
 

 

Novel Surgical Approaches for 
Transplanting Three-Dimensional 

Constructs of Olfactory 
Ensheathing Cells to Repair the 

Injured Spinal Cord 
 

 
Dr. Ronak Reshamwala 

(M.B.B.S., M. Med. Sci. & Tech.) 
s5063877 

 

 

  

Submitted: March 2020 
 

Clem Jones Centre for Neurobiology and Stem Cell Research 
Griffith Institute of Drug Discovery 
Menzies Health Institute Queensland 

Griffith University 

Submitted in fulfilment of the requirements of the degree of 
Doctor of Philosophy 



 
i 

 

Statement of Originality 

This work has not previously been submitted for a degree or diploma in any university. 

To the best of my knowledge and belief, this thesis contains no previously published or 

written by another person except where due reference is made in the thesis itself. 

 
Signed:    

Name : Ronak Reshamwala 

  



 
ii 

 

Acknowledgement 

There are no words that can ever convey my appreciation and gratitude towards 
all who helped, supported, and guided me through the entire duration of this project. 
Nevertheless, I feel compelled to humbly attempt here. 

 It is my utmost pleasure to thank A/Prof. James St John, my principal 
supervisor, for helping me, guiding me, and enabling me to complete this enormous 
undertaking. I believe myself extremely fortunate to have benefitted from the guidance 
and support of A/Prof. Jenny Ekberg, whose impact on this work was no less than that 
of a supervisor. James and Jenny’s nurturing direction helped me achieve my full 
potential and enriched my output. I would like to thank Prof. Vicky Avery, my associate 
supervisor, for agreeing to supervise me and allowing me to accomplish this work. I am 
grateful to the Griffith University for awarding the scholarships to support my 
candidature, and to Griffith Institute of Drug Discovery as well as Menzies Health 
Institute Queensland for sustaining my lab work. I express deepest gratitude to the Clem 
Jones Centre for Neurobiology and Stem Cell Research for making me a part of their 
life changing and ground-breaking work.  

Dr. Megha Shah, the love of my life, has proven herself my true partner in every 
sense of the word. Thank you for lending me your expertise as a histopathologist, 
teaching me the histological techniques and supervising my histological workload in 
the lab; and being there as an unwavering support out of the lab. Thank you for seeing 
me through thick and thin, and never letting me down.  

I am deeply thankful to Dr. Mo Chen for his constant support and his tutelage 
in all-things-3D-cultures. I can never thank Dr. Tanja Eindorf, Mr. Graham Smyth and 
Mr. Lindsey Gee enough for their tireless assistance during the surgeries and their (at 
times, challenging) faith in my abilities. I am privileged to have known Ms. Heidi 
Walkden, Dr. Ali Delbaz, Dr. Anu Chako and Dr. Aaron Gilmour as my colleagues, 
and eventually friends. With them, I have shared many intellectual, informal, and 
stimulating conversations that made the stress of the work life manageable. My thanks 
to Ms. Edith Miller for her help with histo-processing and sectioning. Dr. Todd Shelper, 
Dr. Marie-Laure Vial, Dr. Mariyam Murtaza and Dr. Andrew Rayfield deserve a special 
note of gratitude, all of whom took care of numerous things behind the scenes, which 
allowed me to freely conduct my experiments.  

Last, but never the least, I humbly thank my parents Mr. Shrenik Reshamwala, 
Mrs. Ketki Reshamwala and my sister Dr. Nidhi Reshamwala for always believing in 
me and supporting my decisions without reservations. 

- Dr. Ronak Reshamwala  



 
iii 

 

INDEX 

Table of Figures ..................................................................................... viii 
Index of Tables ..........................................................................................x 
Abstract  .................................................................................................1 
List of publications ....................................................................................6 
Chapter 1 Spinal cord and injury: background ........................................9 

1.1 Structure ............................................................................................... 9 
1.1.1 The spinal cord .............................................................................. 9 
1.1.2 The meninges ............................................................................... 11 
1.1.3 The typical vertebra ..................................................................... 12 
1.1.4 The vertebral column ................................................................... 15 
1.1.5 Spinal nerves ................................................................................ 17 
1.1.6 Comparison between humans and other mammals ..................... 19 

1.2 Function .............................................................................................. 21 
1.2.1 The vertebral column ................................................................... 21 
1.2.2 The spinal cord ............................................................................ 22 
1.2.3 The spinal nerves ......................................................................... 27 

1.3 Demographics & economics of spinal cord injury ............................. 29 
1.4 Mechanisms of injury ......................................................................... 33 

1.4.1 The three column model .............................................................. 33 
1.4.2 Clinical classification of spinal cord injury ................................. 35 
1.4.3 Sequelae of spinal cord injury ..................................................... 36 
1.4.4 Natural barriers to SCI repair ...................................................... 40 

1.5 Types of spinal cord injuries and spinal cord syndromes .................. 41 
1.6 Treatment of the spinal cord injury .................................................... 44 

1.6.1 Current therapeutic approaches ................................................... 44 
1.6.2 Therapeutic approaches under exploration .................................. 44 
1.6.3 Use of animal models .................................................................. 45 
1.6.4 Current approaches to induce spinal cord injury in animal models 
  ..................................................................................................... 47 
1.6.5 Current approaches for cell transplantation ................................. 50 



 
iv 

 

1.6.6 Olfactory ensheathing cells (OECs) as a treatment ..................... 53 
1.7 Discussion........................................................................................... 56 

1.7.1 Approach to induce injury in animal models .............................. 56 
1.7.2 Modalities to treat the spinal cord injury in animal models ........ 57 
1.7.3 Approach for transplanting cells in animal models ..................... 58 

1.8 Information, knowledge and awareness for spinal cord injury .......... 61 
1.9 Aims and research questions .............................................................. 62 

1.9.1 Research questions....................................................................... 62 
1.9.2 Aims and hypotheses ................................................................... 63 

Chapter 2 Optimisation of transection injury and OEC transplant 
protocols: A pilot study ........................................................................... 65 

2.1 Aims ................................................................................................... 66 
2.2 The experimental design .................................................................... 66 
2.3 Optimisations required and achieved for the experiment ................... 67 

2.3.1 Induction of transection type injury............................................. 67 
2.3.2 Treatments ................................................................................... 83 
2.3.3 Post-surgery care ......................................................................... 84 
2.3.4 Behavioural analyses ................................................................... 86 
2.3.5 Euthanasia, Tissue harvesting and Processing ............................ 90 
2.3.6 Immunofluorescent staining ........................................................ 91 
2.3.7 Sample size and Power calculations ............................................ 92 

2.4 Summary of Results ........................................................................... 92 
2.4.1 Transection type injury ................................................................ 92 
2.4.2 Treatments ................................................................................... 93 
2.4.3 Post-surgery care ......................................................................... 93 
2.4.4 Behavioural analysis .................................................................... 94 
2.4.5 Subjective observations ............................................................... 95 
2.4.6 Histology ...................................................................................... 96 

2.5 Discussion........................................................................................... 97 
2.5.1 Choosing the injury model .......................................................... 97 
2.5.2 Choosing subacute phase treatment ............................................. 97 
2.5.3 Choosing Fibrin as the scaffolding matrix .................................. 98 
2.5.4 Behavioural recovery observed in the pilot study ....................... 98 



 
v 

 

2.5.5 BMS and TMS for open field scoring ......................................... 99 
2.5.1 True functional recovery versus spinal reflex ........................... 100 

2.6 Conclusion ........................................................................................ 100 

Chapter 3 Impact of cell purity and surgical approach on treatment 
outcomes  ............................................................................................ 102 

3.1 Aim ................................................................................................... 104 
3.2 Cell purification – Literature review ................................................ 104 
3.3 Finding the experimental evidence ................................................... 154 
3.4 Additional Findings .......................................................................... 184 

3.4.1 DigiGait analysis ....................................................................... 184 
3.4.2 Subjective observations ............................................................. 187 
3.4.3 Discussion .................................................................................. 193 

3.5 Summary ........................................................................................... 195 
3.5.1 Overview .................................................................................... 195 
3.5.2 Limitations ................................................................................. 195 
3.5.3 Future plan ................................................................................. 196 

Chapter 4 In vitro experiments with OECs in 3D cultures and fibrin 197 
4.1 Introduction ...................................................................................... 197 
4.2 Aim ................................................................................................... 198 
4.3 Assessing if the matrix can support the cells in 3D culture over time 
and facilitate the migration of the cells ...................................................... 199 

4.3.1 OEC – Fibrin glue interaction ................................................... 199 
4.3.2 Result ......................................................................................... 200 

4.4 Choosing an appropriate dilution for the fibrin components ........... 202 
4.4.1 The diluting agent ...................................................................... 202 
4.4.2 The dilution factor ..................................................................... 203 

4.5 3D cultures of OECs embedded in fibrin matrices .......................... 204 
4.5.1 Aim ............................................................................................ 204 
4.5.2 Methods ..................................................................................... 205 
4.5.3 Results ........................................................................................ 206 
4.5.4 Discussion .................................................................................. 209 
4.5.5 Conclusion ................................................................................. 210 

4.6 Spheroid characterisation ................................................................. 211 



 
vi 

 

4.6.1 Aim ............................................................................................ 211 
4.6.2 Methods ..................................................................................... 211 
4.6.3 Results ........................................................................................ 212 
4.6.4 Summary .................................................................................... 216 

4.7 Conclusions ...................................................................................... 216 

Chapter 5 Comparison of cell survival across different treatment 
modalities  ............................................................................................ 217 

5.1 Aim ................................................................................................... 219 
5.2 Cell survival review paper ................................................................ 219 
5.3 Different transplantation modalities and their effect on cell survival273 
5.4 Additional findings ........................................................................... 297 

5.4.1 Results ........................................................................................ 297 
5.5 Summary ........................................................................................... 298 

5.5.1 Overview .................................................................................... 298 
5.5.2 Limitations ................................................................................. 300 
5.5.3 Future directions ........................................................................ 300 

Chapter 6 Effects of spheroid transplantation timing on the outcome 301 
6.1 Aim ................................................................................................... 302 
6.2 Finding experimental evidence ........................................................ 302 
6.3 Additional data ................................................................................. 326 

6.3.1 Additional results ....................................................................... 326 
6.3.2 Discussion .................................................................................. 327 

6.4 Summary ........................................................................................... 328 
6.4.1 Overview .................................................................................... 328 
6.4.2 Limitations ................................................................................. 329 
6.4.3 Future direction .......................................................................... 329 

Chapter 7 Translation to the clinical side ............................................ 330 
7.1 Aim ................................................................................................... 331 
7.2 Contusion injury model optimisation ............................................... 331 

7.2.1 Introduction................................................................................ 331 
7.2.2 Optimisation and standardisation of equipment ........................ 332 
7.2.3 Surgical procedure optimisation ................................................ 334 



 
vii 

 

7.3 Comparison between the two injury models .................................... 336 
7.4 Delivery optimisation in contusion animals ..................................... 350 

7.4.1 Injection of fibrin components .................................................. 350 
7.4.2 Placement of spheroids .............................................................. 352 
7.4.3 Deposition with forceps ............................................................. 352 

7.5 Summary ........................................................................................... 352 

Chapter 8 Online educational modules ............................................... 354 
8.1 Introduction ...................................................................................... 354 
8.2 Contents ............................................................................................ 356 
8.3 Vision ............................................................................................... 400 

Chapter 9 Summary and future directions .......................................... 401 
9.1 Research output ................................................................................ 401 

9.1.1 Published works ......................................................................... 401 
9.1.2 Accepted for publication ........................................................... 401 

9.2 Experimental outcomes summary .................................................... 402 
9.3 Key findings of this work: Impact and Implications ........................ 403 

9.3.1 Use of Spheroids leads to improved cell survival in vivo ......... 403 
9.3.2 Translating the functional improvement.................................... 405 
9.3.3 Overall impact of this work ....................................................... 406 
9.3.4 The path ahead ........................................................................... 407 

9.4 Future recommendations .................................................................. 412 

Supplementary material legends ........................................................... 414 
Bibliography ......................................................................................... 415 

 
  



 
viii 

 

TABLE OF FIGURES 

Figure 1.1: Structural organization of grey matter and white matter in the 
spinal cord ..................................................................................................... 10 
Figure 1.2: Spinal cord and its relations within the vertebral canal ................ 12 
Figure 1.3: A typical vertebra ......................................................................... 15 
Figure 1.4: Spinal column and spinal nerves ................................................. 17 
Figure 1.5: Spinal nerve with sensory, motor and autonomic organization .... 19 
Figure 1.6: Comparison between typical vertebrae from human and mouse . 21 
Figure 1.7: Functional organization of the spinal cord .................................... 26 
Figure 1.8: Schematic diagram of dermatomes and their spinal nerve roots . 29 
Figure 1.9: Demographic data of SCI ............................................................. 31 
Figure 1.10: The three-column model of the spine......................................... 34 
Figure 1.11: Schematic Depiction of Mechanisms of Injury to the Spine ....... 35 
Figure 1.12: Schematic Diagram Showing Sequelae of Spinal Cord Injury ... 40 
Figure 1.13: Schematic representation of the spinal cord syndromes............ 43 
Figure 1.14: Summary of Different Physical Injury Models ............................ 50 
Figure 1.15: Summary of Current Approaches for Cell Delivery .................... 53 
Figure 1.16: How OECs can help overcome the barriers to CNS repairs ...... 55 
Figure 1.17: Different approaches of transplanting OECs in literature ........... 61 
Figure 2.1: Outline of the experimental plan .................................................. 67 
Figure 2.2: Key steps in the transection injury protocol .................................. 71 
Figure 2.3: A Schematic explaining the vertebral landmark identification for 
T10 ................................................................................................................. 73 
Figure 2.4: Representative results from transection type injury induced in 
C57BL/6 mice ................................................................................................ 80 
Figure 2.5: Behaviour scoring. ....................................................................... 95 
Figure 2.6: Overview of IF stain optimisations. .............................................. 96 
Figure 3.1: Overview of OEC collection, characteristics and purification ..... 108 
Figure 3.2: Consequences of unpurified and purified OEC transplantation . 111 
Figure 3.3: Behavioural recovery ................................................................. 168 
Figure 3.4: Cell survival and purity estimation ............................................. 169 
Figure 3.5: Effects of cell transplantation on the injury area size ................. 172 
Figure 3.6: Integration of transplanted cells within the injury site ................. 174 
Figure 3.7: Correlation of structural repair with functional recovery ............. 176 
Figure 3.8: DigiGait analysis ........................................................................ 185 
Figure 3.9: Overview of subjective observations .......................................... 188 
Figure 4.1: Experimental outline for OEC spheroid-fibrin glue interaction .... 200 
Figure 4.2: Representative images from the OEC spheroid-fibrin glue 
experiments ................................................................................................. 201 
Figure 4.3: Cells migrating from the spheroid into the glue. ......................... 202 
Figure 4.4: Matrix setting time. ..................................................................... 204 
Figure 4.5: OECs in fibrin matrices .............................................................. 208 
Figure 4.6: Distribution of cells from the floor of the well .............................. 208 
Figure 4.7: OEC morphology in different configurations .............................. 210 



 
ix 

 

Figure 4.8: Cell counts within the spheroids ................................................ 213 
Figure 4.9: Immuno-staining of spheroid sections........................................ 215 
Figure 5.1: Organisation of the olfactory system .......................................... 223 
Figure 5.2: Cell survival analysis and summary ........................................... 281 
Figure 5.3: Interactions of OECs and axons at the injury site ...................... 285 
Figure 5.4: Surviving OECs in the injury site ................................................ 286 
Figure 5.5: OECs and inflammatory profile of the injury site ........................ 289 
Figure 5.6: Quantification of structural repairs ............................................. 291 
Figure 5.7: Cell survival compared to literature ............................................ 297 
Figure 5.8: Cell survival estimate with and without considering less cells in 
spheroids ..................................................................................................... 299 
Figure 6.1: Behavioural analysis of motor recovery ..................................... 311 
Figure 6.2: Cell survival and other histological findings 7 days post treatment
 ..................................................................................................................... 313 
Figure 6.3: Spinal cord tissue repair with different treatment timings ........... 315 
Figure 6.4: Astroglial and microglial activation after injury and treatments .. 317 
Figure 6.5: Quantification of structural repair at the injury site ..................... 319 
Figure 6.6: Additional analysis for comparison between all experiments ..... 327 
Figure 7.1: Impactor equipment and spine stabiliser .................................... 332 
Figure 7.2 Test run data analysis ................................................................. 333 
Figure 7.3: Impactor induced contusion injury ............................................. 335 
Figure 7.4: Data from mouse dissections ..................................................... 335 
Figure 7.5: Representative histology of the murine spinal cord after 
transection-type and contusion-type spinal cord injury ................................ 340 
Figure 7.6: Changes in motor function over the 12-week post-injury period.342 
Figure 7.7: Weight loss tracking over 12 weeks after induction of spinal cord 
injury. ........................................................................................................... 343 
Figure 7.8: Muscle wasting as observed in transection and contusion type 
injuries ......................................................................................................... 345 
Figure 7.9: Spheroid delivery optimisation ................................................... 351 
Figure 9.1: Concept of low and high cell survival ......................................... 404 
Figure 9.2: OECs form nerve bridges across the injury site ......................... 409 
Figure 9.3: Concept of multiple successive treatments to enhance functional 
regain ........................................................................................................... 411 
 

Note: All the anatomical sketches and illustrations are done by myself based on the 

knowledge and information I acquired during my medical training.  



 
x 

 

INDEX OF TABLES 

Table 1.1: Comparison of spinal cord segments arrangement in mammals .. 20 
Table 1.2: Summary of spinal cord tracts ....................................................... 26 
Table 1.3: ASIA Score explanation ................................................................ 31 
Table 1.4: Estimated costs for treatment of Spinal Cord Injuries at different 
levels .............................................................................................................. 32 
Table 2.1: Table of materials ......................................................................... 78 
Table 2.2: Immunostaining optimisation summary ......................................... 92 
Table 2.3: Daily monitoring sheet................................................................... 94 
Table 3.1: Summary of the numbers of studies using olfactory bulb (OB) and 
mucosa (OM) from rodents as their OEC sources ....................................... 112 
Table 3.2: Summary of studies using different purification methods for OB and 
OM derived OECs ........................................................................................ 114 
Table 3.3: Summary of the studies using differential adhesion as their 
purification method, and the details of their protocols .................................. 116 
Table 3.4: Purity quantification - Methods and markers ............................... 121 
Table 3.5: Details of the reviewed literature ................................................. 128 
Table 3.6: Treatment groups summary ........................................................ 164 
Table 3.7: Summary of unusual post-operative observations ...................... 165 
Table 3.8: Summary of cell transplantation .................................................. 166 
Table 3.9: Subjective observations: Motor functions .................................... 190 
Table 3.10: Subjective observations: Sensory functions .............................. 191 
Table 3.11: Subjective observations: Autonomic functions (bladder functions)
 ..................................................................................................................... 192 
Table 4.1: Immunostaining summary ........................................................... 212 
Table 5.1: Summary of cell survival reporting and quantification ................. 226 
Table 5.2: Summary of transplantation parameters and outcomes .............. 233 
Table 5.3: Studies of OEC transplantation in rodent models included in this 
review .......................................................................................................... 248 
Table 5.4: Summary of immunostaining ....................................................... 279 
Table 5.5: Proportion of DsRed+ cells in treatment populations .................. 283 
Table 5.6: Cell count summary for quantification of cell survival .................. 284 
Table 6.1: Treatment group summary .......................................................... 306 
Table 6.2: Summary of immunostaining ....................................................... 309 



 
1 

 

ABSTRACT   

Neurological injuries are very difficult for the human body to heal, as neurons 

are highly specialized cells which do not undergo cell division in adulthood. Central 

nervous system (CNS) neurons exhibit particularly low capacity for regeneration, due 

to both intrinsic cellular and environmental factors. For this reason, spinal cord injuries 

are usually irreversible in nature and they usually result in at least some motor paralysis 

and/or loss of sensory function. Higher level (cervical) injuries typically lead to 

widespread paralysis and sometimes death. Spinal cord injuries are a serious health 

problem and a very large burden on health care system. Therefore, therapies that repair 

the injured spinal cord will bring considerable benefits to patients as well as large 

socioeconomic benefits to the society.  

One particular region of the nervous system that naturally constantly undergoes 

regeneration is the primary olfactory nervous system, which is comprised of the 

olfactory nerve and the outer layer of the olfactory bulb (the nerve fibre layer). 

Olfactory neurons continuously degenerate, and new neurons originate from progenitor 

cells in the olfactory neuroepithelium of the nasal cavity. The glial cells of this system, 

olfactory ensheathing cells (OECs), are thought crucial for this process and are 

considered to have unique growth-promoting properties. For these reasons, 

transplantation of OECs into damaged nervous system regions is emerging as a 

promising therapy.  OECs can be cultured from biopsies from either the olfactory 

mucosa (which contains olfactory nerve fascicles) or from the olfactory bulb. To date, 

numerous studies of OEC transplantation into rodent models of spinal cord injury as 

well as human clinical trials have been conducted. OEC transplantation has proven to 

be safe and feasible for spinal cord injury repair in humans, but outcomes in both animal 

studies and human clinical trials are highly variable and the method needs considerable 

improvement and standardization. One of the major limiting factors for the efficacy of 

this therapy is cell survival and integration following transplantation. One interesting 

avenue for improving both cell survival and integration is to transplant the cells as a 

three-dimensional construct rather than as cells suspended in liquid.  

The mechanisms by which OECs can induce and sustain neural regeneration are 

becoming well characterised in the literature, however, little in vivo evidence exists 
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regarding the interrelationship between (1) cell survival and structural repair, (2) 

structural repair and functional improvement and (3) different injury conditions and cell 

survival/integration. Moreover, over two thirds of studies to date have used OECs 

derived from the olfactory bulb (OB-OECs) rather than mucosa-derived OECs (OM-

OECs). From a clinical viewpoint, OM-OECs are highly favourable since bulbar 

biopsies induce damage to the CNS and require intracranial brain surgery, whilst OM-

OECs can be isolated from a peripheral biopsy of the olfactory mucosa at the roof of 

the nasal cavity. Thus, more studies need to focus on transplantation of OM-OECs 

rather than OB-OECs.  

The primary focus of this thesis was to improve the therapeutic potential of OM-

OEC transplantation for spinal cord injury repair, with particular focus on enhancing 

cell survival and integration, by improving the surgical transplantation approach. A key 

component of this strategy was to transplant the cells in a 3D conformation (spheroids). 

This work also evaluated the effects of different injury conditions on the structural 

repair and functional regain following treatments.  

The aims of this Thesis included (1) the establishment of a robust murine spinal 

cord transection-type injury model and, later, adaptation to contusion-type injury, (2) 

testing of different methods for delivering OECs to the spinal cord injury site (different 

configurations of cell suspension, cell spheroids), (3) determination of how the 

chronicity of injury (time between injury and OEC transplantation) affects cell survival 

and integration, (4) assessment of how cell transplantation affects structural repair and 

(5) determination of the link between structural repair and functional outcomes. 

Throughout these aims, the aspect of OEC purity was focused on. OEC cultures from 

the olfactory mucosa not only contain OECs but also other cell types, in particular 

olfactory nerve fibroblasts, which can affect both the transplanted cells and cells 

endogenous to the injury site. Therefore, OECs were transplanted at different purities 

and resultant structural/functional outcomes were assessed. A minor aspect of this 

Thesis also focused on optimisation of a treatment delivery matrix. A set of in vitro 

experiments were conducted to determine the best composition of the matrix which 

could not only augment and contain the OECs in a 3D form while transplanting, but 

also enable them to migrate and form bridges across the injury site. 
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This project was designed to ultimately provide insight for the clinical 

translation of this therapy with focus on improving cell survival and integration at the 

injury site, leading to enhanced structural repair and functional regain, paving the way 

for clinical trials in the coming future. 

As a result of this undertaking, the following key outcomes have been achieved:  

• Development of a murine transection-type spinal cord injury model:   

A novel approach for laminectomy at the T10 spinal level was developed that can 

be used to induce a complete transection-type injury (using a narrow blade). The 

advantage of this method is that it is precise, it minimises the collateral tissue 

damage and mitigates blood loss. The complete transection type injury results in 

complete loss of sensory-motor and autonomic function below the level of injury, 

which is why a manual bladder expression protocol was also established during the 

course of the post-surgical care. A subjective assessment system was also developed 

to study the sensory recovery and bladder function recovery along with standardised 

motor behavioural tests. 

• Transplantation matrix can support OECs in vitro:  

The in vitro experiments show that the transplantation matrix can provide stable 

and long term support to the 3D cultured cells and allow them to freely migrate and 

interact with each other. The matrix provides a physiological scaffolding to the 

OECs that can hold the 3D constructs in place without hindering the movements of 

individual cells. 

• Transplantation of OECs in 3D improves cell survival, integration and 

structural repair:  

To determine whether transplantation of cells in 3D rather than in suspension would 

improve spinal cord injury repair, a comparison was conducted between suspension 

injection (the literature gold-standard) and a number of different configurations of 

cell spheroid transplantations. The best results showed ~15-20% cell survival one 

week following the transplantation, which is a significant improvement upon that 

reported for cell suspension in the literature (~0.6% cell survival was reported in 

the previous study that most resembles the experimental design used in this Thesis). 

Spheroid transplantations also demonstrated relatively better cell morphology in 

vivo compared to the published reports and better structural repairs post 
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transplantation compared to the untreated controls. Interestingly, contrary to the 

evidence presented throughout the literature, the chronicity of the injury appeared 

not to have any significant effects on the cell survival when cells were transplanted 

in spheroids. 

• Transplantation of OECs spheroids leads to functional regain:  

The treatments with the best functional outcomes were the ones when OECs were 

delivered to the SCI site in the form of two medium-sized spheroids, as compared 

a single large spheroid or four smaller-sized spheroids. The best cell survival results 

were also observed with the same modality. Although all spheroid treatments 

resulted in functional recovery, best recovery was observed with large and mid-

sized spheroids. This functional status of the animals was assessed by the 

conventionally used motor function measurements such as open field behavioural 

scores – Basso Mouse Scale and Toyama Mouse Scale, and once the animals 

showed consistent stepping – DigiGait (an automated gait analysis of ventral plane 

images of the mouse’s gait). As mentioned earlier, additional subjective 

assessments of reflex recovery, sensory functions and autonomic status (bladder 

function) were also employed for the same. 

• Different cell purities show different recovery trends:  

Behavioural studies showed that significant differences in the functional recovery 

trends depending on the purity of transplanted cells. Unpurified transplants showed 

faster onset of recovery, however, the recovery plateaued soon after that. On the 

contrary, the purified transplants showed a slower onset of recovery, which 

continued throughout the follow up period. Unfortunately, due to the low purity of 

OECs in the unpurified transplants, a comparison between cell survival and 

integration could not be done. This was due to the fact that the treatment cells were 

sourced from a mouse line genetically modified to express DsRed reported protein 

driven by s100-β promoter. This means that the OECs (and some other cells such 

as Schwann cells) fluoresce red under the ultraviolet light, which makes it difficult 

to visualize the non-DsRed cells (or cells other than the OECs). 

• Evidence of structural repair, which links to functional outcomes, and evidence 

of cell integration:  

Histological analysis of the treated spinal cords revealed structural repair in terms 

of injury gap size reduction, axonal sprouting and formation of cellular bridges 
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across the injury site. High-magnification imaging revealed evidence of OEC 

integration with both astrocytes and the sprouting axons. The transplanted cells 

were observed to ensheathe the axons extending across the injury site. Overall, the 

animals for which considerable structural repair was observed also were the ones 

that showed functional improvement.  

• Development of a contusion-type spinal cord injury model:  

In the final stages of this Thesis, the treatment was also optimised for the use in an 

incomplete – contusion type injury which is clinically more relevant. Here, a 

contusion-type injury using the Infinite Horizons Impactor was induced at T10 level 

(the same laminectomy approach as for transection-type injury was used). A long-

term follow-up of the two main injury models – transection and contusion, was also 

conducted to establish and compare the two models. It was discovered that the 

incomplete contusion injury resulted in a degree of spontaneous functional recovery 

for a short period following the injury, while the complete transection type injury 

resulted in total and irreversible loss of function. Potential links of animal behaviour 

and physical condition to the different stages of injury were also observed. 
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Chapter 1  SPINAL CORD AND INJURY: BACKGROUND 

1.1 STRUCTURE  
All the information regarding structure of the spine and the spinal cord has 

been derived from a number of sources (Drake, Vogl, & Mitchell, 2005; Gray & 

Lewis, 1918; Parent, 1996; Snell, 2010). 

1.1.1 THE SPINAL CORD 

The spinal cord is the lower part of central nervous system. It is a long 

and slender bundle of nerve fibres and supporting cells that extends from the 

first cervical vertebra (also called ‘the Atlas’) to the lower border of the first 

lumbar or upper border of the second lumbar vertebra. In the adult, it is about 

45 centimetres long, constituting the length of upper two-thirds of the vertebral 

canal. As the spinal cord is much shorter than the length of the vertebral 

column, the neural segments of the spinal cord are not aligned with the level of 

the corresponding vertebrae, but instead, they lie at a higher level. At its lower 

end, the cord tapers off to a conical structure called the conus medullaris. The 

tip of the conus medullaris continues down as a filamentous structure called the 

filum terminale which anchors the cord to the upper part of the coccyx. Filum 

terminale is approximately 20 centimetres long. Total 31 pairs of spinal nerves 

extend from the spinal cord: 8 cervical, 12 thoracic, 5 lumbar, 5 sacral and 1 

coccygeal. The cord becomes wider at the cervical and lumbar regions as the 

spinal nerves from these regions form elaborate plexi (known as ‘the brachial 

plexus’ and ‘the lumbar plexus’, respectively), that innervate the upper and 

lower limbs. 

 In cross section, the spinal cord clearly shows two zones: the outer white 

matter zone and the inner grey matter zone. The white matter consists of 

bundles of axons (known as ‘tracts') whereas the cell bodies of the neurons are 

situated in the grey matter. The tracts conducting sensory information from the 

body to the brain are also known as ‘ascending tracts’ or ‘sensory tracts’ and 

the tracts conveying motor commands from the CNS to the body are called 

‘descending tracts’ or ‘motor tracts’. Ascending tracts include spinothalamic 

tracts (anterior and lateral spinothalamic tracts), spinocerebellar tracts (anterior 
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and posterior spinocerebellar tracts) and dorsal column tracts (gracile and 

cuneate fasciculi). Descending tracts include corticospinal or pyramidal tracts 

(anterior and lateral corticospinal tracts) and extrapyramidal tracts (rubrospinal, 

reticulospinal, vestibulospinal, tectospinal, and olivospinal tracts) (See Figure 

1.1). 

 

Figure 1.1: Structural organization of grey matter and white matter in the spinal 
cord 

In the centre of the cord lies a tubular lumen termed the central canal, 

which is filled with cerebrospinal fluid and extends from the fourth ventricle in 

the brain to the tip of the conus medullaris, where it ends near the first few 

millimetres of the filum terminale. The organization of the grey matter resembles 

the shape of a butterfly or that of the letter ‘H’. Its anterior extensions are the 

ventral horns (motor) and the posterior ones are the dorsal horns (sensory). 

Sometimes the grey matter has visible lateral bulging which houses the neurons 

responsible for the autonomic nervous supply. This lateral bulging is known as 

lateral horns. The lateral horns are seen in all the 12 thoracic segments and the 

first two lumbar segments as well as second, third and fourth sacral segments 

of spinal cord. The white matter surrounding the cord contains ascending 

(sensory) and descending (motor) tracts that connect the body to the brain.  
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1.1.2 THE MENINGES 

The spinal cord is covered by the same three layers of meninges that 

cover the brain, which are from outside inwards: (1) the dura mater, (2) the 

arachnoid mater and (3) the pia mater (Figure 1.2). Unlike the skull vault, the 

tough and leathery dura mater is not attached directly to the vertebral column. 

The space between the dura mater and the bones is called the epidural space 

which contains fat, blood vessels, lymphatics and fibrous bands or ligaments 

that attach the meninges to the inside of the vertebral canal. The epidural space 

is bound superiorly at the foramen magnum as the dura mater is attached to 

the bony opening in the skull from which spinal cord emerges. It continues to 

the end of the vertebral canal.  

Attached to the interior of the dura mater is the arachnoid (like spider-

web) mater which is thin and mostly translucent. The space between dura and 

arachnoid does not exist per se, but the two are not tightly attached with each 

other, which is why the subdural space is considered a potential space. The 

subarachnoid space lies between the arachnoid and the pia (fragile) mater and 

is filled with cerebrospinal fluid (CSF). The subarachnoid space forms a 

relatively large pocket at the beginning of the filum terminale and the cauda 

equina. This pocket is located below the 2nd lumbar vertebra (L2 level) and is 

commonly used for collection of CSF for medical investigations by the 

procedure of ‘lumbar puncture (LP)’ (usually taken between L3 and L4). This 

site is also preferred to inject drugs for anaesthesia, as the spinal cord ends far 

above the level of puncture and the needle injected here has almost no chance 

of injuring any neurological structure. 

The pia mater is tightly wrapped around the nervous tissue of the cord 

as a thin and transparent adhesive film and only has openings for branches of 

the blood vessels that supply the cord. 
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Figure 1.2: Spinal cord and its relations within the vertebral canal 

(a) A 3-dimensional view (b) Cross sectional view of the spinal cord with 

meninges inside the vertebral column (c) A detailed view of spinal cord inside 

the vertebral canal 

1.1.3 THE TYPICAL VERTEBRA 

The vertebral column is a stacking arrangement of the smaller bony parts 
known as vertebrae. Vertebrae from different parts of the vertebral column have 
different characteristics, however all the vertebrae have certain common 
characteristics. A typical vertebra is made up of the following parts (Figure 1.3): 

1. The vertebral body - The vertebral body is the anteriorly situated stout and 

short cylindrical part, which is rounded from side to side and has flat upper 

and lower surfaces. These surfaces articulate with the previous and the 
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consecutive vertebrae via intervertebral discs. The bodies of all the 

vertebrae are held together by the anterior longitudinal ligament anteriorly 

and posterior longitudinal ligament posteriorly. The bodies form the main 

weight transmitting part of the axial skeleton. 

2. The pedicles - On the posterior aspect of the vertebra short rounded bar like 

projections arise which are called the pedicles. They project backwards and 

somewhat laterally on each side of the body.  

3. The laminae - The pedicles are connected postero-medially to vertical plate-

like structures called the laminae. The laminae from both sides go dorsally 

and medially and meet in the midline to form the vertebral or neural arch 

together with the pedicles. 

4. The vertebral foramen – The posterior aspect of the body, medial aspects 

of the pedicles and antero-medial aspects of the laminae form the 

boundaries of a large hole passing through the vertebra, known as the 

vertebral foramen. The stacking of vertebrae results in stacking of vertebral 

foramens into the vertebral canal that runs through the whole length of the 

vertebral column and houses the spinal cord. 

5. The spinous process - The spines or the spinous processes arise from the 

junction of the two laminae and project posteriorly and usually downwards 

as well. 

6. The transverse process - These arise from the junction of each pedicle and 

its adjoining lamina; and point laterally and somewhat inferiorly. The spinous 

and transverse processes provide surface areas for attachment of muscles 

controlling the vertebral column movements. Due to their long and slender 

shapes, they, together with the attached muscles form a lever like 

configuration. Morphologically, transverse processes are made up of two 

separate elements - the transverse element and the costal element. In the 

thoracic vertebrae, the costal elements form the ribs giving rise to the 

ribcage assembly together with the thoracic part of the vertebral column 

posteriorly, and the sternum anteriorly. In the cervical region, the two 

elements fuse together to form the foramen transversarium in the transverse 

processes of cervical vertebrae.  
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7. The articular processes - On each side of the vertebrae, two superior 

articular processes arise, projecting upwards, from the junction of the 

pedicle, and the lamina two inferior articular processes arise, projecting 

downwards. The superior articular process has a flat smooth articular 

surface called the articular facets, directed posteriorly and somewhat 

laterally. Similarly, the inferior articular processes have the inferior facets, 

directed forwards and somewhat medially. The inferior facets of one 

vertebra articulate with the superior facets of the next vertebra. Thus, the 

two consecutive vertebrae are attached to each other by three joints in total 

- two plane synovial joints between the articular processes (allowing only 

gliding movements) and one secondary cartilaginous joint between the two 

vertebral bodies via a fibro-cartilaginous intervertebral disc (allowing limited 

to no movements, instead acting mainly as a shock absorber). 

8. The intervertebral foramina - The pedicle is much shorter than the body and 

is attached near its upper border, leaving a large inferior vertebral notch 

below the pedicle. The notch is a deep horseshoe shaped arch formed 

between the posterior surface of the body of the vertebra, and the inferior 

articular process. Above the pedicle, there is a much shallower superior 

vertebral notch. When the two consecutive vertebrae join together, the 

superior and inferior notches of adjoining vertebrae join to form the 

intervertebral foramina that serve as exits for the dorsal and ventral rami of 

the spinal nerves emerging from the spinal cord. 
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Figure 1.3: A typical vertebra 

Top View (Above) and Side View (Below) 

 

1.1.4 THE VERTEBRAL COLUMN 

The vertebral column (also known as the “backbone” or the “spine”), 

consists of 7 cervical vertebrae stacked over 12 thoracic vertebrae; localized 

over 5 lumbar vertebrae, which lie over 5 sacral vertebrae fused into one 

sacrum followed by 4 rudimentary coccygeal vertebrae fused together into a 

coccyx. The coccyx is the remnant of the tail that the humans have lost during 

evolution. Out of these 33 vertebrae, the upper 24 vertebrae including all 

cervical, thoracic and lumbar vertebrae are joined together by the three 

intervertebral joints mentioned before and their bodies are separated by 

intervertebral discs while the remaining nine are fused together as the sacrum 
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and the coccyx. The vertebrae are joined together by intervertebral joints, and 

four major ligaments namely, the anterior longitudinal ligament, the posterior 

longitudinal ligament, two interspinous ligaments on each side and the 

supraspinous ligament. The ligaments hold the vertebral column from all four 

sides and prevent dislocation or subluxation of any vertebra or the intervertebral 

discs. 

 The vertebral column of humans has a sigmoidal shape which is unique 

to bipeds. During the foetal stages of development, the whole column is curved 

into a concave shape facing forwards. When the baby learns to lift its head 

upright on its neck after birth, the cervical vertebrae curve into a convex 

forward-facing shape. Similarly, when the baby learns to stand upright, the 

lumbar vertebrae form a convex shape facing forwards. The column in the 

thoracic and sacral regions maintains its original concavity or a kyphotic 

curvature which is also called the primary curvature, whereas in the cervical 

and lumbar regions, assumes a convexity or a lordotic curvature, which is also 

known as the secondary curvature of the spine. 

The cervical vertebrae are relatively smaller in size and more delicate as 

compared to other vertebrae. Thoracic vertebrae are bigger and thicker than 

the cervical vertebrae whereas the lumbar vertebrae are the largest and 

strongest. 
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Figure 1.4: Spinal column and spinal nerves 

1.1.5 SPINAL NERVES 

Each segment of the spinal cord gives rise to numerous rootlets that 

come together to form the pair of spinal nerves (Figure 1.1); one spinal nerve 

on each side of that spinal segment. Spinal nerves are known by the same 

designation as the spinal segment that they originate from. Thus, the spinal 

cord gives of 8 pairs of cervical nerves (C1-C8), 12 pairs of thoracic nerves (T1-

T12), 5 pairs of lumbar nerves (L1-L5), 5 pairs of sacral nerves (S1-S5) and 

one pair of coccygeal nerves making a total 31 pairs of spinal nerves (Figure 

1.4). 

Spinal nerves contain both sensory and motor nerve fibres and hence, 

they are mixed nerves. Neurons from the ventral (motor) horn of the grey matter 

give off ventral rootlets on each side and these rootlets form the ventral root of 
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the spinal nerve on each side. Similarly, dorsal rootlets from the dorsal nerve 

root enter the spinal cord and relay the sensory information to the neurons in 

dorsal horn of the grey matter. On both sides, the dorsal and ventral nerve roots 

come together to form the spinal nerve which then exits the spinal canal via the 

intervertebral foramen of the vertebra corresponding the spinal segment from 

which the nerve emerged. Right after exiting the spinal canal, the spinal nerves 

split into ventral (anterior) rami and dorsal (posterior) rami. The dorsal rami 

carry all motor and sensory information to and from the skin and muscles of 

dorsal aspect of the torso. The ventral rami convey information to and from the 

ventral and ventro-lateral aspect of the trunk. The ventral rami of the spinal 

nerves C5-T1 intercommunicate with each other to form the brachial plexus that 

supplies the upper limb. Similarly, the ventral rami from the lumbar and sacral 

spinal nerves, occasionally along with the T12 spinal nerve, form a large 

lumbosacral plexus that is further subdivided into lumbar, sacral and coccygeal 

plexi and supplies the lower limbs and the perineum.  

Cervical, thoracic and lumbar segments of the spinal cord carry 

sympathetic autonomic nerve fibres which exit the cord along with the spinal 

nerve roots at their respective levels. Each spinal nerve from these regions 

gives off a white ramus communicans that carries the myelinated sympathetic 

nerve fibres to the paravertebral sympathetic ganglion and receives a grey 

ramus communicans from the same ganglion carrying unmyelinated 

sympathetic post-ganglionic nerve fibres. Each of these ganglia directly 

communicate with the previous and next ganglia to form vertically extending 

sympathetic trunk, resembling the appearance of beads on a string (Figure 1.5). 

The sympathetic trunk extends on each side of the vertebral column from the 

base of skull to the coccyx at which point the sympathetic trunks from both sides 

converge at the last ganglion called ‘ganglion impar’. Sacral nerves S2, S3 and 

S4 along with the cranial nerves III (oculomotor nerve), VII (facial nerve), IX 

(glossopharyngeal nerve) and X (vagus nerve) contribute to the 

parasympathetic part of the autonomic nervous system. The cranial nerves 

originate directly from the brain, whereas the sacral nerves leave the lower part 

of the spinal cord to form the pelvic splanchnic nerves. A recent study, however, 

reports that the sacral nerves may actually be sympathetic and not 
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parasympathetic based on 15 phenotypic and ontogenetic factors that differ in 

sympathetic from parasympathetic neurons in mice (Espinosa-Medina et al., 

2016). 

 

Figure 1.5: Spinal nerve with sensory, motor and autonomic organization 

1.1.6 COMPARISON BETWEEN HUMANS AND OTHER MAMMALS 

Currently as many as 50,000 vertebrate species are known to us (Krogh, 

2010) which include the fish, amphibians, reptiles, birds and mammals. 

Mammals share a fairly similar spinal anatomy. Depending upon the species, 

the number of vertebrae may differ, but overall structure and organization 

shows striking resemblance. Similarly, the number of spinal nerves may differ, 

but the arrangement and distribution of spinal segments follows the same 

pattern in the mammals. In general, the number of vertebrae correspond to the 

number of spinal nerves, since the intervertebral space between each 

consecutive vertebra serves as an exit for a pair of spinal nerves from the spinal 

canal. Table 1.1 contains a comparison chart for the spinal segments in humans 

and other mammals (Anonymous; Watson, Paxinos, & Kayalioglu, Nov 2009). 
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Table 1.1: Comparison of spinal cord segments arrangement in mammals 

Species Cervical Thoracic Lumbar Sacral Coccygeal Total 

Human 8 12 5 5 1 31 

Mouse 8 13 6 4 3 34 

Rat 8 13 6 4 3 34 

Dog 8 13 7 3 5 36 

Cat 8 13 7 3 5 36 

Cow 8 13 6 5 5 37 

Pig 8 15 (or 14) 6 (or 7) 4 5 38 

Horse 8 18 6 5 5 42 

In Figure 1.6, a side by side comparison between typical vertebrae from 

human and mouse (as a representative model for quadrupeds) is shown. A few 

significant key differences are seen in the vertebral body (‘centrum’ in mice), 

transverse process, spinous process, laminae and the vertebral foramen. The 

vertebrae in mouse appear more like a bony ring around a relatively larger 

vertebral foramen with thin, narrow but longer vertebral body and shorter and 

more triangular looking spinous process. The transverse processes are much 

shorter in mice as compared to humans. The larger vertebral bodies in humans 

can be attributed to the weight bearing role of vertebral column in humans 

because of the bipedal posture. Transverse processes and spinous processes 

are also longer in humans due to larger attachments from the anti-gravity 

muscles of the back, supporting the naturally erect physical posture. Similar to 

the mice, the vertebrae from other quadrupeds such as cats or dogs also show 

parallel differences as compared to the humans. 
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Figure 1.6: Comparison between typical vertebrae from human and mouse  

Left panel shows the typical vertebra from human (top and side views) and the 

right panel shows the typical vertebra from mouse. 

1.2 FUNCTION  
All the information regarding functions of the spine and spinal cord has 

been derived from a number of sources (K. E. Barrett, Barman, Boitano, & 

Brooks, 2015; Drake et al., 2005; Hall & Guyton, 2011; Snell, 2010). 

1.2.1 THE VERTEBRAL COLUMN 

The vertebral column is a part of the axial skeletal system that is 

responsible for the erect posture of humans. The major function of the vertebral 

column is to encase the spinal cord and to protect it. Other than this, the 

vertebral column provides support to the shoulder and pelvic girdles that in turn 

support the upper and lower limbs. The sacrum joins with the pelvic bones on 

each side to form the pelvic cavity that protects pelvic organs. Another 

important function of the vertebral column in humans (and bipedal primates) is 

to transmit the body weight in standing or sitting conditions and allowing the 

person to walk on two feet. The vertebral column has cartilaginous 
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intervertebral discs that are important as shock absorbers and somewhat as 

lubricants to facilitate the bipedal walking and turning.  

 The typical shape of vertebrae in the spinal column provides 

attachments to the muscles and ligaments that stabilize the stacking 

arrangement of the vertebrae and at the same time, allow the body to bend and 

turn around the long axis of the vertebral column. 

1.2.2 THE SPINAL CORD 

Spinal cord is organized into grey matter and white matter which is 

further organized into tracts (Figure 1.7). The different tracts have specific 

function assigned to them depending upon which parts of the body and the 

brain they connect (summarised in Table 1.2). Some tracts cross over from the 

right side of the midline to the left; and vice-versa. This is known as decussation. 

Some tracts decussate at the level of entry or exit from the spinal cord, whereas 

some decussate in the brain at the midbrain, pons or medulla oblongata. Some 

tracts do not decussate and remain uncrossed and some tracts may decussate 

twice and end up again the same side. In case of an incomplete spinal cord 

injury, tracts that decussate at the spinal cord level, lose their functions on the 

contralateral (opposite) side from the injury and the tracts that do not decussate 

at the spinal cord level, lose their functions apparently on the ipsilateral (same) 

side of the body as the injury. The reason why most of these tracts decussate 

is explained by a recent ‘somatic twist’ theory (de Lussanet & Osse, 2015; 

Kinsbourne, 2013). The theory postulates that during the evolution of 

vertebrates from invertebrates, the nervous system caudal to the forebrain 

underwent a 180° turn inside the body. This explains the difference in 

arrangement of internal organs in relation to the brain between vertebrates and 

invertebrates, and also why most cranial nerves do not decussate while some 

do, along with the decussation of the spinal tracts. 

Sensory tracts: Spinothalamic tracts carry the sensory information from 

the body to the thalamus, whilst spinocerebellar tracts carry the sensations to 

the cerebellum. Dorsal column tracts carry the sensations to the thalamus, 

which then relays it further to the sensory cortex of the brain. Spinothalamic 

tracts carry nociceptive signals or information of crude touch, pressure, pain 
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and temperature from the contralateral side of the body. Crude touch and 

pressure signals are carried by the anterior spinothalamic tracts and pain and 

temperature signals by the lateral spinothalamic tracts. Spinocerebellar tracts 

carry the information pertaining to proprioception from the ipsilateral side. 

Anterior spinocerebellar tracts carry the sensory fibres from lower limbs, below 

the level L2 and posterior spinocerebellar tracts carry fibres from the trunk and 

upper limbs, above the level L2. This sensory information comes from muscle 

spindles and Golgi tendon organs. The cuneate fasciculi in the dorsal column 

tracts carries signals of fine touch, vibration and proprioception from the upper 

limbs and the shoulder girdle (level T6 and above) and the gracile fasciculi 

carries them from the lower limbs and pelvis (below T6) of the same side. The 

dorsal column tracts do, however, cross over (decussate) to the contralateral 

side in the medulla oblongata. 

Motor tracts: Corticospinal or pyramidal tracts originate in the motor 

cortex of the cerebrum and carry the information to the brainstem and the 

different parts of the body via peripheral nerves. Extrapyramidal tracts originate 

in the brainstem and carry commands to the rest of the body. The neurons in 

these descending tracts do not have any synapses until the brainstem/spinal 

level where they terminate. Corticospinal tracts control the voluntary muscle 

movements of the face, neck, limbs and torso. The majority of the axons from 

the motor cortex decussate at the medulla to form the lateral corticospinal tracts 

and the remaining axons form the anterior corticospinal tract descend 

ipsilaterally but decussate near the point of exit from the cord to control the 

contralateral side of the body. 

Extrapyramidal tracts control almost all the involuntary aspects of 

muscle movements such as muscle tone, balance, coordination and posture. 

Vestibulospinal tracts control flexors of upper limb and extensors of lower limb 

to maintain balance and posture on the ipsilateral side. Reticulospinal tracts 

carry excitatory fibres as the medial (pontine; originate in the pons) 

reticulospinal tracts and inhibitory fibres as the lateral (medullary; originate in 

the medulla oblongata) reticulospinal tracts to control the muscle tone on the 

ipsilateral side. Rubrospinal tracts are thought to control the flexion of upper 
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limbs to regulate gross and fine motor movements of upper limbs. They 

decussate near the point of origin and do not innervate the lower limbs. The 

olivospinal tracts were initially thought to exist only in the cervical segments of 

the spinal cord but now their existence is under question (Snell, 2010). 

Tectospinal tracts decussate near their point of origin in the midbrain and 

innervate the muscles controlling head movement (Pocock & Richards, 2006). 

They are responsible for coordinated head movements in accordance with the 

vision and hearing. 

Sensory and motor neurons in the grey matter: The grey matter of 

the spinal cord, as described earlier, has dorsal and ventral horns, containing 

the synapses of ascending sensory tracts and descending motor tracts. 

Neurons, the cell bodies of which are localized near the tips of the ventral horn, 

send out motor fibres to somatic structures such as skeletal muscles. Ventral 

horn neurons closest to the central part of the grey matter are responsible for 

the motor innervation of visceral structures such as visceral smooth muscles. 

The sensory neurons of the dorsal horn are organized in a similar manner. 

Neurons in the outermost tips of the dorsal horns are somatic sensory neurons, 

whilst the dorsal horn neurons closer to the central part of the cord receive 

sensory information from the visceral structures. The lateral horns in 

thoracolumbar (also known as ‘dorsolumbar’) segments contain preganglionic 

neurons of the sympathetic nervous system. The sacral segments are 

considered to hold neurons responsible for the parasympathetic outflow. 

However, as mentioned in section 1.1.5, a recent study claims that the lateral 

horns of sacral segments may after all be sympathetic neurons just like 

thoracolumbar segments (Espinosa-Medina et al., 2016). In the 1950s, Rexed 

gave a more detailed layout of neuronal arrangement in the spinal cord grey 

matter based on his studies on cats (Rexed, 1952). His model divides the entire 

grey matter in 10 laminae (or layers). Just like Brodmann’s layout of the brain’s 

grey matter, Rexed’s system does not rely on physical location across species, 

however, the locations of the laminae are thought to be fairly consistent. 
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Cells of the spinal cord: The cells of spinal cord can be described in 

two main categories- (1) Neuronal cells (or neurons) and (2) Supportive cells 

(or non-neuronal cells, or glial cells) (Young, O'Dowd, & Woodford, 2013). 

(1) Neuronal cells: Neuronal cells or neurons are the structural and functional 

units of the nervous system. Neurons are the main conductive cells that 

generate, receive and transmit action potentials. Although, the human body 

contains three structural types of neurons (pseudo unipolar, bipolar and 

multipolar), the grey matter of the spinal cord contains only the multipolar 

type of neurons. Pseudo unipolar neurons are seen only as primary sensory 

neurons and bipolar neurons are specifically located as the receptor 

neurons in the special sensory organs (such as olfactory neurons, retina 

and vestibule and cochlea of the internal ear). 

(2) Supportive cells: mainly four types of glial cells are identified in the spinal 

cord. (a) Astrocytes, (b) Oligodendrocytes (c) Microglia and (d) Ependymal 

cells. These cells have specific functions other than just physically 

supporting the neurons. 

a) Astrocytes: They derive their name from their star like shape. 

Astrocytes are the most abundant glial cells of the central nervous 

system. Their main functions are: 

i. Mechanical support 

ii. Metabolic support 

iii. Response to any injury (astrogliosis) 

iv. Formation of blood brain barrier 

b) Oligodendrocytes: As the name suggests, these cells have a small 

number of short branches like processes. Their main function is 

myelination of the axons in the white matter of the spinal cord. These 

cells may be considered as the CNS counterpart of the Schwann cells.  

c) Microglia: These cells are not originally from the nervous system; they 

migrate into CNS during embryonic development. They are the local 

immune cells of the brain and spinal cord. Their main function, 

therefore, is to defend the spinal cord against infections. 

d) Ependymal cells: Just like in the brain, these cells are lining the CSF 

filled cavity, namely, the central canal. They are only found in the lining 
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of central canal in the spinal cord as well as lining of the ventricles in 

the brain. 

