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General abstract

Transplantation of glial cells, particularly olfactory ensheathing cells (OECs) and
Schwam cells (SCs) is one of the most promising strategies for the treatment of spinal
cord injury andfor other neural repair therapies. Effective proliferatmoma migration

of glial cells areessential to optimize clinical applicatiortberefore 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,
becauseof 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 laevigatdhese products have been
demonstrated to be neuroprotective and neurogenic on nerve cells, hawsveot
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 tinl@pse microscopy analysis methods.

First, the effects of curcumin omhé behaviour of OECs and S@&re examinedto
determine if this comqund could be of use to further enhance the therapeutic potential
of these cells. We then examined the effemft three novel neuritogenic steroid
glycoside family isolated from the stath Linckia laevigata(Linckoside A, B and
granulatoside A) on the morphological properties, proliferation and migration of human

olfactory ensheathing cells (hOECSs).



We reported thatolw-dose curcuminQ.5 pM) increasegroliferation of OECs as well

as enhance by up to #ld cell migration by strongly regulatinghe dynamic
morphology of OECS. Most dramatically, curcumin starkly promotes #oldO-
increasan the phagocytic activity of OECs. Importantly, transient activation of MAP
kinases (p38 and B was involved in the curcumimediated effects establishing that
curcumin may exert a cetype specific stimulation of p38 and ERK kinases pathways
in OECs. Interestingly, we found curcumin’s effects on SCs divengarkablyfrom

the effectsobservedbn OECsSmal doses of curcumin (40 nM) increasiby 5-fold the
proliferation of SCs after just one daihese concentrations are significantly smaller
than those that stimulated olfactory glia (Qu#M). Also curcumin significantly
increased the dynamiactivity of lamellipodial waves which are essential for SC
displacement leading to a faster migration rates in curctneated cells when
compared with untreated cell<0.05). Furthermore, SCtreated 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 ddsefor first time that curcumin stimulates
subtypes of closely related glia in differemanner 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 effesbf linckosideson the behaviour of hOECIit was found
that hOEC proliferation rate was Zi% higher in treated cellthan in controk as

detected by MTS assay. Dramatic morphological changes characterized by a higher



number of processes (p<0.001) and dédfeesin the microtubule organization and
HI[SUHVVLRQ OHYHOV RI VRPH HDUO\ -QubuXi) RepeDaBo PDUNH U\
observed after linckosides treatments. Excitingly, hOECs displaying the largest
morphological changes showed an increase in Mpeession of the phosphoryldte

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

mediated morphological effects.

Overall, his 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.h€se 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 complementdell transplatetion 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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CHAPTER 1

I ntroduction



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 reestablish a permissive environment for nerve regeneration. The mammalian
olfactory system is one of the few zones in the body where neurogenesiscwouys

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 syistéangely
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 istpow
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 therapyabakow, Raisman et al. 2014&ven though the
results are promising with some animal models showing remarkable restoration of
function, the variability amongst studies in terms of outcome assessments, cgll purit
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 realisticcamtiags of



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 Spinalcord injury

Spinal cord injury results in larggcale 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 targeiefved by LeaFilho

2011) The pathophysiology of spinal cord injury is divided in two stages: the primary
and secondary lesisnThe 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 damageBegattie, Bresnahan et al. 1997as well as excessive
extracellular glutamate as a consequenceeafanal cell deathtHermann, 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 produdBgmés,
Stoica et al. 2009)Altogether, the cell death, oxidative stress and inflammatory
responses result in massive neuronal and glial cell déattsgbosch 2002J)ones,

Anderson et al. 2003

The secondary lesion is characterized by continued inflammatory immune responses,
including cytokine and interleukin secretion by macrophages and neutrdpbiten

2005) Furthermore, axon demyelination, as a consequence of oligodendrocyte 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 activated astrocytes creates a glial
scar; a compact structure that becomes a barrier preventing regenerating axons from
reaching their targeBunge, Bungest al. 1960Matthews, St Onge et al. 1979)hus,

the complex damage resulting from the initial nerve injury leads to an environment that
hampers or even completely inhibits neuronal regenerahbims€bosch 2002, eal

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 thes&blishment of neuronal connections.
Drug therapy is generally applied immediately following trauma to treat inflammation
and initial degeneration (reviewed by Stahel, VanderHeiden et al. BaiZhfin, Weiss

et al. 2013Hurlbert, Hadley et al. 2013This 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 downregulation of endogeus neurotrophins and one method that has
shown promise is the injection of neurotrophins at the site of injury to replace the lost
endogenous neurotrophindulsebosch 2002)Peripheral glial cells can produce many
growth factors and hence transplanting glia to the injury site is an even more promising
approach as thesells can integrate with endogenous cells and scar tissue, producing a
more longterm growthpromoting environmentyan, Bunge et al. 200Eeron, Perry et

al. 2005,Cao, Zhu et al. 200@Centenaro, Jaeger et al. 201$)milarly, pluripotent



stem cells can be transplanted to the injury site, potentially promaoingonal
regeneration and production of glial cells. This method is still experimental, but has
resulted in promising functional outcomes in animedsiéwed 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 LeaFilho 2011) Oveall, while these therapeutic interventions have led

to some positive outcomes including restoration of some function in huaftean®©EC
transplantation, there is a clear need to improve the therapeutic approaches in order to
achieve significant functionalecovery in humansL{m and Tow 2007 ,LeatFilho

2011, Tabakow, Jarmundowicz et al. 2013)

Figure 1.1. Detrimentaleffects of secondary spinal cord injury events at the cellular
and molecular levelNeurons are shown in green; glia in rddjury 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; ¢&nétion 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 learri

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 cdls exhibit a multitude of complex roles and are essential for the development
and function of the entire nervous systelassen 2006)lial 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 cedependent systenChung and Barres 2011Jhroughout 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 @Il neuronsldubaku 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 centratons 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 freeuronal precursors; microglia

constitute part of the innate immune system arge believe to originate from



macrophage lineagg€hugani, Kedersha et al. 199hpwever new evidences suggest
they derive from erythromyaid precursors from the yolk s@Gerdorf, 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 blobdain 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 neurongegsen 2004)Numerous studies have
demonstrated that astrocytes play important neuroprotective roles, in neurodegenerative
disordergqreviewed by Singh, Swarnkar et al. 20CHbezas, EBacha et al. 2012nd

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

species and other stressdrefez, Cuadrado et al. 2007)

After spinal cord injury, astrocytes respond rapidly by ratigg 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 eaigtbecomes a physical
barrier that stops damaged axons from regenerating and reconnkeeahfilho 2011)
(Figure 1.1). Furthermore, astrocytes respond to neuronal injury by increasing their

proliferation and by secreting glycoproteins such as chondroitin sulfate proteoglycans



(CSPG), which is consideredo inhibit axon elongation (Table 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(JaureguiHuerta, Ruvalcab®elgadillo 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 growgfromoting channel through which the axon extends.
After aspinal cord injury, populations of oligodendrocytes are rapidly affected by high
levels of glutamate and massive cell death follows. Oligodeytes that do survive
produce neurite outgrowth inhibitgNogo), myelinassociated glycoprotein (MAG),

and oligodendrocytenyelin glycoprotein (OMP(Tablel.1). These proteins bind to the
Nogo receptor, repressing myelin production and affecting axonal outgrowth and

neuronal synapsesdnes, 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 antirinflammatory 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 regenerati@Qingtzipanteli, Garcia et al.



2002, Pearse, Chatzipanteli et al. 20@ock and Hong 2005)The majority of the
activated microglia will start a transition to the M1 type, which can directly induce
neuronal deathK(igerl, Gensel et al. 2009;a0, Zhu et al. 2013)hus, together with
the glial scar, the local environment at a CNS injury site inhibits-lerrg 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 téiyen

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-noyelinating. Myelinating Scann cells
enwrap individual peripheral axons, forming the myelin sheath, whereas the non
myelinating type have metabolic and mechanical support functiess€n 2004 After

spinal cord injury, Schwann cells migrate from the periphery into the injury site within
the CNS, and participate in endogenous repair processes (TapbldHey reenter the

cell cycle, lose their myelinating phenotype anedd&erentiate into an immature state,

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

favourable environment for axon regeneration and extenSodgga and Xu 2006)

1.1.2 The mammalian olfactory nervous system

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

neurogenesis continuously ocsduring the lifetime of the organis(MackaySim and



Kittel 1991 MackaySim 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 baSteliathr,
Ekberg et al. 2014and viral pathogens as well as toxins within threaad thus need to

be replaced throughout life. Whilst the average-dij@n 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 menews arising from
progenitor cells that line in the basal layer of the olfactory muddsakaySim and

Kittel 1991), a process that occurs throughout liRa(norCueto and SanteBenito

2001).

Table 1.1. Glial cell response to spinal cord injury

Type of Glia Response in spinal cord injury eve Reference

Astrocytes Removal of toxic chemical (Qiu, Cai et al. 2002Su,
(glutamate). Proliferation an Yuan et al. 2009

secretion of neuroprotective b
growthrinhibitory factors. Formatior

of glial scar.

Oligodendrocytes | Massive death due to high glutamg (Jones, Anderson et &
concentrations. Production 2003 Jessen 2004,
glycoproteins with Nogweceptor| Arevalo, Santossalindo
affinity that will suppress myelif et al. 2010)

production.
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Microglia Initially phagocytosing debris an (Chatzipanteli, Garcia €
producing neuroprotective factor al. 2002 Pearse
Over time become neurotoxic an Chatzipanteli et al. 2003

growthrinhibitory due to constan Block and Hong 2005

activation. Kigerl, Gensel et al
2009
Schwann cells Cells dedifferentiate to an immatur| (Farboman and Squint

state, lose their myelin sheg 1985 Jessen 2004,
conformation and migrate from th Oudega and Xu 2006)
periphery into thenjury site in the
CNS, where they participate

endogenous repair processes

expression of neurotrophic factors.

The primary olfactory system comprises thfactory mucosa and bundles of olfactory
nerves that project into the olfactory bulb. Stem cells that lindb#disal layer of the
olfactory epithelium give rise to primary olfactory sensory neurons which migrate
apically to populate the olfactory epitheliufigure 1.2). Olfactory sensory neurons
have a bipolar morphology witta 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 odorargpex 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 bMasgar, Chao et al. 1994,
Mombaerts, Wang et al. 1996)jo reach their targets in the olfactory bulb, the axons of
the olfactory sensory neurons project through ldmina 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 POI$S borde and find their correct targets inside
the olfactory bulb Valverde, Santacana et al. 199Pennent and Chuah 1996,
Chehrehasa, Windus et al. 201Dhe constant abilityfoolfactory neurons to regenerate
and the unique ability of olfactory axons to extend across the BN\ boundary are

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

Figure 1.2. Anatomical organisation of the olfactory systerRrimary 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 nenfibre 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 poputati 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 creg@grraud, Seferiadis et al. 2018)d 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 procesféBuah ad Zheng 1992Tennent and Chuah

1996) followed by the fasciculation of the axons into larger bundles which ultimately
join to form the olfactory nerveWhitesides and LaMantia 1996)n 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 extetisive
cytoplasmic processes around and between the numerous axons within the fascicles

(Figure 1.2, Figurd..3).
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Figure 1.3. The different populations of glia in the olfactory systeRanels AF show
coronal sections through the olfactory system of a transgenic reporter nflovie
ZsGreen X S100BsRed;Windus, Claxton et al. 200Ekberg, Amaya et al. 2011fh)at
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 (Wi#)ere 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 (pheromalfectory 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 (dbeblged 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 tlike 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 i;m66 A; 50 m in B; 30 m

iNC;20 minD;15 minE; 40 minF.

OECs also have a role in promoting axon growth and are known to secrete humerous
axon growth promoting factors, such as nerve growth factor, brain derived neurotrophic
factor and neuregulingBoruch, Conners et al. 2001puring development, OECs
proliferate and migrate ahead of axons or surround the growth cones of &onertt

and Chuah 1996Chehrehasa, Windus et al. 2010pssof OECs from the olfactory
nerve during development results in poor axon growth and targ&arga(d, St John

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

axors.
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OECs are also thought to be crucial for regeneration during normal turnover of olfactory
sensory neurons or afterlargescale infection by bacteria and viruses,aomajor
injury. Bacterial infection can lead to the death of olfactory sensory neurons and
subsequently damage thfeir axons(St John, Ekberg et al. 201d) injury can directly

lead to the destruction of the axo&dziadei, Levine et al. 1978 hehrehasa, Windus

et al. 2010) The debris from thedegenerated axons must be removed but unlike other
areas of the body where cells of the immune systamallysclear away debris, in the
olfactory system this function primarily relies on the OEGs,(Chen et al. 2013,
Nazareth, Tello Velasquez et al. 2Q1®ECs have been shown to continuously
phagocytose debris arising from the degenerating axons that occurs during normal
turnover of neurons or after wisieread injury \(Vewetzer, Kern et al. 2005u, Chen

et al. 2013,Nazareth, Lineburgteal. 2015,Nazareth, Tello Velasquez et al. 2D15
OECs are also able tdhvpgocytose bacteria and thereby protect the olfactory pathway
from infection Wewetzer, Kern et al. 2009,eung, Chapman et al. 2008anni,

Ferguson et al. 2013)

OECs form a thredimensional 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 laspale iguriesto the olfactory epithelium

(Li, Field et al. 2005glthough the processes of the OECs retract and enlarge as they
engulf the degraded axons (Nazareth 2015). However, aléegea 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. 201By maintaining open channels through which

16



regenerating axons can extend and by responding to injury by proliferating and
migrating to the region of need, the OECs with their axomvth-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), li@iived neurotrophic
factor (BDNF), glial cell-derived neurotrophic factqiGDNF), neurotrophin 4 (NT4)

and NT5; as well as extracellular matrix and cell adhesion molecules including laminin,
collagen, galectii, heparin sulfate proteoglycans, gléldrived nexin and Nadherin
(Doucette 1990Doucette and Devon 1998huah and Teague 199afitz and Greer
1999, Tisay and Key 1999Boruch, Conners et al. 200@Joodhall, West et al. 2001,
Woodhall, West et al. 200&huah, ChelLundberg et al. 2004Zhung, Woodhouse et

al. 2004,Vincent, Taylor et al. 2009ylackaySim and St John 2011Yhese OEE
derived factors arelely 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 glutanizoedette 1995RamonCueto 2000,

Woodhall, West et al. 2001, Woodhall, West et al. 2003, Rathaio 2011)

1.1.4 Differencedetween olfactory ensheathing cells and Schwann cells

Originally, OECs were referred to as Schwann cells of the olfactory syBtleutdtte

1984) but their distinctive characteristics separated them from other glial cell types to
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such an extent that they wedassified 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 abilitp tross the PNENS interface. Developmentally,
OECs and Schwann cells are of neural crest origarraud, Seferiadis et al. 201@)
contrast to astrocytes, which arise from radial glia of neuroepithelial oKgiegétein

and Gotz 2003)OECs are known to express a number of different proteins found in
either Schwann cells or astsdges. For example nemyelinating Schwann cells and
OECs (except those in the inner nerve fibre layer of the olfactory bulb) present
immunoreactivity for the p75 lowffinity neurotrophin receptor (p?5%) (Ramon

Cueto 2000)

Whilst similarities between Schwann cells and OECs are evident, one particularly
important diference 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 populatiohgkatos, Franklin et al. 2000This specific feature is of
great inteest for nerve regeneration therapies where both populations (OECs and
astrocytes) interact at an injury sitéhuah, Hale et al. 2011yVhen 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 axonsto extend across the lesion establishing functional connections

(Ramer, Au et al. 2004, Li, Xu at. 2012)
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In contrast to Schwann cells, OECs migrate ahead of the regenerating axons, extending
their processes to provide a cé#dlu pathway that facilitate axonal extension and
adhesion(Tennent and Chuah 1996hehrehasayindus et al. 2010 OECs increase

their migration ability by the formation of bigger and thicker procesSedvérde,
Santacana et al. 1992naintaining a continuousnsheathment of the axons during the
regeneration process and leading to enhanced axon growghiehasa, Windus et al.
2010) The capacity of OECs to promote olfactory system renewal and regeneration, as
well as their capacity to bridge, enter, anteract with cells of injured host tissue,
constitute key factors contributing to the increasing interest in the use of transplanted

OEC:s as therapeutic candidates in spinal cord injury treatments.

