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Thesis Summary 

Spinal cord injury (SCI) is a condition that has devastating effects on both 
humans and animals alike. Damage inflicted causes loss of neural tissue and 
secondary inflammatory mechanisms produce an inhibitory environment that 
results in partial or complete loss of motor and sensory functions. 
Additionally, SCI can cause multisystem issues such as organ failures, 
infections, muscle atrophy and decrease in mental health. Coupled with 
emotional and financial burdens, these effects can reduce quality of life. 
Mesenchymal Stem Cells (MSC) are known to have immunomodulatory, 
angiogenic and paracrine activity, all of which are beneficial to wound healing 
following SCI. Pre-clinical studies have shown encouraging results of MSC 
therapy for SCI, however replication of results has been difficult to achieve in 
the clinic. Dogs also suffer from SCI and show the same heterogenous 
nature and pathophysiology of SCI as humans. This provides a good 
potential clinical model for MSC therapies for SCI, as well as providing 
benefit in the veterinary clinic. Therefore, the overall aim of this study was to 
assess if canine MSC (cMSC) and cMSC secretome (conditioned medium; 
CM) could potentially be used for treatment of SCI in veterinary clinics, 
simultaneously providing model data that could be translated into the human 
clinic. It was first required to confirm efficacy of cMSC when used to treat 
other conditions in dogs, such as arthritis, along with safety of autologous 
transplantation. Characterisation of both cMSC phenotype and paracrine 
(angiogenic and neurogenic) activity was confirmed using ISCT criteria and 
the established cell lines EA.hy926 and SH-SY5Y. Further examination 
showed that exposure to certain elements of the injured spinal cord, such as 
CSPG which are found within the inhibitory glial scar, exerted some effects 
on cMSC and cMSC angiogenic and neurogenic paracrine activity. To finish, 
the study aimed to assess the effect of cMSC CM on an ex vivo model of the 
spinal cord, a multicellular environment and it was found that cMSC CM 
increased astrocyte reactivity but reduced neuronal maturation and growth, 
suggesting that cMSC paracrine activity depends in part on the spinal cord 
microenvironment. Overall, this study has shown that cMSC, in particular 
cMSC CM, could be used as complete or partial treatment for SCI in dogs. 
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Chapter 1. Introduction 

Stem cells, particularly mesenchymal stem cells (MSC), have become a 

prime target for cellular therapy throughout the last decade. First observed in 

the 1970’s in murine bone marrow, it has since been discovered that MSC 

can be isolated from other tissues, including adipose, umbilical cord and 

dental pulp. This has broadened the availability of these cells, in turn 

increasing their application potential. More recently, focus has turned to the 

MSC secretome, as it is thought that the MSC action is predominantly 

through their secreted proteins, cytokines and chemokines. 

The purpose of this review is to outline the potential for MSC and MSC 

conditioned media (CM) to be used in translational research, with particular 

emphasis on spinal cord injury (SCI). Various animal models have been used 

to assess the outcome of MSC and MSC CM therapy. However, it is usual to 

use rats and mice for SCI research, due to their quick recovery and 

established locomotor improvement tests. Although these rodent models 

offer many advantages in terms of researching SCI therapeutics, they also 

cannot be deemed fully translational into clinical medicine; not least because 

their injuries are always highly reproducible, i.e., of a designated nature 

(unlike naturally occurring accidental SCI) and the size of injury is a fraction 

of those found in human patients. Thus, it is important to find an alternative 

translational model, in order to replicate the results found in mice and rats 

and examine whether similar outcomes are seen. Large animals, such as 

dogs, are becoming a more popular model, as they suffer with naturally 

occurring wounds of size comparable to human. Veterinary treatments can 
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be similar to those used as clinical treatments for humans, and so these 

models may provide further information for future clinical trials. 

1.1 Mesenchymal stem cells (MSC) 

1.1.1 History of MSC 

MSC were originally isolated from bone marrow in the 1970’s (Friedenstein, 

Chailakhyan, & Lalykina, 1970; Friedenstein, Chailakhyan, Latsinik, 

Panasyuk, & Keiliss-Borok, 1974; Friedenstein, Gorskaja, & Kulagina, 1976), 

following previous experiments exploring the osteogenic potential of bone 

marrow cells (Friedenstein, Piatetzky-Shapiro, & Petrakova, 1966).  

Initially termed colony-forming unit fibroblastic (CFU-F) which form from a 

single fibroblastic colony forming cell (Friedenstein et al., 1970), researchers 

were able to show that this subpopulation of cells could be isolated from 

bone marrow and the spleen, through syringe flushing and filtering, cultured 

to form clonogenic colonies in vitro and grafted in vivo to form mesenchymal 

tissues (Friedenstein et al., 1970, 1974). Additional studies further confirmed 

fibroblastic morphology, the ability of CFU-F’s to regenerate bone marrow in 

irradiated mice (Friedenstein et al., 1976) as well as their mesenchymal 

lineage potential (Friedenstein, Chailakhyan, & Gerasimov, 1987; Owen, 

1988; Owen, Cavé, & Joyner, 1987; M. Owen & Friedenstein, 1988). This is 

where the nomenclature began to change, with CFU-F first being referred to 

as osteogenic stem cells (Friedenstein et al., 1987), and quickly changing to 

marrow stromal stem cells (Owen, 1988; Owen & Friedenstein, 1988), due to 

evidence of these cells being multipotent and an ability to self-renew (Owen, 

1988). Debate about the nomenclature of these cells continued into the 

1990’s, with a new term created in a review, highlighting previous studies of 
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osteogenic and chondrogenic potential of embryonic bone marrow cells 

(Caplan, 1991). Caplan emphasised the similarity between the features of 

these bone marrow cells from the mesenchyme and of well recognised stem 

cells, and thus proposed the new term – mesenchymal stem cells (MSC). 

Commercial research (Osiris Therapeutics) of these newly termed MSC 

showed consistent in vitro culture, multilineage potential and clonal ability, 

even between human multiple donors (Pittenger et al., 1999). However, there 

was still some dispute concerning the correct nomenclature of this cell 

population. An initial position statement by the International Society for 

Cellular Therapy (ISCT) highlighted the heterogeneous nature of these cell 

populations isolated from bone marrow and other mesenchyme tissues (E. 

M. Horwitz et al., 2005). It was proposed that the total cell population isolated 

from these tissues that was plastic adherent and fibroblastic in morphology 

be termed multipotent mesenchymal stromal cells (E. M. Horwitz et al., 

2005), and MSC should be reserved for a subpopulation of these cells that 

meet more specific criteria (E. M. Horwitz et al., 2005). In 2006, this position 

statement was followed by the release of minimal criteria to correctly define a 

human MSC population (Dominici et al., 2006), which are as follows; 

• The cells must adhere to tissue culture plastic 

• The cell population must express the cell surface markers; CD44, 

CD73, CD90 and CD105 

• The cell population must be negative for expression of the cell surface 

markers; CD11b, CD14, CD19, CD34, CD45, CD79a, and HLA-DR. 

• The cell must have capacity to differentiate into osteoblasts, 

chondrocytes and adipocytes in vitro (Dominici et al., 2006) 
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Even with these minimal criteria, there has still been deliberation surrounding 

the nomenclature of MSC, with reviews periodically questioning their 

terminology (Bianco, Robey, & Simmons, 2008; Caplan, 2010, 2017). 

Another term was proposed for these cells during one of these reviews – 

medicinal signalling cells – due to their secretome (Caplan, 2010), which was 

more extensively outlined further (Caplan & Correa, 2011) and will be more 

comprehensively covered in this thesis in the following section. Throughout 

this thesis, the terminology chosen is mesenchymal stem cell, as per the 

ISCT criteria (Dominici et al., 2006). 
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Figure 1.1: MSC differentiation potential and immunomodulatory 

properties. MSC have been shown to differentiate into the three 

mesenchymal lineages; cartilage, bone and fat, according to ISCT criteria 

(Dominici et al., 2006). MSC have little to no MHC on their cell surface, which 

is thought to contribute to their modulatory action within the immune 

response, including macrophage polarisation, T and B cell regulation and 

natural killer cell inhibition. 
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1.1.2 Sources of MSC 

Since their original isolation from trabecular bone marrow (BM) (Friedenstein 

et al., 1974, 1976), MSC have also been isolated from a variety of 

perivascular tissues, due to the somewhat distressful extraction procedure 

required for BM MSC (Bain, 2001) and the potential for donor site morbidity. 

Such sources include adipose (AT) (Zuk et al., 2002), dental (Gronthos, 

Mankani, Brahim, Robey, & Shi, 2000; Seo et al., 2004), synovial (De Bari, 

Dell’Accio, Tylzanowski, & Luyten, 2001; Garcia et al., 2016; E. A. Jones et 

al., 2004) and neonatal (umbilical cord (G. Chen et al., 2014; Mennan et al., 

2013; H. Ren et al., 2016) and placental (Pieternella S. in ’t Anker et al., 

2004; X. Zhang et al., 2003)) tissues, peripheral blood (Fernández et al., 

1997; Zvaifler et al., 2000) and some organs (lung and liver (Campagnoli et 

al., 2001; In ’t Anker et al., 2003; Sabatini et al., 2005). The cells isolated and 

cultured from these numerous sources all meet the minimum requirements to 

be classed MSC, as outlined by the ISCT (Dominici et al., 2006), including 

plastic adherence, specific surface marker positivity and negativity, and tri-

lineage differentiation potential. It is of importance to note, however, that 

MSC isolated from the various perivascular sources (including BM) also have 

characteristics that differ from one another. Ex vivo (freshly isolated) cultures 

of BM MSC have been shown to be positive for the surface marker CD271 

(low affinity nerve growth factor receptor) (Alvarez-Viejo et al., 2013; Jones et 

al., 2002; Jones et al., 2010; Quirici et al., 2002), whilst ex vivo cultures of AT 

MSC showed positivity for the haematopoietic surface marker CD34 (Ferraro 

et al., 2013; Gronthos et al., 2001a; Mitchell et al., 2006). Both of these 

surface marker levels decrease over successive in vitro culture (Jones et al., 
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2010; Mitchell et al., 2006), with CD34 positivity and decrease over culture 

highlighted as early as 1991 (Simmons & Torok-Storb, 1991). 

Due to the abundance and replenishment capacity, as well as the accessible 

nature of adipose tissue (Baer & Geiger, 2012), this tissue is considered a 

less challenging source of MSC isolation, with a higher yield of proliferative 

cells (Baer, 2014; Fraser, Zhu, Wulur, & Alfonso, 2008). 

As well as rodents such as mice (Friedenstein et al., 1974, 1976; Owen & 

Friedenstein, 1988), guinea pig (Friedenstein et al., 1974, 1976) and rat 

(Javazon, Colter, Schwarz, & Prockop, 2001; Maniatopoulos, Sodek, & 

Melcher, 1988; Yoshimura et al., 2007), and human (L. Peng et al., 2008; 

Pittenger et al., 1999; Zuk et al., 2002), MSC have been obtained from the 

perivascular tissues of many other species. MSC have been isolated from 

animals used in the farming industry such as pigs (Noort et al., 2012; Ringe 

et al., 2002) and sheep (Haig, Thomson, & Percival, 1994), sporting animals 

such as horses (Fortier, Nixon, Williams, & Cable, 1998; Koerner et al., 2006; 

Vidal et al., 2006, 2007) and domesticated animals such as cats (Martin, 

Cox, Hathcock, Niemeyer, & Baker, 2002) and dogs (Hodgkiss-Geere et al., 

2012; Kadiyala, Young, Thiede, & Bruder, 1997; Kamishina, Farese, Storm, 

Cheeseman, & Clemmons, 2009; B. Levi et al., 2011; Screven et al., 2014), 

all meeting the ISCT minimal criteria (Dominici et al., 2006) similarly to 

human isolation. MSC from these various species have been used both 

experimentally and clinically, all of which will be further discussed later in this 

thesis. 
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Table 1.1: Sources in which MSC can be isolated from. MSC can be 

isolated from both mesenchymal tissue and have also been isolated from 

other sources including teeth, synovium blood and placental tissues, from a 

variety of species. Adapted from (Uder, Brückner, Winkler, Tautenhahn, & 

Christ, 2018). 
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1.1.3 Molecular Biology of MSC 

Ease of isolation from certain tissue sources, the ability to expand in vitro and 

multipotency of MSC are not the only properties that make these cells 

attractive to research within the regenerative medicine field. MSC have been 

shown to have immunoprivilege and behave in an immunomodulatory 

manner. 

MSC immunoprivilege is their ability to be protected from the immune 

defence mechanisms of the graft host; simply put, they do not cause an 

immune response when in contact with immune cells in vitro (Bartholomew et 

al., 2002; Le Blanc, Tammik, Sundberg, Haynesworth, & Ringdén, 2003; Tse, 

Pendleton, Beyer, Egalka, & Guinan, 2003) or in vivo (Bartholomew et al., 

2002). Although it is currently not fully determined how MSC are able to 

‘mask’ themselves from the host immune system, it is thought to be due to 

their low expression of major histocompatibility complex (MHC) classes I and 

II (Le Blanc, Tammik, Rosendahl, Zetterberg, & Ringdén, 2003)(the latter 

being one of the ISCT criteria listed (Dominici et al., 2006)), and their co-

stimulatory modules (such as CD40, 80 and 86) (Klyushnenkova et al., 2005; 

Le Blanc, Tammik, Rosendahl, et al., 2003; Tse et al., 2003). In vitro mixed 

lymphocyte reaction assays (in which mixed populations of T-lymphocytes 

are assessed for reactions to stimulus) have shown that even MSC that were 

expressing MHC II were not activating T-cells unless these co-stimulatory 

molecules were present (Klyushnenkova et al., 2005; Tse et al., 2003), and 

these molecules are not expressed by MSC (Le Blanc, Tammik, Rosendahl, 

et al., 2003). 
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The immunoprivilege of MSC in part contributes to their immunomodulatory 

action, which was first shown both in vitro through mixed lymphocyte reaction 

in which the MSC did not cause lymphocytic proliferation (Bartholomew et al., 

2002) and in vivo, after administration of MSC extended skin graft survival in 

baboon models through assumed immunosuppression (Bartholomew et al., 

2002). Immunomodulation outcomes as a result of MSC application have 

shown certain mechanisms and specific pathways consistently across 

numerous studies (de Witte et al., 2018; Deng et al., 2016; Luz-Crawford et 

al., 2016; Nasef et al., 2007; Popp et al., 2008; Spaggiari et al., 2008). Such 

mechanisms of MSC immunomodulation include monocyte polarisation, T-

cell regulation, B-cell regulation and natural killer cell inhibition, and these are 

largely mediated by the MSC secretome through paracrine activity (de Witte 

et al., 2018; Ren et al., 2008; Wu et al., 2017). MSC secrete cytokines that 

are either inherently anti-inflammatory such as interleukin (IL-) 6, 10 and 

hepatocyte growth factor (HGF) (Ren et al., 2008), or antagonists to pro-

inflammatory cytokines such as IL-1, 12, 18, interferon- (IFN) and tumour 

necrosis factor  (TNF) (Park et al., 2009; Ren et al., 2008). 

MSC have been shown to stimulate a shift of monocytes from the pro-

inflammatory M1 phenotype to a more anti-inflammatory M2 (Melief, 

Geutskens, Fibbe, & Roelofs, 2013) through secretion of the IL-1 receptor 

antagonist (Luz-Crawford et al., 2016), whilst concurrently inhibiting dendritic 

cell migration and maturation (Deng et al., 2016; Luz-Crawford et al., 2016). 

Monocytes of the M2 phenotype upregulate their secretion of the pro-

inflammatory cytokine IL-10 and downregulate secretion of the anti-

inflammatory cytokines TNF and IL-12 (Deng et al., 2016; Melief, Schrama, 
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et al., 2013), which is mediated by MSC secretion of IL-6 and HGF (Deng et 

al., 2016). IL-10 secretions are increased through a positive feedback loop – 

increasing amounts of IL-10 prevent the differentiation/maturation of dendritic 

cells (Deng et al., 2016), causing more monocytes to polarise into the M2 

phenotype, in turn secreting more IL-10 and so on. The importance of IL-10 

was confirmed using a sepsis model, where IL-10 was counteracted in mice 

(Németh et al., 2009). The lack of IL-10 rendered the immunomodulatory 

benefit of the MSC ineffective (Németh et al., 2009). Phagocytosis is an 

alternative (and mostly cytokine independent) mechanism of monocyte 

polarisation, as shown in one study using a model of asthma (Braza et al., 

2016). Following application of MSC, lung macrophages were shown to 

phagocytose the MSC and cause the M1-M2 shift (Braza et al., 2016; 

Krasnodembskaya et al., 2012). 

MSC regulation of T-cells has been demonstrated through in vitro mixed 

lymphocyte reaction assays, where MSC co-culture has reduced the 

proliferation of both CD4+ (helper) and CD8+ (cytotoxic) T-cells, causing a 

shift from Th1 to Th2, as well as changing the secretory cytokine profile (Bai 

et al., 2009; Ge et al., 2010; Le Blanc, Tammik, Sundberg, et al., 2003; 

Maccario et al., 2005; Q. Wang et al., 2008). Regulatory T-cell (Treg) 

induction from immature CD4+ T-cells occurs through monocytic secretion of 

transforming growth factor beta (TGF), and it is known that MSC also 

secrete TGF (Melief, Schrama, et al., 2013). MSC induction of Tregs 

through secretion of TGF was shown through in vitro mixed lymphocyte 

reaction assays (Melief, Schrama, et al., 2013). Interestingly, phagocytosis of 

MSC (as previously mentioned briefly) has also shown to be of importance in 
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T-cell regulation in vitro (Braza et al., 2016; Krasnodembskaya et al., 2012). 

Phagocytosed MSC increase the incidence of M2 phenotype monocytes 

which secrete IL-10, thus increasing concentrations of the cytokine and 

causing an induction of Treg (Braza et al., 2016; Eggenhofer et al., 2011; 

Krasnodembskaya et al., 2012). Phagocytosis was shown to be an important 

immunomodulatory mechanism in vitro, as when the number of phagocytic 

monocytes were greatly reduced, the suppression of T-cell proliferation by 

MSC was abrogated (Eggenhofer et al., 2011). 

Both MSC induced B-cell regulation and natural killer cell inhibition have not 

been as intensely studied as monocytes and T-cells, however there is some 

literature to support these mechanisms. Similarly to M2 phenotype 

monocytes, B-cells secrete the anti-inflammatory cytokine IL-10 (N. A. Carter 

et al., 2011), which in turn promotes the induction of CD4+ T-cells to Treg 

cells. Through direct cell-cell interaction, MSC reduced the occurrence of 

plasmablasts and increased Breg cells (Franquesa et al., 2015; Luk et al., 

2017), as well as secreting IL-1 RA which reduced the B-cell differentiation 

(Luz-Crawford et al., 2016). In vitro assays have shown that co-culture with 

MSC weakens natural killer cell cytotoxicity, reduces their pro-inflammatory 

cytokine secretion and inhibits proliferation (Deng et al., 2016; Sato et al., 

2007; Spaggiari et al., 2008). 

Interestingly, there is some evidence that MSC viability or metabolism is not 

as important as first thought with regards to their immunomodulatory effects 

(Chang et al., 2012; Chen et al., 2014; Galleu et al., 2017; Gonçalves et al., 

2017; Lu et al., 2013; Luk et al., 2016; Sung et al., 2013). Apoptotic MSC, 

when administered to rat models of sepsis, were shown to have improved the 
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mortality of the recipients (Chang et al., 2012) similarly to administration of 

viable MSC (Németh et al., 2009), reduced the production of TNF and 

inhibited the proliferation of T-cells (Chang et al., 2012; Chen et al., 2014). 

Infusion of viable MSC that were then apoptosed in vivo by endogenous 

cytotoxic cells caused a shift in monocytes to the M2 phenotype, as well as 

an increase in pro-inflammatory cytokines in the recipient phagocytes (Sung 

et al., 2013). Of interest to note, the immunomodulatory action of apoptotic 

MSC does not necessarily require a direct infusion. One study used the 

supernatants of macrophages that had phagocytosed apoptotic MSC and 

showed that exposure to this supernatant improved the viability and time of 

survival of hypoxic cardiomyocytes (W. Lu et al., 2013). Metabolic 

deactivation of MSC can be achieved via heat shock (Luk et al., 2016), which 

also stops proliferation and secretome activity and leaves the cells prone to 

degradation rather than apoptosis (Luk et al., 2016). In vitro analysis of these 

metabolically inactive MSC via mixed lymphocyte reaction assay revealed 

that they were no longer capable of T-cell inhibition (Luk et al., 2016), 

however they did mitigate the immune response in vivo of a mouse 

lipopolysaccharide model of inflammation as seen through reduced levels of 

IFN and increased levels of IL-10 in serum samples (Luk et al., 2016). 

Similarly, particles of MSC membranes that were enzymatically active did not 

inhibit T-cell proliferation in vitro via mixed lymphocyte reaction assay 

(Gonçalves et al., 2017), but it was shown that these particles were taken up 

by M1 phenotype monocytes and displayed on their membranes, making 

them targets for apoptosis and thus reducing the number of pro-inflammatory 

monocytes (Gonçalves et al., 2017). 
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1.2 MSC based therapies 

The molecular properties of MSC has allowed the establishment of their 

therapeutic use within a clinical setting. MSC have been applied as part as a 

variety of cell-based therapies, including, but not limited to, cell replacement, 

trophic support of wound healing and immunomodulation such as abrogation 

of transplantation side effects. 

1.2.1 Cell replacement 

Cartilage defects within joints are most often caused by degenerative 

diseases such as arthritis – most commonly osteoarthritis (OA) (Birchfield, 

2001; Goldring & Goldring, 2007; Sinusas, 2012). OA triggers degeneration 

of cartilage and reactive subchondral bone to form within the affected joints, 

causing the joint to stiffen and increasing discomfort. Unfortunately, the 

treatments that are currently available are most often inadequate and do not 

prevent the onset of the disease (Birchfield, 2001; Goldring & Goldring, 2007; 

Sinusas, 2012). The first cellular therapy of cartilage defects was first shown 

in the early 1990’s (Brittberg et al., 1994), where chondrocytes were isolated 

from the damaged knees of patients, cultured expanded to increase 

numbers, and administered intraarticularly (IA) into the affected joint 

(Brittberg et al., 1994). Known as autologous chondrocyte implantation, this 

procedure showed functional improvement within the patients (Brittberg et 

al., 1994). Around the same time, a report of BM MSC efficacy within an 

animal model of a cartilage defect, where both cartilage and bone repair 

were shown within 24 weeks of MSC administration (Wakitani et al., 1994). 

Researchers from the same group were able to reproducibly confirm this 

efficacy, using the same animal model, a few years later (Caplan, Elyaderani, 
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Mochizuki, Wakitani, & Goldberg, 1997). As well as noting cartilage repair, 

histological analysis showed this repair was made up of layered cartilage 

(Caplan et al., 1997). Since these first experiments, a variety of pre-clinical 

animal studies have shown the beneficial effect of MSC in cartilage repair 

(Diekman et al., 2013; H Koga et al., 2006; K. B. L. Lee, Hui, Song, Ardany, 

& Lee, 2007; J. M. Murphy, Fink, Hunziker, & Barry, 2003; Sakaguchi, 

Sekiya, Yagishita, & Muneta, 2005; Satué, Schüler, Ginner, & Erben, 2019; 

Solchaga et al., 2002; Zscharnack et al., 2010). Improved cartilage repair 

and reduced hypertrophism has been seen in all of these studies, plus one 

study showing reduced development of post traumatic arthritis (Diekman et 

al., 2013), across a variety of MSC including BM (Diekman et al., 2013; K. B. 

L. Lee et al., 2007; J. M. Murphy et al., 2003; Satué et al., 2019; Solchaga et 

al., 2002), synovium (H Koga et al., 2006; Sakaguchi et al., 2005) and even 

MSC that had been pre-differentiated to a chondrocyte phenotype 

(Zscharnack et al., 2010). Interestingly, synovium MSC were found to have 

greater chondrogenic potential compared to BM and AT MSC (Sakaguchi et 

al., 2005). Labelling of MSC showed that the grafted cells were integrating 

within the tissue being repaired (H Koga et al., 2006; J. M. Murphy et al., 

2003; Satué et al., 2019) and were not migrating to other tissues (Satué et 

al., 2019). Improvement in cartilage defects following MSC treatment has 

also been shown clinically (Al-Najar et al., 2017; Centeno et al., 2008; 

Davatchi, Abdollahi, Mohyeddin, Shahram, & Nikbin, 2011; Garay-Mendoza 

et al., 2018; Murphy et al., 2017; Wakitani et al., 2002, 2007). Most clinical 

studies have focussed on knee OA, although other joints have been studied, 

such as the thumb (Murphy et al., 2017). Following intraarticular (IA) injection 
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of BM MSC, patients showed accelerated signs of new cartilage-like tissue 

growth (Al-Najar et al., 2017; Centeno et al., 2008; Wakitani et al., 2002, 

2007), reduced pain (Centeno et al., 2008; Davatchi et al., 2011; Garay-

Mendoza et al., 2018; Murphy et al., 2017) and improved function (Al-Najar 

et al., 2017; Centeno et al., 2008; Garay-Mendoza et al., 2018; Murphy et al., 

2017; Wakitani et al., 2007). AT MSC have also shown efficacy when used 

clinically for cartilage defect repair (Jo, Lee, Shin, Kim, Chai, Jeong, Kim, 

Shim, Shin, Shin, et al., 2014; Pers et al., 2016). In both studies, AT MSC 

were injected IA for the treatment of knee OA. A reduction in the defect size 

and hyaline-like cartilage regeneration was observed (Jo, Lee, Shin, Kim, 

Chai, Jeong, Kim, Shim, Shin, Shin, et al., 2014), along with improvement of 

function (Jo, Lee, Shin, Kim, Chai, Jeong, Kim, Shim, Shin, Shin, et al., 2014; 

Pers et al., 2016) and reduction in pain (Pers et al., 2016). The mechanisms 

in which MSC aid in cartilage repair are not fully understood, but they are 

thought to contribute to cell replacement through differentiation. However, 

this may not be the only mechanism, as AT MSC have shown to improve 

cartilage repair (Jo, Lee, Shin, Kim, Chai, Jeong, Kim, Shim, Shin, Shin, et 

al., 2014; Pers et al., 2016) and yet have been shown to have limited 

chondrogenic differentiation potential (Hennig et al., 2006; Maredziak, 

Marycz, Tomaszewski, Kornicka, & Henry, 2016). 

Cartilage is not the only tissue where cell therapy has been used. In the early 

1990’s, complete bone marrow aspirate was administered as a co-treatment 

for fracture non-union along with immobilisation of the joint and was shown to 

improve union within the bone (Connolly, Guse, Tiedeman, & Dehne, 1991; 

Garg, Gaur, & Sharma, 1993). In the late 1990’s, complete bone marrow 
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aspirate (from sibling donors) was used to alleviate osteogenesis imperfecta 

in children (Horwitz et al., 1999). Although the administration of bone marrow 

aspirate showed improved bone mineralisation and growth (Horwitz et al., 

1999), some patients developed graft versus host disease or hygromas 

(Horwitz et al., 2001). The same researchers then conducted a similar study, 

using autologous culture expanded BM MSC (Horwitz et al., 2002). Although 

bone growth was seen in five of the six patients, only one patient showed any 

increase in bone mineralisation (Horwitz et al., 2002). Due to their suspected 

immunoprivilege (Bartholomew et al., 2002; Klyushnenkova et al., 2005; Le 

Blanc, Tammik, Rosendahl, et al., 2003; Tse et al., 2003), MSC have been 

used both pre-clinically (Hayashi, Katsube, Hirose, Ohgushi, & Ito, 2008; H. 

Li et al., 2007; Otsuru, Tamai, Yamazaki, Yoshikawa, & Kaneda, 2007) and 

clinically (Colnot, 2009; Dufrane et al., 2015; Ismail et al., 2016; Le Blanc et 

al., 2005; Sándor et al., 2014) since these first studies. When AT MSC 

(modified with a Bone Morphogenetic Protein-2 gene) were administered to 

dogs with bone defect of the ulna, an increase in the healing of the defect 

and bone formation was noted (H. Li et al., 2007). Green fluorescent protein 

labelled BM MSC administered into lethally irradiated mice allowed lineage 

tracking, and within 3 weeks, new bone was forming containing green 

fluorescent protein osteoblasts, showing MSC differentiation (Otsuru et al., 

2007). The osteogenic potential of both BM and AT MSC have also been 

compared, with BM MSC showing greater potential for differentiation into 

bone within a rat model (Hayashi et al., 2008). Clinical studies have included 

the use of MSC for fracture non-union (Ismail et al., 2016), bone 

reconstruction (Dufrane et al., 2015; Sándor et al., 2014), intrauterine 
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osteogenesis imperfecta (Le Blanc et al., 2005) and lineage analysis (Colnot, 

2009). Administration of MSC improved the speed of union (Ismail et al., 

2016), successful integration into local tissue (Le Blanc et al., 2005; Sándor 

et al., 2014) and reconstruction of bone (Dufrane et al., 2015; Le Blanc et al., 

2005; Sándor et al., 2014). It is thought MSC application supports the 

regenerative microenvironment in regard to bone regeneration, rather than 

their differentiation and tissue incorporation (Amin et al., 2014; Horwitz et al., 

2002). It is thought that MSC directly affect osteoblast inhibition and 

osteoclast stimulation, through reduction of TNF, a cytokine that is known to 

stimulate osteoclast production via the RANKL cascade (Abu-Amer et al., 

2000; Azuma, Kaji, Katogi, Takeshita, & Kudo, 2000; Kobayashi et al., 2000). 

Increasing osteoblasts and reduced osteoclast production would, in theory, 

improve bone repair. 

1.2.2 Wound healing and trophic support 

Skin defects such as burns and diabetic ulcers are cutaneous wounds that 

result from the loss of both the epidermis and dermis layers of the skin, 

compounded by the failure of wound healing mechanisms as a result of the 

prolonging of the inflammatory phase (Schreml, Szeimies, Prantl, Landthaler, 

& Babilas, 2010). Normal wound healing comprises of four interrelating 

stages (Cañedo-Dorantes & Cañedo-Ayala, 2019; Harper, Young, & 

McNaught, 2014; Wilgus, 2008). Haemostasis involves blood vessel 

contraction, platelet influx and aggregation and the release of cytokines that 

cause inflammatory cell recruitment (Cañedo-Dorantes & Cañedo-Ayala, 

2019; Harper et al., 2014; Wilgus, 2008). The inflammation stage involves 

neutrophils which remove debris from the wound, T cell and macrophages 
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that release TGF and epidermal growth factor to encourage angiogenesis 

and extracellular matrix remodelling (Cañedo-Dorantes & Cañedo-Ayala, 

2019; Harper et al., 2014; Wilgus, 2008). Proliferation ensures angiogenesis, 

epithelialisation and wound contraction and finally remodelling involves 

restoration of tissue function (Cañedo-Dorantes & Cañedo-Ayala, 2019; 

Harper et al., 2014; Wilgus, 2008). Extension of the inflammation stage is the 

main cause from chronic skin wounds (Cañedo-Dorantes & Cañedo-Ayala, 

2019; Harper et al., 2014; Wilgus, 2008). 
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Figure 1.2: Schematic representation of the wound healing process. 

Normal wound healing occurs in four stages. Blood vessels contract, 

platelets start to aggregate and immune cells are recruited to the injury site 

during haemostasis (A). Platelets form a plug along with fibrin to close the 

open wound, while immune cells release cytokines to encourage 

angiogenesis and ECM growth, plus neutrophils remove debris during the 

inflammation stage (B). During the proliferation stage, angiogenesis and 

ECM modelling continues, encouraging wound contraction and re-

epithelisation(C). Finally, the remodelling stage involves the restoration of 

tissue function (D). 
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The first instance of cellular treatment for chronic skin wounds, however, was 

not MSC but through a composite epithelial autograft in 1975 (Rheinwald & 

Green, 1975). Since, skin grafts have been used most often, following 

debridement and pharmaceutical inflammation management (Arno et al., 

2011; Cañedo-Dorantes & Cañedo-Ayala, 2019). MSC are thought to have 

their most beneficial effects during the inflammation stage (de Girolamo et 

al., 2013; Maxson, Lopez, Yoo, Danilkovitch-Miagkova, & Leroux, 2012), due 

to their immunomodulation properties through paracrine activity (K. Lau, 

Paus, Tiede, Day, & Bayat, 2009). Studies of MSC assisted wound healing 

have ranged from in vitro (Collawn, Banerjee, De La Torre, Vasconez, & 

Chow, 2012; Lee, Jin, Song, Seo, & Cho, 2012; Walter, Wright, Fuller, 

MacNeil, & Johnson, 2010), to pre-clinical animal studies (Falanga et al., 

2007; Kato et al., 2017; Lee et al., 2009; Ma et al., 2015; Nambu et al., 2009; 

Nie et al., 2011; Yoshikawa et al., 2008) and clinical (Badiavas & Falanga, 

2003; Dash, Dash, Routray, Mohapatra, & Mohapatra, 2009; Falanga et al., 

2007; Lu et al., 2011; Yoshikawa et al., 2008). In vitro studies of MSC 

enhanced wound healing showed enhanced keratinocyte (Collawn et al., 

2012; Lee et al., 2012; Walter et al., 2010), fibroblast and endothelial 

migration and proliferation (Boink et al., 2016; Lee et al., 2012; Ma et al., 

2015), multi-layered healing in a skin equivalent culture (Collawn et al., 

2012), increased transcription of fibroblast produced procollagen (Lee et al., 

2012) and increased wound contraction (Boink et al., 2016; Collawn et al., 

2012; S. H. Lee et al., 2012; Ma et al., 2015; Walter et al., 2010). Pre-clinical 

animal studies of MSC application to chronic wound models showed 

increased wound closure (Falanga et al., 2007; Lee et al., 2009; Nie et al., 
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2011), healing speed (Ma et al., 2015) and cytokine release such as VEGF, 

HGF and fibroblast growth factor (FGF) (Falanga et al., 2007; Lee et al., 

2009), as well as increased blood vessel formation (Falanga et al., 2007; Nie 

et al., 2011) and tissue regeneration (Nambu et al., 2009; Yoshikawa et al., 

2008). Clinical studies of patients with chronic skin wounds that had received 

MSC as part of wound healing therapy showed a decrease in the size of the 

chronic wound (Dash et al., 2009; Falanga et al., 2007; Lu et al., 2011; 

Yoshikawa et al., 2008), pain (Dash et al., 2009; Lu et al., 2011) and scarring 

(Badiavas & Falanga, 2003), and an increase in the speed of wound healing 

(Lu et al., 2011) and fibroblast development (Badiavas & Falanga, 2003; 

Dash et al., 2009). Many studies have shown that the paracrine 

immunomodulatory action of MSC may be the mechanism in which MSC 

transplantation aids in chronic wound healing. MSC were shown to migrate in 

response to cytokines that are released during the first stages of wound 

healing, responding to platelet derived growth factor (Mishima & Lotz, 2008; 

Ponte et al., 2007) and insulin growth factor 1 (Ponte et al., 2007) in vitro. 

Pre-incubation of MSC with TGF enhanced this response, highlighting the 

importance of the inflammatory microenvironment in the mechanism of MSC 

wound healing (Ponte et al., 2007). In a rat burn model, green fluorescent 

protein labelled MSC migrated to the wound and enhanced wound healing 

(L. Liu et al., 2014). Within the wound area, following MSC application, there 

was a decrease in inflammatory cells present, and this corresponded with a 

decrease in the pro-inflammatory cytokines IL1, IL6 and TNF and increase 

in VEGF and vasculature (L. Liu et al., 2014). 
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MSC have also been shown to be beneficial in abrogating the tissue 

degeneration following heart trauma, such as myocardial infarction. Following 

myocardial infarction, the reduced reperfusion within the heart increases 

ischaemia, causing cardiomyocyte necrosis. This dramatically reduced the 

contractile function of the heart and often leads to chronic heart failure 

(Alpert, Thygesen, Antman, & Bassand, 2000). The use of MSC for 

myocardial infarction have been used due to their differentiation capacity to 

form cardiomyocyte-like phenotypes (Orlic et al., 2001; Pittenger & Martin, 

2004; Toma, Pittenger, Cahill, Byrne, & Kessler, 2002) or endothelial-like 

phenotypes (Oswald et al., 2004; Silva et al., 2005), but predominantly their 

paracrine activity through increasing cytokines that promote angiogenesis 

(Meng, Han, Jeong, & Kim, 2019; Song et al., 2017; Y. L. Tang et al., 2004; 

Teng et al., 2015), cytoprotective pathways (Cho et al., 2014; Guo et al., 

2014; Hu et al., 2008; Luger et al., 2017; Wang et al., 2009) and increasing 

the proliferation or differentiation of the cardiac cells already within the host 

tissue (Hatzistergos et al., 2010; Ju et al., 2018; Mazhari & Hare, 2007). The 

use of MSC to replace the cardiac cells lost following myocardial infarction 

was shown to have some effect in the early 2000’s (Orlic et al., 2001; Oswald 

et al., 2004; Silva et al., 2005; Toma et al., 2002). Certain studies showed 

evidence of the transplanted labelled MSC forming a cardiomyocyte-like 

phenotype in animal models, showing morphology similar to the host 

cardiomyocytes, the expression of cardiomyocyte markers (Toma et al., 

2002) and the formation of a large portion of the new myocardium tissue and 

vasculature (Orlic et al., 2001). Later studies showed that MSC were able to 

differentiate into endothelial-like phenotypes, expressing markers including 
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von Willebrand factor following in vitro induction of VEGF and low serum 

(Oswald et al., 2004), and that MSC co-localised with endothelium and 

smooth muscle in an animal model that showed improved function and 

decreased fibrosis (Silva et al., 2005). The vast majority of studies, however, 

have shown that MSC paracrine activity plays a part in the recovery of 

myocardial infarction. Angiogenesis is a key part of remodelling the infarcted 

area, and MSC have shown to encourage this through the increase of 

cytokines such as VEGF (Song et al., 2017; Y. L. Tang et al., 2004) and IL10 

(Meng et al., 2019), and the decrease of pro-apoptotic factors (Song et al., 

2017; Y. L. Tang et al., 2004) and pro-inflammatory factors (Meng et al., 

2019; Teng et al., 2015). Studies such as these have shown increases in 

angiogenesis in response to MSC in vitro (Teng et al., 2015), as well as in 

vivo blood flow increases (Y. L. Tang et al., 2004; Teng et al., 2015), 

improvement of cardiac function (Meng et al., 2019; Y. L. Tang et al., 2004) 

and reduction of infarct size (Meng et al., 2019; Teng et al., 2015). Another 

potential mechanism of MSC treatment for myocardial infarction is through 

pathways of cytoprotection and cytopreservation (Cho et al., 2014; Guo et 

al., 2014; Hu et al., 2008; Luger et al., 2017; Wang et al., 2009). Certain pre-

treatments of MSC prior to transplantation, such as hypoxia (X. Hu et al., 

2008), anoxia (Wang et al., 2009) or insulin growth factor 1 (Guo et al., 2014) 

have been shown to improve the protection of resident cardiac cells (Wang et 

al., 2009), improve cardiac function (Guo et al., 2014; X. Hu et al., 2008), 

reduce inflammation within the infarct and even increase the survival of the 

grafted cells (X. Hu et al., 2008) – which had been shown in the past to be an 

issue (Freyman et al., 2006). Immunomodulation activity of transplanted 
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MSC have also been shown to be beneficial in forming a protective 

microenvironment within the infarct (D. I. Cho et al., 2014; Luger et al., 2017). 

In one study, MSC both in vitro and in vivo increased the incidence of the 

anti-inflammatory M2 macrophage phenotype (D. I. Cho et al., 2014). A later 

study showed that labelled MSC were homing to the site of the infarct, 

slowing the tissue deterioration and reducing the incidence of both natural 

killer cells and neutrophils within the tissue. Finally, transplanted MSC may 

induce the proliferation and/or differentiation of the resident cardiac tissue 

cells (Hatzistergos et al., 2010; Ju et al., 2018; Mazhari & Hare, 2007). MSC 

transplantation within animals models showed improvement in function 

(Hatzistergos et al., 2010; Ju et al., 2018; Mazhari & Hare, 2007), reduced 

infract size and increased tissue growth (Mazhari & Hare, 2007), increased 

cardiomyocyte proliferation (Ju et al., 2018) and potential differentiation 

(Hatzistergos et al., 2010; Mazhari & Hare, 2007), and vasculature 

(Hatzistergos et al., 2010; Ju et al., 2018). One study also showed that MSC 

induced cardiac stem cell (CSC) proliferation in vitro and increased 

endogenous CSC within the tissue in vivo (Hatzistergos et al., 2010). 

1.2.3 Immunomodulation 

Graft versus host disease (GvHD), is a life-threatening condition that can 

occur following allogenic haematopoietic stem cell transplants as part of 

treatments for cancers such as leukaemia (Amorin et al., 2014; Ferrara, 

Levine, Reddy, & Holler, 2009; Socié & Ritz, 2014; Zeiser & Blazar, 2017). 

The requirements for the development of GvHD were first outlined in 1966 

(Billingham, 1967), in which the donor tissue contained immune competent 

cells, the host had antigens not found within the donor and finally, and the 



44 
 

host is unable to produce an immune response to remove cells within the 

donor graft (Billingham, 1967). It is known known that it is the mature T cells 

from the donor that recognise the recipients own tissue as foreign (Amorin et 

al., 2014; Ferrara et al., 2009; Socié & Ritz, 2014; Zeiser & Blazar, 2017), 

reacting to the HLA on the host cells and provoking a donor derived immune 

response (Amorin et al., 2014; Ferrara et al., 2009; Socié & Ritz, 2014; 

Zeiser & Blazar, 2017). The most common organs affected are the skin, 

gastrointestinal tract and the liver (Amorin et al., 2014; Ferrara et al., 2009; 

Socié & Ritz, 2014; Zeiser & Blazar, 2017). Reduction of the incidence and 

severity of GvHD is usually through pharmacological intervention of the hosts 

immune system (Amorin et al., 2014; Ferrara et al., 2009; Socié & Ritz, 2014; 

Zeiser & Blazar, 2017). Animals models of GvHD treated or cotreated with 

MSC showed enhanced survival of animals (N. G. Chung et al., 2004; Y. H. 

Kim et al., 2018), graft longevity (Aksu et al., 2008; Le Blanc et al., 2004) and 

reduced the symptoms of GvHD (Aksu et al., 2008; N. G. Chung et al., 2004; 

Y. H. Kim et al., 2018), along with a reduction in bone marrow aplasia (Nishi 

et al., 2019) and cytokines such as IFN (Aksu et al., 2008). Interestingly, 

similar to studies of MSC treatment for myocardial infarction (Hu et al., 2008; 

Wang et al., 2009), one study showed that hypoxic priming of MSC caused 

them to become resistant to cell senescence, as well as improving the 

symptoms of GvHD and animal survival compared to non-primed MSC (Y. H. 

Kim et al., 2018). Clinical studies of MSC treatment for GvHD began with 

phase I trials of efficacy (Le Blanc et al., 2004; Ringdén et al., 2006), with 

improvement of symptoms noted. Larger cohorts were recruited for phase II 

trials (Bader et al., 2018; Baron et al., 2010; Kurtzberg et al., 2014; Le Blanc 
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et al., 2008; Y. Peng et al., 2015; Pérez-Simon et al., 2011), and it was 

shown that HLA matching of haematopoietic stem cell transplants had no 

effect on the outcome of MSC administration (Le Blanc et al., 2008), and that 

MSC treatment increased longevity of grafts (Baron et al., 2010) and 

improved the symptoms of GvHD (Bader et al., 2018; Baron et al., 2010; 

Kurtzberg et al., 2014; Le Blanc et al., 2008; Y. Peng et al., 2015). One study 

compared MSC treatment in cohorts with acute and chronic GvHD and 

showed that those with acute disease responded better (Pérez-Simon et al., 

2011). The mechanism in which MSC treatment alleviates GvHD symptoms 

is thought to be immunomodulatory, through immune suppression, inhibition 

of proliferation of T cells and the mitigation of inflammatory cytokines (Amorin 

et al., 2014). The 2015 study, following patient assessments, found that there 

was an increase in B cells producing IL10 coupled with a reduction of pro-

inflammatory cytokine producing T cells (Y. Peng et al., 2015), and a later 

study in a murine model showed that administration of MSC decreased the 

incidence of lymphocytes within the liver (Nishi et al., 2019), providing 

evidence for the immunomodulatory mechanism of MSC treatment for GvHD. 