 
 

Figure 1.7: Functional organization of the spinal cord 

 

Table 1.2: Summary of spinal cord tracts 

(UL = Upper limb, LL = Lower limb) 

Tract Originate Terminate Decussate 
at the cord 

Decussate 
in brain Function 

Ascending tracts (Sensory tracts) 
Dorsal column 

Cuneate 
fasciculus Spinal cord Sensory 

cortex - Medulla 
UL touch, 
vibration, 

proprioception 

Gracile 
fasciculus Spinal cord Sensory 

cortex - Medulla 
LL touch, 
vibration, 

proprioception 
Spino-cerebellar tracts 
Anterior 
spino-
cerebellar 

Spinal cord Cerebellum At level of 
entry Cerebellum Proprioception 

from UL 

Posterior 
spino-
cerebellar 

Spinal cord Cerebellum - - Proprioception 
from LL 

Spino-thalamic tracts 
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Anterior 
spino-
thalamic 

Spinal cord Thalamus 1-2 levels 
above entry - 

Crude touch, 
pressure 
sensation 

Lateral 
spino-
thalamic 

Spinal cord Thalamus 1-2 levels 
above entry - 

Pain, 
temperature 

sensation 
Descending tracts (Motor tracts) 

Pyramidal tracts 
Anterior 
corticospinal 

Motor 
cortex Spinal cord Spinal 

segment - Trunk muscle 
control 

Lateral 
corticospinal 

Motor 
cortex Spinal cord - Medulla Limb muscle 

control 
Extrapyramidal tracts 

Rubrospinal Red 
nucleus Spinal cord - Midbrain UL motor 

control 

Reticulo-
spinal 

Reticular 
formation Spinal cord - - 

Muscle tone, 
posture, 

coordination 

Vestibulo-
spinal 

Vestibular 
nucleus Spinal cord - - 

Antigravity 
muscle control 

for balance 

Tectospinal Tectum Spinal cord - Midbrain 
Coordinates 
head – eye 
movements 

 

1.2.3 THE SPINAL NERVES 

The spinal nerves carry sensory, motor and autonomic signals between 

the spinal cord and the rest of the body. The spinal nerves in general are 

responsible for regulation and coordination of limb movements, maintenance of 

muscle tone and posture, carriage of spinal reflexes, autonomic regulation of 

cardiorespiratory activities, endocrinal activities, digestive system, bowel and 

bladder movements and over all homeostasis at a gross level. 

There are total of 31 pairs of the spinal nerves and each nerve receives 

sensory information from a specific surface (skin) area of the body termed a 

‘dermatome’. The corresponding term for muscle groups supplied by motor 

neurons from a specific spinal/cranial nerve is a ‘myotome’. The only exception 

is the first cervical nerve (C1) which does not supply any surface areas. The 
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distribution of dermatomes and the spinal nerves supplying them is shown in 

Figure 1.8.  

At the time of embryological development, the mesoderm (middle layer of 

the three embryonic germ layers) forms segments along the length of the body 

on each side of the neural tube (the developing central nervous system). These 

para-axial blocks of mesoderm are called ‘somites’. Each somite on either side 

of the neural tube guide the migration of the spinal nerves from the neural tube 

which supply that somite. Somites eventually differentiate into sclerotomes, 

myotomes and dermatomes. Sclerotomes form the vertebral column; 

myotomes give rise to skeletal muscles of the back and dermatomes form the 

dermis of skin. Thus, all the structures developed from a single somite 

ultimately get nerve supply from the same spinal nerve that migrates into the 

somite during embryogenesis. Dermatomes usually receive sensory nerve 

supply from a single spinal nerve root whereas a single motor nerve root 

supplies a myotome. A myotome can represent a group of muscles that have 

the same or similar actions, generally referring to a muscle group supplied by 

one specific spinal nerve. 

The cervical nerves together supply the muscles controlling neck 

movements and the upper limb. Sympathetic supply from the nerve root C3, C4 

and C5 supply the diaphragm as the ‘phrenic nerve’. This means that injuries 

involving spinal cord above the level of C4 are likely to cause respiratory failure. 

The thoracic nerves supply the muscles of the trunk and abdomen including the 

intercostal muscles. Sympathetic nerve supply to the heart and the respiratory 

tract is derived from nerve roots T1-T4. The rest of the thoracic nerves provide 

sympathetic innervation to the abdominal organs by forming lesser and greater 

splanchnic nerves. They supply the stomach, intestines, colon, pancreas, liver 

and adrenals. The parasympathetic nerve supply to all these structures, along 

with the respiratory tract and heart, is derived from cranial nerve X, the Vagus 

nerve. Nerve roots T12, L1 and L2 provide sympathetic supply to the kidneys, 

bladder, rectum and the external genitalia. These structures receive 

parasympathetic nerve supply from the sacral autonomic fibres from the roots 
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of the S2, S3 and S4 spinal nerves. Somatic fibres from the lumbar and sacral 

nerve roots supply the skeletal muscles of the lower limbs.  

 

Figure 1.8: Schematic diagram of dermatomes and their spinal nerve roots 

1.3 DEMOGRAPHICS & ECONOMICS OF SPINAL CORD INJURY 
According to data from the World Health Organization (WHO) (World 

Health Organization, November, 2013), the global incidence rate of spinal cord 

injury is 40-80 cases per million annually, translating to 280,000-560,000 new 

cases recorded every year worldwide. Males are at least twice as likely to be 

the victims of spinal cord injury compared to females. The victims of spinal cord 

injury have a two- to five-fold increased mortality rate which peaks during the 

first year following the injury. Age distribution analyses show that males 

between the ages of 20 to 29 years and ages above 70 years to be at the 

highest risk. Females are observed to be most vulnerable to spinal cord injury 

between the ages of 15 and 30 years and at ages above 60 years. The World 
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Health Organization reports that more than 90% of the recorded cases are 

traumatic in origin. According to the recent Australian statistics (Tovell, 2018), 

the male: female distribution was 4:1. Men aged between 45-54 years and 

above 75 years were more frequently admitted with SCI and women between 

the ages of 65-74 had the highest incidences of SCI during the year 2015-16.  

The National Spinal Cord Injury Statistical Centre USA (National Spinal 

Cord Injury Statistical Centre, 2020) reports etiological and clinical injury 

distributions in its 2020 Fact Sheet. According to the fact sheet, of all SCI cases 

registered since 2015, 38.6% cases are due to vehicular accidents, 32.2% 

result from falls, 14% are victims of violence, 7.8% are as a result of sports 

injuries, 4.2% result due to medical reasons including iatrogenic causes and 

3.2% are attributed to reasons other than listed here. The recent most statistical 

report available for Australia (Tovell, 2018) describes this distribution to be 39% 

vehicular, 47% falls, 2% football related, 5% aquatic accidents, 2% other 

accidental and 5% as other factors (Figure 1.9). This data was acquired from 

253 registered cases of SCI. Out of the 253 patients, 8 (3.2%) did not survive 

the injury and 2 (1.2%) were discharged with no neurological deficit. The 

remaining 241 patients suffered from varying extent of functional loss. Out of 

these 241 cases, 46% suffered from incomplete quadriplegia, 8% from 

complete quadriplegia, 23% had an incomplete paraplegia and 20% had 

complete paraplegia. Details regarding the remaining 3% cases were not 

available in the report. Out of all spinal cord injury cases, an overwhelming 54% 

of victims suffered from some form of quadriplegia implying an injury to the 

cervical spinal cord segments. The relatively delicate structure of cervical 

vertebrae, their vulnerable location in the neck and the fact that they carry and 

transmit the weight of the entire head makes the cervical vertebrae more prone 

to fracture or dislocation upon injury, damaging the cervical spinal cord in turn. 

Moreover, the due to cervical enlargement of the spinal cord, there is little room 

left between the cord and the bony spinal canal. This also increases the odds 

of the cord getting injured even with small displacements. 
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Figure 1.9: Demographic data of SCI 

Aetiological distribution (Left) and Extent of spinal cord injury (Right) as per the 

data collected from 2015-16 (Tovell, 2018)  

The severity of spinal cord injuries is usually classified according to a 

score known as the ASIA (American Spinal Injury Association) score, 

developed by the American Spinal Injury Association to clinically assess the 

neurological impairment resulting from spinal cord injury (Roberts, Leonard, & 

Cepela, 2017). Scoring is from ‘A’ to ‘E’, with ‘A’ being the most severe score. 

The more detailed description is discussed in section 1.4.2. However, Table 1.3 

has a simple and brief explanation of the injury scores. 

 

Table 1.3: ASIA Score explanation 

ASIA 

Score 

Nature of 

Injury 

Sensory 

function 
Motor Function 

A Complete Completely lost Completely lost 

B Incomplete Preserved Completely lost 

C Incomplete Preserved 
Over half the muscles have 

power- grade 3 or less 

D Incomplete Preserved 
Over half the muscles have 

power- grade more than 3 

E Normal Preserved Preserved 

The treatment also puts significant economic burden on the health care 

system. For an injury with high quadriplegia (level C1-C4), cost for the first year 

39%

47%

2% 5% 2% 5%

Aetiology

Vehicular

Falls

Sports

Aquatic

Accidental

Other

46%

23%

8%

20%
3%

Extent of Injury
Incomplete
Quadriplegia
Incomplete
Paraplegia
Complete
Quadriplegia
Complete
Paraplegia
Unknown
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is over 1 million US dollars (USD) with 200,000 USD each following year per 

patient. Overall, the lifetime costs are estimated at 5.1 million, 3.7 million, 2.5 

million and 1.7 million US dollars for ASIA – A, B or C scored high quadriplegia, 

low quadriplegia, paraplegia and ASIA-D injury at any level, respectively 

(National Spinal Cord Injury Statistical Centre, 2020). The costs are projected 

at 9.5 million and 5 million Australian dollars for quadriplegia and paraplegia, 

respectively (Collie, June 2009). A summary of these costs can be reviewed in 

the  

Table 1.4. In addition to these costs, the patients suffer from loss of 

wages, loss of productivity, dependence on others for their physical needs and 

a number of secondary conditions requiring further medical assistance which 

adds to the economic burden mentioned here.  

Table 1.4: Estimated costs for treatment of Spinal Cord Injuries at different 

levels 

The costs are given by National Spinal Cord Injury Statistical Centre, US. 

Australian estimates were taken from Access Economics report (Collie, June 

2009) 

Extent of Injury 

Cost for 
the 1st 

year (in 
USD) 

Each 
following 
year (in 
USD) 

Lifetime 
costs ( in 
USD at 25 
years age) 

Lifetime 
costs 

(Australian 
estimate) 

High (C1-C4) 

Quadriplegia 
1,150,000  200,000 5.1 Million 

9.5 Million 

(AUD) Low (C5-C8) 

Quadriplegia 
830,000  122,000 3.7 Million 

Paraplegia  560,000  74,000 2.5 Million 
5 Million 

(AUD) 

Any Grade D 

injury 
375,000 45,000 1.7 Million  

For Australia, based on data form the Spinal Injury Network, National 

Disability Services (2010) and a 2009 Access Economics report, Spinal Life 
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Australia depicted the huge economic burden of spinal injury (2010 Annual 

Report by Spinal Cord Injury Network, 2010; Collie, June 2009): 

• More than 12,000 people in Australia have a spinal cord injury. 

• The lifetime cost per incidence is estimated to be AUD 5 million for 

paraplegia and AUD 9.5 million for quadriplegia. 

• The annual cost to the Australian society was estimated at AUD 2 billion 

per annum in 2009 by Access Economics. 

The annual economic cost is shared approximately as follows (Collie, June 

2009): Government 55% (44% State Government and 11% Federal 

Government); individuals over 40% (viz. patients and their carers).  It is 

expected that parts of these costs will be borne in the future by the National 

Disability Insurance Scheme (NDIS). 

 

1.4 MECHANISMS OF INJURY 
Spinal injuries are best explained by Denis’s three column spinal model 

(Denis, 1983, 1984). This has an additional middle column compared to 

Holdsworth’s two column model (Holdsworth, 1970). In either of the two models, 

the posterior column remains essentially the same which contains the spinal 

canal.  

1.4.1 THE THREE COLUMN MODEL 

According to Denis’s three column model of spine, the three columns are 

comprised of the following structures (Figure 1.10). 

• Anterior column - the anterior longitudinal ligament and the anterior one-half 

of the vertebral body, intervertebral disc, and annulus fibrosus. 

• Middle column - the posterior one-half of the vertebral body, disc, annulus 

fibrosus, and the posterior longitudinal ligament. 

• Posterior column - the facet joint complex, ligamentum flavum, the 

interspinous ligament, supraspinous ligament and the posterior bony 

elements including laminae and the spinal canal. 
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Figure 1.10: The three-column model of the spine 

 Denis further classifies the fractures caused during spinal injuries into 

(1) compression fractures, (2) burst fractures,  (3) seat-belt type injuries 

(flexion-extension), and (4) fracture-dislocations (Denis, 1984). Any of these 

injuries involving the posterior column result in damage to spinal cord. Most 

common fractures are compression and burst fractures which characteristically 

involve anterior and/or middle column and usually spare the posterior column, 

causing negligible or no spinal cord damage. 

 As explained in the Figure 1.11, in case of a fall where the person lands 

on his or her pelvis, a compressive force is exerted along the weight bearing 

axis of the spine. In most cases, this force is absorbed by the spring-like action 

of the intervertebral discs. In some cases, though, the force may be strong 

enough to compress the anterior margin of the vertebral body, resulting in a 

wedge-shaped deformity of the affected vertebral body. This is called a 

compression, or a wedge fracture shown in section (i). If the force is strong 

enough to shatter the vertebral body, the resulting fracture is called burst 

fracture shown in section (ii). Both of these fractures primarily affect only the 

anterior column or anterior and middle column, but not the posterior column. In 

some cases, where the spine is flexed or extended beyond its natural capacity 

by some external factor, a flexion-extension type fracture occurs, which 

involves the posterior column with or without the involvement of the middle 
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column. This phenomenon is depicted in section (iii). In section (iv), fracture 

dislocation variation of the spinal fracture is shown. Here a strong horizontal 

force acts upon a vertebral body in anterior-posterior or in a side to side 

direction. Both of the latter types of fractures usually induce spinal cord injury. 

 
Figure 1.11: Schematic Depiction of Mechanisms of Injury to the Spine 

The injury mechanisms are based on the Denis’s three column model (Denis, 

1983, 1984). 

1.4.2 CLINICAL CLASSIFICATION OF SPINAL CORD INJURY 

The clinical classification of spinal cord injuries is conventionally done by 

guidelines given by the American Spinal Injury Association (ASIA). The injuries 

are assessed clinically and classified into 5 grades- A, B, C, D and E as per 

these guidelines (Roberts et al., 2017). Muscle power grade 3 or more indicates 

ability to contract the muscle against gravity alone or additional resistance 

(grades 4 & 5). 

A = Complete: No motor or sensory function is preserved in the sacral segments 

S4-S5.  

B = Incomplete: Only sensory (no motor) function is preserved below the 

neurological injury level including the sacral segments S4-S5.  
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C = Incomplete: Motor function is preserved below the neurological level of 

injury, but with at least half of major muscles below the neurological level 

showing a muscle power less than grade 3.  

D = Incomplete: Motor function is preserved below the neurological level, and 

over half of major muscles below the neurological level have a muscle power 

of grade 3 or more.  

E = Normal: Normal motor and sensory function. 

 Here, it is important to note that ASIA score only describes the severity 

of any injury at a given neurological level. The profoundness of functional loss 

also greatly depends on the level of the injury. For example, an injury to the 

cervical spine would affect almost the entire body whereas an injury to the 

sacral segments would affect a small body area. 

1.4.3 SEQUELAE OF SPINAL CORD INJURY 

Spinal cord injury can either be traumatic or non-traumatic in origin (as 

discussed earlier, ~90 % of all spinal cord injuries are traumatic). Non-traumatic 

injuries can be caused by neurodegenerative conditions, tumours (originating 

in the cord or spreading to the cord from other sites), chronic insidious diseases 

such as vascular and autoimmune diseases or even infections (Grassner et al., 

2016). Here only the sequelae of traumatic injuries are discussed, because 

sequelae of non-traumatic injuries majorly depend upon the underlying cause 

and they vary widely from patient to patient. 

In case of a traumatic injury, the surrounding structures such as 

paravertebral muscles, vertebrae, intervertebral discs, meninges, etc., are 

almost always injured by the traumatic force. Such an injury would usually also 

be accompanied by a vertebral fracture or dislocation. The broken fragments 

from the vertebrae and intervertebral disc, in addition to the traumatic force 

itself, can cause damage to the meninges, the cord tissue and local blood 

vessels. Internal bleeding from these vessels then causes ischemia and other 

pressure related symptoms due to hematoma. Bleeding and following 

inflammatory response are the major factors contributing to the secondary 

damage in a spinal cord injury (Zhou, He, & Ren, 2014). A conceptual timeline 
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for the major events of the spinal cord injury sequelae are depicted in Figure 

1.12. For the sake of systematic description, the sequelae of a spinal cord injury 

are described as per following chronological categories (Hagen, 2015; 

Rowland, Hawryluk, Kwon, & Fehlings, 2008): 

• Immediate: Events within the first 2 hours following the injury are 

considered immediate. Following an acute trauma, the spinal cord shows 

signs of structural damage. As the nervous system is highly vascularised, 

any injury is likely to cause significant bleeding which in turn causes tissue 

swelling and ischemic damage to the surrounding cord tissue. The 

haemorrhage then causes necrosis of the neurons in the grey matter. If the 

injury is serious enough, the spinal cord may undergo spinal shock which 

means that the cord below the level of injury, shuts down all of its functions 

abruptly following the injury. Sudden hypotension and bradycardia caused 

by spinal cord injury can also lead to spinal shock. This causes widespread 

paralysis, but it is also usually reversible. The spinal shock can last up to 

five weeks depending on a number factors such as the severity of injury 

and treatment (Hagen, 2015). Inflammatory mediators such as interleukins 

(IL-1β, IL-6), tumour necrosis factor (TNF-α) are released by the injured 

tissue, which activates acute inflammatory response. 

• Acute: This phase includes events from two hours to two days following the 

injury. Surgically, the acute phase is considered to last four to five weeks 

after the injury (Rowland et al., 2008). In this phase, ischemic injury to the 

cord and pressure symptoms due to bleeding and hematoma develop 

rapidly. The affected axons show swelling and 12-24 hours after the injury, 

the neurons show signs of cell death. Necrosis and acute inflammatory 

response (neutrophil infiltration) peak in this phase. The oligodendrocytes 

that myelinate the axons in spinal cord start showing signs of cell death; 

and the secretion of inflammatory mediators increases along with high 

proportions of histamine, nitric oxide and free radicles resulting from cell 

death. Because of this, the permeability of the blood brain barrier increases. 

The acute phase inflammatory cells in the spinal cord include astrocytes, 

microglia, neutrophils, and monocytes. These cells start clearing the debris 

from the cell death and bleeding. 
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• Subacute: As per pathophysiological definition, this phase lasts from two 

days to two weeks. In this phase, the cellular and biochemical changes 

occurring in the acute phase start to subside. In untreated cases, the 

hematoma starts to dissolve in three to seven days after injury, due to the 

phagocytic activity of microglia and macrophages. The swelling caused by 

inflammation subsides and pressure symptoms are also relieved. The 

astrocytes’ response to the injury or ‘gliosis’ becomes prominent during this 

time. This is also known as glial scar formation. In the CNS, unlike the rest 

of the body, fibrotic component does not contribute predominantly to the 

scar formation at this stage. The blood brain barrier permeability returns to 

normal as the cellular repairs begin. 

The severed ends of injured axons start to degenerate along their 

lengths. This phenomenon is known as ‘Wallerian degeneration’. In 

peripheral nerves, a wave of regeneration usually follows; resulting in 

damage repair within a few weeks but this regeneration is not significant in 

the CNS of the vertebrate species. 

• Intermediate: The events from two weeks to six months are included in 

intermediate phase. In this phase mostly, the gliosis process continues and 

a complete glial scar forms. This stabilizes the injury, but also prevents 

regeneration as the glial scar is extremely hostile to regenerating axons. 

The spinal cord recovers from spinal shock early during the intermediate 

phase and only paralysis due to the actual injury remains. In injuries with 

large enough structural defects, a cyst may form at the lesion site. The 

Wallerian degeneration continues. 

• Chronic: The chronic phase sets in after six months from the injury. The 

degeneration may continue up to several years. Some spontaneous 

functional recovery may occur in rare cases because of plasticity of the 

remaining intact cord tissue, however, in most cases, the functional and 

structural deficits of the spinal cord injury stabilize within first two years of 

the injury after which, the lesion is considered fully stable. 

Other than the direct effects on the spinal cord itself, spinal cord injury can 

cause a number of systemic complications. Since the spinal cord essentially 

controls and regulates almost all the somatic and autonomic activities in the 
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body, an injury to the cord can have devastating effects on all the organ 

systems. Commonly seen systemic complications are as follows (Hagen, 

2015): 

• Neurogenic shock: Direct injury to the cord in addition to hypotension and 

bradycardia can cause a neurogenic shock. 

• Thromboembolism: Immobility causes venous blood to stagnate in the 

limbs which puts an individual at a high risk for thrombosis. Thrombosis can 

lead to thromboembolism. 

• Pressure ulcers: Also known as bed sores, are a common problem in bed 

ridden or immobilized patients. 

• Heterotopic ossification: Also known as ectopic bone formation, can start 

after a few weeks of injury and can limit the movement of the affected body 

part severely. 

• Pain: In acute phase, somatic pain can be a very serious issue for the 

victims. In the chronic phase, chronic musculoskeletal pain may replace 

acute pain.  

• Autonomic dysfunction: All the organs controlled by autonomic system 

experience dysfunction following a spinal cord injury: 

o Cardiovascular system 

o Respiratory system 

o Bowel movement 

o Bladder control 

o Sweating and temperature dysregulation 

o Sexual dysfunction 

Patients with an injury level of T6 or above are at a risk of suffering 

from the worst, and in many cases lethal, form of autonomic dysfunction 

known as autonomic dysreflexia. Such patients would experience severe 

and sudden hypertension with throbbing headaches, excessive sweating, 

flushing of the skin in the affected regions, dangerously slow heart rate, 

apprehension and anxiety, and sometimes cognitive impairment (Khastgir, 

Drake, & Abrams, 2007). 
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• Psychological issues: Anxiety and shock are common in acute phase. In 

chronic phase, depression is more common. A number of other issues such 

as post-traumatic stress may also be seen in victims of the spinal cord 

injury, depending upon their mental health and coping abilities prior to 

injury, and the extent of their injury (Dezarnaulds & Ilchef, 2014; Post & van 

Leeuwen, 2012). 

 

Figure 1.12: Schematic Diagram Showing Sequelae of Spinal Cord Injury 

1.4.4 NATURAL BARRIERS TO SCI REPAIR 

As described above, the physiological response to a SCI involve a 

complex series of cellular and molecular events. A number of these events have 

an inhibitory effect on the regeneration of injured axons. The neurons in the 

CNS have poor capacity for repair and regeneration on their own to begin with, 

in addition to the barriers to CNS repair result in negligible to no recovery in the 

current clinical setting. The damage caused by SCI result in axonal 

degeneration and myelin-associated proteins accumulate at the injury site, 

physically impeding re-growing axons. Astroglial scarring that results from the 

hypertrophy of the reactive astrocytes also form a physical and chemical 

quarantine area at the injury site, thereby separating and sealing off the injury 

site from the normal uninjured parenchyma. This further prevents the axonal 

growth across the defect. Eventually a thick, tough fibrous tissue occupies the 
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scar site which also contains deposits of growth inhibiting molecules (Mackay-

Sim & St John, 2011). 

1.5 TYPES OF SPINAL CORD INJURIES AND SPINAL CORD SYNDROMES 
Usually a group of signs and symptoms accompany a spinal cord injury, 

the severity of which varies with the extent of injury. These are called spinal 

cord syndromes. The spinal cord syndromes can include either complete 

paralysis or incomplete paralysis. In most of these cases an incomplete 

paralysis is seen, and the loss of function is usually somewhat reversible. 

Complete paralysis is seen only when the cord is completely severed at the 

injury site, which is called complete cord transection syndrome. In injuries such 

as crush injury or whiplash injury, the spinal cord is contused or lacerated, and 

the injury is usually incomplete. Spinal cord-related incomplete paralysis can 

also be seen in infections such as poliomyelitis or syphilis (Tabes dorsalis) and 

certain neoplasms involving spinal cord. Some of the common spinal cord 

syndromes along with their anatomical and physiological associations are 

summarised in the Figure 1.13. Here are a few examples of the spinal cord 

syndromes (Field-Fote, 2009; Snell, 2010): 

• Complete cord transection syndrome: This is a spinal cord syndrome with 

complete paralysis and complete loss of sensations below the level of injury. 

The communication from the brain to the spinal cord below the level of injury 

is completely cut off and the victim of this type of injury can be severely 

debilitated depending upon the level of the injury. This may even prove fatal 

if the level of injury is high enough. Typically, injuries at or above the C4 

level are more likely to be fatal than injuries to lower spinal cord segments. 

• Brown-Sequard syndrome: This is a very specific type of injury where only 

one half of the spinal cord is damaged. This type of injury is called hemi-

section of the spinal cord. The person with this syndrome suffers from 

paralysis on the injured side of the body below the injury level but most 

sensations remain intact. However, on the contralateral side, the person 

experiences loss of pain, touch, temperature and pressure sensations 

below the injury level. This type of injury occurs when any piercing or 
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stabbing kind of injury cuts through either the right or the left half of the 

spinal cord. 

• Anterior cord syndrome: The anterior part of the spinal cord is damaged. 

This leads to loss (or reduction) of movement, and touch, pain, and 

temperature sensations below the level of injury. This syndrome can be 

seen in injuries caused by excessive flexion of the vertebral column. Other 

than that, disc protrusion and anterior spinal artery occlusion can also cause 

anterior cord syndrome. 

• Central cord syndrome: This is characterised by damage to the central part 

of the spinal cord; the damage spreads outwards from the centre of the cord. 

Usually, patients complain of upper limb weakness, but lower limb function 

is more or less intact. This is seen in cases of syringomyelia, spinal stenosis 

and tumours involving spinal cord. 

• Posterior cord syndrome: There is damage to the posterior part of the spinal 

cord. Most cases of posterior cord syndrome present with poor coordination 

but muscle power, and pain and temperature sensations are preserved. This 

is seen in cases of syphilis (Tabes dorsalis) where the infection spreads to 

the posterior part of the spinal cord. Other than that, posterior spinal artery 

occlusion can also cause posterior cord syndrome. 

• Conus medullaris syndrome: There is damage to the conus medullaris 

where sacral segments of the spinal cord are situated. There may be bowel, 

bladder and sexual dysfunction. Motor function around the ankle joint and 

sensation near the anal region are affected. Any injury affecting T12-L1 

vertebrae can injure the conus medullaris, causing this syndrome.  

• Cauda equina syndrome: There is injury to the spinal nerves but not the 

cord itself. This syndrome occurs usually when the injury is below the first 

lumbar vertebra. Depending upon the extent of injury there may be complete 

or partial loss of movement and sensation in the lower limbs or the perineal 

region. There may be bowel, bladder and sexual dysfunction same as the 

conus medullaris syndrome.   
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Figure 1.13: Schematic representation of the spinal cord syndromes 
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1.6 TREATMENT OF THE SPINAL CORD INJURY 

1.6.1 CURRENT THERAPEUTIC APPROACHES 

As of now, the mainstay of treatment for the spinal cord injuries remains 

damage control and prevention of complications. This primarily involves 

surgical interventions to stabilize the damaged vertebrae and to reduce intra-

dural pressure by decompression along with haemostasis. These measures 

ensure adequate blood flow to the injury site and prevent ischemic 

complications as well as control blood loss into the spinal column (Yiping Li, 

Walker, Zhang, Shields, & Xu, 2014). If the situation calls for it, anti-

inflammatory treatment with steroids or non-steroidal anti-inflammatory drugs 

(NSAIDs) can be given (Hurlbert et al., 2013) to mitigate any secondary 

damage and protects the intact nervous tissue in the injured spinal cord (Dusart 

& Schwab, 1994). After the surgical intervention, almost every patient is 

required to undergo long and laborious physical therapy that can rehabilitate 

the patient and in some cases, help regain limited function in the affected body 

parts (McKerracher, 2001). An effective therapy, however, that can be used in 

any case of spinal cord injury with significant success in terms of functional 

regain still eludes us. 

1.6.2 THERAPEUTIC APPROACHES UNDER EXPLORATION 

Many experimental approaches are being extensively investigated in the 

hopes of filling the void for a robust treatment modality for spinal cord injury. 

The use of robotics or bionic exoskeleton (Aach et al., 2015; Hochberg et al., 

2006; Kressler et al., 2014), and use of neural stem cells and other precursor 

cells (Angelos & Kaufman, 2015; Cusimano et al., 2012; Erceg et al., 2010), 

Schwann cells (peripheral glia) (Kanno, Pearse, Ozawa, Itoi, & Bunge, 2015) 

or OECs (primary olfactory nervous system glia; OECs) (Barnett & Chang, 

2004; Chiu, Hung, Lin, Chiang, & Liu, 2009; Raisman & Li, 2007; Tabakow et 

al., 2014) are some of the areas that have been explored with high hopes and 

potential success. Oligodendrocytes have also been explored for their potential 

role in neural repairs (Erceg et al., 2010). Drugs including neurotrophins (Marc 

J. Ruitenberg et al., 2005; Tuszynski et al., 2003), agents blocking the axon 

outgrowth inhibitory molecules (Huber & Schwab, 2000), or agents allowing 

growing axons to circumvent the inhibitory proteins through intracellular 
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molecular signals (McKerracher, 2001) are some of the other deeply studied 

areas. Out of all these areas, cell based transplantation therapies have shown 

most promise in treating and ameliorating the effects of spinal cord injuries in 

animal models and a few human trials (Ahmed Ibrahim, Li, Li, Raisman, & El 

Masry, 2006; Ramón-Cueto & Muñoz-Quiles, 2011). 

All of these different treatments attempt to explore different approaches 

to treat a spinal cord injury. Stem cell based therapies aim to replace the lost 

or damaged cells in the injured site (Angelos & Kaufman, 2015). Therapies 

using glial cells, on the other hand, provide a bridge or support to the injured 

cells to promote and support the healing process (Barnett & Chang, 2004). 

Transplanted cells can have a direct effect (replacement of neurons and glia) 

or an indirect effect (secretion of factors that promote regeneration) on the injury 

site. The direct effect implies that the cells have to be directly transplanted into 

or near the injury site. The indirect effect can be exploited by the use via remote 

or systemic injections. Robotics and similar exoskeleton based technologies 

attempt to mitigate the disability and dependence of the injured individuals 

without interfering with the actual injury or the body’s reaction to such injury 

(Aach et al., 2015). 

In summary, there are four main possible methods to manage a spinal 

cord injury – (1) the status quo, a combination of drugs and anti-inflammatory 

treatment to reduce secondary degeneration, (2) cell transplantation in the 

acute phase (e.g. oligodendrocyte precursors) or subacute phase to replace 

lost glia. Then, once permanent paralysis has set in: (3) robotics to provide 

mobility, and (4) cellular repair and regeneration to restore the natural motor 

and sensory function, which can include cell transplantation, 

immunomodulation, growth factor supplementation and more. 

1.6.3 USE OF ANIMAL MODELS 

Animal models have always been used to better understand and explain 

human ailments. Similarly, for the study of spinal cord injuries, a number of 

different species have been investigated with the aim to create an injury model 

that resembles the human spinal cord injury as closely as possible. Allen was 

the first to develop a spinal cord contusion injury model in 1911 by weight drop 
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method (Allen, 1911). Out of all the animal models, rats are the most commonly 

used model mainly because they are relatively cheap, easy to procure, fast to 

breed; reports prove that their structural, functional and electrophysiological 

responses to spinal cord injuries are closely comparable to that of humans 

(Metz et al., 2000). Mice also show similar benefits, however, they are more 

commonly used for genetic and molecular studies (Jakeman et al., 2000). A 

systematic review observed that out of the 2209 included studies, 72.4% 

studies used rats as their animal model, mice were chosen by 16% of the 

studies, while the remaining studies used rabbits, dogs, cats, pigs, primates 

and guinea pigs (Sharif-Alhoseini et al., 2017). It has been observed that the 

spinal cord of mice forms a dense fibrous connective tissue at the site of injury 

whereas in rats, similar to humans, the spinal cord lesions form cystic cavities 

over time (Byrnes, Fricke, & Faden, 2010). Primate models (marmosets, 

macaques etc. animals) provide the best possible likeness to spinal cord injury 

in humans by mimicking numerous unforeseeable variables, and are very 

valuable for testing new therapeutic modalities (Iwanami et al., 2005). 

Marmosets in particular are very useful because of their smaller size, faster 

breeding cycles and ease in handling (Cheriyan et al., 2014). Larger models 

such as feline, porcine or canine animals are used relatively sparingly where 

further validation of an experimental phenomenon related to spinal cord injury 

is warranted (Cheriyan et al., 2014; N. Zhang, Fang, Chen, Gou, & Ding, 2014). 

A recent systematic review takes into account over 2200 published articles 

about use of animal models for spinal cord injury study and derives that rodents 

are in fact the best models for studying spinal cord injury at a preliminary level 

(Sharif-Alhoseini et al., 2017). 

The main objectives behind using different injury models are to 

understand the different injury mechanisms and to obtain maximum possible 

clinical approximation to the injury in humans. Thoracic level injury models are 

used most frequently due to their convenience but cervical level injury models 

are also being used as they offer highest clinical relevance and significance 

(Dunham, Siriphorn, Chompoopong, & Floyd, 2010; Sharif-Alhoseini et al., 

2017). 
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1.6.4 CURRENT APPROACHES TO INDUCE SPINAL CORD INJURY IN ANIMAL MODELS 

Spinal cord injury models can be classified into physical injuries including 

contusion, laceration and transection injuries, or chemical injuries based on 

their method of inducing the injury (Cheriyan et al., 2014). Almost all of these 

methods require a laminectomy and, in some cases, durotomy before the injury 

can be inflicted. An overview of different physical injury models is outlined in 

Figure 1.14.  

1. Physical Injury Models: 

• Contusion models: The spinal cord is struck with a blunt projectile or 

moving object in order to cause damage or displacement of the cord. 

Laminectomy is required before using this model as the spinal cord is 

injured due to compression between the body of the vertebra ventrally 

and one of the following objects dorsally. 

o Dropped Weight – A fixed weight is used to impact the exposed cord 

at a specific spinal level so that the cord is crushed and injured under 

the weight (Kobayashi et al., 2012). A few studies have tried and 

developed mechanical ‘impactors’ in the hopes of establishing a 

standardised and reproducible injury models. Some of such 

examples include New York University Impactor (Gruner, 1992), 

Ohio State University Impactor (Stokes, 1992) and Infinite Horizon 

Impactor (Cusimano et al., 2012; Scheff, Rabchevsky, Fugaccia, 

Main, & Lumpp, 2003; Shin et al., 2015). 

o Electromagnetic Probe – An electromagnetically controlled probe 

was used to induce a reproducible spinal cord injury (Nutt et al., 

2013). The probe was kept in contact with an exposed spinal cord 

and is oscillated to produce a contusion on the cord. Radio-frequency 

induced heat ablation of the spinal cord with an electromagnetic 

probe has also been used to create a SCI (Y. Li, Li, & Raisman, 2016; 

Yamamoto, Raisman, Li, & Li, 2009). 

o Air gun – Another study attempted using an air-gun with precise air 

pressure control and exposure times to cause spinal cord contusions 

in rats (Marcol et al., 2012). This method also required laminectomy, 
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however durotomy was not required. This method lacks proper 

standardization (Cheriyan et al., 2014). 

• Laceration models: In this kind of model, the injury is induced by crushing 

the spinal cord over an extended period of time so that there is deep 

tearing of the cord in addition to contusion. This can be achieved by many 

methods. 

o Dislocation of vertebra – Here the spinal cord remains unexposed 

and the vertebral column intact. Instead, the vertebrae themselves 

are used to injure the cord by dislocating a couple of vertebrae 

dorsally, ventrally or laterally from the column (Choo et al., 2009; 

Fiford, Bilston, Waite, & Lu, 2004). This injury resembles the 

traumatic spinal injury in humans the most but, it lacks proper 

standardization. 

o Crushing with instruments – Instruments such as aneurysm clips 

(Marques, Garcez, Del Bel, & Martinez, 2009; Rivlin & Tator, 1978; 

Salewski, Mitchell, Shen, & Fehlings, 2015), forceps (Plemel et al., 

2008), strapping (da Costa et al., 2008), balloon etc. are used to exert 

reproducible force on the spinal cord and lacerate it. All such 

methods except the balloon inflation require direct exposure of the 

cord, however, in the balloon inflation method, laminectomy is 

performed at 2-3 levels below the level of injury and the cord is 

crushed by sliding and inflating a catheter balloon inside the spinal 

column (Amemori et al., 2013; Urdzíková et al., 2006; Urdzikova et 

al., 2015). 

o Traction – Some studies use instruments that apply traction to stretch 

the spinal cord and induce laceration in the spinal cord. Harrington 

distractor (Dabney et al., 2004), University of British Columbia 

Distractor (Choo et al., 2009), and University of Texas at Arlington 

Distractor (Seifert, Bell, Elmer, Sucato, & Romero, 2011) are some 

of the examples of such instruments.  

• Transection models: These models are relatively easy to perform and 

have been most widely used. The injury is induced by doing a 
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laminectomy and a durotomy followed by partial or complete severing of 

the spinal cord at a pre-determined level. 

o Complete transection – The entire cord is surgically sliced in a 

horizontal plane (Erceg et al., 2010) so that there is no connection 

between the two parts. Though easy to create experimentally, this 

injury is very rare in human spinal cord injuries. 

o Partial transection – The cord is cut halfway through its thickness 

either from the dorsal aspect, or the ventral aspect or from one of the 

two lateral aspects so that it resembles the hemi-transection injury in 

humans (Alilain, Horn, Hu, Dick, & Silver, 2011; Kwon, Oxland, & 

Tetzlaff, 2002). A partial thickness transection to injure only a specific 

region of the cord (corticospinal tract, for example) has also been 

performed in the past experiments (Sasaki, Hains, Lankford, 

Waxman, & Kocsis, 2006). The post-surgical survival is better and 

caring is easier as compared to complete transection injuries but on 

the other hand, the reproducibility is less (Cheriyan et al., 2014).  

2. Chemical Injury Models: 

Chemical agents are mainly used for studying the sequelae or the 

secondary effects of the spinal cord injury. Ischemia, free radical damage 

following reperfusion, inflammation, remyelination and syringomyelia are the 

chemically studied common aftereffects of spinal cord injury. These injuries 

rarely bear any significant resemblance to the clinical injury and they almost 

never show the full clinical picture (Cheriyan et al., 2014).  
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Figure 1.14: Summary of Different Physical Injury Models 

1.6.5 CURRENT APPROACHES FOR CELL TRANSPLANTATION 

Over the years, different studies have applied various therapeutic cell 

delivery systems. Most commonly used animal models are rats and mice due 

to convenience, followed by marmoset which is one of the smallest primates 

and offers fairly close resemblance to the human spinal cord injury and physical 

responses to the injury. Many studies take a direct approach and inject the cells 

directly into the lesion on the spinal cord tissue (Amemori et al., 2013; Amemori 

et al., 2015; Cusimano et al., 2012; Erceg et al., 2010; Kobayashi et al., 2012; 

Nutt et al., 2013; Salewski et al., 2015; von Gorp et al., 2013; Yan et al., 2007), 

whereas some studies take an extremely indirect approach like intravenous 

injection of the therapeutic cells (Rice et al., 2015; Urdzíková et al., 2006). 

Depending upon the cell delivery strategies, they can be classified into direct 

approaches that deal with the spinal cord lesion directly, or indirect approaches 

which do not deliver the cells directly into the lesion. Figure 1.15 outlines a 

schematic classification of the approaches discussed here. 

1. Direct Approach: The cells are delivered directly into the lesion on the spinal 

cord. In this method, the injected quantities of cell suspension have to be 

closely monitored and carefully regulated as too much fluid in the spinal 

column can cause many problems like severe headache and cord 

compression, effects of which would be much worse on the injury site. 
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Therefore, in almost all studies using this method of cell delivery, the volume 

of injected cell suspension is just a few microlitres. 

a. Open Cord Approaches: The cord is exposed again after the induction 

of spinal cord injury and injections are delivered under direct 

visualization. The injector mechanism is usually comprised of a very 

high gauge needle (33 gauge) or a pulled glass capillary (<100 microns 

diameter), attached with a micro-injector syringe. A dose of a few 

microlitres is administered over a period of 30-60 seconds for example. 

i. Single site injection: In some studies, the cells are delivered in a 

single dose of injection at a single site (Amemori et al., 2013; 

Amemori et al., 2015; Erceg et al., 2010; Kobayashi et al., 2012; 

Nutt et al., 2013). 

ii. Multiple site injections: Cells are delivered in a single dose at 

multiple sites in and around the spinal cord injury in some studies 

(Cusimano et al., 2012; Salewski et al., 2015; von Gorp et al., 

2013; Yan et al., 2007). 

iii. Multiple doses: In a few human trials, more than one dose of cell 

suspension was administered in the spinal cord (Chhabra et al., 

2016; Mazzini et al., 2015; Shin et al., 2015). Repeated doses 

offer the opportunity to inject more therapeutic cells without 

running the risk of injecting too much fluid in a short duration. 

iv. Encapsulation within matrix: Over the years, in a limited number 

of animal trials, the cells have been embedded or encapsulated 

in some form of scaffold or matrix in attempt to enhance their 

delivery, deposition and integration. Different cells have been 

used with different scaffolding matrices. Neural progenitor or stem 

cells have been used with fibrin scaffold (McCreedy et al., 2014; 

Steward, Sharp, Yee, Hatch, & Bonner, 2014; Wilems, Pardieck, 

Iyer, & Sakiyama-Elbert, 2015), gelatin sponge (Zhao et al., 

2015), microfibre bundles coated in collagen or alginate or 

chitosan (Sugai et al., 2015), or seeded within peripheral nerve 

graft (L. Q. Zhang et al., 2018); Schwan cells have been 

transplanted with Matrigel scaffold (Williams, Henao, Pearse, & 
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Bunge, 2015), PVDF-TrFE conduits (Y. S. Lee, Wu, Arinzeh, & 

Bunge, 2017); stem cells have been transplanted as 

neurospheres in a human trial (Shin et al., 2015) and embryonic 

derived cells have been transplanted as embryoid bodies (Konig 

et al., 2017). OECs have only been seeded in self-

secreted/endogenous matrix (Collins, Li, McMahon, Raisman, & 

Li, 2017; A. Ibrahim et al., 2014), muscle basement lamina (Kang, 

Hu, Wang, & Wang, 2015) or gellan gum hydrogel (Gomes et al., 

2016) in the published works. 

b. Closed cord approaches: In this method, cells are delivered to the spinal 

cord without cutting open the dural sac. This minimally invasive cell 

delivery technique may hold greater clinical value if it can give similar 

results in terms of cell integration and survival as compared to open 

cord techniques. 

i. CT-guided injections: To test the therapeutic role of umbilical cord 

MSCs in clinical trials (Cheng et al., 2014), CT guided injection 

technique was used to inject the cells directly into the spinal lesion 

without actually exposing the cord. For obvious reasons, this 

particular technique is more relevant on humans rather than 

rodent models. 

ii. Subdural injections: Some papers report to have used this 

technique to compare with direct multiple injections in the clinical 

trials (Chhabra et al., 2016; Ruzicka et al., 2016). The cells are 

deposited in the subdural space by performing a lumbar puncture. 

This way allows relatively higher quantities of cell suspension to 

be used and it avoids causing any further damage to the injured 

cord while injecting the cells as it is done in direct intra-spinal 

injections. On the other hand, this technique has negligible cell 

survival and cell integration compared to the latter. However, the 

functional recovery and gain despite poor integration have been 

attributed to paracrine effects of transplanted cells by a team of 

researchers (Amemori et al., 2015). 



 
53 

 

2. Indirect Approach: The cells are delivered systematically into the animal 

instead of the lesion. 

a. Epidural Injections: A study (Amemori et al., 2015) has compared 

epidural injections and intra-spinal injections of cell suspension for their 

therapeutic potentials. Here the cell suspension was injected in the 

spinal canal outside the dural sac, in the space called the epidural 

space. Here the dural sac is kept completely intact, but trade-off is again 

in terms of cell integration. 

b. Intravenous Infusion: In a clinical trial termed ‘ACTiMuS’ (Rice et al., 

2015), the cells were injected systemically via intravenous infusions. 

Other investigators (Urdzíková et al., 2006) have also applied the same 

method in rats with limited success. 

 

Figure 1.15: Summary of Current Approaches for Cell Delivery 

1.6.6 OLFACTORY ENSHEATHING CELLS (OECS) AS A TREATMENT 

OECs are glial cells supporting the olfactory neurons that extend their 

axons from the olfactory mucosa at the roof of nasal cavity to the olfactory bulb 

near the base of the anterior aspect of the cranial vault (Escada, Lima, & da 

Silva, 2009). These cells are present in close contact with olfactory axons all 

the way from the nasal mucosa to the nerve fibre layer of the olfactory bulb. 

Their specific roles are to support and ensheathe the olfactory axons and help 
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the axons organise into the fasciculi that together comprise the olfactory nerve 

(the first cranial nerve).  

As mentioned in section 1.4.4, there are several barriers that impede 

spontaneous recovery from a SCI. OECs tend to mitigate these limiting factors. 

OECs are able to interact with glia from CNS (Raisman, 1985), unlike Schwann 

cells, since only OECs express a specific heparin sulphate profile (Santos-Silva 

et al., 2007). This enables them to intermingle and interact with astrocytes 

(Lakatos, Franklin, & Barnett, 2000) and integrate in the hostile SCI scar. They 

are also known to form cellular bridges that help guide the axonal progression, 

fasciculation and de-fasciculation in addition to secretion of several growth and 

guidance factors (Barnett & Riddell, 2004; Bartolomei & Greer, 2000; Barton, 

St John, Clarke, Wright, & Ekberg, 2017). They actively phagocytose the debris 

left in the wake of an injury, thus effectively cleaning up the injury site of all 

inhibitory accumulations (Nazareth et al., 2015a; Nazareth et al., 2015b; 

Wewetzer, Kern, Ebel, Radtke, & Brandes, 2005). Another important trait of 

OECs is expression of the macrophage migration inhibitory factor (MIF) (Wright, 

Todorovic, Murtaza, St John, & Ekberg, 2020), which has been proposed to 

play a key role in modulating the inflammatory environment of the injury site. 

Thus, the OECs have been reported to sustain and enhance the natural axonal 

repairs by interacting with astroglial scars, modulating the inflammatory milieu 

of the injury site and by physically guiding the axons to bridge the gap.  A 

number of studies endorse OECs as potentially an effective  treatment for spinal 

cord repair and regeneration (Fatemeh Chehrehasa et al., 2010; Chhabra et 

al., 2009; Feron et al., 2005; Gorrie et al., 2010; Iwatsuki et al., 2008; Lima et 

al., 2010; Lima et al., 2006; Mackay-Sim et al., 2008; Ramon-Cueto, Cordero, 

Santos-Benito, & Avila, 2000; Ramon-Cueto & Nieto-Sampedro, 1994; Marc J. 

Ruitenberg et al., 2005; Tabakow et al., 2013; Tabakow et al., 2014; Takeoka 

et al., 2011; Toft, Scott, Barnett, & Riddell, 2007; Ziegler et al., 2011). The 

Figure 1.16 summarises how OECs can help overcome the barriers to CNS 

repairs. 



 
55 

 

 
Figure 1.16: How OECs can help overcome the barriers to CNS repairs 

OECs possess some more interesting properties that set them apart 

from other glial cells of the CNS, as well as from the Schwann cells of the PNS. 

Olfactory neurons are the only neurons in the human body that continuously 

regenerate. This most likely is an evolutionary survival mechanism of the sense 

of smell since the dendrites of the neurons are constantly exposed to the 

environment of the nasal cavity (Murtaza et al., 2019). OECs are highly 

implicated for the regeneration of olfactory neurons, and are considered a key 

factor for the olfactory nerve renewal that occurs throughout life (Devon & 

Doucette, 1992; J. R. Doucette, 1984; R.  Doucette, 1989). Another intriguing 

fact about the OECs is that they have rarely been reported to form tumours or 

neoplasms (Murtaza et al., 2019). Such unusual properties have rendered the 

OECs a focus of research towards curing the spinal cord injuries. OECs have 

been shown to be safe for transplantation in animals (Gorrie et al., 2010; 

Ramon-Cueto et al., 2000) and humans (Chhabra et al., 2009; Féron et al., 

2005; Mackay-Sim et al., 2008; Tabakow et al., 2013; Tabakow et al., 2014). 

Remarkable functional recovery, which received considerable media coverage, 

was observed in a dog with spinal cord injury (Granger, Blamires, Franklin, & 
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Jeffery, 2012) and in a human patient (Tabakow et al., 2014). The human 

patient in this study, was a victim of stabbing and had an 8 mm long defect in 

the spinal cord (at level T9) at the time of the intervention. After the cell 

transplantation and with intensive physical rehabilitation, his clinical 

neurological score improved from ASIA-A to ASIA-C within 11 months. 

1.7 DISCUSSION 

1.7.1 APPROACH TO INDUCE INJURY IN ANIMAL MODELS 

The thoracic level of injury is the most widely used injury level for animal 

models as it is easier to sustain life after injury at this level and cardio-

pulmonary functions remain unaffected even with significant amount of limb 

paralysis (Dunham et al., 2010). However, in clinical practice, the most 

commonly encountered spinal cord injuries affect the cord at the cervical level 

leaving complete or incomplete paraplegia (National Spinal Cord Injury 

Statistical Centre, 2016; World Health Organization, November, 2013). The 

effects of such an injury cannot be studied on an animal model by using just a 

thoracic level injury because cervical level injuries disable many more 

autonomic functions in addition to upper limb movements, which are spared in 

a thoracic level injury. Nevertheless, the thoracic injury model can be useful to 

study effects and therapies for an injury at the thoracolumbar junction, which is 

the second most common level of injury to the human spine. Which is why, 

according to a systematic review, 81% of studies have used thoracic level 

injuries, followed by cervical injuries performed only in 12% studies (Sharif-

Alhoseini et al., 2017). 

A lot of different injury models have been studied so far and it is difficult 

to compare the physical injury models with each other. Different kinds of injury 

have different effects on the body as well as different sequelae. The transection 

model is easy to perform and bears striking resemblance to the clinical injury 

where such an injury is concerned, but complete or incomplete transection 

injuries are rarely encountered among the different types of spinal cord injuries. 

In the contusion model, the cord is injured by a blunt instrument which triggers 

significant secondary haemorrhagic consequences. Here, most of the neurons 

at the injury site are injured, but very few are actually severed completely. This 
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type of damage can be seen in whiplash injuries. Laceration injuries show a 

mixture of features from both the previously discussed types. Laceration 

models also provide a significant resemblance with the clinical features of an 

actual spinal cord injury, but they are difficult to produce and even more difficult 

to reliably reproduce. An exhaustive recent systematic review reports that out 

of 2087 studies reviewed by the authors, 41% studies used contusion injury 

model, closely followed by transection injury model employed by 32.5% studies 

(Sharif-Alhoseini et al., 2017). This study also infers that contusion and 

laceration models are better at simulating clinically encountered spinal cord 

injuries, but transection models provide valuable information regarding 

structural repair and regeneration. 

The methods where an open cord approach is taken to induce the injury 

are relatively easy to perform and generally give a consistent injury output, but 

they lack in clinical resemblance, as in practice, the spinal cord is never injured 

in an isolated manner. Injuries to vertebral column and surrounding ligaments 

and musculature always accompany the injury to the cord. The vertebral 

dislocation model is preferable as it involves the whole spinal column and 

causes laceration-type of injury. However, it is difficult to produce, and it needs 

further standardization. 

1.7.2 MODALITIES TO TREAT THE SPINAL CORD INJURY IN ANIMAL MODELS 

Most of the studies reviewed in a recent systematic review aimed to 

explore the usefulness of a drug or some other form of therapy such as growth 

factors in treatment of spinal cord injury (36.6% of all studies), however, a 

significant portion of the studies (30.2%) aimed to just study the 

pathophysiology of spinal cord injury (Sharif-Alhoseini et al., 2017). Out of all 

the therapies under exploration, therapies targeting cellular repair and 

regeneration have an actual possibility to cure the physical injury and help the 

victims regain the lost function. In particular, therapies using olfactory 

ensheathing cells (OECs) show substantial promise (Fatemeh Chehrehasa et 

al., 2010; Chhabra et al., 2009; Feron et al., 2005; Gorrie et al., 2010; Iwatsuki 

et al., 2008; Lima et al., 2010; Lima et al., 2006; Mackay-Sim et al., 2008; 

Ramon-Cueto et al., 2000; Ramon-Cueto & Nieto-Sampedro, 1994; Marc J. 
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Ruitenberg et al., 2005; Tabakow et al., 2013; Tabakow et al., 2014; Takeoka 

et al., 2011; Toft et al., 2007; Ziegler et al., 2011).  