1.1.5 Useof 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 preide a dynamic channel through which axons can extend towards
their targets Ramer, Au et al. 2004,i, 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 restablish the connections, primarily because the glial pathway is altered,
blocked and sometimes completely lost. Consequestl primary objective in the
treatment of spinal cord injury is-establishment of the glial pathway. Transplantation

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

spinal cord injuryOudega 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)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 amdprove functional recoverylLi, Field et al.
1997,Yan, Bunge et al. 200BantosBenito and Ramo&ueto 2003 Thuret, Moon et

al. 2006) Additionally, glial cells have the potential to produce neurotrophic molecules
that activate axon regeneration and extensionds, Anderson et al. 200=ron, Perry

et al. 2005)

Different types of glial cells have been investigated as treatroeispinal 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 spinalceordstimulate
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. 201Blora, Joseph &tl. 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 tidsalekford, Sasaki et al. 2008)he

limited migration is most likely due to unfavorable interaction betwthe transplanted
Schwann cells and host astrocytégs Xu et al. 2012) Additionally, Schwann cells

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

factor, whereas OECs do naiafnond and Barnett 2013)hus, Schwann cells may not

20



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 variey 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 axond.i( Field et al. 1997 Bartolomei and Greer 200@udino-
Cabrera, Pastor et al. 2Q0Ramer, Au et al2004, Thuret, Moon et al. 2006and
improves functional restoration of breathing and climbing ability Decherchi et al.
2003,Su and He 201Gstamegna, Felix et al. 2011n a study of spinahjured dogs,

the transplantation of OECs and fibroblasts restorguifgiant movement in some dogs
probably through the restoration of local circuitry, which clearly demonstrates that the
procedure has high potentidbranger, Blamires et al. 201l2Some studies, however,
concluded that transplantation of OECs into injured spinal tract did not leadyto a
detectable difference in axonal extension and functional outcoBw@taZosCastro,

MunetonGomez et al. 2005L.u, Yang et al. 2006Chhabra, Lima et al. 2009)
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Table 1.2. Recent examples of in vivo transplantation of olfactory eathing cells

N

First Species | Transplanted Purity of Main Outcomes
Author cells/tissue OECs
(year)
Richter Mouse Lamina propria | 92% p75 Stimulation of outgrowth of
(2005 Olfactory Bulb | positive cells | axon sprouting. Enhanced
angiogenesis
LP derived OECs superior
ability to migrate
Collazos Rats Olfactory Bulb | 90% p75 Partial improvement of motor
Castro derived OECs | positive cells | function. No improvement in
(2005 axonal regeneration
Feron Human Lamina propria | 76-88% p75 | Transplantation is feasible and
(2005 derived OECs | positive cells | safe up to 3 years of pest
Mackay >95% S100 | implantation.
Sim (2008) and GFAP No deterioration in neurological
positive cells| or functional level
Lu (2009 Rats Lamina propria | 97% p75 Partial Improvement on axonal
derived OECs | positive cells | regereration. No difference
compared with fibroblast
Huang Human Olfactory bulb | n/a Neurologial functional
(2006 embryos | derived cells improvement after
transplantation.
Lima Humans | Whole layer n/a Transplantation is feasible,
(2009 olfactory relatively safe, and potentially
mucosa beneficial.
Recovery of bladder sensation
and improvement in motor
function scores
Toft (2007 | Rats Olfactory Bulb | 98% p75 Improvement on spinal cord
Positive cells| function in sensory pathways
Yamamoto | Rats Olfactory Mixed Restored directed fongaw
(2009 mucosa culture (5% | retrieval but not axon
p75 positive) | regeneration observed
Munoz Rats Olfactory Bulb | n/a Progressive improvement in
Quiles motor function and axonal
(2009 regeneration
Salehi Rats Embryonic stem| 95%p75 Neural regeneration, neuron
(2009 cells + Olfactory| positive cells | survival and partial functional
Bulb OECs recovery
Chhabra Humans | Whole layer n/a Procedure is relatively safe and
(2009 olfactory feasible. No efficacy could be
mucosa demonstrated
Aoki Rats Whole layer n/a Partial improvement in motor
(2010 olfactory function and axonal regeneratig
mucosa
Ma (2010 | Rats neurotrophin3 | 95% p75 and| Effective improvement of
geretically S100R axonal regeneration and motor
modified positive cells| function

Olfactory bulb

OECs able to produce NJ'in
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First Species | Transplanted Purity of Main Outcomes
Author cells/tissue OECs
(year)
derived OECs Vivo
Amemori Rats Lamina propria | 75% p75 Improvement motor function
(2010 derived OECs +| positive cells | Axon regeneration, sprouting
CAMP infusion and branching
Reduce astrocytic hypertrophy
Ziegler Rats Olfactory bulb | n/a Improvement in hind limb
(2011 p75 Immuno | function, injection of OEG
purification | facilitated regeneration of axons
across a complete mitioracic
spinal cord transection.
Centenaro | Rats Lamina propria | n/a Discrete motor improvement,
(2011 derived OECs improved tissue sprouting
Zhang Rats Lamina propria | n/a Disappearance of the lesion
(201D derived OECs cavity and integration of
repaired tissue
Activation of host Schwann
cells, improved myelination
Novikova | Rats Olfactory Bulb | 93-95% Improvement in motor function
(2011 derived OECs and neuronal regeneration
Aged cell are less effective
Tharion Rats Olfactory Around50% | Improvement in diaphragm
(2011 lamina propria | p75 positive | activities
derived OECS H cells + 50% | Motor function and axonal
olfactory Nerve | fibronectin regeneration improved
Fibroblasts positive cells | Disappearance of the lesion
(ONL) (ONL) cavity
Stamegna | Rats Lamina propria | 90% p75 Improvement in axonal
(201D derived OECs | positive cells | regeneration and motor function.
Improvement in diaphragm and
phrenic nerve activities.
Granger Dogs Olfactory 50% p75 Significantly better forehind
(2012 mucosa positive cells| coordination. Effectare likely
to be on local intraspinal
Huang Human Olfactory bulb | n/a Treatment feasible after more
(2012 embryos | derived cells than three years.
Improvement of neurological
function. No averse effects
noted
Tabakow | Humans | Olfactory 20-50% Improvement of neurological
(2013 mucosa S100 function observed. No adverse
positive cells| effects noted
Mayeur Rats Lamina propia | >97% p75 Improved axon regrowth and
(2013 and olfactory reduced scar formation
bulb
Toft (2013 | Rats Olfactory bulb | >97% Reduced astrocytic hypertroph
Torres Rats Olfactory bulb | >75% Protection/preservation of tissy
Espin derived cells p75/S100 around injury site
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First Species | Transplanted Purity of Main Outcomes
Author cells/tissue OECs
(year)
(20149 positive
cells
Tabakow | Humans | Olfactory bulb | No Functional regeneration of
(2014) purification | supraspinal nerve connections
protocol
applied
16%
p75/NGFR
positive cells

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 theOECS 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 electrophysiologicallyoft, Scott et al. 2007)and has improved
fore-paw movementY{amamoto, Raisman et al. 200@)otor function MunozQuiles,
SantosBenito et al. 2009Centenaro, Jaeger et al. 208tamegna, Felix et al. 2011

hind limb function Galehi, Pasbakhsh et al. 200@nemori, Jendelova et al. 2010,
Aoki, Kishima et al. 2010Ziegler, Hsu et al. 2011)plantar function Amemori,
Jendelova et al. 2010)ocomotor function Ma, Zhang et al. 2010and diaphragm
activity (Tharion, Indirani et al. 2011)fhus 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 scarringAmemori, Jendelova et al. 2010entenaro, Jaeger et al. 2011,
Tharion, Indirani et al. 201Zhang, Huang et al. 201Tpft, Tome et al. 2013lorres

Espin, Redond&astro et al. 2014)The reduction in cavity formation and astrocytic
scarring are considered important features as they preserve the axonal circuitry and
reduce the fanation 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-gaxe retrieval
function in dogsbut not axon regeneratiorygmamoto, Raisman et al. 2008)ay
indicate localkircuitry changes outside of the immediate injury §iéeanger, Blamires

et al. 2012)r 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(LopezVales, Fores et al. 2006[However, other studies have not detected
significant differences in outcomes for acute versus delayed transplantation of OECs
(MunozQuiles, Santo8enito et al. 2009Centenaro, Jaeger et al. 20TbyresEspin,

Redondo€astro et al. 2014)In humans however, acute transplantatiomas yet
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feasible as recovery from spinal shock often leads to restoration of partial function over
time. Thus spinal injury medical teanase generally @luctant 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 revealddimprovements in the experimental conditions
were made and the purity of the cell preparations antracgplanted 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 irsmanknown) and
resumption of numerous cellular functionrRafnonCueto 2000,SantosBenito and
RamonCueto 2003 Ramer, Au et al. 2004,i, Xu et al. 2012) In particular, OECs
provide a physical “bridg’ which assists directional regeneration of severed axons
across injury site§RamonCueto and Niet@ampedro 1994Boruch, Conners et al.
2001,Resnick, Cechvala et al. 2008hich 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 regen@atoccurs when a substantial OEC environment has
been createdQhehrehasa, Windus et al. 201Djfferent neurotrophicfactors such as
GDNF and NGF have been identified to regulate migration of OB@s,(Liu et al.
2004,Windus, Claxton et al. 200.7For example, when OEGre 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 contact and contadependent
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migration (Windus, Claxton et al. 2007)ndeed, it has been demonstrated that the
motility of OECs in vitrois directly responsible for the apparent motility of axons due
to the preference for axons to adhere to OBEmdus, Chehrehasa et al. 201Thus

the migration of OECs across the spinal cord injury site creates a physical glial bridge
rich in axon growth promoting factors wehi 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 astrocytiRepao§Cueto and

Avila 1998, Lakatos, Franklin et al. 200@airless and Barnett 2005antosSilva,
Failess et al. 2007)Again, this is consistent with their in vivole in the olfactory
system where OECs dhe inner nerve fibre layer interact extensively with the
astrocytes that populate the more internal layers of the olfactorylakhatos, Franklin

et al. 2000) (Figure 1.3)

The phagocytic activity of OECs mayso improve the local environment of the injury
site by removing cellular debris and thereby reducing the inhibitory factors that prevent
axon regeneratiorit has been clearly shown that OECs phagocytose axon debris within
the olfactory system and in vitrdMewetzer, Kern et al. 2005Su, Chen et al. 2013as

well as within the injured spinal cortlgnkford, Sasaki et al. 20Q08)

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 limitedasand

low proliferation rates observed over time in cultub®ijcette 2002) making large

scale expansion of OECs a main challenge. Moreovariability in the local
environment may induce changes in the morphology of OECs, affecting their behaviour
(Vincent, West et al. 20059nd causing cells to exhibit characteristics associated with

specific roles in nerve regeneratiodqucette 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 typeotanother in response to modifications in the culture
conditions (Doucette 1995Windus, Claxton et al. 200Huang, Chen et al. 2008,
Radtke, Lankford et al. 2018Vindus, Lineburg et al. 2010)n culture, OECs display
different morphologies, including a flattenedesHike morphology (astrocytéke),
bipolar fusiform morphology (Schwann céke) and multipolar morphologyChuah

and Au 1994Huang, Wang et al. 20p8Viorphology of OECs is known to be affected

by variables such as the method of isolation and purification, cell culture conditions as
well aspresence of extracellular and intracellular molecules such as cAMP, dBcAMP
endothelinl and fibulin3 (Vincent, West et al. 2003{luang, Wang et al. 2008

Vukovic, Ruitenberg et al. 2009%or example, expression of fibulthin OECs results
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in a predominant bipolar morphology with extremely long processsoyic,
Ruitenberg et al. 2009)whereas local changes in cAMP levels lead to dynamic
morphology alterations dramaticakffecting OECs migration ratélgang, 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. 2003This extreme plasticity in morphology and physiological
changes in populations of OECs before and after transplantation may be a further cause
for the discrepancy of resulégrossstudies. 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 rep@ECs (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 camclude 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 overexpression of proteins that inhibit migration, sustNago, known to alter the
morphology of lamellipodial membrane protrusions in OECs to favor focal adhesion
rather than migratio(Xu, Zhou et al. 2009)Some molecules such as proteoglyoczars

block the production of these inhibitory proteins, thus promoting the migration of
transplanted cells into injured spinal tradtiluang, Chen et al. 2008 an olfactoy

injury model, it has been demonstrated that OECs migrate more extensively without the
presence of axons, but that subsequent axon growth is then su@hehrehasa,
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 siRafnonCueto and SanteBenito 2001,Chehrehasa,
Windus et al. 2010RamonCueto 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 Futureoutlook and opportunities

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

effective (Tabakow, Jarmundowicz et al. 201&)d may provide real benefits in the
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treatment of spinal cord injuries. Howevéris crucial tohave an in depth knowledge on
OEC biology to enable the development of new strategiedhaps with a more muficeted
approach, to achieve an effective use of OECs in the treatment of spinal cord injury in

humans.

An interesting approach is the udeb@mmaterials 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 coansplanted with OECs in humangapakow, Raisman et al.
2014) . Alternatively, extracellular matrix motifs and kscaffolds 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 argpoptotic properties that may lead to an improvement

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

Moreover he 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 human®0ucette 1995)Neuregulins and other neurotrophic factors are

involved in the survival, proliferation and migration of OECs, as well as Schwann cells,
oligodendrocytes and astrytes. 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 growh factor and moteneuron derived factor, as well as many receptors

for these molecules, supporting the theory that OECs play an important role in the
survival, growthpromotion and regeneration of severed nerve ¢élisodhall, West et

al. 2001,Woodhall, West et al. 2003/incent, West et al. 2005)n recent years, few

small natural products have been shown to promote neurite growth and display
neurogenic activitfRishton 2008 Xu, Lacoskeet al. 2014)with some of them being
currentlyin clinical trials. However, howvglial cells respond to these natural proguct

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

glia response to these and other novel neurogetical 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 “driige” properties, unique chemical wdirsity, and
secondary metabolites that are already a component of a biological environment
(RamonCueto 2000Cao, Su et al. 2006jarvey 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 hdmeen of great importanc&’dn, Bunge et al. 200L,u, 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 multibillion dollar revenues to the pharmaceutical induéttsirvey 2008,
Molinski, Dalisay et al. 2009PDevelopmenbdf 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 impactno 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 dppmac
determine the compounds’ bioactivity and mechanism of acdokdvic, 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
molecubr pathway) have advanced the categorization of compounds according to their
specificity (Alonso, Castro et al. 200%jarvey 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 prodesérived compounds are currently undergoing clinical
trials and at least the same amounts are in prealidevelopment. In general, studies
to discover novel natural products are mainly focused towardscamter 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 interesthie 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 disruptediakatomi, Kuriu et al. 2002)his 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, Garcidferdugo et al. 1999Johansson, Momma et al. 1999The
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 functhietz, 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 thelbimiadsarrier 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 toxicityido, 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 reqyiReshton 2008)

In particular, new advances in spinal cord igjuherapies 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, BDABNF and NT3 has shown to
induce axonal growth and improve bladder and hind limb function as well as induce
myelination Tuszynski, Gabriel et al. 199&rill, Murai et al. 1997 Liu, Kim et al.

1999, Lu, Jones et al. 2005However 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 naturatompounds that are able to mimic these growth factors effects
while diminishing side effects ismecessary for the advance on these promising
therapeutic approacheglhuret, Moon et al. 2006) Natural products such as
curcuminoids and other naturaleuritogenic molecules are knowto exert a
neuroprotective activity as well as wellgoomoteneurogenesis and nerve regeneration.

However, he effect of these compounds in glial populagics not fully understood
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because screening methodologies are often based on simple proliferatioiflity
assays that are unlikely to detect the real effect of these molecules on glial cell

behaviour.

1.2.1.1 Curcuminoids

Curcuma longais an herbaceous perennial plant of the ginger family, indigenous to
south and Southeast Asia. Turmeigolated from the rhizomef Curcumahas 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, demethmxgumin (DMC) and
bisdemethoxycurcumin (Figur&. 5) (Liao, Wu et al. 2012) The neuroprotective
activity of curcumin has been studied and thus far, results have demonstrated
antioxidant, antinflammatory and  antproteinaggregate (as seen in
neurodegeneration) activitiesgpchak 2011)Furthernore, curcumin is well known for

its antiinflammatory 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 inflammatorgsponsegLiao, Wu et al. 2012) Studies

have shown that curcumin protects neurons against oxidative damage and attenuates
neuroinflammation, and is able to cross the blbman barrier in animal model€fuah

and Teague 1999)

The anticancer properties of curcumin are well recognized. Several studies had shown

that curcumin interastwith different targets inelved in several biochemical pathways
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involved in proliferation, migration and survival of different type of cancer célip{a,
Prasad et al. 2011)he mechanism of action by which curcumin exhibits its-eauticer
propertiesincludingthe down-regulation of NFkB andthe regulation of MAP kinases
have been described in several revieiggarwal, Kumar et al. 200&0el, Jhurani et

al. 2008) Even though curcumin has a cytotoxic effect on cancer cells, it has shown to
exert a differential effect in necancer cells particularly when small doses are used.
Curcumin is known to promote not just neural proliferatioim also neuron repair after

injury (Lin, Lee et al. 2011)

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

bisdemethoxycurcumin (BDMC)Reprinted with permissiorigo, Wu et al. 2012)
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The mechanism of action by which curcureimhances neurogenesis has been partially
elucidated, and growth factor and cytoprotective pathways are disdagdgdn the
literature(Park and Kim 20021atcher, Planalp et al. 2008a0, Wu et al. 2012)Liao,

Wu et al. (2012)eporedthat 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 (@B uM) stimulated cell proliferation of
cultured multipotent neural progenitors cells (NPC), whereas high concentrations (20-

50 uM) 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¢hesed,
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
characteristicpresent in known neuroprotective agents. Curcuminoids mixtures show a
memoryenhancing effect in rats displaying Alzheimer’s disedike neuronal loss as

well as an increase in the expression of key protein kinases crucial fesypasgtic
responses in the hippocampuéhfned, Enam et al. 2010)These particular
characteristics make this natural product a strong candidate for treatment of memory

enhancing in Alzheimer’s disease and otherrodegenerative diseases.
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Currently, more than a dozen clinical trials of curcuari@ underway to investigate the
efficacy of this molecule as an anticancer agéntafd Zhang 2014)However, he
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 mustddress means of increasing these physical propertiesien 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 désigned
improve curcumin’s biological activities may increase the effective ket use of
curcumin in the near futurédfams, Ferstl et al. 2004Jaiti, 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 dptoxic to antiviral, antifungal and antimicrobi@dng, Xu et

al. 2011) Steroid and related glycosides are the most -kmellvn secondary
metabolites of starfish. These compounds attract interest not just for their unusual
chemical structure but also because of their various biological activiRre&df'eva,
Chaikina et al. 2003Kicha, Ivanchina et al. 2007).inckosides are members of the
steroid glycoside family isolated from the starfishckia laevigata and a series of these

compounds have been identified and named in alphabetic manner (Lincke§ile A
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(Table 2). Linckosides A& and K share a basic structure, with a carbon branclC@}1-

that is glycosylated with another pentose (xylose or arabinose4tofCthe side chain
(Table 1.2). Thistype of steroid glycoside structure is unique for Linckosided
another echinoderm derived molecule called echinasteroside F. Small differences
among the structures of the different linckosides result in specific strasttivey

relationships.