MSC immunomodulation may also be beneficial for liver disease. The current 

strategies for liver disease frequently require organ transplantation, 

especially for end stage diseases (Iansante, Chandrashekran, & Dhawan, 

2018; A. Owen & Newsome, 2015; Regmi et al., 2019). However, this can be 

difficult, with patients often on a long waiting list, due to shortage of donors 

(Iansante et al., 2018; A. Owen & Newsome, 2015; Regmi et al., 2019). MSC 

and MSC secretome have been shown to have favourable outcomes in both 

animal models (Du et al., 2013; Gazdic, Markovic, et al., 2018; Gazdic, 
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Simovic Markovic, et al., 2018; Jiang et al., 2018; Jung et al., 2013; K. C. 

Lee, Lin, Huang, & Hung, 2015; M. Park et al., 2015; Ramanathan et al., 

2017; Saidi et al., 2014; Van Poll et al., 2008; Y. Zhang et al., 2014) and in 

early clinical studies (Amer et al., 2011; El-Ansary et al., 2012; Kharaziha et 

al., 2009). Administration of MSC in experimental animal models of liver 

disease have shown increases in hepatocyte proliferation (Du et al., 2013; 

Van Poll et al., 2008) and pro-mitotic/proliferation genes (Van Poll et al., 

2008), animal survival (Du et al., 2013; Jung et al., 2013; Saidi et al., 2014; 

Y. Zhang et al., 2014), anti-inflammatory cytokines (Gazdic, Markovic, et al., 

2018; K. C. Lee et al., 2015; Saidi et al., 2014; Y. Zhang et al., 2014) and 

liver regeneration (Jung et al., 2013; Saidi et al., 2014). Some studies 

showed increases in autophagy factors (Jung et al., 2013; M. Park et al., 

2015) and evidence of macrophage M2 polarisation both in vitro and in vivo 

(K. C. Lee et al., 2015), with one study showing evidence of MSC migration 

to the injured tissue in vivo and differentiating into a hepatocyte-like 

phenotype in vitro (M. Park et al., 2015). Animal studies have also shown 

decreases in hepatocyte apoptosis (Du et al., 2013; Jiang et al., 2018; Van 

Poll et al., 2008) and apoptotic factors (Gazdic, Simovic Markovic, et al., 

2018), along with reduction of pro-inflammatory factors (Du et al., 2013; 

Gazdic, Simovic Markovic, et al., 2018; K. C. Lee et al., 2015; M. Park et al., 

2015) and activation of CD4+ and CD8+ T cells (Gazdic, Markovic, et al., 

2018; Gazdic, Simovic Markovic, et al., 2018; Y. Zhang et al., 2014). 

Biomarkers of liver injury were also shown to be reduced in certain studies 

(Gazdic, Markovic, et al., 2018; K. C. Lee et al., 2015; Ramanathan et al., 

2017; Saidi et al., 2014; Y. Zhang et al., 2014) such as bilirubin (Ramanathan 
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et al., 2017). Early clinical studies of MSC treatment for liver disease have 

shown similar results to animal studies, where reduced liver injury 

biomarkers were observed (El-Ansary et al., 2012; Kharaziha et al., 2009) 

such as bilirubin (El-Ansary et al., 2012; Kharaziha et al., 2009) and creatin 

(Kharaziha et al., 2009) coupled with an improvement of liver functionality 

(Amer et al., 2011; El-Ansary et al., 2012; Kharaziha et al., 2009). 

Another disease that may take advantage from MSC therapy is multiple 

sclerosis. Multiple sclerosis a chronic disease of immune mediated 

neurodegeneration, in which the nerves of the central nervous system (CNS) 

are demyelinated (Auletta et al., 2012; Goldenberg, 2012). Animal models of 

multiple sclerosis have been used to show how the immunomodulatory 

activity of MSC can improve the symptoms of MS (Bai, Lennon, Caplan, 

Dechant, & Hecker, 2012; Bai et al., 2009; M. J. Kim et al., 2018; Morando et 

al., 2012; J. Zhang et al., 2005). Application of MSC was shown to decrease 

the clinical symptoms of the disease (M. J. Kim et al., 2018; Morando et al., 

2012) and nerve damage (Bai et al., 2009), and reduce the influx of 

inflammatory cells (Morando et al., 2012; J. Zhang et al., 2005) such as 

CD4+ and CD8+ T cells (Bai et al., 2009; M. J. Kim et al., 2018) and 

inflammatory cytokines such as IL7, IFN and TGF (M. J. Kim et al., 2018). 

MSC application also decreased the incidence of demyelination (Bai et al., 

2009; M. J. Kim et al., 2018; Morando et al., 2012; J. Zhang et al., 2005) and 

improved the function of the recovering nerves (Bai et al., 2012, 2009; J. 

Zhang et al., 2005), possibly through the increase in oligodendrocytes (Bai et 

al., 2012, 2009) and reduced axon loss (Morando et al., 2012). One study 

highlighted the importance of MSC secreted HGF as part of the MSC 
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mediated improvement of multiple sclerosis symptoms (Bai et al., 2012). 

Knockout of HGF in vivo ameliorated the effects of MSC transplantation, and 

in vitro slice cultures treated with HGF (with no MSC present) showed 

enhanced remyelination (Bai et al., 2012). Clinical translation from animal 

studies has not been as marked as some MSC therapies of other diseases. 

Two early pilot clinical studies administered MSC and there was evidence of 

disease improvement (Yamout et al., 2010), migration of MSC to the spinal 

cord and meninges (Karussis et al., 2010) and an upregulation of Treg cells 

coupled with a decrease in lymphocytes and dendritic cells (Karussis et al., 

2010). Further studies have mainly focussed on the ability to successfully 

grow MSC from multiple sclerosis patients for autologous transplantation 

(Peter Connick et al., 2011; Planchon et al., 2018), or safety studies of these 

autologous grafts (Cohen et al., 2018; P Connick et al., 2012). Although 

minimal, these studies have shown that MSC graft in multiple sclerosis 

patients can be well tolerated (Cohen et al., 2018; P Connick et al., 2012), 

with some trends in potential neuroprotective effects (P Connick et al., 2012) 

and disease improvement (Cohen et al., 2018). 

MSC therapy for ischemic stroke have shown some good responses in 

animal models, but transplantation into clinical studies has proved difficult 

(Chrostek, Fellows, Crane, Grande, & Low, 2019; Randolph, 2016). Animals 

models of stroke have shown that application of MSC reduced the area and 

volume of infarcted tissue (Z. Li et al., 2019; Y. C. Lin et al., 2011), apoptosis 

(C. Li, Fei, Tian, Gao, & Yang, 2019; Z. Li et al., 2019), atrophy within the 

tissue (Y. C. Lin et al., 2011), and matrix metalloproteinases (MMP) and 

tissue inhibitor of  metalloproteinases (Chelluboina et al., 2017), whilst 
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increasing function (de Vasconcelos dos Santos et al., 2010; C. Li et al., 

2019; Y. Li, Chen, Wang, Lu, & Chopp, 2001; Z. Li et al., 2019; Y. C. Lin et 

al., 2011; Shen et al., 2006) vasculature (Shen et al., 2006), and the 

presence of oligodendrocyte precursors (Shen et al., 2006) and 

neuroprotective cytokines (Y. C. Lin et al., 2011). Interestingly, in some 

studies grafted MSC migrated to the areas of ischaemic damage and 

differentiated into a more neuronal-like phenotype (J. Chen et al., 2001; Y. Li 

et al., 2001). Clinical studies of MSC treatment for stroke have mainly 

focussed on safety, where no adverse effects have been seen (Bang, Lee, 

Lee, & Lee, 2005; Honmou et al., 2011; J. S. Lee et al., 2010; Prasad et al., 

2014; Toyoshima et al., 2015), but have shown some effect through 

improvement of function (Bang et al., 2005; Honmou et al., 2011; J. S. Lee et 

al., 2010; Toyoshima et al., 2015) and reduction of lesions (Honmou et al., 

2011). However, not all clinical studies have noted beneficial effects of MSC 

(Prasad et al., 2014), and this may be due to the timing of therapy 

application, as shown both pre-clinically (de Vasconcelos dos Santos et al., 

2010) and clinically (Toyoshima et al., 2015) where MSC application 

improved function and disease outcome in the acute phase of stroke (de 

Vasconcelos dos Santos et al., 2010; Toyoshima et al., 2015). 

1.3 Cell Death Mechanisms 

Throughout this thesis, cell death is mentioned regarding pathophysiological 

occurrences and both experimental and clinical therapies and it is important 

to have a broad understanding of cell death mechanisms to give context to 

these. 
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Cell death and the mechanisms in which cell death occurs can be broadly 

categorised as either regulated or unregulated (Nirmala & Lopus, 2019; Tait, 

Ichim, & Green, 2014). Regulated cell death, which includes apoptosis, 

autophagy and necroptosis (Galluzzi et al., 2018), follows regulated 

signalling pathways in order to maintain cellular homeostasis (Nagata & 

Tanaka, 2017). Contrary, unregulated cell death such as necrosis does not 

follow a specific pathway and is instead triggered by trauma, which is why it 

is also known as accidental cell death (Nirmala & Lopus, 2019; Tait et al., 

2014). 

The most well-known of the regulated cell death mechanisms is apoptosis 

and can identified by morphological features such as blebbing of the cellular 

membrane, a rise in cytosolic calcium, the cell shrinking in size and the 

production of apoptotic bodies (Galluzzi et al., 2018; Nirmala & Lopus, 2019). 

Apoptotic bodies contain intracellular components and signal for macrophage 

engulfment, meaning that the mechanism of apoptosis lacks any 

inflammation resulting in no local or systemic damage (Nirmala & Lopus, 

2019). Apoptosis follows two main signalling pathways; extrinsic and intrinsic 

(D’Arcy, 2019; Nirmala & Lopus, 2019). 

The extrinsic apoptotic pathway is triggered by the binding of tumour 

necrosis factor receptor 1 (TNFR1), a transmembrane death receptor. This 

binding causes clustering and further recruitment of proteins with death 

domains. This receptor and death domain cluster allows the initiator 

procaspases 8 and 10 to bind and induce signalling complexes. Cleavage of 

the procaspases induces their active caspase form, which then in turn cleave 

and activate downstream executioner caspases 3, 6 and 7. The executioner 



51 
 

caspases, especially 3 and 7, initiate DNA fragmentation which lead to cell 

death (Ashe & Berry, 2003; Yuping Liu et al., 2019; Locksley, Killeen, & 

Lenardo, 2001; Nagata & Tanaka, 2017; Sheikh & Huang, 2003; Widłak, 

2000; Wolf, Schuler, Echeverri, & Green, 1999). 

The intrinsic pathway, also known as the mitochondrial pathway, is initiated 

as a response to cell stress when the mitochondrial membrane begins to 

permealise. Mitochondria release cytochrome c into the cell cytosol, which 

combines with the protein apoptotic protein activating factor 1 (Apaf-1) to 

form a feature called the apoptosome. This apoptosome is the able to cleave 

and activate caspase 9, which in turn cleaves and activates downstream 

executioner caspases 3 and 7, similarly to the extrinsic pathway. The 

mitochondria can also release AIF, which facilitates both DNA fragmentation 

and chromatin condensation (Momeni, 2011; Widłak, 2000; Wolf et al., 

1999). 

Autophagy is not a cell death mechanism in itself, but instead is process that 

can lead to lysosome dependent cell death if the autophagy flux is disrupted 

and usually only occurs when there is an absence of the apoptotic pathways 

(Yang Liu, Shoji-Kawata, et al., 2013; Mizushima, 2011; Pattingre et al., 

2005; Shimizu et al., 2004; Tait et al., 2014; Yu et al., 2004). It occurs 

predominantly as a pro-survival stress response and allows for degradation 

of molecules through to organelles which need to be disposed of (Mizushima, 

2011; Tait et al., 2014). As the cell begins to die, membranes form around 

the degraded cargo resulting in an autophagosome. Autophagosomes then 

fuse with lysosomes within the cell, and the cargo is then broken down and 
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allows the macromolecules to be recycled (Mizushima, 2011; Tait et al., 

2014). 

Necrosis is unregulated (accidental) cell death that usually occurs from some 

form of trauma such as injury or infection (Nirmala & Lopus, 2019; Tait et al., 

2014), and is therefore an inflammatory mechanism. Although difficult to 

identify comparatively to apoptosis, necrosis does have some identifying 

morphological features including cell membrane rupture, release of cell 

contents (therefore a lack of apoptotic bodies) and swelling of the 

mitochondria. As an unregulated mechanism, there are no ordered signalling 

pathways for necrotic cell death, however there are factors that contribute to 

the induction of necrosis such as intracellular ROS elevation, inhibition of 

upstream caspases and reduced levels of ATP (Nirmala & Lopus, 2019; Tait 

et al., 2014; U. Ziegler & Groscurth, 2004). An example of necrosis is 

glutamate excitotoxicity in neurons – excess glutamate prompts DNA 

breakage, which in turn increases PARP-1 activity and reduces levels of 

ATP. Similarly, increased concentrations of calcium within the cell increases 

the permeability of mitochondria and causes and reduces levels of ATP, 

triggering necrosis. 

Interestingly, there is a mechanism in which cell death occurs that 

encompasses features of both apoptosis and necrosis, termed necroptosis. 

Necroptosis follows a regulated pathway similarly to apoptosis, but retains 

the morphological features of necrosis, and usually occurs following 

stimulation from pathogens (Taylor, Cullen, & Martin, 2008). Receptor 

interacting protein kinase 1 (RIPK1) binds to TNFR1 on the cytoplasmic side 

and recruits more proteins to form a complex of RIPK1TRAFF2/5, RIPK1 and 
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TRADD. However, failure of RIPK1 ubiquitination couple with activation 

inhibition of caspase 8 causes phosphorylation of mixed lineage kinase 

domain like pseudokinase (MLKL). Phosphorylated MLKL is responsible for 

the degradation of the cell plasma membrane (Cai et al., 2014; Dhuriya & 

Sharma, 2018; Xie et al., 2013). Concurrently, the increase in mitochondrial 

ROS contributes to the reduction of membrane integrity (Nirmala & Lopus, 

2019; Tait et al., 2014). Necroptosis is associated with increased 

inflammation. 

It is essential to note the importance of calcium concentrations within cell 

death, and how the upset of calcium homeostasis can have an influence on 

these mechanisms (Ghibelli, Cerella, & Diederich, 2010). As briefly 

mentioned previously, increased calcium concentrations to levels above 

capacity play a part in causing the ‘leaky’ mitochondrial membranes that 

occur in both apoptosis and necrosis. Calcium overload activates, and 

therefore opens, mitochondrial permeability transition pores allowing release 

of excess calcium and cytochrome c into the cell cytoplasm (Halestrap, 

2009). This release causes a positive feedback loop, instigating further 

release of calcium and cytochrome c, which can initiate the extrinsic pathway 

of apoptosis (Boehning et al., 2003; Orrenius, Zhivotovsky, & Nicotera, 

2003). 
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Figure 1.3: Apoptosis can occur via two distinct pathways. Regulated 

cell death can occur via two mechanisms. The extrinsic apoptotic pathway 

(A) is triggered by binding of TNF receptor 1, which recruits proteins with 

death domains into a cluster. This cluster then activates caspases 8 and10, 

which in turn activates the executioner caspases 3 and 7, initiating apoptosis. 

The intrinsic pathway (B) is triggered by abnormal calcium influx which 

permeabilises the mitochondrial membrane. Released cytochrome C forms a 

complex with Apaf-1 (apoptosome), activating caspase 9, which in turn 

activates the executioner caspases 3 and 7, initiating apoptosis similarly to 

the extrinsic pathway. 
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1.4 Spinal cord injury 

Therapies using MSC have been researched for CNS disorders such as MS 

(as discussed previously), but there has been a great amount of research on 

the use of MSC as a treatment for spinal cord injury (SCI), and this is the 

focus of this thesis. Thus, the occurrence and consequences of SCI, along 

with the mechanisms of action at a molecular level is of importance to 

understand. 

SCI is a complex, multi-step cascade of events that can be split into three 

phases – acute, a phase which lasts minutes, sub-acute, which can last for 

weeks and chronic, which lasts for months, if not years (Goel, 2016; 

Hachem, Ahuja, & Fehlings, 2017; Oyinbo, 2011; Ronsyn, Berneman, Van 

Tendeloo, Jorens, & Ponsaerts, 2008). The two major mechanisms of SCI 

are the primary stage, as a result of direct injury, and the secondary stage 

which is the immune response to the injury itself (Goel, 2016; Hachem et al., 

2017; Oyinbo, 2011; Ronsyn et al., 2008) (Figure 1.2). The primary 

mechanism of injury occurs through mechanical damage, as a result of either 

exogenous trauma (such as traffic accidents) or endogenous trauma (such 

as disease) and causes disruption of the surrounding tissue architecture 

(Goel, 2016; Hachem et al., 2017; Oyinbo, 2011; Ronsyn et al., 2008). Injury 

can occur from laceration, penetration or contusion, and causes immediate 

haemorrhage followed by cell necrosis, ischaemia and homeostasis 

disruption (Goel, 2016; Hachem et al., 2017; Oyinbo, 2011; Ronsyn et al., 

2008). The secondary stage is an inflammatory response to the ischaemia 

which occurred in the primary stage, and this response increases the area of 

the original wound (Goel, 2016; Hachem et al., 2017; Oyinbo, 2011; Ronsyn 
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et al., 2008), as well as further homeostasis disruption (Simon, Sharif, Tan, & 

LaPlaca, 2009). As well as necrosis, apoptosis of cells such as 

oligodendrocytes that had initially survived the injury starts to occur (Paterniti 

et al., 2009) and the site of injury receives an influx of inflammatory cells 

such as neutrophils, macrophages, microglia and T cells (Hendrix & Nitsch, 

2007), coupled with a release of pro-inflammatory cytokines (Michael G. 

Fehlings & Nguyen, 2010) such as TNF, IL1 and IL6 (Goel, 2016; Hachem 

et al., 2017; Oyinbo, 2011; Ronsyn et al., 2008). Such increases promote 

further invasion of immune cells within the injury site, causing a positive 

feedback loop of increasing inflammatory cells and cytokines (Goel, 2016; 

Oyinbo, 2011; Ronsyn et al., 2008). Although this influx is a mechanism to 

aid wound healing through clearance of cellular debris, the uninhibited and 

increasing immune response only exacerbates the SCI (Goel, 2016; Oyinbo, 

2011; Ronsyn et al., 2008). A common neurotransmitter found in the body is 

glutamate, and following a SCI it is released excessively, causing calcium 

floods which trigger further necrosis and apoptosis (McTigue, 2008; Oyinbo, 

2011; Xiong, Rabchevsky, & Hall, 2007). The apoptosis of oligodendrocytes 

inhibits the remyelination of resident and surviving astrocytes (McTigue, 

2008), and coupled with the major loss of neurons, causes a block in signal 

conduction (Oyinbo, 2011), a chief cause of the functional problems 

associated with SCI. Demyelination also encourages the induction of 

astrogliosis – the formation of reactive astrocytes (Lukovic, Manzano, 

Stojkovic, Bhattacharya, & Erceg, 2012). They undergo atrophy, proliferate 

and increase their expression of glial fibrillary acidic protein (GFAP) (Lukovic 

et al., 2012) and begin to secrete chondroitin sulphated proteoglycans 
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(CSPG), an inhibitor of neuronal growth (Lukovic et al., 2012; Rossignol, 

Schwab, Schwartz, & Fehlings, 2007). CSPG molecules are comprised of a 

protein core with covalently bonded carbohydrate side chains, known as 

glycosaminoglycans, and play an important role in structural cartilage 

tissues, as well as early neural development as negative guidance cues. 

Together, a glial scar forms within the site of injury (Buss et al., 2009; 

Lukovic et al., 2012; Ronsyn et al., 2008), and is a major inhibitor of nerve 

repair following SCI. This complex process produces an environment that is 

inhibitory to regeneration and repair. It is important to note that although this 

explanation of SCI pathology may be similar in general terms, regardless of 

whether the cause is degenerative or traumatic, secondary changes following 

a traumatic SCI may differ due to the nature of the injury. The pathology 

between degenerative and traumatic SCI may not be directly representative 

of each other, because of the former being a potentially slow forming and 

chronic injury and the latter being acute. 
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Figure 1.4: Schematic diagram of a spinal cord injury. This occurs in two 

stages, A) acute and B) chronic. Once the injury has occurred, the glial scar 

forms (consisting of CSPGs, reactive astrocytes, microglia and myelin debris 

etc.), blocking the regeneration of any damaged/severed axons. This 

interrupts the motor and sensory connections, leading to paralysis of different 

severities. Image taken and adapted from (Ronsyn et al., 2008). 
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Clinically, SCI can be broadly categorised into two types – incomplete or 

complete, the latter diagnosed when there is an absence of motor and 

sensory function preservation (Alizadeh, Dyck, & Karimi-Abdolrezaee, 2019; 

Frankel et al., 1969; Kirshblum et al., 2011; Roberts, Leonard, & Cepela, 

2017; Vázquez, Velasco, Fariña, Marqués, & Salvador de la Barrera, 2017). 

In 1969, a study of the analysis of clinical data gathered from the postural 

reduction treatment of patients with SCI highlighted the necessity to 

categorise SCI further due to the large numbers of patients and the 

heterogeneity of the injuries (Frankel et al., 1969). The Frankel classification 

is a neuro-functional classification that assigns patients to one of five 

categories from A (most severe) to E (normal). This assignment is based on 

the clinical finding of long sensory and motor tract sparing at any point from 

the time of injury onward. The classification of A indicates a complete SCI 

with loss of both motor and sensory functions i.e. no long tract sensory or 

motor sparing below the lesion. B indicates sensory function below the 

lesion, but no motor function. C and D indicate sensory function and some 

motor function, with C termed ‘motor useless’ where motor function is 

present but not practically useful and D termed ‘motor useful’ where patients 

could utilise present motor function such as for walking. Finally, E indicates 

no neurological reduction in motor or sensory function following SCI, 

although some reflex abnormalities may have been observed (Frankel et al., 

1969). The American spinal injury association (ASIA) developed the ASIA 

Impairment Scale, using the basis of the Frankel A to E grouping system but 

with redefined criteria of assignment. Each of the grades (A to E) within the 

AISA Impairment Scale includes a numerical factor in the assignment 
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process, which consists of the numerical sum of the motor power of five 

muscles in each of the four limbs (Kirshblum et al., 2011; Vázquez et al., 

2017). ASIA endeavours to establish the ASIA Impairment Scale as an 

alternative to the Frankel Scale. Muscle function grading used as part of the 

AISA Impairment Scale is based on the modified medical research council 

grading system. The numerical categories are; 0 (no function), 1 (visible but 

useless contraction), 2 (active 60 movement without gravity), 3 (active 

movement with gravity), 4 (active movement with gravity and functional 

resistance) and 5 (normal active movement), whereas sensory function is 

graded as either 0 (absent), 1 (altered sensation, which can be hyper or 

hypo) and 2 (normal) (Roberts et al., 2017). The muscles chosen to test were 

confirmed to be a reliable representation of the musculature throughout the 

body via the calculations of Motor Deficit Percentage and Motor Recovery 

Percentage (El Masry, Tsubo, Katoh, El Miligui, & Khan, 1996). The ASIA 

Impairment Scale allows for a standardised numerical assessment of SCI, 

especially for grades C and D which are both termed ‘motor incomplete’. 

According to the ASIA Impairment Scale, a patient would be graded C motor 

incomplete if less than half of tested muscles had a function grade of 3 or 

more, whereas a patient would be graded D motor incomplete if more than 

half of tested muscles had a function grade of 3 or more (Roberts et al., 

2017). However, numerically based grading is anatomically non-specific and 

therefore can be of limited value in communicating the neuro-functional 

status of the patient between clinicians. Clinical outcomes of SCI are 

dependent of the location of the injury and the severity of the lesion (Alizadeh 

et al., 2019). Paraplegia occurs after an insult to the thoracic or lumbar 
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neural tissue and affects the lower limbs and extremities such as the bladder 

and the bowel (Alizadeh et al., 2019; Fariña, Salvador de la Barrera, 

Marqués, Velasco, & Vázquez, 2017; Vázquez et al., 2017). Quadriplegia 

(also known as tetraplegia) affects all limbs and extremities and follows a 

cervical insult, the most common injury (Alizadeh et al., 2019; Fariña et al., 

2017; Vázquez et al., 2017). As well as loss of function, SCI patients are at 

risk of suffering from a myriad of complications such as pressure ulcers, 

respiratory and urinary infections, bladder and bowel incontinence, and many 

other medical and other non-medical issues, such as neuropathic pain (a 

burning pressure), nociceptive pain (dull and continuous), mental illnesses 

such as anxiety and depression, financial, environmental, matrimonial and 

even vocational problems (Fariña et al., 2017). 

Much research has been conducted to both attempt regeneration of function 

and combat the associated complications of SCI. 

1.5 Models of SCI 

1.5.1 In vitro models 

In vitro studies surrounding SCI have mainly focussed on the promotion of 

neuronal growth, often by modelling one particular aspect of the inhibitory 

microenvironment (Beller et al., 2013; Jin et al., 2018; Reginensi et al., 2015; 

Tom, Steinmetz, Miller, Doller, & Silver, 2004; Vadivelu et al., 2015; Wanner 

et al., 2008; K. T. Wright et al., 2007, 2014; Yoo, Hwang, & Hong, 2016). In 

the early 2000’s, coating of CSPG (a major component of the glial scar) in 

increasing concentrations was shown to inhibit dorsal root ganglia (DRG) 

neurite outgrowth in a concentration dependent manner, mimicking in vitro 

observations (Tom et al., 2004). Similarly, in 2018 a study found that coating 
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surfaces with, or introduction of soluble, CSPG was inhibitory to neuronal 

adhesion and spread as well as neurite outgrowth (Jin et al., 2018). 

Interestingly, direct contact on a CSPG substrate increased this inhibition (Jin 

et al., 2018). Other in vitro models have focussed on instigating injury in 

order to promote the cellular mechanisms seen within a SCI (Wanner et al., 

2008; Yoo et al., 2016). One study induced an injury through mechanical 

stress of a culture of primary astrocytes (Wanner et al., 2008), which were 

then co-cultured with either fibroblasts or neurons. Neuronal inhibition was 

observed, along with astrocytic reactivity of the in vitro cultures (Wanner et 

al., 2008). A later study cultured astrocytes and induced injury either 

chemically or by scratching the surface of the culture (Yoo et al., 2016). 

Similarly to the 2008 study, astrocytic reactivity in vitro was observed, along 

with inhibition of neurite outgrowth following injured astrocyte co-culture with 

neurons (Yoo et al., 2016). In vitro models have also been used to assess 

ways in which cells within the SCI microenvironment can overcome inhibition 

(Reginensi et al., 2015; Vadivelu et al., 2015). One study showed that the 

addition of the enzyme chondriotinase ABC (chABC) enabled olfactory 

ensheathing cells (OEC) to overcome inhibition of CSPG (Reginensi et al., 

2015). NG2+ neurons derived from embryonic stem cells were able to 

overcome CSPG through substrate degradation, increasing neurite 

outgrowth (Vadivelu et al., 2015), and Nogo receptor positive OEC were able 

to overcome inhibition of myelin associated glycoproteins (Reginensi et al., 

2015). Interestingly, one study observed the importance of CSPG variation 

on their inhibitory potential, through culturing neurons on CSPG variants 

(with and without sugar side chains), showing that CSPG structure affected 
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neuronal inhibition (Beller et al., 2013). In vitro models of the SC have also 

been used to assess the effect of MSC grafts on neuronal growth (K. T. 

Wright et al., 2007, 2014). Using substrate choice assays, DRG (K. T. Wright 

et al., 2007) or primary spinal cord motor neurons (K. T. Wright et al., 2014) 

were cultured on neuroinhibitory (such as CSPG) areas of substrates. BM 

MSC were added to these cultures, and neurite outgrowth was observed in 

both DRG/MSC (K. T. Wright et al., 2007) and neuronal/MSC (K. T. Wright et 

al., 2014) cocultures. MSC reduced inhibition of neurite outgrowth in both 

instances, with neurite ‘towing’ occurring with MSC in DRG cultures (K. T. 

Wright et al., 2007). MSC CM was shown to increase neurite outgrowth in 

both studies but did not abrogate inhibitory effects of the substrates in either 

study (K. T. Wright et al., 2007, 2014). 

In vitro models of SCI, although able to replicate certain cellular responses 

following injury, do have their shortcomings. The in vivo microenvironment of 

the SC has a myriad of cell types present, each responding and reacting with 

other surrounding cells. Thus, an in vitro model is never a true representation 

of responses to stimuli.  

1.5.2 Explant models 

Ex vivo explant models of SCI, such as organotypic spinal cord slice cultures 

(SCSC), are tissue sections of the spinal cord isolated from animals and 

subsequently cultured in vitro. They are a validated way of exploring the 

pathways and microenvironment associated with spinal cord and SCI, as well 

as therapies (Pandamooz et al., 2019), as they are able to reproduce the 

events that occur following injury and maintain the 3-dimensional cellular 

structures found in vivo (Krassioukov et al., 2002; Patar, Dockery, Howard, & 
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McMahon, 2019b; Ravikumar, Jain, Miller, Capadona, & Selkirk, 2012). 

SCSC have been shown to accurately model inflammation (Ferrini, Russo, & 

Salio, 2014; Lossi, Gambino, Ferrini, Alasia, & Merighi, 2009; Salio, Ferrini, 

Muthuraju, & Merighi, 2014), enabling researchers to study nociceptive 

activity and antinociceotive agents (Ferrini et al., 2014) and begin to 

understand the neurotransmitter pathways within the spinal cord (Ferrini et 

al., 2014; Salio et al., 2014). SCSC application of modelling spinal cord 

trauma began in the early 2000’s (Krassioukov et al., 2002), and have since 

been used as a SCI model to observe microenvironmental changes 

(Fernandez-Zafra, Codeluppi, & Uhlén, 2017; H. M. Kim, Lee, Lee, Kim, & 

Kim, 2010; Krassioukov et al., 2002; Pandamooz et al., 2019; Ravikumar et 

al., 2012; Sypecka, Koniusz, Kawalec, & Sarnowska, 2015), mode of injury 

(Pandamooz et al., 2019; Patar et al., 2019b), pharmacological interventions 

(Hashemian, Marschinke, Af Bjerkén, & Strömberg, 2014; Pandamooz, 

Salehi, Nabiuni, & Dargahi, 2017; H. W. Park, Jeon, & Chang, 2016; 

Pinkernelle, Fansa, Ebmeyer, & Keilhoff, 2013; Weightman, Pickard, Yang, & 

Chari, 2014) and cell therapies (J. S. Cho et al., 2009; Jeong, Taghavi, Song, 

Lee, & Kang, 2011; Pandamooz, Saied, Nabiuni, Dargahi, & Pourghasem, 

2016; Sypecka et al., 2015) in vitro. Studies of the SCI microenvironment 

have shown that the processes mimic those seen in vivo (Krassioukov et al., 

2002; Ravikumar et al., 2012), have elucidated what happens to certain 

endogenous cells such as ependymal cells (Fernandez-Zafra et al., 2017), as 

well as exogenous grafted cells such as neural stem cells (H. M. Kim et al., 

2010) and have even adapted SCSC to include longitudinal sections 

(Sypecka et al., 2015) and SCSC isolated from adult animals (Pandamooz et 



65 
 

al., 2019) as opposed to the usual embryonic or postnatal sources. SCSC 

have also been used to model different modes of SCI (Pandamooz et al., 

2016, 2017, 2019; Patar et al., 2019b). Some studies have utilised the weight 

drop method that is used in vivo to produce a contusion-like injury prior the 

experimentation (Pandamooz et al., 2016, 2017, 2019). Another study 

compared the potential of SCSC models of stab, transection and contusion 

injuries by assessing cell viability following injury onset (Patar et al., 2019b). 

Potential pharmaceutical therapies (Hashemian et al., 2014; Pandamooz et 

al., 2017; H. W. Park et al., 2016) or assessment of current pharmaceuticals 

(Pinkernelle et al., 2013) have also been assessed using SCSC explant 

models of SCI. Some studies have shown that certain drugs, such as 

valproic acid, have a protective action on the nerves within an injured SCSC 

(Pandamooz et al., 2017), and addition of the growth factor VEGF increased 

axonal growth (albeit in a non-injured model) (H. W. Park et al., 2016). 

However, others have observed detrimental actions of the enzyme chABC on 

nerve growth in embryonic SCSC (Hashemian et al., 2014), and of a clinically 

used antibiotic called minocycline (Pinkernelle et al., 2013). Continued 

administration of minocycline resulted in a decrease of neuronal survival 

within the explant model (Pinkernelle et al., 2013), highlighting the 

implications of its clinical use for SCI. Although not pharmacological, another 

study used SCSC to successfully assess the potential to model the effect of 

neuroregenerative scaffolds (Weightman et al., 2014). The scaffolds were 

observed to act as synthetic bridges for growth and repair within the SCI 

explant model (Weightman et al., 2014). Finally, SCSC have been used to 

model the effect of cell therapy on SCI repair (J. S. Cho et al., 2009; Jeong et 



66 
 

al., 2011; Pandamooz et al., 2016; Sypecka et al., 2015). Grafts of neuronal 

stem cells, either from the neural crest (Pandamooz et al., 2016) or human 

umbilical derived (Sypecka et al., 2015) showed positive (preliminary) 

survival of neuronal cells, as did grafts of oligodendrocyte precursors 

(Sypecka et al., 2015). Assessment of MSC effect on SCI has also been 

modelled using SCSC (J. S. Cho et al., 2009; Jeong et al., 2011). MSC were 

shown to enhance survival of endogenous cells within the injury site (J. S. 

Cho et al., 2009) and were also observed to differentiate to a more neuronal-

like lineage following application (Jeong et al., 2011). It is interesting to note 

that the latter study produced the SCSC from human spinal cord, post-

mortem (Jeong et al., 2011), indicating that alongside animal explants, 

human explants could also offer a precursory experimental option to clinical 

studies (Jeong et al., 2011). 

1.5.3 In vivo models 

Although explant cultures offer a more comprehensive visualisation of the in 

vivo microenvironment of the spinal cord and SCI, they do not have any 

vasculature and thus no blood supply, and functional recovery cannot be 

assessed. Consequently, in vivo models are used to assess these outcomes 

following SCI. 

Animals models are used as they are able to match a myriad of 

characteristics related to SCI in humans (Alizadeh et al., 2019), can be used 

to model the different severities of SCI (Nardone et al., 2017) and can 

increase understanding of SCI pathophysiology (Kjell & Olson, 2016). Small 

rodents are a long-standing traditional mode for SCI and SCI treatments, due 

to their availability, cost effectiveness and ease of husbandry (Harding, 
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Roberts, & Mirochnitchenko, 2013; Kjell & Olson, 2016), with rats most 

closely resembling human SCI pathophysiology (Byrnes, Fricke, & Fraden, 

2010; Kjell & Olson, 2016). Using rats, most of the SCI seen in humans can 

be replicated, both complete and incomplete (Kjell & Olson, 2016), and rat 

models have also been observed to develop neuropathic pain (Bruce, 

Oatway, & Weaver, 2002; Hofstetter et al., 2005). Compression (using a clip 

(Rivlin & Tator, 1978)) and contusion (using weight drop (Wrathall, 

Pettegrew, & Harvey, 1985)) are the most usual mechanisms to mimic SCI 

caused through accident trauma and have been used since the late 1970’s 

(Kjell & Olson, 2016; Nardone et al., 2017). The loss of function following SCI 

in similar in rats and humans (Kjell & Olson, 2016), such as gait loss, 

however it needs to be noted that the pathways are slightly different (Cheng, 

Cao, & Olson, 1996; Filli et al., 2014; Friedli et al., 2015). For gait to be 

severely impacted in humans, the corticospinal tract must be severed or 

interrupted, whereas for the same outcome, the rubrospinal tract must be 

affected in the rat (Cheng et al., 1996; Filli et al., 2014; Friedli et al., 2015). 

This, plus the fact that the corticospinal tract is situated in a different area in 

the rat, means that studies must be carefully designed, and the lesion made 

in a place appropriate to required function observation (Kjell & Olson, 2016). 

In the rat model, functional recovery such as walking can be easily assessed 

and measured using the Basso, Beattie and Bresnahan motor score (which 

assessed locomotive patterns) (Basso, Beattie, & Bresnahan, 1996) and 

sensory recovery can be assessed with temperature sensitivity tests 

(Erschbamer, Pernold, & Olson, 2007). Rat models still have limitations 

however, as they show shorter recovery times than those seen in humans 
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(Kjell & Olson, 2016), which may be due to their smaller size. The shorter 

distance of regeneration may explain the incidence of some levels of 

spontaneous recovery (Courtine et al., 2008) following incomplete SCI, 

through structural rearrangement (Friedli et al., 2015). 

Larger animal models may help to overcome the issue of size that comes 

with the rat model. Large animals that have been used to model SCI include 

pigs, non-human primates, cats and dogs (Alizadeh et al., 2019; Kwon et al., 

2015; Nardone et al., 2017), due to their similarities genetically, biologically 

and physiologically (Alizadeh et al., 2019; Kwon et al., 2015; Nardone et al., 

2017) as well as their closer size (Alizadeh et al., 2019) to humans. 

Porcine models have been observed to develop the neurological issues that 

often accompany SCI in humans (Navarro et al., 2012; Zurita et al., 2012). 

Pigs used in studies have shown a high tolerance to the induced injuries and 

have allowed study of both acute and chronic SCI (Navarro et al., 2012; 

Zurita et al., 2012). The larger size of the porcine models allows for larger 

quantities of biological samples to be taken for assessment, such as 

cerebrospinal fluid (CSF), and does not require anaesthesia (K. T. Kim et al., 

2018). Porcine models can also be made clinically relevant – a minipig study 

in 2010 showed comparative correlations to the pathology of SCI seen in 

paediatric patients, including bleeding, inflammation and the necrosis and 

apoptosis of endogenous cells (Kuluz et al., 2010). 

Cats have also been used as a large animal model for SCI, showing some 

similarities to human SCI such as the development of the glial scar and cyst 

cavity (Wagner, Van Gilder, & Dohrmann, 1977). Although cats have also 

been observed to show spontaneous regeneration similar to rats, where 
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regenerating cells have grown across the cavity even in close proximity to 

CSPG (Fenrich & Rose, 2009), they have provided useful in regards to 

microenvironmental study of the SCI (Gossard et al., 2015; Martinez, Delivet-

Mongrain, Leblond, & Rossignol, 2011, 2012). In these studies, researchers 

were able to observe the adaptive changes that occur following SCI and 

found that most of these changes occurred below the site of the lesion 

(Gossard et al., 2015; Martinez et al., 2011, 2012). Feline models have also 

been used to monitor the effectiveness of locomotive training in the 

improvement of gait function (Martinez, Delivet-Mongrain, & Rossignol, 

2013). Cell therapy has also been assessed using feline models of SCI 

(Boyce, Tumolo, Fischer, Murray, & Lemay, 2007; Krupka, Fischer, & Lemay, 

2017). Neurotrophin producing autologous fibroblasts were transplanted 

following SCI, and in both studies, improved the gait function (Boyce et al., 

2007; Krupka et al., 2017), even without locomotive training, albeit mildly 

(Boyce et al., 2007). 

A model deemed more clinically relevant is non-human primates (NHP) 

(Friedli et al., 2015; Rosenzweig et al., 2010; Salegio et al., 2016), the 

majority of which is monkeys. A study in 2010 observed correlations between 

behavioural data collected and the histological analysis showing both 

microglial and macrophage activation, following implantation of neural stem 

cell loaded scaffold (Pritchard et al., 2010). Researchers stated that data 

such as this justifies the use of NHP as models for SCI (Pritchard et al., 

2010). Comparisons of the NHP model of SCI with the rat model have 

highlighted differences between the two (Friedli et al., 2015; Nout et al., 

2012), mainly in relation to the the corticospinal tract (Friedli et al., 2015). 
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Improvements seen in NHP and humans have been linked to the 

corticospinal tract pathways, but not rats (Friedli et al., 2015), showing that 

there may be some options that may be identified through NHP models that 

otherwise would not be in rat models (Nout et al., 2012). NHP models of SCI 

have also been observed to show spontaneous recovery following 

incomplete injuries, similarly to those seen in clinic (Rosenzweig et al., 2010), 

and have been used to map and link lesion site and the corticospinal tract 

regions affected (Darian-Smith, Lilak, Garner, & Irvine, 2014). Recently, 

computational modelling was used to accurately scale up a cervical 

contusion model from a rat to NHP, enhancing the clinical relevance of the 

model (Salegio et al., 2016). 

Canine models are useful and can be deemed clinically relevant due having 

the most occurring natural incidences of disease, coming second only to 

humans (Moore et al., 2017; Starkey, Scase, Mellersh, & Murphy, 2005), and 

their use can benefit not only the human clinic, but the veterinary clinic as 

well (Moore et al., 2017). Dogs and humans share similar physiology (such 

as the immune response (Spitzbarth et al., 2011)), presentation of disease, 

clinical responses, treatments (H. Z. Hu, Granger, Balakrishna Pai, 

Bellamkonda, & Jeffery, 2018) and reasons for SCI (McMahill, Borjesson, 

Sieber-Blum, Nolta, & Sturges, 2015). Therapeutic options for canine SCI 

used by veterinary professionals mirror those used by doctors in the clinic, 

i.e., surgical decompression and pharmacological intervention (Granger, 

Blamires, Franklin, & Jeffery, 2012; N. D. Jeffery et al., 2006; Starkey et al., 

2005). Experimentally, canine models of SCI have been used since the 

1900’s (N. D. Jeffery et al., 2006; J. M. Levine, Levine, Porter, Topp, & 
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Noble-Haeusslein, 2011; Moore et al., 2017; Nardone et al., 2017), to show 

the effects of post SCI treatment on functional recovery, such as bladder 

control (H. Lin, Hou, Chen, & Xu, 2010; Noël, Massart, & Hamaide, 2013), as 

well as the effect of pharmaceutical therapeutics such as neurotrophic rich 

scaffolds (G. Li et al., 2018) and even cell based therapies such as 

transplantation of MSC derived neuronal tissue (G. H. Wu et al., 2018). 

However, unlike other animal models, dogs enable the study of clinically 

relevant naturally occurring SCI (Moore et al., 2017). The availability of large 

study cohorts is feasible due to the high incidence of pet dogs that are 

brought to clinics for veterinary care of SCI (Moore et al., 2017). Pet dogs are 

maintained both pre- and post-operatively by their owners (Moore et al., 

2017) and are generally trained well enough for physiotherapy to 

administered easily (N. D. Jeffery et al., 2006), enabling study of acute and 

chronic SCI (Moore et al., 2017). Clinical studies using canine models have 

included, but are not limited to, the assessment of the enzyme cABC, with 

some improvements (Carwardine et al., 2017; H. Z. Hu et al., 2018) and 

cellular therapy, including the transplantation of OEC (Carwardine et al., 

2017; Granger et al., 2012) and MSC (Bhat et al., 2018). Further studies will 

be discussed in detail later in this review. 
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Figure 1.5: Schematic diagram of experimental models of SCI. Models of 

SCI span from in vitro to in vivo. In vitro models include modelling the glial 

scar by coating specific areas of the culture dish with inhibitory molecules 

such as CSPG, prior to seeding cells such as neurons (A), and also 

mechanically injuring cells in culture such as astrocytes (B). Ex vivo models 

include spinal cord slice cultures, which can be lateral or longitudinal, and 

mechanically injured in vitro (C). In vivo models often use easily replicated 

mechanical injury to live animals such as rats and mice, via compression or 

contusion. Large animals such as dogs, pigs and monkeys can also be used 

as in vivo models (D). 
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1.6 Current treatments of SCI 

Therapies that are currently used for SCI are utilised by both clinical 

(Cristante, de Barros, Marcon, Letaif, & da Rocha, 2012; Fariña et al., 2017; 

Hachem et al., 2017; Ronsyn et al., 2008) and veterinary professionals 

(Moore et al., 2017; Webb, Ngan, & Fowler, 2010), the latter mainly for 

companion dogs. Appropriate assessment of the severity of injury is required 

in both species prior to treatment, which can be done using the AISA scale 

(Kirshblum et al., 2011) for humans, and similarly, using a validated system 

called the Texas spinal cord injury score for dogs (G. J. Levine et al., 2009). 