In the studies where OECs are used, the cells are obtained either from 

a nasal biopsy of olfactory mucosa or by a biopsy of the olfactory bulb. Such a 

biopsy would contain many cell types in addition to OECs, such as fibroblasts, 

Schwann cells from the trigeminal nerve, astrocytes and neurons. It is important 

to purify the cells to ensure that only the OECs are used in the transplant and 

not the fibroblasts or other cell types. After the purification, the cells are 

amplified (Bock, Beineke, Techangamsuwan, Baumgartner, & Wewetzer, 2007; 

García-Escudero et al., 2012) to a desired transplantable quantity and then 

these cells are transplanted as a suspension in a few hundred nanolitres to a 

few microlitres of a suspending medium (Andrews & Stelzner, 2007; E. Au et 

al., 2007; Fatemeh Chehrehasa et al., 2010; Chuah, Hale, & West, 2011; J. R. 

Doucette, 1984; R.  Doucette, 1989). Some authors support the claim that the 

mixture of cells is more effective than the use of any one single cell type (Chuah 

& Teague, 1999; Deumens et al., 2006a; Y. Li, Field, & Raisman, 2005). 

Whereas some authors state that mixed cells tend to be unpredictable and likely 

lead to undesirable adverse effects. A case study in particular reported a 

woman getting growth of nasal mucosa in the spinal column after 

transplantation of insufficiently purified cells (Dlouhy, Awe, Rao, Kirby, & 

Hitchon, 2014). Based on these facts, it appears that the additional cells such 

as fibroblasts or astrocytes may have a beneficial effect on the OECs, however, 

having completely unpurified cells is likely to lead to adverse outcomes. The 

most important factor in this case would be to find this ‘optimal ratio’ of the cells 

in the mixture.  

1.7.3 APPROACH FOR TRANSPLANTING CELLS IN ANIMAL MODELS 

Most of the studies exploring cell therapies report transplanting the cells 

in a suspension form (Amemori et al., 2013; Amemori et al., 2015; Cusimano 

et al., 2012; Erceg et al., 2010; Kobayashi et al., 2012; Nutt et al., 2013; 

Salewski et al., 2015; Urdzíková et al., 2006; von Gorp et al., 2013; Yan et al., 

2007). The volume of the cell suspension is very important and may depend on 

the number of cells to be transplanted. Studies report from 1 microlitre to 5 



 
59 

 

microlitres of suspensions being injected in a mouse’s spinal cord, with 

individual single injections as little as 250 nanolitres in volume, by using a pulled 

glass pipette (Cusimano et al., 2012; Salewski et al., 2015). However, a 

systematic review suggests that single injections up to 2.9 microlitres in volume 

are associated with improved outcomes, any more than that may reduce the 

beneficial effects. The same study reports that more than 200,000 OECs are 

observed to decrease the positive outcome (Watzlawick et al., 2016). Some 

studies have tried the creation of “nerve bridges” either constructed from a 

sensory nerve (Tabakow et al., 2014) or from various scaffolds (L. L. Zhang, 

Huang, Zhang, Hao, & He, 2013) seeded with OECs. The different approaches 

for OEC transplantation (as published in the literature) are presented in the 

Figure 1.17. The limitations of the current cell transplant methods reported in 

the studies are three-fold:  

1. The transplanted cells are most commonly delivered in suspension form 

and most cells die after transplantation (Cusimano et al., 2012; Erceg et 

al., 2010). The fraction of surviving OECs was reported to be less than 

1% only a week following the treatment in an animal trial (Y. Li et al., 

2010). 

2. Use of sensory nerve bridge is inherently variable from patient to patient 

(Tabakow et al., 2014). 

3. Purity of cells is low and would vary from patient to patient. The 

acceptable margin for the purity of OECs in a study was kept at 5% of 

total cell population in culture (Tabakow et al., 2013) 

To overcome these issues, a number of approaches can be taken. Better 

purification of the desired therapeutic cells is an important step. This would 

ensure that the cells being transplanted are in fact, the intended cells for 

transplantation, without significant amounts of non-target contaminant cells that 

are generally useless and potentially disruptive for the healing process (Y. Li et 

al., 2005); alternatively, that the ratio between OECs and other cell types such 

as fibroblasts, is optimal. Cell integration and cell survival is another factor that 

needs to be improved for a better outcome of a transplant. As the spinal cord 

is a very fragile structure resembling a mesh of neurons, simply injecting cells 
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in a suspension may not be satisfactorily effective. There is a significant risk of 

the cells getting washed out of the cord tissue and floating freely without 

integrating, and eventually dying. This likely leads to poor cell survival rates in 

the reported studies. In contrast, if cells were generated into a three-

dimensional (3D) transplant, like a nerve bridge, the cells would have the 

opportunity to form cell-cell connections which each other prior to 

transplantation. After transplantation into the spinal cord injury site, the 3D 

construct would offer the transplanted cells time and opportunity to integrate at 

the injury site, leading to higher cell survival and integration rates in vivo. 

However, the optimal 3D scaffolding material and the composition of seeded 

cells remains to be determined. Similarly, the link between structural repair and 

functional regain also remains to be established. The transplantation method 

itself is another important factor as any manipulation of the injured cord is likely 

to cause further damage to an already damaged cord. A minimally invasive 

transplantation technique can be more effective than an open cord surgery, as 

with a minimally invasive technique the risk of iatrogenic cord damage and post-

operative infections would be much smaller as compared to an open cord 

approach. 

Out of the different cell delivery systems, the direct delivery systems 

have reported the best outcomes (Ruzicka et al., 2016). However, there is 

always more risk involved in such methods of causing further injury to the 

already injured cord during the manipulation. While indirect delivery methods 

avoid this risk, they might need significantly higher concentrations of the cell 

suspension to yield comparable structural repair and functional regain. Given 

that OECs are the supporting cells of the primary olfactory system, and their 

natural properties supporting the axonal repair (summarised in Figure 1.16), 

OEC transplants are likely to be most beneficial when directly transplanted into 

the injury site itself. 

It is more than likely that a single strategy for cell transplantation may 

not be equally effective for all the different kinds of spinal cord injuries. It is 

therefore imperative to test different treatment modalities on all the different 
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injury models in order to come up with a robust and reliable treatment protocol 

for spinal cord injuries. 

 

Figure 1.17: Different approaches of transplanting OECs in literature 

1.8 INFORMATION, KNOWLEDGE AND AWARENESS FOR SPINAL CORD INJURY 
The human body is very complex, and the central nervous system is one 

of the most complex systems in it. It has taken the mankind centuries to 

understand how the brain and spinal cord work at the very basic level. And yet, 

we are still working relentlessly to understand it completely. An injury to the 

spinal cord sets off a very complicated series of events which further makes it 

difficult to fully understand. For people who suffer spinal cord injuries, their 

families and carers, it is therefore critical that appropriate educational material 

and information is made available to enable them to make informed decisions 

about treatment options. Moreover, there is a possibility that the informed 

consents obtained from the clinical trial participants may be compromised given 

the lack of sufficient understanding of the information provided to them. As 

research into potential treatments are being pursued, people within the 

community are requesting information regarding spinal cord injury, and its 

effects on tissue, body and the community, and treatment options. Thus, there 

is a need to produce for the community, information resources about spinal cord 

injury that are accessible, easy to understand and authentic.   

OEC 
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Injection in the injury 
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Injections around the 
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Within a de-cellularised 
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1.9 AIMS AND RESEARCH QUESTIONS 

1.9.1 RESEARCH QUESTIONS 

In this project, OECs are transplanted into an injured spinal cord in order 

to achieve spinal cord repair and functional recovery. The overall aim of this 

project is to develop a surgical procedure for cell transplantation into an injured 

spinal cord that gives better cellular integration and survival after 

transplantation, leading to better functional outcomes. 

Hypothesis: The surgical approach for inducing an injury and for 

transplanting the cells can be improved. By improving the transplantation 

technique, better cellular integration in vivo and better cell survival can be 

achieved.  

Based on the review of literature in this chapter, there are a few well 

defined problems with the current approaches to cell-based therapy that need 

further investigation and optimization. The questions that need to be addressed 

are: 

1. Does a three-dimensional cell transplantation show better cell survival and 

integration as compared to a cell suspension injection in the injured spinal 

cord of mice? 

2. Does a treatment with three-dimensional OEC construct induce structural 

repair? 

3. Does improved structural repair correlate with better functional gain after a 

spinal cord injury?  

4. Does the time elapsed between the spinal cord injury and cell transplant 

have any effect on the outcome?  
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1.9.2 AIMS AND HYPOTHESES 

Based on the research questions, this project has the following six 

specific aims.  

Aim - 1: To create a stable, reproducible mouse spinal cord injury model 

Hypothesis: To assess the treatment efficacies, a robust, reproducible 

injury model must be established. This should be done in a manner that results 

in minimal collateral damage and relatively uniform functional loss. 

Aim - 2: To determine if a three-dimensional cell transplantation results in 

better cell survival and integration as compared to a cell suspension 

injection in the injured spinal cord of mice. 

Hypothesis: OECs injected into spinal cord as a suspension have a low 

survival and integration rate in vivo. OECs cultured as a three-dimensional 

structure such as a spheroid, have more inter-cellular attachments and hence, 

they can have a better survival rate in vivo. 

Aim - 3: To determine if the time elapsed between the spinal cord injury 

and OEC transplantation has any effect on the outcome of the treatment. 

Hypothesis: The body’s reaction to spinal cord injury changes as the time 

passes after the injury. Factors such as acute phase reactants and gliosis can 

have different effects on the transplanted OECs, resulting in different outcomes. 

Aim - 4: To determine if the cell transplantation leads to structural repair 

at the injury site. 

Hypothesis: Following the spinal cord injury, the injury site undergoes 

changes such as inflammation, scarring, gliosis, cavitation, and neuronal cell 

death. Transplantation of OECs can help modulate the scarring and 

inflammation processes and reduce the injury gaps/cavitation by forming 

bridges across the defect. 

Aim - 5: To determine if improved structural repair correlates with a better 

functional gain following a spinal cord injury. 
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Hypothesis: Spinal cord is structurally and functionally very complex.  

Some functional recovery can happen following a spinal cord injury without an 

apparent structural repair, owing to neuronal plasticity. However, better 

structural repair should correlate to a better functional recovery. 

Aim - 6: To meet the need for easy to access and easy to understand, 

authentic information regarding spinal cord injury and its effects on the 

tissue, body and the community. 

I have made a comprehensive set of easy-to-understand modules 

containing pertinent information about relevant aspects of spinal cord injury that 

people may need to know and understand. My ultimate hope is that these 

modules can be used to thoroughly and quickly educate the patients, their 

carers and anyone else who is interested, so that they can better understand 

the information provided to them by clinicians or any such sources. 
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Chapter 2  OPTIMISATION OF TRANSECTION INJURY AND 
OEC TRANSPLANT PROTOCOLS: A PILOT STUDY 
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2.1 AIMS 
The aims of this set of experiments were: 

1. To streamline and optimise injury induction, post-injury care, cell 

transplantation and post-transplantation behavioural assays. 

2. To see the immediate effects of transection type spinal cord injury on 

locomotor functions and general health conditions of the mice. 

3. To test the cell survival and cell integration for OECs transplanted in an 

injured cord as a cell suspension and as three-dimensional spheroids. 

4. To observe the short-term effects of transection type injury and its effects in 

an animal model. 

2.2 THE EXPERIMENTAL DESIGN 
The animals used in this project were approved by the Griffith University 

animal ethics committee under the ethics approval number ESK/04/16/AEC. 

The animals used in this project were male and female C57BL/6 mice. The plan 

for this experiment is outlined in the Figure 2.1. In short, the animals were 

allowed a week’s time to acclimatise to the new housing conditions and become 

familiarised with the behavioural study enclosures. A complete transection type 

injury was induced in the animals after the acclimatization period and the 

animals were allowed to recover from this primary intervention for another 

week. After this recovery period, half the animals were treated with cell 

suspension with 200,000 primary OECs in 5 µL of lactated ringer’s solution and 

the remaining half animals received a spheroid (a self-assembling 3D cellular 

construct) seeded with 200,000 cells. Fibrin glue (EVICEL, EV02AUS, Johnson 

& Johnson Medical Pty Ltd) was used to anastomose the cord stumps at the 

injury site and hold the transplants in place. One animal from each treatment 

group was euthanased on days 1, 3, 5 and 7 of the treatment for histological 

analysis. Two days after the injury and until treatment, and two days after the 

treatment until euthanasia, the animals were put in behavioural recording 

enclosures to record and analyse the motor activity. 
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Figure 2.1: Outline of the experimental plan 

 

2.3 OPTIMISATIONS REQUIRED AND ACHIEVED FOR THE EXPERIMENT 
A number of protocols and procedures needed to be optimised for the 

experiment’s successful completion. The experiment was carried out in batches 

of 2 animals to begin with, in order to identify the needs for optimisations and 

test the designed protocols at the same time. A summary of the optimisations 

is presented below. The end-result of this experiment yielded the final protocols 

that were then used throughout the experiments presented in the following 

chapters.  

2.3.1 INDUCTION OF TRANSECTION TYPE INJURY 

Generally, the surgical procedures were first performed on cadaveric 

dissections to identify the need for improvement, if any and only attempted in 

the live animals once the simulation procedure was successful. The intervention 

for inducing a stable and complete transection type injury usually involves 

laminectomy. The most common method for laminectomy in the literature is the 

use of bone scissors or rongeurs that can cut the laminae of the target vertebrae 

Day 0

•Animals are received
•animals are allowed to acclimatise and are trained for behavioural 
assays for 7 days.

Day 7

•Transection spinal cord injury is induced in the animals.
•Animals are allowed to recover from the immediate shock before 
treatment.

Day 14

•Half of the animals receive cell suspension, behaviour is recorded 
every day until euthanasia

•Remaining animals receive 3D cell implants, behaviour is recorded 
every day until euthanasia

Day 15, 17, 
19, 21

•1 animal from each group is euthanased for histological analysis on 
Days 15, 17, 19 and 21
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in a rodent animal model (most commonly, rats) (Iwatsuki et al., 2008; Kalincik 

et al., 2010a; Lukovic et al., 2015; D. M. Muniswami & G. Tharion, 2018). 

However, given the smaller size of the mice vertebrae, this approach was likely 

to cause excessive collateral damage to bones, muscles as well as involved a 

risk of injury to cord during laminectomy that would compound the transection 

type injury. A fine-tip drill was therefore used to carefully and precisely create a 

controlled laminectomy window to maximise the exposure of the surgical field 

while limiting the collateral damage to the surrounding tissue. The final 

optimised protocol is submitted for publication as a video article, the manuscript 

of which is presented here. 

2.3.1.1 Optimised protocol 

The following manuscript has been submitted to the “Journal of 

Visualised Experiments” (JoVE) for publication. 

Induction of complete transection-type spinal cord injury in mice. 

AUTHORS AND AFFILIATIONS:  

Ronak Reshamwala1, 2, 3, Tanja Eindorf2, 3, Megha Shah2, 3, Graham Smyth2, 3, 

Todd Shelper2, 3, James St John1, 2, 3*, Jenny Ekberg2, 3* 

1Griffith Institute for Drug Discovery, Griffith University, Brisbane, 4111, QLD, 

Australia; 
2Menzies Health Institute Queensland, Griffith University, Southport, 4222, 

QLD, Australia; 
3Clem Jones Centre for Neurobiology and Stem Cell Research, Griffith 

University, Brisbane, 4111, QLD, Australia 

*These authors contributed equally 

KEYWORDS:  
Transverse injury, protocol, laminectomy, surgery, C57BL/6 mice, neurotrauma 

SUMMARY: 

This protocol describes how to create a precise laminectomy for 

induction of stable transection type spinal cord injury in the mouse model, with 

minimal collateral damage for spinal cord injury research. 
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ABSTRACT:  

Spinal cord injury (SCI) largely leads to irreversible and permanent loss 

of function, most commonly as a result of trauma. Several treatment options 

are being researched to overcome the debilitating disabilities arising from SCI, 

such as cell transplantation methods. Most pre-clinical animal trials are 

conducted in rodent models of SCI. While rat models of SCI have been widely 

used, mouse models have received less attention, even though mouse models 

can have significant advantages over rat models. The small size of mice 

equates to lower animal maintenance costs than for rats, and the availability of 

numerous transgenic mice models is advantageous for many types of studies. 

Inducing repeatable and precise injury in the animals is the primary challenge 

for SCI research, which in small rodents requires high-precision surgery. The 

transection-type injury model has been a commonly used injury model over the 

last decade for transplantation-based therapeutic research, however a 

standardised method for inducing a complete transection-type injury in mice 

does not exist. We have developed a surgical protocol for inducing a complete 

transection type injury in C57BL/6 mice at thoracic vertebral level 10 (T10). The 

procedure uses a small tip drill instead of rongeurs to precisely remove the 

lamina, after which a thin blade with rounded cutting edge is used to induce the 

spinal cord transection. This method leads to reproducible transection type 

injury in small rodents with minimal collateral muscle and bone damage and 

therefore minimises confounding factors, specifically where behavioural 

functional outcomes are analysed.  

INTRODUCTION:  

Spinal cord injury (SCI) is a complex medical problem that results in 

drastic changes in health and lifestyle. There is no cure for SCI, and the 

pathophysiology of SCI is not thoroughly understood. Animal SCI models, in 

particular rodent models, offer an invaluable model for trialling new treatments, 

and have been used to explore SCI for decades. To date, over 72% of pre-

clinical SCI studies have employed rat models, as compared to a mere 16% 

that have used mice(Sharif-Alhoseini et al., 2017). Although rats, due to their 

larger size and tendency to form cavities akin to human SCIs, have traditionally 
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been the preferred model animals for studying novel therapeutic approaches, 

mice (including many transgenic mouse models) are now being used more 

frequently to study cellular and molecular mechanisms of the SCI (D. H. Lee & 

Lee, 2013). The mouse model offers additional benefits in terms of easier 

handling, faster reproductive rates and lower costs than rats; mice also exhibit 

a high degree of genomic similarity with humans (D. H. Lee & Lee, 2013; Sharif-

Alhoseini et al., 2017; Sharif-Alhoseini & Vafa Rahimi-Movaghar, 2014). The 

major disadvantage of the mouse model has been identified as the significantly 

smaller size that creates challenges for surgical interventions for creating and 

treating spinal cord injuries (Nakae et al., 2011; Talac et al., 2004).  

There is a gap in the existing literature that highlights the need of a robust 

and reproducible surgical protocol to induce stable SCI in the mouse model. 

Therefore, we provide a novel and precise surgical approach in this protocol to 

overcome these limitations. This protocol provides in-depth guidelines to induce 

a transection-type injury in mice, as this injury type has been recognised to be 

the most appropriate to study regenerative and degenerative changes following 

an injury (Kwon et al., 2002), as well as neuroplasticity, neural circuitry and 

tissue engineering approaches (Kundi, Bicknell, & Ahmed, 2013). We have 

chosen to induce the injury in the lower thoracic region, since thoracic level SCI 

is used most commonly in the literature (Sharif-Alhoseini et al., 2017). 



 
71 

 

 

Figure 2.2: Key steps in the transection injury protocol 

(A) Animal set up and stabilisation prior to surgery. Schematic and photograph 

from the surgery are both shown. (B) Schematic and photograph showing 

incision, retractor placement and blunt dissection to expose the deep muscle 

layers. (C) Stabilisation of spine with forceps and exposing laminae of T10 
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vertebra. The rectangle in the photograph highlights laminae and spinous 

process of the T10 vertebra. (D) Fine tip drill to perform laminectomy. The 

rectangle in this photograph traces the laminectomy window. (E) Complete 

laminectomy window highlighted by the rectangle, within which the spinal cord 

is clearly visible. (F) Series of schematic drawings showing the drilling concept 

to perform a complete laminectomy, in a cross sectional orientation. (G) This 

photograph depicts the use of a fine blade transection knife to perform the 

complete transection type injury, and in (H) the complete injury is visible inside 

the rectangle, as a dark red transverse line across the spinal cord. (I) Schematic 

showing the overall view of the laminectomy and injury site. 

PROTOCOL:  

1. Animal set-up procedure for the surgery 
1.1. Anaesthetise and stabilise the animal. 

1.1.1. The animals used in this protocol are 8-10 week old female C57BL/6 

mice. Use isoflurane 5% in 1 litre/minute oxygen for induction of 

anaesthesia. For maintenance of anaesthesia, use 1.5-2% isoflurane in 

1 litre/minute oxygen. Confirm appropriate anaesthetisation by 

establishing a lack of pain reflex in tail and hind paws.  

1.2. Keep the animal’s body temperature steady at 37°C with a heating pad. 

1.2.1. Shave the back fur to expose the surgical area over the dorsal spine. 

Remove the shaved fur from surgical area before sterilizing the incision 

site. Sterilise the shaved area with sterile cotton swabs soaked in 

povidone iodine antiseptic liquid and surgical spirit. 

1.3. Administer buprenorphine (0.03 mg/kg body weight) for analgesia and 

Enrofloxacin (10 mg/kg body weight) for antibiotic cover, subcutaneously 

according to body weight. 

1.4. Tape the paws of the mouse to the surgical area to stabilise the animal 

(Figure 2.2 A). Place an oval window drape over mouse (Figure 2.2 B). 

2. Laminectomy  
2.1. Make a vertical midline incision at the T10 vertebral level using a surgical 

scalpel. 
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2.1.1. Locate the spinous process of T10 vertebra to determine the site of 

laminectomy. The body of the vertebra lies slightly cranial to the tip of 

the spinous process(Harrison et al., 2013) (see Figure 2.3). The tip rests 

approximately at the midpoint of the T11 vertebra (Harrison et al., 2013).  

2.1.2.  The incision should be approximately 2.5 cm long, so that the spine of 

T10 vertebra is approximately in the middle of the length of the incision. 

 

Figure 2.3: A Schematic explaining the vertebral landmark identification for T10 

The spinous process of T10 vertebra is one of the most prominent landmarks 

that can be palpated at the natural curvature of the thoracic spine. At this point 

the spinous processes change the morphology so that the tips of the spinous 

processes cranial from T10 point caudally, and the tips of the spinous 

processes caudal from T10 point cranially. 

2.2. Reflect the skin and retract with retractors. 

2.2.1.  Use the straight forceps to lift the skin from the underlying fascia. This 

will create space for the retractors to be placed that will keep the surgical 

field open. 

2.3. Perform blunt dissection of subcutaneous tissue and fascia to expose the 

spinous processes. 

2.3.1. Use the blunt edge of the scalpel to make a small midline incision in the 

subcutaneous tissue and underlying fascia to expose the spines of T9 – 

T11 vertebrae. Use the fine tip forceps (non-sharp) to perform blunt 

dissection and reflect the fascia. 

2.4. Split and separate the para-spinous muscles to expose the laminae. 
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2.4.1. Use the blunt tip of the scalpel to split the dorsal trunk muscles and para-

spinous muscles along the spines of T9 – T11 vertebrae. Use the blunt 

fine tip forceps to perform blunt dissection of the muscles in layers and 

expose the laminae of the vertebrae. This should minimise any bleeding.  

Note: If there is any bleeding, use warmed saline (37°C) irrigation and 

cotton swabs to control it and clear blood from the surgical field. 

2.4.2. Use the same forceps to make small pockets around the transverse 

processes of T10 vertebra. Use the curved forceps to stabilise the T10 

vertebral body by hooking its prongs under the transverse processes, in 

the pockets created (Figure 2.2 C). Thoroughly rinse the T10 laminae 

with warm saline and gently wipe clean with cotton swabs to clearly 

visualise the bony surface. Make sure that no muscle/ligament 

attachments remain along the surface bilaterally. 

2.5. Use a drill with a fine tip (0.55 mm diameter, 7 mm length) to break the 

laminae bilaterally. 

2.5.1. Use the tip of the drill to trace a vertical path from T9-T10 intervertebral 

space to T10-T11 intervertebral space along both the T10 laminae, 

without turning the drill on. This is to ensure that the drill bit does not 

catch any tissue (Figure 2.2 D). 

2.5.2. Now turning the drill on, slowly and carefully dig a vertical trench on the 

right lamina of the T10 vertebra. This part of the laminectomy should 

create a precise surgical defect throughout the thickness of the bone in 

a straight vertical line. Maintain the grip with the curved forceps to keep 

the vertebra stable. 

2.6. Make sure that the tip of the drill does not penetrate through the bone and 

injure the spinal cord. Repeat the same process on the left side of the 

lamina, keeping the vertebra stable with the curved forceps. Irrigate with 

warm saline to wash away any remaining bone fragments. 

2.7. Lift and remove the posterior part of the neural arch (Figure 2.2 F). 

2.7.1. Use the angled fine tip forceps to grip the spinous process and remove 

the whole dorsal segment of the laminae separated by the bilateral 

drilling. Irrigate and swab again if there is any bleeding, to clearly 
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visualise the spinal cord exposed under the laminectomy window (Figure 

2.2 E). 

3. Transection 
3.1. Induce the spinal cord injury by transection of the exposed cord with a 

single slice of the blade. 

3.1.1. Use the narrow, round cutting edged blade to slice the cord at the centre 

of the laminectomy window. Ensure to sweep the lateral recesses of the 

spinal column to induce a complete transection injury (Figure 2.2 G). 

3.2. Confirm completeness of the transection injury. 

3.2.1. Use the blunt fine tip forceps to confirm the completeness of the injury 

and remove any remaining connections at the transection site. 

3.3. Control the bleeding if any, before closing the surgical layers. 

3.3.1. Use the warm saline to irrigate and clear any bleeding that occurs from 

the transected cord stumps. Use a cotton swab to apply gentle pressure 

to achieve haemostasis if needed. Take care not to compress the spinal 

cord. 

4. Closure and immediate post-operative care 
4.1. Bring the muscles together and suture in layer. 

4.1.1. Once haemostasis is achieved at the transection site, release the curved 

forceps grip on the T10 vertebrae. Bring the edges of dissected muscles 

together along the midline to achieve good apposition. Suture the 

muscles in a layer using 5-0 polyglactin 910 absorbable sutures. Make 

sure that the natural curvature of the spine does not cause any tension 

at the suture line or open up the sutures, exposing laminectomy site.  

4.2. Close subcutaneous tissue and skin. 

 

4.2.1. Use 5-0 non-absorbable silk sutures to close the skin incision. Make sure 

that there is no bleeding, clots or debris remaining under the skin before 

closure. 

4.2.2. A final irrigation with warm saline may be necessary at this step. 

4.3. Stop the anaesthesia. Observe the animal for 10-30 min until recovery. The 

animal should remain on the heating pad for this duration. Provide water 

gel and hydrated food in cage. 
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4.3.1. The post-operative care should include buprenorphine (twice daily), 

Enrofloxacin (once daily) for the first two days prophylactically. 

Additionally, manual bladder emptying must be performed at least twice 

daily, adhering to the animal ethics committee’s guidelines. The animals 

in this experiment were assessed twice daily for their general health and 

wellbeing, which included checking for persisting pain (to give additional 

doses of buprenorphine) or infection (additional Enrofloxacin), their 

nutrition and hydration status (give injectable fluids if dehydrated) and any 

signs of autotomy (provide wound care if minor autotomy). It is strongly 

recommended that these aspects of post-operative care, including the 

euthanasia decisions must be determined with the guidance of the 

institutional animal ethics committee. 

5. Evaluation of the injury model 
5.1. Establishing the loss of motor function. 

5.1.1. The motor behaviour was assessed on the injured mice 2, 7, 14, 21 and 

28 days after the injury in an open field using the Basso Mouse Scale 

(BMS) to determine the loss of function(Basso et al., 2006) (Figure 2.4 

C, D and E). 

5.2. Histological confirmation of injury 

5.2.1. Harvest the injured spinal cords with the vertebral columns after 

euthanasia (done with carbon dioxide in this experiment, as approved by 

the animal ethics committee). Fix the tissue by overnight submersion in 

4% paraformaldehyde and decalcify the bones by treatment with 20% 

ethylene diamine tetra acetic acid (EDTA) over 3 weeks, replacing fresh 

EDTA every 48 hours. Prepare the decalcified spines for cryo-sectioning 

and cut them into 30 µm thick sections. Mount the sections on gelatin 

coated glass slides for immuno-staining with anti-GFAP antibodies and 

Hoechst 33342. Image the slides on a fluorescent microscope (Figure 

2.4 A) and perform measurements of the injury size using image analysis 

software such as Nikon analysis software - NIS Elements (Figure 2.4 B).  
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Ethics 

All procedures were carried out with the approval of the Griffith University 

Animal Ethics Committee (ESK/04/16 AEC and MSC/04/18 AEC) under the 

guidelines of the National Health and Medical Research Council of Australia.  

 

REPRESENTATIVE RESULTS: 
Resulting method as depicted in Figure 2.2, involves adequate 

stabilisation of the mouse (Figure 2.2 A) and good visualisation of the spine and 

paraspinous tissue (Figure 2.2 B). Spinous process and laminae can be clearly 

visualised with minimal muscle dissection and blood loss (Figure 2.2 C, 

highlighted zone). The fine tip drilling is performed as shown in Figure 2.2 D, to 

create a laminectomy window as shown by the rectangle. The resulting 

laminectomy window is clear and allows direct visualisation and access to the 

spinal cord (Figure 2.2 E, highlighted zone). The schematic concept of this 

process is explained in Figure 2.2 F. The narrow transection blade can easily 

fit through the discrete laminectomy window (Figure 2.2 G) and in a smooth 

swiping motion, a complete transection type injury can be created (Figure 2.2 

H-I). Thus, this method causes minimal muscle dissection, minimal collateral 

bone damage, and results in a stable complete transection type injury with 

minimal blood loss. Despite the induction of severe SCI in the animals, the 

surgical procedure and post-operative care resulted in high survival rates of the 

animals. All animals reported for this manuscript survived the spinal cord 

surgery; and subsequent surgeries by our group have resulted in a survival rate 

of >99%. 

To assess whether our method for inducing transection-type SCI in mice 

was reproducible and consistent, we analysed the injured spinal cord using 

histology/immunohistochemistry and behavioural testing (n = 8 animals) (Figure 

2.4).  Immunolabelling against the astrocyte marker glial fibrillary acidic protein 

(GFAP) demarcated the boundary of the intact spinal cord, with the injury site 

being the region between the cord stumps when viewed with longitudinal 

sections (Figure 2.4 A). A consistent-sized defect was induced at the 

transection site, with an average minimal distance of 550.4 ± 17.3 µm (Figure 
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2.4 B). Behavioural data deploying the Basso Mouse Scale (BMS) (Basso et 

al., 2006) of an open field test showed that the injured mice exhibit no hind limb 

movement after the injury (Figure 2.4 C). This is represented by a score of 0 on 

the BMS for up to 28 days post-injury. Thus, the protocol produces complete 

and reliable transection-type injury resulting in complete loss of function below 

the injury level and does not lead to spontaneous reversal of the paralysis 

(Figure 2.4 D and E).  

Table 2.1: Table of materials 

Name of Material/Equipment Company Catalog. 
Number 

Comments/ 
Description 

Baytril injectable 50 mg/mL, 
50 mL (Enrofloxacin) Provet BAYT I Post-operative 

care drug 
Betadine 500 mL Provet BETA AS Consumable 
Castroviejo needle holder, 
locking ProSciTech  T149C Reusable 

Castroviejo tying forceps 
(blunt fine tip forceps) ProSciTech TY-1032W Reusable 

Ceramic zirconia blade, 
round with sharp sides, single 
edge, angled 

ProSciTech  TXD101A-X Reusable 

Cotton swabs (5pcs) Multigate 21-893 Consumable 

Dremel Micro DREMEL 8050-N/18 Cordless 
rotary tool 

Dressing forceps fine Multigate 06-306 Single use 
disposable 

Drill bits Kemmer 
Präzision 

SM 32 M 
0550 070 Reusable 

Dumont #7b forceps 
Fine 
Science 
Tools 

11270-20 Reusable 

Dumont tweezers, style 5  ProSciTech  T05-822 Reusable 

Fur trimmer WAHL WA9884-
312 

Zero Overlap 
Hair Trimmer 

Iris scissors, Ti, sharp tips, 
straight, 90mm ProSciTech  TY-3032 Reusable 

Isoflurane isothesia NXT 250 Provet ISOF 00 HS Anaesthetic 
agent 

Colibri Retractor - 4cm 
Fine 
Science 
Tools 

17000-04 Reusable 

Scalpel handle ProSciTech  T133 Reusable 
Signature latex surgical 
gloves size 7.5 Medline MSG5475 Consumable 
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Sodium Chloride 0.9% STS PHA190420
05 Consumable 

Sterile Dressing Pack Multigate 08-709 Single use 
disposable 

Sterile Fluid Impervious 
Drape 60x60 cm Multigate 29-220 Single use 

disposable 
Surgical spirit 100 mL Provet # SURG SP Consumable 

Suture Material - SILK BLK 
45CM 5/0 FS-2 (Silk) 

Johnson & 
Johnson 
Medical 

682G Silk Suture 

Suture Material - Vicryl 70CM 
5-0 S/A FS-2 (Polyglactin 
910) 

Johnson & 
Johnson 
Medical 

VCP421H Vicryl Suture 

Temgesic 0.3 mg in 1 mL, x 5 
ampoules (Buprenorphine, 
class S8 drug) 

Provet TEMG I Post-operative 
care drug 
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Figure 2.4: Representative results from transection type injury induced in 

C57BL/6 mice 

(A) A longitudinal section of the spinal cord reveals the complete transection-

type injury; tissue was imaged on a Nikon Ti2-E microscope. Anti-GFAP 

immunolabelling labels astrocytes (red); nuclei are labelled with Hoechst 33342 

(blue). The injury gap using a linear measurement of the shortest point was 550 

µm.  Scale bar = 200 µm. IS = injury site, IVD = intervertebral disc, SC = spinal 

cord, VB = vertebral body. (B) Injury size measured in 8 animals. The mean 

injury size was 550.4 ± 17.3 µm with maximum being 577.8 µm and minimum 

525.4 µm. (C) Motor behaviour scored on Basso Mouse Scale (BMS), which 
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was 9 in all mice prior to the injury and remained at 0 for four weeks after the 

injury, indicating a complete loss of motor function below the injury site (n = 8 

mice). (D) Gait of a healthy mouse before the injury. (E) Gait of the same mouse 

after the injury. 

DISCUSSION:  

This method induces a complete transection type injury at the T10 

vertebral level in mice, which results in complete paraplegia of the animal, 

below the level of injury. Overall, this method results in minimal bleeding, 

negligible collateral damage and a stable, reproducible injury. As compared to 

previously published methods of transection without laminectomy (Seitz, 

Aglow, & Heber-Katz, 2002), this method offers the benefits in terms of direct 

visualisation without manipulating the curvature of the spine, better control over 

completeness of the injury, and enhanced ability to control bleeding and 

achieve haemostasis. The advantage of this method is that the protocol can be 

modified for use at any other vertebral levels other than T10, as well as to 

perform other injury types such as hemi-sections, partial dorsal transections, 

dorsal root avulsions, crush and contusions. 

A major component of this protocol is that it employs the use of a fine-tip 

drill. While the use of the drill may require a high skill level and more extensive 

training, it achieves a clean and complete laminectomy. Another crucial factor 

is the use of a narrow-bladed knife for transection, instead of micro-scissors. 

This results in less unwanted collateral damage as compared to using scissors. 

Conversely, however, if too much lateral pressure is exerted, the blade can 

cause some injury to the vertebral body. The described protocol may require 

the surgeon to perform some troubleshooting. If the laminectomy is not 

performed properly, there may be bone spurs remaining, which can restrict 

access to the laminectomy window. Inserting one of the prongs of the fine tip 

forceps can enable the surgeon to grasp and break off any remaining bone 

spurs. However, care must be taken to not injure the exposed spinal cord in the 

process. If the laminectomy results in a jagged bone edge, the drilling can be 

performed again to straighten the laminectomy margin. This may be impractical 
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if the laminectomy window is already wide enough, in which case, the 

transection should be performed without tampering with the laminectomy site.  

It is strongly recommended that the users practise the laminectomy 

procedures at least 8-10 times at the relevant spinal level in a cadaveric 

dissection prior to attempting in a live survival surgery. Although, the drill 

holding and manoeuvring techniques are simple, they may require the users to 

get acquainted with the equipment. Here, we also provide some useful advice 

to help with spine and hand stabilisation during the drilling procedure. If the user 

is right handed, the spine should be stabilised by using the curved forceps with 

the left hand so that the forceps approach the spine from the cranial aspect. 

This keeps the caudal aspect of the spine clear to approach with the drill held 

in the right (or the predominant) hand. The drill should be held with a pincer grip 

between thumb, index and middle fingers. The hand should be well supported 

along the medial edge of the wrist and the outstretched fifth finger. Keeping the 

arm completely adducted so that the elbow touches the body may help achieve 

better control over the drill grip during practice. The drilling action should only 

involve motion at the fingers holding the drill and not at the wrist, not unlike 

using a pen for writing. 

DISCLOSURES:  
The authors have nothing to disclose. 

 

End of accepted manuscript. 
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2.3.2 TREATMENTS 

The treatment interventions included either injections of cell suspensions 

in the cord parenchyma, or implantation of spheroids (3D cultured OECs in 

naked liquid marbles (Mo Chen et al., 2019)). Suspension delivery via injections 

is the most commonly used cell delivery approach in the literature (Reviewed 

by Reshamwala, Shah, St John, & Ekberg, 2019) and required no significant 

optimisation. Spheroid transplantation, however, was a novel technique and 

needed to be devised and optimised for best possible outcomes.  

The treatment procedure was performed 7 days after the induction of 

injury when the acute phase reactants would have dispersed, and chronic 

phase was yet to set in. The aim was to develop a transplantation procedure 

for cell suspensions as well as three-dimensional cell cultures, with minimal 

disruption and manipulation of the cord tissue. Successful transplantation was 

defined as any transplantation, following which, 

i. The animal recovered from surgery without complications. 

ii. The animal survived and maintained status without decline of vital 

symptoms up until day of euthanasia. 

iii. The animal showed restoration of movements in the denervated areas 

following the cell transplantation. 

The overviews of treatment protocols used in this experiment are 

presented here, however the treatment protocols were constantly improved 

from the feedback of experiments conducted throughout the PhD project. 

2.3.2.1 Cell suspension injection 

The animal was brought out of the housing unit. It was then anaesthetised 

and stabilised on the surgical table. Care was taken to keep the body 

temperature steady at 37°C with a heating blanket. Betadine and surgical spirit 

were used to clean and sterilise the surgical site of the transection surgery. 

The surgical wound was re-opened, and the spinal canal was carefully 

accessed through the previous openings in the overlying tissue layers. The 

number of cells and strategy were based on a meta-analysis of studies using 

OECs as a treatment for spinal cord injury (Watzlawick et al., 2016). The meta-
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analysis suggested that the maximum number of cells that could be injected 

without any adverse effects was 200,000 cells, in a volume of 2.9 µL or less, 

for a mouse SCI. Hence, total 200,000 primary OECs (DsRed), suspended in 

5 µL of normal saline was injected into the cord proximal and distal (2.5 µL 

each) to the transection site, using a pulled glass pipette mounted on a 10-µL 

Hamilton syringe (Hamilton, HAMC7635-01, model 701 RN) with zero dead 

space. The transection injury site was identified after mildly debriding the 

laminectomy site. The presence of scar tissue was detected by the difference 

in colour, texture, and topography from the healthy cord stumps. The injections 

were made by embedding the narrow part of the tip of the pipette within the 

cord parenchyma (~400 μm). The tip was slowly withdrawn after the injection 

to avoid any leakage of the cell suspension. The wound was closed again as 

before.  

2.3.2.2 Cell spheroid transplants 

The animal was brought out of the housing unit. It was then anaesthetised 

and stabilised on the surgical table. Care was taken to keep the body 

temperature steady at 37°C with a heating blanket. Betadine and surgical spirit 

were used to clean and sterilise the surgical site of the transection surgery. 

The surgical wound was re-opened, and the spinal canal was carefully 

accessed through the previous openings in the overlying tissue layers. Total of 

200,000 primary OECs (DsRed), cultured in a naked liquid marble to form a 

single spheroid, were implanted in the defect created due to the transection 

injury using a micropipette tip. A total of 5 µL of fibrin (EVICEL, EV02AUS, 

Johnson & Johnson Medical Pty Ltd) was injected along with the spheroids into 

the injury site to help secure the placement of the spheroid in vivo. The wound 

was closed again as before.  

2.3.3 POST-SURGERY CARE 

The injured mice were paralysed in their hind limbs and lost the control 

over bowel and bladder. A new manual bladder expression technique was 

therefore devised that did not require the mice to be scruffed, and thereby did 

not disturb the dorsal surgical wound. Some mice were noticed to suffer from 

cold lower extremities and occasional dehydration. A modification in the 
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housing condition was therefore required that included heating pads and easily 

accessible water gel (Able nectar moisture sachets - 75g, able scientific, 

ASNECTAR) on the cage floor, along with the food pellets. Additionally, three 

out of the first six mice were lost within the first 36 hours of surgery. Since no 

apparent complication from the injury itself was found, a further investigation 

was conducted, and the deaths were linked to acute renal failure induced by 

the antibiotic Gentamicin. The antibiotic was replaced to Enrofloxacin and no 

further renal failures were noticed.  

2.3.3.1 Optimised protocol 

All animals under procedure should have daily health check and injections 

as prescribed.  

• Animal monitoring post-surgery (first 48 hours) 

All animals in intensive care unit (ICU) require injections of either analgesic 

alone or in combination with antibiotics as per schedule and 8 am, 2 pm, 8 pm 

checks.  

At 8 am all animals in ICU receive a Temgesic (T) & Baytril (B) 

subcutaneous (SC) injections into the right or left flank according to 10 µL/g 

body weight. i.e. a 20 g mouse should receive a 200 µL injection of pre-diluted 

drug. Each mouse should have bladder expressed and inspected for abnormal 

signs of health. Animal is then weighed and recorded on surgery sheet. Animal 

should be allowed to grip the food tray on the cage with front limbs while holding 

the mouse using the pincer grip at base of the tail. The needle should be 

directed into pouched skin bevel facing up without touching muscle below and 

volume injected fully. 

At 2 pm each mouse should have bladder expressed -if needed- and 

inspected for abnormal signs of health. 

At 8 pm all animals in ICU receive a Temgesic SC injections into the flank 

according to 10 µL/g body weight, as previously described. Each mouse should 

have bladder expressed and inspected for abnormal signs of health. Animal is 

then weighed and recorded on surgery sheet. 

• Regular animal monitoring (>48 h post-surgery) 
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Animal cages should be removed from rack and placed on trolley and 

moved to either behaviour or surgery room at 12-hour intervals (8 am & 8 pm).  

A small petri dish is filled with hydrated softened food for 3 days following 

surgery. At least 3 full food pellets per animal are kept available on the floor of 

the cage and the fodder tray is filled. Sufficient (1/3) gel pack is ensured to be 

in good condition (well hydrated, stable consistency, rehydrate or replace if 

necessary) and kept at front of the cage. Tissues are kept available at the back 

of the cage under the food tray. All cages of recombined mice are installed with 

a mouse wheel per cage. 

All animals under procedure should have bladder expressed and visual 

health check every 12 hours (8 am / 8 pm). Animals are removed from cage 

with tail grip while body supported at all times and allowed to grip the food tray 

bar with both upper limbs and support the upper body of animal to start 

procedure:  

Animals are stabilised and restrained using pinch grip (at base of tail with 

thumb and index finger). The lower body is supported by aligning middle and/or 

ring finger to the contour of hips. The other side of the animal is supported using 

thumb of the opposite hand. Animal should be gripping bar or resting with bar 

under armpit, no downward pressure should be applied to compress the body 

against bar. Using index finger gently palpate bladder to express urine. Animal 

is then allowed to rest.  

Each animal is checked for abnormal signs according to the approved 

monitoring sheet and checked off accordingly as N or A (if A, increase 

monitoring).  Weights are recorded at every 8 am check until weight has 

plateaued (14 days post-surgery) at which time it is recorded weekly with spot 

weight checks based on visual health assessments. Animals should be 

assessed for any visual signs of abnormalities and action taken based on the 

approved monitoring scoresheets and action decision trees. 

2.3.4 BEHAVIOURAL ANALYSES 

The mice were allowed to acclimatise on the recording enclosures for 

seven days prior to injury. Two days after each surgical intervention, they were 
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placed again on the enclosures for recording of their locomotive behaviour. First 

analysis was conducted an open field where the mice were placed for ~2 min, 

their behaviour was recorded and scored manually as per the 0-9 point scoring 

system of Basso Mouse Scale (BMS), and a 30 point scoring system of Toyama 

Mouse Score (TMS) (Basso et al., 2006; Shigyo, Tanabe, Kuboyama, Choi, & 

Tohda, 2014). Secondly, the mice that showed ability to step (following 

treatments only) were placed on the DigiGait (Mouse Specifics) ventral plane 

gait imaging machine for about 10 min every day at a speed of 15 cm per 

second, while the video camera in the treadmill was recording. A continuous 

spell of strides lasting for about 4 seconds is selected from the recorded video. 

The proprietary software from Mouse Specifics was used to then digitally 

analyse the gait parameters.  

2.3.4.1 Optimised protocol for open field testing 

A. Acclimatisation and Baseline behaviour recording 

a. To acclimatize the mouse to the open-field environment, place the 

mouse in the open-field for 3 days, with the first day being the week prior 

to the injury surgery. Let them move around for ~3-5 min during every 

session.  

b. On the third day of training, record their baseline behaviour in the open 

field and make sure that the video is at least 60 seconds long.  

c. Ensure that both sides of every mouse are equally recorded in the video.  

d. If the animal does not move for several seconds: 

i. Gently tap on the enclosure away from the animal to encourage 

walking.  

ii. Or stroke the hindquarters of the animal (front to back).  

iii. Take care not to startle the animal and do not interfere with its natural 

movements. 

e. If a mouse keeps walking in only one direction, try to block its way and 

make it turn around. If mouse does still not move, hold at base of tail and 

gently spin to other direction. 

f. Make sure that the mouse does not get too close to the camera and 

camera remains at an angle such that an entire length of only one lateral 

aspect of the mouse is always visible.  
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g. Important - If animal stops for large periods of time or defecates, increase 

recording time and exclude this phase from analysis.  

B. Routine behaviour recording 

a. The open-field behaviour test is performed for each mouse at multiple 

time-points after the original baseline recording (pre-injury mouse). 

These time points are: pre-injury, 7 days post-injury, on the day of 

treatment (if not treated 7 days post injury), and every 7 days post-

treatment until the end-point of that mouse. The scoring is performed by 

two independent scorers. 

2.3.4.2 Optimised protocol for DigiGait testing 

A. Acclimatisation and training 

a. Start the treadmill and turn on the enclosure lights. 

b. Record the animal’s weight. 

c. Place the mouse in the DigiGait enclosure. Ensure the imaging interface 

is able to record a clear and well-lit ventral view of the animal. Adjust the 

recording aperture and focussing from the DigiGait equipment if needed. 

d. Program the belt speed at 150 (mm/s) speed and start the treadmill by 

turning the knob towards the animal’s caudal end. This will prompt the 

animal to walk at a regular speed in a specific direction.  

e. Keep the animal walking for 30 seconds or less if the animal is not able 

to keep up with the speed.  

f. Repeat the same procedure at 250 mm/s speed. Keep the animal 

walking for about 15 seconds or less if the animal cannot keep up with 

the speed.  

g. Animals that do not walk at all or attempt to walk in the opposite direction 

so that they hit the barricade, should be observed for repeating the same 

behaviour and if so, they should be excluded from the study prior to 

surgical intervention. 

h. Train the animals for 2 days and record their baseline behaviour on the 

3rd day.  
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B. Baseline recording 

a. Start recording at 150 (mm/s), keep the animal walking for 30 seconds 

or less if the animal is not able to keep up with the speed. Once satisfied 

with animal performance, stop recording, click “Edit”. 

b. Find a span of at least 600 frames (or 4 seconds) where the animal is 

walking at a constant pace with all 4 limbs clearly visible in the frame 

area. This will ensure that at least 10-12 gait cycles are recorded. 

c. Select this span of the footage by clicking “from” at the beginning and 

“to” at the end of it. The interface will confirm the duration of this selected 

video. 

d. Record the file name as: [Gender] [Animal ID]-[DD-MM-YYYY] (e.g. F29-

15-08-2018, for a female mouse, numbered 29, recorded on 15th of 

August, 2018). 

e. Record the correct date of birth in MM/DD/YY format, gender, weight of 

the mouse, and correct walking speed in cm/sec in the recording 

interface.  

f. Save this recording. 

g. Repeat the same procedure at 250 mm/s speed and record the 

movements. Keep the animal walking for about 15 seconds or less if the 

animal cannot keep up with the speed. In this case, the recorded video 

should be at least 350 frames or 2.5 seconds long. So that about 10-12 

gait cycles are recorded. 

h. Wipe the belt clean after recording behaviour of ~3 animals, and make 

sure that the belt is wiped dry before placing the next anima. 

C. Post-surgery spinal cord injury (SCI) mice recording 

a. If the animal is observed to be able to step on the open field, only then 

proceed with this recording.  

b. Similar to the baseline recording, the first reading will start at 50 mm/s 

and edited for at least 4 seconds. Second reading will start at 80 mm/s 

and edited for at least 2.5 seconds. 

c. Readings are recorded 2 days post-SCI surgery, 2 days post-transplant 

surgery and then repeated once a week till end of experiment study. 
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2.3.5 EUTHANASIA, TISSUE HARVESTING AND PROCESSING 

The euthanasia was performed by asphyxiation with carbon dioxide gas. 

The spines were excised from the animals after confirming death. The spinal 

cords enclosed within the spine were then fixed with 4% paraformaldehyde 

(PFA) overnight. The vertebral column was left intact so as to leave the cords, 

with complete transection injury, undisturbed. Hence, the bones were then 

decalcified using the 20% EDTA solution. Parasagittal sections were taken at 

30 µm thickness after embedding them in Optimal Cutting Temperature (OCT) 

solution. Slides were prepared by transferring 3-4 sections on a single slide. 

These slides were then used for immunofluorescence staining. 

2.3.5.1 Optimised protocol 

A. Euthanasia 

a. Before commencing, make sure that the CO2 cylinder is connected 

properly and contains enough gas for the procedure. 

b. Line the CO2 chamber with paper towel as the mouse may pass urine 

and/or stool during euthanasia. 

c. Place the animal to be euthanased into the CO2 chamber and close the 

lid. Take care that no other animals can witness the euthanasia 

procedure at any time. 

d. First, open the gas release valve on the cylinder and observe that the 

needle has risen, then open the gas distribution valve to the chamber so 

that the flow rate remains at 1 L/min. 

e. Slowly increase the gas flow rate to 2 L/min and monitor the animal’s 

breathing. The breathing will change from normal to rapid and short 

breaths followed by a transition to slow and deep breaths. 

f. Wait until all breathing movements cease completely and then turn off 

the gas release valve on the cylinder to allow the gas pressure in the 

tubing to fall to zero. 

g. Turn the gas distribution valve to the chamber off once the pressure 

gauge reads a flow rate of 0 L/min. 

h. Confirm the animal is dead by performing ear pinches on both sides, a 

tail pinch, and a corneal reflex test on each eye. If a reflex is present to 

any stimulus, repeat the gassing procedure. 
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i. Remove the animal from the chamber and remove the paper towel lining 

from the chamber and clean the chamber. 

B. Tissue harvest 

a. The surgical wound is expanded from neck to tail.  

b. Skin is reflected and retracted away.  

c. The Para spinous muscles are exposed and then scraped away 

throughout the length of the spine.  

d. Scissors are used to cut through the ribs.  

e. Then, the entire spinal column is cut, separated and dislocated with the 

cord inside.  

f. The whole spine is removed from the carcass and placed in 4% PFA. 

C. Tissue processing 

a. The vertebral columns are fixed overnight in 4% PFA at 4⁰C temperature.  

b. The tissue specimens are then decalcified using the 20% EDTA solution 

for three weeks, changing EDTA solution every 2 days.  

c. The samples are now taken for cryo-sectioning. Parasagittal sections 

are taken at 30 µm thickness after embedding them in Optimal Cutting 

Temperature (OCT) solution.  

d. The sections are then mounted on slides coated with gelatin for staining 

and imaging. 

2.3.6 IMMUNOFLUORESCENT STAINING 

The immunofluorescent (IF) staining was done to immunologically target 

and identify neurons, astrocytes and cell nuclei. The transplanted OECs were 

transgenically modified to express the DsRed fluorescent reporter protein, 

driven by the promoter of s100β gene. The antibodies optimised successfully 

included anti β3-tubulin antibody for neurons (and axons) and anti-GFAP 

antibody for astrocytes. Hoechst was used to stain the nuclei. Additionally, 

antibodies against IBA-1, complement C3 and GAP-43 were also used.  