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

Modified with permissioniyanchina, Kicha et al. 2011)

Carbohydrate | Carbohydratf Side Chain Structure

chainstructure e chain X)
(Y1) structure
(Y2)

Name R1| R2 R3

Linckoside A [OH| H | OH | 2OMe-tD-Xylp- | >Araf—

LinckosideB |OH| H | OH | 2-OMe-t-D-Xylp- | t-D-Xylp

Linckoside C | OH| H | OH | 2-OMe- t-D-Xylp- t-D-Xylp

Linckoside D [OH| H | OH | 2-OMe-t-D-Xylp- | t-D-Xylp

Linckoside E | OH | H OH | 2OMe-t-D-Xylp- | r>Araf—
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Linckoside F |OH | H OH | 2-OMe- t-D-Xylp- -

Linckoside G| OH | H OH t-D-Xylp -

LinckosideH |OH| H | OH t-D-Xylp

Linckoside| |OH| H | OH | 2OMe- t-D-Xylp- | t-D-Xylp

Linckoside J | OH| H | OH t-D-Xylp -

LinckosideJ | OH| H OH | 2-OMe- t-D-Xylp- r >Araf—

LinckosideM | OH | H OH | 2-OMe- t-D-Xylp- t-D-Xylp

Linckoside N [OH| H | OH | 2OMe- t-D-Xylp- | t-D-Xylp

Linckoside O | OH | H OH | 2-OMe- t-D-Xylp- t-D-Xylp

Linckoside P |OH| H | OH | 2OMe- t-D-Xylp- | t-D-Xylp

Linckoside Q [OH| H | OH | 2-OMe-t-D-Xylp- .

Han et al. (2006) showed that linckosides enhance NGF activity in98%0m PC12

cells. The NGFenhancing activity appears to be sensitive to the structural diversity in
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chemical structure but is a common characteristic to the entire g@upjika etal.

2002,Qi, Ojika et al. 2004Kicha, Ivanchina et al. 2007These 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 moleculaghive

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 knowrhat 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 Newmark2012) Thus, isolation of compounds from
Linckia laevigataundergoing regeneration constitutes a novel innovative approach in

obtaining new natural compounds.

1.3 Aims

x 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.

x To determine the effect of Linckoside a, b and Ganglioside a on the
proliferation, migration and morphology of human olfactory ensheathing cells

0 An established human OEC line (hOECSs) 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 identificatmfnsmall molecules that can further
promote and regulate glial cell behaviour is highly warranted to enhance the glial cells
therapeutic applications. An important number of ratproducts, mostly curcuminoids
(derived from the rooCurcuma longa) and Linckosides (steroid glycosides derived
from the starfish Linckia laevigata) havedn 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 througthanges in proliferation, migration and morphology

properties.
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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 fothe 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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CHAPTER 2

Low-dose curcumin stimulates proliferation, mgration and phagocytic

activity of olfactory ensheathing cells
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2. Low-dose curcumin stimulates proliferation, migration and ghagocytic 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 mwmin on the behaviour of mouse OECs to determine if it
could beof use to further enhance the therapeutic potential of OEGscumin, a
natural polyphenol compound found in the spice turmeric, is known for itgamter
properties at doses over 10 uM, and often at 50 uM, and it exerts its effects on cancer
cells in part by activation of MAP kinases. In contrast, we found tloat-dose
curcumin 0.5 puM) applied to OECs strikingly modulated the dynamic morphology,
increased the rate of migration by up téo#d, and promoted significant proliferation of

the OECs. Mostramatically, lowdose curcumin stimulated a id@ld increase in the
phagocytic activity of OECs. All of these potently stimulated behavioural characteristics
of OECs are favourable for neural repair therapies. Importantlydse curcumin

gave a transint 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. Lowdose curcumin mediated effects on OECs demonstrateypelspecific
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 epair 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 inflammatiorCiuah, Hale et al. 2011promote axon regeneration
(Simon, MartinBermejo et al. 2011GarciaEscudero, Garci@omez et al. 2012,
Sandvig, Hoang et al. 201Roet, Franssen et al. 2013hagocytose cellular debris
(Wewetzer, Kern et al. 200hankford, Sasaki et al. 200&u, Chen et al. 2013nd
bacteria(Leung, Chapman et al. 200Banni, Ferguson et al. 2013 well as integrate

with astrocytes to potentially allow them to penetrate astrocytic glial scar tissue
(Lakatos, Franklin et al. 2008u, Yuan et al. 2009When transplanteitito the injured

spinal cord in rodentd {, Field et al. 1997RamonrCueto 2000Li, Sauve et al. 2003,

Su and He 201(stamegna, Felix et al. 201ahd doggGranger, Blamires et al. 2012

OECs have been shaw 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 npreenoting environment, the
production of neurotropb factors, reduction of inhibitory factors and the remyelination

of the damaged nerve¥4ng, He et al. 2014However, OEC transplant results can be
variable with some studies concluding that no significant differences in axon
regeneration or functional outcomes were achieved after OEC transplafitédickay

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 reépaieeper understanding
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of the biology of OECs as well as the identificatairmolecular 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
antrinflammatory and anttancer properties and has been used in traditional Chinese
and Indian medicine for centurigddtcher, Planalp et al. 2008Jigh concentrations of
curcumin (1650 uM) induced apoptosis and autophagy in different types of cancer cells
by activation of extracellular signratlated (ERK) and p38 MAP kinaseWi(ken,
Veena et al. 2011)However, curcumin can exert a dual effect in some cell types
depending on the dosagego, Wu et al. 2012)In neural progenitor cells, high doses

of curcumin (2050 puM) are cytotoxic wheas low doses (0:0.5 uM) 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 {20 pM) promotes Schwann cell dierentiation and improve
neuropathy in model of early onset Charddarie—Tooth diseaséatzko, Bai et al.
2012) Within the injured spinal cord, curcumin has been reported to have anti
inflammatory and antxidative effectsiavakli, Koca et al. 20110rmond, Peng et al.
2012)at concentration of 4680 mg/kg and to be neuroprotective by reducing neuron
loss and minimizing activation of astrocytes (1 pM)n( Lee et al. 2011)To date,

however, the effect of curcuman 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 timéapse 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)-28@Peen mice, in
which the olfactory marker protein promoter drives expression of ZsGreen fluorescent
protein in primary olfactory sensory neuraiikberg, Amaya et al. 20);1(2) S100R-
DsRed mice in which the human S100(3 promoter drives expression of DsRed
fluorescent protein in cells that express S10003 including B@wus, Claxton et al.
2007) S100R”BbsRed transgenic mice were used for obtaining cultures of DOREL;
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 midsmlation 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 establisheldy National Health and Medical Research Council of Australia

(NHMRC).

2.3.3 OECecultures

OECs were purified from the lamina propria of S1{BRed transgenic mice using our
previously published technique®Vindus, Claxton et al. 2007)n these mice OECs
express therght fluorescent red protein DsRed. Cells were maintained in Dulbecco’s
Modified Eagle Medium (DMEM) with 10% fetal bovine serum, G5 supplement
(Invitrogen), gentamicin, dglutamine and 5% Cf£for one week and then replated for

analyses.

2.3.4 Verification of OEC identity

Immunochemistry was used to verify the identity of the Dspesitive OECs. For in

vivo verification, heads from postnatal day 7 S108Red mice were fixed in 4%
SDUDIRUPDOGHK\GH 3)$ DW U& IRU ros& frazéh\@& 8 URWHFW
sectioned on a cryostat microtome in 30n 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% Tritori00 (TX).

Rabbit polyclonal antp75ntr (1:500, Promega, G3231, raised against the cytoplasmic

domain of recombinant human p75, AB_4308%8fathi and Mctigue 2008)or rabbit
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polyclonal aniS100R (1:500, Dako, Z031129+aised against full length S100 isolated
from cow brain, AB_ 2315306 Edelmann, Glashauser et al. 2013ntibodies
(Supplementary Table 1) were diluted in 0.1 M PBS/B%A/0.3% TX. Cells and
tissue sections were incubated with the antibodies overnight at 4°C, washed and
incubated with goat antabbit secondary antibodies conjugated to Alexafluor 488 (1

J P/ ,QYLWURJIHQ $%B RU S$OH[DIOXRU
AB_10049744) in PBS/BSA/TX at room temp for 1 h and then stained with DAPI to

visualise nuclei.

2.3.5 Generationof immortalized mOEC-GFP cells

Primary cultures of olfactory bulb ensheathing glia were prepared frorretgbi@ssing

mice (C57BL/6Tg(ACTB-EGFP)10sb/J, Jackson Laboratory, Bar Harbor, USA) by a
previously described methodRdmonCueto and Niet@ampedro 1992ranceschini

and Barnett 1996)ith 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 SEB
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 withLgghine and were
maintained in DMEMF12 supplemented with 10% FCS, 20 pug/ml pituitary extract and

2 uM forskolin (ME) until confluence was reached. Immortalized clonal lines were
established by transfection of the primary cultures with the plasmid pEF3&khich
expresses the viralncogene SV40 large T antigen under the control of the EF1

promoter(Kim, Uetsuki et al. 1990ysing Lipofectamine (GibceBRL 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 (F@®8)e selected by
limited dilution and recloned twice. After their initial selection, the clonal lines were
maintained in ME.AIl three clones were also confirmed as positive for axonal
regenerative activity using a rat retinal ganglion neurortutture assay(Morenc

Flores, Lim et al. 2003)

For immunocytochemical chatecisation, cellsvere seeded on coversli@x(C® per
coverslip)and after 2 days of culture, fixed with 4% paraformaldehyde in phosphate
buffered saline (PBS) followed by incubation with apif5ntr and amt510003
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

M. Treatments were always added 24 h zesiding

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 peereviewed literature. The significance value (p<0.01) for network-over

representation was calculated using a rigited 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, kglutamine), or media containing (2) increasing concentrations of
curcumin 0.1, 0.5, 1, 10, 20 uM_3) G5 supplement (Invitrogenr (4) a combination

of G5 and0.5 puM curcumin. G5 supplement was used as a positive control since G5 is
known to stimulate proliferation of OEC®V(ndus, Chehrehasa et al. 201Edpr these

assays we used primary cultures of OECs dissected from transgenic reporter mice as we
have previously characterised these celWginfus, Claxton et al. 2007AWVindus,

Lineburg et al. 10, 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) fdk 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 signategulated kinases) and p38 MA¢Pitogenactivated protein)
kinase inhibiors to block curcumimrduced proliferation of OECs. Cultures of purified

6 -DsRed OECs were plated in 96 well plates. After 24 h cells were incubated with
the inhibitors SB203580 (p38 MAP kinase inhibitor, SigAtdrich) and PD98059

(MEK/ERK inhibitor, SigmaAldrich) at 100 puM for 24 h and then treated with 0.5 uM
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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

Cel line OECs were cultured on six wells plates. After the cells reached 70%
confluence, curcumin (0.5 uM) 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 NacCl, 1.0% Triton XL00, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulphate, 50 mM Tris, and p8i0). Homogenized and lysed samples were boiled for 5
min in a gelloadng buffer at a sample/buffer ratio 1:2. Equal amounts of protein (40 ug
for p-p38 and 20 pg for [ERKs) were separated by SIPRAGE 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 (TBST) buffer) for 30 min at room temp. Primary antibodies (Supplementary
Table 1): mouse monoclonal antibodies against ph&i¢-(1:1000,Cell signalling,
9101) (Cholfin and Rubenstein 2008and phosp@@38 (1:500, Cell Signalling
Technology, 9211)Yamada and Jinno 201@)ere incubated overnight at 4°C followed

by horseradish peroxidase (HRP) (1:5000 Life Technologie$188) for 3h at room
temp. Bands were visualized using a chemiluminescence kit (Millipore). Levels of
phospop38 and phospd-5.6 U H O D Wbyl (1A2B00, CellSignalling 2128S)

were quantified by densitometric analysis and expressed in arbitrary units.

79



2.3.10 Phagocytosiassays

To determine how curcumin affected the degree of @t&@iated 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 @MPreen and S1000R-
DsRed transgnic mice as described previouglWindus, Claxton et al. 200Ekberg,
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 bylissecting out the nerve fibre layer and briefly digesthmg

axons with a lysis buffer (TrypLE Express (Life Technologies)d collagenase (0.1
mg/mL, Life Technologies¥ollowed by trituration. We used OECs frdd100 -DsRed
transgenic mice so that thelyd not contain any ZsGreen axonal debris prior to the
assay. OECs were plated at the same dengigQ® cellschamberin 8well glass
chamberslideg and the same amount of axonal debris was added to the medium (50
ul) 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. Lysbracker Red DNB9 (Molecular Probes, 1uM) staining was
carried to determine elocalization of the cellular debris with lysosome by confocal
microscope. Phagocytosis of bacteria was conducted usingitedtFITC 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 degsBx10’ cellsthamberin 8-well glasschamberslideg

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 del®) 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 rang%%)0within the entire

cell boundaries as detd by the DsRed fluorescence of the cells.

2.3.11 LiveCell Imaging

For all experiments where live cell imaging was used, OECs were plated onto glass
culture plates@x1C cellschamberin 8-well glass chambeslide§ and imaged in CO
LQGHSHQGHQW PHGLXP ,QYLWURJIHQ LQ D FKDPEHU
Epifluorescent livecell imaging was carried out using a Hamamatsu digital camera on

an Olympus IX81 CellR microscope fitted with epifluorescence and differential contrast

optics withtime-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 analysedgugirioVision (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 sigrejulated kinases) and
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p38 MAP (mitogenactivated protein)NLQDVH LQKLELWRUV FXOWXUHYV
DsRed OECs were plated in 96 well plates. After 24 h cells were irezllvath the

inhibitors SB203580 (p38 MAP kinase inhibitor, Sig/larich) and PD98059
(MEK/ERK inhibitor, SigmaAldrich) at 100 uM for 24 h and then treated with 0.5 uM

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 i )study multidirectional migration
within dissociated cell cultures, cells were cultured to 50% confluencthendmaged

every 10 min for 24 h using tirdapse 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 sat@r scratch
assays, OECs were cultured to 70% confluency followed by serum starvation for 24 h.
After that, a wide scratch (~700 um) was made using a pipette tip. Cells were left to
migrate for 24 h during which individual cell migration was trackeshgusive-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 thedeleimaging period

both in the dispersed cultures and in scratch assays.
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2.3.14 Statistical analyses

To determine whether thdatawas normally distributed, normality tests (skewness and
excess Kkurtosis coefficients) were useMeasurements of proliferation and
morphological parameters (lamellipodia and branches) were testedtatistical
significanceusing ANOVA oneway Tukey and LSD posgtoc analyses. Statistical
significance of cell migration data collected from tracking cells in AxioVision was
tested using Friedman ngarametric test. Phagocytosis data statistical signdean

was tested using MarWhitney 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 S100BsRed mice in which the human S1003 promoter drives expression of
DsRed in OECsWindus, Claxton et al. 2007)Ve 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 tlasah septum.
[immunostainingusing antibodies against the p75 neurotrophin receptor, which is a
standard marker of OECs, showed thit OECs expressed both DsRed fluorescent
protein and p75 neurotrophin receptor (Fig. 2AA. After purification, in vitro
cultures of OECs showed that 95% of cells expressed DsRed fluorescent grigtein (
2.1B) and 95% of the DsRed cells also expressed the p75 neurotrophin re€gptor (
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
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Figure 2.1. Immunofluorescence of OECs in vivo and in vit@-A”") A cross section
through olfactory nerve bundles within the lamina propria of a postnatal day 7 mouse

SXS 2(&V WKDW VXUURXQGHG DQG IRUPH®sReEEKA)QHUYH E
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and p75ntr (A’); the merged image together with nuclei stainel BKPI 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 gabntr 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 p75naDJCharacterization of clonal

cell line of mouse OECs expressing GFP. OECs were positive feVanti & DQG

ant-S QWU ' 6FDOH EBUC-' P POQL®". %

2.4.2 Curcumin increases proliferation of OECs

As curcumin has been shown to regulate the proliferation of neural progeHitors (
Son et al. 2008we determined whether curcumin regulates the proliferation of OECs.
We assayed curcumin at the concentrations of 0.1, 0.5, 1, 10, 2é&ngdMound that
curcumin at low dose (0.5 pM) promoted proliferation of OECs, whereas at higher
concentrations 10 uM), proliferation was instead reduceligure 2.2AC). In the
curcumin treated wells, proliferatiomas not uniform across the wells with localised
regions showing considerably higher concentrations of cells, particularly those that had
close celicell contact Figure 2.2B). Interestingly, cells treated with the combination of
curcumin and G5 showed tighest praferation (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 pM curcumin (p<0.05),
G5+0.5 uM curcumin (p<0.01) and G5 alone (p<0.0Bijgyre 2.2E). Curcumin at
concentrations of 10 and 20 uM curcumin had significantly lower rates of proliferation
compared to cells grown in control media (p<0.05; Figure 2.2E). At concentrations of

0.51.0 uM, the OECs had a larbebipolar morphology and underwent increased
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proliferation in @mparison to controls (Figure 2.2A, B). At concentrations abovd,1
many of the OECs adopted a flattened morphology, consistent with lower dynamic
activity (Figure 2.2C)(Windus, Claxton et al. 200.7After four days of incubation, 1

UM curcumin, 0.5 pM curcumin with G5, and G5 alone significantly increased
proliferation compared to control media (p<0.05; Figure 2.2F). Concentrations of
curcumin of 340 uM significantly decreased proliferation compared to control media

(p<0.05; Figure 2.2F).