However, the main focus of these therapies is not regeneration of the spinal 

cord microenvironment, but rather aims to prevent any further damage 

occurring to the tissue in and surrounding the injury (Cristante et al., 2012; El 

Masri & Kumar, 2017; Fariña et al., 2017; Hachem et al., 2017; Moore et al., 

2017; Ronsyn et al., 2008; Webb et al., 2010). Such therapies, for humans 

and dogs, include surgical intervention, pharmacological treatment and 

physiotherapy (Cristante et al., 2012; El Masri & Kumar, 2017; Fariña et al., 

2017; Hachem et al., 2017; Moore et al., 2017; Ronsyn et al., 2008; Webb et 

al., 2010). 

Surgery is often the first stage of treatment (Cristante et al., 2012; El Masri & 

Kumar, 2017; Fariña et al., 2017; Hachem et al., 2017; Ronsyn et al., 2008), 

beginning with stabilisation. This technique is used to prevent further trauma 

(for example, fractures) by restricting movement of the area in less severe 

injuries (El Masri & Kumar, 2017; Theodore et al., 2013). Decompression is a 

surgical procedure to relieve the compression of the spinal cord, with 

abundant experimental evidence that this treatment is beneficial to patients 
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with incomplete SCI and can reduce the severity of the secondary 

inflammatory response in SCI through reduction of ischaemia (Carlson, 

Gorden, Oliff, Pillai, & LaManna, 2003; Delamarter, Sherman, & Carr, 1995; 

Dimar, Glassman, Raque, Zhang, & Shields, 1999; Dolan, Tator, & Endrenyi, 

1980; Dvorak et al., 2015; Michael G. Fehlings et al., 2012; Guha, Tator, 

Endrenyi, & Piper, 1987; Wilson et al., 2012). Clinical evidence has also 

shown decompression as beneficial in both human (Dvorak et al., 2015; 

Michael G. Fehlings et al., 2012; Wilson et al., 2012) and dogs (Flegel et al., 

2011; N. D. Jeffery, Levin, Olby, & Stein, 2013; Moissonnier, Meheust, & 

Carozzo, 2004; Olby et al., 2016). However, studies have shown that the 

timing of decompression treatment is critical, with evidence that the earlier 

intervention improved recovery of patients (Carlson et al., 2003; Delamarter 

et al., 1995; Dimar et al., 1999; Dolan et al., 1980; Dvorak et al., 2015; 

Michael G. Fehlings et al., 2012; Wilson et al., 2012), leading to a publication 

of a clinical recommendation for the timing of decompression surgical 

therapy for SCI patients (Michael G. Fehlings et al., 2017). However, it must 

be taken into consideration that to date, there are no adequately designed 

clinical studies that give definitive proof that decompression improves 

recovery beyond what is already achievable with standard management. A 

study in 2009 showed that following decompression, CSF pressure in around 

the injured area increased rather than decreased as expected, alternating 

perfusion pressure that could be detrimental rather than beneficial (Kwon et 

al., 2009). 

The most common pharmacological treatment used to treat patients with SCI 

is the steroid methylprednisolone (Cristante et al., 2012; Hachem et al., 
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2017). It is used due to the anti-inflammatory action of the drug in particular, 

plus it increases stability of cell membranes and increases blood flow at the 

site of injury (Cristante et al., 2012). A study in rats showed decreases in the 

inflammatory cytokines TNF, IL1 and IL6 (Pan et al., 2002), and early 

clinical studies were able to show efficacy (Bracken et al., 1984), instances of 

functional recovery (Bracken et al., 1990) and the most beneficial dose and 

timing of administration (Bracken et al., 1997). Steroid use, however, is not 

always as effective as portrayed and can cause other major problems such 

as large infections and osteoporosis. Although used in dogs by veterinary 

professionals (Culbert, Marino, Baule, & Knox, 1998; N. D. Jeffery et al., 

2013; Olby et al., 2016), clinical trials have shown mixed results; no benefit of 

the treatment was observed in some cases (Olby et al., 2016) and 

complications such as diarrhoea, vomiting and anorexia following 

administration have also been observed (Culbert et al., 1998). For these 

reasons, steroids are less commonly used in the developed world, where 

there are greater treatment options available. 

Finally, physiotherapy or activity based therapy is given to both human 

(Behrman, Ardolino, & Harkema, 2017; Côté, Murray, & Lemay, 2017; 

Harvey, 2016) and canine (Moore et al., 2017; Webb et al., 2010) patients, in 

order to increase strength, improve motor movements and to minimise the 

occurrence of future issues (Harvey, 2016). Animals models have often 

responded well to locomotive training (Gómez-Pinilla, Ying, Roy, Molteni, & 

Reggie Edgerton, 2002; Houle, Morris, Skinner, Garcia-Rill, & Peterson, 

1999; Hutchinson, Gómez-Pinilla, Crowe, Ying, & Basso, 2004; Sandrow-

Feinberg & Houlé, 2015; Ying, Roy, Edgerton, & Gómez-Pinilla, 2005), and 



76 
 

clinical trials focussing on physiotherapy have shown improvement in both 

paediatric (Behrman et al., 2008) and adult SCI patients (Field-Fote & Roach, 

2011). 

1.7 Experimental treatments of SCI 

There has been extensive experimental research into overcoming SCI, 

ranging from in vitro studies through to clinical trials. In vitro and pre-clinical 

in vivo studies have looked at various methods of overcoming SCI, including 

glial scar reduction and degradation (Bartus et al., 2014; Beller et al., 2013; 

Bradbury et al., 2002; Burnside et al., 2018; L. M. Carter, McMahon, & 

Bradbury, 2011; James et al., 2015; Pakulska, Tator, & Shoichet, 2017), 

pharmaceutical application (Azbill, Mu, & Springer, 2000; Yang Liu, Ye, et al., 

2013; Nishio et al., 2007; Nógrádi, Szabó, Pintér, & Vrbová, 2007; 

Pinkernelle et al., 2013; Tica, Bradbury, & Didangelos, 2018; Wells, Hurlbert, 

Fehlings, & Yong, 2003), scaffolds (King, Alovskaya, Wei, Brown, & 

Priestley, 2010; Suzuki et al., 2015), the use of devices (Wenger et al., 2016) 

and cell therapy (Y. S. Lee, Funk, Lee, & Bunge, 2018; Y. Li, Field, & 

Raisman, 1997; López-Vales, Forés, Navarro, & Verdú, 2007; Pandamooz et 

al., 2016; Pinzon, Calancie, Oudega, & Noga E, 2001; Rosenzweig et al., 

2018; Sparling et al., 2015; Sypecka et al., 2015; Toft, Scott, Barnett, & 

Riddell, 2007; Wilcox, Satkunendrarajah, Zuccato, Nassiri, & Fehlings, 2014; 

Yang et al., 2017; M. D. Ziegler et al., 2011). In the early 2000’s, a study 

intrathecally administered the enzyme chABC into rat models of SCI 

(Bradbury et al., 2002). Reduction of the glial scar was observed through 

degradation of CSPG, and axonal regrowth was promoted in both directions, 

accompanied by an improvement of locomotive function (Bradbury et al., 
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2002). The action of the chABC enzyme is digestion of the 

glycosaminoglycan side chains present on the protein core of CSPG 

molecules, attenuating their inhibitory action (Bradbury et al., 2002). This 

research was confirmed in a later study, in which different forms of CSPG 

(with and without glycosaminoglycan side chains) were assessed for their 

inhibitory action in vitro, and it was observed that those without the 

glycosaminoglycan side chains lost this action of inhibition (Beller et al., 

2013). Application of chABC has also been shown to decrease cellular 

atrophy in a mouse model of SCI, in both the acute (up to ten days post 

injury) and chronic (up to 38 days post lesion) stages (L. M. Carter et al., 

2011). Gene therapy has also been applied to administration of chABC, 

through the use of lentiviral vectors (Bartus et al., 2014; James et al., 2015). 

This induced endogenous production of the enzyme, and a reduction of the 

glial scar cavity was observed, coupled with an increase in neuronal 

preservation, sensory and motor function in a rat model of thoracic SCI 

(Bartus et al., 2014). The anti-inflammatory M2 macrophage markers CD68 

and CD206 were also observed to increase, highlighting the potential 

reduction of damage through secondary SCI (Bartus et al., 2014). A year 

later, this study was replicated using a more clinically relevant rat model of 

cervical SCI, and observed the same outcomes including an improvement in 

upper limb function (James et al., 2015). A further study had recognised the 

potential adverse effects of constant chABC enzymatic activity unrestrained 

by external factors (Burnside et al., 2018). Researchers used a dual system, 

immune evasive lentivirus as part of chABC gene therapy in rat models of 

SCI, in which the chABC is inducible through administration of an antibiotic 
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(Burnside et al., 2018). Doxycycline (a broad-spectrum antibiotic) was 

chosen, and injured rats received 80mg each day in their food (Burnside et 

al., 2018). Antibiotic treated rats were observed to have early improved 

locomotor function, followed by an improvement in fine motor skills such as 

food grabbing (Burnside et al., 2018). Controlled release of chABC has also 

been assessed using a crosslinked methylcellulose hydrogel scaffold 

(Pakulska et al., 2017). Animals that received this chABC infused scaffold 

were observed to have and increase in function, a reduction of CSPG and, 

interestingly, an increase in endogenous neural precursor cells (Pakulska et 

al., 2017). 

The effect of drugs already in use clinically elsewhere has also been 

assessed for SCI (Azbill et al., 2000; Nógrádi et al., 2007; Pinkernelle et al., 

2013; Wells et al., 2003). An antibiotic called minocycline was compared to 

methylprednisolone (a current treatment for SCI) and was shown to improve 

function in rat models of SCI to a greater extent (Wells et al., 2003). 

Minocycline treatment was shown to reduce lesion size, reduce microglial 

presence, and be protective against excitotoxicity (Wells et al., 2003). 

Treatment also showed a reduction in caspases 1 (which increases IL1) and 

3 (which induces apoptosis) (Wells et al., 2003). However, a later ex vitro 

study highlighted deleterious effects of minocycline treatment when doses 

were high or prolonged (Pinkernelle et al., 2013). The anti-convulsant riluzole 

is used effectively for amyotrophic lateral sclerosis, and is Food and Drug 

Administration approved (Nagoshi, Nakashima, & Fehlings, 2015). Studies 

have shown its administration to animal models of SCI to also have beneficial 

effects (Azbill et al., 2000; Nógrádi et al., 2007). Administration of 0.1-1M of 
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riluzole to in vitro synaptosomes showed an increase in the uptake of 

glutamate, which can have implications for excitotoxicity seen in SCI (Azbill 

et al., 2000). A later study showed that riluzole increased survival and 

reinnervation of neurons, even following delayed application (Nógrádi et al., 

2007). Rat models of SCI have also been used to screen potential drug 

targets for SCI, and various potential candidates have been highlighted such 

as ATPases (which are upregulated in SCI) and cathepsins (which are 

downregulated in SCI) (Tica et al., 2018). Proteins have also been studied 

regarding their effect on SCI (Yang Liu, Ye, et al., 2013; Nishio et al., 2007). 

One such protein, granulocyte colony stimulating factor was shown to 

increase functional locomotion and protect endogenous cells from glutamate 

induced death (Nishio et al., 2007), following on from a study that observed 

that granulocyte colony stimulating factor application enhanced the survival 

and differentiation of cells from the myeloid lineage, coupled with reducing 

neuronal apoptosis (Schneider et al., 2005). A later study looked at the 

effects of self-assembling peptides, which are used for delivery of proteins as 

well in tissue engineering (Yang Liu, Ye, et al., 2013). The self-assembling 

peptides known as QL6 was administered in rat models of SCI, and was 

shown to reduce apoptosis, inflammation and reactive astrocytes, whilst 

increasing the preservation of neurons (Yang Liu, Ye, et al., 2013). 

Scaffolds and devices have also shown beneficial effects in animal models of 

SCI (King et al., 2010; Suzuki et al., 2015; Wenger et al., 2016). A study in 

2010 injected a fibrin and fibronectin scaffold into the spinal cord lesion of a 

rat, which formed in situ, and was shown to integrate with the host tissue and 

support endogenous axonal growth (King et al., 2010). A later study used 
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artificial collagen filaments to form a scaffold, which was then implanted into 

the spinal cord lesion of rats (Suzuki et al., 2015). The scaffold was shown to 

integrate within the lesion site and enhanced the recruitment of endogenous 

cells as well as increasing axonal growth with measurable potentials (Suzuki 

et al., 2015). More recently, researchers were able to develop spinal implants 

that incorporated optimum electrode locations, using computer aided 

analysis of normal gait in rat models (Wenger et al., 2016). Using real time 

software to control the spinal implants, researchers were able to improve the 

weightbearing, gait and locomotive function of injured rats (Wenger et al., 

2016). 

There has been extensive experimental use of cell grafts in the context of 

SCI, including OEC (Keyvan-Fouladi, Raisman, & Li, 2003; Y. Li et al., 1997; 

López-Vales et al., 2007; Toft et al., 2007; M. D. Ziegler et al., 2011), neural 

cells (Pandamooz et al., 2016; Rosenzweig et al., 2018; Sypecka et al., 

2015; Wilcox et al., 2014) and Schwann cells (Biernaskie et al., 2007; Pinzon 

et al., 2001; Sparling et al., 2015; Yang et al., 2017). In the late 1990’s, OEC 

from the olfactory bulb of rats were directly injected into the spinal cord lesion 

of rat models of SCI (Y. Li et al., 1997) Increased axonal growth was 

observed, coupled with an improvement in motor function such as reaching 

(Y. Li et al., 1997). A similar study was repeated a few years later, assessing 

whether delayed OEC treatment would still be beneficial, and an 

improvement of motor function was also observed in rat models of SCI 

(Keyvan-Fouladi et al., 2003). A further study assessed the application of 

OEC in a chronic SCI rat model (fourty-five days post injury) (López-Vales et 

al., 2007). Electrophysiological analysis showed motor evoked potentials 



81 
 

(MEP) along with a small amount of locomotive recovery, and histological 

analysis showed an increase in axonal regrowth, however the number of 

reactive astrocytes remaining unchanged compared to control (López-Vales 

et al., 2007). Somewhat conversely, in 2007 researchers compared pure and 

heterogenous cultures of OEC, isolated from both neonatal and adult 

sources (Toft et al., 2007). In all cases, there was a regeneration of fibres but 

not substantial enough to overcome the lesion, however electrophysiological 

analysis showed MEP both above and below the lesion, potential evidence to 

preservation of circuitry (Toft et al., 2007). A later study immediately applied 

OEC around, rather in directly in, the lesion and researchers observed an 

increase in locomotive function (M. D. Ziegler et al., 2011). Increased MEP 

were also observed via electrophysiological analysis (M. D. Ziegler et al., 

2011). 

Studies of the effect of neural cells in SCI have included neural precursor 

cells (Wilcox et al., 2014) and neural stem cells (NSC) (Pandamooz et al., 

2016; Rosenzweig et al., 2018; Sypecka et al., 2015). Using a clinically 

relevant cervical model of SCI, brain derived neural precursor cells were 

injected around the lesion two weeks post injury (Wilcox, 2014). The graft 

was shown to survive long term, and neural precursor cells were observed to 

migrate into the lesion with the majority differentiating into oligodendrocytes 

(Wilcox et al., 2014). A reduction in reactive astrocytes was also observed, 

along with an increase in remyelination, functional recovery and MEP (Wilcox 

et al., 2014). An ex vivo SCS model was used to assess efficacy of human 

umbilical cord NSC grafts (Sypecka et al., 2015). NSC were observed to 

migrate into the spinal tissue, with some instances of astrocytic differentiation 
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(Sypecka et al., 2015). Similarly, the following year epidermal neural crest 

SC were grafted into an injured SCS model and researchers observed 

increased migration into the grey matter of the spinal cord (Pandamooz et al., 

2016). Using a clinically relevant NHP model of cervical SCI, researchers 

injected human NSC and grafts were shown to survive up to 9 months, albeit 

with hosts under immunosuppression (Rosenzweig et al., 2018). 

Differentiation of grafted cells was observed via both neuronal and glial 

markers, with an increase in axonal growth and an improvement of function 

(Rosenzweig et al., 2018). 

Schwann cells have undergone various stages of research. In 2001, a rat 

SCI model was used to assess the effect of Schwann cell mediated axonal 

regeneration, in which a Matrigel matrix was injected with Schwann cells and 

implanted into lesions (Pinzon et al., 2001). Three months post-surgery, 

increased action potentials were observed via electrophysiology in two out of 

the nine animals transplanted, however histological analysis showed that 

these individuals had increased numbers of myelinated axons (Pinzon et al., 

2001). A later study compared skin-derived precursors differentiated into 

Schwann cells and neural derived SC in a cervical model of SCI (Sparling et 

al., 2015) after an earlier study showed that the skin-derived precursor 

Schwann cells reduced lesions, increased myelin and function, and recruited 

endogenous Schwann cells following application into SCI (Biernaskie et al., 

2007). Both sources of cells were shown to improve function, preserve the 

host tissue and reduce cell atrophy within the lesion (Sparling et al., 2015). 

More recently, researchers implanted a scaffold pre-seeded with Schwann 

cells immediately following induction of the lesion (Yang et al., 2017). 
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Assessment through the Basso, Beattie and Bresnahan motor score showed 

an improvement of function and electrophysiological analysis showed 

increased MEP (Yang et al., 2017). 

Some experimental studies have used combination therapies (Cerqueira et 

al., 2018; B. G. Kim et al., 2010; Y. S. Lee et al., 2018; Nori et al., 2018; 

Reginensi et al., 2015; Suzuki et al., 2017; Wei et al., 2010). Scaffolds have 

been combined with antibodies (Wei et al., 2010) and cells (Cerqueira et al., 

2018; B. G. Kim et al., 2010) to see the combined effect on SCI. In 2010, 

researchers modified a hyaluronic acid (HA) hydrogel scaffold to release an 

antibody to NOGO-66 receptor (Wei et al., 2010). Nogo-66 receptor is known 

to be able to bind many neuronal growth inhibitors, and antagonization 

through this modified scaffold showed to increase axonal extension, and an 

increase in cell number and myelinated axons was observed via electron 

microscopy (Wei et al., 2010). When human NSC were pre-seeded into a 

poly(lactic-co-glycolic acid) scaffold prior to implantation into dog models of 

SCI, NSC were observed to migrate into the lesion and increase expression 

of neurotrophin-3 (B. G. Kim et al., 2010). A more recent study used a 

decellularised nerve scaffold seeded with stem cells and compared it a stem 

cell infused Matrigel scaffold in a rat model of SCI (Cerqueira et al., 2018). 

The decellularised scaffold was larger than the Matrigel, and held twice as 

many cells, however functional improvement was no different between 

scaffolds (Cerqueira et al., 2018). Other studies have combined the enzyme 

chABC with cell grafts (Nori et al., 2018; Reginensi et al., 2015; Suzuki et al., 

2017). In 2015, OEC were able to overcome CSPG substrates when in 

conjunction with chABC (Reginensi et al., 2015). A similar study first pre-
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treated chronic SCI rat models with chABC for one week prior to 

transplantation of NSC around the lesion site (Suzuki et al., 2017). The glial 

scar was reduced by chABC treatment, and NSC survival was observed 

along with differentiation along neuroglial lineages (Suzuki et al., 2017). 

Muscle function and MEP was increased as well as an improvement of 

locomotive function (Suzuki et al., 2017). More recently, a study used a 

crosslinked methylcellulose scaffold for controlled release of chABC followed 

by an injection of neural precursor cells (Nori et al., 2018). Survival of neural 

precursor cells and an increase in oligodendrocyte differentiation was 

observed, and an increase in remyelinated axons and MEP (Nori et al., 

2018). Immune response suppression has also been combined will cell graft 

treatment for SCI (Y. S. Lee et al., 2018). In this study, Schwann cells were 

grafted following macrophage depletion, which resulted in a decrease in 

lesion size greater than from Schwann cell graft alone (Y. S. Lee et al., 

2018). 
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Table 1.2: Experimental treatments and clinical trials of SCI repair. 

Listed are the main experimental treatments and clinical trials of both human 

and canine SCI, including the main aims of the treatment or trial. 
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1.7.1 Clinical trials 

Successful pre-clinical treatments have laid foundations for clinical studies 

surrounding neuroprotective actions of drugs (Badhiwala, Ahuja, & Fehlings, 

2019; Casha et al., 2012; M. G. Fehlings et al., 2016; Grossman et al., 2014), 

growth factors (J. C. Wu et al., 2011; J. C. Wu, Huang, Tsai, Chen, & Cheng, 

2008) and muscle stimulation (Kapadia et al., 2014; Thrasher, Flett, & 

Popovic, 2006), plus neuroregeneration via cell grafts (K. D. Anderson et al., 

2017; Badhiwala et al., 2019; E. Curtis et al., 2018; Dalamagkas, Tsintou, 

Seifalian, & Seifalian, 2018; Guest, Herrera, & Qian, 2006; Huang, Xi, Chen, 

Zhang, & Liu, 2012; Lima et al., 2006; Rao et al., 2013; Tabakow et al., 

2013). 

A phase one safety and dose optimisation trial of minocycline for treatment of 

acute SCI showed that those patients receiving minocycline treatment 

experienced a greater recovery of motor function compared to patients who 

had received a placebo treatment, with greater trends shown in those with 

cervical injuries (Casha et al., 2012). A further trial into minocycline treatment 

was recently completed (2018), and results can be expected soon 

(Badhiwala et al., 2019). Following on from pre-clinical studies, a preliminary 

safety and efficacy trial of riluzole treatment for acute SCI was conducted 

across multiple centres (Grossman et al., 2014). Patients with cervical 

injuries were recruited and received 50mg of riluzole within 12hr of injury, 

followed by twice weekly applications for two weeks, and researchers 

observed improvements in motor functions (Grossman et al., 2014). More 

recently, researchers published a rationale for a phase II/III trial for treatment 

of acute cervical SCI, recruiting patients with ASIA grade A, B and C injury 
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(M. G. Fehlings et al., 2016). Known as RISCIS (riluzole in acute spinal cord 

study) (M. G. Fehlings et al., 2016), this clinical trial is still ongoing with an 

estimated completion of 2025. 

Application of FGF within a fibrin glue has also been assessed in both phase 

I and II trials (J. C. Wu et al., 2011, 2008). The phase I trial implemented the 

FGF rich fibrin glue into patients with chronic cervical SCI, and researchers 

observed an improvement of sensory function and motor scores on the AISA 

scale (J. C. Wu et al., 2008). A further phase II trial implemented the FGF 

rich fibrin glue into patients with either cervical or thoracic SCI, and observed 

patients for two years (J. C. Wu et al., 2011). Researchers observed 

significant motor score improvements coupled with improvements of sensory 

function, and overall improvements in ASIA scale grades of patients (J. C. 

Wu et al., 2011). 

Functional electrical stimulation of patient muscles has been trialled in 

conjunction with assisted physiotherapy (Thrasher et al., 2006). After up to 

four months of treatment, researchers noticed an improvement of gait and 

walking speeds in patients (Thrasher et al., 2006). However, a later trial used 

functional electrical stimulation in chronic patients with ASIA grade C and D 

injury, and any patient improvements observed were similar to those seen in 

the control patient group (Kapadia et al., 2014). 

Clinical trials of cell grafts have included neural stem cells (Badhiwala et al., 

2019; E. Curtis et al., 2018), Schwann cells (K. D. Anderson et al., 2017; 

Badhiwala et al., 2019; Dalamagkas et al., 2018), and OEC (Badhiwala et al., 

2019; Guest et al., 2006; Huang et al., 2012; Lima et al., 2006; Rao et al., 

2013; Tabakow et al., 2013). Clinical trials for neural stem cells have thus far 
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not proceeded further than phase I trials. Two trials that had been looking at 

the effect of human foetal brain CNS stem cells in SCI were terminated in 

2016, due to closure of the company leading these trials (Badhiwala et al., 

2019). However, results from these studies showed that patients that had 

received these cell injections had no adverse effects, highlighting the safety 

and feasibility of this treatment (A. D. Levi et al., 2018). A further trial using 

foetal brain CNS stem cells is underway, recruiting patients with chronic 

ASIA A grade thoracic or cervical SCI with results expected within the next 

few years (Badhiwala et al., 2019). A more recent phase I trial assessed the 

safety of allogenic neural stem cell line as a treatment for chronic thoracic 

ASIA A grade SCI (E. Curtis et al., 2018). Although patients were observed 

to tolerate the treatment well, there was only some marginal improvements 

which could not be confirmed due to the lack of control group (E. Curtis et al., 

2018). Researchers part of The Miami Project to Cure Paralysis group had 

recently completed a phase I trial to assess safety and dosage of autologous 

Schwann cell treatment for subacute thoracic SCI (K. D. Anderson et al., 

2017; Badhiwala et al., 2019; Dalamagkas et al., 2018). Autologous 

Schwann cells were isolated from harvested sural nerves of patients and 

injected directly into the damaged spinal cord of patients, and researchers 

observed no complications within one year of treatment (K. D. Anderson et 

al., 2017). Further clinical trials for the use of Schwann cells are currently 

underway (Badhiwala et al., 2019; Dalamagkas et al., 2018). 

Clinical trials of OEC treatment for SCI have been relatively extensive. A pilot 

study trial in 2006 applied autologous olfactory mucosa (from which OEC can 

be isolated) as a treatment for both acute and chronic ASIA grade A injuries 
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(Lima et al., 2006). Researchers observed MEP via electromyography and 

reduced lesion sites in patients, accompanied with some improvement in 

function and sensations (although this varied between patients) and an 

overall improvement of ASIA scoring (Lima et al., 2006). The same year, a 

tetraplegic case study patient with chronic cervical ASIA grade A injury, was 

treated with foetal olfactory bulb derived cells (Guest et al., 2006). Within 

48hr of treatment, the patient was observed to have improvement of motor 

function, followed by sensory improvement within a week of treatment and an 

overall ASIA grade improvement (Guest et al., 2006). A later trial highlighted 

improvement of motor and sensory scores and MEP, noting that rehabilitative 

physiotherapy enhanced these improvements (Huang et al., 2012). This was 

a long-term follow-up of an earlier trial which had used a pure culture of OEC 

to treat ASIA A grade chronic SCI patients (Huang et al., 2012). A similar 

phase I trial used autologous OEC along with physiotherapy to treat patients 

with chronic thoracic ASIA grade A injuries (Tabakow et al., 2013). One year 

following OEC transplant, patients were observed to have had no adverse 

effects such as infection or tumour formation and have improved motor and 

sensory functions along with and overall improvement of ASIA score 

(Tabakow et al., 2013). Around the same time, a clinical trial was assessing 

the effect of continuous OEC transplantation in patients with chronic cervical 

SCI (Rao et al., 2013). Patients were treated with OEC twice weekly for four 

weeks, and researchers observed overall improvement of ASIA scores along 

with some motor and sensory function improvements (which varied between 

patients) and MEP increases below the level of injury (Rao et al., 2013). 
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1.7.2 Veterinary clinical trials 

Clinical trials have also been conducted within the veterinary area, mainly on 

companion dogs due their use as clinically relevant model for human SCI 

(Moore et al., 2017). Trials have included microenvironmental augmentation 

(N. Jeffery, Boudreau, Konarik, Mays, & Fajt, 2018; J. M. Levine et al., 2014), 

nerve stimulation (Granger et al., 2013) and cell grafts (Granger et al., 2012; 

N. D. Jeffery, Lakatos, & Franklin, 2005; Prado et al., 2019). A trial in 2014 

assessed the effect of MMP attenuation in paraplegic dogs also receiving 

spinal decompression surgery (J. M. Levine et al., 2014). MMP degrade 

extracellular matrix, increasing secondary SCI, and so dogs were treated 

with a MMP9 inhibitor called GM6001 (J. M. Levine et al., 2014). Doses of 

100, 150 or 300mg/kg (in Dimethyl sulfoxide (DMSO) carrier) were 

administered within 48hr of SCI, and researchers observed a decrease of 

serum MMP levels as well as an increase in motor and sensory functions (J. 

M. Levine et al., 2014). However, these observations were also seen in the 

placebo group, leading researchers to believe that DMSO was having a 

protective action rather than the MMP9 inhibitor (J. M. Levine et al., 2014). 

Channel blockers have also been trialled, such as glyburide, a Sur1-Trpm4 

channel blocker (N. Jeffery et al., 2018). The Sur1-Trpm4 channel increase 

permeability of blood vessels during SCI, and increases cell lysis (N. Jeffery 

et al., 2018). Glyburide was administered orally (75g/kg) to non-ambulatory 

dogs which acute thoracolumbar SCI that were also undergoing spinal 

decompression surgery (N. Jeffery et al., 2018). This phase I safety trial 

showed no adverse effects of glyburide administration, highlighting the 

possibility for further clinical trials (N. Jeffery et al., 2018). Nerve stimulation 
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has been assessed through a trial of an implanted device (Granger et al., 

2013). Devices were inserted into paraplegic dogs with subacute or chronic 

thoracolumbar SCI, which encapsulated the sacral nerves (Granger et al., 

2013). A subcutaneous receiver was also implanted, allowing operation of 

the stimulator by the owners (Granger et al., 2013). No adverse effects of this 

implant were observed by researchers or owners, and bladder voiding in 

response to stimulation improved significantly (Granger et al., 2013). 

In 2005, a phase I trial assessed the safety of autologous olfactory glial cells 

(OGC). OGC were isolated from the olfactory bulb of dogs, and culture 

expanded to approximately 5 million cells per c-patient (N. D. Jeffery et al., 

2005). Following intraspinal injection, no adverse effects or complications 

from this cell graft (N. D. Jeffery et al., 2005). A later trial aimed to observe 

the effects of OEC transplantation in dogs with chronic thoracolumbar SCI, 

equivalent to ASIA grade A SCI (Granger et al., 2012). Autologous samples 

of olfactory mucosa (with at least 50% of the cell population being OEC), 

were isolated from c-patients and administered intraspinal (Granger et al., 

2012). Dogs were observed to have improved front and back leg 

coordination, along with an increase of MEP (Granger et al., 2012). A more 

recent pilot clinical trial assessed the combined treatment of 

electroacupuncture and stem cell graft (Prado et al., 2019). Stem cells were 

isolated from allogenic deciduous teeth and injected into paraplegic dogs 

with chronic thoracolumbar SCI that had absence of sensation below lesion 

(Prado et al., 2019). Although no side effects were observed, researchers 

acknowledged that a longer-term study with a larger cohort is required to 

assess the efficacy of this treatment (Prado et al., 2019). 
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1.8 MSC therapy for SCI 

1.8.1 Experimental and pre-clinical 

There has been a plethora of research into MSC action within SCI, due to 

their range of sources, relative ease of access, in vitro culture expansion, 

differentiation potential and immunomodulatory activity. In vitro and pre-

clinical in vivo studies of MSC as SCI therapy have focussed on overcoming 

neurite outgrowth inhibition (Hofstetter et al., 2002; S. H. Lee et al., 2015; K. 

T. Wright et al., 2007, 2014), encouraging neuronal regeneration (Chopp, 

Zhang, et al., 2000; H. J. Chung et al., 2016; Hofstetter et al., 2002; Ide et al., 

2010; Massoto et al., 2019; Menezes et al., 2014; Neuhuber, Timothy Himes, 

Shumsky, Gallo, & Fischer, 2005; Ohta et al., 2017; L. Tang et al., 2016; L. J. 

Wang, Zhang, & Li, 2014; G. H. Wu et al., 2018; Yang et al., 2017) and 

immunomodulation of the SCI microenvironment (Bao et al., 2018; Hakim et 

al., 2019; Nakajima et al., 2012; Tan et al., 2013; Urdzíková et al., 2014). 

Overcoming the inhibitory microenvironment is an important factor in regard 

to neuronal outgrowth. In 2007, researchers used an in vitro strip assay in 

order to assess the interaction between BM MSC and dorsal root ganglia 

(DRG) neurons in response to molecules found within the glial scar, such as 

CSPG, Nogo-A and myelin associated glycoproteins (K. T. Wright et al., 

2007). MSC were first seeded onto surfaces with specific coated areas of 

these inhibitory substrates and allowed to adhere prior to the addition of 

chick DRG (10 day embryonic), and co-cultured for 48hr (K. T. Wright et al., 

2007). Researchers observed an increase in the neurite outgrowth of DRG 

over the inhibitory substrates when in co-culture with MSC, compared to 

DRG culture alone where neurite repelling was observed in a concentration 
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dependent manner (K. T. Wright et al., 2007). Interestingly, researchers also 

observed MSC providing ‘cellular bridges’ over the inhibitory substrates, 

acting as a neurite tow mechanism (K. T. Wright et al., 2007), which was also 

observed in an earlier in vivo study, in which MSC formed bundles and 

bridged the lesion in close association with immature astrocytes, as well as 

showing a morphology including long processes (Hofstetter et al., 2002). A 

further study by the same group utilised the same in vitro experimental 

design, but instead co-cultured MSC with primary chick spinal cord neurons 

(K. T. Wright et al., 2014). Similar results were observed to the earlier study, 

in which spinal cord neurite outgrowth was increased over inhibitory 

substrates when in co-culture with MSC (K. T. Wright et al., 2014). A later 

study looked at the effect of combination therapy of chABC and MSC in a 

canine model of SCI, in which AT MSC were suspended within chABC and 

directly injected into the lesion three weeks following injury (S. H. Lee et al., 

2015). This combination therapy was shown to improved functional recovery 

in the animals, as well as increase digested CSPG levels and III-tubulin 

expression (S. H. Lee et al., 2015). However, researchers also observed an 

increase in the pro-inflammatory factor TNF, highlighting the possible 

requirement of additional anti-inflammatory treatment with this combination 

therapy (S. H. Lee et al., 2015). 

A myriad of pre-clinical studies have looked at the effect of MSC on 

neuroregeneration and functional recovery following SCI. In 2000, functional 

improvement was observed in an acute rat model of SCI following injection of 

BM MSC (Chopp, Zhang, et al., 2000). BM MSC were administered one 

week following injury, and within four weeks there was some evidence of 
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MSC with neural protein markers accompanying the functional improvements 

(Chopp, Zhang, et al., 2000). Another study assessed the effect of 

transplantation timing, in which MSC were either injected immediately 

following injury, or one-week post injury (Hofstetter et al., 2002). Delayed 

administration increased the survival of cells as well as greatly improving gait 

function compared to immediate administration, and MSC were shown to 

migrate across the whole lesion (Hofstetter et al., 2002). A later study used 

human derived BM MSC within a rat model of SCI, and researchers 

observed MSC integration into host tissue, with minimal migration from site of 

application (contrary to (Hofstetter et al., 2002)) (Neuhuber et al., 2005). 

Researchers also observed an increase in axonal growth through the graft, 

suggesting MSC are supportive of regenerative growth, although all 

observations were shown to be donor variable (Neuhuber et al., 2005). A 

further study corroborates the theory that MSC support neurite growth within 

SCI, where BM MSC administration directly into the lesion of a sub-acute rat 

model showed a reduction of lesion size coupled with an improvement of 

locomotive function (Ide et al., 2010). MSC were shown to accumulate in 

areas of the lesion that were initially void of astrocytes, and deposit ECM 

molecules (Ide et al., 2010). Axons were observed to grow into these spaces 

rich in ECM and were shown to be myelinated by endogenous Schwann cells 

(Ide et al., 2010). Interestingly, MSC survival within the wound site did not 

surpass two weeks (Ide et al., 2010). A similar study injected human AT MSC 

into the lesion of a rat model of SCI, immediately following injury and 

researchers observed an increase in function, tissue preservation and axonal 

regeneration (Menezes et al., 2014). Laminin, a neuronal permissive 
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molecule, of human origin was also observed within the lesion, coupled with 

an increase of neural precursor cells and blood vessel formation (Menezes et 

al., 2014). 

Neurotrophins have previously been shown to increase axonal regeneration 

and functional recovery (P. J. Johnson, Parker, & Sakiyama-Elbert, 2009; 

Shumsky et al., 2003), and one study engineered BM MSC to overexpress 

neurotrophin-3 (L. J. Wang et al., 2014). In a rat model of SCI, MSC- 

neurotrophin-3 infused into CSF one week following injury were shown to 

decrease lesion size and GFAP immunoreactivity surrounding the lesion, and 

increase functional recovery along with levels of neurotrophin-3, brain 

derived neurotrophic factor (BDNF) and VEGF (L. J. Wang et al., 2014). A 

later study digested and analysed the whole spinal cord via ELISA following 

administration of umbilical cord MSC directly into the lesion of a rat model of 

SCI (H. J. Chung et al., 2016). Similarly to Wang et al, researchers observed 

increased levels of neurotrophin-3 and BDNF, but also increased levels of 

NGF (H. J. Chung et al., 2016). MSC have also been engineered to 

overexpress neurogenin-2, which is a pro-neural gene that directs neuronal 

differentiation (L. Tang et al., 2016). AT MSC- neurogenin-2, when injected 

into a rat model of SCI, were shown to migrate to, and increase tissue 

preservation at, the lesion site, increase levels of BDNF and VEGF and 

improve functional recovery (L. Tang et al., 2016). As well as reduction of the 

formation of the glial scar, MSC- neurogenin-2 also differentiated into a 

neuronal phenotype, as shown by NeuN and Tuj1 immunoreactivity (L. Tang 

et al., 2016). MSC differentiation into neuronal-like phenotypes has been 

observed in two further studies (G. H. Wu et al., 2018; Yang et al., 2017). A 
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combined treatment of BM MSC and Schwann cell implantation using a 

scaffold was shown to increase nerve function (assessed via Basso, Beattie 

and Bresnahan motor score and electrophysiology), axonal regeneration and 

myelination (observed via electron microscopy) (Yang et al., 2017). MSC 

were observed to have survived following graft, and differentiated into 

neuronal-like cells (Yang et al., 2017). Similarly, a later study co-cultured BM 

MSC with Schwann cells overexpressing neurotrophin-3 in a gelatin sponge 

scaffold for two weeks prior to implantation within a canine model of SCI (G. 

H. Wu et al., 2018). Some MSC were shown to have a neuronal-like 

phenotype and overexpressed tropomyosin receptor kinase C (G. H. Wu et 

al., 2018). Researchers observed increased motor function, nerve 

regeneration and a decrease in activated macrophages (G. H. Wu et al., 

2018). A more recent study assessed whether MSC administration combined 

with treadmill training would show greater neuroregenerative and functional 

improvement effects (Massoto et al., 2019). In a mouse model of SCI, MSC 

were injected directly into lesions one-week post injury, and treadmill training 

commenced one week following MSC application (Massoto et al., 2019). The 

combination therapy increased functional recovery and recovery 

maintenance, and researchers observed a greater area of preserved white 

matter and myelin fibres (Massoto et al., 2019). 

Modulation of the immune response following SCI is another area of MSC 

research. Using a rat model of SCI, one group directly transplanted labelled 

MSC into the lesion three days following induced injury and observed 

migration of MSC within the lesion with no apparent neuronal differentiation, 

and an increase in preserved axons and myelination (Nakajima et al., 2012). 
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Researchers also observed a decrease in wound size and scar tissue 

coupled with increased IL4, IL13, and decreased TNF and IL6, and 

immunostaining spinal cord tissue sections for both M1 and M2 

macrophages revealed a decrease in M1 and increase in M2 macrophages 

in MSC treated animals (Nakajima et al., 2012). This provides evidence that 

MSC potentially shift the acute inflammation response from an M1 to a more 

immunoprotective M2 phenotype. Co-treatment of BM MSC with an IL6 

receptor antibody (MR16-1) within three days of injury was shown to improve 

locomotive function in a mouse model of SCI (Tan et al., 2013). Researchers 

also observed increased levels of BDNF, NGF, insulin growth factor 1 and 

VEGF, as well as decreased levels of IL6 and TNF (Tan et al., 2013). 

Interestingly, blockade of IL6 increased MSC retention and survival through 

decreased apoptosis at 28 days post injury, possibly enhancing the 

immunomodulatory effect of MSC (Tan et al., 2013). Interestingly, a study in 

2014 noted that although graft survival was extremely low following 

transplantation of human umbilical cord MSC in a rat model of SCI, 

locomotive function did improve and white matter was preserved, and the 

microenvironment shifted to less inflammatory with decreased levels of 

TNF, IL4, IL1, IL2, IL6 and IL12 (Urdzíková et al., 2014). A further study 

also showed the immunomodulatory action of MSC within SCI (Bao et al., 

2018). Following a direct lesion injection of human umbilical cord MSC ten 

days following injury in a mouse model, animals showed motor function 

improvement and histological analysis showed increased myelin and nerve 

survival (Bao et al., 2018). Researchers observed a decrease in levels of IL7, 

which in turn promoted M2 macrophages within the site of injury, coupled 
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with increased levels of IL4 and IL13 and decreased levels of IFN and TNF 

(Bao et al., 2018). A study using a canine model of SCI treated dogs with 

suspensions of AT MSC or AT MSC with methylprednisolone once a day for 

three days starting immediately after injury (Y. Kim, Jo, Kim, & Kweon, 2015). 

MSC were shown to migrate to the lesion, but also the lungs and spleen of 

treated animals, and a less inflammatory environment was shown via 

decreased levels of IL6 and TNF (Y. Kim et al., 2015). Although both 

groups were observed to have functional recovery, animals treated with 

methylprednisolone suffered bleeds of the gastrointestinal tract, a known 

complication of this drugs usage (Y. Kim et al., 2015). This study has shown 

that MSC modulation of the microenvironment could potentially provide an 

alternative to other current methods of SCI treatment (Y. Kim et al., 2015). 

Although the mechanism in which MSC modulate the immune 

microenvironment of SCI is not fully understood, some studies have 

elucidated some pathways (Hakim et al., 2019; Watanabe et al., 2015). In 

2015, BM MSC injected into mouse models of SCI three days post injury 

were shown to increase motor function and decrease hypersensitivity 

(Watanabe et al., 2015). Researchers observed restoration of the blood 

spinal cord barrier through decreased levels of TNF, IL6 and MMP9 and an 

increase in granulocyte colony stimulating factor (Watanabe et al., 2015). 

Researchers also observed a reduction in both the p-p38 mitogen activated 

protein kinase and extracellular signal regulated kinase in macrophages 

within the lesion, accompanied with a decrease in CD11b pro-inflammatory 

macrophages (Watanabe et al., 2015). Finally, a more recent study injected a 

mouse model of SCI with BM MSC 24hr post injury and harvested these 
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grafted cells seven days post-transplant for analysis (Hakim et al., 2019). 

Researchers observed that grafted MSC did not survive well in situ, and had 

changes in gene expression (Hakim et al., 2019). Grafted MSC were shown 

to have genes controlling cell cycle and DNA repair downregulated, whereas 

genes controlling immune response, cytokine production, apoptosis and 

phagocytosis were upregulated (Hakim et al., 2019). Grafted MSC were also 

shown to have increased their expression of CD45 and MHC class II, 

highlighting the ability of MSC to assume a more immune-like genotype in an 

injured microenvironment (Hakim et al., 2019). 
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Figure 1.6: Schematic diagram of experimental therapies including MSC 

for the treatment of SCI. In vitro experimentation has included co-culturing 

neuronal cells with MSC in the presence of an inhibitory molecule such as 

CSPG in order to encourage neuronal growth over the inhibitory area. MSC 

have also been used as a potential conjugate therapy in combination with the 

enzyme chondroitinase ABC, which degrades the CSPG (A). In vivo 

therapies have included injecting MSC directly into the SCI site to encourage 

neuronal growth (B) and to modulate the immune response by reducing pro-

inflammatory cytokines within the injury site (C). 
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1.8.2 Clinical trials 

Successful pre-clinical studies have prompted clinical trials of SCI utilising 

MSC as a cell therapy. In 2009, autologous BM MSC were injected into thirty 

patients with complete cervical or thoracic SCI as a pilot clinical study (Pal et 

al., 2009). Although no adverse effects were seen following transplantation, 

there was only a variable sign of improvement in no more than five patients 

and no overall improvement of ASIA scores (Pal et al., 2009). Further studies 

have also used autologous MSC transplants (Dai et al., 2013; Hur et al., 

2016; Mendonça et al., 2014; Vaquero et al., 2016). A phase I trial in 2013 

transplanted autologous BM MSC into forty patients with complete, chronic 

cervical SCI, around the site of injury (Dai et al., 2013). No adverse effects of 

transplantation were observed, ten patients showed an improvement in ASIA 

scoring, motor and sensory function and nine patients had a change in ASIA 

grade (Dai et al., 2013). In a further phase I trial, patients with fourteen 

patients with chronic thoracic or lumbar ASIA grade A SCI were injected with 

autologous BM MSC (Mendonça et al., 2014). Although improvements were 

varied between patients, with eight showing improvement of lower motor 

function, seven improving ASIA grade and nine reporting improvement in 

bladder function, all patients had an improvement of tactile sensitivity 

(Mendonça et al., 2014). More recently, autologous AT MSC have also been 

trialled for patients with a range of ASIA grades and injury types (Hur et al., 

2016). Intrathecal injections into fourteen patients showed no adverse effects 

as a result, and ten patients improved sensory scores while only five 

improved motor score (Hur et al., 2016). A phase I/II trial known as The 

Puerta de Hierro trial was completed on 12 patients with chronic complete 
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paraplegia (Vaquero et al., 2016). As well as autologous MSC, autologous 

plasma was used in the delivery method of transplant (Vaquero et al., 2016). 

