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ABSTRACT 

Spinal cord injury (SCI) is a common cause of neurological deficits in dogs and 

a major cause of morbidity and decreased quality of life in people. In dogs, the most 

common cause of SCI is associated with intervertebral disc disease (IVDD), 

especially type I intervertebral disc herniation (IVDH), which known as intervertebral 

disc nuclear extrusion (IVDE) and occurs predominantly in chondrodystrophic dogs 

as a consequence of intervertebral disc degeneration. This disease commonly 

causes contusion and compression to the spinal cord, which in most severe cases 

leads to complete loss of voluntary motor function, bladder control and pain 

sensation distal to the level of the lesion.  

For decades, researchers have used animal models in their studies of SCI. However, 

limited progress has been achieved in translating any beneficial findings from 

experimental models to human SCI. Moreover, experimental studies in rodent 

models may not closely represent clinical SCI in human and canine patients. 

Spontaneously occurring compression and contusion with SCI associated with IVDE 

in dogs may be more analogous to human disease than induced experimental 

animal models. Therefore, recruiting dog patients of naturally occurring disc disease 

associated with SCI has become a common practice in clinical research trials of SCI. 

Canine naturally occurring SCI could simulate the injury in human patients including; 

mechanism of damage, pathophysiological events, healing processes, functional 

recovery, measures of evaluating outcomes, and effectiveness of the candidate 

therapies of SCI. 

To date, no therapeutic method has been shown to treat this disease successfully in 

dogs with severe lesions. Therefore, the long-term outcome for these cases is 

chronic paraplegia with loss of sensation distal to the level of the lesion. Since this is 

true in both human and canine patients, novel therapies must be investigated, 

including promising neural stem cells transplantation. 
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The principal objective of this thesis was to study canine SCI and develop a reliable 

and reproducible paradigm for evaluating the effect of candidate therapies, using 

human neural precursor cells (hNPCs) in dogs as an example. This was approached 

by; 1) evaluating different MRI measures to monitor the spinal cord lesion in dogs 

with IVDE associated with SCI, including pre and post-surgical and non-surgical 

interventions, 2) ex vivo  examination of hNPCs’ impact on inflammatory factors in 

stimulated whole blood (WB) samples from healthy dogs, 3) evaluate methods to 

measure responses to implantation of hNPCs in the paraplegic dog with grade 5 

SCI, as a pilot clinical study, 4) explore the fate of hNPCs at 18 months post-

xenotransplantation into spinal cord tissue (SCT) of a dog with grade 5 SCI, and 

5) investigate the possibility of isolate and culture of canine neural stem cells (NSCs) 

from SCT of the dog. 

Based on linear mixed effect (LME) model, the pathological and morphometric 

alterations of the objective and quantifiable parameters of the MRI measures of the 

spinal cord and vertebral canal post-SCI and following treatments are important 

prognostic indicators. The results showed that the interaction effect of time and 

surgery is an important factor in decreasing spinal cord compression and vertebral 

canal narrowing.  

The findings of the ex vivo study suggested that hNPCs could modulate the 

inflammatory responses in stimulated WB by reducing the production of tumour 

necrosis factor-alpha (TNF-α).  

The clinical findings of the in vivo pilot study for 6 months observation period 

concluded that neither adverse effects nor immunological reactions were developed 

following the percutaneous injection of hNPCs into the spinal cord of the dog. 

Although recovery of the cutaneous trunci muscle reflex (CTMR) was identified at the 

end of the observation period, no improvements of the deep pain sensation or 

locomotion and urinary functions were shown post-therapy in this single case.  

The immunohistochemical findings revealed that the grafted hNPCs had survived 

and migrated, after xenotransplantation into SCT of the host dog. The gross and 

histopathological examination showed neither significant pathological changes nor 

any tumour formation at 18 months following xenotransplantation in the dog with 

grade 5 SCI. 
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Further prospective studies in a large number of dogs are required to investigate;  

1) the pathological and morphometrical measures of spinal cord and vertebral canal 

before and after hNPCs transplantation associated with and without surgery, and 

at different time points,  

2) the effect of hNPCs on different cytokines including pro-inflammatory cytokines 

such as interleukin-1 beta (IL-1β), interleukin- 2 (IL-2), interleukin-12 (IL-12), and 

iNOS, and also including anti-inflammatory cytokines such as interleukin-4 (IL-4), 

interleukin-10 (IL-10), and interleukin-13 (IL-13) in WB from healthy dogs and 

dogs with SCI. These additional studies ought to evaluate different time points of 

the inflammatory response, and use different measuring techniques such as 

polymerase chain reaction (PCR) and enzyme-linked immunosorbent assay 

(ELISA), and  

3) the safety and efficacy of xenotransplantation of hNPCs into dog patients 

injected concurrently during surgical intervention and at different time points 

post-injury.  

Future studies may include investigating the potentials inflammatory effects of 

hNPCs with different ex vivo models such as in organotypic slice cultures of the 

spinal cord or co-culturing with macrophages. 

Further studies are essential to investigate several normal standard parameters in 

healthy dogs of different sexes and status, ages, and breeds, that are important for 

measuring response following putative therapies in CSI dogs. These may include the 

measurement of the morphometrics features of the spinal cord and vertebral canal 

using MRI scanning of different spine regions and urodynamic parameters such as 

urethral pressure profile. 

Future studies of xenotransplantation with hNPCs would be strengthened by use of 

host SCT that might be available after necropsy for histology examinations to 

determine the source (donor or host) of cells in the host SCT by using 

immunostaining and PCR in combination, and to identify expression of neuronal 

proteins (neuronal phenotypes) of the isolated cells from host SCT samples. 
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I found that it is possible to isolate, and culture canine derived neural stem cells from 

SCT. Therefore, this shows promise for future research using of dog-to-dog 

transplantation “allografting” of canine derived neural stem cells for SCI, which may 

minimise the associated complications of xenotransplantation.  

The current research work helps understanding of the pathological and 

morphometrics alterations of spinal cord lesion pre and post treatment of IVDE. 

Furthermore, the findings are of value in understanding the mechanism of potential 

therapeutic action, including the anti-inflammatory effect of hNPCs and the fate of 

donor cells following transplantation into the host SCT. Finally, this research 

represents an initial step towards investigating the potential benefits of hNPCs in a 

preclinical study of naturally occurring SCI in dogs.  

In summary, the observations of this thesis offer insight into the methods developed 

to evaluate potential benefits of using hNPCs for transplantation therapy in dogs with 

grade 5 SCI. 
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Figure 5. 5: Immunohistochemistry controls (Formalin / 10% NBF-fixed paraffin-

embedded section) using Anti-Human Nuclear Antigen antibody [Mouse monoclonal 

(NM106), Abcam ab220202] on neurospheres of human neural precursor cells 

(hNPCs) cultures. A1-A3: Negative control shows un-labelled nuclei of hNPCs. B1-

B3: Positive control shows labelled hNPCs’ nuclei with anti-human nuclear antigen 

antibody. A1 and B1; scale bar= 100µm (X 100 Magnification). A2 and B2; scale 

bar= 50µm (X 200 Magnification). A3 and B3; scale bar= 20µm (X 400 

Magnification). ........................................................................................................ 216 

Figure 5. 6: Immunohistochemistry controls (Formalin / 10% NBF-fixed paraffin-

embedded section)-Anti-Human Nuclear Antigen antibody [Mouse monoclonal 

(NM106) anti human nuclear antigen, Abcam ab220202]. Negative control of dog’s 

spinal cord tissue samples; A, scale bar= 100µm (X 100 Magnification) and B, scale 

bar= 20µm (X 400 Magnification). No labelling of cells nuclei was detected in 

negative control in absence of primary antibody. ................................................... 217 

Figure 5. 7: Immunohistochemistry controls (Formalin / 10% NBF-fixed paraffin-

embedded section)-Anti-Human Nuclear Antigen antibody [Mouse monoclonal 

(NM106) anti human nuclear antigen, Abcam ab220202]. Abundance of the cells 

with positive anti-human nuclear factor label (arrows) was detected at T9 spinal cord 

segment as well as the migration of these cells to the site of transplantation. 

A: Cells with dark nuclei labelled in immunohistochemistry using anti-human nuclear 

antigen shown with “arrows” are human cells. Among other unlabelled cells with faint 

nuclei shown with (arrowheads) (presumably the constituent canine cells). 

B: Positive immunoreactivity cells (arrows) in brown colour against human nuclear 

factor found in both grey and white matters with some unlabelled cells with faint 

nuclei (arrowheads). Sections from T9-T10 level SCT of a dog at 18 months post 

engraftment. Scale bar= 20µm (X 400 Magnification). ........................................... 219 
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1.1. Introduction 

Spinal cord injury (SCI) has been documented for thousands of years as one of the 

most overwhelming illness people may experience during their lifespan. One of the 

oldest medical manuscripts about spinal cord injuries was found in Egypt dating back 

to sometime between 300 and 2500 BC (Feldman & Goodrich, 1999; Goodrich, 

2004; Hamburger, 1939; Splavski, 2019). 

Spinal cord injury (SCI) and intervertebral disc diseases (IVDD) are common 

neurological illnesses that affect both people and dogs. The severe type of SCI 

(ASIA ‘A’) in people, is an incurable illness that apart from numerous secondary 

complications, it may lead to life-changing and permanent disability. In veterinary 

medicine, the IVDD is the common cause of grade 5 SCI in dogs (equivalent to 

ASIA ‘A’ in people), which is the leading cause of neurological deficits. 

The prevalence of intervertebral disc extrusion (IVDE) also known as IVD herniation 

“type I”, occurs predominantly in chondrodystrophic dogs. Partial or complete loss of 

motor, sensory, and visceral (i.e. bowels and bladder) functions are the primary 

immediate or delayed complications post SCI, both, in people and dogs (Arias et al, 

2015; Bray & Burbidge, 1998; Cizkova et al, 2020; Jeffery et al, 2011; Jeffery et al, 

2013a; Mendes & Arias, 2012; Rodacki et al, 2015; Shao et al, 2019; Taylor et al, 

2014).  

Over the last few decades, the study of canine SCI has gained attention since dogs 

offer a naturally occurring model of similar disease in humans, improving the 

translation of successful outcomes from rodent models experiments through 

employing spontaneous SCI in dogs as an excellent intermediate model. Clinical trial 

studies of canine models of SCI could provide several advantages than offered by 

experimental rodent models, mainly when these studies have designed for modelling 

animals to study human disease. The pathologic alterations of canine SCI may 

simulate the pathological courses of SCI in humans. Primary and secondary tissue 

changes of SCI in dogs may elucidate the pathogenicity as in human SCI. 
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Recruiting canine patients to study a specific disease or to investigate a new 

therapeutic agent is ethically more acceptable than inducing similar illness 

in experimental animal models or subjecting healthy animal to such suffering for the 

same purpose. Although dogs are quadrupeds, they are the only species apart from 

humans that are prone to naturally occurring SCI. In addition, dogs are closer in size 

to humans than rodents easing the process of dose determination of any candidate 

therapeutics. Clinical trial studies of canine SCI simply provide a better 

understanding of this medical problem in canine patients as well as humans. There 

is a symmetry between dogs and people SCI in term of; aetiological factors, 

mechanism of injury, pathological changes, clinical treatment options, and even 

recovery pattern (Jeffery et al, 2013b; Jeffery et al, 2006; Levine et al, 2011; 

McMahill et al, 2015; Nardone et al, 2017; Olby et al, 2004; Song et al, 2016). 

Given the importance of SCI as a cause of neurological dysfunction, the effort to find 

a suitable and effective therapy has become crucial. Neural stem cells (NSCs) has 

become one of the most promising transplantation therapies for many central 

nervous system (CNS) disorders, including SCI. The transplantation of NSCs has 

been reported to promote regeneration of damaged tissue and enhance recovery of 

neurological functions in animal models of SCI (Li et al, 2020; Miller, 2006; 

Zholudeva et al, 2018). 

The principal aim of this thesis was to build the basis upon which we could examine 

the effect of novel therapy utilising human neural derived stem cells in dogs. 

Furthermore, I aimed to investigate the effects of this therapy in canine blood 

samples and evaluate methods for measuring the response to this therapy in the dog 

with grade 5 SCI.  
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1.2. Literature review 

1.2.1. Spinal cord injury (SCI) and historic perspective 

Spinal cord injury (SCI) is a serious and intractable medical problem in human and 

veterinary medicine (Blesch and Tuszynski, 2009; Jeffery et al, 2011; Lu et al, 2013; 

Rabchevsky and Smith, 2001). One of the oldest medical manuscripts about SCI 

was written by the ancient Egyptians approximately 2500 BC. Most likely, the original 

author was an army surgeon concerned about the injured men during the battles 

(Dohrmann, 1972; Hughes, 1988; Myres, 1933). This medical text was named ‘the 

Edwin Smith Surgical Papyrus’ after the American, Edwin Smith, who brought this 

manuscript to the light and translated it from the hieroglyphic script. A total of 48 

cases dealing with wounds and injuries were recorded in that old manuscript. Six of 

the cases were about spinal injuries of which five were at the cervical spine level, 

and two did not receive any treatment because of the poor prognosis 

(Feldman & Goodrich, 1999; Hughes, 1988).  

1.2.2. Human spinal cord injury 

1.2.2.1. Aetiologies of SCI  

Most incidences of SCI are of traumatic origins due to external trauma. Information 

from the National Spinal Cord Injury Database (NSCID) and the National Shriners 

Spinal Cord Injury Database (NSSCID) identified 37 different aetiologies of traumatic 

SCI (TSCI). These included; auto/motorcycle crashes, falls, gunshot, diving 

accidents, other sport and recreation activities, and surgical or medical treatment 

complications accounting to 83.1% of the total SCI cases (Chen et al, 2013). 

In general, traffic road accidents are the major cause of SCI, resulting in 40-50% of 

the SCI aetiologies. The other aetiologies of SCI in humans are work and sports 

accidents (10-25%), falls (20%) and violence-related injuries (10-25%) (Sekhon & 

Fehlings, 2001; Tator, 1995a; Tator, 1995b). Price et al. (1994), reported 376 cases 

of SCI in Oklahoma from 1988-1990. In summary, 180 cases were caused by motor 

vehicle accidents (48%), whereas, falls resulted in 20% of the incidences, sports 

13%, violence 11%, falling objects 4%, and other aetiologies 4% (Price et al, 1994).
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1.2.2.2. Costs of spinal cord injury 

Every year thousands of people are affected by SCI, and these new figures are 

added to the total numbers of alive patients with SCI. In the U.S., the estimation of 

the annual incidence of SCI reached up to 54 new cases per million, which result in 

17000 new cases each year (White & Black, 2016) and about 180,000 new cases 

worldwide (Li et al, 2020). The total number of alive patients of SCI in the U.S.A. 

ranged from 243000 to 347000 persons (White & Black, 2016) and the estimated 

total number worldwide is 3 million people live with spinal cord injury (Li et al, 2020). 

Vawda & Fehlings (2013) stated that the estimated total number of people live with 

SCI in the United States is about 1.275 million cases, and the annual incidence is 

over 12000 new cases (Vawda & G Fehlings, 2013). Besides the influence on 

patients and their families, SCI has a negative effect on the general economy of 

societies through spending billions of dollars for the rehabilitation, long-term health 

care, and equipment/modifications costs (Adams & Cavanagh, 2004).   

In general, direct costs of SCI patients on a healthcare system of society varies 

based on the age group, anatomical level of injury, stage of rehabilitation and the 

duration of the provided health care. The annual healthcare costs of SCI per patient 

during the first year of injury was USD 222087 in the USA (DeVivo et al, 2011) and 

CAD 121600 in Canada  (Dryden et al, 2005) with the annual follow up cost USD 

68815 per patient in the USA (DeVivo et al, 2011). The healthcare costs for a patient 

with a severe SCI may reach up to 5.4 million USD by the age of 25 years old (Cao 

et al, 2011). In 1996, the estimated direct cost for a tetraplegic (quadriplegic) patient 

at age 37 was 0.9 million. While paraplegic patients at age 31 and 40 were 0.5 and 

0.3 million, respectively (Cao et al, 2011). In Australia, the annual total economic 

costs for patients of SCI (tetraplegic and paraplegic) is about AUD 2 billion. 

Whereas, the clinical improvement of only 1% would expect to decrease this cost by 

AUD 29 million. The total costs of healthcare, long term care, and 

equipment/modifications spent on paraplegic and tetraplegic patients in Australia in 

2008 was AUD 965.9 million, of which AUD 289.5 million was spent on Victorian 

patients (Economics, 2009). 
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1.2.3. Pathology of the spinal cord injury 

Over the past few decades, research on the post-trauma pathology of CNS has 

intensified with hopes to gain a more detailed understanding of the neuropathology 

of SCI to improve the management of this incurable disease. Importantly, the 

majority of our understanding of the neuropathology of CNS diseases is based on 

the experimental observations and analysis of laboratory animal models. 

1.2.3.1. Spinal cord injury pathophysiology 

In general, SCI can be classified into acute or chronic stage (Cadotte et al, 2018). 

It has been postulated that significant pathophysiologic changes of SCI occur during 

the acute stage. The pathophysiologic mechanism of the acute SCI can be divided 

into; 1) primary injury, which is in line with the initial mechanical injury, and 

2) secondary injury, which starts immediately after the primary phase and may last 

for several days or weeks following SCI (Cadotte et al, 2018; Dubendorf, 1999; 

Dumont et al, 2001; Sekhon & Fehlings, 2001).  

The primary phase is the prognostic indicator of the grade of SCI, which the 

severity of the injury will determine the neurological deficits (Dumont et al, 2001; Sun 

et al, 2018). The primary injury initiate and caused by mechanical trauma and local 

destruction of the neural tissue within the spinal cord, which causes necrosis, 

oedema, haemorrhage, and vasospasm (Mothe & Tator, 2012; Munteanu, 2017; 

Park et al, 2018; Šulla et al, 2018).  

The secondary phase follows the primary injury and may exacerbate the 

neural damage, reverse functional restoration, and affect the long-term morbidity 

(Dumont et al, 2001; Sun et al, 2018). The secondary injury includes biochemical 

and immune responses and inflammatory events within the site of spinal cord lesion. 

These pathologic events may include; ischemia, apoptosis, cellular death, electrolyte 

and fluid disturbances, neuronal damage in a process known as “excitotoxicity”, 

creation of free radicals, lipid peroxidation, and inflammatory reactions contributing to 

further injury by oedema and reduction of the blood supply at the region of the spinal 

cord injury. 
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The accumulation of the fluid at the centre of the cord results in syrinx formation 

bounded by a subpial rim, eventually, comprising the demyelinated axons. 

Chondroitin sulphate proteoglycans, the inhibitory molecules and the extracellular 

matrix will be secreted by the hypertrophic astrocytes and macrophages, which 

contributes to the formation of the glial scar. The glial scar formation is the cause of 

the devastating effect against the regeneration of the axons. This scar forms a 

boundary at the site of injury that prevents the healing of the damaged spinal cord 

tissue (Bradbury et al, 2002; Busch & Silver, 2007; Mothe & Tator, 2012; 

Munteanu, 2017; Park et al, 2018; Siebert & Osterhout, 2011; Tsukamoto et al, 

2013). 

The total loss of neurological functions in SCI occur during the primary stage of the 

trauma, often without entire spinal cord transection. The subsequent secondary 

changes lead to the death of oligodendrocytes and loss of axons in white matter and 

neurons in grey matter resulting in deterioration of the trauma (Tator & Fehlings, 

1991; Tsukamoto et al, 2013). Many pieces of evidence from several laboratories 

showed that the death and apoptosis that occurs in neurons, microglia, 

oligodendrocytes, and astrocytes after a secondary injury is the reason for increasing 

the size of spinal cord lesion. Moreover, demyelination occurs due to the death of 

oligodendrocytes in white matter and can progress for weeks following the trauma 

(Beattie et al, 2000).    

The pathophysiology of SCI has been categorised into five phases according to the 

time elapsed after trauma and the associated pathological events in each stage. 

These phases included; immediate primary phase which occurs within ≤ 2 hours of 

SCI, early acute phase within ≤ 48 hours, secondary sub-acute phase after ≤ 14 

days, intermediate phase after ≤ 6 months, and chronic or late-stage that develops 

after ≥ 6 months of trauma (Rowland et al, 2008). Others classified the SCI 

according to the elapsed time after injury into acute, subacute and chronic 

(Dalamagkas et al, 2018; Mothe & Tator, 2012). The acute stage occurs during the 

first several days of the injury. The subacute phase follows within the first to second 

weeks of the injury, and the chronic stage may develop after one month or more 

post-trauma which make recovery difficult especially with the development of glial 

scar (Dalamagkas et al, 2018; Mothe & Tator, 2012). 
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1.2.3.1.1. Pathophysiological mechanisms of primary SCI 

Primary SCI results from several mechanical traumas and local destruction events 

that contribute to vasospasm of the neural tissue (Mothe & Tator, 2012). This 

damage occurs after blunt trauma due to impact injury combined with persistence 

compression. The combined mechanical trauma occurs in fracture, dislocation, bullet 

injuries, and explosive fractures. The effects of impact and compression forces 

effects lead to contusion, concussion, transaction, laceration, intraparenchymal 

haemorrhage, or compression of the vertebrae to the spinal cord tissues (Dubendorf, 

1999; Tator, 1995b).  

Four pathophysiological mechanisms of primary injury have been distinguished, 

including 1) impact combined with persistent compression, which considered the 

most common mechanism that occurs with burst fractures combined with 

compression caused by bone fragment/s. This type also found with fracture, 

dislocation, missile injuries, and acute disc rupture. 2) The impact alone without 

transient compression occurs due to hyperextension injuries in degenerative cervical 

spine disease patients. 3) Distraction injury arises from stretching forces of the axial 

plane of the spinal column. This type leads to extension, flexion, rotation, or 

dislocation. Stretching of the cord occurs due to these forces, which results in SCI 

with or without including the blood supply. 4) Laceration or transection injury, which 

results in minor to complete transection of SCI. This injury may occur with or without 

dural laceration, and due to severe distraction, projectile injury, or dislocation of the 

bone fragment(s). These traumatic mechanisms may lead to necrosis, oedema, 

haemorrhage, and vasospasm of the injured spinal cord (Dumont et al, 2001; 

Kakulas, 1999; Munteanu, 2017; Tator, 1996).  

1.2.3.1.2. Pathophysiological mechanisms of secondary SCI 

Several detrimental pathophysiological events will develop post-primary damage 

that progress over the first few days after acute SCI. These events represent the 

second phase of the acute SCI that include a multitude of cellular and molecular 

changes (Ahuja et al, 2017; Tator, 1995b), responsible for ischemic or anoxic events 

(Sasaki et al, 1977), and self-destruction ‘auto-destruction’ (Nĕmecek, 1978).  
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The secondary phase of acute SCI causes neurogenic shock due to the specific 

systemic events. These events include; a brief increase of the heart rate followed by 

prolonged bradycardia, blood pressure changed from brief hypertension to prolonged 

hypotension, decreased in both peripheral resistance and cardiac output, and 

increased of catecholamines followed by decreased is also another systemic 

complication of secondary injury  (Tator, 1995b; Tator & Fehlings, 1991). 

The destruction of the microvascular supply of the spinal cord following trauma leads 

to initial and progressive haemorrhage, which generally initiates in the central region 

of grey matter. However, the haemorrhage may spread to considerable distances 

and adjacent zones proximal and distal of the initial area of damage. Ischemia 

occurs because of the vasospasm due to direct mechanical irritation, biochemicals 

effects including catecholamines, glutamate, and prostaglandins secretion, which are 

contributory factors for cellular and microcirculation damage. Moreover, other 

secretions such as thromboxane A2 increases the possibility of intravascular 

thrombosis, which eventually leads to post-traumatic ischemia. All these events 

contribute to the reduction of blood supply to/around the traumatised cord and, 

consequently, loss of autoregulation (Tator, 1995b; Tator & Fehlings, 1991). 

Moreover, microvascular damage causes severe haemorrhage and proliferation 

of inflammatory cells, such as monocytes/macrophages. The inflammatory cells 

are responsible for releasing of several pro-inflammatory cytokines such as TNF-α, 

IL-1β, IL-6, IL-12, and IFN-γ causing further tissue destruction, and loss of functions 

(Ahuja et al, 2017; Bethea, 2000; Kigerl et al, 2009; Nakajima et al, 2012; 

Shechter & Schwartz, 2013; Sun et al, 2018).  

Besides the damage to the microcirculation of the injured spinal cord, there is 

secondary biochemical destruction to the neural tissue itself.  The mechanism of the 

biochemical damage initiates through the accumulation of glutamate extracellularly 

result in excitotoxicity phenomenon. Glutamate is an essential neurotransmitter for 

healthy, intact CNS that is synthesised in neurons and responsible for excitatory 

synapse. In acute neuronal injury, glutamate and related compounds will be 

released and accumulate extracellular in high concentration, which leads to 

prolonging excitatory synaptic transmission (Tator, 1995b; Tator & Fehlings, 1991).  
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However, excessive activation of neuronal glutamate receptors can excite neurons, 

which leads finally to neurotoxicity and induce apoptosis of neurons (Hassan, 2018; 

Schwab & Bartholdi, 1996). The neurotoxicity cause damage to neurons through 

prolonged excitatory synaptic transmission, an amino acid neurotransmitter and the 

most compelling biochemical derangements that play an effective role for cellular 

damage named “excitotoxicity”. The excitatory amino acid neurotransmitter and 

glutamate cause raise of intracellular calcium that activates calcium-dependent 

protease or lipases. The excitotoxicity events cause change of cellular metabolism, 

activation of the lytic enzymes, and dysregulation of mitochondria, and finally 

neuronal apoptosis and cellular death (Ahuja et al, 2017; Beattie et al, 2000; 

Dumont et al, 2001; Dusart & Schwab, 1994; Hassan, 2018; Kwon et al, 2004; 

Tator & Koyanagi, 1997). 

  

The primary and secondary pathophysiological mechanisms of SCI are summarised 

in Figure 1.1. 
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Figure 1. 1: Primary and secondary mechanism of spinal cord injury (˄ increase, ˅ decrease) 
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1.2.3.2. Pathological findings 

A thorough understanding of the basic neuropathology processes of SCI is the key to 

successful management of this intractable medical problem. Hence, a detailed 

description of the gross and microscopical pathological changes that spinal cord 

undergoes post-trauma can be listed as follows: 

1.2.3.2.1. Gross findings pathology of SCI 

Pathological findings following SCI can be classified into four categories based on 

morphological damage or gross pathological findings. These include; 1) solid SCI, 

2) contusion SCI, 3) lacerated SCI, and 4) macerated or massive compressed SCI 

(Holtz & Levi, 2010). The first two types are characterised by surface damage of the 

spinal cord while the other two types are characterised by an intact surface and 

penetration of connective tissue into the spinal cord. Many experiments on animal 

models used or induced the contusion type (Holtz & Levi, 2010). Clinical mild 

contusion of the spinal cord is characterised by focal destruction of grey matter, 

while severe spinal cord contusion is associated with a more severe damage to the 

entire cross-section (Jeffery et al, 2006). 

Solid SCI reaches up to 10-18% of SCI cases in which the pathologic findings show 

loss of the normal spinal cord architecture with myelin. Spinal cord segment appears 

normal without cavity formation. There is no evidence of softening or discolouration 

at the site of injury (Bunge et al, 1993; Norenberg et al, 2004). 

Contusion SCI consists of 23-49% of the total SCI. The main findings of this type of 

injury are hematomyelia, necrosis, and cavity formation. This cavity appears as a 

cyst ‘syrinx’ occupies a large part of the central portion of the site of the spinal lesion. 

Minor anatomical damage occurs in this type of SCI, and no adhesion 

develops between the spinal cord and dura mater. The peripheral white matter, 

surface layers of the spinal cord, and surrounded pia matter remains intact 

(Bunge et al, 1993; Norenberg et al, 2004).  



 

Page 13 of 329 
Chapter - 1 - 
 

The immediate contusion effect results in intramedullary haemorrhage following the 

destruction of the microvasculature of the highly vascularised grey matter at the site 

of trauma. The primary effect of severing spinal cord contusion is the formation of 

haemorrhagic myelomalacia with a bad prognosis consequence. Ascending or 

descending haemorrhagic myelomalacia over some segments from the site of injury 

is the secondary developing sequels of the contusion impact on the cord. From 

hours to days post-injury, the disruption, damage and oedema to the blood vessels 

cause ischemia, which eventually leads to secondary changes and necrosis 

(Munteanu, 2017; Vandevelde et al, 2012). 

Laceration SCI accounts for 21-27% of the SCI cases. The pathologic change shows 

breach and separation of the pial surface, damage to the outermost layer (glia 

limiting membrane), and parenchyma. Spinal cord syrinx is rare or not developed in 

most cases of this type of SCI as the epicentre of the lesion is a deposit or replaced 

by collagenous connective tissue (CT) (Bunge et al, 1993; Norenberg et al, 2004). 

This injury often occurs due to penetrating gunshot wounds or sharp bone fragments 

with the majority (83.3%) of these injuries found in T1-L2 spinal cord segment 

(Bunge et al, 1993). 

Spinal cord maceration or massive compression was diagnosed in 20-31% of SCI 

patients with complete loss of the motor and sensory functions. The main findings of 

macerated SCI are fragmentation, distortion, haemorrhage, maceration, and 

softening of the spinal cord tissue, especially at the site of injury. Connective tissue 

and fragments of nerve roots replace the epicentre, and scar tissue develops over 

time at the site of the lesion. This type of SCI is more common in patients with 

severe fractures to the body of vertebra (Bunge et al, 1993; Norenberg et al, 2004). 

The compression and contusion injuries are acting together in SCI following 

intervertebral disc diseases (IVDD) including disc herniation or extrusion 

(Vandevelde et al, 2012).  
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1.2.3.2.2. Microscopic findings of SCI 

Histological examination of the ultrastructural changes at different times stages 

following human SCI commonly faces ethical challenges related to sampling and 

analysis. Hence, little is known on clinical neuropathology of the acute spinal cord 

injury of humans while the majority of our understanding is based on clinical studies 

of animal models of SCI (Schwab & Bartholdi, 1996; Smith & Jeffery, 2006). 

The histological analysis of traumatic spinal cord in human points to axonal 

degeneration and demyelination as two main structural changes (Bunge et al, 1993; 

Hassannejad et al, 2019). However, the pathophysiological changes of axons at the 

level of injury is unclear (Hassannejad et al, 2019). The affected area appears in 

spongy vacuolation appearance due to oedema with limited cellular lysis. The 

destructive lesions include oedema, swelling, axonal disruption, and demyelination. 

In more severe compression lesions, the necrosis is more pronounced both in grey 

and white matter. The cellular reaction initiates by neutrophil invasion, followed by 

macrophages, vascular proliferation and gliosis reactivity (Vandevelde et al, 2012). 

The epicentre of the lesion showed highly degeneration of myelin sheath with 

a substantial reduction of axons population (Bunge et al, 1993). The total number of 

myelinated axons and myelin sheath thickness is decline significantly during 

advanced stages of SCI and as time elapses post-injury (Hassannejad et al, 2019). 

There is an aggregation of naked axons in the spaces of degenerated myelin with 

the diffusion of inflammatory cells such as microglia/macrophages, which activated 

for debris clearance (Bunge et al, 1993; Kopper & Gensel, 2018). The myelin debris 

may act as an inflammatory stimulator for these inflammatory cells during the SCI 

pathology (Kopper & Gensel, 2018). The preserved axon appears as a smaller 

diameter fibre and focal demyelination was detected in the longitudinal sections 

(Bunge et al, 1993). The Wallerian degeneration “Wallerian trails” is another 

microscopical appearance of the degenerative changes of the myelin sheaths and 

distal axons following injury. Wallerian degeneration appears in longitudinal sections 

of the spinal cord, which represents the aggregates of stained debris linear arrays 

appearance stained for myelin or axons at the centre of the lesion (Becerra et al, 

1995; Bunge et al, 1993).   
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In primary injury lesions, ‘Wallerian degeneration’ could be found at the ascending 

and descending proximity to the lesion in animal patients in days post-injury. 

While gliosis and loss of neurons of the grey matter is the characteristic of chronic 

compression, the central canal at the lesion site is enlarged. ‘Interstitial oedema’ 

might occur due to leakage of spinal fluid through the ruptured ependymal lining of 

the spinal canal, this phenomenon is named ‘syringomyelia’ in which the fluid-filled 

cavity will develop (Vandevelde et al, 2012).    

In response to injury, the spinal cord tissue undergoes sequential pathological 

changes, which include; acute, subacute, intermediate, and chronic or late phases 

(Ahuja et al, 2017; Oyinbo, 2011; Schwab & Bartholdi, 1996). The neuropathology 

process of SCI divided into early, intermediate, and late consequential phases. In 

early stage; nerve fibres are partially or completely damaged, and traumatic 

demyelination occurs during this phase. Intermediate stage characterised by 

removing debris and dead tissues by macrophages, remyelination, and presence of 

scar tissue. A formation of the heteromorphic scar is seen at the site of SCI, followed 

by the development of isomorphic scar at the proximal and distal portions of the 

injured segment. Furthermore, a variable degree of collagenous fibrosis may be 

present during the intermediate stage. Throughout these cellular and tissue events 

and following the healing process, the damaged central region of the affected spinal 

cord segment will be replaced by “multilocular cyst” known as gliotic cysts or cavities. 

The late- phase or the stage of clinical deterioration needs many years to arise and 

is mainly characterised by post-injury syringomyelia and spinal stenosis as a result of 

osteoarthritis and ischemia (Kakulas, 1999).  

The main sequential pathological changes that spinal cord responses upon injury 

were mainly obtained from observations in experimental animal models of SCI, 

especially, during the second half of the twentieth century. The pathological changes 

are reported in acute contusive SCI, as perhaps it happens in dogs with SCI caused 

by IVDE. However, not all lesions of canine SCI due to naturally occurring disc 

extrusion will undergo those pathological changes. The main pathophysiological 

changes of SCI can be summarised as follows: 
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1.2.3.2.2.1. Acute phase findings 

The following microscopic descriptions of acute phase of spinal injury are based in 

observations of laboratory experimental animal models of SCI. Most of these models 

were induced by weight dropping methods following surgical exposure of the dorsal 

surface of the spinal cord. The immediate pathological changes of SCI in the grey 

matter appeared as small multifocal petechial haemorrhages due to damage of 

microvascular structures at the centre of grey matter. Red blood cells (RBCs) 

accumulate at the postcapillary venules and then penetrate the endothelial walls to 

the perivascular spaces (Assenmacher & Ducker, 1971; Dohrmann et al, 1971; 

Sandler & Tator, 1976; Wagner Jr et al, 1971). Few hours post-injury; the 

microvascular alteration extends to other parts of grey matter and small parts of 

white matter (Balentine, 1978). The pathological changes start at the central parts 

then will spread in radial directions toward the peripheral parts of the grey matter. 

Therefore, the predominant spreading pattern of the lesion is more centrally than 

peripherally, and the grey matter affects before the white matter (Balentine, 1978; 

Ducker et al, 1971). The neurons are shrunken, irregular and hyper achromatised 

with indistinct nuclei, smudged cytoplasm and absent Nissl bodies. Small granulation 

will replace the cytoplasm of the necrotic neuronal and glial cells which undergo 

karyorrhexis and swelling of the rough endoplasmic reticulum (Balentine, 1978; 

Holtz et al, 1990; Wallace et al, 1986). Another change during the 4-8 hours post-

injury, include dilatation and rupture of the capillary arteries at the lateral columns. 

The necrotic changes increase during the first hours of injury in grey matter, then 

spread to the white matter within 8 hours (Dusart & Schwab, 1994; Means et al, 

1978; Schwab & Bartholdi, 1996). The necrosis is obvious and abundant in 

capillaries endothelial cells and vacuolation develop in the grey matter a few hours 

before in white matter (Balentine, 1978; Dohrmann et al, 1971). At this stage, the 

blood supply might be normal or tends to increase in the white matter and the 

necrosis is less compared to grey matter (Sandler and Tator, 1976, Kobrine et al, 

1975). Several axons at the centre of the white matter will scatter towards the 

peripheral portions. These changes will lead to swelling of axons and aggregation of 

lysosomes, mitochondria, endoplasmic reticulum, and neurofilament in particles 

known as “organelles” (Balentine, 1978; Lampert & Cressman, 1966).  
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At 24 hours of the injury, the capillary blood vessels observed blocked with 

microthrombi (consist of granulated platelets and fibrin). After that, the necrosis 

extends to include the axons, that observed as swelling with fine granularity 

(Balentine, 1978). The axons in the white matter will separate from their myelin 

sheaths, causing increase in the periaxonal spaces and axonal degeneration 

(Balentine, 1978; Dohrmann et al, 1972; Holtz et al, 1990; Lampert & Cressman, 

1966; Wagner Jr et al, 1971). Traumatic vascular lesion changes will develop in 

some parts of white matter, which are the extent of the ‘radial necrosis’ lesion of the 

grey matter. The next several days reveal axonal abnormalities that extend more 

peripherally toward the pial surface in a ‘centrifugal’ pattern (Bresnahan, 1978).   

1.2.3.2.2.2. Subacute phase findings 

This phase characterises by the reactivity of the central nervous cell and introducing 

several phenotypes of peripheral inflammatory cells into the area of the lesion. 

Gliosis reactivity occurs in most type of CNS injuries, which includes activation of 

microglia and astroglia. Gliosis initiated at the epicentre of the lesion and extend to 

grey and white matter. Gliosis may differ according to the severity of the injury 

which regulated by specific factors such as cytokines. During the gliosis process, the 

microglia undergoes activation into specific phenotype (pseudopodia morphology) 

(Andersson et al, 1991; Dusart & Schwab, 1994; Flaris et al, 1993; 

Gehrmann et al, 1995; Streit et al, 1988).  

The astroglial response appears as notable hypertrophy and limited proliferation of 

the astrocytes upon injury. The numbers of intermediate filaments will be increased 

noticeably during the astrocytes activation with high expression of the glial fibrillary 

acidic protein (GFAP) (Bignami & Dahl, 1976; Landis, 1994; Norton et al, 1992). 

The subacute phase shows a gradual increase in the astrocytic reaction as 

time elapsed post-SCI (O'brien et al, 1994). Increase the mitotic activity of astrocytes 

(1-2 days post-injury), leads to raise the number of astrocytes at the site of lesion 

and extend in a radial direction both in grey and white matter (Barrett et al, 1981; 

Dusart & Schwab, 1994).  
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One-week post-injury, astrocytes are seen accumulated at the margins of the lesion. 

The astrocytes activity reaches their peak response within two weeks post-injury, 

and this may last up to 4 weeks (Reier & Houle, 1988; Schwab & Bartholdi, 1996). 

Polymorphonuclear granulocytes (leukocytes) and monocytes (macrophages and 

microglial cell lineages) infiltrate the site of the lesion (Balentine, 1978; Blight, 1985; 

Dusart & Schwab, 1994; Maldonado-Lasunción et al, 2018; Means & Anderson, 

1983; Wakefield & Eidelberg, 1975).  

Few hours to 8 days post-injury, oedema may develop following blood-brain 

barrier disruption (Beggs & Waggener, 1976; Green & Wagner, 1973; Hsu et al, 

1985; Noble & Wrathall, 1989). Schwan cells, fibroblasts, and meningeal cells are 

also seen at the site of the lesion triggering, inflammation, tissue repair and recovery. 

Schwan cells play a role in modifying the myelin sheath, secretion of neurotrophic 

factors, and consequently axonal regeneration (Blakemore, 1975; Blight & Young, 

1989; Brown et al, 1991; Lawson et al, 1994; Li & Raisman, 1994).  

1.2.3.2.2.3. Chronic or late phase findings 

A resolution of acute and subacute inflammatory reaction occurs a few weeks post-

injury. Late inflammatory phase characterises by cavity development (fluid-filled cyst) 

and scar tissue formation. The cavitation or spinal cyst formation occurs due to 

dilatation of the central canal of the spinal cord and filling with cerebrospinal fluid. 

The connection of several small cavities to the central canal at the site of the spinal 

cord lesion attribute to spinal cyst formation, which is known as ‘syringomyelia’ or 

“syrinx” (Madsen III et al, 1994). The syrinx may develop a few days post-injury or 

during the later stages (months to years) in some cases. According to Squire and 

Lehr, up to 20% of the severe cases of SCI develops syrinx sometime between two 

days and up to 43 years post-injury (Squier & Lehr, 1994).  

The ‘syringomyelia is the main sequel of the late phase and is the responsible factor 

behind the loss of function in advanced phases of SCI (Squier & Lehr, 1994). The 

first-week post-injury revealed accumulation of the reactivated astrocytes at the 

lesion margins and form scar tissue in the line between the healthy and damaged 

tissue cord (Lindsay, 1986; Reier & Houle, 1988).  
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Additional scientific evidence postulated the importance of the reactive astrocytes as 

neuroprotective barriers at the scar margin. The reactive astrocyte acts an essential 

role post-SCI against the infectious agents and inflammatory cells in the intact 

regions of the spinal cord (Bush et al, 1999; Drögemüller et al, 2008; Faulkner et al, 

2004; Herrmann et al, 2008; Sofroniew, 2009; Voskuhl et al, 2009). 

Brain experiments suggested that the scar formation during CNS injury is an 

interaction of astrocytes and meningeal cells. Nevertheless, scar tissue is a mixture 

of reactive astrocytes ‘main component’ and reactive microglial cells and 

macrophages ‘minor component’ (Krüger et al, 1986; Schwab & Bartholdi, 1996; 

Sievers et al, 1994). Another aspect of the late phase is the ‘demyelination’ loss of 

myelin in white matter (Schwab & Bartholdi, 1996).  

Demyelination is another sign of the late phase, which initiates within 24 hours 

following injury and increased during the next days to 2 weeks (Blight, 1985; 

Schwab & Bartholdi, 1996). Some axons may appear naked within a week of the 

injury (Griffiths & McCulloch, 1983). After three weeks of injury, different stages of 

Wallerian degeneration and demyelinated axons are seen in some groups of fibres. 

However, evidence of remyelination was observed at three weeks post-injury 

(Gledhill & McDonald, 1977; Harrison & McDonald, 1977; Schwab & Bartholdi, 

1996). 
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1.2.4. Functional assessments and outcomes measures following 
SCI  

To decide which animal trials should be translated into human studies, it is crucial to 

choose the more effective therapy that is designed to preserve the motor function 

in the animal experiments. This can be achieved via electing the type(s) of 

outcomes need to be measured, and that reflect the real recovery post-tested 

therapy (Field-Fote, 2003). 

Measuring outcomes of SCI and response to therapy is a real challenge. Most often, 

the recovery of spinal cord injuries cannot be shown as a magic improvement of 

neurological disorders. This mean, the response of the treated cases most often will 

not turn out a permanent paralysed or paraplegic patient to a normal one who can 

move without any assistant. For this reason, the assessment of the effects of a novel 

therapy must be measured accurately. In this ground, a quantifiable, objective, and 

functional scoring system need to be developed that can achieve a numerical value 

for statistical analysis (Jeffery et al, 2011).  

1.2.4.1. Disability assessment and gait analysis in dogs 

The outcomes of SCI in small animals can be measured using the disability 

measures and the ‘surrogate’ measures. For the clinical measurement after SCI, 

these two methods are used together to measure the outcomes of the treatment.  

The disability measures assess the ability of the patient to involve the routine daily 

activity such as using gait analysis to evaluate the locomotor functions. Despite 

some limitations to describe the quantitative outcomes and how to make these 

outcomes more relevant to ‘real-life’ and measurable for behavioural functions 

(Jeffery et al, 2011).  

In the direction of assessment, the clinical outcomes post-injury and response to 

treatment in dog patients of SCI, it is necessary to make analogies with rodent 

experimental models and people clinical tests (Jeffery et al, 2011). A variety of 

methods have been used for measuring the behavioural (motor and sensory 

functions) recovery in dogs and cats with SCI, both in a laboratory and clinical setting 

(Webb et al, 2004).  
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Dogs are good models for gait and locomotion analysis because they are pliable and 

cooperative during training and because of their relative body size that allows for 

good limbs labelling compared with laboratory animals. Conversely, it is challenging 

to analyse and make a comparison between different breeds of canine species in 

term of gait outcomes due to the high variability in size and conformation of the body 

of each breed. For example, there is a difference in the gait patterns between 

individual normal dogs during walking, trot, and pace (Hamilton et al, 2007). Besides, 

the orthopaedic problems that might be unknown meantime of injury, all these may 

affect and confused gait analysis (Hamilton et al, 2007).  

The common spinal cord reflexes of the pelvic segment assessed during 

neurological examination (with correlated peripheral nerve elicited/spinal cord 

segments controlled the response to each stimulus) include; patellar (femoral/L4-L6), 

gastrocnemius (tibial/L5-L7 and S1), flexor-hind limb (sciatic/L5-L7 and S1), 

cutaneous trunci muscle reflex (CTMR) (spinal/ C8 and T1), anal (pudendal/S1-S3), 

and micturition (pelvic/S1-S2) (Dewey & da Costa, 2015; Redding & Braund, 1978). 

Deep pain sensation can be measured by applying pressure across the nail bed 

of each digit and also on the tail in case the observer remains in doubt 

(Dewey & da Costa, 2015; Olby et al, 2001). 

Basso, Beattie, and Bresnahan (BBB) scoring system has been often used in the 

assessment of the locomotor function in rat model experiments of SCI, but it also 

applies in canine studies (Song et al, 2016). Fukuda and other used BBB locomotor 

rating scale in dogs with experimental produced SCI as an analysis system for return 

to ambulation (Fukuda et al, 2005).  

In 1953, Hoerlein developed a six-point functional scoring system, but with less 

capability to discriminate the differences between groups in clinical trials because it 

is not a linear scale, which makes it difficult for statistical analysis. Thereby this 

scoring system is more reliable for preliminary studies than for clinical application 

(Hoerlein, 1953). One year later an open field locomotion rating scale was developed 

by Tarlov and Klinge in 1954. The scale allocates the recovery of motor function of 

the hind limbs in acute and gradual compression SCI produced in dogs into five 

categories (from 0 to 4 scores) (Tarlov & Klinger, 1954). 
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Numerous methods of gait analysis have been established to evaluate the 

locomotion function in canine patients of SCI before and after treatment. However, 

the most effective methods are those used numeric scale (McMahill et al, 2015). 

The numeric scoring system that was developed by Olby et al., (2001) and used 

videotaped for monitoring the functional recovery of hind limbs and gait in dogs, is a 

reliable scale because it provides an accurate quantifying to the degree of recovery 

after SCI. Olby scaling system ‘ordinal scale’ consists of 14 scores (0-14 scores) 

allocated into five stages of hind limb locomotors recovery. Each stage subdivided 

into three numeric substages according to the pattern of recovery seen during 

reviewing videotapes while dogs were walking on a non-slippery surface or the 

treadmill. For example, the animal that neither moved hind limbs and nor expressed 

deep sensation during pain sensation test was scored zero from 14 at any period of 

recovery after treatment. While those animals showed normal gait of the hind limb 

had given score 14 during the assessment (Olby et al, 2001; Olby et al, 2014). The 

scoring scale developed by Olby and others looks like BBB scale but with greater 

discrimination power for more variables. However, it is also not a linear scale and 

cannot assess autonomic functions such as bladder function (Jeffery et al, 2011). 

Mean diagonal coupling interval measuring is another sensitive measurement that 

could perfectly compare the functional effect of treatment after SCI in dogs. 

However, this method is used for those dogs that can walk with some assistance 

and not for those suffering from paraplegia. This method uses infrared recording 

cameras for capturing the motion of the animal’s limbs while are ambulate on the 

treadmill and then measure the coordination between fore limbs and hind limbs 

(Hamilton et al, 2007).  

Another gait analysis in dogs with SCI depends on quantifying the deficits in lateral 

stability through analysis of the lateral paw position during forwarding walking 

(Hamilton et al, 2008). Forward walking on the treadmill with retro-reflective markers 

placed on prominent bone landmarks on fore limbs and hind limbs is one of the 

reliable tests that can provide clinical relevance through reducing the variance of 

data because walking on treadmill allow recording of a large number of sequential 

steps (Hamilton et al, 2008; Jeffery et al, 2011).  
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1.2.4.2. Magnetic resonance imaging (MRI) 

The other methods to assess the outcome of SCI in small animals is by ‘surrogate’ 

measures such as electrophysiological measurement and imaging tools including 

magnetic resonance imaging (MRI) or computed tomography (CT). These methods 

allow evaluation of the spinal cord connectivity, showing details of spinal cord 

parenchyma, progress of spinal cord lesion post-injury, and defining the 

intervertebral disc diseases (Jeffery et al, 2011, 2013a).  

To date, the most effective and crucial imaging tool use in the diagnosis of IVDD 

is MRI compared to other medical imaging modalities (Parashari et al, 2011; 

Halati et al, 2016). Monitoring pathological features of the spinal cord lesion due to 

IVDE using MRI has been recommended as a valuable prognostic indicator of SCI. 

MRI imaging was used for detecting the general pathological changes of the spinal 

cord parenchyma that occurred post-injury (Jeffery et al, 2013a). Moreover, the 

association of changes in MRI signal intensity of the lesion to clinical findings are 

important for monitoring the progression of SCI. The neurological impairments due to 

SCI, for example, were associated with changes in MRI signal intensity of SCI lesion 

(Boekhoff et al, 2012; Ito et al, 2005; Miranda et al, 2008; Miyanji et al, 2007; 

Schaefer et al, 1989). The poor functional recovery following SCI can be related to 

the presence and extent of the hyperintense lesions detected on T2-weighted MRI 

images (Ito et al, 2005; Levine et al, 2009b). A previous study revealed that the 

severe spinal cord compression detected with the aid of MRI, found to be the main 

cause of paralysis in human patients of SCI, and only 3 of 10 patients could improve 

the neurological functions post-surgery, while the other cases had poor prognosis 

(Hayashi et al, 1995). 

There is a direct correlation between SCC and extent of the hyperintense lesion on 

T2-weighted MRI. Recovery of neurological functions was reported in dogs with SCI 

that showed no or smaller size of hyperintense lesions (Boekhoff et al, 2012). 

Human patients of cervical SCI with small haemorrhagic lesions (<4 mm) diagnosed 

as hyperintense areas on ST2W MRI, showed a better prognosis than those with 

larger lesions (4-9 mm) (Boldin et al, 2006). 
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The SCI can be classified into mild, moderate, and severe types based on changes 

in the feature of MRI signal intensity at the site of the lesion.  Patients with isointense 

lesions of SCI on both T1-weighted and T2-weighted MRI showed good prognosis. 

The isointense lesions on T1-weighted and hyperintense on T2-weighted MRI 

showed fair prognosis. Whereas, hypointense lesions on T1-weighted that appeared 

as hyperintense areas on T2-weighted had a worse prognosis (Hayashi et al, 1995). 

1.2.4.3. Urodynamic assessments 

Losing the control of urination and defecation, are common complications of nervous 

system damage due to SCI. The incontinence of the urine and faeces occur due to 

many factors, including deficits of the upper motor neuron of the thoracolumbar 

region (T3-L3) following SCI (Granger et al, 2013). Recently but not widely, the 

assessment of urinary incontinence (UI) via urodynamic testings have been carried 

out in clinical trials after putative treatments of SCI in canine SCI. Urodynamic 

assessments such as measuring the urethral pressure profile (UPP) is the standard 

objective technique, which utilised to quantify the disorders of the autonomic nervous 

system in canine patients (Goldstein & Westropp, 2005; Granger et al, 2012; 

Granger et al, 2013; Jeffery et al, 2011). 

The common measures used to assess the outcomes before and following SCI in 

experimental rodent, small animal (dog and cat), and human patient models are 

shown in Table 1.1.  
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Table 1. 1: Functional assessments used in rodent, dog and cat models of spinal cord injury (SCI), and human patients with SCI. 

Laboratory Animal Models * Dogs and Cats Human 

1. Basso, Beattie, and Bresnahan scoring system (BBB) 

(Basso et al, 1995). 

2. Basso Mouse Scale (Basso et al, 2006). 

3. Antri-Orsal Barthe motor scale (Antri et al, 2002). 

4. Average combined score (Guertin, 2005). 

5. Motor function score (Farooque et al, 1999). 

6. Tarlov scale (Tarlov & Klinger, 1954). 

7. Exploratory activity (Erschbamer et al, 2006). 

8. Hotplate test (Gale et al, 1985). 

9. Whole-body behaviour assessment, this include: 

• Walking on runways or treadmill/ropes (Bregman et al, 

1993; Kunkel-Bagden & Bregman, 1990; Kunkel-Bagden 

et al, 1993; Miya et al, 1997). 

• Grid/ladder walking (Grill et al, 1997; Kunkel-Bagden et al, 

1993; Metz & Whishaw, 2009; Prakriya et al, 1993; 

Soblosky et al, 1997; Soblosky et al, 1996; Z’Graggen 

et al, 1998). 

• Rope climbing (Carlini et al, 1967; Z’Graggen et al, 1998). 

• Swimming test (Gruner & Altman, 1980; Roy et al, 1991). 

• An inclined plane (Gale et al, 1985; Rivlin & Tator, 1977). 

• Reflex righting (Kerasidis et al, 1987; Kunkel-Bagden 

et al, 1992). 

1. Disability measures, such as; 

• Basso, Beattie, and Bresnahan 

scoring system (BBB) (Fukuda 

et al, 2005) or canine BBB 

scale (cBBB), (Song et al, 

2016)  

• Standing and stepping ability 

(De Leon et al, 1998a; De Leon 

et al, 1998b).   

• Texas Spinal Cord Injury Scale 

(TSCIS), (Levine et al, 2009a). 

• The functional numeric scoring 

system (Olby et al, 2001). 

• The six-point functional scoring 

system (Hoerlein, 1953).  

• Tarlov and Klinge scoring 

system (Tarlov, 1954). 

• Coupling interval measuring 

(Hamilton et al, 2007). 

• Stepping and coordination 

scoring scale of hind limbs 

(Olby et al, 2014). 

1. Manual function score 

(Nakamura et al, 1992). 

2. ASIA or Frankel’ scores 

system (Capaul et al, 

1994). 

3. Multi-point clinical scale 

(Bracken et al, 1990). 

4. Electrophysiological 

measurements (Curt et al, 

2008; Spiess et al, 2008). 

5. Walking Index for SCI 

(WISCI) (Ditunno et al, 

2000). 

6. SCI-Functional 

Ambulation Inventory 

(SCI-FAI), (Field-Fote et 

al, 2001). 



 

Page 26 of 329 
Chapter - 1 - 
 

*Around 80% of outcome measurement methods of laboratory animals’ models of SCI are carried out in rats. 

10. Individual limb:  

• Forelimb reaching (Diener & Bregman, 1998; McKenna & 

Whishaw, 1999; Whishaw & Pellis, 1990; Whishaw et al, 

1993; Whishaw et al, 1997; Z’Graggen et al, 1998). 

• Spontaneous paw use (Liu et al, 1999; Schallert et al, 

2000). 

• Test of removing the sticker from paw or head 

(Schrimsher & Reier, 1992; Thallmair et al, 1998). 

• Paw lick, (Gale et al, 1985). 

• Tail flick (Gale et al, 1985). 

• Reflex toe spread (Blight, 1994). 

• Reflex withdrawal, (Gale et al, 1985; Kunkel-Bagden et al, 

1993). 

• Reflex placing (Blight, 1994; Gale et al, 1985; Kunkel-

Bagden et al, 1993). 

• Reflex hopping, (Kunkel-Bagden et al, 1993; Olsson et al, 

1995). 

• Cutaneous trunci muscle reflex (Blight, 1994; Blight et al, 

1990). 

11. Electrophysiological tests (Bradbury et al, 2002). 

12. Narrow pathways (beam) test (Hicks & D'Amato, 1975; 

Metz et al, 2000). 

13. Kinematic analysis (Field-Fote, 2003). 

2. Surrogate measures: 

• Imaging methods such as MRI 

(Besalti et al, 2006; De Risio et 

al, 2009; Penha et al, 2014), 

and diffusion tensor imaging 

(DTI) (Murgoci et al, 2020). 

• Electrodiagnostic examinations 

or Electrophysiological 

measurement such as; 

somatosensory evoked 

potentials, electromyography 

(EMG) (Blight & Young, 1989; 

De Leon et al, 1998a; Holliday, 

1992). 

 

3. Urodynamic testing (Goldstein 

& Westropp, 2005; Granger 

et al, 2012; Granger et al, 2013; 

Jeffery et al, 2011). 

7. Imaging methods 

including; radiography, 

myelography, CT-scan, 

Positron Emission 

Tomography (PET), MRI, 

and DTI (Cizkova et al, 

2020; David et al, 2019; 

Freund et al, 2013). 
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1.2.5. Therapeutic options and challenges of SCI 

Treatment of spinal cord injuries still a real challenge for human and veterinary 

medicine due to the poor healing process of the nervous tissue and no effective 

therapies have been developed to treat the severe SCI (Li et al, 2020; 

McMahill et al, 2015). Medical challenges of the treatment of SCI are more 

pathological and bio-physiological obstacles that appear as poor regeneration 

and rewiring of the injured spinal cord tissues after trauma (Ramer et al, 2014; 

Sekiya et al, 2015). Similarly, no specific therapy, pharmacologic or cellular, have 

been approved to treat SCI (Granger & Carwardine, 2014). However, several 

methods have been used to preserve and rescue spinal cord after acute injury 

including; surgical decompression, therapeutic hypothermia, sodium channel 

blockade, anti-inflammatory drugs, excitotoxicity treatment, and cell therapies (Ahuja 

& Fehlings, 2016; Ramer et al, 2014). 

The main structural degenerative changes following SCI had been noticed in axons. 

Axon swelling and myelin degeneration are main changes of white matter due to 

infarction and haemorrhage post-injury (Smith & Jeffery, 2006). In pathological 

stages, the neuron and it supporting glial cells are damaged leading to the loss of the 

connection between CNS parts (brain and spinal cord) with each other from one side 

and with the peripheral nervous system from another side and finally lead to 

neurological deficits (Mothe & Tator, 2012; Tator, 1995b; Webb et al, 2010 ).  

The primary reason for poor axons regeneration is the syrinx formation at the lesion 

site of injury. The presence of chondroitin sulphate proteoglycans (CSPGs) at the 

periphery of the micro cysts contributes to the generation of "glial scar" tissue at the 

site of the lesion. Subsequently, the scar works as a barrier against axons 

regeneration and recovery after SCI (Bradbury et al, 2002; Busch & Silver, 2007; 

Siebert & Osterhout, 2011; Xia et al, 2015b). Therefore, Chondroitinase ABC 

(ChABC) a bacteria enzyme had been used in preclinical studies at the site of SCI to 

digest and destroy the glycosylated sugar at the side of the chain of CSPGs and 

finally reduced its inhibitory effects on axons regeneration that could enhance the 

functional recovery (Bradbury et al, 2002). Functional recovery was improved in an 

adult rat model of SCI treated with a combination of ChABC and low-level laser 

therapy (Janzadeh et al, 2017).  
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A study was conducted to test the effect of granulocyte colony-stimulating factor (G-

CSF) with and without granulocyte-macrophage-colony-stimulating factor (GM-CSF) 

to decrease the cavitation and reduce the size of the glial scar in the rat model of 

SCI. The study revealed that both treatments (G-CSF and GM-CSF) reduced the 

size of the syrinx, abolished of the glial scar, and recovered the neurological 

functions (Chung et al, 2014). Busch and Silver suggested that it is essential to 

provide a permissive environment for axons to growth at the lesion site of injured 

CNS. This can be achieved by eliminating the inhibitory factors from glial scar with 

increasing the intrinsic growth ability to regenerate axons (Busch & Silver, 2007). 

Noticeably, smaller diameter axons in the subpial region are well preserved than the 

greater axons after injury (Smith & Jeffery, 2006).  

Rewiring injured spinal cord is a complex process. Therefore, two approaches have 

been followed to promote the healing of the spinal cord through improving axonal 

regrowth at the site of SCI. These include enhancing intrinsic growth capacity 

(i.e. Kruppel-like factor (Klf7) a genetic transcription factor), and/or offer a permissive 

environment instead of the inhibitory environment through cell therapies including 

peripheral glia grafting using Schwann cells transplantation (Martin et al, 1991; 

Paino & Bunge, 1991), Olfactory Ensheathing Cells (Lu et al, 2002b), and neural 

derived stem cells (Ramer et al, 2014). But the medical issue appears with this type 

of treatment is the probability of immune rejection and tumorigenesis (Kim et al, 

2013). 

