (A-A’) After 

24 h OECs in control medium accumulated a small amount of axonal debris (arrows) 

whereas (B-B’) OECs treated with curcumin showed high accumulation of axonal 

debris localized inside the cell body. (C-C’) Co-localization of cellular debris (green) 

with lysosomes (red) indicating internalization of the debris. (D) Densitometric 

quantification of the amount of axonal debris within OECs after 12 and 24 h 

incubation; graph shows a box and whisker plot, **p<0.001 for Mann-Whitney U test 
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for independent samples, n=20. (E-F) OECs treated with curcumin show higher 

phagocytosis of FITC-labelled E. coli. (G-H) Live cell imaging of OECs in control 

medium (G) and with curcumin (H); time is in h:min. (G) In control medium, 

lamellipodia were present (arrow with tail) and axon debris external to the OEC 

(arrow) was internalised by the OEC over time. (H) When incubated with curcumin, 

large motile lamellipodia were present (arrow with tail) and axon debris was rapidly 

internalised (arrowhead). Entire sequences are shown in Online Resource 1 and Online 

Resource 2. Scale bar = 25 μm in E-F 10 μm in C; 25 μm in E-F; 35 μm in G-H.  

 

Live cell imaging showed that OECs in control medium displayed dynamic motility and 

morphology changes (Figure 2.5G); typically they had a long process emanating from 

the cell body that extended and retracted over time as well as small motile lamellipodia 

that moved along the process (arrow with tail, Figure 2.5G; Online Resource 1). In 

contrast, curcumin-treated OECs had large lamellipodia that rapidly changed shape, and 

the cells moved considerably faster and changed direction much more frequently than 

OECs in control medium (Figure 2.5H). OECs treated with curcumin actively searched 

and rapidly internalized axonal debris that came into contact with them (Online 

Resource 2). Interestingly, activation of p38 kinases has been reported to be involved in 

the engulfment of debris and to be required for the process of phagocytosis of neuronal 

debris by OECs (He, Xie et al. 2014). Therefore, curcumin regulation of p38 and other 

MAP described previously (Kang, Woo et al. 2007, Kim, Son et al. 2008) may provide 

a new insight in the use of this natural product for stimulation of OEC phagocytic 

activity. 
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The potent stimulation of phagocytosis by curcumin is of particular interest for neural 

repair therapies. After spinal cord injury, phagocytosis of dead nerve cells is crucial for 

creating a favourable environment for nerve regeneration and restoration of nerve 

connections (David and Aguayo 1981). In normal conditions, phagocytic microglia 

travel to the site of the injury, engulf debris from dead and damaged cells and secrete 

pro-inflammatory factors to promote more cells to proliferate and do the same (Ladeby, 

Wirenfeldt et al. 2005, David and Kroner 2011). However, the resultant inflammatory 

cascade can be harmful to cells because of the release of oxygen free radicals and 

neurotoxic enzymes (Huizinga, van der Star et al. 2012). A recent study showed that 

OECs in an in vitro model of spinal injury phagocytosed degenerated neuronal debris 

which enhanced not just neuron survival but neurite outgrowth (He, Xie et al. 2014). 

Therefore stimulation of phagocytosis by curcumin could promote a more rapid and 

efficient clearing of the toxic debris by OECs, diminishing down-stream posterior pro-

inflammatory responses given its known anti-inflammatory properties (Kavakli, Koca et 

al. 2011, Ormond, Peng et al. 2012), facilitating neuronal survival and axonal growth 

and therefore enhancing the overall therapeutic effect of OEC in spinal cord injury 

repair cell therapies.   

 

2.4.6 Curcumin increases OEC migration 

In our initial explant experiment (Figure 2.4A), we observed that OECs appeared to 

have migrated further in the presence than in the absence of curcumin. Consequently we 

examined the effect of curcumin on OEC migration using time-lapse microscopy. We 

first examined the migration rate of individual OECs in dispersed cultures by tracking 

the movement of the cell body during a 24 h period after curcumin treatment (Figure 
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2.6A). We included both curcumin and G5 supplement in this series of experiments, and 

thus the different conditions were as follows: (1) control medium, (2) 0.5 µM curcumin, 

(3) G5 supplement, or (4) a combination of 0.5 µM curcumin and G5 supplement. 

Curcumin and G5 supplement, as well as the G5+curcumin, significantly increased the 

migration rates of OECs in comparison to controls (p<0.05, p<0.05 and p<0.01, 

respectively; Figure 2.6B).  

 

Figure 2.6. Curcumin increases OECs migration rate. (A) An example of live cell OEC 

migration in dissociated cultures with the track of migration visualised using 

AxioVision software from the first (arrowhead) to last (arrow) frame. (B) Average 
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migration rate from three different time-lapse videos for each treatment, with n=10 

cells in each treatment. OECs treated with 0.5 μM curcumin and/or G5 migrated 

significantly faster than control; cells exposed to combined 0.5 μM curcumin/G5 were 

significantly faster than all other treatments. (C-E) Migration of individual OECs in a 

scratch assay: (C) the displacement of OECs that entered the scratch; (D) the mean 

velocity as measured along the tortuous path of migration; (E) the number of cells that 

had migrated into the scratch region. Values are the mean and s.e. (n=3 cultures) 

*p<0.05 and **p<0.01 Friedman non parametric test. 

After careful assessment of the time-lapse imaging sequences, it was apparent that the 

cell movements were strongly influenced by the presence of neighbouring cells. 

Therefore, we examined migration of individual OECs using a scratch assay which 

allowed the cells to migrate into the cell-free scratch which may better reflect conditions 

as were seen in the explant assays (Figure 2.4A-D). The cells did not migrate into the 

scratch in a straight line, but instead followed a tortuous route. We performed two 

measurements: (1) the displacement (s) of individual cells from their initial starting 

point to the end of the imaging period and (2) the velocity of individual cells taking into 

account the entire route. Both G5 and curcumin, alone or in combination significantly 

increased the distance migrated into the scratch. However, incubation with curcumin 

alone resulted in the most dramatic response (Figure 2.6C). Similarly, curcumin and G5 

also increased the mean velocity of migration when the entire route for each cell was 

taken into account, and again, curcumin alone resulted in the largest response, 

increasing the mean migration velocity almost three-fold in comparison to control 

(Figure 2.6D; p-values shown in figure legend). Curcumin also significantly increased 

the number of cells present in the scratch by over three-fold in comparison to control 
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(Figure 2.6E), further corroborating our finding that curcumin promotes migration of 

OECs. 

 

 2.4.7 Curcumin modulates the morphology of OECs 

Changes in the local environment may induce changes in the morphology of OECs 

which affect their behavior (Doucette 1995, Woodhall, West et al. 2003, Vincent, West 

et al. 2005) and morphology plasticity strongly impacts the rate of migration of OECs 

(Huang, Wang et al. 2008). The changes in cell morphology observed in response to the 

addition of curcumin in the proliferation and phagocytosis assays were further explored 

using live cell imaging; the morphology changes that occurred over time were 

determined and quantified. Cultured OECs were incubated in (1) control medium, (2) 

0.5 µM curcumin, and (3) G5 supplement, imaged every 10 min, and the number and 

length of branches, as well as the number and area of lamellipodia were quantified and 

then averaged over the total period.  

 

OECs in control medium, displayed distinct alterations in morphology occurring over 

30 min or more (Figure 2.7A). Curcumin treatment (0.5 µM) resulted in morphology 

changes in OECs, in particular the presence of large, active lamellipodia (Figure 2.7B). 

After 6 h incubation, OECs in control medium continued to exhibit a bipolar 

morphology, often displaying a single process emanating from the cell body (arrow in 

Figure 2.7C) and a large lamellipodia directly protruding from the other polar end of the 

cell body (asterisk, Figure 2.7C). Curcumin-treated OECs also had a largely bipolar 

appearance but, in contrast to control OECs, they rapidly produced and retracted 

additional branches or lamellipodia over time (Figure 2.7D). Incubation with curcumin 



101 
 

significantly increased all parameters assessed, indicating that curcumin modulates the 

morphology of OECs by increasing the number and length of branches and the number 

and area of lamellipodia for up to at least 24 h (Figure 2.7E-H). G5 supplement 

treatment did not show any significant difference compared with the control, in any of 

the factors examined. We have previously reported that growth factors such as GDNF 

stimulate migration and have an effect on lamellipodial activity of OECs (Windus, 

Lineburg et al. 2010). As well, previous studies have reported that OECs undergo 

morphological changes and reorganization of cytoskeleton before functioning as 

phagocytes and engulfing apoptotic neuron debris (Su, Chen et al. 2013) as observed in 

the phagocytosis assays.  

 

In OECs, it has been shown that changes in peripheral lamellipodia are a result of 

activation of the enzyme MEK1 (ERK kinases pathway) after stimulation with GDNF 

(Windus, Claxton et al. 2007). The stimulation of lamellipodial activity led to increased 

cell-cell contact and resulted in contact-mediated migration (Windus, Claxton et al. 

2007, Windus, Lineburg et al. 2010). Additionally, after olfactory bulbectomy, in the 

absence of axons, extensive OEC cell-cell contact resulted in subsequent superior OEC 

proliferation and axon growth (Chehrehasa, Windus et al. 2010). Our current results 

show that curcumin had a distinct effect on lamellipodial activity of OECs and that the 

changes in proliferation and migration could be as a result of the increased cell-cell 

contact that is induced by curcumin. We addressed this by evaluation of changes in the 

number and area of lamellipodia in OECs treated with p38 and ERK kinase inhibitors 

and found that fewer lamellipodia were present in cells treated by the ERK inhibitor 

(Figure 2.7I). Thus, the increase of proliferation by curcumin is likely to act via a 
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combination of direct stimulation of proliferation via the p38 MAP and ERK pathways 

and indirectly via modification of cell-cell contact via the ERK pathway. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. Curcumin increases morphology dynamics of OECs. (A-B) Schematic 

representation of the dynamic activity of OECs in vitro during 2 h of time-lapse 
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imaging. (A) In control medium the morphology of cells underwent little change, (B) 

when incubated with 0.5 μM curcumin the cells underwent rapid changes in 

morphology with increased size of lamellipodia and formation of branches. (C) OECs in 

control media showed typical bipolar morphology with a long process (arrow) and 

lamellipodia (*). (D) OECs treated with curcumin displayed dynamic morphology with 

rapid retraction and extension of branches (arrow) and numerous and larger 

lamellipodia (*). Scale bar = 60 μm. (E-H) OECs treated with curcumin had 

significantly higher (E) number of branches, (F) length of branches, (G) number of 

lamellipodia, (H) area of lamellipodia. (I) OECs treated with SB203580 and PD98059 

inhibitors had significantly fewer (*p<0.05) lamellipodia compared to control cells 

(n=30-36 cells per treatment). Values are expressed as mean ± s.e. of triplicates. *p < 

0.05, **p<0.01, one-way ANOVA (Tukey Post-hoc analysis). 

 

OECs combined with GDNF have been trialled for neural transplant therapies and 

resulted in improved regeneration of the optic nerve (Liu, Gong et al. 2010) and spinal 

cord (Cao, Liu et al. 2004) due to the enhancement on the activity of lamellipodia, 

resulting in increased migration rate of OECs (Windus, Claxton et al. 2007, Windus, 

Lineburg et al. 2010). In this study, we also showed that low-dose curcumin promotes 

OEC migration, and increases lamellipodial activity. Therefore, GDNF and curcumin 

appear to have similar effects on OECs. However, one important difference is that 

unlike GDNF, curcumin also increased the proliferation rate of OECs. Moreover, the 

adoption of the bipolar morphology at low concentrations of curcumin is likely to be 

more suitable for promoting migration of OECs in neural transplant therapies, as it has 

been shown that OECs with the bipolar morphology are more motile whereas OECs 
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with the flattened morphology in which large lamellipodial surround the cells have 

lower rates of migration (Windus, Claxton et al. 2007, Su and He 2010, Ekberg, Amaya 

et al. 2011). Curcumin’s effects on extension of OEC’s lamellipodia and cell-cell 

contact may be ideal for stimulating proliferation of glia whilst maintaining the 

morphology most amenable for migration.  

 

After widespread degeneration of sensory neurons within the olfactory system, the 

axons that initially regenerate often project to incorrect target sites (St John and Key 

2003) or are limited to the periphery of the injury site when target tissue is removed 

(Chehrehasa, Windus et al. 2010). However, when OECs are transplanted into the injury 

site the glia create a uniform environment which leads to superior axon regeneration 

(Chehrehasa, Windus et al. 2010). Since we have now shown that curcumin increases 

the proliferation and migration of OECs, it may increase the density of transplanted 

OECs in neural transplant therapies, promote cell-cell contact via stimulating peripheral 

lamellipodia and subsequently lead to increase production of neurotrophic factors 

(Lipson, Widenfalk et al. 2003) that will together promote extension of axons across the 

injury site (Figure 2.8). Moreover, the remarkable enhancement of the OEC phagocytic 

activity by curcumin could promote a clean beneficial environment essential for axon 

regeneration and survival (Yang, He et al. 2014).  

 

It is also important to note that is necessary to improve curcumin’s in vivo bio-

availability to enhance its utility as therapeutic agent (Ireson, Jones et al. 2002). Animal 

studies have reported that curcumin undergoes fast metabolism by conjugation and 

reduction (Liao, Wu et al. 2012) and its disposition after oral dosing is characterized by 
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poor systemic bioavailability (Sharma, Euden et al. 2004, Sharma, Gescher et al. 2005). 

Several studies have been undertaken to enhance the bio-availability of curcumin, 

resulting in new strategies that enhance bioactivity and significantly increase the bio-

availability of curcumin in vivo (Adams, Ferstl et al. 2004, Marczylo, Verschoyle et al. 

2007, Anand, Nair et al. 2010) such as structural-related modifications and synthesis of 

new curcumin derivatives. 

 

Figure 2.8. Curcumin can be of potential use for transplant therapies. (A) Typically 

OECs transplanted into the injured spinal cord have limited migration and integration. 
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(B) Structure of curcumin. (C) Curcumin stimulates proliferation and migration of 

OECs and strongly promotes phagocytosis of cellular debris. (D) The potential 

resultant effect is to improve the integration of OECs within the injury site and promote 

axon growth. 

2.5 Conclusion 

In conclusion, here we present the first evidence that low dose curcumin significantly 

stimulated dynamic changes in morphology, resulting in increased migration and 

proliferation, as well as a dramatic increase in the phagocytic activity. These results 

suggest that curcumin may have an important potential in stimulating OECs therapeutic 

properties that could be of relevance for neural transplant therapies. 
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CHAPTER 3 

Proliferation, migration and differentiation –promoting effects of 

curcumin on Schwann cells 
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3. Proliferation, migration and differentiation –promoting effects of curcumin on 

Schwann cells 

 

3.1 Abstract 

Transplantation of peripheral glia is being trialled for neural repair therapies; therefore 

identification of compounds that enhance the activity of glia is of therapeutic interest. 

We have previously shown that curcumin potently stimulates the activity of olfactory 

glia. We have now examined the effect of curcumin on Schwann cell activities 

including proliferation, migration and the expression of protein markers. Schwann cells 

were treated with control media and with different concentrations of curcumin (0.02-20 

μM). Cell proliferation was determined by MTS assay and migration changes were 

determined by single live cell migration tracking. We found that small doses of 

curcumin (40 nM) dramatically increased the proliferation and migration in Schwann 

cells within just one day. High concentrations (20 μM) had no obvious cytotoxic effect. 

When compared with olfactory glia, curcumin stimulated Schwann cell proliferation 

more rapidly and at lower concentrations. Curcumin significantly increased the 

migration of Schwann cells, and also increased the dynamic activity of lamellipodial 

waves which are essential for Schwann cell migration. Expression of proteins related to 

myelination and differentiation were significantly different in curcumin treated 

Schwann cells, particularly expression of the activated form of the MAP kinases p38 (p-

p38). These results show that curcumin’s effects on Schwann cells differ remarkably to 

its effects on olfactory glia, suggesting that subtypes of closely related glia can be 

differentially stimulated by curcumin. Overall these results demonstrate that the 
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therapeutically beneficial activities of glia can be differentially enhanced by curcumin 

which could be used to improve outcomes of neural repair therapies.  

 

3.2 Introduction 

Schwann cells are the glia of the peripheral nervous system (PNS) and one of their 

central roles is the myelination of nerves. After peripheral nerve injury, Schwann cells 

become activated and migrate to the injured area (Fawcett and Keynes 1990, Mirsky 

and Jessen 1999, Jessen 2006, Oudega and Xu 2006). Upon reaching the injured site, 

Schwann cells proliferate and support axonal regeneration and elongation (Ide 1996). 

Demyelination of injured nerves is addressed by differentiation and de-differentiation 

processes in which the Schwann cells switch between non-myelinating and myelinating 

stages (Jessen and Mirsky 2005). The role of Schwann cells also includes synthesising 

neurotrophic factors (Acheson, Barker et al. 1991), cytokines, adhesion and growth 

promoting factors necessary for satisfactory nerve regeneration after injury (Mirsky and 

Jessen 1999). Transplantation of Schwann cells for the treatment of spinal cord injury 

has been shown to promote nerve regeneration and improve axon elongation in 

peripheral systems (Li and Raisman 1994, Bunge and Kleitman 1997, Oudega and Xu 

2006, Park, Lim et al. 2010).  

 

Curcumin is a natural compound, derived from the root turmeric, used for centuries in 

traditional Chinese and Indian medicine. The biological effects of curcumin include 

anti-inflammatory and anti-cancer properties in different cell types (Hatcher, Planalp et 

al. 2008), however it is important to note that these effects are dose-dependent and cell-

type specific. In high concentrations (>40 µM) curcumin induces cell apoptosis in 



121 
 

diverse cancer cells (Liao, Wu et al. 2012). Contrariwise, low doses of curcumin (0.1-

0.5 µM) stimulate cell proliferation in neural progenitor cells (Kim, Son et al. 2008). 

We have previously reported that curcumin dramatically stimulated the activity of 

olfactory ensheathing cells (OECs) which are the glia of the olfactory system by 

increasing their phagocytic activity as well as migration and proliferation (Tello 

Velasquez, Watts et al. 2014). Activation of the p38 and ERK mitogen activated protein 

kinases (MAPKs) was found to be associated with these curcumin-related effects on 

OECs and PC12 cells (Kim, Son et al. 2008, Tello Velasquez, Watts et al. 2014). 

However, curcumin interacts with many proteins involved in diverse cellular signalling 

processes, and its effect on the regulation of specific proteins can be dependent on the 

nature of the interaction causing either up regulation or down regulation of the same 

protein (Gupta, Prasad et al. 2011, Tello Velasquez, Watts et al. 2014). 

 

Through development and after peripheral injuries, Schwann cells undergo different 

stages of cell differentiation and de-differentiation, (Jessen and Mirsky 2005). These 

processes are regulated by the relationship with axons and the expression of specific 

transcription factors. Curcumin has been shown to regulate the expression of some 

biological pathways involved in cell differentiation (Marin, Wall et al. 2007). Curcumin 

has been found to modulate the NF-κB pathway, resulting in an improvement in mice 

with abnormal Schwann cell-axon interactions and demyelinating neuro-pathologies by 

allowing more Schwann cells to enter and remain in a myelinating state. In Schwann 

cells, NF-κB is crucial for myelination where axons induce the activation of NF-κB 

through the phosphorylation of the p65 subunit promoting Schwann cell differentiation 

into the myelinating phenotype in response to neuregulin-1 signalling (Yoon, Korade et 
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al. 2008, Limpert and Carter 2010). This signalling is vital during high myelination 

stages, periods during which some myelinating neuropathies start developing. Moreover 

curcumin treatment reduces Schwann cell apoptosis in a dose-dependent manner in both 

in vitro and in vivo models, leading to an increase in the number and size of myelinated 

axons in sciatic nerves, and improving motor performance in Trembler-J mice (Khajavi, 

Shiga et al. 2007). Another study in a Charcot-Marie Tooth disease mice model showed 

that curcumin is able to improve the neuropathy of this disease by promoting Schwann 

cell differentiation (Patzko, Bai et al. 2012).  

 

The aim of the present study was to investigate the effects of curcumin on proliferation 

and migration on cultured Schwann cells, as well as other cell-type specific changes in 

order to determine how curcumin can be used to promote nerve repair.  

 

3.3 Materials and Methods 

3.3.1 Animals and Schwann cell culture 

Post-natal day four (P4) mouse pups were sacrificed by decapitation following 

guidelines established by National Health and Medical Research Council of Australia 

(NHMRC). Protocols were approved by animal ethics committee of Griffith University 

(permit number: ESK/05/12/AEC). Schwann cells (SC) were isolated from S100ß-

DsRed transgenic mice (Windus et al., 2007) following a modified protocol (Bunge and 

Kleitman, 1997). Briefly, dorsal root ganglia (DRG) from the spinal cord were dissected 

and explants plated in 24-well plates previously coated with Matrigel (BD Bioscience, 

1:10). Cultures were maintained in glia growth medium: DMEM Medium containing 
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10% FBS, gentamicin, L-glutamine, G5 supplement (Life Technologies), and 5% CO2 

for one week and then replated for analyses. 

 

3.3.2 In vivo and in vitro identification of Schwann cells 

Fluorescent whole mount preparations of the spinal column and peripheral nerves were 

imaged using an Olympus SZX7 microscope. Transverse sections (30 µm thick) of the 

spinal column were cut using a cryostat. The cryostat sections and cultures of SCs from 

the DRGs were immunostained with rabbit polyclonal antibodies against S100ß (1:500, 

Dako, Z031129-2,), followed by goat anti-rabbit (1:400, Life Technologies, A-21202) 

using the procedure described below in the immunostaining section. 

 

3.3.3 Proliferation assay 

Briefly, cells were seeded in 96-well plates at a density of 3000 cells per well in glia 

growth media for 24 h and then exposed to different treatments: control medium 

(DMEM, 10% FBS, gentamicin, L-glutamine) or increasing concentrations of curcumin 

(0.1, 0.5, 1, 10, 20 µM). After one day, cell proliferation was determined by 

colorimetric assay using MTS assay CellTiter96 Aqueous One Solution reagent 

(Promega, Madison, WI), absorbance at 490 nm was measured in a plate reader after 1 h 

incubation. Images of all wells were also taken before and after the set time period to 

confirm proliferation assay results. The effects of ERK (Extracellular signal-regulated 

kinases) and p38 MAP (mitogen-activated protein) in SC proliferation were determined 

using p38 and ERK kinase inhibitors. SCs were seeded in 96-well plates and incubated 

after 24 h with SB203580 (p38 MAP kinase inhibitor, Sigma-Aldrich) and PD98059 

(MEK/ERK inhibitor, Sigma-Aldrich) at a concentration of 100 µM for 24 h. 
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Thereafter, cells were treated curcumin (0.1 µM) for 48 h followed by MTS 

colorimetric assay and morphological assessment. 

 

3.3.4 Live Cell Imaging 

To evaluate the effects of curcumin on morphology and cell migration of SCs we used 

time-lapse microscopy using an Olympus IX81 CellR microscope. Cells were plated 

onto glass culture plates in a density of 6500 cells/well and kept in CO2 independent 

medium (Life Technologies) at 37˚C. For morphological assays, live cell images were 

taken every 3 min for 2 h and for migration assays images were taken every 10 min for 

up to 24 h.  

 

3.3.5 Morphology assay 

To determine curcumin related morphological changes, time-lapse image sequences 

were analysed using AxioVision (Zeiss, Germany). We have previously shown that 

curcumin dramatically changes the number and size of peripheral membrane 

lamellipodia on olfactory ensheathing cells (Tello Velasquez, Watts et al. 2014), 

therefore to determine if the same effect was observed on SCs we evaluated the 

dynamic activity of lamellipodia by determining the number of waves per cell and the 

duration of the waves in the different treatments.  The duration of the waves was 

calculated identifying the start point of the wave and tracking its movement through the 

cell body until reached the opposite edge.  
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3.3.6 Migration assays 

Time lapse images were analysed using AxioVision software. The migration 

parameters: speed (the mean migration velocity over the entire path of movement), total 

distance travelled by the cells measure in μm and displacement (distance calculated as 

straight line from the initial to the last position during the entire timelapse), were 

calculated for a least 10 cell per replicate per treatment over a 24 h period after 

treatment by single cell tracking analysis. 