2.3.6.1 Optimised protocol 

The optimised dilutions and incubation times for all primary and secondary 

immunostainings are summarized in the Table-2.2. 
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Table 2.2: Immunostaining optimisation summary 

Host Target Supplier Catalog. # Dilution Incubation 
Primary Antibodies 
Goat GFAP Abcam ab53554 1:200 

Overnight 
at 4⁰C 

Rabbit β3-Tubulin Abcam ab18207 1:200 
Rabbit IBA-1 Abcam ab178847 1:50 

Rabbit GAP-43 Novus 
biologicals 

NBP1-
41123 1:600 

Rat C3 Abcam ab11862 1:100 
   
Secondary Antibodies 

Donkey Goat (488) Thermo Fisher 
Scientific A-11055 1:250 

1 hour at 
room temp. 

Donkey Goat (647) Abcam ab150135 1:500 

Donkey Rabbit 
(647) 

Thermo Fisher 
Scientific A-31573 1:500 

Donkey Rat (647) Abcam ab150155 1:200 
 

2.3.7 SAMPLE SIZE AND POWER CALCULATIONS 

Since this was a pilot study, only one animal per treatment group per time 

point was used. However, for all the future experiments, based on calculations 

done on: http://www.3rs-reduction.co.uk/html/6__power_and_sample_size. 

html, for 80% power at 0.05% level of significance, a sample size of 6 animals 

in each group was deemed sufficient to detect significance with a SD values up 

to 0.7x mean. For SD= 1x mean, 8 animals per group would be needed to detect 

significance with 80% power at 5% level of significance. 

2.4 SUMMARY OF RESULTS 

2.4.1 TRANSECTION TYPE INJURY 

Six male and six female animals were included in this study, all of whom 

underwent the primary surgery. All 12 animals survived the injury and recovered 

from the surgical process without any overt complications such as haemorrhage 

or surgical site infection. The injury was observably complete in all the 

experimental animals and the loss of function was obvious from as soon as the 

animals recovered from anaesthesia. This was later confirmed with behavioural 

tests as well. 

http://www.3rs-reduction.co.uk/html/6__power_and_sample_size.%20html
http://www.3rs-reduction.co.uk/html/6__power_and_sample_size.%20html
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Three of the six male animals developed drug induced renal failure and 

were excluded from the study. One more animal was euthanased due to 

excessive weight loss in accordance with the animal ethics committee’s 

guidelines. Thus, the study ended up with only eight of the 12 animals included 

initially.  

2.4.2 TREATMENTS 

Three of the six animals placed in the suspension treatment group, and 

one of the six animals in the spheroid treatment group did not make it to 

treatment surgery. Thus, of the eight remaining animals, five received spheroid 

and three received suspension treatments. One of the suspension treated 

animals showed early stage recovery in motor function and was therefore 

allowed to survive for four weeks after treatment instead of the pre-determined 

one week. This extended survival helped with optimisation of long term follow 

up with behavioural studies and behavioural analysis. Two more spheroid 

treated animals also showed early recovery in motor and sensory functions, but 

their survival time was not extended to effectively optimise histological analysis 

of spheroid treated spinal cords.  

2.4.3 POST-SURGERY CARE 

The post-surgery care included analgesia with buprenorphine 

(Temgesic, Reckitt Benckiser, 0.03 mg/kg body weight) and antibiotic cover 

with Enrofloxacin (Baytril, Bayer, 10 mg/kg body weight) for 48 h after the 

surgery. For the same duration, the animals’ cages were also kept on heating 

pads to prevent any hypothermia following the injury. Since the removal of 

gentamicin, no animals showed any signs of renal failure. Animals continued to 

receive water gel and food pellets on the cage floor for easy access. Their 

bladders were manually expressed twice daily. The twice daily monitoring also 

included inspection of a number of other physical parameters to assess their 

wellbeing such as hydration, activity levels, grooming, fur quality, nutritional 

status and more. The example monitoring sheet is demonstrated in Table 2.3. 
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Table 2.3: Daily monitoring sheet 

 

2.4.4 BEHAVIOURAL ANALYSIS 

Behavioural analysis in open field was performed on the motor recovery 

of the one animal that survived for four weeks after treatment. The three 

animals showing early phase response were placed on the DigiGait and their 

gait pattern was analysed. The analysis was only performed for optimisation 

purposes; however, the results are displayed in the Figure 2.5. Behavioural 

recordings were performed once-a-week in all the following studies, unlike the 

daily recordings made in this pilot study. 

Body weight (gms)
% change from initial weight

Animal ID:
Procedure:

Other signs                                    
This section should be used to record 
signs that were not predicted prior to 
conduct of the experiment
Comments                                        
This section should be used to record 
information such as treatment given in 
response to a clinical sign so that 
response can be evaluated
Signature

Isolated
Vocalisation
Reduced appetite
Porphyrin staining - nose, eyes

Date
Day

Time

Weight  
changes

Monitoring Sheet
Initial weight:
Date:

NAD (No abnormalities detected) 
This section should be used only by 
person experienced in the maintianing of 
the species being used

Surgical site Discharge
Surgical site bleeding
Sutures need attention

Surgical site swollen
Surgical site open

Dehydrated - sunken eyes, pinch test
Respiration abormal - laboured or rapid
Poor body condition - prominent 
vertebral spinous processes, scpulae, 
Unusually docile or aggressive when 
handled

Surgical site red

Hunched appearance

     
               

Score the following as + (present), -(absent), or +/- (not sure)
Hair - rough, dull, standing on end

Inactive



 
95 

 

 

Figure 2.5: Behaviour scoring.  

The figure shows behaviour from the animal that survived for 5 weeks after 

treatment scores with BMS (A), TMS (B), shared hind limb parameters in 

DigiGait (C) and individual hind limb parameters (D), (E) and (F) show shared 

and individual parameters analysed from the 3 animals that showed recovery. 

2.4.5 SUBJECTIVE OBSERVATIONS 

Along with the daily monitoring and behavioural analyses, it was 

observed that the animals also showed recovery in the reflexes to touch or 

pressure in the denervated areas, tone of the detrusor muscle and/or sphincter 
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muscle of the bladder. Clinical assessment of neurological deficits includes an 

examination of patients to elicit their sensory and motor responses to different 

stimuli. With this the neurological level of sensory and motor defect is 

established, and during follow-ups the same testing is repeated to observe the 

progress of the condition and determine the prognosis. Using the same 

principles and my own clinical experience, the subjective observations protocol 

was developed. The subjective monitoring of the above-mentioned parameters 

was performed in all the following studies and the data is included at 

appropriate points. The evaluations were performed manually by palpation 

during the regular twice-daily performed animal checks. 

2.4.6 HISTOLOGY 

The targeted immunological stains were successfully optimised in this 

study. Representative sections stained with different antibodies are presented 

in the Figure 2.6. 

 

Figure 2.6: Overview of IF stain optimisations.  

Optimisation of GFAP (A), β3-Tubulin (B), IBA-1 (C) and Gap-43 (D). All 

imaging was done on Nikon AIR+ confocal microscope with 20x magnification.  
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2.5 DISCUSSION 

2.5.1 CHOOSING THE INJURY MODEL 

Although rats are more commonly used animal model for SCI studies, 

mice were chosen for this study for multiple reasons. The cells used for 

transplantation in this study (and all future studies in this thesis) are sourced 

from a transgenic mouse line expressing s100β-DsRed. Using a mouse 

recipient allowed for an allogenic graft instead of a xenograft. Mice are also 

cheaper to purchase, easier to handle and more economic to maintain 

compared to rats. This study used a mix of male and female mice, however, 

due to the simpler anatomy of the female urinary tract, it was decided that the 

future studies would only use female mice to simplify the twice daily manual 

bladder expression. 

Additionally, cervical crush/contusion type injuries are more commonly 

encountered clinically. Despite this fact, a lower thoracic level complete 

transection was chosen as the injury model in this study. Complete transection 

was preferred over contusion as the complete transection is academically more 

robust. This is due to the fact that complete transections are easy to induce and 

can be more reliably reproduced whereas contusion type injuries are inherently 

more variable in comparison. Transection type injuries are also recognised for 

their superior value in studies focussing on regeneration and repair such as all 

the experiments included in this thesis. Thoracic level injuries are more 

commonly used in the literature, understandable due to the better survivability 

of animals, higher tolerance of the injury itself and less complications such as 

autonomic dysreflexia compared to cervical level injuries. Lower thoracic level 

injuries are especially preferred for complete transection type injuries.  

2.5.2 CHOOSING SUBACUTE PHASE TREATMENT 

Treatments were done after seven days of injury in this study to 

resemble the subacute phase of the spinal cord injury. Inflammatory states 

following SCI in rodents and humans are comparable (Fleming et al., 2006; 

Norenberg, Smith, & Marcillo, 2004), which is why choosing the time after injury 

is critically important for its translational value. The subacute inflammatory state 

in the mouse model of SCI has been described as four to fourteen days 

following the injury (Faw et al., 2018). After this period, the chronic inflammation 



 
98 

 

sets in which peaks from two to six weeks after the injury (Arnold & Hagg, 2011). 

The discrepancy between rat and mice models of subacute inflammation may 

be explained by the fact that the T-cell infiltration in rat SCI occurs before the 

two weeks (Arnold & Hagg, 2011; Sroga, Jones, Kigerl, McGaughy, & 

Popovich, 2003) and therefore setting off the chronic inflammation earlier in 

rats. The seven-day period between injury and treatment was chosen to aim for 

the brief window in inflammatory process where the intensity of acute 

inflammation is reducing, and the chronic inflammation is yet to begin, in order 

to maximise the chances for graft survival (Reshamwala et al., 2019). 

2.5.3 CHOOSING FIBRIN AS THE SCAFFOLDING MATRIX 

Fibrin is a physiological protein involved in haemostasis in vivo. It has 

been approved for clinical use in dural repairs (Saxena, Jain, & Shukla, 2003). 

Experimentally it has been found safe for use in animal model SCI repairs as 

well (Y. Li & Zhao, 2008). Using a physiological protein that is safe for use in 

SCI repairs and clinically approved for neurosurgeries, is likely to improve the 

translational impact of the work. Surgically, the use of fibrin is also 

advantageous, since it is commercially available as a two-component liquid 

suspension system, which sets as a solid/semi-solid clear clot within seconds 

after mixing them (Canonico, 2003).  

2.5.4 BEHAVIOURAL RECOVERY OBSERVED IN THE PILOT STUDY 

Although most of the animals were followed up for only for a few days 

after the treatment, some amount of early stage recovery was observed in some 

of the animals. As a general trend, spheroid treated animals showed better 

recovery of reflexes and suspension treated animal (just the one) showed good 

motor recovery over time. Though not sufficient for a statistical analysis, this 

evidence was considered as an encouraging proof of concept of the protocols 

derived in this pilot study. 
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2.5.5 BMS AND TMS FOR OPEN FIELD SCORING1 

In this study, both the Basso Mouse Scale (BMS) and Toyama Mouse 

Scale (TMS) have been used to analyse and score open field behaviour of the 

animals. Although both the scales represent scoring system for the motor 

activity of a mouse in an open field, they can convey different information due 

to the differences in the focus of their scoring systems.  

BMS employs a 0-9 points scoring system where every point represents 

a description of a specific gait pattern. This means that every mouse with the 

same score have quite similar gait pattern. This system also has a provision for 

a sub-score system that can help identify the recovery trend of animals even if 

they have the same main (0-9) score over a long period of time. The BMS 

system focusses on gait traits such as ankle movement, stepping, rotation of 

hind limbs while stepping, coordination, trunk stability and tail lift while walking. 

Although, the more complex traits such as coordination and stability award 

higher scores, the point distribution is not weighted on the complexity of the 

traits. Another characteristic of this scoring system is that the traits are scored 

in a sequential manner, for example, tail lift only affects the main score if the 

gait is coordinated and the animal has consistent plantar stepping.  

Conversely, the TMS uses a 0-30 point scoring system where the final 

score represents a cumulative sum of all the points scored by the gait traits 

assessed for each individual limb. TMS also assesses similar traits as BMS 

does, such as ankle and other joint movements, toe movements, stepping 

pattern, rotation of limbs, coordination and weight bearing ability. However, the 

point distribution is weighted on the complexity and clinical relevance of the 

trait, where weight-bearing ability alone awards up to 15 points out of the 30. 

Other than the body support, traits such as ankle movements and touchable 

area of sole while plantar stepping are given more point weightage than 

coordination and limb rotation. While this scoring system is less subjective than 

                                                      
1 This section of text is taken from a manuscript “Comparison of transection-

type and contusion-type spinal cord injury mouse models” which is included in 

Chapter 7. 
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BMS, the scores do not exactly represent a specific gait pattern like BMS. TMS 

has an added advantage of tracking progress of each limb separately, by 

conceptually combining the main and sub-scoring systems of the BMS. Hence, 

both the scoring systems have been used here to take the advantage of both. 

The results in both of them correspond with each other, which further serves as 

an internal validation parameter. 

2.5.1 TRUE FUNCTIONAL RECOVERY VERSUS SPINAL REFLEX 

Functional recovery is often estimated by the recovery of motor, especially 

locomotor functions such as stepping or walking. However, the role of spinal 

cords as ‘central pattern generators’ can compound this issue by the means of 

‘reflex walking’ (MacKay-Lyons, 2002). Even with a complete transection type 

injuries, quadruped animals such as mice and rats may still be able to show 

some locomotion due to the segmental reflexes from spinal cord (MacKay-

Lyons, 2002). The problem with this matter is, even though the animal may 

appear to step or walk, it may not always indicate spinal cord repair. Gait 

patterns generated by spinal cords and reflexes such as righting reflex may 

appear as their ability to walk after spinal cord injury (Kressler et al., 2014). 

Which is why, in this experiment as well as all the following experiments, the 

functional recovery seen in mice was counter-checked with their ability to show 

voluntary movements such as scratching with their hind limbs (see 

supplementary video – 1 (A) and supplementary video – 1 (B); supplementary 

material legends are on page 415) or their forelimbs responding to 

touch/pressure stimuli given to their hind limbs. Such activities indicate 

communication between the caudal part of the severed cord and higher centres 

of the brain, and thus, are informative of the true functional recovery resulting 

from structural repairs. 

2.6 CONCLUSION 
All the intended optimisations were achieved in this pilot study. The study 

concluded with development of standard operating protocols for every 

methodology involved in this as well as all the following animal experiments. 

Most important of these protocols were the stable transection type injury model 

in mice, re-opening the injury site after seven days of injury to transplant the 

https://drive.google.com/file/d/177zf8TMBpt8wCcFaPfh5VwNCLp_tbCnV/view?usp=sharing
https://drive.google.com/file/d/16JEUj61o-yaMU_EsEJfVelIfLnd28hns/view?usp=sharing
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treatments, and the establishment of an “intensive care protocol” for the first 48 

hours after surgical interventions.   
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Chapter 3  IMPACT OF CELL PURITY AND SURGICAL 

APPROACH ON TREATMENT OUTCOMES 
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3.1 AIM 
The aim of this experiment was to study the effects of OEC purification on 

the structural and functional outcomes of a spinal cord injury treatment. A 

review of literature was conducted to investigate the purification processes and 

reporting of purities of the OEC populations used for SCI treatments over the 

recent years. A surgical transplantation of OECs was then performed to assess 

the effect of different transplantation approaches from a technical, functional 

and histological viewpoint.  

3.2 CELL PURIFICATION – LITERATURE REVIEW  
The following manuscript is a review of literature that provides an overview 

of the purification process, purity quantification and reporting practices for the 

OECs used in field of spinal cord repair research. 

 

Reliable cell purification and determination of cell purity: crucial aspects 
of olfactory ensheathing cell transplantation for spinal cord repair 

Ronak Reshamwala1,2,3, Megha Shah2,3, Lucy Belt2,3, Jenny A. K. Ekberg1,2,3*, 

James A. St John1,2,3* 

1Griffith Institute for Drug Discovery, Griffith University, Brisbane, 4111, QLD, 

Australia; 
2Menzies Health Institute Queensland, Griffith University, Southport, 4222, 

QLD, Australia; 
3Clem Jones Centre for Neurobiology and Stem Cell Research, Griffith 

University, Brisbane, 4111, QLD, Australia 

*Equally contributing senior author 

Corresponding author: Jenny Ekberg; j.ekberg@griffith.edu.au 

Keywords: glial cell; trauma; antibody; injury; glia; surgery; nerve; fibroblast; 

astrocyte; neuron 

Abstract 

Transplantation of olfactory ensheathing cells (OECs), the glia of the 

primary olfactory nervous system, has been trialled for spinal cord injury repair 

with promising but variable outcomes in animals and humans. OECs can be 
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harvested either from the lamina propria beneath the neuroepithelium in the 

nasal cavity, or from the olfactory bulb in the brain. As these areas contain 

several other cell types, isolating and purifying OECs is a critical part of the 

process. It is largely unknown how contaminating cells such as fibroblasts, 

other glial cell types and supporting cells affect OEC function post-

transplantation; these cells may also cause unwanted side-effects. It is also, 

however, possible that the presence of some of the contaminant cells can 

improve outcomes. Here, we reviewed the last decade of OEC transplantation 

studies in rodents, with a focus on OEC purity. We analysed how purification 

methods and resultant cell purity differed between olfactory mucosa- and 

olfactory bulb-derived cell preparations. We analysed how the studies reported 

on OEC purity and which criteria were used to define cells as OECs. Finally, 

we analysed the correlation between cell purity and transplantation outcomes. 

We found that olfactory bulb-derived OEC preparations are typically purer than 

mucosa-derived preparations. We concluded that there is an association 

between high OEC purity and favourable outcomes, but the lack of OEC-

specific markers severely hampers the field.   
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Introduction 

Olfactory ensheathing cells (OECs) are considered crucial for the 

constant regeneration of the primary olfactory nervous system that occurs 

throughout life (Graziadei & Graziadei, 1979; Graziadei & Monti Graziadei, 

1980, 1985). For this reason, transplantation of OECs to repair the injured 

nervous system, in particular the spinal cord, has been the focus of research 

efforts over the last two decades (Féron et al., 2005; Granger et al., 2012; 

Mackay-Sim et al., 2008; Munoz-Quiles, Santos-Benito, Liamusi, & Ramon-

Cueto, 2009; Tabakow et al., 2013; Tabakow et al., 2014). In their natural 

environment, OECs support and guide olfactory axons as they continuously 

extend from the olfactory mucosa (OM) to their target synaptic regions in the 

olfactory bulb (OB). The concept of OEC transplantation is to replicate the same 

process in the injured spinal cord, resulting in axonal regeneration through the 

injury site and re-establishment of conductive pathways. The mechanisms by 

which OECs promote neural regeneration, both in their natural location and 

after transplantation, include direct interaction with axons and structural support 

(R.  Doucette, 1989; R. Doucette, 1990), secretion of neurotrophic and 

guidance factors (Barnett & Riddell, 2004; Barton et al., 2017), phagocytosis of 

axonal debris as well as effective migration and integration with other cell types 

such as astrocytes and microglia (Lakatos, Barnett, & Franklin, 2003; Lakatos 

et al., 2000; Leung et al., 2008; Panni et al., 2013; Vincent, Choi-Lundberg, 

Harris, West, & Chuah, 2007), and interaction and digestion of the glial scar 

matrix components such as chondroitin sulphate proteoglycans (Pastrana et 

al., 2006; Simon et al., 2011).  

Conceptually, the use of OEC transplantation to repair damaged axons 

following a spinal cord injury is quite simple and robust; OECs are harvested 

from the olfactory nerve, expanded in vitro for several weeks, and then 

transplanted (usually autologously in humans) into the injured spinal cord. The 

method is, however, complicated by a great variability in anatomical cell source, 

purification methods, and inconsistencies in reporting on issues such as OEC 

purity. Purification here implies the process to increase the proportion of OECs 
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present in the total cell population, with purity referring to the proportion of 

OECs present in a transplantation cell population. 

Several studies have shown that OECs can restore lost function and 

structure of an injured spinal cord (Deumens et al., 2006a; Toft et al., 2007) but 

outcomes are variable. One potential reason for this variability is that the purity 

of OEC transplants is highly variable between studies. Furthermore, OECs can 

be harvested from either the olfactory mucosa or the olfactory bulb, where 

different cell populations are present (Yao et al., 2018). Thus, the anatomical 

source from which the OECs are harvested and the resultant cell purity are 

likely to have significant impacts on outcomes after transplantation into the 

injured spinal cord. While it is often suggested that poorly purified OEC 

transplants are associated with poor outcomes and side-effects, several studies 

have found that the presence of fibroblasts in the OEC transplants can be 

beneficial (Y. Li, Field, & Raisman, 1997; Raisman & Li, 2007). One possible 

reason for this may be that fibroblasts together with OECs maintain channel-

like structures through which regenerating axons can extend, which happens in 

the natural environment of the olfactory nerve (Y. Li et al., 2005).  

We have conducted a review of the recent literature to identify and 

evaluate different factors affecting the purity of the transplanted OECs, discuss 

the different established ways to identify and quantify the OECs and highlight 

the impact of the purity on the transplantation outcomes to help guide the future 

works into the OEC mediated SCI repair. 

In this review, covering the last decade of OEC transplantation studies 

in rodent models of spinal cord injury, we assessed how the anatomical site of 

isolation (olfactory mucosa versus olfactory bulb) affected OEC purification 

methods and resultant cell purity. We analysed how many studies reported on 

OEC purity, and which criteria (markers) were used to define cells as OECs. 

Finally, we attempted to correlate transplantation outcomes with OEC purity 

and anatomical source. We found that high OEC purity appears associated with 

better outcomes, but also that purifying OECs and reporting on cell purity is 

very difficult due to the lack of cell-specific markers. We found that a panel of 

markers, along with the identification of novel markers, is crucial for improving 
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the therapeutic potential of OEC transplantation for neural repair. The findings 

are summarised in the schematic Figure 3.1. 

 

Figure 3.1: Overview of OEC collection, characteristics and purification 

OECs can be obtained from biopsies taken either from olfactory mucosa or 

olfactory bulb. The figure shows all the different cell types that can be found in 

each type of biopsy and various markers reported to be expressed by each cell 

type. The figure also summarises different methods of purification depending 

on the source of cells and reported proportions of OECs acquired as a result of 

purification. AC = Astrocytes, FB = Fibroblasts, FBm = Meningeal fibroblast, 

MG = Microglia, MSC = Mesenchymal stem cell, NB = Neuronal cell bodies, OB 

= Olfactory bulb, OM = Olfactory mucosa, ODC – Oligodendrocytes, OEC = 

Olfactory ensheathing cells, RE = Respiratory epithelium, SC = Schwann cells. 

 

Since surface markers are key to determining purity, this review was 

limited to studies that used rodents as the source of OECs. As most pre-clinical 

studies to date have been conducted in rodents, and because the expression 

of many markers varies between rodents and humans, this review was limited 

to rodent studies. We do, however, comment on the applicability of using certain 

markers for transplantation of human OECs. A literature search was conducted 
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using the keywords “spinal cord injury”, “olfactory ensheathing cells”, “OECs”, 

“olfactory ensheathing glia”, “OEGs” and “olfactory glia”. The search was 

restricted to the studies published since 2008 only. Only studies using primary 

OECs for transplantation were included and review articles were excluded. 

Studies limited to in vitro experiments, peripheral or cranial nerve repair or 

focussing on brain injury were also excluded, as this review focuses on the OEC 

purification and quantification methods employed for spinal cord injury repair 

only. A total of 67 studies that met the inclusion criteria were included. For each 

study, details regarding anatomical sources of cells, methods of purification 

(including method of harvesting cells and enrichments/supplements used), 

reported purity, method to determine purity, presence of other cell types and 

structural/functional outcomes of each study are outlined in Table 3.5.  

Anatomical source of cells affects purity  

The primary olfactory nervous system is comprised of the olfactory 

neuroepithelium, olfactory nerve and outer layer of the olfactory bulb, known as 

nerve fibre layer (NFL). The olfactory nerve consists of numerous fascicles 

which extend from the lamina propria beneath the neuroepithelium to the NFL. 

Within this system, OECs are found in the olfactory nerve and the NFL of the 

olfactory bulb.  In the olfactory nerve, OECs ensheathe axon fascicles, and in 

the NFL, they contribute to the complex sorting and organisation of axons to 

their correct glomeruli (synapse regions) in the olfactory bulb (J. R. Doucette, 

1984; R.  Doucette, 1989; R. Doucette, 1990). For transplantation purposes, 

OECs can therefore be harvested either from the olfactory mucosa (which 

contains lamina propria-derived OECs) or from the olfactory bulb (which 

contains NFL-derived OECs). OECs harvested from the olfactory mucosa are 

typically termed OM-OECs, and olfactory bulb-derived OECs are termed OB-

OECs (Mayeur et al., 2013; Yao et al., 2018); these terms will be used 

throughout this article.  

In humans, harvesting OB-OECs from live patients requires invasive 

brain surgery (Tabakow et al., 2014), and, as the olfactory bulb is part of the 

central nervous system (CNS), this invasive approach results in permanent 

neurological injury. Therefore, the olfactory mucosa is the more preferable 
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source of OECs from a clinically viable point-of-view (Bianco, Perry, Harkin, 

Mackay-Sim, & Féron, 2004; Ekberg & St John, 2015; Gorrie et al., 2010; Lima 

et al., 2006).  

It is, however, important to note that OECs are not a homologous cell 

population; sub-populations with distinct anatomical location and behaviours 

exist (Ekberg & St John, 2015). For example, OM-OECs primarily adhere to 

each other, resulting in contact-mediated migration, and they mediate axon 

fasciculation. In contrast, OB-OECs display a mixed behaviour of interaction 

and repulsion, and axons cultured with OB-OECs display a disorganised 

extension pattern (Windus et al., 2011; Windus, Claxton, Allen, Key, & St John, 

2007; Windus et al., 2010). Another important difference between the olfactory 

mucosa and olfactory bulb is the other cell types that are present with OECs in 

the two areas. In the olfactory bulb, astrocytes, oligodendrocytes, microglia, 

neuronal cell bodies and meningeal fibroblasts along with endothelial cells are 

the most common cells. Most of these cells can be avoided if only the NFL is 

harvested to obtain OECs (J. R. Doucette, 1984). Even then, however, 

astrocytes are still present along with occasional neuronal bodies. Conversely, 

in the mucosal biopsies, mesenchymal stem cells, fibroblasts, Schwann cells 

from the trigeminal nerve and olfactory or respiratory epithelium may be found 

with OECs (Ekberg & St John, 2014; Yao et al., 2018). Whilst other cell 

contaminating cells can be found in glial cultures, neurons typically do not 

survive and are not present in the cultures (Windus et al., 2007; Windus et al., 

2010); olfactory neurons typically require a monolayer of glia/specific glia-

conditioned medium and stringent culture conditions to survive (Ekberg et al., 

2011; Gong, 2012). 

Instances have been recorded where patients have suffered serious 

adverse effects of   receiving OEC transplants without proper purification 

(reviewed in Yao et al., 2018). In recent years, case reports have discussed 

particularly alarming cases with patients who developed intramedullary masses 

in the cervical spine many years following transplantation of autografts from 

mucosal biopsies. These cysts have been found to contain respiratory 

epithelium and submucosal glands with goblet cells; thus, it appears that the 
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transplants have mistakenly contained respiratory epithelial mucosa (Dlouhy et 

al., 2014; Woodworth, Jenkins, Barron, & Hache, 2019). The first recorded 

incidence was in a young female who developed the mass eight years after the 

transplantation (Dlouhy et al., 2014), and the most recent published case report 

described a 38 year-old male who presented with the mass 12 years after 

transplantation (Woodworth et al., 2019). In both these cases, the patients 

suffered from significant back pain and had to undergo spinal surgery for 

removal of the mass. Incidences such as these highlight the importance of 

purification of OECs prior to transplantation. On the other hand, several studies 

conducted over the years have also suggested that OECs may be more 

effective if they are mixed with olfactory nerve fibroblasts (Deumens et al., 

2006a; Keyvan-Fouladi, Raisman, & Li, 2003; Y. Li, Decherchi, & Raisman, 

2003). The importance of purification is conceptualised in the Figure 3.2. These 

findings suggest that although purification is essential to avoid any adverse 

effects following transplantation, certain cell types may provide beneficial 

effects if co-transplanted with OECs. 

 
Figure 3.2: Consequences of unpurified and purified OEC transplantation 
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The OECs have been experimentally transplanted with or without purification. 

The figure explains this concept with an example of OM-OECs. The unpurified 

OM-OECs have other cell types present which eventually lead to unfavourable 

and, in extreme cases, severely debilitating outcomes. A purified cell 

population, on the other hand, will likely lead to favourable outcomes with tissue 

repair and functional regain. 

Out of the 67 included studies, five studies obtained OECs from mice 

and 62 from rats. Out of the 62 studies that used rats as their source of OECs, 

the olfactory bulb was the most commonly used source of OECs, with 43 

studies using OB-OECs and 22 studies using OM-OECs; one study compared 

OB-OECs and OM-OECs (Mayeur et al., 2013) and one study did not specify 

the anatomical source of OECs (Luo et al., 2013). The information regarding 

sources of cells as used by the reviewed studies is summarised in Table 3.1.  

The olfactory bulb was the most frequently used source of OECs for 

animal experiments. However, from a clinical viewpoint, it would be more 

desirable to focus on OM-OECs rather than OB-OECs as obtaining OECs from 

the olfactory bulb in humans is an invasive procedure that would lead to 

damage to the olfactory sense. In the one study that specifically compared OM-

OECs and OB-OECs, there was no significant difference in functional outcome 

between the two OEC types. This suggests that, due to the difference in 

harvesting method, OM-OECs have a better risk to benefit ratio than OB-OECs 

as harvesting OM-OECs avoids the need for an invasive brain biopsy (Mayeur 

et al., 2013).  

Table 3.1: Summary of the numbers of studies using olfactory bulb (OB) and 

mucosa (OM) from rodents as their OEC sources 

(N/M = not mentioned) 

Animal OB OM Both N/M 
Rats 40 20 1 1 

Mouse 3 2 0 0 

 

We found that the purification methods used in the reviewed studies 

differ between OM-OECs and OB-OECs (Table 3.1). Enrichment and 
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complement lysis were the principal methods used for OM-OECs while 

differential attachment and immunopurification were more common for 

purification of OB-OECs (these purification methods are discussed in detail in 

the next section). Reported purity was highly variable for OM-OECs (5%-98%) 

compared to OB-OECs (60%- ~100%). This also indicates that further 

optimisation of the purification process is warranted for the mucosal OECs, to 

establish a purification method that consistently improves the purity of OECs.  

From the reviewed studies discussed here, it appears that in an 

experimental setting (animal model), OB-OECs are preferred primarily because 

of their higher and more consistent purity than OM-OECs. However, due to the 

harvesting method, OM-OECs are better from a clinical point-of-view.  

Purification methods differ between olfactory mucosa- and bulb-derived 
OEC preparations. 

Purification of OECs constitutes one of the most significant challenges 

in establishing OEC transplantation as a treatment for spinal cord injury (Yao 

et al., 2018). OEC purification can be viewed as a biphasic approach with the 

first phase being the dissociation of cells from the tissue biopsy, and the second 

phase being the isolation of pure OEC population from these dissociated cells. 

Dissociation of cells from the tissue biopsy aims to remove the extracellular 

substance and adherent structures such as epithelium or meninges, thus 

releasing cells from their natural scaffolding. For example, separating the 

epithelium from the lamina propria is involved in the mucosal biopsies, whereas 

removal of meninges needs to be performed on OB biopsies. Generally, the 

dissociation also involves enzymatic digestion and/or mechanical dissociation. 

The strategies used for the next step (establishment of a pure OEC population) 

include immune-based purification based on cell-specific surface markers, 

isolation due to differential adhesion properties, chemical enrichment of OECs 

over other cells in culture, or removal of contaminating cells.  

In the reviewed papers, the dissociation part of purification process was 

not mentioned in 14 studies, whereas five further studies reportedly only used 

mechanical dissociation without the use of any enzymes to dissociate the cells 

from tissue biopsies (Lang et al., 2013; Negredo, Rivero, Gonzalez, Ramon-
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Cueto, & Manso, 2008; Y. Y. Tang et al., 2017; G. Wang et al., 2010; J. Zhang 

et al., 2017); all five of these studies used OB-OECs. The studies that reported 

the use of enzymatic dissociation used trypsin, dispase (I and II), collagenase 

(A, D, I and II), papain or hyaluronidase but with variations in the protocol. For 

example, trypsin was used for dissociation in 24 of the studies, out of which 

only two studies harvested cells from mucosal biopsies (D. M. Muniswami & G. 

Tharion, 2018; Tharion et al., 2011). In the remaining 22 studies that used 

trypsin for olfactory bulb tissue dissociation, 18 studies used trypsin alone, with 

four studies using trypsin followed by collagenase (Ma et al., 2010; Torres-

Espin, Hernandez, & Navarro, 2013; Torres-Espin, Redondo-Castro, 

Hernandez, & Navarro, 2014; Yazdani et al., 2012).  

For the OEC purification protocol, the exact method was not described 

in 24 of the reviewed studies. Two of these 24 studies reported using pieces of 

the un-dissociated olfactory mucosa (Aoki et al., 2010; Iwatsuki et al., 2008) 

which explains the lack of a cell purification step. In contrast, 43 studies 

reported using several different purification techniques. These techniques can 

be summarised into the following categories: (1) immunopurification, (2) 

differential adhesion, (3) OEC enrichment and (4) removal of contaminant cells. 

The details of different methods of purification are summarised in Table 3.2. 

Table 3.2: Summary of studies using different purification methods for OB and 

OM derived OECs 

(N/M = not mentioned) 

Method OB OM Total 
Immuno-purification 18 2 20 

Differential Adhesion 14 0 14 

NT-3 Supplement 1 5 6 

Complement lysis 0 3 3 

None used 0 6 6 

N/M 11 7 18 

 

Immunopurification was the most commonly used purification technique 

amongst the reviewed papers (20 studies). This method is based on selective 
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expression of key markers by OECs, such as the p75 neurotrophin receptor 

(p75NTR, also known as the low-affinity nerve growth factor receptor or CD 

271), S100β, glial fibrillary acidic protein (GFAP) (Bianco et al., 2004; 

Franceschini & Barnett, 1996; Gong et al., 1994), SRY-related HMG-box 10 

protein (SOX-10) (Barraud et al., 2010; Oprych, Cotfas, & Choi, 2017) and 

oligodendrocyte marker 4 (O4) (Barnett, Hutchins, & Noble, 1993; Franceschini 

& Barnett, 1996). One study employed fluorescence-activated cell sorting 

(FACS) to sort OECs based on surface expression of O4 (positive selection 

marker) and Galactocerobroside C (GalC) (as a negative selection marker) 

(Toft, Tome, Barnett, & Riddell, 2013). The remaining 19 studies purified OECs 

based on expression of p75NTR with five out of these 19 studies using 

magnetic cell sorting (MACS) technique (Deumens et al., 2013; Novikova, 

Lobov, Wiberg, & Novikov, 2011; Toft, Tome, Lindsay, Barnett, & Riddell, 2012; 

Torres-Espin et al., 2013; Torres-Espin et al., 2014).  

Differential adhesion (also known as differential attachment) was the 

second most commonly reported purification method. This method relies on the 

different adhesion time to the cell culture plate for different cell types; removal 

of media and non-adherent cells at different times leads to partial purification of 

the target cells. A total of 14 studies used this method, as originally published 

(Nash, Borke, & Anders, 2001), or using a modified version of the same method 

to purify OECs taken initially from olfactory bulbs. All studies using differential 

adhesion used OB-OECs.  

OEC enrichment of the cultures using neurotrophin-3 (NT-3) was used 

by six of the studies (Cloutier et al., 2016; Kalincik et al., 2010a; Kalincik et al., 

2010b; Y. Li et al., 2011; Stamegna et al., 2011; A. Wu et al., 2011). One of 

these six studies used this method to purify OB-OECs (Y. Li et al., 2011), the 

other five used NT-3 to purify cells from the mucosa. This method originates 

from an earlier experimental work showing that OECs have receptors for NT-3, 

BDNF and nerve growth factor (NGF), all three of which promote purification 

and proliferation of OECs in vitro (Bianco et al., 2004). In one study, the authors 

used transforming growth factor α (TGF-α) followed by five repeated passages 

to enrich mucosal OECs in the culture (Mayeur et al., 2013); TGF-α has been 
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shown to promote mitosis of olfactory epithelium in vitro (Farbman & Buchholz, 

1996). 

Removal of contaminant cells was the least common purification method 

amongst the papers reviewed, being used in only three studies and all for 

purification of OM-OEC. Complement lysis of fibroblasts by targeting Thy 1.1 

surface antigen was reported as a purification method by two studies (Bretzner, 

Liu, Currie, Roskams, & Tetzlaff, 2008; Bretzner et al., 2010), whereas a third 

study mentioned “removal of fibroblasts” as their purification method (S. X. 

Zhang, Huang, Gates, & Holmberg, 2011) which was originally described as a 

method to purify astrocytes in an older publication (Noble & Murray, 1984).  

In summary, out of the 44 studies using OECs from the olfactory bulb, 

11 did not specify the purification method, 18 used immunopurification, 14 used 

differential adhesion, and one study used NT-3 supplementation. Similarly, out 

of the 23 studies that reported the use of OM-OECs, seven did not mention any 

purification methods, six did not purify the OECs, five studies used NT-3 

supplement, three used complement lysis method, and only two purified the 

cells by p75NTR mediated immuno-purification. The summary of the differential 

adhesion protocols used by all 14 studies is given in Table 3.3. 

Table 3.3: Summary of the studies using differential adhesion as their 

purification method, and the details of their protocols 

(n/m = not mentioned) 

Study 
Passage duration (in hours) 

Supplements P1 P2 P3 Coating 
for P3 

Tang et al, 2017 n/m n/m n/m PLL (ALL 

3Ps) 

AraC 

Liu et al, 2017 12 24  n/m n/m bFGF 

Gu et al, 2017 18 36  n/m PLL n/m 

Feng et al, 2017 18-20 24-48 9-12 d  PLL AraC (1-2) 

Gu et al, 2017 18 36  n/m PLL n/m 

Nategh et al, 2016 18 36  n/m PLL n/m 
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Gomes et al, 2016 24 24  n/m Fibronectin forskolin, BPE 

Kang et al, 2015 24 24 till day7 PLL AraC (in P2) 

Mayeur et al, 2013 18 36 10 d PLL n/m 

Lang et al, 2013 12 12 7 d PLL (ALL 3 

Ps) 

n/m 

Novikova et al, 

2011 

18 36-48 2 d PLL n/m 

Wang et al, 2010 12 12 2 d + 1 d PLL AraC (2), 

forskolin, BPE 

Su et al, 2009 36 36  n/m PLL forskolin, 

bFGF 

Salehi et al, 2009 18 36 2 d + 1 d PLL n/m 

 

Out of the 20 studies using immunopurification, most studies sorted out 

OECs from other cells based on p75NTR expression. p75NTR is probably the 

most well characterised OEC marker, however, it is important to note that OECs 

of the inner NFL do not express p75NTR (the NFL has an inner and an outer 

part, both populated by OECs) (W. W. Au, Treloar, & Greer, 2002; Franceschini 

& Barnett, 1996; Vickland, Westrum, Kott, Patterson, & Bothwell, 1991). 

Furthermore, Schwann cells also express p75NTR, and trigeminal nerve 

Schwann cells can contaminate OEC preparations as branches of the 

trigeminal nerve are present in the olfactory mucosa and olfactory bulb (Ziege, 

Baumgartner, & Wewetzer, 2013). Only one study selected OECs (OB-OECs) 

based on the expression of O4 and GalC (Franceschini & Barnett, 1996). 

However, more recent work suggests that O4 may not be a suitable marker for 

OEC purification, since O4 has been suggested to be derived from olfactory 

axons, and only detected in OECs after phagocytosis of axonal fragments 

(Oprych et al., 2017; Wewetzer et al., 2005). It could, however, be possible that 

FACS sorting for O4 can select OECs if the cells exhibit O4-positive axon-

derived debris particles attached to the membrane, in process of being 

internalized; however, OECs that are not phagocytosing axon debris would not 

be selected.  
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Reporting on purity is highly variable between studies 

Reporting purity of the cells to be transplanted is an important detail in 

order to link outcomes with the composition of cells in the transplant (Raisman 

& Li, 2007). However, the biggest challenge in reporting on purity is the lack of 

clearly established OEC-specific markers (Oprych et al., 2017). This makes it 

difficult to determine the percentage of OECs within mixed population of cells 

obtained after any purification process. While OECs have been reported to 

express certain markers, expression of these markers can differ in vivo and in 

vitro as well as change significantly over time in culture (Yao et al., 2018). These 

difficulties have significantly hampered reporting on OEC purity throughout the 

literature.  

Among the 67 studies reviewed here, 23 studies did not report on the 

purity of their cell populations. Two further studies (Aoki et al., 2010; Iwatsuki 

et al., 2008) were not able to report the purity since they did not use any 

purification methods, but rather they transplanted pieces of olfactory mucosa. 

Two more studies reported the purity of their cell populations in a qualitative 

manner by stating that all (T. Liu et al., 2017) or most (Sun, Ye, Zhang, Wu, & 

Huang, 2013) of the cells expressed p75NTR. Only three studies reported a 

detailed quantification of their cell cultures expressing a number of surface 

markers useful for identifying OECs such as p75NTR, S100β, GFAP and others 

(Coutts, Humphries, Zhao, Plant, & Franklin, 2013; Durai Murugan Muniswami 

& George Tharion, 2018; Tsai et al., 2017).  

The reported purity of OECs before transplantation ranged from 5% (A. 

Ibrahim et al., 2014; Yamamoto et al., 2009) to 99.7% (Roet, Eggers, & 

Verhaagen, 2012). Most of the studies (27 studies), however, reported the cell 

purity to be 90% or more. A study that compared two different purification 

methods reported that differential adhesion yielded 93-95% pure cells and 

p75NTR-assisted magnetic bead separation yielded 80% pure cells  (Novikova 

et al., 2011). A separate study that compared OB-OECs with OM-OECs, 

reported that purity of the OB-OECs increased from 70% to 97% following 

purification by differential adhesion, and the purity of the OM-OECs increased 

from 15% to 98% following TGF-α induced purification (Mayeur et al., 2013).  
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As discussed briefly in the previous section, olfactory bulb tissue 

appears to yield OEC cultures with a higher purity than mucosa-derived 

biopsies. In addition, the purity of bulb-derived preparations also appears more 

consistent than OM-OEC preparations. Out of the 32 studies that reported on 

purity in the bulb-derived cell preparations, the average purity was 91.2% ± 

3.4%. However, among the 12 studies that reported on purity of OM-OECs, the 

average purity was 74.2% ± 21.1%.  

It is important to note that reported purity may not always be an accurate 

indicator of the actual purity of the cells present in the culture. For example, four 

of the studies which used p75NTR-targeted immunopurification method, also 

used p75NTR immunolabelling to quantify the purified cell population (Ma et 

al., 2010; Negredo et al., 2008; Roet et al., 2012; Yazdani et al., 2012), and 

reported 99.7% (Roet et al., 2012) and >95% (Ma et al., 2010; Yazdani et al., 

2012) purity. The problem with this approach is that an independent marker is 

not used between the purification and identification processes. Using one or 

more additional markers to quantify the cell purity based on co-localisation of 

the markers can help eliminate bias.  

Identification of OECs is difficult due to lack of specific OEC markers 

Using the optimal method of estimating OEC purity is critical for 

correlating OEC purity with functional outcomes after transplantation. Since 

OECs are known to express different markers in vitro and in vivo (E. Au & 

Roskams, 2003; Oprych et al., 2017), assessment of OEC purity prior to 

transplantation should use markers expressed by OECs which have been 

cultured in vitro. Determination of OEC purity is complicated by the fact that the 

markers known to be expressed by OECs are not exclusively expressed by 

OECs and other cell types such as fibroblasts can express the same markers 

(Yao et al., 2018).  

As discussed in the previous section, of the 67 studies reviewed here 19 

studies did not describe their method of quantification of OEC purity. The 

remaining 48 studies used immunolabelling for cell surface markers such as 

p75NTR, GFAP, S100β and nestin (to label OECs) combined with “negative 

selection markers” to identify cells that are not OECs, such as fibronectin and 
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Thy-1 (which label fibroblasts). These markers were used alone or in 

combination. In a few studies, markers other than these were also used, which 

included, SOX10 (Khankan et al., 2016), TUJ-1 (Toft et al., 2013) and 

cytokeratin (Toft et al., 2012) to label OECs, and calponin (Coutts et al., 2013) 

and human natural killer antigen-1 to label cells that are not OECs (HNK-1, also 

known as CD57 or LEU7, thought to label Schwann cells but not OECs) 

(Stamegna et al., 2011; A. Wu et al., 2011).  

Nineteen studies used only a single marker for this quantification, with 

p75NTR used in 18 of these 19 studies. The remaining one study (Su et al., 

2009) used S100. The details regarding methods of quantification of purity are 

summarised in Table 3.4. 

In the reviewed literature, 29 out of 67 studies reported using a 

combination of markers, out of which 17 studies used combination of two 

markers, eight studies used three and four studies used combination of four or 

more markers. The combination of p75NTR and S100β was used in 16 studies, 

and in eight out of the 16 studies, those were the only two markers used. 

Secondly, the combination of p75NTR and GFAP was reported 15 times, out of 

which seven studies used only these two markers. The remaining two studies 

used p75NTR with fibronectin to quantify the purity. While some studies used 

several markers, the study using the most detailed panel to characterise OECs 

used six markers: p75NTR, S100β, GFAP, fibronectin, Thy-1 and calponin 

(Coutts et al., 2013). This study reported that most of the OB-OECs (>90%) 

were positive for p75NTR, S100β and GFAP; and cells staining positively for 

fibronectin, Thy 1.1 or calponin (<1-5%) did not stain for p75NTR. 
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Table 3.4: Purity quantification - Methods and markers 

A. Summary of the different markers used by the studies for quantification of 

purity of the OECs. Several studies have used more than one marker. (N/M = 

not mentioned). 

B. List of markers reported by the reviewed studies as positive and negative 

selection markers for OECs. For the negative selection markers, cells 

expressing the markers are listed in brackets. (FBs = Fibroblasts) 

A. Method of Quantification 
Marker 
Used 

p75 

NTR 
GFAP S100 Nestin Fibronectin Thy 1 Others N/M 

No. of 

Studies 
48 15 17 2 6 3 7 19 

 

As there are no specific OEC markers, it is clearly important to use a 

panel of markers to identify the cells. For example, it is well established that 

GFAP is a glial cell marker, strongly expressed by astrocytes but weakly 

expressed by the OECs (Oprych et al., 2017). Using GFAP as a marker for 

OECs, therefore, can lead to an overestimation of the cell population, especially 

if the cells originated from the OB, where astrocytes are found in abundance. 

In five of the reviewed studies, olfactory bulb-derived cultures contained 

significant amounts of GFAP-expressing astrocytes (Coutts et al., 2013; 

Novikova et al., 2011; Takeoka et al., 2011; Tsai et al., 2017; Zheng et al., 

2017). It may also be a good idea to use specific markers that are not expressed 

by OECs but are expressed by the cells that are likely to be present in the tissue 

B. Markers used in the reviewed studies and their indications 
Positive 
selection 
markers 

p75 

NTR 
GFAP S100 Nestin SOX10 

Cyto-

keratin 

Negative 
selection 
markers 

Thy 1 

(FBs) 

Fibronectin 

(FBs) 

Calponin 

(FBs) 

TUJ1 

(neurons) 

HNK-1 

(myelinating 

Schwann 

cells) 
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biopsy, such as fibronectin, Thy 1, calponin, SMA, HNK-1 and TUJ-1, to identify 

cells that are not OECs. This option has an added advantage of allowing 

determination of contaminant cell identity as well. This can be especially 

relevant when the cells are harvested from the mucosa when purification seems 

to be more complicated and less consistent. In the future, mass analysis such 

as RNA sequencing and proteomics, comparing expression patterns between 

OECs and other cell types, may reveal more cell-specific markers.  

Which cells accompany OECs in transplants?  

If there are cells present in transplants other than the OECs, they can be 

a significant confounder for the outcome of the experiment, as well as 

interpretation of the outcome. Especially when the OEC purity is low, knowing 

the type of contaminating cells becomes more important. Different cells have 

different proliferation rates and different responses to stressful stimuli, which is 

why the dynamics of the cell-cell interaction may change significantly upon 

transplantation into a hostile milieu such as a spinal cord injury site. This affects 

OECs more since they are known to require intercellular connections to survive 

in cultures. If the cells such as fibroblasts are present along with OECs, they 

may have some beneficial effect on the outcome after transplantation, but any 

immune cells such as microglia or monocytes may lead to an exacerbated 

immune response following transplant which may even lead to graft rejection. 

Thus, it is important to identify which cells are present in transplants along with 

OECs.  

A limited number of the reviewed studies discussed contaminating cell 

types in their purified OECs populations. 50 out of the 67 studies did not 

mention other cell types. The 17 studies that did discuss the contaminating cell 

types, usually mentioned fibroblasts or fibroblasts-like cells and Schwann cells 

(non-myelinating phenotype or negative for HNK-1 expression) as the 

contaminating cells. Additionally, in some cases, the authors also identified 

astrocytes (Coutts et al., 2013) and endothelial cells (Novikova et al., 2011) 

based on their surface marker expression. One particular study (Toft et al., 

2012) compared two distinct populations derived from olfactory mucosa and 

labelled them OM-I and OM-II, which were, in fact, mesenchymal cells of 
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olfactory mucosa, and olfactory epithelial basal cells, respectively. In this study, 

the authors report that after purification, OM-I cells had a mixture of MSCs and 

OECs, but do not describe the contaminating cells in OM-II population.  

Out of all the studies that used cells from OM, 43.5% (10 out of 23) 

studies discussed other cell types in the transplantation population. One of 

these ten studies compared two distinct populations from the OM (Toft et al., 

2012). Two studies specified contaminating cells as Schwann cells (Kalincik et 

al., 2010a; Stamegna et al., 2011), however, only one of those two studies 

stained for HNK-1, a marker expressed by Schwann cells (Stamegna et al., 

2011). The authors in this study also noted that HNK-1 staining does not identify 

non-myelinating or sensory myelinating Schwann cells. Six more studies 

discussed fibroblasts as contaminants on the pure OEC population, three of 

which (A. Ibrahim et al., 2014; Durai Murugan Muniswami & George Tharion, 

2018; Tharion et al., 2011), investigated fibronectin expression.  

Only seven studies using OB-OECs discussed other cells present with 

OECs. One study included the possibility of Schwann cell contamination as the 

authors only described using p75NTR and S100 markers (J. Zhang et al., 

2017). Another study simply mentioned having equal proportions of OECs and 

olfactory fibroblasts in their cultures, without discussing the markers used for 

quantification (Collins et al., 2017). Two more studies assumed the presence 

of fibroblasts (Feng, Gan, Zhao, & Liu, 2017; Nategh et al., 2016), and did not 

mention the markers used for characterising OECs after purification. Another 

study mentioned fibroblasts and endothelial cells as contaminating population 

(Novikova et al., 2011), although, their marker panel included p75NTR, S100 

and GFAP only. One further study confirmed the presence of fibroblasts with 

fibronectin (Y. Li et al., 2016), and the last study performed a detailed 

characterisation of all cell types present in their cultures by using a six markers 

panel and defined the contaminant cells as astrocytes and fibroblast-like cells 

(Coutts et al., 2013).  

Most OEC transplantation studies to date (~75 %) have not focussed on 

identifying the cells that accompany OECs in transplants, most likely because, 

as discussed earlier, cell identification is complicated since no specific OEC 
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markers exist. Characterisation of the contaminant cells in transplants, 

however, is important to correlate OEC purity and cell composition with 

outcomes, and the use of a panel of markers is to date the best strategy to 

achieve this. Identification of the cells transplanted is also critical to avoid 

serious side effects (such as accidental transplantation of respiratory 

epithelium).   

 

Correlation of OEC purity with transplantation outcomes 

Outcomes after OEC transplantation are typically assessed on a 

structural (histological) and functional (behavioural) level, taking into account 

the known behaviours and functions of transplanted OECs.  OECs can migrate 

considerable distances into the injury site where they integrate with the host 

tissue and interact with damaged axons, as well as with reactive astrocytes and 

microglia (Barakat et al., 2005; F. Chehrehasa et al., 2012; Windus et al., 2007). 

They have been found to repair the damaged axonal tracts, promote axonal 

sprouting, form a structural “bridge” across injury sites to guide the newly 

formed axonal branches, limit secondary damage following an injury, preserve 

spared tissues, and mitigate reactive astroglial scarring (Barakat et al., 2005; 

Sasaki, Lankford, Zemedkun, & Kocsis, 2004; Windus et al., 2011; Windus et 

al., 2007). Hence, studies assessing structural repair in spinal cord injuries 

following OECs mediated treatments, commonly address (1) cell survival, (2) 

cell migration, (3) reparative changes in the cord parenchyma, (4) degenerative 

changes at or near the injury site, and (5) immune or inflammatory reactions 

associated with the injury as well as OEC transplant.  

Similarly, the functional outcomes are generally assessed based on (1) 

recovery of motor functions, gait (or stepping) pattern, (2) ability to perceive 

noxious stimuli such as pain or heat, or (3) general sensory perception 

recovery, and by studying (4) electrophysiological changes of the nerve-muscle 

tissues.  

For the sake of consistency in this review, structural repair is defined as 

reporting of (1) cell survival, (2) migration (into the cord parenchyma or 
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formation of cell bridges across injury), (3) axonal repair/regeneration, (4) 

decrease in the defect size, and (5) reduction or regulation of immune and/or 

inflammatory reaction. Similarly, functional regain is defined as motor recovery, 

sensory recovery and electrophysiological recordings.  