Spinal cord biopsy is another problematic issue that encountered physician toward 

understanding the cellular changes and progress of healing process in human and 

small animal clinical patients treated with drug therapy (Smith & Jeffery, 2006). More 

understanding knowledge about the mechanism of the natural occurring 

degenerative lesion is the key point, and each spontaneous occurring injury needs 

individual therapeutic method according to each case (Smith & Jeffery, 2006).    
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The most important point when planning treatment for SCI is considering the elapsed 

time after the initial injury. The early treatment of SCI within 8 hours might restore 

some neurological functions and Verse Versa with the late injury (Grassner et al, 

2016). This is mainly due to the vulnerability of the spinal cord tissue to mechanical 

damage and anoxia that worsen with the time (Tarlov & Klinger, 1954). 

The challenges of SCI with lack of efficient therapy make this illness an incurable 

disease and a devastating medical problem, which commonly results in significant 

functional impairments in humans and canine patients. Conventional treatments of 

SCI, such as decompressive surgeries, pharmacological interventions, and 

rehabilitations therapies, commonly, aim to prevent secondary injuries, regulate 

inflammatory response, act as neuro-protective medications, and restore 

neurological functions. Furthermore, numerous novel therapies such as molecular 

and stem cell therapies had been proposed to be used in combination with the 

conventional interventions. 

1.2.5.1. Surgical decompression 

More understanding of the pathogenesis of the compressive effect against the spinal 

cord will assist in the management of this disease. Anatomically, the spinal cord is 

pass through the vertebral column in which is surrounding by meninges and 

preserved in a bony tunnel that protects the spinal cord intact and healthy encased 

inside the rigid bony spinal canal. Therefore, any pathological process takes place 

inside or from outside the spinal canal will immediately or in later stages will cause 

compression and or contusion to the spinal cord. Then in later stages, a failure of 

perfusion, vascular stasis, leakage of plasma proteins and increased osmotic 

pressure in the tissue will lead to oedema and raising intra-spinal pressure that leads 

at the advanced stages to create a vicious circle. Accordingly, the primary approach 

for any suggested treatment is aimed to limit the secondary injury. Hence, 

decompression surgery is the treatment of choice in many cases (McDonald & 

Sadowsky, 2002; Vandevelde et al, 2012). Surgical intervention to remove fractured 

vertebrae and early stabilisation within 24 hours of spinal cord injury would result in 

better future outcomes regarding the complication that might follow the 

thoracolumbar fractures as a primary cause of SCI in people (O'Boynick et al, 2014). 
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Bony decompression of the spinal canal proved to help in decongestion of epidural 

veins and enhanced the free flow of CSF of the spinal cord and improved 50% of full 

recovery. For example, decompression of the intradural space after SCI resulted in a 

full neurologic recovery in 50% of human patients and partial recovery in others 

(Perkins & Deane, 1988). Another experimental study in dogs found that regaining of 

the motor, sensory, and control of bowel and bladder functions were better within 6 

hours of SCI decompression (Delamarter et al, 1995).  

The surgical intervention through hemilaminectomy showed its benefits to minimise 

the compression and improve the neurological deficits within a few hours of post-

trauma. Whereas, low to lacking recovery occurs after 72 hours of hemilaminectomy 

and no recovery seen after 96 hours of compression (Penha et al, 2014). 

It was reported that 96% of non-ambulatory dogs with thoracolumbar IVDE that 

presented with presence of pain sensation, showed good prognosis following 

decompression surgery. These dogs could recover ambulatory functions (ability to 

stand and start a series of footsteps without any assistance) within 3 months (mean 

12.9 days) (Davis & Brown, 2002).  

Others suggested that the decompressive surgery and stabilising the fractured 

vertebrae may have minimum effect on relieving the intradural pressure in the spinal 

cord that mainly caused by oedema and haemorrhage. Therefore, the oedema may 

continue for years after decompression surgery leading to delay of the healing and 

recovery (Ramer et al, 2014). 

1.2.5.2. Pharmacological interventions 

It was suggested that progressive tissue damage evolve days and weeks post-injury 

is the main cause of the complications of SCI and impossibility of treatment, 

especially in severe cases of SCI. Therefore, new therapies that act as 

neuroprotective to reduce the extent of progressive tissue damage may lead to 

better recovery. In this way, Wells and others investigated the effects of minocycline 

‘synthetic tetracycline derivative’ in mice model of SCI. Their study findings showed 

significant prevention of tissue damage, preservation of the axons, and results in 

significant recovery of the hind limbs functions (Wells et al, 2003). 
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Many efforts to treat SCI using medical therapies have been investigated based on 

evidence provided during the treatment of spinal cord injuries in experimental models 

and preclinical trial studies. These therapeutic methods are adopted for re-wiring 

spinal cord circuit and restore conduction in demyelinated nerve fibres. For example, 

using of 4-aminopyridine (4-AP), a potassium channel blocker to treat secondary 

phase of SCI was suggested to restore conduction in demyelinated nerve fibres 

(Blight et al, 1991; Wiener et al, 2018). Although 4-AP contributes to the partial 

improvement of motor and sensation functions, the evidence did not support its 

effectiveness for treating SCI. There might be a temporary improvement of functions 

following the administration of 4-AP, and the dysfunctions can be returned after 

few hours of treatment. In addition, there were observed significant side effects of 

this potassium channel blocker, which induced the release of glutamate and 

resulted in spasticity and mild seizures (Blight et al, 1991; Wiener et al, 2018). 

Others investigated the intravenous injection of 30 mg/kg methylprednisolone 

sodium succinate (MPSS) in human with acute SCI, then the concentration was 

maintained for 23 hours by intravenous infusion of 5.4 mg/kg/hr MPSS. The result 

showed improvement of the neurological functions with MPSS therapy only during 

the first eight hours of SCI (Bracken, 2012; Bracken et al, 1992; Bracken et al, 1990). 

In contrast, the delayed treatment with MPSS for more than 8 hours post-SCI 

may lead to unfavourable outcomes (Bracken & Holford, 1993; Bracken et al, 1992; 

Olby, 1999). Unfortunately, the benefits of MPSS in acute SCI dogs is unclear due to 

few clinical trials conducted on this drug in the field of veterinary neurology and 

medicine until the end of the 1990s (Olby, 1999). 
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1.2.5.3. Rehabilitation and long-term follow up 

A large number of SCI patients do not recoup their normal life after injury. This is 

because the motor function is disrupted immediately after SCI. Whereas no 

fully restorative therapies for SCI has been developed yet. Rather, the most visible 

post-injury disability experienced by the patients is the partially or completely loss 

of their ability to ambulate, walk, and hand function (Behrman & Harkema, 2000; 

Dobkin et al, 2007; Edgerton et al, 2004; Granger & Carwardine, 2014). 

Therefore, numerous locomotion programs and physical therapies have been 

implemented in combined with other current treatments, or novel therapies after SCI 

both in experimental animal models, and clinical trials (Thuret et al, 2006). 

Improvement of locomotor function was observed after exercise training in mice 

model of contusion SCI (Engesser-Cesar et al, 2005). Others showed that a little 

recovery of the locomotor function was reported in mammals post voluntary exercise 

(van Meeteren et al, 2003). However, most exercise base treatments are focusing on 

treadmill training as it allows for an accurate, consistently robotic step improvements, 

and more quantitative assessment of the locomotor ability (De Leon et al, 1998b; 

Lovely et al, 1986).  

The long-term rehabilitation and physical therapies may improve spinal cord circuitry 

by triggering the neuronal activity behind the lesion site. Therefore, utilisation from 

both supraspinal and spinal automaticity of the neural system is important to 

enhance such coordinated locomotor activities, such as standing and stepping 

(Curt et al, 2004; Edgerton et al, 2006; Edgerton et al, 2004).  

Body weight supported (BWS) rehabilitative training strategies were adopted to 

assist recovery of locomotor functions post-SCI (Thuret et al, 2006). The use of 

body-weight supporters during locomotor training exercises, such as body harness 

support systems may assist in enhancing the ability to walk in mammalian models of 

SCI (Bouyer, 2005; Ichiyama et al, 2005; Raineteau & Schwab, 2001).  
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Higher chance of promoting motor recovery post-SCI could be gained when a 

combination of locomotor exercise training for both proprioceptive and cutaneous 

information is applied with a special motor task during training. Furthermore, studies 

show that more efficacious therapies could be applied via the combining of 

locomotor training methods and or using of electrical patterns to stimulate the injured 

spinal cord with other therapies for enhancing axon regeneration (Edgerton et al, 

2004; van Meeteren et al, 2003).  

The combination strategies such as the use of epidural stimulation of the spinal cord 

with partial weight-bearing treatment (PWBT) improved the locomotor function in 

human patient with chronic incomplete SCI (Herman et al, 2002). A similar 

improvement of locomotor function using PWBT was reported in people patients with 

ASIA ‘C’ SCI without using any invasive method of epidural stimulation (Field-Fote, 

2002).  

Functional Electrical Stimulation (FES) is another rehabilitation method uses in SCI 

treatment to stimulate neurological functions of paralysed limbs. The potential 

action of FES is via exciting neural tissue and triggers several modifications of 

the musculoskeletal, circulatory, and central nervous systems (Bajd et al, 1985; 

Barbeau et al, 2002; Kralj & Bajd, 1989). Results of studies in incomplete SCI 

patients supported the benefit of FES use in the rehabilitation programs following 

injury (Granat et al, 1993). Others revealed that the new modalities of using FES with 

long term locomotor training in patients with chronic SCI might have a positive effect 

on walking functions including functional mobility, spatiotemporal and speed 

parameters (Barbeau et al, 2002). Despite all that has been mentioned, no method 

yet enable overground locomotion of complete SCI patients (Field-Fote et al, 2005). 

Recently, an implantable electrical stimulator powered by external ultrasound signals 

has been tested to stimulate muscle contractions in rat model of SCI (Alam et al, 

2019). 
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1.2.5.4. Novel Therapies 

Numerous promising therapies had been proposed and investigated in the treatment 

of SCI. These therapies can be categorised into molecular therapies and/or cellular 

therapies. Molecular therapies such as using neuroprotective agents, therapies for 

enhancing the axonal conductivity, cyclic adenosine monophosphate (cAMP) 

delivery, growth factors, small GTPase delivery, myelin inhibitors, extracellular matrix 

modifiers, stem cells derived exosomes, biocompatible scaffolds, and smart 

biomaterials to stimulate cell regeneration and support the growth of the nerve within 

the site of the spinal cord lesion (syrinx) (Cizkova et al, 2020; Dalamagkas et al, 

2018; Sun et al, 2018; Thuret et al, 2006).  

1.2.5.4.1. Stem cell therapy 

Stem cells (SCs) are undifferentiated cells that exist in many tissues and organs 

of human and animal bodies. These cells have an unlimited capacity to divide 

and produce new stem cells or to differentiate into specific functional cells such as 

red blood cells, liver cells or neural cells. Stem cells play a major role in 

normal biological processes as well as replace ageing cells and renewing 

damaged tissues (Deleyrolle & Reynolds, 2009; Hongbao et al, 2010b; Slack, 2000; 

Stevanato & Sinden, 2014). Cell potency is the ability of a cell to differentiate into 

other cell types. Stem cells are classified according to their capability to differentiate 

into unipotent, pluripotent, multipotent, oligopotent, and totipotent cells (Hongbao et 

al, 2010a; Klein & Simons, 2011; Nichols & Smith, 2011; Slack, 2000). 

Cellular therapies such as implantation of neural derived stem cells form CNS, bone 

marrow/stromal cells or autologous mononuclear cells of bone marrow (BMSCs),  

Schwann cells, peripheral nerve cells, Olfactory nervous tissues/cells, activated 

macrophages, and mesenchymal stem cells have been widely used in experimental 

and clinical models of SCI (Moosazadeh Moghaddam et al, 2018; Sun et al, 2018; 

Tamura et al, 2015; Thuret et al, 2006). More recently, it has been suggested the 

importance of using a novel combinatorial therapeutic strategy, such as stem cell 

therapy with molecular therapies (Dalamagkas et al, 2018) or with active 

biomaterials and exosomes (Cizkova et al, 2020). 
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1.2.5.4.2. Stem cells classification and types 

Hongbao et al., (2010a) classified SCs according to their pasticity and the particular 

cell types they are producing into; totipotent, pluripotent, multipotent, and the adult 

stem cell. Totipotent stem cells represent the resourceful for all body cells. The fertile 

egg produced from male sperm united with female ova is a totipotent cell. This cell 

gives rise to all body cells and it can grow to produce a progeny of cells that can 

differentiate into mature functioning cells (Hongbao et al, 2010a). Totipotent stem 

cells are differentiated into new types of stem cells merely hours to days following 

inception, called pluripotent SCs. The pluripotent stem cells in the embryonic 

development produce the inner and outer layers of cells commonly known as 

blastocyte. The inner layer produces the entire body, whereas the outer layer forms 

the placenta (Gage, 2000; Hunt, 2011). The pluripotent SCs continue their division 

and they produce a more specialised group of cells known as multipotent SCs. 

This type of stem cells has less plasticity as a result of their specificity and are the 

progenitors of such different cell lines, such as neurons, blood cells, and skin cells. 

The multipotent SCs of CNS can produce neurons, astrocytes, and 

oligodendrocytes. In general, most SCs classified as multipotent SCs by their origin 

(Gage, 2000).  

1.2.5.4.3. Source and types of stem cells used for transplantation in SCI  

Many types of stem cells are utilised for transplantation in SCI researches. 

These include Mesenchymal Stem Cells (MSCs) (Caplan, 1991; Cofano et al, 2019; 

Kim et al, 2016; Lim et al, 2007; Majumdar et al, 1998; Maldonado-Lasunción et al, 

2018),  Olfactory Ensheathing Cells (OECs) (Lu et al, 2002b; Wright et al, 2003), 

Olfactory Glial Cells (OGCs) (Féron et al, 2005; Jeffery et al, 2005; Li et al, 1998; 

Pearse et al, 2007; Ramón-Cueto et al, 2000), Schwann cells (Martin et al, 1991; 

Pearse et al, 2007), Macrophage cell therapy (Knoller et al, 2005; Park et al, 2005; 

Shechter et al, 2009), and neural stem cells (NSCs) (Kim et al, 2010; 

Vescovi et al, 1999). For example, mesenchymal stromal cells (SCs) generated from 

blood and tissues of umbilical cord, adipose tissue, and bone marrow have been 

utilised for transplantation into injured spinal cord in dogs (McMahill et al, 2015; 

Penha et al, 2014; Ryu et al, 2012; Sun et al, 2018).   
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Tetzlaff et al.,(2011) reviewed 162 preclinical and in vivo studies conducted on SCI, 

and they found that embryonic and adult NSCs, progenitor cells, bone marrow 

stromal cells, Schwann cells, glial precursor cells, olfactory ensheathing glial cells, 

and fate-restricted NSCs were the most and common cells types used for 

transplantation therapy.  

Human autologous bone marrow cells (BMCs) isolated from iliac bone have been 

transplanted, in human SCI patient, with less severe side effects compared with 

Embryonic SCs cells (Park et al, 2005). Another study suggested the transplantation 

of autologous macrophages may enhance the sensory and motor functions in three 

out of eight patients (Knoller et al, 2005). Autologous mononuclear cells have been 

isolated from the bone marrow of iliac crest (Penha et al, 2014) or proximal humerus 

(Tamura et al, 2015) of paraplegic dogs and were used for the treatment of chronic 

spinal cord injury. Subgranular (SGZ) and Subventricular (SVZ) zones of the 

hippocampal region of mammalian brains, as well as the olfactory bulb, are important 

sources for generating neural stem cells (Gage, 2000; Gross, 2000; Kornack & 

Rakic, 1999). However, the SVZ region is a more reliable source for isolation of 

neural stem cells compared to SGZ (García‐Verdugo et al, 1998; Lim et al, 2012; 

Sanai et al, 2004).  
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1.2.5.4.4. Neural stem cells 

Neural stem cells (NSCs) have the capability to self-renewal and unlimited capacities 

for proliferation and give rise to other cells during asymmetrical cell division 

(Gage, 2000). The NSCs are multipotent, and three different types of cells have 

been identified; neural stem cells (NSCs), neural progenitor cells, and neural 

precursor cells (NPCs) (Lee et al, 2015b). NSCs are primitive and producer of 

progeny cells that finally differentiate into astrocytes, oligodendrocytes, and neurons 

(Valenzuela et al, 2007). Neural progenitor cells are non-stem cell progeny of NSCs, 

with less capability for self-renewal and proliferation compared with NSCs. Unlike the 

NSCs, these cells could be unipotent, bipotent or multipotent (Gage, 2000). Any cell 

populations consist of a mixture of both NSCs, and progenitor cells that generate 

from ESCs are referred to as neural precursor cells (NPCs) (Gage, 2000).  

Neural SCs were isolated from embryonic (Valenzuela et al, 2007) and adult CNS 

(Gage, 2000) mammalian brain tissues. However, Lim et al., (2012) suggested that 

neural stem cells isolated from adult canine brains showed lower expansion and less 

self-renewal capacity than stem cells isolated from foetal and neonatal tissues. 

Foetal and adult tissues including several parts of the brain, spinal cord, skin, and 

many other tissues such as dental pulp are the sources for many types of SCs 

including NSCs (Sakai et al, 2012). Neural stem progenitor cells (NSPCs), 

for example, are originated from a brain, spinal cord, skin, and ESCs that it is 

known as a blastocyst in humans, mice, and other mammals (Mothe & Tator, 2012).  

In a culture supplemented with growth factors, these NSPCs can produce specific 

cells known as progenitor stem cells. The specific SCs include neurons, astrocytes, 

and oligodendrocytes progenitor cells (OPCs). Such OPCs can give rise to 

mature oligodendrocytes, which are the offspring of NSPCs. Induced pluripotent 

stem cells (iPSCs) that isolated from skin tissues can give rise to the NSPCs, 

whereas, the skin-derived precursors (SKPs) can differentiate into peripheral myelin 

cells (Mothe & Tator, 2012). Others suggested the use of skin-derived neural stem 

cell as a desirable alternative source considering the less invasive isolation 

technique and fewer ethical challenges (Mothe & Tator, 2012; Valenzuela et al, 

2007; Valenzuela et al, 2008). 
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1.2.5.4.5. Challenges of stem cells therapy 

Despite the advances in stem cells research over the past few decades, some 

extrinsic (non-medical) and intrinsic (medical) factors have challenged the implication 

and translation of these findings into routine clinical therapies. Extrinsic obstacles of 

using the heterogeneous neural derived stem cells are generally of cultural, ethical 

and regulatory natures (Kim et al, 2013). Another important challenge is the funding 

of stem cell research in pre-clinical trial phases (Murugan, 2009; Trounson & DeWitt, 

2016). The first clinical trial in human patients with SCI used neural-derived ESCs in 

2009 (Geron Corporation) (Ahuja et al, 2017; Alper, 2009; Lukovic et al, 2014). 

The controversies behind the methods used for selecting the patients and, in 

general, the scientific design of Geron clinical trial led to the abortion of the trial in 

2011 (Barde, 2009; Ramer et al, 2014). However, this trial addressed some of the 

economic restraints of stem cells therapy (Ramer et al, 2014), besides, the 

ethical/political dispute over using embryonic tissue for stem cell therapy in countries 

like USA (Murugan, 2009). Thus, most clinical trials, nowadays, are applied in 

experimental animal models of SCI such as rodents rather than human patients with 

questionable translational outcomes. Dogs, on the other hand, can be used as a 

good “translational model” between laboratory experiments in rodent toward rational 

human clinical trials. The naturally occurring SCI associated with IVDD could occur 

in other animal species. However, the incidence of this disease in dogs is quite 

higher than in other species (McMahill et al, 2015; Smith & Jeffery, 2006). 

The poor survival capacity of transplanted cells is another challenge of cell therapy, 

which in turn, will result in the formation of glial scar tissue (Azari et al, 2011; Sekiya 

et al, 2015). The heterogeneity of neural stem cells, high yield of astrocytes and low 

rate of neurons are other major complications facing the development of stem cell 

therapy for patients with trauma in their CNS. The issue of highly differentiation of 

neural stem cells to astrocytes rather than neurons could be addressed by 

purification and production of 97% immature neurons from a neural progenitor stem 

cell (Azari et al, 2011, Fortin et al, 2016b).  

Long-term monitoring of the site of implantation for local and systemic adverse 

effects is advised as cases of uncontrolled cellular growth bodies/tumours have been 

documented (Dlouhy et al, 2014; Ramer et al, 2014). 
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1.2.5.4.6. Factors affecting successful stem cell transplantation 

A clear understanding of the pathology of SCI in a patient plays a crucial role in the 

design and exclusion of a successful stem cells transplantation (Jeffery et al, 2005; 

Jeffery et al, 2001). Therefore, it is essential to transplant cell types that can survive, 

integrate within the host tissue, proliferate and produce specific functional cell types 

that could restore the function of the damaged tissue (Trounson & DeWitt, 2016). 

Accordingly, several factors must be considered during planning for stem cell 

therapy, such as; 1) source of transplanted stem cells, 2) region of injury, 3) stage of 

the disease, 4) severity of injury, and 5) technique used for transplantation. 

1.2.5.4.7. Possible mechanism of repair for SCI after stem cells transplantation 

The use of stem cells as a new therapeutic method has been widely investigated in 

the last few years. Most cellular transplantation therapies are focused on providing 

an optimal environment for axonal growth and rewiring (Chen et al, 2010). 

The transplantation of stem cells in SCI therapy is mainly focused in replacing the 

damaged oligodendrocytes and neurons, remyelinating the spared axons, bridging 

and/or filling the lesion cavity, secreting neurotrophins, promoting the angiogenesis, 

and reducing inflammation or gliosis. These mechanisms could stimulate the 

endogenous precursors and create favourable conditions for the regeneration of 

the axons (Gomes et al, 2020; Mothe & Tator, 2012).  

Moreover, the transplanted stem cells can differentiate to produce neuronal cells, 

amend the inflammatory environment, improve the survival of endogenous nerve 

cells and, finally, reduce glial scar formation through molecular regulatory signalling 

(Kim et al, 2016). The implantation of the neural SCs into the host plays an essential 

role in replacing the damaged tissue after SCI. The transplant cells may enhance the 

axonal regeneration at the site of the lesion through the secretion of neurotrophic 

factors (Lu et al, 2003). 
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1.2.6. Application of stem cell therapy 

The multipotency and self-renewal characteristics of stem cells show their potential 

as a novel treatment for human and animal neurological disorders. A previous study 

showed that the adult mice precursor stem cells (PSCs) were able to migrate from 

the site of transplantation (lateral ventricle) to the olfactory bulb of the brain of the 

host and successfully differentiated into neurons (Lois & Alvarez-Buylla, 1994). 

Another study revealed that the human umbilical cord mesenchymal stem cells 

(hucMSC) derive exosomes could improve the spinal cord healing and enhance 

functional recovery in rodent models of SCI (Sun et al, 2018). The SCs originated 

from umbilical cord blood showed their capability to differentiate in vitro and express 

phenotype of multiple lineages such as into neural stem cells (Gang et al, 2004), 

muscle, bone, cartilage, fat, and stroma cells (Goodwin et al, 2001). 

A partial enhancement of neurological functions has been reported following the 

implantation of allogeneic adipose-derived SCs into dogs with acute SCI induced 

experimentally by epidural compression balloon. Moreover, the findings of the study 

revealed the differentiation of the cells after implantation into mature neural cells into 

host tissues (Ryu et al, 2009). Autologous MSCs of bone marrow (BMSCs) have 

promising regenerative properties in vitro that make it a potential candidate for the 

treatment of SCI. The in vitro observations showed that MSC have a rapid expansion 

rate (average 3.5 x 107 mononuclear cells), and about 80% of these cells can 

proliferate after 24 hours of plating in cultures (Penha et al, 2014). The in vivo 

studies showed that BMSCs may have potential neuroprotective and neurotrophic 

benefits for treating clinical cases of SCI. Proprioception and placing reactions were 

recovered after 11 days of autologous BMSCs transplantation in dogs with chronic 

SCI. Furthermore, Texas Spinal Cord Injury Scale was also improved in those dogs 

from ‘score 0’ before cell therapy to ‘score 6’ at days 37 and 1245 following 

transplantation of BMSCs (Tamura et al, 2015). Another study reported a partial 

gain of the proprioceptive and CTMR in 2 of 4 dogs at the end of 12 months 

observation period following transplantation of autologous MSCs, while, movement 

improvement was observed in the same study in 3 dogs out of 4 at 18 months 

following transplantation (Penha et al, 2014).  
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Jeffery and his research team implanted OECs as autologous stem cell 

therapy in canine patients with SCI. The total population of transplanted cells was 

around 5x106 cells/animal, which was determined based on successful implantation 

in the rat model of SCI (Granger et al, 2012; Jeffery et al, 2005). The outcome of the 

rat model of SCI showed a beneficial effect of OECS on axons remyelination 

(Lakatos et al, 2003). The implantation of OECs in dog models of SCI improved the 

motor function and stepping movements of the hind limbs in 7 out of 8 dogs. 

Of these, the BBB score was 10 in 3 dogs, 8 in one dog, 4 in one dog, 2 in two dogs, 

and 1 in one dog, while one dog did not improve any BBB score through the follow-

up period (Jeffery et al, 2005). A previous phase Ι clinical study in human patients 

with complete SCI treated with autologous macrophages, showed clinical 

improvement of sensory and motor functions in 3 of 8 patients with significant 

recovery of ASIA status from grade ‘A’ to ‘C’ (Knoller et al, 2005). Recent treatment 

strategies have been suggested to use medical therapeutics in combination with 

proper stem cell sources and exosomes with active biomaterials to fill the lesion 

cavity and bridge the gap in the injured spinal cord (Cizkova et al, 2020). 

To date, no effective or full recovery was approved for clinical use either for human 

or canine patients with SCI. Nevertheless, a vast number of studies are conducting 

in animal models of induced SCI, and many are using different cell therapies, that 

some showed potential promising results in vitro and in vivo experimental rodent 

models. While a few other studies approached recruiting patients of naturally 

occurring disease, including canine or human clinical cases of SCI.  
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1.2.7. Benefits of recruiting canine patients of naturally occurring 
SCI than using experimental animal models for research 
purposes 

• Injury variation and homogeneity of lesion in experimental animal models make it 

difficult to mimic human lesion occur spontaneously or accidentally. While, spinal 

lesion of dogs seems to be similar to that occurred in people, especially those 

lesions caused by IVDD. For example, stem cell therapy in dogs with naturally 

occurring SCI has gained attention for translation medicine, because the mixed 

contusive and compressive lesion in dogs could simulate the naturally occurring 

human SCI. Therefore, dog patients with naturally occurring SCI due to IVDE 

could offer an excellent intermediate model between rodent models and human 

clinical trials (Alisauskaite et al, 2017; Granger et al, 2012; Jeffery et al, 2011; 

Nardone et al, 2017). 

• Proof of principle and homogeneousness of experimental models might be more 

selectively than dog models of SCI. These include critical factors such as 

animals’ age, body size and weight, laboratory animal strains, gender, and 

technique used to induce spinal lesion besides to possible excluding of some 

subjects from studies because of inhomogeneity make a majority of experimental 

studies under selective criteria. Consequently, the studies’ techniques and 

outcomes might be difficult to apply to human medicines (Jeffery et al, 2011).  

• Ethically, it is more acceptable to recruit dogs with naturally occurring SCI than 

inducing injury in experimental animal models (Nardone et al, 2017). 

• The ventral (anterior) injury (dog and human type) is entirely different from the 

dorsal induced type of injury (rodent models). 

• Size (dogs more appropriate for translating therapy). This is important to inform 

dose determination Naturally SCI in dogs offers an excellent intermediate model 

between rodent models and human clinical trials.  

• Assessment methods used for measuring functional recovery in canine trials 

might be similar to those required for human trials (Granger et al, 2012), such as; 

gait analysis, urodynamic measures, and MRI. 
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1.2.8. Why is human neural stem cell recommended for use in 
canine models of SCI? 

Ideally stem cells from the same species would be used, but because a model cell 

line is not available, human-derived neural stem cells, including hNPCs, were 

transplanted in other species models of CNS diseases. The hNPCs is preferable to 

be used in other species for several essential reasons related to the cardinal 

properties of this cell line, and its effects on experimental and clinical models of 

neurological diseases. These properties include; the genetic stability of hNPCs 

in vitro and in vivo against different conditions such as across multiple serial 

passages, several freezing and thawing processes, upon labelling with GFP for 

tracing the presence of the cells following transplantation into host tissues, and their 

potential safety and differentiation capability to give rise to all primary neural lineages 

to produce neurons, astrocytes, and oligodendrocytes in the cultures and in vivo 

following transplantation into rodent models of CNS diseases (Fortin et al, 2016a, 

Vescovi et al, 1999). 

Likewise, the transplantation of human neural stem cells (embryonic and foetal 

types) in laboratory animals can differentiate into neuron phenotypes, including 

interneurons (Zhou et al, 2015). 

Furthermore, earlier studies have reported the survival capacity of hNPCs following 

transplantation in mouse cortex (Zhou et al, 2015). Importantly, the transplantation of 

these cells into the striatum of immunodeficient mice was safe, and tumour formation 

not observed for up to 12 months after grafting (Vescovi et al, 1999).  

Therefore, the current research work preferentially used human neural 

precursor cells (hNPCs) for the canine in vitro and in vivo models of SCI, and 

because well-characterized canine neural derived stem cell lines are not accessible 

and available.  
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1.3. Conclusions from the literature review  

Several conclusions can be drawn from reviewing the literature, as follows: 

• Spinal cord injury is a serious and intractable medical problem, due to its 

pathophysiological complexity events. 

• The pathogenesis of SCI consists of an array of cellular and molecular events 

contributes to primary and secondary injury. 

• Numerous studies reported enhancing neurological functions in animal models 

of SCI following the use of different therapeutic strategies, and one of these 

treatments include stem cell therapy. 

• Cellular therapeutics attempts used for treating SCI include transplantation of 

Olfactory Ensheathing Cells, Schwan cells, peripheral nerve cells, progenitor 

stem cells, and activated macrophages. 

• Stem cells therapy is a rapidly evolved field of medical treatment.  

• All attempts to preserve injured spinal cord are based on experiments 

conducting in rodent models and preclinical trials in small animals. 

• Animal models of spinal cord injury include many species such as rodents and 

rabbits, primates, cats, and dogs. 

• Recently, naturally occurring SCI in dogs seems to be the most common and 

optimal model for clinical trials. 

• Candidate therapies that elicit benefits in the treatment of severe SCI in large 

animal models such as dogs might have a potential effect in human trials. 

• Healing of injured spinal cord is a complex process, and recovery assessment 

methods are the main challenges of spinal cord therapy, especially for 

measuring recovery of motor and locomotion functions and for urinary system 

assessments. 

• Neural stem cells implantation has been suggested as a novel treatment for 

SCI in both human and dogs.  

• To date, no therapeutic method has been shown to successfully treat this 

disease in dogs and people with the most severe lesions, with the result that 

the long-term outcome for these cases is chronic paraplegia with the loss of 

sensation distal to the level of the lesion. 
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1.4. Thesis objectives, aims and hypotheses  

Many of the designed clinical studies in canine and humans with SCI, are based on 

pre-tested therapies, methods applied, and findings of the experiments in rodent 

models. Due to the factors which differ between rodent models versus spontaneous 

occurring SCI diseases in the dog and human patients, these studies can be difficult 

to interpret. The current research work was designed to explore the possible 

therapeutic effects of novel cellular treatment using human neural precursor cells 

(hNPCs), for the first time, in canine patients and possible translational outcomes. 

The aims and hypotheses of each chapter of this thesis are:   

1. In Chapter 1, I introduce the field of research and the methods, based on 

a review of the peer-reviewed published literature. 

2. In Chapter 2, I will describe a retrospective study designed to evaluate the 

viability of using different measuring methods to quantify the progression of 

spinal cord lesion caused by IVD extrusion in dog patients via using magnetic 

resonance imaging (MRI) obtained pre- and post-surgical and non-surgical 

treatments. Then I examine the possibility and efficacy of these methods for 

clinical trial studies of SCI. The hypotheses are: 

a. MRI can provide extra information that can be used as quantitative 

data to monitor any changes in spinal cord lesion throughout the follow-

up period.  

b. The spinal cord lesions seen in sagittal MRI are reversible changes in 

minor and moderate injuries, while syrinx is irreversible in severe 

cases.  

c. Hypo- or hyper-intense lesions were seen in sagittal MRI, will change 

into isointense in recovered cases. Likewise, the ratio of lesion length 

to the vertebral body length (reference length) will be significantly lower 

in recovered patients.  
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d. Percentage degree of spinal cord compression on sagittal sections and 

area of spinal cord compression on transverse sections can be utilised 

in prediction of recovery and improvement of neurological functions.  

e. There is a correlation between the percentage degree of spinal cord 

compression and percentage degree of vertebral canal narrowing.  

3. In Chapter 3, I will investigate one of the most promising treatments for SCI by 

using neural derived stem cell therapy in canine species. This was approached 

by exploring the effects of hNPCs on the production of pro-inflammatory 

cytokines in canine whole blood (WB) from healthy dogs. The hypotheses are;  

a. hNPCs can mitigate the inflammatory reaction of the stimulated WB 

using Lipopolysaccharide (LPS) or a combination of Phorbol 12-

Myristate 13-Acetate with Ionomycin (PMA/I). 

b. Pro-inflammatory cytokine production would be reduced in stimulated 

WB co-cultured with hNPCs. 

4. Chapter 4 describes an in vivo study to evaluate the viability of hNPCs 

transplantation into spinal cord parenchyma of a paraplegic dog with SCI 

caused by IVD extrusion (IVDE). This was examined in a pilot study through 

recruiting a dog patient of SCI with severe neurological deficits by testing three 

measurements pre and post hNPCs transplantation, as follows:  

a. Assessing the improvement of motor function of hind limbs through 

measuring gait analysis. 

b. Assessing the improvement of the autonomic neural function of the 

urinary system by measuring the urethral pressure profile.  

c. Assessing the progression of the spinal lesion using the established 

measuring methods from step 2 (MRI study). 
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5. In Chapter 5, I will investigate the fate of hNPCs following 18 months of 

transplantation into the spinal cord of a dog patient with SCI. This was 

performed by using spinal cord tissue (SCT) samples harvested from 

euthanised dog patient treated with hNPCs. Our hypotheses are;  

a. hNPCs can survive post-transplantation. 

b. The survived hNPCs can migrate to different regions of the host’s SCT. 

c. It is possible to isolate neural stem cells from SCT samples of the dog.  

6. Chapter 6 will draw conclusions from the series of studies to address each of 

the following overarching questions: 

a. It is safe to inject a paraplegic dog (grade 5 SCI) with human neural 

derived stem cells (hNPCs)? 

b. Might a paraplegic dog be treated with local administration of hNPCs? 

c. Can motor function response to hNPCs therapy in grade 5 SCI dog be 

measured using the suggested methods for gait analysis.? 

d. Can autonomic function response to hNPCs therapy in grade 5 SCI 

dog be measured through urodynamic measurements (Urethral 

Pressure Profile (UPP))?  

e. Can anatomic changes of injured spinal cord lesion be measured 

through quantitative methods using MRI pre and post hNPCs therapy? 

f. What is the fate of injected hNPCs at 18 months after transplantation 

into the spinal cord of paraplegic dog with grade 5 SCI? Our hypothesis 

is that the transplanted hNPCs into host spinal cord tissue will survive 

and migrate to close distance of the site of injection.  
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CHAPTER 2  
 

Magnetic resonance imaging role as a diagnostic 

and prognostic tool in dogs with spinal cord injury 

caused by intervertebral disc extrusion, 

a retrospective study 
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2.1. Abstract 

Intervertebral disc extrusion (IVDE) is a common cause of neurological deficits in 

canine patients. Dogs with IVDE show a diversity of clinical signs, including pain, and 

loss of motor, sensation, and autonomic functions distal to the level of the lesion. 

Partial or complete loss of motor, sensory, and visceral (i.e. bowels and bladder) 

functions are the main complications of vertebral trauma and spinal cord injury. IVDE 

at the thoracolumbar spine, especially between T9 and L3 is the most common 

cause of the neurological deficits in canine patients.  

Identification of the site of IVDE is made with the aid of medical imaging modalities. 

These include; Magnetic Resonance Imaging (MRI), Computer Tomography (CT) 

Scan, and X-ray. Radiological examination of the spine helps to identify the 

potentially affected region of IVDE. However, the accuracy of plain radiographs for 

distinguishing the precise location of the affected intervertebral disc reaches only up 

to 70%. Myelography is more reliable for localisation of intervertebral disc lesions 

with higher accuracy.    

Magnetic Resonance Imaging (MRI) is the typical diagnostic tool for detecting and 

defining most intervertebral disc diseases. Moreover, MRI is the superior medical 

imaging techniques for examining internal body structures such as spinal canal 

structures and precise determining spinal cord injuries (SCI). Therefore, MRI comes 

into wider use for evaluating SCI both in humans and veterinary medicine. Several 

types of disc diseases result in SCI and neurological deficit dogs such as disc 

degeneration, extrusion, protrusion, bulging and herniation. All these disc diseases 

are relatively easy to diagnose using MRI scanning.  

In this chapter, I aimed to investigate and use quantitative methods to measure the 

severity, progression, and recovery of spinal cord lesions in putatively naturally 

occurring canine spinal cord trauma, pre- and post- surgical or non-surgical 

treatments of IVDE.  
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The methodology was approached via reviewing two MRI studies for each dog 

patient before and after treatment. The 1st MRI obtained at the initial presentation of 

the case and IVDE diagnosis. The 2nd MRI was obtained later at different time point 

in each case either for neurological deterioration and follow-up purpose, or 

recurrence of disease at same or different spine level after initial treatment.  

Sagittal MRI sections were used to measure: 1) changes of MRI signal intensity of 

the spinal cord lesion at the level of IVDE compared to healthy spinal cord tissues of 

the other segments,  2) the ratio of the length of spinal cord lesion (LSCL) to C6 or 

L2 vertebral body length named ‘Reference ratio’ (Rr), and 3) spinal cord 

compression (SCC) and vertebral canal narrowing (VCN) at the site of IVDE.  

Transverse MRI sections were used to measure the cross-sectional area of spinal 

cord compression (ASCC).  

The data were obtained from serial sagittal and transverse MRI scans of vertebral 

spins of 13 dog patients with IVDE. Correlations between the various MR measures 

were analysed using linear mixed effect (LME) models. Datasets of dependent 

variables were modelled separately using the LME model. Some dependent 

variables, including SCC, VCN, and ASCC were modelled with no transformation 

using LME. Other dependent variables included the ratio of the diameter of putative; 

injured spinal cord to injured vertebral canal (iSCD/iVCD), healthy spinal cord to 

healthy vertebral canal (hSCD/hVCD), injured spinal cord to healthy vertebral canal 

(iSCD/hVCD), and Rr were first log-transformed and modelled with LME. The effects 

of several predictor factors on dependent variables were studied before and after 

treatment. Predictor variables included; the lesion site (cervical, thoracic, 

thoracolumbar, and lumbar segments), MRI type (ST1W, ST2W, TT1W, TT2W), 

lesion severity, image intensity, observation timing (pre- or post-treatment), 

treatment (surgery or non-surgery), and the interaction of timing and treatment. The 

random intercept was defined at the level of the lesion (n = 23) to accommodate the 

repeated measures. 
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The results showed that the current study could provide reliable, easy to apply, 

and highly reproducible morphometric measures to assess essential MRI parameters 

in dog patients of SCI. The LME model showed that abnormal alterations of MRI 

signal intensity of the spinal cord lesion, Rr, SCC, VCN, and ASCC on T2-weighted 

MRI scanning are important prognostic parameters. The findings of the predictor 

effect confirmed that the interaction of time and surgery is an important factor in 

decreasing the SCC, VCN, and ASCC following SCI due to IVDE. However, this 

interaction has no noticeable effect on MRI signal intensity. Accordingly, the 

hyperintense lesion on ST2W image remained apparent and detected in 2nd MRI. 

This observation is crucial and indicating that the pharmacological therapies with 

and without surgery cannot alleviate the subsequent events of the secondary injury 

completely. Moreover, the presence and extent of intramedullary hyperintensity 

lesion on T2-weighted MRI is an imperative prediction of the severity of trauma. 

Consequently, this calls for the need to search for a new therapeutic approach used 

in association with surgical and pharmacological interventions.  
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2.2. Introduction 

Intervertebral disc diseases (IVDD) such as herniations (extrusion and protrusion) 

are the most common cause of neurological dysfunctions of canine patients 

(Brisson, 2010; Macias et al, 2002; Tirrito et al, 2020) and accounts about 2% of total 

health problems in dog patients (Hoerlein, 1979). Contusion and compression 

lesions of the spinal cord are common results of intervertebral disc extrusion (IVDE) 

(Alisauskaite et al, 2017) also known as “Hansen type I”, which typically occurs in 

chondrodystrophic breeds (Brisson, 2010; Ryan et al, 2008).  

Recent studies found that intervertebral disc herniation alone accounts 2% of total 

cases of canine patients (Šulla et al, 2018). The majority of IVDD occur at the spinal 

cord segment extended from T9 to L3. Intervertebral disc lesion frequently found 

between T12-T13 and L2-L3 regions of the most affected cases (Wilkens et al, 

1996). Surgical treatment for disc extrusion was performed in 79% dogs with 

thoracolumbar disc extrusions and 21% with cervical IVDE (Tirrito et al, 2020). 

Cervical intervertebral disc herniation (IVDH) accounts for about 12.9-25.4% of all 

canine cases with disc herniation (Brisson, 2010; Goggin et al, 1970; Hansen, 1951). 

However, naturally occurring cervical IVDE has been also reported in dogs after 

medical treatments (Argent et al, 2019). Partial or complete loss of motor, sensory, 

and visceral functions such as bowels and bladder are the main complications of 

vertebral trauma and spinal cord injury (Arias et al, 2015; Bray & Burbidge, 1998; 

Jeffery et al, 2011; Mendes & Arias, 2012; Rodacki et al, 2015; Taylor et al, 2014). 

Dog with IVDD who do not respond to therapies will develop paraplegia and suffer 

chronic illness. Paraplegia associated with loss of voluntary motor functions, lack of 

deep pain sensation, and urinary incontinence are the main clinical and neurological 

findings in chronic and severe cases of SCI. The signs of chronic SCI may develop 

several weeks or years following the onset of injury. Those paraplegic conditions 

associated with severe neurological deficits are classified as grade 5 SCI (Griffiths, 

1982; Olby et al, 2004; Sharp & Wheeler, 2005a; 2005b; Silberstein et al, 1992).    
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In dogs, the diagnosis of IVDD is confirmed with the aid of several methods. The 

initial diagnosis is via clinical signs associated with this disease, while the 

neurological examination is the first step towards the differential diagnosis of IVDD. 

Neurological deficits are predictable for spinal cord injury (SCI) in some canine 

breeds. Chondrodystrophic dogs such as Dachshunds are the most susceptible dog 

breeds to IVDD (Hansen, 1966; Levine et al, 2006; Priester, 1976).  

Radiological examination of the vertebral column helps to identify the potentially 

affected region(s) of IVDD. The accuracy of conventional radiography in identifying 

the exact location of IVDD and the lesion of the spinal cord is 57-72%. For more 

accuracy recognising of IVD lesion, the myelography is used to enhance the 

radiographs for about 85.7-97% (Brown et al, 1977; Kirberger et al, 1992; Olby et al, 

1994). However, misleading findings can sometimes occur even with enhancement 

radiographs (Sande, 1992), and MRI is more accurate for evaluating the composition 

of the extradural compressive mass (Bos et al, 2012). The role of MRI in detecting 

and evaluating the lesion of SCI is significant in veterinary medicine. MRI is the 

modality of choice for confirming the stage of spinal lesion and useful for predicting 

the prognosis of SCI (Besalti et al, 2006; Halati et al, 2016; Miyanji et al, 2007; 

Steeves et al, 2006). 

  



   
 

 

Page 54 of 329 
Chapter - 2 - 
 

2.2.1. Canine degenerative disc diseases  

Degenerative disc diseases are responsible for neurological dysfunctions in canine 

patients (Macias et al, 2002). Disc degeneration diseases have been classified 

according to the onset of symptoms and pathologically stage into per-acute (less 

than 1 hour), acute (1-24 hours), and chronic or gradual (more than 24 hours) illness 

(Macias et al, 2002; Scott, 1997).  

The old classification of intervertebral disc degeneration diseases into 2 different 

types was by Hansen (1952). The classification includes; Hansen disease type I also 

known as IVDE, which characterised by extrusion of the nucleus pulposus through 

all layers of the surrounding annulus fibrosus into the vertebral canal (Brisson, 2010). 

This type occurs in small middle-aged dogs with short bandy legs breeds 

(chondrodystrophic dogs) (Hansen, 1951; 1952), and known as “type I” IVDH 

(Jeffery et al, 2013a). Hansen disease type II occurs when fibroid degenerative 

pathological changes of the vertebral disc result in protrusion of the annulus fibrosis, 

which mainly recognised in old and large non-chondrodystrophic canine breeds 

(Hansen, 1952), and known as Hansen “type II” (Jeffery et al, 2013a).  

There are other types of IVDD reported in dogs, such as ‘Schmorls node’ IVDH, 

which is the herniation of IVD material into the vertebral body. This type of IVDD 

occurs during the late stage of disc degeneration due to breaching of the 

cartilaginous endplates (EPs) of the intervertebral disc, commonly the central parts 

of the EPs into the vertebral body (Bergknut et al, 2013; Gaschen et al, 1995). 

Another type of IVDD is the acute herniation of non-degenerate nucleus pulposus 

which recognised into; acute non-compressive nucleus pulposus extrusion (ANNPE) 

and acute compressive hydrated nucleus pulposus (HNPE) (De Decker & Fenn, 

2018).  
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2.2.2. Practices of MRI in SCI 

The benefits of MRI scanning in clinical practices have been utilised in SCI by 

employing this tool in the diagnosis of acute and chronic injuries. The MRI is a 

reliable imaging tool for detecting location, severity, and complications of SCI, and 

identifying pathological lesions of the spinal cord due to disc diseases (Besalti et al, 

2006; Halati et al, 2016; Jeffery et al, 2013a). It is recommended for monitoring the 

progression of the pathological events of SCI such as oedema, haemorrhage, 

syringomyelia, swelling, and cavitation (Miyanji et al, 2007). The MRI is used for 

diagnosis of different types of IVDD in small animal medicine (Besalti et al, 2006). 

Furthermore, MRI was used for follow-up assessment of putative therapies of SCI 

and for tracing the grafted cells into animal models of SCI (Steeves et al, 2006). 

Although spinal cord compression (SCC) and vertebral canal narrowing (VCN) in 

patients of SCI remained imprecisely assessed, few studies have been used 

radiological imaging for quantitative measuring of spinal injuries. According to the 

previous study, the SCC and VCN were unreliable or quantifiable measured in 

patients of cervical SCI (Rao & Fehlings, 1999). A previous study in 23 athlete 

human patients with cervical spinal stenosis employed a method for measuring the 

diameter of the spinal canal to the vertebral body by using conventional radiology. 

The findings showed that a ratio of less than 0.82 indicates significant spinal canal 

narrowing (Pavlov et al, 1987). However, these results might be questionable 

because the conclusion made by Pavlov et al., (1987) was based on findings in a 

specific group of patients including only football players and the samples did not 

include a random population of human patients (Chappell, 1988). Others considered 

MRI the only reliable imaging tool that can provide objective and quantifiable benefits 

for assessing the spinal cord compression than offered by other radiographs 

modules, including CT-scan (Fehlings et al, 1999). 
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2.2.3. Magnetic Resonance Imaging (MRI) in Veterinary Medicine 

Since the late 1980s, magnetic resonance imaging (MRI) has been used as a clinical 

diagnostic tool in veterinary medicine, which was initially performed utilising human 

medicine facilities (Smith, 2010). This tool has become a crucial implement for 

diagnostic imaging of central nervous system illnesses and many diseases of other 

systems (Berens et al, 2005; Edelman & Warach, 1993). There are few manuscripts 

about the in vivo use of MRI in animal models and patients of SCI that results from 

IVDE (Chang et al, 2007; Lu et al, 2002a; Sanders et al, 2002; Weber et al, 2006).  

Moreover, the reliability of this imaging tool for vertebral canal disease diagnoses, 

including the intervertebral disc diseases has increased recently in canine species 

(Jeffery et al, 2013a).  

2.2.3.1. MRI for diagnosis of canine IVDD 

Magnetic resonance imaging is a reliable and useful imaging tool for diagnosis of 

different types of IVDD in small animal medicine. Based on MRI outcomes in the 

thoracolumbar region, different types of IVD diseases were diagnosed in 

neurological deficit dogs, such as degeneration, extrusion, protrusion, and disc 

bulging or herniation (Besalti et al, 2006). Studies have been explored the utility of 

MRI for prediction of clinical outcomes in paraplegic dogs affected by IVDD. A 

previous MRI study was conducted to investigate the relationship of IVDE in canine 

patients with the length of the area of hyperintensity at the site of SCI and the clinical 

outcome predictions (Ito et al, 2005). Another study used MRI for determining and 

measuring the size of extruded disc material in the spinal canal (Besalti et al, 2005). 

The results showed that extruded disc material into the vertebral canal might localise 

to the right or left or central side of the epidural space. The IVDE was detected in 40 

dogs, the disc material was displaced to the left side in 45%, right side in 40%, and 

centrally in 15% of total cases (Besalti et al, 2005). 
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2.2.4. Aim of the chapter 

To date, few reports in veterinary medicine have investigated the utility of MRI as a 

quantitative tool to assess the pathological and morphometric measures of the spinal 

cord and vertebral canal following trauma due to IVDD and during follow-up of 

treatment. This chapter aims to evaluate the viability of using subjective and 

quantitative measuring methods utilising MRI to monitor the progression of putative 

spinal cord lesion caused by IVDE in 13 canine patients. Another aim was to 

assess the association of several factors, such as site of IVDE (cervical, thoracic, 

thoracolumbar, and lumbar segments), MRI type (ST1W, ST2W, TT1W, TT2W), 

lesion severity, image intensity (hypo-, iso-, or hyper-intense), observation timing 

(pre- or post-treatment), treatment type (surgical or non- surgical  therapy), and 

interaction of timing and treatment, on the evaluation of spinal cord and vertebral 

canal pre and post treatment using MRI images. 



   
 

 

Page 58 of 329 
Chapter - 2 - 
 

2.3. Methodology 

2.3.1. MR Imaging system and software 

Dogs were screened using a GE Signa HD 1.5T MRI Scanner (GE Healthcare, 

Milwaukee, Wisconsin, USA). Contrast MRI studies used gadodiamide 

(OmniscanTM, GE Healthcare Australia, Parramatta, NSW, Australia). MRI images 

were obtained from the Picture Archiving and Communication System (PACS) at the 

U-Vet Werribee Animal Hospital. MRI images were analysed using Synapse 

software (SYNAPSE v3.1, FUJIFILM, TOKYO, JAPAN), and measured variables 

were recorded in millimetre. Adobe Photoshop 2020 (PS, v21.1.3, California, U.S.) 

was used for maximising image quality and labelling the illustrative figures. 

2.3.2. Study Design 

The current study is a retrospective study which utilised MRI data from canine 

patients with intervertebral disc extrusion (IVDE). I aimed to use quantitative 

measurements and a subjective method for assessing the pathological and 

morphometric changes of the spinal cord and vertebral canal following IVDE and 

recovery post-surgical and/or non-surgical treatment. These measurements are 

tested within this project using MRI studies of 13 dogs presented with IVDE 

associated with spinal cord trauma that was classified as putative SCI. 

2.3.3. Study significance 

This study might provide insight into future clinical applications both in canine and 

human patients of SCI. Therefore, we approached the following:  

• Evaluating the intensity and length of spinal cord lesion (LSCL) using sagittal 

sections. 

• Measuring the percentage of; spinal cord compression (SCC%) and vertebral 

canal compression or narrowing (VCN%) using sagittal sections. 

• Measuring the percentage area of spinal cord compression (ASCC%) using 

transverse sections. 

• Assessing the effects of several factors on the SCC, VCN, and ASCC in dog 

patients of IVDE. 
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• Investigation the associations of the injured and intact spinal cord to the 

injured and intact vertebral canal using sagittal sections.  

2.3.4. Study Objectives 

Quantitative measures methods were used to evaluate pathological and 

morphometrical changes of SC and VC utilising MRI images pre- and post-treatment 

of IVDE. The methods measured; 1) signal intensity and LSCL on sagittal T1-

weighted (ST1W) and T2-weighted (ST2W) MRI, 2) SCC% on ST1W and ST2W 

MRI, 3) VCN% on ST1W and ST2W MRI, and 4) ASCC% on transverse T1-weighted 

(TT1W) and T2-weighted (TT2W) MRI. Moreover, the other objective is to assess the 

effects of several factors on the injured SC and VC, including; the site of the lesion 

caused by IVDE (cervical, thoracic, thoracolumbar, and lumbar), MRI type 

(ST1W, ST2W, pre and post contrast imaging), lesion severity, MRI signal intensity 

on sagittal scans (hypo-, iso- or hyper-intense), treatment (surgery or non-surgery), 

observation timing (pre- or post-operative), and the timing/treatment interaction. 

2.3.5. Animals and selection criteria 

Canine patients presented with neck and/or back pain accompanied by motor, 

sensory, and autonomic neurological dysfunction were included in our search for 

eligible subjects for the study. Medical records were reviewed of 626 dog patients 

presented to the U-Vet Werribee Animal Hospital of the Faculty of Veterinary and 

Agricultural Sciences at University of Melbourne, at Werribee in Melbourne, VIC 

3030 during the period from September 2010 to March 2018, because of various 

clinical and neurological deterioration. After initial physical and clinical examinations, 

all selected cases were referred to the neurology service at the U-Vet Hospital for 

further neurologic examination and assessment. At the neurology department, all 

dogs were subjected to thorough clinical and neurological examinations then 

underwent for further diagnostic investigations including blood panel tests such as 

haematology, complete blood account (CBC), and serum biochemistry tests. 

Furthermore, survey radiography and MRI were included as well for all dogs. Next, 

each case was subjected to suitable treatment according to the severity of the cases 

and the results of laboratory and MRI findings. 
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The inclusion criteria for this retrospective study included: dogs with IVD extrusion, 

different breeds and ages, both genders (male and female), dogs had received 

either surgical or non-surgical treatment after initial MRI diagnosis, and each dog 

must have had two MRI studies within at least a 1-month interval between the first 

MRI (1st MRI) and second MRI (2nd MRI).  

2.3.6. Procedures 

I reviewed the medical records of each dog and reported the treatment of choice that 

was used for each case. In addition, other factors related to these treatments were 

reported for correlating their effects seen in 1st MRI and 2nd MRI. These factors 

include 1) time intervals between initial MRI diagnosis and treatment, 2) type of 

treatment, and 3) time intervals between 1st MRI and 2nd MRI. 

Two MRI studies during two different periods were reviewed for each patient. 

The 1st MRI was acquired at the preliminary examination and during the first 

presented of the patient at U-Vet Hospital and supposed initial onset of disease. 

Whereas, the 2nd MRI was acquired after different periods for purpose of treatment 

follow-up, neurological deterioration, or recurrence of the disease at the same or 

different site. Images acquired, reviewed, and studied from medical record of each 

patient include that imaged pre- and post-contrast injection of Gadolinium (Gd).  

The pre-contrast images included; Sagittal T1 weighted imaging (ST1W), 

Sagittal T2 weighted imaging (ST2W), Transverse T1 weighted imaging (TT1W), and 

Transverse T2 weighted imaging (TT2W). 

The post-contrast images by enhancement contrast agent such as Gadodiamide 

included; Sagittal T1 weighted FSGd (ST1w FSGd), Sagittal T2 weighted ssFSE 

(ST2w ssFSE), and Transverse T1 weighted FSGd (TT1w FSGd). 

Lesions of spinal cord change feature seen in 1st MRI and 2nd MRI on sagittal 

sections were described qualitatively (subjectively) and measured quantitively 

including the lesion intensity and LSCL, respectively. The percentage degree of SCC 

and VCN were measured quantitively on sagittal sections. Another quantitative 

method was completed to measure the maximum ASCC% using transverse 

sections. 
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2.3.6.1. Subjective assessment of the spinal cord lesion at the area of 

interest  

A descriptive method was used to assess the changes of the intensity of the spinal 

cord lesion as shown on mid-sagittal MRI using ST1w, ST1w FSGd, ST2w, 

ST2w ssFSE during two different periods (1st MRI and 2nd MRI). The intensity of the 

lesion was classified into three main categories according to the pathological 

appearance on sagittal MRI. The intensity of the lesion at the site of injury was 

compared to the nearest healthy spinal cord tissue. This was defined either as 

hyper or hypo or isointense lesion. Moreover, the hypo and hyperintense lesions 

were classified into three subdivisions groups according to the colour contrast of the 

lesion (Figure 2.1), as follows:  

➢ Hyperintense, if an abnormal is bright (white colour) on MR Imaging is 

described as hyperintense (more intense):  

o Mild (+) 

o Moderate (+ +) 

o Strongly (+ + +) 

➢ Hypointense, if the abnormal is dark (black colour) on MR Imaging is 

described as hypointense (less intense): 

o Mild (-) 

o Moderate (- -) 

o Strongly (- - -) 

➢ Isointense, if the abnormal is the same intensity to reference structure (similar 

colour), is described as isointense. 

 

These three categories are ordinal scales. Therefore, to facilitate the statistical 

analysis, these ordinal measures were set as; 0 for isointense, +1 for hyperintense, 

and -1 for hypointense lesions.  
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                    Hyper intense         Isointense        Hypo intense  

       (+1)                       (0)                         (-1)    

    

           + + +       + +      +         +/-        -     - -        - - -  

Figure 2. 1: Classification of the spinal cord lesion intensities into three categorical 
ordinal scales (hyper, hypo, and iso-intense) with subdivision groups of hypo and 
hyper-intense lesions.
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2.3.6.2. Quantitative assessments of the spinal cord at the area of 

interest  

2.3.6.2.1. Length of spinal cord lesion (LSCL) and Reference ratio (Rr)  

Mid-sagittal sections of 1st and 2nd MRI studies were used for quantifiable 

assessment of syrinx by measuring the LSCL at the area of interest. Both ST1W and 

ST2W images were reviewed, and LSCL and the length of a nearest anatomic 

referencing structure named length of reference (LR) were measured using Synapse 

software image tools “Ruler”. All measurement units were documented in 

millimetre (mm).  

Figure 2.2 of dog# 9 of the current study, illustrates a hyperintense spinal cord lesion 

detected on ST2W MRI and how the LSCL and LR were measured.  The invisible 

lesions that we could not distinguish, and measure were documented as 

undetectable. 

To measure the length of the area of hyper- or hypo-intensity we followed the 

methodology used by others (De Risio et al, 2009; Ito et al, 2005). This method 

measured the LSCL as a ratio to LR and named ‘Reference Ratio’ (Rr).  

The LR included measuring the vertebral body length of either of C6 for cervical 

lesions or L2 for thoracic, lumbar, and thoracolumbar lesions. This methodology 

helps to exclude the breed and individual variations among candidate dogs. 

The Rr was calculated by dividing LSCL by LR as recommended by Ito et al., (2005), 

using equation 2.1. 

 

o 𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟐. 𝟏:  𝑹𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆 𝑹𝒂𝒕𝒊𝒐 (𝑹𝒓) =  
𝑳𝒆𝒏𝒈𝒕𝒉 𝒐𝒇 𝒔𝒑𝒊𝒏𝒂𝒍 𝒄𝒐𝒓𝒅 𝒍𝒆𝒔𝒊𝒐𝒏 (𝑳𝑺𝑪𝑳)

𝑳𝒆𝒏𝒈𝒕𝒉 𝒐𝒇 𝒓𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆 (𝑳𝑹)
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2.3.6.2.2. Spinal cord compression (SCC) measurements on sagittal MRI 

Three different points of the spinal cord diameters (SCD) were labelled and 

measured using mid-sagittal sections, Figure 2.3 A. These points were as follows: 

• SCDa: diameter (mm) of the spinal cord above (cranial) the site of 

compression, labelled as ‘A’. 

• SCDc: diameter of the spinal cord at the level of compression, labelled as ‘B’. 

• SCDb: diameter (mm) of the spinal cord below (caudal) the site of compression, 

labelled as ‘C’. 