 

3.3.7 Immunostaining for differentiation and myelination markers 

SCs seeded in 96-well glass plates (3000 cells/well) were treated with 0.1 μM curcumin 

for 4 days. Cells were fixed with 4% PFA for 10 min followed by three washes with 

PBS for 5 min followed by incubation in 0.1 M phosphate buffered saline (PBS) with 

2% bovine serum albumin (BSA) and 0.3% Triton X-100 (TX) for 30 min at room 

temp. Primary antibodies: rabbit polyclonal anti-S100ß (1:500, Dako, Z031129-2), 

rabbit polyclonal anti-NFkβ p65 (1:50 Santa Cruz, SC-372), rabbit monoclonal anti-

MBP (1:100 Abcam ab40390), mouse monoclonal anti-phospo-ERK (1:100, Cell 

signalling, 9101) (Cholfin and Rubenstein 2008) and phospo-p38 (1:100, Cell Signaling 

Technology, 9211) antibodies were diluted in 0.1 M PBS/2% BSA/0.3% TX. Cells were 

incubated with primary antibodies overnight at 4°C. Secondary antibodies goat anti-

rabbit (1:400, Life Technologies, A-21202) or anti-mouse Alexafluor 488, (1:400, 

Invitrogen, AB_10049650) in PBS/BSA/TX were incubated at room temp for 1 h. 

Nuclei were stained with DAPI. Stained cells were imaged with the Operetta High 

Content Imaging System (Perkin Elmer). Images were captured at 12 random locations 

in each 96-plate well with a 20x objective at specific wavelengths. Images were 
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analysed using Harmony High Content Analysis Software (Perkin Elmer). Fluorescence 

intensity for each marker was quantified within each cell obtaining as result a mean 

fluorescence value for each treatment.  

 

3.3.8 Phagocytosis assays 

SCs were seeded in 8-well glass chamber slides at a density of 6×103 cells/chamber 

.After 24 h, cells were treated with curcumin and 50 µL of fluorescent axonal debris 

from OMP-ZsGreen mice generated as previously described (Tello Velasquez, Watts et 

al. 2014) was added to the medium. Phagocytosis of axonal debris was analysed by 

confocal microscopy after 12 and 24 h. Confocal microscope images were taken 

maintaining the same fluorescence and imaging settings (473 laser (13%) PMT voltage 

of 645) to allow comparison between the treatments; saturation of fluorescence was not 

detected in any field. Mean intensity of green fluorescence (0-255 range) inside the cell 

boundaries defined by the DsRed fluorescence of the cells was measured using ImageJ 

software. A total of ten cells in the image for three replicates were completed for each 

treatment. 

 

3.3.9 Statistical analyses 

To determine whether the data was normally distributed, normality tests (skewness and 

excess kurtosis coefficients) were used. All data are expressed as mean + SEM. 

Proliferation data was tested for statistical significance using ANOVA one-way Tukey 

and LSD post-hoc analyses. Statistical significance of cell migration data was analysed 

using Friedman non-parametric test. For phagocytosis data, statistical significance was 
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tested using Mann-Whitney U test. Immunofluorescence data was subject to Student’s t-

tests comparing group means. The statistical criterion for significance was α = 0.05.  

 

 

3.4 Results and discussion 

3.4.1 Schwann cell identity 

Schwann cells (SCs) were obtained from S100ß-DsRed mice in which the human S100ß 

promoter drives expression of DsRed in glial cells (Windus, Claxton et al. 2007). 

Expression of DsRed by SCs in vivo was verified in whole mount preparations of the 

spinal column and peripheral nerves of postnatal day 7 mouse pups where red 

fluorescence is easily observed in the lateral nerve extensions. Immunostaining of tissue 

sections showed the presence of positive S100ß-DsRed SCs within the nerve bundles 

(Figure 3.1 C-D), with anti-S100ß immunostaining coinciding with the DsRed 

expression. Cultured SCs obtained from dorsal root ganglia expressed DsRed protein 

and were immunopositive for S100β protein which a standard marker for these glial 

cells (Figure 3.1 E-F). Around 95% of cells expressed DsRed fluorescent protein and 

95% of those expressing DsRed also expressed S100β protein (Fig. 3.1E-H). Cells 

showed a predominant spindle bipolar shape.  
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Figure 3.1. In vivo and in vitro SC identities. (A-B) A cross section through the spinal 

cord of a postnatal day 7 mouse pup; merged image of SC expressed S100β-DsRed (C) 

a S100 β (D); together with nuclei stained with DAPI is shown in. In cultures of purified 

SCs, SC continued to express DsRed (E); 95% of DsRed SCs were positive for S100 β 

(B’); the merged image is shown in H together with nuclei which are stained with 

DAPI. Scale bar = 800 μm in A; 400 μm in B ; 200 μm in C-D; 100 μm in E-H  
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3.4.2 Curcumin increases proliferation of Schwann cells. 

As we previously reported that curcumin regulates the proliferation of OECs (Tello 

Velasquez, Watts et al. 2014), here we determined whether curcumin exerts the same 

effect on SCs. After treatment with different curcumin concentrations (0.02-20 µM), SC 

proliferation showed an increase at 0.1 µM and 0.5 µM when compared to control 

(Figure 3.2A-C). No cytotoxic effect was observed at the higher concentrations of 

curcumin (Figure 3.2D). In all treatments SCs presented the typical bipolar spindle 

morphology (Figure 3.2A-D). Proliferation rates determined by MTS confirmed the 

results. After just one day after treatment, concentrations between 0.04 and 1 μM 

curcumin had significantly increased proliferation compared to control treatment, with 

0.1 μM showing the highest proliferative effect (p<0.001) with almost 60% increase in 

proliferation compared to control (Figure 3.2E). Curcumin at concentrations of 10 and 

20 µM had slightly higher rates of proliferation compared to control (p<0.001; Figure 

3.2E). As curcumin at 0.1 µM was the concentration at which the highest proliferation 

value was observed, this concentration was used for the curcumin treatment dose for the 

following assays.  

 

To determine if ERK and p38 kinase pathways were involved in the curcumin-mediated 

increased proliferation as previously found for OECS, SCs were incubated with 

PD98059 (ERK inhibitor) and SB203580 (p38 MAP kinase inhibitor). These inhibitors 

have been previously reported to block growth factor-induced mitogen activation on 

OECs (Yan, Lu et al. 2003, Tello Velasquez, Watts et al. 2014). After treatment of the 

control cells, with the ERK and p38 MAP kinase inhibitors a significant reduction in 

proliferation was observed (Figure 3.2G), indicating that these pathways are involved in 
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the basal proliferation of SC. In cells treated with curcumin, the use of the inhibitors 

blocked the increase in SC proliferation previously observed after curcumin treatment 

(Figure 3.2G).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. Curcumin treatment increases SC proliferation. (A-D) Low-dose curcumin 

(0.1 to 0.5 μM) stimulated the proliferation of SCs compared to control untreated SCs 

(A); higher concentrations of curcumin (D) did not increase SC proliferation and 

cytotoxic effects were not observed. Cells continued to display the typical spindled long 

bipolar morphology at all concentrations. Scale bar = 100 μm in A-D. (E) Proliferation 

rate determined by MTS assays. After one day in culture concentrations between 0.04 

and 1 μM curcumin had significantly increased proliferation compared to control 

treatment p<0.001 (***), with 0.1 μM having the highest proliferative effect (E). (F) 

Incubation with ERK (PD98059) and p38 kinase (SB203580) inhibitors blocked base 

and curcumin-induced proliferation of SCs compared with control p<0.001 (***); 



131 
 

p<0.01 (##) compared with cultures treated with curcumin alone; (n=30-36 cells per 

treatment). Values are expressed as mean ± s.e. of triplicates. Statistical significance 

was determined by one way ANOVA post-hoc Tukey test. 

 

3.4.3 Curcumin regulate Schwann Cells migration 

We examined the effect of curcumin on SC migration using time-lapse microscopy. 

Three migration parameters were determined by cell tracking: speed, displacement and 

distance in at least 100 cells per treatment. Cells treated with curcumin showed a 

significant difference in all the parameters evaluated. Curcumin treatment increased by 

more than 50% the mean speed of the cells (Figure 3.3A; p<0.01). Moreover cells 

treated with curcumin migrated a greater distance compared to the control, with the 

displacement being almost two fold higher and the distance 50% greater than control 

cells (Figure 3.3B, C; p-value <0.01). 

 

 

Figure 3.3. Curcumin dramatically increases SC speed, displacement and distance. 

Average migration parameters (speed, displacement and distance) were calculated from 

three different time-lapse videos for each treatment (with and without curcumin), with 

n=30 cells in each treatment. (A) SCs treated with 0.1 μM curcumin migrated 



132 
 

significantly faster than control cells; with (B) significantly higher displacement 

(straight distance) and (C) total distance compared to untreated control SCs. **p<0.01 

Friedman non parametric test. 

 

3.4.4 Curcumin modulates the morphology of Schwann cells 

We have previously shown that curcumin regulates OEC morphology especially in the 

formation of lamellipodia, increasing the number and area of lamellipodia leading to an 

increase in the migration rate (Tello Velasquez, Watts et al. 2014). Therefore we were 

interested to determine if morphological changes were also observed in SCs. SCs in 

control medium or in media containing 0.1 µM curcumin were imaged every 10 min for 

2 h. Changes in cell shape were studied using Image J to determine if an evident switch 

in morphology was observed (n=30). Cells in control media displayed a typical spindle 

bipolar shape with axial lamellipodia present at both ends of the long axis of the cells; 

small frequent peripheral/radial lamellae were frequently observed (Figure 3.4A). Cells 

in curcumin media showed similar behaviour, however larger and sometimes double 

axial lamellae were observed particularly toward the leading edge (Figure 3.4B). 

Dramatic morphological changes were not observed on curcumin treated cells when 

compared to control (Figure 3.4A) which is in contrast to what was previously observed 

with OECs which underwent considerable morphological changes after curcumin 

treatment (Tello Velasquez, Watts et al. 2014). Nonetheless, it is known that SC 

migration is regulated mainly by the dynamic interaction commanded by the generation 

of lamellipodial waves (Nodari, Zambroni et al. 2007, Windus, Claxton et al. 2007), 

therefore we further observed the dynamic interactions of lamellipodial SCs waves 

(arrows, Figure 3.4C) using time-lapse microscopy before and after curcumin treatment. 
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No difference in the number of waves was detected (Figure 3.4D), however the 

timeframe during which these waves travelled along the main cell axis was significantly 

lower in cells treated curcumin (Figure 3.4E, p<0.01).  

 

Figure 3.4. Curcumin treatment affects SC wave dynamics but not morphology. (A) 

Schematic representation of morphological changes of a single SC during 2 h of time-

lapse imaging. While the cells undergo morphological changes, there are no clearly 

discernible differences in the dynamic morphological activity by cells exposed to 0.1 μM 
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curcumin (B) compared to SCs in control medium (A); SCs maintained the typical 

bipolar morphology with radial and peripheral and lamellipodia. (C-E) Number of 

waves for the total time of the timelapse movie and duration of the waves were 

calculated for both treatments using AxioVision software. (C) The start point of the 

lamellipodial waves on each cell (arrow and arrow with tail) were identified and their 

movement tracked along the cell axis; scale bar = 50 μm. (D) Curcumin-treated cells 

and control cells did not show any difference in the number of waves over time, 

however (E) there was significantly reduced duration of the waves on curcumin-treated 

SCs (E) (**p<0.01). Values are the mean and s.e. (n=30) t-test.  

 

3.4.5 Schwann cell phagocytic activity is not altered by curcumin treatment 

As we previously observed a stark effect on OEC phagocytic activity after curcumin 

treatment, we wanted to determine if the curcumin mediated effect was existent on SCs. 

After 12 and 24 h, exogenously added green fluorescent axonal debris was observed 

within both control and curcumin treated cells (Figure 3.5A-B), but there was no 

significant difference in the amount of internalised axonal debris between cells treated 

with curcumin and control cells (Figure 3.5C). This particular result is of great interest 

because it suggests that curcumin’s biological activities can differ between cell types 

with close biological similarity. 
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Figure 3.5. Phagocytic activity of SCs in vitro is not affected by curcumin treatment. 

(A-B) After 24 h SCs in control medium and 0.1 μM curcumin media accumulated 

axonal debris localised inside the cell body. (C) Densitometric quantification of the 

fluorescent intensity of the axonal debris within SCs after 24 h incubation revealed no 

significant difference (Mann-Whitney U test for independent samples, n=20. Scale bar 

= 50 μm. 

3.4.6 Myelination related markers on SCS are affected by curcumin treatment.    

In order to test if curcumin treatment has an effect on the myelination properties of SCs 

we quantified the expression of some myelination markers in cells with and without 

curcumin using automated image analysis with quantification performed by the high 

content imaging and analysis software Harmony. Myelin Basic protein (MBP) 

expression was slightly higher in cells treated with curcumin (Figure 3.6A, A’, F, 

p<0.05). Markers of two of the MAP kinases (ERK1/2 and p38) known to be involved 

in proliferation and differentiation in SC (Fragoso, Haines et al. 2007, Haines, Fragoso 

et al. 2008, Parkinson, Bhaskaran et al. 2008, Newbern and Birchmeier 2010) showed 

significant differences between cells treated with curcumin and control; phospo p-38 

was highly reduced in cells treated with curcumin (Fig.19B, B’, F, p<0.01) whilst the 

phosphorylated form of  ERK1/2 (p-ERK1/2) was found to be more expressed in 
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curcumin treatment (Figure 3.6D, D’, F p<0.05). S100β did not show any difference 

between the two treatments (Figure 3.6C, C’). Expression of NF-kappaβ (Nf-κβ), an 

essential transcription factor in the myelin formation signal pathway (Mattson 2003) 

was observably higher in curcumin-treated cells with a redistribution of the labelling so 

that it was more prominent around the cell bodies (Figure 3.6E, E’) however, 

quantification of overall fluorescence labelling showed a minor although significant 

difference (Figure 3.6F, p<0.05).  
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Figure 3.6. Myelination related markers on SCs are affected by curcumin treatment. 

Panels A-E show SCs cultured with/without 0.1 μM curcumin and then immunostained 

with antibodies against (A-A’) Myelin Basic Protein (MBP); (B-B’) phospho-p38, (C-

C’) S100β, (D-D’) phospho-ERK, (E-E’) Nf-κB. (F) Quantification of the fluorescent 

intensity was analysed using Harmony High Content Imaging and Analysis Software to 

determine fluorescence values per each cell (n= >300 cells per treatment), p<0.05 (*), 

p<0.01 (**) t-test. Scale bar = 50 μm. 
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3.5 Discussion 

Our results show that low doses of curcumin dramatically increased the proliferation 

and migration of SCs and altered the production of molecules associated with the 

production of myelin. Interestingly, curcumin stimulated proliferation and migration of 

SCs at up to 50-fold lower doses than we previously demonstrated was needed for 

OECs, and the increase in proliferation was up to 5 fold higher than the maximum 

achieved by OECs. Indeed 40 nM curcumin was sufficient to increase SC proliferation 

by 20% over 24 hours. However, curcumin had no effect on the phagocytic activity of 

SCs which is in stark contrast to its potent stimulation of phagocytosis by OECs. As 

SCs and OECs share a neural crest lineage and have many similar properties, the 

differential effects of curcumin on these different glial types indicate that cell-specific 

activities are selectively activated by curcumin. 

. 

3.5.1 Curcumin increases proliferation of Schwann cells 

We found that low doses of curcumin increase dramatically the proliferation of SCs and 

that ERK and p38 MAP kinases are involved in this curcumin-mediated effect. MAP 

signalling pathways are crucial in a broad variety of cellular functions such as 

proliferation, phagocytosis, survival and migration. Curcumin is known to regulate 

these pathways in a differential manner according to the cell type (Goel, Jhurani et al. 

2008). Activation of protein kinases by curcumin has been reported in different cell 

types ranging from cancer cells to neural stem cells, however the results derived from 

the activation or suppression of these pathways have been shown to be dose and cell 

type dependent. In cancer cells, activation of these kinases induces cell apoptosis as 

well as a decrease in migration (10-50 µM) (Watson, Greenshields et al. 2010, Gupta, 
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Prasad et al. 2011), whereas activation of the same pathways in neural stem cells and 

some glial cells results in increased proliferation and migration (0.5 µM) (Kim, Son et 

al. 2008, Tello Velasquez, Watts et al. 2014). 

 

3.5.2 Curcumin regulates Schwann cell migration 

Curcumin increased the migration of SCs by around 50% and stimulated the movement 

of radial lamellipodial waves along the shaft of the cells. The effect of curcumin on the 

migration rate of different cell types through the activation of diverse molecular 

pathways has been previously reported. In oral fibroblast cells, curcumin promotes cell 

migration by activation of RacGTPases (San Miguel, Opperman et al. 2010). 

Interestingly the same family of small GTPAses are known regulators of migration on 

SCs (Yamauchi, Chan et al. 2004). Migration of SCs is determined mainly by the 

dynamic activity of the lamellipodia, with the formation and extension of these lamellae 

regulated by the expression of Rac proteins (Nodari, Zambroni et al. 2007). The 

importance of radial lamellipodia is highlighted in OECs in which lamellipodial 

protrusions are crucial for migration, cell-cell and neuron-cell interactions (Windus, 

Claxton et al. 2007, Windus, Chehrehasa et al. 2011). Indeed, lamellipodial waves 

regulate OEC migration through the establishment and maintenance of cell-cell 

adhesion and the dynamic activity of these waves influences cell migration. On SCs, we 

found that curcumin treatment increases the speed at which SC lamellipodial waves 

travel. Stimulation of lamellipodial waves by exogenous factors has been reported 

previously for OECs where the addition of the growth factor Glial Derived 

Neurotrophic Factor (GDNF) increased the number and sizes of lamellipodial waves 

and increased migration (Windus, Lineburg et al. 2010). Of particular interest is that 
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these lamellipodia are directly related to more complex processes such as the 

myelination and re-myelination processes as well as the sorting and wrapping of the 

axons by SCs. In SCs, it has been shown that changes in peripheral and axial 

lamellipodial waves regulate the activation of Rac1 (Pankov, Endo et al. 2005). Low 

levels of active Rac1 produce more axial lamellae, favouring directional cell migration, 

while higher levels lead to more radial lamellae promoting more wrapping of the axons. 

Thus the stimulation of lamellipodia on SCs by curcumin could also regulate the 

myelination by SCs. 

 

Despite the stimulatory effect of curcumin on the lamellipodia movement and the 

overall migration of SCs, there was no effect on the phagocytic activity of SCs. This is 

in contrast to the effect on OECs in which curcumin dramatically changed the 

morphology of the cells, particularly the lamellipodia, and increased the phagocytic 

activity of OECs by more than 10-fold (Tello Velasquez, Watts et al. 2014). While SCs 

are phagocytic cells and act together with macrophages after injury to remove cell 

debris, OECs are the primary phagocytic cells of the olfactory nerve and macrophages 

are largely excluded from the olfactory nerve (Nazareth, Lineburg et al. 2015). Thus it 

is perhaps the increased phagocytic capacity of OECs that is stimulated by curcumin 

and that SCs did not respond to curcumin as they have a lesser role in phagocytosis.  

 

3.5.3 Myelination related markers on SCs are affected by curcumin treatment.   

The analyses of the expression of molecules related to myelination showed small but 

significant differences in the expression of myelin basic protein, p-EKR and NF-κB, 

and a large decrease in p-p38 expression indicating a reduction on the p38 kinases 
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activaction. MAP kinases have been described as actively involved in different 

biological processes in SCs, including proliferation, migration, differentiation and de-

differentiation (Falls 2003, Fragoso, Haines et al. 2007, Haines, Fragoso et al. 2008, 

Parkinson, Bhaskaran et al. 2008, Newbern and Birchmeier 2010) and have been shown 

to activate NF-κB in multiple cells types (Mattson 2003, Kim, Kim et al. 2005, Limpert 

and Carter 2010). ERK kinases pathways are known to be activated following 

neuregulin or growth factor stimulation leading to myelination processes (Ogata, Iijima 

et al. 2004). Intracellular elevation of ERK kinases by soluble neuregulin and other 

growth factor enhances SCs proliferation (Monje, Bartlett Bunge et al. 2006, Iacovelli, 

Lopera et al. 2007, Newbern and Birchmeier 2010), reaffirming our observations that 

curcumin stimulates SC proliferation and that ERK pathways are required for both basal 

and curcumin-induced SC proliferation. This is also consistent with other cells types in 

which curcumin has been shown to selectively regulate the activation of the ERK and 

p38 MAPK pathways (Weir, Selvendiran et al. 2007, Kim, Son et al. 2008, Watson, 

Greenshields et al. 2010, Wilken, Veena et al. 2011).  

 

The decrease in the activated form of the p38 (p-p38) MAP kinase by SCs stimulated by 

curcumin suggests possible de-differentiation activity. It has been previously reported 

that this kinase pathway mediates myelin breakdown and promotes SC de-

differentiation towards the immature non-myelinating phenotype (Yang, Kim et al. 

2012). In addition, p38 MAPK acts as a negative regulator of SC differentiation with 

p38 MAPK activation blocking the expression of myelin proteins (Parkinson, 

Bhaskaran et al. 2008). 
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Although a difference in the expression of NF-κB was observed this was not large as 

expected. This could be explained by the fact that activation of ERK is necessary prior 

to activation of NF-κB (Arthur-Farraj, Wanek et al. 2011), and in our assays the 

activation of the ERK pathway may have not been sufficient to induce a more 

noticeable change in expression of Nf-κB. Highly detected changes on the expression of 

NF-κB are generally founded after more than 6 days in SCs previously treated with 

ascorbic acid to enhance the myelin production (Limpert and Carter 2010). Transient 

activation of ERK kinases has been noted to be required for growth factor-dependent 

effects on SC proliferation, leading to an increase in proliferation, however a sustained 

activation of the same pathway can promote differentiation events (Monje, Bartlett 

Bunge et al. 2006).  

 

Activation of NF-κB in SCs is critical for the differentiation process of the myelinating 

phenotype, and the activation of this transcription factor is regulated by the signalling 

effect of neuregulin I (Monje, Bartlett Bunge et al. 2006). Previous studies have shown 

that co-cultures of neuron/SCs exposed to forskolin significantly enhanced the 

activation of NF-κB and subsequently increased the expression of MBP as well as other 

myelinating related proteins (Limpert and Carter 2010). Inhibition of the p65 subunit 

prevents myelination of SCs in culture and prevention of the phosphorylation of the 

same unit inhibits myelin formation (Nickols, Valentine et al. 2003). With regards to 

curcumin’s ability to modulate the differentiation of SCs, curcumin has been found to 

induce expression of the NF-κB in Trembler-J mice promoting more SCs to transit to 

the myelinating type, resulting in higher number of myelinated axons (Patzko, Bai et al. 