Figure 2.2. Lowdose curcumin treatment increases OEC proliferatiofA-D).
, QFUHDVHG SUROLIHUDWLRQ Rl 2(&V zZDV REVHUYHG DIWI

% RU 0 FXUFXPLQ FRPELQHG ZLWK * VXSSOHPHQW
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longer processes and formed a -fiké 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 = -B. LQ $

(E-F) Quantification of the proliferation rate in MTS assays. (E) After two days in

FXOWXUH 0 wihX brFitRdut G5, and G5 supplement alone had

significantly higher proliferation compared to control treatment. Higher doses of

FXUFXPLQ 0 VKRZHG D VLIQLILFDQW GHFUHDVH LQ

control treatment p<0.05 (*), p<0.001 (* $IWHU IRXU GD\V LQ FXOWXUH
0 FXUFXPLQ ZLWK * DQG * VXSSOHPHQW DORQH VI

SUROLIHUDWLRQ ZKHUHDYV 0 DQG 0O FXUFXPLQ GHFUE

control treatment (F). p<0.05(*), p<0.001(**), one way ANOVA pbst Tukey test.

(G) ERK (PD98059) and p38 kinase (SB203580) inhibitors blocked curaanduced

proliferation of OECs p<0.05 (*); p<0.01 (**) compared with control; p<0.01 (##)

compared with cultures treated with curcumin alone; (n3&0eells per treatment).

Values are expressed as mean = s.e. of triplicates.-do®& curcumin induced

transientactivation of ERK and p38 MAP kinases in OEC cells (H). Whole cell extracts

(40 pg for pp38 and 20 pg for E=RKs) from OECs treated with and vatht curcumin

(0.5 M) for the indicated time periods were subjected to western blot analysis using

antibodies against phosgeRK1/2 and phospp38. Data represent the mean of three

independent experiments + s.e. Statistical significance was determined by Student’s t

test S / HY #uBulin Rdre used as loading control.

Among the concentrations of curcumin tested, 0.5 pM 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
concentratiordependent manner. tAlow concentrations (0.0:5 pM) curcumin
stimulated cell proliferation of cultured mufibtent neural progenitors cellsif, Son

et al. 2008, whereas high concentrations of curcumin (>12V§ pre often cytotoxic to

various cancer cell line«K{m, Son et al. 2008, Huang, Tsai et al. 2010)

To assess the role of the ERK and p38 kinase pathways in curmediated cell
proliferation, OECs were incubated with PD98059 (ERK inhibitor) and SB203580 (p38
MAP kinase inhibitor), which have been shown to block growth faottwced mitogen
activationon OECqYan, Lu et al. 2003)Both the ERK and p38 MAP kinase inhibitors
significantly reduced prold@ration of OECs grown without curcumifrigure 2.25),
suggesting that both pathways play important roles in the basal proliferation of OECs.
Incubation with both inhibitors blocked the proliferative effect of curcurkigure

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 apopt¥ger( Selvendiran et al. 207

The effect of curcumin is dependent on the cell types as curcumin differentially affects

proliferation of neural stem cells and noeural cancer cells even if the same MAP
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kinases pathways are activaté€ao€l, Kunnumakkara et al. 200&urcumin has been
shown to selectively regulate the activation of the ERK and p38 MAPK pathways in
different cells types. Curcumin (8B uM) induce cell apoptosis and autophayye(r,
Selvendiran et al. 200AVatson, Greenshields et al. 201i) different cancer cells
(Wilken, Veena et al. 201 1yvhilst in neural progenitors, curcumin (0.6Muwas able

to increase proliferatio(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 noeural cancer cells even if the same MAP
kinases pathways are activatd€ini, Son et al. 2008)As glial cells are of a neural
lineage, we therefore performed western blot analysisgulsw-dose curcumin (0.5

HUM) to determine if these kinases are activated by curcumin treatment (Fig. &/2H).
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
6 D Q G né&urotrophin receptor{gure 2.LC-D). Stimulation by curcumin (0.5

UM) 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 olexbat 12h. Levels of
phosphorylated ERK on curcumin cells treated were reduced at 2 h with later peaks at
6 h and 12 h. Phosphorylated ERKshowed activation at 6 h and 12h. These results
suggest that lovdose 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, phagocytoaisd generation of cytokine expression.
Curcumin is known to regulate these pathways in a differential mawcoerding 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
PathwayAnalysis (IPA) provides a bioinformatic method to build first order molecular
interactions and subsequently generate pathways of highest significance from-genome
wide expression dat&Calvano, Xiao et al. 2005Network nodes shown in Figure 2.3
were all significantly (p<0.01) oveepresented in the first order curcumin network,
compiled from data validated in multiple model organisms. The ontology map of
molecular interactions of curcumin showeditthit has been implicated in pathways
regulating phagocytosis of microglia, activation of glia, differentiation of phagocytosis,
recruitment of phagocyte8icht, Choi et al. 200Mimche, Thompson et al. 201apd
proliferation of immune cellsRogers, Kireta et al. 20L.0Curcumin has been reported

to interact with numerous molecular targets, including growth factors, inflammatory
cytokines, transmembrane receptors, transcription factors, protein kinases and
regulatory enzymesZfou, Beevers et al. 2011)s 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 curcuniihe
ontology map was generated by IPA and identified humerous molecules that interacted
with curcumin. The five biological processes listed on the right that operated through

the associated molecules were all significantly eegresented (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
geneated OMPZsGreen transgenic mice in which ZsGreen is strongly expressed by the
olfactory neurons and their axonEkperg, Amaya et al. 2011yhe OMRZsGreen

mice were crossed with the S10DsRed transgenic mice so that explants of olfactory
mucosa from the offspring contained olfactory neurons that express€&deen
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 requ@enax
growth factors to be present in the cultwéirfdus, Chehrehasa et al. 201ahd thus

no axons were seen in these cultures. A considerable amount aderxeed 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 pM), the number of OECs that had migrated out of the
explantsas well as the distance migrated, was markedly incre&sguar€ 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, axaal 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 conditiorfsidure 2.8’). 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 pM curcumin,
numerous OEs 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 the medium (arrows with tail); D” red fluorescence of OECs.

6FDOH EDU PLQS$ & PLQ %

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 debrigmigure 2.5A). The phagocytosis of axonal debris varied
amongst the OECsvith some OECs having taken up large amounts of debris, while
other OECs did not contain any debris at &ig(re 2.5AA’). When OECs were
incubated in medium containing curcumin (0.5 uM) there was a dramatic difference in
the phagocytosis of axonal debris and all OECs in the culture contained large amounts
of axonal debrisKigure 2.5BB’). 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, Fige 2.8) which were not detected on OECs in control
medium Figure 2.8\). We confirmed that the cell debris was localized within
lysosomes by using LysotrackeFigure 2.5CC’) and confocal imaging. We then
guantified the phagocytosis of the green fluoeascaxonal 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 overf@d after 24 h incubation compared to controls
(Figure 2.5D). In addition to axonal debris, the phagocytosis assay was also conducted
using heakilled FITC labelled E. coliOECs in curcumin media showed a dramatically

higher amount of bacteria inside the bodi¢®wcompared with OECs in control media
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(Fig. 5EF) 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 vitroAAAfter

24 h OECs in control medium accumulated a small amount of axonal debris (arrows)
whereas (BB’) OECs treated with curcumin showed high accumulation of axonal
debris localized inside the cell body.-(T) Co-localization of cellular debris (green)
with lysosomes (red) indicating @rnhalization of the debris. (D) Densitometric
guantification 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 M&vimitney U test
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for independent samples, n=20.-f OECs treated wi curcumin show higher
phagocytosis of FITdabelled E. coli. (GH) 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 QR
(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

SHVRXUFH 6FDOH-EDU P LQP&LQ (P LQK LR *

Live cell imaging showed that OECs in control medium displayed dynamic motility and
morphology changed-{gure 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, curcumutreated OECéad large lamellipodia that rapidly changed shape, and
the cells moved considerably faster and changed direction much more frequently than
OEC:s in control mediumFgure 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 OECsHe, Xie et al. 2014)Therefore, curcumin regulation of p38 and other
MAP described previouslyK@ng, Woo et al. 200Kim, Son et al. 2008nay provide

a new insight in the use of this natural product for stimulation of OEC phagocytic

activity.

96



The potent stimulation of phagocytosis by curcumin is of particular interest for neural
repair therapies. After spinal cord injury, phagocytosis afideerve cells is crucial for
creating a favourable environment for nerve regeneration and restoration of nerve
connections(David and Aguayo 1981)In normal condions, 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 daadel(y,
Wirenfeldt et al. 2005David and Kroner 2011)However, the resultant inflammatory
cascade can be harmful to cells because of the release of oxygen free radicals and
neurotoxic enzymesHuizinga, van der Star et al. 2013 recent study showed that
OECs in an in vitro model of spinal injury phagocytosed degée@meuronal debris
which enhanced not just neuron survival but neurite outgrokigh Xie et al. 2014)
Therefore stimulation of phagocytosis by curcumin could promote a more rapid and
efficient clearingof the toxic debris by OECs, diminishing dowitteam posterior pfo
inflammatory responses given its known anflammatory propertieKavakli, Koca et

al. 2011,0rmond, Peng et al. 20}, Zacilitating 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 migraon

In our initial explant experiment~{gure 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-tapse 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 treatRigate

97



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 uM curcumin,
(3) G5 supplement, or (4) a combination of 0.5 pM curcumin and G5 supplement.
Curcumin and G5 supplement, as well as the G5+curcumin, significantly increased the
migrdion rates of OECs in comparison to controls (p<0.05, p<0.05 and p<0.01,

respectivelyfigure 2.@).

Figure 2.6. Curcumin increases OECs migration rat@) 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 tiapse videos for eactreatment, with n=10

cells in each treatment. OECs treated with cucumin and/or G5 migrated
significantly faster than control; cells exposed to combined  curdumin/G5 were
significantly faster than all other treatments.-E} Migration of indvidual 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 andns:8.dultures)
*p<0.05 and **p<0.01 Friedman non parametric test.

After careful assessment of the tila@se imaging sequences, it was apparent that the
cell movements were strongly influenced by the presence of neighbouring cells.
Therefore, we examined gration of individual OECs using a scratch assay which
allowed the cells to migrate into the cklte scratch which may better reflect conditions

as were seen in the explant ass&igure 2.4AD). 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 eme 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 respofggufe 2.6C). Similarly, curcumin and G5
also increasethe 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 tHode in comparison to control
(Figure 2.6D; pvaluesshown in figure legend). Curcumin also significantly increased

the number of cells present in the scratch by over {imidein 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 behavioDoucette 1995Woodhall, West et al. 200¥/incent, West

et al. 2005)and morphology plasticity strongly impacts the rate of migration of OECs
(Huang, Wang et al. 2008)he 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
deternined and quantified. Cultured OECs were incubated in (1) control medium, (2)
0.5 uM 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 Kigure 2.7A). Curcumin treatment (0.5 puM) resulted in morphology
changes in OECs, in particular the presence of large, active lamellifaoglize( 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). Curcunteated OECs also had a largely bipolar
appearance but, in contrast to control OECs, they rapidly produced and retracted

additional branches or lamellipodia over tinkég(ure 2.7D). Incub&n with curcumin
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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 24Hgire 2.7EH). 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 OBEsmdus,
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 delis Chen et al. 2013 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. 2007The stimulation of lamellipodial activity led to increased
cell-cell contact and resulted in contaxediated migrationWindus, Claxton et al.
2007,Windus, Lineburg et al. 2010Additionally, after olfactory bulbectomy, in the
absence of axons, extensive OEC-cell contact resulted in subsequent superior OEC
proliferation and axon growthChehrehasa, Windus et al. 201Qur 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 resuheoiricreased cedell
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 trelayethe ERK inhibitor

(Figure 2.7). 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 celiell contact via the ERIgathway.

Figure 2.7. Curcumin increases morphology dynamics of OEQA-B) Schematic

representation of the dynamic activity of OECs in vitro during 2 h of-lapse
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imaging. (A) In control medium the morphology of cells underwent little change, (B)
when incubated with 0.5 Qurcumin 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
ODPHOOLSRGLD 6 F D OH) @HTS treated with cufcumin 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)alues are expressed as mean * s.e. of triplicates. *p <

0.05, **p<0.01, oneway ANOVA (Tukey Pebbc analysis).

OECs combined with GDNF have been trialled for neural transplant therapies and
resulted in improved regeneration of the optic nehia,(Gong et al. 2010and spinal

cord (Cao, Liu et al. 20045ue to the enhancement on the activity of lamellipodia,
resulting in increased migration rate of OE®@¥ir{dus, Claxton et al. 200%Vindus,
Lineburg et al. 2010 In this study, we also showed that ldwse curcumin promage

OEC migration, and increas¢éamellipodial 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. Morebeer, t
adoption of the bipolar morphology iw 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

103



with the flattened morphology in which g lamellipodial surround the cells have
lower rates of migrationWindus, Claxton et al. 2008u and He 201&Kkberg, Amaya

et al. 2011) Curcumin’s effects on extension of OEC’s lamellipodia and-c=ll
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 Stedohn and Key
2003) or are limited to the periphery of the injury site when target tissue is removed
(Chehrehasa, Windus et al. 2018pwever, when OECs are transplanted into the injury
site the glia create a uniform environment which leads to superior axon regeneration
(Chehrehasa, Windus et al. 2018)nce 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, promoteamdllicontact via stimulating peripheral
lamellipodia and subsequentlgad to increase production of neurotrophic factors
(Lipson, Widenfalk et al. 2003hat will together promote extension of axonsasrthe

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 survivaféng, 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 agémeispn, Jones et al. 2008nimal
studies have reportethat curcumin undergoes fast metabolism by conjugation and

reduction(Liao, Wu et al. 2012&nd its disposition after oral dosing is characterized by
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poor systemic bioavailabilitySharma, Euden et al. 20harma, Gescher et al. 2005
Several studies have d&® undertaken to enhance the aiailability of curcumin,
resulting in new strategies that enhance bioactivity and significantly increase the bio
availability of curcumin in vivo Adams, Ferstl et al. 2008)jarczylo, Verschoyle et al.
2007,Anand, Nair et al. 201®uch as structuraklated modifications and synthesis of

new curcumin derivatives.

Figure 2.8. Curcumin can be of potential use for transplant therapiés) 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 integrationGECs 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 therdapergfore
identification of compounds that enhance the activity of glia is of therapeutic interest.
We have previously shown that curcumin potemstimulates 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 curcuminZ0.02-

0 &HOO SUROLIHUDWLRQ ZDV GHWHUPLQHG E\ 076 DVV
determined by single live cell migration tracking. We found that small doses of
curcumin (40 nM) dramatically increased the proliferation and migration in Schwann
FHOOV ZLWKLQ MXVW RQH GD\ +LJK FRQFHQWUDWLRQV
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 cumou 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 closedyecklglia 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 aFeav¢ett and Keynes 1990irsky

and Jessen 1999essen 2008Qudega and Xu 2006Ypon reaching the injured site,
Schwann cells proliferate and support axonal regeneration and elondd&oi©06)
Demyelination of injured nerves is addressed by differentiation ardifféesntiation
processes in which the Schwann cells switch betweemyatinating and myelinating
stageqJessen and Mirsky 2005)he role of Schwann cells also includestbgsising
neurotrophic factorgAcheson, Barker et al. 1991¢ytokines, adhesion and growth
pronmoting factors necessary for satisfactory nerve regeneration after iNusky and
Jessen 1999)ransplantation of Schwargells for the treatment of spinal cord umy

has been shown to promote nerve regeneration and improve axon elongation in
peripheral systemd.{ and Raisman 19948unge and Kleitman 1990udega 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
antrinflammatory and anttancer properties in different cell typé$afcher, Planalp et
al. 2008) however it is important to note that these effects are-diegendent and cell

type specific. In high concentrations (>40 pMyrcumin induces cell apoptosis in
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diverse cancer celld.igo, Wu et al. 2012)Contrariwise, low doses of curcumio.1-

0.5 pM) stimulatecell proliferation n neural progenitor cellK{m, Son et al. 2008)

We have previously reported that curcumin dramatically stimulated the activity of
olfactory emheathing cells (OECs) which are the glia of the olfactory system by
increasing their phagocytic activity as well as migration and proliferaficalo(
Velasquez, Watts et al. 2014ctivation of the p38 and ERK mitogen activated protein
kinases (MAPKs) was found to be associated with these curaetated effects on
OEGs and PC12 cellsKim, Son et al. 2008Tello Velasquez, Watts et al. 2014)
However, curcumin interacts with many proteins involved in diverse cellular signalling
processes, and its effect on the regulation o€ifipeproteins 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 -ddferentiation, (Jessen and Mirsky 20Q5These

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 differentiatigilarin, Wall et al. 2007) Curcumin

has been found to modulate the-NB6 SDWKZD\ UHVXOWLQJ LQ DQ LPSU
with abnormal Schwann cedixon interactions and demyelinating nepadhologies by

allowing more Schwann cells to enter and remain in a myelinating state. IraiSthw

cells, NF % LV FUXFLDO IRU P\HOLQDWLRQ ZKHUH %WY[RQV LQ¢
through the phosphorylation of the p65 subunit promoting Schwann cell differentiation

into the myelinating phenotype in response to neuredusilgnalling {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 nmyaing neuropathies start developing. Moreover
curcumin treatment reduces Schwann cell apoptosis in adépsmndent 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 Trefhlolece Khajavi,

Shiga et al. 2007)Another study in a Charcdarie 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. 20)2

The aim of the present study was to investigate the effects of curcumin on proliferation
and migration on cultured Schwann cells, as well as othetypallspecific changes in

order to determine how curcumin can be used to promote nerve repair.

3.3 Mateials and Methods

3.3.1 Animals and Schwann cell culture

Postnatal 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 bgimal ethics committee of Griffith University
(permit number: ESK/05/12/AEC). Schwann cells (SC) were isolated from S1000R-
DsRed transgenic mice (Windus et al., 2007) following a modified protocol (Bunge and
Kleitman, 1997). Briefly, dorsal root ganglia (@R from the spinal cord were dissected
and explants plated in 2#4ell plates previously coated with Matrigel (BD Bioscience,

1:10). Cultures were maintained in glia growth medium: DMEMdium containing
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10% FBS, gentamicin, kglutamine G5 supplement (Lif@ 'echnologies), and 5% CO2

for one week and then replated for analyses.