Next, the normal spinal cord diameter (NSCd) of the uncompressed spinal cord was 

calculated by dividing the sum of SCDa (mm) and SCDb (mm) by 2.  

The NSCd is the assumed normal diameter of the spinal cord at the site of IVDE 

before the compression, which can be calculated using equation 2.2. 

o 𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟐. 𝟐:   𝑵𝑺𝑪𝒅 (𝒎𝒎) =  
𝑺𝑪𝑫𝒂+𝑺𝑪𝑫𝒃

𝟐
 

Then percentage degree of spinal cord compression (SCC%) was calculated by 

dividing the output of subtraction of the diameter of the spinal cord at the level of 

compression (SCDc) from the diameter (mm) of normal (intact) spinal cord (NSCd) 

by diameter (mm) of normal (intact) spinal cord (NSCd), multiplied by 100. 

Finally, the SCC% at the level of IVDE was measured using equation 2.3. 

o 𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟐. 𝟑:   𝑺𝑪𝑪% = (
𝑵𝑺𝑪𝒅−𝑺𝑪𝑫𝒄

𝑵𝑺𝑪𝒅
)  𝒙 𝟏𝟎𝟎 
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2.3.6.2.3. Vertebral canal narrowing (VCN) measurements on sagittal MRI 

Vertebral canal narrowing measurements calculate using the same techniques for 

measuring SCC. Three different points of vertebral canal diameters (VCD) were 

labelled, including the site of injury. The measurement of each point extended 

between the dorsal and ventral inner lines of the vertebral canal, Figure 2.3 B, which 

include;  

• VCDa: Vertebral canal diameter (mm) above the level of IVDE and labelled ‘D’. 

• VCDe: Vertebral canal diameter (mm) at the epicentre level of IVDE and 

labelled ‘E’. 

• VCDb:  Vertebral canal diameter (mm) below the level of IVDE and labelled ‘F’. 

Next, the normal vertebral canal diameter (mm) (NVCd) at the site of IVDE was 

calculated by dividing the sum of VCDa and VCDb by 2, using equation 2.4. 

o 𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟐. 𝟒:   𝑵𝑽𝑪𝒅 =  
𝑽𝑪𝑫𝒂+𝑽𝑪𝑫𝒃

𝟐
 

Finally, the VCN% at the level of IVDE was calculated by subtracting VCDe from 

NVCd, then divided by NVCd, and the output multiplied by 100, as in equation 2.5. 

o 𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟐. 𝟓:   𝑽𝑪𝑵% = (
𝑵𝑽𝑪𝒅−𝑽𝑪𝑫𝒆

𝑵𝑽𝑪𝒅
) 𝒙 𝟏𝟎𝟎 
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2.3.6.2.4. Ratio of spinal cord diameter to vertebral canal diameter 

The association of MRI features seen in the spinal cord, and the vertebral canal was 

investigated pre- and post-treatment of SCI in dog patients. These changes may 

provide an overview of the associated clinical and neurological findings. To approach 

this, we calculate the following: 

• The ratio of injured spinal cord diameter (iSCD)-to-injured vertebral canal 

diameter (iVCD). 

• The ratio of healthy spinal cord diameter (hSCD)-to-healthy vertebral canal 

diameter (hVCD). 

• The ratio of injured spinal cord diameter (iSCD)-to-healthy vertebral canal 

diameter (hVCD). 
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2.3.6.2.5. Area of spinal cord compression (ASCC) on transverse MRI 

This measurement was used to quantify the maximum percentage area of spinal 

cord compression (ASCC%) at the level of IVDE. The method utilised transverse MR 

images obtained for each patient during two different times (1st MRI and 2nd MRI). 

The results of these measurements were compared with the findings of SCC on the 

sagittal plane. 

To measure the ASCC, three different transverse MRI slices at three different 

regions including site of IVDE, were chosen, labelled, and measured using 

“Freehand ROI” tool of Synapse imaging tools (software), Figure 2.4. This was 

performed pre and post administration of enhancement contrasts such as 

Gadodiamide agent. The three interested slices were labelled as follows: 

• Aa:  area (mm2) of the spinal cord above the site of compression. 

• Ab: area (mm2) of the spinal cord at the level of compression. 

• Ac: area (mm2) of the spinal cord below the site of compression. 

The assumed normal area (mm2) of the normal spinal cord (An) of uncompressed 

SC was calculated by dividing the sum of Aa and Ac by 2 using equation 2.6. 

o 𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟐. 𝟔:   𝑨𝒏 =  
𝑨𝒂+𝑨𝒄

𝟐
 

The ASCC% was obtained by subtracting Ab from An, then divided by An, and the 

result was multiplied by 100, as in equation 2.7. 

o 𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟐. 𝟕:   𝑨𝑺𝑪𝑪% = (
𝑨𝒏−𝑨𝒃

𝑨𝒏
) 𝒙 𝟏𝟎𝟎 
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Figure 2. 2: Mid-sagittal T2W MRI of cervical spines in a 9-year-old female Pug dog with C6-C7 
IVDE. Image A illustrates hyperintense lesion (arrow) of spinal cord dorsally to C6-C7 disc 
extrusion. Image B illustrates the length of spinal cord lesion (LSCL) and length of reference (LR). 
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Figure 2. 3: Mid-sagittal T2W MRI of cervical spines in a 9-year-old female Pug dog with C6-C7 
IVDE. Image A illustrates the spinal cord diameter; above the site of compression (A), 
approximately at the site of compression (B), and below the site of compression (C). Image B 
illustrates the vertebral canal diameter; above the level of IVDE (D), approximately at the epicentre 
site of IVDE (E), and below the level of IVDE (F). 
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Figure 2. 4: Sequence of transverse T2W MRI images in a 9-year-old female Pug dog with C6-C7 
intervertebral disc extrusion (IVDE). Images A1, B1, and C1 illustrate MRI sections of C4-T1 spinal cord 
segment; above, at, and below the site of IVDE, respectively. A2, B2, and C2: illustrate cross-sectional area of 
spinal cord; above (Aa), approximately at (Ab), and below (Ac) the site of compression, respectively. B1 and 
B2 show IVDE at the level of C6-C7 causing compression to the spinal cord (arrow). 



   
 

 

Page 71 of 329 
Chapter - 2 - 
 

2.3.7. Statistical Analysis 

Associations between the various MR measures were explored using linear mixed-

effects (LME) model. Response variables with no transformation included the SCC, 

VCN, and ASCC. The ratio quantities iSCD/iVCD, hSCD/hVCD, iSCD/hVCD, and Rr 

were first log-transformed. Predictor variables included the lesion site (C|T|TL|L), 

MRI type, lesion severity, image intensity (hypo-, iso- or hyper-intense) for all 

responses excluding ASCC, observation timing (pre- or post-operative), treatment 

(surgery or non-surgery), and a timing*treatment interaction. To accommodate the 

repeated measures, the random intercept effects are at the lesion level.  

Models were fitted using the restricted maximum likelihood estimate (RMLE) as 

implemented in the ‘lme4’ package (Bates et al, 2015) in R (R, version 3.5.3, Vienna, 

Austria) (R Core  Team, 2019). The goodness-of-fit of the models was assessed 

using histograms and scatterplots of the residuals. Explanatory quality of the models 

was described using the marginal (mR2) and conditional (cR2) coefficients of 

determination (Nakagawa et al, 2017) as implemented in the ‘muMin’ package 

(Multi - Model Inference, version 1.43.6) (Barton, 2019). Uncertainty in the parameter 

estimates was described using the 95% confidence intervals determined from the 

profile likelihood (Cole et al, 2013). 

The relationship between the response variable “Y” and predictors “fixed effect” was 

investigated using equation 2.8.  

o 𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟐. 𝟖:     𝒀 ~ 𝟏 +  𝑺𝒊𝒕𝒆 + 𝑴𝑹𝑰𝑻𝒚𝒑𝒆 + 𝑺𝒆𝒗𝒆𝒓𝒊𝒕𝒚 + 𝑻𝒊𝒎𝒆 ∗ 𝑺𝒖𝒓𝒈𝒆𝒓𝒚 +

                                  𝑰𝒏𝒕𝒆𝒏𝒔𝒊𝒕𝒚 + (𝟏 |𝑳𝒆𝒔𝒊𝒐𝒏: 𝑰𝑫) 
 

• “Y” represents the response variable; SCC, VCN, ASCC, Rr, iSCD/iVCD ratio, 

hSCD/hVCD ratio, or iSCD/hVCD ratio.  

• LME models included all predictors (mentioned above), except intensity was 

not applicable in ASCC.  

• Interaction between two categorical variables is specified with “*”, which is 

inter - dependence between two predictors or the effect of two different 

predictors (i.e. ‘Time and Surgery’ current model) on response variable “Y”.  

• Linear mixed effect (LME) models included all the predictor variables as 

mentioned above, except the “Intensity” factor was not included in ASCC.  
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2.4. Results 

Medical records of 626 dogs with neurological diseases were reviewed and revealed 

37 dogs (37/626) presented with different types of IVDD. Of these, there were 

23 cases diagnosed with IVDE, which consists about 3.6% of total number of dogs of 

various neurological diseases. The study reported 16 different canine breeds 

affected by IVDE. Of the 23 dogs, one dog of each breed of; Staffordshire Bull 

Terrier X, Jack Russell Terrier, Cocker Spaniel, Schipperke, Dog Pug, Pekingese, 

Hungarian Vizsla, Great Dane, Australian Bulldog, and Poodle X, two dogs of each 

of; Pomeranian, Shih Tzu X,  Dachshund, Fox Terrier X, and Rottweiler, and three 

dogs of Maltese Terrier X.  

Of the 23 dogs with IVDE, there were ten spayed females (10/23) and 13 males 

(nine neutered and four intact). Ages of dogs with IVDE were 1-13 years old 

(median, 6 years). The metadata details of the 23 dogs with IVDE are presented in 

Table A2.1. 

Only 13 dogs out of 23 met the inclusion criteria for the MRI study. These dogs 

(n= 13), all had two MRI scans, at interval time ≥ 1month between 1st and 2nd MRI.  

The metadata details of the dogs (n= 13) included in the current study are presented 

in Table 2.1.  

The neurological findings during the initial consultation in the 13 dogs and the clinical 

outcomes are presented in Table A2.2 (Appendix-Chapter 2).  

2.4.1. Spinal segment affected 

The initial neurologic examinations and MRI scans found IVDE in the four different 

levels of spinal segments. Of the 23 dogs, the cervical IVDE was diagnosed in 

14 dogs, one dog had thoracic IVDE, six dogs with thoracolumbar IVDE, and two 

dogs were diagnosed with lumbar disc extrusions, Table A2.1. 
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2.4.2. Sites and numbers of intervertebral disc extrusion (IVDE) 

The findings in the eligible dogs (n= 13) for the MRI study revealed a total of 

23 IVDEs at one or multiple spine levels. Four dogs (4/13) diagnosed with one-disc 

extrusion either at C, T, or TL regions. Eight dogs (8/13) had two IVDE either at 

C, L, or TL regions. One dog (1/13) had three cervical IVDE.  

The extruded disc material (EDM) was located ventral to the spinal cord in six dogs 

(6/13) and laterally either to the left side in four dogs (4/13) or right side in three dogs 

(3/13). The MRI study in these dogs revealed spinal cord compression at one or 

more sites of discs extrusions. However, IVDE was more remarkable in 8 dogs only, 

including dogs# 3, 4, 6, 7, 8, 9, 12, and 13. The metadata information of the eligible 

dogs for the MRI study, metadata information of IVDE, and time intervals between 1st 

MRI-treatment and 1st MRI-2nd MRI in each case, are presented in Table 2.1. 

2.4.3. Treatment of choice 

In general, all dogs with IVDE (n= 23) had received pharmacological and 

conservative treatment with or without surgical intervention. Eleven dogs (11/23) 

were treated surgically. Whereas, nine dogs (9/23) had received only conservative 

treatment (restrict cage and physiotherapy) with a combination of anti-inflammatory 

and pain relief medications. The information about the type of treatment used in the 

other three dogs (3/23) was not available or documented in their medical records, 

Table A2.1. 

The findings in the eligible dogs (n= 13) for the MRI study revealed that 

decompression surgery was conducted in nine of thirteen dogs (9/13) by either 

ventral slot in six dogs or hemilaminectomy in three dogs (left hemilaminectomy, 

dorsolateral hemilaminectomy, and right-sided double hemilaminectomy, one each). 

The other four dogs (4/13) were treated non-surgically with conservative treatment 

and a combination of anti-inflammatory and pain relief medications.  

The time interval between any treatment and 1st MRI was within 12-24 hours in 

eleven of thirteen dogs (11/13), and either 8 or 10 days in two dogs, Table 2.1.  
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Table 2. 1: Metadata information of dogs (n= 13) with intervertebral disc extrusions (IVDE), and time intervals between 1st MRI-
therapy (surgical or non-surgical treatment), and 2nd MRI. IVDE was more remarkable in dogs# 3, 4, 6, 7, 8, 9, 12 and 13, at the 
labelled levels with “*”. 

 

Abbreviation: M, male; MN, male neutered; FS, female spayed; Kg, kilogram; C, cervical; T, thoracic; TL, thoracolumbar; L, lumbar; 

EDM, extruded disc material; 1st, first; 2nd, second; N/A, not applicable. 

Dog 
ID 

Dogs Metadata   IVDE Metadata   Time interval  

Breed Sex and 
status 

Age 
(Year) 

Weight 
(Kg) 

 IVDE  
site 

EDM  
location 

Surgery / site  1st MRI-therapy 
(hours or days) 

1st-2nd MRI  
(month)  

 

1 Schipperke M  4   7  C2-C3  Ventral Ventral Slot C2-C3    8 days 6   
2 
  

Shih Tzu MN 10   8  C2-C3, C6-C7 Right side N/A  24 hours 2   

3 Staffordshire  
Bull Terrier X 

MN 13 19  C2-C3, C6-C7* Left side Ventral Slot C6-C7  24 hours 45   

4 Pekingese MN   6   8  C2-C3, C4-C5* Left side Ventral Slot C4-C5  24 hours 2.5   

5 Pomeranian MN 10   6  C6-C7 Ventral N/A  24 hours 18   
6 Pomeranian FS   6   4  C3-C4*, C4-C5 Ventral Ventral Slot C3-C4  24 hours 6  

7 Maltese Terrier FS   9   6  C3-C4, C5-C6*  
C6-C7 

Right side N/A  12 hours 44   

8 Fox Terrier 
(Wirehair) 

FS 10    7  C5-C6*, C6-C7 Ventral Ventral Slot C5-C6  24 hours 7    

9 Dog Pug FS   9   8  C5-C6, C6-C7* Ventral Ventral Slot C6-C7  10 days 31   

10 Jack Russell 
Terrier 

FS   4   5  T11-T12 Ventral Left hemilaminectomy 
T11-T12 

 24 hours 41   

11 Cocker Spaniel M   5  15  L4-L5, L5-L6 Left side Dorsolateral 
hemilaminectomy L4-L5 

 24 hours 40   

12 Dachshund FS   3   7  T13-L1* Left side N/A  12 hours 1   

13 Fox Terrier X FS   5    5  T12-T13, T13-L1* Right side Right hemilaminectomy 
T12-T13, T12-L1 

 24 hours 3   
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2.4.4. Results of spinal cord measurements 

2.4.4.1. Statistical Analysis  

The LME model of SCC, VCN, ASCC, Rr, iSCD/iVCD ratio, and iSCD/hVCD ratio 

analyses was reasonably acceptable. The analyses of residuals indicating that the 

distribution of the residuals was approximately close to normal excluding for 

hSCD/hVCD ratio. The LME model of hSCD/hVCD ratio did not fit well with the 

assumptions, therefore was not trustworthy. 

2.4.4.2. Spinal cord lesion intensity, length, and reference ratio on 

sagittal MRI 

Characteristics of the lesion intensity of the injured spinal cord at the level of IVD 

extrusion, which described as black or white gradients as appears within ST1W or 

ST2W of 1st MRI and 2nd MRI are shown in Table 2.2.  

Measures findings of the length of spinal cord lesion (LSCL) and “length of 

reference” (LR) either the C6 (for cervical lesion) or L2 (for thoracic, lumbar, and 

thoracolumbar lesion) vertebral body are shown in Table 2.3.  

The restricted maximum likelihood estimates (RMLE) showed higher Rr on ST2W in 

2nd MRI (β: 0.45, median 95% CI: 0.02 to 0.88) than ST1W (baseline value, β=0), 

and in site L (β: 0.71, median 95% CI: - 0.05 to 1.47) than site TL (β: -0.68, 

median 95% CI: -1.38 to 0.01) and site C (baseline value, β=0). The Rr was less in 

isointense and hyperintense than hypointense lesions.  

Although Time 2 may have some effect in decreasing Rr, no clear effect was 

detected with Time2: Surgery1 interaction. The lower and upper 95% confidence 

limits (CL) for the parameters are provided in Table 2.4. 

Histograms and scatter plots of residuals in the LME model of the measures of Rr on 

transverse MRI scans are provided in Appendices section (Figure A2.1) at the end of 

this thesis.  
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Table 2. 2:  Characteristics of MRI signal intensity at the site of the spinal cord 
lesion on ST1W and ST2W in dogs (n=13) with intervertebral disc extrusion 
(IVDE). The lesion is described as hyperintense (+1), isointense (0), and 
hypointense (-1), in 1st MRI and 2nd MRI. IVDE was more remarkable in dogs# 
3, 4, 6, 7, 8, 9,12 and 13 at the labelled levels with *. 

Abbreviation: C, cervical; T, thoracic; TL, thoracolumbar; L, lumbar; 1st, first; 

2nd, second; ST1W, Sagittal T1 weighted imaging; ST2W, Sagittal T2 weighted 

imaging. 

 

 

Dog ID Lesion 
site 

ST1W ST2W 

1st MRI 2nd MRI 1st MRI 2nd MRI 

1 C2-C3 -1 0 +1 +1 

2 C2-C3 0 0 +1 0 

C6-C7 0 0 +1 +1 

3 C2-C3 0 -1 0 0 

C6-C7* -1 0 +1 +1 

4 C2-C3 0 0 +1 0 

C4-C5* -1 0 +1 0 

5 C6-C7 -1 0 +1 +1 

6 C3-C4* -1 -1 +1 +1 

C4-C5 0 0 0 0 

 
7 

C3-C4 0 0 +1 0 

C5-C6* -1 0 +1 0 

C6-C7 0 0 +1 0 

8 C5-C6* 0 0 0 +1 

C6-C7 0 0 0 +1 

9 C5-C6 0 0 0 0 

C6-C7* 0 -1 +1 +1 

10 T11-L12 -1 0 0 +1 

11 L4-L5 0 0 +1 +1 

L5-L6 0 0 +1 +1 

12 T13-L1 -1 - 1 +1 +1 

13 T12-T13 0 0 0 0 

T13-L1* 0 0 0 0 
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Table 2. 3: Reference ratio (Rr) measures in 13 canine patients with disc extrusions. Rr= length of spinal cord lesion (LSCL) 
divided by the length of reference (LR) either C6 vertebrae (for cervical lesion) or L2 vertebrae (for thoracic, lumbar, and 
thoracolumbar lesion). Values labelled as “-“are the invisible lesions that cannot be distinguished or measured.   

Dog 
ID 
  
  

Site of 
IVDE 
  
  

ST1W ST2W 

1st MRI 2nd MRI 1st MRI 2nd MRI 

LSCL 
(mm) 

LR 
(mm) 

    Rr LSCL 
(mm) 

LR 
(mm) 

Rr LSCL 
(mm) 

LR 
(mm) 

Rr LSCL 
(mm) 

LR 
(mm) 

Rr 

1 C2-C3   18.05 10.41 1.73 4.29 10.46 0.41 20.09 9.85 2.04 16.49 9.88 1.67 

2 C2-C3 - 11.93 - - 11.46 - 7.83 11.24 0.70 8.63 10.88 0.79 

C6-C7 - 11.93 - - 11.46 - 8.98 11.24 0.80 10.26 10.88 0.94 

3  C2-C3 - 16.84 - - 16.25 - - 16.00 - - 16.80 - 

C6-C7 7.36 16.84 0.44 2.69 16.25 0.17 7.46 16.00 0.47 2.74 16.80 0.16 

4  C2-C3 - 12.32 - 3.66 12.44 0.29 - 12.06 - 3.50 12.25 0.29 

C4-C5 5.70 12.32 0.46 2.41 12.44 0.19 4.62 12.06 0.38 5.62 12.25 0.46 

5 C6-C7 31.32 8.88 3.53 3.02 8.61 0.35 18.98 8.35 2.27 4.31 8.63 0.50 

6  C3-C4 - 7.76 - 4.99 7.37 0.68 5.65 7.92 0.71 5.46 7.85 0.70 

C4-C5 - 7.76 - - 7.37 - - 7.92 - - 7.85 - 

7  C3-C4 - 7.76 - - 9.90 - 23.74 9.64 2.46 3.97 9.71 0.41 

C5-C6 13.56 9.87 1.37 - 9.90 - 14.47 9.64 1.50 4.28 9.71 0.44 

C6-C7 - 9.87 - - 9.90 - 15.65 9.64 1.62 6.51 9.71 0.67 

8  C5-C6 4.80 10.54 0.46 - 10.61 - 4.06 11.23 0.36 3.66 10.97 0.33 

C6-C7 - 10.54 - - 10.61 - - 11.23 - 7.84 10.97 0.71 

9  C5-C6 - 10.82 - - 10.82 - - 10.76 - - 10.80 - 

C6-C7 - 10.82 - 6.2 10.82 0.57 11.09 10.76 1.03 10.49 10.80 0.97 

10 T11-L12 11.75 13.20 0.89 - 13.01 - 6.50 13.22 0.49 5.70 13.20 0.43 

11  L4-L5 7.07 19.80 0.36 2.13 19.76 0.11 44.3 18.52 2.39 56.4 19.70 2.86 

L5-L6 - 19.80 - - 19.76 - - 18.52 - 56.4 19.71 2.86 

12 T13-L1 6.60 16.95 0.39 7.17 16.85 0.43 6.35 17.20 0.37 7.06 17.08 0.41 

13  T12-T13 - 14.59 - - 14.58 - - 12.42 - - 14.41 - 

T13-L1 - 14.59 - - 14.58 - - 12.42 - - 14.41 - 

Abbreviation: IVDE, intervertebral disc extrusion; mm, millimetre; C, cervical; T, thoracic; TL, thoracolumbar; L, lumbar; 

1st, first; 2nd, second; ST1W, Sagittal T1 weighted imaging; ST2W, Sagittal T2 weighted imaging. 
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Table 2. 4:  Fixed-effect estimates from the linear mixed model, where the 
response is loge(Reference ratio). Confidence intervals were estimated using the 
profile likelihood. The baseline values (β= 0) are Site C, Intensity-1 
(hypointense), MRI_TypeST1W, Severity1, Time1, Surgery0, and 
timing: treatment interaction (Time1:Surgery0). Marginal coefficient of 
determination (mR2) = 0.42. 

Abbreviation: RMLE, restricted maximum likelihood estimate; CL, confidence limit. 

 

 

 

 

 

 

PARAMETER LOWER 95% CL RMLE  UPPER 95% CL 

(Intercept) - 0.28 0.41 1.09 

Site L           - 0.05 0.71 1.47 

Site TL          - 1.38 - 0.68 0.01 

Intensity 0 - 1.57 - 1.09 - 0.58 

Intensity 1     - 1.08 - 0.54 0.08 

MRI_Type ST2W    0.02 0.45 0.88 

Severity 2 - 0.82 - 0.16 0.51 

Time 2 - 0.97 - 0.48 0.00 

Surgery 1 - 0.92 - 0.33 0.24 

Time 2: Surgery 1 - 0.37 0.25 0.87 

σ (1 |Lesion)   0.11 0.40 0.54 

σ (Residual Error)   0.38 0.52 0.62 
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2.4.4.3. Spinal cord compression (SCC) measurements on sagittal MRI 

Percentage degree of spinal cord compression (SCC%) in 1st MRI compared to 2nd 

MRI (on ST1W and ST2W) is shown in Table 2.5.  

The RMLE of SCC on sagittal MRI was reduced with the effect of Time2: Surgery1 

interaction. The SCC (β: -21.17, median 95% CI: -30.15 to -12.38) was lowered in 

dogs that had surgery on 2nd MRI. The SCC (β: 11.80, median 95% CI: -0.10 to 

23.71) was relatively higher in Site TL than Sites C, T, and L.  

The isointense lesions showed a lower SCC. The LME converged successfully, 

marginal coefficient of determination (mR2) = 0.36. The RMLE, lower 95% CL, and 

upper 95% CL for the parameters are shown in Table 2.6. 

Histograms and scatter plots of residuals in the LME model of the measures of SCC 

on transverse MRI scans are shown in Appendices section (Figure A2.2) at the end 

of this thesis.  
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Table 2. 5: Spinal cord measurements (mm) and percentage of spinal cord compression (SCC%) in 1st and 2nd sagittal MRI images in 13 dogs 
with intervertebral disc extrusion. 

 

Abbreviation: mm, millimetre; SCC, spinal cord compression; C, cervical; T, thoracic; TL, thoracolumbar; L, lumbar; 1st, first; 2nd, second; ST1W, 

Sagittal T1 weighted imaging; ST2W, Sagittal T2 weighted imaging; Da, spinal cord diameter above the site of compression; Db, spinal cord 

diameter below the site of compression; Dc, spinal cord diameter at the site of compression; Nd, normal diameter of the spinal cord.

Dog 
ID 

Lesion 
site 

ST1W ST2W 

1st MRI 2nd MRI 1st MRI 2nd MRI 

Da Db Dc Nd SCC% Da Db Dc Nd SCC% Da Db Dc Nd SCC% Da Db Dc Nd SCC% 

1 C2-C3  7.41 6.30 5.02 6.86 26.82 5.61 5.77 5.55 5.69 2.46 5.97 6.08 3.42 6.03 43.28 5.12 5.15 4.76 5.14 7.39 

2  C2-C3 4.97 4.92 4.34 4.95 12.32 5.04 4.90 4.13 4.97 16.90 4.45 4.25 3.68 4.35 15.40 5.05 4.07 3.38 4.56 25.88 

C6-C7 5.45 5.34 3.98 5.40 26.30 5.46 5.49 3.74 5.48 31.75 5.09 4.99 3.23 5.04 35.91 4.92 3.74 4.03 4.33 6.93 

3  C2-C3 7.03 6.84 5.90 6.94 14.99 7.00 6.82 5.70 6.91 17.51 5.83 5.88 4.67 5.86 20.31 5.18 4.81 4.16 5.00 16.8 

C6-C7 7.03 7.07 5.00 7.05 29.08 6.45 5.82 6.05 6.14 1.47 6.28 6.38 4.81 6.33 24.01 4.68 4.66 4.41 4.67 5.57 

4  C2-C3 5.32 5.01 4.03 5.17 22.05 6.55 5.75 3.66 6.15 40.49 5.00 4.46 3.23 4.73 31.71 4.93 4.63 2.44 4.78 48.95 

C4-C5 5.01 5.60 2.00 5.31 62.34 5.75 6.36 6.00 6.06 0.99 4.46 4.31 1.75 4.39 60.14 4.43 4.29 4.18 4.36 4.13 

5 C6-C7 5.22 5.12 3.61 5.17 30.17 4.85 5.12 2.19 4.99 56.11 4.69 4.55 2.49 4.62 46.10 4.62 4.85 2.16 4.74 54.43 

6  C3-C4 3.83 3.78 1.60 3.81 58.01 2.87 3.52 2.14 3.20 33.13 2.80 2.73 1.50 2.77 45.85 3.11 3.86 2.18 3.49 37.54 

C4-C5 3.83 3.78 3.17 3.81 16.80 2.87 3.52 2.98 3.20 6.88 2.80 2.73 2.21 2.77 20.22 3.11 3.86 3.08 3.49 11.75 

7 
  

C3-C4 4.18 5.72 3.84 4.95 22.42 6.00 5.86 3.93 5.93 33.73 3.52 4.75 3.50 4.14 15.46 4.01 4.61 3.08 4.31 28.54 

C5-C6 5.72 5.70 3.80 5.71 33.45 5.86 5.72 5.44 5.79 6.04 4.75 5.10 2.90 4.93 41.18 4.01 4.61 4.47 4.31 -3.71 

C6-C7 5.72 5.70 4.20 5.71 26.44 5.86 5.72 4.84 5.79 16.41 4.75 5.10 3.73 4.93 24.34 4.01 4.61 4.59 4.31 -6.50 

8  C5-C6 6.65 6.85 5.43 6.75 19.56 6.81 6.79 6.23 6.80 8.38 5.20 5.47 3.40 5.34 36.33 5.24 5.49 4.91 5.37 8.57 

C6-C7 6.65 6.85 5.25 6.75 22.22 6.81 6.79 4.88 6.80 28.24 5.20 5.47 4.45 5.34 16.67 5.24 5.49 4.36 5.37 18.81 

9  C5-C6 5.98 5.70 5.02 5.84 14.04 5.78 5.87 5.08 5.83 12.79 5.07 4.98 4.35 5.03 13.52 5.07 5.89 4.54 5.48 17.15 

C6-C7 5.98 5.70 3.17 5.84 45.72 5.78 5.87 3.04 5.83 47.81 5.07 4.98 2.81 5.03 44.14 5.07 5.89 3.92 5.48 28.47 

10 T11-T12 4.67 4.72 2.26 4.70 51.91 3.87 3.91 2.22 3.89 42.93 3.75 3.84 2.14 3.80 43.68 3.44 3.39 2.22 3.42 35.09 

11  L4-L5 5.38 5.51 4.10 5.45 24.77 5.37 5.48 4.82 5.43 11.23 5.48 5.76 3.53 5.62 37.19 5.66 5.09 4.47 5.38 16.91 

L5-L6 5.38 5.51 4.97 5.45 8.81 5.37 5.48 5.28 5.43 2.76 5.48 5.76 4.46 5.62 20.64 5.66 5.09 5.09 5.38 5.39 

12 T13-L1 3.36 3.36 2.00 3.36 40.48 3.35 3.42 1.57 3.39 53.69 3.64 3.65 2.06 3.65 43.56 3.51 3.58 1.47 3.55 58.59 

13  T12-T13 3.18 3.25 2.70 3.22 16.15 3.29 3.22 3.15 3.26 3.37 4.18 4.28 3.15 4.23 25.53 4.16 4.24 3.80 4.20 9.52 

T13-L1 3.18 3.25 2.45 3.22 23.91 3.29 3.22 3.08 3.26 5.52 4.18 4.28 2.86 4.23 32.39 4.16 4.24 3.03 4.20 27.86 
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Table 2. 6: Fixed-effect estimates from the LME model, the response is 
loge(spinal cord compression on the sagittal section “SCC”). The confidence 
intervals were estimated using the profile likelihood. The baseline values (β = 0) 
are Site C, Intensity -1 “hypointense”, MRI_Type ST1W, Severity1, Time1, 
Surgery0, and timing: treatment interaction (Time1: Surgery0). Marginal 
coefficient of determination (mR2) = 0.36. 

 

Abbreviation: RMLE, restricted maximum likelihood estimate; CL, confidence limit. 

 

PARAMETER LOWER 95% CL RMLE  UPPER 95% CL 

(Intercept) 16.39 25.74 35.83 

Site L -23.93 -9.62 4.69 

Site T -24.62 -5.81 13.05 

Site TL -0.10 11.80 23.71 

MRI_TypeST2W -5.97 -0.37 4.94 

Severity2 -4.99 5.95 16.76 

Time2 -5.68 -0.03 5.89 

Surgery1 -3.24 7.59 18.48 

Intensity0 -14.12 -6.09 0.64 

Intensity1 -8.70 0.53 9.35 

Time2:Surgery1 -30.15 -21.17 - 12.38 

σ (1 |Lesion) 3.79 8.61 10.79 

σ (Residual Error) 8.62 10.51 12.15 
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2.4.4.4. Vertebral canal narrowing measurements (VCN) on sagittal MRI 

Percentage degree of vertebral canal narrowing (VCN%) at the level of IVD extrusion 

in dog patients (n=13) is shown in Table 2.7.  

The RMLE, lower 95% CL, and upper 95% CL for the parameters are shown in 

Table 2.8. The RMLE of VCN on sagittal MRI was decreased with the effect of 

Time2: Surgery1 interaction (β: -21.08, median 95% CI: -27.37 to -14.73). 

This indicates that VCN was lower on 2nd MRI study in dog patients that had surgery. 

However, the VCN was relatively higher in 2nd MRI study (Time2) with no interaction 

of the surgery.  

The VCN was higher at Site TL (β: 14.01, median 95% CI: 1.34 to 26.64) compared 

to other sites. The LME converged successfully, marginal (mR2) = 0.35. 

Histograms and scatter plots of residuals in the LME model of the measures of VCN 

on transverse MRI scans are provided in Appendices section (Figure A2.3).  

 

 

 



   
 

 

Page 83 of 329 
Chapter - 2 - 
 

Table 2. 7: Measurements of vertebral canal (mm) and percentage of narrowing (VCN%) in 1st and 2nd sagittal MRI images in 13 dogs with 
intervertebral disc extrusion.  

Dog 
ID 

Lesion 
Level 

ST1W ST2W 

1st MRI 2nd MRI 1st MRI 2nd MRI 
V

C
D

a
 

V
C

D
b

 

V
C

D
e

 

N
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V
C
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a

 

V
C

D
b

 

V
C

D
e

 

N
V

C
d

 

V
C

N

%
 

1 C2-C3 9.03 7.52 6.48 8.28 21.74 7.11 7.17 6.74 7.14 5.60 9.77 8.11 4.89 8.94 45.30 9.31 8.55 7.51 8.93 15.90 

2 C2-C3   6.55 6.11 5.77 6.33 8.85 9.12 6.66 5.34 7.89 32.32 9.55 6.33 5.72 7.94 27.96 9.01 6.37 5.81 7.69 24.45 

C6-C7  6.88 6.94 5.47 6.91 20.84 7.23 7.31 5.25 7.27 27.79 7.54 7.83 5.76 7.69 25.10 7.75 7.46 5.73 7.61 24.70 

3 C2-C3 11.64 8.52 7.80 10.1 22.62 11.11 8.03 7.59 9.57 20.69 11.01 8.19 6.95 9.60 27.60 12.01 8.06 8.49 10.00 15.44 

C6-C7  9.93 10.1 8.32 9.99 16.72 9.90 9.42 8.46 9.66 12.42 9.48 9.96 7.12 9.72 26.75 9.72 9.78 9.33 9.75 4.31 

4 C2-C3 7.62 6.47 5.30 7.05 24.82 8.96 6.33 4.18 7.65 45.36 8.32 6.79 5.86 7.56 22.49 8.11 7.12 4.61 7.62 39.50 

C4-C5  6.47 6.56 3.77 6.52 42.18 6.33 7.60 6.64 6.97 4.73 6.79 6.83 3.14 6.81 53.89 6.82 6.14 6.10 6.48 5.86 

5 C6-C7 5.83 5.61 4.66 5.72 18.53 6.19 7.13 3.76 6.66 43.54 6.75 6.40 4.83 6.58 26.60 6.79 7.81 4.20 7.30 42.47 

6 C3-C4 4.96 4.85 2.28 4.91 53.56 4.46 4.77 2.83 4.62 38.74 4.81 5.09 2.86 4.95 42.22 4.50 4.81 2.97 4.66 36.27 

C4-C5 4.96 4.85 3.85 4.91 21.59 4.46 4.77 3.74 4.62 19.05 4.81 5.09 4.18 4.95 15.56 4.50 4.81 4.34 4.66 6.87 

7 C3-C4 6.42 7.38 6.37 6.90 7.68 8.01 6.89 6.40 7.45 14.09 6.84 7.30 6.37 7.07 9.90 8.73 7.34 7.31 8.04 9.08 

C5-C6 7.38 7.64 6.48 7.51 13.72 6.89 6.79 6.45 6.84 5.70 7.30 7.48 5.59 7.39 24.36 8.73 7.34 7.33 8.04 8.83 

C6-C7 7.38 7.64 6.52 7.51 13.18 6.89 6.79 6.33 6.84 7.46 7.30 7.48 6.52 7.39 11.77 8.73 7.34 7.36 8.04 8.46 

8 C5-C6  8.50 8.60 7.60 8.55 11.11 8.97 8.86 8.54 8.92 4.26 8.73 8.34 6.64 8.54 22.25 8.83 8.77 8.40 8.80 4.55 

C6-C7 8.50 8.60 7.75 8.55 9.36 8.97 8.86 6.62 8.92 25.78 8.73 8.34 7.43 8.54 13.00 8.83 8.77 7.24 8.80 17.73 

9 C5-C6 7.66 7.34 6.93 7.50 7.60 7.93 7.80 6.32 7.87 19.64 8.54 8.72 7.41 8.63 14.14 7.90 8.56 6.45 8.23 21.63 

C6-C7  7.66 7.34 5.44 7.50 27.47 7.93 7.80 4.41 7.87 43.93 8.54 8.72 5.74 8.63 33.49 7.90 8.56 5.92 8.23 28.07 

10 T11-T12 5.88 5.80 3.60 5.84 38.36 5.05 4.89 3.28 4.97 34.00 5.73 5.61 3.02 5.67 46.74 5.83 5.82 3.42 5.83 41.34 

11 L4-L5 7.58 7.57 5.75 7.58 24.14 7.85 7.84 7.03 7.85 10.45 8.26 7.98 6.15 8.12 24.26 8.40 7.75 7.65 8.08 5.32 

L5-L6 7.58 7.57 6.60 7.58 12.93 7.85 7.84 7.84 7.85 0.13 8.26 7.98 6.80 8.12 16.26 8.40 7.75 7.75 8.08 4.08 

12 T13-L1 4.16 4.08 2.46 4.12 40.29 4.53 4.50 1.99 4.52 55.97 5.67 5.53 2.47 5.60 55.89 5.75 5.66 2.24 5.71 60.77 

13 T12-T13 4.26 4.36 4.17 4.31 3.25 4.22 4.19 3.88 4.21 7.84 5.93 5.78 4.67 5.86 20.31 5.76 5.60 5.42 5.68 4.58 

T13-L1 4.26 4.36 3.71 4.31 13.92 4.22 4.19 3.92 4.21 6.89 5.93 5.78 4.60 5.86 21.50 5.76 5.60 5.26 5.68 7.39 
 

Abbreviation: mm, millimetre; VCN, vertebral canal narrowing; C, cervical; T, thoracic; TL, thoracolumbar; L, lumbar; 1st, first; 2nd, second; ST1W, Sagittal T1 

weighted imaging; ST2W, Sagittal T2 weighted imaging; VCDa, vertebral canal diameter above-; VCDb, vertebral canal diameter below-; VCDe , vertebral canal 

diameter at the epicentre- of the site of disc extrusion; NVCd, normal diameter of the vertebral canal.
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Table 2. 8: Fixed-effect estimates from the LME model, the response is loge 
(vertebral canal narrowing on the sagittal section “VCN”). The confidence 
intervals were estimated using the profile likelihood. The baseline values (β = 0) 
are Site C, Intensity-1 “hypointense”, MRI_Type ST1W, Severity1, Time1, 
Surgery0, and timing: treatment interaction (Time1: Surgery0). Marginal 
coefficient of determination (mR2) = 0.35. 

PARAMETER LOWER 95% CL RMLE  UPPER 95% CL 

(Intercept) 5.61 14.20 23.23 

Site L -23.48 -8.12 7.23 

Site T -28.15 -7.89 12.39 

Site TL 1.34 14.01 26.64 

MRI_TypeST2W -3.90 0.01 3.87 

Severity2 -3.51 8.05 19.54 

Time2 0.51 4.55 8.73 

Surgery1 -6.69 4.51 15.73 

Intensity0 -5.65 0.41 5.33 

Intensity1 -0.53 6.48 12.72 

Time2:Surgery1 -27.37 -21.08 -14.73 

σ (1 |Lesion) 5.99 10.18 12.31 

σ (Residual Error) 6.12 7.46 8.62 

Abbreviation: RMLE, restricted maximum likelihood estimate; CL, confidence limit. 
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2.4.4.5. The ratio of spinal cord diameter to vertebral canal diameter  

The SCD compared to VCD on ST1W, ST2W MRI studies are presented as a ratio 

of SCD-to-VCD at the site of IVDE. The ratio included; 1) iSCD/iVCD, 

2) iSCD/hVCD, and 3) hSCD/hVCD.  

The findings ratio quantities iSCD/iVCD, iSCD/hVCD, and hSCD/hVCD are provided 

in Tables; 2.9, 2.10, and 2.11, respectively. The RMLE, lower and upper 95% 

confidence limits (CL) for the parameters of iSCD/iVCD, iSCD/hVCD, and 

hSCD/hVCD using the LME model are described in Tables; 2.12, 2.13, and 2.14, 

respectively. 

The RMLE showed that the iSCD/hVCD ratio was increased with the interaction 

effect of timing and surgery (Time2: Surgery1). The RMLE of the effects of other 

parameters did not reveal any noticeable differences in the response values of 

iSCD/iVCD, iSCD/hVCD, and hSCD/hVCD from the baseline values (β= 0). 

However, there was a minor reduction in the response values with MRI_TypeST2W. 

The LME model was reasonably acceptable in iSCD/iVCD, iSCD/hVCD. Noteworthy, 

the LME model in hSCD/hVCD ratio did not fit well with the assumptions, that can be 

detected on the scatter plots of the residuals. Therefore, the LME model was not 

trustworthy on the hSCD/hVCD ratio. 

Histograms and scatter plots of residuals in the LME model of the measures of the 

ratios of; iSCD/iVCD, iSCD/hVCD, and hSCD/hVCD on sagittal MRI scans are 

provided in the Appendices section (Figures A2.4, A2.5, and A2.6, respectively) at 

the end of this thesis.  
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Table 2. 9: Ratio of injured spinal cord diameter to injured vertebral canal diameter (iSCD/iVCD Ratio) as measured in ST1W and 
ST2W of 1st MRI and 2nd MRI studies in dogs (n=13) with intervertebral discs extrusions at different levels.  

 

Abbreviation: mm, millimetre; iSCD, injured spinal cord diameter; iVCD, injured vertebral canal diameter; 1st, first; 2nd, second; 

ST1W, Sagittal T1 weighted imaging; ST2W, Sagittal T2 weighted imaging; C, cervical; T, thoracic; TL, thoracolumbar; L, lumbar.  

Dog 
ID 

Lesion 
site 

ST1W ST2W 

iSCD (mm) iVCD (mm) iSCD/iVCD Ratio iSCD (mm) iVCD (mm) iSCD/iVCD Ratio 

1st MRI 2ndMRI 1st MRI 2ndMRI 1st MRI 2ndMRI 1st MRI 2ndMRI 1st MRI 2ndMRI 1st MRI 2ndMRI 

1 C2-C3 5.0 5.6 6.5 6.7 0.8 0.8 3.4 4.8 4.9 7.5 0.7 0.6 

2 C2-C3  4.3 4.1 5.8 5.3 0.8 0.8 3.7 3.4 5.7 5.8 0.6 0.6 

C6-C7 4.0 3.7 5.5 5.3 0.7 0.7 3.2 4.0 5.8 5.7 0.6 0.7 

3 C2-C3 5.9 5.7 7.8 7.6 0.8 0.8 4.7 4.2 7.0 8.5 0.7 0.5 

C6-C7 5.0 6.1 8.3 8.5 0.6 0.7 4.8 4.4 7.1 9.3 0.7 0.5 

4 C2-C3 4.0 3.7 5.3 4.2 0.8 0.9 3.2 2.4 5.9 4.6 0.6 0.5 

C4-C5 2.0 6.0 3.8 6.6 0.5 0.9 1.8 4.2 3.1 6.1 0.6 0.7 

5 C6-C7 3.6 2.2 4.7 3.8 0.8 0.6 2.5 2.2 4.8 4.2 0.5 0.5 

6 
   

C3-C4 1.6 2.1 2.3 2.8 0.7 0.8 1.5 2.2 2.9 3.0 0.5 0.7 

C4-C5 3.2 3.0 3.9 3.7 0.8 0.8 2.2 3.1 4.2 4.3 0.5 0.7 

7 C3-C4 3.8 3.9 6.4 6.4 0.6 0.6 3.5 3.1 6.4 7.3 0.6 0.4 

C5-C6 3.8 5.4 6.5 6.5 0.6 0.8 2.9 4.5 5.6 7.3 0.5 0.6 

C6-C7 4.2 4.8 6.5 6.3 0.6 0.8 3.7 4.6 6.5 7.4 0.6 0.6 

8 C5-C6 5.4 6.2 7.6 8.5 0.7 0.7 3.4 4.9 6.6 8.4 0.5 0.6 

C6-C7 5.3 4.9 7.8 6.6 0.7 0.7 4.5 4.4 7.4 7.2 0.6 0.6 

9 C5-C6 5.0 5.1 6.9 6.3 0.7 0.8 4.4 4.5 7.4 6.5 0.6 0.7 

C6-C7 3.2 3.0 5.4 4.4 0.6 0.7 2.8 3.9 5.7 5.9 0.5 0.7 

10 T11-T12 2.3 2.2 3.6 3.3 0.6 0.7 2.1 2.2 3.0 3.4 0.7 0.7 

11 L4-L5 4.1 4.8 5.8 7.0 0.7 0.7 3.5 4.5 6.2 7.7 0.6 0.6 

L5-L6 5.0 5.3 6.6 7.8 0.8 0.7 4.5 5.1 6.8 7.8 0.7 0.7 

12 T13-L1 2.0 1.6 2.5 2.0 0.8 0.8 2.1 1.5 2.5 2.2 0.8 0.7 

13 T12-T13 2.7 3.2 4.2 3.9 0.7 0.8 3.2 3.8 4.7 5.4 0.7 0.7 

T13-L1 2.5 3.1 3.7 3.9 0.7 0.8 2.9 3.0 4.6 5.3 0.6 0.6 



   
 

 

Page 87 of 329 
Chapter - 2 - 
 

Table 2. 10: Ratio of the diameter of the injured spinal cord to health vertebral canal (iSCD/hVCD Ratio) as measured in ST1W 
and ST2W of 1st MRI and 2nd MRI studies in dogs (n=13) with intervertebral discs extrusions at different levels. 

Dog 
ID  

Lesion 
site 

ST1W ST2W 

iSCD (mm) hVCD (mm) iSCD/hVCD Ratio iSCD (mm) hVCD (mm) iSCD/hVCD Ratio 

1st MRI 2ndMRI 1st MRI 2ndMRI 1st MRI 2ndMRI 1st MRI 2ndMRI 1st MRI 2ndMRI 1st MRI 2ndMRI 

1 C2-C3 5.0 5.6 8.3 7.1 0.6 0.8 3.4 4.8 4.9 7.5 0.4 0.5 

2 C2-C3  4.3 4.1 6.3 7.9 0.7 0.5 3.7 3.4 5.7 5.8 0.5 0.4 

C6-C7 4.0 3.7 6.9 7.3 0.6 0.5 3.2 4.0 5.8 5.7 0.4 0.5 

3 C2-C3 5.9 5.7 10.1 9.6 0.6 0.6 4.7 4.2 7.0 8.5 0.5 0.4 

C6-C7 5.0 6.1 10.0 9.7 0.5 0.6 4.8 4.4 7.1 9.3 0.5 0.5 

4 C2-C3 4.0 3.7 7.1 7.7 0.6 0.5 3.2 2.4 5.9 4.6 0.4 0.3 

C4-C5 2.0 6.0 6.5 7.0 0.3 0.9 1.8 4.2 3.1 6.1 0.3 0.7 

5 C6-C7 3.6 2.2 5.7 6.7 0.6 0.3 2.5 2.2 4.8 4.2 0.4 0.3 

6 C3-C4 1.6 2.1 4.9 4.6 0.3 0.5 1.5 2.2 2.9 3.0 0.3 0.5 

   C4-C5 3.2 3.0 4.9 4.6 0.7 0.7 2.2 3.1 4.2 4.3 0.5 0.7 

7 C3-C4 3.8 3.9 6.9 7.5 0.6 0.5 3.5 3.1 6.4 7.3 0.5 0.4 

C5-C6 3.8 5.4 7.5 6.8 0.5 0.8 2.9 4.5 5.6 7.3 0.4 0.6 

C6-C7 4.2 4.8 7.5 6.8 0.6 0.7 3.7 4.6 6.5 7.4 0.5 0.6 

8 C5-C6 5.4 6.2 8.6 8.9 0.6 0.7 3.4 4.9 6.6 8.4 0.4 0.6 

C6-C7 5.3 4.9 8.6 8.9 0.6 0.6 4.5 4.4 7.4 7.2 0.5 0.5 

9 C5-C6 5.0 5.1 7.5 7.8 0.7 0.7 4.4 4.5 7.4 6.5 0.5 0.6 

C6-C7 3.2 3.0 7.5 7.8 0.4 0.4 2.8 3.9 5.7 5.9 0.3 0.5 

10 T11-T12 2.3 2.2 5.8 5.0 0.4 0.5 2.1 2.2 3.0 3.4 0.4 0.4 

11 L4-L5 4.1 4.8 7.6 7.9 0.5 0.6 3.5 4.5 6.2 7.7 0.4 0.6 

L5-L6 5.0 5.3 7.6 7.9 0.7 0.7 4.5 5.1 6.8 7.8 0.6 0.6 

12 T13-L1 2.0 1.6 4.1 4.5 0.5 0.4 2.1 1.5 2.5 2.2 0.4 0.3 

13 T12-T13 2.7 3.2 4.3 4.2 0.6 0.8 3.2 3.8 4.7 5.4 0.5 0.7 

T13-L1 2.5 3.1 4.3 4.2 0.6 0.7 2.9 3.0 4.6 5.3 0.5 0.5 

Abbreviation: mm, millimetre; iSCD, injured spinal cord diameter; hVCD, health vertebral canal diameter; 1st, first; 2nd, second; 

ST1W, Sagittal T1 weighted imaging; ST2W, Sagittal T2 weighted imaging; C, cervical; T, thoracic; TL, thoracolumbar; L, lumbar.  
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Table 2. 11: Ratio of the diameter of health spinal cord to health vertebral canal (iSCD/iVCD Ratio) as measured in ST1W and 
ST2W of 1st MRI and 2nd MRI studies in dogs (n=13) with intervertebral discs extrusions at different levels. 

Dog 
ID 

Lesion 
site 

ST1W ST2W 

hSCD (mm) hVCD (mm) hSCD/hVCD Ratio hSCD (mm) hVCD (mm) hSCD/hVCD Ratio 

1st MRI 2nd MRI 1st MRI 2nd MRI 1st MRI 2nd MRI 1st MRI 2nd MRI 1st MRI 2nd MRI 1st MRI 2nd MRI 

1 C2-C3 6.9 5.7 8.3 7.1 0.8 0.8 6.0 5.1 8.9 8.9 0.7 0.6 

2 
  

C2-C3  5.0 5.0 6.3 7.9 0.8 0.6 4.4 4.6 7.9 7.7 0.6 0.6 

C6-C7 5.4 5.5 6.9 7.3 0.8 0.8 5.0 4.3 7.7 7.6 0.7 0.6 

3 
  

C2-C3 6.9 6.9 10.1 9.6 0.7 0.7 5.9 5.0 9.6 10.0 0.6 0.5 

C6-C7 7.1 6.1 10.0 9.7 0.7 0.6 6.3 4.7 9.7 9.8 0.7 0.5 

4 
  

C2-C3 5.2 6.2 7.1 7.7 0.7 0.8 4.7 4.8 7.6 7.6 0.6 0.6 

C4-C5 5.3 6.1 6.5 7.0 0.8 0.9 4.4 4.4 6.8 6.5 0.6 0.7 

5 C6-C7 5.2 5.0 5.7 6.7 0.9 0.8 4.6 4.7 6.6 7.3 0.7 0.7 

6 
   

C3-C4 3.8 3.2 4.9 4.6 0.8 0.7 2.8 3.5 5.0 4.7 0.6 0.8 

C4-C5 3.8 3.2 4.9 4.6 0.8 0.7 2.8 3.5 5.0 4.7 0.6 0.8 

7 
  

C3-C4 5.0 5.9 6.9 7.5 0.7 0.8 4.1 4.3 7.1 8.0 0.6 0.5 

C5-C6 5.7 5.8 7.5 6.8 0.8 0.9 4.9 4.3 7.4 8.0 0.7 0.5 

C6-C7 5.7 5.8 7.5 6.8 0.8 0.9 4.9 4.3 7.4 8.0 0.7 0.5 

8 
  

C5-C6 6.8 6.8 8.6 8.9 0.8 0.8 5.3 5.4 8.5 8.8 0.6 0.6 

C6-C7 6.8 6.8 8.6 8.9 0.8 0.8 5.3 5.4 8.5 8.8 0.6 0.6 

9 
  

C5-C6 5.8 5.8 7.5 7.8 0.8 0.7 5.0 5.5 8.6 8.2 0.6 0.7 

C6-C7 5.8 5.8 7.5 7.8 0.8 0.7 5.0 5.5 8.6 8.2 0.6 0.7 

10 T11-T12 4.7 3.9 5.8 5.0 0.8 0.8 3.8 3.4 5.7 5.8 0.7 0.6 

11 
  

L4-L5 5.5 5.4 7.6 7.9 0.7 0.7 5.6 5.4 8.1 8.1 0.7 0.7 

L5-L6 5.5 5.4 7.6 7.9 0.7 0.7 5.6 5.4 8.1 8.1 0.7 0.7 

12 T13-L1 3.4 3.4 4.1 4.5 0.8 0.8 3.7 3.6 5.6 5.7 0.7 0.6 

13 
  

T12-T13 3.2 3.3 4.3 4.2 0.8 0.8 4.2 4.2 5.9 5.7 0.7 0.7 

T13-L1 3.2 3.3 4.3 4.2 0.8 0.8 4.2 4.2 5.9 5.7 0.7 0.7 

Abbreviation: mm, millimetre; hSCD, health spinal cord diameter; hVCD, health vertebral canal diameter; 1st, first; 2nd, second; 

ST1W, Sagittal T1 weighted imaging; ST2W, Sagittal T2 weighted imaging; C, cervical; T, thoracic; TL, thoracolumbar; L, lumbar. 
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Table 2. 12: Fixed-effect estimates from the LME model, the response is 
loge(iSCD/iVCD ratio on the sagittal section). The confidence intervals were 
estimated using the profile likelihood. The baseline values (β = 0) are Site C, 
Intensity-1 “hypointense”, MRI_Type ST1W, Severity1, Time1, Surgery0, and 
interaction of time and surgery (Time1: Surgery0). Marginal coefficient of 
determination (mR2) = 0.36. 

PARAMETER LOWER 95% CL RMLE  UPPER 95% CL 

(Intercept) -0.46 -0.37 -0.28 

Site L -0.08 0.03 0.14 

Site T -0.06 0.08 0.23 

Site TL -0.02 0.08 0.17 

MRI_TypeST2W -0.23 -0.17  -0.10 

Severity2 -0.07 0.02 0.10 

Time2 -0.04 0.02 0.09 

Surgery1 -0.14 -0.05 0.04 

Intensity0 -0.07 0.02 0.09 

Intensity1 -0.12  -0.002 0.09 

Time2:Surgery1 -0.04 0.05 0.16 

σ (1 |Lesion)  0.00 0.05 0.07 

σ (Residual Error)  0.10 0.12 0.14 

Abbreviation: RMLE, restricted maximum likelihood estimate; CL, confidence limit. 
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Table 2. 13: Fixed-effect estimates from the LME model, the response is 
loge(iSCD/hVCD ratio). The confidence intervals were estimated using the profile 
likelihood. The baseline values (β = 0) are Site C, Intensity-1 “hypointense”, 
MRI_Type ST1W, Severity1, Time1, Surgery0, and interaction of time and 
surgery (Time1: Surgery0). Marginal coefficient of determination (mR2) = 0.43. 

 

Abbreviation: RMLE, restricted maximum likelihood estimate; CL, confidence limit. 

 

 

 

 

 

 

 

PARAMETER LOWER 95% CL RMLE  UPPER 95% CL 

(Intercept) -0.72 -0.56 -0.42 

Site L -0.06         0.138 0.34 

Site T   -0.084 0.17 0.43 

Site TL -0.30 -0.13 0.03 

MRI_TypeST2W -0.26 -0.18 -0.09 

Severity2 -0.24 -0.09 0.06 

Time2 -0.15 -0.05 0.04 

Surgery1 -0.27 -0.11 0.04 

Intensity0 -0.05 0.06 0.19 

Intensity1 -0.19      -0.05 0.10 

Time2:Surgery1  0.20 0.34 0.48 

σ (1 |Lesion)  0.02 0.11 0.14 

σ (Residual Error)  0.14 0.17 0.19 
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Table 2. 14:  Fixed-effect estimates from the LME model, the response is 
loge(hSCD/hVCD ratio). The confidence intervals were estimated using the profile 
likelihood. The baseline values (β = 0) are Site C, Intensity-1 “hypointense”, 
MRI_Type ST1W, Severity1, Time1, Surgery0, and interaction of time and 
surgery (Time1: Surgery0). Marginal coefficient of determination (mR2) = 0.53. 

PARAMETER LOWER 95% CL RMLE  UPPER 95% CL 

(Intercept) -0.33 -0.26            -0.20 

Site L -0.08        -0.003 0.07 

Site T       -0.002 0.10 0.20 

Site TL -0.03 0.03 0.10 

MRI_TypeST2W -0.23 -0.18 -0.14 

Severity2 -0.05 0.01 0.07 

Time2 -0.08 -0.03 0.02 

Surgery1 -0.06 0.01 0.07 

Intensity0 -0.08 -0.02 0.03 

Intensity1 -0.10        -0.031 0.04 

Time2:Surgery1 -0.06 0.01 0.08 

σ (1 |Lesion) 0.00 0.03 0.05 

σ (Residual Error) 0.07 0.09 0.10 

 Abbreviation: RMLE, restricted maximum likelihood estimate; CL, confidence limit. 
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2.4.4.6. Area of spinal cord compression on transverse MRI  

The maximum area of the spinal cord compression (ASCC%) on transverse sections 

images of 1st MRI compared to 2nd MRI are shown in Table 2.15. 

The RMLE of ASCC was decreased with the interaction effect of Time2: Surgery1, 

indicating that ASCC (β: -10.95, median 95% CI: -15.59 to -6.31) was lower on 2nd 

MRI in dogs that had surgery. The ASCC was relatively lower in lumbar level (Site L) 

(β: -24.17, median 95% CI: -44.37 to -3.98) than other sites.  

The LME converged successfully reasonably acceptable, marginal coefficient of 

determination (mR2) = 0.26. The RMLE, lower 95% CL, and upper 95% CL for the 

parameters are shown in Table 2.16. 

Histograms and scatter plots of residuals in the LME model of the measures of 

ASCC on transverse MRI scans are provided in Appendices section (Figure A2.7) at 

the end of this thesis.  
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Table 2. 15: Area (mm2) of spinal cord compression and maximum area of spinal cord compression (ASCC) in 1st and 2nd transverse MRI images in 
dogs (n= 13) with intervertebral disc extrusion. 