2012).  
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3.6 Conclusion 

In conclusion, we have shown that curcumin dramatically increased the proliferation 

and migration in Schwann cells at up to 50-fold lower concentrations than the 

previously reported for the closely related glia OECs. The proliferative effect by 

curcumin is mediated by the activation of the ERK and p38 MAP kinases pathways. In 

contrast, the phagocytic activity on SCs was not promoted by curcumin treatment, 

differing from the stark effect on the phagocytic activity of OECs. Interestingly, SCs 

treated with curcumin showed some changes in the expression of myelin related 

proteins suggest that curcumin may promote differentiation of SCs towards a 

myelinating phenotype.  These results show that curcumin’s effects differ remarkably 

between different types of closely related glial cells, a feature that may reaffirm the 

promising potential for curcumin or curcumin derivatives in the treatment of nerve 

injuries where different types of glial cells are involved and their activation is needed 

for repair processes. For example, co-transplantation of SCs and OECs with curcumin 

into an injury site could enable each glial cell type to confer specific activities whereby 

OECs would be stimulated to remove cell debris while SCs could proliferate, migrate 

and remyelinate the neural pathway. Overall, our results suggest that curcumin alters the 

differentiation status of SCs and opens the possibility of therapeutically modulating SCs 

to migrate and remyelinate axons to repair peripheral nerve damage.                                                                    
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CHAPTER 4 

 

Linckosides enhance proliferation and induce morphological changes 

in human olfactory ensheathing cells 
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4. Linckosides enhance proliferation and induce morphological changes in human 

olfactory ensheathing cells 

 

4.1. Abstract  

Linckosides are members of the steroid glycoside family isolated from the starfish 

Linckia laevigata. These natural compounds have notable neuritogenic activity and 

synergistic effects on NGF-induced neuronal differentiation of PC12 cells (Qi, Ojika et 

al. 2002, Qi, Ojika et al. 2004, Han, Qi et al. 2006, Han, Qi et al. 2007). Neurogenic 

factors or molecules that are able to mimic their activities are known to be involved in 

the survival, proliferation and migration of neurons and glial cells; however how glial 

cells respond to specific neurogenic molecules such as linckosides has not been 

investigated. This study aimed to examine the effect of three different linckosides 

(linckoside A, B and granulatoside A) on the morphological properties, proliferation 

and migration of human olfactory ensheathing cells (hOECs). The proliferation rate 

after all the treatments was higher than control as detected by MTS assay. Additionally, 

hOECs displayed dramatic morphological changes characterized by a higher number of 

processes after linckoside treatment. Interestingly changes in microtubule organization 

and expression levels of some early neuronal markers (GAP43 and βIII-tubulin) were 

also observed. An increase in the phosphorylation of ERK 1/2 after addition of the 

compounds suggests that this pathway may be involved in the linckoside-mediated 

effects particularly those related to morphological changes. These results are the first 

description of the stimulating effects of linckosides on hOECs and raise the potential for 

this natural compound or its derivatives to be used to regulate and enhance the 

therapeutic properties of OECs, particularly for cell transplantation therapies.  
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4.2 Introduction  

The glia of the primary olfactory system, olfactory ensheathing cells (OECs), promote 

axonal regeneration in vivo and in vitro (Raisman 2001, Moreno-Flores, Lim et al. 

2003, Barnett 2004) and their neuro-regenerative potential in the treatment of spinal 

cord injuries has been broadly studied in the last two decades (Thuret, Moon et al. 2006, 

Li, Adnan et al. 2014). Factors that can be addressed to improve the use of OECs for 

spinal cord repair include the proliferation of OECs in vitro to generate sufficient 

numbers of cells prior to transplantation, as well as the need to improve their 

proliferation, migration and integration within the host tissue post-transplantation. The 

challenge of overcoming these limiting factors needs to be addressed in order for OECs 

to be more widely and effectively used in the development of neural repair therapies 

(Raisman 2001, Thuret, Moon et al. 2006, Barnett and Riddell 2007).  

 

Neurotrophic factors have been used to regulate and enhance OEC therapeutic 

properties (Kim, Gutin et al. 1996, Woodhall, West et al. 2001, Bianco, Perry et al. 

2004), but the large molecule size and potential side-effects have limited their use as an 

effective option. The discovery and development of low molecular weight natural 

products that are able to mimic growth factors to stimulate the activity of OECs, or to 

alter the properties of OECs to improve neural regeneration, is an avenue with high 

potential. We have recently shown that the polyphenol compound curcumin potently 

stimulates phagocytic activity of OECs and increases their migration by stimulating the 

dynamic movement of peripheral lamellipodial waves (Tello Velasquez, Watts et al. 

2014). Natural compounds that are neurogenic or neuritogenic are also of potential use 
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for neural repair as promoting the growth of neurons is crucial for regeneration. 

However, due to the essential close relationship between neurons and glia, the effect of 

potential neurogenic compounds also needs to be examined on glia populations. 

 

Linckosides are steroid glycosides isolated from the starfish Linckia laevigata that 

display various biological activities (Prokof'eva, Chaikina et al. 2003, Kicha, Ivanchina 

et al. 2007). Linckoside A (La), linckoside B (Lb) and granulatoside A (Ga) previously 

named linckoside F, present unique and characteristic chemical structures, which 

confers their neuritogenic activity (Han, Qi et al. 2006) and synergistic effects on NGF-

induced neuronal differentiation of PC12 cells (Qi, Ojika et al. 2002, Qi, Ojika et al. 

2004, Han, Qi et al. 2006, Han, Qi et al. 2007). We considered that on glia cells, the 

potential production and elongation of branches confer advantages for OECs as they are 

likely to be involved in the enhancement of migration and cell-cell interactions. We 

therefore examined the effects of linckoside A, B and granulatoside A on human OECs 

(hOECs) to determine if these natural compounds are able to regulate hOEC 

proliferation, migration and morphology. By using MTS proliferation assay, live cell 

imaging migration analysis, and immunochemistry analysis, we analysed changes in 

hOEC growth, migration and morphology after exposure to the different linckosides. 

These results are the first description of the effects of these starfish-derived compounds 

in the proliferation and morphological plasticity of hOECs, biological properties that are 

of particular interest for the therapeutic use of OECs in transplantation therapies. 

 

4.3 Materials and methods 
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4.3.1 Cell lines 

Immortalized human olfactory bulb ensheathing glia cells (hOECs) were previously 

generated (Garcia-Escudero, Garcia-Gomez et al. 2010, Lim, Martin-Bermejo et al. 

2010). These cells were derived from the superficial layers of the olfactory bulb and a 

clonal line was established by lentivector-mediated transfer (Lim, Martin-Bermejo et al. 

2010). Passage number 4 hOECs were cultivated in complete media: DMEM:F-12 

media, FBS (10%), 20 μg/mL bovine pituitary extract, 2 μM forskolin and 1% 

gentamicin. After confluence, cells were plated on 96-well plastic plates or 8-well glass 

bottomed chambers at specific densities according to the assay to be performed. Human 

olfactory neurosphere derived stem cells (hONS) and skin fibroblasts were obtained 

from the Eskitis NeuroBank (Matigian, McCurdy et al. 2008, Matigian, Abrahamsen et 

al. 2010, Abrahamsen, Fan et al. 2013).  

 

4.3.2 Proliferation assay 

Linckosides A, B and granulatoside A were isolated by Professor Ojika using 

established protocols (Qi, Ojika et al. 2002, Qi, Han et al. 2006). Cells were seeded in 

96-well plates at a density of 3000 cells per well in complete media. Media containing 

different concentrations (1, 5,10,20,40 μM) of the three compounds were added to the 

cells after 24 hours; concentrations were similar to the range used in previous studies 

(Qi, Ojika et al. 2002). Cells in media without any compound and cells in media 

containing EGF and FGF (Total Media (TM)) were used as negative and positive 

control respectively. Cell proliferation was determined by colorimetric assay using the 

MTS assay CellTiter96 Aqueous One Solution reagent (Promega, Madison, WI) two 

days after treatment. Microscopic images were taken before and after treatment to 



156 
 

confirm MTS proliferation assay results. Proliferation data was tested for statistical 

significance using ANOVA one-way Tukey post-hoc analysis.  

 

4.3.3 Migration assay 

Cell migration was examined by time-lapse microscopy using an Olympus IX81 CellR 

microscope. Cells were plated onto 8-well glass culture plates at a density of 4000 

cells/well. After 24 hours, cells were exposed to the different treatments with media 

containing linckoside A, linckoside B and granulatoside A (the concentration at which 

each compound exerts the highest proliferative effect was used for this assay). Images 

of randomly selected fields in three different wells (at least three per treatment) were 

taken every 10 min for up to 24 h. Time-lapse images were analysed by single cell 

tracking using AxioVision software. Speed, distance and displacement were calculated 

for a least 10 cells per triplicate per treatment over the 24 h period. Statistical 

significance of cell migration data was analysed using ANOVA one-way Tukey post-

hoc analysis.  

 

4.3.4 Immunostaining analysis 

hOECs were seeded on 8-well glass chambers at a density of 4000 cells/well. Fibroblast 

and hONS (Matigian, Abrahamsen et al. 2010, Abrahamsen, Fan et al. 2013) were used 

in addition to establish specific expression differences between these cell types and 

hOECs. After two days, cells were fixed with 4% PFA for 10 min followed by blocking 

with 2% bovine serum albumin (BSA) and 0.3% Triton X-100 (TX) for 30 min. 

Immunofluorescence analysis was performed using the following primary antibodies at 

the indicated dilutions: rabbit polyclonal anti-p75ntr (1:100, Promega,AB_430853), 
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rabbit polyclonal anti-S100ß (1:200, Abcam, AB_11178), rabbit polyclonal anti-

S100A4 (1:100, Abcam, AB_27957), rabbit anti-GFAP (1:400, Abcam, AB_53554), 

rabbit polyclonal anti-βIII tubulin (1:1000, Abcam, AB_41489), rabbit polyclonal anti-

fibronectin (1:200, Abcam, AB_23750), rabbit polyclonal anti-GAP43 (1:1000, Abcam, 

AB_16053). After 3 h incubation, cells were washed three times with PBS for 5 min 

followed by incubation with donkey anti-rabbit secondary antibodies conjugated to 

Alexafluor 488 (1:200, Invitrogen, AB_10049650) or Alexafluor 594 (1:200, 

Invitrogen, AB_10049744) at room temp for 1 h. DAPI staining was used to visualise 

nuclei. Confocal images were taken for each treatment keeping the same fluorescence 

and image capture settings to determine changes in the marker expression. For each 

sample a minimum of three pictures of random fields were taken.  

 

4.3.5 Morphology and differentiation assays 

hOECs were treated with linckoside A, linckoside B and granulatoside A at three 

different concentrations (1 μM, 10 μM and 40 μM) for six days, three replicas per 

treatment. Each compound was prepared as stock solution and diluted to the 

concentration required when using. NGF (10 ng/mL) was used as a positive control for 

morphology and marker expression assays. Cells were seeded in 8-well plates at a 

density of 3500 cells per well and maintained in complete media for 24 h. Medium was 

then replaced with DMEM:F12 with gentamicin for 1 day followed by the addition of 

the different treatments. Media was changed every two days. After 6 days in culture, 

cells were fixed with 4% PFA and immunofluorescence analysis was performed using 

Cellmask Deep Red Plasma Membrane stain (1:100, Invitrogen, C10046) and DAPI. 

Morphological changes after treatment were determined by counting the number of 
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processes per cell. Phalloidin staining was performed to visualize cytoskeletal 

organization incubating the cells for 15 min with Alexa Fluor 488 Phalloidin (1:50, Cell 

signalling, 8878). Photographs were taken from five representative non-overlapping 

regions of each well of cells. Between 300 and 500 cells were counted per treatment. 

The numbers of branches were categorized as follows: low (2-3 processes), medium (4-

5 processes) and high (6 or more processes). Percentages of each category between 

treatments were calculated and chi-square (statistical significance α = 0.05) test was 

applied to determine if there was any significant difference between treatments.  

 

To determine changes in the expression of neuronal markers after compound treatment, 

OECs were fixed and blocked as previously described and immunostained with primary 

antibodies: rabbit anti-GAP43 (1:1000, Abcam, AB_16053) and rabbit anti-βIII tubulin 

(1:1000, Abcam. AB_41489) and mouse monoclonal anti-phospho-ERK 1/2 (1:1000, 

Cell signalling, 9101) (Cholfin and Rubenstein 2008) for 3h at room temp. After 

washing with PBS, secondary antibody donkey anti-rabbit Alexa 488 (Invitrogen, 

AB_10049650, 1:200) was added and incubated for 1 h, and then stained with DAPI. 

Confocal images were taken for each treatment keeping the same fluorescence and 

image capture settings for all the treatments. For each sample a minimum of three 

images of random fields were taken.  

 

4.4 Results  

4.4.1 Identification of hOEC cell line 

The identity of the hOECs was confirmed by the expression of well-established OEC 

markers p75ntr and S100β (Ramon-Cueto and Nieto-Sampedro 1992, Chuah and Au 
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1994, Barnett and Chang 2004, Bianco, Perry et al. 2004) as well as the marker for 

olfactory stem cells S100A4 (Feron, Perry et al. 2013). However, as fibroblasts are a 

common contaminant of OEC cultures used for neural repair therapies and can 

sometimes express markers used to identify OECs (Garcia-Escudero, Garcia-Gomez et 

al. 2012), we also examined the expression of the fibroblast marker fibronectin (Li, 

Decherchi et al. 2003, Li, Sauve et al. 2003). We therefore also compared the marker 

expression in a skin fibroblast cell line (Abrahamsen, Fan et al. 2013) and a cell line 

derived from olfactory stem cells hONS (Matigian, Abrahamsen et al. 2010).  

 

The hOECs exhibited positive immunostaining for their specific markers p75ntr, s100β 

and s100A4 (Figure 4.1A, D, G). While they did express some fibronectin (Figure 4.1J) 

it appeared to be restricted to intracellular vesicles. In contrast, the fibroblast cell line 

did not express p75ntr or S100β (Figure 4.1B, E), but did express S100A4 and 

fibronectin (Figure 4.1H, K), with the fibronectin appearing more filamentous and 

extending over the extracellular matrix as would be for secreted fibronectin (Figure 

4.1K). The hONS cell line displayed similar expression to the fibroblast cell line, but 

they also expressed some S100β (Figure 4.1F). We also examined the expression of βIII 

tubulin and GAP43 as OECs may express low levels of βIII tubulin (Garcia-Escudero, 

Garcia-Gomez et al. 2012) and linckosides La, Lb and Ga can modulate the 

neuritogenic and neurogenic properties of cells (Qi, Ojika et al. 2002, Qi, Han et al. 

2006). The hOECs expressed low levels of βIII tubulin (Figure 4.1M) coinciding with a 

previous report (Garcia-Escudero, Garcia-Gomez et al. 2012), while the fibroblasts and 

hONS had high expression of βIII tubulin with distinct long and thin filaments (Figure 
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4.1N-O). For GAP43 expression, the hOECs and fibroblasts had negligible/low levels 

of expression, while the hONS had high expression (Figure 4.1P-R).  

 

Figure 4.1. Identification of cell lines. Immunostaining of human olfactory ensheathing 

cells (hOECs), fibroblasts and human olfactory derived neurosphere (hONS) with 



161 
 

p75ntr (A-C), s100β (D-F), s100A4 (G-I), fibronectin (J-L), βIII- tubulin (M-O) and 

GAP43 (P-R). Scale bar: 50 μm. 

 

4.4.2 Linckosides A, B and granulatoside A promote proliferation of hOECs 

To determine how the linckosides modulate hOECs, we first cultured the hOECs in the 

presence of the linckosides and examined the effect on proliferation. After two days in 

culture, increased proliferation of hOECs was observed in all treatments (Figure 4.2A-

E). After quantification by MTS assay, we found that all the linckosides treatments 

increased proliferation by 20-50%, with La at 20 μM (146.0 +- 2.2; p<0.001), Lb at 40 

μM (149.9 +-3.3; p <0.001) and Ga at 40 μM (145.0 +/- 6.2; p <0.001) inducing the 

highest proliferation (Figure 4.2F-H). No cytotoxic effect was observed after exposure 

to any of the compounds even at the highest concentrations (40 μM) (Figure 4.2F-H). 

When hOECs were incubated in total medium (EGF and FGF included) an increase in 

the proliferation was also observed (128.0 +- 2.4) (Figure 4.2E), although the value was 

lower than that obtained for the compounds alone (Figure 4.2F-H).  When combined 

with total media, 40 μM Ga showed a further significant increase when compared 

against control (p<0.0001) or total media treatment alone (p<0.01) (Figure 4.2H).  

 

4.4.3 Migration rate and distance travelled by hOECs is promoted by La and Ga 

but not Lb 

To ascertain whether the addition of linckosides had an effect on hOEC migration we 

determined migration parameters (speed, distance and displacement) by single cell 

movement analysis of live cell time-lapse microscopic images. The concentration that 

showed the highest proliferative effect for each compound (Fig. 4.2F-H) was used for 
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this migration assay. Our results showed that the speed and distance travelled was 

significantly higher in cells treated with La (p<0.001) and Ga (p<0.05) (Fig.4.3A, B), 

with La increasing the speed and distance by more than 25% compared to control. Cells 

cultured in total media migrated faster and travelled a longer distance than control cells 

(p<0.05) but lower than the cells in La (p<0.001) (Fig, 4.3 A, B). Interestingly, Lb did 

not affect either speed or distance travelled, however showed a significant reduction in 

the displacement of the cells (p<0.05) when compared to control cells (Fig. 4.3C).  

 

Figure 4.2. Linckoside treatment promotes proliferation of hOECs. (A) hOECs 

cultured in control media. Increase in proliferation occurred after treatment with La 
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(B), Lb (C) and Ga (D) when compared to control treatment (E). Effect of linckoside 

treatment after 2 days, determined by MTS assay (F-H). p<0.05(*), p<0.01 (**) 

p<0.0001 (***) one way ANOVA post-hoc Tukey test. 

 

Figure  4.3. La and Ga but not Lb increase OEC migration rate. (A) Average 

migration rate from three different time-lapse videos for each treatment, with n=10 

cells in each triplicate. OECs treated with La and Ga travel significantly faster than 

cells in control medium; cells exposed to total media were significantly faster than 

control. Lb did not exert any promoting effect on hOEC migration rate. (B) The total 

distance travelled by hOECs is significantly enhanced by treatment with La, Ga or total 

media. (D) Displacement of cells; Lb significantly decreased the displacement 

compared to control cells. Values are the mean and s.e.m. (n=3 cultures) *p<0.05 and 

***p<0.001, one way Anova Tukey post-hoc. 

 

4.4.4 La, Lb and Ga dramatically regulate hOECs morphology. 

During the analysis of the proliferation assay, it was evident that linckosides altered the 

morphology of the hOECs (Figure 4.2B-D). We therefore examined the morphology 

changes in more detail by counting the number of processes on each cell. Cells in 

control media displayed the typical spindle shape with a predominant bipolar shape; the 

majority of cells had 2-3 processes, although some had 4-5 processes (Figure 4.4A, B). 
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Cells treated with either La or Lb displayed a more stellar-like phenotype, particularly at 

the higher concentrations but clearly evident at 10 μM La (Figure 4.4C-H). Ga 

treatment showed a similar response to La and Lb but a noticeable increase in the 

number of processes was observed from 1 μM (Fig4.4I). At higher concentrations of 

Ga, there were more secondary branches and longer processes (Figure 4.4J, K).  

 

For a better comparison between the treatments, categories were assigned according to 

the number of branches per cell as follows: low (2-3 branches), medium (4-5 branches) 

and high (>6 branches). All treatments showed a significant increase in the number of 

branches per cell. While just over 50% of control cells had 2-3 branches, treatment with 

linckosides resulted in almost 20% or less of cells having only 2-3 branches (Chi-square 

p<0.0001, Fig. 4A). While the vast majority of linckoside-treated cells had 4-5 branches 

(approximately 50% more than control cells), 10-20% of linckoside treated cells (except 

Lb 10 μM) had 6 or more branches (Figure 4.4A). In comparison, only 0.7% of control 

cells had 6 or more branches, as did only 1.8% of cells treated with NGF.    

 

Since cytoskeletal reorganization defines hOECs morphology (Vincent, West et al. 

2005), we further examined if the morphological changes observed after treatments 

were controlled by reorganization of the actin cytoskeleton by labelling the cytoskeleton 

using phalloidin staining. In control cells, filaments of actin were evenly distributed 

across the cell body and to the edges of the lamellipodia (Figure 4.5A, A’). In cells 

treated with linckosides, particularly La and Lb, well-defined actin filaments were 

observed, however they were heavily packed towards the end of the processes, and 

secondary ramifications emerging from the long processes were detected (Figure 4.5B-
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D). NGF treated cells displayed a similar pattern to linckoside-treated cells however 

fewer small secondary microfilaments were present (Figure 4.5E). 

 

Figure 4.4. Linckoside treatments dramatically affect hOEC morphology. (A) 

Comparison of number of processes in each category under the different treatments 
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(low = 2-3, medium = 4-5, high = >6). Chi-square tests were used to compare data, 

which are expressed as mean + s.e.m., ***p<0.001. (B) Cells in control media 

displayed a typical spindle shape with two or three processes. (C-K) After treatment 

with linckosides, cells had more processes and a stellar shape and in particular cells 

treated with Ga (I-K) had more processes with many having elongated processes. Scale 

bar: 50 μm.  

 

Figure 4.5. Changes induced by linckoside treatments in the cytoskeletal organization 

of hOECs. Evenly distributed actin filaments (green) are observed in control cells (A, 
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A’); cells treated with linckoside A and B (B-C) exhibited well defined F-actin filaments 

with a dense packing pattern towards the end of the processes. In granulatoside a 

treatment (D), small secondary fine extensions emerging at the end of some processes 

were observed. Morphological changes in NGF treatment (E). Scale bar: 50μm. 

 

4.4.5 Variations in expression of early neuronal markers after linckosides 

treatments 

Variation in the two early neuronal markers βIII tubulin and GAP43 after linckosides 

treatments was tested using immunochemistry analysis. Low expression of βIII tubulin 

by hOECs in control media was observed (Figure 4.6A, A’). In response to the 

linckosides treatments, the expression of βIII tubulin was higher particularly in cells that 

exhibited a stellate morphology with multiple processes (arrows) (Figure 4.6C-K). Cells 

treated with NGF showed a similar expression of βIII tubulin to that observed in 

response to linckosides treatments (Figure 4.6B). The expression of GAP43 was low in 

cells cultured in control media (Figure 4.7A-A’), whereas GAP43 expression increased 

after incubation with NGF (Figure 4.7B). Treatment with La or Lb increased the 

immunoreactivity of GAP43 with 10 μM La or Lb showing the highest effect, with 

GAP43 strongly expressed towards the ends of the processes (Figure 4.7D,G), 

particularly in Lb treatment. In cells treated with Ga, the expression of GAP43 was 

higher at 1 μM (Fig.4.7I). 
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Figure 4.6. Expression of the early neuronal marker βIII-tubulin. Immunostaining of 

βIII-tubulin (green) in cells cultured in control media (A.A’), NGF (B) linckoside A (C-

E), linckoside B (F-H) and granulatoside A (I-K). Cells will stellate morphology 

(arrows) had higher expression of βIII-tubulin (arrows).  Scale Bar: 50 μm. 
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Figure 4.7. Immunochemistry of GAP43 in hOECs. GAP43 immunostaining (red) in 

cells cultured in control media (A, A’), in NGF containing media (B), and after 

treatment with linckoside A (C-E), linckoside B (F-H) and granulatoside A (I-K). Scale 

Bar: 50 μm. 



170 
 

4.4.6 Changes in ERK expression are related to morphological changes observed in 

hOECs cultured in La, Lb and Ga 

Since ERK pathways have an important role in the events leading to proliferation and 

differentiation of neural and glial cells (Traverse, Gomez et al. 1992, Vaudry, Stork et 

al. 2002), we explored whether activation of ERK 1/2 was involved in the linckosides-

derived effect on hOEC morphology. After immunochemistry analysis we identified 

that control cells showed a low level expression of phosphorylated ERK (Figure 4.8A-

A’), and as expected, cells cultured with NGF displayed a multi-process morphology 

with higher expression of the activated form of ERK1/2 (Figure 4.8B). When treated 

with La, Lb or Ga at 1 and 10 μM, ERK phosphorylation was enhanced (Figure 4.8C, 

D, F, G, I, J) with highest expression in the stellate cells with multiple processes. In all 

the linckoside treatments at 40 μM, there was no change in expression when compared 

to control cells (Figure 4.8E, H, and K).  
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Figure 4.8.  Changes in expression of phospo-ERK 1/2 in hOECs. Immunostaining of 

p-ERK (green) before treatment (A, A’) and after treatment with NGF (B), linckoside A 

(C-E), linckoside B (F-H), granulatoside A (I-K). Cellular expression of ERKs appeared 

to be affected by changes in morphology being the expression higher in multiple 

process-bearing cells (arrows). Scale bar: 50 μm.   
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4.5. Discussion 

We have shown that linckosides A, B and granulatoside A stimulated the proliferation 

and migration of OECs and altered their morphology by increasing the number of 

processes per cell. These positive changes to OEC activity are of potential therapeutic 

benefit for neural repair therapies. We also found that the expression of markers 

involved in neuritogenesis were increased suggesting that these linckosides can drive 

glial cells towards a neuron-like state. These results are consistent with previous work 

on PC12 cells which showed that the linckosides stimulate neurogenesis and 

neuritogenesis and drive PC12 cells towards neuron-like cells. Thus linckosides A, B 

and granulatoside A have strong neuritogenic activity in glial cells as well as other cell 

types.  