Some patients reported sensory and sphincter control improvements, and 

overall clinical improvements were shown to be MSC dose dependent but 

was not affected by the type of SCI (Vaquero et al., 2016). Allogenic 

umbilical cord MSC have been trialled as a treatment for 25 patients with 

chronic SCI (Yao et al., 2013). Researchers observed no overall change in 

ASIA grades, however somatosensory evoked potential latency was reduced 

(as measured by ECG) and autonomic nerve function was restored in some 

patients, as shown though the sweat test (dry iodine and amylum, which 

colours blue in contact with sweat) (Yao et al., 2013). Thus far, 

improvements and efficacy following MSC transplantation for SCI have been 

varied, as highlighted in another phase II trial in 2016, in which only 2 

patients out of 16 ASIA grade B chronic SCI treated with MSC showed mild 

improvements (Oh et al., 2016). A recent review on therapies for SCI notes 

that there are at least three ongoing clinical studies of MSC therapy for SCI 

(Badhiwala et al., 2019), however a clinicaltrials.gov search reveals ten 

completed trials with results pending and nine further trials either underway 

or due to start. 

Although not to the scale of human SCI, there have also been clinical trials 

for companion dogs with naturally occurring SCI (Bach et al., 2019; Y. Kim, 

Lee, Kim, & Kweon, 2016; Nishida et al., 2012; Sarmento, Rodrigues, 

Bocabello, Mess, & Miglino, 2014). A safety pilot trial of foetal BM MSC 

application was conducted in 7 dogs with chronic SCI, with no adverse 

effects observed ninety days following surgery (Sarmento et al., 2014). All 
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dogs showed improvements in locomotive and sensory functions and tail 

tone, and five dogs showed a reduction in pain reflexes (Sarmento et al., 

2014). Although these results were promising, dogs also received extensive 

physiotherapy, making it unclear as to whether it was the MSC graft, the 

physiotherapy or a combination which resulted in the functional 

improvements (Sarmento et al., 2014). Other trials have assessed the effect 

of MSC therapy following decompression surgery, a current treatment of SCI 

in both humans and dogs (Bach et al., 2019; Y. Kim et al., 2016; Nishida et 

al., 2012). In 2012, seven dogs with acute SCI were injected with autologous 

BM MSC immediately following decompression surgery as part of a safety 

trial (Nishida et al., 2012). Although there were no complications, no dogs 

recovered any sensory function, however two dogs were able to recover 

walking without assistance (Nishida et al., 2012). A later trial injected 

allogenic AT MSC during decompression surgery of thirty-four dogs with 

acute thoracolumbar SCI and lack of deep pain perception, and compared to 

MSC treatment only (Y. Kim et al., 2016). More than 75% of dogs that 

received the combination treatment showed stages of recovery and an 

improved recovery time (Y. Kim et al., 2016). A more recent trial instead 

compared decompression surgery alone to decompression surgery 

combined with allogenic AT MSC in twenty-two dogs with acute 

thoracolumbar SCI (Bach et al., 2019). Dogs that received combination 

therapy recovered locomotion more quickly than dogs treated with 

decompression only (seven days and twenty-one days, respectively), with a 

decreased hospital stay post-surgery (Bach et al., 2019). 
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1.9 What is still unknown? 

Research to date on MSC as a therapy for SCI has been thorough, however 

there are still areas of research that require a further and deeper 

understanding. 

The low survival of MSC following transplantation into injured spinal cord is a 

common result, with many studies reporting a large decrease in surviving 

MSC number within 28 days of transplantation, whether they were BM 

derived (Himes et al., 2006; Ide et al., 2010; Nakajima et al., 2012; 

Takahashi et al., 2018; Tan et al., 2013; Torres-Espín, Redondo-Castro, 

Hernández, & Navarro, 2014; Urdzíková et al., 2014), AT derived (Y. Kim et 

al., 2015; Ohta et al., 2017; Ribeiro et al., 2015; Takahashi et al., 2018) or 

even umbilical cord derived (Caron et al., 2016). It is currently unknown as to 

why MSC do not survive for long periods, however some studies have 

observed transdifferation of MSC into neural-like lineages (L. Tang et al., 

2016; G. H. Wu et al., 2018; Yang et al., 2017) suggesting that MSC 

numbers reduce due to differentiation rather than apoptosis or necrosis. 

Although MSC are deemed immunoprivileged, transplantation into an 

inflammatory environment may further induce an immune response (Torres-

Espín, Hernández, & Navarro, 2013; Torres-Espín, Redondo-Castro, 

Hernandez, & Navarro, 2015). Two studies have shown that attenuating the 

immune response prior to MSC transplantation improved the survival of MSC 

grafts (Tan et al., 2013; Torres-Espín et al., 2015). Blockade of the pro-

inflammatory factor IL6 improved MSC graft survival at 28 days, in which 

researchers observed 28% of MSC compared to 1% in the control (Tan et al., 

2013). A more recent study treated rat models of SCI with co-administration 
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of an immunosuppressant (FK506) and MSC and found that surviving MSC 

numbers were greater in immunosuppressed animals at 21 days, and 

significantly so at 42 days post graft (Torres-Espín et al., 2015). Increased 

functional outcomes and filling of the lesion cavity with both new tissue and 

axonal growth were also observed in co-treated animals (Torres-Espín et al., 

2015). 

Interestingly, in most of the studies where MSC survival was low following 

transplant there were improvements in function (Himes et al., 2006; Ide et al., 

2010; Y. Kim et al., 2015; Nakajima et al., 2012; Ohta et al., 2017; Takahashi 

et al., 2018; Tan et al., 2013; Torres-Espín et al., 2014; Urdzíková et al., 

2014), neuronal or axonal preservation and regeneration (Himes et al., 2006; 

Ide et al., 2010; Nakajima et al., 2012; Ribeiro et al., 2015; Takahashi et al., 

2018) and microenvironmental immunomodulation (Y. Kim et al., 2015; 

Nakajima et al., 2012; Takahashi et al., 2018; Tan et al., 2013; Urdzíková et 

al., 2014), suggesting that the activity of MSC is not limited to cell presence. 

Following the success of these studies, it has become apparent that a 

fundamental part of MSC activity in promoting neurogenesis, angiogenesis, 

and in modulating the inflammatory response following SCI is the MSC 

secretome. In 2005, following in vivo transplantation of MSC into a rat model 

of SCI, a secondary in vitro experiment was conducted in which DRG were 

treated with the CM from four MSC donors (Neuhuber et al., 2005). The 

extent of neurite outgrowth from the DRG was greater in MSC CM compared 

to control medium, but also showed variance between donors (Neuhuber et 

al., 2005). Later studies showed that in vitro co-culture of human MSC and 

DRG or spinal cord neuronal cultures enhanced neuronal outgrowth over 
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restricted areas of inhibitory molecules, but that this effect was not seen 

when MSC CM was used (K. T. Wright et al., 2007, 2014). Contrary to these 

studies, other in vitro applications of MSC CM have been shown to reduce 

neuronal apoptosis (Cantinieaux et al., 2013) promote neuronal connections 

(Tsai et al., 2018) and increase axonal growth (Cizkova et al., 2018). Pre-

clinical studies from the same groups have also assessed the effect of MSC 

CM in SCI models, and observed increased locomotive function (Cantinieaux 

et al., 2013; Cizkova et al., 2018; Tsai et al., 2018), increased axonal growth 

within lesions (Tsai et al., 2018) and tissue sparing (Cizkova et al., 2018), 

along with an increase in autophage proteins (Tsai et al., 2018) and a 

decrease in inflammatory cytokines IL2, IL6 and TNF (Cizkova et al., 2018). 

Further studies have shown, however, that human and canine MSC CM 

enhance neurite outgrowth and endothelial cell proliferation and migration in 

vitro (Walter et al., 2015). Endothelial migration and proliferation is important 

for regeneration of SCI, as axonal damage through ischaemia can be 

significantly reduced through angiogenesis (Lutton et al., 2012). 

Angiogenesis improves oxygen and nutrient delivery, as well as waste 

removal (Lutton et al., 2012). Simultaneous release of VEGF and platelet 

derived growth factor were shown to be key in enhancing this action post SCI 

(Lutton et al., 2012). In 2013, MSC CM was shown to increase angiogenesis 

in vitro, as well as reducing neuronal apoptosis (Cantinieaux et al., 2013). A 

later study used CM from three separate human MSC donors to test for 

effect on the endothelial cell responder line Ea.hy926, using the in vitro 

scratch assay wound model (Walter et al., 2015). MSC CM was shown to 

significantly enhance endothelial proliferation and migration, however similar 
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donor-donor variability was seen in 2005 (Neuhuber et al., 2005). Analysis of 

the secretome indicated that the least effective MSC CM contained decorin, 

and further analysis showed that decorin substrate was the least permissive 

for endothelial adhesion, proliferation and migration (Walter et al., 2015). 

Canine MSC CM was used to assess neurogenesis and angiogenesis, using 

in vitro assays previously described for human MSC CM (Walter et al., 2015; 

K. T. Wright, Griffiths, & Johnson, 2010a). More research must be completed 

to fully understand the effect of MSC CM. Initial experiments on MSC CM, 

including mass spectroscopy and ELISA have elucidated secreted proteins 

thought to play an important role in enhancing activity of endothelial and 

neuronal cells (C. W. Park et al., 2009; Walter et al., 2015, 2010). MSC 

secreted factors that enhance neurogenesis include NGF, BDNF, FGF1 and 

FGF2, collagen type I, fibronectin and laminin, secreted factors that promote 

angiogenesis include FGF1 and FGF2, HGF, VEGF, collagen type I, laminin 

and fibronectin, and secreted factors that moderate immune responses, 

include TGF, IL6, IL8 and IGF (C. W. Park et al., 2009; Walter et al., 2015, 

2010). However, it is important to note MSC growth in different 

microenvironments can alter the composition of their secretome. Studies 

have shown that hypoxic pre-conditioning (or priming) of MSC enhances 

regeneration and cytoprotection in animal models (L. Chen et al., 2014; Jun 

et al., 2014), increasing wound healing trough increases of the cytokines 

VEGF (L. Chen et al., 2014; Jun et al., 2014), TGF (Jun et al., 2014), FGF, 

IL6 and IL8 (L. Chen et al., 2014). A recent study used mass spectrometry to 

analyse the secretome of hypoxia conditioned MSC, and it was observed that 

AT MSC that underwent hypoxia priming increased levels of ECM 
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components, enhancing angiogenic activity (Riis et al., 2016). Cytokines 

have also been used to prime MSC (C. Liu et al., 2015; Maffioli et al., 2017). 

One study showed that MSC primed with angiotensin II secreted higher 

levels of VEGF and von Willebrand factor (C. Liu et al., 2015). A more recent 

study completed a large-scale analysis of MSC secretome following priming 

with pro-inflammatory cytokines and found that overall this priming increased 

MSC secretion of inflammatory cytokines and angiogenic factors (Maffioli et 

al., 2017). 

Further research is required to produce data that can help enable MSC 

based therapies for SCI, including but not limited to effects of inhibitory 

substrates on MSC and MSC paracrine activity, and effects of MSC on the 

microenvironment of the SC. 

1.10 Aims and objectives 

This thesis has aimed to provide new knowledge that helps address these 

gaps in our current understanding of how MSC based therapies can help 

patients with SCI. 

Therefore, the chief aim of this study was to assess how the SC and SCI 

microenvironment affects and is affected by cMSC and their paracrine 

activity. This knowledge can then be applied to support and enhance 

therapies of SCI using clinical canine models. Thus, this study was divided 

into four parts. First, data was analysed from dogs treated clinically for joint 

pathologies in order to ascertain if MSC therapy in clinical canine models 

showed efficacy. Second, cMSC were characterised according to ISCT 

criteria, and their secretome assessed for angiogenic and neurotrophic 

activity using responder cell lines (endothelial and neuronal). Third, cMSC 
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were cultured on CSPG substrata (a novel experiment) and assessed for 

changes in phenotype and behaviour. CM was harvested, and changes in 

secretome were assessed using responder cell lines. Finally, CM harvested 

from MSC was used to treat spinal cord slices, an established ex vivo model, 

and analysed for changes in nerve growth, astrocyte activation, CSPG levels 

and cell signalling.  
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Chapter 2. Materials and Methods 

2.1 Routine Cell Culture 

2.1.1 Cell culture, passaging and storage 

Canine adipose derived mesenchymal stem cells (AT cMSC), and the human 

cell lines, EA.hy926 endothelial cells (Edgell, McDonald, & Graham, 1983) 

and Saos-2 osteosarcoma (Fogh, Wright, & Loveless, 1977) were routinely 

cultured in order to maintain stock cultures and to increase cell numbers 

using standard culture medium, which consists of Dulbecco’s modified eagle 

medium F12 (DMEM/F12) supplemented with 10% fetal bovine serum (FBS) 

and 1% penicillin/streptomycin (P/S) (all Gibco®, Fisher Scientific, 

Massachusetts, USA). cMSC were isolated from sections of inguinal fat pads 

removed from dogs under local anaesthetic at the Veterinary Tissue Bank 

(VTB) (VTB, Ltd, Chirk, UK), following consent for research from veterinary 

practitioners and owners of dogs undergoing MSC transplantation for the 

treatment of joint issues and with institutional ethical approval (FSE-REC 

reference number: 060/16/CW/BS), or purchased as a primary cell line 

(D7510) (Science Cell Laboratories, California, USA). The human 

neuroblastoma cell line, SH-SY5Y (Biedler & Schachner, 1978) was cultured 

in a high serum medium, consisting of DMEM/F12 medium supplemented 

with 15% FBS, 1% P/S, 1% insulin-transferrin-selenium (ITS) (Sigma Aldrich, 

Dorset, UK) and 1% non-essential amino acids (NEAA) (Gibco®, Fisher 

Scientific), while U-87 MG (Pontén & Macintyre, 1968) cells were cultured in 

DMEM/F12 medium supplemented with 10% FBS, 1% P/S and 1% NEAA (all 

Gibco®, Fisher Scientific). All cell lines were routinely cultured in a humidified 

atmosphere of 5% CO2 at a temperature of 37°C, and all were regularly 
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passaged upon reaching approximately 80% confluence by trypsinisation 

and re-seeding.  

To passage the cultures, the culture medium was removed from the flasks 

and the cells were rinsed with warm PBS for no longer than 1 minute, 

followed by 5 minutes of incubation with 0.25% Trypsin/EDTA (Gibco®, 

Fisher Scientific) at 37°C/5% CO2. After this time, the trypsin reaction was 

stopped via the addition of an equal amount of fresh culture medium and the 

cell suspension was centrifuged (VWR Mega Star 1.6) for 10 minutes at 

1000rpm in order to form a cell pellet. The supernatant was discarded, and 

the pellet re-suspended in 1ml of fresh culture medium. A viable cell count 

was completed via adding an equal amount of trypan blue (Sigma Aldrich) to 

a 20µl sample of the cell suspension and transferring this to a 

haemocytometer, which was then viewed under phase contrast microscopy 

(Motic AE 2000). Trypan blue stains non-viable cells blue, due to the dye 

penetrating damaged cell membranes, hence it was possible to count the 

number of viable (phase bright and non-blue) versus non-viable cells (phase 

dark and blue) (Altman, Randers, & Rao, 1993). The viable cell number per 

ml of cell suspension was calculated as follows; 2 x viable cell count x 104 

cells/ml. From this count it was also possible to determine the percentage 

cell viability, which in all instances was greater than 90% viable. Cells were 

seeded into new sterile T25 or T75 tissue culture treated flasks (Starlab (UK), 

Milton Keynes, UK) at the density of 5000 viable cells/cm2 per flask in 5 or 

15ml respectively of the appropriate culture medium for each cell type and 

the flask placed into an incubator at 37°C/5% CO2 for continued culture.  
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Cells were stored as frozen stocks in a solution of freezing mix, i.e., 90% 

FBS and 10% dimethyl sulphoxide (DMSO) (Thermo Fisher Scientific, New 

Hampshire, USA) as follows: adherent cell populations were trypsinised and 

pelleted by centrifugation as described above. The supernatant was 

discarded, and the pellet re-suspended in 1ml of freezing mix at 106 cells/ml. 

1ml aliquots of cell suspension in freezing mix was transferred to a labelled 

cryovial, which was placed into a Mr Frosty (Thermo Fisher Scientific), 

containing iso-propyl-alcohol (IPA) (Fisher Scientific) and this then was 

placed into a -80°C freezer for 24hr. The IPA allows a steady cooling rate of 

1°C per minute to provide optimum conditions for cell preservation. The 

cryovials were transferred to a separate box at -80°C or transferred to into a 

liquid nitrogen cell storage container for longer term storage. 

2.1.2 Mycoplasma screening of cells 

All new cell lines that were brought into the laboratory were initially cultured 

in a quarantine incubator prior to screening for mycoplasma infection, which 

was performed according to the manufacturer’s instructions (EZ-PCR 

mycoplasma test kit, Biological Industries, Cromwell, USA). In brief, the 

following was performed: 

A 1ml sample of culture medium was taken from cell cultures that had been 

incubated at 37°C/5% CO2 for at least 48 hours and centrifuged briefly at 

1500rpm in a microcentrifuge tube (Fisher Scientific) to pellet any cellular 

debris. 900l of supernatant was transferred to a new microcentrifuge tube, 

and microcentrifuged at 12500rpm for 10 minutes to pellet any mycoplasma 

that may have been present. The supernatant from this centrifugation was 

discarded carefully and 50l of the supplied buffer solution added. Then the 
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sample was heated to 95°C for 3 minutes. After this time, 5l of the sample 

was mixed with 35l of distilled water and 10l of the supplied reaction mix, 

containing primers specific for mycoplasma DNA. PCR was performed using 

the protocol provided in the kit using a thermocycler (Techne 3Prime), and gel 

electrophoresis was performed to test whether any product had formed, i.e., 

indicating the presence of mycoplasma sp. The gel electrophoresis was done 

via addition of 20l of the PCR sample to a 2% agarose gel, which was then 

run at 80 volts for a minimum of 40 minutes. 1l of a sample provided by the 

kit was used a positive control. The gel was visualised using a gel reader 

(Bio-Rad UV transilluminator, ChemiDoc XRS+). 

2.2 Clinical use of cMSC at the VTB 

2.2.1 Isolation of cMSC 

cMSC were isolated at the VTB from sections of adipose tissue taken from 

inguinal fat pads of dogs undergoing MSC treatment for joint issue (section 

2.1.1). Briefly, excess vasculature was removed, and fat pad samples were 

finely minced. Samples were transferred to a 50ml centrifuge tube and 

resuspended in 20ml of filter sterilised 0.2% collagenase (Collagenase type 

A, Worthington Biochemical Corporation, USA) in high glucose DMEM 

(Gibco®, Fisher Scientific) for 2 hours at 37C while gently shaking. The 

digested sample was then passed through a 40m filter (EASYstrainer, 

Greiner Bio-One, UK), with care to take only the cell fraction at the bottom of 

the tube. Hank’s Balanced Salt Solution (HBSS) (Gibco®, Fisher Scientific) 

was used to rinse any remaining digested sample through the filter, before 

the filtered sample was topped with additional HBSS up to 30ml. Samples 
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were then centrifuged for 12 minutes at 1200rpm (Megafuge 1.0, Heraeus 

Sepatech) to produce a cell pellet, and as much supernatant removed as 

possible. The pellet was resuspended in 30ml HBSS and re-centrifuged; this 

was to wash away any remaining collagenase. After discarding the 

supernatant from the second centrifugation, the cell pellet was resuspended 

in 15ml of warm DMEM medium, supplemented with 11.4% FBS, 2% P/S 

and 0.5% Fungizone (all Gibco®, Fisher Scientific), then the cells were 

seeded into a T75 flask (Starsted, Leicester, UK) and placed in an incubator 

for 24-48hr at 37°C in a humidified atmosphere of 5% CO2. After this time, 

the culture medium containing any non-adherent cells was removed and 

replaced with fresh standard culture medium. Plastic adherence of cells is 

one of the criteria for confirming MSC phenotype (Dominici et al., 2006), and 

any cells adhered to plastic at this stage were assumed to be cMSC. 

2.2.2 cMSC culture expansion 

cMSC were cultured in order to increase cell numbers using standard culture 

medium and cells were passaged upon reaching approximately 80% 

confluence. Briefly, medium was removed, and the cells were rinsed twice 

with warm HBSS for no longer than 1 minute, followed by 10 minutes of 

incubation with 3ml 1x TrypLE Select (Gibco®) at 37°C/5% CO2. After this 

time, the TrypLE reaction was stopped via the addition of 27ml of fresh 

HBSS and the cell suspension was centrifuged (Megafuge 1.0) for 12 

minutes at 1200rpm in order to form a cell pellet. The supernatant was 

discarded, and the pellet re-suspended in 4ml of HBSS. A cell count was 

completed via adding 10l of trypan blue (Sigma) to a 100µl sample of the 

cell suspension and transferring this to a haemocytometer, which was then 
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viewed under phase contrast microscopy. The viable cell number per ml of 

cell suspension was calculated as follows; viable cell count x 1.1 x 5 x 104 

cells/ml. Cells were seeded into a minimum of 2 new sterile T75 or T175 

flasks, dependent on cell number and potential number of joints to receive 

treatment, and topped up with 15 or 30ml respectively of standard culture 

medium and placed back into an incubator at 37°C/5% CO2 for continued 

culture. 

2.2.3 Preparation and Shipping of cMSC for clinical use 

When culture numbers were sufficient, cMSC were prepared for shipping to 

clinics to be used in injections to treat joint pathology. The culture expanded 

cells were detached from flasks as previously described (Section 2.2.2). 

Multiple flasks were pooled, and the cell suspension was centrifuged for 12 

minutes at 1200rpm. The supernatant was removed, and fresh PBS added to 

resuspend the pellet prior to a second centrifugation for 12 minutes at 

1200rpm. The supernatant was removed, the cell pellet resuspended in fresh 

PBS and a cell count performed as previously described (section 2.2.2). A 

minimum of 2 x 106 cells was added to as many fresh tubes as joints to be 

treated, topped up with fresh PBS and centrifuged for 12 minutes at 

1200rpm. As much supernatant was removed as possible from the cell 

pellets before being resuspended in warm c-patient (dog) - derived serum 

before being transferred to labelled cryovials (1ml/cryovial). C-patient derived 

serum was separated from blood samples received along with adipose 

tissue. Briefly, samples were immediately processed upon arrival to prevent 

the occurrence of haemolysis. Samples were centrifuged (LS500 low speed 

benchtop centrifuge) for 10 minutes at 2000xg (3580rpm) in order to 
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separate serum and red blood cells. Following centrifugation, the serum 

fraction (upper layers) was transferred to a fresh universal tube using a 

Pasteur pipette, labelled with the amount (no more than 5cc per tube) and 

stored at -20C until required. 

cMSC grown to store as frozen stocks for potential further c-patient injections 

were detached from flasks, and a cell count performed prior to a second 

centrifugation. Cell pellets were resuspended to a minimum of 2 x 106 

cells/ml in a solution of freezing mix, i.e., 90% FBS and 10% DMSO 

(CryoSure-DMSO, USP grade, WAK-Chemie Medical GmbH, Germany). 1ml 

aliquots were transferred to labelled cryovials, placed into a Mr Frosty 

(Thermo Fisher Scientific), containing IPA and then into a -80°C freezer for 

24hr. The cryovials were then transferred into a liquid nitrogen cell storage 

container for long term storage. 

2.2.4 Autologous administration of cMSC 

Administration of cMSC was conducted similarly to the standard method of 

arthrocentesis. Briefly, dogs were sedated and the skin covering the joint to 

be treated was cleaned. A syringe with a 21-gauge needle was used to take 

up the autologous cMSC and serum suspension and 1cc injected straight 

into the affected joint. Unlike arthrocentesis, no joint flushing occurs prior to 

injection. 

2.2.5 LOAD scoring 

Responsiveness of the c-patients to the injections was measured using the 

Liverpool Osteoarthritis in Dogs (LOAD) clinical metrology instrument. This is 

an observation-based owner questionnaire used to assess articular disorders 
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such as osteoarthritis, where owners of the dogs undergoing the stem cell 

treatment were asked to evaluate their pet’s mobility before and after 

treatments. The questionnaire covers 13 areas, including quality of life and 

exercise, and uses a simple scoring system of 0-4 (normal to severe, 

respectively). The sum of the individual questions provides an overall LOAD 

score, allowing for severity of the c-patient’s disorder to be ascertained; a 

total score of 0-10 is deemed mild disease, 11-20 is moderate, 21-30 is 

severe and 30+ is extremely severe. Treatment was regarded successful 

when there was a reduction in LOAD score compared to the initial pre-

treatment LOAD score. This method was used initially to assess 

osteoarthritis in elbows in 2009 (Hercock, Pinchbeck, Giejda, Clegg, & Innes, 

2009), but then further validated against other Clinical Metrology Instruments 

in 2013 (Walton, Cowderoy, Lascelles, & Innes, 2013). 
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Figure 2.1: Example of a LOAD questionnaire for evaluation of dog 

mobility. The 13 areas covering exercise and quality of life of dogs with 

articular diseases, primarily osteoarthritis, are shown as 13 questions. Each 

answer provides a score between 0 (normal) and 4 (severe impairment), 

allowing a total score to establish the level of disease seen in c-patients. 
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2.3 Experimental Protocols 

cMSC surplus to clinical requirements were used throughout this study, and 

in any experiment at least 3 donors were used. Table 2.1 outlines which 

donors were used for each experiment. 
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Table 2.1: Use of cMSC in experimentation. The table outlines the donor 

cMSC used in each experiment, including passage number and whether they 

were used as cells or CM. 
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In order to confirm the MSC phenotype, a set of criteria characteristic of MSC 

has been outlined by International Society of Cellular Therapy (ISCT) 

(Dominici et al., 2006). These requirements include: 

• Cell adherence to tissue culture plastic 

• The cell population must be positive for the expression of the cell 

surface markers; CD73, CD90 and CD105 

• That same cell population must be negative for expression of the cell 

surface markers; CD11b, CD14, CD19, CD34, CD45, CD79a, and HLA-

DR. 

• The cells must have capacity to differentiate into osteoblasts, 

chondrocytes and adipocytes when under particular induction conditions  

 

cMSC were characterised using these criteria as an instructive guidline, with 

the adherence of the cell populations to tissue culture plastic confirmed 

through phase microscopy. The other phenotypic markers were determined 

as described in sections 2.3.1 and 2.3.2. Whilst all cMSC were plastic 

adherent and stromal in appearance, this additional phenotyping was 

performed on at least 3 separate MSC donors. 

2.3.1 Immunophenotyping by CD markers and flow cytometry 

Culture expanded cMSC (n=4 donors) at passages 1-7 were assessed for 

CD surface markers, as previously described (N. Zhang, Dietrich, & Lopez, 

2013) in accordance to the ISCT criteria outlined above. Briefly cells were re-

suspended 2% bovine serum albumin (BSA) (Sigma) in PBS. A minimum of 

1 x 105 cells/200l in 2% BSA/PBS were incubated in the dark for 30 minutes 

with 5l of either phycoerythrin (PE) or fluorescein (FITC) conjugated 
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antibodies – PE-CD34 (clone; 1H6, BD Biosciences, Oxford UK), FITC-CD44 

(clone; YKIX337.8), PE-CD45 (clone; YKIX716.13) or PE-CD90 (clone; 

YKIX337.217) (all eBiosciences, Thermo Fisher Scientific). Similarly, a 

minimum of 1 x 105 cells/200l 2% BSA/PBS were incubated in the dark for 

30 minutes with 5l of the control isotype matched antibodies mouse PE-

IgG1 (clone; P3.6.2.8.1), rat FITC-IgG2a (clone; eBR2a), rat FITC-IgG2b 

(eB149/10H5) and rat PE-IgG2b (eB149/10H5) (all eBiosciences, Thermo 

Fisher Scientific). A minimum of 1 x 105 cells/200l 2% BSA/PBS were left 

unlabelled as in order to control for autofluorescence. Following incubation, 

all cell samples were washed with 1ml 2% BSA/PBS and microcentrifuged 

for 10 minutes at 1000rpm in order to form a cell pellet. The supernatant was 

discarded, and the cell pellet re-suspended in 200l 2% BSA/PBS. The 

immunoreactivity of the CD markers was subsequently assessed via flow 

cytometry (BD-Accuri C6 CSampler Flow Cytometer), measuring a minimum 

of 10,000 events in each sample. Analysis was completed via the 

accompanying software (BD-Accuri C6 analysis). 

2.3.2 Tri-lineage differentiation induction protocols 

Culture expanded cMSC (n=3) at passages 2-6 were used to induce 

differentiation along osteogenic, adipogenic and chondrogenic lineages using 

protocols established previously for human (Pittenger et al., 1999) but also 

shown previously for cMSC (Vieira et al., 2010). 

 

Osteogenic Induction 

cMSC were seeded in triplicate at 1 x 104 cells/well in 1ml standard culture 

medium in a 24 well plate and allowed to grow to confluence for one week at 
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37°C/5% CO2. The standard culture medium was then replaced with 

osteogenic induction medium. This comprised of DMEM/F-12, supplemented 

with 10% FBS, 1% P/S, 10M glycerophosphate (Sigma), 50M ascorbic 

acid (Sigma) and 10nM dexamethasone (Sigma). A control experiment was 

completed in tandem, using DMEM/F12 + 10% FBS containing supplement 

carriers (distilled water and methanol, respectively) at the same dilution. 

Medium was removed and replaced with fresh induction medium 2-3 times a 

week for up to four weeks. 

Adipogenic Induction 

cMSC were seeded into 24 well plates as described above and allowed to 

grow to confluence for one week 37°C/5% CO2. The standard culture 

medium was then replaced with adipogenic induction medium. This 

comprised of DMEM/F-12, supplemented with 10% FBS, 1% P/S, 1% ITS, 

500M 3-isobutyl-1-methylxanthine (IBMX) (Sigma), 100M indomethacin 

(Sigma) and 1M dexamethasone. A control experiment was completed in 

tandem, using DMEM/F12 + 10% FBS containing supplement carriers 

(methanol and DMSO) at the same dilution. Medium was removed and 

replaced with fresh induction medium 2-3 times a week for up to four weeks. 

Chondrogenic Induction 

cMSC were trypsinised as previously described, and 2.5 x 105 cells were re-

suspended in 1ml standard culture medium in microcentrifuge tubes. Cell 

samples were microcentrifuged at 500g for 10 minutes to produce a pellet. 

The cell pellets were left for one week 37°C/5% CO2 to allow the pellet to 

become spherical. The standard culture medium was then replaced with 1ml 

chondrogenic induction medium. This comprised of standard DMEM/F-12, 



124 
 

supplemented with 2% FBS, 1% P/S, 1% ITS, 100nM ascorbic acid, 10ng/ml 

TGF-1 (Peprotech, New Jersey, USA) and 10nM dexamethasone. A control 

experiment was completed in tandem, using DMEM/F12 + 2% FBS 

containing supplement carriers (methanol, water and 0.1% BSA) at the same 

dilution. Medium was removed and replaced with fresh induction medium, 

without disturbing the pellet, 2-3 times a week for up to four weeks. 

2.3.3 Assessment of cMSC differentiation status 

The differentiation status of the induced and control cMSC was assessed at 

four weeks post initial induction as follows:  

Osteoblast differentiation was assessed via staining for the presence of 

alkaline phosphatase activity. Saos-2 cells are known to produce high level 

of alkaline phosphatase activity (Pautke et al., 2004), and were used as 

confirmation for correct staining procedure. The stain for alkaline 

phosphatase activity was produced as per the kit instructions (Sigma) and 

kept away from light. Prior to staining, the cells were fixed with 1ml 10% 

formalin solution (Sigma) for 10 minutes at room temperature. The cells were 

then gently washed twice with 500l PBS, once with dH2O and all liquid then 

aspirated. 500l of the staining solution was added to all wells containing 

cMSC and Saos-2 and incubated at room temperature out of direct light for 

60 minutes to allow colour development. Once incubation was complete, the 

stain was removed and the wells were gently washed with dH2O once, fully 

aspirated, and replaced with PBS. Positive staining was confirmed via phase 

microscopy (GX – GXMXDY-2), and digitised images taken (GXCAM 

HiChrome-S camera). 



125 
 

Adipogenic differentiation of cMSC was assessed through detection of lipids 

formation via Oil Red O staining, using validated methods (Ramírez-

Zacarías, Castro-Muñozledo, & Kuri-Harcuch, 1992) that have also been 

implemented for MSC differentiation (Pittenger et al., 1999; Vieira et al., 

2010). Oil Red O stain was produced by dissolving 500mg Oil Red O powder 

(Sigma) in 100ml IPA, followed by adding 67ml dH2O. The working stain 

solution was mixed well and filtered using a Whatman no.1 filter paper 

(Whatman, Maidstone, UK). Prior to staining, the cells were fixed with 10% 

formalin, as described above. 500l of stain was added to all wells for 1hr at 

room temperature. The stain was removed, and the wells were washed 

gently 3 times with 500l PBS and replaced with fresh PBS. Positive staining 

was confirmed via phase microscopy, and digitised images collected as 

described previously. 

Chondrocytic differentiation of cMSCs in pellet cultures was assessed via 

metachromic staining for their extracellular matrix (ECM) with toluidine blue, 

as has been used previously (Vieira et al., 2010; K. Wright et al., 2008). 

cMSC pellet cultures were fixed in equal parts formaldehyde (Sigma) and 

DMEM/F12, equating to a final concentration of 10% formalin, for a minimum 

of 12 hours. The cMSC pellets were then wax embedded following a 

standard histological protocol. In brief, pellets were dehydrated in an 

increasing series of ethanol concentrations (30%, 50%, 70% and 100%, in 

dH2O), 1 minute at a time. The pellets were then transferred to 100% xylene 

for 1 minute, and carefully transferred to a prepared, partially hardened wax 

block. The pellets were then completely covered with wax and the blocks 

transferred to ice in order to harden fully. Tissue sections were cut from the 
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embedded pellets at 5m thick using a microtome (XD-202, Chincan, China), 

transferred to glass slides and dried in a 65°C hotbox. The sections were 

rehydrated though serial immersion in 100% xylene, and a series of 

decreasing ethanol concentrations (100%, 70%, 50%, 30%, in dH2O), 

followed by careful rinsing in tap water (2 minutes in each solution). The 

sections were then stained with 0.4% toluidine blue (Sigma) in 0.2M sodium 

acetate buffer for 10 minutes at room temperature and washed with tap water 

to remove any unbound stain. The stained sections were then dehydrated as 

previously described and mounted with glass cover slips and DPX mounting 

solution (Leica Biosystems, Peterborough, UK). The sections were examined 

under light microscopy for any metachromatic staining, and digitised images 

collected as described previously. 

2.3.4 Generation of cMSC conditioned medium (cMSC CM) 

cMSC at passages 2-7 were seeded into a T75 flask at a density of 20,000 

cells/cm2 (1.5 x 106 cells/flask), in standard culture medium. The flask was 

incubated overnight at 37°C/5% CO2 to allow cell adherence. The standard 

culture medium was discarded, and the cells were washed once with sterile 

PBS. Following this, 15ml serum free conditioning medium, consisting of 

DMEM/F12, 1% P/S, 1% ITS, and 1% NEAA, or neurobasal medium, 

consisting of Neurobasal Medium-A supplemented with 2% B27 50x, 2% 

100mM L-glutamine and 1% antibiotic/antimycotic (all Gibco®, Fisher 

Scientific) was added to the flask. The culture medium for spinal slice 

cultures of murine tissues differed to that of the cMSC. Therefore, cMSC 

were cultured in the correct medium for murine spinal slices to generate 

appropriate cMSM CM for the spinal slice assays. The flask was then 
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incubated at 37°C/5% CO2 for 3 days. After 3 days, conditioned medium 

(cMSC CM) was removed (harvested), passed through a 0.2m filter to 

remove cell debris, aliquot into 1.5ml microcentrifuge tubes and stored at -

80°C for future use. 

2.3.5 The use of the MTS assay to determine viable cell adhesion 

The basic principle of the colorimetric MTS assay is to convert enzymatic 

activity of cells into a readable result. MTS allows for quantification of viable 

and metabolically active cells through the breakdown of the compound 

tetrazolium found within the MTS solution by NAD(P)H-dependent 

dehydrogenase enzymes. This reaction causes a colour change in the 

culture medium which can be measured. The use of MTS for cell viability has 

been shown for both proliferation (Cory, Owen, Barltrop, & Cory, 1991) and 

adhesion (Y. Chen, 2012; Zhan et al., 2014). 

For adhesion assays, 100l MSC CM (non-primed or CSPG-primed) or 

control medium (at least n=3) was added to wells of 96 well plates and stored 

overnight a +4C. The wells were washed twice with 50l PBS, excess PBS 

aspirated, and the plates warmed at 37C/5% CO2 for a minimum of 30 

minutes to allow the wells to completely dry. EA.hy926 and SH-SY5Y cells 

were seeded onto the coated wells at a density of 0.5 × 104 cells/100l in 

serum free medium, and incubated at 37C/5% CO2. After 2 hours, wells 

were carefully washed with 50l of serum free medium and replaced with 

100l of fresh serum free medium. After 2, 24, 48 and 72 hours, an MTS 

assay was completed as follows; 20l of MTS solution (Promega CellTiter 

96® AQueous One Solution Cell Proliferation Assay, Promega, Wisconsin, 
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USA) was added to each well and the plate was incubated at for a further 2 

hours at 37C/5% CO2, prior to measuring absorbance at 490nm (Bio-Rad, 

iMark microplate reader). 

2.3.6 The use of the MTS assay to determine viable cell proliferation 

EA.hy926 or SH-SY5Y were seeded into a 96 well plate at a density of 0.5 × 

104 cells/100l of standard culture medium per well and incubated for 24 

hours at 37C/5% CO2 to allow cell adherence. The medium was removed, 

and the wells were washed twice with 50l of serum free medium. 100l of 

cMSC CM or control medium (at least n=3) was added to the wells and 

incubated at 37C/5% CO2. After 24, 48 and 72 hours, an MTS assay was 

completed as for the adhesion assay. 

2.3.7 Matrigel assays for the formation of endothelial tubule-like 

structures using EA.hy926 cells 

Prior to seeding EA.hy926 cells, 100l of thawed Matrigel (Corning, New 

York, USA) was used to coat each well of a 96 well plate and incubated for 

30 minutes at 37C/5% CO2 to set the Matrigel. Following trypsinisation, 

EA.hy926 were then seeded, in triplicate, at a density of 2x104 cells/200l of 

cMSC CM (non-primed or CSPG primed) or control medium (at least n=3) 

onto Matrigel coated wells and incubated at 37C/5% CO2 for 24 hours. 

The formation of endothelial tubule like structures was viewed and digitised 

images were collected at this time point either using a phase contract 

microscope with a mounted camera (GX – GXMXDY-2 mounted with 

GXCAM HiChrome-S camera) or the Cell-IQ imaging system under 10x 

objective. From these images, tubule length and numbers of branch points 
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(per image) were analysed using ImageJ angiogenesis analyzer software 

plugin, as previously described (Ferratge et al., 2017; Fortenberry, Brandal, 

Carpentier, Hemani, & Pathak, 2016; Gholobova et al., 2015), or via Cell-IQ 

software (Belt et al., 2018; Bray & Slevin, 2015).  

The Cell-IQ imaging system consists of a digital camera within an incubator 

setting (37C/5% CO2), which allows automated imaging to occur without 

disrupting a suitable environment for cells to remain viable. The 

accompanying Cell-IQ software has been used to analyse cell behaviour 

from these digitised images, following steps provided in the Cell-IQ user 

manual. Briefly, software enabled a threshold to be established which initially 

identified only connected cells, removing any debris, single cells or 

connected cells of less than 5 cells in length. After this step, the software 

measured tubule lengths (of connected cells only) and the numbers of tubule 

branch points on a per image basis. 

2.3.8 LIVE/DEAD staining for cell viability 

Cell viability of cMSC, SH-SY5Y and U-87 MG was further determined using 

LIVE/DEAD staining, as has been shown previously (T. M. Curtis, Hannett, 

Harman, Puoplo, & Van de Walle, 2018; Yi Zhu et al., 2013). Viability can be 

measure via a double staining protocol, where cells are incubated with both 

calcein acetoxymethyl ester (calcein-AM) and propidium iodide. Calcein-AM 

is a lipophilic dye that is able to permeate the cell membranes of live cells, 

and esterases within the cell reduce the ester through hydrolysis, and the 

remaining calcein causes cellular fluorescence. Propidium iodide as a dye 

cannot permeate the cell membranes of live cells but can enter dying or dead 
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cell with degraded membranes and then intercalates with the DNA of the 

cells, emitting fluorescence that is visible as a bright pyknotic stain. 

SH-SY5Y or U-87 MG cells were seeded into a 48 well plate at a density of 1 

x 104 cells/500l standard culture medium per well and incubated for 24 

hours at 37C/5% CO2 to allow cell adherence. The standard medium was 

removed, and the wells were washed twice with 100l of serum free medium. 

Then 200l of cMSC CM or control medium (at least n=3) was added to the 

wells and incubated at 37C/5% CO2 for 72hr. 

Similarly, cMSC were seeded onto CSPG-coated wells (section 2.4.1) in a 48 

well plate at a density of 1 x 104 cells/500l standard culture medium per well 

and incubated for either 24 or 120 hours at 37C/5% CO2. 

LIVE/DEAD stain solution (Sigma) was prepared at the double working 

concentration in serum free medium, and 200l of the double concentrated 

stain was added to each well containing 200l of medium. The cells were 

incubated at 37°C/5% CO2 for 30 minutes. Culture viability was scored 

according to whether cells appeared green (live) or red (dead) and digital 

images collected using a fluorescence microscope (GX – GXMXDY-2 

mounted with GXCAM HiChrome-S camera). 

2.3.9 SH-SY5Y neurite outgrowth 

SH-SY5Y cells were seeded into a 24 well plate at a density of 1 × 104 

cells/1ml of high serum medium per well and incubated for 24 hours at 

37C/5% CO2 to permit cell adherence. The standard medium was removed, 

the wells were washed with 500l of serum free medium and 1ml of cMSC 

CM (non-primed or CSPG primed) or control medium (at least n=3) added to 
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the wells and the plates further incubated at 37C/5% CO2 for 72 hours. After 

this time, three digitised images per well were collected using phase contrast 

microscopy (GX – GXMXDY-2 mounted with GXCAM HiChrome-S camera). 

Image analysis of neurite outgrowth of SH-SY5Y was completed using 

ImageJ neurite tracer software (Longair, Baker, & Armstrong, 2011). Briefly, 

an image was loaded, and scales were set in ImageJ in order to convert 

pixels to m, prior to opening the software plugin. Images were converted to 

8-bit, and the software allowed for manual tracing of neurite path starting at 

the cell body and ending at the visible tip of the neurite (Figure 2.1) (Kumar & 

Katyal, 2018). 
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Figure 2.2: Image analysis protocol to measure neurite outgrowth. 

Following conversion of the image to 8-bit, the simple neurite tracer plugin 

was opened. Starting at the cell body (A), manual tracing of the visible 

neurite is completed by clicking along the image (B-C), until completed. 