Dog 
ID 

Lesion 
Site 

TT1W TT2W 

1st MRI 2nd MRI 1st MRI 2nd MRI 
Aa 

(mm2) 
Ab 

(mm2) 
Ac 

(mm2) 
An 

(mm2) 
ASCC 

% 
Aa 

(mm2) 
Ab 

(mm2) 
Ac 

(mm2) 
An 

(mm2) 
ASCC 

% 
Aa 

(mm2) 
Ab 

(mm2) 
Ac 

(mm2) 
An 

(mm2) 
ASCC 

% 
Aa 

(mm2) 
Ab 

(mm2) 
Ac 

(mm2) 
An 

(mm2) 
ASCC 

% 

1 C2-C3   47.81 39.61 31.24 43.71 28.53 47.7 38.14 28.10 42.92 34.53 38.07 36.17 24.19 37.12 34.83 38.01 37.43 31.10 37.72 17.55 

2 C2-C3   44.92 44.40 33.27 44.66 25.50 42.69 41.11 30.03 41.90 28.33 37.73 36.56 28.35 37.15 23.69 36.55 37.16 28.11 36.86 23.74 

C6-C7  46.41 44.81 32.45 45.61 28.85 46.52 43.94 31.09 45.23 31.26 45.56 41.75 32.96 43.66 24.51 44.49 36.51 31.30 40.50 22.72 

3 C2-C3 78.75 59.49 57.64 69.12 16.61 82.67 55.60 65.40 69.14 5.41 44.91 43.25 36.46 44.08 17.29 46.53 40.95 39.38 43.74 9.97 

C6-C7  54.32 54.50 41.45 54.41 23.82 61.09 55.11 54.16 58.10 6.78 53.17 51.43 34.21 52.30 34.59 60.71 47.57 47.72 54.14 11.86 

4 C2-C3 38.28 39.60 29.02 38.94 25.48 50.08 45.13 31.68 47.61 33.46 37.76 34.42 27.81 36.09 22.94 45.30 44.17 32.26 44.74 27.89 

C4-C5  39.74 40.99 30.70 40.37 23.95 37.13 41.25 33.55 39.19 14.39 34.90 35.20 26.11 35.05 25.51 31.87 34.57 29.80 33.22 10.30 

5 C6-C7 41.18 40.71 32.53 40.95 20.56 45.96 37.30 35.98 41.63 13.57 43.79 42.74 34.95 43.27 19.23 44.57 36.37 35.27 40.47 12.85 

6 C3-C4 25.53 25.69 9.47 25.61 63.02 19.02 21.17 10.58 20.10 47.36 23.95 22.94 7.76 23.45 66.91 16.15 20.75 10.38 18.45 43.74 

C4-C5 25.53 25.69 19.46 25.61 24.01 19.02 21.17 14.44 20.10 28.16 23.95 22.94 16.08 23.45 31.43 16.15 20.75 15.29 18.45 17.13 

7 C3-C4 44.01 46.38 31.95 45.20 29.31 43.87 42.15 30.61 43.01 28.83 34.61 34.63 26.23 34.62 24.23 33.51 33.58 27.06 33.55 19.34 

C5-C6 44.90 45.35 31.76 45.13 29.63 50.84 53.47 42.29 52.16 18.92 34.39 33.05 24.68 33.72 26.81 35.95 39.10 34.55 37.53 7.94 

C6-C7 44.90 45.35 36.76 45.13 18.55 53.53 50.36 41.88 51.95 19.38 34.39 33.05 28.50 33.72 15.48 38.38 35.84 32.31 37.11 12.93 

8 C5-C6  48.47 48.04 42.04 48.26 12.89 45.74 49.16 46.34 47.45 2.34 43.80 44.65 33.34 44.23 24.62 45.44 45.76 45.05 45.60 1.21 

C6-C7 48.47 48.04 42.74 48.26 11.44 45.74 49.16 43.47 47.45 8.39 43.80 44.65 36.39 44.23 17.73 45.44 45.76 38.83 45.60 14.85 

9 C5-C6 38.85 38.52 34.03 38.69 12.04 38.81 38.17 32.45 38.49 15.69 34.99 34.15 31.97 34.57 7.52 34.39 33.53 29.56 33.96 12.96 

C6-C7  38.85 38.52 18.34 38.69 52.60 38.81 38.17 16.96 38.49 55.94 34.99 34.15 13.47 34.57 61.04 34.39 33.53 18.21 33.96 46.38 

10 T11-T12 24.80 23.52 13.59 24.16 43.75 21.83 21.76 15.73 21.80 27.84 21.06 21.91 13.29 21.49 38.16 21.89 22.04 17.53 21.97 20.21 

11 L4-L5 37.42 35.28 29.58 36.35 18.62 - - - - - 33.31 32.66 29.97 32.99 9.15 - - - - - 

L5-L6 37.42 35.28 35.12 36.35 3.38 - - - - - 33.31 32.66 31.41 32.99 4.79 - - - - - 

12 T13-L1 15.05 16.29 6.46 15.67 58.77 15.52 15.86 4.67 15.69 70.24 15.60 15.53 6.59 15.57 57.68 15.96 17.05 5.55 16.51 66.38 

13 T12-T13 22.87 16.17 17.41 19.52 10.81 18.77 17.58 14.65 18.18 19.42 19.64 18.46 14.17 19.05 25.62 16.86 17.06 15.65 16.96 7.72 

T13-L1 22.87 16.17 15.59 19.52 20.13 18.77 17.58 12.20 18.18 32.89 19.64 18.46 12.29 19.05 35.49 16.86 17.06 14.68 16.96 13.44 
 

Abbreviation: mm2, square millimetre; VCN, vertebral canal narrowing; C, cervical; T, thoracic; TL, thoracolumbar; L, lumbar; 1st, first; 2nd, second; TT1W, 

Transverse T1 weighted imaging; TT2W, Transverse T2 weighted imaging; ASCC, area of spinal cord compression, Aa, area of spinal cord above-; Ab, area of 

spinal cord below-; Ac, area of spinal cord at the site of compression or disc extrusion; An, normal area of spinal cord; (-), missing data.
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Table 2. 16: Fixed-effect estimates from the LME model, the response is loge(area of 
spinal cord compression on the transverse section “ASCC”). The confidence intervals 
were estimated using the profile likelihood. The baseline values (β = 0) are Site C, 
MRI_Type TT1W, Severity1, Time1, Surgery0, and timing: treatment interaction 
(Time1: Surgery0). Marginal coefficient of determination (mR2) = 0.26. 

Abbreviation: RMLE, restricted maximum likelihood estimate; CL, confidence limit. 

 

PARAMETER LOWER 95% CL RMLE  UPPER 95% CL 

(Intercept) 10.43 20.10 29.76 

Site L -44.37 -24.17 -3.98 

Site T -29.26 -2.82 23.64 

Site TL -3.60 12.67 28.94 

MRI_TypeTT1W FSGd -6.17 -2.33 1.66 

MRI_TypeTT2W -4.14 -1.71 0.73 

Severity2 -3.18 10.23 2.04 

Time2 -4.18 -1.07 2.04 

Surgery1 -8.97 3.68 16.33 

Time2:Surgery1 -15.59 -10.95 -6.31 

σ (1 |Lesion) 8.86 13.70 16.35 

σ (Residual Error) 4.97 5.91 6.78 
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2.5. Discussion 

Naturally occurring SCI due to IVDE in canine patients has gained considerable 

attention during the last decades. Spontaneous occurring SCI in dogs represents an 

ideal translation model between experimental laboratory animal models and human 

patients of SCI (Boekhoff et al, 2012; Jeffery et al, 2006; Song et al, 2016). 

The study found that 3.6% of dogs presented with neurological diseases were 

diagnosed with IVDE. It was previously reported that IVDE is a rare disease in 

veterinary medicine (Sanders et al, 2002). The occurrence of IVDE in that was 

reported in the current study may not describe the precise or accurate prevalence of 

this disease because it is based on data obtained from a single veterinary hospital 

"U-Vet Werribee Animal Hospital". 

The current study showed that both genders were diagnosed with IVDE. Although 

our study found a small number of dogs (13 males and 10 females). Previous studies 

revealed that no difference was reported in the incidence of IVD herniation between 

the dogs' genders (Hansen, 1951; Levine et al, 2009b). However, others found that 

IVDH was diagnosed in male dogs more than in females (39 males: 24 females) 

(Boekhoff et al, 2012). Nevertheless, neutered males in our study were more 

frequently diagnosed than intact males, and all females were in spayed status. 

Neutered male dogs showed a higher risk for IVDD (Oberbauer et al, 2019). 

Likewise, spayed female dogs showed a high risk of developing IVDE than intact 

females (Priester, 1976). Furthermore, intact female dogs have been reported to 

exhibit less frequent degenerative disc changes than spayed female dogs because 

of the protective effect of female hormones such as estrogen (Belanger et al, 2017).  

Results of reviewing MRI images confirmed the presence of IVDE in different spine 

regions. However, the findings revealed cervical IVDE in 14 of 23 cases, and more 

common in older dogs. The breed-specific difference in the incidence of cervical 

IVDD was found in small breed of canine patients (Hakozaki et al, 2015). Cervical 

IVDD is more common in older dogs (Brisson, 2010), and less in dogs <2 years old 

(Chai et al, 2018).  



   
 

 

Page 96 of 329 
Chapter - 2 - 
 

2.5.1. Management of IVDE 

The medical records (Table 2.1 and Table A2.2) of eligible dogs (n=13) for the MRI 

study showed that nine dogs were treated surgically, and five of these dogs (5/9) had 

successful recovery of neurological functions including ambulation capability without 

assistance and urinary continence. Whereas, four dogs (4/9) were re-hospitalised 

later after different time points due to neurological deterioration or recurrence of 

IVDE in different spine level. On the other hand, one of four dogs (1/4) treated with 

the aid of non-surgical treatment showed successful recovery of the neurological 

functions, the non-surgical treatment was unsuccessful in the other three dogs and 

they were re-hospitalised later and treated surgically (Table A2.2).  

The findings showed that seven dogs out of nine (7/9) had surgery within 24 hours, 

and two dogs at 8 and 10-days post SCI. Interestingly, dog# 1 and 9, that had 

surgery on days 8 and 10, respectively post-injury, had successful recovery of the 

neurological functions. However, previous studies suggested that those patients that 

received surgery at 6-8 hours of the onset of the SCI recovered better than patients 

treated later at 24-72 hours interval (Chen et al, 1998; Delamarter et al, 1995; Dimar 

et al, 1999; Heiden et al, 1975; Marshall et al, 1987; Mirza et al, 1999; Vaccaro et al, 

1997). Furthermore, the early decompression surgery within 12 hours suggested to 

be less complicated and may enhance neurological functions recovery (Yousefifard 

et al, 2017). The time interval between the onset of SCI and surgery is crucial for 

recovery (Haldrup et al, 2019), and more benefits from surgery can be obtained 

within the first 8 hours post-SCI (Xie et al, 2018). Other factors influencing the 

recovery following decompression surgery include; severity of SCI, degree of SCC, 

and presence of EDM left behind surgery (Huska et al, 2014). 
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2.5.2. MRI measurement of current work versus previous studies 

The quantitative measures of SCC, VCN and ASCC of the current study may provide 

additional information about the in vivo pathological changes of lesion intensity, 

morphometrics of SC and VC pre- and post-treatment of IVDE.  

The current study is not the first attempt to use MRI images to measure the 

morphometric changes of SC and VC following SCI or during follow-up assessment 

of treatment of IVDD in veterinary medicine, and previous studies have used other 

methods (De Risio et al, 2009; Ito et al, 2005). Our study used a previously 

described method by Ito et al., (2005) to measure Rr, and SCC and VCN were 

assessed using measures similar in principle to that approached by others (Fehlings 

et al,1999). 

To the best of our knowledge, few studies have measured ASCC on transverse MRI 

in dogs with IVDD. The ASCC was calculated by dividing the cross-sectional area 

of compressed SC measured at the site of IVDE by the cross-sectional area 

of uncompressed SC measured at the next intervertebral space cranially to IVDD 

(De Risio et al, 2009; Ryan et al, 2008). Another study measured SCC on transverse 

images by comparing the cross-sectional area of SC at site of disc herniation to the 

cross-sectional area of intact SC caudally to the site of IVDH (Boekhoff et al, 2012). 

It is important to note that the methods used by others have measured only two MRI 

slices of TT2W images; at the level of compression and either cranially (before) or 

caudally (after) to the level of IVDD. The current study demonstrated the importance 

of measuring both cross-sectional areas of SC cranially and caudally to the location 

of IVDE. Our observation showed that SCC and IVDE might occur at multiple levels 

and next to each other in some cases. About 14% of large breed dogs with IVDD 

were diagnosed with multiple lesions at different spine levels, included; 12.2%, 

66.7%, 11.5%, and 20% at C1-T1, T1-T9, T9-L4, L4-S1 segments, respectively 

(Hearon et al, 2014). Multiple disc diseases in different spine levels were diagnosed 

in 47% of large breed dogs presented with annular discs protrusions (Macias et al, 

2002). Accordingly, considering only the cranial or caudal section to the site of IVDD 

as a normal cross-sectional area of SC during measuring SCC might be imprecise 

and questionable because the chosen cross-section could be affected as well.  
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To overcome the issue of SCC in next segments near to the main site of IVDE, we 

have suggested the average measure of two cross-sectional areas of SC cranially 

and caudally to the site of IVDE as an ideal representation of the intact and non-

compressed spinal cord. Furthermore, if the MRI shows that the closest MRI slice 

showed another IVDE, then we had to skip that slice and measured the cross-

section area of SC at the next level.  

2.5.3. Statistical analysis 

Linear mixed model fit by REML ['lmerMod'] was used to assess the fixed effect 

(predictors) on several measurable parameters ‘dependent or response variables’. 

The dependent variable was the natural logarithm for each of; SCC%, VCN%, 

iSCD/iVCD ratio, hSCD/hVCD ratio, iSCD/hVCD ratio, Rr, and ASCC%. 

The fixed effects of different factors that influence the dependent variable were the 

predictors; “independent” or “explanatory” variables. The predictors for each of the 

above response variables included; site of IVDE (cervical=Site C “set as a zero”, 

thoracic=Site T, lumbar=Site L, and thoracolumbar= Site TL), type of MRI (ST1W 

“set as a zero”, and ST2W), severity of the IVDE (less severe= Severity1 “set as a 

zero” and more severe= Severity2), time of MRI examination (time at the 

onset of injury= Time1= 1st MRI  was “set as a zero” and time at a definite time point 

post-treatment= Time2= 2nd MRI), surgery (no surgery= Surgery0 and with 

surgery= Surgery1), Time2: Surgery1 interaction, and Intensity of the spinal lesion 

(isointense=0, hyperintense= +1, and hypointense= -1). The predictor variables for 

Rr were; site of IVD extrusion (Site T, Site L, and Site TL), type of MRI (ST1W, and 

ST2W), severity of the IVD extrusion (Severity1 and Severity2), time of MRI 

examination (Time1 and Time2), surgery (no surgery and surgery), and 

Time2: Surgery1. The predictor variables for ASCC% included the site of IVD 

extrusion (Site C, Site T, Site L, and Site TL), type of MRI (TT1W, TT1W FSGd, and 

TT2W), severity of the IVD extrusion (Severity1 and Severity2), time of MRI 

examination (Time1=1st MRI and Time2=2nd MRI), surgery (no surgery and 

surgery), and Time2: Surgery1. A random effect for Lesion: ID was included for the 

intercept of each of the above response variable.  
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Histograms and scatterplots of the residuals were used to evaluate the goodness-of-

fit of the models. In general, the residual plots observations did not show noticeable 

deviations from homoscedasticity or normality and was reasonably acceptable 

(Figures A2.1-A2.5 and Figure A2.7), except in hSCD/hVCD model (Figure A2.6). 

The use of the LME model has been recommended for testing the assumptions in 

non-independencies data than other averaging analyses (Canale et al, 2012; 

Lohagun, 2018). The using of the standard linear models may not works for dealing 

with data containing non-independencies variables. However, LME may also show 

a violation of non-independencies assumptions in case of missing or not including an 

essential fixed or random effect (Winter, 2013). For example, the LME for Rr was 

reasonably acceptable with the provided data in the current study. However, when 

we removed one of the fixed effects (i.e. "Intensity"), in purpose, the outcome 

showed a notable violation of the non-independencies assumption. It is crucial to 

resolve the non-independencies data with LME models (Sun, 2017), by accurately 

selecting the fixed and random effects while designing the analysis model and the 

missing one of these effects leads to violating independence (Winter, 2013).  

2.5.4. Implementations of MRI in IVDD 

The current study supports the utilising of MRI for assessing the lesion intensity and 

morphometric measures of SC and VC at the site of IVDE. There is a wide increase 

in the use of MRI to detect the pathological events that cause changes in MRI signal 

in injured spinal cord parenchyma due to IVDD (Jeffery et al, 2013a). The general 

pathological events of secondary injury that can be distinguished by MRI include 

haemorrhage, oedema, and necrosis. Previous studies have correlated the changes 

of MRI signal intensity of the injured spinal cord with the neurological impairment, 

and the fate of the lesion post-treatment (Boekhoff et al, 2012; Ito et al, 2005; 

Miranda et al, 2008; Miyanji et al, 2007; Schaefer et al, 1989). The current study 

focused on evaluating the role of MRI as a predictor tool to assess the putative 

injured spinal cord and vertebral canal in dogs with IVDE.  
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2.5.5. Prognostic benefits of objective and quantitative measures of 
MRI in SCI 

Our observations showed that some SC lesions were detected simultaneously on 

both ST1W and ST2W MRI images as a change in MRI signal intensity. The 

presence of hyperintense lesions on ST2W and hypointense lesions on ST1W 

concurrently for the same lesion may refer to severe SCI. The presence and extent 

of intensity of the spinal cord lesion in MRI are crucial for predicting and prognosis of 

the functional outcome following injury (Boekhoff et al, 2012). These observations 

can be employed to monitor the progression of the lesion intensity during the 

recovery and follow-up period post-treatment. It is not surprising that MRI is an 

unrivalled tool not only for detecting the spinal cord injury and its causes but also for 

predicting the prognosis and planning for the treatment (Yamashita et al, 1991). 

The findings of the present study indicate that ST2W MRI is more reliable and 

sensitive than ST1W for detecting all spinal cord lesions. Indicating that ST2W MRI 

is recommended for locating the lesion and identifying the pathological changes of 

SC tissue through monitoring the alterations of signal intensities both in severe and 

moderate injuries. The ST2W MRI can show small lesions (≥2.74 mm) and changes 

in signal intensities of SC tissue than ST1W images. This study suggested that 

ST2W is beneficial for detecting minor, moderate, and severe lesions via monitoring 

the alterations of signal intensity of SC tissue at the site of trauma. The moderate 

and less hyperintense lesions were only detected on ST2W images, while similar 

lesions cannot be detected on ST1W and suggesting less severe injuries. However, 

severe SCI lesions should be labelled on both ST1W and ST2W MRI images, 

and distinguished as hypointense and hyperintense lesions, respectively. The higher 

Rr is a distinctive feature of severe lesions of SCI, and findings showed that 

Rr increased in hypointense lesions (Table 2.4). Most of the hyperintense 

lesions on T2-weighted MRI appeared as isointense areas on T1-weighted MRI 

(Chang et al, 2007). Therefore, some measures, such as LSCL data (Table 2.3) 

were undetectable and labelled as invisible lesions “- “, that cannot be distinguished 

on ST1W images. 
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The measures of the length of hyperintense lesions on ST2W were constant in 

10 dogs out of 13, and no difference or change was seen in 2nd MRI compared with 

1st MRI, except in dogs# 3, 5, and 7, that showed a successful recovery after 

treatment. In contrast, dogs# 1 and 11 also showed successful recovery despite of 

that LSCL on ST2W remained relatively large (~20 and 44 mm, respectively) after 

surgical treatment (Table 2.3 and Table A2.2). Characteristics of signal intensity of 

SC lesion on MRI is a relevant indicator of the severity of injury (Ito et al, 2005; 

Kulkarni et al, 1987). The alteration of the signal intensity can be employed for 

planning the management and follow-up monitoring of the outcomes (Flanders et al, 

1999; Levine et al, 2009b; Yukawa et al, 2007). Thus, the findings of the current 

study may support the hypotheses, that minor changes of spinal cord detected in 

sagittal MRI are reversible lesions in minor and moderate injuries, while syrinx is 

irreversible in severe cases. The possible explanation for the reversible hyperintense 

lesions might be due to haematoma that can be recovered successfully following any 

treatment with or without decompression surgery. Whereas, the irreversible 

hyperintense changes in more severe injuries may refer to more severe lesions 

of injured spinal cord such as, oedema, necrosis, and glial scar formation. 

Previous studies on SCI suggested that secondary injury changes of SCI, such as 

intramedullary haemorrhage, oedema, and necrosis can be distinguished as a 

hyperintense lesion on T2-weighted MRI scanning (Boekhoff et al, 2012; Ito et al, 

2005; Kulkarni et al, 1987). These lesions may last for years, even after 

decompression surgery and are the cause of poor functional recovery (Miyanji et al, 

2007; Ramer et al, 2014).  

Hyperintense lesion on ST2W larger than 1 cm length has a worse prognosis. 

However, lesions less than 4 mm length showed good prognosis (Boldin et al, 2006). 

Nevertheless, animals from the current study with lesions length >1 cm on ST2W 

MRI showed successful outcome after decompression surgery (dogs# 1, 9, and 11), 

and in non-surgical treatment animals (dogs# 5 and 7), Tables 2.3 and A2.2.  
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The general findings of the present study revealed that the length of hyperintensity 

lesions was reduced on 2nd MRI. The time intervals between 1st MRI and 2nd MRI 

may have positive effect on decreasing Rr. Consequently, Rr was eliminated on 

2nd MRI regardless of the type of treatment. However, LME results (Tables 2.4) did 

not show clear effect of the interaction of surgery and time on reducing the length of 

lesion intensity and Rr. The other results of LME model on decreasing the Rr at 

TL level compared to other regions cannot be included in further comments because 

it was in one case (dog# 12) and future study may require including more cases. 

The current study confirmed the association of the interaction of time and surgery 

(Time2: Surgery1) with decreasing the SCC, VCN, and ASCC, and increasing the 

ratio of iSCD/hVCD. There are many evidences in the literature that support the 

beneficial effect of surgical decompression in recovering injured SC and restoring 

normal morphometrics of SC and VC. Previous studies demonstrated the effect of 

surgical intervention (ventral slot or hemilaminectomy) in decreasing the spinal cord 

compression in patients of IVD extrusion.  

The ratio of iSCD to hVCD in the current study was increased with the interaction 

effect of “Time2: Surgery1”. This confirms the advantage of time: surgery interaction 

in increasing the diameter of the injured cord in case the vertebral canal regains its 

normal morphology and diameter following decompression surgery. The surgical 

intervention following SCI in IVDD has approved its benefits in decreasing the spinal 

cord compression and vertebral canal narrowing (Delamarter et al, 1995; McDonald 

& Sadowsky, 2002; O'Boynick et al, 2014; Perkins & Deane, 1988; Ramer et al, 

2014; Vandevelde et al, 2012). The LME results did not show any difference 

between MRI types (ST1W and ST2W) used for assessing the SCC and VCN. This 

disagrees with previous findings of others. The measures of SCC and VCN were 

significantly greater on ST2W than ST1W (Fehlings et al, 1999). However, the 

patients' population (n= 71) in the study of Fehlings et al., (1999) was about 5.5 

times more than in the present study. Their study data were average of two 

measurements calculated by two observers. However, there was no information 

about the method or software that were used in their study for analysing the images 

and measuring the parameters of SC and VC.  
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The MRI images in the current study were reviewed and analysed using “Synapse”, 

a software used for archiving, reviewing, and measuring detailed features of MRI 

images by using the “Ruler” tool and the values are represented in millimetre and its 

parts (micrometres).   

2.5.6. Unexpected findings 

The unexpected finding detected in dog# 11 who had IVDE at L4-L5 associated with 

large hyperintense lesion (~44 mm length) on ST2W. The hyperintensity remained 

persistence and increased by 20% even after surgery (Table 2.3). Noteworthy, 

dog#11 had recovered neurological functions, urinary continence, and normal 

ambulation post-surgery (Table A2.2). However, measures of SCC (Table 2.5) and 

VCN (Table 2.7) on ST2W were decreased in 2nd MRI compared to 1st MRI in this 

dog. The spinal cord compression (SCC) was reduced from 37.19% to 16.91% and 

vertebral canal narrowing (VCN) reduced from 24.26% to 5.32%. The MRI images in 

dogs with IVDE that did not reveal hyperintense lesions, showed a good prognosis 

following treatment than those cases with hyperintense lesions (Ito et al, 2005). 

The intramedullary hyperintense lesions detected in T2-weighted images in dogs 

with disc herniation could be a predictive prognostic factor of the long-term functional 

recovery (Levine et al, 2009b). Findings of another study revealed successful 

recovery of neurological functions in dogs with IVDH with no or smaller hyperintense 

lesions detected in T2-weighted images (Boekhoff et al, 2012).  

Another unexpected finding of LME is that the RMLE of Rr was higher on ST2W than 

ST1W and more at the lumbar segment of the patient that had surgical 

decompression of disc material at 2nd MRI. However, this reflect finding in one 

sample and to confirm this result; it requires a further study in more samples of 

lumbar injuries. The higher Rr indicates larger lesion and possible of severe injury or 

irreversible lesion. 

 

 



   
 

 

Page 104 of 329 
Chapter - 2 - 
 

2.5.7. Limitations and difficulties 

This study encountered limitations that cannot be avoided during the retrospective 

studies. The primary limitation is the presence of un-standardised variables that are 

not under control during the retrospective studies, such as duration of follow-up and 

use of different surgical or pharmacological treatments. The surgery was not 

standardised because two different types of decompression surgeries were used 

(ventral slot in 6/9 dogs or hemilaminectomy in 3/9 dogs). Similar, the patients with 

no surgery were treated with different types of pharmacological medications, that 

were approached by different neurologists. Noteworthy, the decision and the type of 

treatment that was approached for each case was made by different neurologists at 

the U-Vet hospital. For this reason, we chose to study these factors in general 

without considering the specific type of surgical operation or particular drugs. 

Accordingly, the findings of the current study required careful interpretation. 

The treatment predictor factor was categorised in general into “Surgery1= dog had 

surgery” or “Surgery0= dog had no surgery”. The morphometric measures were from 

different spine segments in each case. Therefore, the random intercept was defined 

for the lesion level “Lesion ID”, and not for the subject. Importantly, the variability 

between lesions was coped with the designed LME model.  

Other limitations of the present study included the using of small number of animals 

with different severity of SCI, the collected data were from a single veterinary 

medical centre and not from multiple centres, and the 2nd MRI was at a different time 

point after surgery. The inclusive study criteria elected for thirteen dogs, each had 

two MRI that should reveal the same level of injury in both scans, before and after 

treatment, and regardless of the time intervals between 1st and 2nd MRI. For these 

reasons, we have used the LME model to analyse the data including the effect of 

these factors against the responses variables and to overcome the possible 

variations of these factors. The LME model is much more flexible than traditional 

analyses uses for data averaging. LME deal with the full data altogether in a single 

model and does not disregard the variation of some factors when analysing other 

variables (Winter, 2013). 
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An important limitation to note about the present study is that all data and MRI 

images were reviewed, and morphometrics measures obtained by one investigator 

(a PhD student). As the main investigator of the study, I have calculated all the 

measures by myself. However, to minimise bias the investigator remained blinded 

from clinical details of each case (neurological status before and after treatment) 

until completing the acquisition and analysing of data.   

Spinal cord intensities (Figure 2. 1), including hypointense, isointense, and 

hyperintense lesions, are descriptive “ordinal” scales. Ordinal categorical scores are 

difficult to analyse using the LME model. Therefore, a simple 3 step ordinal scale 

was used to overcome this potential weakness. Therefore, the identified hypointense 

lesions (-, - -, and - - -) were set as -1, hyperintense lesions (+, + +, and + + +) were 

set as +1, and isointense was set as 0 (zero). 

LME model for analysing the ratio of hSCD/hVCD was not trustworthy and did not fit 

very well with the assumptions as indicated in the distribution of the residuals in 

scatter plots (Appendix Chapter 2, Figure A2.6). Some of the estimated parameters 

of hSCD/hVCD ratio might be unreliable, or some explanatory variables were 

missing or not included with the LME model. Therefore, to measure the ratio of 

hSCD/hVCD, we recommend that control data be acquired from a large group of 

healthy dogs with intact SC and VC. 

2.5.8. Future studies 

A prospective MRI study in a large number of dog patients of SCI would provide 

more data and information about the morphology and pathology of the spinal cord 

and vertebral canal. Future MRI study using the quantifiable measures of current 

work in dogs with grade 5 SCI could provide additional prognostic information about 

the progression of SC lesion pre- and post-treatment. Furthermore, these 

quantifiable measures could be used to evaluate the effect of novel strategies for 

treating SCI, such as stem cell therapy.  
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2.5.9. Conclusion 

This study supports the importance of MRI for evaluating the in vivo morphology and 

pathology of injured SC and VC following IVDD.  To date, few studies are using 

objective and quantifiable measures to assess spinal cord and vertebral canal on 

sagittal and transverse MRI scanning. The quantifiable methods used in this study 

proved to be reliable, easy to apply, and highly reproducible measures for evaluating 

essential parameters of SCI. These parameters include; MRI signal intensity of the 

spinal cord lesion, SCC, VCN, and ASCC. The findings showed that abnormal 

alterations of SC and VC parameters on ST2W and TT2W are important indicators of 

prognosis of SCI. The results revealed that the interaction of time and surgery is an 

important factor in decreasing SCC, VCN, and ASCC following IVDE. However, this 

interaction of surgery and time has no obvious effect on MRI signal intensity, and 

hyperintense lesion remained detectable in 2nd MRI following treatment. Indicating 

that the pharmacological/conservative therapies and/or decompression surgery may 

not completely treat the subsequent events of secondary injury, such as oedema and 

syrinx formation. Moreover, the presence and extent of intramedullary hyperintense 

lesion on T2-weighted MRI is a predictor of severity of injury, which can help in 

planning for new therapeutic strategies that can be used in association with surgical 

and pharmacological interventions. 
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CHAPTER 3  
 

Effects of human neural precursor cells on ex vivo 

cytokine production in canine whole blood 
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3.1. Abstract 

Spinal cord injury (SCI) is a devastating condition and a common cause of morbidity 

and mortality in human and canine patients. To date, there is no definite treatment to 

recover the neurological deficits of SCI due to its pathological complexity events. 

However, numerous studies of SCI reported promoting the neurological functions 

using some putative therapies in animal models. One of the most common of these 

promising therapies includes stem cells (SCs) transplantation. Recent studies are 

demonstrating the therapeutic effects of transplantation of neural stem cells (NSCs) 

type into animal models of SCI. Numerous of these studies are focusing on 

investigating cell fate, survival, differentiation, and recovery outcomes post-

transplantation. Nevertheless, understanding the mechanisms of how transplanted 

cells apply their potential therapeutic effects into host biological system still under 

investigation worldwide by many investigators and researches centres.  

The current study was conducted to investigate the effects of human neural 

precursor cells (hNPCs) on the production of pro-inflammatory cytokines in 

canine whole blood (WB) cultures. The blood samples were stimulated ex-vivo using 

Lipopolysaccharide (LPS) or a combination of Phorbol 12-Myristate 13-Acetate 

with Ionomycin (PMA/I). We hypothesised that; 1) hNPCs can mitigate the 

inflammatory reaction of the stimulated WB, and 2) the concentrations of tumour 

necrosis factor-alpha (TNF-α) and interleukin– 6 (IL-6) is reduced in treated blood 

samples with hNPCs compared to untreated or treated WB cultures with hNPCs 

supernatant (SN).  

Therefore, the concentrations of TNF-α and IL-6 were measured in WB samples 

exposed to different conditions. These conditions included; 1) samples of stimulated 

and non-stimulated WB, 2) with and without the presence of hNPCs, and 3) in three 

different medium types.  

The production of TNF-α and IL-6 was analysed utilising the enzyme-linked 

immunosorbent assay (ELISA). The effect of medium type on the pro-inflammatory 

cytokines baseline (with no stimulation), the group effect on the TNF-α and IL-6 

profiles were assessed using the Friedman test with subject as the repeated 

measure. The complete data of either cytokine concentrations were assessed using 

a linear mixed model.  
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The results suggest that hNPCs could modulate the inflammatory responses 

by reducing the concentrations of TNF-α in blood samples stimulated ex vivo. 

Hence, the current study could confirm the anti-inflammatory effects of hNPCs in 

canine WB. Furthermore, these data could provide significant knowledge into the 

possible mechanisms about the anti-inflammatory effects of hNPCs as a beneficial 

and promising therapy for transplantation into patients of SCI. 
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3.2. Introduction 

Neurological dysfunction associated with spinal cord injury (SCI) occurs due to 

pathophysiological changes of the traumatised lesion. In general, SCI results from 

primary damage and immediate local mechanical trauma include haematoma, 

compression and/or contusion followed by subsequent biochemical changes and 

inflammatory responses. These changes lead to late (secondary) local alterations, 

including oxidative and inflammatory responses which leads to cell apoptosis 

and death (Maldonado-Lasunción et al, 2018; Mothe & Tator, 2012; Oyinbo, 2011; 

Park et al, 2011), and as described in detail in Chapter 1. Hence, many interventions 

have been used for treatment, including pharmacological, surgical, gene therapy, 

and transplantation strategies (i.e. foetal spinal cord tissue, stem cells, and 

genetically modified fibroblast). Most of these therapeutic methods are intending to 

modulate the pathophysiological alterations via limiting inflammation and cascades 

of the secondary damage after injury (Fitch et al, 1999; Kim et al, 2015; Rabchevsky 

& Smith, 2001; Sun et al, 2018). However, recovery of the SCI is challenging 

because of the complexity of its multiple pathophysiological mechanisms, which 

includes a cascade of complex events (Blesch & Tuszynski, 2009; Lu et al, 2013; 

Rabchevsky & Smith, 2001; Sun et al, 2018).  

3.2.1. Inflammatory response in spinal cord injury (SCI) 

An array of cellular and molecular events contribute to primary and secondary 

pathogenesis of SCI. The primary damage initiated instantly following the 

mechanical trauma and followed by the secondary injury, which may last for several 

days to weeks. The pathophysiological changes include the primary and secondary 

mechanisms of spinal cord damage. The primary injury involves; local damage, 

oedema, haemorrhage, vasospasm, and necrosis (Dubendorf, 1999; Dumont et al, 

2001; Mothe & Tator, 2012). The secondary injury characterised by cascades of 

biochemical events and cellular inflammatory responses that initiate the 

pathogenicity of the acute and chronic SCI (Bethea et al, 1998; Blight, 1992; Kong & 

Gao, 2017).  
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The mechanisms of primary and secondary damage with the associated cascades of 

cellular and molecular pathological alterations of SCI were detailed previously in 

‘Chapter 1’ (subchapter 1.2.3). The subsequent inflammatory responses of the 

secondary phase of the injury contributing to neuropathology and exacerbating 

tissue damage. These events include; ischemia, apoptosis and cellular death, 

electrolyte and fluid disturbances, syrinx formation, and neurons damaged due to 

excitotoxicity contributing to further detrimental injury that causes the loss of 

neurological functions (Bradbury et al, 2002; Bradbury & Burnside, 2019; Busch & 

Silver, 2007; Dumont et al, 2001; Mothe & Tator, 2012; Siebert & Osterhout, 2011; 

Tsukamoto et al, 2013; Xia et al, 2015a). 

The traumatic lesion starts at the epicentre of injury and extends during the 

secondary stage of SCI to cause further damage to the rostral and caudal 

nearby regions, involving both grey and white matter (Beattie, 2004). Many 

cells play an important role in the innate immune response and inflammatory 

reaction following SCI and during secondary injury. Monocytes/macrophages, 

neutrophils, and microglia are some of these cells (Popovich, 2000; Sun et al, 2018). 

Pro-inflammatory molecules, including cytokines, a family of proteins responsible for 

regulating the inflammatory responses. Cytokines released by monocytes have 

a primary role during the immune response in SCI (Bethea, 2000).  

Two types of pro-inflammatory cytokines were detected during the SCI, some act as 

inflammatory stimulators, and the others are anti-inflammatory factors. The essential 

pro-inflammatory cytokines that provoke immune-response and exacerbate the 

damage are; tumour necrosis factor-alpha (TNF-α), interleukin-1 (IL-1), and 

interleukin-6 (IL-6). TNF-α was increased in the peripheral blood samples of the rat 

model of experimental SCI. Monocytes are responsible for expressing TNF-α 

(Bethea et al, 1999), and IL-6 was found in neurons and glial cells (Gadient & Otten, 

1997). In contrast, other anti-inflammatory cytokines including interleukin-4 (IL-4), 

interleukin-10 (IL-10), interleukin-13 (IL-13) are the primary factors for switching off 

the immune response (Bethea, 2000). 
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The trauma to the spinal cord triggers the inflammatory response in injured CNS 

through activating the transcription factors such as nuclear factor-kappa B (NF-KB) 

(Bethea et al, 1998; Lu et al, 2013; Tang et al, 2020). Immediately after the trauma, 

WBCs (monocytes in bloodstream and macrophages in tissues) activated as an 

inflammatory response secondary to injury. The secondary injury characterised by 

several pathophysiological events contributing to produce cellular mediators. 

The stimulated WBCs are the main producers of the associated inflammatory 

mediators during the secondary injury (Bethea et al, 1999).  

Cytokines may play an essential role in mediating the inflammatory mechanisms 

during the secondary SCI. The inflammatory response potentiates the pathogenesis 

of the primary and secondary damage of the spinal cord after the injury (Beattie, 

2004; Bethea et al, 1998; Sun et al, 2018). In contrast, inflammatory responses may 

stimulate mechanisms of tissue repair by releasing wound healing enzymes and anti-

 inflammatory cytokines (Donnelly & Popovich, 2008; Sun et al, 2018).  

The inflammatory mediators are crucial factors for developing secondary damage 

that includes chemokines, cytokines, reactive nitrogen intermediates, reactive 

oxygen species, and arachidonic acid metabolites (Bethea et al, 1999; Carlson et al, 

1998). These factors initiate inflammatory responses and regulate the pathogenesis 

of acute and chronic SCI. NF-KB may play an important role in neuronal function 

and during the secretion of the inflammatory mediators of the CNS damage 

(O'Neill & Kaltschmidt, 1997). Previous observations reported that NF-KB regulates 

the expression of many genes that mediate the immunity and inflammatory response 

following CNS affections. Some of these genes, including those encoding cytokines 

and chemokines. During the inflammation, NF-KB acts an essential role in controlling 

the expression of numerous genes responsible for stimulating the inflammatory 

mediators. Apart from this role in these events, studies revealed that NF-KB is 

essential in controlling cellular apoptotic programs in CNS such as regulating cell 

death of neurons after SCI injury (Bethea et al, 1998; O'Neill & Kaltschmidt, 1997; 

Yu & Yezierski, 2005). 
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The inflammatory response following SCI causes an increased number of 

classically activated pro-inflammatory macrophage (M1 phenotype iNOS-positive), 

responsible for produce inducible nitric oxide synthase (iNOS) (Kigerl et al, 2009; 

Nakajima et al, 2012). Macrophages M1 are the specific cells responsible for 

producing TNF- and IL-6. These pro-inflammatory cytokines initiate the inflammatory 

mechanisms and pathogenicity during the secondary injury of the acute and 

chronic SCI that cause further damage (Nakajima et al, 2012; Sun et al, 2018). 

The pro-inflammatory cytokines initiate a further inflammatory response during 

the secondary injury (Nakajima et al, 2012) and stimulate releasing other 

inflammatory mediators such as matrix metalloproteinases (MMPs), proteolytic 

enzymes responsible for wound healing and tissue damage  (Skalli & Gabbiani, 

1988; Goetzl et al, 1996; Hsu et al, 2006). Macrophages and T-cells can produce 

high quantities of many MMPs, which enhance the secretion of TNF-α 

(Goetzl et al, 1996). The secondary damage in SCI showed high expression of 

MMPs, especially MMP-9 (gelatinase B) which; damage the blood-spinal cord 

barrier, promotes the inflammation and glial scar formation (Hsu et al, 2008; 

Noble et al, 2002).  

It was suggested that the mechanism of apoptosis starts immediately after the SCI 

(Crowe et al, 1997). As mentioned above, the injury initiates the immune response 

leading to stimulate the immune receptors and microglia (Beattie, 2004). A subgroup 

of TNF receptors named "death receptors" play an essential role during the 

apoptosis and cell death, these include; CD95 or known as "FAS" or "APO-1", 

CD 95 ligand (CD95L), TNF ligand/receptor system, and TRAIL receptors (Demjen 

et al, 2004; Peter et al, 2007). The activation of CD95 and TNF ligand/receptor 

system including TNF receptor 1 (TNFR1) induce apoptotic cell death during the 

neurodegenerative diseases and CNS injury (Bethea, 2000; Martin-Villalba et al, 

2001). Conversely, others have suggested the bipolar functions of TNFs such as 

TNF-α and TNF-β, as neuroprotective factors against neurotoxicity and accumulation 

of toxic peptides, beside the neurotoxic action through triggering the inflammatory 

response and exacerbating neural damage in degenerative diseases of CNS 

(Bethea, 2000; Kwon et al 2004).   
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3.2.2. Therapies for mitigating the inflammatory response in SCI 

Substantial efforts are made to find an effective therapy for SCI in people, due to the 

devastating impacts of this condition. The majority of the therapeutic strategies are 

focusing on using; 1) neuroprotective therapeutics, such as methylprednisolone, 

monosialotetrahexosylganglioside, thyrotropin-releasing hormone, gacyclidine, 

minocycline, and nimodipine, 2) neuroregenerative agents, such as cethrin, nogo, 

autologous macrophages, polyethylene glycol, erythropoietin, inosine, 

chondroitinase, rolipram, nago receptor inhibitors, gabapentin, and biomaterial 

tissue bridges, 3) TNF antagonists including Anti-TNF-α monoclonal antibodies, 

such as infliximab, etanercept, adalimumab, and certolizumab pegol, 

4) immunomodulatory therapies, such as neuregulin-1 and anti-inflammatory 

cytokines  encoding  lentiviral vector (i.e. IL-4 encoding lentiviral vector (vIL-4) and 

IL-10 encoding lentiviral vector (vIL-10)), 5) electrophysiological strategies to 

promote conductivity of spinal cord, such as sodium and potassium channel blockers 

and 4-aminopyridine, 6) non-pharmacological strategies, such as decompression 

surgery and neurorehabilitation, and 7) stem cell therapies, such as Schwann cells, 

Olfactory Ensheathing cells, bone marrow stromal cells, oligodendrocyte precursor 

cells, and neural stem cells (Alizadeh et al, 2018; Esposito & Cuzzocrea, 2011; Park 

et al, 2018; Sharma, 2008). Of these, a diversity therapeutics have been suggested 

for manipulating the endogenous environment of CNS injury. The common 

neuroprotective approaches include the using of surgical, pharmacological, 

therapeutic hypothermia, and many other interventions such as using cell therapy for 

promoting functional recovery following SCI (Ahuja & Fehlings, 2016; McIntosh, 

1993). Recent studies suggested that human umbilical cord mesenchymal stem cells 

(hucMSC) could enhance functional recovery in rodent model of SCI. 

The inflammatory response following SCI was attenuated by hucMSC through 

polarising macrophage M1 to M2 and decreasing the production of pro-inflammatory 

cytokines such TNF-α and IL-6 and increasing the levels of anti-inflammatory 

cytokines such as IL-4 and IL-10 (Sun et al, 2018).  
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3.2.3. Anti-inflammatory and immunomodulating effects of neural 
stem cell therapy 

Stem cell therapy has become widely approached in transplantation research, 

especially in experimental animal models of SCI. Cell therapy could promote 

functional recovery after injury via offering neuroprotection, minimise inflammatory 

response and glial scar formation, and promoting axonal regeneration 

(Cummings et al, 2005; Iwanami et al, 2005; Okano et al, 2003; Park et al, 2011; 

Sun et al, 2018). Intravenous injection of stem cells could provide neuroprotection 

through acting as anti-inflammatory treatment and improved functional recovery in an 

experimental canine model of SCI (Kim et al, 2015). Human derived neural precursor 

cells (hNPCs) were suggested as a potential therapy for treating many neurological 

diseases (Tennstaedt et al, 2015; Tsukamoto et al, 2013; Zhou et al, 2015). 

However, the ideal putative cell line must show the capacity for self-renewal and 

stability over multiple passages in vitro. It is crucial to assess the functional stability 

and expansion capacity of the putative cell lines in vitro before implementation as 

replacement therapy for in vivo purposes (Fortin et al, 2016a). Previous studies have 

described the influences of NSCs in production of pro-inflammatory factors in rodent 

models of SCI. The therapeutic effects of NSCs thought to be via regulating the 

inflammatory events of secondary injury. The anti-inflammatory effects of NSCs exert 

via inhibiting the activation of macrophages and decreasing the infiltration number of 

neutrophils after SCI. Activated macrophages and neutrophils were decreased by 

around 40% and 41%, respectively, on day seven, following NSCs transplantation 

into mice model of SCI (Cheng et al, 2016). However, more understanding of 

mechanism of the biological therapeutic effects of stem cell needs to be explored 

and elucidated before implementing in clinical practices. In contrast, TNF-α may play 

a role in the neuropathogenesis of CNS via activating the microglia. The TNF-α may 

cause apoptosis and damage to the neural precursor cells (NPCs) via inducing the 

production of chemokines. The NPCs express receptors for TNF-α, especially 

TNFR1 (Sheng et al, 2005). The TNFR1 of NPCs can be activated by TNF-α and 

monocytes chemoattractant protein 1 (MCP1). It was suggested that TNFR1 has 

apoptosis and damaging effects on NPCs during the pathogenesis of several 

infectious diseases of the CNS (Chao et al, 1995; Sheng et al, 2005). 
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3.2.4. Aim of the Chapter 

To date, we could not identify any studies that have investigated the influences of 

hNPCs on the inflammatory response of canine whole blood (WB) samples 

stimulated ex vivo with 12-myristate 13-1 acetate and ionomycin (PMA/I) or 

lipopolysaccharide (LPS). The current study is focusing on the effects of hNPCs on 

the production of TNF-α and IL-6 in canine fresh blood samples collected from 

healthy mixed breed dogs.  
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3.3. Methodology  

Standard and specific methods described throughout this chapter are based on 

standard or specific techniques as described previously in literature by others unless 

stated otherwise. Moreover, cell culture procedures were conducted under aseptic 

conditions inside a certified biological safety hood level II, unless stated otherwise. 

3.3.1. Human neural precursor cells (hNPCs)  

The hNPCs used in the current study were harvested and isolated by others from the 

telencephalon region of brain tissue of human foetus that was aborted legally after 

ten weeks of gestation (Vescovi et al, 1999). The primary cells were passaged five 

times, then frozen, thawed, passaged ten times, and then frozen again before being 

imported to Australia. The cells were thawed and passaged eight times and frozen 

as small or medium size and preserved in -196 ºC liquid nitrogen (LN2) at the 

laboratory of the Brain Centre (Florey Institute, Brain Centre, Melbourne, Australia) 

before being used in our study (‘both numbers are informative’, Jeff Fortin, personal 

communication, December 2016).  

We prepared the cells for the ex vivo study about 45 days before collecting dogs’ 

blood samples. This time allowed for hNPCs to recover after thawing, re-culturing, 

and expanding in the culture for the ex vivo study. The cells we used in the current 

study were from passage number 28 post-dissection (first harvesting of the primary 

cells). In other words, this was after the 5th passage post-thaw in our laboratory 

regardless of the duration of freezing and numbers of frozen.  

The cells were serially passaged using Neurosphere Assay (NSA), a non-adherent 

culturing technique as described by others (Fortin et al, 2016a; Gil‐Perotín et al, 

2013; Reynolds & Weiss, 1992; Reynolds & Weiss, 1996).  
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3.3.1.1. Neurosphere Assay protocol for growing hNPCs  

The Neurosphere Assay (NSA) was used for plating hNPCs as free-floating single 

cells at 1 x 105 cells/1mL NS-A medium as described in the literature (Fortin et al, 

2016a; Gil‐Perotín et al, 2013; Reynolds & Weiss, 1992; Reynolds & Weiss, 1996). 

Briefly, the NS-A medium was prepared by mixing (10%) Human NeuroCult NS-A 

Proliferation Supplements with (90%) of NeuroCultTM NS-A Basal Medium Human 

(Catalog# 05753 and Catalog# 05750, respectively; StemCell Technologies, 

Vancouver, BC, Canada). The prepared medium named ‘NSA medium without 

growth factors’, which was used for the ex vivo study with canine WB samples. The 

NSA medium without growth factors can be used for up to 30 days if preserved in the 

refrigerator at 2-8 ºC.  

For plating and expanding the hNPCs in culture, a complete NSA medium (CM) with 

growth factors (CM+GFs) was prepared. Briefly, the recombinant human epidermal 

growth factor (rEGF) and basic fibroblast growth factor (bFGF) were added at 

a final oncentration of 20 ng/mL for each (Catalog# 236-EG-200 and Catalog# 233-

FG-025/CF, respectively; R&D System a biotechne brand, Minneapolis, MN, USA). 

Other factors including; heparin at a final concentration of 0.7 USP units/mL 

(Catalog# H3149; Sigma-Aldrich, St. Louis, MO, USA), recombinant human leukemia 

inhibitory factor (LIF) (Catalog# LIF1050; Millipore, Darmstadt, Germany) at 

a final concentration of 10 ng/mL , and Dehydroepiandrosterone (DHEA) (Catalog# 

A8500-000; Steraloids Inc, Newport, RI, USA), at a final concentration of 1µM, were 

added and mixed well by aspirating and expelling the medium for several times.  

For thawing the frozen hNPCs spheres, we used the protocol described by others 

(Fortin et al, 2016a). Briefly, a preconditioned CM+ GFs was prepared at least 1-hour 

pre-thawing procedure. A T25 cm2 untreated tissue culture flask (Catalog# Nunc 

136196, Nunc™ Cell Culture Treated Flasks with Filter Caps, Roskilde, Denmark) 

was filled with 15mL CM+ GFs and incubated at 37 ⁰C and 5% CO2 in a humidified 

incubator for at least 1 hour before thawing the frozen cells. After that, the frozen 

cryovial of cells was removed from -196 ºC LN2 and swirled in the water bath (37 ºC) 

for 60-90 seconds.  
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The CM+GFs in T25 cm2 flask was transferred to biosecurity hood. The medium was 

mixed well 3-5 times and a total volume of 10mL medium aspirated and moved to 

three 15mL conical tubes (each; 8mL, 1mL, and 1mL). The remaining 5mL medium 

was left in T25 cm2 and returned to 37 ⁰C and 5% CO2 incubator. Next, thawed 

neurospheres in the cryovial vial were transferred to a 15mL tube containing 8mL 

warm medium. To minimise osmotic and mechanical stresses to the cells, we first 

exposed the freshly thawed cells in the cryovial to the warm medium by gradual 

adding 1mL of the warm CM+GFs to the cryovial. Then cells were transferred from 

cryovial to 15mL conical tube containing 8mL warm CM+GFs by gentle aspirating 

and expelling using 1mL sterile tip. The cells were centrifuged at 150 G speed for 

5 minutes. After that, the supernatant was removed by aspirating, and the cell pellet 

was resuspended again by adding 1mL CM+GFs into the cells pellet. Then the cells 

suspension was transferred to the T25 cm2 tissue culture flask containing warm 

preconditioned CM+GFs that been at 37 ⁰C and 5% CO2 incubator for at least 

1 hours. The cell concentration in the culture was roughly about 1x105 cells/mL. After 

two days, the cells were fed by adding 3mL of warm CM+GFs to the tissue culture. 

Three to four days post thawing; the culture was passaged by first collecting and 

pelleting the cells. The cells pellet was resuspended in 1mL (0.05%) Trypsin with 

0.53 mM EDTA (Catalog# 25300063, Gibco® Trypsin-EDTA, CANADA) and 

incubated for 1.5- 2 minutes at 37 ºC water bath. Then 1mL of soybean trypsin 

inhibitor (Catalog# T6522, SIGMA ALDRICH) at a final concentration of 1mg/mL was 

added to inhibit the trypsinisation and to dissociate the neurospheres into single 

cells. Next, cells suspension in trypsin and inhibitor were centrifuged for 5 minutes at 

150 G, and the supernatant was removed. The cells’ pellet was then resuspended in 

1mL CM, and the cells were plated again in the culture at 1x105 cells/1mL. 

Figure 3.1A; shows grew of healthy hNPCs in the culture using complete NS-A 

medium supplemented with growth factors. When the size of the majority of 

neurospheres reached up to 200 µm in diameter, they have passaged again (~10-12 

days post last passage), Figures 3.1 B and C. The large neurospheres (~500µm 

diameter) are difficult to dissociate and passage, Figure 3.1 D. The cell culture was 

regularly incubated at 37 ºC, 5% CO2 and fed every 4-5 days by adding fresh warm 

CM+GFs by 30%. The cell culture was passaged every 10 days, as described above. 

Finally, cells were either used for serial passages or ex vivo study.  
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At the day of the ex vivo experiment, single cells were resuspended either in a 

measured volume of either CM without GFs (M1) or Roswell Park Memorial Institute 

1640 medium (RPMI) (Product# R8758) and allocated into several 1.5mL Eppendorf 

tubes. Each part of 1mL at a concentration of 5x106 cells/mL and placed in 37 ºC, 

5% CO2 incubator, for 15-30 minutes until adding to the WB samples. Moreover, the 

conditioned medium (M2), which is the supernatant (SN) of cell culture, was 

collected in sterile 50mL conical tubes to be tested for possible effects on cytokine 

production in dogs WB samples.  

The remaining cells for serial passages were routinely cultured as free-floating cells 

in non-adherent culture using “NSA” as described above and used for measuring fold 

expansion and renewable capacity of hNPCs for about 20 weeks (13 passages). 

3.3.1.2. Self-renewal and expansion capacity of hNPCs 

The stem cells used in our study are multipotency of foetal human neural precursor 

cells (hNPCs), previously evaluated and characterised in vitro by others regarding 

their ability for self-renewal, stability over multiple passages, and survivability in 

tissue culture (Fortin et al, 2016a; 2016b; Vescovi et al, 1999). However, to ensure 

the constant renewal capacity of this cell line (to ensure the ability of this cell line to 

sustain self-renewal capacity), we have measured the fold expansion of hNPCs 

across 13 sequential passages (10-12 days/passage). Nine cryovials were thawed, 

cultured, and passaged separately. A “Neurosphere Assay” was used for plating 

and growing the cells as explained above.  

The expansion of the cells was assessed in vitro by measuring the proliferation and 

folding capacity of the cells for each passage and culture. The folding expansion of 

cells was calculated by calculating cell division/day as described by others, using an 

expansion equation (Fortin et al, 2016a). 
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3.3.2. Animals and blood sampling 

A total of six adult healthy mixed breed dogs, 1.5 – 5.5-year-old, and weighing 

between18 - 31 kg (mean 25.300 kg) were enrolled in this study for blood sampling. 

All experimental procedures cared under the approval from the Animal Ethics 

Committee of the University of Melbourne (AEC approval# 1714182.1).  

Dogs were judged to be physically and clinically in good health, and they did not 

receive any medication or treatment for at least 30 days before the blood sampling, 

Table 3.1. The haematological, biochemistry profile and urinalysis were all within 

normal ranges. Faecal floating tests did not reveal any significant parasitism at the 

time of the study.  

At the day of each ex vivo experiment, blood samples (12-14mL) were collected from 

each dog using an aseptic technique. Blood was collected from the jugular vein 

using sterile 20-gauge needle, 20mL syringe, and 6mL sodium heparin tube (Product 

Code# 367876, BD Vacutainer®, NH, 102 I.U., BD-Plymouth. PL6 7BP.UK). 

All blood samples were collected within 30 minutes and transferred immediately to 

certified biological safety hood level II.
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Figure 3. 1: Human neural precursor cells (hNPCs) in culture. A: four days post-thawing. 
B: the proliferation of hNPCs and formation of neurospheres, 10 days post-thawing and 
ready for passaging (the majority of neurospheres reached ~200-300µm diameter). C: 
large neurospheres developed 12 days post-thawing. D: larger neurospheres (~500µm 
diameter) on day 14 are difficult to dissociate. Scale bar = 500 µm (images A, B, and D), 
and = 100 µm (image C).
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Table 3. 1: Metadata information of the dogs (n=6) that were used for blood 
sampling in the current ex vivo study. 

Dog ID Breed Sex/Neutering 
Status 

Age 
(Years/Months) 

Weight 
(Kg) 

Dog 1 Australian Kelpie Female/spayed 3 years 11months 18.0 

Dog 2 German Wirehaired 
Pointer 

Female/entire 5 years 6 months 30.0 

Dog 3 Labrador Retriever Male/neutered 1 year 6 months 31.0 

Dog 4 Labrador Retriever Male/neutered 3 years 2 months 29.0 

Dog 5 German Shorthaired 
Pointer 

Female/spayed 2 years 23.0 

Dog 6 Labrador Retriever Female/spayed 3 years 21.0 
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3.3.3. Study design and stimulation of the blood samples 

The reagents and mediums were purchased from Sigma-Aldrich Pty.Ltd. 12 Anella 

Avenue, Castle Hill, NSW, Australia, unless noted otherwise. 

The stimulation of canine WB samples was according to the method used by 

Dandrieux et al (2019). Canine WB samples can be stimulated in vitro to TNF-α 

using LPS or a combination of PMA/I. Likewise, IL-6 can be produced in WB 

samples by LPS stimulation. The PMA (Product# 8139) and I (Product# IO634), 

were used at a final concentration of 12.5 ng/mL and 0.8 µmol/L, respectively. 

LPS (Product# L3137) was used at a final concentration of 10ng/mL. Stimulation of 

the blood was performed in sterile 24 well cell culture plates with a dilution of 1:2 

(0.5mL WB in 1mL medium) as described by others (Dandrieux et al, 2019). 

Briefly, 12mL blood sample was collected from each dog and divided into 24 small 

volumes (0.5mL each) and aliquot into sterile 24 multi-well cell culture plate 

(Catalog# 662160). Four blood samples in duplicate were stimulated with PMA/I 

(5uL PMA + 5uL Ionomycin per well), and four blood samples in duplicate were 

stimulated with LPS (15uL per well). The remaining four blood samples in duplicate 

did not stimulate (non-stimulated samples) and were used for control samples. 

Three different mediums with and without the presence of hNPCs were added to the 

blood samples in each well. In other words, each blood sample in duplicate 

(2 x 0.5mL) were diluted with either 1mL of; 1) NS-A medium alone (M1), 

2) hNPCs in M1 (5 x 106 cells/mL), 3) conditioned medium = supernatant without 

hNPCs (M2), or 4) Roswell Park Memorial Institute 1640 (RPMI) (Product# R8758). 

Figure 3.2 shows a schematic representation of the study design and the 12 different 

treatments in duplicate that we have used in each 24-well plate.  

Other conditions without WB were; M1 + hNPCs, M1 + PMA/I + hNPCs, M1 + LPS + 

hNPCs, RPMI, M1, and M2. 

Samples were then mixed and incubated at 37 ºC, 5% CO2 incubator for 5 hours. 

Next, samples were collected into 2mL Eppendorf tubes and centrifuged for 

10 minutes at a speed of 1500 x g (4000 rpm) using Eppendorf centrifuge 

(Eppendorf AG 5424, 22331 Hamburg, Germany). After that, the supernatant was 

collected into 1.5mL Eppendorf tubes and stored at -80 ºC until analysis. 
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Figure 3. 2: Schematic representation of the study design in each dog’s blood sample. Twelve different conditions in duplicate 
(2 x 12 conditions) per 24-well plate. Each blood sample/dog was divided into four parts, each with 3mL, then each subdivided into three 
subparts and in duplicate (2 x 0.5mL per condition). Blood samples were co-cultured with three different mediums (M1, M2, and RPMI), 
and in two statuses; treatment samples (PMA/I or LPS with and without hNPCs) and untreated samples (neither PMA/I or LPS nor 
hNPCs) M1= NS-A medium = Complete medium without growth factors (GFs). hNPCs = human neural precursor cells at a 
concentration of 5 x 106 cells in 1mL carrier (M1 or RPMI). RPMI = Roswell Park Memorial Institute medium. M2=conditioned medium 
without hNPCs = Supernatant of the centrifuged hNPCs culture. PMA/I = a combination of 5uL Phorbol 12-Myristate 13-Acetate and 5uL 
Ionomycin per well. Lipopolysaccharides (LPS) at 15uL per well.
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3.3.4. Cytokine measurement 

The secretion of pro-inflammatory cytokine was detected in canine WB samples by 

measuring the levels of TNF-α and IL-6. The effects of three culture mediums on 

cytokines production in six canine whole-blood samples were investigated ex vivo 

with and without the presence of hNPCs. The concentration of TNF- α and IL-6 in 

samples were measured pre and post triggering the inflammatory response using 

PMA/I and LPS.  

3.3.4.1. Canine TNF-α and IL-6 concentration detection   

The effect of hNPCs on cytokines production in whole canine blood samples was 

tested by measuring the concentrations of TNF-α and IL-6. The concentrations of 

TNF-α and IL-6 in stimulated and non-stimulated blood samples were determined 

using Enzyme-linked immunosorbent assay (ELISA) named “sandwich DuoSet® 

ELISA development system” and TNF-α and IL-6 kits (#DY1507 and #DY1609, 

respectively; R&D Systems, Inc. a Bio-Techne® Brand, 614 McKinley Place NE, 

Minneapolis, MN 55413, USA).  