Out of the 56 studies that performed histological analysis, 23 studies 

addressed (1) cell survival, 15 discussed (2) cell migration, 40 studies 

commented on (3) axonal regeneration and/or repair, 22 studies investigated 

effects of OECs in (4) reducing degenerative changes (cell death, cavitation 

after injury, secondary injury) and 16 studies investigated (5) OEC interactions 

with immune/inflammatory cells (macrophages, microglia, and/or astrocytes). 

The majority of the studies analysed more than one of the structural repair 

parameters, however, 22 studies only commented on any one of these 

parameters. Other studies reported bladder and bowel autonomic functions, or 

other specific functional measures but there were too few to make comparisons.  

We here aimed to correlate OEC purity with structural and functional 

repair after spinal cord injury. Out of all the studies included in this review, 50 

(~75%) reported that OEC transplantation resulted in structural and/or 

functional repair (positive outcomes). The remaining (17) studies reported 

either no significant improvement or adverse effects such as pain (Table 3.5).  

Poor outcomes - Out of all the reviewed studies, two studies (from the 

same research group) reported that the structural repair was comparable 

between acute and delayed transplants (L. Centenaro et al., 2013), and that the 

axonal repair could not be linked with the OEC treatments (L. A. Centenaro et 

al., 2011), respectively. Neither of the studies mentioned cell purities. Five more 

studies reported negative or insignificant outcomes from a structural 

perspective. One of the five studies (Y. Li et al., 2016) mentioned that the cells 

failed to survive beyond one week despite the continued evidence of axonal 

repair and motor function regain; the purity reported here was 60-70%. The 

remaining majority of studies included here reported positive or desirable 

histological outcomes following OEC treatments for one or more of the above-

mentioned parameters. While fifteen of the 48 studies did not mention the purity 
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of their OEC treatments, the average OEC purity of all the studies that reported 

a positive outcome was ~91%. 

Similarly, from a functional regain viewpoint, 12 studies out of 52, 

reported non-significant or negative outcomes, however cell purity was not 

reported for most studies. Of those studies that reported OEC purity, one study 

sought to use 95% pure OECs (source not specified) to treat neuropathic pain 

(Luo et al., 2013), but found that OEC treatment resulted in hyperalgesia. A 

similar study used 95% pure OB-OECs to treat neuropathic pain following a 

hemi-section injury (Lang et al., 2013) and reported that OECs caused 

hyperalgesia. Conversely, a study using 90% pure OM-OECs (A. Wu et al., 

2011) found that the treatment alleviated neuropathic pain but did not improve 

complex goal-oriented skilled locomotion.  

Favourable outcomes – Of the 40 studies that reported positive 

functional outcomes of OEC treatments, 14 studies did not comment on the 

OEC purities. The lowest reported purities among the remaining 26 studies 

were 5% (Yamamoto et al., 2009), 50% (Collins et al., 2017) and 60-70% (Y. Li 

et al., 2016). Two studies reported 75% (Bretzner et al., 2008; Bretzner et al., 

2010) and one study reported >80% (Amemori, Jendelova, Ruzickova, 

Arboleda, & Sykova, 2010) purity of the transplanted OECs, the rest 20 studies 

had 90-100% pure cultures, with an average purity of ~86.5% including all 26 

studies. 

Overall, it appears high OEC purity correlates with favourable outcomes, 

whereas transplanting OECs with a purity of 75% or less are frequently 

associated with failed recoveries or undesirable outcomes. In addition, using 

OB-OECs is in some studies correlated with worsened neuropathic pain, 

whereas OM-OECs may instead alleviate pain. Due to lack of a sufficient 

number of studies, and the inconsistencies and difficulties in reporting on OEC 

purity, a concise conclusion regarding OEC purity and structural/functional 

outcomes of OEC transplantation cannot be made.  
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Conclusion 

We have here reviewed all OEC transplantation studies in rodent models 

of spinal cord injury over the last decade with a focus on OEC purity. We found 

that OB-OECs have been more frequently used than the OM-OECs although 

the use of OB-OECs in humans is problematic due to the invasive and 

destructive surgery required to obtain them. Immune-based purification 

methods, often based on expression of p75NTR, were the most common 

purification techniques for both OB-OECs and OM-OECs. Out of the studies 

which assessed OEC purity, the majority of studies reported an OEC purity of 

over 90%, with OB-OEC cultures typically having a higher purity than OM-

OECs. However, the lack of cell-specific markers makes both OEC purification 

and determination of OEC purity challenging tasks, particularly for 

transplantation of OM-OECs. Robust quantification methods are essential to 

reliably estimate OEC purity; a panel of several markers is better than the use 

of a single marker. As per the reviewed literature, the most commonly used 

markers to identify OECs are p75NTR, S100β and GFAP either by themselves 

or a combination of any two of the three. Transplantation of OECs that resulted 

in favourable outcomes had high reported purities whereas studies reporting 

low purities tended to have poorer outcomes. However, OEC purification is a 

complex process and thus, reliable purification and quantification methods are 

essential to improve the therapeutic potential of OEC transplantation for spinal 

cord injury repair.  
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Table 3.5: Details of the reviewed literature 

Summary of source of cells, method of purification, reported purity, method of estimating/ quantification, cells in the mix, key 

structural and functional outcomes. n/m = not mentioned. For outcome description: + = positive/desirable outcome, - = 

poor/undesirable outcome, x = outcome was not statistically significant, N/A = not applicable for the given study/ irrelevant to 

the research question of the study 
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Animal Site 

Thornton et 

al, 2018 

Evidence of axon 

connectivity across a 

spinal cord transection 

in rats treated with 

epidural stimulation 

and motor training 

combined with olfactory 

ensheathing cell 

transplantation 

SD rats OB 

Immunopu

rification, 

p75 

n/m n/m n/m 
 + injury 

repair 

 - motor 

recovery 

Zheng et al, 

2017 

Olfactory ensheathing 

cell transplantation 

inhibits P2X4 receptor 

SD rats OB n/m >95% 
p75NTR, 

GFAP 
n/m 

 + injury 

repair,  + 

inflamma

 + sensory 

recovery 
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overexpression in 

spinal cord injury rats 

with neuropathic pain 

tion 

reduction 

Zhang et al, 

2017 

The Effects of Co-

transplantation of 

Olfactory Ensheathing 

Cells and Schwann 

Cells on Local 

Inflammation 

Environment in the 

Contused Spinal Cord 

of Rats 

SD rats OB n/m >95% 

anti-S100 

and anti-

P75 

SCs 

 + cell 

survival,  

+ 

migration

,  + 

inflamma

tion 

reduction 

 + motor 

recovery,  

+ 

electrophy

siological 

recovery 

Tsai et al, 

2017 

Improving the 

regenerative potential 

of olfactory 

ensheathing cells by 

overexpressing 

prostacyclin synthetase 

and its application in 

spinal cord repair 

SD rats OB 
Differential 

adhesion 

>90% 

(90.8 ± 

4%, 91.3 

± 2.9%, 

97.0 ± 

1.3%) 

p75, 

S100, 

GFAP 

n/m 
 + injury 

repair 

 + motor 

recovery 
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Tang et al, 

2017 

Ginsenoside Rg1 

Promotes the Migration 

of Olfactory 

Ensheathing Cells via 

the PI3K/Akt Pathway 

to Repair Rat Spinal 

Cord Injury 

SD rats OB 

Purified 

using 

cytosine 

arabinosid

e at 

different 

adherent 

velocities 

97.70% 
p75 flow 

cytometry 
n/m 

 + injury 

repair,  + 

degener

ation 

mitigatio

n,  + 

inflamma

tion 

reduction 

 + motor 

recovery 

Liu et al, 

2017 

Intrathecal 

transplantation of 

olfactory ensheathing 

cells by lumbar 

puncture for thoracic 

spinal cord injury in 

mice 

C57BL/6 

mice 
OB 

Differential 

adhesion  

"OECs 

were all 

marked 

by p75" 

p75 

immunost

aining 

n/m 

 + 

migration

,  + injury 

repair,  + 

degener

ation 

mitigatio

n 

 + motor 

recovery 

Gu et al, 

2017 

Conditioned medium of 

olfactory ensheathing 

cells promotes the 

functional recovery and 

axonal regeneration 

SD rats OB 
Differential 

adhesion 

93 ± 

3.54% 
p75NTR n/m 

 + injury 

repair 

 + motor 

recovery 
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after contusive spinal 

cord injury 

Feng et al, 

2017 

Effect of 

transplantation of 

olfactory ensheathing 

cell conditioned 

medium induced bone 

marrow stromal cells 

on rats with spinal cord 

injury 

SD rats OB 
Differential 

adhesion 
n/m n/m 

Fibrobl

asts 

(indirec

tly 

mentio

ned) 

 + injury 

repair,  + 

degener

ation 

mitigatio

n,  + 

inflamma

tion 

reduction 

 + motor 

recovery 

Gu et al, 

2017 

Feasibility of Diffusion 

Tensor Imaging for 

Assessing Functional 

Recovery in Rats with 

Olfactory Ensheathing 

Cell Transplantation 

After Contusive Spinal 

Cord Injury (SCI) 

SD rats OB 
Differential 

adhesion 

91+/-

2.66% 

p75 

immunost

aining 

n/m 

 + 

degener

ation 

mitigatio

n 

 + motor 

recovery 
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Collins et al, 

2017 

Transplantation of 

Cultured Olfactory Bulb 

Cells Prevents 

Abnormal Sensory 

Responses During 

Recovery From Dorsal 

Root Avulsion in the 

Rat 

SD rats OB n/m ~50% n/m 

Olfactor

y nerve 

fibrobla

sts 

 + 

migration

,  + injury 

repair,  + 

degener

ation 

mitigatio

n 

 + sensory 

recovery 

Nategh et 

al, 2016 

Subarachnoid Space 

Transplantation of 

Schwann and/or 

Olfactory Ensheathing 

Cells Following Severe 

Spinal Cord Injury Fails 

to Improve Locomotor 

Recovery in Rats 

female 

Wistar rats 
OB 

Differential 

adhesion 
n/m n/m 

Fibrobl

asts, 

with 

Schwa

nn 

cells, 

not 

OECs 

Not 

mentione

d 

 - motor 

recovery 

Li et al, 

2016 

Functional Repair of 

Rat Corticospinal Tract 

Lesions Does Not 

Require Permanent 

Survival of an 

C57BL/6 

mice 
OB n/m 60-70% 

p75 and 

fibronectin 

immunost

aining 

Fibrobl

asts 

(30-

40%) 

 + injury 

repair, - 

cell 

survival 

 + motor 

recovery 
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Immunoincompatible 

Transplant 

Khankan et 

al, 2016 

Olfactory Ensheathing 

Cell Transplantation 

after a Complete Spinal 

Cord Transection 

Mediates 

Neuroprotective and 

Immunomodulatory 

Mechanisms to 

Facilitate Regeneration 

SD rats OB 

Immunopu

rification, 

p75NGFR 

89% 

immunost

aining 

89% p-75-

NGFR; 

96% 

S100; 

100% 

Sox10 

n/m 

 + cell 

survival,  

+ injury 

repair,  + 

degener

ation 

mitigatio

n,  + 

inflamma

tion 

reduction 

Not 

studied 

Gomes et 

al, 2016 

Combination of a 

peptide-modified gellan 

gum hydrogel with cell 

therapy in a lumbar 

spinal cord injury 

animal model 

Wistar rats OB 
Differential 

adhesion 
n/m 

p75-

NGFR 
n/m 

 + injury 

repair,  + 

inflamma

tion 

reduction 

 + motor 

recovery 

Kang et al, 

2015 

Effectiveness of 

muscle basal lamina 

carrying neural stem 

SD rats OB 
Differential 

adhesion 
90% 

p75-

NGFR 
n/m 

 + cell 

survival,  

 + motor 

recovery 
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cells and olfactory 

ensheathing cells in 

spinal cord repair 

+ 

migration 

Torres-

Espın et al, 

2014 

Bone marrow 

mesenchymal stromal 

cells and olfactory 

ensheathing cells 

transplantation after 

spinal cord injury – a 

morphological and 

functional comparison 

in rats 

SD rats OB 
MACS - 

p75NGFR 
75% p75, S100 n/m 

 + cell 

survival,  

+ 

degener

ation 

mitigatio

n,  + 

inflamma

tion 

reduction 

x motor 

recovery, 

x sensory 

recovery, 

x 

electrophy

siological 

recovery 

Torres-

Espın et al, 

2013 

Gene Expression 

Changes in the Injured 

Spinal Cord Following 

Transplantation of 

Mesenchymal Stem 

Cells or Olfactory 

Ensheathing Cells 

SD rats OB 
MACS - 

p75NGFR 
75% p75, S100 n/m N/A N/A 
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Sun et al, 

2013 

Cotransplantation of 

Olfactory Ensheathing 

Cells and Schwann 

Cells Combined with 

Treadmill Training 

Promotes Functional 

Recovery in Rats with 

Contused Spinal Cords 

SD rats OB n/m 

"most of 

the 

cultured 

cells" 

p75 

immunost

aining 

n/m 

 + cell 

survival,  

+ 

migration

,  + injury 

repair,  + 

inflamma

tion 

reduction 

 + motor 

recovery 

Mayeur et 

al, 2013 

Potential of Olfactory 

Ensheathing Cells from 

Different Sources for 

Spinal Cord Repair 

Fischer 

rats 
OB 

Differential 

adhesion 

70% 

unpurifie

d, 97% 

purified 

Flow 

cytometry 

p75 

n/m 

 + injury 

repair,  + 

degener

ation 

mitigatio

n,  + 

inflamma

tion 

reduction 

 + motor 

recovery,  

+ 

electrophy

siological 

recovery 

Lang et al, 

2013 

OECs transplantation 

results in neuropathic 

pain associated with 

BDNF regulating ERK 

GFP 

transgenic 

mice 

OB 
Differential 

adhesion 
>95% 

Immunoch

emical 

staining 

p75 

n/m 
Not 

studied 

 - sensory 

recovery 
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activity in rats following 

cord hemisection 

Deumens et 

al, 2013 

Motor outcome and 

allodynia are largely 

unaffected by novel 

olfactory ensheathing 

cell grafts to repair low-

thoracic lesion gaps in 

the adult rat spinal cord 

GFP 

transgenic 

Lewis rats 

OB 
MACS - 

p75NGFR 
n/m n/m n/m 

Not 

studied 

x motor 

recovery, 

x sensory 

recovery 

Coutts et al, 

2013 

Embryonic-Derived 

Olfactory Ensheathing 

Cells Remyelinate 

Focal Areas of Spinal 

Cord Demyelination 

More Efficiently Than 

Neonatal or Adult-

Derived Cells 

Fischer 

rats 
OB 

Immunopa

nning with 

p75 NTR 

97-99% 

(embryo

nic, 

neonatal, 

adult 

origin 

cells) 

p75 NTR, 

Thy-1.1, 

S100β, 

GFAP, 

Fibronecti

n, 

Calponin 

mening

eal, FB-

like 

cells, 

Astrocy

tes 

 + cell 

survival,  

+ injury 

repair 

Not 

studied 

Barbour et 

al, 2013 

Tissue sparing, 

behavioural recovery, 

supraspinal axonal 

sparing/regeneration 

Fischer 

rats 
OB 

Immunoaffi

nity to p75 

receptor 

n/m n/m n/m 

 + 

migration

,  + injury 

repair,  + 

 + motor 

recovery 
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following subacute glial 

transplantation in a 

model of spinal cord 

contusion 

degener

ation 

mitigatio

n,  + 

inflamma

tion 

reduction 

Yazdani et 

al, 2012 

A comparison between 

neurally induced bone 

marrow derived 

mesenchymal stem 

cells and olfactory 

ensheathing glial cells 

to repair spinal cord 

injuries in rat 

Wistar rats OB 

Immunopa

nning with 

p75 NTR 

>95% 

p75 

immunost

aining 

n/m 

 + cell 

survival, 

-injury 

repair 

 - motor 

recovery 

Roet et al, 

2012 

Noninvasive 

Bioluminescence 

Imaging of Olfactory 

Ensheathing Glia and 

Schwann Cells 

Following 

Transplantation into the 

Fischer 

rats 
OB 

Immunopa

nning with 

p75 NTR 

99.70% 

p75 

expressio

n (also 

found in 

100% 

SCs) 

n/m 
 + cell 

survival 

Not 

studied 
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Lesioned Rat Spinal 

Cord 

Li et al, 

2012 

Differing Schwann 

Cells and Olfactory 

Ensheathing Cells 

Behaviours, from 

Interacting with 

Astrocyte, Produce 

Similar Improvements 

in Contused Rat Spinal 

Cord's Motor Function 

GFP 

transgenic 

rats 

OB n/m 95% 
p75 and 

s100  
n/m 

 + 

migration

,  + injury 

repair,  + 

inflamma

tion 

reduction 

 + motor 

recovery,  

+ 

electrophy

siological 

recovery 

Ziegler et 

al, 2011 

Further evidence of 

olfactory ensheathing 

glia facilitating axonal 

regeneration after a 

complete spinal cord 

transection 

Wistar rats OB 

Immunopu

rification 

with p75 

receptor 

n/m n/m n/m 
Not 

studied 

 + motor 

recovery,  

+ 

electrophy

siological 

recovery 

Takeoka et 

al, 2011 

Axon Regeneration 

Can Facilitate or 

Suppress Hindlimb 

Wistar rats OB 

Immunopu

rification 

with p75 

95 ± 1% 

p75, 

S100, 

GFAP 

n/m 

 + cell 

survival,  

+ injury 

 + motor 

recovery,  

+ sensory 
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Function after Olfactory 

Ensheathing Glia 

Transplantation 

repair,  + 

degener

ation 

mitigatio

n 

recovery,  

+ 

electrophy

siological 

recovery 

Novikova et 

al, 2011 

Efficacy of olfactory 

ensheathing cells to 

support regeneration 

after spinal cord injury 

is influenced by 

method of culture 

preparation 

SD rats OB 

2 methods: 

differential 

adhesion 

(a-OEC), 

and 

immunoma

gnetic 

bead (b-

OEC) 

93-95% 

(a-OEC) 

and 80% 

(b-OEC) 

p75, s100 

immunost

aining, 

And GFAP 

immunost

aining 

Fibrobl

asts, 

endoth

elial 

cells 

(as Thy 

1.1 + 

cells) 

 + injury 

repair,  + 

degener

ation 

mitigatio

n 

Not 

studied 

Li et al, 

2011 

Olfactory Ensheathing 

Cell Transplantation 

into Spinal Cord 

Prolongs the Survival 

of Mutant SOD1G93A 

ALS Rats Through 

Neuroprotection and 

Remyelination 

GFP 

transgenic 

Lewis rats 

OB 

NT3, 

repeated 

passages 

(5) 

>95% 

GFP 

(Ubiquitou

sly 

expressed

) and p75 

co-

staining 

n/m 

 + cell 

survival,  

+ 

migration

,  + injury 

repair,  + 

degener

ation 

Not 

studied 



 
140 

 
 

mitigatio

n 

Li et al, 

2011 

Olfactory ensheathing 

cells can reduce the 

tissue loss but not the 

cavity formation in 

contused spinal cord of 

rats 

GFP 

transgenic 

rats 

OB n/m >95% 

p75 and 

S100 

immunost

aining 

n/m 

 + 

migration

,  + injury 

repair,  + 

degener

ation 

mitigatio

n 

 + motor 

recovery,  

+ 

electrophy

siological 

recovery 

Wang et al, 

2010 

Synergistic Effect of 

Neural Stem Cells and 

Olfactory Ensheathing 

Cells on Repair of 

Adult Rat Spinal Cord 

Injury 

SD rats OB 
Differential 

adhesion 

92.3 ± 

6.8%, 

(Pre 

purificati

on: 

<70%) 

p75, 

S100β 
n/m 

 + injury 

repair 

x motor 

recovery 

Takeoka et 

al, 2010 

Noradrenergic 

innervation of the rat 

spinal cord caudal to a 

complete spinal cord 

Wistar rats OB 

Immunopu

rified with 

p75 

n/m n/m n/m N/A N/A 
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transection: effects of 

olfactory ensheathing 

glia  

Ma et al, 

2010 

Effect of Neurotrophin-

3 Genetically Modified 

Olfactory Ensheathing 

Cells Transplantation 

on Spinal Cord Injury 

SD rats OB 

Immunopa

nning with 

p75 

>95% 

p75 

immunost

aining 

n/m 
 + injury 

repair 

 + motor 

recovery 

Liu et al, 

2010 

Analysis of Olfactory 

Ensheathing Glia 

Transplantation-

Induced Repair of 

Spinal Cord Injury by 

Electrophysiological, 

Behavioural, and 

Histochemical Methods 

in Rats 

SD rats OB n/m n/m n/m n/m 
 + injury 

repair 

 + motor 

recovery,  

+ 

electrophy

siological 

recovery 

Li et al, 

2010 

Survival and number of 

olfactory ensheathing 

cells transplanted in 

GFP 

transgenic 

rats 

OB n/m >95% 

p75 NGFR 

and S100 

double 

n/m 
 + cell 

survival 

 + motor 

recovery 
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contused spinal cord of 

rats 

immunost

aining 

Takeoka et 

al, 2009 

Serotonergic 

Innervation of the 

Caudal Spinal Stump in 

Rats After Complete 

Spinal Transection: 

Effect of Olfactory 

Ensheathing Glia 

Wistar rats OB 

Immunopu

rification 

with p75 

receptor 

n/m n/m n/m N/A N/A 

Su et al, 

2009 

Reactive Astrocytes in 

Glial Scar Attract 

Olfactory Ensheathing 

Cells Migration by 

Secreted TNF-α in 

Spinal Cord Lesion of 

Rat 

GFP 

transgenic 

SD rats 

OB 
differential 

adhesion 
>95% 

S100 

immunost

aining 

n/m 
 + 

migration 

Not 

studied 

Salehi et al, 

2009 

Repair of Spinal Cord 

Injury by Co-

Transplantation of 

embryonic Stem Cell-

Derived Motor Neuron 

Wistar rats OB 
Differential 

adhesion 
95% 

p75 

immunost

aining 

n/m 

 + 

degener

ation 

mitigatio

n 

 + motor 

recovery 
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and Olfactory 

Ensheathing Cell 

Munoz-

Quiles et al, 

2009 

Chronic Spinal Injury 

Repair by Olfactory 

Bulb Ensheathing Glia 

and Feasibility for 

Autologous Therapy 

Wistar rats OB 

Purified 

using p75 

receptor 

expression 

n/m n/m n/m 
 + injury 

repair 

 + motor 

recovery 

Fouad et al, 

2009 

Transplantation and 

repair: Combined cell 

implantation and 

chondroitinase delivery 

prevents deterioration 

of bladder function in 

rats with complete 

spinal cord injury 

Fischer 

rats 

OB 

(n/m) 
n/m n/m n/m n/m N/A 

Autonomic 

functions 

Negredo et 

al, 2008 

Slow- and fast-twitch 

rat hind limb skeletal 

muscle phenotypes 

8months after spinal 

cord transection and 

Wistar rats OB 

Immunopu

rification 

with p75 

receptor 

n/m p75 n/m 
Not 

studied 

 + motor 

recovery,  

+ sensory 

recovery 
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olfactory ensheathing 

glia transplantation 

Lankford et 

al, 2008 

Olfactory Ensheathing 

Cells Exhibit Unique 

Migratory, Phagocytic, 

and Myelinating 

Properties in the X-

Irradiated Spinal Cord 

not Shared by 

Schwann Cells 

GFP 

transgenic 

rats 

OB n/m n/m n/m n/m 

 + cell 

survival,  

+ 

migration

,  + injury 

repair 

Not 

studied 

Kubasak et 

al, 2008 

OEG implantation and 

step training enhance 

hindlimb-stepping 

ability in adult spinal 

transected rats 

Wistar rats OB 

Immunopu

rification 

with p75 

receptor 

n/m n/m n/m 

 + injury 

repair,  + 

degener

ation 

mitigatio

n 

 + motor 

recovery 

Voronova et 

al, 2018 

Survival and Migration 

of Rat Olfactory 

Ensheathing Cells after 

Transplantation into 

Wistar rats OM n/m n/m 

P75NTR+ 

and 

GFAP+ 

cells were 

n/m 

 + cell 

survival,  

+ 

migration 

Not 

studied 
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Posttraumatic Cysts in 

the Spinal Cord 

counted in 

10 fields 

of view 

Stepanova 

et al, 2018 

Isolation of Rat 

Olfactory Ensheathing 

Cells and Their Use in 

the Therapy of 

Posttraumatic Cysts of 

the Spinal Cord 

Wistar rats OM n/m 95-97% 

P75NTR+ 

and 

GFAP+ 

cells were 

counted in 

10 fields 

of view 

n/m 
 + injury 

repair 

 + motor 

recovery 

Muniswami 

et al, 2018 

Therapeutic Effect of 

Cell Transplantation 

and Chondroitinase in 

Rat Spinal Cord Injury 

Wistar rats OM n/m n/m n/m n/m 

 + 

degener

ation 

mitigatio

n 

 + motor 

recovery 

Muniswami 

et al, 2018 

Functional Recovery 

Following the 

Transplantation of 

Olfactory Ensheathing 

Cells in Rat Spinal 

Cord injury model 

Wistar rats OM n/m n/m 

41% 

p75NTR, 

35% 

Fibronecti

n, 75% 

S100β, 

83% 

Olfactor

y nerve 

fibrobla

sts 

 + cell 

survival 

 + motor 

recovery,  

+ 

electrophy

siological 

recovery 
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GFAP, 

immunost

aining 

Cloutier et 

al, 2016 

Olfactory ensheathing 

cells but not fibroblasts 

reduce the duration of 

autonomic dysreflexia 

in spinal cord injured 

rats 

Wistar rats OM NT3 n/m n/m n/m 
 + cell 

survival 

Autonomic 

functions 

Ibrahim et 

al, 2014 

Comparison of 

Olfactory Bulbar and 

Mucosal Cultures in a 

Rat Rhizotomy Model 

AS Rats OM None used 5% 

p75, 

S100β, 

nestin for 

OECs; 

and Thy-1, 

fibronectin 

for 

fibroblasts 

FBs 

 + cell 

survival, 

- 

migration

, - injury 

repair 

 - motor 

recovery 

Toft et al, 

2013 

A Comparative Study 

of Glial and Non-neural 

Cell Properties for 

Transplant-Mediated 

Fischer 

rats 
OM 

FACS (O4 

+, GalC-) 
97% 

p75NTR, 

OECs also 

found to 

express 

n/m 

 + injury 

repair,  + 

degener

ation 

Not 

studied 
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Repair of the Injured 

Spinal Cord 

TUJ-1 

(50%) and 

fibronectin 

mitigatio

n,  + 

inflamma

tion 

reduction 

Mayeur et 

al, 2013 

Potential of Olfactory 

Ensheathing Cells from 

Different Sources for 

Spinal Cord Repair 

Fischer 

rats 
OM 

Repeated 

passages 

15% 

unpurifie

d, 98% 

purified 

Flow 

cytometry 

p75 

n/m 

 + cell 

survival,  

+ 

migration

,  + injury 

repair,  + 

degener

ation 

mitigatio

n,  + 

inflamma

tion 

reduction 

 + motor 

recovery,  

+ 

electrophy

siological 

recovery 

Centenaro 

et al, 2013 

Implications of 

Olfactory Lamina 

Propria Transplantation 

on Hyperreflexia and 

Wistar rats OM n/m n/m n/m n/m 
x Injury 

repair 

x sensory 

recovery 



 
148 

 
 

Myelinated Fibre 

Regeneration in Rats 

with Complete Spinal 

Cord Transection 

Toft et al, 

2012 

Transplant-Mediated 

Repair Properties of 

Rat Olfactory Mucosal 

OM-I and OM-II 

Sphere-Forming Cells 

Fischer 

rats 
OM 

Purified by 

surface 

marker 

expression 

of p75 and 

CD90 to 

isolate 

MSCs from 

OECs in 

OM-I 

(EasySep 

Magnetic) 

n/m 

p75 for 

OECs (in 

OM-I), 

with SMA, 

CD90, 

nestin; 

and 

Cytokerati

n for OM-

II   

MSCs 

and 

OECs 

are 

mixed 

in OM-I 

type, 

not 

specifie

d 

clearly 

otherwi

se 

 + cell 

survival,  

+ injury 

repair, - 

inflamma

tion 

reduction 

Not 

studied 
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Zhang et al, 

2011 

Scar ablation combined 

with LP/OEC 

transplantation 

promotes anatomical 

recovery and P0-

positive myelination in 

chronically contused 

spinal cord of rats 

Long 

Evans rats 
OM 

Not 

specified, 

only 

mentioned 

as removal 

of 

fibroblasts 

n/m 

immunost

aining with 

p75 and 

GFAP 

SCs 

and 

FBs 

 + cell 

survival,  

+ injury 

repair,  + 

inflamma

tion 

reduction 

x motor 

recovery 

Wu et al, 

2011 

Delayed olfactory 

ensheathing cell 

transplants reduce 

nociception after dorsal 

root injury 

Wistar rats OM NT3 >90% 

p75, 

GFAP 

(and - for 

HNK1) 

n/m 
Not 

studied 

 - motor 

recovery, - 

sensory 

recovery 

Tharion et 

al, 2011 

Motor recovery 

following olfactory 

ensheathing cell 

transplantation in rats 

with spinal cord injury 

Wistar rats OM None used n/m 
p75, 

fibronectin 
FBs 

 + cell 

survival 

 + motor 

recovery,  

+ 

electrophy

siological 

recovery 

Stamegna 

et al, 2011 

Nasal OEC 

transplantation 

promotes respiratory 

SD rats OM NT3 >90% 
p75, 

GFAP 

HNK1 - 

SCs 

 + injury 

repair 

Autonomic 

functions 
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recovery in a 

subchronic rat model of 

cervical spinal cord 

contusion 

(and - for 

HNK1) 

Centenaro 

et al, 2011 

Olfactory and 

respiratory lamina 

propria transplantation 

after spinal cord 

transection in rats: 

Effects on functional 

recovery and axonal 

regeneration 

Wistar rats OM n/m n/m 

p75, 

S100, 

GFAP 

n/m 
x Injury 

repair 

Not 

studied 

Kalincik et 

al, 2010 

Selected changes in 

spinal cord morphology 

after T4 transection 

and olfactory 

ensheathing cell 

transplantation 

Wistar rats OM NT3 >90% 

p75 

immunost

aining 

n/m 

 + injury 

repair,  + 

degener

ation 

mitigatio

n 

Not 

studied 

Kalincik et 

al, 2010 

Olfactory ensheathing 

cells reduce duration of 

autonomic dysreflexia 

Wistar rats OM NT3 >90% 

p75 and 

GFAP 

immunost

aining 

Non 

myelina

ting 

SCs 

 + cell 

survival 

Autonomic 

functions 
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in rats with high spinal 

cord injury 

Bretzner et 

al, 2010 

Combination of 

Olfactory Ensheathing 

Cells with Local Versus 

Systemic cAMP 

Treatment After a 

Cervical Rubrospinal 

Tract Injury 

GFP 

transgenic 

mice 

OM 

Anti-

Thy1.1-

mediated 

compleme

nt lysis 

>75% 

p75 and 

GFAP 

immunost

aining 

Fibrobl

asts 

(not 

confirm

ed) 

 + 

degener

ation 

mitigatio

n,  + 

inflamma

tion 

reduction

, -injury 

repair 

 + sensory 

recovery 

Aoki et al, 

2010 

Limited functional 

recovery in rats with 

complete spinal cord 

injury after 

transplantation of 

whole-layer olfactory 

mucosa 

Wistar rats OM None used 

Not 

applicabl

e 

None 

used 
n/m 

 + injury 

repair,  + 

degener

ation 

mitigatio

n 

 + motor 

recovery 
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Amemori et 

al, 2010 

Co-transplantation of 

olfactory ensheathing 

glia and mesenchymal 

stromal cells does not 

have synergistic effects 

after spinal cord injury 

in the rat 

Wistar rats OM n/m >80% 

p75, S100 

Immunost

aining 

n/m 

 + 

degener

ation 

mitigatio

n 

 + motor 

recovery,  

+ 

electrophy

siological 

recovery 

Yamamoto 

et al, 2009 

Transplanted olfactory 

mucosal cells restore 

paw reaching function 

without regeneration of 

severed corticospinal 

tract fibres across the 

lesion 

AS Rats OM None used 5% 

p75 

immunost

aining 

FBs 

(assum

ed) 

 - 

migration

, - injury 

repair 

 + motor 

recovery 

Iwatsuki et 

al, 2008 

Transplantation of 

olfactory mucosa 

following spinal cord 

injury promotes 

recovery in rats 

SD rats OM None used 

Not 

applicabl

e 

None 

used 
n/m 

 + cell 

survival,  

+ injury 

repair 

 + motor 

recovery 
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Bretzner et 

al, 2008 

Undesired effects of a 

combinatorial treatment 

for spinal cord injury – 

transplantation of 

olfactory ensheathing 

cells and BDNF 

infusion to the red 

nucleus 

GFP 

transgenic 

mice 

OM 

Anti-

Thy1.1-

mediated 

compleme

nt lysis 

>75% 

p75 and 

GFAP 

immunost

aining 

FBs 

(assum

ed) 

 + 

degener

ation 

mitigatio

n,  + 

inflamma

tion 

reduction 

 + motor 

recovery,  

+ sensory 

recovery 

Luo et al, 

2013 

Transplantation of 

NSCs with OECs 

alleviates neuropathic 

pain associated with 

NGF downregulation in 

rats following spinal 

cord injury 

SD rats n/m n/m 95% 

p75 

immunost

aining 

n/m 
Not 

studied 

 - sensory 

recovery 

 

 

End of manuscript  
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3.3 FINDING THE EXPERIMENTAL EVIDENCE 
Based on the information gathered from the review of literature, it was 

hypothesised (i) that higher purity of OEC preparations would lead to enhanced 

regenerative outcomes and also (ii) that transplanting OECs as three-

dimensional spheroids would be an effective method for localising cells within 

the injury site. An experiment was designed to assess if the purification process 

of OECs and the transplantation of 3D spheroids has any effect on the structural 

and functional outcomes.  

 

A novel approach for transplanting olfactory ensheathing cell spheroids 
in mice with transection-type spinal cord injury 

Ronak Reshamwala, Marie Vial, Megha Shah, Todd Shelper, Megha Mohan, 

Mo Chen, Mariyam Murtaza, Jenny Ekberg, James St John 

 

ABSTRACT 

Transplantation of olfactory ensheathing cells (OECs) constitutes a 

promising treatment for spinal cord injury repair, however, outcomes vary 

dramatically between studies in both animals and humans. Survival of the 

transplanted cells, as well as cell integration at the injury site are two key 

challenges with this method. Transplanting the cells in the form of three-

dimensional (3D) constructs may be an avenue for improving the therapeutic 

potential of the method, resulting in enhanced cell survival and integration. We 

have developed a novel 3D cell culture method, the Naked Liquid Marble (NLM) 

system, in which large cell spheroids can rapidly be generated without any 

supporting matrix or scaffold. In the current study, we transplanted spheroids 

of OECs isolated from the nasal mucosa into the injury site of mice with 

transection-type complete spinal cord injury. We determined functional 

outcomes (motor function) and structural repair (assessment of histology 

sections, including determination of OEC survival) for up to 28 days post 

transplantation. We compared transplantation of unpurified (~5 % OECs) 

versus purified (~45.5 % OECs) cells, as well as transplantation of one large 
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spheroid versus multiple small spheroids.  We found that all the treatment 

groups (animals that received cell spheroids) showed significant functional 

regain as compared to the control group. Transplanted cells were visualised at 

day 7 post transplantation in the animal groups treated with purified OECs. 

From these results, it can be concluded that OECs can survive and integrate 

within the injury site and induce structural and functional repair when 

transplanted as spheroids.  

 

INTRODUCTION 

The mammalian primary olfactory nervous system continuously 

regenerates throughout life and can recover completely after injury.  The glial 

cells of this system, olfactory ensheathing cells (OECs), play important roles in 

this constant repair and regeneration. Some of the key functions of OECs 

include secretion of growth factors, structural support and guidance for axons, 

as well as clearance of cell debris. For these reasons, OEC transplantation has 

emerged as a promising therapy for treatment of injuries to the nervous system, 

in particular spinal cord injury (Reviewed in Gilmour, Reshamwala, Wright, 

Ekberg, & St John, 2020; Gomez et al., 2018; Raisman, Barnett, & Ramon-

Cueto, 2012; Roet & Verhaagen, 2014; M. J. Ruitenberg, Vukovic, Sarich, 

Busfield, & Plant, 2006; Wright et al., 2018).  

Several studies have shown improved functional outcomes in animal 

studies (Gorrie et al., 2010; Khankan et al., 2016; B. C. Li, Li, Chen, Chang, & 

Duan, 2011; Y. Li et al., 2003; Durai Murugan Muniswami & George Tharion, 

2018; Ramer et al., 2004; Takeoka et al., 2011) and autologous OEC 

transplantation has been shown to be safe and feasible in humans (Feron et 

al., 2005; Mackay-Sim et al., 2008). In one particular case, OEC transplantation 

resulted in good functional improvement in a spinal cord injury patient (Tabakow 

et al., 2013; Tabakow et al., 2014). However, outcomes of both animal studies 

and human clinical trials have been highly variable and the method needs 

improvement and standardisation (Franssen, de Bree, & Verhaagen, 2007; 

Mackay-Sim & St John, 2011; Nazareth et al., 2015b; Raisman, 2004; Ramón-

Cueto & Muñoz-Quiles, 2011; M. W. Richter & Roskams, 2008; Toft et al., 2007; 
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Yao et al., 2018). The variability in outcomes are in part due to different sources 

of OECs, different purification techniques and different surgical approaches for 

transplantation (Barnett & Chang, 2004; Chuah & Au, 1993; Deumens et al., 

2006a; Raisman & Li, 2007; Yui, Ito, Fujita, & Nishimura, 2011). Out of the two 

main anatomical sources of OECs – the olfactory bulb (OB) and olfactory 

mucosa (OM), the OM has been identified as clinically more desirable given the 

ease of access and lower risk involved in obtaining the cells. However, the 

literature also describes that the purification of the OM-OECs is more 

challenging and yields more variable purity of the cells for transplantation, 

compared to the OB-OECs (Reviewed in E. Au & Roskams, 2002; Feron et al., 

2005; Y. Li et al., 1997; Ramon-Cueto & Avila, 1998; Reshamwala, Shah, Belt, 

Ekberg, & St John, 2020b; Reshamwala et al., 2019).  

Some reports have shown disastrous outcomes from clinical trials in 

humans with spinal cord injury, in which patients have received transplants of 

unpurified mucosal tissue containing respiratory epithelium, resulting in the 

formation of mucous-producing cysts (Dlouhy et al., 2014; Woodworth et al., 

2019). Whilst it is clear that transplants must not contain respiratory epithelium, 

the effects on OEC purity on functional outcomes after transplantation are 

largely unknown. Some studies have found that other cell populations in 

transplants with low OEC purity may in fact be beneficial for SCI repair, in 

particular olfactory fibroblasts (Y. Li et al., 2005). Regardless, the optimal OEC 

purity for functional recovery remains unknown.  

One key avenue for improving the outcomes after OEC transplantation 

may be to transplant the cells in a three-dimensional (3D) construct. Currently, 

cells are typically injected into the injury site as a suspension (Gomez et al., 

2018; Mackay-Sim & St John, 2011; Toft et al., 2007; Yao et al., 2018), which 

may result in poor cell survival and cells being lost (washed out or migrating to 

the wrong place) and thus not being present at the desired location within the 

injury site (Reshamwala et al., 2019). OECs require close cell-cell contact for 

contact-mediated directional cell migration (Windus et al., 2007). Cell-cell 

contacts is also important for OEC-mediated axon guidance (Windus et al., 

2011; Windus et al., 2010).  
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One approach to transplant OECs in 3D is to use biological scaffolds 

(Silva et al., 2012; Z. P. Tang et al., 2010; B. Wang et al., 2006; Wentao et al., 

2019), however, scaffolds come with a range of challenges such as difficulties 

with sterilisation and purification, difficulties regulating pore size and 

biodegradability, high lot-to-lot variability, the presence of toxic by-products and 

host inflammatory reactions (Amani, Kazerooni, Hassanpoor, Akbarzadeh, & 

Pazoki-Toroudi, 2019; Dash et al., 2018; Ikada, 2006; S. Liu, Schackel, 

Weidner, & Puttagunta, 2017; Willerth & Sakiyama-Elbert, 2008). 

We have recently developed a novel method for rapidly generating large 

3D cell spheroids without the need for any matrix or support, termed the Naked 

Liquid Marble (NLM) system (Mo Chen et al., 2019; M. Chen et al., 2020). In 

this system, cells are cultured in a liquid drop (the NLM) on a super hydrophobic 

plate. Within the NLM, cells spontaneously and rapidly (within hours to days) 

form spheroids, the size of which can be varied by altering the culture time (Mo 

Chen et al., 2019) or applying vibration at different frequencies (Beckingham et 

al., 2019).  When OM-OECs are cultured in the NLM, they form organised 

structures in which most OECs are found within the core of the spheroid, with 

other cell types (primarily olfactory nerve fibroblasts) primarily localised at the 

spheroid surface (M. Chen et al., 2020). Thus, the cells form a structure that 

resembles their natural in vivo environment in the olfactory nerve. Furthermore, 

OEC rapidly migrate long distances out of the spheroids in vitro (Beckingham 

et al., 2019; M. Chen et al., 2020). 

It is important to note that transplantation of OECs in 3D constructs, 

instead of in cell suspension delivered by micro-injections into the parenchyma, 

requires a higher level of surgically skilled intervention. It is therefore crucial to 

understand what effect the surgical approach has on treatment outcomes. A 

recent study has found that the surgical approach to induce an injury has a 

significant impact on the outcome of SCI (Hou, Saltos, Iredia, & Tom, 2018). 

Similarly, the approach to transplant the cells could also affect the outcomes 

such as cell survival, structural repair and functional regain.  

In the current study, we trialled transplantation of OECs in spheroids 

generated in the NLM system into the injury site of mice with T10 complete 
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transection-type spinal cord injury. We assessed both motor function and 

structural repair (histology) up to four weeks post injury. We compared 

outcomes following transplantation of spheroids containing unpurified (~5.0 %) 

and purified (~45.5 %) OECs, and also compared transplantation of one large 

spheroid versus multiple small spheroids. 

METHODS 

All experimental methods used in this study were approved by the animal 

ethics committee at Griffith University, QLD, Australia under the ethics approval 

MSC/0717/AEC. All animals were sourced from Animal Resource Centre, 

Perth, Australia. 

Cell production and Spheroid preparation: 

For this study, olfactory ensheathing cells from the olfactory mucosa 

(OM-OECs) were used. The OECs were isolated from S100β-DsRed 

transgenic mice. These mice express the DsRed reporter protein driven by the 

S100β promoter; thus, all glial cells including OECs express DsRed (Windus et 

al., 2007).  Cells were prepared from 7 day old pups. After decapitation, the 

olfactory mucosa was isolated and olfactory epithelium was stripped using 2.4 

U/mL Dispase II (Roche, Cat 04942078001). The remaining lamina propria was 

treated with 0.25 mg/mL Collagenase H (Sigma, Cat 8051, 100mg) for 

dissociation of the cells. Dissociated cells were then prepared into a cell 

suspension that was cultured in 6-well plates (NUNC, Cat: 140675) for four 

days, and fresh culture medium was changed every 48 h. On day 5, the cells 

were detached by TrypLExpress (1X TrypLE, 100 mL, Cat 12604039, Thermo 

Fisher) and cultured in a T25 flask for 48 h.  

Cell purification 

For purification of OECs, a differential detachment protocol was used, 

which uses a modification of differential attachment previously published 

protocol described for bulbar OECs (Nash et al., 2001). In this protocol, the cells 

were obtained by following the above-mentioned protocol until day 4. On day 

5, the cells were treated with TrypLE for 3 min. Detached cells were moved to 

another plate. The same 3-min detachment protocol was repeated once more 
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on the remaining attached cells and all the cells obtained in this manner were 

then assessed to determine the proportion of OECs prior to seeding spheroids. 

Spheroids were prepared by culturing the cells in a naked liquid marble for 48 

h, as previously described (Mo Chen et al., 2019). 

Animals and treatment groups 

A total of 60 female C57BL/6 mice were included in this study. Upon 

arrival at the animal facility, they were allowed a week to acclimatise. The 

animals were regularly handled and made familiar with the open field 

behavioural testing enclosure during this period. Animals were randomly 

divided in to 5 treatment groups. Group 1 animals received a single large 

spheroid made form 200,000 unpurified OM-OECs. Group 2 animals were 

treated with 4 smaller spheroids made from 50,000 unpurified OM-OECs each. 

Group 3 animals received a single large spheroid made form 200,000 purified 

OM-OEC population. Group 4 animals were treated with 4 smaller spheroids 

made from 50,000 purified OM-OECs. Group 5 animals were control animals 

and were not treated with cells, but still underwent the entire surgical procedure 

for treatment.  

Injury and transplantation:  

A complete transection-type injury was induced at the T10 spinal level in 

all the animals as previously described (Reshamwala et al., 2020a). Briefly, the 

mice were anaesthetised with 5% isoflurane and kept under at 1.5-2% 

isoflurane in oxygen at a flow rate of 1 L/min. under aseptic conditions, the fur 

on the back of the mice was shaved. An approximately 2.5 cm long midline skin 

incision was made at the lower thoracic region. Laminae of the thoracic 

vertebrae T9-T11 were exposed by performing blunt dissection of the 

overlaying muscle layers. A hand-held micro drill was used to perform 

laminectomy at T10 vertebral level. A zirconia-based ceramic knife 

(ProSciTech, Cat TXD101A-X) was used to perform a complete transection at 

this level. The completeness of the transection injury was confirmed by moving 

the knife through the transection site once more, affirming that no intact 

connections remained between the two cord stumps. After achieving 

haemostasis, muscles were sutured in layers using a Vicryl 5-0 suture material 
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mounted on a FS-2 type needle. After confirming that there were no active 

bleeders left, the skin was sutured using silk 5-0 suture material mounted on 

FS-2 type needle. The mice were given buprenorphine (0.03 mg/kg body weight 

Temgesic®) for analgesia and Enrofloxacin (10 mg/kg body weight Baytril®) for 

antibiotic coverage post-operatively. Food and water were made available on 

their cage floors and the mice were housed individually following the surgery. 

The cages were partially kept on heating pads for 48 h to facilitate the recovery 

by aiding thermal regulation of the injured animals following transection.  

Treatment surgeries were performed 7 days after the injuries. The 

animals were anaesthetized again using 5% isoflurane and kept on a 

maintenance dose of 1.5-2% isoflurane in oxygen at 1 L/min flow rate. The 

injury site was re-exposed through the same skin wound as the previous 

surgery. For single spheroid transplantation, the spinal cord scar was mildly 

debrided using fine tipped forceps to make enough space for the spheroid to 

be deposited, and the spheroid was deposited in the transection injury defect 

with the help of pulled glass capillaries. The defect was then sealed by using 5 

µl of fibrin glue in order to stabilize the spheroid. For multiple spheroids 

transplantation, the smaller spheroids were deposited within the injury site 

using 2.5 µl of fibrinogen component of the fibrin glue with the help of pulled 

glass capillaries, and then sealed by applying 2.5 µl of thrombin component on 

top. The mice were given buprenorphine (0.03mg/kg body weight Temgesic®) 

for analgesia and Enrofloxacin (10 mg/kg body weight Baytril®) for antibiotic 

coverage post-operatively. Food and water were made available on their cage 

floors.  

Behaviour  

Before inducing the injury, the baseline behaviour of the animals was 

recorded on the open field and scored as per the Basso Mouse Scale (BMS) 

and the Toyama Mouse Scale (TMS). At 48 h post injury, the animals were 

again placed in the open field enclosure and their behaviour was recorded 

again to establish the loss of function. Similarly, after treatment, the animals 

were put back on the open field to assess their motor function at 2, 7, 14, 21 

and 28 days after treatment.  
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Tissue harvesting and processing 

Out of the 12 animals in each group, 6 animals were euthanased at day 

7 after treatment and the rest 6 survived for 28 days after treatment. After 

euthanasia, the spines were harvested and fixed in 4% paraformaldehyde 

(PFA) for 24 h. Then, the spines were transferred into 20% ethylene diamine 

tetra acetic acid (EDTA) for 3 weeks for decalcification. The EDTA solution was 

replaced every 48 h during this period. After decalcification process, the spines 

were then embedded in Tissue Tek® Optimal Cutting Temperature (OCT) ™ 

and taken for cryo-sectioning. Tissue was cut into 30 µm thick longitudinal 

sections and mounted on Gelatin-coated slides (Superfrost Plus Microscope 

Slides, Thermo Fisher, Cat MENSF41296SP). 

Immunolabelling, staining and imaging 

Prior to immunolabelling, tissue sections were treated with blocking 

solution, comprised of 2% bovine serum albumin (BSA; Sigma-Aldrich, A3294) 

and 0.3% Triton-x (Sigma-Aldrich, x100), for one h at the room temperature. 

After this, the sections were treated with primary antibodies, either goat anti-

GFAP (Ab53554, Abcam, 1:200 dilution) or rabbit anti- β3-Tubulin (Ab18207, 

Abcam, 1:200 dilution) diluted in the same blocking solution overnight at 4°C. 

After performing a triple wash of the primary labelled sections with 1X 

phosphate buffered saline (PBS) (Gibco, 18912-014), the sections were then 

treated with secondary antibodies donkey anti-rabbit AlexaFluor 647 (A-31573, 

Thermo, 1:500 dilution) or donkey anti-goat AlexaFluor 647 (Ab150135, 

Abcam, 1:500 dilution) diluted in the blocking buffer with Hoechst 33342 

(Thermo Fisher Scientific, H1399, 1:5000 dilution) for one h at room 

temperature. Sections were again triple-washed with 1x PBS and coverslipped 

before imaging. The sections were imaged on the Nikon Eclipse Ti2-E inverted 

microscope. Image analysis was performed on the Nikon analysis software 

NIS-Elements. The representative images presented in the figures were 

acquired on the Olympus FV-3000 confocal microscope. 
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Cell survival and structural repair 

Cell survival was estimated by manually counting the DsRed positive 

cells at the injury site in every third section of each cord. The numbers were 

then normalised based on the proportion of DsRed positive cells that was 

estimated prior to treatment, in order to assess the surviving cells out of the 

total number of transplanted (DsRed positive) OECs. To investigate the 

structural repair, the scar area was measured at the injury site. A total of three 

to four representative, equidistant (~240 µm apart) corresponding sections from 

each cord were stained for GFAP expression and the defect size, devoid of 

GFAP signal, was measured to derive the size of the injury site. Along with the 

area size, a linear distance between the two cord stumps was also measured 

at the midline, to gauge the length of the defect (see Figure 3.5). A reduction in 

the injury size was considered to be a sign of structural repair. Additionally, four 

more sections (~240 µm apart) from each cord were also immunolabelled for 

β3-tubulin, a neuronal marker, and the linear distance between the two closest 

neuronal cell bodies was measured across the gap created by the injury, taking 

into consideration of direction of axons at and around the injury site. Reduction 

in this distance was also considered as progress towards structural repair. All 

these measurements were performed by a blinded pathologist. The integration 

of transplanted cells was studied by observing the interactions between the 

DsRed signal from OECs, β3-tubulin from neurons, and GFAP from the 

astrocytes at or around the injury site.  

RESULTS 

Cell purity 

Primary OM-derived OECs contain not only OECs, but also other cell 

types, particularly olfactory nerve fibroblasts (M. Richter, Westendorf, & 

Roskams, 2008; Windus et al., 2007). The purification protocol used here is 

based on differential cell adhesion, and thus, contaminant cells are not 

completely removed from the culture. As the cells were derived from S100β-

DsRed mice, OECs but not contaminant cells expressed the DsRed protein 

(Windus et al., 2007). Prior to spheroid preparation, the purity of primary OM-

derived OECs was determined by quantifying the proportion of DsRed-positive 



 
163 

 

cells. The average proportion of DsRed-positive cells at the time of spheroid 

generation was 5.0 ± 1.3 % (n = 22) for the unpurified population, and 45.5 ± 

6.0 % (n = 24) for the purified population.  

Animal survival and wellbeing in the treatment groups 

All animals first underwent surgery to induce transection-type injury at 

T10. Seven days later, a second surgery was performed to transplant OEC 

spheroids in a small amount of fibrin glue (5 μL) into the injury site. The seven 

day time-point was chosen to mimic a subacute injury environment (the 

subacute phase of SCI in mice has previously been reported to correspond to 

days 4 -14 days post injury (Faw et al., 2018)). The treatment groups were: (1) 

single large spheroid consisting of unpurified OECs, (2) multiple small 

spheroids of unpurified OECs, (3) single large spheroids of purified OECs, (4) 

multiple small spheroids of purified OECs and (5) control (no cells, fibrin glue 

alone). Out of the 60 animals, two animals were euthanased due to adverse 

events. One of them was due to self-mutilation and the other due to extreme 

weight loss (more than 30% of initial body weight) following transection injury. 