Multiple neurites can be measured prior to export of measurements to excel 

for further analysis (D). 
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2.3.10 Immunocytochemistry for III-tubulin 

SH-SY5Y neuronal differentiation was further assessed via immunostaining 

for βIII-tubulin, a mature neuronal marker (Dwane, Durack, & Kiely, 2013; 

Katsetos, Herman, & Mörk, 2003).  SH-SY5Y cells that had been incubated 

in cMSC CM or control medium for 72 hours were fixed with 10% formalin for 

10 minutes at room temperature and washed with PBS. Fixed cells were then 

blocked for 20 minutes in 2%BSA/PBS (+ 0.1% Triton-X) prior to a 2 hour 

incubation with a mouse monoclonal anti-βIII-tubulin antibody at 1/500 in 

blocking buffer (TU-20) (Abcam Ltd., Cambridge, UK) or in blocking buffer 

only as a control. Following removal of the primary antibody or blocking 

buffer and a second repeated wash (3x) with PBS, the cells were incubated 

with a secondary antibody, i.e., horse anti-mouse Dylite 488 (1/250 in PBS; 

DI-2488) (VectorLabs Ltd., California, UK) for 1 hour. The secondary 

antibody was removed, and the wells washed repeatedly again (3x) in PBS). 

Then the wells were mounted in Vectashield antifade with DAPI counterstain 

to visualise cell nuclei (VectorLabs). Digitised images were collected using a 

camera mounted onto a fluorescence microscope (GX – GXMXDY-2 and 

GXCAM HiChrome-S camera). These digitised images were used to score a 

minimum of 50 cells per well and condition (i.e., for each cMSC CM and 

control medium tested), were the cells were scored for βIII-tubulin-

immunoreactivity as either positive or negative (Figure 2.2). 
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Figure 2.3: Image analysis protocol to count βIII-tubulin-

immunoreactivity. Manual counts of βIII-tubulin-immunoreactive cells were 

completed using dual fluorescent staining. Cells were counted as negative 

when only nuclear DAPI staining was visible (denoted by arrows) (A) and 

counted as positive when βIII-tubulin fluorescence was observed, with 

obvious neurite outgrowth (denoted by arrows) or without (B). 
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2.3.11 SDS PAGE and Western Blotting for III-tubulin and GFAP 

SH-SY5Y or U87-MG were seeded into 6 well plates at a density of 1 x 106 

cells in standard culture medium and incubated at 37°C/5% CO2 for 24 hours 

to allow cell adherence. Wells were washed with serum free medium, and 

either cMSC CM or control medium (at least n=3) added and incubated at 

37°C/5% CO2 for 72 hours. A minimum of 1 x 106 cells were transferred to a 

15ml centrifuge tube and centrifuged for 10 minutes at 1000RPM. The 

supernatant was completely aspirated, prior to resuspension of the pellet in 

1ml of warm sterile PBS. Cell suspensions were transferred to a 1.5ml 

microcentrifuge tube and microcentrifuged for 3 minutes at 6000RPM. As 

much supernatant removed as possible prior to the cell pellet being flicked to 

loosen and stored at -20C until required. 

Thawed cell pellets were lysed in 250l RIPA buffer (Nonidet NP40 

substitute) (Sigma) supplemented with protease inhibitor tablet (cOmplete™) 

(Sigma) on ice for 30 minutes prior to microcentrifugation at 9000RPM for 10 

minutes. The protein fraction (supernatant) was transferred to a fresh 

microcentrifuge tube, and a total protein assay performed. Samples were 

diluted with Lamelli buffer (BioRad, California, USA), and then equal amounts 

of protein (30g) loaded onto a 4-15% TGX PAGE gel (BioRad), with protein 

standards (BioRad), and PAGE performed at 100V until the front of the 

proteins (visible blue) had reached near towards the end of the gels, with 

good separation of the protein standards. Gels were transferred to methanol-

activated PVDF membranes (BioRad) in a TransBlot Turbo (30-minute 

setting) (BioRad) using pre-made stacks (BioRad) soaked in transfer buffer 

(BioRad). Protein transfer was confirmed by visualisation of the protein 
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standards and all proteins following Ponceau staining (0.1% w/v Ponceau S 

in 5% v/v acetic acid) (Sigma). 

Immunolocalisation of βIII-tubulin or GFAP on the blot membranes was 

completed as follows: membranes were rinsed with dH2O to removed 

Ponceau stain, then incubated in blocking buffer (5% w/v Marvel milk powder 

in 100ml TTBS) for 1 hour at room temperature. Membranes were then 

incubated in the primary antibody overnight at +4C; either mouse 

monoclonal anti-III-Tubulin at 1/500 in TTBS (TU-20) or mouse monoclonal 

anti-GFAP at 1/1000 (GF5) (both Abcam). After incubation in the primary 

antibody, the membranes were washed 3 times (for 5 minutes) in TTBS prior 

to incubating in horseradish peroxidase-conjugated goat anti-mouse at 

1/3000 (in TTBS) (ab6789, Abcam). Membranes were washed a further 3 

times for five minutes in TTBS prior to being incubated in 5ml of enhanced 

chemiluminescence (ECL) substrate, which was prepared as per the kit 

instructions (SuperSignal West Pico PLUS; ThermoFisher). The extent of 

immunoreactivity for III-tubulin or GFAP was visualised on a transilluminator 

(BioRad) and imaged using QuantityOne software. The densitometry of the 

III-tubulin or GFAP immunoreactive protein bands was completed using 

ImageJ software. 

2.3.12 Effect of CSPG substrate on cMSC growth and morphology 

Aggrecan is a CSPG, alternatively known as CSPG1, that has been shown to 

have inhibitory effects on neuronal neurite outgrowth (Beller et al., 2013; 

Chan, Roberts, Steeves, & Tetzlaff, 2008; W. E. Johnson et al., 2002, 2006; 

K. T. Wright et al., 2007). Two concentrations (10g/ml and 100g/ml) of 

CSPG (bovine aggrecan, CSPG1, (Sigma)) were produced in sterile PBS, 
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with PBS alone used as a control (0g/ml), due to a previous study showing 

that changing concentrations have varied inhibitory effects (W. E. Johnson et 

al., 2002). Two wells of a six well plate were coated with 1ml of each 

concentration, and the plates were stored overnight at +4°C to allow CSPG 

to adhere. The wells were then washed with sterile PBS (x3), and after the 

last wash of PBS had been aspirated the plate was placed in an incubator for 

1hr at 37°C/5% CO2 to allow the wells to completely dry. cMSC (n=3) were 

passaged and seeded onto the CSPG coated wells and control wells (0g/ml 

CSPG) at a density of 1.8 x 105 cells/well in 10ml of serum free medium. This 

cell density equated to the number of cells that had been used to generate 

cMSC CM in T75 flasks on a per cm2 basis. In addition, a further control was 

set by adding 10ml of serum free medium to CSPG-coated wells, but with no 

cells present. Plates were then incubated at 37°C/5% CO2 for a total of 120 

hours (5 days). The cMSC were imaged digitally using a phase contrast 

microscope at 2hr, 24hrs and 120hrs post seeding. At 120hrs, the cMSC CM 

was harvested as described previously (section 2.3.4). This cMSC CM has 

been referred hereafter to as CSPG-primed cMSC CM. 

2.3.13 DMMB assay of CSPG-primed cMSC CM 

1,9-dimethyl-methylene blue (DMMB) reagent was prepared as follows: 

16mg of DMMB, 3.04g of glyceine and 2.37g of sodium chloride (all Sigma) 

were added to 1L of deionised water and stirred until dissolved. Hydrochloric 

acid (HCl) was used to adjust the pH of the solution to 3.0, and the reagent 

was stored away from light until required. Standards of shark cartilage (as a 

source of CSPG) ranging from 0-40g/ml were produced in serum free 

medium. 50l of either CSPG-primed cMSC CM, control medium or shark 
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CSPG standards were added in triplicate into 96 well plates, followed by 

200l of DMMB reagent. The plates were then measured using a colorimetric 

spectrophotometer, with absorbance read immediately at 540nm (Bio-Rad, 

iMark microplate reader). Standard curves from the shark CPSG standards 

were used to determine the levels of any CSPG that might have been 

present within the CSPG-primed cMSC CM or control medium. 

2.3.14 Spinal slice preparation 

We use 34°C instead of 37°C for slice cultures because in our experience a  

Spinal slices were prepared from postnatal CD1 mouse pups (p7-11), with 

institutional access from the Italian Ministry of Health (authorisation number 

485/2017-PR). Keeping everything on ice, mice were euthanised and 

dissected in a dorsal to ventral manner. Following a laminectomy, the 

exposed spinal cord (SC) was gently removed. Following a wash and 

removal of the meninges, the SC was glued to a small agar block with the 

dorsal side facing up. With the SC vertical, slices were cut at a thickness of 

350m using a vibrating microtome (Leica VT 1200, amplitude 1.7, 10mm/s). 

Slices were washed and placed into well inserts (Millicell, 12mm/0.4m, 

Massachusetts, USA), with one slice per insert. Inserts carrying the slice 

were placed into wells containing 250l high serum medium, consisting of 

50% Eagle Basal Medium , 25% horse serum , 25% Hanks balanced salt 

solution, 0.5% glucose, 0.5% 200 mM L-glutamine, 1% antibiotic/antimycotic 

(all Gibco®, Fisher Scientific) and incubated at 34C/5% CO2, due to a 

slightly lower temperature giving a better yield of cell survival in postnatal 

tissues. After 4 days of equilibration, medium was removed from all wells and 
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replaced with fresh neurobasal medium (the same used to produce cMSC 

CM, section 2.3.4) and incubated for a further 3 days. 

2.3.15 cMSC CM treatment of slices 

After this seven-day period of establishing and equilibrating the spinal slices 

in culture, the inserts (containing slices) were removed from the wells and 

placed into clean petri dishes. The medium was removed from the wells and 

replaced with 250l of neurobasal cMSC CM or control medium (at least 

n=3). The inserts were then placed back into wells and the culture plates 

incubated undisturbed at 34C/5% CO2 for 72hr. 

2.3.16 Cell viability in spinal cord slices cell 

Following equilibration and culture in either 1ml cMSC CM or control medium 

(at least n=3), 10l of 1.5mM propidium iodide (PI) solution was added to the 

slice culture medium and incubated at 34C/5% CO2 for 10 minutes. Slice 

cultures were then washed twice in PBS (pH 7.4–7.6) and twice in dH2O, 

prior to fixation in 4% paraformaldehyde (PFA in 0.1M phosphate buffer, 

pH7.4) for 1hr at room temperature. Slices were washed again in PBS and 

dH2O before being mounted in fluorescent-free mounting medium. Stained 

slides were visualised and imaged under 20x magnification using a widefield 

fluorescence microscope (Leica DM6000, Leica Microsystems, Wetzlar, 

Germany). PI-stained nuclei were counted using the “Count Particles” 

function of ImageJ software in an interval of area size between 7 and 40m2. 

Values are expressed as number of PI-stained nuclei/m2. 
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2.3.17 Immunohistochemistry and confocal microscopy 

Following treatment with neurobasal cMSC CM or control medium, slices 

were fixed for 1hr at room temperature in 4% paraformaldehyde (PFA in 1M 

phosphate buffer, pH7.4), then washed repeatedly with PBS (0.02M, pH7.4). 

Slices were incubated with 250l blocking buffer (0.3% Triton-X and 2.5% 

normal horse serum) for 1hr at room temperature, shaking. Slices were then 

incubated with 250l primary antibodies (in blocking buffer) overnight at +4C 

on a gently shaking platform, or in blocking buffer only as a control. The 

primary antibodies used slices were rabbit polyclonal anti-III tubulin (1/1000) 

(ab18207), rabbit polyclonal anti-GFAP (1/1000) (ab7260) or rabbit 

polyclonal anti-NG2 (1/1000) (ab129051) (all Abcam). After this incubation, 

and removal of the primary antibodies or blocking buffer, the slices were 

washed repeatedly in PBS and incubated with horse anti-rabbit Dylite 488 

(1/250) (DI-1088, VectorLabs) in PBS for 3hr at room temperature, also 

gently being shaken on a platform in the dark. The secondary antibodies 

were removed, and the slices were then washed with PBS, before mounting 

onto glass slides using anti-fade mounting solution containing DAPI 

(VectorLabs). Immunoreactivity was visualised and imaged using confocal 

microscopy (Leica TCS SP5), and image analysis was completed via 

measurement of fluorescence intensity using ImageJ software. Image 

analysis of axonal process length was also completed using ImageJ neurite 

tracer software (Longair et al., 2011; Tavares et al., 2017). 

2.3.18 Calcium Imaging 

Following treatment with cMSC CM, slices were incubated with 250l of 

staining solution, which consisted of 3l Oregon Green 488 BAPTA (1,2-
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bis(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid)-1AM (50g Oregon 

Green, 4l DMSO and 2l 20% pluronic acid) in 1ml neurobasal medium for 

1hr at 34C/5% CO2. Slices were washed and stored in fresh neurobasal 

medium at 35C/5% CO2 until imaging. Stained slices were mounted onto a 

confocal microscope (Leica TCS SP5) equipped with a buffer transfer system 

in order to continually perfuse the slice with oxygenated artificial cerebral 

spinal fluid (125mM sodium chloride, 2.5mM KCl, 25mM NaHCO3, 1mM 

NaHPO4, 25mM glucose, 1mM MgCl2, and 2mM CaCl2 in dH2O). Time-

lapse sequences of digitised images were collected under a 40x water 

immersed objective, with an excitation wavelength at 488nm and an emission 

wavelength at 495-530nm. Digitised images were collected at 200ms frame 

intervals to a total of 1000 frames. Gain, offset and pinhole (300) were 

constant throughout imaging. 

2.4 Statistical analysis 

Unless otherwise indicated, at least 3 independent experiments were 

performed, i.e. using cMSC isolated and cultured from at least 3 donors, 

each experiment performed with at least 3 internal replicates for each donor. 

Statistical analysis was completed using IBM SPSS statistics software. 

Pooled and mean data sets were tested for normal distribution using Shapiro 

Wilk tests and relationships between parameters and differences between 

groups were tested for significance using one-way analysis of variance 

(ANOVA) with Tukeys post-hoc tests or t-Test for normally distributed data or 

Kruskal-Wallis test with Mann-Whitney U test post-hoc for non-normally 

distributed data. All data has been shown as means, standard deviations 

(SD) for pooled data and standard error of the means (SEM) for means data, 
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as indicated in each figure legend. Significance was accepted at or below the 

5% level. 
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Chapter 3. Intra-articular injections of autologous plastic-adherent and 

culture-expanded adipose cells for the treatment for joint pathologies in 

dogs 
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3.1 Background and Aims 

Arthritis in dogs, most commonly osteoarthritis (OA), occurs through the 

deterioration of cartilage from persistent strenuous exercise, and is more 

frequently observed in larger dogs (Bland, 2015). OA is considered an 

ageing disease, and is more common in the elbow, stifle (knee) and hip joints 

in dogs (K. L. Anderson et al., 2018). Mobility and comfort are often severely 

impacted (K. L. Anderson et al., 2018; Bland, 2015; Sasaki, Mizuno, 

Mochizuki, & Sekiya, 2019). Current treatment options include medications 

and physiotherapy for pain management (Bland, 2015; Pettitt & German, 

2016; Sasaki et al., 2019), and surgical procedures such as arthroscopy or 

joint replacement (Pettitt & German, 2016), similar to current treatment in 

humans (Anandacoomarasamy & March, 2010; Hunter & Bierma-Zeinstra, 

2019). 

Alternative treatments for arthritic joint pathologies have been studied and 

clinically tested, including the use of MSC in humans (Centeno et al., 2008, 

2010; Chahal et al., 2019; Davatchi et al., 2011; Davatchi, Sadeghi, 

Mohyeddin, & Nikbin, 2016; Jo, Lee, Shin, Kim, Chai, Jeong, Kim, Shim, 

Shin, Shin, et al., 2014; Orozco et al., 2013; Vega et al., 2015; Wakitani et 

al., 2002) and companion dogs (Black et al., 2007; Kriston-Pál et al., 2017; 

Marx et al., 2014; Muir et al., 2016; Vilar et al., 2013). 

The first multicentre, placebo controlled clinical trial of autologous MSC 

transplants in dogs with OA, used cells isolated and cultured from adipose 

tissue (Black et al., 2007). These researchers observed a reduction in 

lameness and an improvement in the range of motion of dogs treated (Black 

et al., 2007). The VTB is one of two animal tissue banks worldwide and offers 
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veterinary clinics across the UK and Europe the option of stem cell treatment 

for dogs that have been diagnosed with joint arthritis or arthritis related 

complications. This autologous treatment uses cells culture expanded from 

fat samples incised from the c-patient. In order to evaluate the effectiveness 

of the autologous adipose cell injection, veterinary clinicians and owners 

were asked to complete a Liverpool Osteoarthritis in Dogs (LOAD) score 

questionnaire (Hercock et al., 2009; Walton et al., 2013) prior to treatment, 

and in the first few months following each injection. Treatment was 

considered a success when the follow up LOAD score was lower than the 

initial score given prior to treatment. The data analysed within this study was 

pre-existing data dating back to 2017, which was anonymised for the 

purposes of this study, containing information such as age, weight, 

diagnosis, injection numbers and LOAD scores. The c-patients included in 

this analysis were selected for this treatment because other treatments either 

had not worked or were not suitable and LOAD scoring was subjective. 

Canine MSC produced in a clean room facility using good manufacturing 

practice that can be used as a safe and efficacious clinical treatment for joint 

pathology makes them an appealing source for use in SCI. However, the 

overall efficacy of this treatment has yet to be determined, and it is not known 

whether there is correlation between aspects of the treatment, in particular 

cell numbers generated and transplanted and c-patient characteristics 

including age, weight and gender. Therefore, the overall aim of this chapter 

was to analyse the clinical data collected from these treatments in order to 

ascertain whether MSC could potentially be used in treatment for SCI. 
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3.2 The diagnosis, affected joints and required treatment of c-patients 

receiving autologous cell injections   

Analysis of the whole cohort of c-patients (n=129) that were treated shows 

that a significantly higher number of dogs were suspected to have arthritis 

(n=64; p ≤ 0.001), with the remaining dogs either being diagnosed with 

confirmed arthritis (n=45) or a complication associated with arthritis (n=20) 

(Figure 3.1). The number of dogs that had treatment of an elbow joint was 

significantly higher (n=94; p ≤ 0.001) compared to dogs that had treatment of 

a hip (n=14), stifle (n=22) or other joint (n=25) (Figure 3.1). 

The greatest number of dogs receiving autologous cells required treatment of 

two joints (n=77), compared to dogs requiring treatment of a single joint 

(n=34; p ≤ 0.001), or more than 3 joints (n=18; p ≤ 0.001) (Figure 3.2). Out of 

all dogs treated (n=129), a significantly greater number of dogs received a 

single injection (n=78), compared to dogs receiving two (n=41; p ≤ 0.001), 

three (n=9; p ≤ 0.001) or four (n=1; p ≤ 0.001) (Figure 3.2). 
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Figure 3.1: Arthritis of the elbow joint was the most common diagnosis 

in dogs treated with autologous cells. (Top Panel) Analysis of clinical data 

showed that arthritis was suspected in the majority of dogs treated, and 

(Bottom Panel) that the elbow was significantly the most common joint 

affected. Data shown as frequency. (Chi-Square; n129) ***p ≤ 0.001. 
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Figure 3.2: Dogs with arthritis often received no more than two 

injections in one to two joints. (Top Panel) Significantly more dogs 

required treatment in two joints, compared to treatment in a single joint and 

(Bottom Panel) the greatest number of dogs required no more than two 

injections of autologous cells over their treatment period. Data shown as 

frequency. (Chi-Square; n129) *p ≤ 0.05, ***p ≤ 0.001. 
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3.3 Outcome measures of autologous cell injections 

Further analysis was focussed on dogs that had received treatments in up to 

two joints, and due to some loss in follow-up the number of dogs analysed 

was reduced (at least n=61). In the whole cohort, significantly more dogs 

responded to treatment following the first injection, as measured by a 

reduction in LOAD score (yes or no) (n=42; p ≤ 0.001) (Figure 3.3A), with a 

response rate of 67%. This response rate was similar in dogs that had one or 

two joints treated (n=27; response rate 60%) (Figure 3.3B), a single joint 

treated (n=9; response rate 69%) (Figure 3.3C) and two joints treated (n= 18; 

response rate 63%) (Figure 3.3D).  

Dogs that responded to treatment had significantly reduced LOAD scores 

compared to pre-treatment (Figure 3.4). In the whole cohort (n=62), the 

average LOAD score of responsive dogs was 64% of the pre-treatment 

LOAD (p ≤ 0.001), whereas the LOAD score of non-responsive dogs 

significantly increased to 124% of the pre-treatment LOAD score (p ≤ 0.001) 

(Figure 3.4A). In dogs that had one or two joints treated (n=43), the LOAD 

score of responsive dogs was 61% (p ≤ 0.001), and the non-responder dog 

LOAD score significantly increased to 131% (p ≤ 0.001) of the pre-treatment 

LOAD score (Figure 3.4B). Responsive dogs with a single joint treated 

(n=13), had a LOAD of 57% (p ≤ 0.001), and non-responders LOAD 

marginally increased to 109% (p ≤ 0.001) (Figure 3.4C). LOAD of responsive 

dogs with two joints treated was 64% (p ≤ 0.001), and non-responders LOAD 

significantly increased to 138% (p ≤ 0.001) (Figure 3.4D). 
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Figure 3.3: The rate of responsive versus non-responsive dogs after 

treatment with autologous cells. Overall, a significantly greater number of 

dogs responded to treatment (n=62) (A). Marginally higher numbers of dogs 

responded in cohorts that had up to two joints treated (n=43) (B), a single 

joint treated (n=13) (C) or two joints treated (n=30) (D). Data shown as 

frequency. (Chi-Square; n62) *p ≤ 0.05, ***p ≤ 0.001. 
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Figure 3.4: The LOAD scores in responsive dogs was reduced by 

autologous cell treatment. Average LOAD scores of dogs treated with 

autologous cells decreased significantly (n=62) (A), and this significant 

reduction was observed in cohorts of dogs with up to two joints treated 

(n=43) (B), a single joint treated (n=13) (C) and two joints treated (n=30) (D). 

Non-responding dogs had a significantly increased LOAD score, apart from 

those dogs with a single joint treated (C). Data (normalised to pre-treatment 

LOAD Scores) shown as means ± SD (Mann-Whitney U, t-Test; n=62) ***p ≤ 

0.001. 
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3.4 The relationships between cell numbers and age of c-patients on 

the outcomes of treatment 

There was no correlation between the number of cells used in the first 

injection and the outcome of treatment in any of the cohorts (Figure 3.5). 

There was very little correlation between cell number and LOAD in the whole 

cohort (n=61; R=0.105) (Figure 3.5A), in dogs that received treatment in one 

or two joints (n=42; R=0.052) (Figure 3.5B), a single joint (n=13; R=0.071) 

(Figure 3.4C) or two joints (n=29; R=0.004) (Figure 3.5D). 

The age of dogs at time of cell isolation did not correlate with the final 

number of cells within the first injection in any of the cohorts, however there 

was a marginal negative trend (Figure 3.6). Correlation between age and cell 

number was low in the whole cohort (n=61; R=0.125) (Figure 3.6A), in dogs 

treated in one or two joints (n=42; R=0.112) (Figure 3.6B), a single joint 

(n=13; R=0.097) (Figure 3.6C) or two joints (n=29; R=0.127) (Figure 3.6D). 

Similarly, there was no correlation between the age of dogs and treatment 

outcome in the whole cohort (n=62; R= 0.048) (Figure 3.7A). No correlation 

was seen in dogs treated in one or two joints (n=42; R=0.014) (Figure 37B) 

or dogs treated in two joints (n=29; R=0.224) (Figure 3.7D). However, there 

was a marginal negative correlation in the latter. There was a significant 

positive correlation between age of dogs treated in one joint and an 

increasing LOAD score post treatment (n=13; R=0.662; p ≤ 0.05) (Figure 

3.7D). 

 

 



153 
 

Figure 3.5: The relationship between cell number and the outcome of 

treatments. There was no correlation between cell number in injections 

received and the response to treatment of dogs (R=0.105) (A). The lack of 

correlation was also observed in cohorts of dogs that had up to two joints 

treated (R=0.052) (B), a single joint treated (R=0.071) (C) or two joints 

treated (R=0.004) (D). Data normalised to pre-treatment LOAD Scores. 

(Regression Analysis; n=61). 
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Figure 3.6: The relationship between c-patient age and cell numbers 

within injections. There was no correlation between the age of the dogs 

and the cell number in injections received (R=0.125) (A). The lack of 

correlation was also observed in cohorts of dogs that had up to two joints 

treated (R=0.112) (B), a single joint treated (R=0.097) (C) or two joints 

treated (R=0.127) (D). Data normalised to pre-treatment LOAD Scores. 

(Regression Analysis; n=61). 
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Figure 3.7: The relationship between c-patient age and the outcome of 

treatments. There was no correlation between the age of the dogs and 

average LOAD score in the whole cohort (R=0.048) (A), or in dogs that had 

up to two joints treated (R=0.014) (B). There was a significant positive 

correlation in dogs with one joint treated between their age and response to 

treatment (R=0.662) (C), but no correlation in dogs that had two joints treated 

(R=0.224) (D). Data normalised to pre-treatment LOAD Scores. (Regression 

Analysis; n=61) *p ≤ 0.05. 
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3.5 The relationships between c-patient weight or gender and cell 

numbers and the outcomes of treatment 

Analysis of relationships between c-patient weight or gender was focussed 

on dogs that had received treatments in either one or two joints, and due to 

some missing data the number of dogs analysed was reduced (at least 

n=30).The weight of dogs at time of cell isolation did not correlate with the 

final number of cells within the first injection, regardless of whether the dogs 

had one joint (n=13) (Figure 3.8A) or two joints (n=30) (Figure 3.8B) treated. 

However, there was a marginal decrease in the number of cells from 

overweight dogs compared to dogs of a normal weight in both cohorts. 

There was also no correlation between weight and treatment outcome, 

whether the dogs responded to treatment or not (Figure 3.8C, Figure 3.8D). 

Overweight dogs treated in one joint had a marginally lower post treatment 

LOAD (48%) compared to dogs of a normal weight (67%) (Figure 3.8C). 

Similarly, the gender of dogs at time of cell isolation did not correlate with the 

final number of cells within the first injection, whether the dogs had had one 

joint (n=13) (Figure 3.9A) or two joints (n=30) (Figure 3.9B) treated. 

However, cell number was marginally higher in male dogs that had one joint 

treated (Figure 3.9A), but marginally higher in female dogs that had two joints 

treated (Figure 3.9B). There was also no correlation between c-patient 

gender and the outcomes of treatment, regardless of whether dogs had 

responded to treatment (Figure 3.9C, Figure 3.9D). Out of female dogs 

treated in one joint (n=3), all responded (100%) (Figure 3.9C). Male dogs that 

had two joints treated had a marginally lower post treatment LOAD (56%) 

compared to female dogs (83%) (Figure 3.9D). 
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Figure 3.8: There was no correlation between c-patient weight and cell 

number or treatment outcomes. There was no correlation between the 

weight of the dogs and cell number at injection (A and B). However, 

overweight dogs received injections containing a marginally lower cell 

number in both cohorts of dogs with one joint treated (A) and two joints 

treated (B). Weight had no correlation with treatment responsiveness of dogs 

with one joint treated (C) and two joints treated (D). Data (normalised to pre-

treatment LOAD Scores) shown as means ± SD. (Mann-Whitney U; n=30). 
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Figure 3.9: There was no correlation between c-patient gender and cell 

number or treatment outcomes. There was no correlation between the 

gender of the dogs and cell number at injection (A and B). Male dogs with 

one joint treated received injections containing a marginally higher cell 

number (A), however gender had no effect on cell number in injections 

received in dogs with two joints treated (B). Gender had no correlation with 

treatment responsiveness of dogs with one joint treated (C) and two joints 

treated (D), however marginally more female dogs with two joints were 

responsive (D). Data (normalised to pre-treatment LOAD Scores) shown as 

means ± SD (Mann-Whitney U; n=30). 
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3.6 The relationships between non-responsive c-patients and the 

outcomes of further treatment 

Dogs that had treatment for one or two joints that did not respond to the first 

injection (n=16) were further analysed for response to further treatment. Out 

of the cohort that did not respond initially, less than half went on to receive 

further treatment (n=7; 44%) (Figure 3.10). More dogs that received a second 

injection and were assessed (n=5) did not respond to this further treatment 

(n=4; 80%) (Figure 3.10). Although LOAD of initial treatment non-responders 

was marginally lower after the first injection in dogs that went on to receive a 

second injection (n=4; 126%) compared to dogs that received a single 

treatment (n= 11; 136%), LOAD then increased again following the second 

treatment, significantly so compared to pre-treatment (161%; p ≤ 0.05) 

(Figure 3.10). The dogs that responded to the second treatment (n=1) only 

had a marginally improved LOAD (73%) compared to pre-treatment (Figure 

3.10C). 
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Figure 3.10: Dogs non-responsive to the first injection did not respond 

to a second injection. (Top Panel) Less than half of dogs that did not 

respond to initial treatment received a second injection (n=6), and (Middle 

Panel) a greater number of dogs that received a second injection did not 

respond to this treatment (n=5). (Bottom Panel) Dogs that did not respond to 

the second injection had a significant increase in LOAD score. Data 

(normalised to pre-treatment LOAD Scores) shown as means ± SD (Mann-

Whitney U) *p ≤ 0.05. 
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3.7 Discussion 

For dogs suffering with joint arthritis where medications and physiotherapy 

alone do not aid functional recovery or pain reduction, MSC treatment could 

be the final option. Many studies have shown MSC application is beneficial to 

cartilage regeneration (Diekman et al., 2013; Hideyuki Koga et al., 2007; 

Kriston-Pál et al., 2017; Orozco et al., 2013; Satué et al., 2019; Wakitani et 

al., 2002), and it is assumed that the autologous cells used within this study 

are MSC 

The majority of dogs in this study required treatment of the elbow, followed 

by the stifle and the hip, correlating with known prevalence of arthritis in dogs 

(K. L. Anderson et al., 2018). Previous clinical trials using MSC have mainly 

focussed on the hip or stifle joints (Black et al., 2007; Marx et al., 2014; Muir 

et al., 2016; Vilar et al., 2013), therefore this study has provided data on 

autologous cell therapy for arthritis in more than one joint, including 

forelimbs. 

A significant response rate (as shown by LOAD improvement) of 67% of the 

whole cohort of treated dogs and responsive dogs showed an average 

reduction of LOAD that was significant compared to pre-treatment. Results of 

this study correlate with those of other clinical trials that showed 

responsiveness of between 60% and 80% (Kriston-Pál et al., 2017; Marx et 

al., 2014). Cell number injected into joints did not directly correlate with the 

outcome of the treatment, and a similar observation was made in regard to 

the age of the dogs and treatment outcome. Cell numbers used in both pre-

clinical studies (L. Li et al., 2018; Miki, Takao, & Miyamoto, 2015) and clinical 

trials (Guercio et al., 2012; Kriston-Pál et al., 2017; Marx et al., 2014; Muir et 
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al., 2016; Vilar et al., 2013) have vastly varied, ranging from numbers as low 

as 2 x 105 cells (Marx et al., 2014; Miki et al., 2015) to as high as 5 x 107 

cells (Miki et al., 2015). In all of these studies, improvement was observed 

following administration of MSC. Interestingly, a dose dependent phase I in 

human subjects showed that 1 x 108 cells was the most beneficial (Jo, Lee, 

Shin, Kim, Chai, Jeong, Kim, Shim, Shin, Shin, et al., 2014), slightly 

contradictory to an in vivo study in canines that showed that the medium 

dose of 5 x 106 resulted in a greater improvement (Miki et al., 2015). 

Similarly, the average age of subjects ranged between studies with some 

using animals aged one year or less (Guercio et al., 2012; L. Li et al., 2018), 

five years (Marx et al., 2014; Muir et al., 2016; Vilar et al., 2013) or nine 

years (Marx et al., 2014). The 2014 trial of dogs with arthritis compared 

autologous AT MSC to complete stromal vascular fraction and although 

researchers observed improvement in both treated cohorts, AT MSC c-

patients showed a lesser improvement (Marx et al., 2014). This could be due 

to either the cell number administered, which was ten times greater in the 

stromal vascular fraction treatment than AT MSC treatment (2-8 x 105 and 2-

8 x 106 respectively), or that the average age of the AT MSC c-patients was 

double that of the stromal vascular fraction c-patients (8.6 years and 4.4 

years respectively) (Marx et al., 2014). Further study would be required to 

understand the correlations of age, cell number and treatment outcome in 

this instance. 

There have been varied results regarding the possible effect of donor age on 

cell number. In vitro studies have shown that cultures of MSC harvested from 

older donors had reduced population doubling times (Maredziak et al., 2016), 
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chondrogenic potential (Maredziak et al., 2016), immunoregulation (L. W. Wu 

et al., 2014) and cell metabolism (Peffers et al., 2016). In vivo data is mixed, 

with some studies showing a decrease in numbers obtained from bone 

marrow aspirates of older donors, and a reduction in the overall capability of 

MSC (Stolzing, Jones, McGonagle, & Scutt, 2008), and others showing 

minimal, non-significant trends between young and old donors (Siegel et al., 

2013). In this study, no correlation between c-patient age of dogs and cell 

number, nor treatment outcome, was observed. The varied age of animals 

used in other studies (Guercio et al., 2012; L. Li et al., 2018; Marx et al., 

2014; Muir et al., 2016; Vilar et al., 2013) makes it difficult to understand if 

age affects overall outcome, however it could be assumed that age has 

minimal effect thus far. 

Other c-patient characteristics that were compared in this study were the 

weight and gender of the dogs at beginning of treatment. In both pre-clinical 

studies (L. Li et al., 2018; Miki et al., 2015) and clinical trials (Guercio et al., 

2012; Kriston-Pál et al., 2017; Marx et al., 2014; Muir et al., 2016; Vilar et al., 

2013), weight was often controlled for, with subjects and c-patients being 

within the normal weight range for their breeds, and gender of dogs was not 

analysed comparatively. In this study, no correlation was observed between 

c-patient weight or gender and cell numbers nor on the outcome of the 

treatment. A 2013 study highlighted some marginal differences in cells 

isolated from male and female subjects (Siegel et al., 2013), but in the 

current study, gender was not correlated with either the cell number nor the 

overall outcome of the treatments. 
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Non-responsive dogs that had treatment for one or two joints were analysed 

for response to further treatment. Less than 50% of the dogs that did not 

respond to initial treatment received further treatment and continued to show 

non-response to treatment, with LOAD score significantly increasing 

compared to pre-treatment. 

Study limitations include the lack of knowledge of c-patient medications 

administered at the time of injections, reliance on owners to complete LOAD 

questionnaires efficiently and effectively, and that accurate predictions on 

success of treatment outcome cannot be made. In clinical studies, exclusion 

criteria include medication such as non-steroidal anti-inflammatories (Kriston-

Pál et al., 2017; Marx et al., 2014; Muir et al., 2016; Vilar et al., 2013), as 

these medications reduce pain (Bland, 2015; Pettitt & German, 2016; Sasaki 

et al., 2019) and therefore could interfere with the results of MSC treatments. 

Reliance on owners to complete questionnaires is a limitation to many 

studies (Kriston-Pál et al., 2017; Marx et al., 2014; Muir et al., 2016; Vilar et 

al., 2013), including this one. Additionally, the LOAD questionnaire contains 

queries that are extremely subjective, meaning owners may respond more 

positively or negatively dependent on a variety of factors. Due to this, it 

cannot be known if all of the available data is accurate and there has had to 

be a level of accuracy assumption throughout this chapter. Finally, the lack of 

correlation in specific c-patient characteristics make it difficult to predict 

whether a c-patient will respond to treatment or not. There has been a study 

comparing MSC isolated from large dogs of different breeds (Bertolo, 

Steffen, Malonzo-Marty, & Stoyanov, 2015). Cell numbers across breeds 

were similar, but isolated cells senesced earlier in some breeds, and 
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differentiation potential also differed in certain breeds (Bertolo et al., 2015). 

Such data could potentially give more informed predictions of c-patient 

response to autologous MSC treatment. This chapter was not a designed 

clinical study, but rather an analysis of pre-existing data from a treatment 

available on the market. Therefore, there was no inclusion or exclusion 

criteria for c-patient recruitment, nor was there a control group for 

comparative purposes. Coupled with the subjectivity of the LOAD scoring 

system, it will be difficult to extrapolate this data beyond what is seen in this 

initial analysis. 

To conclude, the data from this study has shown that autologous cell 

treatment for joint pathology improved function (as measured by LOAD 

score), and safe according to the lack of adverse effects reported. There is 

potential for their use in treatment for SCI under the assumption that they are 

MSC, however further investigation such as characterisation according to 

ISCT criteria (Dominici et al., 2006), secretome activity and their action in 

response to spinal cord and SCI microenvironmental factors is required. 
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Chapter 4. Phenotype of cultured canine plastic adherent cells from the 

Veterinary Tissue Bank Ltd.: MSC characterisation and paracrine 

activity 
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4.1 Background and Aims 

The ISCT criteria to be met for cells to be considered MSC are that the cells 

should be plastic adherent, have a specific CD marker profile and be able to 

undergo tri-lineage differentiation to form osteoblasts, chondrocytes and 

adipocytes (Dominici et al., 2006). These criteria include MSC isolated from 

bone marrow and adipose tissue and have been shown previously in cells 

isolated from humans and dogs (Pittenger et al., 1999; Screven et al., 2014; 

Vieira et al., 2010), as well as MSC from various other sources such as 

umbilical cord (G. Chen et al., 2014; Mennan et al., 2013; H. Ren et al., 

2016), dental tissue (Gronthos et al., 2000; Seo et al., 2004) and synovial 

fluid (De Bari et al., 2001; Garcia et al., 2016; E. A. Jones et al., 2004).In 

addition, MSC have been shown to have angiogenic and neurogenic activity 

(Cizkova et al., 2018; Ide et al., 2010; Nakajima et al., 2012; Neuhuber et al., 

2005; Takahashi et al., 2018; Tsai et al., 2018; Walter et al., 2015; K. T. 

Wright et al., 2007, 2014), including through paracrine actions (C. W. Park et 

al., 2009; Walter et al., 2015, 2010; K. T. Wright et al., 2007, 2014), and this 

paracrine activity has also been observed in cMSC previously (Clark et al., 

2016; Humenik et al., 2019; Villatoro et al., 2019). Therefore, the overall aim 

of this chapter was to confirm the cMSC phenotype according to the 

available defined ISCT criteria (Dominici et al., 2006) and minimal 

commercially available antibodies for surface antigens, of cells used clinically 

by the VTB which are currently defined via plastic adherence and stromal 

morphology. Paracrine activity was assessed using responder cell lines 

EA.hy926 and SH-SY5Y to confirm angiogenic and neurogenic activity that is 
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comparable to human MSC, determining their potential use for therapies in 

SCI.  
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4.2 Characterisation of cMSC according to ISCT criteria 

Culture expanded cells from all donors from the Veterinary Tissue Bank Ltd. 

showed a fibroblastic morphology and were plastic adherent to the culture 

flasks (Figure 4.1A). Following treatment with standard induces of MSC 

differentiation for human MSC (Pittenger et al., 1999), cMSC from all donors 

tested showed limited staining for alkaline phosphatase enzymatic activity – 

indicative of osteoblastic differentiation (Figure 4.1B), deposited a 

cartilaginous extracellular matrix with metachromatic staining with toluidine 

blue in pellet cultures (Figure 4.1C) and showed limited stained with Oil Red 

O – indicative of adipocyte lipid accumulation (Figure 4.1D). These data 

demonstrated that the cMSC cultures had the potential to undergo tri-lineage 

differentiation along mesenchymal lineages. 

Following immunolabelling and flow cytometry, the majority of cMSC from all 

donors were immunoreactive for CD44 (77%  7%) and CD90 (86%  13%), 

and negative for CD45 (0%  0%). However, there was donor-donor variation 

in the proportion of cells that were immunoreactive for CD34 (28%  43%), 

with percentages of cells that were CD34 immunoreactive ranging from 0% 

to 92% (0%, 8%, 10% and 92%) (Figure 4.2). 
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Figure 4.1: Growth characteristic and tri-lineage differentiation of AT 

cMSC. Representative digitised images are shown of plastic adherent 

culture-expanded cells from the VTB Ltd, which had a stromal fibroblastic 

morphology (A) and following differentiation formed alkaline phosphatase-

positive osteogenic cells (B), a toluidine blue-stained cartilaginous 

extracellular matrix in pellet cultures (C), and Oil Red O positive adipocytic 

cells (D). White arrows have indicated positivity for these lineage-specific 

markers. All images were taken under phase contrast microscopy. Scale 

bars = 50m. 
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Figure 4.2: Surface antigen immunoreactivity of cMSC. Representative 

histograms are shown of flow cytometric analyses of cMSC for a panel of CD 

markers. Cells were immunocytochemically stained for (top panels) CD34, 

CD44, (middle panels) CD45 and CD90. Immunoreactivity for each CD 

marker (determined by levels of fluorescence labelling) is shown in red, while 

reactivity with isotype-matched irrelevant control antibodies are shown in 

blue. The y axis depicts the numbers of cells counted. (Bottom panel) 

Percentage of cMSC that were immunopositive for CD34, CD44, CD45 and 

CD90. Data shown are means ± SEM (n=4 donors). 
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4.3 The effects of cMSC CM on EA.hy926 endothelial cells 

Conditioned medium harvested from culture-expanded cMSC (cMSC CM) 

was used to assess their angiogenic activity on EA.hy926 endothelial cells by 

phase contrast microscopy and MTS assay for viable (metabolically active) 

cell numbers. There was a significant decrease, but moderate difference in 

MTS values at 48 hours in cMSC CM versus control medium (p ≤ 0.05). More 

markedly, as shown in Figures 4.3 and 4.4, by 72 hours of culture both the 

appearance of EA.hy926 cells and also the numbers of viable cells present 

(as determined by MTS assay) was significantly increased in cMSC CM 

compared with control medium (p ≤ 0.001). The cells appeared phase bright 

and there was no evidence of any decrease in cell adhesion; therefore, these 

data suggest that cMSC CM enhanced EA.hy926 endothelial cell 

proliferation.  

EA.hy926 cells cultured in cMSC CM on Matrigel substrates demonstrated a 

significant increase in their formation of endothelial tubule-like structures (p ≤ 

0.001), compared to when the EA.hy926 cells were cultured on Matrigel in 

control medium (Figure 4.5). 
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Figure 4.3: The appearance of EA.hy926 endothelial cells cultured in 

cMSC CM versus control medium. Representative phase contrast images 

are shown of EA.hy926 endothelial cells after 24hr, 48hr and 72hr of culture 

in cMSC CM or control medium. As shown, the cells appeared phase bright, 

indicative of cell viability, and remained adherent to the tissue culture 

surface. There was no evidence of a loss of cell viability, e.g. with a 

granulated appearance or floating cells. By 72hr of culture, there appeared to 

be more EA.hy926 cells present in cMSC CM compared to control medium, 

with no marked differences seen at the earlier time points. Scale bar = 

100m. 
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Figure 4.4: Culturing EA.hy926 endothelial cells in cMSC CM was 

associated with a significant increase in cell proliferation compared 

with control medium. MTS assays were performed to determine the 

number of viable EA.hy926 cells present after 24hr, 48hr and 72hr of culture 

in cMSC CM versus control medium. There was no difference in EA.hy926 

cell numbers at 24hr, and small, but nonetheless significant decrease in 

EA.hy926 cells in cMSC CM (versus control medium) at 48hr. However, 

there was a marked and significant increase in EA.hy926 cell numbers in 

cMSC CM (versus control medium) at 72hr of culture. Data shown as means 

± SEM (t-Test; n=4 donors). *p ≤ 0.05, *** p ≤ 0.001. 
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Figure 4.5: cMSC CM significantly increased EA.hy926 endothelial 

tubule-like formation in Matrigel assays compared with control medium. 

(Top panels) Representative phase contrast images are shown of EA.hy926 

endothelial cells cultured on Matrigel in cMSC CM versus control medium. As 

shown the EA.hy926 cells formed tubule-like structures (arrowed) with 

branching evident. (Bottom panels) Image analysis of digitised images 

demonstrated that this increase in tubule formation and the numbers of 

branch points was significantly increased in cMSC CM versus control 

medium. Data shown are means ± SEM. (t-Test; n=4 donors) *** p ≤ 0.001. 