In total, 130 samples in duplicate (with and without the presence of blood samples) 

were used for the ELISA, excluding standards and assay control samples. The WB 

was included in 12 and 7 conditions for TNF-α and IL-6 studies, respectively. The 

other 6 conditions in either TNF-α and IL-6 studies were without WB. TNF-α and IL-6 

concentrations were examined in a total of 84 and 46 samples, respectively, and 

each sample was analysed in duplicate.  

The details of the examined conditions for each sample are provided in Table 3.2. 
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3.3.4.2. Canine TNF-α and IL-6 ELISA protocol  

The protocol used for measuring canine TNF-α and IL-6 cytokines is similar. 

However, the capture antibody, detection antibody, and Standard reagents are 

specific for each kit. Cytokines were measured in duplicate in 96 well microplates 

(Catalog# DY990) utilising general ELISA protocol following the manufacturer’s 

instruction.  

Briefly, preparing the plates for detecting the concentration of TNF-α and IL-6 were 

performed 24 hours before running the samples. All reagents were brought to room 

temperature before the use. Capture antibody for TNF-α and IL-6 (Catalog# 841710 

and Catalog# 841719, respectively) were diluted at a working concentration of 

1.0 µg/mL in PBS (Catalog# DY006). The 96-well microplates were coated 

immediately by adding 100µL of diluted capture antibody for each well. Then the 

plates were sealed using plate sealers (Catalog# DY992) and incubate at room 

temperature overnight. The capture antibody was removed next day by aspiration 

from each well and washed three times using Wash Buffer (0.05% Tween® 20 in 

PBS, pH 7.2-7.4, Catalog# WA 126). Proper washing of capture antibody was 

performed by filling each well completely and aspirated. Then removal of the liquid 

buffer after the last wash was performed by inverting and blotting the microplate 

against clean tissue paper. Reagent diluent (RD) (1% BSA5 in PBS, pH 7.2-7.4, 

Catalog# DY995) was used then to block each well by adding 300µL and incubating 

at room temperature. After 1 hour, the RD was removed by repeating the washing 

procedure with Wash Buffer as described above. Then the samples were removed 

from -80ºC and brought to room temperature. Standards were reconstituted 

according to the manufacturer’s method by reconstituting each vial with 0.5mL 

of RD. Next, seven serial dilutions of the standards were performed starting from 

1000 pg/mL to 15.6 pg/mL for TNF-α Standard (Catalog# 841712) and 4000 pg/mL 

to 62.5 pg/mL for IL-6 Standard (Catalog# 841721). The samples were diluted three-

fold in RD. After that, 100µL of each Standard in RD was added per well in duplicate 

starting from high to low standard dilutions. Then, immediately 100µL of each diluted 

sample in RD was added per well in duplicate as well. After that, the plate was 

covered with an adhesive strip and incubated at room temperature for 2 hours.  
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The samples and standards were then removed by aspirating and washing 

procedure with Wash Buffer as described before. Then 100µL of Canine TNF-α and 

IL-6 Detection Antibodies (Catalog# 841711 and Catalog# 841720, respectively) at a 

working concentration of 100 ng/mL in RD was added per well for each cytokine 

specific plate. The plate was then covered with an adhesive strip and incubated at 

room temperature for 2 hours. Repeat the aspiration and washing procedure as 

described previously. 

After that 100µL of Streptavidin-HRP (Catalog# 890803) at a working concentration 

of 1:200 in RD was added per well. Then the plates were covered with adhesive 

strips and incubated for 20 minutes at room temperature and avoiding exposure to 

direct light. Next, the aspiration and washing procedure was performed. Substrate 

Solution (Catalog# DY999) was prepared by mixing 1 part of Colour Reagent A 

(H2O2) with 1 part of Colour Reagent B (Tetramethylbenzidine). Then after 20 

minutes of incubation with Streptavidin-HRP, a 100µL of the prepared Substrate 

Solution was added per well. Covered and incubated at room temperature for 20 

minutes and avoid exposure to direct light. After that, 50µL of Stop Solution 

(2NH2SO4, Catalog# DY994) was added to each well and the plate tap gently to 

ensure thorough mixing. Finally, the optical density of each well was detected 

utilising the microplate reader (BioTek Synergy H1 Hybrid Multi-Mode Reader) after 

setting the wavelength correction to 540nm or 570nm. 
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3.3.5. Statistical Analysis 

To assess the effect of medium type on the TNF-α baseline (with no stimulation), the 

group effect on the medium TNF-α concentration was assessed using the 

Friedman test with subject as the repeated measure.  

Second, the complete data of TNF-α concentration were assessed using a linear 

mixed model (LME). The response variable was the natural logarithm of TNF-α 

concentration; this transformation was selected as the range of observed TNF-α 

concentration was large (at least 3 orders of magnitude), and to enforce non-

negative predictions. Predictions included in the model were the type of treatment 

‘TREAT’ (non, LPS or PMA/I), the medium ‘MED’ (M1, M2, or RPMI), and the 

presence of stem cells ‘STEM’ (0|1) interacting with TREAT. Under the assumption 

that stem cells have no biological effect without stimulation, an effect of STEM was 

only included with interaction with TREAT. A random effect for the subject was 

included for the intercept. The model formula was; 
 

o 𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟏: 𝑻𝑵𝑭𝜶 ~ 𝟏 + 𝑻𝑹𝑬𝑨𝑻 + 𝑴𝑬𝑫 + (𝑻𝑹𝑬𝑨𝑻: 𝑺𝑻𝑬𝑴) + (𝟏|𝑺𝑼𝑩𝑱𝑬𝑪𝑻)    

The TNF-α dataset contained several observations below the lower performance 

limit of the analytical assay (15), (Appendix, Table A3.1). With the maximum 

concentration of these observations as 15 and their minimum concentration of 0, 

each is, therefore, a left-censored observation, supported on the range (0, 15). 

A simple imputation approach was applied to assess the validity of estimates in the 

presence of these observations. For each observation, a random continuous value 

was simulated from the uniform distribution with lower limit 0 and upper limit 15. 

A total of 2,000 simulated datasets were generated with random values for the 

censored observations. The LME was optimised for each. Confidence limits (CL) 

were generated for each model using the profile likelihood, to maximise small-

sample validity. From the 200 sets of confidence limits, the 1st, 50th, and 99th 

percentiles were determined and reported. This analysis was conducted in R using 

the lme4 package of Bates et al (Bates et al, 2015), with model optimisation using 

the Nelder-Mead method. The goodness-of-fit of the final model was assessed using 

residual analysis, and the marginal coefficient of determination (Nakagawa et al, 

2017). The statistical analysis for IL-6 dataset was approached using the same LME 

model equivalent to that used for TNF-α analysis.  
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3.4. Results 

3.4.1. Fold expansion and self-renewal capacity of hNPCs 

The human neural derived stem cells “hNPCs” we used in our study were well 

characterised upon isolated and expanded in the culture by Vescovi et al., (1999). 

However, the results of growing and expanding this hNPCs in our laboratory 

confirmed that this cell line is a renewable source and able to proliferate in vitro and 

generate new daughters of neural stem cells with no loss in the proliferative 

capability for an extended time. These observations have also been previously 

confirmed by others (Fortin et al, 2016b). The hNPCs in our laboratory could 

proliferate for several passages up to thirteen times post-thaw and over 20 weeks-

time spans. The 13th passages post-thaw (current study) equivalent to 36th passages 

post-dissection. The findings revealed that hNPCs required about 16-18 days post-

thawing until completely recovered and restored the proliferation capability in culture. 

The cell division/day using the exponential equation of hNPCs cultures from nine 

different new thawed cryovials is illustrated in Figure 3.3. 

3.4.2. Pro-inflammatory cytokines concentrations 

3.4.2.1. Tumour necrosis factor-alpha (TNF-α) 

The findings showed that the treated blood samples with PMA/I or LPS showed high 

levels of TNF-α. The M1, M2, and RPMI have affected the production of TNF-α in 

blood samples. The effect of M1 was greater than M2, and RPMI less than both. 

Interestingly, the activated blood with PMA/I or LPS that co-cultured with hNPCs 

showed less production of TNF-α than the samples without hNPCs (baseline values). 

These results suggested that hNPCs could mitigate the inflammatory response 

in stimulated blood samples with PMA/I or LPS via diminishing the production of 

TNF-α. 

For the untreated samples, the median (range) of TNF-α concentration (Table 3.2) 

was; 674 pg/mL (161-4162) in M1, 59 pg/mL (<15-750) in M2, and <15 pg/mL 

(all <15) in RPMI, with the group effect supported by the Friedman test 

(p= 0.0036, DoF= 2).  
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The final LME converged successfully. The restricted maximum likelihood estimate 

(RMLE) of the parameters, as the median of the 2,000-point estimates, are 

summarised in Table 3.3. The residuals of the final model, drawn from a single 

random replicate, were approximately normally distributed (Figure 3.4), which 

appeared consistent across various analysis runs. From a single random replicate, 

the marginal coefficient of determination (mR2) was 0.602. 

The lower and upper 95% confidence limits (CL) for the parameters are described in 

Table 3.3. Assessed by the percentiles, the empirical distributions of the confidence 

limits (Figure 3.4) were somewhat sensitive to the simulated values for the censored 

observations, and this degree of sensitivity varied across parameters. 

The estimated random effect standard deviation for the intercept was large, but not 

precisely estimated (profile likelihood estimation failed to consistently converge), 

consistent with the small number of subjects (n= 6). 

3.4.2.2. Interleukin– 6 (IL-6) 

The ELISA result of measuring the pro-inflammatory cytokines in blood samples 

stimulated with LPS and co-cultured with hNPCs did not show inhibition or diminish 

the production of concentration of IL-6. 

Statistical analysis of the data for IL-6 concentrations showed a lot of variability than 

the data for TNF-a and parameter estimates for IL-6 were less precise (Table 3.4). 

No reasonable evidence was determined to support the effects of hNPCs on 

production of IL-6 in treated WB. The marginal coefficient of determination for the 

model was low (mR2: 0.307). 
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Figure 3. 3: Folding expansion of hNPCs across 13 sequential passages in nine cell 
cultures post-thaw of nine cryovials of hNPCs. The passages 1-13 post-thaw (current 
study) represent the passages 24-36 post dissection. The cell division/day (r) per 
each passage post-thaw was calculated using the exponential equation as 
recommended by Fortin et al (2016a). 
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Table 3. 2: Effect of hNPCs on the production of TNF-α and IL-6 in stimulated and 
non-stimulated canine whole blood (WB) samples. WB was activated with PMA/I or 
LPS. WB was co-cultured with three different medium types (M1, M2, and RPMI) 
with or without hNPCs. Each sample was run in duplicate. 

WB RPMI M1 M2 PMA/I LPS hNPCs TNF-α (pg/Mol) 
 

IL-6 (pg/Mol) 
 

Median 
[range] 

n Median 
[range] 

n 

+ + 
     

<15.0 6 <15.0 3 

+ + 
  

+ 
  

2107 
[330–3403] 

6 <15.0 3 

+ + 
   

+ 
 

674 
[349 – 3891] 

6 51 
[48 – 696] 

4 

+ 
 

+ 
    

674 
[161-4162] 

6 178 
[105– 638] 

6 

+  +    + 454 
[29-2783] 

6 333 
[101-399] 

6 

+  +  +   3071 
[1997– 4720] 

6 N/A N/A 

+  +  +  + 1914 
[707-3533] 

6 N/A N/A 

+  +   +  1100 
[644– 3285] 

6 196 
[136-649] 

6 

+ 
 

+ 
  

+ + 787 
[210-1819] 

6 144 
[96-553] 

6 

+  
  

+ 
   

59[15-750] 6 N/A N/A 

+ 
  

+ + 
  

2812 
[682-3702] 

6 N/A N/A 

+ 
  

+ 
 

+ 
 

1580 
[842-3369] 

6 N/A N/A 

  
+ 

   
+ <15.0 2 <15.0 2 

  
+ 

 
+ 

 
+ <15.0 2 <15.0 2 

  
+ 

  
+ + <15.0 2 <15.0 2 

 
+ 

     
<15.0 2 <15.0 2 

  
+ 

    
<15.0 2 <15.0 2 

   
+ 

   
<15.0 2 <15.0 2 

 

Abbreviation: WB, whole blood; M1, NS-A medium “complete medium” without growth 
factors; RPMI, Roswell Park Memorial Institute medium; M2, Conditioned medium 
without hNPCs (supernatant of the centrifuged hNPCs culture); PMA/I, Phorbol 12-
Myristate 13-Acetate and Ionomycin; LPS, Lipopolysaccharides; hNPCs, human 
neural precursor cells; n, number of dogs per condition; +, variable included in the 
condition; N/A, no sample was run for that condition. 
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Table 3. 3: Fixed-effect estimates from the linear mixed model, where the response 
is loge (TNF-α). The confidence intervals are drawn from 2000 simulations in which 
only censored observations in the dataset (TNF-α <15) were replaced by random 
imputed values, drawn from a uniform distribution in the range (0, 15]. The 
confidence intervals were estimated using the profile likelihood. The baseline values 
(β = 0) are TREAT= none, MED = M1, and STEM= 0. * denotes an interaction term 
(STEM is only included via interaction with TREAT). 

Abbreviation: RMLE, restricted maximum likelihood estimate; CL, confidence limit. 

  

PARAMETER LOWER 95% CL RMLE UPPER 95% CL 

PERCENTILE 1 50 99 50 1 50 99 

Intercept 3.67 4.11 4.35 4.95 5.59 5.78 5.90 

TREAT= LPS 2.20 2.39 2.69 3.05 3.35 3.71 4.35 

TREAT= PMA/I 2.82 3.00 3.30 3.66 3.96 4.32 4.96 

MED= M2 -2.00 -1.59 -1.43 -0.93 -0.44 -0.28 -0.07 

MED= RPMI -3.17 -2.58 -2.29 -1.93 -1.53 -1.27 -1.08 

STEM= 1*TREAT= 0 -0.32 -0.21 -0.12 0.79 1.49 1.80 2.40 

STEM= 1*TREAT= LPS -2.90 -2.45 -2.23 -1.44 -0.50 -0.44 -0.24 

STEM= 1*TREAT= PMA/I -2.68 -2.23 -2.00 -1.22 -0.27 -0.22 -0.02 
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Figure 3. 4: Empirical distributions of 95% confidence intervals obtained from the 
multiple imputed datasets (n = 2000), for the fixed effects; A: STEM*TREAT0, 
B: STEM*TREATLPS, and C: STEM*TREATPMA/I, with the response variable 
loge(TNF-a). The number of imputed observations (those below the limit of 
quantification) in each dataset is 10. The confidence intervals were determined from 
the profile likelihood (they do not assume normality of the sampling distribution). 
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Table 3. 4:  Fixed-effect estimates from the linear mixed model, where the response 
is loge (IL-6). The confidence intervals are drawn from 2000 simulations in which only 
censored observations in the dataset (IL-6 <15) were replaced by random imputed 
values, drawn from a uniform distribution in the range (0, 15]. The confidence 
intervals were estimated using the profile likelihood. The baseline values (β = 0) are 
TREAT = none, MED = M1, and STEM = 0. * denotes an interaction term (STEM is 
only included via interaction with TREAT). 

 Abbreviation: RMLE, restricted maximum likelihood estimate; CL, confidence limit. 

 

 

 

 

 

 

 

 

 

PARAMETER LOWER 95% CL RMLE UPPER 95% CL 

PERCENTILE 1 50 99 50 1 50 99 

Intercept 1.02 2.11 2.63 3.45 4.20 4.78 5.32 

TREAT = LPS -0.44 0.45 1.15 1.55 2.00 2.65 3.91 

TREAT = PMA/I -4.11 -2.04 -0.63 -0.26 -0.37 1.50 3.53 

MED = RPMI -3.80 -2.66 -2.07 -1.49 -1.15 -0.30 0.75 

STEM = 1 * TREAT = 0 -2.43 -1.11 -0.38 0.20 0.63 1.48 2.80 

STEM = 1 * TREAT = LPS -2.72 -1.62 -1.14 -0.32 0.38 0.98 2.01 
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3.5. Discussion 

The current study examined the ex vivo effects of hNPCs co-cultured with canine 

WB samples. The study mainly focused on examining the influence of hNPCs on the 

production of TNF- α and IL-6 in stimulated WB cultures.  

The findings of the present study suggest that stimulated WB samples expressed 

higher TNF- α concentrations by LPS (β:3.05, median 95%CI: 2.39 to 3.71) and 

PMA/I (β:3.66, median 95%CI: 3.0 to 4.32) than non-stimulated samples, whereas 

only LPS induced IL-6 production. The production of TNF-α in canine blood cultures 

was accomplished in vitro by PMA/I stimulation while LPS was used to achieve the 

production of TNF- α, IL-6, IL-10 (Dandrieux et al, 2019).  

Stimulated WB might serve as a reasonable biological system to activate TNF- α and 

IL-6 production, that have been shown to be involved in the pathology of SCI 

(Harrington et al, 2005; Lee et al, 2000). The acute inflammatory phase expressed 

high levels of cytokines, including TNF-α by activated WBCs, especially monocytes 

(Bethea et al, 1999; Esposito & Cuzzocrea, 2011). Neutralising TNF-α was detected 

in our study in stimulated blood cocultured with hNPCs (RMLE= -1.44 and -1.22, 

TREAT LPS and PMA/I, respectively). These results support the study hypothesis 

about the effect of hNPCs on mitigating the inflammatory reaction of the activated 

blood samples. Although, our study observation supports the hypothesis of the effect 

of hNPCs on decreasing the production of TNF- α in blood samples after stimulation, 

this was not confirmed for IL-6.  

3.5.1. In vitro expansion and renewable capability of hNPCs  

The detailed characteristics of hNPCs used in our study have been well described 

elsewhere by others (Vescovi et al, 1999). Previous studies have confirmed the 

capability of hNPCs line for self-renewal in tissue culture supplemented with GFs 

with high stability over long-term culturing (Fortin et al, 2016a; Zhou et al, 2015). The 

primary cells showed an extensive self-renewal capacity and stability upon 

expansion in the tissue culture for up to 40 passages (Vescovi et al, 1999). The 

expansion rate and functional stability of hNPCs used in the current study were 

measured previously for up to 30 passages post-thaw by Fortin et al., (2016a), and 

the consistent expansion rate in their study was about 3-4 folds/passage.  
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Our laboratory observations confirmed the capability of hNPCs for surviving, self-

renewal and proliferation in vitro for 13 passages post-thaw, which represents 

the passage 36 post first dissection and isolation of this cell type by others 

(Vescovi et al, 1999). The long-term self-renewal capability of hNPCs makes this 

stem cell line a reliable source of neural cells (Fortin et al, 2016a). The current study 

showed that the recovered period of 16-18 days post-thawing was required for the 

frozen cells to regain the capacity to proliferate in the culture. The survival rate of 

new thawed NPCs was decreased significantly during the first-week post-thawing 

(Milosevic et al, 2005). 

3.5.2. Using of whole blood cultures versus specific immunity cells 
for ex vivo studies 

The current study used WB cultures as an alternative to specific isolated WBCs. This 

approach is in line with other previous studies and allows for several considerations. 

These included minimising the manipulation of blood samples to avoid the 

contamination as much as possible during the processing procedures. Using fresh 

WB is easy, quick, low cost, and practical to achieve with simple technical 

requirements available in any basic laboratories. However, previous studies have 

employed specific WBCs such as bone marrow-derived macrophages BMDMs 

(Chen et al, 2012; Cheng et al, 2016; Lee et al, 2012; Nüsing & Barsig, 1999) or 

peripheral blood mononuclear cells (PBMC) or isolated peritoneal macrophages 

(Lee et al, 2007) to measure cytokines production in response to numerous 

inflammatory stimuli (Chen et al, 2012; Jansky et al, 2003; Klassen et al, 2003; 

Viallard et al, 1999). Nevertheless, others stated that WB cultures for ex vivo 

stimulation and production of cytokines are more beneficial than employing 

PBMC for several reasons. Using WB is preferred for testing the therapeutic 

effects of the putative therapies that target inhibiting the inflammatory 

response. The immunological components present in WB are almost similar to 

that in blood circulation than in PBMC. The stimulation of WB culture ex vivo can 

reflect the in vivo response of the subject immunity system. Employing WB cultures 

for stimulating the inflammatory response and producing cytokines in vitro 

might be more reliable than using one type of stimulated WBCs (Heinzel et al, 1991; 

Thurm & Halsey, 2005). 
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3.5.3. Significance of hNPCs in ex vivo study 

The current study findings suggested the anti-inflammatory effects of hNPCs when 

co- cultured with canine WB samples. We showed here that hNPCs could mitigate 

the inflammatory response by reducing the production of TNF-α, but not IL-6. These 

results agreed with previous observations of others. The findings of Lee et al., (2007) 

revealed that the concentration of TNF-α were attenuated by 56% using human 

NSCs co-cultured with isolated peritoneal macrophage from rats and stimulated by 

LPS for 2 hours. However, human NSCs did not inhibit the secretion of IL-6 of 

stimulated macrophages (Lee et al, 2007). Similarly, the concentrations of TNF-α 

and IL-1β were significantly diminished in vitro utilised co-culturing of activated bone 

marrow-derived macrophages with NSCs (Cheng et al, 2016).  

3.5.4. Mechanism of anti-inflammatory effects of neural stem cells 

The mechanism behind the anti-inflammatory effects of NSCs is via inhibiting 

macrophages M1 activation and reducing the secretion of pro-inflammatory 

cytokines. The neuroinflammatory response that occurs during the CNS injury is due 

to the accumulation of two types of macrophages. Macrophages play pivotal roles 

during the injury and healing process (Kigerl et al, 2009). The injury of CNS showed 

the presence of two types of activated macrophages. The first type is the 

M1 macrophages “classical macrophages”, and the second type is M2 macrophages 

“alternative macrophages”. Each of these types plays diverse functions and 

different roles during the CNS injury (Shechter & Schwartz, 2013). 

The M1 macrophages are cells responsible for deteriorating the damage of SCI by 

secreting oxidative metabolites including iNOS, and pro-inflammatory cytokines such 

as TNF-α, IL-6, IL-12, and IL- 1β. In contrast, M2 macrophages could modulate the 

inflammatory response of SCI by producing the anti-inflammatory cytokines including 

IL-10 and inhibiting the IL-12, and IL-1β (Cheng et al, 2016; Kigerl et al, 2009; 

Shechter & Schwartz, 2013). Previous observations revealed that M1 and 

M2 macrophages were detected during the few days following SCI. However, only 

M1 macrophages were persisted four weeks following SCI (Kigerl et al, 2009).  
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Cheng et al., (2016) showed that the mouse NSCs play a role as anti-inflammatory 

therapy by suppressing the inflammatory M1 macrophages in vitro and in vivo using 

mice model of SCI. NSCs could reduce the production of TNF-α, IL-6, and IL-1β 

responsible for damage to healthy tissues (Cheng et al, 2016). Others have 

suggested that the production of M1 macrophages can be enhanced by TNF-α 

(Mosser & Edwards, 2008).  

Another mechanism of the anti-inflammatory activity of NSCs in vitro is through 

converting the T-cells into regulatory T-cells. In vivo studies explained that the effect 

of NSCs in CNS diseases is by rising the abundance of regulatory T-cells which 

results in suppress the T-cells activation and decreasing the infiltration of 

macrophages and T-cells (Einstein et al, 2007). 

3.5.5. Statistical considerations 

Regression with censored data, i.e. the Tobit model, has recently become more 

popular in biomedical applications (Jacqmin-Gadda et al, 2000). A major concern in 

the development of censored regression models is the practical identifiability 

(Raue et al, 2009; Schollmeyer & Augustin, 2015) of the model parameters, 

especially where censored observations are abundant. As the log-likelihood 

function for a censored regression is non-linear in the parameters, Wald-type 

confidence intervals assuming asymptotic normality might be inappropriate 

(Peddada & Haseman, 2005), as they have inconsistent coverage and do not 

indicate non-identifiability. Profile likelihood confidence intervals are a suitable 

replacement as they are drawn from the likelihood function. However, these 

confidence intervals are not currently implemented in censored regression packages 

for R, such as ‘censReg’ (Henningsen & Henningsen, 2017), and though the profile 

likelihood is supported in ‘lme4’, censoring is not. As methodologic implementation 

was considered beyond the scope of this study, we selected a multiple imputation 

method for the censored data (Canales et al, 2018; Heinze et al, 2013) to ensure 

accuracy of the model coefficients (the estimates of the treatment effects) and 

determine valid confidence intervals for the estimates. This analysis indicated that 

the confidence limits of all parameters were somewhat sensitive to imputed values of 

the censored observations. 
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3.5.6. Difficulties and the limitations of the current study 

The analysis here is a reasonably standard regression question, except for the 

presence of the observations below the limit of quantification (BLQ). 

Simply removing BLQ observations from the data set ensues maximum loss of 

information at an arbitrarily set limit (Woodward & Whittem, 2019). There are two 

reasons this is important to take care of; 1) ensure accuracy of the model coefficients 

(the estimates of the treatment effects) and 2) determine valid confidence intervals 

for the estimates (characterises their uncertainty). The way we have approached this 

problem is to simulate a series of new datasets, where each simulated set replaces 

one of the BLQ observations with a random value. The random value is drawn from 

the uniform distribution with minimum zero and maximum 15. We selected this 

because this is the plausible range of values for the censored observations; we know 

they cannot be less than zero (because this is not possible), they cannot be greater 

than 15 (because if they were, we would have a value), and as far as we know any 

value between 0 and 15 is equally likely. Then we conducted the analysis on each of 

the simulated datasets. We simulated 20,000 of them, so we have a series of 

20,000 models, each with a set of parameter estimates and confidence intervals for 

each. Then we needed to summarise these into a usable form as an overall 

outcome. We have done this by stating the 1st, 50th (median) and 99th percentiles 

of the confidence intervals. We have presented all of them so that the uncertainty 

associated with the BLQ data is easy to see.  

When reading the Table 3.3, all of the parameters are expressed in logarithmic 

space, because I log-transformed the data before building the model. The RMLE 

(restricted maximum likelihood estimate) is the point estimate of each parameter 

(the value that fits best to the data). Then there are a series of confidence intervals. 

All of them are 95% confidence intervals. Probably the most realistic assessment of 

these confidence intervals is to focus on the medians. The most conservative 

interpretation is to take the 1st percentile of the lower limits and the 99th percentile of 

the upper limits. 
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For interpretation of the confidence intervals, it is probably best to consider them as 

the plausible range of values for the parameter given the information available from 

the data. Note that a popular concept is to consider ‘statistical significance’ for 

confidence intervals that do not include zero; this would suggest that the effect of 

STEM is not statistically significant. I would not suggest this as it simply is not 

necessary. The confidence intervals can be directly presented.  

Statistical analysis of the data for IL-6 profile was noisy, and parameter estimates 

were less precise than for TNF-a. Consequently, less evidence was obtained to 

determine the exact effects of stem cell treatment in IL-6 production. As a result, it 

was difficult to understand the precise effects of hNPCs on IL-6 level in WB. 

The present study required a relatively large volume of WB sample (around 12mL). 

This might be considered a limitation when a similar study is considered in small 

breed dogs (a most affected breed of SCI) and young puppies or evaluating 

inhibition of several inflammatory cytokines’ transcription after WB stimulation.  

The current work evaluated the concentrations of two cytokines produced in 

stimulated WB, including TNF-α and IL-6, and did not test other cytokines profiles. 

This might be considered another limitation of the study. Several cytokines 

production such as IL-2, IL-10, IL-12, IL-1β, and iNOS might be increased in WB 

cultures after stimulation. Therefore, the effect of hNPCs on the production of other 

different cytokines was not evaluated in our study. Consequently, this may represent 

another limitation of the current study. A previous study has reported the increase of 

other cytokines production in rat blood cultures, including IL-2, interferon-gamma 

(INF-γ), transforming growth factor-beta (TGF-β), and chemokine RANTES (CCL5) 

after 4 hours stimulation with PMA/I (Ai et al, 2013). Another study reported a 

significant increase in TNF-α, IL-6, and IL-10 after LPS stimulation and TNF-α, IL-10, 

and INF-γ using PMA/I in canine WB cultures. However, the IL-2 profile did not 

change (Dandrieux et al, 2019). Cheng et al., (2016) found that mRNA expression of 

TNF-α, IL-1β, IL-6, and IL-12 were inhibited following NSCs implantation into mice 

model of SCI, and similar results were obtained in vitro study by coculturing mouse 

BMDMs with NSCs. 
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The other limitations of this study included collecting blood samples from a small 

number of dogs that have been used for evaluating the effect of hNPCs in stimulated 

WB cultures. The blood samplings were obtained from healthy dogs and did not 

include group of paraplegic dogs with SCI. This might be another limitation in this 

part of the thesis, which generally aimed in to examine the effects of the putative cell 

therapy “hNPCs” into dog patients of SCI.  

3.5.7. Recommendations for future studies 

Measure the effects of hNPCs on cytokines production in WB at different time points 

of stimulation (i.e. before and 1, 2, 4, 8, 24 hours post-stimulation) is required. This 

might be beneficial to determine the cytokines secretion during different inflammatory 

time points. Moreover, this could provide more information about the effects of 

putative cell therapy on the phases of inflammation.  

Future studies using WB samples from more subjects to confirm the effects of 

hNPCs on different cytokines profiles, including TNF-α, IL-1β, IL-2, IL-6, IL-10, IL-12, 

and iNOS are needed. Future investigation of the influence of putative cell therapy 

on WB cultures collected from paraplegic dogs with SCI can be useful prior to 

transplantation of the cells into spinal cord tissues of the host.  

Future work may suggest comparing the effects of hNPCs on cytokines production in 

BMDMs, PBMC, M1 macrophages, and WB. It is recommended to employ 

quantitative real-time PCR in a future study to investigate the effects of hNPCs on 

the secretion of cytokines in healthy dogs and patients of SCI. The detecting of the 

mRNA expression of inflammatory cytokines in stimulated WB co-cultured with 

hNPCs could confirm the therapeutic anti-inflammatory effects of this putative cell 

therapy. The further rational approach may include the use of different ex vivo 

models such as co-culturing with macrophages or using organotypic slice cultures of 

the spinal cord to define the assumed anti-inflammatory and neuroprotective 

potentials of hNPCs. 



   
 

 

Page 144 of 329 
Chapter - 3 - 
 

3.5.8. Conclusion 

The current study has shown that hNPCs modulated the inflammatory responses of 

canine WB cultures stimulated ex vivo. The evidence supported the hypothesis of 

the anti-inflammatory effects of hNPCs reducing the production of TNF-α in WB 

cultures in response to inflammatory stimuli. Furthermore, these data provided new 

information about the potential mechanisms of the anti-inflammatory effects of 

hNPCs as a beneficial and promising strategy for transplantation therapy into 

patients of SCI. However, future studies are required to confirm the results of the 

present work in WB samples from more subjects of healthy and diseased dogs of 

SCI. Investigating the effects of hNPCs on cytokine production during different time 

points of the inflammatory response and utilising different techniques such as PCR 

represent reasonable interesting research topics in future.
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CHAPTER 4  
 

Transplantation of human neural precursor cells in 

the paraplegic dog with grade 5 spinal cord injury, 

a pilot study 
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4.1. Abstract 

Complete loss of neurological functions due to severe spinal cord injury (SCI) 

remains an intractable medical problem in human and canine patients. The current 

pilot study was conducted to assess the viability of transplantation of human neural 

precursor cells (hNPCs) into the spinal cord of paraplegic dogs with grade 5 spinal 

cord injury (SCI). Two paraplegic dogs with chronic grade 5 SCI were deemed 

eligible and recruited for this pilot study. The dogs had not improved the neurological 

functions for more than 12 months following surgical or non-surgical treatment. 

The dogs were treated with immunosuppressive medication pre and post cell 

transplantation to suppress any immune rejection. Each dog received a single dose 

of 5x106 hNPCs in 400µL of the basal medium. A percutaneous injection method 

using spinal needles was used to deliver the cell suspension into the spinal cord 

lesion under general anaesthesia and fluoroscopic guidance. The total volume of cell 

suspension (400µL) was divided into two parts (200µL each) or three parts 

(2 x 100µL and 1 x 200µL) delivered into the parenchyma of the spinal cord via the 

intervertebral spaces. Each part of the cell suspension was injected into different 

sites and according to the length and size of the syrinx determined in MRI. 

Dog# 1 had received two injections simultaneously at the T11-T12, and T12-T13, 

each with 200µL of cell suspension. Dog# 2 had received three injections 

simultaneously at the L1-L2 (100µL), L2-L3 (200µL), and L3-L4 (100µL).  

The first dog was recruited to set and test the transplantation method utilising 

fluoroscopy facilities. In addition to testing the feasibility of using methods for 

measuring the response to hNPCs transplantation. However, this dog was not 

available for the follow-up assessments and was withdrawn from the study. A second 

dog was recruited to evaluate the methodology for measuring the response to 

hNPCs transplantation both before treatment and during the six months follow-up 

period. 
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Measuring the response to hNPCs transplantation was completed in dog# 2 using; 

1) gait analysis before treatment and during the follow-up period after cell grafting, 

once every month for six months, 2) magnetic resonance imaging (MRI) was used 

pre and post cell transplantation to monitor the progression of the spinal cord lesion 

using quantitative measurements, and 3) urethral pressure profile (UPP) examined 

three times during the six months follow-up period (1, 3 and 6 months post cell 

grafting). Furthermore, clinical and neurological assessments were performed to 

evaluate the physiological parameters and neurological status before and during the 

observation period following cell transplantation.  

No adverse effects were associated with the hNPCs transplantation procedure, 

nor immunological reactions against implanted cells were reported in this pilot study. 

The clinical findings of this study showed that xenotransplantation of hNPCs into the 

spinal cord of a paraplegic dog was well-tolerated without producing any clinical 

adverse effects. No clinical changes were determined with respect to the 

neurological parameters during the follow-up observations compared to the initial 

examinations. In general, the neurological assessments along the study course 

revealed static paraplegia with no deep pain sensation until the termination of the 

current study. However, improvement of cutaneous trunci muscle reflex (CTMR) was 

detected bilaterally at the end of the observation period. The cut-off in CTMR before 

xenotransplantation was detected at T13-L1 and L3-L4 on the right and left side, 

respectively. At the four-month follow-up period, the caudal boundary of CTMR was 

moved down to the level of L5-L6 and L4-L5 on the right and left sides, respectively. 

The final neurological examination at the end of the observation period revealed 

intact CTMR bilaterally. However, motor and urinary dysfunctions did not recover 

and none of the measures made to assess response to cell therapy changed 

following the hNPCs transplantation.  
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4.2. Introduction 

Experimental canine models of spinal cord injury (SCI) or recruiting dog patients of 

naturally occurring intervertebral disc diseases (IVDD) including type I intervertebral 

disc herniation ‘type I IVDH’ or disc extrusion have become common practice in SCI 

research. To date, spontaneously occurring SCI in dogs represents the most 

relevant model for clinical trials that may simulate human diseases and test putative 

therapies. However, most models of SCI aim to understand the pathogenicity of this 

illness and to evaluate the effectiveness of new therapies (Jeffery et al, 2013b).  

4.2.1. Neurological dysfunctions of canine SCI 

Acute SCI is the most common type of injury in canine patients that leads to 

permanent disability due to the loss of motor, sensory, and autonomic neural 

functions (Olby, 2010). Chronic SCI in dog patients is a common and incurable 

medical problem in most severe cases (Sarmento et al, 2014).  

Clinically, SCI in dog patients classified into five grades according to the severity of 

the neurological dysfunctions. Theses grades include; 1) grade 1, associated with 

pain of the affected segment without developing neurological deficits, 2) grade 2, in 

which the patient is ataxic, ambulatory paraparetic, and has proprioceptive deficits, 

3) grade 3, the patient is non-ambulatory and still has voluntary motor function, 

4) grade 4, the patient is paraplegic (meaning has lost the ability to move the limbs) 

with or without bladder control and urinary incontinence, and 5) grade 5, the patient 

is paraplegic with urinary and faecal incontinence and loss of deep-pain perception 

(Coates, 2000; Griffiths, 1982; Scott, 1997). 

4.2.1.1. Locomotor dysfunctions and assessment 

The spinal cord is the primary conduit tubular nervous organ that extends along the 

spinal canal. Its principal function is to transmit the sensory and motor messages 

between the brain and vital organs of the body. The spinal cord is comprised of white 

and grey matter and is surrounded by three membranes known as the meninges. 

These include; pia, arachnoid, and dura maters from inside to outside.  
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Two types of axons enter and leave the spinal cord via segmental nerves. 

The sensory nerves enter the spinal cord via the sensory roots; in contrast, the motor 

nerves depart the spinal cord via the motor roots (Maynard et al, 1997). 

The interruption of these ascending and descending axonal pathways during 

the spinal injury may result in neural dysfunctions (Cummings et al, 2006; Cummings 

et al, 2005; Nori et al, 2011; Sakai et al, 2012; Salazar et al, 2010; Sharp et al, 2010; 

Tsukamoto et al, 2013). 

Locomotion in dogs is categorised as ambulatory or non-ambulatory. Ambulatory 

dogs can rise and bear their weight on both hind limbs and move alone without 

falling for at least ten sequential steps (Levine et al, 2014). Loss of locomotor 

functions in canine patients with IVDD frequently occurs due to spinal cord trauma. 

The chondrodystrophic dogs such as Dachshund, French bulldog, Beagles, Shih 

Tzus, and Pekingese are the most common canine breeds affected by type I IVDH 

(Hansen type I) or IVD extrusion (Brisson, 2010; Hansen, 1951; Jeffery et al, 2013a) 

in the cervical (Hakozaki et al, 2015) and thoracolumbar region (Brisson, 2010; 

Coates, 2000; Olby et al, 2004).    

4.2.1.1.1. Gait analysis  

Gait analysis is the standard method used for assessing the musculoskeletal 

functions in a quantitative way (DeCamp, 1997). In veterinary medicine, this 

technique can be employed efficiently to evaluate the gait pattern (gait cycle) during 

the locomotion pre- and post-treatment (Lee et al, 2015a).  

In general, there are two types of locomotion gaits, symmetrical and asymmetrical 

gaits. The symmetrical gait is when the time of space is equal for two footfalls in 

each pair of animal’s limbs. In other words, the right and left feet of each pair strike 

the ground at equal intervals of time. Symmetrical gait is distinguished during the 

standard walk, running walk, trot, and pace locomotion patterns. In contrast, the 

asymmetrical gait has the two footfalls unequally spaced in time in at least one pair 

(at least one pair, fore or hind limbs strike the ground at unequal intervals of time). 

This kind of gait is seen during the gallop and bound locomotion patterns 

(Hildebrand, 1968; Howell, 1944).  
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It is important to consider the relationship between the gait speed and mechanics of 

the gait during assessing the locomotion function (Carlisle et al, 2019). The ability to 

control the coordination status of the pairs of forelimbs and hind limbs while keeping 

control on the anteroposterior sequence relationship between these pairs together is 

the main pattern upon which symmetrical gait depends (Abourachid et al, 2007). 

4.2.1.1.2. Methods of gait analysis in healthy and SCI dogs 

Several methods have been used for measuring the gait in healthy dogs and with 

different abnormal locomotion disabilities, including SCI. Gait analysis has been 

employed in animals that recovered locomotor functions spontaneously or to 

measure the response to putative therapies. However, utilising a reliable and 

sensitive scoring system of gait analysis is essential for testing the efficacy of new 

therapies for SCI in paraplegic dogs (Hamilton et al, 2007; Olby et al, 2001). 

A study conducted in 46 dogs with SCI due to IVDD, found that the numeric scoring 

scale was more sensitive and reliable than the visual analogue scale (Olby et al, 

2001). The ideal methods of gait analysis could convert the quantitative outcomes of 

behavioural functions to numeric scores (McMahill et al, 2015). 

The most popular of these methods include;  

1) six points functional score system (Hoerlein, 1953), 

2) Olby grading system to assess and subdivide hind limb function into 14 points 

(0=complete paraplegia to 14=normal gait) (Olby et al, 2001), 

3) mean diagonal coupling interval scoring system for assessing limb coordination 

(Hamilton et al, 2007),  

4) stepping and coordination scoring scale of hind limbs during forwarding walking 

(Olby et al, 2014), 

5) lateral instability and ataxia during forwardin locomotion (Hamilton et al, 2008), 

and 

6) anteroposterior sequence of movement (APS) method to assess the natural 

locomotor function (Maes et al, 2008). 
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The functional scoring system developed by Olby et al., (2001) consists of 5 stages, 

and each stage subdivided into three substages of recovery.  

• Stage 1: dogs with no hind limb movement, either with/without deep pain       

perception or voluntary tail movement.  

• Stage 2: dogs can move one or more joints.   

• Stage 3: dogs can bear their weight on hind limbs (HL) and prolonged at least 

two steps for < 10% or 10-50% or > 50% of the time.  

• Stage 4: dogs can bear their weight on HL for 100% of the time but making 

mistakes > 90% or 50-90% or < 50% of the time.  

• Stage 5: dogs with HL ataxia and gait with normal strength that characterised 

by making mistakes > 50% or < 50% of the time, and normal healthy gait of HL 

(Olby et al, 2004; Olby et al, 2001; Olby et al, 2014).  

The APS method is used to measure the inter-limb coordination of the symmetrical 

and asymmetrical steps and the transition between them (Abourachid et al, 2007). 

The APS method uses to study steadily (Maes et al, 2008) and non-steady gait on 

quadrupedal locomotion (Abourachid et al, 2007). The APS method allows 

measuring the three-time parameters ‘temporal’; these are forelimbs coordination 

timing, hind limbs coordination timing, and the relationship between these two timing 

during the anteroposterior locomotion. The APS method facilitates measuring the 

space ‘spatial’ parameters. These parameters include the forelimb gap, hind limb 

gap, and pair gap. Temporal- spatial parameters are the associating of the timing 

parameter with the spacing parameters of the footfalls during APS movement. In 

steady locomotion, the relationship between temporal-spatial parameters will be 

coordinated both in time and space (Abourachid et al, 2007). 

4.2.1.2. Motor reflexes associated with spinal cord circuitry  

Spinal cord reflexes mainly tested during the neurological examination include; 

tendon reflexes ‘myotatic’ (patellar, gastrocnemius, bicipital and tricipital reflexes), 

flexor reflexes (hind and forelimbs), crossed extensor reflex, cutaneous trunci 

muscle reflex (CTMR) formerly known as the ‘Panniculus’ reflex, and anal reflex 

(Penha et al, 2014; Redding & Braund, 1978; Sharp & Wheeler, 2005a). 
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4.2.1.3. Autonomic dysfunctions of SCI 

Loss, the control voiding of urine associated with spinal cord trauma, was first 

described as one of the common neurological symptoms of SCI. The loss of voiding 

control was mentioned in the famous ‘Edwin Smith Surgical Papyrus’ the oldest 

medical texts by the ancient Egyptians. The text ‘while his urine dribbles’ according 

to Hughes’ translation from the hieroglyphic script means that ‘urine drops from his 

member without his knowing it’ (Myres, 1933).  

The involuntary or uncontrolled voiding of urine is known as urinary incontinence 

(UI), which can be partial or complete, depends on its severity and the amounts of 

urine lost from the urinary bladder, which is more common in women than men 

(Abrams et al, 2010; Wyndaele & Hashim, 2017; Johnson & Gray, 1995; Panel, 

1992). In canine patients, the UI results in inappropriate urination (Shiel et al, 2008). 

The upper motor neuron deficits result from spinal cord trauma in the thoracolumbar 

region mainly lead to complete loss of control on urination (Granger et al, 2013).  

The normal control voiding of urine in the clinically healthy body ensures keeping 

urethral pressure higher than the intravesical pressure. However, the change in 

this status then necessitates urination when specific bladder volume reached. 

Otherwise, urine leakage or UI could happen unconsciously. In other words, the 

urine leakage will occur involuntarily when the urethral pressure becomes less than 

intravesical pressure (Byron et al, 2003). 

4.2.1.3.1. Methods used for urodynamic analysis in healthy and SCI dogs 

Urethral pressure profile (UPP) is the most common urodynamic analysis to measure 

the pressure generates in the urethra in healthy and patients of several affections. 

This technique is a reliable diagnostic test for measuring the UI in canine with 

spinal cord trauma and urinary disorders (Goldstein & Westropp, 2005). 

However, few studies conducted measures UPP in dogs with SCI (Jeffery et al, 

2011). The UPP procedure was suggested to be performed on sedated animals. It is 

preferred to avoid using anaesthesia during the procedure due to its effect on the 

value of the urethral closure pressure (Goldstein & Westropp, 2005).  
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Sedatives such as xylazine or medetomidine, and inhalant anaesthetics such as 

halothane lead to lowering the urethral closure pressure by 45-90%. 

Therefore, it is recommended to apply a sterile lidocaine jelly as an alternative 

option on the vestibule in female dogs before 10-15 minutes of catheterisation 

(Goldstein & Westropp, 2005). Propofol can be used with minimum effect on urethral 

closure pressure because of its short effect on CNS. It is suggested to use 

sevoflurane to maintain anaesthesia for an extended period if it is necessary during 

the UPP procedure (Byron et al, 2003). 

The maximum urethral closure pressure (MUCP) in female and male dogs ranged 

from 13-46 mmHg and 25-36.0 mmHg, respectively. A significant difference was 

found in the maximum urethral pressures (MUP) between young (< 2 years age) and 

older female dogs (Rosin et al, 1980).  

4.2.2. Prospective therapy 

The failure of the spinal cord to regenerate and recover post-severe injury is due to 

its poor healing ability and the complexity of the pathophysiological events that follow 

the initial trauma (Dalamagkas et al, 2018; Jung et al, 2009). Nevertheless, during 

the last few decades, many treatments have been investigated in laboratory animal 

models. Recently, many novel therapies have been evaluated in clinical trials of 

canine models of SCI. One of the promising examples is the implantation of stem 

cells in the hope of regenerative therapy (Jung et al, 2009). 

Prospective therapeutic effects of cell therapy in SCI could minimise the 

inflammatory response caused by secondary damage at the site of the lesion. This 

approach should improve the microenvironment for a potential recovery via 

remyelinating the affected axons and enhance the intrinsic factors for potential 

regeneration of endogenous progenitor cells (Myckatyn et al, 2004).  
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4.2.2.1. Stem cell therapy of spinal cord injury 

Stem cell therapy of canine naturally occurring SCI has gained great importance for 

translation medicine because of the somewhat similarity of the disease in human 

patients. Hence, various studies about SCI in canine species were conducted 

to enhance healing and improve recovery of the neurological functions. 

However, partial enhancement of neurological functions has been reported 

previously utilising different types of cell therapies. Some of these cell therapies 

included mesenchymal stem cells (MSCs) “stromal cells” harvested from 

umbilical cord blood and tissue (Lee et al, 2009a; Lim et al, 2007; Park et al, 2011; 

Ryu et al, 2012), Wharton’s Jelly (Ryu et al, 2012), adipose-derived stem cells 

(Park et al, 2012; Ryu et al, 2012; Ryu et al, 2009), bone marrow (Jung et al, 2009; 

Ryu et al, 2012), and Olfactory Ensheathing Cells (OECS) (Granger et al, 2012; 

Jeffery et al, 2005) 

Autologous mononuclear cells of bone marrow (BMSCs), for instance, were 

harvested and isolated from the bone marrow of iliac crest (Penha et al, 2014) or 

proximal humerus (Tamura et al, 2015) of paraplegic dogs to treat chronic spinal 

cord injury. Clinically, recovery occurred in conscious reflex with moderate bowel and 

urinary functions improvement in 2 of 4 dogs treated with BMSCs. Movement 

improvement observed after one and a half years of cell transplantation in 3 of 4 

dogs (Penha et al, 2014). Proprioception and placing reaction recovered after 11 

days of transplantation of BMSCs. Furthermore, Texas Spinal Cord Injury Scale 

improved from 0 before injection to 6 after injection at day 37 and 1245 (Tamura et 

al, 2015). Jeffery et al., (2005) implanted Olfactory Ensheathing Cells (OECs) as 

autologous stem cell therapy in canine patients with SCI. The total population of 

transplanted cells was around 5x106 cells/animal, that was determined based on 

successful implantation in the rat model of SCI (Granger et al, 2012; Jeffery et al, 

2005). The implantation of OECs in dog models of SCI improved the motor function 

and stepping movements of the hind limbs in 7 out of 8 dogs. Of these, the Basso, 

Beattie, and Bresnahan (BBB) score was 10 in three dogs, 8 in one dog, 4 in one 

dog, 2 in two dogs, and 1 in one dog, while one dog did not improve any score 

through the follow-up period (Jeffery et al, 2005). 
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4.2.2.1.1. Neural-derived stem cells as a novel therapy 

The neural stem cells (NSCs) are primal cells with the capacity to regenerate and 

differentiate into a specific neural cell which becomes later neuron or astrocyte or 

oligodendrocyte (Lee et al, 2009b; Valenzuela et al, 2007).  

Promising cell therapy for neurological diseases is the use of human neural-derived 

stem cells (human NSCs) (Tennstaedt et al, 2015). The human NSCs therapy 

revealed prospective therapeutic outcomes for treating many CNS diseases 

(Tsukamoto et al, 2013).  

The human neural precursor cells (hNPCs), type of NSCs are isolated from the 

embryonic CNS. hNPCs have the capacity for self-renewal and expansion in vitro via 

epigenetic stimulation in the presence of growth factors. After implantation of the 

hNPCs into the rodent CNS, they can survive, migrate to nearby regions and finally 

differentiate to neurons and glia (Vescovi et al, 1999). The hNPCs cell line showed 

capacity to differentiated into specific interneurons types following transplantation in 

the brain cortex of immunodeficient mice (Zhou et al, 2015).  

Moreover, the implantation of hNPCs into the adult rodent models of Parkinson’s 

Disease (PD) can differentiate and mature into dopamine neurons and improve the 

neurological function (Svendsen et al, 1999). No tumour formation was determined 

post-transplantation of hNPCs into CNS of mice model. These observations support 

the genetic stability and the potential safety of hNPCs in vivo for clinical applications 

(Fortin et al, 2016a).   

hNPCs cells transduced with green fluorescent protein gene (GFP) maintain the 

same capability of wild type cells (primary hNPCs type) for expansion and folding 

in vitro (Fortin et al, 2016a). This functional stability of hNPCs upon labelling with 

GFP represents a promising utility for researches of transplantation therapy in animal 

models of SCI. 
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4.2.2.1.2. Benefits of neural stem cells in transplantation therapy 

Repairing the nervous system may have been made possible with the discovery of 

NSCs (Temple, 2001). In vitro experiments, NSCs showed two main properties. 

The primary one includes, with the presence of growth factors, the ability for cell 

division and proliferate into a symmetrical pattern to generate daughter cells similar 

to the original cell. Multipotency is another characteristic of NSCs, referring to their 

ability to differentiate, producing specific neural cells such as astrocytes, 

oligodendrocytes, and neurons. This is achieved in the culture medium with the 

absence of the growth factors (GFs) (Lee et al, 2009b; Reynolds & Rietze, 2005; 

Valenzuela et al, 2007). The transplantation of NPCs in animal models of CNS 

diseases could promote neurologic functions. The mechanism underlying this 

neurological improvement was explained by reducing both the neuroinflammation 

and severity of demyelination following transplantation (Chen et al, 2014). 

4.2.3. Aims of the chapter 

This chapter aimed firstly to evaluate the method of hNPCs implantation into the 

spinal cord of two paraplegic dogs. The second aim was to assess whether there is a 

benefit from this implantation in the one dog patient available for follow up. The third 

aim was to evaluate methods for measuring the motor functions of hind limbs and 

autonomic function of the urinary system by gait and UPP analysis, respectively, 

before and after cell therapy. The fourth aim of this chapter was to evaluate methods 

for assessing the lesion of the spinal cord using MRI measurements applied in 

Chapter 2. 
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4.3. Methodology 

4.3.1. Study Design 

The inclusion criteria for recruiting the canine patient in this pilot study required; 

1) a patient dog with chronic SCI, grade 5 IVDD, 2) complete loss of hind limbs 

motor function and deep pain sensation, 3) urinary incontinence, 4) dog had not 

recovered neurological functions by ≥ 3 months after surgical or non-surgical 

treatments, 5) small breed dogs, bodyweight ≤ 20kg, 6) age of the dog ≥ 12 months. 

Figure 4.1 shows a schematic representation of the design of the current in vivo pilot 

study. 

4.3.2. Ethics and consent 

The dogs were recruited in this pilot study according to the guidelines approved by 

the Institutional Animal Ethics Committee (AEC) at the University of Melbourne under 

the ID No: 1212439.1, and ID No:1714234. Written informed consent was obtained 

from the owners before clinical trial enrolment. 

4.3.3. Animal selection  

Two client-owned dogs were recruited in this pilot study. Clinically, the dogs were 

diagnosed with complete SCI accompanied by UI. Loss of deep and superficial pain 

sensation and lack of evoked potential conduction through the affected level of 

the spinal cord was also confirmed. The selected dogs had lost the pain sensation 

in both hind limbs for more than 12 months before commencing the study. 

No functional recovery occurred in dog# 1 following 12 months of decompressive 

surgery, and 18 months of non-surgical treatment in dog# 2. The initial consultation 

and all other procedures were performed at the facilities of the U-Vet Werribee 

Animal Hospital at Werribee Campus of the Faculty of Veterinary and Agricultural 

Sciences, University of Melbourne. Both dogs were subjected to physical and 

neurological examinations during the initial consultation. The selection criteria 

suggested a grade 5 SCI caused paraplegia associated with urinary and faecal 

incontinence in both dogs.  Details for each dog are listed in Table 4.1.  
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Blood samples were collected from both dogs before the commencing date of the 

transplantation study. The samples were submitted for general haematology, 

biochemistry panels, Toxoplasma and Neospora serology to ensure that the dogs 

were healthy.  

The dogs were then prepared for xenotransplantation by oral administration of 

immunosuppressive using cyclosporine in a dose of 5mg/kg, twice a day, and for two 

weeks before the commencement date of the study in both dogs, and for up to 12 

months after hNPCs implantation in dog# 2.  

It is important to mention that dog# 1 was withdrawn from the current pilot study by 

the owners after one-month of hNPCs transplantation, and for unrelated reasons and 

because they could not complete the follow-up assessments. As a result of the 

withdrawal, no data were acquired from dog# 1. Therefore, another patient (dog# 2) 

was recruited for this pilot study. 

4.3.4. Admission and Procedures 

Physiological, clinical, and neurological parameters were assessed a day before, 

same day, a day after, and once a month for the six months follow-up period post-

therapy. The physiological parameters examination included; integument, eyes, 

nose, buccal, ears, Lymph nodes (LN), mucous membrane ‘MM’ (colour and 

capillary refill time (CRT)), respiratory system (respiratory rate (RR)), cardiovascular 

system (heart rate (HR) and pulse rate (PR)), abdominal (gastrointestinal), 

abdominal (urogenital), musculoskeletal, neurological, temperature, 

LCD/Demeanour, LOP, walked activity (even with assistance), record urination, 

record faeces, record vomit/regurgitation, and body weight. 

Neurological evaluations were included; observation (mental status, posture, and 

gait), postural reactions (paw position, and hopping), cranial nerves (menace, 

pupillary light reflex, oculovestibular response, jaw tone; temporal muscle mass, 

facial sensation, and palpebral reflex), spinal reflexes (patellar, withdrawal, perineal, 

CTMR), spinal hyperesthesia/sensation  (cervical, thoracolumbar, and lumbosacral), 

and bladder function (historical leakage and voiding) (Sharp & Wheeler, 2005a).  



   
 

 

Page 159 of 329 
Chapter - 4 - 
 

Testing the CTMR was performed by pinching the skin over the back between 

T2 and L7. A crushing stimulus was applied to evaluate the sensation on the tail. 

The deep-pain perception was evaluated in both thoracic and hind limbs by pinching 

the periosteum of the toe using hemostatic forceps.  

Furthermore, muscles atrophy was graded into 6 scores (from zero to 5), which 

included; 1) no atrophy= 0, 2) mild= 1, 3) mild-to-moderate= 2, 4) moderate= 3, 

5) moderate-severe= 4, and 6) severe= 5. 

The day prior to the cell injection, video footage of the dog’s gait was acquired during 

locomotion on two different walkway surfaces (non-slippery surface and on the 

treadmill). The videos were used for gait analysis before cell therapy and to compare 

with those obtained after treatment, once a month for up to 6 months follow-up 

period. All measures and procedures are described in “follow-up period 

assessments”, subchapter 4.3.8 of this chapter. 
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Figure 4. 1: Schematic representation of the steps of the pilot study design 

STEP 5 
 Follow-up assessments 

 

Neurological examinations:  
same as in STEP 3 (once monthly for 6 months post-injection)   

UPP analysis: “GOBY TM Wireless Urodynamic System” (LABORIE®) 

used in awake patient (1, 3, and 6 months post-injection)  

Gait analysis: same as described in STEP 3 (once monthly for 6 

months post-injection) 
 

MRI: same as in STEP 4 (second MRI performed at the end of 6 
months follow-up period post-injection) 

Anaesthesia 
• Premedication (IM): methadone (0.5 mg/kg) and medetomidine (0.01 mg/kg) 
• Induction (IV): propofol (2 mg/kg) and Midazolam (0.2 mg/kg) 
• Maintenance (Inhalation):  Isoflurane at 2% MAC   

 

MRI 
• Thoracolumbar spine imaging 
• Sagittal T1-weighted (ST1W) & T2-weighted (ST2W) 
• Transverse T1-weighted (TT1W) & T2-weighted (TT2W) 
• Post-contrast imaging with Gadodiamide 

 

Stem cell transplantation 
• Aseptic injection technique under fluoroscopic guidance  
• Percutaneous injection (spinal needles; 22gauge, 2.50-inch, 0.7 x 63mm)  
• Total volume of 400µL of cell suspension containing 5x106 hNPCs in basal 

medium delivered into different sites of the spinal cord lesion 
 

STEP 4 
Day of stem cell transplantation 

STEP 2 

 1-2 week before clinical trial 
 

Immunosuppressive (cyclosporine 5 mg/kg, oral, twice a day) 

Clinical and Neurological examinations 

Blood sample (general haematological, biochemical panels, 
Toxoplasma and Neospora serology tests) 

Gait Analysis 

STEP 3 

Day before cell transplantation 

STEP 1 
 Recruit grade 5 Paraplegic dog 

 

N=1, Breed: small ≤ 20 kg, Sex: any, Age ≥ 12 months 

Disease: SCI grade 5 caused by IVDD and associated with 
urinary incontinence and loss of deep-pain perception 

• Measures: 
  1) Functional scoring scale 
  2) Stepping & coordination 

• Facilities: 
  1) Videotape camera  
  2) Non-slippery 
  3) Treadmill  

• Measures: 
Lateral instability and ataxia 

 
 • Facility: 

GaitFour system  
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Table 4. 1:  Metadata and spinal cord injury (SCI) information of the two dog patients 
recruited for the in vivo pilot study.  

 

* Dog number 1 was withdrawn from the pilot study because she did not complete the 

follow-up assessments. 

  

Metadata information Dog 1 * Dog 2 

Breed Poodle X Cream Dog French Bulldog Brindle 

Gender and status Female Spayed Male Neutered 

Age (year-months) 4y 10 m 6y 5 m 

Body weight (Kg) 8.0 14.0 

Lesion level T11-T13 L1-L4 

Lesion duration until 
Cell transplantation 

12 months 18 months 

Treatment Hemilaminectomy Medical and physiotherapy 

Numbers and sites of 
injections 

2 (T11-T12 and T12-T13) 3 (L1-L2, L2-L3, and L3-L4) 

Neurological status Paraplegic Grade 5 SCI 
Paraplegic Grade 5 SCI 
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4.3.5. Preparation of hNPCs for transplantation  

Thawed hNPCs allowed to recover and proliferated in culture for up to 35-45 days 

before the transplantation. The time interval between cells transplantation and initial 

consultation was about 4-6 weeks. A neurospheres assay protocol used for plating 

hNPCs was as described previously in Chapter 3 (3.4.1.1). Briefly, cells were seeded 

as free-floating single cells at 1 x 105 cells/1mL NS-A complete medium with growth 

factors (CM+GFs). Cells incubated at 37 ºC, 5% CO2, fed every 4-5 days by adding 

fresh warm CM+GFs by 15% and passaged every ten days until the date of 

transplantation. On the day of transplantation, single cells were obtained by first 

collecting and pelleting the neurospheres from the 3rd or 4th passage (~ 35-45 days 

post-thaw) as described previously in ‘Chapter 3’ and used by others 

(Deleyrolle & Reynolds, 2009; Gordon & Scolding, 2009; Zhou et al, 2015). 