 

We examined the effect of the linckosides on a line of human OECs derived from the 

olfactory bulb as olfactory bulb OECs have been recently shown to be effective in 

repairing the severed human spinal cord (Tabakow, Jarmundowicz et al. 2013). We 

confirmed the identity of the hOECs as they expressed the appropriate markers for 

OECs (Lim, Martin-Bermejo et al. 2010), while fibroblasts and an olfactory derived 

stem cell line did not express the OEC markers. However, the expression of low levels 

of fibronectin by the hOECs shows how important it is to have careful interpretation of 

the phenotypic profile in order to identify OECs and fibroblasts, highlighting the lack of 

a definitive molecular identity for OECs. In some conditions, fibroblasts can express 

p75ntr (Garcia-Escudero, Garcia-Gomez et al. 2012) and thus OECs/fibroblasts could 

be misidentified as fibronectin or p75ntr as specific markers may be insufficient. In 

addition it is known that some of the putative marker molecules used to define OECs 
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are highly variable due to being regulated by cell-cell interactions, environment and 

culture conditions (Ramon-Cueto, Perez et al. 1993).   

 

The linckosides used in this study increased the proliferation of hOECs by 20-50% over 

48 hours, with the maximum proliferation being achieved with 20-40 μM. Proliferation 

data was not available in previous studies about the effect of La , Lb and Ga on PC12 

cells, however no cytotoxic effect was reported in these cells even at concentrations of 

40 μM (Qi, Ojika et al. 2002, Qi, Han et al. 2006). When combined with FGF and EGF, 

Ga was the only compound to show a significant increase compared to total media 

alone. A similar effect has been described previously in PC12 cells where Ga potently 

enhanced the activity of growth factors particularly NGF (Qi, Han et al. 2006). Small 

molecules that are able to mimic the neurogenic effect of some growth factors such as 

NGF are catalogued as a novel and promising alternatives for the treatment of central 

and peripheral injuries where nerve regeneration needs to be promoted (Ide 1996, Kim, 

Gutin et al. 1996, Tuszynski, Gabriel et al. 1996). Combinational therapies where OECs 

are used with new neurogenic molecules may be a more effective approach in the 

treatment of these neurological conditions. More than a dozen novel steroid glycosides 

have been isolated from the starfish Linckia laevigata and they all share an unique 

chemical structure, a basic carbon branch (C1-C3) that is glycosylated with another 

pentose (xylose or arabinose) at C-24 of the side chain, with this unusual configuration 

reported as being the responsible for their neurogenic activity (Han, Qi et al. 2006) .  

 

For neural repair therapies, optimal integration of the transplanted cells in the injury site 

as well as effective migration is crucial to enhance axon regeneration and extension. 
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After evaluation of the effect of the linckosides on the migration of hOECs we found 

that both La and Ga promoted the migration of hOECs, with around a 25% increase, 

whereas Lb did not increase migration. Interestingly, Lb exerted the highest 

proliferative effect at 40 μM. Thus compounds that exhibit a high structural similarity 

such as La and Lb are able to confer quite different biological effects as observed here 

and in previous studies (Qi, Ojika et al. 2002, Han, Qi et al. 2006). Differences in the 

sugar moiety have been reported to play an important role in the biological activity of 

these steroid glycosides (Han, Qi et al. 2006) and it is hence small structural changes 

may be crucial for the compound’s activity. Therefore modifications to the molecule’s 

scaffold could be a new area to be exploited to further enhance the efficacy and 

specificity of these compounds on cell activities.   

 

The effect of the La, Lb and Ga on the cell morphology was evaluated using hOECs 

cultured in control medium, medium containing different treatments and medium 

containing NGF. The results strongly indicated that La, Lb and Ga induced the 

formation of multiples processes on hOECs in a similar manner to the previous reports 

on PC12 cells and similar to that observed when cells are exposed to NGF (Qi, Ojika et 

al. 2002, Qi, Han et al. 2006). Ga treatment showed more distinct changes on the 

number of branches even at low concentration (10 μM), which is in contrast to the 

results observed on PC12 cells where this linckoside was weaker by 30% when 

compared with La and Lb (Han, Qi et al. 2006). Nevertheless, in the same study it was 

observed that Ga potently enhanced the neuritogenic activity of some growth factors 

particularly NGF (Han, Qi et al. 2006); in our case we showed that Ga exerted a 
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synergistic effect on hOEC proliferation when combined with total media containing 

EGF and FGF.  

OECs are known to display an intrinsic morphological plasticity that responds to 

environmental changes such as culture conditions (Ramon-Cueto and Avila 1998, Su 

and He 2010) and exposure to growth factors such as NGF and BDNF (Franceschini 

and Barnett 1996, Woodhall, West et al. 2001). OECs display several morphologies 

such as flat, spindle and stellate and it has been demonstrated in vivo that they can 

transit between these morphological types (Huang, Wang et al. 2008, Radtke, Lankford 

et al. 2010). Remarkably, these different morphologies are associated with specific 

functions and are catalogued as adaptations to a new environment; and differences in 

the expression of early neuronal markers are likely to be a reflection of OECs functional 

plasticity. OECs bearing processes are commonly considered as “repair” type (Lu and 

Ashwell 2002) since they allow more cell-cell contact that may lead to an increase in 

proliferation and migration of OECs and hence promotion of neurite outgrowth (Kumar, 

Hayat et al. 2005, Huang, Wang et al. 2008). Thus OECs with a multi-process 

morphology could be of great utility in regenerative scenarios where OECs will form 

more effective bridges facilitating axons to extend across the glia scar and the 

surrounding tissue (Huang, Wang et al. 2006, Huang, Wang et al. 2008). Additionally, 

multi-branched cells exhibit better motility which will promote axon growth 

(Chehrehasa, Windus et al. 2010, Windus, Chehrehasa et al. 2011) and enhance re-

myelination events (Ramon-Cueto, Perez et al. 1993). The use of linckosides may 

promote these morphologies and thereby improve the use of this regenerating OECs 

type in spinal cord transplantation and other neural repair therapies.  
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Our results suggest that linckoside treatment induced morphological changes in OECs 

in a similar manner to NGF treatment. NGF is an important neurotrophin, and has 

neuritogenic effects (neurite outgrowth and increased neuronal survival) and promotes 

differentiation of neuronal precursor cells and induces morphological changes in glioma 

cells, (Marushige, Raju et al. 1987, Traverse, Gomez et al. 1992, Chao 2003). Previous 

studies on PC12 cells treated with Ga have reported that the Ga enhanced the 

neuritogenic activity of NGF by activation of MAP kinases in particular ERK 1/2 (Qi, 

Han et al. 2006). ERK kinases are key proteins during NGF-induced neurogenesis and 

are known to be involved in cell survival and differentiation during neural development 

(Traverse, Gomez et al. 1992, Vaudry, Stork et al. 2002) and are also involved in 

compound-enhancing proliferation effects in neural cells (Kim, Son et al. 2008) and in 

OECs (Tello Velasquez, Watts et al. 2014). When we examined changes in the levels of 

phospho-ERK we found that the addition of linckosides increased the expression of 

phospho-ERK, suggesting a putative role for ERK in the regulation of the linckoside-

mediated morphological changes on hOECs. Increases in the phosphorylation of ERK 

1/2 have been described after induction of neuronal differentiation in embryonic stem 

cells, suggesting that these kinase pathways are an early signalling event required for 

morphological changes leading to neuronal differentiation (Li, Theus et al. 2006). 

Interestingly, we found also that the expression of GAP43 was altered by the 

linckosides treatments. Previous studies have found that GAP43 is an important factor 

for promoting cytoskeleton changes during neurite outgrowth and the expression of this 

proteins is highly regulated by the activation of ERK pathway (Li, Theus et al. 2006).   
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In summary, these results encouragingly indicate that La, Lb and Ga may be used to 

stimulate hOECs by promoting proliferation, migration and enhancing morphological 

plasticity. Increasing understanding of the functional plasticity of hOECs and how it can 

be regulated may be applicable to the future development of a more effective use of 

OECs in clinical therapies. The linckosides’ ability to enhance the neuroregenerative 

properties of hOECs clearly advance the possibility of pursuing novel combinational 

therapies in the repair of human central and peripheral nerve injuries. Furthermore, 

linckosides confer different biological effects on hOECs due to their structural 

complexity and functional diversity. Thus the production of synthetic analogues by 

modification of the linckosides base chemical structure could provide new derivatives 

with higher activity and specificity that may further modulate hOECs and improve their 

use for neural repair therapies.  
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5. General discussion and conclusions  

 

The transplantation of olfactory ensheathing cells has emerged as one of the most 

promising therapies for the treatment of spinal cord injuries due to their unique features 

and role in the continuous neuronal regeneration observed in the olfactory system 

(Barnett 2004, Barnett and Riddell 2007).   OECs have been proven to promote axon 

regeneration and extension, and have been transplanted into several spinal cord injury 

animal models with variable degrees of success (Li, Field et al. 1998, Collazos-Castro, 

Muneton-Gomez et al. 2005). More recently, a number of clinical trials using OECs for 

spinal cord repair have been conducted in humans, leading to impressive outcomes 

(Tabakow, Jarmundowicz et al. 2013, Tabakow, Raisman et al. 2014) . A better 

understanding of the unique biological and molecular properties of OECs and how their 

therapeutic properties can be regulated or enhanced is necessary for the optimization of 

this cell-based therapy. Other glial cells have also been used for transplantation 

therapies particularly Schwann cells due to the crucial role they play in axon 

myelination processes, however Schwann cells may not be as optimal as OECs due to 

their incapacity to freely interact with astrocytes and other endogenous glia (Lakatos, 

Franklin et al. 2000, Lankford, Sasaki et al. 2008, Li, Xu et al. 2012).    

 

Some of the biggest challenges for the use of glial cells for transplantation therapies 

include the decrease in proliferation observed over time in culture and after 

implantation, as well as the fact that transplanted cells are often unable to migrate over 

long distances in the injury site. High scale generation of cell numbers pre-
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transplantation and effective cell proliferation and migration after transplantation are 

essential to promote axonal regeneration. Therefore molecules that are able to stimulate 

glial growth and also enhance cell migration in the injury site could optimise the use of 

these cells in clinical applications. Growth factors such as NGF and BDNF have been 

used in spinal injury therapies, leading to enhanced functional improvement (Kim, 

Gutin et al. 1996, Tuszynski, Gabriel et al. 1996); however their use is still limited due 

to their high molecular weight and possible side effects.    

 

Natural neurogenic products are small molecules that have been shown to be able to 

mimic growth factor effects on different types of cells, mainly in neural precursor and 

PC12 cells (Rudakewich, Ba et al. 2001, Qi, Han et al. 2006, Han, Qi et al. 2007, Xu, 

Zhou et al. 2009, Gao, Li et al. 2010, Liao, Wu et al. 2012). Different glial cell types 

express a wide range of receptors for neurotrophic factors (Mackay-Sim and Chuah 

2000, Woodhall, West et al. 2001); so determining if these neurogenic natural products 

exert a stimulatory effect on glial cells is an exciting tool in the development of new 

combinational nerve repair therapies. We hypothesized that known neurogenic factors 

will be able to stimulate the growth, migration and morphology of glial cells, enhancing 

their therapeutic properties.  Thus, we tested how OECs respond to four different known 

neurogenic natural products: curcumin, linckoside a, b and granulatoside a.  

 

In this study we reported for first time that low-dose curcumin (0.5 µM) amplifies 

proliferation of OECs and significantly promotes the rate of OEC migration by up to 4-

fold by dramatically affecting cell morphology. However, the most exciting finding was 

the starkly 10-fold increase in the phagocytic activity of OECs observed after curcumin 
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stimulation. These results suggest that curcumin could improve the process of culturing 

OECs by facilitating the generation of larger populations of OECs available for 

transplantation into spinal injuries as well as speeding up the rate at which OECs are 

able to migrate over the damaged site post-transplantation. Greater proliferation of 

OECs would also increase density of OECs, promoting cell-cell contact, which drives 

the production of neurotrophic factors (Lipson, Widenfalk et al. 2003) and is an 

important mediator for the migration of cells en masse (Thomas and Yamada 1992). 

The increase in cell migration speed with curcumin treatment could also have 

applications in vivo, as faster migration of OECs means they would be able to cross an 

injury site quicker and speed the healing process. Faster OEC migration essentially 

means faster axon regeneration, as OECs are known to support and increase their 

growth, as well as promote their re-entry into the CNS.  Perhaps most importantly, 

activation of phagocytic activity could be of great utility in the establishment of 

promoting a nerve regeneration environment by effective disposal of cell and axonal 

debris and thereby clearing pathways for axon growth (Wewetzer, Kern et al. 2005, 

Lankford, Sasaki et al. 2008, Su, Chen et al. 2013). More importantly we established 

that transient activation of p38 and ERK MAP kinase pathways is required for the 

curcumin-mediated effects observed in OECs (Tello Velasquez, Watts et al. 2014), 

providing a better insight of underlying cellular pathways behind curcumin biological 

activities.  These results are the first evidence that low-dose curcumin may be used as a 

modulator of the behaviour of olfactory glia that will lead to an improvement of the 

therapeutic use of OECs for transplantation therapies. 
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We also wanted to establish the effect of curcumin in Schwann cells because these cells 

are  an important subpopulation of glial cells present in the injury site and as discussed 

before, transplantation of this peripheral glia has being trialled for not just spinal cord 

injury but for different neural repair therapies (Ide 1996, Friedman, Windebank et al. 

2002, Oudega and Xu 2006).  Surprisingly the effect of curcumin on Schwann cell 

activities differs remarkably to the ones observed on olfactory glia.  Curcumin 

stimulated Schwann cell proliferation and migration more rapidly at up to 50-fold lower 

doses than the previously used for OECs, resulting in a 5 fold higher increase in 

proliferation than the maximum observed in OECs.  In contrast, an enhancement of the 

phagocytic activity on or dramatic morphological changes on SCs were not observed, 

being these major differences with our previous results in OECs.  However interesting 

increases in the dynamic activity of the lamellipodia as well as changes in the 

expression of myelination markers and differentiation markers were found.  Mechanism 

of action studies showed that p38 and ERK1/2 pathways were involved in the curcumin-

mediated effects in both glial populations.  These results make evident that curcumin 

differentially stimulated subtypes of closely related glia by cell-type specific activation 

of these MAP kinases.  In summary, these results suggest that curcumin may be used to 

differentially enhance the beneficial properties of these two glia populations improving 

the outcome of neural repair therapies where OECs and Schwann cells are used together 

or individually.  .  

 

In the next stage of the study, we tested linckosides A, B and granulatoside A in human 

OECs. These steroid glycosides are the most well-known secondary metabolites of 

starfish and they attract interest not just for their unusual chemical structure but also 
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because of their various biological activities (Prokof'eva, Chaikina et al. 2003, Kicha, 

Ivanchina et al. 2007).  We found that linckosides were able to stimulate hOEC 

proliferation by 20-50% and La and Ga were able to improve migration by around 20% 

(p<0.001 and p<0.05 respectively).  At the same time we found that Lb behaved 

differentially in terms of migration promoting activity, highlighting how small 

modifications to the basic chemical structure result in different cellular responses, this 

clearly demonstrates how synthetic chemistry can be used to improve compounds’ 

specificity and efficacy. A more noticeable finding was that after stimulation with 

linckosides, OECs responded by undergoing significant morphological changes towards 

a more “repair” phenotype that may be more suitable to provide a better environment 

for axonal growth.  The ERK pathway was found to be involved in the linckosides 

mediated-effect on hOEC morphology making it evident that MAP kinases are 

molecular pathways with an important role in the response of OECs to neurogenic 

natural products.   It is interesting how activation of the same pathway can lead to 

different responses in many morphological attributes: from increasing phagocytosis of 

OECs treated with curcumin; morphological changes and myelination processes in 

Schwann cells treated with curcumin; and changes in morphology and neuritogenic 

effect on hOECs after being exposed to linckosides. Thus it could be of great utility to 

further analyse how these MAP pathways (p38 and ERKs) are involved in the 

differential biological effects observed.  

 

The low bioavailability and poor absorption of some natural products had become an 

important limitation in positioning these natural molecules to the front in the field of 

therapeutic drug discovery, despite their known potential use in the treatment of a wide 
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range of disease features. Several approaches have been tried successfully to improve 

these features including the generation of structural analogues and novel delivery 

strategies such as nanoparticles and phospo-lipid complexes.  Enhancement of the 

bioavailability through robust biochemical synthetic strategies may overcome these 

limitations and optimise the utility of curcumin, linckosides and similar neurogenic 

compounds as therapeutic agents.  The development of new analogues of curcumin and 

linckosides through modification to the basic structure are necessary to better 

understand the molecular role of this natural products in specific targeted activities and 

to clearly determine how they are able to differentially regulate signalling pathways 

involved in the development of the nerve system as well as in the progress of 

neurodegenerative diseases.  Further screening of natural products to assess molecules 

that may potentiate nerve repair and are able to modulate some of the biochemical and 

cellular changes exposed during and after spinal injury, may improve the therapeutic 

outcomes of glial cell transplantation for repair of peripheral nerve and spinal cord 

injuries as well as other CNS injuries.  

 

This present study highlights the importance of further biological investigations on 

natural products previously isolated but not tested for biological activity in glial cells, in 

particular compounds that exert anti-cancer effect at high concentrations involving 

stress responses.  Low doses of some natural products such as curcumin are able to 

exert beneficial effects in nerve and glial cells due to the induction of a mild adaptive 

stress response involving the activation of MAP kinases, a particularly interesting effect 

named as hormesis hypothesis.   Here was reported how curcumin appears to influence 

multiple signalling pathways activated in SCI and is able to stimulate in a differentially 
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manner different cell types (OECs and SCI) involved in nerve regeneration processes.   

On the other hand natural molecules like the linckosides will provide a good alternative 

as regulators of glial cells, providing an opportunity for the generation of a more 

suitable morphological prototype that may stimulate neuronal growth leading to better 

outcomes on spinal cord transplantation therapies.  
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Abstract Spinal cord injury is characterized by massive cellular and axonal 
loss, a neurotoxic environment, inhibitory molecules and physical barriers that 
hamper nerve regeneration and reconnection leading to chronic paralysis. Trans-
plantation of different types of cells is one of the strategies being examined in 
order to restore the lost cell populations and to re-establish a permissive environ-
ment for nerve regeneration. The mammalian olfactory system is one of the few 
zones in the body where neurogenesis occurs during the lifetime of the organism, 
with olfactory neurons being replaced daily with their axons elongating from 
the peripheral nervous system into the central nervous system to re-establish 
functional connections. The regenerative ability of this system is largely attrib-
uted to the presence of a unique group of cells called olfactory ensheathing cells 
(OECs). OECs have emerged as an encouraging cell candidate for transplan-
tation therapies to repair the injured spinal cord with multiple animal models 
showing significant functional improvements and several human trials establish-
ing that the procedure is safe and feasible. Even though the results are promis-
ing with some animal models showing remarkable restoration of function, the 
variability amongst studies in terms of outcome assessments, cell purity, cell 
culture and transplantation protocols make it difficult to reach firm conclusions 
about the effectiveness of OEC transplant therapy to treat the injured spinal cord. 
These variations need to be addressed in order to achieve a more realistic under-
standing of how the benefits of OEC transplantation enhance the therapeutic 
outcomes.

Abbreviations
BDNF  Brain-derived neurotrophic factor
cAMP Cyclic adenosine monophosphate
CNS Central nervous system
CP  Cribriform plate
CSPG Chondroitin sulfate proteoglycan
DAPI 4’,6-diamidino-2-phenylindole
dBcAMP Dibutyryl cyclic adenosine monophosphate
FGF Fibroblast growth factor
GDNF Glial cell-derived neurotrophic factor
GFAP Glial fibrillary acidic protein
GL Glomerular layer
HNK-1 Human natural killer-1
IGF Insulin-like growth factor
LP Lamina propria
MAG Myelin associated glycoprotein
NFL Nerve fibre layer
NGF Nerve growth factor
Nogo Neurite outgrowth inhibitory protein
NPY Neuropeptide Y
NT4 Neurotrophin 4
NT5 Neurotrophin 5
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OE Olfactory epithelium
OEC Olfactory ensheathing cell
OMgp  Oligodendrocyte-myelin glycoprotein
p75NTR  p75 low-affinity neurotrophin receptor
PNS Peripheral nervous system
SCI Spinal cord injury
TROY  TNFRSF expressed on the mouse embryo
VEGF Vascular endothelial growth factor

13.1  Spinal Cord Injury

Spinal cord injury results in large-scale neuronal loss with very limited capacity for 
regeneration, leading to chronic paralysis. The main factor hampering recovery is the 
inability of regenerating spinal cord axons to reach their target (reviewed by Leal-
Filho 2011). The pathophysiology of spinal cord injury is divided in two stages: the 
primary and secondary lesion. The primary lesion is caused by the direct mechanical 
trauma, i.e. laceration, contusion or compression, resulting in structural disturbances, 
death of neurons and damage to neural connections. This is followed by ischemia and 
microvascular damage (Beattie et al. 1997), as well as excessive extracellular gluta-
mate as a consequence of neuronal cell death (Hermann et al. 2001). The high con-
centration of glutamate and other excitatory amino acids lead to further progressive 
cell death via excitotoxicity and free radical production (Byrnes et al. 2009). Alto-
gether, the cell death, oxidative stress and inflammatory responses result in massive 
neuronal and glial cell death (Hulsebosch 2002; Jones et al. 2003; Kingman 2009).

The secondary lesion is characterized by continued inflammatory immune re-
sponses, including cytokine and interleukin secretion by macrophages and neutro-
phils (Bolton 2005). Furthermore, axon demyelination, as a consequence of oli-
godendrocyte cell death, results in loss of axonal conduction and subsequently a 
loss in synaptic communication. Activated astrocytes migrate to the injury site to 
degrade axonal debris and remove toxic chemicals, but the vast network of acti-
vated astrocytes creates a glial scar; a compact structure that becomes a barrier pre-
venting regenerating axons from reaching their target (Bunge et al. 1960; Matthews 
et al. 1979). Thus, the complex damage resulting from the initial nerve injury leads 
to an environment that hampers or even completely inhibits neuronal regeneration 
(Fig. 13.1) (Hulsebosch 2002; Kingman 2009; Leal-Filho 2011).

Current therapies for spinal cord injury do not lead to significant neural regen-
eration and functional recovery. Most of these therapies have aimed to minimize 
the post-traumatic cell damage but fail to achieve the re-establishment of neuro-
nal connections. Drug therapy is generally applied immediately following trauma 
to treat inflammation and initial degeneration (reviewed by Stahel et al. 2012; 
Batzofin et al. 2013; Hurlbert et al. 2013). This treatment is often followed by 
long term therapies aimed at promoting axonal growth and neutralising the toxic 
environment at the injury site. A major factor hampering axonal regeneration 
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following spinal cord injury is the down-regulation of endogenous neurotrophins 
and one method that has shown promise is the injection of neurotrophins at the 
site of injury to replace the lost endogenous neurotrophins (Hulsebosch 2002). 
Peripheral glial cells can produce many growth factors and hence transplanting 
glia to the injury site is an even more promising approach as these cells can inte-
grate with endogenous cells and scar tissue, producing a more long-term growth-
promoting environment (Yan et al. 2001; Feron et al. 2005; Cao et al. 2007; Cen-
tenaro et al. 2011). Similarly, pluripotent stem cells can be transplanted to the 
injury site, potentially resulting in neuronal regeneration and production of glial 
cells. This method is still experimental, but has resulted in promising functional 
outcomes in animals (reviewed by Antonic et al. 2013). Further, manipulation of 
gene expression to block production of growth-inhibitory and toxic molecules 
has also resulted in some promising functional outcomes (reviewed by Leal-Filho 
2011). Overall, however, while these therapeutic interventions have led to some 
positive outcomes, to date, none have produced a significant functional recovery 
in humans (Lim and Tow 2007; Leal-Filho 2011).