Scale bar = 100m. 
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4.4 The effects of cMSC CM on SH-SY5Y neuronal cells 

There was an apparent increase in SH-SY5Y cell proliferation when cultured 

in cMSC CM compared to control medium, and image analysis of digitised 

images showed that this increase proliferation was significant (p ≤ 0.05). As 

demonstrated by LIVE/DEAD staining, there was no difference in SH-SY5Y 

cell viability, which remained greater than 95% in both conditions. In addition, 

MTS assays demonstrated increased SH-SY5Y cell numbers in cMSC CM 

versus control medium (p ≤ 0.05) (Figure 4.6). 

Image analysis was used to examine the extent of SH-SY5Y neurite 

outgrowth. This demonstrated a moderate, but nonetheless significant 

increase in SH-SY5Y neurite outgrowth after culture for 72hr in cMSC CM 

compared with control medium (p ≤ 0.01) (Figure 4.7). 

III-tubulin immunolabelling was used to further examine evidence of SH-

SY5Y neuronal differentiation. This showed an increase in the percentage of 

III-tubulin-immunoreactive cells in cMSC CM compared to control medium 

(p ≤ 0.001) (Figure 4.8). However, despite this increase in the proportions of 

immunoreactive SH-SH5Y cells, western blotting of SHSY5Y cells lysates did 

not show any significant changes in the levels of III-tubulin present between 

cells cultured in cMSC CM or control medium (Figure 4.9). 
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Figure 4.6: Culturing SH-SY5Y neuronal cells in cMSC CM enhanced 

their proliferation compared with control medium. (Top panels) 

Representative phase contrast images of SH-Y5Y neuronal cells cultured in 

cMSC CM versus control medium, along with LIVE/DEAD staining (Middle 

panels). As shown, there was an apparent increase in the numbers of SH-

SY5Y cells present in cMSC CM with no differences seen in the prevalence 

of viable (LIVE, green cells, arrowed) versus non-viable (DEAD, red cells, red 

arrowed). (Bottom panel) MTS assays were used to further determine the 

numbers of viable SH-SY5Y cells present after 72hr of culture in cMSC CM 

and control medium. As shown, there was a significant increase in SH-SY5Y 

cell numbers within cMSC CM. Data shown are means ± SEM. (t-Test; n=3-4 

donors) * p ≤ 0.05. Scale bar = 100m (both phase contrast and LIVE/DEAD 

staining). 
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Figure 4.7: Culturing SH-SY5Y neuronal cells in cMSC CM enhanced 

neurite outgrowth compared with control medium. (Top panels) 

Representative phase contrast images are shown of SH-Y5Y neuronal cells 

cultured in cMSC CM versus control medium. The lengths of neurites 

(arrowed) from the SH-SY5Y cells appeared longer in cMSC CM than in 

control medium. (Bottom panel) Image analysis of digitised images showed a 

significant increase in SH-SY5Y neurite length after 72hr of culture in cMSC 

CM compared to control medium. Data shown as means ± SEM. (t-Test; 

n=3) ** p ≤ 0.01. Scale bar = 200m. 
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Figure 4.8: Culturing SH-SY5Y neuronal cells in cMSC CM enhanced the 

proportions of cells that were III-tubulin immunoreactive compared 

with control medium.  (Top panels) Representative fluorescence images of 

SH-SY5Y neuronal cells cultured in cMSC CM versus control medium 

following immunostaining for the mature neuronal marker, III-tubulin 

(counterstained with DAPI). III-tubulin immunoreactivity was evident within 

the cell bodies and within the extended neurites (arrowed). (Bottom panel) 

Image analysis of digitised fluorescence images showed a significant 

increase in the percentage of III-tubulin immunoreactive cells after 72hr of 

culture in cMSC CM compared to control medium. Data shown as means ± 

SEM. (t-Test; n=3) *** p ≤ 0.001. Scale bar = 200m. 
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Figure 4.9: Culturing SH-SY5Y neuronal cells in cMSC CM had no effect 

on III-tubulin levels in SH-SY5Y cell lysates.  (Top panel) A western blot 

image of SH-SY5Y neuronal cells cultured in cMSC CM versus control 

medium (n=3, denoted as A, B and C on the representative image), 

immunostained for the mature neuronal marker III-tubulin. (Bottom panel) 

Densitometric quantification of digitised blot images showed that levels of 

III-tubulin immunoreactivity did not significantly differ in cMSC CM 

compared to control medium. Data shown as means ± SD. (t-Test; n=3). 
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4.5 Discussion 

After initial discovery of BM MSC in the 1970’s (Friedenstein et al., 1970), 

and subsequent isolation of cells from other tissues, such as adipose tissue, 

proper identification of MSC became important for global research in order to 

properly examine phenotype and reproducibility. For over a decade, MSC 

status has been confirmed using criteria set out by the ISCT (Dominici et al., 

2006). These criteria include plastic adherence, multidifferentiation potential 

along mesenchymal lineages (as shown by (Caplan, 1991)) and a particular 

CD profile. It also has been reported, and is fairly well accepted, that MSC 

cultures are highly heterogeneous and that there is a wide variation in their 

capacity to differentiate along the different mesenchymal lineages (Bianco et 

al., 2008).  

AT MSC have been shown to differentiate into adipocytes, chondrocytes, and 

osteoblasts, the latter to a lesser extent than bone marrow derived (BM) 

MSC (Han, Kwon, Park, & Kim, 2017; Liao & Chen, 2014; Screven et al., 

2014). This tri-lineage differentiation potential is not conserved to human-

derived MSC, but has also been observed in other animals, including dogs 

(Bearden et al., 2017; Russell et al., 2016; Sasaki et al., 2018; Villatoro et al., 

2019; N. Zhang et al., 2013). In the data reported in this chapter, canine AT-

MSC differentiated to some extent along these three mesenchymal lineages; 

however, the extent of differentiation was not great, i.e., they did not form a 

high proportion of alkaline phosphatase positive osteoblasts or Oil Red O 

positive adipocytes, although the evidence of chondrogenic differentiation 

was clear. Established differentiation protocols for human MSC were used in 

this experiment (Pittenger et al., 1999; Screven et al., 2014; Vieira et al., 
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2010), whilst there is a limited literature of species-specific protocols for 

canine MSC differentiation. However, two reports (Villatoro et al., 2019; N. 

Zhang et al., 2013) have described the use of alternative induction protocols 

for canine MSC that can induce differentiation more fully, especially along the 

adipogenic lineage where rabbit serum was used in the protocol. This 

suggests that it is possible to improve on the extent of differentiation seen 

herein, although rabbit serum has a very high lipid content, and many cell 

lines will take up these excess lipids. These engulfed lipid droplets will stain 

with Oil Red O, giving a read out of adipocytic differentiation that doesn’t 

necessarily correlate with the molecular and gene expression changes seen 

during such differentiation (Diascro et al., 1998). 

cMSC status was also examined by immunophenotyping and flow cytometry 

to assess their CD profile, using limited numbers of commercially available 

antibodies that have been reported as canine specific. The culture-expanded 

cells from the VTB Ltd., were tested after a number of different passages 

(due to variation in when they arrived into the laboratory at the University of 

Chester). Immunoreactivity in these cell populations were consistently 

positive for CD44 and CD90 and consistently negative for the haematopoietic 

marker CD45. There was some donor variation in immunoreactivity for CD34; 

however, this has been noted in previous studies in more than one species 

(Ferraro et al., 2013; Gronthos et al., 2001b; Mitchell et al., 2006; Russell et 

al., 2016) and some CD34 immunoreactive cells are a feature particularly in 

early passages of adipose derived stromal cells (Bourin et al., 2013; Maumus 

et al., 2011; Mitchell et al., 2006). Indeed, negative immunoreactivity of CD34 
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in MSC cultures has been theorised to be a product of in vitro culture 

(Maumus et al., 2011). 

In summary, due to a plastic-adherent growth pattern, evidence of the 

potential to undergo trilineage mesenchymal differentiation, and a CD 

immunoprofile that is akin to that suggested by the ISCT (Dominici et al., 

2006), it can be concluded with some confidence that the culture-expanded 

cells used within this study can be classified as cultures of cMSC. 

Upon confirmation of cMSC status, the secretome of the cMSC cultures was 

assessed in terms of angiogenic and neurogenic paracrine activity. Previous 

studies have shown that human MSC and MSC CM enhance both 

endothelial and neuronal proliferation, migration and differentiation both in 

vitro (Estrada et al., 2009; Kinnaird et al., 2004; Schinköthe, Bloch, & 

Schmidt, 2008; Timmers et al., 2011; Walter et al., 2015; K. T. Wright, 

Griffiths, & Johnson, 2010b; K. T. Wright et al., 2014; N. Zhang et al., 2013) 

and in vivo (Cantinieaux et al., 2013; Estrada et al., 2009; Kinnaird et al., 

2004; Neuhuber et al., 2005). Taken together, these data can have important 

implications in the context of SCI and SCI repair using cell free therapies. 

The SC has an extensive network of vasculature, supplied predominantly by 

the aorta. These branch inwards towards the central canal, ending with 

dense areas of capillaries (Mazensky, Flesarova, & Sulla, 2017; Ng, 

Stammers, & Kwon, 2011). There can be as many as 5 times more of these 

capillaries within the grey matter of the spinal cord compared to the white 

matter, thought to be due to the cellular arrangement within the SC (cell 

bodies within the grey matter) (Ng et al., 2011). Following a SCI, disruption 

and damage to this microvasculature occurs through ischaemia and oedema. 
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Clotting can also cause hypertension, disrupting vessel walls and increasing 

their permeability, leading to petechial haemorrhaging and breakdown of the 

blood spinal cord barrier (BSCB) (Ng et al., 2011). Endothelial necrosis can 

occur as quickly as 2 hours following a traumatic impact, moving through to 

the white matter. Angiogenesis usually begins after 3-4 days from spared 

vessels; however, these are often not functional enough to support 

neurogenesis until almost 2 weeks post injury (Ng et al., 2011). Using MSC 

CM as a therapy to enhance angiogenesis, particularly at the pivotal time-

points mentioned above, may help to accelerate repair and functional 

recovery. 

Similarly, following SCI, the primary and secondary responses to mechanical 

injury cause extensive damage to the local nerve architecture (Ronsyn et al., 

2008; Thuret, Moon, & Gage, 2006). Substantial cell death and inflammation 

causes astrocytes to become reactive, to proliferate and upregulate CSPG. 

The damage to the myelin sheath through inflammatory cell death of 

oligodendrocytes means that myelin debris also is released, which are nerve 

inhibitory factors within the injury site (Schultz, 2005). Ultimately, the 

combination of inflammation, cell death, demyelination, increase in 

neuroinhibitory molecules, and a relative decrease in neuropermissive 

molecules, makes axonal regeneration and tissue repair almost impossible 

(Ronsyn et al., 2008; Schultz, 2005). Using MSC CM in order to enhance and 

direct new axonal outgrowth, as well as encourage nerves to overcome 

inhibitory molecules within the site of injury may greatly improve functional 

recovery and aid in the repair of the injury. 
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It is important to note, however, that the method in which proliferation of the 

responder cell lines was assessed (MTS assay) does have limitations, 

although it is commonly used. The MTS data within this chapter is presented 

under the assumption that increased absorbance levels relate directly to 

increased cell number, however absorbance is instead relative to the 

metabolic activity of the cells which is not always correlated to the number of 

cells. Future experiments that could be used to validate the MTS data include 

a simple crystal violet assay in which only adhered and viable cells are 

stained, resulting in an absorbance reading that is directly correlated with the 

number of cells present. 

Overall, the observations from this chapter have shown that cMSC CM has 

potential as a therapeutic treatment for SCI, even considering the intricate 

association between angiogenesis and neurogenesis. However, the context 

in which the angiogenic and neurotrophic activity of the cMSC CM was 

examined is not overly representative of the damaged spinal cord where, as 

described above, the microenvironment changes after injury. The next results 

chapter describes how one element of this altered microenvironment, i.e., the 

presence of CSPG, may affect the survival and paracrine activity of cMSC. 
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Chapter 5. The effects of exposing cMSC cultures to chondroitin 

sulphated proteoglycans (CSPG) on cMSC-mediated angiogenesis and 

neurogenesis: an in vitro study 
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5.1 Background and Aims 

The potential of using MSC as a therapy for SCI has been often reported 

using smaller animal models (Chopp, Xue, et al., 2000; Cizkova et al., 2018; 

Hofstetter et al., 2002; E. Y. Lee et al., 2009; Neuhuber et al., 2005; 

Takahashi et al., 2018; Tsai et al., 2018; Villatoro et al., 2019). Coupled with 

in vitro studies targeting particular aspects of SCI, evidence is growing of 

their angiogenic and properties (Walter et al., 2015; K. T. Wright et al., 2007, 

2014). However, MSC survival has shown to decrease following 

transplantation into lesion sites (Himes et al., 2006; Ide et al., 2010; Ohta et 

al., 2017; Ribeiro et al., 2015; Tan et al., 2013; Urdzíková et al., 2014). 

It is still unknown as to why MSC numbers decrease so quickly when used 

as a therapeutic. Some studies have touched upon the possibility of MSC 

producing a further immune response (Torres-Espín et al., 2013, 2015), and 

others have observed transdifferation of MSC rather than apoptosis (L. Tang 

et al., 2016; G. H. Wu et al., 2018; Yang et al., 2017). Of interest to note is 

that in the majority of studies which observed reduction in MSC survival, 

functional improvements and neuronal regeneration was still evident (Himes 

et al., 2006; Ide et al., 2010; Nakajima et al., 2012; Ohta et al., 2017; Ribeiro 

et al., 2015; Takahashi et al., 2018; Tan et al., 2013; Torres-Espín et al., 

2014; Urdzíková et al., 2014). 

 The microenvironment of the lesion following SCI becomes hostile through a 

combination of excitotoxicity, immune cell influx, an increase in the presence 

of inflammatory cytokines and reactive astrocytes secreting CSPG (Ronsyn 

et al., 2008; Schultz, 2005; Thuret et al., 2006). However, whilst modulating 

the levels of inflammation has been shown to help prevent cell death in 
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transplanted MSC (Tan et al., 2013), the effects of other microenvironmental 

features of the SCI lesion on MSC is poorly understood. CSPG form part of 

the glial scar, a mechanism to prevent further damage of the BSCB (Ronsyn 

et al., 2008; Schultz, 2005). The concentration of CSPG increases over time 

following SCI, reaching peak concentrations at 2 weeks post injury (L. L. 

Jones, Margolis, & Tuszynski, 2003; Massey et al., 2008). Interestingly, 

those studies observing decrease in MSC viability in vivo, reported such 

findings as early as 2 week following transplantation (Ide et al., 2010; Tan et 

al., 2013), directly coinciding with the increase in CSPG. 

To date, no in vitro studies have been conducted on how CSPG affect MSC 

in the context of growth, viability and activity. Therefore, the overall aim of the 

research reported in this chapter was to explore how CSPG affected cMSC 

adhesion, viability and cMSC paracrine action, through assessment of cMSC 

cell spreading and growth, and the continued use of the responder cell lines 

EA.hy926 endothelial cells and SH-SY5Y neuronal cells. 
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5.2 The effects of CSPG on cMSC 

Coating plates with CSPG inhibited cMSC adhesion in a temporal and 

concentration-dependent manner (Figure 5.1). At 2 hours post-seeding, the 

appearance of cells, i.e., whether they were rounded or more stromal with 

cytoplasmic extensions onto the culture substrate, and the extent of cell 

spreading, indicated a greater adhesion in control wells (with no CSPG 

coating), compared with reduced adhesion as CSPG concentration 

increased. This trend was also present at 24 hours post-seeding; however, 

by 120 hours post-seeding, there was no apparent difference in the adhesion 

and morphology of cMSC despite the increased CSPG concentration. 

Image analysis of captured digitised images of cMSC on the various culture 

substrata and statistical analysis of the data generated showed a significant 

concentration-dependent decrease in the percentage of adhered cells at 2 

hours post-seeding (p≤0.005) (Figure 5.2), with post hoc tests showing 

significant differences in the percentage of adherent cells at 2 hours and at 

24 hours post-seeding between control (no CSPG) and 10g/ml CSPG (p ≤ 

0.005) and control and 100g/ml CSPG (p ≤ 0.05), respectively (Figure 5.2). 

However, this inhibitory effect of cell adhesion was temporary as there were 

no significant differences in the percentages of adherent cells at 120 hours 

post seeding (Figure 5.2). 

Cell spreading (calculated by measuring cell area) at 24 hours post-seeding 

was also decreased significantly on 100g/ml CSPG coated plates compared 

with control plates (p ≤ 0.05) (Figure 5.2). Again, this effect was temporary as 

there were no significant differences seen between cMSC cell areas on the 
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control plates and the 10g/ml CSPG or 100g/ml CSPG coated plates at 

120 hours post-seeding (Figure 5.2). 

Culturing cMSC on increasing concentrations of CSPG had no effect on the 

viability of the adherent cells. Adherent cells were shown to be 100% viable 

after culture on control plates (0g/ml CSPG), 10g/ml CSPG and 100g/ml 

CSPG coated plates at 24 hours and 120 hours after seeding (Figure 5.3). 

CSPG levels in the harvested conditioned medium were tested via DMMB 

assay. These results showed that there was no detectable difference 

between all of the conditions, with AU levels below levels of detection, i.e., no 

higher than PBS alone (data not shown). 
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Figure 5.1: Coating tissue culture wells with CSPG inhibited cMSC 

adhesion and cell spreading in a temporary manner. Representative 

phase contrast images are shown of cMSC at 2 hours, 24 hours and 120 

hours after seeding onto tissue culture plastic that had been pre-adsorbed 

with carrier solution alone (PBS; control wells), 10µg/ml or 100µg/ml of 

CSPG (in PBS). There were apparently fewer adherent cells, which showed 

less cell spreading from filopodia or lamellipodia (denoted by arrows) on 

10µg/ml CSPG and 100µg/ml CSPG coated plates at 2 hours and 100g/ml 

CSPG coated plates at 24 hours post seeding. Scale bar = 200m. 
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Figure 5.2: CSPG coating of tissue culture plastic significantly inhibited 

cMSC adhesion and cell spreading. Image analysis of digitised images 

using ImageJ software demonstrated that (Left Panels) there was a 

significant and CSPG concentration dependent decrease in the proportions 

of cMSC that were adherent versus non-adherent (as depicted by rounded 

versus a spread appearance), (Right Panels) and also that the extent of cell 

spreading (measured as cell area) was also decreased on CSPG coated 

wells. Data shown are means ± SEM. (ANOVA with Tukey HSD posthoc; n=3 

donors) * p ≤ 0.05 ** p ≤ 0.01. Scale bar = 200m. 
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Figure 5.3: cMSC remained viable after culture on CSPG. Representative 

fluorescent images are shown of cMSC at 24 hours and 120 hours after 

seeding onto tissue culture plastic pre-adsorbed with carrier solution alone 

(PBS; control wells), 10µg/ml or 100µg/ml of CSPG (in PBS) and assayed for 

cell viability with LIVE/DEAD staining. Green cells are viable and red cells 

are dead. In all cases, greater than 95% of cells were viable. 
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5.3 The effects of CSPG exposure on cMSC-mediated angiogenic 

activity. 

Coating tissue culture wells with cMSC CM prior to seeding EA.hy926 

endothelial cells increased endothelial cell proliferation after 2 hours of 

culture compared to control medium. This pro-adhesive effect was reduced 

when CSPG primed cMSC CM was used, but the reduction was non-

significant (Figure 5.4). 

In contrast, coating tissue culture wells with cMSC CM prior to seeding 

EA.hy926 endothelial cells significantly decreased endothelial cell 

proliferation after 24 hours of culture compared to control medium (p ≤ 

0.005). This effect in endothelial cell number, as determined by MTS assay, 

was significantly increased in cMSC CM that had been generated by cMSC 

cultured on CSPG substrata (p ≤ 0.05 and p ≤ 0.005) (Figure 5.5). 

Surprisingly, coating tissue culture wells with cMSC CM prior to seeding 

EA.hy926 endothelial cells again increased endothelial cell proliferation, 

however only marginally, after 48 hours of culture compared to control 

medium. Similarly, to observations at 2 hours post seeding, this enhanced 

proliferation was marginally abrogated in cMSC CM that had been generated 

by cMSC cultured on CSPG substrata (Figure 5.6). 

There was no increase in EA.hy926 endothelial cell proliferation in cMSC CM 

when this was added to EA.hy926 cells seeded onto non-coated tissue 

culture wells for 24 hours and then the medium replaced with cMSC CM for a 

further 24 hours (Figure 5.7), however there was an increase observed at 48 

hours (Figure 5.8). Furthermore, this proliferative effect of cMSC CM when 

added as a solution on the EA.hy926 endothelial cells was abrogated when 
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using cMSC CM that had been generated in the presence of 10µg/ml CSPG 

compared to cMSC CM alone (Figure 5.8).  

Taken together, these data demonstrate that cMSC CM enhanced EA.hy926 

endothelial cell proliferation, but for only short periods of time, and that this 

proliferative effect was moderated by prior exposure of the cMSC to CSPG.  

Seeding EA.hy926 cells in cMSC CM onto a Matrigel substrate showed an 

increase in the formation of endothelial tubule-like structures with branch 

points after 24 hours compared to control medium (Figure 5.9).  

Image analysis of captured digitised images demonstrated that the increases 

tubule formation and presence of branch points was significant (Figures 

5.10A and 5.10B). The cMSC CM harvested from cMSC exposed to CSPG 

also significantly increased endothelial tubule formation (p ≤ 0.05) and 

branch points (p ≤ 0.05) compared to control medium, but in this instance, 

there was no marked increase compared to cMSC CM alone. These data 

demonstrate that cMSC CM in itself increases the formation of endothelial 

tubule-like structures. 
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Figure 5.4: Coating with CSPG-primed cMSC CM prior to seeding 

EA.hy926 reduced early endothelial cell adhesion. (Top Panel) 

Representative phase contrast images are shown of EA.hy926 cells at 2 

hours post-seeding on wells coated either with control medium or with cMSC 

CM. The cMSC had been exposed to substrata pre-absorbed with carrier 

alone (i.e., PBS; 0g/ml), 10g/ml or 100g/ml of CSPG. (Bottom Panel) 

MTS assays were used to determine the number of viable EA,hy926 

endothelial cells present after 2 hours of culture. As shown, there was a 

significant increase in endothelial cells numbers on cMSC CM coated wells, 

which was marginally reduced by priming the cMSC cultures with CSPG 

substrata. Data shown are means ± SD. (t-Test; n=3 donors) * p ≤ 0.05. 

Scale bar = 100m. 
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Figure 5.5: Coating with CSPG-primed cMSC CM prior to seeding 

EA.hy926 increased endothelial cell adhesion at 24hr. (Top Panel) 

Representative phase contrast images are shown of EA.hy926 cells at 24 

hours post-seeding on wells coated either with control medium or with cMSC 

CM. The cMSC had been exposed to substrata pre-absorbed with carrier 

alone (i.e., PBS; 0g/ml), 10g/ml or 100g/ml of CSPG. (Bottom Panel) 

MTS assays were used to determine the number of viable EA.hy926 

endothelial cells present after 24 hours of culture. As shown, there was a 

significant decrease in endothelial cells numbers on cMSC CM coated wells, 

however this effect was abrogated in cMSC CM from cultures that had been 

primed with exposure to CSPG substrata. Data shown are means ± SD. (t-

Test; n=3 donors) * p ≤ 0.05. Scale bar = 100m. 
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Figure 5.6: Coating with CSPG-primed cMSC CM prior to seeding 

EA.hy926 decreased long term endothelial cell adhesion. (Top Panel) 

Representative phase contrast images are shown of EA.hy926 cells at 48 

hours post-seeding on wells coated either with control medium or with cMSC 

CM. The cMSC had been exposed to substrata pre-absorbed with carrier 

alone (i.e., PBS; 0g/ml), 10g/ml or 100g/ml of CSPG. Scale bar: 100µm 

(Bottom Panel) MTS assays were used to determine the number of viable 

EA.hy926 endothelial cells present after 48 hours of culture. As shown, there 

was a marginal increase in endothelial cells numbers on cMSC CM coated 

wells, however this effect decreased in wells coated with cMSC CM from 

cultures that had been primed with exposure to CSPG substrata. Data shown 

are means ± SD. (t-Test; n=3 donors) Scale bar = 100m. 
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Figure 5.7: Culturing EA.hy926 cells in CSPG-primed MSC CM in 

solution had no effect on endothelial cell proliferation at 24hr. (Top 

Panel) Representative phase contrast images are shown of EA.hy926 

endothelial cells cultured for 24 hours in cMSC CM versus control medium. 

The cMSC had been exposed to substrata pre-absorbed with carrier alone 

(i.e., PBS; 0g/ml), 10g/ml or 100g/ml of CSPG. (Bottom Panel) MTS 

assays were used to determine the number of viable EA.hy926 endothelial 

cells present after 24 hours of culture. As shown, there was no effect in 

endothelial cells numbers cultured in cMSC CM, with only a slight increase in 

wells cultured in cMSC CM from cultures that had been primed with exposure 

to CSPG substrata. Data shown are means ± SD. (t-Test; n=3 donors) * p ≤ 

0.05. Scale bar = 100m. 
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Figure 5.8: Culturing EA.hy926 cells in CSPG-primed MSC CM in 

solution decreased endothelial cell proliferation in long term culture. 

(Top Panel) Representative phase contrast images are shown of EA.hy926 

endothelial cells cultured for 48 hours in cMSC CM versus control medium. 

The cMSC had been exposed to substrata pre-absorbed with carrier alone 

(i.e., PBS; 0g/ml), 10g/ml or 100g/ml of CSPG. (Bottom Panel) MTS 

assays were used to determine the number of viable EA.hy926 endothelial 

cells present after 48 hours of culture. As shown, there was a non-significant 

increase in endothelial cells numbers cultured in cMSC CM, however this 

effect was abrogated in wells cultured in cMSC CM from cultures that had 

been primed with exposure to CSPG substrata. Data shown are means ± 

SD. (t-Test; n=3 donors). Scale bar = 100m. 
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Figure 5.9: cMSC CM and CSPG primed control medium enhanced 

EA.hy926 endothelial tubule formation and branching in Matrigel 

assays: I. Representative phase contrast images are shown of EA.hy926 

endothelial cells cultured on Matrigel in cMSC CM versus control medium. 

Image analysis using the CellIQ software (see Chapter 2: Materials and 

Methods) was used to identify tubule-like structures (green lines) and count 

the number of branch points (blue and red numbers). As shown, there was 

little or no tubule formation in control medium that had not been exposed to 

CSPG, but tubules with branch points were seen in cMSC CM. Priming of 

cMSC with CSPG did not appear to enhance this response. Scale bar: 

100m. 
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Figure 5.10: cMSC CM and CSPG primed control medium enhanced 

EA.hy926 endothelial tubule formation and branching in Matrigel 

assays: II. Image analysis of captured digitised images demonstrated (A) 

that there was a significant increase in both the tubule length (per image) and 

(B) number of branch points (per image) in cMSC CM and CSPG-primed 

cMSC CM versus control medium. Data shown are means ± SD. (Mann-

Whitney U; n=3 donors) * p ≤ 0.05. Scale bar = 100m. 
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5.4 The effects of CSPG on cMSC-mediated neurotrophic activity 

Coating tissue culture wells with cMSC CM prior to seeding SH-SY5Y 

neuronal cells had little and no significant effect on neuronal cell adhesion, 

as detected by MTS assay, after 2 and 72 hours of culture compared to 

control medium, whether or not the MSC or the control medium had been 

exposed to CSPG. SH-SY5Y cell numbers (determined using MTS assays), 

showed no significant increase after 2 (Figure 5.11) and 72 (Figure 5.12) 

hours of culture. This also was unaffected by prior exposure to CSPG. 

Culturing SH-SY5Y within cMSC CM did not increase proliferation at 72 

hours, however cMSC CM prior exposed to CSPG reduced proliferation even 

further (p ≤ 0.05) (Figure 5.13). 

Culturing SH-SY5Y cells in cMSC CM, added as a solution, had no effect on 

SH-SY5Y neurite outgrowth compared with control medium (Figure 5.14). 

Prior exposure of the MSC to CSPG did not encourage or inhibit neurite 

outgrowth compared to cMSC CM alone (Figure 5.14). 
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Figure 5.11: Culturing SH-SY5Y cells on wells coated with CSPG-primed 

cMSC CM had no effect on early SH-SY5Y neuronal early cell adhesion. 

(Top Panel) Representative phase contrast images are shown of SH-SY5Y 

neuronal cells at 2 hours post-seeding on wells coated either with control 

medium or with cMSC CM. The cMSC had been exposed to substrata pre-

absorbed with carrier alone (i.e., PBS; 0g/ml), 10g/ml or 100g/ml of 

CSPG. (Bottom Panel) MTS assays were used to determine the number of 

viable SH-SY5Y neuronal cells present after 2 hours of culture. As shown, 

there was a significant increase in SH-SY5Y cells numbers on cMSC CM 

coated wells compared to control, however this effect decreased in wells 

coated with cMSC CM from cultures that had been primed with exposure to 

high level (100µg/ml) CSPG substrata. Data shown are means ± SD. (t-Test; 

n=3 donors) * p ≤ 0.05. Scale bar = 100m. 
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Figure 5.12: Culturing SH-SY5Y cells on wells coated with CSPG-primed 

cMSC CM reduced long term SH-SY5Y neuronal adhesion. (Top Panel) 

Representative phase contrast images are shown of SH-SY5Y neuronal cells 

at 72 hours post-seeding on wells coated either with control medium or with 

cMSC CM. The cMSC had been exposed to substrata pre-absorbed with 

carrier alone (i.e., PBS; 0g/ml), 10g/ml or 100g/ml of CSPG. (Bottom 

Panel) MTS assays were used to determine the number of viable SH-SY5Y 

neuronal cells present after 72 hours of culture. As shown, there was no 

increase in SH-SY5Y cells numbers on cMSC CM coated wells compared to 

control, however this effect marginally decreased in wells coated with cMSC 

CM from cultures that had been primed with exposure to CSPG substrata. 

Data shown are means ± SD. (t-Test; n=3 donors). Scale bar = 100m. 
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Figure 5.13: Culturing SH-SY5Y cells in soluble CSPG-primed cMSC CM 

reduced SH-SY5Y neuronal cell proliferation. (Top Panel) Representative 

phase contrast images are shown of SH-SY5Y neuronal cells at 72 hours 

cultured in control medium or cMSC CM. The cMSC had been exposed to 

substrata pre-absorbed with carrier alone (i.e., PBS; 0g/ml), 10g/ml or 

100g/ml of CSPG. (Bottom Panel) MTS assays were used to determine the 

number of viable SH-SY5Y neuronal cells present after 72 hours of culture. 

As shown, there was no increase in SH-SY5Y cells numbers cultured in 

cMSC CM compared to control, however a significant decrease is observed 

in SH-SY5Y cells cultured in cMSC CM from cultures that had been primed 

with exposure to high level (100g/ml) CSPG substrata. Data shown are 

means ± SD. (t-Test; n=3 donors) * p ≤ 0.05. Scale bar = 100m. 



207 
 

Figure 5.14: cMSC CM primed with CSPG had no effect on SH-SY5Y 

neurite outgrowth. (Top Panel) Representative phase contrast images are 

shown of SH-SY5Y cells after 72 hours of culture in control medium versus 

cMSC CM primed with exposure to substrata of carrier alone (PBS; 0g/ml), 

10g/ml or 100g/ml CSPG. (Bottom Panel) Image analysis using Image J of 

the captured digitised images demonstrated no effect in average neurite 

length of SH-SY5Y cells in cMSC CM. Prior exposure of the cMSC to CSPG 

neither increased nor decreased neurite outgrowth compared to cMSC CM 

alone.  Data shown are means ± SD. (t-Test; n=3 donors) Scale bar = 

100m. 
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5.5 Discussion 

Following SCI, the combination of widespread cell death and immune cell 

influx causes any remaining astrocytes to become reactive and secrete 

CSPG, which along with accumulation of Nogo-A and myelin associated 

glycoproteins, form the glial scar (Buss et al., 2009; Ronsyn et al., 2008; 

Thuret et al., 2006). Although its primary action is to aid restoration of the 

BSCB, the CSPG extracellular matrix (ECM) of the glial scar is inhibitory to 

new nerve growth (Ronsyn et al., 2008; Schultz, 2005). Hence, the presence 

of CSPG in the damaged spinal cord is a major consideration to strategies 

that target axonal regrowth and regeneration. 

Injecting MSC directly into the site of induced SCI in rats was shown to 

increase functional recovery in association with a combination of events, 

including increased nerve growth and angiogenesis, decreased inflammation 

and modulation of the immune response to damage (Himes et al., 2006; 

Nakajima et al., 2012; Takahashi et al., 2018; Tan et al., 2013; Tsai et al., 

2018; Villatoro et al., 2019; Watanabe et al., 2015). These tissue 

regenerative effects are thought to be mediated by the secretion of factors by 

the transplanted MSC (C. W. Park et al., 2009; Tsai et al., 2018; Walter et al., 

2010; K. T. Wright et al., 2007). However, the percentage viability of these 

transplanted cells decreases dramatically within weeks of transplantation, 

limiting their wound healing capacity (Ide et al., 2010; Tan et al., 2013). The 

causes of MSC death following transplant could be multifactorial, due to the 

varied and severe microenvironment within the injured area of the spinal cord 

(Ide et al., 2010; Tan et al., 2013). 



209 
 

From the results shown here, it was clear that the cMSC responded to 

culture on the CSPG substrata, being temporarily inhibited from adhesion to 

the CSPG coated wells. This inhibition of cell adhesion has been reported 

previously for a variety of cell types including mesenchymal cells, neurons 

and endothelial cells (Friedlander et al., 1994; Jin et al., 2018; Ruoslahti, 

1989; Wight, Kinsella, & Qwarnström, 1992; K. T. Wright et al., 2007, 2014). 

However, over time, a larger proportion of the cMSC became more spread 

onto the CSPG-coated culture substrata, which may indicate either that 

CSPG was being lost from the plastic, i.e. no longer absorbed, possibly due 

to cell-mediated degradation (D’Ortho et al., 1997; Vadivelu et al., 2015; K. T. 

Wright, El Masri, Osman, Chowdhury, & Johnson, 2011) or that the cMSC 

were secreting other ECM components conducive to cell adhesion, e.g. 

collagens or fibronectin (Walter et al., 2010) and this masked the CSPG.  

MSC survival, assessed through live/dead fluorescent staining, showed that 

culturing cMSC on increasing concentrations of CSPG substrate did not 

affect their viability, at least that of the adherent cells after 5 days of culture. 

Hence, this result does not support the hypothesis that increased levels of 

CSPG, as seen in the SCI glial scar, play a direct role in reducing the 

numbers of viable MSC after their transplantation, and suggests that other 

microenvironmental factors may be responsible for this loss of cells. 

The question still remains as to whether increased CSPG levels may 

influence the paracrine activity of transplanted MSC. Both angiogenesis and 

neurogenesis have shown to have been enhanced by MSC using MSC CM, 

previously described for human MSC (Tsai et al., 2018; Walter et al., 2015; 

K. T. Wright et al., 2007) and canine MSC (Humenik et al., 2019). However, 
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the effect of cMSC CM on angiogenesis and neurite outgrowth when the 

following cMSC alone have been exposed to has not been researched. 

Similarly to previous reports (Humenik et al., 2019; Walter et al., 2015), it 

was shown here that cMSC CM enhanced EA.hy926 endothelial cell 

proliferation compared to control medium, both when used as a coated 

substrate and as soluble culture medium. CSPG priming of the cMSC 

significantly increased this proliferative effect in a CSPG concentration-

dependent manner when the cMSC CM was used as a coated substrate, 

with a lesser, non-significant enhancement when the cMSC CM was, used as 

a soluble culture medium. Using Matrigel assays (Ponce, 2001), cMSC CM 

was also found to enhance endothelial tubule formation and branching 

compared to control medium; however, this pro-angiogenic effect was not 

significantly changed by CSPG priming. Therefore, it can be concluded: (i) 

that the cMSC secreted proangiogenic factors, as has been reported 

previously (Humenik et al., 2019); (ii) that cMSC exposure to CSPG 

enhanced their proliferative effects on endothelial cells; (iii) that cMSC 

exposure to CSPG has no effect on their migration or tubule formation 

compared to cMSC CM alone. A study in 2005 showed that aggrecan (a 

major type of CSPG found in cartilages) (IVD) inhibited EA.hy926 endothelial 

adhesion, cell spreading and cell migration in vitro (W. E. B. Johnson, 

Caterson, Eisenstein, & Roberts, 2005). Hence, if the CSPG that was 

originally bound to the culture wells was released and present in the CSPG 

primed cMSC CM, this may then have bound to the Matrigel itself, 

preventing the EA.hy926 cells from adhering and migrating – in which case 

they could have aggregated to form tubules. 
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As determined by MTS assays over longer term cultures, cMSC CM had no 

or little effect on SH-SY5Y neuronal cell proliferation, whether used to coat 

wells or as a soluble culture medium. This may be caused by the slight 

alteration in the production of cMSC CM, due to the required experimental 

set up of the study and could be deemed a study limitation. cMSC were not 

given 24r to adhere as in previous experiments, prior to culture in serum free 

medium and cMSC CM harvest was 48hr later than in previous experiments. 

Furthermore, CSPG priming of the cMSC did not alter this lack of proliferative 

effect. However, cMSC CM significantly, albeit moderately, increased SH-

SY5Y neurite outgrowth, as was seen previously in human MSC (W. E. 

Johnson et al., 2006; K. T. Wright et al., 2007). In contrast to the effects of 

CSPG priming on the pro-angiogenic effects of cMSC CM, the MSC CM 

harvested from cMSC cultures exposed to CSPG was found to inhibit neurite 

outgrowth to a level that was below that of control media. This may be 

expected, as it has been shown that restricted areas of CSPG do halt and 

inhibit neurogenesis (W. E. Johnson et al., 2002, 2006; K. T. Wright et al., 

2007, 2014). 

In conclusion, priming cMSC with CSPG prior to harvesting conditioned 

medium, possibly with a view to using cMSC CM therapeutically in SCI, has 

shown interesting effects that still need further consideration. Although CSPG 

primed cMSC CM enhanced some aspects of angiogenesis, it also 

moderately inhibited neurogenesis. This may cause a shift in SCI recovery, 

causing excess blood vessel formation yet limiting new nerve growth even 

further. The use of in vitro co-cultures and ex-vivo spinal slices in further 
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research may give further information as to how these actions could be 

moderated to optimally effect SCI repair. 
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Chapter 6. The effects cMSC conditioned medium on neuronal survival, 

astrocyte hypertrophy and CSPG levels within organotypic spinal slice 

culture models of inflammation: an ex vivo study. 
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6.1 Background and Aims 

Organotypic SCSC are able to preserve the structure and organisation of the 

spinal cord, while still allowing for the manipulation that in vitro 

experimentation affords  (Krassioukov et al., 2002; Patar et al., 2019b; 

Ravikumar et al., 2012). In 1991, the method of culturing these organotypic 

slices was optimised using cell inserts (Stoppini, Buches, & Muller, 1991). It 

was found that slice survival was optimal on these semi-permeable 

membranes, as the slices were cultured at the liquid-surface interface rather 

than in complete submersion (Stoppini et al., 1991). 

SCI modelling using SCSC started almost two decades ago (Krassioukov et 

al., 2002), and have since been used to model inflammation (Ferrini et al., 

2014; Lossi et al., 2009; Salio et al., 2014), microenvironmental changes 

seen in SCI (H. M. Kim et al., 2010; Pandamooz et al., 2019; Ravikumar et 

al., 2012) and possible cell therapies (J. S. Cho et al., 2009; Jeong et al., 

2011). 

It is known that MSC injected at in vivo injury sites release a multitude of 

growth factors, cytokines and immunomodulatory factors that influence and 

enhance both neuronal growth and angiogenesis (Hofstetter et al., 2002; 

Massoto et al., 2019; Nakajima et al., 2012; Neuhuber et al., 2005; 

Rosenzweig et al., 2018; Tan et al., 2013; L. Tang et al., 2016; Wilcox et al., 

2014). Therefore, it stands to reason that SCSC can also act as a model for 

the application of cell free therapies, i.e., CM. However, there are few 

published studies that focus on the effect of CM either on control (SCSC that 

have not been further injured via mechanisms such as weight drop) or injury 

mimic SCSC. Some experimental work was completed in the 1980s (Dribin & 
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Barrett, 1980, 1982). CM from rat muscle cells and fibroblasts were shown to 

increase neuronal growth within whole spinal cord explant cultures (Dribin & 

Barrett, 1980). The same researchers went onto to report increased axonal 

outgrowth in SCSC in response to the CM, also from fibroblast or muscle cell 

cultures (Dribin & Barrett, 1982). Since these published studies, there have 

been little to no studies looking at the effect of CM on SCSC. Some studies 

using SCSC have elucidated how the cell secretome components may play a 

key role, drawing their conclusions from cell grafting experimental results (H. 

Park et al., 2010; Sypecka et al., 2015). 

To date, no studies using a SCSC model have been conducted in order to 

assess the paracrine activity of cMSC CM. Therefore, given the earlier 

chapters in this thesis have demonstrated (i) that cMSC CM was 

neurotrophic (Chapter 4), but (ii) that this activity was affected to some extent 

by the CSPG microenvironment (Chapter 5), the aim of this chapter was to 

explore levels of neuronal survival and axonal outgrowth, astrocyte 

hypertrophy and CSPG levels in the SCSC model, and whether cMSC CM 

treatment significantly changes these levels. 
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6.2 The effects of cMSC CM on neuronal survival, neurite outgrowth 

and neuronal signalling in SCSC 

The experimental protocol for the treatment of SCSC with cMSC CM has 

been shown in Figure 6.1. SCSC were obtained from p11 mouse pups and 

were equilibrated for in vitro culture for a total of 7 days prior to 

experimentation and immunohistochemical assessment. Then they were 

treated either with cMSC CM or control medium for a further period of 72 

hours (3 days). 

Culturing SCSC within cMSC CM for 72 hours preserved cell viability 

compared to control medium, as assessed by PI staining of dead cells and 

confocal microscopy. The number of PI stained nuclei per m2 was 17.32 ± 

10.84 in SCSC cultured in cMSC CM, compared to 39.30 ± 16.56 in SCSC 

cultured in control medium (Figure 6.2). 

Axonal outgrowth was measured via III-tubulin staining, and SCSC cultured 

within cMSC CM showed a significant decrease in total axonal length, 

compared to control medium (p  0 .005) (Figure 6.3). The values of III-

tubulin immunopositivity in cMSC CM and control medium were 2458.11m ± 

1026.37m and 5722.14m ± 1472.36m, respectively. 

SCSC cultured in either cMSC CM or control medium were also analysed via 

calcium imaging (Figure 6.4). Analysis of calcium imaging footage showed 

that there was no difference in the overall frequency (oscillations per 200 

seconds) of the neuronal signalling (oscillations) (Figure 6.5A) between 

SCSC cultured in cMSC CM or control medium (4 ± 1.14 and 4 ± 0.58, 

respectively). However, there was a significant decrease in the number of 

signalling cells in SCSC cultured within cMSC CM compared to control (3 ± 
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1.77 and 10 ± 1.77, respectively; p  0.01) (Figure 6.5B). Interestingly, there 

was a significant increase in the frequency of signalling on a per cell basis in 

SCSC cultured within cMSC CM compared to control medium (1.62 ± 1.02 

and 0.42 ± 0.12, respectively; p  0.01) (Figure 6.5C). 
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Figure 6.1: Schematic representation of the experimental design to treat 

SCSC with cMSC CM versus control medium. A) P11 mice were dissected 

in order to remove the spinal cord, of which the lumbar section was then 

sliced at 350m intervals. Slices were carefully washed and placed on the 

membrane of a well insert. B) SCSC were allowed to equilibrate in high 

serum medium for 4 days, then neurobasal medium for 3 days prior to 

treating with either cMSC CM or control medium. C) After 3 days of treatment 

with either cMSC CM or control medium, SCSC were fixed, and 

immunohistochemistry performed before mounting with DAPI on slides or D) 

incubated with Oregon Green 488 BAPTA-1AM staining solution prior to 

analysis via calcium imaging. 
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Figure 6.2: cMSC CM reduced cell death within SCSC. (Top Panels) 

Representative fluorescent images of SCSC treated with control medium and 

cMSC CM and stained with PI, a marker of cell death. (Bottom Panels) Data 

analysis revealed an increase in the number of dead cells present per m2 in 

control medium compared to cMSC CM (C). Data shown are means ± SEM. 