3.3.2 In vivo and in vitro identification of Schwann cells

Fluorescentvhole mountpreparations of the spinal column and peripheral nerves were
imaged using an Olympus SZX7 microscope. Transverse sections (30 um 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 S10013 (1:500,
Dako, Z031122,), followed by goat antiabbit (1:400, Life Technologies,-21202)

using the procedure described below in the immunostaining section.

3.3.3 Proliferation assay

Briefly, cells wee seeded in 9@ell 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,-glutamine) or increasing concentrations of curcumin
(0.1, 0.5, 1, 10, 20 uM)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 @altaken before and after the set time period to
confirm proliferation assay results. The effects of ERK (Extracellular srggalated
kinases) and p38 MARmitogenactivated protein) ir8C proliferation were determined
using p38 and ERK kinase inhibitoiSCs were seeded in-9&ll plates and incubated
after 24 h with SB203580 (p38 MAP kinase inhibitor, Sigidrich) and PD98059

(MEK/ERK inhibitor, SigmaAldrich) at a concentration of 100 puM for 24 h.
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Thereafter, cells were treated curcumin (0.1 pM) 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 1X81 CellR microscope. Cells wesd plat

onto glass culture plates in a density of 6500 cells/well and kept mir@@pendent

PHGLXP J/LIH 7THFKQRORJLHV DW U& )RU PRUSKRORJLF
taken every 3 min for 2 h and for migration assays images were taken every 1 min f

up to 24 h.

3.3.5 Morphology assay

To determine curcumin related morphological changes,-ftypge image sequences
were analysed using AxioVisiofZeiss, Germany). We have previously shown that
curcumin dramatically changes the number and size ofphmmal membrane
lamellipodia on olfactory ensheathing cell§ello 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
calculaed 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 wseof. The migration
parameters: speethé mean migration velocityer the entire path of movement), total
distance travelled by the cells measure in ...m and displa¢eistantce calculated as
straight line from thenitial to the last position during the entire timelapsegre
calculated for a leasiO 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 in9&HOO JODVV SODWHYV FHOOV ZHOO ZHUH W
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% TritorlB0 (TX) for 30 min at room
temp. Primay antibodies: rabbit polyclonal arfil00R (1:500, Dako, Z0311:29,

rabbit polyclonal antil)N S 6 D Q W EB72) Urbpit th&noclonal anti

MBP (1:100 Abcam ab40390), mouse monoclonal -pgintispoERK (1:100, Cell
signalling, 9101) Cholfin and Rubenstein 2008hd phosp@38 (1:100, Cell Signaling
Technology, 9211) antibodies were diluted in 0.1 M PBS/2% BSA/0.3% Tl Wele
incubated with primary antibodies overnight at 4°C. Secondary antibodies goeat anti
rabbit (1:400, Life Technologies, -21202) or antmouse 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 9éplate well with a 20x objective at specific wavelengths. Images were
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analysed using HarmgrHigh 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 invéell glass chambeslides at a density of 6xi@ellsthamber

After 24 h, cells were treated with curcumin and 50 pL of fluorescent axonal debris
from OMP-ZsGreen mice generated as previously desciibelio 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%) R&tE vol

of 645) to allow comparison between the treatments; saturation of fluorescence was not
detected in any field. Mean intensity of green fluorescen@s®0range) inside the cell
boundaries defined by the DsRed fluorescence of the cells was measogetmaggeJ
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 thdatawas normally distributed, normality tests (skewness and
excess kurtosis coefficients) were usédl data are expressed as me&anSEM.
Proliferation data was tested for statistical significance using ANOVAnaeTukey

and LSD poshoc analyses. Statistical significance of cell migration data was analysed

using Friedman noparametric test. For phagocytosis data, statistical significance was
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tested using MantiVhitney U test. inmunofluorescence data was subject to Student’s t

tests comparing group means. ThH VWDWLVWLFDO FULWHULRQ IRU VLJ

3.4 Results and discussion

3.4.1 Schwann cell identity

Schwann cells (SCs) were obtained from S1D8Red mice in which the human S1001
promoter drives expression of DsRed in glial cellgindus, Claxton et al. 2007)
Expression of DsRed by SCs in vivo was verified in whole mpuoeparations 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 SIRed SCs within the nerve bundles
(Figure 3.1 C-D), with anttS100R immunostaining coinciding with the DsRed
expression. Cultured SCs obtainednfr dorsal root ganglia expressed DsRed protein
DQG ZHUH LPPXQRSRVLWLYH IRU 6 SURWHLQ ZKLFK D
cells Figure 3.1E-F). Around 95% of cells expressed DsRed fluorescent protein and
95% of those expressing DsRed also expr€ss®& S U Rig/ B.LEH). 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

FRUG RI D SRVWQDWDO GD\ PRXVH SXS -PsRed(@c LPDJH F
D 6 ' WRIHWKHU ZLWK QXFOHL VWDLQHG ZLWK "$3, L
SCs, SC continued to express DsRed (E); 95 RI 'V5HG 6&V ZHUH SRVLWLY
(B"); the merged image is shown in H together with nuclei which are stained with

'$3, 6FDOH EDU PLQ $ PLQ % LG (P LQ &
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3.4.2 Curcumin increases proliferation of Schwann cells.
As we previously reported that curcumin regulates the proliferation of OE€ (
Velasquez, Watts et al. 201herewe determined whether curcumin exerts the same
effect on SCs. After treatment with different curcumin concentrat@82-20 uM), SC
proliferation showed an increase at 0.1 uM and 0.5 uM when compared to control
(Figure 3.2AC). No cytotoxic effect was observed at the higher concentrations of
curcumin (Figure 3.2D). In dltreatments SCs presented the typical bipsfandle
morphology (Figure 3.2A). Proliferation rates determined by MTS confirmed the
results. After just one day after treatment, FRQFHQWUDWLRQV EHWZHHQ
curcumin had significantly increasedopiferation compared to control treatment, with

0 VKRZLQJ WKH KLIJKHVW SUROLIHUDWLYH HIIHFW S
proliferation compared to control (Figure 3.2E). Curcumin at concentrations of 10 and
20 uM had slightly higher rates of proliferation compared to control (p<0.001; Figure
3.2E). As curcumin at 0.ftM 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 curcuediated
increased proliferation as previously found for OECS, SCs were incubated with
PD98059 (ERK inhibitor) and SB203580 (p38 MAP kinase inhibitor). These inhibitors
have been pxeously reported to block growth factarduced mitogen activation on
OECs(Yan, Lu et al. 2003Tello Velasquez, Watts et al. 2014fter 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 G 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 proliferatiofA-D) Lowdose curcumin

W R O VWLPXODWHG WKH SUROLIHUDWLRQ Rl 6&V |
(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 = P-DL (&) Proliferation
rate determined by MTS assays. After one day in culture concentrations between 0.04
DQG 0 FXUFXPLQ KDG VLJQLILFDQWO\ LQFUHDVHG SU|
WUHDWPHQW S ZLWK 0 KDYLQJ WKH KLJKHVYV
Incubation with ERK (PD98059) and p38 kinase (SB203580) inhibitors blocked base

and curcuminnduced proliferation of SCs compared with control p<0.001 (***);
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p<0.01 (##) compared with cultures treated with curcumin alone; (nR3@&ells per
treatment).Values are expressed as mean * s.e. of triplicates. Statistical significance

was determined by orveay ANOVA posthoc Tukey test

3.4.3 Curcumin regulate Schwann Cells migration

We examined the effect of curcumin on SC migratiemg timelapse 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. @one treatment increased by
more than 50% the mean speed of the céligufe 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 %68&teg than control

cells Figure 3.3B, C; pralue <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 timéapse videos for each treatment (with and without curcumin), with

n=30 cells in each treatment. (A) SCs treated with 0 F XrbigrateRiL Q
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significantly faster than control cells; with (B) significantly higher displacement
(straight distance) and (C) total distance compared to untreated controF$§36€.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 ratégllo Velasquez, Watts et al. 2014 herefore we were
interested to determine if morphological changes were also observed in SCs. SCs in
control medium or in media containing 0.1 uM 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 batks of the long axis of the cells;
small frequent peripheral/radial lamellae were frequently obseRigdré 3.4A). Cells

in curcumin media showed similar behaviour, however larger and sometimes double
axial lamellae were observed particularly towar@ tleading edge Figure 3.8B).
Dramatic morphological changes were not observed on curcumin treated cells when
compared to controFjgure 3.4A) which is in contrast to what was previously observed
with OECs which underwent considerable morphological clergféer curcumin
treatment(Tello Velasquez, Watts et al. 2Q14Nonetheless, it is known that SC
migration is regulated mainly by the dynamic interaction commanded by the generation
of lamellipodial waves Nodari, Zambroni et al. 200%Vindus, Claxton et al. 2007)
therefore we further observed the dynamic interactions of lamellipodial SCs waves

(arrows,Figure 3.4C) using timapse microscopy before and after curcumin treatment.
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No difference in the number of waves was detectéidgufe 3.4D), however the
timeframe during which these waves travelled along the main cell axis was significantly

lower in cells treated curcumifigure 3.4E, p<0.01).

Figure 3.4.Curcumin treatment affects SC wave dynamics but not morpholdgy.
Schematic representation of morpholajichanges 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 0
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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.-Ef Number of

waves for the total time of the timelapse movie and duration of the waves were
calculated for bdt treatments using AxioVision software. (C) The start point of the
lamellipodial waves on each cell (arrow and arrow with tail) were identified and their
PRYHPHQW WUDFNHG DORQJ WKH FHOO Difdated ¢élsDOH EDU
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 curtiaaiied

SCs (E) (**p<0.01). Values are the mean and s.e. (n=363t

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 fluordsagonal debris was observed
within both control and curcumin treated cellsigure 3.5AB), but there was no
significant difference in the amount of internalised axonal debris between cells treated
with curcumin and control cell$-{gure 3.5C). This padular 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 c@rcumin 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
significantdifference (ManaVhitney U test for independent samples, n=20. Scale bar

P

3.46 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 hyighe
content imaging and analysis software HarmoiMyelin Basic protein (MBP)
expression was slgly higher in cells treated with curcumifrigure 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 SEi1agoso, Haines et al. 20(Haines, Fragoso

et al. 2008 Parkinson, Bhaskaran et al. 2008&wbern and Birchmeier 2010) showed
significant differences between cells treated with curcumin and control; pha3po p-
was highly reduced in cells treated with curcumin (Fig.19B, B’, F, p<0.01) whilst the

phosphorylated form of ERK1/2 (pERK1/2) was found to be more expressed in
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CUUFXPLQ WUHDWPHQW )LJXUH ' ) S 6 GLG
between the two treatments (Figure 3.6C, C’). Expression eNNBFSSD- 1IDQ
essential transcription factor in the myelin formation signal pathwéattgon 2003)

was observably higher in curcuntireated 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 AE show SCs cultured with/without 0.1 cQrcumin and then immunostained

with antibodies against (A’) Myelin Basic Protein (MBP); (B8’) phosphop38, (G

&Y 6 -D’)' phosphoERK, (EE) Nf- % ) 4XDQWLILFDWLRQ RI WKH
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 = P
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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 5@sld lower doses than we previously demonstrated was needed for
OECs, andhe 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 sirk 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 thaspetlific

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 curcumadiated effect. MR
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(§pel, 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 {80 uM) (Watson, Greenshields et al. 20T&pta,
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Prasad et al. 2011)vhereas activation of the same pathways in neural stem cells and
some glial cells results in increased proliferation and migration (@)b6(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 RacGTPaseSa( Miguel, Opperman et al. 2010)
Interestingly the same family of small GTPAses are known regulators of migration on
SCs (Yamauchi, Chan et al. 2004Migration of SCs is determined mainly by the
dynamic activity of the lamellipodia, with the formation and extension of these lamellae
regulated by the expression &ac proteins Nodari, Zambroni et al. 2007)The
importance of radial lamellipodia is highlighted in OECs in which lamellipodial
protrusions are crucial for migration, cekll and neurorcell interactions \(Vindus,
Claxton et al. 2007Windus, Chehrehasa et al. 2011ndeed, lamellipodial waves
regulate OEC migration through the establishment and maintenance afeltell
adhesion and the dynamic activity of these wanftsencescell migration. On SCs, we
found that curcumin treatment increases the speed at whicdlarsdlipodial 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 lamellipodiat wave

and increased migratiofindus, Lineburg et al2010) Of particular interest is that
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these lamellipodia are directly related to more complex processes such as the
myelination and renyelination processes as well as the sorting and wrapping of the
axons by SCs. In SCs, it has been shown that chamggeripheral and axial
lamellipodial waves regulate the activation of RaPankov, Endo et al. 20Q5).ow

levels of active Racl 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 whidurcumin dramatically changed the
morphology of the cells, particularly the lamellipodia, and increased the phagocytic
activity of OECs by more than #f0ld (Tello Velasquez, Watts et al. 201%hile 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 neridagareth, Lineburg et al. 2015)hus it

is perhaps the increased phagocytic capacity of OECs that is stimulated by curcumin

and that SCs did not respond to curcumin as ltilaey 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 protelBKR and NF B,

and a large decrease inpB8 expressionndicating 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. 200Maines, Fragoso et al. 2008,
Parkinson, Bhaskaran et al. 200&wbern and Birchmeier 201and have been shown

to activate NF B in multiple cells typesMattson 2003Kim, Kim et al. 2005 Limpert

and Carter 2010) ERK kinases pathways are known to be activated following
neuregulin or growth fdor stimulation leading to myelination process@gdta, lijima

et al. 2004) Intracellular elevation of ERK kinases by soluble neuregulin and other
growth factor enhances SCs proliferatidhoje, Bartlett Bunge et al. 200&covelli,
Lopera et al. 200Mlewbern and Birchmeier 201, 0eaffirming our observations that
curcumin stimulates SC proliferation and that ERK pathways are required for both basal
and curcumininduced SC proliferation. This is also consistent with other cells types in
which curcumin has been shown to selectivedgulate the activation of the ERK and
p38 MAPK pathwaysWeir, Selvendiran e&l. 2007,Kim, Son et al. 2008Watson,

Greenshields et al. 2010, Wilken, Veena et al. 2011)

The decrease in the activated form of the BB38) MAP kinase by SCs stimulated by
curcumin suggests possible-déferentiation activity. It has been previously reported
that this kinase pathway mediates myelin breakdown and promotes SC de
differentiation towards the immature namyelinating phenotypeY@ng, 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 proteif&arkinson,

Bhaskaran et al. 2008)
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Although a difference in the expression of-NB 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 B (Arthur-Farraj, Wanek et al. 20},1and in our assays the
activation of the ERK pathway may have not been sufficient to induce a more
noticeable change in expression of NE. Highly detected changes on tepression of

NF- B are generally founded after more than 6 days in SCs previously treated with
ascorbic acid to enhance the myelin productiompert and Carter 2010)ransient
activation of ERK kinases has been noted to be required for growth-éesgendent
effects on SC proliferation, leading to an increase in proliferation, however a sustained
activation of the same pathway can promote differentiation evéidsj€, Bartlett

Bunge et al. 2006)

Activation of NF B 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 INlonje, Bartlett Bunge et al. 20Q&yrevious studies have shown
that cocultures of neuron/SCs exposed to forskolin significantly enhanced the
activation of NF B and subsequently increased the expression of MBP as well as other
myelinating related proteind.impert and Carter 2010)nhibition of the p65 subunit
prevents myelination of SCs in culture and prevention of the phosphorylation of the
same unit inhibits myelin formatiorN{ckols, Valentine et al. 2003With regards to
curcumin’s ability to modulate the differentiation of SCs, curcumin has been found to
induce expression of the NF& L Q 7 U-Bl RiEeOpkblmoting more SCs to transit to
the myelinating type, resulting in higher number of myelinated aXeaizKo, 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 f6@ 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 potentiafor 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.or example, céransplantation of SCs and OECs with curcumin
into an injury sitecould 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
differentation status of SCs and opens the possibility of therapeutically modulating SCs

to migrate and remyelinate axons to repair peripheral nerve damage.

3.7 Chapter 3 References

ACHESON, A., BARKER, P. A., ALDERSON, R. F., MILLER, F. D. & MURPHY, R.

A. 1991. Detection of braiderived neurotrophic factdike activity in

143



fibroblasts and Schwann cells: inhibition by antibodies to NGF. NeWr@§5-
75.

ARTHUR-FARRAJ, P., WANEK, K., HANTKE, J., DAVIS, C. M., JAYAKAR, A,
PARKINSON, D. B., MIRSKY, R. & JESSEN, K. R. 2011. Mouse Schwann
Cells Need Both NRG1 and Cyclic AMP to Myelinate. Gb8, 720733.

BUNGE, M. B. & KLEITMAN, N. 1997. Schwann cells as facilitators of axonal
regeneration in CNS fiber tracts. Cell Biology and Pathology of My&li8i.9-

333.

CHOLFIN, J. A. & RUBENSTEIN, J. L. R. 2008. Frontal cortex subdivision patterning
is coordinately regulated by Fgf8, Fgfl7, and Emx2. Journal of Comparative
Neurology, 509, 14455.

FALLS, D. L. 2003. Neuregulins: functions, forms, and signaling strategies. Exp Cell
Res,284, 1430.

FAWCETT, J. W. & KEYNES, R. J. 1990. Peripheral nerve regeneration. Annu Rev
Neurosci,13, 4360.

FRAGOSO, G., HAINES, ID., ROBERSTON, J., PEDRAZA, L., MUSHYNSKI, W.

E. & ALMAZAN, G. 2007. p38 mitogemactivated protein kinase is required for
central nervous system myelination. Gh&, 153141.

GOEL, A., JHURANI, S. & AGGARWAL, B. B. 2008. MuHiargeted therapy by
curcumn: how spicy is it? Molecular Nutrition & Food Researdg, 1010-
1030.