13.2  Endogenous Glial Cells and Their Role  
in Spinal Cord Injury

Glial cells are the most abundant cells in the nervous system. They are closely as-
sociated with neurons and were previously described simply as supportive nervous 
tissue. A deeper understanding of glial cell biology, however, has demonstrated that 

Fig. 13.1  Detrimental effects of secondary spinal cord injury events at the cellular and molecular 
level. Neurons are shown in green; glia in red. Injury to the spinal cord leads to (1) apoptosis and 
cell death (neurons and glial cells) with accumulation of cell debris and the generation of a toxic 
environment due to high extracellular glutamate concentrations and the presence of free radicals; 
(2) formation of a glial scar which creates a physical barrier consisting of activated astrocytes. The 
resultant effect is that damaged axons are unable to regenerate and communicate due to presence 
of inhibitory molecules, loss of myelin and the physical barrier
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glial cells exhibit a multitude of complex roles and are essential for the develop-
ment and function of the entire nervous system (Jessen 2006). Glial cells are a 
heterogeneous population of cells that differ in developmental origin, molecular 
composition, structure and specific behaviour, and exist together with neurons and 
other cells in an integrated and co-dependent system (Chung and Barres 2011). 
Throughout the nervous system, glial cells have crucial roles in axonal extension 
and guidance, protection against mechanical, chemical and oxidative injury, as well 
as preservation of the electrical and chemical balance of all neurons (Ndubaku and 
de Bellard 2008).

Glial cells can be broadly classified as being either central nervous system glia or 
peripheral nervous system glia. In the mature central nervous system (CNS), there 
are two major types of glial cells of neural origin; astrocytes and oligodendrocytes. 
Other types of CNS glial cells exist that originate from non-neuronal precursors; 
microglia constitute part of the innate immune system and originate from mac-
rophage lineages (Chugani et al. 1991). In the peripheral nervous system (PNS), 
Schwann cells constitute the main glial cell type, with the exception of the olfactory 
nervous system, which is populated by specialized glia termed olfactory ensheath-
ing cells (OECs).

Astrocytes play a critical role in the function and homeostasis of the CNS. They 
are required for the formation and maintenance of the blood-brain barrier, provide 
support for axonal extension and play an active role in neuronal signalling by ex-
change of ions and production of neurotransmitters, as well as cell adhesion and 
synapse signalling molecules (Kriegstein and Gotz 2003). Astrocyte–neuron inter-
actions are known to secure the survival and normal function of neurons (Jessen 
2004). Numerous studies have demonstrated that astrocytes play important neu-
roprotective roles, in neurodegenerative disorders (reviewed by Singh et al. 2011; 
Cabezas et al. 2012) and they have the ability to promote neuronal survival by 
protecting against reactive oxygen species and other stressors (Lopez et al. 2007).

After spinal cord injury, astrocytes respond rapidly by migrating to the injury 
site, where they proliferate and form a compact structure, a glial scar, to preserve 
the blood-brain barrier, protecting the CNS and maintaining the adequate ionic en-
vironment necessary for nerve function. However, the glial scar eventually becomes 
a physical barrier that stops damaged axons from regenerating and reconnecting 
(Fig. 13.1) (Leal-Filho 2011). Furthermore, astrocytes respond to neuronal injury 
by increasing their proliferation and by secreting glycoproteins such as chondroitin 
sulfate proteoglycans (CSPG), which act to inhibit axon elongation (Table 13.1) 
(Qiu et al. 2002; Su et al. 2009).

Oligodendrocytes are morphologically similar to astrocytes, albeit with fewer 
and smaller branched processes. They play different roles in the modulation of 
neuronal function as well as the regulation of proliferation, survival and dif-
ferentiation of neurons (Jauregui-Huerta et al. 2010) The most important role 
of oligodendrocytes, however, is to myelinate axons. The myelin sheet provides 
electrical insulation around the nerve fibres, speeding the transmission of elec-
trical signals (Jessen 2004). The myelin layer also protects the axons by creat-
ing a “safe chamber”, resembling a growth-promoting channel through which 
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the axon extends. After spinal cord injury, populations of oligodendrocytes are 
rapidly affected by high levels of glutamate and massive cell death follows. Oli-
godendrocytes that do survive produce neurite outgrowth inhibitor (Nogo), my-
elin-associated glycoprotein (MAG), and oligodendrocyte-myelin glycoprotein 
(OMgp) (Table 13.1), proteins that bind to the Nogo receptor, repressing myelin 
production and affecting axonal outgrowth and neuronal synapses (Jones et al. 
2003). Microglia, which are essentially macrophages present within the CNS, 
respond to injury by migrating to the injury site, where they phagocytose debris, 
secrete a range of both pro- and anti-inflammatory cytokines and growth factors 
which initially have a neuroprotective effect. Over time, however, microglia near 
and in the injury site respond to the constant prolonged activation by secreting 
molecules that are growth-inhibitory or toxic, thus repressing axonal regenera-
tion (Chatzipanteli et al. 2002; Pearse et al. 2003; Block and Hong 2005). The 
majority of the activated microglia transition to the M1 type, which can directly 
induce neuronal death (Kigerl et al. 2009; Gao et al. 2013). Thus, together with 
the glial scar, the local environment at a CNS injury site inhibits long-term neu-
ronal extension and regeneration.

The PNS differs dramatically from the CNS in terms of capability to regener-
ate itself after injury. In contrast to central nerves, peripheral neurons in general 
regenerate after injury, unless large nerves have been completely severed. Schwann 
cells play an active role in repair of peripheral damaged nerves as a consequence 
of their ability to differentiate, migrate, proliferate, secrete growth factors, and pro-
duce myelin. Schwann cells are classified as either myelinating or non-myelinating. 
Myelinating Schwann cells enwrap individual peripheral axons, forming the myelin 
sheath, whereas the non-myelinating type have metabolic and mechanical support 

 Table 13.1  Glial cell response to spinal cord injury
Type of Glia Response in spinal cord injury event Reference
Astrocytes Removal of toxic chemicals (glutamate). 

Proliferation and secretion of neuroprotec-
tive but growth-inhibitory factors. Formation 
of glial scar

(Qiu et al. 2002; Su et al. 
2009)

Oligodendrocytes Massive death due to high glutamate con-
centrations. Production of glycoproteins with 
Nogo-receptor affinity that will suppress 
myelin production

(Jones et al. 2003; Jessen 
2004; Arevalo et al. 2010)

Microglia Initially phagocytosing debris and producing 
neuroprotective factors. Over time become 
neurotoxic and growth-inhibitory due to 
constant activation

(Chatzipanteli et al. 2002; 
Pearse et al. 2003; Block 
and Hong 2005; Kigerl 
et al. 2009)

Schwann cells Cells de-differentiate to an immature state, 
lose their myelin sheath conformation and 
migrate from the periphery into the injury 
site in the CNS, where they participate in 
endogenous repair processes by expression 
of neurotrophic factors

(Farbman and Squinto 
1985; Jessen 2004; Oudega 
and Xu 2006)
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functions (Jessen 2004). After spinal cord injury, Schwann cells migrate from the 
periphery into the injury site within in the CNS, and participate in endogenous re-
pair processes (Table 13.1). They re-enter the cell cycle, lose their myelinating phe-
notype and de-differentiate into an immature state, and begin to express trophic 
factors and cell adhesion molecules that provide a more favourable environment for 
axon regeneration and extension (Oudega and Xu 2006).

One approach to improve the outcomes after spinal cord injury is to transplant 
glial cells into the injury site to reduce inflammation, and which will help form a 
glial bridge across the injury site and thereby promote axon extension. The glial of 
the PNS system, Schwann cells and OECs, have been trialled in animal models and 
in humans with various outcomes. The OECs have unique characteristics that may 
confer an advantage over other glial cell types for transplant therapies.

13.3  The Mammalian Olfactory Nervous System

The mammalian olfactory nervous system is one of the few regions in the CNS in 
which neurogenesis continuously occurs during the lifetime of the organism (Mack-
ay-Sim and Kittel 1991a, b). The primary sensory neurons of the olfactory system 
line the dorsal/caudal nasal epithelium and are directly exposed to the environment 
(Fig. 13.2). The neurons are subjected to attack and destruction by bacterial (St John 
et al. 2014) and viral pathogens as well as toxins within the air and thus need to be 
replaced throughout life. Whilst the average life-span of olfactory neurons has not 
been clearly determined in humans, mouse olfactory neurons generally live for one 
to three months. Neurons that degenerate are rapidly replaced by new neurons aris-
ing from progenitor cells that line in the basal layer of the olfactory mucosa (Mack-
ay-Sim and Kittel 1991b), a process that occurs throughout life (Ramon-Cueto and 
Santos-Benito 2001).

The primary olfactory system comprises the olfactory mucosa and the bundles 
of olfactory nerves that project into the olfactory bulb. Stem cells that line basal 
layer of the olfactory epithelium give rise to the primary olfactory sensory neurons 
which migrate apically to populate the olfactory epithelium (Fig. 13.2). Olfactory 
sensory neurons have a bipolar morphology with a single dendrite extending onto 
the surface of the epithelium and a single axon projecting to and terminating in the 
olfactory bulb. Each olfactory neuron expresses a single odorant receptor type with 
the neurons mosaically distributed throughout the epithelium, but the axons of the 
same odorant receptor type converge to the same targets within the olfactory bulb 
(Vassar et al. 1994; Mombaerts et al. 1996). To reach their targets in the olfactory 
bulb, the axons of the olfactory sensory neurons project through the lamina propria 
that underlies the olfactory epithelium and pass through the bony cribriform plate 
to enter the nerve fibre layer which is the outer layer of the olfactory bulb and 
within the CNS. Thus, new axons must constantly traverse the PNS-CNS border 
and find their correct targets inside the olfactory bulb (Valverde et al. 1992; Ten-
nent and Chuah 1996; Chehrehasa et al. 2010). The constant ability of olfactory 
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neurons to regenerate and the unique ability of olfactory axons to extend across 
the PNS-CNS boundary are attributed to the presence of the glia of the olfactory 
system, called OECs.

13.3.1  Olfactory Ensheathing Cells—the Glia  
of the Olfactory System

OECs arise from neural crest (Barraud et al. 2010) and they are constantly in close 
contact with the axons of olfactory neurons all the way from the nasal epithelium 
to the outer layer of the olfactory bulb. OECs ensheathe the axons of olfactory neu-
rons by the extension of cytoplasmic processes (Chuah and Zheng 1992; Tennent 
and Chuah 1996) followed by the fasciculation of the axons into larger bundles 
which ultimately join to form the olfactory nerve (Whitesides and LaMantia 1996). 

 

Fig. 13.2  Anatomical organisation of the olfactory system. Primary olfactory sensory neurons lie 
within the olfactory epithelium ( OE). Their axons project through the cribriform plate ( CP) and 
enter the olfactory bulb where they terminate in their target glomeruli. OECs within the lamina 
propria ( LP) encase the bundles of numerous different axons as they project to the olfactory bulb. 
In the outer nerve fibre layer ( NFL) of the olfactory bulb, the OECs ( red) aid the defasciculation 
and sorting of the different axons. In the inner layer of the nerve fibre layer the OECs ( blue) assist 
with the refasciculation and targeting of similar axons to their targets. Astrocytes form a barrier 
around the glomeruli ( dashed circles). The olfactory sensory neurons within the OE are subjected 
to toxic molecules within the inhaled air and pathogens such as bacteria and viruses which can 
result in the death of the neurons (spotted neurons). OECs phagocytose the debris from the degen-
erated axons. Stem cells lining the basal layer of the OE replenish the neuron population which 
project axons through channels maintained by the OECs
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In contrast to Schwann cells, which in the process of myelination enwrap one single 
axon (Fig. 13.3), OECs ensheathe bundles of multiple axons by projecting exten-
sive thin cytoplasmic processes around and between the numerous axons within the 
fascicles (Fig. 13.2; 13.3).

OECs also have a role in promoting axon growth and are known to secrete nu-
merous axon growth promoting factors, such as nerve growth factor, brain derived 
neurotrophic factor and neuregulins (Boruch et al. 2001). During development, 
OECs proliferate and migrate ahead of axons or surround the growth cones of axons 
(Tennent and Chuah 1996; Chehrehasa et al. 2010). Loss of OECs from the olfac-
tory nerve during development results in poor axon growth and targeting (Barraud 
et al. 2013) which demonstrates that OECs are crucial to the growth and mainte-
nance of axons.

OECs are also thought to be crucial for regeneration during normal turnover of 
olfactory sensory neurons or after large-scale infection by bacteria and viruses, or 
major injury. Bacterial infection can lead to the death of olfactory sensory neurons 
and subsequently their axons (Fig. 13.2; St John et al. 2014), or injury can directly 
lead to the destruction of the axons (Graziadei et al. 1978; Chehrehasa et al. 2010). 
The debris from the degenerated axons must be removed but unlike other areas 
of the body where cells of the immune system usually clear away debris, in the 
olfactory system this function primarily relies on the OECs (Su et al. 2013). OECs 
have been shown to continuously phagocytose debris arising from the degenerat-
ing axons that occurs during normal turnover of neurons or after widespread injury 
(Wewetzer et al. 2005; Su et al. 2013). OECs are also able to phagocytose bacteria 
and thereby protect the olfactory pathway from infection (Wewetzer et al. 2005; 
Leung et al. 2008; Panni et al. 2013).

OECs form a three-dimensional structure resembling a tunnel through which the 
axons extend (Fig. 13.3; Li et al. 2005). These structures remain intact even after 
olfactory axons have degenerated completely following large-scale injury to the 
olfactory epithelium (Li et al. 2005). However, after large scale injury, OECs can 
proliferate not only locally around the injury but also from precursors that are pres-
ent in the olfactory mucosa after which they then migrate along the olfactory nerve 
(Chehrehasa et al. 2012). By maintaining open channels through which regenerat-
ing axons can extend and by responding to injury by proliferating and migrating to 
the region of need, the OECs with their axon growth-promoting properties provide 
the structure and support needed for the continuous successful regeneration of the 
olfactory system.

OECs produce numerous growth factors such as fibroblast growth factor 
(FGF), insulin-like growth factor (IGF), vascular endothelial growth factor 
(VEGF), as well as neurotrophic factors such as nerve growth factor (NGF), 
brain-derived neurotrophic factor (BDNF), glial cell-derived neurotrophic factor 
(GDNF), neurotrophin 4 (NT4) and NT5; as well as extracellular matrix and cell 
adhesion molecules including laminin, collagen, galectin-1, heparin sulfate pro-
teoglycans, glial-derived nexin and N-cadherin (Doucette 1990; Doucette and 
Devon 1993; Chuah and Teague 1999; Kafitz and Greer 1999; Tisay and Key 
1999; Boruch et al. 2001; Woodhall et al. 2001; Woodhall et al. 2003; Chuah 
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Fig. 13.3  The different populations of glia in the olfactory system. Panels a-f show coronal sec-
tions through the olfactory system of a transgenic reporter mouse (OMP-ZsGreen X S100ß-DsRed; 
Windus et al. 2007; Ekberg et al. 2011) that expresses ZsGreen fluorescent protein in olfactory 
neurons and DsRed fluorescent protein in glia. a The primary olfactory neurons ( green) within 
the olfactory epithelium ( OE) project axons into the lamina propria ( LP) where they coalesce 
into fascicles wrapped up by OECs ( red). Nuclei ( blue) are stained with DAPI. b Along parts 
of the septum in the nasal cavity, the axon fascicles of the main olfactory system are adjacent to 
axon fascicles of the accessory (pheromone) olfactory system. c Branches of the trigeminal nerve 
also innervate the nasal cavity; the trigeminal nerve axons are encased by Schwann cells with 
the trigeminal nerves running adjacent to the main olfactory nerve fascicles that are encased by 
OECs ( double-headed arrows). d The cell bodies of the olfactory glia are mainly restricted to the 
periphery of the axon fascicles with their processes permeating the central regions of the axon 
fascicle. e Schwann cells of the trigeminal nerve form tube-like encasing of individual axons. f In 
the olfactory bulb, OECs ( red) in the nerve fibre layer ( NFL) form a barrier with the astrocytes 
( green; GFAP immunostaining) in the glomerular layer ( GL). g Schematic of the ensheathment of 
olfactory axons by OECs. The cell bodies of OECs are largely restricted to the exterior and the pro-
cesses of the OECs penetrate the internal areas of the nerve bundle where they surround numerous 
olfactory axons. h Schematic of Schwann cell ensheathment of other peripheral nerves in which 
individual axons are myelinated and encased by Schwann cells. Scale bar is 65 μm in a; 50 μm in 
b; 30 μm in c; 20 μm in d; 15 μm in e; 40 μm in f
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et al. 2004; Chung et al. 2004; Vincent et al. 2005b; Mackay-Sim and St John 
2011). These OEC-derived factors are likely to play an important role in nerve 
repair and regeneration processes as well as neutralization of toxic cell environ-
ments due to the excess of free radicals and neurotransmitters such as glutamate 
(Doucette 1995; Ramon-Cueto 2000; Woodhall et al. 2001; Woodhall et al. 2003; 
Ramon-Cueto 2011).

13.3.2  Differences Between Olfactory Ensheathing Cells  
and Schwann Cells

Originally, OECs were referred to as Schwann cells of the olfactory system 
(Doucette 1984), but their distinctive characteristics separated them from other glial 
cell types to such an extent that they were classified as an individual glial type. 
OECs possess features of both CNS and PNS glia in terms of morphology and mo-
lecular profile, consistent with their location to both the central and peripheral part 
of the olfactory nervous system and their ability to cross the PNS-CNS interface. 
Developmentally, OECs and Schwann cells are of neural crest origin (Barraud et al. 
2010), in contrast to astrocytes, which arise from radial glia of neuroepithelial ori-
gin (Kriegstein and Gotz 2003). OECs are known to express a number of different 
proteins found in either Schwann cells or astrocytes. For example non-myelinating 
Schwann cells and OECs (except those in the inner nerve fibre layer of the olfac-
tory bulb) present immunoreactivity for the p75 low-affinity neurotrophin receptor 
(p75NTR) (Ramon-Cueto 2000).

Whilst similarities between Schwann cells and OECs are evident, one particu-
larly important difference exists in the ability to interact with astrocytes. In contrast 
to Schwann cells, OECs interact freely with astrocytes, without causing detrimental 
effect on the astrocyte population (Lakatos et al. 2000). This specific feature is of 
great interest for nerve regeneration therapies where both populations (OECs and 
astrocytes) interact at an injury site (Chuah et al. 2011). When OECs are confronted 
with astrocytes in spinal cord injury sites, astrocyte processes, which form the glial 
scar, alter their morphology to create a bridging pathway with OECs that allow sev-
ered axons to extend across the lesion establishing functional connections (Ramer 
et al. 2004; Li et al. 2012).

In contrast to Schwann cells, OECs migrate ahead of the regenerating axons, ex-
tending their processes to provide a cellular pathway that facilitate axonal extension 
and adhesion (Tennent and Chuah 1996; Chehrehasa et al. 2010). OECs increase 
their migration ability by the formation of bigger and thicker processes (Valverde 
et al. 1992), maintaining a continuous ensheathment of the axons during the regen-
eration process and leading to enhanced axon growth (Chehrehasa et al. 2010). The 
capacity of OECs to promote olfactory system renewal and regeneration, as well 
as their capacity to bridge, enter, and interact with cells of injured host tissue, con-
stitute key factors contributing to the increasing interest in the use of transplanted 
OECs as therapeutic candidates in spinal cord injury treatments.
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13.4  Use of Glial Cells in the Treatment of Spinal  
Cord Injuries

Re-establishment of nerve connections after spinal cord injury depends of the abil-
ity of axons to extend along a pathway to reach their targets. This living pathway 
consists of glial cells, which provide a dynamic channel through which axons can 
extend towards their targets (Ramer et al. 2004; Li et al. 2012). After spinal cord 
injury, the severed nerves are able to survive and sprout locally. However, they 
are unable to elongate and re-establish the connections, primarily because the glial 
pathway is altered, blocked and sometimes completely lost. Consequently, a pri-
mary objective in the treatment of spinal cord injury is re-establishment of the glial 
pathway. Transplantation of glial cells into the injury site is therefore a promising 
therapeutic approach for repair spinal cord injury (Oudega and Xu 2006).

Glial cell transplantation addresses many of the challenges that must be over-
come for successful functional improvement, including (1) re-establishment of a 
growth-promoting environment, (2) replacement of lost cell populations (neurons 
and glia), and (3) facilitation and promotion of axonal regeneration and extension. 
Pioneering studies have established that transplantation of glial cells can improve 
axonal repair, enhance re-growth of damaged nerve cells and improve functional 
recovery (Yan et al. 2001; Santos-Benito and Ramon-Cueto 2003). Additionally, 
glial cells have the potential to produce neurotrophic molecules that activate axon 
regeneration and extension (Jones et al. 2003; Feron et al. 2005).

Different types of glial cells have been investigated as treatment for spinal cord 
injury including Schwann cells from peripheral nerves and OECs. Schwann cells 
have been trialled for transplantation due to the important role they play in axon re-
generation and myelination. Schwann cells transplanted to the damaged spinal cord 
can stimulate regeneration of damaged neurons, presumably due to the production 
of neurotrophic factors (Park et al. 2010), and can also enhance axon remyelination 
and extension (Lavdas et al. 2010; Flora et al. 2013). However, the axonal regenera-
tion has thus far been limited to restricted areas because Schwann cells have failed 
to migrate considerable distances into the injured tissue (Lankford et al. 2008). The 
limited migration is most likely due to unfavorable interaction between the trans-
planted Schwann cells and host astrocytes (Li et al. 2012). Additionally, Schwann 
cells have been reported to inhibit myelination by the secretion of connective tissue 
growth factor, whereas OECs do not (Lamond and Barnett 2013). Thus, Schwann 
cells may not be the optimal cell type for transplantation therapies due to their poor 
migration properties, inability to freely interact with endogenous glia and expres-
sion of inhibitory molecules.

13.4.1  Transplanted OECs in Spinal Injury Models

Implantation of OECs to promote repair after spinal cord injury have been per-
formed in a variety of spinal cord injury animal models (Table 13.2). Most of these 
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studies have shown that in rodents with spinal cord injury, OEC transplantation 
promotes the regeneration of axons (Bartolomei and Greer 2000; Gudino-Cabrera 
et al. 2000; Ramer et al. 2004) and improves functional restoration of breathing and 
climbing ability (Li et al. 2003; Su and He 2010; Stamegna et al. 2011). In a study of 
spinal-injured dogs, the transplantation of OECs and fibroblasts restored significant 
movement in some dogs probably through the restoration of local circuitry, which 
clearly demonstrates that the procedure has high potential (Granger et al. 2012). 
Some studies, however, concluded that transplantation of OECs into injured spinal 
tract did not lead to any detectable difference in axonal extension and functional 
outcomes (Collazos-Castro et al. 2005; Lu et al. 2006; Chhabra et al. 2009). Dis-
crepancies between results may be attributed to different variables such as the exact 
nature of spinal cord injury, OEC isolation and culture protocols, transplantation 
procedure (site of the OECS transplantation and the time after injury that the trans-
plantation is performed) and methodology used to assess outcome.

Numerous studies have reported significant functional improvements following 
transplantation of OECs. In rodents, OEC transplantation improved or preserved lo-
cal circuitry as detected electrophysiologically (Toft et al. 2007), and has improved 
fore-paw movement (Yamamoto et al. 2009), motor function (Munoz-Quiles et al. 
2009; Centenaro et al. 2011; Stamegna et al. 2011), hindlimb function (Salehi et al. 
2009; Amemori et al. 2010; Aoki et al. 2010; Ziegler et al. 2011), plantar function 
(Amemori et al. 2010), locomotor function (Ma et al. 2010) and diaphragm activity 
(Tharion et al. 2011). Thus depending on the type of injury and the assessment of 
particular functional tests, OEC transplantation can improve functional outcomes.

Corresponding anatomical outcomes after OEC transplantation have also been 
detected with the majority of studies focusing on axon growth and reduction in cav-
ity formation and astrocytic scarring (Amemori et al. 2010; Centenaro et al. 2011; 
Tharion et al. 2011; Zhang et al. 2011; Toft et al. 2013; Torres-Espin et al. 2014). 
The reduction in cavity formation and astrocytic scarring are considered important 
features as they preserve the axonal circuitry and reduce the formation of physical 
barriers that prevent axonal growth. In these situations, OECs could be considered 
to indirectly promoting axon growth as they are enhancing the local environment to 
make it subsequently amenable to axon growth across the injury site.