Except for these two mice, all animals survived both surgeries (induction of 

injury followed by cell transplantation seven days later). Due to the loss of two 

animals, group 1 (single large spheroid with unpurified OECs) and group 2 

(multiple small spheroids with unpurified OECs) contained 11 animals instead 

of 12 each (Table 3.6). Overall complications and unusual histological findings 

seen in the animals following the interventions are summarised in Table 3.7. 

Any remarkable findings from the treatment surgeries are summarised in Table 

3.8. One notable finding was the degeneration of the caudal stump, which was 

seen in some animals in all the treatment groups. In group 1, two animals (from 

7 day survival) and in group 2, four animals (7 day survival) showed caudal 

stump degeneration (CSD). Two animals from group 3 (28 day survival) and 

three more from group 4 (7 day survival) also showed CSD along with three 

animals from the control group (28 days survival). 

The two animals from group 3 and three animals from group 5 that 

showed GFAP signal degeneration at the caudal stump had to be excluded 

from histological analysis of the injury site. Due to the fact that we had to 
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eliminate animals from several groups, we could not compare all four treatment 

groups against each other. We instead analysed the data based on either cell 

purity (Figure 3.5 B, E, H) or spheroid size (Figure 3.5 C, F, I). To analyse data 

based on cell purity, we compared group 1 (one large spheroid with unpurified 

cells) + group 2 (several small spheroids with unpurified cells) versus group 3 

(one large spheroid with purified cells) + group 4 (several small spheroids with 

purified cells). To analyse data based on spheroid size, we compared group 1 

+ group 3 (large spheroids) versus group 2 + group 4 (small spheroids).  

Table 3.6: Treatment groups summary 

Group / Survival Allotted 
animals 

Animals 
included Treatment description 

1 7 DPT 6 5 Unpurified cells, Single 
spheroid   28 DPT 6 6 

2 7 DPT 6 5 Unpurified cells, Multiple 
spheroids   28 DPT 6 6 

3 7 DPT 6 6 Purified cells, Single 
spheroid   28 DPT 6 6 

4 7 DPT 6 6 Purified cells, Multiple 
spheroids   28 DPT 6 6 

5 7 DPT 6 6 
Vehicle control   28 DPT 6 6 

DPT = Days Post Treatment.  
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Table 3.7: Summary of unusual post-operative observations 
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1 7 
DPT 6 5 1 0 1 1 0 2 0 

  28 
DPT 6 6 0 0 2 1 0 0 0 

2 7 
DPT 6 5 0 1 2 0 3 4 0 

  28 
DPT 6 6 0 0 1 0 0 0 0 

3 7 
DPT 6 6 0 0 0 1 1 0 0 

  28 
DPT 6 6 0 0 1 0 0 2 1 

4 7 
DPT 6 6 0 0 0 0 0 3 1 

  28 
DPT 6 6 0 0 1 0 0 0 0 

5 7 
DPT 6 6 0 0 0 0 0 0 2 

  28 
DPT 6 6 0 0 1 2 0 3 0 

DPT = Days Post Treatment. Severe weight loss = Lost >30% body weight, 

warranting euthanasia. Severe self-mutilation = Self-inflicted injury to limbs/tail 

severe enough to warrant euthanasia. Minor skin lesions = Scratching, over 

grooming etc. lesions suggestive of local irritation. Minor tail biting = Self-

inflicted bite marks on tail, not amounting to significant tissue loss. Hematoma 

= Clotted blood at the injury site observable on histological sections. Caudal 

stump degeneration = Loss of GFAP signals caudal to the injury site. Abnormal 

spine contour = Over flexion of vertebral column at or near injury site, may 

suggest a break in vertebrae. 
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Table 3.8: Summary of cell transplantation 
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1 7 DPT 6 5 0 0 5 0 2 0 
2 7 DPT 6 5 0 1 4 3 0 1 
3 7 DPT 6 6 0 2 4 0 3 3 
4 7 DPT 6 6 1 3 3 3 1 1 

Abnormal findings = unusual findings about injury site, intra-operative bleeding 

or other complications. Partial placement of spheroids = incomplete deposition 

of spheroids in the injury site. Proper placement of spheroids = all the spheroids 

placed completely and perfectly in the injury site. Cell placement on histology: 

At injury site = surviving cells were observed within the injury site. Near injury 

site = surviving cells were observed immediately above, below or close 

proximity of the injury, may indicate integration. Away from injury = surviving 

cells observed away from the injury site, suggesting no integration at the injury.

  

Treatment with OEC spheroids promoted motor recovery after SCI, with cell 

purity and spheroid formulation affecting outcomes  

Mouse behaviour was recorded on open field before and after injury, and 

at seven days interval until time of euthanasia for all animals. The behavioural 

recovery was only scored and analysed for the animals that were allowed to 

survive for 28 days post treatment. Three animals from group 3 (single large 

spheroid of purified cells) were upon later histological examination found to 

have significant degeneration of the caudal cord stump (two animals) or 

abnormally altered spine contour (one animal), and therefore, were removed 

from the behavioural analyses.  Motor function was analysed according to both 

the Basso Mouse Scale (BMS) and the Toyama Mouse Scale (TMS) (Figure 

3.3). Both these scoring systems showed similar outcomes. The key aims of 

this study was to determine differences in outcome between (i) unpurified 
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versus purified OECs and (ii) one large spheroid versus multiple small 

spheroids. We therefore first compared the motor function between treatment 

groups that had received unpurified cells (group 1 + group 2, ~ 5 % OECs) 

versus treatment groups that received purified OECs (group 3 + group 4, ~ 45.5 

% OECs) (Figure 3.3 A, B). Treatment with unpurified cells resulted in an early 

and statistically significant motor recovery in the first week following treatment, 

which then slowed down over time and appeared to approximate a plateau 

level. Conversely, animals that had received purified OECs showed a slow 

onset of recovery with a continuous rise, which only became significantly 

different from the control group at four weeks after transplantation. At 1-3 weeks 

post treatment, recovery was significantly better in animals that had received 

unpurified transplants than animals that received purified OECs, however, at 

four weeks post treatment, there was no significant difference between these 

groups.  

We then compared BMS/TMS scores between treatment groups that 

had received one large cell spheroid (group 1 + group 3) versus treatment 

groups that received multiple small spheroids (group 2 + group 4) (Figure 3.3 

C, D). Animals treated with one single cell spheroid showed strikingly better 

motor recovery compared to the controls from first week of treatment and 

improved continuously throughout the four weeks of follow-up assessment. 

Animals treated with multiple cell spheroids also showed better recovery than 

control animals (significantly higher BMS and TMS scores at weeks 3-4 and 

weeks 2-4 post treatment, respectively). Single spheroid-treated animals 

exhibited better recovery than those treated with multiple spheroids (statistically 

significant at weeks 2-4 post treatment for both BMS and TMS scores, and at 

week 1 for BMS scores only).   
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Figure 3.3: Behavioural recovery 

Recovery of motor activity following OEC transplantation after transection-type 

SCI. Cells were transplanted seven days post SCI and motor function was 

assessed according to the BMS and TMS scales over four weeks. A-B) 

Comparison between treatment done with unpurified cells (group 1 + group 2; 

n = 12), purified cells (group 3 + group 4; n = 9) and the control group (fibrin 

glue alone, n = 6) using the BMS scoring system (A) and the TMS scoring 

system (B). C-D) Comparison between single spheroid treatment (group 1 + 

group 3, n = 9), multiple spheroid treatment (group 2 + group 4, n = 12) and the 

control group (n = 6). The statistics are shown as means with standard error of 

mean as the error bars. The significances indicated at each data point indicate 

comparison between that group and control group, or significance between the 

two treatment groups as indicated. Statistical significances between individual 

groups derived by Fisher’s LSD test. NS = Not significant (p > 0.05), * = p < 

0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. 
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Figure 3.4: Cell survival and purity estimation 

Tracking of DsRed-expressing cells in histology sections of the spinal cord 

injury site at day 7 post treatment. Since it was very difficult to track cells in the 

groups that had received unpurified cells, cell tracking could only be reliably 
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performed in the other two treatment groups (groups 3 and group 4, single and 

multiple spheroids of purified cells, respectively). A) Percentages of surviving 

DsRed-expressing cells out of the total transplanted DsRed-expressing cells. 

Bars chart represents mean values +/- SEM, n = 6 animals per group. There 

was no significant difference between the two groups. B) A representative 

image of a histology section of the spinal cord injury site and surrounding area, 

showing surviving DsRed-positive cells (red) in and near the injury site 

(demarcated by white dotted lines). Neurons were immunolabelled for β3-

tubulin (green) and are visible in the cord parenchyma. Scale bar: 100 µm. C) 

A representative image showing ~5 % DsRed expressing cell population prior 

to seeding spheroids. D) A representative image showing ~45 % DsRed 

expressing cell population prior to seeding spheroids. For both C and D, DsRed 

expression is seen in yellow and nuclei are seen in blue colour (Hoechst 

stained). Scale bars = 500 µm. 

Cell transplantation effects on injury site size had variable outcomes depending 

on treatment modality and measurement criteria 

Survival of OECs after transplantation is critical, but often not assessed 

as it is difficult to track the transplanted cells (Reshamwala et al., 2019). Since 

we transplanted cells from S100β-DsRed mice, OECs originating from the 

transplant exhibit red fluorescence and could be tracked in histological sections 

of the spinal cord injury site and surrounding areas. The surviving cell numbers 

were counted and compared against the number of DsRed+ cells before 

transplantation (DsRed+ out of the 200,000 cells) to estimate the proportion (or 

percentage) of the surviving OECs. We could only detect DsRed-expressing 

cells at 7 days post transplantation, not at the 28-day time-point. Quantification 

of surviving DsRed positive cells was not possible in the animals treated with 

unpurified mucosal cells, as the initial DsRed-positive cell proportion was only 

~5 % and we only occasionally observed DsRed-positive cells in histology 

sections from these animals (in a total of five of the 12 animals treated with 

unpurified cell transplants; 2/6 in group 1 and 3/6 in group 3). Hence, cell 

survival was only quantified for the animals from the treatment groups 3 and 4, 
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and only day 7 post treatment (Figure 3.4). This study relied solely upon the 

transgenic DsRed signal to estimate cell survival of transplanted OECs.  

We observed some variations in cell survival within the treatment groups. 

All six animals that received treatments from group 3 (single spheroid, purified 

cells) had DsRed-positive cells visible in histology sections, whereas five of the 

six animals from group 4 (multiple spheroids, purified cells) had DsRed-positive 

cells. Three of the six animals from group 3 and four of the five animals from 

group 4 showed cells present at or near the injury site. In the remaining three 

animals from group 3 and one from group 4, cells were seen away from the 

injury site. The last one animal from group 4 did not show any surviving cells. 

This animal was not excluded from the analysis as the cause for the lack of 

observable DsRed+ cells could not be established. Therefore, it was assumed 

that the animal did receive the cells properly but none of the cells survived. To 

determine the percentage of surviving cells, the number of DsRed-expressing 

cells were counted and divided by the total number of DsRed-positive cells used 

to generate the spheroid(s) for transplantation (purity % x 200 000 cells) x 100 

%. The single spheroid treatment (group 3) resulted in 0.895 ± 0.28% (mean ± 

SEM) cell survival, whereas the multiple spheroid treatment (group 4) yielded 

1.32 ± 0.49 % (mean ± SEM) survival. There was no statistically significant 

difference between the two groups.  

Structural repair was studied across all groups, at the 28-day time-point 

after treatment as it was considered that regeneration of axons would be 

detectable at this time. The 7-day time-point was only used to estimate cell 

survival, since this duration is not long enough to study the structural or 

functional outcomes. Sections were immunolabelled for GFAP to identify 

astrocytes and β3 tubulin to identify neurons. Three parameters were analysed 

to assess structural repairs: (1) the total area of the injury site (Figure 3.5 A-C), 

(2) the width of the injury site determined by GFAP expression of cells on each 

side (linear distance, Figure 3.5 D-F) and (3) the linear distance measured 

between the two closets appearing neuronal cell bodies (seen as β3 tubulin 

expressing cell bodies) across the injury site (Figure 3.5 G-I).  
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Injury area: The area size was compared between the treatment 

modalities and controls. Transplantation of purified cells resulted in significantly 

reduced injury area size as compared to control animals. In contrast, 

transplantation of unpurified cells did not significantly reduce the injury area in 

comparison to control animals (Figure 3.5 B).  

Treatment with multiple spheroids resulted in a significant reduction of 

injury scar area, whereas the injury area following transplantation of a single 

spheroid was not statistically significant from control animals (Figure 3.5 C).  

 
Figure 3.5: Effects of cell transplantation on the injury area size 

Effects on injury size were measured according to (A-C) area of the gap 

between the stumps (stumps defined by GFAP immunolabelling; GFAP labels 

astrocytes), (D-F) linear distance between the two stumps, with the stumps 

defined by GFAP immunolabelling and (G-I) linear distance between the two 

stumps as defined by β-tubulin immunolabelling (labelling of neurons/axons). 

The top row shows typical image examples of histology sections of the injury 

site labelled for GFAP (cyan; A, D) or β-tubulin (green; G). Dashed lines in (A) 

show how the area of the injury site was defined, and horizontal lines in (D, G) 

shows how the linear distance across the injury site was measured. Scale bar 
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= 100 µm. The middle row (B, E, H) shows comparisons between 

transplantation of unpurified cells (groups 1 + 2, n = 12), purified cells (groups 

3 + 4, n = 10) and the control group (group 5, n = 3). The bottom row (C, F, I) 

shows comparisons between transplantation of one single large spheroid 

(groups 1 + 3, n = 10), multiple small spheroids (groups 2 + 4, n = 12) and the 

control group (group 5, n = 3). 

Linear distance (GFAP expression - astrocytes): All four treatments 

resulted in a significant reduction in the linear distance between the two stumps 

across injury site as compared to the control group (Figure 3.5 D, E, F).  

Linear distance (β-tubulin expression – neurons): None of the cell 

transplantation treatment resulted in a reduced linear distance across the injury 

site as measured with β-tubulin labelling in comparison to control (Figure 3.5 

G, H, I). However, the distance across the injury site was significantly different 

between the single spheroid treatment groups and the multiple spheroids 

treatment groups. The transplanted cells had integrated in the injured cord 

tissue on the day 7 after treatment (Figure 3.6). 

To determine whether there was a correlation between structural repair 

and functional regain, we assessed histology sections from mice that showed 

particularly good functional improvements. The animal from each treatment 

group that showed the best improvement in the motor function was chosen for 

analysis. Histology sections from the spinal cord injury site of these animals 

(sacrificed at day 28 post transplantation) were immunolabelled for GFAP 

(astrocytes) and β3-tubulin (neurons) (Figure 3.7). The GFAP signal was used 

to determine the injury zone and the β3-tubulin signal to investigate neuronal 

repair/axonal growth and regeneration across the injury site. The figure shows 

axons extending across the gap of the injured cord in all four groups (Figure 3.7 

A2, B2, C2, D2). Weak DsRed signal from transplanted OECs can be seen (at 

the 28 day time-point, the DsRed signal was so low that analysis of cell survival 

could not be performed). The figure also shows the functional improvement 

(Figure 3.7 A3, B3, C3, D3) of the same animals alongside the histology section 

images. This phenomenon was observed in all other animals that showed 

functional recovery as well. Untreated control animals (Figure 3.6 E3) and the 
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animals that exhibited degeneration of caudal cord stump (data not shown), did 

not appear to have regenerating axons extending across the injury site.  

 
Figure 3.6: Integration of transplanted cells within the injury site 
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Shown are representative images of histology sections from the spinal cord 

injury site of animals in all five groups at 7 days post transplantation. Row A 

(A1-A4): Group 1 (single spheroid with unpurified cells). Row B (B1-B4): shows 

multiple spheroid treatments with unpurified cells, the treatment group 2. Row 

C and D are representative images from the animals from group 3 and 4, single 

and multiple spheroids treatments, respectively, prepared with purified cells. 

Row E shows images from untreated control cords. Panel F shows anatomical 

orientation of the images. Sections were immunolabelled for GFAP (astrocytes; 

cyan, column 1 and column 2) and β3-tubulin (neurons/axons; green, column 3 

and column 4). DsRed-expressing transplanted cells are shown in red. Column 

1 and 3 show images taken at low magnification. Columns 2 and 4 show higher 

magnification of the boxed areas in the images in columns 1 and 3. Arrows 

indicate the points of interest, as described in the results. The overlap of 

DsRed-positive cells and β3-tubulin immunolabelling (green) can be observed 

as yellow signal in panels C4 and D4. The arrows in the images within column 

4 show integration between DsRed-expressing cells with β3-tubulin-positive 

structures, likely regenerating axons. The arrows with tails indicate what 

appears to be cell debris in the injury site. 
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Figure 3.7: Correlation of structural repair with functional recovery 

Shown are histology images of the injury site from the animal in each group (28 

days post transplantation) that had the best functional recovery. Column 1: 

Immunolabelling for GFAP (astrocytes; cyan). The astrocytic boundaries 

demarcate the injury site from cord stumps, as indicated by white dashed lines. 

Column 2: Immunolabelling for β3-tubulin (neurons/axons; green). Axons 

extending across the injury site, and the presence of cell bodies expressing β3-
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tubulin are pointed out by white arrows. White dashed lines are the same as in 

Column 1. Column 3: Motor function (BMS scores) of the same animals as from 

which the histology sections were taken, in comparison to the best recovery in 

motor function seen from the control group. Row A shows the representative 

animal from group 1. Row B represents an animal from group 2. Rows C and D 

contain the data from groups 3 and 4, respectively. Control images not shown, 

refer to Figure 3.6 for representative figures of control animals. Scale bar = 100 

µm. 

DISCUSSION 

Transplantation of OEC spheroids results in improved motor function  

OECs have shown strong promise in promoting spinal cord injury repair, 

but outcomes are highly variable, and the method needs improvement. While 

numerous studies have reported on the potential of OECs to induce significant 

motor improvement (Feng et al., 2017; M. Gu et al., 2017; Mengchao Gu et al., 

2017; T. Liu et al., 2017; Durai Murugan Muniswami & George Tharion, 2018; 

D. M. Muniswami & G. Tharion, 2018; Stepanova et al., 2018; Y. Y. Tang et al., 

2017; Tsai et al., 2017; J. Zhang et al., 2017), others found no statistically 

significant motor function improvement (Deumens et al., 2013; Torres-Espin et 

al., 2014; G. Wang et al., 2010; S. X. Zhang et al., 2011). Some studies showed 

structural repair but no functional improvement (Thornton et al., 2018), whilst 

others showed neither structural nor functional improvement (A. Ibrahim et al., 

2014; Yazdani et al., 2012). Transplanting cells in a three-dimensional construct 

may improve OEC survival and/or integration in vivo (Reshamwala et al., 2019). 

We have recently developed a novel method for culturing cells in 3D termed the 

naked liquid marble (NLM) that results in rapid formation of OEC spheroids (Mo 

Chen et al., 2019). Here, we used this system to generate OEC spheroids of 

different size and purity, which we then transplanted into the spinal cord injury 

site of mice with complete T10 transection injury. The total cell number 

transplanted was kept constant between treatment groups. We compared the 

functional and structural outcomes between both OEC purity (~5.0 % versus 

~45.5 %) and spheroid size/number (one large spheroid versus multiple small 

spheroids). The relationship between OM-OEC purity and transplantation 
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outcomes for SCI is poorly studied, hence the importance of purification of OM-

OECs on SCI repair was therefore explored in this study. Comparison of 

transplanting spheroids of different size/number assesses whether the volume: 

surface area ratio of the spheroids affects outcomes. Multiple spheroids have a 

relatively larger surface area than one large spheroid, however transplanting 

multiple spheroids requires relatively more surgical manipulation of the injury 

site than transplantation of one single spheroid. A recent animal trial using 

foetal brainstem cells for the treatment of SCI has concluded that the surgical 

technique has a significant impact on cell integration and outcome of the 

treatment in general (Hou et al., 2018). This study therefore also explored if 

surgical manipulation was a factor affecting SCI repair after treatment with 3D 

constructs of OECs. 

Transplantation of OEC spheroids significantly improved functional 

outcomes compared to the control group (no cells), reflected in increased 

Basso Mouse Scale (BMS) and Toyama Mouse Scale (TMS) scores over time. 

Only three animals that received cell transplants did not show any functional 

improvement, however, these were all found to have caudal stump 

degeneration. We found some variability in the motor improvement within and 

between different treatment groups. Most of the animals, however, showed 

some improvement in their motor function – either progressing or stagnated, 

depending on the treatment they received.  

Transplantation of spheroids containing cells with low OEC purity 

resulted in a rapid recovery over the first week, after which the recovery 

plateaued. Conversely, transplantation of spheroids with the higher OEC purity 

led to slow but progressive recovery in the early weeks. Eventually (at week 4) 

motor recovery was not significantly different between the groups that received 

purified transplants versus unpurified transplants.  A possible explanation for 

the early improvement in motor scores for the groups receiving unpurified cells 

is that the transplants may have contained other cell populations which can 

have secretome effect on the injury site (Gomes et al., 2018; Stewart et al., 

2017). Previous studies have also shown that OECs transplanted at low purity 

can still induce neural repair secretion of growth factors, neurotrophins, and 
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molecules forming basal laminae (Reviewed in Reshamwala et al., 2019; Roet 

& Verhaagen, 2014). Conversely, the mechanisms behind regeneration in the 

groups receiving a higher percentage of OECs in the transplants may be 

particularly due to  direct effects of OECs such as migration to form a bridge 

across the defect and guiding axons across the gap as well as clearing cell 

debris (Reviewed in Reshamwala et al., 2019; Roet & Verhaagen, 2014). Lower 

proportions of OECs are known to be unable to form bridges across the injury 

gap and induce axonal sprouting across the lesion (Yamamoto et al., 2009). 

With the purified cell treatments, OECs clearly formed a bridge across the injury 

site and interacted with axons.  

Single spheroid treatments, which required relatively less surgical 

manoeuvring, resulted in significantly better motor recovery than 

transplantation of multiple smaller spheroids. The relatively higher surface area 

with multiple spheroids may increase the exposure of the transplanted cells to 

the hostile milieu of the SCI site which, coupled with increased need for 

debridement and surgical manipulation of the injury scar, may result in lower 

functional regain.  

Surviving OECs could be detected at 7 days post transplantation 

DsRed-expressing OECs with normal bipolar morphology were 

observed at the injury site at one week post transplantation (Figure 3.4 B), 

indicating that viable and functional OECs were present at that time-point. At 4 

weeks post transplantation, however, whilst some DsRed signal was seen, cells 

with normal healthy morphology could not be observed (see Figure 3.7, Column 

1), suggesting that transplanted OECs either lost DsRed expression over time, 

and/or did not survive in the long-term. Although cell survival is rarely quantified 

after OEC transplantation at the SCI (Reshamwala et al., 2019), several studies 

have described the presence of the fluorescent signal from the transplanted 

cells as evidence of cell survival for the longer duration (Mayeur et al., 2013; 

Torres-Espin et al., 2014; J. Zhang et al., 2017; Zheng et al., 2017). These 

studies, however, did not discuss the morphology of OECs in vivo to indicate 

their viability. Therefore, in this study, merely the presence of DsRed signal 
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observed at 4 weeks post treatment was not considered as a proof cell survival 

given the lack of healthy morphology.  

Cell survival could only be estimated for the groups that received purified 

OEC transplants.  The percentage of surviving cells (~1 % for both single and 

multiple spheroid treatment) is similar or somewhat higher than other published 

work (~0.6% after 1 week of treatment) (Y. Li et al., 2010). It is also well known 

that the transplanted cells have a much lower survival rate when transplanted 

at the injury site as opposed to when transplanted away from the injury site in 

the healthy cord tissue (Pearse et al., 2007). 

The few studies quantifying cell survival used different methods to 

identify cells after transplantation, such as manual counting of cells in histology 

sections (Amemori et al., 2010; Y. Li et al., 2010; Salehi et al., 2009), 

determination of the ratio of fluorescent signals indicating OECs present within 

the lesion site versus OECs present away from the lesion site (Khankan et al., 

2016) (primarily to assess the cell migration and survival with time), and 

determination of pixel intensity of the cell fluorescence at and around the site 

of transplantation (Barbour, Plant, Harvey, & Plant, 2013). A number of studies 

reported using lentiviral vectors to transfect the cells prior to transplantation 

(Stamegna et al., 2011; Toft et al., 2007; Toft et al., 2012), whereas some 

reported using transgenic animals as cell donors characteristically expressing 

a fluorescent protein ubiquitously (Amemori et al., 2010; Khankan et al., 2016).  

Transplantation of OEC spheroids result in structural repair 

The findings reported here show that transplantation of OEC spheroids 

resulted in reduced injury site area and decreased gap distance (as measured 

by the gap in GFAP expression – from astrocytes; Figure 3.5). Purified cell 

treatments resulted in significant reduction of injury site area compared to 

unpurified treatments as well as controls. Similarly, treatments with multiple 

spheroids also led to significantly reduced injury site area as compared to single 

spheroid treatments and controls (Figure 3.5 C). All treatments significantly 

reduced the gap between cord stumps as compared to the control group. Since 

the analysis considered distance between only neuronal cell bodies, no 

significant difference was noticed between treatments and controls. This can 
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be attributed to the fact that OECs are not known to regenerate new neurons, 

but rather they help guide and reconnect the severed axons across the injury 

(Deumens et al., 2006b; Kumar, Hayat, Felts, Bunting, & Wigley, 2005; 

Raisman, 2004). However, the distance was significantly lower in single 

spheroid treatments than the multiple spheroids. The most likely explanation 

for this lies in the fact that single spheroids required much less surgical 

debridement of the injury site, causing a lesser degree of collateral damage. 

Occurrence of caudal stump degeneration (CSD) 

A few animals from each treatment group showed degeneration of GFAP 

signal in the cord stump caudal to the injury site. We found that 14 of the 60 

animals (~23%) in total showed CSD. However, a recent animal trial studying 

reactivation of dormant neural pathways found that the disappearance of GFAP 

signal following a functionally complete injury was a regular occurrence in their 

experiment (B. Chen et al., 2018). The relatively reduced occurrence of CSD in 

our study may be due to the use of the fibrin glue which was used in control 

and treatment groups.  

Correlation of structural and functional recovery 

To establish the correlation between structural and functional recovery, 

we examined key histological features of the injury site in the animals in each 

group that showed the best functional recovery. Histology analysis showed that 

the animals that exhibited the most pronounced motor recovery 4 weeks after 

transplantation had axonal regrowth across the injury site, beyond the astrocytic 

barrier. This barrier has been identified as one of the major impeding factors for 

axonal regrowth (Reviewed in Roet & Verhaagen, 2014). Our data supports the 

idea that OECs can interact with the astroglial barrier and help regrowing axons 

grow across the gap (Khankan et al., 2016; Su et al., 2009; G. Wang et al., 

2010; S. X. Zhang et al., 2011). Another important factor hindering neural repair 

after SCI is the presence of axonal debris at the injury site (Reviewed in Murtaza 

et al., 2019), which was observed in abundance in the control animals but not 

the treated animals in this study. OECs appeared to contain β3-tubulin signal 

(Figure 3.4 B, Figure 3.6 C4 and D4), concurring with previous findings 



 
182 

 

demonstrating that OECs phagocytose axonal debris (Reviewed in Murtaza et 

al., 2019; Yang, He, & Hao, 2015).   

Impact of surgical technique on the treatment outcomes 

The surgical technique involved in treatment in general involved access 

to injury site, debridement of the scar, deposition of spheroids and securing 

their transplant location with the fibrin glue. The techniques for single spheroid 

transplant and multiple spheroid transplants differed mainly in the debridement 

and deposition steps. Single large spheroid deposition required slightly larger 

access and hence, wider debridement. However, deposition was relatively 

easier and warranted minimal manoeuvring. In contrast, the multiple spheroids 

were smaller in diameter and a narrower debridement was sufficient for the 

spheroid deposition. However, the deposition itself called for four separate 

spheroid depositions per treatment and securing them within the injury site 

required more manoeuvring. 

Conclusion 

This study showed that transplantation of OEC spheroids generated in 

the NLM system can improve motor function after complete transection-type 

spinal cord injury in mice. The study showed that OECs can survive and be 

tracked at the injury site for at least one week after treatment without 

immunosuppression. Although the purified and unpurified treatments both 

resulted in motor recovery, the difference between the recovery trends suggest 

different underlying mechanisms for different cell populations. Transplantation 

of one single large spheroid resulted in better motor recovery than 

transplantation of multiple smaller cell spheroids. This could be due to the fact 

that transplantation of one single spheroid requires less surgical manipulation 

than transplantation of several small spheroids. Regarding structural repair, we 

observed subtle differences between the different treatment groups. Single 

spheroid treatments also resulted in reduced neuronal gap across the injury as 

well as somewhat lower incidence of CSD, however, multiple spheroid 

treatments were more efficient at reducing the transection defect size. Overall, 

this study demonstrates that 3D spheroids of OECs can be used to treat SCI 
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and that further optimisation of the approach may lead to enhanced recovery 

from SCI. 

 

End of prepared manuscript  
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3.4 ADDITIONAL FINDINGS 
The data that was gathered as a part of the animal experiment but was 

not included in the manuscript is included here, to present a more complete 

picture. 

3.4.1 DIGIGAIT ANALYSIS 

DigiGait analysis was only possible for the animals that showed stepping 

movement during the recovery period after the treatments. This included six 

animals from the unpurified cell treatment groups (four with single spheroid + 

two with multiple spheroids treatments) and four from the purified cell treatment 

groups (two each from the single spheroid and multiple spheroids treatment 

groups). The gait parameters analysed for these animals were split into two 

sets. The first set included the shared parameters that represent information 

from both the hind limbs together, namely, stance width and shared stance 

time. The second set of parameters was the individual parameters, where each 

hind limb generated a separate value, such as stance/swing ratio, stride length, 

percentage of shared stance and gait symmetry. The gait patterns were 

recorded at weeks 3 and 4 after treatment, when the animals started to step 

during the open field testing. Since the animal numbers were not sufficient to 

perform statistical analysis for each individual treatment group, the analysis 

only compared the differences between unpurified and purified cell treatments 

here. The difference between single and multiple spheroids treatments was 

clear from the open field testing and hence, that comparison was not done here. 

Rather, the comparison between unpurified and purified treatments was 

performed in an attempt to detect any subtle differences in the gait pattern 

which were not picked up in the open field tests. 
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Figure 3.8: DigiGait analysis 

The image panel describes the analysis of shared gait parameters between the 

two hind limbs (in A, B and C) and individual gait parameters analysed 

separately for each limb (D and E), at the times before the injury (baseline) and 

3 weeks as well as 4 weeks after the treatment. A shows the stance width 

(distance between the two hind limbs while the animal is standing), B shows 
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the Shared stance time (time for which the animal is standing with both hind 

limb planted on the surface), C show the gait symmetry, D shows the ratio of 

stance and swing times for each limb (the two parts of a gait cycle: stance – the 

limb is planted, and swing – the limb moves) and E shows shared stance 

duration % (the proportion of shared stance for each limb’s own gait cycle). N=6 

for all Unpurified treatments data points, N=4 for all purified treatments data 

points. Error bars represent SEM. Statistical significance derived from Fisher’s 

LSD test. * p<0.05, ** p<0.01, *** p<0.001, *** p<0.0001.  

The results show that at 3 and 4 weeks after injury the stance width 

(Figure 3.8 A) was significantly different from the pre-injury phase in the animals 

treated with unpurified cells (p<0.05 and p<0.01, respectively). While the 

purified cell treatments showed a similar trend, they were not significantly 

different to the pre-injury state for those animals. Similarly, for the unpurified 

treatment groups, shared stance time (Figure 3.8 B) had increased significantly 

at 4 weeks post treatment (p<0.05). However, for the purified cell treatment 

groups, this parameter was not significantly different from the pre-injury state 

at week 3 or 4. The most important parameter analysed here, however, was the 

gait symmetry, as from the translational viewpoint gait symmetry is much more 

relevant for bipeds. For the unpurified cell treatment groups, gait symmetry 

gradually deteriorated over time and was significantly reduced at both three and 

four weeks after treatment compared to their pre-injury state (p<0.05 & 

p<0.0001, respectively) (Figure 3.8 C). In contrast, the purified cell treatment 

groups showed that gait symmetry at three weeks was significantly reduced 

compared to the pre-injury state (p<0.001). But it improved significantly from 

three weeks to four weeks such that the gait symmetry was restored and not 

significantly different to the pre-injury state at four weeks after treatment.  

The stance time/swing time ratios were not significantly different in either 

of the treatments, apart from a transient reduction (p<0.05) at three weeks for 

the right hind limb in animals treated with purified cells (Figure 3.8 D). The 

comparison of shared stance duration in a gait cycle (Figure 3.8 E) revealed 

that the animals treated with unpurified cells had a significantly increased 

duration percentage in their right hind limb as compared to their pre-injury 
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states at 3 and 4 weeks post treatment (p<0.01 for both). The difference in the 

individual limb stance duration percentage were not significantly different for 

the animals treated with purified cells.  

3.4.2 SUBJECTIVE OBSERVATIONS 

During the course of follow-up after the treatments, subjective 

observations of the recovery were made for all the mice. This included 

observations regarding recovery of sensory and motor functions of both hind 

limbs as well as the tail, and autonomic recovery based on bladder function (as 

described in section 2.5.4 in Chapter 2). The overview from subjective 

observations is graphically represented in the Figure 3.9, and the information is 

detailed for individual animals from each group in the Table 3.9, Table 3.10 and 

Table 3.11. The tables present these results under the three categories - motor 

functions, sensory functions and autonomic functions. The progression of each 

of the included animals is presented across time, where the numbers under the 

title bar represent days post-treatment. The observations were done for all the 

animals with 28 days survival time after treatment from all five treatment groups 

– single large spheroid of unpurified cells (group 1), multiple smaller spheroids 

of unpurified cells (group 2), single large spheroid of purified cells (group 3), 

multiple smaller spheroids of purified cells (group 4) and the control group 

(group 5). 

Motor activity (Table 3.9) was assessed on the hind limbs and tail. No 

movements and lack of any tone was recorded as ‘no activity’ or flaccidity, 

shown in grey. Some feeble movements or spasticity in the denervated areas 

was shown in red. If the muscle tone was perceived as normal during the 

observations but no voluntary movements were seen, it was coded in yellow. 

Green indicates that the animal showed any degree of voluntary movements in 

the denervated body parts. Similarly, for the sensory function assessments 

(shown in Table 3.10), the animals’ responses to different levels of tactile stimuli 

given at the soles of their hind limbs and tail were observed. If the animal 

reacted to gentle stroking to the soles or if their tails curled around the finger, it 

was labelled as ‘responsive to light touch’ and coded in green. If not, their 

response to a grip on their feet and tail was tested to determine if they were 
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‘responsive to pressure’ (yellow). If the animals did not respond to the light 

pressure, a firm grip was applied to see if they were ‘responsive to deep touch’ 

which is shown in red. Grey indicates that the animals did not react to any of 

these stimuli. Additionally, while performing manual bladder expressions, the 

tone of the detrusor muscle, as well as the sphincter (perceived as resistance 

against the bladder voiding) was palpated and described as flaccid (grey), or 

spastic (red) and if the overall feel of the bladder was hard while expressing 

(not full) it was recorded in yellow (probable cause was expected to be detrusor 

– sphincter dyssynergia or DSD). Normal tone of the bladder was indicated in 

green. 

 

Figure 3.9: Overview of subjective observations 

The figure shows subjectively observed improvement in motor, sensory and 

autonomic functions over the 28 day follow-up period. The progression of 

animals treated with unpurified cells is shown in red and purified cells in green; 

controls are shown in black. N = 6 for all data points, except for purified cells, 

single spheroid group (n = 4). Error bars = SEM. 
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As it can be viewed from the three tables, the animals treated with 

unpurified cell treatments (in groups 1 and 2) showed recovery of movements 

by the end of first week or beginning of second week post-treatment (Table 3.9). 

However, their sensory recovery appeared to be slower, where most animals 

did not react to light touch till the fourth week after treatments and some animals 

never recovered responsiveness to light touch (Table 3.10). Interestingly, for 

the animals treated with purified cell treatments (groups 3 and 4), the motor 

recovery appeared somewhat later than the animals in groups 1 and 2 (Table 

3.9), although the motor recovery appeared along with or right after sensory 

recovery to light touch in these animals (Table 3.10). The two animals that did 

not show any recovery at all from these four groups (animal # 18 and 82) were 

discovered to have distal stump degeneration upon histological examination. 

As expected, the control animals did not show any remarkable recovery, though 

some animals showed responsiveness to deep touch, which was assumed to 

be a spinal reflex against a potentially noxious stimulus (Table 3.9 & Table 

3.10).  

The autonomic functions assessed during bladder expression suggested 

that in the animals with purified cells, the autonomic recovery also appeared in 

a coordinated manner with their sensorimotor recovery (Table 3.11). However, 

it was not the case for the animals treated with unpurified cells (Table 3.11). 

The bladder function recovery, however, is a complicated matter since flaccidity 

and spasticity observed in the bladder tone does not follow a well-defined 

chronological order. Rodent models of SCI and neurogenic bladder have 

revealed in prior research that ~30% SCI animals had flaccid bladder and ~70% 

animals had spastic bladder several weeks following SCI (Urakami et al., 2007). 

Research has also found that in humans (Alagol et al., 1995; S. L. Chen et al., 

2012) as well as rabbits (Hiraizumi, Hisamitsu, Ichikawa, & Fujimaki, 1987), a 

lower thoracic level injury may cause either spastic or flaccid neurogenic 

bladder. Hence, one state following the other has no clear implication over the 

functional recovery or a lack there of. Nevertheless, the research does conclude 

that in the days immediately after SCI, the bladder is flaccid, and the normal 

tone of bladder (as see in many animals here) does indicate some degree of 

recovery. 



 
190 

 

Table 3.9: Subjective observations: Motor functions 
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Table 3.10: Subjective observations: Sensory functions 
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Table 3.11: Subjective observations: Autonomic functions (bladder functions) 
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3.4.3 DISCUSSION 

3.4.3.1 Differences between unpurified and purified cell treatment based on 

the additional data 

The DigiGait analysis reveals that stance width, shared stance time, gait 

symmetry and shared stance time parameters of the animals’ gait patterns differ 

significantly between baseline and post-treatment stages for the animals 

treated with unpurified cells. However, these parameters were comparable post 

treatment for the animals treated with purified cell treatments with their baseline 

measurements. The stance/swing ratio parameter for all the animals did not 

reveal any significant findings. The most interesting finding was the recovery of 

gait symmetry in the animals treated with purified cells. 

Based on the findings of the DigiGait analysis and subjective monitoring, 

it appears that the differences in the recovery trend observed in section 3.4 only 

provided partial information. Upon consideration of all these findings together, 

the data suggests that the treatments with unpurified cells primarily improved 

motor function but had little to no effect on the sensory recovery. However, 

treatments with purified cells led to some degree of recovery in sensory, motor 

and autonomic functions. This can also explain the gait symmetry finding of 

DigiGait analysis where the animals treated with purified cells regained gait 

symmetry at par with their pre-injury state. Sensory recovery, specifically 

restoration of proprioception is key to a coordinated and symmetrical gait. The 

subjective observation of sensitivity to touch in these animals also supports the 

sensory recovery. Conversely, the gait symmetry of the animals treated with 

unpurified cells deteriorated with time. If the animals are able to perform better 

with the motor component of gait (as seen by BMS and TMS) but their sensory 

function has not recovered (as seen with the subjective observations), their gait 

patterns would likely be less coordinated and more asymmetrical as the 

DigiGait analysis shows. It is also possible that the OECs have a higher affinity 

towards sensory axons, given their natural role of repairing olfactory nerve – a 

sensory cranial nerve - which may explain the sensory recovery with more 

purified OEC population transplantation. 
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3.4.3.2 Total treatment volume 

While the 5 μL treatment volume was appropriate for the cell suspension 

injections as performed during the pilot project, in this experiment it was 

observed that the volume was excessive for spheroids transplantation within 

the injury site. This was mostly due to the limited space available at the site of 

the transection injury. The parenchymal injections can accommodate larger 

volumes as they are not bound by the confines of the injury site, but direct 

transplantations into the injury sites dictated that the treatment volume be 

reduced. Assuming the maximum mouse spinal column width to be ~2 mm at 

the T10 level, depth to be ~1 mm and the average defect gap (as seen in the 

controls) to be ~0.9 mm (~900 μm) based on observations made during the 

surgeries, the defect volume would be approximately 1.8 cubic mm (~1.5 if a 

cylindrical shape volume is calculated instead of a cuboid shape). This volume 

is equivalent to 1.8 μL of fluid volume, which would vary depending on the 

transection defect size. Reducing the total treatment volume to 1 μL of thrombin 

component in addition to the spheroids (coated with the fibrinogen component, 

~0.5 μL volume in total) would be a more appropriate approach for the 

treatments in the mouse model of transection injury. 

3.4.3.3 Surgical manipulation during the treatment surgeries 

The formation of microscopic post-operative haematoma was 

considered as an indicator of the surgical manipulation in the treatment 

surgeries. None of the animals showed any haematoma at the 28 day time-

point because this duration after the treatments was long enough for any 

microscopic hematomas to be resolved physiologically. However, in the 

animals from 7 day time-point, a distinct pattern was observed. Three of the 12 

animals treated with multiple spheroids showed haematoma on microscopy, 

however, none of the animals treated with single spheroids showed any 

haematoma formation at the 7 day time-point. The control animals were also 

devoid of haematoma formation, indicating that the surgical manipulation 

required to transplant four small spheroids was, at least to a certain extent, 

counter-productive for induction of structural repairs. This evidence combined 

with the other evidence presented in the Figure 3.3 - Figure 3.7 indicates that 

the best treatment option for this injury model may be achieved by combining 
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the advantages of both the treatment modalities and mitigating the 

disadvantages of each of the approaches. Perhaps, a treatment with two 

medium sized spheroids, each containing 100,000 cells may be able to achieve 

this goal.  

3.5 SUMMARY 

3.5.1 OVERVIEW 

In this chapter, a review of the literature revealed that more experimental 

studies using OM-OECs are needed. Additionally, despite the high level of 

variations in the reported results, purity of the transplanted cell population 

appears to have an effect on the final outcomes where higher purity of cells is 

commonly associated with better outcomes.  

To observe the effect of cell purity on SCI treatment outcomes (and in 

turn, to assess the need for a robust purification procedure), an experiment was 

conducted that revealed the differences between the recovery trends after the 

treatments with purified and unpurified OM-OEC treatments of transection type 

SCI in mice. Despite the apparent early motor recovery seen with unpurified 

treatments, the purified cell treatments showed the same level of motor 

recovery at the end of the follow-up period, with a better overall gait pattern 

(seen on DigiGait) in addition to the better sensory recovery observed on 

subjective assessments. 

The same experiment also assessed the role of surgical manipulation 

and the use of 3D OEC preparations for transplantation. Despite some 

advantages of smaller spheroid preparations, the increased need for surgical 

manipulation of the injury site was found to be associated with undesirable 

outcomes. Thus, larger spheroids which require less surgical manipulation are 

likely to be beneficial. 

3.5.2 LIMITATIONS 

This experiment only addresses a limited number of factors involved with 

structural recovery of a SCI. Assessment of inflammatory aspect of the SCI may 

be helpful. The cell survival appears better than the literature, but the difference 
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is statistically insignificant. Cell survival and integration can be improved further 

with more optimisation of the two transplantation approaches explored here. It 

was not confirmed if the spheroids lead to better cell survival as compared to 

suspension treatments. 

The viscous fibrinogen component of the fibrin glue used during 

treatments, on occasion, started to harden quickly, making the surgical 

placement of spheroid(s) more difficult. Moreover, the transplantation of four 

spheroids put forth several technical difficulties including but not limited to –  

• Deposition of four spheroids required excessive cord manipulation,  

• Placement of all the spheroids could not be achieved to the optimal 

potential,  

• The treatment volume appeared too high in some cases where the 

matrix would overflow from the scar site. 

3.5.3 FUTURE PLAN 

To address the technical difficulties and other limitations of this 

experiment, it was decided to take the following actions. 

• Optimise a dilution for the fibrin glue in order to achieve the optimal 

matrix strength. 

• Reduce the treatment volume to better accommodate the transplantation 

with a supporting matrix. 

• Test the use two spheroids with 100,000 cells each, rather than the 

single large spheroids or four smaller ones. 

• Assess differences in cell survival between suspension and spheroids. 

• Stain for IBA-1 (for microglia) and C3 (reactive astrogliosis) to assess 

the inflammatory outcomes as well. 
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Chapter 4  IN VITRO EXPERIMENTS WITH OECS IN 3D CULTURES AND 

FIBRIN  

4.1 INTRODUCTION 
Fibrin is the protein used by the body for haemostasis in response to an 

injury. The inactive form of fibrin, known as fibrinogen, is activated by a catalyst 

protein thrombin and the activated fibrin forms the fibrin clot. Commercially 

available fibrin is a two part formulation of thrombin and fibrinogen proteins to 

artificially create a fibrin clot (Canonico, 2003).  

Since fibrin is a physiological glue, it has been used for a variety of 

surgeries in humans such as corneal transplants, fistula repairs, liver and 

spleen repairs and also dural tear repairs (Saxena et al., 2003). This evidence 

suggests that fibrin glue is a suitable adhesive for use in spinal cord related 

surgeries. Despite its xenogeneic origin, the use of human fibrin in a rodent 

experimental model was first found safe as an osteo-inductive agent (Abiraman, 

Varma, Umashankar, & John, 2002), and later, in spinal cord repairs in rats 

(Collins et al., 2017; A. Ibrahim et al., 2014; Y. Li & Zhao, 2008; Qian et al., 

2009). Long-term compatibility of the human fibrin gel for experimental 

treatment of neurotraumas has also been established in rat SCI over a four-

week period (thoracic hemisection model). The experiment compared fibrin 

against equine collagen gel transplantation and an injury only (control group) in 

the rats, where the fibrin gel transplanted animals, similar to the control group, 

showed significantly reduced parenchymal infiltration by the inflammatory cells 

than the collagen treatment group at the end of four weeks (Petter-Puchner et 

al., 2007).  

Hence, it was decided to use the fibrin glue for the dual actions of being a 

vehicle for OECs and as an adhesive to repair the gap defect in the transected 

spinal cord. However, in the previous set of experiments included in Chapter-

3, it became difficult to accurately measure and transplant the μL scale volumes 

of the fibrinogen component due to its high viscosity. Some amounts of residual 

fibrinogen commonly remained on the inner and outer surfaces of the glass 

capillaries used for transplantation, indicating that incomplete addition of the 
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fibrinogen had occurred. On occasion, specifically when multiple spheroids 

were transplanted, the fibrin started to form a solid clot at the transplantation 

site before all the spheroids were placed completely within the injury site. The 

mixing of the exogenous fibrin components with the endogenous fibrin 

components may have been responsible for this. Since the fibrinogen 

component is already dense, the clot hardens quickly within an open injury site, 

impeding surgical manipulation necessary for proper placement of the 

spheroids. 

To mitigate these complications, it was decided to test whether diluted 

fibrin components would make a semi-solid matrix that would support and 

suspend the transplanted cells, while allowing them to migrate freely through 

the matrix. The diluted fibrinogen is less viscous which would be easier to 

measure accurately and dispense completely into the transplantation site. The 

semi-solid nature of the matrix would still allow for some surgical manipulation 

even if the fibrin starts to set before final placement of the spheroids. To 

determine the appropriate dilution of the fibrin glue components for supporting 

the transplantation OEC spheroids, a range of dilutions need to be tested. 

As the cell response to the fibrin glue is likely to be dependent on the cell 

composition and the spheroid dimensions, it was also important to characterise 

the cell spheroids in more detail. Understanding how cell seeding proportion 

and density affect the dimensions of the spheroids may also aid construction of 

cell spheroids to suit different injury sites.  

This Chapter addresses these aspects by: 

• Generating a matrix suitable for supporting the transplantation of 

spheroids; and 

• Characterising the cellular composition of the spheroids. 

4.2 AIM 
The aim of this set of experiments is to formulate a “transplantation matrix” 

using the fibrin glue. The matrix is expected to have the following properties: 

• The matrix should be easy to prepare, easy to handle and easy to 

transplant. 
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• The matrix should set readily upon transplantation. 

• The matrix should support and augment the transplanted cells and allow 

them to migrate freely though the matrix. 

These experiments also aim to characterise and quantify the fully formed 

spheroids by their cell numbers and cell surface marker expression profile. 

4.3 ASSESSING IF THE MATRIX CAN SUPPORT THE CELLS IN 3D CULTURE 

OVER TIME AND FACILITATE THE MIGRATION OF THE CELLS 

4.3.1 OEC – FIBRIN GLUE INTERACTION 

This experiment was conducted to determine whether the fibrin glue 

supports the growth of OECs. Spheroids of OECs, containing 200,000 cells 

each, were plated in different formats with the fibrin glue: (1) a drop of fibrin 

glue was placed in the centre and a single spheroid was embedded inside the 

glue; (2) a drop of fibrin glue was placed in the centre of the well and a spheroid 

on top of the glue and a semicircular band of glue was pasted around the drop; 

(3) a spheroid was placed in the centre of the well and a complete circle of glue 

was drawn around it; (4) control treatment consisted of only a spheroid in the 

centre without any fibrin glue (schematic representation is in Figure 4.1). The 

experiment was repeated in triplicates. Approximately 30 seconds were allowed 

for the glue to set, after which 500 μL of culture medium (DMEM F12, 10% FBS, 

5% gentamicin) was added to each well. The plate was incubated at 37°C with 

5% CO2. 500 μL additional medium was added again on the third day. On day 

5, the entire volume of the culture medium was replaced with fresh medium. 

The plate was inspected daily under the inverted microscope and bright field 

imaging was performed at the time of seeding the plate (after ~30 min of 

seeding) and on day 7. The imaging was done at 10x magnification on a Nikon 

Ti-2e microscope. The wells were imaged with 20 x 20 stitching. 
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Figure 4.1: Experimental outline for OEC spheroid-fibrin glue interaction 

4.3.2 RESULT 

In all the wells, spheroids had settled on the well floor or within the fibrin 

bed (depending on the seeding format) on day one. Two to three days after 

seeding, OECs started to dissociate from the spheroids and started growing on 

the floor of the wells. In case of the wells where spheroids were kept on the 

well’s floor and a ring or a band of glue was drawn around them, cells appeared 

to have formed new, smaller spheroids after day 5. The cells in the control wells 

became over-confluent and started to detach from the floor after day 5. The 

OECs migrated out of the fibrin droplet (in format 1) after day 5. In format 2, the 

OECs migrated farther on the side without the glue band, however, they grew 

over and within the band of fibrin where they came into contact with the glue by 

day 7. Similarly, in format 3, the cells had grown over the area inside the ring 

and had started to grow within the fibrin by day 7. By day 7, all the wells with 

the fibrin showed marked reduction in the amount of fibrin, suggesting that the 

OECs may also be able to clear fibrin from their surroundings over time. The 

control wells showed, however, that most cells had detached from the well and 

were floating on the surface on day 7. In Figure 4.2, representative images are 

shown from each format.  

From these results, it may be derived that the OECs can survive and 

migrate in presence of the fibrin glue. Interestingly, the glue enabled the cells 

to grow in multiple layers, allowing them to remain attached within the 

substance of the fibrin droplet and/or bands. This can explain why the wells with 
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fibrin did not show any floating cells. The glue, thus, allows the cells to be 

housed (or embedded) within its substance, and allows them to gradually grow 

and migrate out over time. Figure 4.3 shows how smaller pieces of spheroids 

were attached to the margins of the fibrin glue and how the cells migrated out 

from the spheroids into the fibrin.  

 

Figure 4.2: Representative images from the OEC spheroid-fibrin glue 

experiments 

A, B, C and D refer to the four seeding formats. A = format 1, spheroid 

embedded in the glue drop. B = format 2, spheroid on the glue + semicircular 

band. C = format 3, spheroids in a ring of glue and D = format 4, only spheroid 

+ no glue. Small images on the left bottom corners are from day 0 and the large 

stitched (20x20) images are from day 7. Spheroids are visible as large, dark 

spots in all four images. All images are taken with 10x magnification on Nikon 

Ti-2e microscope. Scale bars = 200 μm for inset images and 1000 μm for the 

large stitched images. 
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Figure 4.3: Cells migrating from the spheroid into the glue.  

Brightfield image taken on Day 7 of seeding the spheroids in format 2, spheroid 

on the glue + semicircular band of glue. The figure shows flattened cells 

attached on the floor of the well (left side), and a pool of fibrin glue (right side). 

Labels indicate the small fragments of spheroid in contact with fibrin, and cells 

migrating out of the spheroid. Bright small dots in the glue indicate the OECs 

(not attached to the floor). Scale bar = 100 μm. 

 

4.4 CHOOSING AN APPROPRIATE DILUTION FOR THE FIBRIN COMPONENTS 

4.4.1 THE DILUTING AGENT 

To dilute the fibrin components, several different diluting agents were tried 

including distilled water, 0.9% saline, Ringer’s lactate solution (RL) and DMEM 

culture media. While all the diluting agents allowed a clot formation, the clot 

with the distilled water appeared completely opaque and unusually hard within 

~ 30 min. The clots formed in all the remaining diluting agents were comparable. 