GUPTA, S. C., PRASAD, S., KIM, J. H.,, PATCHVA, S., WEBB, L. J,

PRIYADARSINI, I. K. & AGGARWAL, B. B. 2011. Multitargeting by

144



curcumin as revealed by molecular interaction studiesirflaProduct Reports,
28, 19371955.

HAINES, J. D., FRAGOSO, G., HOSSAIN, S., MUSHYNSKI, W. E. & ALMAZAN,
G. 2008. p38 Mitogemctivated protein kinase regulates myelination. J Mol
Neurosci,35, 2333.

HATCHER, H., PLANALP, R., CHO, J., TORTIA, F. M. &TIORTI, S. V. 2008.
Curcumin: From ancient medicine to current clinical trials. Cellular and
Molecular Life Science$5, 16311652.

IACOVELLI, J., LOPERA, J., BOTT, M., BALDWIN, E., KHALED, A., UDDIN, N.

& FERNANDEZVALLE, C. 2007. Serum and forskolin cooperate to promote
G1 progression in Schwann cells by differentially regulating cyclin D1, cyclin
E1l, and p27(Kip) expression. Glia5, 16381647.

IDE, C. 1996. Peripheral nerve regeneration. NeurosciZ$e4,0121.

JESSEN, K. R. 2006. A brief look at glial cells. Novartis Found Syaip, 5-14;
discussion 54, 27581.

JESSEN, K. R. & MIRSKY, R. 2005. The origin and development of glial cells in
peripheral nerves. Nature Reviews Neuroscief)cg/1682.

KHAJAVI, M., SHIGA, K., WISZNIEWSKI, W., HE, F., SHAW, C. A., YAN, J.,
WENSEL, T. G., SNIPES, G. J. & LUPSKI, J. R. 2007. Oral curcumin mitigates
the clinical and neuropathologic phenotype of the Tremblaouse: A potential
therapy for inherited neuroggt American Journal of Human Genetid3],
438453.

KIM, G. Y., KIM, K. H., LEE, S. H., YOON, M. S, LEE, H. J., MOON, D. O,, LEE, C.

M., AHN, S. C., PARK, Y. C. & PARK, Y. M. 2005. Curcumin inhibits

145



immunostimulatory function of dendritic cells: MAPKsdatranslocation of NF
kappa B as potential targets. Journal of Immunology, 174, 81248-

KIM, S. J., SON, T. G., PARK, H. R., PARK, M., KIM, M. S., KIM, H. S., CHUNG,
H. Y., MATTSON, M. P. & LEE, J. 2008. Curcumin stimulates proliferation of
embryonic naral progenitor cells and neurogenesis in the adult hippocampus.
Journal of Biological Chemistry, 283, 14494505.

LI, Y. & RAISMAN, G. 1994. Schwanr@ells Induce Sprouting in Motor and Sensory
Axons in the AdukRat SpinalCord. Journal of Neuroscience, 14, 408063.

LIAO, K. K., WU, M. J., CHEN, P. Y., HUANG, S. W,, CHIU, S. J.,, HO, C. T. &
YEN, J. H. 2012. Curcuminoids Promote Neurite Outgrowth in PC12 Cells
through MAPK/ERK and PKCGDependent Pathways. Journal of Agricultural
and Food Chemistry, 60, 43B+3.

LIMPERT, A. S. & CARTER, B. D. 2010. Axonal neuregulin 1 type IIl activates NF
kappaB in Schwann cells during myelin formation. Journal of Biological
Chemistry 285, 1661422.

MARIN, Y. E., WALL, B. A., WANG, S., NAMKOONG, J., MARTINO, J. J., SUH,
J., LEE, H. J., RABSON, A. B., YANG, C. S., CHEN, S. & RYU, J. H. 2007.
Curcumin downregulates the constitutive activity of-kdppaB and induces
apoptosis in novel mouse melanomase¥lelanoma Res, 17, 288-.

MATTSON, M. P. 2003. Insulating axons via MBppaB. Nat Neurosci, 6056.

MIRSKY, R. & JESSEN, K. R. 1999. The neurobiology of Schwann cells. Brain

Pathol, 9, 293311.

146



MONJE, P. V., BARTLETT BUNGE, M. & WOOD, P. M. 2006. Gic AMP
synergistically enhances neuregutiependent ERK and Akt activation and cell
cycle progression in Schwann cells. GB3, 649-59.

NAZARETH, L., LINEBURG, K. E., CHUAH, M. |, VELASQUEZ, J. T,
CHEHREHASA, F., ST JOHN, J. A. & EKBERG, J. A. K. A1Olfactory
Ensheathing Cells Are the Main Phagocytic Cells that Remove Axon Debris
During Early Development of the Olfactory System. Journal of Comparative
Neurology, 523, 479-494.

NEWBERN, J. & BIRCHMEIER, C. 2010. Nrg1/ErbB signaling networks in Schwann
cell development and myelination. Semin Cell Dev Rib),922-8.

NICKOLS, J. C., VALENTINE, W., KANWAL, S. & CARTER, B. D. 2003.
Activation of the transcription factor NlkappaB in Schwann cells is required
for peripheral myelin formation. Nat Neurosci, 6, 161-7.

NODARI, A., ZAMBRONI, D., QUATTRINI, A., COURT, F. A., D'URSO, A.,
RECCHIA, A., TYBULEWICZ, V. L., WRABETZ, L. & FELTRI, M. L. 2007.
Betal integrin activates Racl in Schwann cells to generate radial lamellae
during axonal sorting and myelination. J Cell Bibl,7, 1063-75.

OGATA, T., IJIMA, S., HOSHIKAWA, S., MIURA, T., YAMAMOTO, S., ODA, H.,
NAKAMURA, K. & TANAKA, S. 2004. Opposing extracellular signal
regulated kinase and Akt pathways control Schwann cell myelination. J
Neurosci,24, 6724-32.

OUDEGA, M. & XU, X. M. 2006. Schwann cell transplantation for repair of the adult

spinal cord. J Neurotrauma, 23, 453-67.

147



PANKOV, R., ENDO, Y., EVENRAM, S., ARAKI, M., CLARK, K., CUKIERMAN,

E., MATSUMOTO, K. & YAMADA, K. M. 2005. A Rac switch regulates
random versus directionally persistent cell migration. J Cell Bin0, 793802.

PARK, H. W., LIM, M. J., JUNG, H., LEE, S. P., PAIK, K. S. & CHANG, M. S. 2010.
Human mesenchymal stem edérived Schwann celike cells exhibit
neurotrophic effects, via stinct growth factor production, in a model of spinal
cord injury. Glia,58, 111832.

PARKINSON, D. B., BHASKARAN, A., ARTHURFARRAJ, P., NOON, L. A,
WOODHOO, A., LLOYD, A. C,, FELTRI, M. L., WRABETZ, L., BEHRENS,
A., MIRSKY, R. & JESSEN, K. R. 2008.-&in is a negative regulator of
myelination. Journal of Cell Biology, 181, 6537.

PATZKO, A., BAI, Y. H., SAPORTA, M. A., KATONA, I, WU, X. Y., VIZZUSO, D.,
FELTRI, M. L., WANG, S. L., DILLON, L. M., KAMHOLZ, J., KIRSCHNER,
D., SARKAR, F. H.,, WRABETZ, L. &SHY, M. E. 2012. Curcumin derivatives
promote Schwann cell differentiation and improve neuropathy in R98C CMT1B
mice. Brain, 135, 3558566.

SAN MIGUEL, S. M., OPPERMAN, L. A., ALLEN, E. P., ZIELINSKI, J. &
SVOBODA, K. K. 2010. Antioxidants counteract aime and promote
migration via RacGTP in oral fibroblast cells. J Periodontol, 81, 18Y5-

TELLO VELASQUEZ, J., WATTS, M. E., TODOROVIC, M., NAZARETH, L.,
PASTRANA, E., DIAZNIDO, J., LIM, F., EKBERG, J. A., QUINN, R. J. &
ST JOHN, J. A. 2014. Lowose curcumin stimulates proliferation, migration

and phagocytic activity of olfactory ensheathing cells. PLoS One, 9, €111787.

148



WATSON, J. L., GREENSHIELDS, A., HILL, R., HILCHIE, A., LEE, P. W,
GIACOMANTONIO, C. A. & HOSKIN, D. W. 2010. Curcumirinduced
Apoptosis in Ovarian Carcinoma Cells Is pb8ependent and Involves p38
Mitogen-Activated Protein Kinase Activation and Downregulation of-B&nd
Survivin Expression and Akt Signalinglolecular Carcinogenesis, 49, 23t

WEIR, N. M., SELVENDIRAN, K., KUTALA, V. K., TONG, L. Y., VISHWANATH,

S., RAJARAM, M., TRIDANDAPANI, S., ANANT, S. & KUPPUSAMY, P.
2007. Curcumin induces G2/M arrest and apoptosis in cispkgistant human
ovarian cancer cells by modulating Akt and p38 MAREancer Biology &
Therapy, 6, 178-84.

WILKEN, R., VEENA, M. S., WANG, M. B. & SRIVATSAN, E. S. 2011. Curcumin:
A review of anticancer properties and therapeutic activity in head and neck
squamous cell carcinoma. Molecular Cancer, 10.

WINDUS, L. C., CHEHREHASA, F., LINEBURG, K. E., CLAXTON, C., MACKAY-
SIM, A., KEY, B. & ST JOHN, J. A. 2011. Stimulation of olfactory ensheathing
cell motility enhances olfactory axon growth. Cell Mol Life 8i,323347.

WINDUS, L. C., CLAXTON, C., ALLEN, C. L., KEY, B& ST JOHN, J. A. 2007.
Motile membrane protrusions regulate amll adhesion and migration of
olfactory ensheathing glia. Glias, 170819.

WINDUS, L. C., LINEBURG, K. E., SCOTT, S. E., CLAXTON, C., MACKASIM,

A., KEY, B. & ST JOHN, J. A. 2010. Langlodia mediate the heterogeneity of
central olfactory ensheathing cell interactions. Cell Mol Life&%i173550.

YAMAUCHI, J., CHAN, J. R. & SHOOTER, E. M. 2004. Neurotrophins regulate

Schwann cell migration by activating divergent signaling pathways dependent

149



on Rho GTPases. Proceedings of the National Academy of Sciences of the
United States of Americap1, 87748779.

YAN, H., LU, D. & RIVKEES, S. A. 2003.Lysophosphatidic acid regulates the
proliferation and migration of olfactory ensheathing cellsitro. Glia, 44, 26-
36.

YANG, D. P., KIM, J., SYED, N., TUNG, Y. J., BHASKARAN, A., MINDQGS, T.,
MIRSKY, R., JESSEN, K. R., MAUREL, P., PARKINSON, D. B. & KIM, H.
A. 2012. p38 MAPK activation promotes denervated Schwann cell phenotype
and functions as aegative regulator of Schwann cell differentiation and
myelination. J NeuroscB2, 715868.

YOON, C., KORADE, Z. & CARTER, B. D. 2008. Protein kinase-iAduced
phosphorylation of the p65 subunit of nuclear fagmppaB promotes Schwann

cell differentiation into a myelinating phenoty@delNeurosci28, 373846.

150



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 hawéable neuritogenic activity and
synergistic effects on NGiduced neuronal differentiation of PC12 cel#,(Ojika et

al. 2002,Qi, Ojika et al. 2004Han, Qi et al. 2006Han, 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; hawewe 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, prtiliera

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 ntimber
processes after linckoside treatment. Interestingly changes in microtubule organization
DQG H[SUHVVLRQ OHYHOV RI VRPH HDUGUWW@MXWeI&K QDO PDL
also observed. An increase in the phosphorylation of ERK 1/2 after additior of th
compounds suggests that this pathway may be involved in the linckosidiated
effects particularly those related to morphological changes. These results are the first
description of the stimulating effects of linckosides on hOECs and raise the pdtentia

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 vitr&disma 2001, Moreno+lores, Lim et al.
2003, Barnett 2004)and their neuresegenerative potential in the treatment of spinal
cord injuries has been broadly studied in the last two dec&tlasef, 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 |waet the need to improve their
proliferation, migration and integration within the host tissue-fprasisplantation. The
challenge of overcoming these limiting factors needs to be addressed in order for OECs
to be more widely and effectively used in thev&lepment of neural repair therapies

(Raisman 2001, Thuret, Moon et al. 2006, Barartl Riddell 2007)

Neurotrophic factors have been used to regulate and enhance OEC therapeutic
properties(Kim, Gutin et al. 1996\Woodhall, West et al. 200Bianco, Perry et al.

2004) but the large molecule size and potential gffects 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 thhae tpolyphenol compound curcumin potently
stimulates phagocytic activity of OECs and increases their migration by stimulating the
dynamic movement of peripheral lamellipodial wavésllp 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 relahip 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 laeuigata
display various biological activitie®(okof'eva, Chaikina et al. 200Bicha, 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 activitydan, Qi et al. 2006and synergistic effects on NGF
induced neuronal differentiation of PC12 cdl@i, Ojika et al. 2002Qi, Ojika et al.
2004,Han, Qi et al. 2006Han, 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-aall interactions. We
therefore examed 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 analysisand 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 st@efisled compounds

in the proliferation and mphological 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 (hQE@&se previously
generatedGarciaEscudero, Garci&omez et al. 2010Lim, Martin-Bermejo et al.

2010) These cefl were derived from the superficial layers of the olfactory bulb and a
clonal line was established by lentiveetoediated transfgiLim, Martin-Bermejo et al.

2010) Passage number 4 hOECs were cultivated in complete media: DMEM:F
PHGLD )%6 J P/ ERYLQH SLWXLWDU\ H[WUDFW
gentamicin. After confluence, cells were plated orn@fl-plastic plates or-8vell 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 NeuroBankNlatigian, McCurdy et al. 2008/ atigian, Abrahamsen et

al. 2010, Abrahamsen, Fan et al. 2013)

4.3.2 Proliferation assay

Linckosides A, B and granulatoside Aerme isolated by Professor Ojika using

established protocol€), Ojika et al. 2002Qi, Han et al. 2006)Cells were seeded in

96-well plates at a density of 3000 cells per well amplete media. Media containing
GLITHUHQW FRQFHQWUDWLRQV 0 RI WKH WKUFE
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. Celproliferation was determined by colorimetric assay using the

MTS asay CellTiter96 Aqueous One Solution reagent (Promega, Madison, WI) two

days after treatment. Microscopic images were taken before and after treatment to
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confirm MTS proliferation assay results. Proliferation data was tested for statistical

significance usig ANOVA oneway Tukey poshoc analysis

4.3.3 Migration assay

Cell migration was examined by tirl@pse microscopy using an Olympus IX81 CellR
microscope. Cells were plated ontov8H glass culture plates at a density of 4000
cells/well. After 24 hours, cells were exposed to the different treatments with media
containing inckoside 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 seleed fields in three different wells (at least three per treatment) were
taken every 10 min for up to 24 h. Tidapse images were analysed by single cell
tracking using AxioVision software. Speed, distance and displacement were calculated
for a least 10 cHd per triplicate per treatment over the 24 h periSthatistical
significance of cell ngration data was analysed usiAJOVA one-way Tukey post

hoc analysis.

4.3.4 Immunostaining analysis

hOECswere seeded on8ell glass chambers at a density of 4000 cells/well. Fibroblast
and hONSMatigian, Abrahamsen et al. 2Q1&8brahamseni-an et al. 2013)ere 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% Tritor1B0 (TX) for 30 min.
Immunofluoresence analysis was performed using the following primary antibodies at

the indicated dilutions: rabbit polyclonal ap5ntr (1:100, Promega,AB_430853),
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rabbit polyclonal ant5100 (1:200, Abcam, AB_11178), rabbit polyclonal -anti

S100A4 (1:100, Abcam, AB_27957), rabbit aB#AP (1:400, Abcam, AB_53554),

rabbit polyclonal anti ,,, WXEXOLQ $SEFDP $%B - UDEELW
fibronectin (1:200, Abcam, AB_23750), rabbit polyclonal @a#fP43 (1:1000, Abcam,

AB_16053). After 3 h incubation, delwere washed three times with PBS for 5 min

followed by incubation with donkey antabbit 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. DARdiising 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 werentak

4.3.5 Morphology and differentiation assays

hOECs were treated withntkoside A, linckoside B and granulatoside A at three
GLIIHUHQW FRQFHQWUDWLRQYV 0 0 DQG 0 IRU
treatment. Each compound was prepared asksswolution 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 seedediah @Blates at a
density of 3500 cells per well and maintained in completdianfor 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 representativeveslapping

regions of each well of cells. Between 300 and 500 cells were counted per treatment.

The numbers of branches were categorized as follows: l&\wp(dcesses), medium (4-

5 processes) and high (6 or more processes). Percentages of each category between
treatments were calculated and-chiT XDUH VWDWLVWLFDO VLJQLILFDQF

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 anteAP43 (1:1000, Abcam, AB_16053) and rabbitant,, WXEXOLQ
(1:2000, Abcam. AB_41489) and mouse monoclonal-aimisphoERK 1/2 (1:1000,

Cell signalling, 9101) Cholfin and Rubenstein 2008dr 3h at room temp. After
washing with PBS, secondary antibody donkey -gatibit 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 fieldsave taken.