(t-Test; n=3 donors) p = 0.329. Scale bar = 50m. 
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Figure 6.3: cMSC CM decreased neuronal axon presence in SCSC. (Top 

Panels) Representative fluorescent images of neuronal neurite outgrowth as 

visualised by III tubulin antibody, of spinal slices treated with control 

medium and cMSC CM. Greater number of neurites and greater neurite 

length can be observed from slices treated with control medium. (Bottom 

Panel) Data analysis revealed a significant decrease in neurite length 

between spinal slices treated with control medium and cMSC CM. Data 

shown are means ± SD. (t-Test; n=3 donors) *** p ≤ 0.001. Scale bar = 

100m. 
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Figure 6.4: Calcium Imaging analysis of SCSC in cMSC CM. (Top Panels) 

Representative recording snapshots of spinal slices stained with Oregon 

green, treated with cMSC CM and control medium. The recordings show 

neurons peak signalling. (Bottom Panel) Graphical representative of the 

fluorescence change denoting calcium oscillations over time (200 seconds). 

Scale bar = 100m. 
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Figure 6.5: cMSC CM increased signalling frequency on a per cell basis 

in SCSC. (Top Panel) Recording analysis showed no difference in the 

signalling frequency of neurons cultured in cMSC CM compared to control 

medium. (Middle Panel) A significantly reduced number of signalling cells 

from slices cultured in cMSC was observed but (Bottom Panel) a significantly 

higher frequency per cell basis can be observed from slices treated with 

cMSC CM. Data shown are means ± SD. (Mann-Whitney U, t-Test; n=3 

donors) ** p ≤ 0.01. 
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6.3 The effects of cMSC CM on astrocyte hypertrophy and CSPG levels 

in SCSC 

SCSC cultured in cMSC CM increased levels of astrocytic reactivity 

compared to control medium (Figure 6.6). This increase, as determined by 

fluorescent intensity of GFAP staining and by total length of astrocytic 

processes, was significantly different to SCSC cultured in control medium (p 

 0 .005 and p  0 .05, respectively) (Figure 6.6). In cMSC CM-treated 

SCSC, the GFAP values were 5259.58 ± 2312.12 and astrocyte process 

lengths were 11863.95m ± 1686.83m, whilst in control medium-treated 

SCSC, the GFAP values were 2984.18 ± 493.04 and astrocyte process 

lengths were 9466.03m ± 2481.21m. 

However, CSPG levels were only marginally increased in SCSC cultured 

within cMSC CM, as determined by fluorescent intensity of NG2 staining 

(Figure 6.7). The NG2 values in cMSC CM-treated SCSC were 8852.73 ± 

1090.74, whilst the NG2 values in control medium were 6878.21 ± 825.80. 
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Figure 6.6: cMSC CM increases astrocyte hypertrophy in SCSC. (Top 

Panel) Representative fluorescent images of astrocytic hypertrophy as 

visualised by GFAP antibody, of spinal slices treated with control medium 

and cMSC CM. A greater intensity of staining can be observed from slices 

treated with cMSC CM. (Middle and Bottom Panels) Data analysis revealed a 

significant increase in fluorescent intensity of GFAP staining and a moderate 

increase in astrocyte process length between spinal slices treated with 

control medium and cMSC CM. Data shown are means ± SD. (Mann-

Whitney U, t-Test; n=3 donors) * p ≤ 0.05, *** p ≤ 0.001. Scale bar = 100m. 
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Figure 6.7: cMSC CM has no effect on CSPG levels in SCSC. (Top 

Panels) Representative fluorescent images of CSPG levels as visualised by 

NG2 antibody, of spinal slices treated with control medium and cMSC CM. 

Intensity of staining is marginal between both conditions. (Bottom Panel) 

Data analysis revealed a slight, but non-significant increase in fluorescent 

intensity of NG2 staining between spinal slices treated with control medium 

and cMSC CM. Data shown are means ± SD. (Mann-Whitney U; n=3 donors) 

p = 0.355. Scale bar = 100m. 
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6.4 The effects of cMSC CM on U-87 MG astroglial cells. 

CM produced using serum free medium was harvested from culture 

expanded cMSC (n=3) and used to assess astrocytic paracrine activity of 

cMSC in vitro. Western blotting of U-87 MG lysates showed an increase in 

the levels of GFAP in U-87 MG cells in cMSC CM compared to control 

medium. Densitometry performed on the blot images showed a significant 

fold increase (7.07) in levels of GFAP in cMSC CM compared to control 

medium (p  0 .05) (Figure 6.8). 

It was notable by phase contrast microscopy that the U-87 MG cells formed 

into clumps at 48hr and 72hr in cMSC CM (Figure 6.9). However, following 

MTS assay for the presence of viable cell numbers, there was no difference 

proliferation of U-87 MG cells in cMSC CM compared to control medium at 

24hr, 48hr and 72hr in culture (Figure 6.10). LIVE/DEAD staining was also 

performed to examine cell viability and was found to be above 95% 

regardless of culture conditions (data not shown). 
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Figure 6.8: U-87 MG cells cultured in cMSC CM increased GFAP levels. 

(Top Panel) A representative Western blot image of U-87 MG astrocytic cells 

cultured in cMSC CM versus control medium (n=3, denoted as A, B and C on 

the representative image), immunostained for the reactive astrocyte marker 

GFAP. (Bottom Panel) Densitometric quantification of digitised blot images of 

Western blots showed that levels of GFAP immunopositivity significantly 

increased by a fold of 7.07 in cMSC CM compared to control medium. Data 

shown as means ± SD. (Mann-Whitney U; n=3). * p ≤ 0.05. 
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Figure 6.9: U-87 MG cells cultured in cMSC CM formed spheroids. 

Representative phase contrast images are shown of U-87 MG cells after 

24hr, 48hr and 72hr of culture in control medium versus cMSC CM. U-87 MG 

cells began to clump together and form spheroids after 48hr and 72hr of 

culture within cMSC CM (denoted by arrows). LIVE/DEAD analysis at 72hr 

showed no reduction of viability, including spheroids (denoted by arrow). 

Scale bar = 100m. 
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Figure 6.10: cMSC CM did not affect U-87 MG cell proliferation. 

MTS assays were used to determine the number of viable U-87 MG cells 

present after (Top Panel) 24hr, (Middle Panel) 48hr and (Bottom Panel) 72hr 

of culture in control medium and cMSC CM. As shown, there was no 

increase in U-87 MG cell numbers within cMSC CM compared to control at 

24hr, 48hr or 72hr. Data shown are means ± SD. (Mann-Whitney U, t-Test; 

n=3 donors). 
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6.4 Discussion 

The technique used for this study was the well characterised standard 

interface method (Stoppini et al., 1991), allowing for interaction of the slices 

and the components of the cMSC CM (Figure 6.1). Standardised methods of 

fixation and immunohistochemistry were then used to analyse the effects of 

the cMSC CM-slice cultures. 

III-tubulin immunoreactive axons were significantly decreased in response 

to culture within cMSC CM. These findings were initially surprising, due to 

previous in vitro cell culture experiments proving the neurogenic properties of 

both human and canine MSC CM (Kinnaird et al., 2004; K. T. Wright et al., 

2007, 2014; N. Zhang et al., 2013). 

Calcium imaging, as well as immunohistochemical analysis, is a useful way 

to assess the response of neuronal cells to environmental stimuli, both in 

vitro and in vivo. Studies have used SCSC to model inflammation and the 

response of neuronal cells to a known pain inducer (Ferrini et al., 2014; Lossi 

et al., 2009; Salio et al., 2014). In a review discussing neuropeptides in the 

mammalian CNS, it was shown that treatment of SCSC with a known 

nociceptive agent, capsaicin, increased the signalling and calcium 

concentration of the neurons (Merighi, 2002). These effects can be reduced 

by the addition of pharmacological agents, such as Phenelzene (an 

antidepressant) (Potter et al., 2018), or cytokines such as glial GDNF (Salio 

et al., 2014). An in vivo study in 2012 successfully used calcium imaging to 

show that neuronal signalling increased in response to direct electrical 

stimulation of a limb (Cirillo, De Luca, & Papa, 2012). These studies together 

show that calcium imaging provides useful information regarding the 
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neuronal cell response, and therefore could be used to assess the effect of 

cMSC CM on the SCSC. Although overall signalling frequency was 

unchanged (measured as fluorescent intensity of oscillations), the signalling 

frequency on a per cell basis increased in response to culture within cMSC 

CM. However, both axonal outgrowth (as measured by IHC) and neuronal 

cell number (measured during calcium imaging) decreased in response to 

cMSC CM. Although initially surprising, these results may be explained in 

context of neurotransmission. It has previously been shown in the developing 

spinal cord of Xenopus embryos that neurons which were signalling at a 

higher frequency were also experiencing axonal outgrowth at a slower rate 

(Gomez & Spitzer, 1999). Neuronal signalling is dependent on the 

abundance of neurotransmitters, and one of the most abundant excitatory 

neurotransmitters is glutamate (Meldrum, 2000; Zhou & Danbolt, 2014), and 

the level of excitation can sometimes be so major that it becomes toxic to the 

surrounding nerves (A. Lau & Tymianski, 2010). Previous studies have 

shown that human MSC produce glutamate in large quantities during 

metabolism when in culture via deamidation of glutamine that is often added 

as a supplement to standard MSC culture medium (Higuera et al., 2012). 

cMSC are known to show similar paracrine activity to that of human MSC, 

thus it is possible that cMSC metabolise glutamine in the same way. An 

excess of glutamate during culture could cause the effect seen within this 

study. 

GFAP fluorescence and astrocytic process length was increased within 

SCSC in response to culture within cMSC CM, but with no corresponding 

increase in NG2 fluorescence under the same conditions. Western blot for 
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protein levels within an in vitro astrocytic monoculture of U-87 MG did show a 

significant increase in GFAP levels in response to cMSC CM, a result in 

agreement with the SCSC. However, U-87 MG within cMSC CM did not 

show an increased proliferation, a contradictory result to that found within the 

SCSC. Cell grafting studies have shown results similar to those found within 

this study (albeit using murine and human, rather than canine, cells) (H. M. 

Kim et al., 2010; Pandamooz et al., 2018; H. Park et al., 2010; Sypecka et 

al., 2015), regarding both axonal growth and astrocytic hypertrophy. 

In 2010, following the use of hypoxic stress to induce secondary damage, 

NSC (pre-labelled to allow tracking) were transplanted onto organotypic 

slices (H. M. Kim et al., 2010). Immunohistochemical analysis of immature, 

as well as proliferating, neurons and astrocytes and showed some survival of 

NSC 4 weeks post transplantation but no maturation (H. M. Kim et al., 2010). 

This prompted conclusions that SCSC environments modelling SCI do not 

have a permissive environment for neuronal maturation, and that the NSC 

were differentiating towards a more glial lineage, such as that of astrocytes 

(H. M. Kim et al., 2010). In 2010, a group induced MSC into Schwann-like 

cells, which exhibited the morphology and characteristics of Schwann cells 

(H. Park et al., 2010). Co-culture of these Schwann-like MSC with the 

neuronal cell line Neuro2A showed an increase in both the survival and 

growth of the Neuro2A (H. Park et al., 2010). The group then transplanted 

the Schwann-like MSC onto injured SCSC and showed that this increased 

axonal growth, rather than neuronal growth (H. Park et al., 2010). A more 

recent study assessed the combination of neural crest stem cells (NCSC) 

and valproic acid, a known neuroprotective pharmacological agent 
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(Pandamooz et al., 2018). Using the weight drop method of modelling injury 

in SCSC, green fluorescent protein NCSC were transplanted with and 

without the addition of valproic acid, and NCSC grafted into the SCSC 

(Pandamooz et al., 2018). Immunohistochemical analysis showed no change 

in III-tubulin (regardless of valproic acid treatment) but showed an increase 

in GFAP positivity (Pandamooz et al., 2018). Two conclusions were drawn (i) 

grafted NCSC were differentiating down the glial lineage (as the transplanted 

cells also showed GFAP positivity), and (ii) secretory factors of transplanted 

NCSC had a greater affinity to the endogenous glial cells of the SCSC. The 

lack of change in NG2 levels within the SCSC could be attributed to cell-

degradation of CSPG molecules (D’Ortho et al., 1997; K. T. Wright et al., 

2011), or loss into surrounding medium. However, a recent study analysed 

the levels of both GFAP and NG2 immunoreactivity within an 'injured' SCSC 

and found that after 3 days of culture GFAP levels had increased throughout 

the SCSC. At the same time point, NG2 levels were low compared to GFAP 

levels, but had significantly increased by day 10 of culture (Patar, Dockery, 

Howard, & McMahon, 2019a). In this chapter, SCSC were assessed via 

immunohistochemistry after 3 days, and so this culture time may not have 

been long enough for a detectable level of NG2 to accumulate. This 

highlights the possibility that length of culture could have attributed to the 

minimal changes in NG2 levels seen in this chapter. 

There are some obvious limitations to this study, including the fact that this 

experimental set up was used to model an ‘uninjured’ spinal cord. This could 

attribute to the results seen throughout the chapter and may offer an 

explanation as to why CSPG levels were unchanged (coupled with the 
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potential effect of a short time in culture, as previously described). Equally, 

the SCSCs are cultured without a corresponding circulatory model. This 

could potentially change the way in which the resident cells respond to the 

cMSC, as there would be no immune influx nor a system to provide nutrients 

and remove waste. 

In conclusion, further studies are required in order to understand why the 

effects of CM sometimes differ between in vitro cell cultures and organotypic 

SCSC. It is important to note that throughout this study, the SCSC were 

considered to be ‘non-injured’, but it also must be considered that they are by 

definition injured due to the method of isolation, and this therefore may also 

have had an effect. However, taken together, the results from this study 

combined with the information from previous studies suggest that the 

response of the injured CNS to MSC and MSC derived factors may depend 

on more systemic factors than those seen within the CNS alone. 
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Chapter 7. General Discussion 

MSC as a cell therapy have been clinically assessed for a number of 

conditions, including SCI (Dai et al., 2013; Hur et al., 2016; Mendonça et al., 

2014; Vaquero et al., 2016), GvHD (Bader et al., 2018; Kurtzberg et al., 

2014; Le Blanc et al., 2008), liver disease (Amer et al., 2011; El-Ansary et al., 

2012; Kharaziha et al., 2009), skin wound healing (Badiavas & Falanga, 

2003; D. Lu et al., 2011; Yoshikawa et al., 2008) and cartilage repair (Jo, 

Lee, Shin, Kim, Chai, Jeong, Kim, Shim, Shin, Ra, et al., 2014; Pers et al., 

2016), as well as being tested experimentally for many more. Originally 

sourced from bone marrow, MSC research now utilises cells isolated from a 

variety of sources, with AT MSC being the second most researched source, 

second to BM MSC (Galipeau & Sensébé, 2018). Adipose tissue is more 

readily available than bone marrow and provides a higher yield of cells per 

sample taken (Baer, 2014; Fraser et al., 2008; Y Zhu et al., 2008), providing 

researchers with an accessible tool for studies into regenerative medicine. 

The molecular and trophic properties of MSC make them an attractive 

alternative to many current treatments, however most MSC therapy is still 

only available through clinical trials (Galipeau & Sensébé, 2018). Clinical 

results often do not show the level of improvements seen in pre-clinical 

studies. In the context of SCI, improvements in function and new neuronal 

growth within injury sites following MSC transplantation have been shown 

consistently in rodent models; however, even though clinical trials have 

shown similar encouraging results, these beneficial outcomes are to a much 

lesser extent (Cofano et al., 2019). This issue could be attributed to both the 

size of rodent models compared to humans (Courtine et al., 2008; Friedli et 
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al., 2015), plus the fact that the homogenous injuries produced in pre-clinical 

studies do not accurately represent the heterogenous injuries seen in 

humans (N. D. Jeffery et al., 2006; Moon & Bradbury, 2018). For these 

reasons, companion dogs could be considered a more representative and 

clinically relevant model than rodents models, due to their size, the incidence 

of naturally occurring SCI, and the heterogenous nature of injuries that dogs 

suffer (Moore et al., 2017). Using dogs to examine the effects of putative 

treatments for SCI  would not only be advantageous in the translation to 

clinic of regenerative therapies for humans, but also would be of importance 

for the veterinary clinic (N. D. Jeffery et al., 2006; Moore et al., 2017). 

7.1 Chapter 3 

Prior to the clinical use of MSC transplants for SCI, it was important to 

consider how cMSC have been used autologously in dogs, to examine 

whether this was possible without causing any serious adverse effects and 

with potential improvements for the c-patients. Dogs, like humans, suffer 

from ageing-associated joint conditions, such as arthritis (K. L. Anderson et 

al., 2018; Bland, 2015; Sasaki et al., 2019).  

Therefore, the rationale of Chapter 3 was to examine whether autologous 

cMSC treatment, with cells cultured from adipose tissue, provided benefit 

without causing any unfavourable side effects in dogs with joint conditions. If 

so, this provides evidence that autologous cMSC treatment could be 

implemented in dogs with SCI, in that the cells could be harvested, cultured, 

and applied in a treatment procedure, as a clinically relevant model. The 

main finding of this study was that application of cMSC that were isolated 

and culture expanded at the VTB Ltd., was successful in improving clinical 
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symptoms associated with arthritis, as measured by LOAD score. A reduced 

LOAD score correlated with improvements of pain (less pain) and walking 

ability in the treated dogs. Secondary findings showed that there was no 

correlation between the success of the cMSC treatment and the number of 

cells that were injected per joint, nor with a number of c-patient 

characteristics including age, weight and gender. The secondary findings 

highlight an important aspect of autologous cell transplantation – whether a 

disease or condition affects the expected activity of harvested cells. A 

previous study has shown that there were no characteristic differences 

between BM MSC isolated from SCI patients when compared with BM MSC 

isolated from non-injured control patients (K. Wright et al., 2008). These 

results indicated that autologous treatment could be effective regardless of 

disease or condition, which correlates with results from the present study. 

However, some differences were seen between donors with SCI dependent 

on age or the level of SCI (K. Wright et al., 2008), and along with a study 

highlighting a difference between cMSC isolated from different breeds of 

dogs (Bertolo et al., 2015), it is clear that further examination is required to 

discover if specific c-patient characteristics or disease pathologies affect 

MSC activity. 

7.2 Chapter 4 

Following the establishment of adipose-derived cells as a viable autologous 

treatment, the research in this thesis examined their paracrine effects in 

detail. The cMSC used throughout were those isolated and culture expanded 

at the VTB Ltd., but that were excess to clinical needs and donated to 

research following the full consent of owners and veterinarians. The basis of 
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Chapter 4 was to characterise these cells in order to confirm the cMSC 

phenotype, which was otherwise only defined by the VTB Ltd., via plastic 

adherence and being of stromal morphology. Defined criteria are available 

for human MSC, as outlined by the ISCT (Dominici et al., 2006), however 

there is no specific criteria for the characterisation of cMSC. Trilineage 

differentiation in this study was completed using established human protocols 

(Pittenger et al., 1999), and surface antigen immunolabelling was completed 

as previously described for cMSC (Vieira et al., 2010; N. Zhang et al., 2013). 

The cMSC examined from VTB Ltd., met with the ISCT criteria to an extent, 

with clear chondrogenic differentiation, but limited osteogenic and adipogenic 

differentiation.  

Previous studies have shown that induction of osteogenic differentiation 

occurs to a lesser extent in AT MSC than that of BM MSC (Han et al., 2017; 

Liao & Chen, 2014; Screven et al., 2014), so this could attribute to the 

minimal osteogenic differentiation seen in this study. Previous studies have 

also used human protocols for adipogenic differentiation of cMSC, with one 

study showing poor adipogenic differentiation (Neupane, Chang, Kiupel, & 

Yuzbasiyan-Gurkan, 2008) whilst a later study showed pronounced 

adipogenic differentiation (Vieira et al., 2010). The earlier study used rabbit 

serum in the induction medium, and cMSC induced using this protocol 

showed enhance adipogenic differentiation (Neupane et al., 2008). Other 

studies have since used this protocol with similar results (Villatoro et al., 

2015; N. Zhang et al., 2013). This suggests that the differentiation of cMSC 

along mesodermal lineages in vitro can be improved.  
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Immunophenotyping using canine specific antibodies that were commercially 

available showed cMSC to have a similar CD profile to that as set out in the 

ISCT criteria (CD45-, CD44+, CD90+) and to previous studies that had 

characterised cMSC (Bearden et al., 2017; Sasaki et al., 2018; Villatoro et 

al., 2015; N. Zhang et al., 2013). There was variability of CD34 

immunopositivity in cMSC, but this has been observed elsewhere in human 

MSC (Ferraro et al., 2013; Gronthos et al., 2001a; Mitchell et al., 2006) and 

cMSC (Russell et al., 2016).  

These data support the conclusion that cells isolated and culture expanded 

at the VTB Ltd. Are cMSC, following phenotypic characterisation, but that 

further work may be needed to establish better differentiation protocols are 

needed. 

MSC have been reported to have enhance endothelial and neuronal cell 

proliferation and nerve growth in vitro (Cizkova et al., 2018; Neuhuber, 

Timothy Himes, Shumsky, Gallo, & Fischer, 2005; Tsai et al., 2018; Walter et 

al., 2015) and in vivo (Himes et al., 2006; Ide et al., 2010; Nakajima et al., 

2012; Ribeiro et al., 2015; Takahashi et al., 2018), both of which cellular 

responses are important aspects to spinal cord regeneration following SCI. 

Occurring through the secretion of various factors (C. W. Park et al., 2009; 

Villatoro et al., 2019; Walter et al., 2015, 2010). Following phenotypic 

characterisation of cMSC, the research presented in Chapter 4 examined the 

paracrine action of these cells on angiogenic and neurotrophic action. This 

was observed via endothelial proliferation and tubule formation using the 

human cell line EA.hy926, and via neuronal proliferation, survival and neurite 

outgrowth using the human cell line SH-SY5Y.  
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The findings in this study showed that cMSC CM was angiogenic and 

neurotrophic, enhancing endothelial and neuronal proliferation in MTS 

assays, tubule formation of endothelial cells in a Matrigel assay, and 

neurite outgrowth in morphological assays and III-tubulin staining (a marker 

for neuronal differentiation). One clearly limiting factor in the interpretation of 

the results shown is the use of human derived cell lines as opposed to 

canine endothelial cells and neuronal cells. However, currently there are no 

commercially available canine endothelial and neuronal cell lines that are 

readily available. Other researchers have also performed cross-species 

examination of cMSC activity, i.e., in a recent study that used the chick 

chorioallantoic membrane assay to demonstrate angiogenic activity 

(Humenik et al., 2019). Furthermore, the amino acid sequences of at least 

some angiogenic factors, i.e., VEGF, and neurotrophic factors, i.e. NGF in 

humans and canines show greater than 90% sequence homology (Al-Delfi, 

2017). Nonetheless, it would be important in the future to examine the effects 

of cMSC with canine endothelial and neuronal cells to test whether a similar 

angiogenic and neurotrophic activity is seen. 

7.3 Chapter 5 

The findings of Chapter 4 have confirmed MSC phenotype of the cells 

isolated and cultured by the VTB Ltd., and their paracrine action in relation to 

wound healing cells found in and around the spinal cord. However, the way 

in which angiogenic and paracrine activity of cMSC CM was examined in the 

Chapter 4 was more representative of an MSC in the microenvironment of an 

uninjured spinal cord. Therefore, the rationale for Chapter 5 was to mimic 

one aspect of the changed spinal cord microenvironment following injury and 
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to assess how this may alter the survival and paracrine activity of cMSC. The 

formation of a glial scar following SCI is a major factor in the inhibition of 

wound regeneration, a large component of which is an accumulation of 

CSPG (Buss et al., 2009; Lukovic et al., 2012; Ronsyn et al., 2008; Rossignol 

et al., 2007). MSC survival is limited when administered into a SCI lesion, 

with decreasing MSC viability seen in the weeks that follow  (Himes et al., 

2006; Ide et al., 2010; Y. Kim et al., 2015; Nakajima et al., 2012; Ohta et al., 

2017; Takahashi et al., 2018; Tan et al., 2013; Torres-Espín et al., 2014; 

Urdzíková et al., 2014). In a novel experiment to examine the effects of 

CSPG on cMSC, cMSC were cultured on CSPG substrata and any 

correlation on MSC survival tested. The two concentrations of CSPG 

substrata used in this study followed observations that lower CSPG 

concentration tested (10g/ml) was not overtly inhibitory to nerve growth, 

whilst the higher concentration (100g/ml) was inhibitory to nerve growth (W. 

E. Johnson et al., 2002), hence mimicking the absence and presence of a 

glial scar. The findings in this thesis showed that cMSC viability was not 

affected by either concentration of CSPG substrata, indicating that the CSPG 

rich glial scar may not be the main cause of limited MSC survival in SCI in 

vivo. 

The CSPG substrata did inhibit cMSC adhesion and spreading in a transient 

concentration dependent manner. CSPG inhibition of neuronal growth has 

been extensively studied through in vitro (Jin et al., 2018; W. E. Johnson et 

al., 2002; K. T. Wright et al., 2007, 2014) and in vivo (Beller et al., 2013; 

Bradbury et al., 2002; Burnside et al., 2018; James et al., 2015), and the 

effect of CSPG substrata has been shown to reduce neuronal adhesion and 
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spread (Jin et al., 2018), but this has not been shown for MSC until now. This 

transient inhibition had reduced within five days of culture, possibly through 

release of CSPG molecules, and it has been shown that soluble CSPG had 

less of an effect on neuronal cells (Jin et al., 2018). 

The latter half of Chapter 5 tested whether CSPG changed the angiogenic 

and neurogenic action of cMSC. The findings showed that the adhesion of 

endothelial cells to culture plates that had been seeded onto cMSC CM 

coated well was reduced in a CSPG concentration dependent manner, but 

no affect was observed in neuronal adhesion under the same conditions. 

Culture of EA.hy926 endothelial or SH-SY5Y neuronal cells within soluble 

CSPG primed cMSC CM decreased endothelial cell and neuronal cell 

proliferation in a concentration dependent manner. Interestingly, CSPG 

primed cMSC CM had no marked effect on the enhanced tubule formation of 

endothelial cells shown by control (non CSPG primed) cMSC CM. Similar 

results were observed in regard to SH-SY5Y neurite outgrowth, however an 

unanticipated result was that control cMSC CM (that was not primed) did not 

increase neurite outgrowth, which was contrary to results shown in Chapter 

4. In considering this possible difference in neurotrophic outcome, it is 

important to note that there also was a difference in the protocol by which the 

cMSC CM was generated and harvested between this study and that 

reported in the previous study. In Chapter 4, the cMSC CM was generated 

after seeding the cells into T75 flasks onto the tissue culture plastic, then left 

for 24 hours in serum containing medium to adhere, and then that replaced 

with serum free medium for conditioning. Whilst the harvest of cMSC CM 

occurred at day five, instead of day three, where the cMSC had been seeded 
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directly onto tissue culture plastic, but in serum free medium throughout. This 

seeding of cMSC in serum free medium, and lengthened culture time, may 

have caused the cMSC to reuptake any secreted products or be undergoing 

autophagy (Oliver, Hue, Priault, & Vallette, 2012; Sbrana et al., 2016) 

required for further survival, subsequently affecting their neurotrophic activity. 

It is noteworthy that the same donors were used to assess neurotrophic 

activity for the study reported in Chapter 4 and Chapter 5 (Table 2.1), which 

suggests that this difference is due to experimental protocols. However, it 

also has been shown that heterogenous MSC cultures contain sub-

populations of (low affinity nerve growth factor) CD271 positive MSC (Boxall 

& Jones, 2012; Kohli et al., 2019), and an increase in any soluble NGF could 

have occurred, thus reducing the neurogenic potential of the cMSC CM.  

Overall, it is possible to conclude that exposing cMSC to CSPG did not affect 

their viability in the short term, but that CSPG priming them in this way can 

have some effects on their paracrine activity, which may impact upon their 

effectiveness when transplanted into the injured spinal cord. 

7.4 Chapter 6 

The complexity of the in vivo spinal cord microenvironment is difficult to 

accurately represent in vitro, and so researchers must be aware that 

observations in single or co-cultures in vitro may not translate in vivo. Thus, 

the rationale for the final chapter in this thesis was to assess the paracrine 

activity of cMSC in a multicellular, more complete spinal cord 

microenvironment. This study used a SCSC explant model, which is sections 

of spinal cord tissue that was isolated from laboratory animals and then 

cultured in vitro. These SCSC have previously been used to model 



244 
 

inflammation (Ferrini et al., 2014; Lossi et al., 2009; Salio et al., 2014) as well 

as to model SCI (J. S. Cho et al., 2009; Fernandez-Zafra et al., 2017; H. M. 

Kim et al., 2010; Krassioukov et al., 2002; Pandamooz et al., 2016, 2019; 

Ravikumar et al., 2012; Sypecka et al., 2015). Two studies have used SCSC 

to assess the effect of MSC transplants in SCI (J. S. Cho et al., 2009; Jeong 

et al., 2011), but none have examined MSC CM. Hence, this chapter is novel 

due its focus on cMSC CM alone. The study showed that using the standard 

interface method for SCSC (Stoppini et al., 1991), Contradictory to the 

results demonstrated in Chapter 4 of this thesis, cMSC CM decreased the 

amount of III-tubulin positive neurites within the SCSC. However, this 

unexpected result correlated with the reduced number of signalling cells 

following SCSC culture within cMSC, as analysed by calcium imaging. cMSC 

CM enhanced GFAP expression and processes in endogenous astrocytes 

without any increase in CSPG. This would indicate that cMSC CM increase 

astrocyte proliferation, rather than astrocyte reactivity. However, comparative 

in vitro analysis using the astrocytic cell line U87MG showed that cMSC CM 

did not enhance proliferation but did increase levels of GFAP expression. 

Taken together, the results may show that cMSC CM increase astrocytic 

reactivity in SCSC, and the lack of CSPG could be attributed to release and 

solubilisation, or length of culture time as mentioned previously. Reduction in 

neurons and increase in astrocytes through differentiation in SCSC has been 

observed following administration of neural stem cells (H. M. Kim et al., 

2010), suggesting other factors within the microenvironment may affect 

reaction to cells or cell secretomes. Other evidence has shown that the 

protein p53 has regulatory effects on astrocytes (Jebelli, Hooper, Garden, & 
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Pocock, 2012; Turnquist et al., 2016), and dependent on the stimuli can 

cause astrocyte reactivity (Jebelli et al., 2012), in turn releasing factors 

inhibitory to neuronal growth (Jebelli et al., 2012; Turnquist et al., 2016). 

Upregulation of particular isoforms of p53 produce a neurodegenerative 

reactive astrocyte phenotype (Turnquist et al., 2016). Interestingly, analysis 

via calcium imaging showed that although signalling cell number was low, 

these cells were signalling more often than those within SCSC cultured in 

control medium. This could be suggestive of neurotoxicity, through excess 

glutamate. It has been shown previously that human MSC metabolism can 

produce glutamate dependent on their culture medium (Higuera et al., 2012), 

and so it can be assumed that this also happens in other species. 

One further thing to note is the lack of immune cell influx as would normally 

occur following SCI. MSC injected into SCI in vivo has been shown to reduce 

this inflammatory reaction and shift macrophage phenotype from M1 to the 

more anti-inflammatory M2 phenotype (Nakajima, 2012). Without a full 

circulatory system, no macrophages will be present within the SCSC. 

Therefore, any immunomodulatory beneficial effect seen previously will not 

occur, and potentially, astrocytic hypertrophy will continue to rise causing a 

more hostile environment for native neurons. 

Taken together, the findings within this chapter show that cMSC CM does 

have effects within a model of spinal cord environment, but the contrary 

results regarding neuronal outgrowth and the current evidence suggesting 

astrocyte reactivity may play a role in neuronal inhibition requires further and 

more extensive analysis. 
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7.5 Future Experiments 

It is apparent that additional experiments would be required in order to further 

the research outlined within this thesis. Expansion of in vitro experiments 

would be beneficial to a number of studies within this thesis. Analysis of 

genes of differentiation such as adipocyte protein 2 for lipogenesis, collagen 

type 2 for chondrogenesis and matrix metalloproteinase 3 for osteogenesis, 

using polymerase chain reaction (PCR) could confirm tri-lineage 

differentiation of cMSC alongside staining procedures. Additional staining 

procedures for both in vitro monoculture and ex vivo SCSC studies could 

include observation of growing neurites and axons via GAP43 staining, as 

well as defining between apoptosis and necrosis in SCSCs through the use 

of appropriate apoptosis markers such as Annexin-V. As outlined in chapter 

4, crystal violet staining could be used in conjunction with the MTS 

experiments for validation. In chapter 5, it was highlighted that the cMSC CM 

produced in the absence of a CSPG substrate did not elicit a neurotrophic 

effect as expected (shown in chapter 4). As already described, this could be 

due to the slight differences in how the cMSC CM was produced, and the 

length of time before cMSC CM harvest during this experiment. Therefore, it 

would be relevant to repeat this experiment, in order to ascertain whether; 1) 

allowing cMSC to adhere for 24hr prior to culture in serum free medium 

enhances output of angiogenic and (especially) neurotrophic growth factors, 

2) the length of time cMSC CM are cultured in serum free medium alters 

growth factor secretion, and 3) whether altering either of these factors cause 

a difference in the results found from culturing cMSC on CSPG substrates. In 

chapter 6, the effect of cMSC CM on SCSCs showed enhancement of GFAP, 
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reduction of III-tubulin and reduced cell death. However, these experiments 

were conducted on SCSC that were ‘uninjured’, and so the next stage would 

be to replicate an injury within the SCSC in order to assess whether the 

effect of cMSC CM would be similar to the effects seen in the ‘uninjured’ 

SCSCs or not. Finally, enhancing the clinical data analysis of chapter 3 is 

necessary. Establishing a more controlled clinical trial should be the 

appropriate next stage to analysis. C-patients could be recruited using 

inclusion and exclusion criteria, such as confirmed arthritis diagnosis and 

medications, treatment groups should be properly controlled for with placebo 

groups, and timely assessment by researchers would be necessary. LOAD 

scoring could still be completed in a non-subjective manner, and other 

assessments such as blood biomarker analysis could be included in order to 

provide data. Rigorous data collection of this manner would allow for a 

complete overview of the autologous treatment. 

7.6 Conclusion 

To conclude, the results described in this thesis demonstrate four key 

findings (Figure 7.1). Chapter 3 reports that cells isolated from adipose tissue 

of dogs and used in an autologous treatment for joint arthritis was efficacious 

and safe, suggesting that these cells could have beneficial effects for other 

conditions such as SCI. Results described in Chapter 4 confirmed that the 

cells used were MSC, and that they exerted paracrine activity that 

encouraged angiogenic and neurogenic growth in vitro, both of which are 

important in the regeneration of the spinal cord following injury. Findings in 

Chapter 5 revealed that CSPG (a component of the glial scar that forms 

during SCI), affected the adhesion but not the viability of cMSC, and that 
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CSPG priming of cMSC altered some aspects of their angiogenic and 

neurotrophic paracrine activity. These findings suggest that a cell free 

therapy using MSC CM may be more beneficial for treatment of SCI, so no 

abrogation of MSC paracrine activity occurs. Finally, Chapter 6 of this thesis 

demonstrated that a more complex microenvironment can change the action 

of MSC secretome. For the first time, a near-complete ex vivo model of the 

spinal cord was treated with cMSC CM, and results indicated that the cMSC 

neurotrophic activity was downregulated in favour of upregulated astrocytic 

activity. This indicates that MSC CM alters the microenvironment of the 

spinal cord; however, further study using an injured SCSC model may 

provide greater understanding of what might happen should cMSC CM be 

applied to treat dogs with SCI. 
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Figure 7.1: The four key findings demonstrated throughout this thesis. 

(A) IA injection of autologous cells assumed to be MSC was effective in the 

improvement of the clinical symptoms of arthritis in dogs. (B) Following 

characterisation following ISCT criteria confirming MSC phenotype, cMSC 

secretome was shown to be angiogenic and neurogenic through increase in 

proliferation and tubule formation of endothelial cells, and proliferation and 

neurite outgrowth of neuronal cells. (C) Culture on CSPG substrate reduced 

the adhesion and spread of cMSC, and had some effect on their paracrine 

activity. (D) Culture of SCSC in cMSC decreased axonal outgrowth, but 

increased neuronal signalling and astrocytic hypertrophy while having no 

effect on the levels of CSPG. 
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A B S T R A C T

Mesenchymal stem cells (MSCs) have been used in cell replacement therapies for connective tissue damage,
but also can stimulate wound healing through paracrine activity. In order to further understand the po-
tential use of MSCs to treat dogs with neurological disorders, this study examined the paracrine action
of adipose-derived canine MSCs on neuronal and endothelial cell models. The culture-expanded MSCs
exhibited a MSC phenotype according to plastic adherence, cell morphology, CD profiling and differen-
tiation potential along mesenchymal lineages. Treating the SH-SY5Y neuronal cell line with serum-free
MSC culture-conditioned medium (MSC CM) significantly increased SH-SY5Y cell proliferation (P < 0.01),
neurite outgrowth (P = 0.0055) and immunopositivity for the neuronal marker βIII-tubulin (P = 0.0002).
Treatment of the EA.hy926 endothelial cell line with MSC CM significantly increased the rate of wound
closure in endothelial cell scratch wound assays (P = 0.0409), which was associated with significantly in-
creased endothelial cell proliferation (P < 0.05) and migration (P = 0.0001). Furthermore, canine MSC CM
induced endothelial tubule formation in EA.hy926 cells in a soluble basement membrane matrix. Hence,
this study has demonstrated that adipose-derived canine MSC CM stimulated neuronal and endothelial
cells probably through the paracrine activity of MSC-secreted factors. This supports the use of canine
MSC transplants or their secreted products in the clinical treatment of dogs with neurological disorders
and provides some insight into possible mechanisms of action.

© 2016 Elsevier Ltd. All rights reserved.

Introduction

Mesenchymal stem cells (MSCs) were originally identified as
stem/progenitor cells that differentiated to form connective tissues,
e.g. as bone-forming osteoblasts and cartilage-forming chondrocytes,
and the bonemarrow stroma supporting haemopoiesis (Friedenstein
et al., 1974; Haynesworth et al., 1992; Pittenger et al., 1999). This
led to MSCs being considered important candidates for cell replace-
ment therapies for damaged connective tissues or to support bone
marrow haemopoeitic stem cell transplantation (Young et al., 1998;
De Bari et al., 2003; Gupta et al., 2012; Giannotti et al., 2013; Wu
et al., 2013). However, it has become clear that MSCs play wider
roles in tissue regeneration and wound healing as they secrete
growth factors and cytokines that can stimulate endogenous cells
present at wound sites (Chen et al., 2008; Park et al., 2009). This
secretory function can augment tissue repair through trophic, anti-
inflammatory or immunomodulatory activity for various conditions,
including heart disease (Gallina et al., 2015), liver damage (Berardis

et al., 2015; Owen and Newsome, 2015), skin wounds (Otero-Viñas
and Falanga, 2016) and central nervous system (CNS) damage
(Teixeira et al., 2013). Furthermore, MSCs have been isolated from
tissue sources other than bone marrow, including adipose tissues,
which is an attractive source, due to its relative ease of removal
(Sousa et al., 2014). The breadth of MSC activity and their ready avail-
ability has broadened the attractiveness of MSC-based therapies in
regenerative medicines (Caplan and Correa, 2011).

The use of MSCs to promote wound healing after spinal cord
injury (SCI) is a particular case in point. We and others have re-
ported that human MSCs secrete factors that promote neurite
outgrowth (Neuhuber et al., 2005; Crigler et al., 2006; Wright et al.,
2007, 2010, 2014; Nakano et al., 2010) and endothelial cell prolif-
eration and migration in vitro (Walter et al., 2015) and that MSC
transplantation was associated with decreased inflammation, in-
creased neural survival, increased axonal regeneration and improved
functional recovery after SCI in vivo (Ankeny et al., 2004; Neuhuber
et al., 2005; Himes et al., 2006; Nakajima et al., 2012). This re-
search supports MSC transplantation as a cell therapy for various
conditions, including CNS damage, with a number of human trials
currently underway or in development. In dogs, MSC-based cell
therapies for CNS damage, particularly SCI, also have been

* Corresponding author.
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explored. In an experimental model of SCI, MSC transplants were
associatedwith increased neural survival and repair, increased axonal
conductance velocity, reduced inflammation and increased func-
tional recovery (Lim et al., 2007; Ryu et al., 2012). MSC transplants
similarly were associated with increased function in dogs suffer-
ing from natural SCI following intervertebral disc herniation (Chung
et al., 2013; Penha et al., 2014; Sarmento et al., 2014; Besalti et al.,
2015; Kim et al., 2016). Examining the efficacy of cell transplanta-
tion for naturally occurring CNS damage in dogs in this manner is
an important step in the translation of experimental studies to
human and animal cell therapies (Jeffery et al., 2006, 2011; Hoffman
and Dow, 2016). However, for new cell therapies in dogs to be applied
optimally and for this translational knowledge to human treat-
ment to be complete, it is essential that researchers establish the
mode of activity of canine MSCs. Therefore, in this study we ex-
amined whether canine MSCs isolated from adipose tissue exert a
neurotrophic and angiogenic activity through their secretome.

Materials and methods

MSC isolation and growth

Institutional approval was provided for this study (University of Chester Faculty
of Science and Engineering Research Ethics Committee: 060/16/CW/BS, 18May 2016).
Following owner and veterinary surgeon consent for research, canine adipose tissue-
derived MSCs were isolated and cultured from surgically extracted inguinal fat pads
of dogs undergoing MSC transplantations for the treatment of joint pathology. MSCs
were isolated by collagenase digestion of the tissue for 2 h at 37 °C (0.2% Type A Col-
lagenase, Worthington Biochemical), selected through their preferential adhesion
to tissue culture plastic, as reported previously (Vieira et al., 2010; Kohli et al., 2015),
and cultured in Dulbecco’s modified Eagle medium/F12 (DMEM/F12) supple-
mentedwith 10% fetal bovine serum and 1% penicillin/streptomycin (Life Technologies)
in a humidified atmosphere of 5% CO2 with 95% air at 37 °C. Cultures were rou-
tinely passaged at 70–80% confluence using 0.25% trypsin-EDTA (Life Technologies).
All experimental procedures were performed using MSC cultures at passages 3–5.

MSC characterisation

MSC phenotype was examined according to the International Society for Cell
Therapy (ISCT) criteria (Dominici et al., 2006), which are as follows: (1) cell adher-
ence to tissue culture plastics; (2) adipogenic, osteogenic and chondrogenic
differentiation potential; and (3) an immunoprofile for CD markers that includes
immunonegativity for CD34 and CD45 and immunopositivity for CD44 and CD90,
as assessed by flow cytometry (Appendix: Supplementary material).

MSC culture-conditioned medium (MSC CM)

MSCs were seeded at a density of 1.5 × 106 cells in T75 tissue culture flasks in
standard culture medium for 24 h to permit cell adhesion, then the medium was
discarded and the cultures washed in PBS prior to feeding with 15 mL of DMEM/
F12 medium supplemented with 1% ITS, 1% non-essential amino acids and 1%
penicillin/streptomycin, but without any serum present. Cultures were then incu-
bated at 37 °C in a humidified atmosphere of 5% CO2 for 3 days, when theMSC culture-
conditioned medium (MSC CM) was collected, filtered with a sterile filter (0.20 μm,
Minisart), aliquoted and stored at −80 °C. Control medium (i.e. serum free DMEM/
F12 with the same supplements, but with no cells present) was similarly incubated
in T75 culture flasks for 3 days, harvested, filtered and stored. Under serum-free con-
ditions, there was no evident loss of cell viability and greater than 98% of cells in
all cultures were viable at day 3 (by trypan blue exclusion).

The effects of MSC CM on SH-SY5Y neuronal cells

The human neuroblastoma cell line SH-SY5Y was used to assess neurotrophic
activity of canine MSC CM, as has been performed previously with human MSC CM
(Wright et al., 2010; Pires et al., 2014; Appendix: Supplementary material). This was
due to a lack of available canine neuronal models, but also because we and other
researchers have found similar responses toMSC secretomes in cell assays usingMSCs
and responder cells of the same and different species, i.e. humans, chickens and
rodents (Neuhuber et al., 2005; Wright et al., 2010; Pires et al., 2014) suggesting
conservation of paracrine activity.