However, anatomical improvements are not always detected despite functional 
recovery being observed. Significant restoration of fore-paw retrieval but not axon 
regeneration (Yamamoto et al. 2009) may indicate local circuitry changes outside 
of the immediate injury site as has been suggested for restoration of function in 
dogs (Granger et al. 2012) or may indicate improved preservation of function of the 
spared axons.

The timing of transplantation of OECs may also be important for anatomical 
and functional outcomes. Acute transplantation of OECs may be preferable as the 
potential ability of OECs to reduce cavity formation and reduce the creation of 
an inhibitory environment would likely promote axon regeneration. Indeed, acute 
transplantation of OECs has shown higher functional and anatomical outcomes 
compared to delayed transplant (Lopez-Vales et al. 2006). However, other studies 
have not detected significant differences in outcomes for acute versus delayed trans-
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plantation of OECs (Munoz-Quiles et al. 2009; Centenaro et al. 2011; Torres-Espin 
et al. 2014). Despite this, it would seem reasonable that differences in efficacy and 
outcomes of acute versus delayed treatment may be revealed if improvements in 
the experimental conditions were made and the purity of the cell preparations and 
co-transplanted cells was optimized (as discussed below).

What are the mechanisms by which OECs promote regeneration of the spinal 
cord? OECs transplanted into spinal cord lesions promote regeneration of axons 
across the lesion, remyelination of axons (although the mechanism remains un-
known) and resumption of numerous cellular functions (Ramon-Cueto 2000; San-
tos-Benito and Ramon-Cueto 2003; Ramer et al. 2004; Li et al. 2012). In particular, 
OECs provide a physical “bridge” which assists directional regeneration of severed 
axons across injury sites (Ramon-Cueto and Nieto-Sampedro 1994; Boruch et al. 
2001; Resnick et al. 2003) which is consistent with the role of OECs within the in-
jured olfactory system where it has been shown that OECs migrate ahead of axons 
and that superior axon regeneration occurs when a substantial OEC environment 
has been created (Chehrehasa et al. 2010). Different factors such as GDNF and 
NGF have been identified to regulate migration of OECs (Cao et al. 2004; Windus 
et al. 2007). For example, when OECS are genetically modified to express higher 
levels of GDNF they display a superior ability to promote axonal growth (Cao et al. 
2004). On a cellular level, GDNF acts by stimulating the behaviour of the peripheral 
lamellipodial waves, increasing cell-cell contact and contact-dependent migration 
(Windus et al. 2007). Indeed, it has been demonstrated that the motility of OECs in 
vitro is directly responsible for the apparent motility of axons due to the preference 
for axons to adhere to OECs (Windus et al. 2011). Thus the migration of OECs 
across the spinal cord injury site creates a physical glial bridge rich in axon growth 
promoting factors which together is likely to enhance axon regeneration.

OECs are also thought to be superior to other glial cell types in their interac-
tions with astrocytes. OECs do not tend to form barriers with astrocytes but instead 
intermix with the astrocytes and thereby reduce the formation of the astrocytic scar 
(Ramon-Cueto and Avila 1998; Lakatos et al. 2000; Fairless and Barnett 2005; San-
tos-Silva et al. 2007). Again, this is consistent with their in vivo role in the olfac-
tory system where OECs of the inner nerve fibre layer interact extensively with the 
astrocytes that populate the more internal layers of the olfactory bulb (Fig. 13.3f; 
Lakatos et al. 2000).

The phagocytic activity of OECs (Wewetzer et al. 2005; Su et al. 2013) may also 
improve the local environment of the injury site by removing cellular debris and 
thereby reducing the inhibitory factors that prevent axon regeneration. It has been 
clearly shown that OECs phagocytose axon debris within the olfactory system and 
in vitro (Wewetzer et al. 2005; Su et al. 2013), as well as within the injured spinal 
cord (Lankford et al. 2008).

In summary, the likely benefits of transplantation of OECs are that they migrate 
across the injury site to form a glial bridge rich in axon growth promoting factors, 
they reduce cavity formation, they interact with astrocytes to reduce scar formation, 
and they likely phagocytose axon debris from the damaged cells to rapidly create an 
environment favourable for axon regeneration (Fig. 13.4).
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13.4.2  Human Trials of OEC Transplantation  
into the Injured Spinal Cord

Several human clinical trials have demonstrated that transplantation of OECs, of 
both autologous and of embryonic origin, is a safe and feasible treatment (Yan et al. 

Fig. 13.4  The potential therapeutic use of OECs for spinal cord repair. OECs ( red) can be trans-
planted with fibroblasts ( grey) into the injury site. Strategies that enhance the integration, prolifera-
tion and migration of OECs are likely to result in improved axon growth. Targets for improvement 
can include increasing proliferation of transplanted cells; using fibroblasts to organise alignment 
and migration of OECs; enhancing how OECs phagocytose cellular debris; optimising the interac-
tion between OECs and activated astrocytes to reduce glial scar formation
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2001; Feron et al. 2005; Lima et al. 2006; Tabakow et al. 2013), even after 3 years 
post-implantation (Mackay-Sim et al. 2008; Huang et al. 2012). A Phase I clinical 
trial used autologous transplantation of OECs purified from nasal biopsies of spinal 
cord injury patients and showed that patients with chronic spinal cord injury did not 
show any adverse medical or surgical complications from the procedure, such as 
neuropathic pain or neurological deterioration (Feron et al. 2005; Mackay-Sim et al. 
2008). In a more recent Phase I study, the transplantation of OECs together with 
fibroblasts was shown to be safe and feasible after 1 year (Tabakow et al. 2013). An-
other study showed partial recovery of bladder sensation and improvement of motor 
function scores in SCI patients transplanted with autologous non-purified OECs 
(whole olfactory mucosa grafts) (Lima et al. 2006) although this study was not con-
ducted in accordance with Phase I or II standards and thus limited conclusions can 
be drawn from this study. Huang et al. (2003) reported improvement in both motor 
function scores and sensory perception in spinal cord injury patients aged 2–64 that 
received transplantation of human embryonic OECs cells, however, these results 
have been questioned for failing to meet safety standards for scientific protocols 
(Lim and Tow 2007). Encouraging results have indicated that OEC transplantation 
is a promising and safe option to improve recovery in human spinal cord injury 
patients. However, a more accurate, standardised experimental design, including 
appropriate controls as well as a larger number of patients, is needed in further 
clinical trials to confirm the feasibility and effectiveness of OEC therapy. The num-
ber of human trials conducted to date is not sufficient to conclude which degree of 
OEC purity is optimal. In the Phase I trial conducted by Feron et al. (2005) purified 
lamina propria-derived OECs from nasal biopsies were transplanted and shown to 
be safe, albeit no dramatic functional improvement was achieved (Feron et al. 2005; 
Mackay-Sim et al. 2008). Other groups (Lima et al. 2006; Chhabra et al. 2009; 
Aoki et al. 2010) used whole olfactory mucosa grafts (a mix of neural stem cells, 
OECs, fibroblasts and other associated cells) to fill the lesion cavity. In these studies 
some patients were reported to show improvement on motor functional and sensory 
neurological scores; however some adverse effects such as neuropathic pain were 
reported, and appropriate controls for strict comparisons were not included. The 
large expense and ethical concerns of conducting human trials, particularly those 
with large numbers of patients, confers the need to determine the optimal cell purity 
and cell mix to maximise the likelihood of successful outcomes. Therefore prior to 
conducting future human trials, it is important that the methods for purifying and 
identifying OECs and whether the inclusion of additional cell types is favourable 
should be addressed.

13.4.3  OECs are a Heterogeneous Population—Which Source 
Should be Used?

Within the olfactory system in vivo, OECs are not all the same, but have different 
characteristics and roles depending on their location in the olfactory nerve pathway. 
Are these different characteristics relevant for spinal repair therapies and are the 
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differences in the OEC subpopulations maintained after culturing and after trans-
plantation? If so, then the source of OECs that are selected for transplantation is 
likely to affect the outcomes of spinal repair therapies.

OECs express a range of different molecules depending on their location in the 
olfactory nerve. OECs within the lamina propria express p75NTR and S100β which 
are typically used to confirm the identity and purity of OECs that have been cul-
tured (Table 13.2). OECs within the nerve fibre layer of the olfactory bulb are not 
homogeneous and two OEC subpopulations are present (Fig. 13.2) which each ex-
press distinct markers. The nerve fibre layer of the olfactory bulb can be further 
subdivided into outer and inner layers that contain different populations of OECs 
with different roles in vivo. OECs of the outer nerve fibre layer are responsible for 
the defasciculation and sorting of axons, and inner nerve fibre layer OECs, refas-
ciculate and target axons to glomeruli (Fig. 13.2). Expression of OEC markers also 
differs between the subpopulations with OECs in the outer nerve fibre layer highly 
expressing S100β protein and p75NTR (Gong et al. 1994; Au et al. 2002), whereas, 
OECs in the inner nerve fibre layer express low levels of S100β and p75NTR, but do 
express high levels of TROY (Hisaoka et al. 2004) and NPY (Ubink and Hokfelt 
2000). Therefore, based simply upon the differential expression of these markers, 
OECs can be considered to be a heterogeneous population of cells each with distinct 
characteristics that may confer different benefits for regenerating axons.

What are the proposed roles of OECs for the guidance and targeting of olfactory 
axons? Within the lamina propria, OECs (green in Fig. 13.2) ensheathe fascicles of 
axons that arise from neurons expressing different odorant receptor types. When 
the axon fascicles reach the outer layer of the nerve fibre layer, the OECs (red in 
Fig. 13.2) contribute to the defasciculation and sorting of the axons as they search 
for their target glomeruli. Within the inner nerve fibre layer, the OECs (blue in 
Fig. 13.2) contribute to the refasciculation and targeting of axons according to their 
odorant receptor type. Thus the OECs play different roles in these three different 
regions: (i) fasciculation within the lamina propria; (ii) defasciculation and sorting 
within the outer layer of the nerve fibre layer; (iii) refasciculation and targeting 
within the inner layer of the nerve fibre layer.

Consistent with their in vivo roles, in vitro studies have shown that OECs that 
have been purified from different regions of the olfactory system have distinctly 
different behaviours during cell-cell contact (Windus et al. 2007, 2010; Roloff et al. 
2013). Canine OECs from the olfactory bulb have been shown to migrate faster than 
OECs from the lamina propria (Roloff et al. 2013). In other studies, mouse OECs 
from the lamina propria tend to adhere to each other, consistent with their need to 
promote fasciculation (Windus et al. 2007). In contrast, OECs from the nerve fibre 
layer of the olfactory bulb exhibit various reactions to cell-cell contact including 
adhesion and repulsion consistent with their roles in mediating defasciculation of 
axons, refasciculation and targeting (Windus et al. 2010). When olfactory sensory 
neurons were co-cultured with different sources of OECs, axons formed fascicle-
like structures with OECs from the lamina propria whereas they tended to disperse 
when grown with OECs from the olfactory bulb (Windus et al. 2010). In addition, 
OECs derived from different regions of the nerve fibre layer (rostral, dorsal, caudal, 
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ventral) also exhibit varying responses (Windus et al. 2010). A lack of consistency 
in the purification of OECs from the olfactory bulb may account for the variation 
in results that are observed in the spinal transplant models. Some protocols purify 
OECs from the entire nerve fibre layer of the olfactory bulb (Li et al. 1997, 2007; 
Ramon-Cueto 2000; Lopez-Vales et al. 2006), while other protocols specify a more 
restricted region of the nerve fibre layer such as the rostral region (Lankford et al. 
2008) or the ventral region (Guest et al. 2008). In other protocols, the region of 
the nerve fibre layer has not been specified (Teng et al. 2008; Torres-Espin et al. 
2014) although it may be that the entire nerve fibre layer was used. Thus selecting 
the source of OECs could have crucial influences on the efficacy of these cells for 
repair of the injured spinal cord. Consistent with this, in vivo transplantation has 
demonstrated variable outcomes depending on the source of OECs that have been 
used. After transplantation into a crush injury model, OECs from the lamina propria 
migrated more extensively and reduced the size of the lesion cavity which resulted 
in more extensive axon sprouting compared to the results obtained after transplan-
tation of OECs derived from the olfactory bulb (Richter et al. 2005). However, 
olfactory bulb derived OECs promoted greater angiogenesis and reduced autotomy 
(Richter et al. 2005). In other studies, however, the variation in outcomes depending 
on the source of OECs is less clear. High purity cultures of OECs from the lamina 
propria and from the olfactory bulb have both been shown to give similar results 
in reducing scar formation and promoting axon extension in comparison to control 
groups (Mayeur et al. 2013). If the OECs derived from the lamina propria give simi-
lar therapeutic outcomes compared to OECs derived from the olfactory bulb, then 
the use of the lamina propria OECs would be preferred for human therapies due to 
the ease of accessing the source of OECs from the olfactory mucosa.

OECs derived from the olfactory bulb offer other advantages that may make 
their use preferable. Typically, due to the amount of tissue that can be obtained 
from the nerve fibre layer, OECs from the olfactory bulb are easier to purify, result 
in large cell numbers, and have fewer contaminating cells such as fibroblasts (dis-
cussed below) which makes their use for animal trials attractive. Certainly, numer-
ous studies have demonstrated improvements in anatomical or functional outcomes 
using OECs derived from the olfactory bulb (Table 13.2). In humans, the use of 
olfactory bulb derived OECs is feasible although much more invasive and primate 
studies have demonstrated that OECs can be successfully grown from olfactory 
bulbs (Rubio et al. 2008).

13.4.4  Purification of OECs and Contaminating Cells

One of the advantages of using OECs from the lamina propria for spinal repair 
therapies is that they can be easily harvested from the patient’s own nasal mucosa. A 
small biopsy from the dorsal/caudal region of the nasal cavity can be obtained using 
local anaesthetic with minimal risk of complication. The OECs are then cultured in 
vitro to undergo population expansion and transplanted back into the same patient 
in the spinal injury site. This autologous transplantation avoids host recognition 
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problems however it necessitates a window of several weeks while sufficient cells 
are expanded in culture. Therefore early intervention to treat the spinal injury can-
not occur with this method. An alternative approach is to generate a bank of purified 
non-autologous OECs that is stored and ready for immediate transplantation for 
newly injured patients. To this end, extensive work has been conducted using rodent 
and canine models to identify protocols that result in purification of OECs and to 
enhance the proliferation of the cells in vitro.

In animal models, OECs can be purified from either the olfactory mucosa lining 
the nasal cavity or from the nerve fibre layer of the olfactory bulb. Both of these 
different sources have advantages and disadvantages. Within the olfactory mucosa, 
the axons of the olfactory sensory neurons form large fascicles surrounded by the 
OECs (Fig. 13.3a). By dissecting out the mucosa, or separating the lamina propria 
from the overlying olfactory epithelium, the OECs can be isolated from the explant 
tissue. However, other cell types are also present within the lamina propria which 
can potentially contaminate the cultures. The accessory olfactory nerve (part of the 
pheromone detection system in non-human mammals) projects along the septum 
and is often adjacent to the fascicles of the main olfactory system (Fig. 13.3b). To 
date, there has been no systemic comparison of the potential contamination of OEC 
cultures with accessory olfactory OECs and the possible differences in their contri-
bution to spinal cord repair.

The branches of the trigeminal nerve in which the Schwann cells are present 
can be in close proximity to the olfactory nerve fascicles (Fig. 13.3c). In trans-
genic S100ß-DsRed reporter mice (Windus et al. 2007) the different morphologies 
and structures of the olfactory versus the trigeminal nerves are clearly distinguish-
able (Fig. 13.3d–e), but the close proximity of the trigeminal nerves means that 
cultures of cells obtained from olfactory mucosa are likely to contain both OECs 
and Schwann cells unless purification techniques to remove the Schwann cells are 
employed. For example, in dogs, HNK-1 is a marker of Schwann cells that is not 
expressed by OECs and the use of magnet-activated cell sorting based on HNK-1 
is effective in removing the Schwann cells to obtain populations of OECs that are 
free of Schwann cells (Ziege et al. 2013). However, in mice there are no such suit-
able differential cell surface markers that have been identified to date that can be 
used to separate OECs and Schwann cells effectively. Comparisons have been made 
between the efficacy of Schwann cells versus OECs for repair of the injured spi-
nal cord with the results typically showing that both OECs and Schwann cells can 
enhance the anatomical or functional outcomes although with differences between 
the cell types depending on the assay (Lankford et al. 2008; Li et al. 2012; Barbour 
et al. 2013). While the proportion of contaminating Schwann cells is likely to be 
low in OEC cultures, it should still be considered that Schwann cells could be con-
tributing to the results of spinal repair transplantation studies and may be a source 
of the variation in outcomes that are observed.

Fibroblasts are also present in the olfactory nerve and often contaminate OEC 
cultures. To date, most research efforts have attempted to purify the OECs using 
sedimentation techniques and complement- or antibody-mediated purification tech-
niques with the purpose to eliminate fibroblasts. However, in many cases, partially 
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purified or unpurified mucosal tissues have been used with variable outcomes (Ta-
ble 13.2). It has been proposed that the inclusion of fibroblasts with the OECs is 
essential for the functional improvements (Raisman and Li 2007) and transplanta-
tion of mixed olfactory cell populations (OECs + olfactory nerve fibroblasts) has 
resulted in enhanced recovery of motor function in rats when compared to OECs or 
fibroblasts alone, and suggested that the presence of the two cell types is necessary 
for optimal repair (Li et al. 2003). Recently, transplantation of semi-purified olfac-
tory mucosa-derived cells (around 50 % OECs; the remainder being fibroblasts) in 
dogs with spinal cord injury demonstrated that functional recovery can be achieved 
(Granger et al. 2012). Dogs that received the autologous cells reported a significant 
gain of fore-hind limb coordination as well as an improvement in the communica-
tion across the damaged segments of the spinal cord. In contrast, it has been re-
ported that the presence of fibroblasts on olfactory mucosa cultures used for trans-
plantation results in higher numbers of activated astrocytes, as well as an increase in 
inhibitory extracellular molecules that reduce axonal regeneration when compared 
with transplantation of pure glial cells populations (Toft et al. 2013).

To date, the roles of fibroblasts in neuronal regeneration remain relatively un-
characterised, but emerging data suggest that these cells do have crucial and active 
roles significantly beyond those of inactive connective tissue cells. When fibro-
blasts are transplanted with neural progenitor cells, they provide a scaffold that fa-
cilitates axonal re-growth after spinal cord injury (Pfeifer et al. 2004). Furthermore, 
fibroblasts are able to populate the lesion cavity in damaged spinal cord (Vroemen 
et al. 2007) and cause neural progenitor cells to differentiate into glial lineage cells 
(Wu et al. 2013). Thus, it is evident that a characterisation of how OECs interact 
with fibroblasts and regenerating neurons in a multi-cellular environment is crucial, 
and the optimal ratio of cells needs to be determined. For example, in peripheral 
nerve repair it has been shown that fibroblasts organise and promote the migra-
tion of Schwann cells (Parrinello et al. 2010), but the effect of fibroblasts on the 
organization and growth of OECs has not been studied extensively. There is also a 
question of the method used to identify OECs and fibroblasts in vitro. The marker 
p75NTR is the principal one used to identify OECs in vitro, however cultured human 
fibroblasts have been shown to also express p75NTR (Garcia-Escudero et al. 2012). 
This raises the question of whether the cultures of reported high purity OECs in fact 
contain fibroblasts and whether the therapeutic outcomes in the spinal injury mod-
els are due solely to the OECs or rather to the combination of OECs and fibroblasts.

The inclusion of fibroblasts and other cells within the “purified” OEC prepara-
tions means that the purity of the cultures varies considerably. For those experi-
ments which have sought to use pure OEC preparations, the majority have reported 
the percentage of cells that express p75NTR as being over 90 % (Table 13.2), while 
others have used preparations of OECs with less purity (e.g. Amemori et al. 2010; 
Table 13.2), but still achieve functional outcomes. Other studies have deliberately 
included other cells such as fibroblasts within preparations with reported purities 
such as 50 % p75NTR positive cells (OECs) and 50 % fibroblasts (Table 13.2). How-
ever, in a Phase I trial for humans in which the autologous purification strategies 
aimed to transplant high purity OECs, a lower purity was reached (76–88 %; Feron 
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et al. 2005). In other autologous transplantation trials in which fibroblasts were 
deliberately included, the variation in purity of the separate cell preparations was 
high, with 20–50 % S100 positive cells (OECs) for a human trial (Tabakow et al. 
2013) and 30–70 % for dogs (Granger et al. 2012). This indicates that the purifica-
tion protocols do not result in predictable purities of cells or that the verification 
techniques (usually immunocytochemistry staining using antibodies against p75NTR 
and/or S100) are insufficiently accurate. For OEC transplantation to become a re-
alistic therapy for treating the injured spinal cord, it is crucial that protocols are de-
veloped to improve the reliability of purifying, expanding and verifying the identity 
of cultures of OECs and/or fibroblasts.

13.5  Limitations of the Use of OECs

One of the disadvantages of using OECs for transplantation is the limited sur-
vival and low proliferation rates observed over time in culture (Doucette 2002), 
making large-scale expansion of OECs a main challenge. Moreover, changes in 
the local environment may induce changes in the morphology of OECs, affecting 
their behaviour (Vincent et al. 2005a) and causing cells to exhibit characteristics 
associated with specific roles in nerve regeneration (Doucette 1995; Woodhall 
et al. 2003).

OECs display a range of phenotypes in vitro and in vivo, and they are able to 
transform from one morphology type to another in response to modifications in the 
culture conditions (Doucette 1995; Windus et al. 2007, 2010; Huang et al. 2008a; 
Radtke et al. 2010). In culture, OECs display different morphologies, including 
a flattened sheet-like morphology (astrocyte-like), bipolar fusiform morphology 
(Schwann cell-like) and multipolar morphology (Chuah and Au 1994; Huang et al. 
2008b). Morphology of OECs is known to be affected by variables as the method 
of isolation and purification, cell culture conditions as well as presence of extracel-
lular and intracellular molecules such as cAMP, dBcAMP endothelin-1 and fibu-
lin-3 (Vincent et al. 2003; Huang et al. 2008b; Vukovic et al. 2009). For example, 
expression of fibulin-3 in OECs results in a predominant bipolar morphology with 
extremely long processes (Vukovic et al. 2009), whereas local changes in cAMP 
levels lead to dynamic morphology alterations dramatically affecting OECs migra-
tion rate (Huang et al. 2008b).

Studies have shown that OEC plasticity is more evident after cells have been 
exposed to activated astrocytes and inflammatory mediators within a neuronal le-
sion site (Woodhall et al. 2003). This extreme plasticity in morphology and physi-
ological changes in populations of OECs before and after transplantation may be a 
further cause for the discrepancy of results between studies. Thus, it is necessary to 
develop an optimal standard method by which OECs can be effectively propagated 
whilst maintaining a consistent or predictable phenotype. At the very least, a thor-
ough characterisation of the mechanisms involved in regulating OEC morphology 
and behaviour is critical to guarantee better outcomes for OEC transplantation trials.
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Another concern presented in transplantation of glial cells as a therapy for spi-
nal cord injury is the inability of transplanted cells to integrate in the host spinal 
cord. This is due to the over-expression of proteins that inhibit migration, such 
as Nogo, known to alter the morphology of lamellipodial membrane protrusions 
in OECs to favor focal adhesion rather than migration (Xu et al. 2009). Some 
molecules such as proteoglycans, can block the production of these inhibitory 
proteins, thus promoting the migration of transplanted cells into injured spinal 
tracts (Huang et al. 2008a). In an olfactory injury model, it has been demonstrated 
that OECs migrate more extensively without the presence of axons, but that sub-
sequent axon growth is then superior (Chehrehasa et al. 2010). After transplan-
tation, OECs migrate ahead of regenerating axons through unfavorable growth 
environments increasing the potential of damaged axons to extend through the 
damaged site (Ramon-Cueto and Santos-Benito 2001; Chehrehasa et al. 2010; 
Ramon-Cueto 2011). Identification of factors or small molecules that enhance 
OEC migration properties could offer new alternatives for develop further strat-
egies with emphasis in combinations of cell transplantation and drug therapy 
that could increase the efficacy of actual OECs transplantation treatments. For 
example, as described above and has been tested in vivo, OECs could be ge-
netically engineered to express growth factors that would promote their function 
(Cao et al. 2004; Wu et al. 2008).