4.4 Results

4.4.1 Identification of hOEC cell line
The identity of the hOECs was confirmed by the expression ofestdblished OEC

PDUNHUV S QW(Barbo@Cet6 and Nietampedro 1992Chuah and Au
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1994, Barnett and Chang 2008ianco, Perry et al. 2004s well as the marker for
olfactory stem cells S100A4-¢éron, Perry et al. 201.3However, as fibroblasts are a
common contaminant of OEC cultures used for neural repair therapiecaand
sometimes express markers used to identify OE2scfaEscudero, Garci&omez et
al. 2012) we also examined the expression of the fibroblast marker fibronégtin (
Decherchi et al. 2003,i, Sauve et al. 2003\We therefore also compared the marker
expression in a skin fibroblast cell linAlfrahamsen, Fan et al. 2018)d a cell line

derived from olfactory stem cells hONBdtigian, Abrahamsen et al. 2010)

7KH K2(&V H[KLELWHG SRVLWLYH LPPXQRVWDLQLQJ IRU W
and s100A4Kigure 4.1A, D, G). While they did express some fibronectig(re 4.1J)

it appeared to be restricted to intracellular vesicles. In contrast, the fibroblast cell line

did not HISUHVV S QW WBigirdJ4.8, E), but did expres S100A4 and

fibronectin Figure 4.H, K), with the fibronectin appearing more filamentous and

extending over the extracellular matrix as would be for secreted fibron&oguare

4.1K). The hONS cell line displayed similar expression to the fibroblast cell line, but

WKH\ DOVR H[SUHWYH#&4¥FRP:HH ®@OVR H[DPLQHG WKH H[SUH\
WXEXOLQ DQG *$3 DV 2(&V PD\ H[SUHGCiFERHAJE@OHYHOV RI
GarciaGomez et al. 2012)@and linckosides La, Lb and Ga can modulate the
neuritogenic and neurogenic properties of céll§ Ojika et al. 2002Qi, Han et al.

2006) The hOECs eS8 UHVVHG ORZ OHY Higue RK1M),cointitlké Witd & Q

previous reportGarciaEscudero, Garci&omez et al. 2002 while the fibroblasts and

K216 KDG KLJK H[SUHVVLRQ RIlong.and thig Kl@ne@sHoguw K GLVWL
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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 expresdtaguie 4.1RPR).

Figure 4.1.Identification of cell lines.Immunostaining of human olfactory ensheathing

cells (hOECs), fibroblasts and human olfactory derived neurosphere (hONS) with

160



p75ntr (A & \% -F), s100A4 (&), fibronectin (3/ - tubulin (M-O) and

GAP43(P5 6FDOH EDU P

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 treatntegisg 4.2 -
E). After quantification by MTS assay, we found that all the linckosides treatments
increased proliferation by 20- ZLWK /D DW - 0.2; g600001), Lb at 40

0 - S DQG *D DW - 6.D; p <0.001) inducing the
highest proliferationKigure 4.Z-H). No cytotoxic effect was observed after exposure
to any of the compounds even at the highest conceRt@tV Figure 4.2FH).
When hOECs were incubated in total medium (EGF and FGF included) an increase in
the proliferation was also observed (128-@#4) (Figure 4.2E), although the value was
lower than that obtained for the compounds aldfigure 42FH). When combined
ZLWK WRWDO PHGLD 0O *D VKRZHG D IXUWKHU VLJQL

against control (p<0.0001) or total media treatment alone (p<@=@Lré 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 tilapse microscopic images. The concentration that

showed the highest proliferative effect for each compound (Fi§-H)2vas 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<0.0§)4BA, 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,lf&grestingly, 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 hOEC$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 day determined by MTS assay-Hfy. p<0.05(*), p<0.01 (**)

p<0.0001 (***) one way ANOVA postoc Tukey test.

Figure 4.3. La and Ga but not Lb increase OEC migration rat@®) Average
migration rate from three different timapse 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 significauher 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 adispient
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 pesbc.

4.4.4 La, Lb and Ga dramatically regulate hOECs morphology.

During the analysis of the proliferation assay, it was enitleat linckosides altered the
morphology of the hOECgFigure 4.B-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 predornbipolar shape; the

majority of cells had -3 processes, although some hasl grocessesH{gure 4.4A, B).
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Cells treated with either La or Lb displayed a more stékarphenotype, particularly at

WKH KLJKHU FRQFHQWUDWLRQW EaX®gureO440H).0OGa HYLGHQW
treatment showed a similar response to La and Lb but a noticeable increase in the
number of procesdV ZDV REVHUY H G 4J4).RAP highe® cohtehtrations of

Ga, there were more secondary branches and longer prodegses4.4J, K.

For a better comparison between the treatments, categories were assigned according to
the number of branches per cell as follows: low8 (@anches), medium @-branches)

and high $6 branches). All treatments showadsignificant increase in the number of
branches per cell. While just over 50% of control cells h&b2anches, treatment with
linckosides resulted in almost 20% or less of cells having oBlyp&nches (Cksquare
p<0.0001, Fig. 4A). While the vast noaty of linckosidetreated cells had-8 branches
(approximately 50% more than control cells), 2% of linckoside treated cells (except

Lb 10 0 had 6 or more brancheBigure 4.4). 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 morpholygycént, 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 cellBlaments of actin were evenly distributed
across the cell body and to the edges of the lamellipétgure 4.3\, A’). In cells
treated with linckosides, particularly La and Lb, wadifined actin filaments were
observed, however they were heavily packedwards the end of the processes, and

secondary ramifications emerging from the lgmgcesses were detectddgure 4.8-
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D). NGF treated cells displayed a similar pattern to linckesiekgted cells however

fewer small secondary midi@amentswere preset (Figure 4.5E).

Figure 4.4. Linckoside treatments dramatically affect hOEC morphologyA)

Comparison of number of processes in each category under the different treatments
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(low = 2-3, medium = 45, high = >6). Chisquare tests were used to compare data,
which are expressed as mean ste.m., **p<0.001. (B) Cells in control media
displayed a typical spindle shape with two or three processek) (&fter treatment

with linckosides, cells had more processes arafedar shape and in particular cells
treated with Ga @K) had more processes with many having elongated processes. Scale

EDU P

Figure 4.5.Changesinduced by linckoside treatments in the cytoskeletal organization

of hOECs Evenly distributed dm filaments (green) are observed in control cells (A,
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A"); cells treated with linckoside A and B-B exhibited well defined-B&ctin 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

ZHUH REVHUYHG ORUSKRORJLFDO FKDQJHV LQ 1*) WUHDW

4.4.5 Variations in expression of early neuronal markers after linckosides

treatments

Variation in the two early neuronal PDUNHUV ,,, WXEXOLQ DQG *$3 DI
WUHDWPHQWY ZDV WHVWHG XVLQJ LPPXQRFKHPLVWU\ DQ
by hOECs in cotrol media was observed-igure 4.6A, A’). In response to the
OLQFNRVLGHYV WUHDW P H QMWIvi waY KdgtheHdJaBtiolthkWMLdeI@ tiat
exhibited a stellate morphology with multiple pro@sérrows) (Figure 4.6K). Cells
WUHDWHG ZLWK 1*) VKRZHG D VLPLODU H[SUHVVLRQ RI
response to linckosides treatmerig(re 4.68. The expression of GAP43 was low in

cells cultured in control medidigure 4.7AA’), whereas GAP43 expression increased

after incubation with NGF Kigure 4.B). Treatment with La or Lb increased the
LPPXQRUHDFWLYLW\ RI *$3 Zhowikg the hiphéfl eRddt, inEh

GAP43 strongly expressed towardsetends of the processeFigure 4.7DG),

particularly in Lb treatment. In cells treated with Ga, the expression of GAP43 was

KLIJKHU DW 1).0 )LJ 4.7
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Figure 4.6.Expression of theHD U O\ Q H X U R Q DiibuinDIiiNuAdstaining of
, » fubulin (green) in cells cultured in control media (A.A’), NGF (B) linckoside A (C
E), linckoside B (FH) and granulatoside A {K). Cells will stellate morphology

(arrows) had higher expressionof , WXEXOLQ DUURZV 6FDOH %DU
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Figure 4.7. Immunochemistry of GAP43 in hOECISGAP43 immunostaining (red) in
cells cultured in control media (A, A’), in NGF containing media (B), and after
treatment with linckoside A (€), linckoside B (FH) and granulatoside A {K). Scale

%DU P
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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 cell3raverse, Gomez et al. 1992audry, 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 mdtiess morphology

with higher expression of the activated form of ERK1/2 (Figure 4.8B). When treated
ZLWK /D /E RU *D DW DQG 0 (5. SKRVSKRU\ODWLRQ
D, F, G, I, J with highest expression in the stellate cells with multiple processes. In all

WKH OLQFNRVLGH WUHDWPHQWY DW 0 WKHUH ZDV QR

to control cells (Figure 4.8E, H, and.K
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Figure 4.8. Changes in expression of phosfRK 1/2 in hOECsImmunostainingpf
p-ERK (green) before treatment (A, A’) and after treatment with NGF (B), linckoside A
(C-E), linckoside B (FH), granulatoside A (K). Cellular expression of ERKs appeared

to be affected by changes in morphology being the expression higher in multiple

processeHDULQJ FHOOV DUURZV G6FDOH EDU P
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4.5. Discussion

We have shown that linckosides A, B agénulatoside A stimulated the proliferation

and migration of OECs and altered their morphology by incrgagie 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 neurdike 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 nelikeneells. Thus linckosies 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 showbpeteffective in
repairing the severed human spinal c¢feébakow, Jarmundowicz et al. 2013)e
confirmed the identit of the hOECs as they expressed the appropriate markers for
OECs (Lim, Martin-Bermejo et al. 201Q)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 (GarciaEscudero, Garci&omez et al. 2012and 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 highlyvariable due to being regulated by el interactions, environment and

culture conditionsRamonCueto, Perez et al. 1993)

The linckosides used in this study increased the proliferation of hOECs 5322@ver

48 hours, with the maximum proliferation being achieved with 20-0 3 UROLIHUDWLR(

data was not availéd 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
0(Qi, Ojika et al. 2002Qi, Han et al. 2006)When combined with FGF and EGF,

Ga was the only compound to sh@wsignificant 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 NG}, 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 alterndtivebe treatment of central

and peripheral injuries where nerve regeneration needs to be prohietd®96,Kim,

Gutin et al. 1996Tuszynski, Gabriel et al. 1998Fombinational 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 theadtsh Linckia laevigataand they all sharan unique

chemical structurea basic carbon branch (€13) that is glycosylated with another

pentose (xylose or arabinose) aR€ of the side chain, with this unusual configuration

reported as being the respis for their neurogenic activitfHan, Qi et al. 2006)

For neural repair therapies, optimal integration of the transplantedrc#ils injury site

as well as effective migration is crucial to enhance axon regeneration and extension.

173



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 arau28% increase,

whereas Lb did not increase migration. Interestingly, Lb exerted the highest
SUROLIHUDWLYH HIIHFW DW 0 7KXV FRPSRXQGV WKDW
such as La and Lb are able to confer quite different biological effectissasved here

and in previous studie®){, Ojika et al. 2002Han, Qi et al. 2006)Differences in the

sugar moiety have been reported to play an important role in the biological activity of

these steroid glycosiddsian, Qi et al. 2006and 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 yeféindc

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 t((N&Hika et

al. 2002,Qi, Han et al. 2006)Ga teatment showed more distinct changes on the
QXPEHU RI EUDQFKHV HYHQ DW ORZ FRQFHQWUDWLRQ
results observed on PC12 cells where this linckoside was weaker by 30% when
compared with La and L{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 meatigaming

EGF and FGF.

OECs are known to display an intrinsic morphological plasticity that responds to
environmental changes such as culture conditi®@@nonrCueto and Avila 1998Su

and He 2010pnd exposure to growth factors such as NGF and BOM&n¢eschini

and Barnett 1996Woodhall, West et al. 2001OECs display several morphologies
such as flat, spindle and stellate and it has been demonstrated in vivo that they can
transit between these morphological typdsgng, Wang et al. 200&adtke, 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 markersliasdy to be a reflection of OECs functional
plasticity. OECs bearing processes are commonly considered as “repairLiypad
Ashwell 2002)since they allow more cetlell contact that may lead to an increase in
proliferation and migration of OECs and hence promotion of neurite outgr&wtha,

Hayat et al. 2005Huang, Wang et al. 2008 Thus OEG with a multiprocess
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 tissuéHuang, Wang et al. 2006luang, Wang et al. 2008Additionally,
multi-branched cells exhibit better motility which will promote axon growth
(Chehrehasa, Windus et al. 20Mjndus, Chehrehasa et al. 201d)d enhance re-
myelination events Ramon€ueto, Perez et al. 1993The use of linckosides may
promote these morphologiesd 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. 198Traverse, Gomez et al. 1992hao 2003)Previous
studies on PC12 cells treated with Ga have reported that the Ga enhanced the
neuritogenic activity of NGF by actitian of MAP kinases in particular ERK 1/8{

Han et al. 2006)ERK kinases are key proteins durin@Rinduced neurogenesis and

are known to be involved in cell survival and differentiation during neural development
(Traverse, Gomez et al. 199%audry, Stork et al. 2002and are also involved in
compoundenhancing proliferation effects in neural ceksnf, Son et al. 2008and in
OECs(Tello Velasquez, Watts et al. 201%Yhen we examined changes in the levels of
phosphoERK we found that the addition of linckosides increased the expression of
phosphoERK, suggesting a putative role for ERK in the regulation of the linckoside
mediated morphological changes on hOECs. bs®e 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 déifeiation (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 GARMBimBportant factor

for promoting cytoskeleton changes during neurite outgrowth and the expression of this

proteins is highly regulated by the activation of ERK pathviayTheus 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 hHOECs 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 synthetalogues 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 ggair 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 injudiesto their unique features

and role in the continuous neuronal regeneration obsearvete 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
animalmodels with variable degrees of succdsskield et al. 1998CollazosCastrq
MunetonGomez et al. 2005More recently, a number of cliniclals using OECs for

spinal cord repaihave been conducted in humans, leading to impressive outcomes
(Tabakow, Jarmundowicz et al. 201Babakow, 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 cellbased therapyOther glial cells have also been used for transplantation
therapies particularly Schwann cells due to the crucial rbey tplay 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 endogenoud gjatds,

Franklin et al. 2000,.ankford, Sasaki et al. 2008Bi, Xu et al. 2012)

Some of the biggest challenges for the use @l glells 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 scalengmtion 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 migrationhe tnjury 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 improveiiemt

Gutin et al. 1996Tuszynski, Gabriel et al. 1998)owever 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. 200Qi, Han et al. 2006Han, Qi et al. 2007Xu,

Zhou et al. 2009¢Gao, Li et al. 2010Liao, Wu et al.2012. Different glial cell types
express a wide range of receptors for neurotrophic fackdeskaySim and Chuah
2000,Woodhall, West et al. 200130 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 eeiadgctors

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 productsurcumin, linckoside a, b and granolside a

In this study wereported for first time thatolv-dose curcuminQ.5 pM) amplifies
proliferation of OECs and significantly promotes the rate of OEC migragaup to 4-
fold by dramatically affecting cell morphology. However, the most exciting findiag

the stakly 10-fold increasdn 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 larggropulations of OECs available for
transplantation into spinal injuriess well as spe&ty up the rate at which OEGwe

able to migrate over the damaged giesttransplantation Greater proliferation of
OECs would also increase density of OECs, promotingcedllicontact, vich drives

the production of neurotrophic factorkigson, Widenfalk et al. 2003and is an
important mediator for the migration of cells en magd@omas and Yamada 1992)

The increase in cell migration speed with curcumin treatment could also have
applicationsin vivo, as faster migration of OECs means they would be able to cross an
injury site quiker 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-eatry 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 growiewetzer, Kern et al. 2005,
Lankford, Sasaki et al. 2008u, Chen et al. 201.3More importantly we established
that transient activation of p38 and ERK MAP kinase pathways is required for the
curcuminmediatel effects observed in OECHello Velasquez, Watts et al. 2014)
providing a better insight of underlying cellular pathways behind curcumin biological
activities. These results are the first evidence thatdose curcumin may be used as a
modulator of the bel&ur of olfactory glia that will lead to an improvement of the

therapeutic use of OECs for transplantation therapies.
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We alsowanted 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 therapiddg 1996,Friedman, Windebank et al.

2002, Oudega and Xu 2006) Surprisinglythe effect of curcumin on Schwann cell
activities differs remarkably to the ones observed on olfactory gl@urcumin
stimulated Schwann cell proliferation and migration more rapidly at up fol&0ewer

doses than the previously used for OECs, resulting in a 5 fold higher increase in
proliferation than the maximum observed in OE@s.contrast, an enhancement of the
phagocytic activityon or dramatic morphological changes on SCs were not observed,
beingthesemajor differencesvith 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 fddedhanism

of action studies showetatp38 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 tyglé 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 \dkethwn 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 activitiéadkof'eva, Chaikina et al. 200Rjcha,
Ivanchina et al. 2007) We found that linckosides were able to stimulate hOEC
proliferationby 2050% and La and Ga were able to improve migratidsy around 20%
(p<0.001 and p<0.05 respectively)At the same time we found thab lbehaved
differentially in terms of migration promoting activity, highlighting hosmall
modifications to the basic chemical structuesult in different cellular responses, this
clearly demonstrates how synthetic chemistry can be used to improve compounds’
specificity and efficacyA more noticeable finding was that after stimulation with
linckosides, OECs responded by undergoing significant morphological changes towards
a more “repair’ phenotypthat may be more suitable to provide a better environment
for axonal growth. The ERK pathway was found to be involved in the linckosides
mediatedeffect 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 mwmin; 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 ERKSs) 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 succtessfiydipve

these features including the generation of structural analogues and novel delivery
strategies such as nanoparticles and phbpjgb 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 differentiaéigulate 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 nervesainthl cord

injuries as well asther CNS injuries.

This presentstudy highlights the importance of ther biological investigations on
natural products previously isolated but not tested for biological activity in glial cells, in
particular compounds that exert actéincer effectat high concentrations involving
stress responses. Low doses of some Hamwoalucts 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 interesticty effe
named as hormesis hypothesis.erdHvas reported how curcumin appears to influence

multiple signallingpathways activated in SCI amlable 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 realles 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

outcome on spinal cord transplantation therapies.
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Transplantation of Olfactory Ensheathing Cells
in Spinal Cord Injury
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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

SClI 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 ). 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 (Beattieabt ), as well as excessive extracellular gluta-
mate as a consequence of neuronal cell death (Hermahr2@?1).The high con-
centration of glutamate and other excitatory amino acids lead to further progressive
cell death via excitotoxicity and free radical production (Byrnesd.et)09). Alto-

gether, the cell death, oxidative stress and inflammatory responses result in massive
neuronal and glial cell death (Hulsebosch ; Joras&i03; Kingman ).