The effects of MSC CM on EA.hy926 endothelial cells

The human Ea.hy926 endothelial cell line was used as a model to examine any
angiogenic activity of canine MSC CM, due to a lack of available canine endothelial
cells and also because these cells have been used previously to test human MSC CM

(Walter et al., 2015). EA.hy926 cell assays were performed to measure endothelial
cell proliferation, endothelial cell migration and endothelial tubule formation
(Appendix: Supplementary material).

Statistical analysis

At least three independent experiments were performed for all analyses, i.e. using
MSCs and MSC CM derived from at least three different dogs vs. at least three sep-
arate control media with 3–5 replicates for each experiment. Data were examined
for normal distributions and then analysed by two-way ANOVA, independent samples
Student’s t tests or Mann–Whitney U tests, according to whether data were distrib-
uted normally or not. All data have been presented as mean ± standard error. P values
<0.05were considered statistically significant. Statistical analysis was performed using
GraphPad Prism7 (GraphPad Software).

Results

Characterisation of canine MSCs

At passages 3–5, cultures of canine MSCs were plastic-adherent,
displayed a stromal appearance and had the capacity to undergo
differentiation towards adipogenic, osteogenic and chondrogenic lin-
eages (Fig. 1A). For adipogenic and osteogenic differentiation, there
was no evident loss of cell viability, however for chondrogenic pellet
cultures some cell death was apparent, but nonetheless there was
also clear evidence of extracellular metachromatic staining with to-
luidine blue, indicative of glycosaminoglycan deposition and
chondrogenic differentiation. CD immunoprofiling demonstrated that
canineMSCs were largely immunonegative for CD34 (0.3 ± 0.6%) and
CD45 (0.1 ± 0.3%) and immunopositive for CD44 (87.7 ± 9.3%) and
CD90 (94.1 ± 9.7%; Fig. 1B). These results demonstrate that the canine
cells that had been culture-expanded from adipose tissue met the
necessary criteria of the ISCT (Dominici et al., 2006) to be consid-
ered MSCs.

Canine MSC secreted factors promote SH-SY5Y cell proliferation and
neuronal differentiation

Treating SH-SY5Y cells with canine MSC CM promoted their pro-
liferation and neuronal differentiation, as determined by viable cell
numbers, neurite outgrowth and immunoreactivity for βIII-tubulin
(Fig. 2). There was an increase in the number of SH-SY5Y cells
present, and in their extent of neurite outgrowth (Fig. 2A), which
were immunopositive for βIII-tubulin (Fig. 2B) in MSC CM vs. control
media. SH-SY5Y neurite length/cell (P = 0.0055) and the propor-
tions of SH-SY5Y cells that were βIII-tubulin immunopositive
(P = 0.0002) were significantly greater in MSC CM than in control
medium (Fig. 2C). The increase in SH-SY5Y cell number in MSC CM
vs. control medium was also significant and confirmed by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays
(P < 0.01) (Fig. 2C).

Canine MSC secreted factors promote EA.hy926 endothelial cell
migration, proliferation and tubule formation

The effects of canine MSC CM on EA.hy926 cells were exam-
ined by scratch assay, time-lapse live cell image analysis, MTT assay
and tubule formation with Matrigel. In EA.hy926 endothelial scratch
wound assays, wound closure was markedly increased in MSC CM
compared to control media (Fig. 3A). Using live cell image analy-
sis, we found that EA.hy926 cells closed the scratch wounds
significantly more quickly in MSC CM vs. control media (P = 0.0409)
by a combination of increased cell migration and cell proliferation
(Fig. 3B). The trophic effects of MSC CM on EA.hy926 endothelial
cell proliferation were confirmed by MTT assays for the number of
viable cells, which was significantly increased after 2 days culture
in MSC CM compared with control media (P = 0.0019) (Fig. 3B). We
then tested whether MSC CM could promote blood vessel formation,
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as delineated by endothelial tubule formation in Matrigel assays and
digitised image analysis (Fig. 4). As shown (Fig. 4A), culturing
EA.hy926 endothelial cells on Matrigel did not give rise to any
marked tubule formation unless MSC CMwas present, in which case
both the total length of the endothelial tubules formed (P = 0.0082)
and the number of endothelial tubule branch points present
(P = 0.0307) were significantly increased in MSC CM compared to
control media (Fig. 4B).

Discussion

MSCs have been investigated for their wound healing activity,
with potential applications for a wide variety for conditions in-
cluding CNS damage. MSCs exert paracrine effects on cells involved
in CNS repair, including neuronal cells, endothelial cells and immune
cells (Neuhuber et al., 2005; Crigler et al., 2006; Wright et al., 2007,

2010, 2014; Nakajima et al., 2012; Walter et al., 2015). Further-
more, MSC transplantation in animal models of SCI was associated
with enhanced neural regeneration, modulation of immune re-
sponses and improved functional outcomes (Ankeny et al., 2004;
Neuhuber et al., 2005; Himes et al., 2006; Nakajima et al., 2012).
Hence, MSC transplants are considered an attractive treatment option
to help overcome CNS damage, particularly SCI (Wright et al., 2011).

Dogs, like humans, can suffer from SCI and paralysis, either
through accidental trauma or following herniation of the interver-
tebral disc. Furthermore, other researchers have recently
demonstrated that transplantation of autologous culture-expanded
olfactory ensheathing cells (OECs) might be of benefit to dogs with
SCI (Granger et al., 2012). This not only is of use to veterinary med-
icine, but also helps inform the development of clinical human SCI
studies (Jeffery et al., 2006, 2011). Therefore, with a view to devel-
oping MSC transplants for dogs with CNS damage and to further

Fig. 1. Characterisation of canine mesenchymal stem cells (MSCs). (A) Representative images are shown of plastic adherent, fibroblastic cells under phase contrast micros-
copy prior to treatment with inducers of differentiation (top panel) and after inductions to become oil red O-positive adipocytic cells, alkaline phosphatase-positive osteoblastic
cells, and toluidine blue-stained cartilaginous extracellular matrix and cells, as indicated (positivity arrowed, bottom panels). Cell viability in all two-dimensional cultures
was >95%, but there was a loss of cell viability during the chondrogenic differentiation of MSCs in pellet cultures (visualised following Live/Dead staining and confocal mi-
croscopy; inset, bottom left panel). Scale bars = 20 μm. (B) Representative histograms of flow cytometric analysis of canine MSCs following immunocytochemical staining
for CD34, CD44, CD45 and CD90. Immunoreactivity with irrelevant isotype-matched control antibodies is shown in blue, while immunoreactivity for each of the CD markers
is shown in red.
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understand the potential mechanisms of action of MSC following
transplantation, we investigated whether canine MSCs exerted
paracrine wound healing activities similar to human and rodent
MSCs.

After initially characterizing MSCs from the inguinal fat pads of
dogs according to the ISCT criteria (Dominici et al., 2006), we used
established in vitro assays with responder cell lines to test their
paracrine activity. We report that MSC CM was trophic for SH-
SY5Y neuronal cells, and stimulated neurite outgrowth and neuronal
differentiation. MSC CM also was trophic for EA.hy926 endothelial
cells, enhanced their migratory behaviour and stimulated endo-
thelial tubule formation, all of which indicate angiogenic activity,

although clearly further in vivo testing would help confirm this
(Auerbach et al., 2003). These data support the application of MSC
transplantation in dogs with SCI, as well as other CNS injuries, as
enhanced neuronal survival, axonal growth and the appropriate reg-
ulation of angiogenesis are thought to represent important aspects
of repair processes (Oudega, 2012; Quertainmont et al., 2012).

The mechanisms of action of the canine MSC secretome warrant
further investigation. In other species, MSCs are known to secrete
a plethora of growth factors, cytokines and extracellularmatrix (ECM)
components (Park et al., 2009; Walter et al., 2010, 2015). These
include a variety of soluble neurotrophic factors, including nerve
growth factor, brain-derived neurotrophic factor and glial-derived

Fig. 2. Canine mesenchymal stem cells (MSCs) secrete factors that promote SH-SY5Y neuronal cell proliferation, neurite outgrowth and neuronal differentiation. (A) Rep-
resentative images are shown of SH-SY5Y neuronal cells following culture for 3 days in the presence of canine MSC conditioned medium (MSC CM) or in control medium.
As shown, there was clear evidence of increased cell numbers and neurite outgrowth (arrowed) in MSC CM compared with control cultures. Scale bars = 200 μm. (B) Rep-
resentative images of SH-SY5Y cells after 3 days of culture in the presence of canine MSC CM or in control medium and following immunocytochemical staining for the
neuronal marker, βIII-tubulin. As shown, βIII-tubulin positive cells were seen in MSC CM to a much greater extent than under control conditions. (C) The Cell IQ imaging
platform was used to quantify SH-SY5Y cell numbers and neurite outgrowth. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays were also per-
formed to assess viable cell numbers, and the proportion of cells immunopositive for βIII-tubulin was scored. There were significant increases in viable neuronal cell numbers
(P < 0.01), the length of neurite outgrowth (P = 0.0055) and the proportions of βIII-tubulin immunopositive cells (P = 0.0002) in canine MSC CM compared to the control
medium. Data have been presented as mean ± standard error. **P < 0.01, *** P < 0.001.
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neurotrophic factor, as well as pleiotropic factors that also can stim-
ulate nerve outgrowth, such as fibroblast growth factors 1 and 2
(FGF1 and FGF2) and stromal derived factor 1 (Crigler et al., 2006;
Wilkins et al., 2009; Nakano et al., 2010; Hsieh et al., 2013; Kingham
et al., 2014; Lin et al., 2014). Similarly, MSCs are known to secrete
soluble angiogenic factors, including FGFs, hepatocyte growth factor
and the highly potent vascular endothelial growth factor (Rehman
et al., 2004; Cai et al., 2007). In addition, at least some of the ECM
components that have been identified in human MSC CM, partic-
ularly fibronectin and laminin, form a stimulatory substratum for
nerve growth and also endothelial cells (Walter et al., 2010, 2015;
Kapur and Katz, 2013). The identification of growth factors and ECM
in the secretome of canine MSCs is somewhat hampered by a lack
of canine specific antibodies, but it is highly likely that many of the

factors present in the MSC secretomes of other species are simi-
larly secreted by canine MSCs. Additionally, they could play active
roles in the neurostimulatory and angiogenic effects seen in SH-
SY5Y neuronal cells and EA.hy926 endothelial cells. A similar profile
of growth factors and ECM components has been reported in MSC
secretomes with cells cultured from a variety of tissue sources
(Walter et al., 2010, 2015; Kapur and Katz, 2013; Bronckaers et al.,
2014). Also, there is a high degree of conservation across species
for at least some growth factors and cytokines that have been ex-
amined at the molecular level (Wen et al., 1993; Scheerlinck, 1999).
Nonetheless, one recent study found species-specific differences in
the secretome and paracrine activity of canine and equine MSCs,
particularly when cultured in serum free conditions (Clark et al.,
2016). Therefore, although it might be considered more likely that

Fig. 3. Canine mesenchymal stem cells (MSCs) secrete factors that promote EA.hy926 endothelial cell proliferation and cell migration. (A) Representative images are shown
of EA.hy926 endothelial cell scratch assays. As shown, there was an increase in the extent of wound closure in canine MSC conditioned medium (MSC CM) compared with
control medium after 2 days in culture. Scale bars = 200 μm. (B) Wound closure, cell division and cell migration were tracked using the Cell IQ live cell imaging platform,
wherein digitised images were collected every 15 min over 2 days. Three-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays were also performed
to assess viable cell numbers. Top left panel: The rate of endothelial cell wound closure was significantly greater (P = 0.0409) in the presence of MSC CM (right line) vs.
control media (blue line) over a 2-day time course. Bottom left panel: There was a significant increase in the number of dividing endothelial cells (per image) (P = 0.0127)
in the scratch wound assays in the presence of MSC CM (red line) vs. control medium (blue line). Top right panel: There was a significant increase in total distance that
endothelial cells migrated over a 2-day period in MSC CM vs. control medium (P = 0.0001). Bottom right panel: There were significantly more viable endothelial cells present
after 2 days in culture in canineMSC CM vs. control medium, as determined byMTT assay (P = 0.0019). Data have been presented asmean ± standard error. **P < 0.01, ****P < 0.0001.

14 I.R. Al Delfi et al. / The Veterinary Journal 217 (2016) 10–17



the canine MSC secretome would have even greater trophic effects
on canine responder cells, a potential caveat to our study is that we
tested canine MSC secretomes on human responder cell lines only.
Further studies of canine neuronal and endothelial cells, as they
become available, and the identification of MSC secreted factors in
MSC CM, are required.

In veterinary medicine, the uptake of MSC-based therapies has
been relatively low, although canine MSC transplants were used re-
cently in the treatment of some natural injury and disease conditions,
including tendon repair (Case et al., 2013), osteoarthritis (Black et al.,
2007, 2008; Vilar et al., 2013, 2014; Cuervo et al., 2014), inflam-
matory bowel disease (Pérez-Merino et al., 2015a, 2015b) and non-
infectious CNS inflammation (Zeira et al., 2015). There also have been
a number of studies of MSC transplants in canine SCI. In the clin-
ical studies of SCI to date, MSC transplants have been associated with
some benefits including improved gait and neurological function
(Penha et al., 2014; Sarmento et al., 2014; Besalti et al., 2015; Kim
et al., 2016). However, the mechanisms of action for these re-
ported benefits remain poorly understood. In rodent models of SCI,
MSC transplants have been suggested to exert a wide variety of
effects that might enhance spinal cord repair and function (Ide et al.,
2010; Vaquero and Zurita, 2011; Teixeira et al., 2013), including their
differentiation to form replacement neural cells (Deng et al., 2014),
albeit contentiously (Wright et al., 2011); immunomodulatory/anti-
inflammatory activity and increased neuronal survival (Ankeny et al.,
2004; Crigler et al., 2006; Nakajima et al., 2012), directing axons that
bridge across the SCI lesion site (Ankeny et al., 2004); secretion of
neurotrophic factors and angiogenic factors to enhance axonal re-
generation (Ankeny et al., 2004; Lu et al., 2005; Neuhuber et al., 2005;
Nakajima et al., 2012); and angiogenic responses (Zeng et al., 2011;
Kingham et al., 2014). Here, to our knowledge, our study has pro-
vided the first evidence that canine MSCs promote nerve growth
and endothelial cell proliferation, migration and tubule forma-
tion, probably through the secretion of neurotrophic and angiogenic

factors. These findings support the hypothesis that MSC trans-
plants can promote increased neuronal function in dogs with CNS
damage, including SCI, due to their paracrine activity on nerves and
blood vessels in the vicinity of the wound site. Further, this study
supports the concept that cell transplants in dogs with SCI, whether
MSCs or OECS, provide an important natural model for the devel-
opment of human cell-based therapies.

Conclusions

In this study, we have demonstrated for the first time that canine
MSCs stimulate neuronal growth and neurite extension, endothelial
cell proliferation, endothelial cell migration and endothelial tubule
formation in vitro. This paracrine activity has application in MSC-
mediated therapies to promote tissue repair. Furthermore, the effects
of the MSC secretome on neuronal and endothelial cells present at
CNS lesion sitesmight help explain howMSC transplantation induces
improved anatomical repair and functional outcomes in dogs with
natural SCI.
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Fig. 4. Canine mesenchymal stem cells (MSCs) secrete factors that promote EA.hy926 endothelial tubule formation. EA.hy926 endothelial cells were seeded at 2 × 102 cells/
well in 96-well plates coated previously withMatrigel reduced growth factor and treated with canineMSC conditionedmedium (MSC CM) or control medium. (A) Representative
images are shown of the growth pattern of EA.hy926 endothelial cells after 24 h in canine MSC CM vs. control medium. As shown, the EA.hy926 cells in canine MSC CM
formed aggregates and tubes, which was not evident in control medium. Scale bars = 200 μm. (B) Image analysis demonstrated that there were significant increases in both
the total tubule length (P = 0.0082) and total number of branch points (P = 0.0307) in canine MSC CM compared to control medium. Data have been shown as mean ± stan-
dard error. *P < 0.05, **P < 0.01.
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Appendix: Supplementary material

Supplementary data to this article can be found online at
doi:10.1016/j.tvjl.2016.09.003.
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a b s t r a c t

The multifactorial complexity of spinal cord injuries includes the formation of a glial scar, of which
chondroitin sulphated proteoglycans (CSPG) are an integral component. Previous studies have shown
CSPG to have inhibitory effects on endothelial and neuronal cell growth, highlighting the difficulty of
spinal cord regeneration. Mesenchymal stem/stromal cells (MSC) are widely used as a cell therapy, and
there is mounting evidence for their angiogenic and neurotrophic paracrine properties. However, in vivo
studies have observed poor engraftment and survival of MSC when injected into SCI. Currently, it is not
known whether increasing CSPG concentrations seen after SCI may affect MSC; therefore we have
investigated the effects of CSPG exposure to MSC in vitro. CSPG-mediated inhibition of MSC adhesion was
observed when MSC were cultured on substrates of increasing CSPG concentration, however MSC
viability was not affected even up to five days of culture. Culture conditioned medium harvested from
these cultures (primed MSC CM) was used as both culture substrata and soluble medium for EA.hy926
endothelial cells and SH-SY5Y neuronal cells. MSC CM was angiogenic, promoting endothelial cell
adhesion, proliferation and tubule formation. However, exposing MSC to CSPG reduced the effects of
CSPG-primed MSC CM on endothelial cell adhesion and proliferation, but did not reduce MSC-induced
endothelial tubule formation. Primed MSC CM also promoted neuronal cell adhesion, which was
reduced following exposure to CSPG. There were no marked differences in neurite outgrowth in MSC CM
from CSPG primed MSC cultures versus control conditions, although non-primed MSC CM from the same
donors was found to significantly enhance neurite outgrowth. Taken together, these studies demonstrate
that MSC are resilient to CSPG exposure, but that there is a marked effect of CSPG on their paracrine
regenerative activity. The findings increase our understanding of how the wound microenvironment
after SCI can mitigate the beneficial effects of MSC transplantation.

© 2018 Elsevier B.V. and Société Française de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.

1. Introduction

Mesenchymal stem/stromal cells (MSC) are routinely charac-
terised using criteria released from the International Society of
Cellular Therapy (ISCT), which includes plastic adherence, a specific

CD marker profile and tri-lineage differentiation potential to form
osteoblasts, chondrocytes and adipocytes [1,2]. Hence, MSC have
been isolated and cultured from bone marrow and adipose tissue
from a variety of species, including rodents, humans and dogs
[3e6]. However, more recent studies have suggested that MSC have
a wider function that simply acting as stem/progenitor cells for
mesenchymal tissues and that they can elicit immunomodulatory
and wound healing activity through paracrine activities on
endogenous cells already present at sites of injury [7].

The potential of using MSC as a therapy for spinal cord injury
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(SCI) has been investigated using smaller animal models [5,6,8].
These studies, coupled with in vitro experiments, have provided
evidence that transplanted MSC stimulate SCI repair through a
number of mechanisms, including MSC-mediated secretion of sol-
uble neurotrophic and angiogenic growth factors, direct cell-cell
contact and the deposition of MSC-secreted extracellular matrix
components that can bridge the wound microenvironment to
enhance axonal regeneration [4,7e11]. However, MSC survival has
been found to decrease rapidly following their transplantation into
SCI lesion sites [12e14], which limits their wound healing effects
[13].

Currently, little is known as towhich factors in the SCI lesion site
may cause transplanted MSC numbers to decrease so quickly when
used as a therapeutic. What is known is that the SCI lesion becomes
an increasingly hostile microenvironment after injury wherein a
combination of excitotoxicity, immune cell influx and the genera-
tion of a glial scar, which is formed by reactive astrocytes secreting
chondroitin sulphated proteoglycans (CSPG), prevents tissue repair
[15e17]. The glial scar, in particular, is a major block to SCI repair
mechanisms because although it provides a mechanism to limit the
damage caused by SCI and hence prevent further damage to the
blood-spinal cord barrier (BSCB), the CSPG present within the scar
inhibits sufficient axonal regeneration [15,17].

After SCI, CSPG concentrations within the glial scar increase over
time, reaching peak concentrations at 2 weeks post injury [18,19].
Furthermore, studies observing decreased MSC viability in vivo af-
ter SCI, reported reduced viability as early as 2 weeks following
transplantation [12e14]. This temporal coincidence of an increase
in CSPG levels with decreased MSC survival raises the possibility
that the formation of the glial scar may contribute, at least in part,
to how successful MSC transplantation may prove. Nonetheless,
evenwith the decline in MSC numbers post graft, beneficial actions
of MSC transplantation have still been observed [13,14]. Further-
more, in vitro studies of MSC culture conditionedmedium have also
reported angiogenic and neurotrophic effects [4,9,10,20],
strengthening theories that the reparative activities of MSC in SCI
derive from the MSC secretome. Enhancing angiogenesis is espe-
cially important during the recovery stages of SCI, as blood vessels
are the system of delivery for nutrients and oxygen, as well as the
removal of waste products. Following ischaemia, angiogenesis can
also reduce secondary damage to axons [21,22].

To our knowledge, no studies have examined whether CSPG
influence MSC viability or MSC-mediated wound healing activity.
Therefore, this study has used in vitro techniques and established
cell reporter assays [4,11] to establish both the effects of CSPG on
MSC viability and also on MSC-mediated angiogenic and neuro-
trophic paracrine activity.

2. Materials and methods

2.1. MSC isolation and growth

Institutional ethical approval was obtained for this study (Uni-
versity of Chester: 060/16/CW/BS, 18th May 2016). After consent,
samples of adipose tissue were surgically extracted from inguinal
fat pads of dogs (n¼ 3 donors) undergoing MSC transplantation
treatments of joint pathology. MSC were isolated via collagenase
digestion and preferential plastic adhesion, as described previously
[3,4], and subsequently cultured in Dulbecco's modified Eagle
medium/F-12 þ GlutaMAX™ (DMEM/F-12), supplemented with 1%
penicillin/streptomycin (P/S) and 10% foetal bovine serum (FBS)
(standard culture medium) (all Gibco®, Life Technologies™, Paisley,
UK) in a humidified atmosphere of 5% CO2 at 37 �C. Routine
passaging was completed when cultures reached 80% confluences
using 0.25% trypsin-EDTA (Gibco®, Life Technologies™). The

culture-expanded cells were characterised for plastic adherence,
immunophenotyped and assessed for tri-lineage differentiation
potential, as we have reported recently [4], and hence shown to
exhibit an MSC phenotype.

2.2. Culturing MSC on CSPG and the generation of CSPG-primed
MSC conditioned medium

6 well culture plates were incubated with solution of 0 mg/ml,
10 mg/ml or 100 mg/ml chondroitin sulphated proteoglycans
(CSPG1; Sigma Aldrich, Dorset, UK) at 4 �C overnight to allow CSPG
adherence to the culture plastic. CSPG-coated wells were washed
three times with Dulbecco's phosphate buffered saline (PBS,
Gibco®, Life Technologies™), completely aspirated and the plate
warmed for a minimum of 1 h at 37 �C/5% CO2 to allow the wells to
completely dry. MSC were then seeded into the wells at a density of
1.8� 105 cells/well in 10 ml of serum-free conditioning medium
(DMEM/F12 supplemented with ITSþ, NEAA and penicillin/strep-
tomycin, all Gibco®, Life Technologies™). The plate was incubated
at 37 �C/5% CO2 for a total of 5 days after which time the culture-
conditioned medium (MSC CM) was harvested, filtered through a
0.20 mm filter to remove any cell debris, and stored at �20 �C for
further experimentation. Control medium was generated by incu-
bating the same volume of serum-freemedium used to cultureMSC
at 37 �C for 120 h and then harvesting in the same manner as each
of the MSC CM. In some experiments, MSC CM was generated
separately by seeding MSC into T75 flasks in DMEM/F12 medium
supplemented with 10% fetal bovine serum and antibiotics, as re-
ported previously [4].

During theMSC culture on CSPG-coated substrata, the cells were
imaged digitally under phase contrast microscopy at 2h, 24 h and
120 h post seeding. The proportion of MSC that appeared adherent,
as delineated by the presence of cell processes extending onto the
culture surface, versus non-adherent (no visible cell processes and
a spherical cell morphology) was determined scoring aminimumof
50 cells for each condition and each MSC tested. MSC viability was
assessed by phase contrast microscopy and further by incubating
MSC seeded into CSPG-coated substrata in Live/Dead staining so-
lution, wherein calcein AM stains viable cells with green fluores-
cence and propidium iodide stains non-viable cells with red
fluorescence, following the manufacturer's instructions (Live/Dead
Cell Double Staining Kit, 04511, Sigma Ltd). The proportion of cells
that were green (live) or red (dead) when viewed under fluores-
cence microscopy (490 nm) was scored and digitised images
collected using a GX-CAM HiChrome-S camera.

2.3. EA.hy926 endothelial cell and SH-SY5Y neuronal cell adhesion
assays

The effects of MSC CM on EA.hy926 endothelial cell and SH-
SY5Y neuronal cell adhesion was assessed by MTS assay [23,24]
as follows: briefly, 96 well tissue culture plates were coated with
50 ml of MSC CM versus control medium overnight at 4 �C, followed
by washes in PBS (as described above for CSPG coating), prior to
seeding with EA.hy926 or SH-SY5Y cells at a density of 5� 103 cells
in 100 ml of serum-free medium per well (triplicate wells for each
MSC CM). After 2 h of incubation at 37 �C/5% CO2, wells were
washed to remove non-adherent cells and 100 ml serum-free me-
dium plus 20 ml of MTS solution (Promega CellTiter 96® AQueous
One Solution Cell Proliferation Assay, Promega, Southampton, UK)
added to each well and the plate was incubated for a further 2 h at
37 �C/5% CO2. Absorbance was measured at 490nm (iMark micro-
plate reader, Bio-Rad, Kidlington, UK). Cells were also imaged
digitally under phase contrast microscopy.
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2.4. EA.hy926 endothelial and SH-SY5Y neuronal cell proliferation
assays

The effects of MSC CM on EA.hy926 endothelial cell and SH-
SY5Y neuronal cell proliferation was assessed by culturing cells in
MSC CM versus control medium and then performingMTS assays to
determine the relative numbers of metabolically active cells, as
described previously [4]. In brief, EA.hy926 or SH-SY5Y cells were
seeded into 96 well plates at a density of 5� 103 cells per well in
100 ml of standard serum supplemented culture medium and
incubated for 24 h at 37 �C/5% CO2 to permit cell adherence. Then
the serum supplemented culture medium was removed and wells
were washed twice with 50 ml of serum-free medium prior to the
addition of 100 ml of MSC CM or control medium (n¼ 3), and
incubated at 37 �C/5% CO2. After 48 (endothelial cell assays) and 72
(neuronal cell assays) hours, 20 ml of MTS solution was added
directly to wells and absorbance measured using a spectropho-
tometer, as described above. Cells were also imaged digitally under
phase contrast microscopy.

2.5. Matrigel assays for EA.hy926 endothelial tubule formation

The effects of MSC CM versus control medium on the formation
of endothelial tubule-like structures were assessed using the
Matrigel assay, as described previously [4,25]. Briefly, Matrigel™
(Corning, New York, USA) was used to coat 96 well plates (100ml/
well) for 30min at 37 �C/5% CO2 and then seeded with
EA.hy926 cells at a density of 2� 104 cells per well in 200 ml of MSC
CM or control medium and incubated at 37 �C/5% CO2 for 24 h. The
plate was then loaded into the Cell-IQ imaging system (Chipman
Technologies, Tampere, Finland) under x10 magnification and
digitised images analysed for tubule formation using the Cell-IQ
imaging software.

2.6. SH-SY5Y neurite outgrowth assays

SH-SY5Y neuronal cells were seeded into a 24 well plate at a
density of 1� 104 cells per well in 1 ml of standard serum sup-
plemented culture medium and incubated for 24 h at 37 �C/5% CO2
to permit cell adherence. After this period, the culture mediumwas
removed, the wells were washed with serum-free medium and
then 1ml of MSC CM or control medium added prior to incubation
at 37 �C/5% CO2 for 72 h. At 72 h post-treatment, digitised images
were collected under phase contrast microscopy and neurite
outgrowth measured using Cell-IQ imaging software, as previously
described [4].

2.7. Statistical analysis

At least 3 independent experiments were performed, i.e. using
MSC and MSC CM generated from 3 separate tissue donors. IBM
SPSS software was used for statistical analyses. Data generated
from n¼ 3MSC donors was pooled and tested for normal distri-
bution using the Shapiro-Wilk test and then relationships between
parameters and differences between groups were tested for sig-
nificance using either a one way analysis of variance (ANOVA) with
Tukeys post-hoc or T-tests for normally distributed data or a
Kruskal-Wallis test with Mann Whitney U tests post-hoc for non-
normally distributed data. All data have been shown as mean-
s±standard deviations (SD). Significance was accepted below the
5% level.

3. Results

3.1. CSPG substrata inhibited MSC adhesion, but did not affect MSC
viability

Using CSPG to coat wells as a culture substratum inhibited MSC
adhesion in a concentration-dependent manner (Fig. 1). Hence, at
2 h post-seeding, the MSC morphology, i.e., a more stromal
appearance with cytoplasmic extensions onto the culture surface
and the extent of cell spreading indicated a greater adhesion in
control wells compared with reduced adhesion as the coating
concentration of CSPG increased. This evident inhibition of MSC
adhesion by CSPG coating was also seen at 24 h post-cell seeding,
but by 120 h post-seeding there was no apparent difference in the
morphology of MSC on all culture substrata. Image analyses of
digitised images collected throughout time course demonstrated
that both proportions of adherent versus non-adherent MSC and
the extent of MSC spreading were significantly inhibited by CSPG
coated in such a transient manner (Fig. 1B). However, MSC
appeared phase bright at all time, indicating viable cultures, and
Live/Dead staining at 24 and 120 h post-seeding demonstrated that
culturing MSC on increasing CSPG concentrations had little to no
effect on their viability (Fig. 1A: inset). The lowest MSC viability
recorded was 98± 1% viable cells at 24 h post-seeding and 96± 3%
viable cells at 120 h post-seeding.

3.2. Culturing MSC on CSPG-coated substrata reduced the pro-
adhesive and proliferative effects of primed MSC CM on EA.hy926
endothelial cells with little effect on the formation of endothelial
tubule-like structures

MSC CM generated from MSC cultured on 0 mg/ml and 10 mg/ml
CSPG-coated substrata significantly increased EA.hy926 endothelial
cell adhesion after 2 h of culture compared to control medium.
However, there was a marked reduction in this pro-adhesive effect
from MSC CM generated from MSC cultures on 100 mg/ml CSPG-
coated substrata (Fig. 2). Similarly, MSC CM from MSC cultured on
0 mg/ml and 10 mg/ml CSPG-coated substrata increased EA.hy926
endothelial cell proliferation at 48 h of treatment compared to
control medium, which also was not seen using MSC CM from
100 mg/ml CSPG-coated substrata (Fig. 3). Conversely, the effects of
MSC CM in enhancing the formation of tubule-like structures by
EA.hy926 cells onMatrigel were not diminished by prior priming of
theMSC CM through CSPG exposure (Fig. 4). Therewas a significant
increase in EA.hy926 endothelial tubule formation when the
endothelial cells were cultured in MSC CM harvested from 0 mg/ml,
10 mg/ml and 100 mg/ml CSPG coated wells (all p< 0.05; Mann-
Whitney U test) compared to control medium.

3.3. Culturing MSC on CSPG-coated substrata reduced the pro-
adhesive effects of primed MSC CM on SH-SY5Y neuronal cells with
little effect on SH-SY5Y neurite outgrowth

MSC CM generated from MSC cultured on 0 mg/ml, 10 mg/ml
and 100 mg/ml CSPG-coated substrata significantly increased SH-
SY5Y neuronal cell proliferation after 72 h of culture compared to
control medium. However, there was a marked reduction in this
pro-adhesive effect from MSC CM generated from MSC cultures
on 100 mg/ml CSPG-coated substrata (Fig. 5). Conversely, none of
the CSPG primed MSC CM, including the conditioned medium
generated from MSC cultures that had been seeded onto PBS-
only coated wells (0 mg/ml primed MSC CM) enhanced SH-SY5Y
neurite outgrowth compared to control medium (Fig. 6). We
previously observed that MSC CM harvested from MSC cultures
seeded in T75 flasks in serum-supplemented medium to initially
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Fig. 1. CSPG substrata inhibited MSC adhesion and cell spreading, but not MSC viability. (A) Representative phase contrast images are shown of MSC at 2 h, 24 h and 120 h after
seeding onto three concentrations of CSPG substrata (PBS control, 10 mg/ml or 100 mg/ml in PBS). Fewer adherent cells were observed showing cell spreading from filopodia or
lamellipodia onto the CSPG-coated culture surfaces at 2 h post seeding. (Inset) Representative fluorescence images of MSC following LIVE/DEAD staining. Green cells are viable and
red cells are dead. (B). Image analysis of digitised images using Image J software demonstrated that there was a significant and CSPG concentration-dependent inhibition of the
proportion of cells that were adherent (green bars) versus non-adherent (red bars), as well as an inhibition of the extent of cell spreading (measured as cell area) in the adherent and
non-adherent populations (as indicated) on the highest concentrations of CSPG. Data shown are means ± SD, *p < 0.05, **p < 0.01. Scale bars ¼ 20 mm.
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permit cell adhesion then washed and cultured in serum-free
medium enhanced SH-SY5Y neurite outgrowth [4]. Therefore,
in separate experiments using MSC from the same donors that
have been used in the current study we generated MSC CM using
the technique previously reported. Similar to our previous re-
sults, we found that this MSC CM was neurotrophic, significantly
enhancing SY-SY5Y neurite outgrowth compared to control me-
dium (Fig. 6C).

4. Discussion

Following SCI, the combination of inflammatory cytokines,
widespread cell death and immune cell influx causes surviving
local astrocytes to become reactive. These reactive cells secrete
CSPG, which, along with debris from dying cells and myelin sheath
degradation, form the glial scar [16]. Although perhaps the primary
action of the glial scar is to aid in restoration of the BSCB, so limiting

Fig. 2. Exposing MSC to CSPG reduced the pro-adhesive effects of MSC CM on EA.hy926 endothelial cells. (A). Representative phase contrast digitised images are shown of
EA.hy926 endothelial cells at 2 h post-seeding onto MSC CM-coated wells. As shown, MSC CM enhanced endothelial cell adhesion and spreading, an effect reduced by exposing MSC
to higher concentrations of CSPG. (B). MTS assays were used to determine the relative numbers of EA.hy926 cells adhered at this time, which were significantly and markedly
enhanced in primed MSC CM generated on 0 mg/ml and 10 mg/ml CSPG coated wells. Data shown are means ± SD, *p < 0.05. Scale bars ¼ 20 mm.
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further CNS damage, the CSPG present is inhibitory to new nerve
growth [15,17]. Hence, the presence of CSPG in the damaged spinal
cord is a major consideration to strategies that target axonal
regeneration and spinal cord repair.

Transplanting MSC directly into SCI lesion sites in animal
models increases functional recovery, which is thought to be
mediated by the secretion of factors by the transplantedMSC [9,20].
However, the viability of MSC decreases dramatically within weeks

of transplantation, limiting their wound healing capacity [12e14].
The causes of MSC death following transplant could be due to the
severemicroenvironment within the injured area of the spinal cord
[12e14]. As described above, the accumulation of a CSPG-rich
matrix in the SCI lesion is one aspect of this microenvironment.
Therefore, this study has examined whether exposing MSC to CSPG
has any effect on their growth and viability, as well as their capacity
to stimulate angiogenesis and nerve growth, both of which are

Fig. 3. Exposing MSC to CSPG reduced the proliferative effects of MSC CM on EA.hy926 endothelial cells. (A). Representative phase contrast digitised images are shown of
EA.hy926 endothelial cells at 48 h of culture in MSC CM. As shown, MSC CM enhanced endothelial cell proliferation, an effect reduced by priming MSC CM with higher con-
centrations of CSPG. (B). MTS assays were used to determine the relative numbers of EA.hy926 cells at this time, which were significantly and markedly enhanced in primed MSC CM
generated on 0 mg/ml and 10 mg/ml CSPG coated wells. Data shown are means ± SD, *p < 0.05. Scale bars ¼ 20 mm.
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integral to SCI repair processes. We used these concentrations of
CSPG specifically because previous research has shown that
EA.hy926 endothelial cell migration [26] and SH-SY5Y neurite
outgrowth [27] were not inhibited at 10 mg/ml CSPG, but were
inhibited at 100 mg/ml CSPG. Increased CSPG is thought to play an
important role in inhibiting CNS repair [18,19] and although the
exact CSPG concentrations seen in vivo after SCI are not well
documented, the range that we have examined includes those
levels of CSPG that have little/no effect on endothelial cells and
nerve growth and those that are inhibitory, at least in vitro. Hence,
the range was intended to mimic those levels that may be seen in
the CNS lesions into which MSC have been transplanted.

Our data shows that MSC adhesion was transiently inhibited by
CSPG-coated substrata, as has been reported previously for a vari-
ety of other cell types including neurons and endothelial cells
[9,10,28e30]. However, the MSC became adherent andmore spread
on the CSPG-coated substrata with time, which may indicate either
that CSPG was being lost from the substrata, possibly due to MSC-
mediated degradation [31e33], or that the MSC were secreting
other adhesive ECM, e.g. collagens, laminin or fibronectin [20],
which masked the CSPG. Further experimentation is required to
determine howMSC adhesion to the CSPG substrata increased with
time. However, exposure to CSPG did not significantly affect MSC
viability at any time point during this study. Hence, our results do

Fig. 4. MSC CM increased the formation of endothelial tubule-like structure by EA.hy926 endothelial cells. (A). Representative phase contrast digitised images are shown of
EA.hy926 endothelial cells at 24 h of culture in MSC CM on Matrigel. As shown, MSC CM stimulated the formation endothelial tubule-like structures. (B). Image analysis
demonstrated significant increases in the extent of endothelial tubule-like structures in MSC CM versus control medium, which was not diminished by exposure of the MSC to CSPG.
Data shown are means ± SD, *p < 0.05. Scale bars ¼ 20 mm.
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not support the hypothesis that increased levels of CSPG seen in the
glial scar play a direct role in reducing the numbers of viable MSC
after their transplantation, suggesting that other microenviron-
mental factors may be responsible for this cell loss.

In contrast, exposure of the MSC to CSPG reduced the extent to
which the MSC secretome, in the form of MSC CM, promoted some
aspects of angiogenesis. Similar to previous reports [11], MSC CM
generated from MSC cultures that had not been exposed to CSPG

enhanced EA.hy926 endothelial cell adhesion (when used as a MSC
CM-coated culture substratum) and EA.hy926 endothelial cell
proliferation (when used as a soluble culture medium) compared to
control medium. However, priming the MSC through CSPG expo-
sure reduced this adhesive and proliferative effect in a CSPG
concentration-dependent manner. Using Matrigel assays [4,25],
MSC CM was also found to enhance EA.hy926 endothelial tubule
formation compared to control medium; however, this pro-

Fig. 5. Exposing MSC to CSPG reduced the pro-adhesive effects of MSC CM on SH-SY5Y neuronal cells. (A). Representative phase contrast digitised images are shown of SH-SY5Y
neuronal cells at 2 h post-seeding onto MSC CM-coated wells. As shown, MSC CM enhanced neuronal cell adhesion and spreading, an effect reduced by exposing MSC to higher
concentrations of CSPG. (B). MTS assays were used to determine the relative numbers of SH-SY5Y cells adhered at this time, which were significantly and markedly enhanced in
primed MSC CM generated on 0 mg/ml and 10 mg/ml CSPG coated wells. Data shown are means ± SD, *p < 0.05, **p < 0.01. Scale bars ¼ 10 mm.
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angiogenic effect was not significantly changed by CSPG priming.
Therefore, from this data it can be concluded: (i) MSC secreted
proangiogenic factors; (ii) MSC exposure to CSPG reduced their pro-
adhesive and proliferative effects on endothelial cells. This suggests
that the presence of CSPG altered the MSC phenotype, at least in
terms of angiogenic activity, and raises the important question as to
how this change may have arisen it if wasn't associated with
decreased MSC viability. Previous research has suggested that as
MSC differentiate to form chondrocytes, they have reduced angio-
genic activity [34]. Furthermore, changes in MSC morphology to a
more spherical cell shape compared to a flattened, fibroblastic
shape, is associated with increased chondrogenesis [35]. Hence,
one possibility may be that the transient changes seen in MSC
morphology when their adhesion to the CSPG-coated substratawas
inhibited also may have reduced their secretion of angiogenic fac-
tors, e.g. decreased vascular endothelial growth factor (VEGF)
expression, or increased their secretion of anti-angiogenic factors,
e.g. CSPG [11]. In addition, if CSPG are released from the culture
substrata as a result of MSC culture, then the fact that CSPG itself

inhibits endothelial cell adhesion and migration [26,36] suggests
that this may also play a role. Further research is required to
address these questions, which may have direct relevance to the
impact that transplanted MSC have in the SCI milieu.

MSC CM was found to promote SH-SY5Y neuronal adhesion
when used as an MSC CM-coated culture substratum, an effect that
was diminished by MSC culture on high concentrations of CSPG.
This suggests that the MSC CM contained molecules that are pro-
adhesive to neuronal and endothelial cells (as discussed above,
e.g. collagen, laminin and fibronectin), which we have previously
reported is present in theMSC secretome [11]. The presence of ECM
components that support neuronal and endothelial cell adhesion
can be related to increased nerve growth [37] as well as angio-
genesis [38]. However, and contrary to our previous research [4],
the MSC CM generated in this study had no effect on SH-SY5Y
neurite outgrowth. To examine whether the method of MSC CM
generation used in the current study could have accounted for this
difference in outcome from our previous research, we also made
MSC CM using our previously published methods [4] and found

Fig. 6. Exposing MSC to CSPG had no apparent effect on MSC-mediated SH-SY5Y neurite outgrowth (A). Representative phase contrast digitised images are shown of SH-SY5Y
neuronal cells at 72 h of culture in CSPG primed MSC CM versus control medium. (B). Primed MSC CM generated in this experiment had little or not affect on the extent of SH-SY5Y
neurite outgrowth compared to control medium. (C). In contrast, MSC CM generated in T75 flasks using previously published methods [4] stimulated significantly increased SH-
SY5Y neurite outgrowth. Data shown are means ± SD, **p < 0.01. Scale bars ¼ 10 mm.
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that this harvested conditioned mediumwas neurotrophic. Further
research is required, therefore, to better understand this difference
in outcome and fully establish the effects of exposing MSC to CSPG
on their neurotrophic activity. The MSC CM generated in the cur-
rent protocol was harvested after a 5 day culture period, whereas
our previous protocol was harvested after only a 3 day culture
period. This extra time in culture may have caused a shift in the
levels of secretome components. Like all cells, MSC require growth
factors and nutrients to survive [39] and to synthesise proteins [40].
Hence, the MSC used in this study may have started to reduce their
secretion of trophic factors and re-uptake products that had been
secreted over the first 3 days of culture to counter decreasing
growth factor/nutrient levels. This could have reduced the level of
some secretome components within the MSC CM, possibly even
differentially, e.g. MSC possess the low affinity nerve growth factor
receptor CD271 [41] hence there may have been potentially
increased NGF uptake with time, which in terms would mean less
neurotrophic activity within the MSC CM. The results from this
study suggest that there may be more complex interactions be-
tween MSC, MSC-secreted factors, CSPG exposure and time in
culture, and this warrant further investigation.”

Finally, it is noteworthy that these findings have relevance to
other CNS disorders, not just SCI, where stem cell transplantation
has shown great potential. These include the use of different
potentially therapeutic cells, including MSC, to combat stroke and
traumatic brain injury [42e46]. The survival of the transplanted
cells and the effects of CSPG on their wound healing activity may
well play an important role in these scenarios.

5. Conclusions

In conclusion, exposing MSC to CSPG prior to harvesting culture
conditioned medium, possibly with a view to using MSC CM ther-
apeutically in SCI, has shown a variety of interesting effects that
need further investigation. CSPG priming of MSC CM reduced its
trophic effects on endothelial cell adhesion and proliferation, and
moderately inhibited some aspects of neurogenesis (i.e. neuronal
cell adhesion), but not neurite outgrowth. This reduction in trophic
activity may influence important aspects of MSC-mediated SCI
repair by limiting new blood vessel formation and nerve growth.
Proteomic study of the MSC CM generated in these conditions in
future research may give further insight as to how CSPG in-
teractions in the SCI microenvironment influence repair processes.
This knowledge could help the design of more effective ways of
culturing MSC to enhance the MSC-mediated wound healing
activity.
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