13.6  Future Outlook and Opportunities

The use of combination therapies involving OEC transplantation and neural growth 
factors or molecules that mimic their neurotrophic effect are likely to achieve better 
results than conventional therapies, and provide a more efficient solution for neural 
repair in humans (Doucette 1995). Neuregulins and other neurotrophic factors are 
involved in the survival, proliferation and migration of OECs, as well as Schwann 
cells, oligodendrocytes and astrocytes. All different types of glial cells present re-
ceptors for neuregulins, molecules that promote glial growth and regulate the role of 
glial cells on nerve regeneration. OECs express various neuregulins including Neu 
differentiation factor, glial growth factor and motor-neuron derived factor, as well 
as many receptors for these molecules, supporting the theory that OECs play an 
important role in the survival, growth-promotion and regeneration of severed nerve 
cells (Woodhall et al. 2001, 2003; Vincent et al. 2005a). An increased understanding 
of how glial cells respond to neurotrophic molecules as well as the identification of 
novel compounds that enhance the migratory and integrative properties of OECs is 
therefore highly warranted in the field.

Another approach is the use of biomaterials and tissue engineering strategies 
that facilitate axon growth in the spinal cord, as well as to enhance the survival 
and integration of OECs or other cells transplanted to the injury site. Extracellular 
matrix motifs and bio-scaffolds can provide the transplanted cells with an enriched 
substrate that may increase cell proliferation and migration. For example, matrix 
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proteins such as fibronectin and laminin, used on matrix-based scaffold have anti-
apoptotic properties that may lead to an improvement on cell survival and migration 
(Friedman et al. 2002b, a).

To date, experimental and clinical studies suggest that OEC transplantation is 
safe and effective and may provide real benefits in the treatment of spinal cord in-
juries. However, it is important that a better understanding of the biology of OECs 
be pursued to enable new strategies to be developed, perhaps with a more multi-
faceted approach, to achieve an effective use of OECs in the treatment of spinal 
cord injury in humans.
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Abstract

One of the promising strategies for neural repair therapies is the transplantation of olfactory ensheathing cells (OECs) which
are the glial cells of the olfactory system. We evaluated the effects of curcumin on the behaviour of mouse OECs to
determine if it could be of use to further enhance the therapeutic potential of OECs. Curcumin, a natural polyphenol
compound found in the spice turmeric, is known for its anti-cancer properties at doses over 10 mM, and often at 50 mM, and
it exerts its effects on cancer cells in part by activation of MAP kinases. In contrast, we found that low-dose curcumin
(0.5 mM) applied to OECs strikingly modulated the dynamic morphology, increased the rate of migration by up to 4-fold,
and promoted significant proliferation of the OECs. Most dramatically, low-dose curcumin stimulated a 10-fold increase in
the phagocytic activity of OECs. All of these potently stimulated behavioural characteristics of OECs are favourable for neural
repair therapies. Importantly, low-dose curcumin gave a transient activation of p38 kinases, which is in contrast to the high
dose curcumin effects on cancer cells in which these MAP kinases tend to undergo prolonged activation. Low-dose
curcumin mediated effects on OECs demonstrate cell-type specific stimulation of p38 and ERK kinases. These results
constitute the first evidence that low-dose curcumin can modulate the behaviour of olfactory glia into a phenotype
potentially more favourable for neural repair and thereby improve the therapeutic use of OECs for neural repair therapies.
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Introduction

Transplantation of olfactory ensheathing cells (OECs) for neural

repair therapies has been the subject of markedly increasing

research over the last decade. The glial cells from the olfactory

system have a number of attributes that make them particularly

favorable and place them at the upper end of potentially useful

cells. OECs have been shown to reduce inflammation [1],

promote axon regeneration [2–5], phagocytose cellular debris

[6–8] and bacteria [9,10], as well as integrate with astrocytes to

potentially allow them to penetrate astrocytic glial scar tissue

[11,12]. When transplanted into the injured spinal cord in rodents

[13–17] and dogs [18], OECs have been shown to promote axonal

regeneration and improve functional restoration. It is known that

the beneficial effects of OEC transplantations are mediated by

different mechanisms, including the creation of a nerve-promoting

environment, the production of neurotrophic factors, reduction of

inhibitory factors and the remyelination of the damaged nerves

[19]. However, OEC transplant results can be variable with some

studies concluding that no significant differences in axon

regeneration or functional outcomes were achieved after OEC

transplantation [20–22]. The factors for these contradictory

outcomes are diverse, however OEC transplantation appears to

be safe and offers unique properties as a leading candidate in

transplantation therapies for nerve repair [23]. A deeper

understanding of the biology of OECs as well as the identification

of molecular factors that can further enhance OEC properties are

highly warranted to develop a better strategy in the use of OECS

in cellular therapies.

Curcumin, a natural polyphenol compound found in the spice

turmeric, is known for its anti-inflammatory and anti-cancer

properties and has been used in traditional Chinese and Indian

medicine for centuries [24]. High concentrations of curcumin (10–

50 mM) induced apoptosis and autophagy in different types of

cancer cells by activation of extracellular signal-related (ERK) and

p38 MAP kinases [25]. However, curcumin can exert a dual effect

in some cell types depending on the dosage [26]. In neural

progenitor cells, high doses of curcumin (20–50 mM) are cytotoxic

whereas low doses (0.1–0.5 mM) stimulate cell proliferation [27].

Therefore, curcumin at different doses can elicit different cell

responses while activating the same kinases pathways.

The effect of curcumin on glial cells has been examined on

Schwann cells and astrocytes. Curcumin (2–10 mM) promote

Schwann cell differentiation and improve neuropathy in model of

PLOS ONE | www.plosone.org 1 October 2014 | Volume 9 | Issue 10 | e111787

http://creativecommons.org/licenses/by/4.0/
http://www.arc.gov.au/
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0111787&domain=pdf


early onset Charcot-Marie-Tooth disease [28]. Within the injured

spinal cord, curcumin has been reported to have anti-inflamma-

tory and anti-oxidative effects [29,30] at concentration of 40–

60 mg/kg and to be neuroprotective by reducing neuron loss and

minimizing activation of astrocytes (1 mM) [31]. To date, however,

the effect of curcumin on the behaviour of OECs has been not

determined.

In this study, we have examined the effect of curcumin on the

behaviour of mouse OECs using time-lapse microscopy. We found

that curcumin dramatically stimulated the dynamic activity of

OECs leading to a potent increase in the phagocytic activity as

well as increased migration and proliferation. These results

provide further insight into the cellular mechanisms that regulate

phagocytic activity of OECs. In addition, as neuronal growth is

dependent on the growth and behaviour of glia, these results

indicate that curcumin could be used to enhance the activity of

OECs and subsequently improve neural regeneration in cell

transplant therapies.

Materials and Methods

Animals
Two different transgenic reporter mouse lines were used: (1)

OMP-ZsGreen mice, in which the olfactory marker protein

promoter drives expression of ZsGreen fluorescent protein in

primary olfactory sensory neurons [32]; (2) S100ß-DsRed mice in

which the human S100ß promoter drives expression of DsRed

fluorescent protein in cells that express S100ß including OECs

[33]. S100ß-DsRed transgenic mice were used for obtaining

cultures of DsRed-OECs; OMP-ZsGreen transgenic mice were

used for explant cultures of olfactory mucosa and for generating

fluorescently labelled cellular debris from olfactory axons.

Breeding pairs of mice were housed in micro-isolation cages and

postnatal day 7 (P7) offspring (n = 3–6 male/female pups per assay)

were sacrificed by decapitation.

Ethics Statement
Animals were used with approval of the animal ethics

committee of Griffith University (permit number: ESK/05/12/

AEC). All experiments were implemented according to the

guidelines established by National Health and Medical Research

Council of Australia (NHMRC).

OEC cultures
OECs were purified from the lamina propria of S100b-DsRed

transgenic mice using our previously published techniques [33]; in

these mice OECs express the bright fluorescent red protein

DsRed. Cells were maintained in Dulbecco’s Modified Eagle

Medium (DMEM) with 10% fetal bovine serum, G5 supplement

(Invitrogen), gentamicin, L-glutamine and 5% CO2 for one week

and then replated for analyses.

Verification of OEC identity
Immunochemistry was used to verify the identity of the DsRed-

positive OECs. For in vivo verification, heads from postnatal day 7

S100ß-DsRed mice were fixed in 4% paraformaldehyde (PFA) at

4uC for 24 h, cryoprotected in 30% sucrose, frozen and sectioned

on a cryostat microtome in 30 mm thick sections. For in vitro

immunocytochemistry, OECs were fixed in 4% PFA for 10 min.

Cryostat sections or cultured OECs were incubated for 30 min at

room temp in 0.1 M phosphate buffered saline (PBS) with 2%

bovine serum albumin (BSA) and 0.3% Triton X-100 (TX).

Rabbit polyclonal anti-p75 ntr (1:500, Promega, G3231, raised

against the cytoplasmic domain of recombinant human p75,

AB_430853 [34]) or rabbit polyclonal anti-S100ß (1:500, Dako,

Z031129-2, raised against full length S100 isolated from cow

brain, AB_2315306 [35]) antibodies (Table S1) were diluted in 0.1

M PBS/2% BSA/0.3% TX. Cells and tissue sections were

incubated with the antibodies overnight at 4uC, washed and

incubated with goat anti-rabbit secondary antibodies conjugated

to Alexafluor 488 (1 mg/mL, Invitrogen, AB_10049650) or

Alexafluor 594 (1:200, Invitrogen, AB_10049744) in PBS/BSA/

TX at room temp for 1 h and then stained with DAPI to visualise

nuclei.

Generation of immortalized mOEC-GFP cells
Primary cultures of olfactory bulb ensheathing glia were

prepared from GFP-expressing mice (C57BL/6-Tg(ACTB-EGF-

P)1Osb/J, Jackson Laboratory, Bar Harbor, USA) by a previously

described method [36,37] with modifications. Briefly, superficial

layers of olfactory bulbs from postnatal day 11 (P11) mice were

dissected out and the tissue dissociated. After incubation of 15 min

with 0.1% trypsin in Hank’s buffered salt solution (HBSS),

digestion was stopped with 20% fetal calf serum (FCS) in HBSS,

and the cells centrifuged and dissociated by several passes through

Pasteur pipettes. The OECs seeded in 6 cm tissue culture plates

were pretreated with poly-L-lysine and were maintained in

DMEM-F12 supplemented with 10% FCS, 20 mg/ml pituitary

extract and 2 mM forskolin (ME) until confluence was reached.

Immortalized clonal lines were established by transfection of the

primary cultures with the plasmid pEF321-T, which expresses the

viral oncogene SV40 large T antigen under the control of the EF1

promoter [38] using Lipofectamine (Gibco-BRL Life Tech.) as

indicated by the manufacturer’s instructions. Three clones (1, 2

and 3) with rapid growth in DMEM supplemented with 10% fetal

calf serum (FCS) were selected by limited dilution and re-cloned

twice. After their initial selection, the clonal lines were maintained

in ME. All three clones were also confirmed as positive for axonal

regenerative activity using a rat retinal ganglion neuron co-culture

assay [39].

For immunocytochemical characterisation, cells were seeded on

coverslips (36103 per coverslip) and after 2 days of culture, fixed

with 4% paraformaldehyde in phosphate-buffered saline (PBS)

followed by incubation with anti-p75ntr and anti-S100ß antibodies

(Table S1) as described above for verification of the identity of the

DsRed mouse OECs.

Curcumin
Curcumin (purity.80%) was obtained from Sigma (catalogue

number C7727) and a stock solution (30 mM) was prepared in

DMSO. For cell treatments, stock solution of curcumin was

diluted in culture medium to the concentration of 0.1, 0.5, 1, 10

and 20 mM. Treatments were always added 24 h post-seeding.

Ontology map
The network map was generated using Ingenuity Pathway

Analysis (IPA) (http://www.ingenuity.com). IPA is built upon a

knowledge base comprised of extensive peer-reviewed literature.

The significance value (p,0.01) for network over-representation

was calculated using a right-tailed Fisher’s exact test.

Proliferation assay
To examine the effect of curcumin on the proliferation of

primary cultures of OECs, cells were plated into 96 well plates at a

density of 3000 cells per well in total media for 24 h and then

exposed to different treatments (1) control medium (DMEM, 10%

FBS, gentamicin, L-glutamine), or media containing (2) increasing
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Figure 1. Immunofluorescence of OECs in vivo and in vitro. (A–A99) A cross section through olfactory nerve bundles within the lamina propria
of a postnatal day 7 mouse pup; OECs that surrounded and formed the nerve bundles expressed S100b-DsRed (A) and p75ntr (A9); the merged image
together with nuclei stained with DAPI is shown in A99. (B–B99) In cultures of purified OECs, the OECs continued to express DsRed (B); 95% of DsRed
OECs were positive for anti-p75ntr immunostaining (B9); the merged image is shown in B99 together with nuclei which are stained with DAPI. Arrow in
B99 points to a cell that did not express DsRed or p75ntr. (C–D) Characterization of clonal cell line of mouse OECs expressing GFP. OECs were positive
for anti-s100b (C) and anti-p75ntr (D). Scale bar = 50 mm in A–A99, C–D; 100 mm in B–B99.
doi:10.1371/journal.pone.0111787.g001

Figure 2. Low-dose curcumin treatment increases OEC proliferation. (A–D). Increased proliferation of OECs was observed after treatment
with 0.5 mM curcumin (B) or 0.5 mM curcumin combined with G5 supplement (D); cells appeared to have longer processes and formed a net-like
structure. Cells treated with higher concentrations of curcumin (C) displayed a more flattened morphology (arrows) and the number of cells was
lower compared to the control (A). Scale bar = 100 mm in A–D. (E–F) Quantification of the proliferation rate in MTS assays. (E) After two days in culture
0.5 mM curcumin with or without G5, and G5 supplement alone had significantly higher proliferation compared to control treatment. Higher doses of
curcumin (10, 20 mM) showed a significant decrease in OEC proliferation compared to control treatment p,0.05 (*), p,0.001 (**). After four days in
culture, 1 mM curcumin, 0.5 mM curcumin with G5, and G5 supplement alone significantly increased OEC proliferation; whereas 10 mM and 20 mM
curcumin decreased proliferation compared to control treatment (F). p,0.05(*), p,0.001(**), one way ANOVA post-hoc Tukey test. (G) ERK (PD98059)
and p38 kinase (SB203580) inhibitors blocked curcumin-induced proliferation of OECs p,0.05 (*); p,0.01 (**) compared with control; p,0.01 (##)
compared with cultures treated with curcumin alone; (n = 30–36 cells per treatment). Values are expressed as mean 6 s.e. of triplicates. Low-dose
curcumin induced transient-activation of ERK and p38 MAP kinases in OEC cells (H). Whole cell extracts (40 mg for p–p38 and 20 mg for p-ERKs) from
OECs treated with and without curcumin (0.5 mM) for the indicated time periods were subjected to western blot analysis using antibodies against
phospo-ERK1/2 and phospo-p38. Data represent the mean of three independent experiments 6 s.e. Statistical significance was determined by
Student’s t-test p,0.05 (*). Levels of b-tubulin were used as loading control.
doi:10.1371/journal.pone.0111787.g002
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concentrations of curcumin (0.1, 0.5, 1, 10, 20 mM (3) G5

supplement (Invitrogen), or (4) a combination of G5 and 0.5 mM

curcumin. G5 supplement was used as a positive control since G5

is known to stimulate proliferation of OECs [40]. For these assays

we used primary cultures of OECs dissected from transgenic

reporter mice as we have previously characterised these cells

[33,40,41].

After two or four days of treatment, proliferation of OECs was

determined by colorimetric assay using MTS assay CellTiter96

Aqueous One Solution reagent (Promega, Madison, WI) for 1 h

with absorbance at 490 nm measured in a plate reader. Images of

all wells were also taken before and after the set time period to

verify proliferation assay results. Inhibition of proliferation was

assayed using ERK (Extracellular signal-regulated kinases) and

p38 MAP (mitogen-activated protein) kinase inhibitors to block

curcumin-induced proliferation of OECs. Cultures of purified

S100b-DsRed OECs were plated in 96 well plates. After 24 h cells

were incubated with the inhibitors SB203580 (p38 MAP kinase

inhibitor, Sigma-Aldrich) and PD98059 (MEK/ERK inhibitor,

Sigma-Aldrich) at 100 mM for 24 h and then treated with 0.5 mM

curcumin for 48 h, followed by MTS assays and morphological

assays as describe above to determine the effects of p38 and ERK

kinases inhibitors in OEC lamellipodia.

Western blotting
Cell line OECs were cultured on six wells plates. After the cells

reached 70% confluence, curcumin (0.5 mM) treatment was

applied by direct dilution into the culture medium and samples

Figure 3. Ontology map of molecular and pathway interactions with curcumin. The ontology map was generated by IPA and identified
numerous molecules that interacted with curcumin. The five biological processes listed on the right that operated through the associated molecules
were all significantly over-represented (p,0.05).
doi:10.1371/journal.pone.0111787.g003
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collected at different time points (0.5, 1, 2, 4, 6 and 12 h). Cell

pellets obtained from each time point were washed with HBSS

and RIPA lysis buffer (150 mM NaCl, 1.0% Triton X-100, 0.5%

sodium deoxycholate, 0.1% sodium dodecyl sulphate, 50 mM

Tris, pH 8.0). Homogenized and lysed samples were boiled for

5 min in a gel-loading buffer at a sample/buffer ratio 1:2. Equal

amounts of protein (40 mg for p–p38 and 20 mg for p-ERKs) were

separated by SDS-PAGE using 10% gels. Proteins were

transferred from the gel onto a PVDF transfer membrane

(Thermo Fisher Scientific). Membrane was placed in blocking

solution (5% skim dry milk in TBS-Tween (TBS-T) buffer) for

30 min at room temp. Primary antibodies (Table S1): mouse

monoclonal antibodies against phospo-ERK (1:1000, Cell signal-

ling, 9101) [42] and phospo-p38 (1:500, Cell Signaling Technol-

ogy, 9211) [43] were incubated overnight at 4uC followed by

horseradish peroxidase (HRP) (1:5000 Life Technologies, 65–

6120) for 3 h at room temp. Bands were visualized using a

chemiluminescence kit (Millipore). Levels of phospo-p38 and

phospo-ERKS relative to b-tubulin (1:2000, Cell Signaling, 2128S)

were quantified by densitometric analysis and expressed in

arbitrary units.

Phagocytosis assays
To determine how curcumin affected the degree of OEC-

mediated phagocytosis, whole explants of olfactory mucosa tissue

were cultured in the absence and presence of 0.5 mM curcumin.

Explants were established from crosses of OMP-ZsGreen and

S100ß-DsRed transgenic mice as described previously [32,33].

The cultures were imaged after four days in culture to visualise the

green fluorescent axonal debris within OECs.

To verify that OECs phagocytosed fragments from olfactory

neurons, we generated green fluorescent axonal debris from

OMP-ZsGreen mice by dissecting out the nerve fibre layer and

briefly digesting the axons with a lysis buffer (TrypLE Express (Life

Technologies) and collagenase (0.1 mg/mL, Life Technologies))

followed by trituration. We used OECs from S100b-DsRed

transgenic mice so that they did not contain any ZsGreen axonal

debris prior to the assay. OECs were plated at the same density

(66103 cells/chamber in 8-well glass chamber slides) and the same

amount of axonal debris was added to the medium (50 ml) and

imaged over time. The axonal debris (identifiable by expression of

ZsGreen protein) was added to dissociated cultures of DsRed

OECs. Cells were studied using time-lapse imaging. LysoTracker

Red DN-99 (Molecular Probes, 1 mM) staining was carried to

determine co-localization of the cellular debris with lysosome by

confocal microscope. Phagocytosis of bacteria was conducted

using heat-killed FITC labelled E. coli.
For quantification of phagocytosis of axonal debris, after 12 and

24 h the dissociated OEC cultures were washed to remove

external axonal debris, fixed in 4% PFA and imaged using

confocal microscopy. Confocal microscope images were taken of

the dissociated cells (seeding density: 66103 cells/chamber in 8-

well glass chamber slides)with the laser and imaging parameters

Figure 4. Curcumin increases the phagocytic activity of OECs in explant cultures. (A) In explants in control medium some OECs
(arrowheads) migrated out from explants (large solid mass) and axonal debris (numerous small dots, arrows) was present in the medium. (B) Higher
magnification view of OECs migrating out of an explant together with green axon debris in control medium. Axonal debris was present in the
medium (arrows) as well as within the OECs (arrow with tail); a migrating neuron is indicated (arrowhead); B9 ZsGreen debris was present in the
medium (arrows); B99 red fluorescence of OECs. (C) When grown in medium containing 0.5 mM curcumin, numerous OECs had migrated out of the
explant and contained high levels of green axon debris (arrows), and there was little axon debris in the medium. (D) Higher magnification view shows
accumulation of ZsGreen within OECs (arrows); D9 ZsGreen debris was not detected in the medium (arrows with tail); D99 red fluorescence of OECs.
Scale bar = 100 mm in A, C; 45 mm in B, D.
doi:10.1371/journal.pone.0111787.g004
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held constant (473 laser at 6.0% power and PMT voltage of 607)

and with the levels set so that saturation of the green fluorescent

channel (to visualise axon debris) did not occur. Quantification of

the amount of internalised axonal debris was performed using

ImageJ software to measure the mean intensity of green

fluorescence (8 bit images were used giving a range of 0–255)

within the entire cell boundaries as defined by the DsRed

fluorescence of the cells.

Live Cell Imaging
For all experiments where live cell imaging was used, OECs

were plated onto glass culture plates (66103 cells/chamber in 8-

well glass chamber slides) and imaged in CO2 independent

medium (Invitrogen) in a chamber maintaining cells at 37uC.

Epifluorescent live cell imaging was carried out using a

Hamamatsu digital camera on an Olympus IX81 CellR micro-

scope fitted with epifluorescence and differential contrast optics

with time-lapse images taken every 10 min for up to 24 h. For

Figure 5. Curcumin increases the phagocytic activity of OECs in vitro. (A–A9) After 24 h OECs in control medium accumulated a small
amount of axonal debris (arrows) whereas (B–B9) OECs treated with curcumin showed high accumulation of axonal debris localized inside the cell
body. (C–C9) Co-localization of cellular debris (green) with lysosomes (red) indicating internalization of the debris. (D) Densitometric quantification of
the amount of axonal debris within OECs after 12 and 24 h incubation; graph shows a box and whisker plot, **p,0.001 for Mann-Whitney U test for
independent samples, n = 20. (E–F) OECs treated with curcumin show higher phagocytosis of FITC-labelled E. coli. (G–H) Live cell imaging of OECs in
control medium (G) and with curcumin (H); time is in h:min. (G) In control medium, lamellipodia were present (arrow with tail) and axon debris
external to the OEC (arrow) was internalised by the OEC over time. (H) When incubated with curcumin, large motile lamellipodia were present (arrow
with tail) and axon debris was rapidly internalised (arrowhead). Entire sequences are shown in Movie S1 and Movie S2. Scale bar = 25 mm in E–F
10 mm in C; 25 mm in E–F; 35 mm in G–H.
doi:10.1371/journal.pone.0111787.g005
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Figure 6. Curcumin increases OECs migration rate. (A) An example of live cell OEC migration in dissociated cultures with the track of migration
visualised using AxioVision software from the first (arrowhead) to last (arrow) frame. (B) Average migration rate from three different time-lapse videos
for each treatment, with n = 10 cells in each treatment. OECs treated with 0.5 mM curcumin and/or G5 migrated significantly faster than control; cells
exposed to combined 0.5 mM curcumin/G5 were significantly faster than all other treatments. (C–E) Migration of individual OECs in a scratch assay: (C)
the displacement of OECs that entered the scratch; (D) the mean velocity as measured along the tortuous path of migration; (E) the number of cells
that had migrated into the scratch region. Values are the mean and s.e. (n = 3 cultures) *p,0.05 and **p,0.01 Friedman non parametric test.
doi:10.1371/journal.pone.0111787.g006
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Figure 7. Curcumin increases morphology dynamics of OECs. (A–B) Schematic representation of the dynamic activity of OECs in vitro during
2 h of time-lapse imaging. (A) In control medium the morphology of cells underwent little change, (B) when incubated with 0.5 mM curcumin the
cells underwent rapid changes in morphology with increased size of lamellipodia and formation of branches. (C) OECs in control media showed
typical bipolar morphology with a long process (arrow) and lamellipodia (*). (D) OECs treated with curcumin displayed dynamic morphology with
rapid retraction and extension of branches (arrow) and numerous and larger lamellipodia (*). Scale bar = 60 mm. (E–H) OECs treated with curcumin
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some assays, confocal live cell imaging was carried out on an

Olympus CV1000 confocal microscope with images taken every

3 min.