The obtained hNPCs were resuspended in 400µL Basal Medium at a concentration 

of 5 x 106 cells and placed in 1mL Eppendorf tube. The cells were then transferred 

on ice to the fluoroscopy room for transplantation. Meantime the dog was prepared 

for anaesthesia and subjected to MR Imaging.   

4.3.6. Preparation of the dogs for hNPCs transplantation  

4.3.6.1. Anaesthesia and magnetic resonance imaging (MRI) 

The dogs were prepared for anaesthesia, MRI scanning, and cell transplantation by 

the staff of the U-Vet Hospital and according to the requirements as for any clinical 

case.  

Briefly, the dogs were premedicated by intramuscular administration of a 

combination of methadone at 0.5 mg/kg and medetomidine at 0.01 mg/kg. 

General anaesthesia induced by intravenous injection of propofol at 2 mg/kg, then 

the dogs were intubated and maintained on inhalation anaesthesia using 2% 

isoflurane in O2. The anaesthetised dogs were transferred to the MRI suite and 

positioned on their back (dorsal recumbency) with the tail towards the MRI machine. 

MRI was obtained using SINGS HD MRI machine, GE Brand, Superconducting 

1.5 Tesla magnet type (1997, GE, Milwaukee, Wisconsin, USA).  
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The obtained pre-contrast MRI images included; 1) Sagittal T1-weighted (ST1W), 

2) Sagittal T2-weighted (ST2W), 3) Transverse T1-weighted (TT1W), and 

4) Transverse T2-weighted (TT2W). 

Gadodiamide (Gd, 2.5mmol/5mL vial, Omniscan®, GE Healthcare Australia, 

Paramatta, NSW, Australia) was used for contrast imaging at the dose of 

0.1 mmol/kg (0.2mL/Kg). The post-contrast images included; 1) sagittal T1-weighted 

Gd (ST1wGd), and 2) transverse T1-weighted Gd (TT1wGd). 

The initial MRI was used for; 1) detecting the precise site(s) of the spinal cord 

lesion(s) and ensure the exact site(s) of injection of the stem cells, and 2) studying 

the qualitative and quantitative measurements, then to make a comparison with 

second MRI obtained at six months post -stem cells transplantation. 

4.3.6.2. hNPCs injection procedure 

Stem cell injection was performed under the same general anaesthesia that was 

used for MRI. The skin dorsal to the thoracolumbar vertebral column was aseptically 

prepared ensure sterile injection techniques (this include draping, sterile gown, and 

gloving as well). A Mobile C-Arm fluoroscopy system (Phillips BV Libre; 2001, 

The Netherlands) was used to identify the site of injection and ensure guidance of 

the spinal needle during the procedure. The region was located at the thoracolumbar 

segment of the vertebral column between T3-L3, Figure 4.2 A. The injection 

procedure was performed by the principle supervisors of the project (board-certified 

veterinary neurologists). The injection into the spinal cord parenchyma was achieved 

using spinal needles (22 Gauge, 2.50 Inch, 0.7 x 63 mm), and as described by 

others (Granger et al, 2012). Briefly, the spinal needle was placed between the 

vertebrae overlying the epicentre of the lesion and introduced into the spinal cord 

and through the parenchyma to reach the ventral aspect of the ventral canal. 

The procedure was performed under fluoroscopy guidance and observing the 

dripping of the cerebrospinal fluid from the needle hub to ascertain the correct 

position of the spinal needles within the vertebral canal. After that, the needle was 

slowly withdrawn a few millimetres so that the needle bevel was contained within the 

spinal cord parenchyma, and then the cell suspension was injected, Figure 4.2 B. 
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Two spinal needles were used in dog# 1 and three needles in dog# 2, and according 

to the size and extension of the spinal lesion as shown on MRI. Needles were placed 

between the vertebrae overlying the epicentre of the lesion. The region of the spinal 

cord that would supposedly have undergone the most changes after the original 

trauma based on MR imaging. One spinal needle was placed at each intervertebral 

space (site of injection). A total volume of 400µL of cell suspension containing 5 x 

106 cells in Basal Medium was delivered into different sites of the lesion. The 400µL 

of cell suspension was divided into; two parts (200µL each) in dog# 1, or three parts 

(2 x 100µL and 1 x 200µL) in dog# 2. The levels of the spinal cord lesions 

determined on MRI were T11-T13 in dog# 1, and L1-L4 in dog# 2, Table 4.1. 

The dog# 1 had received two injections at the same time at the intervertebral spaces 

of T11-T12 and T12-T13, each with 200µL volume of cells suspension, Figure 4.2 C. 

The dog# 2 had received three injections simultaneously at the intervertebral 

spaces of L1-L2 (100µL cells suspension), L2-L3 ‘centre of the lesion’ (200µL cell 

suspension), and L3-L4 (100µL cells suspension), Figure 4.2 D.  

The infusion rate was 100µL/minute, in line with other studies (Granger et al, 2012). 

The injection procedures lasted for approximately 20 minutes in dog# 1 and 

30 minutes in dog# 2.
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Figure 4. 2: Transplantation procedure of hNPCs into the spinal cord of dog patients 
with SCI. A: locating the intervertebral space for precise inserting of the spinal 
needle. B: spinal needles were placed to deliver hNPCs into the spinal cord tissue. C 
and D:  fluoroscopy guidance of spinal needles into intervertebral spaces during cells 
transplantation in dog#1 and dog#2, respectively. 
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4.3.7. Post-transplantation care 

Following cells transplantation, the dogs were monitored for 24 hours to ensure no 

complications or adverse side effects were associated with the procedure. 

Physiological parameters, vomiting, urination, and defecation were recorded when/if 

they occurred.   

The Glasgow composite pain scale (Form A4.1) was adopted to assess the pain, 

excluding part-B of the scale because it was irrelevant, and according to the 

recommendation of others (Reid et al, 2007). A score of greater than 5 out of 20 

used to indicate that the animal required intervention.  

The dogs were discharged the day following the stem cell injection and remained in 

the care of the owner for the duration of the study and after its termination.  

Health-Related Quality of Life (HRQL) questionnaire was used to evaluate the safety 

and signs of pain secondary to cell therapy or unforeseen complications in the 

current study. The HRQL scale was developed for evaluating the signs of pain in 

dogs with cancer (Yazbek & Fantoni, 2005). However, specific questions (8 out of 

12) were selected in the present study, considering the specificity of SCI disease. 

The possible scores for eight questions were range from 0 to 24, except for the week 

before therapy was 0-21 points. The highest possible score was 24, and the lowest 

possible score was 0. The lowest score (near to 0) indicates functions deficit and 

poor health condition that required immediate medical intervention.  

4.3.8. Follow-up period assessments 

Dog# 1 was injected with hNPCs, then was withdrawn from the study. Therefore, all 

the measurements during the follow-up assessments in this study were obtained in 

dog# 2.  

The physiological, clinical, and neurological parameters were assessed once 

a month for six months post-therapy, as described previously in subchapter 4.3.4. 

The reliability and effectiveness of three measurements for assessing the effect of 

hNPCs therapy in dog# 2 were completed for up to six months observation period. 
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These measurements included assessing; 1) locomotor function by gait analysis, 

2) autonomic function by urethral pressure profile (UPP) analysis, and 

3) possible changes of the spinal cord lesion using two MRI studies that obtained 

before and six months after hNPCs transplantation. The MRI measurements 

approached by using the quantitative and qualitative methods that were mentioned 

previously in the ‘Chapter 2’ of this thesis. 

4.3.8.1. Gait analysis 

The locomotor functions of the hind limbs of dog# 2 were assessed by using three 

methods for measuring the gait in canine patients as described by others. 

These measurements included; 1) functional scoring scale  (Olby et al, 2001), 

2) calculating the stepping and coordination scores of hind limbs (Olby et al, 2014), 

and 3) evaluating the lateral instability and ataxia during the forward locomotion 

(Hamilton et al, 2008; Jeffery et al, 2011). 

4.3.8.1.1. Functional scoring scale  

Gait analysis was performed using the scoring system developed by others 

(Olby et al, 2001). This system consists of 14 points from 0 to 14 scores, in which 

score 0= complete paraplegia associated with no deep pain sensation, and 

score14= normal gait. The dog was videotaped (as described below in 4.3.8.1.2.1) 

one time before and monthly for six months after cell therapy. Then the video was 

reviewed, and the score was documented for each visit.  

4.3.8.1.2. Stepping and coordination scoring measurements 

Measuring the stepping and coordination scores of HL during the forward locomotion 

on the treadmill and an open field were attempted in dog# 2, as described previously 

(Olby et al, 2014). This trial was repeated seven times: once before and six times 

during the six months follow-up period (one time per month). 
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4.3.8.1.2.1. Videotape recording and monitoring 

Video footages were recorded during each visit and focusing on the four limbs using 

a videotaped camera (Canon INC, LEGRIA HF S20, 6.4-64mm 1:1.8 ϕ58; JAPAN). 

The footages obtained during forwarding walking on two different surfaces; 

1) an open field of a non-slippery solid flat surface, and 2) a movable treadmill belt. 

The dog was videotaped 2-3 times during each session on the same walkway 

surface, and for 1-3 minutes per video. The step of a limb was accepted as a 

“successful step” if the paw was clearly left the ground “walking surface” and then 

returned to the ground. On the treadmill locomotion, the dog was videotaped with 

and without using the abdominal support (sling). 

4.3.8.1.2.2. Procedure on treadmill 

An abdominal supporting sling was used for supporting the hind limbs during 

locomotion on a treadmill, to prevent falling. The initial treadmill speed was about 

0.3-1 km.h- 1 until the dog was familiar with the movement of the treadmill. While the 

videotaped was started to record the stepping cycles, the speed was then increased 

up to 1-3 km.h-1 (~ 1-1.8 mph) (Hamilton et al, 2007). In general, not less than 50 

step cycles were videotaped on the treadmill and for at least 60 seconds.   

4.3.8.1.2.3. Footage reviewing and calculating the stepping and coordination        

scores  

Footage recordings were reviewed in slow motion using Windows Media Player 

software. The series of paw steps were documented using the scoring chart and 

developed by others (Olby et al, 2014). Briefly, the limb steps were calculated from 

the entire footage if the time length of the videotape was shorter than 60 seconds. 

However, the limb steps were calculated in those videotapes that were longer than 2 

minutes by choosing three periods of each video. In total 75 seconds were reviewed 

from 3 parts of each footage (first, middle, and last parts, each of 25 seconds) and 

scores documented in the scoring chart. The stepping and coordination scores were 

calculated using the two equations developed by Olby et al., 2014, as follows: 

o Equation 1:   𝐒𝐭𝐞𝐩𝐩𝐢𝐧𝐠 𝐒𝐜𝐨𝐫𝐞 =   
𝑷𝒆𝒍𝒗𝒊𝒄 𝑳𝒊𝒎𝒃𝒔 𝑺𝒕𝒆𝒑𝒔

𝑻𝒉𝒐𝒓𝒂𝒄𝒊𝒄 𝑳𝒊𝒎𝒃𝒔 𝑺𝒕𝒆𝒑𝒔
  ×  𝟏𝟎𝟎 

o Equation 2:   𝐂𝐨𝐨𝐫𝐝𝐢𝐧𝐚𝐭𝐢𝐨𝐧 𝐒𝐜𝐨𝐫𝐞 =  
𝑪𝒐𝒐𝒓𝒅𝒊𝒏𝒂𝒕𝒊𝒐𝒏 𝑷𝒆𝒍𝒗𝒊𝒄 𝑳𝒊𝒎𝒃𝒔 𝑺𝒕𝒆𝒑𝒔 

𝑻𝒐𝒕𝒂𝒍 𝑷𝒆𝒍𝒗𝒊𝒄 𝑳𝒊𝒎𝒃𝒔 𝑺𝒕𝒆𝒑𝒔 
  ×  𝟏𝟎𝟎 
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4.3.8.1.3. Lateral instability and ataxia measurements 

The effectiveness of using GaitFour System (GAITRite©, CIR Systems Inc., 

Havertown, PA) was tested to measure the lateral instability and ataxia during the 

forward locomotion on GaitFour mat. The investigation performed once before and 

every month following hNPCs transplantation for the six months follow-up period. 

Procedure  

The test was performed using the lateral paw position method developed by others 

(Jeffery et al, 2011). Briefly, the dog was guided to move on the GaitFour walkway 

mat with on lead during the first session, then allowed to move without lead. 

Next, the dog was encouraged to move on the mat with/out abdominal sling support. 

The digitally printed dog’s paws were recorded and attempted to calculate the lateral 

instability and ataxia. The recorded data were viewed, and the plan was to analyse 

the data through calculating the horizontal distance between the paired of forelimbs 

(FL), and the distance between the paired of hind limbs (HL) for each step cycle, as 

suggested in previous studies (Hamilton et al, 2008; Jeffery et al, 2011).  

4.3.8.2. Urethral pressure profile (UPP) analysis 

Urethral pressure profile (UPP) was tested at 1, 3, and 6 months post cell 

transplantation using “GOBYTM Wireless Urodynamic System” (LABORIE®, Laborie 

Medical Technologies Canada ULC 6415 Northwest Drive, Mississauga ON 

Canada). ‘GOBY Wireless Urodynamic System’ is designed to be used in human 

patients. However, the feasibility of the GOBY machine for measuring UPP was 

examined in the current study. 

4.3.8.2.1. Procedure for the UPP test 

The ‘GOBY machine’ was set up according to the manufacturer's instructions. 

The procedure was performed in a conscious dog# 2 (male) without anaesthesia. 

The dog was positioned in dorsal recumbency to facilitate the catheterisation. 

However, the lateral position is also usable in male dog. Aseptic technique was used 

before catheterisation by cleaning the lower ventral abdominal region and 

area around the penis with warm soapy water.  
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The decontamination was performed using 2% chlorhexidine in 70% alcohol, 

followed by sprayed with 70% alcohol. Then sterile drapes were applied all around 

the region, and a sterile gloving was used during the catheterisation. The abdominal 

catheter (7-Fr single-lumen, T-DOC® Abdominal Air-Charged TM Catheter, CAT# 

875, LABORIE®, Laborie Medical Technologies Canada ULC 6415 Northwest Drive, 

Mississauga, Canada) was placed rectally to the level of the L6 or L7 vertebra to 

measure abdominal pressure. It is preferred to evacuate the rectum manually before 

place the abdominal catheter (Goldstein & Westropp, 2005). Next, sterile lubricating 

jelly (APLICARE® THREE GRAM LUBRICATING JELLY, Boulevard General Wahis, 

Brussels, Belgium) was applied on the top end of the urethral catheter (7-Fr triple 

lumen T-DOC® Air-Charged TM Dual Sensor Catheter, CAT# 880, LABORIE®, 

Laborie Medical Technologies Canada ULC 6415 Northwest Drive, Mississauga, 

Canada). 

The investigator used one hand to catch the prepuce and held it out of the way and 

extended the penis. Then the urethral catheter was inserted aseptically into the 

urethra until reach to the urinary bladder. After that, the urine was evacuated and 

collected before starting the procedure to ensure the volume of sterile water infused 

into the urinary bladder, as recommended by others (Rosin et al, 1980). 

The urine sample was collected in a sterile container and sent for urinalysis testing. 

The catheter was then connected to the specific transducer to measures the 

intravesical and urethral pressure. Then the abdominal catheter was connected to 

the pressure transducer to be used for measuring the intra-abdominal pressure.  

Cystometrogram (CMG)/ Pressure Flow (PF) study should include UPP capabilities, 

which include urethral pressure (Pura) and urethral closure pressure (Pclo) 

channels. The Pura channel measures the intraurethral pressure. The Pclo was 

calculated by subtracting the intravesical “internal bladder” pressure (Pves) from 

Pura (Pclo=Pura-Pves) (Gad et al, 2018). The Pves channel represents the pressure 

inside the bladder. UPP was measured twice when the patient was between 50 to 

80mL infused and at the end of the study.  
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The UPP test was run by infusing warm sterile water (37 ºC) into the bladder using 

the urethral catheter at a constant rate of 10mL/min using the automatic infusion 

pump inbuilt in GOBY system. The volume of the infused sterile water was at 

10mL/Kg body weight. The total volume estimated to be ~130-150mL in dog# 2 

(weighing ~ 14 kg). The amount of water infused in each UPP trial was ~148mL, 

121mL, and 60mL at 1, 3, and 6 months, respectively. Measuring UPP was 

begun when reaching the maximum infusion rate or when the leaking occurred 

(whatever come first).  

The catheter was pulled at a constant speed rate of 0.5-1 mm/second using 

mechanical UPP puller. A pressure transducer fixed at the end of the catheter 

captured the pressure generated in the urethra. According to the manufacturer's 

recommendation, the UPP test should be repeated twice in each trial to ensure the 

accuracy of the first test. The urethral catheter was re-catheterised using the 

mechanic puller and run another UPP test. In 6-months UPP trial, the leaking of the 

water occurred after 6 minutes of infusion. Therefore, the UPP measuring was 

performed earlier at that stage. Nevertheless, the UPP measuring at the 1-month 

and 3-months trials was conducted while the dog has reached up to 148mL and 

121mL capacity, respectively. The similar shapes of the cystometrograms of the two 

pulls mean that the test was run accurately. Dual Sensor Catheter "7 Fr. Dual Sensor 

Catheter" is designed to measure the internal pressure of urethra and bladder. This 

catheter is equipped with separate sensors that are designed to allow recording the 

bladder pressure while monitoring the urethral pressure profile during the filling time. 

Dual Sensor Catheter lumen allows filling infusion rates reached up to 100mL per 

minute.  

The urodynamic studies in dog# 2 at 1, 3, and 6 months post cell therapy were 

examined in duplicate and documented as the first and second pull for each trial. 

The average of urodynamic parameters of the two pulls was calculated to extract the 

UPP of each trial. 
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4.3.8.2.2. Urethral pressure profile parameters  

The data were displayed as cystogram, analysed and used for comparison. 

According to the International Continence Society (ICS) recommendation, four main 

parameters should be measured during UPP studies (Abrams et al, 2003; Bai et al, 

2005; Goldstein & Westropp, 2005; Granger et al, 2012). These parameters 

included; 1) maximum urethral pressure (MUP), 2) maximum urethral closure 

pressure (MUCP), 3) bladder pressure (BP), and 4) functional profile length (FPL) or 

functional urethral length (FUL). The parameters were extracted from the Pura 

channel on cystogram, Figure 4.3 A.  

The urodynamic results and cystogram were saved as pdf documents. The 

document was opened using Adobe Acrobat Pro Dc software (Adobe System 

Incorporated, Product version 15.006.30060), and the graph was then reviewed on 

a pdf document to measure the MUP, MUCP, BP, and FLP parameters from the 

cystogram using “Measuring Tool” of Adobe Acrobat DC software, Figure 4.3 B. 

The UPP was interpreted according to the recommendation of the ICS using the 

obtained graph (Abrams et al, 2003; Society, 1976), and as described by others 

(Bai et al, 2005). Then the average of each measure of the two pulls in the same trial 

was calculated.  
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Figure 4. 3: Example of urodynamic cystometrogram recorded in dog# 2. A: The graph obtained by withdrawing the urethral 
catheter (current study). The cystometrogram (CMG/ Pressure Flow Test Chart) displays several line graphs in different colours, 
each represents different channel. Line graph in purple colour= Pves, line graph in blue colour= Pabd, line graph in green 
colour= Pdet, line graph in black colour= Pura, and line graph in orange colour= Pclo. B: Representation of Pura channel 
measures the intraurethral pressure (current study), and according to the recommendation of the International Continence 
Society (ICS) (Abrams et al, 2003; Bai et al, 2005; Society, 1976), the essential parameters for assessing UPP are, 
MUCP= maximum urethral closure pressure, MUP= maximum urethral pressure, BP= bladder pressure, FPL= functional profile 
length, and TPL= total profile length. 
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4.3.8.3. Monitoring the spinal cord lesion using magnetic resonance 

imaging (MRI)  

The current study utilised MRI to monitor the spinal cord lesion before and at the end 

of the six months follow-up period. Similar qualitative and quantitative methods of 

MRI used in Chapter 2 were applied in the current study.  

Sagittal and transverse images were reviewed using Fujifilm’s medical imaging 

software, as mentioned in ‘Chapter 2’ (subchapter 2.3.1). The first MRI (1st MRI) 

was obtained on the same day (Day-1) of hNPCs transplantation. The second MRI 

(2nd MRI) was obtained at 6-months ”180 days” (Day-180) post-transplantation. The 

MRI scanning protocol was as described previously in subchapter 4.3.6.1.  

Sagittal MR images were used to measure; 1) the intensity and length of the spinal 

cord lesion, 2) percentage degree of spinal cord compression (SCC%), pre and post-

contrast imaging using Gadodiamide contrast agent, 3) percentage degree of 

vertebral canal narrowing (VCN%), and 4) the ratio of spinal cord diameter to 

vertebral canal diameter.  

The intensity of the lesion was identified as ‘Hyper or Hypo or Iso-intense’ as 

described in Chapter 2 (subchapter 2.3.6.1).  

The length of the lesion on 1st MRI was compared with 2nd MRI by measuring 

the Reference Ratio (Rr). The Rr is the ratio between the length of the lesion (LSCL) 

to the length of reference (LR) “vertebral body length”. The LR in the current study 

was the vertebral body length of the second lumbar vertebrae (L2) in dog# 2.   

The Rr was calculated as suggested by others (Ito et al, 2005), using the ‘equation 

2.1’ in ‘Chapter 2’ (subchapter 2.3.6.2.1). Spinal cord compression (SCC%) in 

sagittal images was calculated using ‘equation 2.3’ in ‘Chapter 2’ (subchapter 

2.3.6.2.2). Vertebral canal narrowing (VCN%) in sagittal images was calculated 

using ‘equation 2.5’ in ‘Chapter 2’ (subchapter 2.3.6.2.3). Area of spinal cord 

compression (ASCC%) in transverse sections was calculated using ‘equation 2.7’ in 

‘Chapter 2’ (subchapter 2.3.6.2.5).   
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4.4. Results 

4.4.1. Clinical and neurological examinations findings 

The physical examinations were unremarkable during the initial examination and the 

follow-up observations. The findings revealed that integument, eyes, nose, buccal, 

ears, and Lymph nodes (LN) were normal. The mucous membranes were pink, and 

capillary refill time (CRT) < 2 seconds. The average resting respiratory rate (RR) was 

30 breaths per minute (brpm) with clear lung auscultation in all fields. The resting 

heart (HR) rate was around 120 beats per minute (bpm) with steady sinus rhythm. 

The pulses were palpable and synchronous. The other examination of the abdominal 

(gastrointestinal and urogenital palpation) findings were normal. The body 

temperature was around 38.5 ºC, except in the second visit, the dog had diarrhoea, 

and the temperature decreased to 37 ºC.  

The clinical findings showed that xenotransplantation of hNPCs into the spinal cord 

of a paraplegic dog was well-tolerated without producing any clinical adverse effects. 

Spinal palpation did not reveal any discomfort, even on day post-stem cell injection. 

The dog was alert, bright, and responsive during the clinical examinations throughout 

the observation period. The posture was always normal throughout the study 

observation period. However, the dog remained paraplegic, and no voluntary motor 

function recovered in either HL with normal movement in both FL. Postural reactions 

(Conscious Proprioception/Paw position, Hopping, Reflex step, Tactile placing, 

Visual placing, Hemistanding, Hemiwalking, Wheelbarrowing, and Extensor Postural 

Thrust) were absent (= 0) in HL, but healthy (= 2) in FL (typical paw replacement and 

lateral hopping response in FL).  

Cranial nerves evaluations including; menace response, vision, pupil size, pupillary 

light reflex, stimulate left eye, stimulate right eye, strabismus, spontaneous 

nystagmus, positional nystagmus, oculovestibular response,  facial sensation, jaw 

tone, temporal muscle mass, corneal reflex, facial symmetry, palpebral reflex, 

hearing (hand clap), swallowing or ‘gag reflex’, and tongue were normal before and 

during the study duration. Both eyes were normal.  
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The examination of pelvic muscles on palpation revealed moderate to severe 

atrophy and generalised on both HL. However, the atrophy on the RHL (= 4) was 

worse than on the LHL (= 3).  

Spinal reflexes, including ‘Myotatic reflexes’ were normal (= 2) in FL and tended to 

increase in HL (= 2/3). However, there was a reduction (=1) of the withdrawal flexor 

reflex in both HL compared to FL (normal= 2). Right hind limb (RHL) showed 

hyperreflexia on patellar and cranial tibialis reflexes with decreased gastrocnemius 

withdrawal reflexes and decreased the tone of the limb. In contrast, there was an 

increase in the tone of the left hind limb (LHL) with increase reflexes overall. Perineal 

reflex was absent (= 0) on both sides. 

The cut off CTMR was at T13-L1 and L3-L4 on the right and left side, respectively 

before stem cell therapy. Then the caudal boundary of the CTMR started moving 

down on the right side to L2-L3 level on two months following stem cells therapy. At 

the four-month follow-up period, the reflex was moved down to the level of L5-L6 and 

L4-L5 on the right and left sides, respectively. The follow-up examinations of the 5th- 

and 6th-months observations, revealed intact CTMR bilaterally. The deep pain 

sensation was normal in both FL but absent in both HL until the termination of the 

current study.  

Clinically the autonomic function findings showed no recovery of the voluntary 

urination during the observation period and at the end of the study. The owner had to 

void the dog by manual expression four times per day.  

The palpation of the vertebral column revealed the presence of normal spinal 

hyperesthesia (sensation) at cervical and thoracic levels, but absent (= 0) at the 

thoracolumbar, lumbar, lumbosacral, and caudal segments. The deep-pain 

perception evaluation throughout the study course was normal in both FL, but absent 

(= 0) in both HL. Moreover, the crushing stimuli to the tail showed the absence of the 

sensation (= 0).  

Table 4.2 summarises the neurological findings of the hind limbs in dog# 2 before 

and after hNPCs transplantation for up to 6 months. 
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4.4.2. Findings of Glasgow composite pain scale  

The outcomes of the "Glasgow Composite" assessment did not reveal any signs of 

pain secondary to the stem cell transplantation. The total scores of the pain 

throughout the study was = 0 out of 20. In general, the dog was quiet, ignoring the 

site of injection, and no signs of pain reported on palpation or pressure applied on 

the site of injection at the same and the next days following the cell therapy. 

4.4.3. Findings of health-related quality of life (HRQL) scale 

According to HRQL scale, the quality of life of the patient did not change 

following hNPCs transplantation in comparison to total scores before the treatment. 

No signs of pain were reported secondary to stem cells transplantation. However, 

the dog had diarrhoea at two months following oral administration of cyclosporine. 

The diarrhoea was treated by non-antibiotic medical therapy using oral 

administration of Peptosyl Bismuth Salicylate Suspension (Peptosyl® “200mL Bottle, 

17.5mg/mL”, Ceva Animal Health Pty Ltd, NSW 2157, Australia) at a dose of 

0.5mL/kg, for five days.  

The total HRQL score before a week of cell therapy was 15 points out of 21, 

excluding the third question (not applicable before stem cell injection). 

In comparison, the total scores of HRQL were 17, 18, and 19 points out of 24 at 1-6, 

7-10, and 11-24 weeks timepoints post-therapy, respectively, (Table A4.1). 

4.4.4. Results of gait analysis, UPP, and MRI 

None of the measures made to assess response to cell transplantation showed any 

improvement, including gait, UPP, and MRI. 

The initial and final assessments in dog# 2 suggested a grade 5 SCI due to 

intervertebral disc extrusion (IVDE) that caused paraplegia associated with urinary 

and faecal incontinence.  

More details about the results of these measures are shown in ‘Appendices’ section 

(Appendix-Chapter 4), including data of; step scores of gait analysis (Table A4.2), 

UPP assessment (Table A4.3 and Figure A4.1), and MRI study (Table A4.4-A4.11). 
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Table 4. 2: Neurological examinations of hind limbs in dog# 2, before and after transplantation of hNPCs (6 months follow-up period). At 4 
months post-treatment, the cutaneous trunci muscle reflex* moved down from T13-L1 and L3-L4 levels before cell therapy to L5-L6 and L4-L5 
levels on the right and left sides, respectively. No changes were determined regarding the other parameters during the follow-up observations 
compared to the initial examinations before cell therapy. Table modified from form for neurological examination (Sharp & Wheeler, 2005a). 

 

- The other neurological examinations, including the fore limbs and cranial nerves were performed routinely during course of the study, and all 

were unremarkable.

Neurological Examination of Hind Limbs Before Transplantation After Transplantation 

1 Month  1 Day  1 Month 2 Months 3 Months 4 Months 5 Months 6 Months 

1.  Mental Status Alert Alert Alert Alert Alert Alert Alert Alert 

2.  Posture Normal Normal Normal Normal Normal Normal Normal Normal 

3.  Gait Non-
Ambulatory  

Non-
Ambulatory  

Non-
Ambulatory  

Non-
Ambulatory  

Non-
Ambulatory  

Non-
Ambulatory  

Non-
Ambulatory  

Non-
Ambulatory  

a.  Plegic / Tetra, Para, Hemi, Mono Paraplegic Paraplegic Paraplegic Paraplegic Paraplegic Paraplegic Paraplegic Paraplegic 

b.  Unable to Stand (fore, hind, all-limbs) Hind limbs Hind limbs Hind limbs Hind limbs Hind limbs Hind limbs Hind limbs Hind limbs 

4. Postural Reactions/Hind limbs/L–R (Absent= 0, Reduced= 1, Normal= 2, Exaggerated=3)        
a. Conscious Proprioception/ Paw position, b. Hopping, c. Reflex step,  
d. Tactile placing, e. Visual placing, f. Hemistanding, g. Hemiwalking,  
h. Wheelbarrowing, and i. Extensor Postural Thrust 

0 Both HL 0 Both HL 0 Both HL 0 Both HL 0 Both HL 0 Both HL 0 Both HL 0 Both HL 

5.  Spinal Reflexes Hind Limb (Absent= 0, Reduced=1, Normal= 2, Exaggerated= 3) 
 

 
      

a.  Patella (L4-L6) / L - R +2 L / 3 R +2 L / 3 R +2 L / 3 R +2 L / 3 R +2 L / 3 R +2 L / 3 R +2 L / 3 R +2 L / 3 R 

b.  Cranial Tibial (L6-S1) / L - R + 2 Both + 2 Both + 2 Both + 2 Both + 2 Both + 2 Both + 2 Both + 2 Both 

c.  Flexion / Withdrawal (L6-S1) / L - R +1 L / +1 R +1 L / +1 R +1 L / +1 R +1 L/ +1 R +1 L / +1 R +1 L / +1 R +1 L / +1 R +1 L / +1 R 

d.  Perineal (S1-S3) / L-R 0 Both 0 Both 0 Both 0 Both 0 Both 0 Both 0 Both 0 Both 

6. Cutaneous Trunci Muscle reflex (Panniculus*) Cut off 
 

 
      

Right Side T13-L1 T13-L1 L1-L2 L2-L3 L2-L3 L5-L6* L5-L6* L5-L6* 

Left Side L3-L4 L3-L4 L3-L4 L3-L4 L3-L4 L4-L5* L4-L5* L4-L5* 

7. Atrophy (Describe) Hind Limb  
      (No Atrophy=0, Mild=1, Mild-Moderate=2, Moderate=3, Moderate-Severe=4, Severe=5) 

L = 3 
R = 4 

L = 3 
R =4 

L = 3 
R = 4 

L = 3 
R = 4 

L = 3 
R = 4 

L = 3 
R = 4 

L = 3 
R = 4 

L = 3 
R = 4 

8. Urination 
 

 
      

a. Voluntary (Yes-No) No No No No No No No No 

b. Bladder Distended (Yes-No) No No No No No No No No 

c. Easy to Express (Yes-No) Yes Yes Yes Yes Yes Yes Yes Yes 

9. Sensation (Painful=3, Normal=2, Reduced=1, Absent=0) 
 

 
      

a. Thoracolumbar 0 0 0 0 0 0 0 0 

b. Lumbar 0 0 0 0 0 0 0 0 

c. Lumbosacral 0 0 0 0 0 0 0 0 

d. Caudal 0 0 0 0 0 0 0 0 

10. Deep Pain (Normal=2, Reduced= 1, Absent= 0) 
 

 
      

a. Hind limbs 0 0 0 0 0 0 0 0 

b. Tail 0 0 0 0 0 0 0 0 
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4.5. Discussion 

The current pilot clinical trial reported the first use of embryonic hNPCs into 

a paraplegic dog patient of naturally occurring SCI due to IVDE. The results of the 

current study did not show improvements in the neurological function following 

hNPCs transplantation in the dog patient of chronic SCI with severe neurological 

deficits. However, the main objectives of this work were to describe our 

methodology, evaluate the viability of hNPCs transplant into dog patient of SCI, and 

to set the tools for assessing our research approach in this pilot study. A previous 

study by Lee et al., (2009b), used human neural stem cells obtained also from 

embryonic telencephalon at 15 weeks of gestation and injected into the spinal cord 

of canine model of SCI showed enhancing of the functional recovery following 

transplantation. Lee et al., (2009b), performed the cell transplant in experimental 

model of SCI induced by lateral hemisection at the L2 level of the spinal cord rather 

than employing clinical cases of chronic naturally occurring disease. The injection of 

the cells in their study was performed immediately following hemisection procedure 

and inducing SCI (per-acute stage), and the total number of cells they transplanted 

(107 cells/200µL) was about two times more than in our study. Evaluation the new 

putative treatments for SCI in clinical trials is highly recommended and challenging in 

severe and chronic disease because same treatment can be more effective in 

experimental or less severe cases (Fawcett et al, 2007; McMahill et al, 2015).  

4.5.1. Neural stem cells transplantation; methods, cells population, 
types, and safety 

The percutaneous transplantation method used in the present study was safe and 

was not associated with noticeable post-injection complications. The direct injection 

of the cell suspension into the spinal cord was achieved without subjecting the dog to 

surgical intervention. Fluoroscopy was used to guide and ensure precise insertion of 

the spinal needles into the spinal cord parenchyma. Fluoroscopy allows real-time 

visualisation of radiopaque structures such as bones, cartilages, and needles. 

Recently, the use of the fluoroscopy technique for spinal needle guidance has been 

recommended during cells transplantation into the spinal cord (Chung et al, 2013; 

Lee et al, 2009a; Lee et al, 2011; McMahill et al, 2015).  
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Transplantation of stem cells into the spinal cord of the recipient in most previous 

studies has been performed by intraspinal injection with the aid of surgical exposure. 

Laminectomy is the common surgical technique that has been used frequently for 

ensuring precise placement of the spinal needle into the spinal cord parenchyma 

(Jeffery et al, 2005). However, this does not mean that the intraspinal method is 

more reliable for delivering the cells into the target site (Granger et al, 2012).  

The total population of the transplanted hNPCs in the current study was 5x106 cells 

suspended in 400µL basal medium (12500 cells/µL) in line with previous studies 

(Granger et al, 2012; Jeffery et al, 2005). Another study used percutaneous 

transplantation method to deliver 1x106 human MSCs in 300µL saline into three 

lumbar sites of the spinal cord of a dog (Chung et al, 2013). The low concentration of 

the cells per carrier volume (diluent) could decrease the risk of needle blockage 

during the injection of the cells (Jeffery et al, 2005). Therefore, the total volume of 

the medium used for resuspending the single cells as a carrier in our experiment was 

four times more than used by others. Jeffery et al., (2005), resuspended 5x106 cells 

(OGC) in a total volume of 100µL medium and transplanted into dog patients of SCI.  

Our study employed a xenotransplant type of embryonic hNPCs into a dog with 

severe and chronic SCI. Others also have used human NSCs (Kim et al, 2010), or 

human umbilical cord blood-derived multipotent stem cells (hUCB-derived MSCs) 

into experimental models of dogs SCI (Lee et al, 2009a; Lee et al, 2011). 

In contrast, about 80% of canine studies have utilised MSCs for SCI treatment 

(McMahill et al, 2015). Autologous canine bone marrow MSCs has been used in dog 

model of SCI (Jung et al, 2009). Allogenic canine MSCs from; adipose tissue 

(Park et al, 2012; Ryu et al, 2012; Ryu et al, 2009), Wharton's jelly (Ryu et al, 2012), 

bone marrow jelly (Jung et al, 2009; Ryu et al, 2012), and umbilical cord blood 

(Lim et al, 2007; Ryu et al, 2012), and autologous OGC have been used in other 

studies of canine SCI (Granger et al, 2012; Jeffery et al, 2005).  
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The safety concern of the xenotransplantation and immune rejection was avoided via 

immunosuppressive drug with oral administration of cyclosporine. The vital 

parameters of the dog in our trial were normal, and no notable alterations detected 

during the observation period. However, the dog had diarrhoea secondary to oral 

cyclosporine treatment, which was treated wholly and successfully by Peptosyl. 

Diarrhoea is a common adverse effect of oral cyclosporine treatment in dogs 

(Archer et al, 2014).  

4.5.2. Functional recovery following SCI 

The findings of the current study showed improvement of CTMR following hNPCs 

therapy. The reflex moved down from T13-L1 and L3-L4 before attending the trial to 

the level of L5-L6 and L4-L5 on Day-180 post-therapy, on the right and left sides, 

respectively. In human patients of SCI, sensory recovery may occur spontaneously 

during the first three months post-injury. However, it is unusual to regain 

spontaneous sensory recover in chronic patients of complete SCI cases (Fawcett et 

al, 2007). In contrast, the general findings of our clinical pilot trial did not reveal any 

noticeable recovery of the neurological functions in the dog. The neurological 

assessments of the hind limbs were similar pre and after six months following 

hNPCs injection. The findings of the current pilot study did not show changes in the 

measures used for evaluating the response to the suggested hNPCs therapy in one 

dog with grade 5 SCI. No improvement occurred regarding the gait, postural 

reactions, and spinal reflexes, excluding CTMR. Some patients of SCI could recover 

sensation function without improving any motor functions (Jeffery et al, 2011). 

The caudal shift in the boundary of CTM reflex in dogs with thoracolumbar IVDE is 

significantly associated with a clinical improvement by 12-20 weeks post injury. 

However, recovery in CTMR was not associated with improvement of ambulation 

or nociception at this time point. While, improvement of ambulatory function 

was highly associated with recovery of nociception (Muguet-Chanoit et al, 2012). 

The current study neither showed improvement of motor functions, nor recovery 

in nociception by the end of 6 months observation period. Regaining the neurological 

functions in patients with SCI is minor even in cell replacement therapy due to 

difficulty in renewing the damaged neural circuitries following severe injuries 

(Lepore et al, 2006b). 
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4.5.3. Mechanisms of elicitation, cut-off and neurophysiologic 
recovery of the cutaneous trunci muscle reflex following SCI 

Pinching the skin over the back causes contraction of the cutaneous trunci muscle 

(CTM) and twitching the skin on both sides of the dorsum due to eliciting stimulation 

of the lateral thoracic nerve branches in an unconscious response or reflex known as 

‘cutaneous trunci muscle reflex’ (CTMR) (Blight et al, 1990; Holstege & Blok, 1989; 

Freeman & Ives 2020; Muguet-Chanoit et al, 2011 and 2012).  

The tactile stimulation of the skin leads to transmit afferent information through the 

cutaneous sensory nerve branches to the dorsal/sensory root of spinal nerves and 

reach the dorsolateral fasciculus in the dorsal horn of grey matter of thoracic and 

lumbar spinal segments. The sensory neurons synapse with cell bodies of 

interneurons in the fasciculus proprius. The interneurons then synapse in the other 

ventral side with cell bodies of motor neurons, in dogs located in ventral and 

ventrolateral nuclei of the ventral horn of C8 and T1 or sometimes, C7 and T2 spinal 

cord segments. Motor neurons will transmit the received information from 

interneurons to the ventral ‘motor’ root of spinal nerve, which convey the information 

to the lateral thoracic nerves that innervate and stimulate CTM to elicit CTMR 

(Gutierrez-Quintana et al, 2012; Muguet-Chanoit et al, 2011 and 2012).  

Mild and severe disc disease cause transverse myelopathies and interruption in 

ascending sensory tracts and block the transmission of afferent sensory information 

to the interneurons in the grey matter. The cut-off in ascending sensory information 

from reaching the C8-T1 spinal segments will cause abolishing of CTM reflex at 

level of two vertebrae caudal to level of the lesion, which significantly associated 

with the severity of SCI (Gutierrez-Quintana et al, 2012; Freeman & Ives 2020; 

Moore et al, 2018; Muguet-Chanoit et al, 2012).  

Improvement of CTMR post-surgery can be related to restoration of function of 

survived or non-damaged neurons, axons, and glia due to the reduction of the extent 

of the spinal lesion. Whereas, the long-term recovery of motor functions is due to 

plasticity (Muguet-Chanoit et al, 2012). 
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Spontaneous recovery in moderate or severe SCI, but not in complete injuries, may 

occur during days, weeks or months post-injury due to reversal of reversible lesions 

through re-establishment of normal tissue microenvironment. In some cases, 

functional recovery occurred after months or even years in a process known as 

‘plasticity’ due to re-organisation of surviving circuitry via re-establishing new pattern 

of nervous circuitry and local vasculature (Jeffery & Blakemore, 1999; Muguet-

Chanoit et al, 2012).  

The current study in a dog with static paraplegia with no deep pain sensation which 

had not received any surgical intervention, showed recovery of the caudal boundary 

of CTMR by about 24 months after initial trauma. Interestingly, CTMR was highly 

improved at 4-6 months (18-24 months post-injury) following percutaneous 

transplantation of hNPCs in this dog. Indicating that this recovery can be related to 

the therapeutic effects of this cell therapy. Noteworthy, MRI findings suggested that 

the lesion intensity, length, and Rr remained unchanged throughout the study 

duration.  

4.5.4. Possible therapeutic effect of hNPCs for recovery of sensory 
and motor functions 

The recovery of neurological functions following transplanted of human neural stem 

cells may occur by some mechanisms, such as 1) enhancing structural integrity of 

injured tissue through modulating the inflammatory events of microenvironment and 

decreasing glial scar lesion, 2) in vivo differentiation of donor cells into appropriate 

neurons, segmental interneurons, and α-motoneurons following transplantation in the 

host tissue, and 3) restoration of function to the survived neurons, axon, and glia that 

were not killed during initial injury by offering trophic support (Cummings et al, 2005; 

Salazar et al, 2010; van Gorp et al, 2013; Zhou et al, 2015). 
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4.5.5. Current pilot study versus previous clinical trials  

The clinical benefit sought for any putative therapy in SCI patients is recovery of 

motor and autonomic functions (Anderson, 2004). Therefore, the current study aimed 

to evaluate the autonomic response to hNPCs therapy in a dog. Recently, the most 

common method that has gained attention for evaluating the autonomic dysfunction 

secondary to SCI is by measuring the urodynamic functions. The UPP was 

measured in our trial at 1, 3, and 6 months-time points following hNPCs 

transplantation, and in line with the previous study (Granger et al, 2012). 

The timeframe for observation period (180 days) in our trial was within the range 

of endpoints of previous studies. The range of endpoint was from 90 to 1245 days 

post-therapy in other studies (Chung et al, 2009; Granger et al, 2012; 

Jeffery et al, 2005; Nishida et al, 2011; Penha et al, 2014; Tamura et al, 2015). 

Measuring the UPP in paraplegic dog patients of naturally occurring SCI has not 

been reported in many studies. Preliminary observations in adult healthy male dogs 

showed that MUP, MUCP, and FPL were about 32.7 (mm of Hg), 28.3 (mm of Hg), 

and 28.3 (cm), respectively (Rosin et al, 1980). In comparison, the results of the 

current pilot study revealed that the values of MUP, MUCP, and FPL did not exceed 

2.59 (cm H2O), 1.27 (cm H2O), and 10.62 (cm), respectively, at 6-months following 

stem cells therapy. The grafted dog with hNPCs remained incontinent until the end 

of the current pilot trial. MUCP values did not improve and remained between 

1.27 cm H2O (minimum) and 1.7 cm H2O (maximum) until the termination of the 

study. The BP values showed some gradual increase from 0.25 cm H2O to reach up 

to 1.27 cm H2O at the end of the study (more details are provided in the Appendix-

Chapter 4; Table A4.3 & Figure A4.1). To maintain the urine continence, the MUCP 

must exceed the BP (Rosin et al, 1980). However, the result of the present study 

may not agree with the observations of Rosin et al., (1980), the dog in the current 

study remained incontinent even when the MUCP was higher than BP. Taking into 

consideration the current study was in one clinical case, and the UPP measurements 

are not absolute and cannot be credible for further explanation or comments. 

There might be possible differences in the mechanisms of UI in SCI patients due to 

neurological deficits from normal control voiding in healthy continent dogs. 
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The dysfunction of micturition following SCI is due to detrusor sphincter dyssynergia 

(DSD), which cause impaired of the coordination between bladder and sphincter. 

The suggested possible mechanism behind this impairment might be due to the 

decrease of glutamate decarboxylase 67 mRNA in the spinal cord and dorsal root 

ganglia, that lead to hypofunction of GABAergic inhibitory mechanisms in the spinal 

cord. Other affecting factors are related to the activation of gamma-amino-butyric 

acid (GABA) receptors such as GABAA and GABAB in the spinal cord that inhibits 

detrusor overactivity and develops DSD (Andersson et al, 1999; Miyazato et al, 

2008). 

4.5.6. Reliability and outcomes of the assessment methods of the 
current study 

The recommendations of the International Campaign for Cures of Spinal Cord Injury 

Paralysis (ICCP) emphasises on evaluating the response to the putative therapy 

by measuring the clinical outcomes (Fawcett et al, 2007; Steeves et al, 2006). 

Therefore, we aimed in the present pilot study to measure the response to hNPCs 

therapy by investigating the feasibility of using several methods including; HRQL, 

gait, UPP, MRI, and neurological assessments.  

4.5.6.1. Quality of life assessment 

The HRQL questionnaire used in this study provided regular information about the 

health condition of the patient post cells therapy. HRQL questionnaire developed 

initially for assessing the pain associated with cancer in dogs (Yazbek & Fantori, 

2005). Noteworthy, the HRQL scale has provided several advantages to our study, 

such as a daily base monitor for the signs of pain that might experience by the host 

following cell injection or immune-rejection secondary to xenotransplant. The scale 

has also provided sufficient information about the autonomic sensory function by 

scoring the urine and bowel functions. According to question# 3 of the HRQL 

questionnaire, the FI and UI did not recover in the dog patient, and the scores of 

both parameters were (0). The owner could assist in providing a written, reliable, and 

informative report about the health condition of their animal following cell therapy and 

throughout the study.  
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Clinical researches highly recommend the use of subjective questionnaire scale 

rather than other scales that rate the survival condition from “0= poor” to 

“10= excellent (Mellanby et al, 2002). The HRQL represents a reliable monitoring 

system for assessing the quality of life in small animal patients (Fox, 2013). 

The lower score of HRQL indicates the severity of the illness that required attention 

or urgent intervention (Yazbek & Fantoni, 2005).  

4.5.6.2. Gait analysis 

The patient remained paraplegic and did not show improvement in motor function. 

The method developed by Olby et al., (2014) was used for calculating the stepping 

and coordination and was simple to apply, inexpensive and only required a video 

camera to capture the movement of the four limbs. The method can be utilised in any 

open field or walkway system (Olby et al, 2014). However, this method is beneficial 

only in dogs that recover the locomotion function and start stepping using their 

hind limbs (HL).  

At 2 months post cells therapy, we noted that the patient attempted to stand 

using his HL with the aid of abdominal support. However, this did not improve 

throughout the study, and the dog remained paraplegic and non-ambulatory. 

Consequently, the attempt to measure the lateral instability and ataxia with the aid of 

‘GaitFour System’ was unsuccessful due to absence of motor functions of both HL. 

In the case of ataxic canine patients with lateral instability, the variability of the 

horizontal distance between the paired of forelimbs (FL), and the distance between 

the paired of HL for each step cycle, is supposed to be significantly increased 

(Hamilton et al, 2008; Jeffery et al, 2011). However, the current study did not 

progress to this stage, and no data were obtained because the dog remained 

paraplegic with dragging of his hind limbs during the forward locomotion. Likewise, 

the temporal-spatial measurements, including stance time, maximum pressure, 

stride time, and stride length were not assessed for the same reason. 
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Using the abdominal support during the forward movement did not guarantee 

success for obtaining precise data for the footfall on the mat. The abdominal support 

sling did not allow for the paws of hind limbs to touch the ground or even activate the 

embedded pressure sensors on the mat. Load bearing of the supporting sling 

suggested being 10-35% of body weight, though the other 60% supposed to be 

supported by the thoracic limbs (Jeffery et al, 2006). The GaitFour System is 

applicable only in dogs that can bear their body weight and developed some 

ambulatory function, including the spinal walking patients. However, this method 

could help for differentiating between actual walking instructed by cranial structures 

from the involuntary spontaneous spinal walking that may occur in the less severe 

case of SCI. 

4.5.6.3. UPP analysis 

To the best of our knowledge, the present work is the first clinical report utilised the 

“Goby Wireless Urodynamic System”, human equipment for UPP assessment in 

a paraplegic dog of SCI. Urodynamic assessment can be measured using the same 

machines that been utilising in human patients (Goldstein & Westropp, 2005). 

The used system in the current study could provide some practical and technical 

benefits. The measure was performed in this procedure in a conscious dog, and no 

anaesthesia or sedation was required. The catheterisation was performed easily 

using the urethral catheter “7 Fr. Dual Sensor Catheter”. The size of the catheter was 

suitable for a small breed male dog. The withdrawal speed and sterile water infusion 

into urinary bladder were automatically controlled using inbuilt automatic infusion 

pump and mechanical catheter puller.  The volume of infused water and the speed of 

removing the catheter can be set and controlled before running the UPP test. 

Therefore, the observations of the current study support the use of “Goby System” 

as a reliable tool for measuring UPP and monitoring the effects of putative therapies 

on the autonomic function of SCI in conscious dogs. However, this method might be 

expensive because it requires special machinery equipment and catheters, that and 

not available in many veterinary clinics and research centres.  
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4.5.6.4. MRI assessment 

Monitoring the progression of the pathological lesion using MRI in SCI and post-

treatment at multiple times is a valuable strategy in clinical studies (Berens et al, 

2005). Our study demonstrates the feasibility of using several quantitative and 

qualitative methods to analyse MRI images before and after cell therapy in SCI dog.  

Monitoring the progression of the spinal lesion using sagittal MR imaging is valuable 

in predicting the recovery of spinal cord trauma. Evaluation of the signal intensity of 

the spinal lesion is a significant indicator for SCI prognosis (Takahashi et al, 1989). 

In our study, the sagittal sections did not show noticeable changes concerning the 

length and signal intensity of the spinal lesion on 2nd MRI following hNPCs 

transplantation compared to 1st MRI study. The observation of 2nd MRI were 

consonant with neurological outcomes at the end of the follow-up duration of the 

study following stem cell therapy, which remained unchanged except the 

improvement in CTMR.  

The swollen spinal cord segment from T12 through to L6 shown on ST2W was 

caused by oedema and syrinx formation at the site of injury. The oedematous spinal 

cord of the lumbar region was reflected as a hyperintense signal area on ST2W MRI 

studies before and after cell therapy. Haemorrhage and oedema lead to increase the 

signal intensity “hyperintense area” at the site of SCI on ST2W image (Kulkarni et al, 

1988). The histopathological findings of SCI could correlate to the hyperintense 

lesion seen in ST2W MRI study. The hyperintense spinal lesion that detected in MRI 

scanning can be related to oedema and fluid accumulation at the site of injury 

(Boldin et al, 2006; Fujii et al, 1993; Kulkarni et al, 1988; Weirich et al, 1990). 

The transverse MRI measurements of our study showed slight ASCC at the L1-L2 

compared to the L3-L4, and L4-L5. This observation agreed with and confirmed the 

findings of the sagittal study. Moreover, the observations of the post-contrast MRI 

studies with Gadodiamide enhancement agent were comparable to the pre-contrast 

studies. However, the measurements on ST1wGd and TT1wGd studies were much 

compatible with ST2W and TT2W studies, respectively (Appendix ‘Chapter 4’; 

Tables A4.4 - A4.11).  
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Post-contrast MRI can serve as an alternative method for the pre-contrast MRI for 

future studies, which focuses on measuring the diameter and maximum area of the 

spinal cord on sagittal and transverse methods.  

In general, the MRI findings in the current study did not report changes in the LSCL 

or Rr. Furthermore, the SCC% and ASCC% were similar in both studies before and 

after therapy. These results are inevitable because it is unexpected to see any 

remodelling in the spinal cord morphology in patient without decompressive surgery. 

4.5.7. Challenges and limitations of the current work 

The regeneration of traumatised axonal system is the crucial key for recovering 

the sensory, locomotor, and autonomic functions. However, accomplishing 

regeneration of the damaged axonal system is a real challenge, especially in 

naturally occurring cases of chronic SCI. The axonal regeneration following cell 

therapy may have been negatively influenced by the interval time of the injury and 

the onset of the treatment, and this may achieve at exceptional time points post-

injury. The UPP study has some limitations included; 1) absence of the values of 

normal urodynamic parameters of the healthy dogs to compare with the obtained 

data of SCI dog, and 2) the present UPP data was obtained from a male dog patient; 

however, it would be better to include a female dog as well in the current pilot study.  

4.5.8. Future directions 

Further study is required to evaluate the efficacy of xenotransplantation of hNPCs in 

large number of canine patients of chronic SCI. Another approach for future study 

could be investigated in the hNPCs transplantation into canine SCI of different time 

points post-injury. Assessment of sensory functions before and during the follow-up 

observations after hNPCs therapy is recommended in future studies. UPP studies 

are necessary to be investigated in healthy and SCI dogs. It may be important to 

include both sexes and different canine breeds that could provide further information 

about each urodynamic parameter in these different groups. Moreover, the future 

studies may supply additional information about the relationship of MUCP and BP 

and their effect on the incontinence in canine SCI patients.  
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4.5.9. Conclusion  

The present study offers information about the validity of utilising several methods for 

assessing the response to hNPCs therapy in a paraplegic dog with naturally 

occurring SCI. This pilot study represents the first step toward future preclinical study 

(phase Ι) in canine patients with SCI. The locomotor function assessment was 

evaluated using methods developed by others (Olby et al, 2001; Olby et al, 2014). 

The gait and lateral instability in a non-ambulatory paraplegic dog cannot be 

measured using the ‘GaitFour System’ unless the hind limbs motor functions are 

improved. The method we employed utilising the "Goby System" for measuring the 

autonomic functions of the urinary tract might be useful for evaluating the 

urodynamic functions in an incontinent paraplegic dog. This method is valuable for 

producing quantitative data that can apply in future studies to evaluate the response 

to putative therapies in canine patients of SCI. Nevertheless, the method can be also 

beneficial for a routine clinical investigation of the urinary system both in healthy and 

dog patients of urinary tract diseases. The current study supports the reliability of 

MRI to evaluate the lesion of the spinal cord post-injury by using several objectives 

and quantitative measuring methods using midsagittal and transverse T1- and T2-

weighted MRI images.  

The notable findings of the current study included: 

1) No adverse effects, nor immunological reactions were reported due to the 

percutaneous xenotransplantation of hNPCs into a paraplegic dog of SCI. 

2) Complete bilateral recovery of CTMR was reported at the end of the observation 

period. 

3) The hNPCs transplantation into a paraplegic dog did not improve the locomotor 

and urinary dysfunctions.
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CHAPTER 5  
 

Fate of human neural precursor cells following 

18 months of transplantation in a dog with grade 5 

spinal cord injury and isolation of canine neural 

derived stem cells and their fate in vitro 
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5.1. Abstract 

The potential use of neural stem cells (NSCs) as effective cell therapy for injuries 

and degenerative diseases of central nervous system (CNS) has achieved ample 

attention during the last few decades. The ability of the transplanted NSCs to replace 

the injured and dead cells of host CNS is a promising implication of these cells. The 

characteristic of optimal NSCs for SCI should have the capacity to integrate 

functionally into the host cellular microenvironment and neural network. Effective 

cellular grafting strategies will require the survival of transplanted cells into CNS of 

the receiver. It is also essential for the transplanted cells to integrate with the tissue 

of the receiver without producing adverse outcomes, such as tumour formation. 

I was not able to identify any studies that have examined the fate of 

xenotransplantation of human neural precursor cells (hNPCs), a type of NSCs, into 

the spinal cord of canine patients of natural occurring grade 5 spinal cord injury 

(SCI). The current study has investigated the fate of hNPCs 18 months after 

transplantation into the spinal cord of a dog with grade 5 SCI. Moreover, we 

attempted to isolate hNPCs from different regions of the harvested spinal cord tissue 

samples (SCT) of the dog. The histological results have, interestingly, revealed an 

abundance of cells with positive immunoreactivity against specific human nuclear 

factor in the spinal cord parenchyma. The transplanted cells were found localised at 

T9-T10 spinal cord segment and migrated away from the original sites of 

transplantation. No tumour-like formation was recognised in the examined SCT 

samples.  

Neurospheres were produced from canine SCT near the site of grafted hNPCs 

(spinal cord segment T9-T10). The isolated cells were able to proliferate in vitro for 

up to seven passages. However, small number of neurospheres were produced 

across the cellular passages. 

To the best of our awareness, the present study is the first attempt to investigate the 

fate of xenotransplantation of hNPCs into the spinal cord of a grade 5 paraplegic dog 

with SCI. The findings of the current study confirmed the capability of grafted hNPCs 

to survive and migrate to nearby areas of the SCT following xenotransplantation.  
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The survival and migration capacity of grafted hNPCs, and absence of tumour 

formation, 18 months following implantation into the spinal cord of a paraplegic dog, 

suggest as promising replacement therapy for SCI. However, additional studies are 

required in more cases to examine the integration of this xenotransplantation with 

host nervous system and the functional recovery of the host following implantation 

with hNPCs. 
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5.2. Introduction 

Transplantation of neural derived cells into the host CNS may have potential 

therapeutic effects through interaction with the cellular and molecular composition 

(Nguyen et al, 2017). The host microenvironment during the acute injury is cytotoxic 

because of the inhibitory cues that prevent neurogenesis to the transplants. The 

suggested ideal time for donor cell grafting in the injured host tissues is during the 

down regulation of the inhibitory cues in subacute and chronic stages (Okano, 2002). 

Conversely, others suggested that the time of cell transplantation does not affect cell 

engraftment or cell survival. The alteration of transplanted cells and their fate after 

transplantation into the host tissue is crucial (Nguyen et al, 2017). Neural stem cells 

proliferation and differentiation can be modulated by the inflammatory cytokines 

(Butovsky et al, 2006; Kokaia et al, 2012).  

Candidate cell therapy for treatment of the spinal cord injury (SCI) needs to achieve 

essential criteria before applied in clinical cases. Investigate the safety and efficacy 

of cell therapy in vivo studies is essential before the initiation of clinical trials. The 

ideal candidate cells for transplantation therapy must have the ability to; 1) survive, 

2) proliferate without ageing, 3) integrate into the recipient tissues without causing 

adverse effects or tumour, and 4) differentiation into desired functional mature cells 

such as neurons following transplantation in host spinal cord tissue (Li et al, 2020; 

Louro & Pearse, 2008; Trounson & DeWitt, 2016).  

Prelabeling stem cells is an effective procedure for in vitro and in vivo studies and for 

cell tracking following grafting. Immunohistochemistry used to stain specific 

biomarkers of the cells, especially in heterografting. Pre-labelling of stem cells with 

fluorescent dye in vitro and before transplantation is another method to tag the 

engrafted cells (Harting et al, 2009). Green fluorescent protein (GFP) transduction is 

widely used for stem cell research, which allows in situ detection of the grafted cells. 

However, this property can be turned off due to some factors including cell toxicity, 

cell differentiation, host immune reaction, and unknown consequences post grafting 

into recipient tissues. This may explain the low expression of GFP in vivo 

after grafting in comparison to high expression of GFP while the cells are in vitro 

(Allard et al, 2014; Chu et al, 2004; Krestel et al, 2004; Mitrečić et al, 2010).  
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The GFP was transduced into stem cells using Lentivirus-vector transfection method 

is a common method for pre-labelling of stem cell (Suh et al, 2018). Adipose stem 

cells (ASCs) have been detected in the spinal cord tissue (SCT) of canine after 

transplantation using GFP transduction (Ryu et al, 2009). The transplanted 

mesenchymal stem cells (MSCs) were detected at the lesion of SCI after one and 

four weeks of transplantation in adult Beagle dogs (Jung et al, 2009). 