The secondary lesion is characterized by continued inflammatory immune re-
sponses, including cytokine and interleukin secretion by macrophages and neutro-
phils (Bolton ). 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
vatedastrocytes creates a glial scar; a compact structure that becomes a barrier pre-
venting regenerating axons from reaching their target (BuragjeletcO; Matthews

etal. ).Thus, the complex damage resulting from the initial nerve injury leads
to an environment that hampers or even completely inhibits neuronal regeneration
(Fig. ) (Hulsebosch ; Kingman ; Leal-Filhol 1).

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 Stahal. €012,
Batzofin etal. ; Hurlbert el. ). 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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)LJ De@imentaleffects of secondary spinal cord injury events at the cellular and molecular
level. Neurons are shown in green; gliaed. 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

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 ).
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. ;Feron efl. ;Cao efal. ;Cen-
tenaro efal. ). 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 Antonicaét ). 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
). 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 ; Leal-Filho ).

13.2 Endogenous Glial Cells and TheiRole
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
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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 ). 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 Barigs
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 ).

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 at ). In the peripheral nervous system (PNS),
Schwanrtells constitute the main glial cell type, with the exception of the olfactory
nervous system, which is populated by specialized glia termed olfactory ersheath
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 Gotz3). Astrocyte—neuron inter
actions are known to secure the survival and normal function of neurons (Jessen

). Numerous studies have demonstrated that astrocytes play important neu-
roprotective roles, in neurodegenerative disorders (reviewed by Simgt’ei T,
Cabezas eal. ) and they have the ability to promote neuronal survival by
protecting against reactive oxygen species and other stressors (Lape?ef).

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. ) (Leal-Filho ). 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 (Tabig
(Qiu etal. ; Su efal. ).

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-Huertaakt ) 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 ). The myelin layer also protects the axons by creat-
ing a “safe chamber”, resembling a growth-promoting channel through which
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7D E O H Glial €ll response to spinal cord injury

Type of Glia Response in spinal cord injury event Reference
Astrocytes Removal of toxic chemicals (glutamate). | (Qiu etal. , Su etal.
Proliferation and secretion of neuroprotec )
tive but growth-inhibitory factors. Formatign
of glial scar
Oligodendrocytes| Massive death due to high glutamate confJones eal. ; Jessen
centrations. Production of glycoproteins wjth004; Arevalo etl. )

Nogo-receptor affinity that will suppress
myelin production

Microglia Initially phagocytosing debris and producin@Chatzipanteli eal. .
neuroprotective factors. Over time becom¢Pearse edl. i Block
neurotoxic and growth-inhibitory due to | and Hong ; Kigerl
constant activation etal. )

Schwann cells Cells de-differentiate to an immature stal€Farbman and Squinto
lose their myelin sheath conformation and ; Jessen ; Oudega
migrate from the periphery into the injury |and Xu )

site in the CNS, where they participate in
endogenous repair processes by expressipn
of neurotrophic factors

152 the axon extends. After spinal cord injury, populations of oligodendrocytes are
153 rapidly affected by high levels of glutamate and massive cell death follows. Oli-
154 godendrocytes that do survive produce neurite outgrowth inhibitor (Nogo), my-
155 elin-associated glycoprotein (MAG), and oligodendrocyte-myelin glycoprotein
156 (OMgp) (Tablel3.1), proteins that bind to the Nogo receptor, repressing myelin
157 production and affecting axonal outgrowth and neuronal synapses (Jaales et
158 ). Microglia, which are essentially macrophages present within the CNS,
159 respond to injury by migrating to the injury site, where they phagocytose debris,
160 secrete a range of both pro- and anti-inflammatory cytokines and growth factors
161 which initially have a neuroprotective effect. Over time, however, microglia near
162 and in the injury site respond to the constant prolonged activation by secreting
163 molecules that are growth-inhibitory or toxic, thus repressing axonal regenera-
164 tion (Chatzipanteli eal. ; Pearse etl. ; Block and Hong ). The

165 majority of the activated microglia transition to the M1 type, which can directly
166 induce neuronal death (Kigerl at ; Gao eal. ). Thus, together with

167 the glial scar, the local environment at a CNS injury site inhibits long-term neu-
168 ronal extension and regeneration.

169 The PNS differs dramatically from the CNS in terms of capability to regener
170 ate itself after injury. In contrast to central nerves, peripheral neurons in general
171 regenerate after injury, unless large nerves have been completely severed. Schwann
172 cells play an active role in repair of peripheral damaged nerves as a consequence
173 of their ability to differentiate, migrate, proliferate, secrete growth factors, and pro-
174 duce myelin. Schwann cells are classified as either myelinating or non-myelinating.
175 Myelinating Schwann cells enwrap individual peripheral axons, forming the myelin
176 sheath, whereas the non-myelinating type have metabolic and mechanical support
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functions (Jessen ). 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 (Tabies.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(Xg).

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 ). The primary sensory neurons of the olfactory system
line the dorsal/caudal nasal epithelium and are directly exposed to the environment
(Fig. ).The neurons are subjected to attack and destruction by bacterial (St John
etal. ) 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 ), a process that occurs throughout life (Ramon-Cueto and
Santos-Benita ).

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 (Fig2). 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 etl. ; Mombaerts dl. ). 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 (Valverds. é992; Ten-
nent and Chuah ; Chehrehasalet ). The constant ability of olfactory
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)LJ Angtomicalorganisation of the olfactory system. Primary olfactory sensory neurons lie

ZLWKLQ WKH ROIDGENRUKHLSL \VKRHMM. )SSRIRMHFW WKURXJK WKH F

enter the olfactory bulb where they terminate in their target glomeruli. OECs within the lamina
S U R 9.B)Lebcagd the bundles of numerous different axons as they project to the olfactory bulb.

,Q WKH RXWHU QHUYH ILEUH OD\HU @NFl) aiRtheWefalsci¢ulation FW R U\ |
and sorting of the different axons. In the inner layer of the nerve fibre layer the OECV ~ @blue) assist

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

DURXQG WKH JORPHUXOL @ddashed circles). The olfactddfsmessupjeetedns within the

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 byOE€s

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 (Barrauclet ) andhey 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 ZA&fgTennent

and Chuah ) followed by the fasciculation of the axons into larger bundles
which ultimately join to form the olfactory nerve (Whitesides and LaMantia ).
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13 Transplantation of Olfactory Ensheathing Cells in Spinal Cord Injury 9

In contrast to Schwann cells, which in the process of myelination enwrap one single
axon (Fig.13.9, OECs ensheathe bundles of multiple axons by projecting exten-
sive thin cytoplasmic processes around and between the numerous axons within the
fascicles (Fig13.2; ).

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 (Boruchakt ). During development,
OEC:s proliferateand migrate ahead of axons or surround the growth cones of axons
(Tennent and Chuah ; Chehrehasal.etD10). Loss of OECs from the olfac
tory nerve during development results in poor axon growth and targeting (Barraud
etal. ) 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.Z St John eal. ), or injury can directly
lead to the destruction of the axons (Graziadal.€t978;Chehrehasa etl. ).

The debris from the degenerdtaxons 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 (Sl.€13). 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 eal. ; Su eal. ). OECs are also able to phagocytose bacteria
and thereby protect the olfactory pathway from infection (Wewetzat. €005;
Leung etal. i Panni egl. ).

OECs form a three-dimensional structure resembling a tunnel through which the
axons extend (Figl3.3 Li etal. ). These structures remain intact even after
olfactory axons have degenerated completely following large-scale injury to the
olfactory epithelium (Li efl. ). 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 el ). 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 ; Doucette and
Devon ; Chuah and Teague ; Kafitz and Greer ; Tisay and Key
; Boruch esl. ; Woodhall eatl. ; Woodhall etl. ; Chuah



10 J. T. Velasquez et al.

yLJ Th@different populationsf glia in the olfactory system. Panels a-f show coronal sec-
tions through the olfactory system of a transgenic reporter mouse (OMP-ZsGreen X S1003-DsRed;
Windus etal. ; Ekberg edl. ) that expresses ZsGreen fluorescent protein in olfactory
neurons and DsRed fluorescent protein in gia7 KH SULPDU\ ROIDFWRU\ QHXURQ
WKH ROIDFWRU\ HSLWKHOLXP @OE SURMHFW D[RQV LQWR W
into fascicles wrapped up by OECV @iledFOHL @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. ¢ 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
OECV @double-headed arcbW. 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, OECV @te@ WKH QHUYH ILEUH OD\HU @NFL) form a barrier \
@green *)$3 LPPXQRVWDLQLQJ LQ yS€emhicRRhktE@nsebthimenmiHU JG
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
LQGLYLGXDO D[RQV DUH P\HOLQDWHG DQG HREDVHK IEQ 6FKZD
E PLQ FPLQGPLQHPLQII
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etal. ; Chung edl. ; Vincent eal. ; Mackay-Sim and St John

). 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 ; Ramon-Cueto ; Woodhalbét ; Woodhall eal. ;
Ramon-Cueta ).

13.3.2 Differences Between Olfactory Ensheathing Cells
and Schwann Cells

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

), in contrast to astrocytes, which arise from radial glia of neuroepithelial ori-
gin (Kriegstein and Gotz ). 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
(p75'™R) (Ramon-Cuet@000).

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 (Lakatosilet ).This specific feature is of
great interest for nerve regeneration therapies where both populations (OECs and
astrocytes) interact at an injury site (Chuahlet011). 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
etal. ; Li etal. ).

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 ; Chehrehaga”étl0). OECs increase
their migration ability by the formation of bigger and thicker processes (Valverde
etal. ), maintaining a continuous ensheathment of the axons during the regen-
eration process and leading to enhanced axon growth (Chehrebhsaet). The
capacityof 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 Teatment 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 (Rameakt ; Li etal. ). 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 ant)Xa).

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 eal. ; Santos-Benito and Ramon-Cueto ). Additionally,
glial cells have the potential to produce neurotrophic molecules that activate axon
regeneration and extension (Jonealet003 Feron etl. ).

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 at ), and can also enhance axon remyelination
and extension (Lavdas &t ; Flora eal. ). 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 (Lankfatd’ét)8). The
limited migration is most likely due to unfavorable interaction between the trans-
planted Schwann cells and host astrocytes (ki.ei012). Additionally Schwann
cells have been reported to inhibit myelination by the secretion of connective tissue
growth factor, whereas OECs do not (Lamond and Barnett ). 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 (Takle’). 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 ; Gudino-Cabrera
etal. ; Ramer el. ) and improves functional restoration of breathing and
climbing ability (Li etal. ;Su and He ; Stamegna at. ). 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 (Grargjep@t?).
Somestudies, 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 ait y Lu etal. ;Chhabra eatl. ). 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 (Tofalet ), and has improved
fore-paw moverant (Yamamoto edl. ), motofunction (Munoz-Quiles edl.

;Centenaro edl. ; Stamegna «l. ), hindlimb function (Salehi «l.

;Amemori etal. Aoki etal. ; Ziegleetal. ), plantar function
(Amemori etal. ), locomotor function (Ma el. ) and diaphragm activity
(Tharion etal. ). 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 (Amemoriadt ; Centenaro el ;
Tharion etal. ; Zhang eal. ; Toft etal. ; Torres-Espin «tl. ).

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 at. ) may indicate local circuitry changes outside
of the immediate injury site as has been suggested for restoration of function in
dogs (Granger etl. ) 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-Valesl.et006). Howeverother studies
have not detected significant differences in outcomes for acute versus delayed trans-
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plantation of OECs (Munoz-Quiles &t ; Centenaro at. ; Torres-Espin

etal. ). 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-Cuigto; San-
tos-Benito and Ramon-Cuet003; Ramer el ; Li etal. ). In particular,
OECs provide a physical “bridge” which assists directional regeneration of severed
axons across injury sites (Ramon-Cueto and Nieto-Sampedro ; Bomalch et

;Resnick eal. ) which is consistemtith 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 (Chehrehasalef ). Different factors such as GDNF and
NGF have been identified to regulate migration of OECs (Cab 2£104; Wndus
etal. ). For example, when OECS are genetically modified to express higher
levels of GDNF they display a superior ability to promote axonal growth (Gdo et

).On a cellular level, GDNF acts by stimulating the behaviour of the peripheral
lamellipodial waves, increasing cell-cell contact and contact-dependent migration
(Windus etal. ). 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 (Windusaét ). 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 Avila998; Lakatos el. ; Fairless and Barnett)05; San-
tos-Silva efal. ). 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 bulbl&ij;
Lakatos eal. ).

The phagocytic activity of OECs (Wewetzerkt ; Su eal. ) 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 eal. ;Su etal. ),as well as within the injured spinal
cord (Lankford eal. ).

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 (Fig4).
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)LJ 7®WH SRWHQHWDB® XWLF XVH RI 2(&V IRU M8ilebDadsFRUG Ut
SODQWHG ZLWK ILEUREODVWYV @grey) into the injury site. Strategies that enhance
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

13.4.2 Human Trials of OEC Tansplantation
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 é¥an et
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; Feron edl. ;Lima etal. ;Tabakow etl. ),even after 3 years
post-implantation (Mackay-Sim at. ; Huang edl. )A Phase | 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 (Feral.e005; Mackay-Sim el.

). In a more recent Phase | study, the transplantation of OECs together with
fibroblasts was shown to be safe and feasible after 1 year (TabalbWw(st3). 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) (Limaadt ) although this study was not con-
ducted in accordance with Phase | or Il standards and thus limited conclusions can
be drawn from this study. Huangadt ( ) 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 ). 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 | trial conducted by Ferah €t005) purified
lamina propria-derived OECs from nasal biopsies were transplanted and shown to
be safe, albeit no dramatic functional improvement was achieved (Feloh(&i5;
Mackay-Sim efal. ). Other groups (Limet al. ; Chhabrat al. )
Aoki etal. ) used whole olfactory mucosa grafts (a mix of neural stem cells,
OEC:s, 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



491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535

20 J. T. Velasquez et al.

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 expres® D QG 6 ZKLFK
are typically used to confirm the identity and purity of OECs that have been cul-
tured (Tablel3.2). OECs within the nerve fibre layer of the olfactory bulb are not
homogeneous and two OEC subpopulations are present (Fijywhich 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.2). Expression of OEC markers also
differs between the subpopulations with OECs in the outer nerve fibre layer highly
H[SUHVVLQJ 6 S YR(@bHJ_a@l. DR GABet al. ), whereas,
2(&\LQ WKH LQQHU QHUYH ILEUH OD\HU YW swdtbvV ORZ
express high levels of TROY (Hisaokaadt ) andNPY (Ubink and Hokfelt

). 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?) 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. ) contributeo 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. ) 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 (Windualet . ; Roloff etal.

). Canine OECs from the olfactory bulb have been shown to migrate faster than
OECs from the lamina propria (Roloff &k ). In othestudies, mouse OECs
from the lamina propria tend to adhere to each other, consistent with their need to
promote fasciculation (Windus at ). 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 (Winduslef ). 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 (Winduslet ). In addition,
OECs derived from different regions of the nerve fibre layer (rostral, dorsal, caudal,
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ventral) also exhibit varying responses (Windualef ). A lack of consistency

in the purification of OECs from the olfactobylb 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 (lalei997, ;

Ramon-Cuetce ; Lopez-Vales etl. ), while other protocols specify a more
restricted region of the nerve fibre layer such as the rostral region (Lankfard et
) or theventral region (Guest etl. ). In othemprotocols, the region of

the nerve fibre layer has not been specified (Tera. €t008; Torres-Espin eal.

) althouglit 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 (Richtermkt ). However
olfactory bulb derived OECs promoted greater angiogenesis and reduced autotomy
(Richter etal. ). In othestudies, 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 el. ). 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 (Tabi22). 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 eal. ).

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. ). 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 systeml &), To
date, there has been no systemic comparison of the potential contamination of OEC
cultures with accessory olfactory OECs and the possible differences in thei 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 (Fig39. In trans-
genic S100R3-DsRed reporter mice (Windualet007)the different morphologies
and structures of the olfactory versus the trigeminal nerves are clearly distinguish-
able (Fig. +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 ait ). Howeverin 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 (Lankfoed. €D08; Li etal. ; Barbour
etal. ). 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 ). Ithas been proposed that the inclusion of fibroblasts with the OECs is
essential for the functional improvements (Raisman ant)i’) 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 etl. ). Recently, transplantation of semi-purified olfac

tory mucosa-derived cells (around%00ECs; the remainder being fibroblasts) in
dogs with spinal cord injury demonstrated that functioeebvery can be achieved
(Granger eal. ). 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 (Tofale?013.

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 (Pfeifealet004). Furthermore,
fibroblastsare able to populate the lesion cavity in damaged spinal cord (Vroemen
etal. ) and cause neural progenitor cells to differentiate into glial lineage cells
(Wu etal. ). 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 at ), 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
p75'™R is the principal one used to identify OECs in vitro, however cultured human
fibroblasts have been shown to also expres8FA&arcia-Escudero etl. ).

This raises thquestion 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\d7as being over 9% (Table ), while
others have used preparations of OECs with less purityA@emori etal. ;

Table ), butstill achieve functional outcomes. Other studies have deliberately
included other cells such as fibroblasts within preparations with reported purities
such as 500 p78'R positive cells (OECs) and 90 fibroblasts (&ble ). How

ever, in a Phase | trial for humans in which the autologous purification strategies
aimed to transplant high purity OECs, a lower purity was reached (%6-18&ron
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