The results were confirmed by repeating the experiment three times, and in 

each repetition, three wells were prepared for each condition.  

Since the distilled water (pH=7) was acidic in comparison with the 

physiological pH of 7.4, it was assumed that the fibrin became denatured in 

presence of the distilled water. The remaining three agents (RL, saline and 

DMEM) showed similar formation of clots. The presence of the indicator 

phenolphthalein makes DMEM a less desirable candidate for in vivo 

transplantation. Saline and RL both are used clinically for fluid transfusion, 

however, the presence of ions such as lactate, calcium and potassium in 
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addition to sodium chloride makes RL more of a physiological solution 

compared to saline and thus RL was chosen as the diluting agent for the 

remaining of the experiments.  

4.4.2 THE DILUTION FACTOR 

4.4.2.1 Aim: 

The aim of this experiment was to determine an appropriate dilution 

factor at which the matrix can set and form a clot relatively quickly. 

4.4.2.2 Methods 

The fibrin components were diluted in 100% (undiluted), 50%, 25%, 10%, 

5% and 1% concentrations. 10 μL of both the components were mixed in a petri 

dish at the room temperature (23 ⁰C) and allowed to passively set in a clot. The 

time from the moment of contact until the moment when the mixture started to 

become stringy, and then formed a clot was measured with a stopwatch. The 

complete formation of clot was confirmed when a pipette tip was gently pushed 

in the clot and the tip did not breach the surface, but rather simply caused an 

indentation. These different durations were labelled ‘setting started’ and ‘setting 

complete’, respectively. The experiment was repeated three times for each 

condition. The times were plotted on a graph with the software GraphPad 

Prism. The experiment was repeated three more times, where the components 

were actively mixed with a pipette and the time taken for the clot to set was 

again measured and plotted as described above. To test the effect of body 

temperature on the setting time, the experiment was performed thrice at 37 ⁰C 

for the 100%, 10% and 5% dilutions with passive setting and the data was 

plotted on a graph. 

4.4.2.3 Results 

A steady decline in the setting time was observed as the dilutions 

progressed from 100% to 5%. However, 1% dilution required longer time to set 

and the variability was much higher among the three repetitions. The setting 

time was reduced by over three times when the components were actively 

mixed with the pipette (Figure 4.4-A). The setting time was not significantly 

different from room temperature to 37⁰C (Figure 4.4-B) (derived by t-test, p = 
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0.9531 and p = 0.9513 for ‘setting started’ time and ‘setting completed’ time, 

respectively).  

 

Figure 4.4: Matrix setting time. 

The setting time of different dilutions of fibrin matrices. Figure A shows a 

comparison between passive and active setting times of the matrices. Figure B 

shows passive setting times at room temperature and 37 ⁰C temperature. 

Green bars show the time taken for the matrix to start setting and red bars show 

time taken to fully complete the matrix setting. N=3 for each data point. Error 

bars represent SD. 

The setting time for the matrix reduces with reducing concentration of 

fibrin in RL. This may be explained by the fact that the diluting agent – RL 

solution has calcium ions present which are known to facilitate the clotting 

cascade. However, the long and highly variable setting time needed for the 1% 

dilution can be explained by the possibility that at such a low dilution, there were 

not enough fibrin components present to effectively set the matrix. Considering 

these results, the following experiments were conducted on 10% and 5% fibrin 

dilutions. The 1% dilution was also included to see if the same trend was 

observed when it was mixed with high number of cells as well.  

4.5 3D CULTURES OF OECS EMBEDDED IN FIBRIN MATRICES 

4.5.1 AIM 

The aim of these experiments was to determine if the transplantation 

matrices made with different dilutions of the fibrin can support the OECs in 

three-dimensional culture conditions over a period of time and allow the cells to 

move within the matrix. 
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4.5.2 METHODS 

4.5.2.1 Experiments with OEC cell line 

The first set of experiments were carried out on the OEC cell line, kindly 

donated by Professor Filip Lim. The immortalised mouse OECs were originally 

derived from primary cultures of olfactory bulb, dissected from transgenic mice 

C57BL/6-Tg (ACTB-EGFP) and thus the cells express EGFP. The cell line was 

stored at the lab in liquid nitrogen at low passage numbers (4-8 passages). The 

frozen vials containing ~1 million cells were thawed quickly at room 

temperature, and fresh culture medium was added slowly before centrifugation 

to remove the cryoprotective culture media. The cell pellet was then 

resuspended in freshly made culture medium (DMEM F12, 10% FBS, 5% 

gentamicin) and the cell suspension was seeded in T25 flasks. The cells were 

passaged every 2-3 days depending on the confluence in the flask. To seed the 

cells, the cells were dissociated from the T25 flasks using TrypLExpress 

reagent (1X, 100 ml, Cat 12604039, Thermo Fisher), washed and then 

suspended in lactated Ringer’s solution at 40,000 cells/μL, 10,000 cells/μL, 

4,000 cells/μL and 1,000 cells/μL concentration. The cell suspensions at 

different seeding densities were then added with either fibrinogen or thrombin 

component of the fibrin glue (Evicel, EV02AUS, Johnson & Johnson Medical 

Pty Ltd). The fibrin components were also added at different concentrations of 

10%, 5%, 1% and 0% (v/v). Thus, a total of eight different suspensions were 

prepared for each cell seeding density, where four suspensions contained 

fibrinogen and the remaining four contained thrombin components at the four 

described dilutions. Suspensions containing fibrinogen component dilutions 

were paired together with suspensions containing same cell densities and same 

thrombin dilutions. A total 10 μL of volume from each suspension containing 

fibrinogen was pipetted per well into a 384 well-plate (Greiner CELLSTAR® 384 

well plate, 781091, Interpath Services Pty Ltd). Ten more μL of corresponding 

thrombin containing suspension was added to the appropriate wells and the 

total volume of each well was mixed gently by pipetting 2-3 times. Care was 

taken not to introduce any bubbles while mixing. Each dilution of fibrin was 

plated into three wells to obtain three technical replicates. The same experiment 

was repeated two more times, on separate days, using different passage cells, 



 
206 

 

freshly made reagents and different batch of fibrin components to obtain three 

biological replicates. Twenty μL of fresh culture medium (DMEM F12, 10% FBS, 

5% gentamicin) was added gently on top of each well after ~15 min upon 

confirming that the matrix had set into a jelly like consistency.  

All the wells were imaged on Nikon Ti2-E microscope immediately after 

adding the medium, and then at every 24 h interval to observe if the cells were 

present and moving in three dimensions. The highest distance from the well 

floor at which the cells were observed was recorded at each time point. 

 

4.5.2.2 Experiments with primary mucosal OECs 

The cells used in this experiment were harvested from seven day old 

transgenic mice (s100β-DsRed) in which the OECs express DsRed. The 

primary cells were harvested, expanded and frozen for storage, and then 

revived for this experiment. The cells were extracted from liquid nitrogen 

storage tank and quickly brought to room temp. The freshly made cold culture 

medium (DMEM, 10% FBS, 5% gentamicin, 5% Glutamax) was gently added 

to the thawed cell suspension and the cells were centrifuged at 300g for 5 min 

to remove the cryoprotective agent dimethyl sulfoxide (DMSO). The cell pellet 

was then resuspended in the complete culture medium and placed in a T25 

flask for incubation at 37⁰C for 48 h. After 48 h, the cells were dissociated form 

the flask using TrypLExpress dissociation agent. The same procedure as 

described above was used to plate different seeding densities of the primary 

cells for each different fibrin matrix composition. The wells were imaged on the 

Nikon Ti2-E microscope at 0, 24, 48 and 72 h after embedding the cells. A few 

representative wells were imaged on the Olympus FV-3000 confocal 

microscope on days 3, 4 and 5 for observing the three-dimensional structure 

that the cells made within the matrix.  

4.5.3 RESULTS 

The imaging done immediately after seeding showed that the cells were 

equally distributed in the lower part of the matrices in all the conditions. At this 

time, the cells appeared round and bright on imaging. On day 1, the cells 

appeared to be distributed throughout the thickness of all the conditions. This 
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distribution then gradually reduced over the next two days or remained steady. 

The cells in all conditions were able to grow in three dimensions and remain in 

3D culture for at least 72 hours after seeding in vitro. The cell distribution height 

was more for the higher cell seeding densities, in general. In all conditions, the 

cells mostly exhibited typical bipolar, elongated and slender morphology 

indicating that the cells were alive and well. With 40,000 and 10,000 cells/μL 

seeding densities, the cells appeared in two distinct configurations. Some of the 

cells went to the bottom of the plate and remained attached there while some 

of the cells clumped together in the matrix and formed three dimensional 

spherical or mushroom like aggregates over the first 48 h. These configurations 

were better defined in the 10% matrix dilution (Figure 4.5). The summary of cell 

distribution height from the well floor is presented in the Figure 4.6. As time 

progressed more cells were found at the bottom surface of the plate. The 10% 

as well as 5% matrix concentration appeared to hold the scaffolding for at least 

3 days after seeding the cells. However, the 5% matrices occasionally showed 

some heterogenous consistency with uneven clot formation in contrast with the 

10% gel matrices where the gels were always consistently homogenously 

formed (data not shown). In one instance, the matrices were followed up for 7 

days after cell seeding and the cells appeared healthy at this time as well 

(Figure 4.7). 
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Figure 4.5: OECs in fibrin matrices 

The image panel shows OECs (DsRed signal seen in red colour) forming 3D 

aggregates at 10,000 cells/μL (A) and 40,000 cells/ μL (B) seeding densities. 

The images seen here are three-side (orthogonal) views of the wells taken at 

10x magnification. Segments x and y indicate the thickness views as taken from 

the locations defined by yellow crosshairs in the main view image. Panel C 

shows graphs with mean signal intensities at different heights from the well 

floor, taken from follow up of 10% and 5% matrices (seeded with 40,000 cells/ 

μL) at 0, 24, 48 and 72 h.  

 
Figure 4.6: Distribution of cells from the floor of the well 
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The maximum height to which cells were observed from the floor of the well 

have been plated in this bar chart. In A, the data from 40,000 and 10,000 

cells/μL conditions is plotted and in B, the data for 4,000 and 1,000 cells/μL is 

plotted. Each condition contains all four different matrix strengths – 10%, 5%, 

1% and 0% (no matrix control) for all four time points – 0, 24, 38 and 72 hours. 

Average values from each set of three technical replicates were pooled for all 

three biological replicates to plot the bars, n=9 and error bars represent SD. 

4.5.4 DISCUSSION 

The experiment described in section 4.3 had already showed that the 

spheroids can survive and migrate in presence of the fibrin glue. The 

experiment also showed that the cells from the spheroids require some time to 

migrate out and become visible outside the spheroid. Hence, in this experiment, 

a suspension of single cells was used so that the movement of the cells could 

be observed sooner, and the cells remained visible throughout. Since it also 

difficult to perform sectioning and immunostaining of the cells embedded in the 

fibrin matrix, the visualization relied solely upon the reported fluorescent 

proteins expressed by OECs. This is primarily why the analysis in this 

experiment was limited to the cell distribution range and visual inspection of the 

cell morphology. The matrices with 10% fibrin showed better structural strength 

and better integration of cells as indicated by the matrices’ ability to support the 

cells at a height above the floor with 40,000 cells/μL (the highest of the tested) 

seeding density. Although 5% matrices showed some structural strength, it was 

observed that the matrix at times was heterogenous and formed uneven clots 

unlike the uniform smooth gel-like structure seen in 10% matrices. Additionally, 

the 10% matrix was the only matrix able to support 3D cell growth at the lower 

seeding density of 1,000 cells/ μL.  

Thus, diluting the fibrin leads to formation of a semisolid, pliable gel-like 

matrix that can hold its shape, support the cells and allow them to move 

through. Another significant potential advantage of using a diluting agent is that 

it can be used as a vehicle for in which other adjuvant therapies could be added 

such as natural compounds to enhance OEC activity, growth factors to induce 

neural regrowth, and antibiotics and anti-inflammatory agents to manage post-
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surgical risks. With a diluted formulation, the matrix becomes a repository of 

one or a combination of the adjuvant therapies which are then gradually 

released directly at the injury site over time. 

 

Figure 4.7: OEC morphology in different configurations 

The image panel shows OECs from the bottom of the well (A) and as a 

maximum projection from 100 μm height (C) from the same well (10% fibrin, 

40,000cells/μL) at day 7.  OECs can be seen lying flat on the floor in A, B shows 

an enlarged version of the boxed area from B. OECs can be seen in multiple 

layers in C and D shows enlarged area of interest from C. Images are taken at 

30x magnification with stitching. 

4.5.5 CONCLUSION 

The primary OECs survived well within the matrix composed of 10% fibrin 

and lactated Ringer’s solution, with the 10% fibrin resulting in the most 

consistent distribution of cells regardless of the cell seeding density. The cells 

remained migratory and exhibited healthy morphology throughout the duration 
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of follow-up. Hence, it was decided that 10% fibrin matrix would be used for 

transplantation in all of the following animal studies. 

 

4.6 SPHEROID CHARACTERISATION 

4.6.1 AIM 

The aim of the following experiments was to characterise the spheroids 

in terms of size, cell population and cell counts.  

4.6.2 METHODS 

The spheroids were formed from OECs harvested from the olfactory 

mucosae of 7 day old transgenic s100β-DsRed mice. A total of 100,000 cells 

were seeded in 20 μL of media, in a 384-well plate with hydrophobic coating, to 

make naked liquid marbles (Mo Chen et al., 2019). The plate was then 

incubated at 37 ⁰C, 5% CO2 for 48 h. A representative 20 μL cell suspension 

was also kept in a 384 well cell carrier plate as a control for the seeding cell 

numbers, which was fixed after allowing 2 h for the cells to attach to floor of the 

well. The spheroids were harvested after 48 h of incubation and washed with 

PBS. Three spheroids were then taken in 200 μL PBS and gently triturated to 

dissociate the cells from the spheroid. The suspension made from this 

trituration was used to count the number of cells in the spheroids. Other 

spheroids (unfixed) were placed on a glass slide with 200 μL of Hoechst and 

flattened on their surface by gently pressing between the slide and a coverslip. 

The slides were then imaged on the Olympus FV-3000 confocal microscope 

and the nuclei stained with Hoechst were counted to estimate the cells 

numbers. The same experiment was also conducted on spheroids fixed with 

4% PFA for 30 min. The cell numbers were calculated for the fixed spheroids 

in the same way as the unfixed spheroids. For sectioning of spheroids, the 

spheroids were fixed with 4% PFA for 30 min, placed in 30% sucrose for cryo-

protection at 4 ⁰C overnight, embedded in OCT and cut on a cryostat into 30 

μm thick sections. Each spheroid was sliced into ~15 sections. The sections 

were then divided in three staining groups so that each group included 

representative sections from each spheroid. The immunostaining information is 
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summarized in the Table-4.1. Cell counting from the acquired images was 

performed on the Imaris software. 

Table 4.1: Immunostaining summary 

Host Target Supplier Catalog. # Dilution Incubation 
Primary Antibodies 

Staining Group-1  

Rabbit p75ntr BioLegend 839701 1:200 

Overnight 

at 4⁰C 

Rat CD 90 
BD 

Biosciences 
553009 1:200 

Staining Group-2 

Goat GFAP Abcam ab53554 1:200 

Rabbit IBA-1 Abcam ab178847 1:50 

Staining Group-3 

Rabbit Fibronectin Abcam ab23750 1:200 

Rat C3 Abcam ab11862 1:100 

  

Secondary Antibodies 

Donkey Goat (488) 
Thermo Fisher 

Scientific 
A-11055 1:250 

1 h at room 

temp 

Donkey 
Rabbit 

(488) 

Thermo Fisher 

Scientific 
A-21206 1:250 

Donkey 
Rabbit 

(647) 

Thermo Fisher 

Scientific 
A-31573 1:500 

Donkey Rat (647) Abcam ab150155 1:200 

 

4.6.3 RESULTS 

4.6.3.1 Cell counts 

The cell counts observed from the triturated spheroids are summarised 

in Figure 4.8. The average count of cells extracted from the spheroids was 

63,467 cells of the 100,000 cells that were used to seed the spheroids. The 

proportion of the cells essentially constituting the spheroids in this case was 

63.47 ± 8.9% (mean±SD). The trituration may not have been completely 
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successful in separating all the cells to form single cell suspension and some 

cells may have remained in clusters. This may explain the lower overall 

estimated cell counts and somewhat higher variability observed among the cell 

counts. 

The cell counts quantified by flattening the spheroids are summarised in 

the same table. The unfixed spheroids showed 68.51 ± 3.99% cells of the total 

cells used in seeding remained in the spheroids whereas cell counts from the 

fixed spheroids indicated that 66.35 ± 4.15% cells were in the spheroids. The 

overall average cell proportion was 67.43 ± 3.83% from the flattened spheroids 

counts (fixed + unfixed).  

 

Figure 4.8: Cell counts within the spheroids 

The figure shows the estimated cell counts obtained from the OEC spheroids 

seeded with 100,000 cells by three different counting methods. N=3 for each 

instance. Error bars represent SD. 

4.6.3.2 Spheroid size 

The size of the spheroids was measured by measuring the maximum 

diameter of the sectioned spheroids. The diameters observed during imaging 

each spheroid were 450.4 ± 27.82 μm (mean ± SD). Assuming the spheroids 

were spherical, the surface area of these spheroids would be 6.37x105 ± 
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0.06x105 μm2 and the average volume of the spheroids would be 47.82x106 ± 

0.09x106 μm3 (~0.048 ± 0.0001 μL). 

4.6.3.3 Immunostaining of spheroids 

The cells in the spheroids were immunostained with p75ntr, GFAP, 

fibronectin, CD90, IBA-1 and complement C3, with representative images 

displayed in Figure 4.9. Staining with p75ntr, GFAP and fibronectin showed 

morphologically meaningful signal patterns when overlayed with the DsRed 

(s100β) signals. These results indicated that the spheroids have OECs and 

fibroblasts as the main constituting cell population. Complement C3 and CD90 

staining were somewhat diffuse and no specific information could be derived. 

IBA-1 staining showed no distinct signal indicating that the spheroids did not 

contain immune cells. As can be seen from the Figure 4.9, the fibronectin 

staining is mostly on the outside of the spheroid (row 4), very much like a 

capsule. DsRed staining on the other hand, is seen throughout the volume, 

indicating that although the fibroblasts and OECs can intermingle, fibroblasts 

are mainly situated toward the periphery of the spheroid. The staining also 

indicates that the spheroids contain OECs embedded within an extracellular 

matrix as seen by the diffuse fibronectin staining in Figure 4.9, row 4. 
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Figure 4.9: Immuno-staining of spheroid sections 

Representative section images from each of the staining group are displayed 

in each row. Images from Staining group-1 (anti-p75ntr and anti-CD90 

antibodies) are in the first row, Staining group-2 (anti-GFAP and anti-IBA-1 

antibodies) are in second row and Staining group-3 (anti-fibronectin and anti-

C3 antibodies) are in the third row. The displayed images in each row, in left-

to-right order, are overlay of Hoechst + DsRed channels, green (488) + DsRed 

channels, Grey (647) + DsRed channel and a merge of all four channels. The 

last row in this panel shows separated and enlarged views of the DsRed + 

Fibronectin overlays. Magnification for all images was 20x, scale bar represents 

100 μm. 
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4.6.4 SUMMARY 

The spheroids made with 100,000 cells had a diameter of ~450 μm with 

a fairly uniform shape and volume. Out of the 100,000 cells that were seeded 

in the naked liquid marbles, ~67.5% of the cells were recovered from or 

detected within the spheroids. However, about one third of the cells used for 

seeding these spheroids were lost during the spheroid assembly. Perhaps, 

during the creation of the spheroid, the cell population undergoes self-

enrichment with OECs forming the core of the spheroid surrounded by a layer 

of fibroblasts, with excess fibroblasts not adhering. If such a self-enrichment 

occurred, this may explain the difference between the cell seeding and resultant 

cell numbers within the spheroid cells, and the higher proportion of OECs within 

the spheroids than the seeding cell population. OECs in vitro express the 

markers p75ntr, s100β and GFAP; the continued expression of p75ntr, GFAP 

and DsRed (indicator of s100β promoter function) indicates that the cells within 

the spheroid maintained their phenotype uniformly throughout the spheroid. 

The characterisation of OECs within a spheroid made by the same technique 

(done elsewhere) also revealed that the cell surface markers expression profile 

of the OECs in a spheroid is similar to their in vivo expression profile (Mo Chen 

et al., 2019). 

4.7 CONCLUSIONS 
Culturing the cells in a 3D format seems a useful and relevant strategy 

where the cells maintain good growth and morphology and continue to express 

the appropriate markers. Cells cultured within the fibrin matrix also show 

continuous growth and migration along with the ability to aggregate and 

disaggregate in the matrix. The optimised dilution (10%) of the fibrin matrix sets 

quickly and forms a pliable semisolid gel-like matrix that can support and 

sustain the cells over time. The cells in this matrix are able to migrate out over 

several days and these cells migrate together while maintaining inter-cellular 

contact and form bridge-like structures. The matrix may even offer some 

protection from the hostile milieu of the injury site after transplantation which 

can in turn help enhance the cell survival in vivo.  
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Chapter 5  COMPARISON OF CELL SURVIVAL ACROSS 
DIFFERENT TREATMENT MODALITIES 
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5.1 AIM 
The aim of this experiment was to study the effects of different treatment 

formats on the survival and integration of OECs after transplantation in an 

injured cord. A review of literature was conducted to evaluate how the cell 

survival was assessed and reported in the published literature, to understand 

the factors affecting the survival of cells post-transplantation and determine 

ways to improve it. 

 

5.2 CELL SURVIVAL REVIEW PAPER 
The following review paper contains the literature review conducted on 

the past decade of rodent models of SCI which were treated with OECs with or 

without other cell types. The review paper explores the trends in the published 

works regarding reporting and quantification methods of cell survival, in order 

to identify important factors that may influence cell survival in vivo. 
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Abstract 

Olfactory ensheathing cells, the glial cells of the primary olfactory 

nervous system, support the natural regeneration of the olfactory nerve that 

occurs throughout life. OECs thus exhibit unique properties supporting 

neuronal survival and growth. Transplantation of OECs is emerging as a 

promising treatment for spinal cord injury, however, outcomes in both animals 

and humans are variable and the method needs improvement and 

standardisation. A major reason for the discrepancy in functional outcomes is 

the variability in survival and integration of the transplanted cells, key factors 

for successful spinal cord regeneration. Here, we review the outcomes of OEC 

transplantation in rodent models over the last 10 years, with a focus on survival 

and integration of the transplanted cells. We identify the key factors influencing 

OEC survival: injury type, source of transplanted cells, co-transplantation with 

other cell types, number and concentration of cells, method of delivery, and 

time of transplantation after the injury. We found that two key issues are 

hampering optimisation and standardisation of OEC transplantation: lack of (1) 

reliable methods for identifying transplanted cells and (2) three-dimensional 

systems for OEC delivery. To develop OEC transplantation as a successful and 

standardised therapy for spinal cord injury, we must address these issues and 

increase our understanding of the complex parameters influencing OEC 

survival.  

Introduction 

Olfactory ensheathing cells (OECs) are the glial cells of the primary 

olfactory nervous system, which consists of the olfactory nerve (cranial nerve 

I), which extends between the olfactory epithelium at the roof of the nasal cavity 

and the olfactory bulb in the anterior cranial fossa, and the outer layer of the 

olfactory bulb termed the nerve fibre layer (NFL) (Figure 5.1). The primary 

olfactory nervous system is unique in that it continuously undergoes 

regeneration. Even after large-scale injury, it can regenerate as long as the 

deeper layers of the olfactory bulb, internally to the NFL, remain intact 

(Graziadei & Graziadei, 1979; Graziadei & Monti Graziadei, 1980, 1985). 

Primary olfactory neurons live for an average of approximately 30 days in 
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rodents (the exact life-span of human primary olfactory neurons is not known), 

and new neurons continuously arise from progenitors in the olfactory epithelium 

(Mackay-Sim & Kittel, 1991). The cell bodies of these neurons remain in the 

epithelium; their dendrites extend into the nasal cavity where they detect 

odorant molecules. Primary olfactory axons extend basally into the lamina 

propria, where they fasciculate to form the many branches of the olfactory 

nerve, which after traversing the cribriform plate terminates in the olfactory bulb 

(Figure 5.1) (Graziadei & Graziadei, 1979; Graziadei & Monti Graziadei, 1980, 

1985). OECs are considered crucial for the regenerative capacity of the primary 

olfactory nervous system (reviewed in (Barton et al., 2017; Ekberg, Amaya, 

Mackay-Sim, & St John, 2012; Ekberg & St John, 2014; Nazareth et al., 

2015a)). 

OECs are present throughout the entire primary olfactory nervous 

system and are in direct contact with the axons of primary olfactory neurons all 

the way from the lamina propria to the olfactory bulb (R.  Doucette, 1989; R. 

Doucette, 1990) (Figure 5.1). OECs are in fact not a homogenous population 

of cells; sub-populations of OECs exist with distinct anatomical location and 

functions. In the olfactory nerve, OECs organise primary olfactory axons into 

fascicles. The axons are not myelinated; instead, relatively large bundles of 

axons are surrounded by OECs which create a tunnel-like structure (R. 

Doucette, 1990). OECs provide structural, neurotrophic and axonal guidance 

support for the axons as they extend towards the olfactory bulb (Barnett & 

Riddell, 2004; Bartolomei & Greer, 2000; Barton et al., 2017; Ramon-Cueto & 

Avila, 1998; Roet & Verhaagen, 2014). In the NFL of the olfactory bulb, OECs 

are thought to be crucial for the sorting of axons to olfactory bulbar targets 

termed glomeruli, which is dictated by the type of odorant receptor expressed 

by each axon. Here, OECs are considered to mediate a complex array of de-

fasciculation, sorting and re-fasciculation of axon fascicles according to odorant 

receptor profile (R.  Doucette, 1989; R. Doucette, 1990). Furthermore, OECs 

are the main phagocytes in the primary olfactory nervous system, eliminating 

the large amounts of cellular debris resulting from the constant neuronal 

regeneration (Leung et al., 2008; Nazareth et al., 2015a; Su et al., 2013; 

Wewetzer et al., 2005; N. Zhang et al., 2014), as well as eliminating invading 
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microorganisms (Leung et al., 2008; Panni et al., 2013; Vincent et al., 2007). 

OECs also exhibit a high capacity for migration. During development, OECs 

migrate ahead of olfactory axons en route to the olfactory bulb (Jessen & 

Mirsky, 2005; Tennent & Chuah, 1996; Valverde, Santacana, & Heredia, 1992), 

and after large-scale olfactory bulb injury, the cells migrate into the injury site 

within the CNS (F. Chehrehasa et al., 2012). Thus, phagocytosis, migration to 

injury site, axonal guidance and structural remodelling (reviewed in (Roet & 

Verhaagen, 2014)) are some of the direct roles that OECs play in axonal 

reaeration. Additionally, OECs have also been found to have some indirect 

effects promoting neural repair and regeneration such as secretion of growth 

factors, neurotrophins and basement membrane components (reviewed in 

(Roet & Verhaagen, 2014)). 

Due to their ability to promote neural regeneration, as well as their 

unique migratory properties, transplantation of OECs has been trialled for spinal 

cord injuries in animals and humans with promising but highly variable 

outcomes. Animal models of spinal cord injury, most of which are rodent 

models, are invaluable for evaluating and optimizing OEC transplantation 

towards a therapy. However, the large variability in methodology and outcomes 

must be addressed to better inform the future directions of the therapeutic use 

of these cells. The two main issues that warrant attention are (1) cell purity, as 

OECs are notoriously difficult to purify, in particular OECs isolated from the 

olfactory mucosa which is the favourable clinical approach (reviewed in 

(Mayeur et al., 2013; Yao et al., 2018)) and (2) survival of the transplanted 

OECs, which is the focus of the current review.  
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Figure 5.1: Organisation of the olfactory system 

Schematic of a sagittal sectional view of (A) the human and (B) rodent nasal 

cavity with the olfactory nerve and bulb highlighted in green. (C) A histological 

schematic showing the key cell types of the olfactory system. AOB: accessory 

olfactory bulb (only present in rodents), CP: cribriform plate, GM: glomeruli, LP: 

lamina propria, NFL: nerve fibre layer, OB: olfactory bulb, OE: olfactory 

epithelium, OEC: olfactory ensheathing cells (shown in red), OM: olfactory 

mucosa (area within the dotted line), ON: olfactory neurons (shown in green), 

ONF: olfactory nerve fascicles, SC: sustentacular cells.  

 

Addressing cell survival is important because increasing the number of 

OECs that survive the transplantation is likely to directly or indirectly facilitate 

the regeneration process, whilst reducing the number of OECs that die will 

minimise the deleterious effects of the necrotic cells at the transplantation site. 

But which parameters affect survival of the transplanted OECs? This question 

has to date been difficult to answer, as quantification of OEC survival at the 

injury site is complicated due to the lack of specific OEC markers needed to 

track the transplanted cells. There are, however, certain key factors that are 
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particularly likely to influence cell survival, which we review here. For the review 

of the literature, publications spanning the last 10 years were searched for the 

keywords “spinal cord injury” with a combination of the phrases “olfactory 

ensheathing cells”, “OECs”, “olfactory ensheathing glia”, “OEGs” and “olfactory 

glia”. It is not possible to evaluate OEC survival in living humans who have 

received an OEC transplant; thus, this review is limited to information arising 

from animal studies. To date, most animal studies have been performed using 

rodent spinal cord injury models. Therefore, only studies conducted in rodents 

were included in this review, whilst studies involving human trials or other 

animal models were excluded. Studies limited to in vitro experiments, peripheral 

nerve repair and review articles were also excluded. It is our belief that the most 

recent studies would also reflect the collectively generated knowledge of the 

previously published works, along with the recent most developments in the 

field which is why this study only focuses on the studies published over the last 

10 years. Studies published more than 10 years before were referred to in 

cases where the included studies referred to them for specific methodologies.  

A total of 66 studies that met the inclusion criteria were included in this 

review. For each study, details regarding injury model, transplanted cell type 

(OECs alone, OECs in comparison with or together with other cells), 

transplantation method, number of transplanted cells, percentages of surviving 

cells and survival duration are summarised in Table 5.1 and Table 5.2, with full 

details presented in Table 5.3. 

Reporting of cell survival 

Background: Reporting of cell survival is a crucial parameter to be assessed 

for evaluating cell transplantation-based therapies, including OEC-mediated 

spinal cord repair. Although some authors have suggested that the reparative 

effects of OECs may not require the cells to be permanently present at the injury 

site (Y. Li et al., 2016), more widely discussed properties of OECs such as 

physically bridging the injury site gap (Sasaki et al., 2004) and phagocytosing 

debris at the injury site (He, Xie, Wu, Hao, & Yang, 2014) do require the OECs 

to survive after transplantation. While several studies do not quantify cell 

survival, a few of the studies published before the period mentioned in the 
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inclusion criteria have analysed the cell survival in depth. One such study 

reported 2.3 ± 1.4% cell survival after 3 months of transplantation (Barakat et 

al., 2005). In this study, two million OECs were injected in a 6 μL suspension 

over a period of three minutes, at two months following a contusion type injury. 

Another study analysed survival of OECs transplanted directly into the injury 

site as well as at a spinal cord site distant from the injury site in contusion-type 

injury (Pearse et al., 2007). According to this study, only 3.1 ± 1.4% OECs 

survived at the injury site at three weeks post transplantation, when they were 

injected by themselves. However, when they were injected in the intact spinal 

cord away from injury site and SCs injected in the injury core, the OEC survival 

was reported to be 48 ± 6.3%. Thus, indicating that transplanted OECs can 

survive in healthy spinal cord while the harsh environment of the injury site 

reduces survival. The study also reported similar survival rates at nine weeks 

after the transplantation.  

Recent evidence: Only 36 out of the 66 reviewed studies reported that they 

assessed cell survival. Out of these 36 studies, only six quantitatively analysed 

cell survival, with four studies reported a fully quantified survival outcome of 

transplanted cells (Amemori et al., 2010; Carwardine et al., 2017; Y. Li et al., 

2010; Salehi et al., 2009). One study quantified surviving OECs by determining 

the pixel intensity as seen on fluorescent imaging(Barbour et al., 2013), while 

another study determined the proportion of surviving cells within the lesion site 

in relation to the remaining tissue (Khankan et al., 2016). The remaining 30 

studies did not quantify the numbers or percentages of surviving cells. A few 

studies reported “drastic reduction in survival” or “very low cell survival” two to 

eight weeks after transplantation without reporting the quantitative 

measurements (B. C. Li et al., 2011; Novikova et al., 2011; Torres-Espin et al., 

2014), and in one case the authors reported that none of the transplanted cells 

survived seven months after transplantation(Thornton et al., 2018). Overall, 

OEC survival was determined at a time post-transplantation ranging from one 

week (Khankan et al., 2016; Lankford, Sasaki, Radtke, & Kocsis, 2008; B. C. Li 

et al., 2011; Roet et al., 2012) to one year (Munoz-Quiles et al., 2009), with 

most studies assessing OEC survival between three weeks and three months 

after transplantation. Some studies included longer-term determination of 
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survival up to six months, seven months (Kubasak et al., 2008; Takeoka et al., 

2010) or eight months (Negredo et al., 2008; Takeoka et al., 2011; Takeoka, 

Kubasak, Zhong, Roy, & Phelps, 2009). The results regarding cell survival are 

summarised in Table 5.1. 

Table 5.1: Summary of cell survival reporting and quantification 

This table summarises the reporting and quantification of cell survival. 

(i) Summary of survival reporting 

Complete quantification 
Semi-
quantitative 
analysis 

Discussed 
without 
quantification 

No 
mention 
of survival 

4 
(Amemori et al., 2010; 
Carwardine et al., 2017; 
Y. Li et al., 2010; Salehi 
et al., 2009) 

2 
(Barbour et al., 
2013; Khankan 
et al., 2016) 

30 30 

    

(ii) Summary of cell survival quantification  

Study Reported OEC 
Survival 

Quantified at 
time post 
treatment 

 

1 (Y. Li et al., 2010) 
0.6 ± 0.148 % 1 week  
0.473 ± 0.138 % 2 weeks  

0.357 ± 0.122 % 13 weeks  
2 (Carwardine et al., 
2017) 6.5 ± 2.5 % 4 weeks  

3 (Salehi et al., 2009) 2.85 ± 0.73 % 4 weeks  

4 (Amemori et al., 2010) 0.34 – 1.72 % 8 weeks  

In one of the four studies that fully quantified the survival percentages of 

transplanted OECs (Salehi et al., 2009), female Wistar rats were injured using 

crush injury and were treated with an allograft of cells obtained from olfactory 

bulbs of donor Wistar rats with/without embryonic stem derived motor neurons 

(ESMN). Quantification of surviving cells at four weeks post transplantation 

reported 2.8 ± 0.73% in OEC only treatment group, and 2.6 ± 1.2% in OECs + 

ESMN treatment group. It should be noted that these animals were under 

immunosuppression induced by cyclosporine, to mitigate the chances of 

rejection of the allograft.  
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Another study (Amemori et al., 2010) reported on OEC survival in a 

crush-type injury model in male Wistar rats. Cells for transplantation were 

obtained from the olfactory mucosa of four-week-old transgenic Sprague 

Dawley (SD) rats expressing enhanced GFP in OECs as well as mesenchymal 

stem cells (MSCs). Thus, this transplant was an allograft (between rats of 

different strains). Rats were treated with microinjections of cell suspensions of 

OECs with/without MSCs seven days after the injury and by eight weeks post 

transplantation survival of OECs was estimated to be between 0.34 – 1.72 %, 

while survival of MSCs was estimated to be 0.41 – 0.96 %. These animals also 

received cyclosporine to prevent graft rejection.  

A third study used contusion-type injury in SD rats as injury model (Y. Li 

et al., 2010), into which OECs from the olfactory bulbs of transgenic GFP-

expressing SD rats were transplanted (constituting an allogenic graft) using 

microinjections one week after injury. The surviving cell proportion was reported 

to be a fairly constant 0.4-0.6 % from one week to thirteen weeks.  No use of 

immunosuppression was reported.  

The last of these four studies reported the use of crush injury in male 

athymic nude rats (Carwardine et al., 2017). This transplant was a xenograft; 

the OECs used for treatment were isolated from olfactory mucosa of a 

euthanized canine. Immediately after the injury, lentiviral-transfected GFP 

expressing OECs were injected rostrally and caudally to the injury site. Cell 

survival analysis was carried out four weeks after transplantation; the proportion 

of surviving cells was estimated to be 6.5 ± 2.5 %. No additional 

immunosuppression was used in this study as the experimental animals were 

innately immune deficient.  

Another study quantified the relative distribution of surviving 

transplanted cells within the injured spinal cord, rather than determining 

percentages of surviving cells (Khankan et al., 2016). In this study, a transection 

model in female SD rats was used. OECs for treatment were prepared from 

olfactory bulbs of GFP-expressing transgenic SD rats (allograft) with cells 

microinjected immediately after transection into four midline injection sites per 
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spinal cord stump. For quantification of OEC distribution, the volume occupied 

by GFP-labelled cells at the injury site was calculated and divided by the total 

volume occupied by GFP-labelled cells in the entire spinal cord, which was then 

reported as a percentage. At one week post-transplantation, 79 ± 4 % of the 

surviving cells were seen at the injury site, at two weeks cell survival was 14 ± 

7 % and at four weeks 23 ± 14 %. None of the cells were traced at the injury 

site at eight weeks’ time post transplantation, except for the group of animals 

that received immunosuppression. The animals were given cyclosporine for 

prevention of a graft rejection response. While this study did not assess cell 

survival in a conventional manner, this was only study amongst the 66 reviewed 

studies here that assessed cell distribution over time. 

One study quantified OEC survival indirectly by determining the pixel 

intensity of transplanted cells that expressed a fluorescent tag (Barbour et al., 

2013). In this study, a contusion injury model in female Fischer rats was used. 

OECs were isolated from olfactory bulbs, also from Fischer rats and 

transplanted in a suspension containing 100,000 cells/µl, two weeks after injury. 

For the semi-quantitative analysis of cell survival, DsRed pixel density was 

calculated. The authors observed a 74 % decline in the pixel density throughout 

the rostral-caudal axis of the injury site from two weeks to four months post 

transplantation.  

None of the studies in which OEC survival was calculated assessed or 

analysed the inflammatory status of the injury site. Two studies mentioned 

intermingling of surviving OECs with reactive astrocytes at the injury site 

(Barbour et al., 2013; Carwardine et al., 2017). Only one of the studies 

discussed migration of OECs away from site of injection into the cord tissue and 

disappearance of the transplanted cells from the lesion site at eight weeks 

following transplantation (Khankan et al., 2016).  

Most of the studies included in this review did not discuss the survival of 

transplanted OECs. The reason for this may have been that it can be difficult to 

track the cells after transplantation, unless a xenograft is transplanted which 

can be detected with antibodies raised against the donor animal (Carwardine 

et al., 2017). OECs and Schwann cells are largely indistinguishable from each 
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other immunologically and morphologically using immunohistochemistry in 

tissues (reviewed in (Barton et al., 2017)). After spinal cord injury, endogenous 

Schwann cells migrate into the injury site (reviewed in (S. X. Zhang, Huang, 

Gates, & Holmberg, 2013)). Additionally, a recent study has reported that 

oligodendrocytes following a spinal cord injury, give rise to myelinating cells that 

they have identified as “Schwann-cell like cells” (Assinck et al., 

2017).Therefore, it is not currently possible to distinguish transplanted OECs 

from Schwann cells using peripheral glial markers, such as the p75 

neurotrophin receptor (p75ntr), which are expressed by both cell types. The 

only marker sometimes used to distinguish between the two cell types is Leu7, 

also known as CD57 or HNK-1, which has been suggested to be expressed by 

Schwann cells but not OECs (Levi, Guenard, Aebischer, & Bunge, 1994; 

Martini, Bollensen, & Schachner, 1988). However, non-myelinating Schwann 

cells do not express Leu7 (Bock et al., 2007). The Schwann cells that enter the 

spinal cord do have the capacity to myelinate axons, but many may have a non-

myelinating phenotype. Therefore, Leu7 is not an appropriate marker for 

distinguishing between OECs and Schwann cells.  

Most of the studies that did report cell survival relied on fluorescent 

proteins expressed by cells taken from genetically modified animals or by cells 

transfected by lentivirus(Barbour et al., 2013; Carwardine et al., 2017; Coutts 

et al., 2013; Y. Li et al., 2016; Pearse et al., 2007). One older study (not included 

in this review) reported the use of a nuclear probe, which can be used to 

specifically identify the transplanted cells (Pearse et al., 2007). The use of 

transgenic animals as a source of fluorescence tagged cells for transplantation 

is not without its own set of issues and challenges such as variable expression 

of fluorescent proteins among different cells, differential levels of expression 

depending in the developmental stages of the animals, possibility of non-

specific expression of the protein in closely related cell types, inconsistent 

fluorescence depending on the environmental changes such as temperature 

and pH, and variable intensities of expressed fluorescent proteins (Megason, 

Amsterdam, Hopkins, & Lin, 2005). These issues may pose a serious question 

on the reliability of the fluorescent protein for identification of a certain cell type 

altogether. Using a fluorescent protein can lead to erroneous results as 
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fluorescence can also be expressed from cell debris after a cell has died, or 

after such debris has been phagocytosed by other cells(Nazareth et al., 2015a; 

Nazareth et al., 2015b). In some cases, the authors chose to use fluorescence 

intensity to quantify the surviving OECs (Barbour et al., 2013; Mayeur et al., 

2013). This can also further result in false positives as the debris and dead cells 

tend to express high intensity fluorescence (Koga, Zeyen, Bushnell, & 

Ahlstrand, 1988; Zamai, Bareggi, Santavenere, & Vitale, 1993). Use of multiple 

markers such as a nuclear marker along with a fluorescent protein (Salehi et 

al., 2009) in combination with high-resolution microscopy to demonstrate that 

fluorescent cells are alive and exhibit the expected morphology can avoid such 

issues. Quantification of the correctly identified cells presents another 

challenge. Many study designs do not specify the details of the quantification 

method. In some cases, a representative sampling of sectioned tissue was 

done by collecting every sixth consecutive section (Salehi et al., 2009). Here 

an extrapolation is conducted based on the assumption that the distribution of 

OECs in situ is uniform, which may not be occur as the transplanted cells may 

migrate along discrete tracts within the spinal cord. A three-dimensional 

reconstruction of the tissue around injury site (Pearse et al., 2007) could prove 

useful in avoiding such issues. A more frequent sampling can be done to reduce 

the extrapolation needed. Furthermore, if cells are transplanted from a male to 

female animal, labelling for the Y chromosome may be feasible (Pearse et al., 

2007).  

Cell survival depends on injury model 

Background:  Many transplanted cells die due to inflammation in the injured 

spinal cord, as the inflammatory process that ensues after an injury creates a 

hostile environment (Khankan et al., 2016). Injury disrupts the blood-brain 

barrier and allows macrophages to enter the injury site, and tissue damage at 

the injury site activates local microglia. The increased macrophage activity 

makes survival and integration of grafted cells even more challenging(Zhou et 

al., 2014). Astrocytes react to spinal cord injury by actively proliferating and 

migrating to the lesion to form a scar known as the astroglial (astrocytic) scar. 

The scar aides the injured cord by securing it structurally, but it also impedes 
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axonal outgrowth and repair mechanisms owing to its dense configuration and 

hostile microenvironment (Okano et al., 2003; Rowland et al., 2008). The 

intraspinal cell transplantation process itself warrants further manipulation of 

the scar at the injury site, which may trigger another inflammatory reaction 

further elevating the hostility of host tissue and thus adversely affecting the 

survival of transplanted cells. For these reasons, the injury model used strongly 

influences survival of the transplanted cells and functional outcomes. 

Transection-type injury is caused by a sharp – cutting trauma and results in little 

peri-lesional secondary injuries. In contrast, contusion-type injuries are caused 

by blunt compressing trauma to the cord and results in widespread secondary 

injuries, ultimately leading to a substantially more pronounced immune 

response involving macrophages and microglia (Siegenthaler, Tu, & Keirstead, 

2007). In addition to the type of injury, level of injury can also affect the cell 

survival post transplantation. Similar to the types of injury, the inflammatory 

responses differ between cervical and thoracic injuries (Hong et al., 2018).  

Recent evidence: All the 66 papers reviewed here have used rats as the 

experimental injury model and transplant recipient. Compression- or contusion-

type injury was the most commonly used injury mode, comprising 27 out of the 

63 studies. Transection injury models were used in 21 studies, and hemi-

section in six out of the 66 studies. Three more studies used partial transection 

to induce spinal cord injury (Roet et al., 2012; Toft et al., 2012; G. Wang et al., 

2010), and another study employed unilateral ablation of cortico-spinal tract 

(Yamamoto et al., 2009). Two studies used x-irradiation of the spinal cord along 

with ethidium bromide-induced demyelination (Coutts et al., 2013; Lankford et 

al., 2008). One study used rhizotomy as the injury model(A. Ibrahim et al., 

2014). Two more studies described the use of dorsal root avulsion (Collins et 

al., 2018; Collins et al., 2017). Another paper used radiofrequency-induced heat 

ablation of the cord tissue (Y. Li et al., 2016). One further study investigated the 

role of OECs for their possible beneficial effects in a genetically induced 

amyotrophic lateral sclerosis (ALS) mode l (Y. Li et al., 2011). One paper did 

not describe the details regarding injury model or the transplantation method 

(Zheng et al., 2017). These results are summarised in Table 5.2, section (i). 
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The host immune system plays a critical role in the fate of transplanted 

cells. This is particularly important in spinal cord injury where the innate and 

adaptive immune systems are activated in response to an injury, creating an 

environment that is hostile for the transplanted cells. Transection-type injuries 

are more precise and cause minimal accumulation of cell debris in comparison 

to contusion and crush injuries. Due to wider range of tissue damage and 

ruptured blood vessels, contusion and crush type injuries lead to a more severe 

activation of immune system than transection (Cheriyan et al., 2014; Hagen, 

2015; Khankan et al., 2016). The best survival percentage as reported following 

a crush injury in the reviewed literature was 6.5 ± 2.5 % out of the 80,000 

transplanted cells at four weeks post transplantation (Carwardine et al., 2017). 

In contrast, another study using a similar injury model also assessed at four 

weeks post-transplantation reported ~ 3 % survival out of one million 

transplanted cells (Salehi et al., 2009). Another study using crush injury 

reported a mere ~1 % survival out of 300,000 transplanted cells at eight weeks 

post transplantation (Amemori et al., 2010). The lowest survival rates were 

reported following a contusion-type injury, which were less than 0.5 % at two 

weeks (and declining further at 13 weeks) from the originally transplanted 

90,000 cells(Y. Li et al., 2010). The only study that reported on cell survival after 

a transection type injury used a semi-quantitative analysis (Khankan et al., 

2016). Instead of quantifying percentages of surviving cells, this study reported 

on the relative distribution of transplanted cells between the injury site and 

surrounding tissue.  As outlined earlier, at one-week post injury, approximately 

80 % of the surviving cells were found directly within the injury site. This 

percentage was drastically reduced to ~15 % after two weeks followed by a 

small but significant increase again at four weeks post transplantation. It is 

possible that cells either migrated back into the lesion core over time, or that 

cells exhibited better survival or proliferation at the injury site than within 

surrounding areas. The reported enhancement in survival of OECs following 

cyclosporine treatment (Khankan et al., 2016) would suggest that the host 

immune response is a key factor for survival of OECs after transplantation. The 

inflammatory environment at the injury site, which changes over time, may 

correlate with survival or migration of transplanted cells.  
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Source of OECs can affect cell survival in vivo 

Background: The second important factor is the source of the transplanted 

cells. OECs can be acquired from the olfactory mucosa (which contains the 

olfactory epithelium and underlying lamina propria with OECs), or from the 

olfactory bulb (which contains the NFL with OECs). When cultured in vitro, the 

different subtypes of OECs can retain their functions; OECs from the peripheral 

nervous system directionally organise axons in fascicles, whereas OECs from 

the olfactory bulb induce a disorganised axonal growth, consistent with their in 

vivo roles (Windus et al., 2010). This indicates that mucosal OECs may be 

better for spinal cord injury repairs as organised axonal extension is favourable. 

Obtaining cells from the mucosa is also favourable from a clinical point of view, 

as the mucosa is easy to access and there is no damage to the olfactory bulb 

in the CNS. 

Table 5.2: Summary of transplantation parameters and outcomes 

This table summarises the number of reviewed publications across different 

transplantation parameters, and their key outcomes. 

(i)                  Injury model   
Contusion Crush Transection Hemisection Other N/M   

20 7 21 6 11 1   
       
(ii) OECs Sources    
OB Alone OM Alone Both OB + OM Cell line Xenograft N/M    

40 16 2 1 6 1    
       
(iii) Co-transplantation with other cell types 
  MSCs SCs NSCs ESMNs ASCs FBs 
Used 
separately 5 5 3 1 1 7 

Co-
transplanted 
with OECs 

2 3 3 1 1 0 
       
(iv) Cell number/concentration   

Total cell 
number 

not 
mentioned 

less than 
100,000 100,000-500,000 

more 
than 
500,000 

  

10 9 34 13   
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Concentrati
on 
cells/µl 

not 
mentioned 

less than 
50,000 50,000-100,000 

more 
than 
100,000 

  

12 14 30 10   
       
(v) Summary of Transplant methods     
Injection Other+ Both compared     
51 13 2     
       
(vi) Summary of transplantation time post injury++  
0 Days 1 week 2 weeks 4 weeks 8 weeks Other N/M  

40 13 6 3 2 7 1  

+ Other methods include transplantation of cells encased/embedded in 

hydrogels, MBL, mucosal pieces, gel sponges or spherical aggregates. 

++ out of the 66 studies, 62 performed treatments at 1 timepoint, 2 studies did 

treatments at 2 timepoints and 2 more studies performed treatments at 3 

timepoints, which is why the total number of here appears as 72 here instead 

of 66. 

Most studies to date have been conducted on rodent animal models, 

using either human or rodent OECs for transplantation. The transplanted cells 

were an allograft (donor and recipient are the same species but may or may not 

be the same strain) in most of the cases, and a xenograft (donor and recipient 

are different species) in some cases. Most, but not all, of the transplantations 

performed in humans to date have used autologous transplanted cells from the 

olfactory mucosa (Chhabra et al., 2009; Feron et al., 2005; Lima et al., 2010; 

Lima et al., 2006; Mackay-Sim et al., 2008; Rao et al., 2013; Tabakow et al., 

2013). Despite the risks, olfactory bulb OECs have also been transplanted in 

humans with spinal cord injury; these cells were autografts (Tabakow et al., 

2014), or allografts (L. Chen et al., 2014; J. Wu et al., 2012). In one of these 

studies, autologous transplantation of olfactory bulb-derived OECs led to a 

remarkable functional improvement in a patient with complete spinal cord injury 

(Tabakow et al., 2014). Using autologous OECs drastically reduces the risks 

related to graft rejections. Expansion of OECs from biopsies is, however, time-

consuming and therefore donor cell transplantation may be warranted for 

immediate use in acute phase treatment for spinal cord injury. Thus, it is 
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essential to take into account graft-versus-host responses in understanding 

why OECs sometimes do not survive.   

Recent evidence: The sources of OECs can be discussed from two aspects, 

the species of origin, and the anatomical location of their origin. The reviewed 

papers report multiple sources of OECs. In 42 of the review papers, OECs were 

isolated from the rat olfactory bulb, while 18 studies used OECs from the rat 

olfactory mucosa. Two of these papers compared olfactory bulb- and mucosa-

derived OECs (A. Ibrahim et al., 2014; Mayeur et al., 2013). One recent study 

used a cell line (TEG3 cell line) as the source of OECs (Reginensi et al., 2015). 

Thus, 59 of the studies used allogenic transplants (58 studies used primary 

cells; one study used cell line). Two studies using OB-OECs out of the 42, 

reported cell survivals to be ~2.85 % at 4 weeks (Salehi et al., 2009) and ~0.6 

% at 1 week (Y. Li et al., 2010) respectively, as previously detailed. Two more 

studies using OB-OECs performed semi-quantitative survival analysis, one of 

which reported cell surviving up to 4 weeks without immunosuppression and 8 

weeks with immunosuppression (Khankan et al., 2016); whereas the other 

study detected fluorescent signal emanating from OECs for up to four months 

after transplant in 64 % of the animals (Barbour et al., 2013). Another 15 studies 

out of the 42 OB-OEC studies observed cell survival without statistical 

quantification, with the longest recorded survival time of 8 months after 

transplant (Takeoka et al., 2011). The information regarding sources of cells is 

summarised in Table 5.2, section (ii).  

The one study that quantified OM-OEC survival, reported the survival 

between 0.34-1.72 percent at 8 weeks (Amemori et al., 2010). Another 13 

studies out of the 18 using OM-OECs also reported presence of OECs 

qualitatively for up to 10 weeks after transplantation (Tharion et al., 2011). 