Morphology assay
Time-lapse image sequences were analysed using AxioVision

(Zeiss, Germany) software to track the migration of cells. Image J

software (freehand/segmented line tools) was used to measure the

area of lamellipodia and length of branches. Counts of the number

of branches and lamellipodia were also performed. To evaluate the

changes in OEC lamellipodia after addition of ERK (Extracellular

signal-regulated kinases) and p38 MAP (mitogen-activated protein)

kinase inhibitors, cultures of purified S100b-DsRed OECs were

plated in 96 well plates. After 24 h cells were incubated with the

inhibitors SB203580 (p38 MAP kinase inhibitor, Sigma-Aldrich)

and PD98059 (MEK/ERK inhibitor, Sigma-Aldrich) at 100 mM

for 24 h and then treated with 0.5 mM curcumin for 48 h,

followed by morphological assays as described above.

Migration assays
To investigate how curcumin affected migration of OECs, cells

were tracked over 24 h in the absence and presence of curcumin

(0.5 mM). To study multidirectional migration within dissociated

cell cultures, cells were cultured to 50% confluency and then

imaged every 10 min for 24 h using time-lapse live cell imaging.

Quantification of the migrated distance for individual cells was

performed on every second frame and the average migration rate

over entire period was calculated using Axiovision software. For

scratch assays, OECs were cultured to 70% confluency followed

by serum starvation for 24 h. After that, a wide scratch (,700 mm)

was made using a pipette tip. Cells were left to migrate for 24 h

during which individual cell migration was tracked using live-cell

time-lapse microscopy with images taken every 10 min. The

number of cells that had entered the scratched region was counted

and Image J software was used to measure (1) the mean migration

velocity over the entire path of movement and (2) the final

displacement (s) of the cells from their initial position. Cell

migration analyses were performed by tracking individual cells

over the course of the live-cell imaging period both in the

dispersed cultures and in scratch assays.

Statistical analyses
To determine whether the data was normally distributed,

normality tests (skewness and excess kurtosis coefficients) were

used. Measurements of proliferation and morphological parame-

ters (lamellipodia and branches) were tested for statistical

significance using ANOVA one-way Tukey and LSD post-hoc

analyses. Statistical significance of cell migration data collected

from tracking cells in AxioVision was tested using Friedman non-

parametric test. Phagocytosis data statistical significance was tested

using Mann-Whitney U test.

Results and Discussion

Purification of OEC cultures
To easily visualise and identify OECs in vivo and in vitro, we

used the previously generated S100ß-DsRed mice in which the

human S100ß promoter drives expression of DsRed in OECs [33].

We first verified the expression of DsRed by OECs in vivo in

healthy postnatal pups (n = 3) using tissue sections through the

olfactory nerve bundles within the lamina propria lining the nasal

septum. Immunostaining using antibodies against the p75

neurotrophin receptor, which is a standard marker of OECs,

showed that all OECs expressed both DsRed fluorescent protein

and p75 neurotrophin receptor (Fig. 1A–A0). After purification,

in vitro cultures of OECs showed that 95% of cells expressed

DsRed fluorescent protein (Fig. 1B) and 95% of the DsRed cells

also expressed the p75 neurotrophin receptor (Fig. 1 B9–B0) and

thus these OEC cultures had a purity of at least 90%. The

had significantly higher (E) number of branches, (F) length of branches, (G) number of lamellipodia, (H) area of lamellipodia. (I) OECs treated with
SB203580 and PD98059 inhibitors had significantly fewer (*p,0.05) lamellipodia compared to control cells (n = 30–36 cells per treatment). Values are
expressed as mean 6 s.e. of triplicates. *p,0.05, **p,0.01, one-way ANOVA (Tukey Post-hoc analysis).
doi:10.1371/journal.pone.0111787.g007

Figure 8. Curcumin can be of potential use for transplant
therapies. (A) Typically OECs transplanted into the injured spinal cord
have limited migration and integration. (B) Structure of curcumin. (C)
Curcumin stimulates proliferation and migration of OECs and strongly
promotes phagocytosis of cellular debris. (D) The potential resultant
effect is to improve the integration of OECs within the injury site and
promote axon growth.
doi:10.1371/journal.pone.0111787.g008
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morphology of the cells in these primary cultures was predomi-

nantly bipolar.

Curcumin increases proliferation of OECs
As curcumin has been shown to regulate the proliferation of

neural progenitors [27] we determined whether curcumin

regulates the proliferation of OECs. We assayed curcumin at the

concentrations of 0.1, 0.5, 1, 10, 20 mM and found that curcumin

at low dose (0.5 mM) promoted proliferation of OECs, whereas at

higher concentrations ($10 mM), proliferation was instead re-

duced (Fig. 2A–C). In the curcumin treated wells, proliferation

was not uniform across the wells with localised regions showing

considerably higher concentrations of cells, particularly those that

had close cell-cell contact (Fig. 2B). Interestingly, cells treated with

the combination of curcumin and G5 showed the highest

proliferation (Fig. 2D). Proliferation rates were calculated to

confirm the results. After two days of incubation, there was a

significant increase of OEC proliferation in cultures treated with

0.5 mM curcumin (p,0.05), G5+0.5 mM curcumin (p,0.01) and

G5 alone (p,0.05) (Fig. 2E). Curcumin at concentrations of 10

and 20 mM curcumin had significantly lower rates of proliferation

compared to cells grown in control media (p,0.05; Fig. 2E). At

concentrations of 0.5–1.0 mM, the OECs had a largely bipolar

morphology and underwent increased proliferation in comparison

to controls (Fig. 2A, B). At concentrations above 1 mM, many of

the OECs adopted a flattened morphology, consistent with lower

dynamic activity (Fig. 2C) [33]. After four days of incubation,

1 mM curcumin, 0.5 mM curcumin with G5, and G5 alone

significantly increased proliferation compared to control media

(p,0.05; Fig. 2F). Concentrations of curcumin of $10 mM

significantly decreased proliferation compared to control media

(p,0.05; Fig. 2F).

Among the concentrations of curcumin tested, 0.5 mM was the

most effective in stimulating OEC proliferation, and this

concentration was used for all following assays. Curcumin has

been shown to regulate proliferation of other cell types in a similar

concentration-dependent manner. At low concentrations (0.1–

0.5 mM) curcumin stimulated cell proliferation of cultured multi-

potent neural progenitors cells [27], whereas high concentrations

of curcumin (.12.5 mM) are often cytotoxic to various cancer cell

lines [27,44].

To assess the role of the ERK and p38 kinase pathways in

curcumin-mediated cell proliferation, OECs were incubated with

PD98059 (ERK inhibitor) and SB203580 (p38 MAP kinase

inhibitor), which have been shown to block growth factor-induced

mitogen activation on OECs [45]. Both the ERK and p38 MAP

kinase inhibitors significantly reduced proliferation of OECs

grown without curcumin (Fig. 2G), suggesting that both pathways

play important roles in the basal proliferation of OECs. Incubation

with both inhibitors blocked the proliferative effect of curcumin

(Fig. 2G) indicating that MEK/ERK and p38 MAP kinase are

involved in the curcumin-mediated effect on proliferation of

OECs. Although, these results suggest that ERK and p38 kinase

pathways are involved in the proliferation of OECs as the

inhibitors significantly suppress the effect of curcumin, it is unclear

if the phosphorylation levels of these kinases in OECs change after

administration of curcumin.

Protein kinases regulate proliferation, survival, migration and

other cellular events. Activation of p38 MAP kinases by curcumin

has been reported in ovarian cancer cell lines, where curcumin was

able to induce cell apoptosis [46]. The effect of curcumin is

dependent on the cell types as curcumin differentially affects

proliferation of neural stem cells and non-neural cancer cells even

if the same MAP kinases pathways are activated [47].

Curcumin has been shown to selectively regulate the activation

of the ERK and p38 MAPK pathways in different cells types.

Curcumin (10–50 mM) induce cell apoptosis and autophagy

[46,48] in different cancer cells [25], whilst in neural progenitors,

curcumin (0.5 mM) was able to increase proliferation [27]. These

results suggest that the effect of curcumin is dependent on the cell

types and dosage, as curcumin differentially affects proliferation of

neural stem cells and non-neural cancer cells even if the same

MAP kinases pathways are activated [27]. As glial cells are of a

neural lineage, we therefore performed western blot analysis using

low-dose curcumin (0.5 mM) to determine if these kinases are

activated by curcumin treatment (Fig. 2H). We used the clonal cell

line of mouse OECs as these cells would provide a uniform

response to curcumin. The cell line OECs were confirmed positive

for expression of S100b and p75 neurotrophin receptor (Fig. 1 C–

D). Stimulation by curcumin (0.5 mM) transiently increased the

activation of p38 pathway at 6 h returning to basal levels within

12 h. A delayed activation of p38 in control cells was observed at

12 h. Levels of phosphorylated ERK-1 on curcumin cells treated

were reduced at 2 h with later peaks at 6 h and 12 h.

Phosphorylated ERK-2 showed activation at 6 h and 12 h. These

results suggest that low-dose curcumin stimulates the activity of

these MAP kinases in OECs. Previous studies have shown that

MAP signalling pathways are involved in multiple functions such

as proliferation, phagocytosis and generation of cytokine expres-

sion. Curcumin is known to regulate these pathways in a

differential manner according to the cell type [49].

Curcumin interacts with molecules and pathways
involved in different glial biology features

In order to identify other biological pathways associated with

curcumin that may be relevant to glia biology, we applied a

network knowledge database to highlight curcumin key functions

and interactions according to published literature. Ingenuity

Pathway Analysis (IPA) provides a bioinformatic method to build

first order molecular interactions and subsequently generate

pathways of highest significance from genome-wide expression

data [50]. Network nodes shown in Fig. 3 were all significantly

(p,0.01) over-represented in the first order curcumin network,

compiled from data validated in multiple model organisms. The

ontology map of molecular interactions of curcumin showed that it

has been implicated in pathways regulating phagocytosis of

microglia, activation of glia, differentiation of phagocytosis,

recruitment of phagocytes [51,52] and proliferation of immune

cells [53]. Curcumin has been reported to interact with numerous

molecular targets, including growth factors, inflammatory cyto-

kines, transmembrane receptors, transcription factors, protein

kinases and regulatory enzymes [54]. As the ontology analysis

indicated that curcumin may affect phagocytosis, migration and

morphology we therefore examined these behaviours in detail.

Curcumin modulates the behaviour of OECs in explants
of olfactory mucosa

The effect of curcumin on OEC behaviour was further

examined in cultured explants of olfactory mucosa. To easily

visualise olfactory sensory neurons, we used the previously

generated OMP-ZsGreen transgenic mice in which ZsGreen is

strongly expressed by the olfactory neurons and their axons [32].

The OMP-ZsGreen mice were crossed with the S100b-DsRed

transgenic mice so that explants of olfactory mucosa from the

offspring contained olfactory neurons that expressed ZsGreen

fluorescent protein, and OECs that expressed DsRed fluorescent

protein. After four days incubation in control medium (DMEM/

Curcumin Stimulates Activity of Olfactory Glia

PLOS ONE | www.plosone.org 11 October 2014 | Volume 9 | Issue 10 | e111787



10% FBS), OECs had started to migrate out of the explants

(Fig. 4A, B), however, extension of olfactory axons require

external growth factors to be present in the culture [40], and

thus no axons were seen in these cultures. A considerable amount

of axon-derived debris was present in the culture medium

immediately surrounding the explants (arrows, Fig. 4B). The

majority of OECs contained green fluorescent debris in the

cytoplasm, suggesting that the cells had phagocytosed the axonal

debris (arrow with tail, Fig. 4B).

In the presence of curcumin (0.5 mM), the number of OECs that

had migrated out of the explants, as well as the distance migrated,

was markedly increased (Fig. 4C vs 4A). At higher magnification it

appeared that the OECs contained considerably more green

fluorescent axonal debris than the cells in control medium (arrows,

Fig. 4D). Further, axonal debris could not be detected in the

medium surrounding the explant (arrows with tail, Fig. 4D9), in

stark contrast to the large amounts of debris observed under

control conditions (Fig. 4B9).

Since it was observed that curcumin appeared to induce

changes in phagocytic activity and migration on OECs, these

effects were further investigated.

Phagocytosis of axonal debris by OECs is potently
stimulated by curcumin

We examined the degree of phagocytosis of axonal debris in

dissociated cultures of OECs. After 24 h, OECs in control

medium had taken up small amounts of green fluorescent axonal

debris (Fig. 5A). The phagocytosis of axonal debris varied amongst

the OECs, with some OECs having taken up large amounts of

debris, while other OECs did not contain any debris at all

(Fig. 5A–A9). When OECs were incubated in medium containing

curcumin (0.5 mM) there was a dramatic difference in the

phagocytosis of axonal debris and all OECs in the culture

contained large amounts of axonal debris (Fig. 5B–B9). The OECs

in the curcumin cultures also exhibited numerous large lamelli-

podia emanating from the shafts of the cell processes and cell

bodies (arrows with tails, Fig. 5B) which were not detected on

OECs in control medium (Fig. 5A). We confirmed that the cell

debris was localized within lysosomes by using Lysotracker

(Fig. 5C–C9) and confocal imaging. We then quantified the

phagocytosis of the green fluorescent axonal debris by densito-

metric measurement of the fluorescent intensity contained within

the cells. The phagocytosis of axonal debris by OECs treated with

curcumin was significantly increased by over ten-fold after 12 h

incubation and over 5-fold after 24 h incubation compared to

controls (Fig. 5D). In addition to axonal debris, the phagocytosis

assay was also conducted using heat-killed FITC labelled E. coli.
OECs in curcumin media showed a dramatically higher amount of

bacteria inside the bodies when compared with OECs in control

media (Fig. 5E–F) suggesting that the increase in the phagocytic

activity is not limited to axonal debris.

Live cell imaging showed that OECs in control medium

displayed dynamic motility and morphology changes (Fig. 5G);

typically they had a long process emanating from the cell body that

extended and retracted over time as well as small motile

lamellipodia that moved along the process (arrow with tail,

Fig. 5G; Movie S1). In contrast, curcumin-treated OECs had large

lamellipodia that rapidly changed shape, and the cells moved

considerably faster and changed direction much more frequently

than OECs in control medium (Fig. 5H). OECs treated with

curcumin actively searched and rapidly internalized axonal debris

that came into contact with them (Movie S2). Interestingly,

activation of p38 kinases has been reported to be involved in the

engulfment of debris and to be required for the process of

phagocytosis of neuronal debris by OECs [55]. Therefore,

curcumin regulation of p38 and other MAP described previously

[27,56] may provide a new insight in the use of this natural

product for stimulation of OEC phagocytic activity.

The potent stimulation of phagocytosis by curcumin is of

particular interest for neural repair therapies. After spinal cord

injury, phagocytosis of dead nerve cells is crucial for creating a

favourable environment for nerve regeneration and restoration of

nerve connections [57]. In normal conditions, phagocytic microg-

lia travel to the site of the injury, engulf debris from dead and

damaged cells and secrete pro-inflammatory factors to promote

more cells to proliferate and do the same [58,59]. However, the

resultant inflammatory cascade can be harmful to cells because of

the release of oxygen free radicals and neurotoxic enzymes [60]. A

recent study showed that OECs in an in vitro model of spinal

injury phagocytosed degenerated neuronal debris which enhanced

not just neuron survival but neurite outgrowth [55]. Therefore

stimulation of phagocytosis by curcumin could promote a more

rapid and efficient clearing of the toxic debris by OECs,

diminishing down-stream posterior pro-inflammatory responses

given its known anti-inflammatory properties [29,30], facilitating

neuronal survival and axonal growth and therefore enhancing the

overall therapeutic effect of OEC in spinal cord injury repair cell

therapies.

Curcumin increases OEC migration
In our initial explant experiment (Fig. 4A), we observed that

OECs appeared to have migrated further in the presence than in

the absence of curcumin. Consequently we examined the effect of

curcumin on OEC migration using time-lapse microscopy. We

first examined the migration rate of individual OECs in dispersed

cultures by tracking the movement of the cell body during a 24 h

period after curcumin treatment (Fig. 6A). We included both

curcumin and G5 supplement in this series of experiments, and

thus the different conditions were as follows: (1) control medium,

(2) 0.5 mM curcumin, (3) G5 supplement, or (4) a combination of

0.5 mM curcumin and G5 supplement. Curcumin and G5

supplement, as well as the G5+curcumin, significantly increased

the migration rates of OECs in comparison to controls (p,0.05,

p,0.05 and p,0.01, respectively; Fig. 6B).

After careful assessment of the time-lapse imaging sequences, it

was apparent that the cell movements were strongly influenced by

the presence of neighbouring cells. Therefore, we examined

migration of individual OECs using a scratch assay which allowed

the cells to migrate into the cell-free scratch which may better

reflect conditions as were seen in the explant assays (Fig. 4A–D).

The cells did not migrate into the scratch in a straight line, but

instead followed a tortuous route. We performed two measure-

ments: (1) the displacement (s) of individual cells from their initial

starting point to the end of the imaging period and (2) the velocity

of individual cells taking into account the entire route. Both G5

and curcumin, alone or in combination significantly increased the

distance migrated into the scratch. However, incubation with

curcumin alone resulted in the most dramatic response (Fig. 6C).

Similarly, curcumin and G5 also increased the mean velocity of

migration when the entire route for each cell was taken into

account, and again, curcumin alone resulted in the largest

response, increasing the mean migration velocity almost three-

fold in comparison to control (Fig. 6D; p-values shown in figure

legend). Curcumin also significantly increased the number of cells

present in the scratch by over three-fold in comparison to control

(Fig. 6E), further corroborating our finding that curcumin

promotes migration of OECs.
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Curcumin modulates the morphology of OECs
Changes in the local environment may induce changes in the

morphology of OECs which affect their behavior [61–63] and

morphology plasticity strongly impacts the rate of migration of

OECs [64]. The changes in cell morphology observed in response

to the addition of curcumin in the proliferation and phagocytosis

assays were further explored using live cell imaging; the

morphology changes that occurred over time were determined

and quantified. Cultured OECs were incubated in (1) control

medium, (2) 0.5 mM curcumin, and (3) G5 supplement, imaged

every 10 min, and the number and length of branches, as well as

the number and area of lamellipodia were quantified and then

averaged over the total period.

OECs in control medium, displayed distinct alterations in

morphology occurring over 30 min or more (Fig. 7A). Curcumin

treatment (0.5 mM) resulted in morphology changes in OECs, in

particular the presence of large, active lamellipodia (Fig. 7B). After

6 h incubation, OECs in control medium continued to exhibit a

bipolar morphology, often displaying a single process emanating

from the cell body (arrow in Fig. 7C) and a large lamellipodia

directly protruding from the other polar end of the cell body

(asterisk, Fig. 7C). Curcumin-treated OECs also had a largely

bipolar appearance but, in contrast to control OECs, they rapidly

produced and retracted additional branches or lamellipodia over

time (Fig. 7D). Incubation with curcumin significantly increased

all parameters assessed, indicating that curcumin modulates the

morphology of OECs by increasing the number and length of

branches and the number and area of lamellipodia for up to at

least 24 h (Fig. 7E–H). G5 supplement treatment did not show

any significant difference compared with the control, in any of the

factors examined. We have previously reported that growth factors

such as GDNF stimulate proliferation, mediate migration and

have an effect on lamellipodial activity of OECs [41]. As well,

previous studies have reported that OECs undergo morphological

changes and reorganization of cytoskeleton before functioning as

phagocytes and engulfing apoptotic neuron debris [6] as observed

in the phagocytosis assays.

In OECs, it has been shown that changes in peripheral

lamellipodia are a result of activation of the enzyme MEK1 (ERK

kinases pathway) after stimulation with GDNF [33]. The

stimulation of lamellipodial activity led to increased cell-cell

contact and resulted in contact-mediated migration [33,41].

Additionally, after olfactory bulbectomy, in the absence of axons,

extensive OEC cell-cell contact resulted in subsequent superior

OEC proliferation and axon growth [65]. Our current results

show that curcumin had a distinct effect on lamellipodial activity

of OECs and that the changes in proliferation and migration could

be as a result of the increased cell-cell contact that is induced by

curcumin. We addressed this by evaluation of changes in the

number and area of lamellipodia in OECs treated with p38 and

ERK kinase inhibitors and found that fewer lamellipodia were

present in cells treated by the ERK inhibitor (Fig. 7I). Thus, the

increase of proliferation by curcumin is likely to act via a

combination of direct stimulation of proliferation via the p38 MAP

and ERK pathways and indirectly via modification of cell-cell

contact via the ERK pathway.

OECs combined with GDNF have been trialled for neural

transplant therapies and resulted in improved regeneration of the

optic nerve [66] and spinal cord [67] due to the enhancement on

the activity of lamellipodia, resulting in increased migration rate of

OECs [33,41]. In this study, we also showed that low-dose

curcumin promoted OEC migration, and increased lamellipodial

activity. Therefore, GDNF and curcumin appear to have similar

effects on OECs. However, one important difference is that unlike

GDNF, curcumin also increased the proliferation rate of OECs.

Moreover, the adoption of the bipolar morphology at low

concentrations of curcumin is likely to be more suitable for

promoting migration of OECs in neural transplant therapies, as it

has been shown that OECs with the bipolar morphology are more

motile whereas OECs with the flattened morphology in which

large lamellipodial surround the cells have lower rates of migration

[17,32,33]. Curcumin’s effects on extension of OEC’s lamellipodia

and cell-cell contact may be ideal for stimulating proliferation of

glia whilst maintaining the morphology most amenable for

migration.

After widespread degeneration of sensory neurons within the

olfactory system, the axons that initially regenerate often project to

incorrect target sites [68] or are limited to the periphery of the

injury site when target tissue is removed [65]. However, when

OECs are transplanted into the injury site the glia create a

uniform environment which leads to superior axon regeneration

[65]. Since we have now shown that curcumin increases the

proliferation and migration of OECs, it may increase the density of

transplanted OECs in neural transplant therapies, promote cell-

cell contact via stimulating peripheral lamellipodia and subse-

quently lead to increase production of neurotrophic factors [69]

that will together promote extension of axons across the injury site

(Fig. 8). Moreover, the remarkable enhancement of the OEC

phagocytic activity by curcumin could promote a clean beneficial

environment essential for axon regeneration and survival [19].

It is also important to note that is necessary to improve

curcumin’s in vivo bio-availability to enhance its utility as

therapeutic agent [70]. Animal studies have reported that

curcumin undergoes fast metabolism by conjugation and reduc-

tion [26] and its disposition after oral dosing is characterized by

poor systemic bioavailability [71,72]. Several studies have been

undertaken to enhance the bio-availability of curcumin, resulting

in new strategies that enhance bioactivity and significantly increase

the bio-availability of curcumin in vivo [73–75] such as structural-

related modifications and synthesis of new curcumin derivatives.

In conclusion, here we present the first evidence that low dose

curcumin significantly stimulated dynamic changes in morpholo-

gy, resulting in increased migration and proliferation, as well as a

dramatic increase in the phagocytic activity. These results suggest

that curcumin may have an important potential in stimulating

OECs therapeutic properties that could be of relevance for neural

transplant therapies.
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Movie S2 Time-lapse movie of OECs with axonal debris
in medium with 0.5 mM curcumin. Select frames are shown

in Fig. 5H. Time is h:min.

(MPG)
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