Implanted NPCs in the rat model of SCI were found both in the white and grey matter 

after 12 weeks. Tracking these cells that encoded GFP showed that the cells had 

migrated cranially and caudally far from the place of injection for up to 1 cm. 

Most of the stem cells were differentiated into astrocytes after implanted into the 

spinal cord (Blits et al, 2005).  

Implantation of pluripotent stem cells (PSC) and neural progenitors (NPs) into rat 

models of SCI improved locomotor behavioural activity with a high cell survival rate 

(up to 2 months post grafted). The mechanism of the positive effects might be 

related to the improvement of spinal cord regeneration processes including 

reduction of glial scar formation, tissue sparing, and increase axonal sprouting 

(Ruzicka et al, 2017). 

For the last few decades, heterogeneous transplantation of neural stem cells (NSCs) 

has been used for research and clinical trials purposes in experimental models of 

CNS injury. However, the transplantation of undifferentiated cells may have some 

limitations including; 1) less proliferation capability of donor cells post-transplantation 

into host tissues, 2) no control over the terminal phenotype fate of donor cells after 

implantation, and 3) the challenge of detecting the specific type of the neural cells, 

that required to treat different injuries of the CNS (Fortin et al, 2016a), and 

4) immuno- rejection and tumorigenesis are the other risks of stem cell 

transplantation into recipients’ tissues (Prokhorova et al, 2009).   
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5.2.1. Fate of hNPCs in vitro 

Human neural precursor cells (hNPCs) are multipotent stem cells, and their growth 

characteristics depend on growth factors (Vescovi et al, 1999). The hNPCs can 

proliferate and produce daughter progeny cells in culture with the presence of growth 

factors (GFs). The withdrawal of GFs led to differentiate of hNPCs into three neural 

cells type including; astrocytes, neurons, and oligodendrocytes (Lim et al, 2012; 

Ma et al, 2009; Zhao et al, 2008). Cells isolated from the adult mouse brain tissue 

differentiated into astrocytes and neurons when cultured under suitable conditions. 

The new astrocytes and neurons maintained the phenotypes characteristic of the 

adult striatum (Reynolds & Weiss, 1992). Importantly, hNPCs show constancy and 

maintain their neuronal differentiation even after multiple passages in culture 

(Loeffler, 1997; Murray & Dubois‐Dalcq, 1997; Vescovi et al, 1999).  

5.2.2. Fate of hNPCs in vivo following transplantation into rodent 
central nervous system 

The hNPCs can migrate and spread through host tissue following transplantation. 

The cells were found to migrate for about 1.2 mm from the site of engraftment in the 

host brain parenchyma (Vescovi et al, 1999). A study showed the capacity of hNPCs 

to survive in vivo for extended period of time (8 weeks) following transplantation into 

brain cortex of immunodeficient NSG mice. Furthermore, the study demonstrated the 

ability of the grafted cells to integrate functionally into the host brain neuronal 

circuitry and differentiation into specific neurons phenotypes, such as inhibitory and 

excitatory interneurons (Zhou et al, 2015). Others showed that the cells survived and 

migrated to a short distance following transplantation into rat model of SCI, and were 

found differentiated into oligodendrocyte progenitor cells after one week and ten 

months of grafting (Keirstead et al, 2005). 

The neural stem cells have interacted with the host tissue and improved neurological 

functions following engraftment into the rodent central nervous system (CNS) 

(Zhang et al, 2001). Myelin recovery is one of the keystones toward neuronal 

regeneration and restoration of locomotor function. The improvement in locomotion 

functions in the rat model of SCI was associated with remyelination 

(Keirstead et al, 2005).  



 

 

Page 197 of 329 
Chapter -5 - 
 

5.2.3. Fate of stem cells following transplantation into canine CNS 

One of the crucial aspects of cell therapy in clinical cases of SCI that needs to be 

examined is the fate of the transplanted cells after transplantation into host SCT. 

It is noted that the majority of the detected reports about the fate of NSCs following 

implantation were in rodent models, which may not reflect the clinical situation in 

naturally occurring SCI in human or canine patients. In addition, few studies have 

examined the fate of NSCs after engrafting in the naturally occurring SCI in dogs. 

Furthermore, the cellular and molecular response of the recipient microenvironment 

against the engrafted cells still unclear.  

For this reason, the clinical aspect of cell therapy in canine patients still has not 

progressed substantially. In contrast, prelabeled stem cells (i.e. transduced with 

GFP) before implantation or use of specific antibody factors to detect specific 

proteins and markers in donor cells (immunostaining) post-transplantation are 

common strategies to trace and effectively detected the fate of donor cells in the host 

tissues (Jung et al, 2009; Kim et al, 2010; Lee et al, 2009b; McMahill et al, 2015; 

Ryu et al, 2009; Ryu et al, 2012; Vescovi et al, 1999). 

5.2.4. Aims of the chapter 

The first aim of the current work was to investigate the survival of hNPCs 18 months 

following transplantation into SCT of the dog. This aim was achieved by 

immunostaining with anti-human nuclear factor and Glial fibrillary acidic protein 

(GFAP).  

The second aim was to examine the risk of tumour formation in the spinal cord of the 

grafted dog with hNPCs by using Hematoxylin and Eosin (H&E) histological staining. 

Finally, the current study investigates the possibility of isolating NSCs from SCT 

of the dog and then evaluating the capacity of the isolated cells to proliferate and 

self- renewal in vitro using “Neurospheres Assay”.  



 

 

Page 198 of 329 
Chapter -5 - 
 

5.3.  Methodology 

5.3.1. Animal and tissue samples 

Spinal cord tissues were obtained from a client-owned female spayed Poodle X 

breed dog, euthanised at the age of 5 years old. The dog was euthanised at the 

request of the owner and for a reason not related to this study. The dog had a history 

of grade 5 SCI and suffered paraplegia for more than 2.5 years due to 

intervertebral disc extrusion at T11-T12. The dog had been treated surgically by 

hemilaminectomy operation; however, no improvement was achieved in locomotor or 

sensory functions. Then the dog was recruited for the neural stem cell pilot study 

(dog# 1, Chapter 4). The dog was treated by direct percutaneous transplantation of 

human neural-derived stem cells into two sites of the spinal cord parenchyma; 

between T11-T12 and T12-T13 levels (described in the Chapter 4).  

Neural stem cells transplantation performed under the guidelines approved by the 

animal ethics committee of the University of Melbourne (# 1212439.1). The neural 

stem cell line use for transplantation was human neural precursor cells (hNPCs) 

derived from human foetus brain tissue (Vescovi et al, 1999). These hNPCs are GFP 

transduced cells (GFP+ cells) (Jeff Fortin, personal communication, February 2017). 

Initially, the transducing of the cells with lentiviral vector encoding enhanced GFP 

was performed by Fortin et al., (2016a), and before they were used for 

transplantation into the spinal cord of the paraplegic dogs recruited for the in vivo 

clinical trial of this thesis study (Chapter 4). 

A month post hNPCs transplantation, the owner decided to withdrawal the dog 

from the pilot study for unrelated reasons and because they could not complete the 

follow-up assessments. 

After 18 months post hNPCs transplantation, the dog was presented to the U-Vet 

Werribee Animal Hospital and the owner requested euthanasia. The medical staff of 

the hospital performed the euthanasia and obtained approval for necropsy. 
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5.3.1.1. Dissecting and culturing mediums preparation 

An appropriate volume of Dissection Medium with a high concentration of 

10% antibiotics (DM+10%ABX) was prepared as detailed by others (Azari et al, 

2010). Briefly, mixing 10% Penicillin – Streptomycin “Pen Strep” (Catalog# 

15140122, 10,000 u/mL , Pen Strep, Gibco, Life Technologies Corporation, Grand 

Island, NY 14072, USA) with 90% NeuroCult NS-A Basal Medium Human (Catalog# 

05750, StemCell Technologies, Vancouver, BC, Canada). The medium was named 

DM+10%ABX, aliquot into several sterile 50mL polypropylene tubes (25-35mL of 

dissection medium/tube). This DM+10%ABX was kept at 4°C until used for 

preserving the collected SCT after harvesting.  

The culturing and propagation of NSCs were performed using a serum-free complete 

medium with growth factors and antibiotics named ‘Neurosphere Assay (NSA) 

Complete Medium’ (CM+GFs). This medium was prepared as mentioned previously 

in ‘Chapter 3’ (subchapter 3.3.1.1), and described by others (Deleyrolle & Reynolds, 

2009; Fortin et al, 2016a; Reynolds & Weiss, 1992).  

5.3.1.2.  Harvesting the spinal cord tissues (SCT) 

The necropsy and collection of SCT specimens were performed within one hour of 

euthanasia by the staff of the Veterinary Pathology Department at Werribee Campus 

of the Faculty of Veterinary and Agricultural Sciences, University of Melbourne. 

Hair was removed from the dorsal and lateral back surface by clipping. Then the 

body was placed on the sternal position on a sterile autopsy table wiped with 

1% Virkon. Decontamination was a pivotal step during sample collection toward 

successful cell culture. Therefore, an aseptic technique was used, spraying 

70% ethanol alcohol all over the exposing surfaces of the body. Then sterile drapes 

were used for covering the whole-body surfaces except over the selected area of 

dissection (vertebral column). All instruments used for dissecting procedure were 

sterilised by autoclaving. A midline dorsal incision on the skin and subcutaneous 

layers along the spinal column was made using a surgical scalpel. Next, the skin was 

removed and placed laterally to expose the thoracic and lumbar vertebrae and 

removed all the attached muscles and tissues.  
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The dedicated vertebral column segment was then separated from the other 

segments and ribs using a large bone cutter. This was performed by making 

a transverse cutting into each rib close to its articulation with the bodies of the 

vertebrae in both left and right sides. Two transverse cuttings of the vertebral 

articulation were made; one between T6-T7 vertebrae and second cutting between 

L2-L3 to separate the selected vertebral column segment from both rostral and 

caudal parts. After that, we transferred the separated part of the vertebral column to 

another sterile autopsy table using sterile drapes. Sterile bone cutter was used to 

make small cuts on both lateral sides of each vertebra lamina through cutting down 

on the left and right bony arches of the spinous processes. The blade of the bone 

cutter was inserted between the spinal cord and vertebral canal more laterally 

and extradural of the vertebral foramen to avoid the damaging to the spinal cord 

(Mothe & Tator, 2015). Then the cutting was continued constantly from the caudal 

end of the dissected vertebral column towards the rostral end. With each right and 

left cutting off the vertebra lamina, the spinal cord was exposed carefully by 

removing the excised portion; this procedure facilitated viewing the next vertebra 

lamina. Then same cutting was repeated with each right and left vertebral lamina 

until all vertebral laminae were removed from the vertebrae, fully exposing the spinal 

cord, Figure 5.1.  

The spinal cord was gently grasped from one of its exposed ends using blunt tissue 

forceps to handle and expose the dorsal and ventral roots of the spinal nerves. Then 

a fine pointed scissor was used to release the spinal cord by gradually severing the 

spinal nerves. After that, the spinal cord was removed from the spinal column as 

one piece from the level of T7 to L2. The spinal cord was then transferred to 

another sterile drape to prevent or minimise the bacterial contamination of the tissue, 

Figure 5.2. Furthermore, other spinal cord tissues (SCTs) were also collected from 

the far segment (cervical region). 

Next, the removed spinal cord (T7-L2) was severed into six transverse parts. 

These parts included segments of; 1) T11-T12 (site of cell injection), 2) T12-T13 (site 

of cell injection), 3) T9-T11 (cranial segment near to site of injection), 4) T13-L2 

(caudal segment near to site of injection), 5) T7-T8 (cranial segment far from site of 

injection), and 6) L2-L3 (caudal segment far from site of injection).  
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Finally, the acquired transverse parts of the spinal cord were further sectioned into 

four small transverse portions and processed separately for four purposes. 

1) A sample for cell culture. We utilised this sample to test our hypothesis of possible 

isolating and culturing any survival hNPCs after 18 months of implantation or canine 

neural stem cells. Therefore, the sample was placed in sterile 15mL tubes containing 

DM+10%ABX and processed within 60 minutes. 2) A sample for frozen sections and 

immunohistochemistry (IHC) using Anti-Human Nuclear Antigen-antibody. We aimed 

to test our hypothesis by detecting any surviving hNPCs in the SCT of the dog. 

Therefore, the tissue sample was placed in 15mL tubes containing Formaldehyde 

at 4% concentration in 1x PBS and pH 7.4. Then it was processed for IHC test. 

3) A sample for paraffin-embedded sections was fixed in 4% neutral formalin 

and prepared for traditional histopathology using H&E staining method. 

4) A sample was preserved and frozen in -80°C. We used this sample to test our 

hypothesis by identifying the transplanted hNPCs by tracing the GFP encoding in 

these cells.
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Figure 5. 1: Exposed spinal cord in situ after removing vertebral laminae. 

There is tissue adhesion at the level of T11-T12 spinal cord segment 

(arrow) at the site of previous hemilaminectomy surgery. Vertebral column 

segment T7-L2.
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Figure 5. 2: Spinal cord segment (~T7-L2). The centre site of the spinal 

cord shows the site of the previous injury and some tissue adhesion at the 

site of previous T11-T12 hemilaminectomy surgery (arrow). The specimen 

was removed after ~1 hours of necropsy of euthanised paraplegic dog 

(grade 5 SCI) and at 18 months following transplantation with human 

neural derived stem cells.  
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5.3.2. Tissues processing for gross and microscopic examinations 

The gross examination was performed immediately after removing the vertebral 

laminae and showing the spinal cord. The spinal cord was examined grossly and 

photographed in situ before removing from the bony spinal canal (Figure 5.1). 

Next, it was transferred to a sterile drape, examined grossly and photographed again 

(Figure 5.2).  

The microscopic examination of SCT performed by staining six spinal cord samples 

collected from different regions. These included; both levels of previous injections, 

both proximal and distal levels near to and far from sites of previous injections as 

described previously in subchapter 5.3.1.2. Each sample processed in two different 

ways; as frozen and paraffin-embedded tissues. Blocks cut into transverse sections, 

slides prepared, stained with H&E and GFAP, then examined under a light 

microscope. 

5.3.3. Tissues processing for immunostaining  

Spinal cord tissues were collected for immunofluorescence detection of GFP and 

immunohistochemistry (IHC) studies and processed according to previously 

described methods (Fortin et al, 2016a). Briefly, the biopsy was put in labelled 

processing cassettes and immerse in formaldehyde at 4% concentration in 1X PBS, 

pH 7.4. For fixation, the biopsy was then preserved at 4°C for 24 hours. Next day, 

the tissue was transferred to sucrose solution at 30% concentration in 1X PBS, pH 

7.4, and preserved at 4°C for 48 hours for cryoprotection. After that, the tissues were 

blocked in pre-labelled plastic embedding tissue moulds using optimal cutting 

temperature compound (OCTTM). The embedding moulds were stored at -80°C. The 

samples were then cut into 30 µm thickness sections and prepared for 

immunofluorescence detection of GFP and IHC test. The immunofluorescence 

detection and IHC procedures were performed by the staff of the National Dementia 

Diagnostic Laboratory of the Florey Department of Neuroscience and Mental Health 

at the Institute of Neuroscience and Mental Health, Kenneth Myer Building, the 

Faculty of Medicine, Dentistry and Health Sciences of the University of Melbourne, 

Parkville, 3010 Victoria, Australia. The procedure was performed according to the 

specific established validated procedure used at the Florey Department. 
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5.3.3.1. Immunostaining Assay verification 

The immunostaining procedure was verified before the initial use of the antibody 

(human anti-nuclear factor antibody) in SCT of the sites of cells implantation. 

The verification was performed by testing the antibody’s specificity with known 

positive and negative controls. The positive controls were performed using hNPCs 

collected from cell cultures. While, the negative controls were performed using SCT 

of the same dog, collected from the cervical region (intact, and healthy spinal cord 

segment not injected by hNPCs). Moreover, a “secondary antibody only control” was 

performed to ensure that the secondary antibody does not bind non-specifically to 

other cellular proteins. The secondary antibody only control was obtained by using 

the same staining protocol without adding the specific primary antibody. 

5.3.3.2. Immunofluorescence detection of green fluorescent protein  

Frozen spinal cord samples were sectioned (30µm thickness) and processed 

according to the validation methods used at the Florey Department. 

Briefly, the sections were incubated with primary antibody “Polyclonal Rabbit Anti-

Glial Fibrillary Acidic Protein Z0334 (anti-GFAP) (Code Z0334, Agilent Technologies, 

Dako, A/S, DK- 2600 Glostrup, Denmark) diluted 1:2000 in Tris buffer, for 60 

minutes. Then Tris buffer was used to wash the sections for 5 minutes. After the 

sections were incubated in secondary antibody using FITC labelled swine anti-rabbit 

(Code F0205, Agilent Technologies, Dako, Denmark A/S, DK-2600 Glostrup, 

Denmark) diluted 1:200 in Tris buffer, for 30 minutes. Next, water was used to wash 

the sections. Then Harris’s Haematoxylin was added for 1 minute for 

counterstaining. Sections were rinsed in water, dehydrate, clear and coverslip using 

aqueous mounting.  
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5.3.3.3. Immunostaining of human neural derived stem cells 

Human neural precursor cells (hNPCs) were prepared for immunostaining controls 

(positive and secondary antibody only controls). hNPCs were cultured using 

‘Neurosphere Assay’ (NSA) as mentioned before, and described by others (Fortin et 

al, 2016a). Neurospheres were obtained from the culture when reached the 

desirable size about 100-200 µm diameter (8-10 days post last passage). Then the 

cell pellet was prepared for human anti-nuclear factor antibody detection and 

labelling following the manufacture’s protocol. Briefly, the well- growing cells in 

the culture were collected, and centrifugation was used to spin down the cells at 

1000 rpm for 3 minutes. The supernatant was then removed, and cells were 

collected. A large pipette tip was used for pipetting the warm agar after cutting the 

pointy end of the pipette tip. Then the molten agar was pipette into cells pellet. Next, 

the molten volume of agar and cells was pipette, and small volumes were dispensed 

onto a cold surface such as a petri dish lid. After that, the solid pellets were 

removed carefully, and 10% neutral buffered formalin (NBF) was used to fix the cells 

for ≥ 24 hours before processing for histology. The fixed cells pellets were 

dehydrated, clear and then embedder in paraplast+ for sectioning. Then thin 

sections of 5-micron thickness were prepared for staining. Next, sections were 

stained with H&E and IHC labelling with Abcam ab220202 (Mouse monoclonal 

(NM106) anti-human nuclear antigen). The IHC method was used by dewaxed 

sections (xylene x3, for 5 minutes). Then sections were taken to water (100, 95, 70 

and 50% ethanol). Next, the endogenous peroxidase 30% hydrogen peroxide was 

used to block for 5 minutes. Then the sections were placed in Tris buffer and 

followed by incubation in 1:500 anti-nuclear factor antibody at room temperature 

for 1 hour. However, the secondary antibody only controls were incubated with only 

the antibody diluent. Then sections were washed in Tris. The Biotinylated anti-

 mouse (Dako LSAB2 kit) was added to the sections, and after 10 minutes rewashed 

in Tris. The Peroxidase conjugated streptavidin (Dako LSAB2 kit) was added for 10 

minutes. Then sections were rewashed in Tris, and DAB substrate (Dako LSAB2 kit) 

was added for 2 minutes. Next, sections were washed in Tris. The counterstained 

was performed by adding Harris’s Haematoxylin for 20 seconds, and then blue in 

Scott’s tap water. After that, sections were rinsed, dehydrated, cleared and mounted.   
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5.3.4.  Isolation and culturing of canine neural derived stem cells 
from spinal cord tissue using neurospheres assay  

5.3.4.1. Spinal cord tissue processing for stem cells isolation 

Cells were harvested from SCT obtained as described above in subchapter 5.3.1.2. 

The tissues were processed immediately after euthanasia and within one hour of 

harvesting. An aseptic technique was approached using a biological safety laminar 

flow hood certified for level II. The procedure was performed as described by others 

(Azari et al, 2010). Briefly, the laminar flow hood surface and all materials used for 

cell culturing were wiped with 80% ethyl alcohol. Other instruments used for direct 

tissue processing were autoclaved. The pooled SCT in 50mL tubes in DM+10%ABX 

was then transferred into biosecurity cabinet and placed in labelled Petri dishes. 

Tissues were washed twice with DM+10%ABX by transferring them into new Petri 

dishes containing fresh DM+10%ABX. A surgical scalpel blade# 15 was used in one 

hand with the assistance of fine tissue forceps in another hand to dissect and peel 

away all the attached meninges from the SCT segments. After peeling out all the 

remaining meninges, SCT was moved to another new sterile Petri dish. To crush the 

tissues, we used a surgical scalpel blade# 10. The SCT was minced into very tiny 

pieces for 1-2 minutes until obtaining an emulsified material which can be collected 

using 1000µL pipette tip. For enzymatic digestion, we add ~3mL of 0.05% trypsin-

EDTA (Catalog# 25300063, Gibco® Trypsin-EDTA, Canada) per 1cm3 of minced 

tissue, transfer into sterile 15mL conical tube and incubated in 37°C water bath for 

about 10 minutes. Next, the enzymatic digestion was stopped by adding equal 

volume (~3mL) of soybean trypsin inhibitor and mixed. To ensure trypsin 

inactivation, a well mixing of the suspension was performed by multiple pipetting up 

and down (10-15 rounds) using 1000µL pipetting tip. Each one round means once 

aspirate and expel of the suspension. Cells suspension was then centrifugate for 

5 minutes at 150G, and the supernatant was removed by vacuum pipette, pouring, 

or using a pipette. After that, cells pellet was resuspended in 500µL fresh 

DM+10%ABX. To dissociate the clumps in the pellet, a gentle trituration using 

1000µL tip pipette was performed by multiple pipetting (~5 times) until obtaining a 

smooth milky cell suspension. Then the volume of cell suspension was completed up 

to 10mL and mixed very well by multiple pipetting again (~5 times).  
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The un-dissociated cell clumps and debris were removed by filtering and passing the 

cell suspension through 40 µm Nylon Cell Strainer (REF# 352340, FALCON®, Life 

Sciences, Corning, NY 14831 USA). The filtered cells suspension was then pelleted 

down by centrifugation at 150G for 5 minutes and removed the supernatant. Next, 

the cell pellet was resuspended in a suitable volume (~ 3mL) of NS-A Neurosphere 

complete medium with growth factors (CM+GFs) and antibiotics. Finally, the cell 

suspension was transferred into T-80 cm2 tissue culture flask (Catalog# Nunc 

178905, Nunc™ Cell Culture Flasks with Filter Caps, Roskilde, Denmark) containing 

20mL of complete medium and incubate at 37°C and 5% CO2 for 7-10 days.  

5.3.4.2. Stem cell culturing  

The cells were allowed to grow undisturbed and conflict as free-floating cells using a 

non-adherent culture “Neurosphere Assay”. The assay was followed to seed the 

isolated cells in a complete NS-A medium (CM) supplemented with growth factors 

(CM+GFs) and antibiotics 2µL/mL “Pen Strep” (ABX), “CM+GFs+ABX”, as described 

by others (Fortin et al, 2016a; Gil‐Perotín et al, 2013; Reynolds & Weiss, 1992; 

Reynolds & Weiss, 1996), and mentioned previously in Chapter 3 (subchapter 

3.3.1.1). Briefly, the untreated tissue culture flask (T252 cm) was filled with 5mL 

preconditioned medium (CM+GFs+ABX) and incubate at 37 ⁰C and 5% CO2, 1 hour 

before plating with cells. The remaining volume of the preconditioned medium was 

incubated at 37 ⁰C water bath to be used for pellet resuspending. The incubated T80 

cm2 tissue culture flask containing the harvested SCT was removed from the 

incubator. Then culture suspension was transferred from T-80 cm2 to 50mL conical 

tube by gentle aspirating and expelling using 10mL sterile serological pipette. 

Next, the culture suspension was centrifuged at a speed of 150 G for 5 minutes, 

and the supernatant was removed by aspirating. The pellet was then resuspended in 

2-3mL (0.05%) trypsin with 0.53 mM EDTA and mixed well (3-5 times). However, 

during the passages 6 and 7 (P6-P7), when the spheres were difficult to dissociated, 

the cells pellet was incubated with trypsin for longer time (about 5 minutes). Then the 

suspension was transferred to 37 ºC water bath and incubated for 2 minutes. Next, 

the same volume of soybean trypsin inhibitor (2-3mL) was added to inhibit trypsin 

activity, mixed several times gently and incubated for 2 minutes at 37 ºC water bath.  
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The trypsin and its inhibitor were then removed by centrifugation the cells 

suspension at 150 G for 5 minutes, and the supernatant was then removed by 

aspiration. Next, the pellet was resuspended in an adequate volume (1-2mL) of the 

preconditioned medium. Cells were plated again as a free-floating in T- 25 cm2 tissue 

culture flask and transferred to the humidified incubator (37 °C and 5% CO2). 

The flask was rocked gently back and forth to ensure thorough mixing of the cell 

suspension with CM+GFs+ABX. The cell culture was regularly incubated at 37ºC and 

5% CO2 and fed every four days by adding fresh warm CM+GFs+ABX by 30%. The 

cell culture was passaged every 10-12 days. 

5.3.4.3. Cell maintenance and differentiation 

During the advanced passages of the cells, I attempted to maintain the cells for long-

 term for morphological study of the growing cells and production of spheres. 

Isolated cells were plated in an adherent culture condition. This step was aimed to 

examine the in vitro neural fate of the isolated cells through possible studying of the 

morphological characteristics and possible differentiation of the cells. This was 

performed by plating the cells in a xeno-free cell culture matrix. The method could 

maintain the survival cells for long-term and increase single-cell attachment in 

cultures. For this purpose, two T25 cm2 tissue culture flasks (Catalog# Nunc 136196, 

Nunc™ Cell Culture Flasks with Filter Caps, Roskilde, Denmark) were pre-coated 

with 3mL of CellAdhere TM Laminin-521 (Laminin) (Catalog# 77003, StemCell 

Technologies, Vancouver, BC, Canada). Following the manufactured instructions, 

each flask was coated with 3mL of CellAdhere TM Laminin-521 diluted in Dulbecco’s 

phosphate-buffered saline with Ca++ and Mg++ at a final concentration of 10 µg/mL. 

Then the solution was mixed gently and immediately added to the T25 cm2 flasks. 

Next, the flask was rocked gently back and forth to ensure spreading of the solution 

on the entire bottom flask surface. After that, the flasks were incubated overnight, 

at 2- 8°C. Next day, Laminin solution was removed by pipetting aspiration. 

The dissociated single cells were then plated in the pre-coated flasks with Laminin 

using two types of culture mediums. To maintain and expand the cells in culture for 

the long term, we used ‘NSA Complete Medium’ CM+GFs+ABX, as described 

previously. 
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To examine the possibility of the cells for differentiation after seeding in a pre-coated 

flask with Laminin. Cells were plated in “Complete NeuroCultureTM Differentiation 

Medium” (Differentiation Medium), following the manufactured instructions. 

Briefly, the human NeuroCultTM NS-A Differentiation Kit (Catalog# 05752, StemCell 

Technologies, Vancouver, BC, Canada), was used for resuspension and culturing of 

cells. Differentiation Medium was prepared by mixing (10%) Human NeuroCult NS-A 

Differentiation Supplements with (90%) of Human NeuroCultTM NS-A Basal Medium 

(Catalog# 05754 and Catalog# 05750, respectively; StemCell Technologies, 

Vancouver, BC, Canada). Next, cells were suspended in an adequate volume of 

Differentiation Medium and plated in precoated T25 cm2 flask with Laminin. 

The culture was transferred to the incubator at 37 °C and 5% CO2. The cell culture 

was examined every two days using an inverted light microscope to check the 

growing and possible differentiation of the cells.  

5.3.4.4.  Immunostaining of canine cells isolated from the spinal cord 

An attempt to collect the canine spheres that were generated from SCT was 

performed as described previously for hNPCs spheres (subchapter 5.3.3.3). 

Briefly, few numbers of canine spheres were collected by centrifugation at 1000 rpm 

for 3 minutes, and the supernatant was then removed, and cells were collected and 

fixed in 10% NBF. Then the cells pellet was processed into a paraffin block to be 

ready for sectioning and immunostaining.  
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5.4. Results 

5.4.1. Gross findings 

The postmortem gross examination of the spinal cord segment T7-L2 did not 

reveal any evidence of tumour formation at the sites of hNPCs injection (T11-T12 

and T12-T13) and other regions of this spinal cord segment. The gross examination 

showed fibrous tissue formation at the T11-T12 level due to previous 

hemilaminectomy surgery causing adhesion in the surrounding dura mater with the 

inner bony surface of the vertebral canal, Figure 5.1. The spinal cord was easy to 

detach and removed entirely as one piece after severing the cord tube from spinal 

nerves, Figure 5.2.  

Moreover, the gross examination of the other intact spinal cord segments, including 

cervical, other thoracic, and lumbar regions, did not show any pathological 

abnormalities such as fibrosis, adhesions, discolouration, congestion, haemorrhage, 

or tumours.  

5.4.2. Microscopic findings 

Histologically, no teratoma formation or tumour-like cells were found in H&E, and 

GFAP examined sections, after 18 months of hNPCs transplantation into the spinal 

cord of a paraplegic dog. Six spinal cord samples in duplicate (frozen and paraffin-

embedded tissues) were examined from 3 different regions. The samples included; 

two samples from the same two sites of hNPCs grafting (T11-T12 and T12-T13), 

two samples from each region near to hNPCs grafting sites (T9-T11 and T13-L2), 

and two samples from rostral and caudal regions far from the sites of hNPCs grafting 

“healthy parts” (T7-T8 and L2-L3).  

The histopathological examination revealed severe damage in both grey and white 

matters with cavity formation in the sites of SCI at the level of thoracic vertebrae 

T11, T12, and T13, Figure 5.3 A, B, and C respectively. Fibrous tissue was shown 

around some sections of the spinal cord at the level of T11-T12, which believe 

to be from the tissue adhesion surrounding the dura matter due to previous 

hemilaminectomy surgery.  
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The histopathological examination did not reveal any cartilaginous tissue origin or 

abnormal teratogenic tissue formation in the examined SCTs sections. 

The H&E sections of SCT near to the sites of injection showed less damage or 

cavitation. Normal and healthy tissue architecture of the spinal cord parenchyma of 

both grey and white matter was revealed at the far thoracic segments of T7 and T9 

levels, Figure 5.3 D and E, respectively. The examination of the cross section of SCT 

approximately at the level of L2 showed slight dorsolateral cord compression with 

morphologically normal intact tissue architecture, Figure 5.3 F.  

5.4.3. Green fluorescent protein labelling findings 

The GFP labelling in frozen sections from SCT samples in areas near to the site 

of hNPCs injection at proximal level (T9-T10) and distal level (T13-L1) revealed 

the presence of GFP-positive cells. However, the signal was faint, and the 

grafted cells were not very clear or live looking in most of the stained sections. 

The GFP-positive cells were more in T9-T10 sections than T13-L1 sections, 

appearing within ~ 3–4 cm/segments of the original injection site. The examination 

of the T9 sections showed widespread fluorescent spherical spots (stained with 

green and red colours) along with the middle layer of spinal cord parenchyma, 

Figure 5.4 A and B. 

The immunofluorescence examination did not identify any GFP-positive cells in other 

sections of SCT from areas of hNPCs injections (T11-T12 and T12-T13) and in 

distance from injection site at the level of T7 and L2.
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  Figure 5. 3: Histopathological of spinal cord (SC) of paraplegic spayed female Poodle X Cream dog, euthanised at 76-months-old age, with 
history of grade 5 chronic spinal cord injury (SCI) for about 2.5 years due to T11-T12 intervertebral disc extrusion, and after 18 months of 
percutaneous transplantation of human neural precursor cells (hNPCs). Images A, B, and C demonstrate severe tissue damage in grey and 
white matters proximately at the level of T11, T12, and T13 respectively, scale bar= 200 µm (X 40 Magnification). Images D and E 
demonstrate whole transverse section of intact SC at distance sites from SCI proximately at T7 and T9 levels, respectively (X 10 
Magnification). Image F shows some compression of the dorsolateral aspect of SC approximately at the level of L2 (X 10 Magnification). 
DF, dorsal funiculus; VF, ventral funiculus. H&E staining of paraffin-embedded sections.  
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  Figure 5. 4: Frozen sections of spinal cord tissue from an area near the 

site (T9-T10 level) of hNPCs engraftment in the spinal cord of a 

paraplegic dog (18 months post cell implantation). A: widespread of GFP-

positive spots are seen at the peripheral (more) and middle layers of 

spinal parenchyma, scale bar= 100µm (X 100 Magnification). B: two 

coloured cells were seen in the section; green (arrows) and red 

(arrowheads), original magnification; 40x, scale bar= 20µm (X 400 

Magnification). Immunofluorescence staining with GFAP. 
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5.4.4. Immunohistochemistry (IHC) 

 

5.4.4.1.  Negative control / neurospheres 

Figure 5.5 A1-A3 demonstrate negative control of hNPCs neurospheres. The results 

showed that nuclei of hNPCs in neurospheres were not labelled with anti-human 

nuclear antigen. The cells nuclei appeared in faint grey colour instead of a bright 

brown. 

5.4.4.2. Positive control / neurospheres 

The results of positive controls confirmed the validity of the immunohistochemistry 

assay. The results confirmed the effectiveness of the anti-human nuclear antigen 

factor for detecting human cells in examined sections. The presence of human cells 

was confirmed through labelling hNPCs’ nuclei with bright brown colour, 

Figure 5.5 B1- B3. 

5.4.4.3. Negative control / spinal cord tissue 

The negative control of dog’s SCT was prepared from harvested samples of SCTs 

at 18 months after hNPCs transplantation. The result confirmed the absence of 

signal and negatively labelling of cells’ nuclei in examined sections of SCT. 

The IHC included staining of SCT harvested from 3 different regions. A sample from 

the level spinal cord segment at the sites of hNPCs grafting (T11-T12 and T12-T13). 

One sample from each region near to hNPCs grafting sites (T9-T11 and T13-L2). 

One sample from each region far from the sites of cells grafting (T7-T8 and L2-L3). 

No labelling of cells nuclei was detected with SCT negative control (without the 

presence of primary antibody), Figure 5.6.  
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Figure 5. 5: Immunohistochemistry controls (Formalin / 10% NBF-fixed paraffin-embedded section) using Anti-Human Nuclear 
Antigen antibody [Mouse monoclonal (NM106), Abcam ab220202] on neurospheres of human neural precursor cells (hNPCs) 
cultures. A1-A3: Negative control shows un-labelled nuclei of hNPCs. B1-B3: Positive control shows labelled hNPCs’ nuclei with 
anti-human nuclear antigen antibody. A1 and B1; scale bar= 100µm (X 100 Magnification). A2 and B2; scale bar= 50µm (X 200 
Magnification). A3 and B3; scale bar= 20µm (X 400 Magnification). 
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Figure 5. 6: Immunohistochemistry controls (Formalin / 10% NBF-fixed 

paraffin-embedded section)-Anti-Human Nuclear Antigen antibody [Mouse 

monoclonal (NM106) anti human nuclear antigen, Abcam ab220202]. 

Negative control of dog’s spinal cord tissue samples; A, scale bar= 100µm 

(X 100 Magnification) and B, scale bar= 20µm (X 400 Magnification). 

No labelling of cells nuclei was detected in negative control in absence of 

primary antibody.  
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5.4.4.4. Detecting of hNPCs in canine spinal cord tissues 18 months 

following transplantation 

Immunohistochemical assessment of dog’s SCT samples harvested at 18 months 

post-engraftment of hNPCs, revealed long-term survival of the grafted cells. 

In comparison to the negative controls, the presence of specific protein factor in 

primary antibody bound to the specific human cells’ nuclei and labelled human cells 

in the dog’s tissue. Widespread positive labelled cells with anti-human nuclear factor 

were detected in the dog’s SCT in a region near to the site of hNPCs engraftment. 

Histologically these cells were stained and labelled with brown colour with the 

aid of immunohistochemistry using anti-human nuclear antigen, Figure 5.7 A. 

Interestingly, grafted hNPCs were found migrated into the area adjacent to the site of 

transplantation. This result confirmed that grafted human-derived neural cells have 

the capacity to survive after 18 months of transplantation into the dog’s spinal cord. 

These cells were found in spinal cord parenchyma in both grey and white matter, 

Figure 5.7 B. Moreover, these cells were localised at the level of T9-T10 and 

relatively distant from the original sites of injection.  

We also performed the immunohistochemical assessment in SCT samples 

harvested from far segments (cervical SCT) of the same dog. We did not detect 

human cells (human nuclear-positive labelled cells) in the dog’s SCT from the 

cervical region with the aid of anti- human nuclear factor, Figure 5.8. Hence, this 

confirmed that no cross-reactivity was detected toward canine spinal cord tissue. 

It is noteworthy that we did not detect any human cells in the other SCT, harvested 

from sites of hNPCs grafting and other near and far regions. These results confirmed 

the findings of GFP test, and the faint fluorescent signal detected in examined 

sections of T9-T10 SCT samples. 



 

 

Page 219 of 329 
Chapter -5 - 
 

 

 

 

 

 

 

Figure 5. 7: Immunohistochemistry controls (Formalin / 10% NBF-fixed paraffin-

embedded section)-Anti-Human Nuclear Antigen antibody [Mouse monoclonal 

(NM106) anti human nuclear antigen, Abcam ab220202]. Abundance of the cells with 

positive anti-human nuclear factor label (arrows) was detected at T9 spinal cord 

segment as well as the migration of these cells to the site of transplantation. 

A: Cells with dark nuclei labelled in immunohistochemistry using anti-human nuclear 

antigen shown with “arrows” are human cells. Among other unlabelled cells with faint 

nuclei shown with (arrowheads) (presumably the constituent canine cells). 

B: Positive immunoreactivity cells (arrows) in brown colour against human nuclear 

factor found in both grey and white matters with some unlabelled cells with faint 

nuclei (arrowheads). Sections from T9-T10 level SCT of a dog at 18 months post 

engraftment. Scale bar= 20µm (X 400 Magnification). 
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Figure 5. 8: Immunohistochemistry controls (Formalin/10%NBF-fixed paraffin-

embedded section)-Anti-Human Nuclear Antigen antibody [Mouse monoclonal 

(NM106) anti human nuclear antigen, Abcam ab220202]. Spinal cord sample 

harvested from the cervical segment of the same dog. No cross-reactivity was 

detected in immunohistochemistry labelling with anti-human nuclear antigen. 

A; scale bar= 50µm (X 200 Magnification). B; scale bar= 20µm (X 400 Magnification). 
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5.4.5. Results of isolating of canine neural stem cells and their fate 
in vitro  

Neural stem cells were successfully isolated from SCT of an adult paraplegic dog, 

which had been treated with xenotransplantation of human neural derived stem cells 

‘hNPCs’. The primary neurospheres were produced from SCT harvested from the 

regions near to the sites of hNPCs transplantation at T9-T10 and L1-L2 spinal cord 

segment levels. Both of these regions were the neighbouring spinal cord segments 

proximal and distal to the sites of hNPCs transplantation (T10-T11 and T11-T12).  

However, the culture of T9-T10 segment generated greater numbers of primary 

neurospheres than the yield from the culture of T13 segment. Attempts to produced 

primary neurospheres from other cultures of SCT at the sites of hNPCs injections 

and the far healthy segments were unsuccessful. 

The isolated cells showed their ability to proliferate and generate spheres in culture 

utilising NS-A Complete medium. The spheres were able to dissociate into single 

cells and to be passaged. The isolated cells showed their capability to renew and 

produce new daughter cells for up to 7 passages before they aged and died in 

culture, Table 5.1. Moreover, these cells could maintain similar morphological 

characteristics throughout the serial passages. In general, few cells were isolated; 

consequently, fewer spheres were produced and maintained in culture.  

Interestingly, the morphological results of this study showed that the generated 

spheres were similar to hNPCs that transplanted in the dog. Figure 5.9 illustrates 

different stages of the proliferated neurospheres in our laboratory from both source 

types; putative canine and human neural derived stem cells, at about 3, 6, and 10 

days post-plating in NSA culturing system. The canine neurospheres that been 

isolated from SCT of the grafted dog showed a similar morphology to hNPCs type 

originally transplanted in the dog. However, canine cell type could not produce large 

number of new cells during their life span compared to their human counterparts, 

except in the fourth passage (P4).  

After 48 hours of harvesting and seeding of canine cells from T9-T10 SCT, primary 

neurospheres were produced in the culture as free-floating irregular aggregations 

like nests, Figure 5.10 A. While very few spheres were generated from L1-L2 SCT. 
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The first passage (P1) of the primary neurospheres (2 weeks post isolation) from the 

T9-T10 segment, had produced low numbers of neural stem cells (around 

242000 cells). Very few cells proliferated and formed new neurospheres after the 

fifth day of primary passage of the primary neurospheres. The neurospheres at that 

stage were morphologically more distinct and started taking spherical shapes 

compared to the primary spheres. Ten days after P1 of primary neurospheres, new 

neurospheres were produced, that appeared more spherically and morphologically 

identical to the human neurospheres. These neurospheres named “secondary 

neurospheres” (Figure 5.10 B). However, the time taken for the cells to proliferate 

and produce new neurospheres reached up to 12-15 days after plating. The second 

passage (P2) showed proliferation and generation of neurospheres on days 6-8 that 

were morphologically similar to secondary neurospheres generated during P1. 

However, P2 showed lower fold expansion across passages (0.08 times), Table 5.1. 

Passage 3 (P3) and passage 4 (P4) revealed the growing of plating cells and 

quicker generating of the neurospheres. The planted cells started to differentiate 

earlier during P3, causing a decrease in the number of cells produced in culture. 

Noticeably, P4 produced greater numbers of neurospheres than the other passages. 

Moreover, the dissociation of neurospheres of P4 was yielded more than eight times 

than the plating figures of single cells (8.82 times, Table 5.1). The microscopic 

examination of the cell culture of passage 5 (P5) revealed different morphologies of 

the cells, including round and fusiform cells. Some of these appeared as unipolar or 

bipolar cells with short and long processes, Figure 5.11 A. However, few cells were 

started to proliferate and produce new spheres. Therefore, a similar number of cells 

were produced from dissociated neurosphere of P5 to produce around 1.2 times of 

the originally seeded cells. In both stages of the advanced passages; passage 6 (P6) 

and passage 7 (P7), the results showed a limited capability of cultured cells to 

proliferate and produce new daughter cells.  

The P6 and P7 produced small numbers of neurospheres despite allowing the cells 

to proliferate in culture for up to 15 days post-plating and replenishing the media 

every 4-5 days. Most of the cells lost their ability for renewal and died during the 

passage process from P6 to P7. Whereas, the few numbers of survival cells were 

attached to the flask and were difficult to dissociate.  
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At P6 and P7 the peripheral cells of neurosphere were started to produce small 

spikes or micro projections on the outer edge, Figure 5.11B. These micro-spikes 

grew longer with time. The study showed that neurospheres up to 200µm diameter 

were difficult to dissociate using ~3mL of 0.05% trypsin-EDTA for 5 minutes at 37ºC. 

After that, and before the spheres died in the culture, they looked darker in colour, 

especially at the centre. The neurospheres had died in the culture after they were 

detached and dispersed gradually into several small portions. The death of cells in 

culture occurred in advanced stages, up to 20 days after the last passage (P7). 

The trend of cell division/folding per passage (Figure 5.12) showed the incapability of 

the cells to produce higher number of new cells than the originally plated cells in 

culture, excluding in P4. Cell folding capacity remained negative and number of cells 

produced during P1, P2, and P3 (1, 0.08, and 0.87 times, respectively) was less than 

the number of cells plated. After that, there was a rapid increase in the proliferation 

rate of the cell folding in P4, which reached up to 8.82 times. Then, the cells’ ability 

to divide was dropped again during P6 and P7. Finally, cells were aged in culture 

after they have lost their capacity for proliferation. 

Result of long-term maintenance of cells in CM+GFs in precoated cultures with 

CellAdhereTM Laminin-521 revealed growing of neurospheres that were more 

attached to the flask. The produced neurospheres were morphologically similar to 

the originally transplanted hNPCs at their neurospheres stage. The peripheral cells 

of the spheres have produced long cilia like microspikes, Figure 5.13 A.  

Plating the cells using “Differentiation Medium” without growth factors (DM-GFs) in 

precoated cultures with CellAdhereTM Laminin-521 supported the cell differentiation 

towards a neuronal fate. Morphological examination of cells using an inverted light 

microscope was showed their differentiation towards morphological-compatible 

astrocyte and -oligodendrocyte. The cells that were relatively larger and having long 

sparsely branched processes are presumptive astrocytes, Figure 5.13 B. While the 

cells that were relatively smaller and having shorter sparsely branched processes 

are presumptive oligodendrocytes, Figure 5.13 C and D. It is also noteworthy that the 

results of the microscopic examination did not show any differentiation of these cells 

towards neurons type.
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Table 5. 1: In vitro expansion of canine stem cells isolated from adult spinal   
cord tissue. 

Passage Number of cultured cells Number of generated cells Folds 

1 ~242000 242000 1.00 

2 242000 19500 0.08 

3 19500 17000 0.87 

4 17000 150000 8.82 

5 67500 82500 1.22 

6 82500 21000 0.25 

7 21000 18000 0.86 
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Figure 5. 9:  Proliferation of the putative canine neural derived stem cells (passage 4 post-dissection) in comparison to human 

neural precursor cells ‘hNPCs’ (passage 3 post-thaw) during different growing stages in our laboratory using ‘Neurosphere Assay’ 

culturing system. Images A1, A2, and A3; show propagation of canine neurospheres about 3, 6, and 10 days, respectively, post-

plating of the isolated cells from spinal cord tissues of the grafted dog with hNPCs. Images B1, B2, and B3; show propagation of 

hNPCs neurospheres about 3, 6, and 10 days, respectively. Scale bar= 200µm (X 40 original Magnification). 
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Figure 5. 10: Cell culture of SCT (T9-T10 segment). A: illustrates new 

developing neurospheres as free-floating irregular aggregations like nests 

(N), 48 hours after seeding, scale bar= 100µm (X 40 original 

Magnification). B: shows a secondary neurosphere (SN) formed after 10 

days of first passage of the primary neurospheres. Secondary 

neurospheres were appeared more spherically and morphologically 

identical to the human neurospheres, scale bar= 50µm (X 40 original 

Magnification).  
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Figure 5. 11: A; shows passage 5 with different morphologies of the growing cells in 

the culture. Round (R) and fusiform cells types are seen as unipolar (U) or bipolar 

(B) with short or long processes. Few cells proliferate to produce new neurospheres 

(N), scale bar= 100µm (X 100 original Magnification). B; shows attached 

neurosphere to the flasks and difficult to dissociate into single cells during Passages 

6 and 7. The peripheral cells of the neurosphere were producing microspikes 

projections (arrow), scale bar= 100µm (X 100 original Magnification). 
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Figure 5. 12: Comparison of the number of cells generated to the 

number of cells seeded across passages. It shows a high proliferation 

of plated cells during the fourth passage (~8.82 times), whereas other 

passages did not yield more cells than it was plated. 
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Figure 5. 13: A: a neurosphere of passage 7 grew in pre-coated tissue flask with 

CellAdhere Laminin-521 using complete medium (CM) with growth factors (GFs). Long 

microspikes were produced at the periphery of the neurosphere. B: cell differentiation 

towards morphological-compatible astrocyte (AC) in the precoated flask with Laminin 

using DM without GF. Morphologically, the astrocyte is relatively large and having long 

sparsely branched processes. C and D: cell differentiation towards oligodendrocyte 

(OC) in the precoated flask with Laminin using DM without GF. Morphologically, the 

oligodendrocyte is relatively small and having shorter sparsely branched processes than 

seen in astrocytes neuronal type. Primary cells were isolated from canine spinal cord 

tissue. Scale bar= 100µm (X 100 original Magnification). 
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5.5.  Discussion 

The histopathological findings of the current work indicate that hNPCs 

transplantation into the spinal cord of a paraplegic dog was safe until the date of 

euthanasia. The patient of this study had IVD extrusion at the T11-T12; accordingly, 

the hemilaminectomy surgery was performed approximately a year before the cell 

grafting. Therefore, the adhesion found at the level of T11-T12 is likely to be related 

to the previous surgery: adhesion is a frequent complication of surgical 

decompression of the spinal cord (LaRocca & Macnab, 1974; Lim et al, 2007). 

The study of Lim et al., (2007), revealed fibrous tissue formation at 8 weeks after 

treatment with canine umbilical cord blood-derived mesenchymal stem cells in 

experimental SCI in dogs induced by balloon compression methods via 

hemilaminectomy surgery.  

Noteworthy, the histopathological results did not detect any tumour-like formation 

associated with this xenotransplantation, in accord with similar findings of others 

(Lee et al, 2009b; Lepore et al, 2006a). Furthermore, Vescovi et al., (1999), showed 

that the transplantation of the same hNPCs line into the CNS parenchyma of 

immunodeficient mice was safe and did not produce tumours in the host tissues. 

However, to confirm that this xenotransplantation is safe, more canine patients will 

be required. Although the potential of pluripotent stem cell therapies is promising the 

greatest safety risk is likely to be tumorigenicity (Lee et al, 2013; Ramer et al, 2014). 

Dlouhy et al., (2014), have reported tumour mass development at the site of cell 

transplantation eight years following autografting of olfactory mucosal cells in 

woman’s spinal cord. 

5.5.1. Survival and migration of hNPCs following transplantation 

Our observation was from a single case study, which showed that the transplanted 

hNPCs were survived for at least 18 months post-transplantation. In addition, these 

cells were detected to nearby areas in an adjacent region far from the original sites 

of transplantation in the proximal upper region of the SCI or sites of cell injections. 

The observations of the current study agreed with first report about this hNPCs by 

Vescovi et al., (1999), which showed that this cell line were able to survive for up to 

12 months following transplantation into the striatum of adult rats. 
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The findings of the present study support our hypothesis for the ability of hNPCs to 

survive for as long as 18 months following xenotransplantation into the spinal cord of 

the dog. The cells were labelled positively against the human nuclear antigen (hNuc) 

and, therefore, were detected in the SCT of the dog.  

Other studies showed that stem cells have been survived for long durations after 

transplantation into host CNS. When human NSCs were transplanted into mouse 

brain tissues the cells were found to have survived for 7 months (Uchida et al, 2000) 

and 12 months (Englund et al, 2002). Another study showed hNPCs survived at 

least eight weeks after grafting into P2 immunodeficient NCG mice brain cortex 

(Zhou et al, 2015). Whereas others have reported survival of up to three months of 

grafted human neural stem cell (human NSCs) into an experimental canine model of 

SCI (Lee et al, 2009b). Autologous and allografting of canine mesenchymal stem 

cells into dogs’ spinal cord tissues also were found to survive for one and four weeks 

after transplantation (Jung et al, 2009). Another study revealed that mesenchymal 

stem cells are able to survive and migrated for a distance of 30 mm from the site of 

transplantation through subarachnoid space following grafting in rat model of 

experimental SCI (Satake et al, 2004). 

The hNPCs in the current study were also detected in an adjacent region far from the 

original sites of transplantation into dog’s SCT. These results agreed with others 

previous observations about the migration of the grafted cells after transplantation 

(Englund et al, 2002; Svendsen et al, 1997a; Uchida et al, 2000; Zhou et al, 2015). 

Vescovi et al., (1999), also showed that this hNPCs line we have used in our study 

were able to migrate for about 1.2 mm of distance from the site of engraftment in the 

parenchyma of immunodeficient mice (Vescovi et al, 1999). Another study showed 

that progenitor stem cells cultured from human foetal brain tissues were able to 

survive, migrate, and differentiate into glia and neurons after 110 days of 

transplantation in rat models of SCI (Stepanov et al, 2003). A study reported 

surviving, differentiating of donor neural progenitor cells (NPCs) into NeuN positive 

neurons after integrating with host spinal cord (Zholudeva et al, 2018). Previous 

study in rat models of SCI confirmed the survival and migrated of grafted cells over 

short distances after seven days and at a long interval at ten months (Keirstead et al, 

2005). 
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Autografted of oligodendrocyte precursor cells (OPCs) derived from stromal SCs of 

rat adipose tissue were found migrated to the site of injury after transplantation in rat 

models of acute SCI, with the suggestion that the cellular chemotaxis factors 

released by injured spinal cord may facilitate the migration of the grafted cells 

(Kang et al, 2006). Rosenzweig et al., (2018), found that the transplanted human 

NPCs into the experimental cervical SCI induced in rhesus monkeys can survive 

for at least 9 months post-implantation. However, the cells did not migrate for long-

distance following transplantation for more than 0.1mm from the site of injection 

(Rosenzweig et al, 2018). The transplantation of the cells in Rosenzweig et al., 

(2018) study was conducted after 2 weeks of inducing the injury of the cervical spinal 

cord.  

In the current study, the cells grafting was performed in chronic phase about 

12 months post-SCI. The migration of the grafted cells might be affected by the 

stage of disease (acute or chronic) and the severity of the lesion at the time of cell 

therapy. The chronic phase includes events different from those occurring during 

primary and secondary stages of the acute phase of SCI. The activities of the 

oxidative and lysosomal enzymes may increase during the late stages of the SCI 

(Eddleston & Mucke, 1993).  

The excitotoxicity events are complicated during the advanced stages of SCI and 

differ between the different inflammatory stages. Furthermore, syrinx formation 

during the chronic phase is known to halt the remodelling processes and inhibit the 

healing of the injured tissue. Scar tissue formation and development of a fluid-filled 

cavity at the site of the lesion caused syringomyelia during the late phase of SCI 

(Mothe & Tator, 2012; Squier & Lehr, 1994). Some of the grafted cells died at the 

region of the syrinx after transplantation because of excitotoxicity events of SCI. This 

may explain the survival of hNPCs in nearby areas and absence at the sites of 

injection. However, other hNPCs pushed behind the boundaries of the spinal syrinx, 

where they found a suitable cellular environment to survive for a longer time. The 

healthy tissues might have a less inflammatory environment with fewer excitotoxicity 

events. Consequently, the intact healthy spinal cord tissues could provide better 

biological conditions and a suitable cellular microenvironment for the grafted cell 

survival, differentiation and integration with the host nervous tissues.  
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It has been suggested that the optimal time to perform cell therapy in SCI is between 

7-14 days post-injury. Accordingly, cell therapy is not recommended during the 

earlier stages of the SCI. The neurotoxic microenvironment of the acute 

inflammatory events may be lethal for the transplants during the few days post-injury. 

On the other hand, the long post-SCI delay allows for developing the syrinx and glial 

scar, which prevent the regeneration of the axons (Okano et al, 2003).  

5.5.2. Putative canine neural cells versus human neural cells in 
culture     

A part of this study was initiated to determine the possibility of isolating neural stem 

cells from the dog’s SCT using NSA cell culture system. The “Neurosphere Assay” is 

an effective method for generating consistent, renewable and undifferentiated 

precursors from CNS (Azari et al, 2010). The dissociated SCT produced single cells 

which could proliferate in the culture. For the expansion of human CNS stem cells 

in vitro, the combination of FGF and EGF in a fixed concentration of 10ng/mL and 

20ng/mL, respectively, was found to be the optimal concentration (Vescovi et al, 

1999).  

The combined action of EGF and FGF is effective in inducing proliferation and long- 

term renewal of NSCs isolated from the spinal cord of adult mice (Weiss et al, 1996) 

but can also inhibit the differentiation of the stem cells in the culture (Reynolds & 

Weiss, 1996). Moreover, the presence of other growth factors such as leukaemia 

inhibitory factor (LIF) and soluble Steel factor (SF) act synergistically to enhance the 

growth of pluripotential embryonic stem cells in vitro (Matsui et al, 1992).  

The cell type produced in the present study was named neural stem cells (NSCs) 

because they were isolated from spinal cord tissue of an adult dog. Although NSCs 

have been reported as self-renewing cells which can divide to produce either new 

generation of daughter cells or differentiate into astrocytes or neurons or 

oligodendrocyte (Gage, 2000), in the present study differentiation into neurons was 

not observed.   
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In the current study, the clusters of the cells that grew after 48 hours as free-floating 

irregular aggregations like nests, were more spherical after 14 days. Similar findings 

were reported previously by others, and the isolated neural precursors from adult 

human brain started growing in culture after 4 to 20 days. One month later, groups of 

cells proliferated and generated newly formed big clusters, termed “spheres” 

(Arsenijevic et al, 2001). In our study, clusters were morphologically more spherical 

and therefore similar to the human neurospheres. Isolated cells from rodent brain 

tissues can proliferate and produce well organised spherical spheres with the 

presence of GFs (Reynolds & Weiss, 1992). As there were few numbers of growing 

cells in culture, we had to allow up to 8 days until they started to achieve confluence. 

Unfortunately, this led to an increase in the size of some of the neurospheres, and 

they began to attach to the plate and differentiate. Moreover, this led to the difficulty 

to dissociate the neurosphere using enzymatic dissociation with trypsin-EDTA. 

Overexposure of the spheres to Trypsin-EDTA may cause serious cellular damage 

and to changes of cells’ surfaces protein characteristics, finally causing cell death 

(Azari et al, 2010; Sen et al, 2004), which may explain the difficulty I experienced 

passaging these cells beyond 6 passages.  

The spheres of P6 and P7 in our study were attached to the substrate and produced 

microspikes from the peripheral margins. The growing neurospheres are 

characterized by their spherical shape, phase bright and producing of microspikes 

from the cells on the outer surface of spheres, which can be distinguished from 

clumps of cell debris in the culture (Deleyrolle & Reynolds, 2009; Eldi & Rietze, 

2009; Kelly et al, 2009; Mothe & Tator, 2015; Xiong et al, 2011). The current study 

showed that the large dog’s neurospheres were difficult to dissociate using 

trypsinization method. This contrasted with our experience with their counterpart 

hNPCs neurospheres, which easily and efficiently dissociated using smaller volumes 

of 0.05% trypsin (1.5-2mL) and for only 2 minutes incubation time. Moreover, the 

centre of neurospheres of the canine origin appeared darker in colour, which the 

cells at the spheres’ centre had died. This phenomenon is known to occur if the 

neurospheres are let to grow too large and left in culture for a long time. The darker 

shade at the centre of the sphere is due to the aggregation of the dead cells (Azari et 

al, 2010; Chojnacki & Weiss, 2008). 
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The investigation of the fate of the isolated dog’s cells in culture was achieved by 

plating the cells in a pre-coated flask with Laminin and using two different mediums 

with and without growth factors (CM+GFs and DM without GFs ‘DM-GFs’). Laminin 

elicits neuronal-like cells to differentiate and promote cells motility and migration 

in vitro (Hynds & Snow, 2001; Walton & Wolfe, 2008). On the one hand, the dog’s 

neurospheres that produced with Laminin and CM+GFs were morphologically similar 

to hNPCs type. However, the dog’s neurospheres had longer microspikes seen at 

the periphery of neurospheres compared to those seen in hNPCs. Moreover, the 

dog’s neurospheres become more attached to the substrate and difficult to 

dissociate with the enzymatic method. Therefore, the dog’s spheres died faster in 

culture, and no further investigations were completed. On the other hand, plating of 

dog’s cells in precoated cultures with Laminin supported the cell differentiation 

towards the presumptive neuronal fate using DM-GFs. Morphological examination of 

cells using the inverted light microscope showed differentiation of cells towards 

morphological-compatible astrocyte (large cells with long sparsely processes) and 

oligodendrocyte (small cell with short sparsely processes), as was described 

previously by others (Lepore et al, 2006a; Zhang et al, 2016). Noticeably, the 

microscopic examination of the cells in the current study did not detect any 

differentiation towards morphological-compatible neuron cell type. 

This part of current study shows that there may be a promise development method 

for isolation and propagation of canine neural stem cells and a possible cell therapy 

source for homo- or allografting for treatment of canine spinal cord trauma. 

5.5.3. Utilising of hNPCs as optimal validation controls for IHC 
labelling of human cells in canine SCT 

Although my validation results for the IHC staining for anti-human nuclear antigen-

antibody in hNPCs in culture and SCT sections were reliable, I did not have access 

to human spinal cord tissue samples to run positive control simultaneously with 

canine specimens. For this reason, we employed hNPCs (same donor cells as were 

grafted into recipient spinal cord) as a positive control and these were processed 

simultaneously with negative controls. The hNPCs represented a good alternative to 

human SCT specimens for preparing IHC positive and negative controls in our study.  
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5.5.4. Unexpected findings of the current study 

The most unexpected findings of the current study were detecting of positively 

labelled cells with anti-human nuclear factor in an adjacent region far from the 

original sites of transplantation into dog’s SCT, and isolating of neural stem cells 

from the same region adjacent to the sites of hNPCs transplantation (T9-T10 level). 

These observations supported the hypothesis that grafted hNPCs survive and 

migrate from the site of the SCT.  

I confidently concluded that the cells in both cases were of human origin because; 

1) they were detected in SCT specimens using IHC, 2) other cultures of SCT from 

different regions did not produce any stem cells, and 3) our laboratory observations 

showed that the produced canine neurospheres were morphologically similar to the 

hNPCs type during different growing stages in the culture (Figure 5.9).  

Nevertheless, these cells may have originated from the host and are putative canine 

cells, as they were; 1) isolated from a canine SCT, 2) produced relatively small 

number of daughter cells, and their folding rate across passages was very low, 

except during the fourth passage, and 3) difficult to dissociate using the same 

enzymatic system uses for hNPCs spheres despite their morphological similarity to 

the hNPCs. 

5.5.5. Difficulties and the limitations of transplantation of hNPCs in 
canine 

Several difficulties and limitations were encountered in this study. The collected SCT 

samples harvested from one subject and were insufficient to perform more 

investigations such as IHC for several specific protein markers. Achieving adequate 

SCT biopsies was also a limitation for other SCI researches (Smith & Jeffery, 2006). 

The current study provides potential information about the fate of the implanted 

hNPCs into dog spinal cord. However, no in vivo data were available for this subject 

following cell transplantation. It would have been interesting to assess and correlate 

the current histopathological and IHC findings to the clinical outcome of this cell 

therapy. 
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In general, although the results of immunofluorescence in the frozen spinal cord 

sections showed expression of GFP which I assumed to result from grafted hNPCs, 

detection of GFP in the current study was not sufficient to alone confirm the 

presence of the hNPCs in the dog’s samples. First, it is unclear if this fluorescence 

emission arose from donor cells (GFP positive cells) or whether autofluorescence 

originated from canine tissue itself. Molecules from mitochondria and lysosomes, 

aromatic amino acids, lipo-pigments, and some endogenous cellular fluorophores 

can be responsible for tissue autofluorescence (Monici, 2005). Second, the detected 

signals acquired with the aid of a fluorescent microscope were faint. I reasoned that 

the faint immunofluorescence signals may result from slight fragmentation of the 

cells: frozen tissue sections can show some freeze-fracture of tissue with ice crystal 

artefact that can affect the quality of the images. The other possible explanation is 

that there is a difference in the longevity of GFP in transduced stem cells, in vitro 

versus in vivo, that is related to the properties of the stem cell type or virus used for 

transducing. The GFP gene of the virus used for transfection might be degraded 

gradually upon differentiation of the grafted cells in host tissue (Satake et al, 2004). 

Nevertheless, our study revealed that from this dog the number of cells produced in 

each passage was small and maximum passages reached was P7. Consequently, I 

was unable to conduct further investigations to identify the source of the isolated 

cells in our study. In this regard, if the isolated cells in our study were canine, then 

we may reason the failure of these cells to expand past 7th passage to several 

factors. These may include the age of the dog we harvest the SCT, type and site of 

nervous tissue used for isolating the cells, and less than the optimal medium used 

for culturing, growing and propagating the isolated cells. In the current study, the 

cells were isolated from spinal cord tissue of a dog at the age of 63 months. Neural 

stem cells isolated from aged animals have a limited expansion capability compared 

with the cells from their younger counterparts under the same in vitro culture 

conditions. Significant decrease of stem cell neurogenesis was reported in aged 

canine brain tissues compared with young dogs (Lim et al, 2012). This reduction of 

neurogenesis can be up to 96% lower in aged dog compared with young ages. This 

effect may be related to the reduction of specific proliferated proteins such as Ki-67 

in ageing dogs (Pekcec et al, 2008).  
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It is easier to isolate neural stem cells from a young animal than older counterparts 

(Mothe & Tator, 2015). Nevertheless, a similar decline of neurogenesis and 

expansion folding was reported in some isolated from foetal tissues (Svendsen et al, 

1997b). 

I attempted immunostaining of the cell spheres from the dog’s SCT but, 

unfortunately, the number of the spheres were few and all spheres were lost during 

pelleting, fixing in formalin, and sectioning of the block. This limitation of the current 

study led to a lack of information about the type and source of the generated cells in 

the culture.  

Another difficulty encountered in this study was the slow-growing of the 

neurospheres for up to 2 weeks after the last plating and the increased difficulty to 

detached them from the substrate and to dissociate them into single cells. Different 

growing times of newly isolated neural stem cells can be observed in different animal 

species. In a previous study, the neural stem cells of mouse brain tissue grew in 

culture very well and produced neurospheres that reached up to 150-200 µm at 7-10 

days post-harvesting (Azari et al, 2010). Another in vitro study reported different 

growing time of the isolated neural stem cells in different species. The rat neural 

stem cells isolated from SCT grew in culture faster than the human type. 

5.5.6. Suggestions for the next research 

Since the current study was conducted in only one dog patient, future replicate 

studies will be required to substantiate the results. A future preclinical study is 

required to confirm the safe transplantation of the hNPCs into more canine patients.  

The current study showed the possibility of producing a dog’s neural stem cells from 

CNS. This could open the doors for future works towards the use of dog-to-dog 

transplantation “allograft” as an appropriate cell source for canine CNS diseases 

including SCI and avoid the issue of xenotransplantation. A future study is required 

to investigate the effectiveness of different assays for isolating, growing, and 

expanding of canine neural stem cells of CNS tissues (brain and spinal cord). Here, 

we may suggest testing methods that culture the cells as free-floating neurospheres 

or as using adherent cultures that been used in other mammalian species.  
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The mechanism of migration of the stem cells after transplantation is still unclear. 

Therefore, future studies should investigate the factors that affect cell migration 

during different interval times after transplantation. Moreover, further study is 

required to investigate the integration of grafted cells and their neural fate after 

transplantation.  

In the current study, we only used the cellular morphology to differentiate between 

astrocytes and oligodendrocytes as no other identification parameters were 

investigated. Complementary immunocytochemistry and PCR could be used to 

further investigate the cell typing and their ratio within the cellular population. 

5.5.7. Final conclusions relevant to cell therapy in future 

In conclusion, the current study yielded some promising findings regarding the use 

of xenotransplantation of hNPCs into the spinal cord of a canine patient of SCI. 

The lack of tumour formation at the host SCT and the survival ability of hNPCs after 

18 months of transplantation make this novel therapy a promising approach to SCI 

treatment. Moreover, current study findings are beneficial for in vitro and in vivo 

researches, particularly for the clinical applications in human and canine patients.
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CHAPTER 6   
 

General discussion 
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6.1. General Discussion 

In canine patients, intervertebral disc (IVD) degeneration is an important cause of 

neurological deficits (Chang et al, 2007; Verheijen & Bouw, 1982) and accounts for 

about 2% of all diseases in dogs (Hoerlein, 1979). Naturally occurring canine 

intervertebral disc extrusion (IVDE) consists of about 3.6% of the total number of 

various neurological diseases in dogs. Acute and severe IVDE may cause severe 

neurological deficits if not treated immediately with medical and surgical treatment. 

Dogs with IVDE represent a valuable clinical model for animal and human research 

of SCI. This thesis studied prognostic factors and the potential benefits of stem cell 

therapy for this common neurological disease. 

Current therapies for severe SCI have little efficacy in many human patients due to 

significant mechanical trauma to the spinal cord. Likewise, in dogs, acute and 

severe IVDE usually result in severe neurological deficits that are described as 

grade 5 spinal cord injury (SCI). Severe SCI in canine patients can develop chronic 

conditions and become irreversible with medical conditions such as urinary and 

faecal incontinence which are challenging to manage and treat. 

To the best our knowledge, well-characterized canine neural cell lines are not 

currently readily available that show cardinal features of neural stem cells for 

transplantation. Therefore, the current study has used hNPCs cell line that have 

been well studied, characterised and described elsewhere. Moreover, transplantation 

of a well characterised and trustworthy cell line of human neural derived stem cells 

such as hNPCs into naturally occurring animal (dog) model of SCI should be 

valuable resource for potential research information about the in vivo effects of this 

human cell line not only for canine clinical trials benefits but also for translation 

medicine and future pre-clinical trials in human patients of SCI. Previous 

experimental studies showed that the transplant of human neural stem cells into 

rodent models of contusive SCI is a promising therapeutic strategy to recover motor 

and sensory functions (Cummings et al, 2005; Salazar et al, 2010; van Gorp et al, 

2013).  
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Additionally, the research approach in this thesis was in line with a previous study by 

Lee et al., (2009b), that revealed the benefits of transplantation of similar human 

neural stem cells for enhancing the functional recovery in an experimental model of 

canine SCI. Another primary reason for using hNPCs in dogs as explained in the 

‘Introduction’ of this thesis was because well characterised canine neural derived 

stem cell types are not yet available for a potential therapeutic strategy, excluding 

the use of autologous cells for canine SCI studies such as the autologous olfactory 

mucosal cells (Granger et al, 2012). Accordingly, with all reasons mentioned above, 

together with the recommendations of other research groups, and besides the 

ex vivo findings presented in ‘Chapter 3’ in this thesis that demonstrated the 

efficiency of hNPCs on diminishing production of TNF-α might be beneficial for 

regulating the inflammatory response, and potentially effective therapy for SCI. 

Moreover, no tumour formation was developed by 18 months following 

transplantation into dog’s spinal cord in the current study (Chapter 5).  All these 

rationales may provide accreditation for employing this hNPCs line in clinical trial 

recruiting the paraplegic dogs of grade 5 SCI as a putative effective therapeutic 

strategy.  

The overall aims of this thesis were to investigate aspects of the diagnosis, 

prognosis and pathology of canine SCI, as they may be applied to evaluate the 

potential for therapy using stem cells. Specifically, potential methods for analysing 

magnetic resonance imaging (MRI) scanning of dogs with naturally occurring IVDE 

were examined in a retrospective study. Next, the effects of human neural precursor 

cells (hNPCs) on stimulated whole blood samples of healthy dogs were examined in 

an ex vivo study, probing for pathophysiological interactions with the inflammatory 

cascade. Subsequently, the viability of hNPCs which had been transplanted into 

a client-owned dog with grade 5 SCI caused by IVDE was evaluated, in a pilot study. 

Once the third stage of the study was completed, then the fate of the implanted 

hNPCs was investigated at 18 months following transplantation into the spinal cord 

of a dog with SCI. 
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Ideal clinical trial designs for evaluating new putative therapies should consist of four 

phases. The first phase consists of discovery and elementary science, to identify 

candidates for the putative therapy. Second, the safety of putative therapy is 

assessed in a preclinical trial, including a small number of patients (6-8 cases). The 

third phase should probe for evidence of the efficacy of the new therapy against 

standard outcome measures. The final phase includes implementing the putative 

therapy in a large group of clinical patients (Jeffery et al, 2011). The research in 

thesis comprises major components of the first phase and, therefore, could pave the 

way towards future phase Ι preclinical study in dogs with grade 5 SCI. 

Chapter 1 of this thesis reviewed the literature and demonstrated the importance of 

SCI both in human and dog patients. The SCI of type ‘A’ of ASIA category in people 

and grade 5 in canine patients are the most devastating categories that lead to 

irreversible loss of motor and neurological functions (Lifshutz & Colohan, 2004; 

Moosazadeh Moghaddam et al, 2018). To date, many studies and attempts to treat 

SCI using different types of therapies have been tested. However, no effective cure 

has been found (Tang et al, 2020). As a result, human patients with this disease will 

either find themselves disabled for the rest of their lives or will die following the SCI 

due to respiratory and renal dysfunctions. Similarly, dog patients become tetraplegic 

or paraplegic, or the owners may elect for euthanasia.  

Chapter 2 evaluated the suitability of MRI in monitoring the in vivo pathological 

changes of the spinal cord and vertebral canal following injury. An explicit limitation 

of clinical studies both in human and canine patients of SCI is the paucity of data 

about the histopathology of naturally occurring disease. Our neuropathology 

knowledge of SCI is based on histopathological examinations of specimens 

obtained from experimental studies in rodent models (Schwab & Bartholdi, 1996; 

Smith & Jeffery, 2006). Unfortunately, the pathology of lesions in experimental 

models may not be representative of the naturally occurring SCI in human and dog 

patients. Therefore, a non-invasive tool for the evaluation of SCI neuropathology 

would be useful. Although, many focal lesions of the central nervous system (CNS) 

are undetectable in MRI (Thesen et al, 2011), scanning with MRI could be a 

surrogate for histopathological examination in clinical research of human and canine 

SCI.  



 

 

Page 244 of 329 
Chapter - 6 - 
 

Evaluation of the spinal cord using objective and quantitative measures in both 

sagittal and transverse planes in the MRI scans have been shown to ensure a 

thorough assessment of the affected part of the spinal cord and canal. Quantitative 

MRI measurements provided essential information about the characteristics of the 

SCI and severity of the damage (Boekhoff et al, 2012; Fehlings et al, 1999; Kulkarni 

et al, 1987). However, many of the previous MRI studies have used only one 

quantitative morphometric method to assess spinal cord and canal, either by 

measuring the diameters on sagittal images or cross-sectional area on transverse 

images and with or without using qualitative method to assess the signal intensities 

(Boekhoff et al, 2012; De Risio et al, 2009; Fehlings et al, 1999; Hecht et al, 2014; 

Ito et al, 2005; Miyanji et al, 2007; Ryan et al, 2008).  

The present MRI study evaluated the use of an objective and two quantitative 

methods, to assess the injured spinal cord and vertebral canal on sagittal and 

transverse MRI images. The diameters of the spinal cord and vertebral canal were 

examined at mid-sagittal sections (T1-weighted and T2-weighted MRI scans). The 

diameters were measured by choosing sagittal sections that show the complete body 

of the vertebral spinous process. This method may assure the accurate measuring of 

the maximum diameter of the spinal cord and vertebral canal with the aid of sagittal 

sections. However, this procedure might be uncertain and debatable, especially if the 

slices were shifted slightly from the midline (mid-sagittal) to the left or right side. 

Additionally, there is a perception that the spinal cord may not be located at the 

midline within the vertebral canal in some dogs (Hecht et al, 2014). For that reason, 

we endeavoured to choose from the sections that better displayed the complete 

spinal cord that lies inside the spinal canal in the midline of the sagittal plane of 

the body.  

The MRI study in this thesis has used a new quantitative, easy to apply and reliable 

method to measure the cross-sectional area of the spinal cord on transverse MRI 

images. To the best of our knowledge, few publications have used well-established, 

quantifiable MRI criteria to measure the cross-sectional area of the compressed 

spinal cord on transverse images (Boekhoff et al, 2012; De Risio et al, 2009; 

Ryan et al, 2008).  
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The criteria we used in our study were highly reproducible and facilitate the 

assessment of the SCC and the improvement following the suggested treatment. 

Although this method requires relatively more time to measure the cross-sectional 

area in three slices rather than two slices, this new method is accurate as of the 

methods used by others. Moreover, these measures are important for in vivo 

evaluation of the injured spinal cord and vertebral canal using MRI scanning.  

These MRI measurements were found to be useful as important prognostic 

predictors for the severity and progression of the SCI lesion. Further, the findings of 

spinal cord compression (SCC) on the sagittal plane and area of spinal cord 

compression (ASCC) on the transverse plane confirmed that the results of 

assessment methods used in both planes were matched and were compatible with 

each other. Consequently, I concluded that the suggested MRI quantitative methods 

are effective and accurate and may be recommended, in association with the clinical 

and neurological assessments, for clinical and research practices. 

Chapter 3 took a rational approach to examine the effect of hNPCs on cytokine 

production of canine whole-blood stimulated ex-vivo before using cells in an in vivo 

study. It is crucial to investigate the characteristics of the suggested cell therapy 

before using for transplantation into the biological system of the host. The viability 

and survivability of the chosen cell type needs to be shown in vitro and ex vivo if 

possible, before being employed for transplantation into the spinal cord of a host. 

The cardinal features of neural stem cells for transplantation include the capacity for 

self-renewal, proliferation in response to mitogen, and differentiation into 

neuroectodermal lineages to produce neurons, astrocytes, and oligodendrocytes 

(Martino & Pluchino, 2006). The in vitro observation findings in this thesis, together 

with previous studies by others reassure us of the capacity for self-renewal, 

proliferation rate, differentiation lineages, and well-recovered capacity after multiple 

freezing of hNPCs (Fortin et al, 2016a; Vescovi et al, 1999; Zhou et al, 2015). 
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Experimental and clinical studies are focusing on studying the secondary phase of 

injury as a critical point in the pathology of SCI. Accordingly, numerous research 

efforts are targeting the microenvironmental events of the inflammatory responses 

and cellular components of the secondary phase, such as fibrotic components of the 

glial scar in an attempt to develop treatments for the SCI (Bradbury & Burnside, 

2019; Dubendorf, 1999; Dumont et al, 2001; Dusart & Schwab, 1994; Kwon et al, 

2004; Rowland et al, 2008; Sun et al, 2018; Tator, 1995b). 

The ex vivo study of Chapter 3 in this thesis has demonstrated the anti-inflammatory 

effects of hNPCs on reducing the concentrations of the pro-inflammatory cytokines, 

including tumour necrosis factor-alpha (TNF-α) in stimulated canine blood samples. 

The beneficial effects of cell transplantation in SCI research might be via blocking 

the inflammatory signals of inhibitory molecules and factors that expressed during 

SCI and responsible for the neuronal degeneration (Rowland et al, 2008). These 

factors may include; intrinsic inhibitory factors such as myelin associated inhibitory 

molecules and extracellular inhibitory factors such as astrocytic associated inhibitory 

molecules of the glial scar (Rowland et al, 2008). The therapeutic effects of neural 

stem cells (NSCs) after transplantation are thought to be mediated by regulation of 

the inflammatory events of secondary injury, via inhibition of activation of type-M1 

classical macrophages, infiltration of neutrophils, and secretion of pro-inflammatory 

cytokines post-injury (Cheng et al, 2016; Sun et al, 2018). 

In contrast, it is important to note that some in vitro studies have described the 

neuroprotective action of TNFs against neurotoxicity of CNS in degenerative 

diseases. The TNFs, such as TNF-α and TNF-β, showed neuroprotective effects 

against the toxic accumulation of amyloid β-peptide in the hippocampus in Alzheimer 

disease (Barger et al, 1995). In the same line, another report suggested the 

neuroprotective effect of TNFs against the injury of CNS (Cheng et al, 1994). 

The neurotoxic and neuroprotective effects of some inflammatory factors such as 

TNF-α, macrophages, and nitric oxide on SCI described as a" dual-edge sword" 

(Bethea, 2000). These observations could demonstrate the complexity of the 

inflammatory responses of CNS post-injury.  
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Future research investigating the effects of hNPCs on the production of pro-

inflammatory and anti-inflammatory cytokines using biological or semi-biological 

systems such as stimulated WBCs are considered to be an exciting area for study. 

To the best of our knowledge, this is the first report demonstrating the ex vivo  effect 

of hNPCs on decreasing the concentration of TNF-α in whole blood (WB) cultures of 

healthy dogs stimulated by a combination of Phorbol 12-Myristate 13-Acetate with 

Ionomycin (PMA/I) or Lipopolysaccharide (LPS). On the other hand, our study could 

not determine the precise effect of hNPCs on the production of interleukin– 6 (IL-6) 

in canine WB cultures. A future complementary study of the effects of hNPCs on 

cytokines production in canine WB cultures should involve different pro-inflammatory 

and anti-inflammatory cytokines.  

A common obstacle of xenotransplantation therapies in clinical studies is the 

secondary side effects of the long-term using of immunosuppressants 

(Cummings et al, 2005). The finding in ‘Chapter 3’ suggests that hNPCs may 

possess potential to mitigate the inflammatory reaction of the immune system. If this 

the case then a possible advantage of using hNPCs xenotransplants is auto-

suppression of immune rejection, perhaps obviating the need to use 

immunosuppressive drugs.  

The clinical pilot study (Chapter 4) in this thesis described the first attempt to 

transplant embryonic hNPCs into a paraplegic dog patient with naturally occurring 

SCI. It was reported that about 80% of the transplantation studies in canine SCI had 

used mesenchymal stem cells (MSC) for cell therapy (McMahill et al, 2015). Few 

previous studies reported the transplantation of similar human neural stem cells 

immediately following induced spinal cord injury in the canine experimental model 

(Kim et al, 2010; Lee et al, 2009b).  

No recovery of the motor and the autonomic dysfunctions was reported at the end of 

the observation period of our pilot study, excluding the improvement of cutaneous 

trunci muscle reflex. It was unexpected that we would gain sufficient information 

about the effectiveness of putative therapy using one patient of SCI. 
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The primary objective of the pilot study was to assess the suggested protocol, the 

safety of the transplant, and the validity of the measurements used to evaluate the 

response to hNPCs therapy. Therefore, the presented data in ‘Chapter 4’ is 

descriptive, and the window for making comments or comparisons with other studies 

is narrow, as it represents a pilot study conducted in one subject. The pilot study is a 

critical stage and a crucial step for building the foundation toward a large research 

project. Pilot studies help to test the research protocol approached for the 

methodology, methods for selecting the subjects, instruments used for collecting the 

data, and determine the fitting procedures to achieve the objectives of the research 

(Hassan et al, 2006; Lancaster et al, 2004).  

The direct percutaneous transplantation procedure using fluoroscopy allowed for the 

accurate insertion of the spinal needle and delivery of the cells. A percutaneous 

transplantation method is less complicated than intraspinal injection with the aid of 

surgical exposure. The transplantation procedure in our pilot study did not cause any 

detectable complications such as inflammation, infection or abscessation in the 

grafted dog during the six months follow-up period after injection.  

Our study evaluated the utility of several outcome measures in assessing response 

to hNPCs therapy in chronic SCI of grade 5 dog patient by; gait analysis, urethral 

pressure profile (UPP), and MRI analyses. Clinical and neurological assessments 

were also used to investigate the possible benefit of hNPCs on ameliorating the 

severity of the disease.  

The health-related quality of life scale (HRQOL scale) questionnaire we have used in 

this study provided reliable data about the health condition of the dog following cell 

therapy. The questionnaire is simple, understandable, does not require an 

experienced or trained person to complete. Therefore, it can be performed 

straightforwardly by the owners of the dogs. Most importantly, valuable information 

provided by HRQOL is about the alteration of the autonomic sensory functions 

by monitoring the urine and bowel functions. In addition, HRQOL assisted monitoring 

the signs of pain due to inflammation in case of immune rejection following stem cell 

therapy.  



 

 

Page 249 of 329 
Chapter - 6 - 
 

Few studies have been used HRQOL scale in canine SCI studies; thus, we highly 

recommend this scale in clinical trials that test new cell therapy in client-owned dogs. 

HRQOL system recommended as a sensitive indicator of possible changes in the 

health condition of the patient post-therapy (Sprangers, 2002). 

In Chapter 5, the gross and histological examinations of the spinal cord tissues of the 

euthanised dog did not show significant pathological changes or tumour-like 

formation associated with this xenotransplantation. However, some slight adhesions 

were detected at the site of the previous surgical operation.  

To the best of our knowledge, this is the first study reporting the long-term survival of 

hNPCs 18 months post-implantation into the spinal cord of paraplegic dog with grade 

5 SCI. Moreover, the labelled cells had migrated away from the site of injection. 

Previous studies revealed different survival times of different transplanted cells into 

CNS tissues of canine and rodent models. The grafted cells survived for four weeks 

(Jung et al, 2009), eight weeks (Zhou et al, 2015), three months  (Lee et al, 2009b), 

110 days (Stepanov et al, 2003), seven months (Uchida et al, 2000), 9 months 

(Rosenzweig et al, 2018), 10 months (Keirstead et al, 2005), and 12 months 

(Englund et al, 2002).  
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6.2. Conclusion and future directions 

In summary, this thesis identified the following considerations for further studies of 

canine IVDE which employ hNPCs into clinical applications of SCI: 

• Advanced research together with the findings of this thesis suggest there may be 

benefits of neural derived stem cell transplantation as a therapeutical approach 

to ameliorate the inflammatory events of secondary injury of SCI.  

• The quantitative MRI measures of pathological and morphometric parameters 

should be considered in addition to clinical and neurological assessments when 

evaluating new therapies for SCI, especially those injuries caused by IVDD. 

• The hNPCs may have an anti-inflammatory effect by decreasing the production 

of TNF-α in dogs. Further study is required to confirm this effect by investigating 

different cytokines profiles such as interleukin–1β (IL-1β), interleukin–2 (IL-2), 

interleukin–10 (IL-10), interleukin–12 (IL-12), and inducible nitric oxide synthase 

(iNOS).  

• After transplantation into a dog, the hNPCs did not cause any adverse effects or 

immunological reactions. 

• The hNPCs have the capacity for self-renewal, proliferation and differentiation in 

culture. Furthermore, this cell type can survive in vivo in the microenvironment of 

spinal cord tissue of a paraplegic dog of grade 5 chronic SCI for 18 months 

following injection. 

• Further research is recommended to evaluate the efficacy of hNPCs in a large 

number of canine patients of SCI at different time points post-injury. 

• Canine neural derived stem cells may be ideal for allografting in canine patients 

of CNS diseases. This represents an area for future investigation. 
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APPENDICES 
APPENDIX- Chapter 2 
Table A2.1: Metadata information of dogs (n= 23) with intervertebral disc extrusions (IVDE). M, male; MN, male neutered; 

FS, female spayed; Kg, kilogram; C, cervical; T, thoracic; TL, thoracolumbar; L, lumbar. 

 
 

 

 

 

 

 

 

 

 

 

 

  

Breed Gender/Status Age/Year Weight/Kg Spine segment Site of IVDE Surgery after initial 
diagnosis 

Schipperke M 4 7 Cervical C2-C3  Yes 

Rottweiler M 1 45 Cervical C2-3 and C3-4 No 

Rottweiler M 7  53 Cervical C2-3, C3-4 & C5-6 No 

Hungarian Vizsla MN 4 24 Cervical C2-3, and C4-5 No 

Great Dane MN 3 65 Cervical C4-5, C5-6, and C6-7 Yes 

Shih Tzu MN 10 8 Cervical C2-3 and C6-C7 No 

Staffordshire Bull Terrier X MN 13  19 Cervical  C2-C3, and C6-C7* Yes 

Pekingese MN 6 8 Cervical C2-3, and C4-5* Yes 

Pomeranian MN 10 6 Cervical C6-C7 No 

Pomeranian FS 6 4 Cervical C3-C4, C4-C5-6 Yes 

Maltese Terrier FS 9 6 Cervical C3-C4, C5-6*, and C6-7 No 

Fox Terrier (Wire hair) FS 10  7 Cervical C5-6*, and C6-7 Yes 

Australian Bulldog MN 6 26 Cervical C6-7  No 

Dog Pug FS 9  8 Cervical C5-C6 and C6-C7* Yes 

Jack Russell Terrier FS 4 5 Thoracic T11-T12 Yes 

Maltese Terrier X MN 7 6 Thoracolumbar C7 to T9  No 

Poodle X FS 4 8 Thoracolumbar T11-T12 Yes 

Dachshund MN 5  7 Thoracolumbar T10-T13 Data not available 

Dachshund FS 3  7 Thoracolumbar T13-L1* No 

Fox Terrier X FS 5  5 Thoracolumbar T12-T13 and T13-L1* Yes 

Shih Tzu X Maltese FS 8 6 Thoracolumbar L3-L5 Data not available 

Maltese Terrier X FS 9  5 Lumbar L1-L4 Data not available 

Cocker Spaniel M 5  15 Lumbar L4-L5 and L5-L6  Yes 



 

 

Page 304 of 329 
APPENDICES 
 

Table A2.2: Neurological findings during the initial consultation and diagnosis of intervertebral disc extrusions (IVDE) in dogs (n=13) that 

met the inclusive criteria of the MRI study. MRI Findings on Sagittal T2 weighted imaging (ST2W) during the first MRI imaging (Time0). 
Treatment/type (surgical and/or non-surgical therapy). Clinical outcome; Successful, animal regained ambulation (ability to walk several steps 

without support) and recover urinary continence following treatment in dog with incontinence problem; Unsuccessful, did not recovered neurological 

function following any type of treatment and required rehospitalisation and subjected for another treatment. Abbreviation: Rr, Reference ratio; SCC, 

spinal cord compression; VCN, vertebral canal narrowing; ASCC, area of spinal cord compression; FL, forelimb; LFL, left forelimb; RFL, right 

forelimb;  HL, hindlimb; LHL, left hindlimb; RHL, right hindlimb; C, cervical; T, thoracic; TL, thoracolumbar; L, lumbar. 

Dog 
ID 

Neurological findings/ initial consultation MRI Finding (ST2W_Time0) Treatment/type Clinical outcome 
 IVDE site Rr  SCC% VCN% ASCC% 

1 • Proprioceptive ataxia/four limbs 

• Mild placing and obvious hopping deficits/four 
limbs 

• Paw replacement delayed and hopping absent/LHL 

• Withdrawal reflex decreased/LFL 

• Reduced neck range of motion (subjective) 
 

C2-C3 2.04 43.28 45.3 34.83   -Surgery/ Ventral Slot 
- Medical/gabapentin, 

meloxicam 

 - Conservative/restrict 

cage, physiotherapy 

Successful 

2 • Short gait and choppy/FL and ataxia/HL 

• Proprioceptive deficits/both HL and normal/FL 

• Patella reflex: 2-3+ bilaterally 

• Resisting neck flexion 

C2-C3 0.70 15.40 27.96 23.69 -Medical/ tramadol, 

gabapentin, carprofen 

-Conservative/restrict 

cage, physiotherapy 

Unsuccessful.  
Required rehospitalisation 
after 2 months due to 
neurological deterioration 
and was subjected to the 
ventral slot at C2-C3 and 
C6-C7. 
 

C6-C7 0.80 35.91 25.10 24.51 

3 • Non-ambulatory/HL and completely ambulatory/FL 

• Proprioceptive ataxia and paraparesis/HL and slight 
paresis/FL (stilted gait). 

• Decreased placing and hopping responses/all four 
limbs; worse/LHL.   

• Neck pain at palpation of the mid cervical spine 
 

C6-C7 0.47 24.01 26.75 34.59 -Surgery/ Ventral Slot 
-Medical/ tramadol, 

carprofen 
-Conservative/restrict 

cage, physiotherapy 

Successful 
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Dog 
ID 

Neurological findings/ initial consultation MRI Finding (ST2W_Time0) Treatment/type Clinical outcome 
 IVDE site Rr  SCC% VCN% ASCC% 

4 • Very subtle motor function/RFL 

• No voluntary motor function/LFL 

• Paw placement delayed/LHL and absent/both FL 

• Hopping absent/both FL, normal/RHL but delayed/ 
LHL 

• Withdrawal reflex absent/LFL, delayed/RFL, and 
normal/both HL  

• Patellar reflexes normal to increased/bilaterally 

C4-C5 0.38 60.14 53.89 25.51 -Surgery/ Ventral Slot 
-Medical/ tramadol, 

gabapentin 
-Conservative/restrict 

cage, physiotherapy 

Successful 

5 • Neck pain on ventroflexion  

• Lameness/ LFL 

C6-C7 2.27 46.10 26.60 19.23 -Medical/ tramadol, 

gabapentin, carprofen 

-Conservative/restrict 

cage, physiotherapy 

Successful 

6 • Non-ambulatory with extensor rigidity/four limbs 

• Could not stand without assistance 

• Proprioception delayed-to-absent/four limbs 

• Withdrawal reflex present but severely 
delayed/four limbs  

• Extended/FL (bilaterally) during withdrawal rather 
than flexion 

• Spinal reflexes increased (3+ to 4+)/four limbs 

• Clinically: several episodes of respiratory distress 

C3-C4 0.71 45.85 42.22 66.91 -Surgery/ Ventral Slot 
-Medical/ tramadol, 

gabapentin, 
amoxicillin-clavulanate, 
prednisolone  

-Conservative/restrict 

cage, physiotherapy 

Unsuccessful and 
required rehospitalisation 
after 6 months due to 
neurological deterioration 
and difficulty breathing  

7 • Mild/moderate pain/ second lumbar vertebrae  

• Pain elicited in the cervical neck- at the level of 
joint between cervical vertebrae (C2-C3) 

• During palpation, dog lowered head and lift LFL 

C3-C4 2.46 15.46 9.90 24.23 -Medical/ tramadol, 

gabapentin, 
meloxicam 

-Conservative/restrict 

cage, physiotherapy 

Successful. 
Re-hospitalised after 44 
months for neurological 
deterioration due to 
slipped disc at C4-C5 and 
was managed surgically 
by ventral slot.  
 

C5-C6 1.50 41.18 24.36 26.81 

C6-C7 1.62 24.34 11.77 15.48 
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Dog 
ID 

Neurological findings/ initial consultation MRI Finding (ST2W_Time0) Treatment/type Clinical outcome 
 IVDE site Rr  SCC% VCN% ASCC% 

8 • Paw placement reactions delayed/both HL 

• Lateral hopping reflexes delayed/both HL (R>L) 

• Lateral hopping reflexes delayed/RFL compared to 
LFL (subjective) 

• Ataxic gait/RFL with head elevation 

• Mild reluctance on right lateroflexion of the neck 
and dorsiflexion 

C5-C6 0.36 36.33 22.25 24.62 -Surgery/ Ventral Slot 
-Medical/ gabapentin, 

prednisolone  

-Conservative/restrict 

cage, physiotherapy 

Successful, slow 
improvement and 
required up to 6 months 
to show obvious 
neurological functions 
recovery 

9 • Ambulatory with ataxia and subtle proprioceptive 
deficits  

• Proprioception present/both FL and RHL, but 
delayed/LHL 

C6-C7 1.03 44.14 33.49 61.04 -Surgery/ Ventral Slot 
-Medical/ tramadol, 

gabapentin, meloxicam 

-Conservative/restrict 

cage, physiotherapy 

 

Successful 

10 • A marked pain response elicited on direct palpation 
of the caudal thoracic spine  

• Dog resented dorsiflexion of the cervical spine 

T11-L12 0.49 43.68 46.74 38.16 -Surgery/Left 
hemilaminectomy,  
-Medical/ tramadol, 

gabapentin, carprofen, 
amoxicillin-clavulanate 

-Conservative/restrict 

cage, physiotherapy 

Successful, however was 
re-hospitalised after 41 
months due to 
neurological deterioration 

11 • Slight stiff, stilted HL gait, and a hunched posture  

• Proprioceptive testing showed mild deficits 
(inability to tell where his feet were)/both HL but 
not/FL 

• Dribbling urine (urinary incontinence) and mild pain 
on palpation around the thoracolumbar junction 

L4-L5 2.39 37.19 24.26 9.15 -Surgery/ 
Dorsolateral 
hemilaminectomy 
-Medical/ tramadol, 

gabapentin, carprofen 

-Conservative/restrict 

cage, physiotherapy 

Successful, however was 
re-hospitalised after 41 
months due to 
neurological deterioration 
due to IVDE at T12-T13 
which was managed by 
decompression surgery 
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Dog 
ID 

Neurological findings/ initial consultation MRI Finding (ST2W_Time0) Treatment/type Clinical outcome 
 IVDE site Rr  SCC% VCN% ASCC% 

12 • Ataxic (unsteady) HL gait with occasional falling  

• Proprioception (ability to place her feet normally) 
was delayed/both HL  

• Discomfort on palpation around thoracolumbar 
junction (middle of the spine) 

• Very anxious  

T13-L1 0.37 43.56 55.89 57.68 -Medical/ meloxicam  

-Conservative/restrict 

cage, physiotherapy 

Unsuccessful required 
rehospitalisation after a 
month due to 
neurological deterioration 
and subjected for T13-L1 
hemilaminectomy with 
fenestrations of T13-L1 
 

13 • Non-ambulatory paraplegia 

• Stiff gait/both HL and holding neck in flexion while 
walking 

• Normal proprioception, hopping, wheelbarrowing, 
and paw replacement 

• No pain was elicited on spinal palpation 

• Reluctant to have neck extended upwards 

• Very anxious 

T12-T13 U/C 25.53 20.31 25.62 -Surgery/Right 
hemilaminectomy,     
(T12-T13, T12-L1) 
-Medical/ tramadol, 

gabapentin, meloxicam, 

omeprazole, diazepam 

-Conservative/restrict 

cage, physiotherapy 

Successful, however was 
re-hospitalised after 3 
months for neurological 
deterioration due to IVDE 
at L2-L3 which was 
managed by left side 
hemilaminectomy and 
fenestration at L3-L4 
which improved 
ambulatory functions 
 

T13-L1 U/C 32.39 21.50 35.49 

Note: all unmentioned neurological parameters were reported as unremarkable.
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Figure A2.1: Histogram and scatter plots of residuals in the LME model of the 

measures of the Reference ratio (RR) on sagittal MRI. The histogram shows the 

distribution of the residuals on the normality assumption of the used model. 

Residuals in scatter plots and the “fitted values” of the model. The predicted means 

on the horizontal line at y=0 are the fitted values and the residuals plots are “fixed 

effect” of predictor factors on Reference ratio. Residuals are deviations of the plot 

points from the “y” line in both vertical sides, positive (+) and negative (-) values.  
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Figure A2.2: Histogram and scatter plots of residuals in the fitted linear mixed-
effects (LME) model of the measures of the spinal cord compression (SCC) on 
sagittal MRI scanning.  
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Figure A2.3: Histogram and scatter plots of residuals in the fitted linear mixed-effects 

(LME) model of the vertebral canal narrowing (VCN) on sagittal MRI scanning of 

dogs with IVDE.  
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Figure A2.4: Histogram and scatter plots of residuals in the fitted linear mixed-effects 
(LME) model of the ratio of iSCD/iVCD on sagittal MRI scanning of dogs with IVDE.  
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Figure A2.5: Histogram and scatter plots of residuals in the fitted linear mixed-effects 
(LME) model of the ratio of iSCD/hVCD on sagittal MRI scanning of dogs with IVDE.  
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Figure A2.6: Histogram and scatter plots of residuals in the linear mixed-effects 
(LME) model of the ratio of hSCD/hVCD on sagittal MRI scanning of dogs with IVDE.  
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Figure A2.7: Histogram and scatter plots of residuals in the fitted linear mixed-effects 
(LME) model of the measures of the area of spinal cord compression (ASCC) on 
transverse MRI scanning.  
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APPENDIX – Chapter 3 

Table A3.1: show dataset of TNF-α concentration in 72 blood plasma samples with 
from 6 dogs with effects of different predictors including, TREATED samples with 
PMA/I or LPS, medium_ type, with or without STEM CELLS (hNPCs). The dataset 
contains some observations below the lower performance limit of the analytical 
assay (15). 

SUBJECT MEDIA STEM TREAT TNF CENS  
1 RPMI 0 P 330 0 

1 RPMI 0 L 462 0 

1 M1 0 0 161 0 

1 M1 0 P 1997 0 

1 M1 0 L 742 0 

1 M1 1 0 29 0 

1 M1 1 P 786 0 

1 M1 1 L 210 0 

1 M2 0 P 682 0 

1 M2 0 L 842 0 

2 RPMI 0 P 1108 0 

2 RPMI 0 L 605 0 

2 M1 0 0 275 0 

2 M1 0 P 2377 0 

2 M1 0 L 783 0 

2 M1 1 0 55 0 

2 M1 1 P 707 0 

2 M1 1 L 657 0 

2 M2 0 P 976 0 

2 M2 0 L 1039 0 

3 RPMI 0 P 2700 0 

3 RPMI 0 L 742 0 

3 M1 0 0 883 0 

3 M1 0 P 3372 0 

3 M1 0 L 1433 0 

3 M1 1 0 495 0 

3 M1 1 P 2748 0 

3 M1 1 L 918 0 

3 M2 0 0 85 0 

3 M2 0 P 2976 0 

3 M2 0 L 2452 0 

4 RPMI 0 P 2080 0 

4 RPMI 0 L 349 0 

4 M1 0 0 464 0 

4 M1 0 P 2900 0 
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SUBJECT MEDIA STEM TREAT TNF CENS  
4 M1 0 L 644 0 

4 M1 1 0 413 0 

4 M1 1 P 1270 0 

4 M1 1 L 522 0 

4 M2 0 0 32 0 

4 M2 0 P 2774 0 

4 M2 0 L 1259 0 

5 RPMI 0 P 2133 0 

5 RPMI 0 L 3891 0 

5 M1 0 0 4162 0 

5 M1 0 P 3242 0 

5 M1 0 L 3285 0 

5 M1 1 0 2783 0 

5 M1 1 P 2557 0 

5 M1 1 L 1819 0 

5 M2 0 0 750 0 

5 M2 0 P 2849 0 

5 M2 0 L 3369 0 

6 RPMI 0 P 3403 0 

6 RPMI 0 L 825 0 

6 M1 0 0 1041 0 

6 M1 0 P 4720 0 

6 M1 0 L 1417 0 

6 M1 1 0 1004 0 

6 M1 1 P 3533 0 

6 M1 1 L 965 0 

6 M2 0 0 91 0 

6 M2 0 P 3702 0 

6 M2 0 L 1900 0 

1 RPMI 0 0 7 1 

1 M2 0 0 7 1 

2 RPMI 0 0 13 1 

2 M2 0 0 2 1 

3 RPMI 0 0 1 1 

4 RPMI 0 0 1 1 

5 RPMI 0 0 6 1 

6 RPMI 0 0 7 1 
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APPENDIX - Chapter 4 

Form A4.1: Short-form Glasgow Composite Measure Pain Scale by; Reid et al., (2007). 

Part-B of the scale was not included because it is irrelevant in paraplegic dog.  A score 

of greater than 5 out of 20 indicates that the animal requires medical attention. 
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Table A4.1: shows HRQL questionnaire in a paraplegic dog regarding signs of pain secondary to stem cells therapy. Week (0) is the 

week before stem cells transplantation. No changes in the quality of life noticed throughout the study. The HRQL questionnaire modified 

from a questionnaire developed by Yazbek and Fantoni (2005). 

 

 

Questions Scores per Week (0-24 weeks) 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

1) How much do the disease is disturbing 
the quality of life of the dog? Very much 
(0), Much (1), A little (2), Not at all (3) 

1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

2) How is the mood of the dog? Completely 
altered (0), Some episodes of alteration 
(1), Changed a little bit (2), Normal (3) 

3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 

3) Does the dog keep a hygienic habit (i.e. 
normal urination, defecation, clean 
itself)? No (0), Rarely (1), Less than 
before (2), Yes (3) 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

4) How often does the dog suffer the pain 
following the stem cells injection?  
All the time (0), Frequently (1), Rarely 
(2), Never (3) 

N/A 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 

5) Does the dog have an appetite?  
No (0), Only eats when forced (1),  
Little (2), Normal (3) 

3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 

6) Does the dog get tired quickly? 
Yes, always (0), Frequently (1),  
Rarely (2), No (3) 

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

7) How is the dog sleeping? 
Very badly “not sleeping at all” (0), Badly 
(1), Almost normally (2), Normally (3) 

3 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 

8) How much attention is the dog giving to 
the family?  Indifferent (0), Little attention 
(1), Increased attention: the dog is needy 
(2), Has not changed (3) 

3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 

Total Scores each week 15 17 17 17 17 17 17 18 18 18 18 19 19 19 19 19 19 19 19 19 19 19 19 19 19 
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Table A4.2: shows nonrecovery of the motor function of the hind limbs (HL) in dog# 2.   
The step scores of the HL did not show any improvement (score= 0) during the six months 
following cell therapy (t1-t6) compared to score before attending the study “t 0”. Stepping 
and coordination of the HL scored 0. The assessments utilised footages during the 
locomotion on the non-slippery surface (NSS) and treadmill (TM) with (Y) and without (N) 
the aid of abdominal support.  
  

Time 
(t) 
 

Field Support 
Yes(Y)  
No (N) 

Total 
Video 
Length 
(seconds) 

No. of 
FL 
Steps 

No. of 
HL 
Steps 

Coordinated 
HL Steps 

Stepping 
Score 

Coordination 
Score 

t 0 NSS Y 152 818 0 0 0 0 

  N 178 724 0 0 0 0 

 TM Y 94 362 0 0 0 0 

  N 145 450 0 0 0 0 

t 1 NSS Y 106 624 0 0 0 0 

  N 150 854 0 0 0 0 

 TM Y 90 286 0 0 0 0 

  N 180 630 0 0 0 0 

t 2 NSS Y 90 528 0 0 0 0 

  N 116 686 0 0 0 0 

 TM Y 100 378 0 0 0 0 

  N 119 406 0 0 0 0 

t 3 NSS Y 88 524 0 0 0 0 

  N 76 390 0 0 0 0 

 TM Y 120 458 0 0 0 0 

  N 174 608 0 0 0 0 

t 4 NSS Y 110 642 0 0 0 0 

  N 96 548 0 0 0 0 

 TM Y 90 262 0 0 0 0 

  N 177 628 0 0 0 0 

t 5 NSS Y 76 404 0 0 0 0 

  N 142 754 0 0 0 0 

 TM Y 102 382 0 0 0 0 

  N 165 556 0 0 0 0 

t 6 NSS Y 98 582 0 0 0 0 

  N 118 676 0 0 0 0 

 TM Y 92 344 0 0 0 0 

  N 158 574 0 0 0 0 

Abbreviation: Time (t)= time before or after stem cells therapy, t 0= time before stem cells 

therapy, t 1- t 6= time at 1, 2, 3, 4, 5, and 6 months after stem cells therapy,              

NSS= Non-Slippery Surface, TM= Treadmill, Support (yes & no): with and without using 

the abdominal support sling belt, FL=Fore limb, HL= Hind limb, s= seconds. 
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Table A4.3: shows urodynamic parameters of the incontinent male dog measured 

at 1, 3, and 6-months post-neural-derived stem cells transplantation. Each study 

was repeated twice (replicate 1 and 2) during the same session. The MUP, BP, 

and FUL parameters were increased slightly in 6-months compared to 1-month 

studies, except the MUCP values remained unchanged throughout the study.  

 

 

• MUP= maximum urethral pressure, 

• MUCP= maximum urethral closure pressure,  

• BP= bladder pressure,  

• FUL = functional urethral length. 

Urodynamics 
Parameters 

1 month 3 months 6 months 

1 2 1 2 1 2 

MUP (cm H2O) 1.80 1.63 2.00 2.41 2.54 2.59 

MUCP (cm H2O) 1.55 1.44 1.52 1.70 1.35 1.27 

BP (cm H2O) 0.25 0.19 0.48 0.71 1.19 1.27 

FUL (cm) 5.89 5.38 9.91 7.82 10.67 10.62 
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Figure A4.1: shows urethral pressure profile in a male dog patient of SCI at 1, 3, and 6-months following hNPCs therapy. 
MUP= maximum urethral pressure, MUCP= maximum urethral closure pressure, BP= bladder pressure, and FUL= functional urethral 
length. The line graphs trends of MUP, BP, and FUL parameters, except MUCP, showed a slight and gradual increase of values during 
the time points (1,3, and 6 months post-therapy). The 1 and 2 of the timepoints (month/s) are replicates of the UPP test per trial. Each 
plot represents the values of each parameter in three time points that was repeated twice during the same trial session. 

 

Figure A4.1: shows urethral pressure profile in a male dog patient of SCI at 1, 3, and 6-months following hNPCs therapy. MUP= maximum 
urethral pressure, MUCP= maximum urethral closure pressure, BP= bladder pressure, and FUL= functional urethral length,. The line graphs 
trends of MUP, BP, and FUL parameters, except MUCP, showed a slight and gradual increase of values during the time points (1,3, and 6 
months post-therapy). The 1 and 2 of the timepoints (month/s) are replicates of the UPP test per trial. Each plot represents the values of each 
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Table A4.4: shows the characteristics of spinal cord lesion in a paraplegic dog 

patient of SCI on ST1W and ST2W MRI before (1st MRI) and after 180 days of 

hNPCs transplantation (2nd MRI). The spinal cord lesion intensity (black “-” and 

white “+” gradients). The lesion intensity did not change in both studies and 

described as mild hypointense (-) on ST1W and moderate hyperintense (++) on 

ST2W, respectively. The “SCL” refers to Spinal Cord Lesion, the “LSCL” is the 

Length of Spinal Cord Lesion (in mm), “LR” is the Length of Reference (Vertebral 

body length of Lumber 2 vertebrae) (in mm), and Reference Ratio (Rr)= LSCL 

divided by LR. The U/C refers to an “Un-Clear” and indeterminable feature on 

ST1W images. 

 

  

Parameter ST1W ST2W 

1st MRI  
(Day-1) 

2nd MRI  
(Day-180) 

1st MRI  
(Day-1) 

2nd MRI  
(Day-180) 

Site of SCL T12-L6 T12-L6 T12-L6 T12-L6 

Lesion intensity - - ++ ++ 

LSCL (mm) U/C U/C 135.45 132.22 

LR (mm) 15.84 15.88 16.11 16.12 

Rr  U/C U/C 8.4 8.2 
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Table A4. 5: shows spinal cord compression (SCC) measurements in a paraplegic dog patient of SCI using T1 and T2-weighted 

sagittal sections obtained on Day-1 (1st MRI) and Day-180 (2nd MRI) of stem cells transplantation. The negative (-) measurements 

of the SCC%, considered as no SCC at the studied site, in which the spinal cord diameter at “SCDc” is larger than the supposed 

diameter (NSCd) of the healthy spinal cord (above “SCDa” and below “SCDb” the assess site). 

 

 

Lesion 
site 

ST1W ST2W 

1st MRI (Day-1) 2nd MRI (Day-180) 1st MRI (Day-1) 2nd MRI (Day-180) 

SCDa 
(mm) 

SCDb 
(mm) 

SCDc 
(mm) 

NSCd 
(mm) 

SCC% SCDa 
(mm) 

SCDb 
(mm) 

SCDc 
(mm) 

NSCd 
(mm) 

SCC% SCDa 
(mm) 

SCDb 
(mm) 

SCDc 
(mm) 

NSCd 
(mm) 

SCC% SCDa 
(mm) 

SCDb 
(mm) 

SCDc 
(mm) 

NSCd 
(mm) 

SCC% 

L1-L2 4.16 5.15 3.47 4.66 25.54 4.44 4.82 4.18 4.63 9.72 6.01 6.67 5.46 6.34 13.88 6.04 5.91 4.56 5.98 23.75 

12-L3 4.16 5.15 3.18 4.66 31.76 4.44 4.82 3.81 4.63 17.71 6.01 6.67 6.13 6.34 3.31 6.04 5.91 5.64 5.98 5.69 

L3-L4 4.16 5.15 4.86 4.66 -4.29 4.44 4.82 4.31 4.63 6.91 6.13 6.67 6.53 6.40 -2.03 6.04 5.91 5.91 5.98 1.17 

L4-L5 4.86 2.90 5.15 3.88 -32.73 4.44 3.17 4.82 3.81 -26.51 6.53 3.46 6.67 5.00 -33.4 6.04 4.03 5.91 5.04 -17.26 
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Table A4. 6: shows spinal cord diameter (mm) and percentage degree of compression (SCC%) pre- and post-cells 

therapy in a grade 5 paraplegic dog on ST1w Gd MRI. The negative (-) measurements of the SCC% indicates no 

SCC at the studied site. 

Lesion 
site 

1st MRI (Day-1) 
 

2nd MRI (Day-180) 
 

SCDa 
(mm) 

SCDb 
(mm) 

SCDc 
(mm) 

NSCd 
(mm) 

SCC% SCDa 
(mm) 

SCDb 
(mm) 

SCDc 
(mm) 

NSCd 
(mm) 

SCC% 

L1-L2   3.82 4.85 3.13 4.34 27.88 4.72 4.51 3.67 4.62 20.56 

L2-L3 3.82 4.85 3.99 4.34 8.06 4.72 5.14 4.51 4.93 8.52 

L3-L4 3.99 4.50 4.85 4.25 -14.12 4.72 5.13 5.14 4.93 -4.26 

L4-L5 4.85 2.61 4.50 3.73 -20.64 5.14 3.25 5.13 4.20 -22.14 

 

• SCDa:  diameter (mm) of the spinal cord above (cranial) the site of compression 

• SCDb:  diameter (mm) of the spinal cord below (caudal) the site of compression  

• SCDc:  diameter of the spinal cord at the level of compression 
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Table A4. 7: show percentage degree of Vertebral Canal Narrowing (VCN%) and diameters of the vertebral canal with ST1W and 

ST2W studies on Day-1 and Day-180 at the lumbar spines of a paraplegic dog patient of SCI treated with hNPCs. The negative (-) 

measurements of the VCN%, suggest no vertebral canal narrowing at the site and the vertebral canal diameter at “VCDe” is larger 

than the assumed healthy diameter (NVCd). 

Lesion 
site 

ST1W ST2W 

1st MRI (Day-1) 2nd MRI (Day-180) 1st MRI (Day-1) 2nd MRI (Day-180) 

VCDa 
(mm) 

VCDb 
(mm) 

VCDe 
(mm) 

NVCd 
(mm) 

VCN% VCDa 
(mm) 

VCDb 
(mm) 

VCDe 
(mm) 

NVCd 
(mm) 

VCN% VCDa 
(mm) 

VCDb 
(mm) 

VCDe 
(mm) 

NVCd 
(mm) 

VCN% VCDa 
(mm) 

VCDb 
(mm) 

VCDe 
(mm) 

NVCd 
(mm) 

VCN% 

L1-L2 5.30 6.81 5.58 6.06 7.92 6.36 6.56 5.42 6.46 16.1 8.07 8.96 7.85 8.52 7.86 7.51 7.84 6.48 7.68 15.63 

L2-L3 5.30 6.81 5.22 6.06 13.86 6.36 6.56 5.52 6.46 14.55 8.07 8.96 8.32 8.52 2.35 7.51 7.84 7.08 7.68 7.81 

L3-L4 5.58 6.15 6.81 5.87 -16.00 6.36 6.56 6.29 6.46 2.63 8.32 8.88 8.96 8.6 -4.19 7.51 7.47 7.84 7.49 -4.67 

L4-L5 6.81 4.45 6.15 5.63 -9.24 6.29 4.66 6.56 5.48 -19.71 8.96 5.87 8.88 7.42 -19.68 7.84 5.35 7.47 6.60 -13.18 
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Table A4.8: shows measurement of Vertebral Canal Narrowing and VCN% of a paraplegic dog in ST1wGd MRI on 

Day-1 and Day-180. The vertebral canal at the L1-L2 level showed around 10% narrowing in both studies. 

Lesion 
site 

1st MRI (Day-1) 2nd MRI (Day-180) 

VCDa 
(mm) 

VCDb 
(mm) 

VCDe 
(mm) 

NVCd 
(mm) 

VCN% VCDa 
(mm) 

VCDb 
(mm) 

VCDe 
(mm) 

NVCd 
(mm) 

VCN% 

L1-L2 5.07 6.05 4.82 5.56 13.31 5.60 6.21 5.28 5.91 10.66 

12-L3 5.07 6.05 5.26 5.56 5.40 5.60 6.21 5.62 5.91 4.91 

L3-L4 5.26 6.05 5.70 5.66 -0.71 5.62 6.01 6.21 5.82 -6.70 

L4-L5 5.70 4.14 6.05 4.92 -22.97 6.21 4.42 6.01 5.32 -12.97 
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Table A4. 9: shows results of sagittal MRI studies before (ST1W and ST2W) and after (ST1w Gd) using Gadodiamide 

enhancement contrast agent studies in a paraplegic dog patient of SCI on Day-1 and Day-180 following hNPCs therapy. 

The measurements of spinal cord diameter (mm), vertebral canal diameter (mm), and the ratio of spinal cord diameter-to-

vertebral canal diameter (Cord/Canal Ratio) are shown at the level of L1-L2, L2-L3, L3-L4, and L4-L5.  

Lesion 
site 

ST1W ST2W ST1w Gd 

1st MRI (Day-1) 2nd MRI (Day-180) 1st MRI (Day-1) 2nd MRI (Day-180) 1st MRI (Day-1) 2nd MRI (Day-
180) 
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L1-L2 3.47 5.58 0.62 4.18 5.42 0.77 5.46 7.85 0.70 4.56 6.48 0.70 3.13 4.82 0.65 3.67 5.28 0.70 

12-L3 3.18 5.22 0.61 3.81 5.52 0.69 6.13 8.32 0.74 5.64 7.08 0.80 3.99 5.26 0.76 4.51 5.62 0.80 

L3-L4 4.86 6.81 0.71 4.31 6.29 0.69 6.53 8.96 0.73 5.91 7.84 0.75 4.85 5.70 0.85 5.14 6.21 0.83 

L4-L5 5.15 6.15 0.84 4.82 6.56 0.73 6.67 8.88 0.75 5.91 7.47 0.79 4.50 6.05 0.74 5.13 6.01 0.85 
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Table A4.10: The area of spinal cord compression in a paraplegic dog patient of SCI on Day-1 and Day-180 studied using TT1W, 

TT2W MRI. Percentage area of spinal cord compression (ASCC%) was evident at the L1-L2 and less at the L2-L3. In contrast, no 

compression detected at the L3-L4 and L4-L5 levels. The negative (-) values of the ASCC%, refer to “no reduction” in the area of 

the spinal cord at the assess site compared to the assumed healthy area of the spinal cord. 

  
Lesion 

Site 
TT1W TT2W 

1st MRI (Day-1) 2nd MRI (Day-180) 1st MRI (Day-1) 2nd MRI (Day-180) 

Aa 
(mm2) 

Ab 
(mm2) 

Ac 
(mm2) 

An 
(mm2) 

ASCC 
% 

Aa 
(mm2) 

Ab 
(mm2) 

Ac 
(mm2) 

An 
(mm2) 

ASCC 
% 

Aa 
(mm2) 

Ab 
(mm2) 

Ac 
(mm2) 

An 
(mm2) 

ASCC 
% 

Aa 
(mm2) 

Ab 
(mm2) 

Ac 
(mm2) 

An 
(mm2) 

ASCC 
% 

L1-L2 21.83 37.32 24.6 29.58 16.84 23.18 38.97 22.16 31.08 28.70 25.37 35.31 24.51 30.34 19.22 23.44 39.52 22.53 31.48 28.43 

L2-L3 24.60 37.32 28.3 30.96 8.59 23.18 38.97 28.40 31.08 8.62 25.37 35.31 27.61 30.34 9.00 23.44 39.52 29.62 31.48 5.91 

L3-L4 28.30 31.64 37.32 29.97 -24.52 28.40 31.16 38.97 29.78 -30.86 27.61 30.03 35.31 28.82 -22.52 29.62 29.15 39.52 29.39 -34.47 

L4-L5 37.32 15.28 31.64 26.30 -20.30 38.97 13.03 31.16 26.00 -19.85 35.31 11.66 30.03 23.49 -27.84 39.52 13.49 29.15 26.51 -9.96 

 

• Aa= maximum area (mm2) of the spinal cord above the site of compression. 

• Ab= maximum area (mm2) of the spinal cord below the site of compression.  

• Ac = maximum area (mm2) of the spinal cord at the level of compression. 

• An= maximum area (mm2) of assumed health spinal cord in a transverse section.   
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Table A4.11: shows measurements of the maximum area of spinal cord compression at lumbar spines with TT1wGd on 

Day-1 and Day-180. ASCC% apparent at the L1-L2 and less at the L2-L3. However, no reduction of the maximum 

area of the spinal cord detected at the L3-L4 and L4-L5 levels. 

 

Lesion site 

1st MRI (Day-1) 2nd MRI (Day-180) 

Aa 
(mm) 

Ab 
(mm) 

Ac 
(mm) 

An 
(mm) ASCC % 

Aa 
(mm) 

Ab 
(mm) 

Ac 
(mm) 

An 
(mm) ASCC % 

L1-L2 22.25 36.16 25.44 29.21 12.91 21.61 31.57 23.66 26.59 11.02 

L2-L3 25.44 36.16 26.95 30.80 12.50 23.66 31.57 25.46 27.62 7.82 

L3-L4 26.95 28.65 36.16 27.80 -30.07 27.36 30.39 31.57 28.88 -9.31 

L4-L5 36.16 14.10 28.65 25.13 -14.01 31.57 15.65 30.39 23.61 -28.72 
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