Amongst the six xenograft studies, one paper used mouse olfactory bulb as 

OEC source (Y. Li et al., 2016), another used canine OECs purified from the 

olfactory mucosa (Carwardine et al., 2017). Four studies used primate-sourced 

cells. OECs from the olfactory bulbs from macaques (Cercopithecinae 

primates) were used  in one study (Guest et al., 2008), and in two studies, the 

authors transplanted human OECs purified from the olfactory mucosa into rat 
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injury models (Gorrie et al., 2010; Lindsay et al., 2017), while another study 

reported using human olfactory bulb-derived OECs(Collins et al., 2018). In the 

latter case, cells were taken from 15 patients who had undergone surgeries for 

anterior skull base fractures due to trauma or cancer, and whose olfactory bulbs 

were not salvageable. The remaining one study did not describe the source of 

OECs (Luo et al., 2013). In summary, the transplantations were most commonly 

allogenic, and the olfactory bulb was the most common anatomical source of 

OECs. It is notable that all the studies that transplanted xenografts either used 

immunosuppressive drugs or used athymic nude rats as recipients (Carwardine 

et al., 2017; Guest et al., 2008). Some studies conducting allogenic 

transplantation also used immunosuppression.  

As reviewed here, 59 of the 66 included studies have used allogenic 

transplants, but six of the studies have reported the use of xenografts along 

with the use of immunosuppression to prevent or mitigate graft rejection. 

Xenografts, though not without their benefits, do present with new 

complications especially for assessment of cell survival and requirement for 

immunosuppression.  In the animal studies performed to date, the olfactory bulb 

was the most common source of OECs (42 out of 66 studies). Only two of the 

papers compared olfactory bulb- and mucosa-derived OECs (A. Ibrahim et al., 

2014; Mayeur et al., 2013). One of the two studies used a dorsal root rhizotomy 

model in rat, and found that bulb-derived OECs demonstrated greater clinical 

benefit at bridging the injury site to help regenerate severed axons across the 

gap, than mucosa-derived OECs (A. Ibrahim et al., 2014). However, the other 

study (Mayeur et al., 2013) concluded that mucosa-derived OECs exhibit better 

risk/benefit ratio in the transection injury site than bulb-derived OECs by 

showing a long term survival and integration in vivo without the need for 

invasive craniotomy to obtain the cells. This finding may be attributed to the 

different intrinsic functional properties of OECs isolated from distinct anatomical 

regions (Ekberg & St John, 2014; Windus et al., 2010).  

In the light of this recent evidence, more studies comparing OB-derived 

and OM-derived OECs for repair of spinal cord injuries may be required. 

Studies comparing the two populations side-by-side, on the same injury model 
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can provide more robust conclusions if one of the populations is better than the 

other or if a mixture of the two is most optimal. However, the accumulated 

evidence suggests that OM-derived OECs appear to be surviving and inducing 

spinal cord repairs. This can be the most important point from a clinical 

standpoint, as mentioned before, since OM-derived cells can be harvested from 

the patients for an autologous transplant or can be harvested from donors 

without risking intrusive brain surgeries which are needed to harvest the OB-

derived OECs. 

Co-transplantation with other cell types may be beneficial 

Background: In their native environment, mucosal OECs are in close proximity 

with a number of other cell types such as primary olfactory neurons, olfactory 

fibroblasts, Schwann cells, whereas bulbar OECs are mostly close to astrocytes 

and olfactory bulb neurons. Intercellular dynamics between OECs and other 

cell types may, therefore, have a large impact on their survival, proliferation and 

neuro-reparative function post transplantation as shown in several past studies 

(Barnett & Chang, 2004; Deumens et al., 2006a; Y. Li et al., 2003; Y. Li et al., 

1997, 2005). Older studies have also shown that co-transplantation with SCs 

may have a beneficial effect on OEC survival (Pearse et al., 2007). Fibroblasts, 

the commonly found contaminating cells with OM-OECs can also have some 

effect on cell survival in vivo since their survival time differs from that of OECs 

(Khankan et al., 2016). Hence, different culture conditions prior to 

transplantation may result in unintentional co-transplantation of cells affecting 

their survival. However, due to high variance in the reported culture 

protocols(Yao et al., 2018), it is not practical to comment on their impact on cell 

survival in this review. 

Recent evidence: Many of the studies used other cell types either for co-

transplantation with OECs or as a comparison to OECs. For co-transplantation 

studies, Schwann cells (SCs; peripheral nerve glia) and neural stem cells 

(NSCs) were the most commonly used cells, followed by mesenchymal stem 

cells (MSCs). Three studies used SCs for co-transplantation with OECs 

(Nategh et al., 2016; Sun et al., 2013; J. Zhang et al., 2017), two of which also 

used SCs as a separate treatment group (Nategh et al., 2016; J. Zhang et al., 
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2017). Whereas three more studies used SCs separately, for a comparison 

between the two cell types(Barbour et al., 2013; B. C. Li, Xu, Zhang, Li, & Duan, 

2012; Toft et al., 2013). Only one of the three studies co-transplanting OECs 

and SCs discussed cell survival(J. Zhang et al., 2017), mentioning that the cells 

were observed for up to six weeks following transplantation in the injury site. 

The same study also concluded that this co-transplantation showed some 

synergistic effects on cell migration and reduced reactive astrogliosis. Two 

studies co-transplanted MSCs with OECs (Amemori et al., 2010; Y. B. Deng et 

al., 2008) and three studies transplanted the two cell types separately and 

compared the outcomes (Torres-Espin et al., 2013; Torres-Espin et al., 2014; 

Yazdani et al., 2012). One of these studies observed 0.34-1.72 % cell survival 

(discussed in detail above) which did not improve upon co-transplantation with 

MSCs (Amemori et al., 2010). The other study reported the transplanted cells 

surviving up to and beyond 2 weeks (no quantification was reported), and 

proposed a synergistic benefit of co-transplanting OECs with MSCs (Y. B. Deng 

et al., 2008).  Three studies reported co-transplantation of OECs together with 

NSCs (Kang et al., 2015; Luo et al., 2013; G. Wang et al., 2010), one study 

used embryonic stem cell-derived motor neurons (Salehi et al., 2009) (ESMNs) 

and one adipose tissue-derived stromal/stem cells (Gomes et al., 2016) 

(ASCs). Only one out of the three studies that co-transplanted NSCs with OECs 

commented on cell survival and concluded that co-transplantation could 

improve cell survival for NSCs (Luo et al., 2013). The study the co-transplanted 

ESMNs and OECs performed a detailed quantification of cell survival and is 

discussed above (Salehi et al., 2009). This study also concluded that co-

transplantation with OECs improved cell survival for ESMN significantly. None 

of the other studies listed above discussed effects of co-transplantation on cell 

survival. Seven studies used fibroblasts (FBs) as a separate comparison 

treatment group, five of which used isolated and cultured FBs (Cloutier et al., 

2016; Khankan et al., 2016; Nategh et al., 2016; Thornton et al., 2018; Toft et 

al., 2013), while the other two studies used pieces of respiratory lamina propria 

to deliver the FBs (L. Centenaro et al., 2013; L. A. Centenaro et al., 2011). 

Fibroblasts have been often included as a comparison group since they are one 

of the commonly found contaminating cells in OM-OEC cultures. In summary, 
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six studies used peripheral glia (SCs), seven studies used connective tissue 

supporting cells (FBs), and 10 studies reported using various stem cells (MSCs- 

five studies, NSCs- three studies, ESMNs- one study and ASCs- one study). 

These details are tabulated in the Table 5.2, section (iii). 

Overall, the reviewed literature does not conclusively suggest that the 
co-transplanted cell types have any significant influence over OEC survival in 

vivo. Conversely, however, the studies using stem cells such as MSCs 

(Amemori et al., 2010; Y. B. Deng et al., 2008), NSCs(Kang et al., 2015; Luo et 

al., 2013; G. Wang et al., 2010), and ESMNs (Salehi et al., 2009) reported some 

benefit from co-transplantation with OECs in comparison to being transplanted 

alone. However, most of these studies focussed more on the effects of OECs 

on the survival of the co-transplanted stem cells rather than the other way 

around, given the natural function of OECs as the supportive cells in the 

olfactory system. Some of the studies concurred that co-transplantation of 

these stem cells along with OECs resulted in a synergistic effect leading to 

better stem cell survival and improved functional outcomes with less 

undesirable side effects such as hyperalgesia (Y. B. Deng et al., 2008; Luo et 

al., 2013; Salehi et al., 2009; G. Wang et al., 2010). However, one of the studies 

did not find any added advantages of co-transplanting OECs and MSCs 

(Amemori et al., 2010). Due to the low number of studies reporting on cell 

survival, a conclusion regarding the potential benefit of co-transplantation 

cannot currently be drawn.  

Cell number and concentration affect OEC survival 

Background: As OECs are dependent on cell-cell contact for survival and 

neural regeneration (Windus et al., 2011; Windus et al., 2007; Windus et al., 

2010), the cell density becomes another important factor for cell survival 

following transplantation in an injured cord. In vitro studies of OEC behaviour 

suggests that these cells also need intercellular contact to survive (Windus et 

al., 2007), migrate (Windus et al., 2007; Windus et al., 2010) and promote 

axonal extension (Windus et al., 2011). Widespread cell-cell contact can only 

be established if there are enough cells in the transplant, which is therefore a 

key factor regulating OEC survival and integration into the host tissue. Cell 
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concentration can have an effect on dispersion and survival of the transplanted 

cells. Under such conditions, cells are likely to be damaged physically, 

drastically reducing the cell survival (Merchuk, 1991).  

Recent evidence: The number of transplanted cells ranged from 15,000 cells 

(Lang et al., 2013) in total to as high as 10 million cells(G. Wang et al., 2010). 

Most of the studies (34 out of 66), however, reported the total number of 

transplanted cells in the range of approximately 100,000-500,000 cells. Nine 

studies in total reported less than 100,000 cells for treatments whereas 11 

studies reported having used more than one million cells for treatment. In 

addition to the total number of cells transplanted, the concentration of cells in 

suspension is also a very important factor to consider. The reported 

concentration ranged between 1,000 cells/µl(Kang et al., 2015) to 3,000,000 – 

6,000,000 cells/µl(S. X. Zhang et al., 2011). Most studies (30 studies) however, 

used a cell concentration of 50,000 - 100,000 cells/µl. Several studies used 

pieces of lamina propria from olfactory mucosa, or a matrix embedded with 

cells, and were hence unable to report neither the total number nor the 

concentration of cells (Aoki et al., 2010; L. Centenaro et al., 2013; L. A. 

Centenaro et al., 2011; Collins et al., 2018; Collins et al., 2017; A. Ibrahim et 

al., 2014; Iwatsuki et al., 2008). Another study only reported the transplanted 

volume to be 30 µl but did not mention the concentration or the total number of 

transplanted cells (Fouad, Pearse, Tetzlaff, & Vavrek, 2009). Three studies only 

reported the total number of cells, without reporting the concentration and the 

transplanted volume (Deumens et al., 2013; Takeoka et al., 2010; Takeoka et 

al., 2009). One study reported transplanted cell number per injection (Kubasak 

et al., 2008). A summary of these parameters can be found in Table 5.2, section 

(iv). 

OECs are dependent on cell-cell contact for survival and many biological 

functions relating to neural regeneration (Windus et al., 2011; Windus et al., 

2007; Windus et al., 2010). Thus, it is highly likely that when transplanted in 

vivo, the number of cells and the cell concentration in the injected suspension 

are important factors for OEC survival and integration into the host tissue. Too 

low density would cause the cells to disperse throughout the tissue, resulting in 
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cell loss from the injury site and lack of cell-cell interaction. On the contrary, 

very high density can result in increased shear stress and physical damage the 

cells during injection procedure, as shown for other cell types (Merchuk, 1991; 

STEINBERG & CHARM, 1971). Studies using higher cell suspension densities 

have reported very low survival rates. In the study with the highest reported 

survival rate to date (6.5 ± 2.5 % at four weeks), a cell density of 40,000 cells/µl 

was used. However, in another study a lower cell concentration of 30,000 

cells/µl resulted in a much lower survival rate of 0.473 ± 0.138 % at two weeks 

(Y. Li et al., 2010). At higher densities, survival appears to be lower; in one 

study, a cell density of 200,000 cells/µl resulted in 1.03 ± 0.35 % cell survival 

after eight weeks, and another report showed that a density of 100,000 cells/µl 

resulted in 0.6 ± 0.148 %, 0.473 ± 0.138 % and 0.357 ± 0.122 % at one week, 

two weeks and 13 weeks. All these three studies have used crush injury as their 

injury model.  

Method of transplantation: a three-dimensional construct may be 
warranted 

Background: Another important factor is the transplantation method. The 

majority of the studies published so far have transplanted OECs in suspension 

via injections. Due to the very fragile nature the cord tissue and constant flow 

of the cerebrospinal fluid, cells injected in a suspension are likely to be washed 

away or migrate to the wrong location and therefore have less chance to 

integrate into the host tissue (Amemori et al., 2010). However, cells 

transplanted with a scaffold or nerve bridge formation may have a better chance 

at remaining at the transplantation site and integrating within the injured cord 

tissue (Tabakow et al., 2014; L. L. Zhang et al., 2013).  

Recent evidence: Out of the 66 studies included in this review, 51 used 

injections of cell suspensions for transplantation. Another 13 studies used some 

form of a three dimensional construct or scaffold to transplant the cells, such as 

mucosal pieces(Aoki et al., 2010; L. Centenaro et al., 2013; L. A. Centenaro et 

al., 2011; Iwatsuki et al., 2008), matrix(Collins et al., 2017; A. Ibrahim et al., 

2014) (unspecified, endogenous in origin), gelatin sponge (Kalincik et al., 

2010a; Kalincik et al., 2010b; Luo et al., 2013), muscle basement lamina (Kang 
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et al., 2015), collagen scaffold (Collins et al., 2018; Deumens et al., 2013) or 

hydrogel (Gomes et al., 2016) (unspecified). One more study used lamina 

propria as well as cell suspension injections for comparison (S. X. Zhang et al., 

2011), and another study reported the use of a spherical cell aggregate in 

comparison with suspension injections (Toft et al., 2012). The reported volumes 

for transplantation ranged from 1 µl (Coutts et al., 2013; C. Deng et al., 2006; 

Lankford et al., 2008; Luo et al., 2013) to 8 µl (K. J. Liu et al., 2010; Toft et al., 

2012; Torres-Espin et al., 2014; J. Zhang et al., 2017), except two studies, in 

which the volume injected was 30 µl (Fouad et al., 2009) and 7-20 µl (Tharion 

et al., 2011), respectively. Most of these studies used injections of cell 

suspensions at multiple sites and/or depths, except for three studies where the 

cells were injected via a single injection (Barbour et al., 2013; Lang et al., 2013; 

Lankford et al., 2008). All the different methods used are summarised in Table 

5.2, section (v).  

Most of the studies included in this review used cells injected into the 

injury site in a suspension. Since the spinal cord is a highly fragile structure 

lacking in mechanical strength, cells injected in a suspension form are likely to 

‘leak away’ from the cord tissue, or to migrate to a location distant from the 

injury site. A single injection containing the cells causes minimal manipulation 

of the injury site, limiting collateral damage, however, injections given at 

multiple sites provide a controlled method for disseminating the treatment to a 

wider injury site and allow for a larger volume to be injected. Either way, cells 

injected in a suspension form depend entirely upon the OECs’ ability to migrate 

towards the injury site to arrive at the lesion, integrate and survive. To date, cell 

survival has not been compared between single and multiple OEC injections, 

and thus the benefit of multiple injections remains unknown. Another important 

difference is that the single injections are usually made in the lesion core and 

multiple injections are usually made at and around the lesion site. Cells injected 

directly in the injury core face the hostile environment and may migrate away 

or die (as implied in (Khankan et al., 2016)). Whereas cells injected around the 

injury site need to migrate towards the injury site which may cause delay in the 

reparative changes and reduce the number of surviving cells that manage to 

ultimately reach the injury site. A three-dimensional structure or a scaffold such 
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as a nerve bridge may resolve these issues and use of a matrix that can hold 

the cells in place would likely result in an increased survival rate (Collins et al., 

2018; Collins et al., 2017; A. Ibrahim et al., 2014). Yet, the use of matrices also 

has obstacles that need to be overcome, in particular the ability of cells to 

receive sufficient growth-supporting factors deep within the matrix/scaffold. 

Perhaps creating a system in which cells can form stable cell-cell contacts prior 

to transplantation will aid cell survival. As an example, we have recently 

developed a novel a self-assembling three-dimensional (3D) cell construct 

termed a naked liquid marble in which cells rapidly form stable cell-cell contacts 

and the cells aggregate into stable 3D structures(Mo Chen et al., 2019). Thus, 

the naked liquid marble culture of OECs, or other 3D constructs, may improve 

cell survival and functional outcomes after transplantation. Future experimental 

works are needed to confirm this hypothesis. 

Time between injury and transplantation is important for OEC survival 

Background: The final factor to consider is the time post injury at which OECs 

are transplanted. After a spinal cord injury, the inflammatory environment within 

the injury site varies significantly depending on the time elapsed; several 

phases of immune and inflammatory responses have been thoroughly 

described in the literature (Fleming et al., 2006; Hagen, 2015; Zhou et al., 

2014). The direct mechanical spinal cord injury is rapidly followed by secondary 

injury (within 30 minutes of injury in humans), caused by free radicals, 

glutamate excitotoxicity and inflammation. The secondary injury, which consists 

of several phases each characterised by distinct hemodynamic and 

inflammatory characteristics, leads to pronounced death of neural cells and 

often causes the injury to extend to higher spinal segments (Rowland et al., 

2008). The inflammatory response subsides over time (the exact time-frame 

varies between species (Arnold & Hagg, 2011)) and chronic inflammation 

gradually takes over. The acute inflammatory response is mediated by innate 

immune cells (invading macrophages, neutrophils and resident microglia 

(Arnold & Hagg, 2011; Beck et al., 2010)). These cells specialize in 

phagocytosis and removal of debris and secrete a range of pro-inflammatory 

cytokines. Acute inflammation in spinal cord injury is directly correlated with 
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apoptotic cell death and impairment of regeneration (reviewed in (Okada, 

2016)). The chronic inflammatory response is primarily mediated by adaptive 

immune cells (B- and T- lymphocytes) which induces further degeneration and 

death of neural cells (Arnold & Hagg, 2011; Beck et al., 2010), but also has 

roles in repair (Ankeny & Popovich, 2009). Chronic inflammation in spinal cord 

injury is also accompanied by immune and endocrine dysfunction (reviewed in 

(Allison & Ditor, 2015)). The constant turnover of the inflammatory cells creates 

a dynamic internal milieu at the injury site, which has a profound influence over 

survival of the transplanted cells. OECs, however, are thought to be 

immunomodulatory and may reduce harmful inflammation (Wright et al., 2018).  

Recent evidence: The time-point post injury at which transplantation is 

performed also constitutes a significant factor for variability in outcome. The 

inflammatory status, and therefore also the immune response that the grafted 

cells are likely be exposed to, varies greatly with time post injury, ultimately 

affecting cell survival. Of all the reviewed studies, 39 studies reported to have 

transplanted cells immediately following spinal cord injury (within 30 minutes) 

and one study reported a lag period of 12 hours (K. J. Liu et al., 2010). The 

treatment period in these 40 studies is considered as acute phase in this review. 

A further 13 studies reported a waiting period of one week, six studies reported 

two weeks delay before treatment, three studies reported four weeks (Y. Li et 

al., 2016; Voronova et al., 2018; Yamamoto et al., 2009) and two more studies 

reported eight weeks (Y. Li et al., 2016; Yamamoto et al., 2009) of waiting 

period before treatment. Out of these, two studies compared treatments at the 

same day as injury (zero days) and one week (Torres-Espin et al., 2013; Torres-

Espin et al., 2014). One of the studies (Torres-Espin et al., 2013) focussed on 

gene expression analysis of the injury site, and observed a rapid rejection of 

transplanted cells over the first few days after transplantation. The other study 

(Torres-Espin et al., 2014) however, observed some cell survival (not 

quantified) at one week after the transplantation which reduced markedly after 

the second week. At the same time, the reduction in cell survival during the 

second week after transplantation was observed to be greater in the acute 

phase treatment animals. Two more studies compared treatments across zero 

days, two weeks and four weeks (L. Centenaro et al., 2013; L. A. Centenaro et 
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al., 2011). Both these studies did not assess cell survival but rather focused on 

functional outcome in terms of behavioural recovery, and structural repairs. 

Other studies reported variable waiting periods between injury and treatments 

such as one to two days (Coutts et al., 2013), nine days (Salehi et al., 2009), 

15 days (Stamegna et al., 2011), three weeks (Lindsay et al., 2017), one month 

and four months (Munoz-Quiles et al., 2009), and six weeks (S. X. Zhang et al., 

2011). One of these studies (Salehi et al., 2009) quantified cell survival in depth 

which is discussed previously. Two of these studies observed cells surviving at 

the injury site (Lindsay et al., 2017; S. X. Zhang et al., 2011). The remaining 

three did not comment on the cell survival. The study investigating OEC 

transplantation in genetically induced ALS treated the rats at 100 days of age 

to allow the lesions characteristic of ALS to develop prior to transplantation (Y. 

Li et al., 2011). The studies suggest that overall cell survival and desirable 

effects of transplants are best if the transplantation is done sooner rather than 

later following an injury, and cell survival drops drastically in the initial days after 

treatment. However, the subacute transplantation may provide some protection 

against the rapid cell death following transplantation. The information regarding 

treatment timings after injury is provided in Table 5.2, section (vi).  

The literature describes several phases of immune and inflammatory 

responses in a spinal cord following a spinal cord injury (Hagen, 2015; Zhou et 

al., 2014), with an acute inflammatory response following the injury, which is 

replaced by a chronic inflammatory reaction over time. Cells transplanted in the 

acute phase of spinal cord injury must survive through the acute inflammatory 

response, but survival can also be limited in the chronic phase. Lymphocytes, 

the primary mediators of chronic inflammation, are also the cells responsible 

for graft rejection. Perhaps, cells transplanted in the subacute injury phase (four 

– 14 days in mice (Faw et al., 2018)) have a better chance of long-term survival 

than cells transplanted in the acute(Torres-Espin et al., 2013; Torres-Espin et 

al., 2014) or chronic phase(L. A. Centenaro et al., 2011). Despite this, many 

studies focus entirely on acute phase transplantation (36 out of 63 studies, four 

more studies focus on a range of treatment phases including the acute phase), 

which may be due to practical reasons. Acute phase treatments can be 

performed during the same surgical procedure as the injury, whereas delayed 
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treatments require a second set of invasive surgery. However, the need to 

generate clinically relevant therapies means that animal studies should attempt 

to reflect the likely human scenario. In humans, the earliest time after that cells 

could be transplanted into the injured spinal cord would be at a minimum 

several hours after injury since the patient would need transport to the hospital 

and stabilisation of the injury site. This is assuming of course, that a bank of 

donor cells was available and could be prepared within hours of notification. 

However, in most hospital settings it is more likely that cell transplantation 

would occur some days after injury. If using autologous cell transplantation, 

then sufficient cells number could not be generated for several weeks after 

injury. While studies examining efficacy of OEC transplantation immediately 

after injury may provide critical information about the biology of the injury 

system, perhaps delayed transplantation may provide more clinically relevant 

outcomes. 

Conclusion 

To date, a limited number of studies of OEC transplantation into the CNS 

have assessed or quantified cell survival. Survival of the transplanted cells is 

crucial for successful outcomes following OEC transplantation into the injured 

spinal cord. It is therefore essential to define the factors that are most critical 

for survival of the transplanted cells. Many of the reports on OEC 

transplantation into the injured CNS do not report on cell survival, or do not 

quantify surviving cells. The reason for this is that it can be very difficult to track 

the transplanted cells over time. Tracking and quantification methods must be 

improved; for example, it is essential to determine differences in protein 

expression between OECs and Schwann cells and to use new innovative 

methods for labelling transplanted cells such as nuclear probes, in combination 

with advanced microscopy. Review of the literature on all studies of OEC 

transplantation into the injured rodent spinal cord over the last 10 years 

revealed the following factors to likely influence OEC survival after 

transplantation: (1) injury type, (2) OEC source, (3) co-transplantation with other 

cell types, (4) number/concentration of transplanted cells, (5) transplantation 

method, and (6) time between injury and cell transplantation. To determine the 
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influence of each of these factors on the ability of transplanted cells to survive 

over time, robust and reliable quantification of cell survival is necessary in the 

future. Out of these, injury type, time between injury and transplantation and 

OEC source (in particular allografts versus xenograft) relate to immune 

responses and inflammation. OEC source and cell number/concentration are 

likely to be crucial for cell-cell interactions, which promote survival.  

Overall, the likely survival of transplanted OECs into various models of 

spinal cord injury is low and new approaches to improve cell survival are 

needed. If cell survival and integration can be enhanced, then improved 

functional outcomes could be achieved. Therefore, new methodologies in which 

cells are transplanted in 3D constructs which protect the transplanted cells 

and/or provide stable cell-cell contracts are likely to enhance the therapeutic 

potential of OEC transplantation.  

 

Ethics Approval, Statement of Human/Animal Rights, Statement of 
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There were no animal or human subjects in this article (it is a review); therefore, 
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applicable.  

1. Ethical approval: Ethical Approval is not applicable for this article 

2. Statement of Human and Animal Rights: This article is a review of animal 

studies, and does not contain any new studies with human or animal 
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3. Statement of Informed Consent: There are no human subjects in this 
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Table 5.3: Studies of OEC transplantation in rodent models included in this review 

The table shows injury model, source of transplanted cells, transplantation method, percentages of cells surviving and duration 

of study (including the time at which cell survival was studied). n/m: not mentioned. Mentioned, not quantified = studies 

discussed cell survival, but did not quantify it. Observed, not quantified = studies mention observing cell survival in results, but 

without quantification. The studies are listed in a descending chronological order by the year of publication. 
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Animal Injury type Source 
of cells 

Graft 
type 

Collins et 
al, 2018 
(Collins et 
al., 2018) 

Partial recovery 
of proprioception 
in rats with 
dorsal root injury 
after human 
olfactory bulb 
cell 
transplantation 

male 
SD 
rats 

Dorsal Root 
Avulsion 

hOECs 
(OB) 

Xeno
- 

cells 
injected in a 
collagen 
scaffold 

0 days 
Mentioned, 
not 
quantified 

6 weeks 
post 
injury 

Voronova 
et al, 
2018 
(Voronov

Survival and 
migration of rat 
olfactory 
ensheathing 

female 
Wistar 
rats 

Contusion OM-
OECs Allo- 

1.5x105 
cells/μL, 10 
μL injected = 
1.5x106 cells 

4 weeks 
Mentioned, 
not 
quantified 

4 weeks 
post-
transplant 
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a et al., 
2018) 

cells after 
transplantation 
into 
posttraumatic 
cysts in the 
spinal cord 

Thornton 
et al, 
2018 
(Thornton 
et al., 
2018) 

Evidence of 
axon 
connectivity 
across a spinal 
cord transection 
in rats treated 
with epidural 
stimulation and 
motor training 
combined with 
olfactory 
ensheathing cell 
transplantation 

Femal
e SD 
rats 

Transection OB-
OECs Allo- 

1x105 
cells/μL, 
total 4 μL 
injected 1 
mm rostral 
and caudal 
= 4x105 cells 

0 days 
Mentioned, 
as zero % 
survival  

7 months 
post 
injury 

Carwardi
ne et al, 
2017 
(Carwardi
ne et al., 
2017) 

Transplantation 
of canine 
olfactory 
ensheathing 
cells producing 
chondroitinase 
ABC promotes 
chondroitin 
sulphate 
proteoglycan 
digestion and 
axonal sprouting 

male 
athymi
c nude 
rats 

Crush 
OM-
OECs, 
Canine 

Xeno
- 

4 x104 cells, 
2 injections 
each, 
immediately 
rostral and 
caudal, 
1mm deep 
in the 
midline, rate 
of 0.2 
μL/minute = 
8 x104 cells 

0 days 
4 weeks: 
6.5 +/- 2.5 
% 

4 weeks 
post 
injury 
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following spinal 
cord injury 

Zhang et 
al, 2017 
(J. Zhang 
et al., 
2017) 

The effects of 
co-
transplantation 
of olfactory 
ensheathing 
cells and 
Schwann cells 
on local 
inflammation 
environment in 
the contused 
spinal cord of 
rats 

female 
SD 
Rats 

Contusion OB-
OECs Allo- 

105 cells/μL, 
3 μL injected 
1 mm rostral 
and caudal 
to injury 
each, 0.8 
mm deep, 6 
μL = 6x105 
cells 

7 Days 
Mentioned 
but not 
quantified 

6 weeks 
post-
transplant 

Zheng et 
al, 2017 
(Zheng et 
al., 2017) 

Olfactory 
ensheathing cell 
transplantation 
inhibits P2X4 
receptor 
overexpression 
in spinal cord 
injury rats with 
neuropathic pain 

SD 
rats n/m OB-

OECs Allo- 105 cells/μL n/m 
Observed , 
not 
quantified 

4 weeks 
post 
injury 
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Gu, M., et 
al. 
2017. [13
4] 

Feasibility of 
diffusion tensor 
imaging for 
assessing 
functional 
recovery in rats 
with olfactory 
ensheathing cell 
transplantation 
after contusive 
spinal cord injury 
(SCI) 

male 
SD 
rats 

Contusion OB-
OECs Allo- 

5x105 
cells/μL, 2 
μL injected 
in the 
lesion= 
1x106 cells 

1 week n/m 

2, 4, 6, 8 
weeks 
post 
injury 

Tang et 
al, 2017 
(Y. Y. 
Tang et 
al., 2017) 

Ginsenoside 
Rg1 promotes 
the migration of 
olfactory 
ensheathing 
cells via the 
PI3K/Akt 
pathway to 
repair rat spinal 
cord injury 

SD 
rats Contusion OB-

OECs Allo- 

5x104 
cells/μL, 5 
μL injected 
around the 
lesion = 
2.5x105 cells 

0 Days n/m 
4 weeks 
post 
injury 

Lindsay 
et al, 
2017 
(Lindsay 
et al., 
2017) 

Human olfactory 
mesenchymal 
stromal cell 
transplants 
promote 
remyelination 
and earlier 
improvement in 
gait co-

male 
SD 
rats 

Contusion 
OM-
OECs, 
Human 

Xeno
- 

1-2x105 
cells/μL, 30-
40 μL 
injected, 
until the 
suspension 
overflowed 
= 6-8 x 106 
cells 

3 weeks 
Mentioned, 
not 
quantified 

10 days, 
4 weeks, 
7 weeks 
post-
transplant 
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ordination after 
spinal cord injury 

Collins et 
al, 2017 
(Collins et 
al., 2017) 

Transplantation 
of cultured 
olfactory bulb 
cells prevents 
abnormal 
sensory 
responses 
during recovery 
from dorsal root 
avulsion in the 
rat 

SD 
rats 

Dorsal Root 
Avulsion 

OB-
OECs Allo- 

OECs in 
matrix, 0.5-1 
mm2, 7 such 
portions 
transplanted 

0 days n/m 
3 weeks 
post 
injury 

Khankan 
et al, 
2016 
(Khankan 
et al., 
2016) 

Olfactory 
ensheathing cell 
transplantation 
after a complete 
spinal cord 
transection 
mediates 
neuroprotective 
and 
immunomodulat
ory mechanisms 
to facilitate 
regeneration 

female 
SD 
rats 

Transection OB-
OECs Allo- 

5x104 cells 
into four 
midline 
injection 
sites per 
spinal cord 
stump = 
4x105 cells 

0 Days 

1 week : 79 
+/- 4 %, 2 
weeks: 14 
+/- 7 %, 4 
weeks: 23 
+/- 14 %, 8 
weeks: 0 % 

1, 2, 4 
and 8 
weeks 
post 
injury 
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Nategh et 
al, 2016 
(Nategh 
et al., 
2016) 

Subarachnoid 
space 
transplantation 
of Schwann 
and/or olfactory 
ensheathing 
cells following 
severe spinal 
cord injury fails 
to improve 
locomotor 
recovery in rats 

female 
Wistar 
Rats 

Cord 
compressio
n 

OB-
OECs Allo- 

104 cells/μL, 
5 μL injected 
into 
subarachnoi
d space over 
10 seconds 
with a fine 
30-gauge 
needle = 
5x105 cells 

7 days n/m 
160 days 
post 
injury 

Gomes et 
al, 2016 
(Gomes 
et al., 
2016) 

Combination of 
a peptide-
modified gellan 
gum hydrogel 
with cell therapy 
in a lumbar 
spinal cord injury 
animal model 

female 
Wistar 
Rats 

Hemisection OB-
OECs Allo- 

2 x 104 
cells/μL, 1 
μL OECs+ 3 
μL ASCs, 
either in 
hydrogel or 
in 4 μL 
suspension 
injected 
rostral to 
injury = 
8x104 cells 

0 days n/m 
8 weeks 
post-
transplant 
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Li et al, 
2016 (Y. 
Li et al., 
2016) 

Functional repair 
of rat 
corticospinal 
tract lesions 
does not require 
permanent 
survival of an 
immunoincompa
tible transplant 

female 
AS 
Rats 

RF induced 
heat 
ablation of 
CST 

OB-
OECs 

Xeno
- 
(C57
BL/6 
mice) 

2.5x104 
cells/μL, 4 
μL injected 
in lesion = 1 
x 105 cells 

8 weeks n/m 
8 weeks 
post-
transplant 

Cloutier 
et al, 
2016 
(Cloutier 
et al., 
2016) 

Olfactory 
ensheathing 
cells but not 
fibroblasts 
reduce the 
duration of 
autonomic 
dysreflexia in 
spinal cord 
injured rats 

male 
Wistar 
rats 

Transection OM-
OECs Allo- 

1 x 105 
cells/μL, 4 
injections, 
0.5 μL each 
into cord 
BEFORE 
transection 
= 2 x 105 
cells 

0 days 
Mentioned, 
not 
quantified 

9 weeks 
post 
injury 

Kang et 
al, 2015 
(Kang et 
al., 2015) 

Effectiveness of 
muscle basal 
lamina carrying 
neural stem cells 
and olfactory 
ensheathing 
cells in spinal 
cord repair 

SD 
Rats 

Hemi-
section 

OB-
OECs Allo- 

1 x 106/mL 
cell 
suspension;
1x1x1 mm3 
complex for 
cells 
embedded 
in muscle 
basement 
lamina 

0 Days n/m 

4 weeks 
and 8 
weeks 
post 
injury 
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Reginens
i et al, 
2015 
(Reginen
si et al., 
2015) 

Increased 
migration of 
olfactory 
ensheathing 
cells secreting 
the Nogo 
receptor 
ectodomain over 
inhibitory 
substrates and 
lesioned spinal 
cord 

Femal
e SD 
rats 

Contusion 

OECs 
(TEG3 
cell 
line) 

Allo- 

5x104 
cells/μL, 2 
injections 3 
μL each, 1 
mm lateral 
to lesion, at 
1 mm depth 
= 3x105 cells 

0 days 
(30 
mins) 

n/m 
7 days 
post 
injury 

Torres-
Espin at 
all, 2014 
(Torres-
Espin et 
al., 2014) 

Bone marrow 
mesenchymal 
stromal cells and 
olfactory 
ensheathing 
cells 
transplantation 
after spinal cord 
injury – a 
morphological 
and functional 
comparison in 
rats 

female 
SD 
rats 

Contusion OB-
OECs Allo - 

5x104 
cells/μL 
suspended 
in L15 
medium, 
injected 3 μL 
at epicentre, 
3 μL caudal 
and 3 μL 
rostral = 
4.5x105 cells 
in total 

0 Days, 
& 7 days 

Mentioned 

, not 
quantified 

6 weeks 
post 
injury 

Ibrahim et 
al, 2014 
(A. 
Ibrahim et 
al., 2014) 

Comparison of 
olfactory bulbar 
and mucosal 
cultures in a rat 
rhizotomy model 

female 
AS 
Rats 

Rhizotomy 

OB-
OECs, 
OM-
OECs 

Allo- 

a semisolid 
transplant 
consisting of 
the matrix 
containing 
the cells 

0 days 
Mentioned, 
not 
quantified 

8 weeks 
post-
transplant 
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Torres-
Espın et 
al, 2013 
(Torres-
Espin et 
al., 2013) 

Gene 
expression 
changes in the 
injured spinal 
cord following 
transplantation 
of mesenchymal 
stem cells or 
olfactory 
ensheathing 
cells 

female 
SD 
rats 

Contusion 
OB-
OECs, 
MSCs 

Allo- 

5x104 
cells/μL 
suspended 
in L15 
medium, 
injected 3 μL 
at epicentre, 
3 μL 
caudally and 
3 μL rostral 
= 4.5x105 
cells 

0 Days 
(30 
minutes
), & 7 
days 

Mentioned, 
not 
quantified 

2 Days & 
7 Days 
post-
transplant 

Mayeur et 
al, 2013 
(Mayeur 
et al., 
2013) 

Potential of 
olfactory 
ensheathing 
cells from 
different sources 
for spinal cord 
repair 

male 
Fische
r rats 

Transection 

OB-
OECs, 
OM-
OECs 

Allo- 

105 cells/μL, 
2 injections 
each rostral 
and caudal 
to injury, 1.5 
mm from 
midline = 4 
injections of 
1μL =4x105 
cells 

0 days 
Mentioned 
but not 
quantified 

60 days 
post 
injury 

Barbour 
et al, 
2013 
(Barbour 
et al., 
2013) 

Tissue sparing, 
behavioural 
recovery, 
supraspinal 
axonal 
sparing/regener
ation following 
subacute glial 
transplantation 

female 
Fische
r rats 

Contusion OB-
OECs Allo- 

105 cells/μL, 
5 μL injected 
in centre of 
the lesion, 
single 
injection = 
5x105 cells 

2 weeks 

Counted in 
“pixel 
density” = 
74 % 
decline in 4 
months 
compared 
to 2 weeks 

4 months 
post-
transplant 
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in a model of 
spinal cord 
contusion 

Toft et al, 
2013 
(Toft et 
al., 2013) 

A comparative 
study of glial and 
non-neural cell 
properties for 
transplant-
mediated repair 
of the injured 
spinal cord 

Fisher 
rats Transection 

OB-
OECs, 
SCs 

Allo- 

105 cells/μL, 
1 μL injected 
on both 
sides of the 
central vein 
= 2x105 cells 

0 days n/m 
6 weeks 
post 
injury 

Lang et 
al, 2013 
(Lang et 
al., 2013) 

OECs 
transplantation 
results in 
neuropathic pain 
associated with 
BDNF regulating 
ERK activity in 
rats following 
cord 
hemisection 

SD 
rats Hemisection OB-

OECs Allo- 

3 x 103 
cells/μL, 5 
μL injected 
in a single 
injection = 
1.5x104 cells 

0 days 
Observed, 
not 
quantified 

1 month 
post 
injury 

Coutts et 
al, (2013) 
(Coutts et 
al., 2013) 

Embryonic-
derived olfactory 
ensheathing 
cells remyelinate 
focal areas of 
spinal cord 
demyelination 
more efficiently 
than neonatal or 

female 
Fische
r rats 

Ethidium 
Bromide + x-
irradiation 

OB-
OECs Allo- 

5x104 
cells/μL, 1 
μL injected 
at the lesion 

1-2 days n/m 
3 weeks 
post 
injury 
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adult-derived 
cells 

Centenar
o et al, 
2013 (L. 
Centenar
o et al., 
2013) 

Implications of 
olfactory lamina 
propria 
transplantation 
on hyperreflexia 
and myelinated 
fibre 
regeneration in 
rats with 
complete spinal 
cord transection 

male 
Wistar 
rats 

Transection OM-
OECs Allo- 

2-3 mm2 
pieces of 
mucosal 
lamina 
propria used 
for grafting 

0 days, 
2 weeks 
and 4 
weeks 

n/m 
18 weeks 
post 
injury 

Deumens 
et al, 
2013 
(Deumen
s et al., 
2013) 

Motor outcome 
and allodynia 
are largely 
unaffected by 
novel olfactory 
ensheathing cell 
grafts to repair 
low-thoracic 
lesion gaps in 
the adult rat 
spinal cord 

female 
Lewis 
rats 

Hemisection OB-
OECs Allo- 

4x105 cells 
in a scaffold, 
2 mm 
diameter, 2 
mm length 

0 day n/m 
10 weeks 
post 
injury 
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Sun et al, 
2013 
(Sun et 
al., 2013) 

Cotransplantatio
n of olfactory 
ensheathing 
cells and 
Schwann 
cells  combined 
with treadmill 
training 
promotes 
functional 
recovery in rats 
with contused 
spinal cords 

SD 
rats Contusion 

OB-
OECs 
+ SCs 

Allo- 

OECs 1x105 

cells/μL, 4 
μL in 
DMEM, 1 
mm rostral 
and caudal 
to injury, at 4 
different 
depths, 0.5 
μL at each 
point + SCs 
105 cells/μL 
x 2 μL in 
DMEM, in 
the lesion 

14 days n/m 
11 weeks 
post 
injury 

Luo et al, 
(2013) 
(Luo et 
al., 2013) 

Transplantation 
of NSCs with 
OECs alleviates 
neuropathic pain 
associated with 
NGF 
downregulation 
in rats following 
spinal cord injury 

Femal
e SD 
rats 

Transection n/m n/m 

3x105 
cells/μL, 1 
μL in gelatin 
transplanted 
in lesion 

0 days 
Mentioned, 
not 
quantified 

4 weeks 
post 
injury 



 
260 

 

Li et al, 
2012 (B. 
C. Li et 
al., 2012) 

Differing 
Schwann Cells 
and Olfactory 
Ensheathing 
Cells 
Behaviours, 
from Interacting 
with Astrocyte, 
Produce Similar 
Improvements in 
Contused Rat 
Spinal Cord's 
Motor Function 

male 
SD 
rats 

Contusion OB-
OECs Allo- 

3 x 104/μL x 
3 injections 
1 μL each, 1 
mm rostral, 
caudal and 
at lesion 
site, at 1 mm 
depth = 9 
x104 cells 

7 Days n/m 

3 weeks, 
6 weeks 
post-
transplant 

Yazdani 
et al, 
2012 
(Yazdani 
et al., 
2012) 

A comparison 
between 
neurally induced 
bone marrow 
derived 
mesenchymal 
stem cells and 
olfactory 
ensheathing 
glial cells to 
repair spinal 
cord injuries in 
rat 

female 
Wistar 
Rats 

Crush OB-
OECs Allo- 

2x105 
cells/μL, 5 
μL injected 
each at 
injury site, 3 
mm rostral 
and 3 mm 
caudal to 
injury = 
3x106 cells 

1 week 
Mentioned, 
not 
quantified 

6 weeks 
post 
injury 

Roet et 
al, 2012 
(Roet et 
al., 2012) 

Noninvasive 
bioluminescenc
e imaging of 
olfactory 
ensheathing glia 

female 
Fische
r rats 

Dorsal 
column 
lesion with a 
micro knife 

OB-
OECs Allo- 

1.67x105 
cells/μL, 1 
μL injected 
each, at the 
lesion, 1 mm 

0 day n/m 

1 week 
and 14 
weeks 
post 
injury 
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and Schwann 
cells following 
transplantation 
into the lesioned 
rat spinal cord 

(partial 
transection) 

rostral and 
caudal, at 
0.8 mm 
depth = 
5x105 cells 

Toft et al, 
2012 
(Toft et 
al., 2012) 

Transplant-
mediated repair 
properties of rat 
olfactory 
mucosal OM-I 
and OM-II 
sphere-forming 
cells 

male 
Fische
r rats 

Dorsal 
column 
lesion 
(partial 
transection) 

OM-
OECs Allo- 

0.5-1 x 105 
cells/μL, 5-8 
μL injected 

0 days 
Mentioned, 
not 
quantified 

6 weeks 
post 
injury 

Ziegler et 
al, 
2011(Zie
gler et al., 
2011) 

Further 
evidence of 
olfactory 
ensheathing glia 
facilitating 
axonal 
regeneration 
after a complete 
spinal cord 
transection 

Wistar 
Hanno
ver 
rats 

Transection OB-
OECs Allo- 

1 x 105/μL, 4 
injections of 
0.5 μL into 
each stump 
= 4x105 cells 

0 days n/m 
6 months 
post 
injury 

Li et al, 
2011 (B. 
C. Li et 
al., 2011) 

Olfactory 
ensheathing 
cells can reduce 
the tissue loss 
but not the cavity 
formation in 
contused spinal 
cord of rats 

male 
SD 
rats 

Contusion OB-
OECs Allo- 

3 x 104/μL x 
3 injections 
1 μL each, 1 
mm rostral, 
caudal and 
at lesion 
site, at 1 mm 

7 days 

Mentioned 
as “very 
low” but 
not 
quantified 

1-6 
weeks 
post-
transplant 
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depth = 9 
x104 cells 

Stamegn
a et al, 
2011 
(Stamegn
a et al., 
2011) 

Nasal OEC 
transplantation 
promotes 
respiratory 
recovery in a 
subchronic rat 
model of cervical 
spinal cord 
contusion 

male 
SD 
rats 

Contusion OM-
OECs Allo- 

1 x 105/μL, 6 
injections, 
1ul each, 1 
mm rostral, 
1.5-2 mm 
caudal and 
in the lesion, 
at 2 mm and 
3 mm 
depths = 
6x105 cells 

15 days n/m 
3 months 
post-
transplant 

Novikova 
et al, 
2011 
(Novikov
a et al., 
2011) 

Efficacy of 
olfactory 
ensheathing 
cells to support 
regeneration 
after spinal cord 
injury is 
influenced by 
method of 
culture 
preparation 

female 
SD 
rats 

Contusion OB-
OECs Allo- 

1 x 105/μL, 
1.5-1.6 μL 
Injected 1 
mm rostral & 
caudal = 
1.5-1.6x105 

cells 

0 days 

Mentioned 
as “low” 
but not 
quantified 

3, 8, 13 
weeks 
post 
injury 

Tharion, 
K., et al. 
2011 
(Tharion 
et al., 
2011) 

Motor recovery 
following 
olfactory 
ensheathing cell 
transplantation 
in rats with 
spinal cord injury 

Wistar 
rats Contusion OM-

OECs Allo 

105 cells/μL, 
7 - 20 μL 
injected at 
multiple 
sites = 0.7-2 
x 106 cells 

2 weeks 
Mentioned, 
not 
quantified 

10 weeks 
post-
transplant 
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Takeoka 
et al, 
2011 
(Takeoka 
et al., 
2011) 

axon 
regeneration 
can facilitate or 
suppress 
hindlimb 
function after 
olfactory 
ensheathing glia 
transplantation 

female 
Wistar 
Hanno
ver 
rats 

Transection OB-
OECs Allo- 

1 x 105 
cells/μL, 0.5 
μL injected 
at 1.3, 1.0, 
0.8 and 0.5 
mm depths 
in midline 
rostral and 
caudal = 4 x 
105 cells 

0 days 
Mentioned, 
not 
quantified 

8 months 
post 
injury 

Centenar
o et al, 
2011 (L. 
A. 
Centenar
o et al., 
2011) 

Olfactory and 
respiratory 
lamina propria 
transplantation 
after spinal cord 
transection in 
rats: Effects on 
functional 
recovery and 
axonal 
regeneration 

male 
Wistar 
rats 

Transection OM-
OECs Allo- 

3-4 mm2 
pieces of 
mucosal 
lamina 
propria used 
for grafting 

0 days, 
2 weeks 
and 4 
weeks 

n/m 
18 weeks 
post 
injury 

Li et al, 
2011 (Y. 
Li et al., 
2011) 

olfactory 
ensheathing cell 
transplantation 
into spinal cord 
prolongs the 
survival of 
mutant 
SOD1G93A ALS 
rats through 
neuroprotection 

male 
SD 
rats 
SOD1(
G93A) 

Genetically 
induced 
ALS 

OB-
OECs Allo- 

2x104 
cells/μL, 5 
μL injected = 
1x105 cells 

100 
days 
age 

n/m 
40-50 
days post 
injury 
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and 
remyelination 

Zhang et 
al, 2011 
(S. X. 
Zhang et 
al., 2011) 

Scar ablation 
combined with 
LP/OEC 
transplantation 
promotes 
anatomical 
recovery and 
P0-positive 
myelination in 
chronically 
contused spinal 
cord of rats 

female 
LE 
Rats 

Contusion OM-
OECs Allo- 

6x106 cells 
injected in 1-
2 μL 

6 weeks 
Mentioned, 
not 
quantified 

16 weeks 
post-
transplant 

Gorrie et 
al, 2010 
(Gorrie et 
al., 2010) 

Effects of human 
OEC-derived 
cell transplants 
in rodent spinal 
cord contusion 
injury 

female 
athymi
c rats 

Contusion 
OM-
OECs, 
Human 

Xeno
- 

1.4 x 105 
cells/μL, 5 
μL injected 
in lesion, 1 
μL each 
injected 
1mm rostral 
and caudal 
in midline at 
0.5 mm 
depth = 
1x106 cells 

7 Days 
Observed, 
not 
quantified 

6 weeks 
post-
transplant 

Liu et al, 
(2010) (K. 
J. Liu et 
al., 2010) 

Analysis of 
olfactory 
ensheathing glia 
transplantation-
induced repair of 

SD 
rats Hemisection OB-

OECs Allo- 

1x104 
cells/μL, 8 
μL injected = 
8x104 cells 

12 hours n/m 
8 weeks 
post-
transplant 
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spinal cord injury 
by 
electrophysiolog
ical, 
behavioural, and 
histochemical 
methods in rats 

Bretzner 
et al, 
2010 
(Bretzner 
et al., 
2010) 

Combination of 
olfactory 
ensheathing 
cells with local 
versus systemic 
camp treatment 
after a cervical 
rubrospinal tract 
injury 

male 
SD 
rats 

Crush OM-
OECs Allo- 

1 x 105 
cells/μL, 1.5 
μL injected 
total 
between 
cranial and 
caudal sites 
= 1.5 x 105 
cells 

0 days n/m 
6 weeks 
post 
injury 

Amemori 
et al, 
2010 
(Amemori 
et al., 
2010) 

Co-
transplantation 
of olfactory 
ensheathing glia 
and 
mesenchymal 
stromal cells 
does not have 
synergistic 
effects after 
spinal cord injury 
in the rat 

male 
Wistar 
rats 

Crush OM-
OECs Allo- 

105 cells/μL, 
1ul injected 
each 
proximal, 
central and 
distal to 
lesion = 
3x105 cells 

7 days 0.34–1.72 
% 

8 weeks 
post-
transplant 

Ma et al, 
2010 (Ma 

Effect of 
Neurotrophin-3 
genetically 

female 
SD 
rats 

Contusion OB-
OECs Allo- 1 x 104 

cells/μL, 10 0 Days 
Mentioned, 
not 
quantified 

8 weeks 
post 
injury 
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et al., 
2010) 

modified 
olfactory 
ensheathing 
cells 
transplantation 
on spinal cord 
injury 

μL injected = 
1 x 105 cells 

Aoki et al, 
2010 
(Aoki et 
al., 2010) 

Limited 
functional 
recovery in rats 
with complete 
spinal cord injury 
after 
transplantation 
of whole-layer 
olfactory 
mucosa 

female 
Wistar 
Rats 

Transection OM-
OECs Allo- 

0.5 mm 
sized pieces 
of OM, 
freshly 
harvested 

2 weeks 
Mentioned, 
not 
quantified 

4 weeks, 
8 weeks 
post-
transplant 

Takeoka 
et al, 
2010 
(Takeoka 
et al., 
2010) 

Noradrenergic 
innervation of 
the rat spinal 
cord caudal to a 
complete spinal 
cord transection: 
effects of 
olfactory 
ensheathing glia 

female 
Wistar 
Hanno
ver 
rats 

Transection OB-
OECs Allo- 

4x105 cells 
injected 1 
mm rostral 
and 1 mm 
caudal 

0 days n/m 
7 months 
post 
injury 

Kalincik 
at al, 
2010 
(Kalincik 

Olfactory 
ensheathing 
cells reduce 
duration of 
autonomic 

male 
Wistar 
rats 

Transection OM-
OECs Allo- 

5x105 
cells/μL, 2 
μL soaked 
into a 
porcine gel 

0 days 
Mentioned, 
not 
quantified 

9 weeks 
post 
injury 
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et al., 
2010a) 

dysreflexia in 
rats with high 
spinal cord injury 

sponge = 1 x 
106 cells 

Kalincik 
at al, 
2010 
(Kalincik 
et al., 
2010b) 

Selected 
changes in 
spinal cord 
morphology 
after T4 
transection and 
olfactory 
ensheathing cell 
transplantation 

male 
Wistar 
rats 

Transection OM-
OECs Allo- 

5x105 
cells/μL, 2 
μL soaked 
into a 
Porcine gel 
sponge = 1 x 
106 cells 

0 days n/m 
9 weeks 
post 
injury 

Li et al, 
2010 (Y. 
Li et al., 
2010) 

Survival and 
number of 
olfactory 
ensheathing 
cells 
transplanted in 
contused spinal 
cord of rats 

SD 
rats Contusion OB-

OECs Allo- 

3x 104 
cells/μL,1 μL 
injected at 3 
sites each = 
9 x 104 cells 

7 days 

at 1 week: 
536±132.7
4; at 2 
weeks: 
426±124.1
4; 13 
weeks: 
321±110.2
4 

13 weeks 
post-
transplant 

Wang et 
al, 2010 
(G. Wang 
et al., 
2010) 

Synergistic 
effect of neural 
stem cells and 
olfactory 
ensheathing 
cells on repair of 
adult rat spinal 
cord injury 

male 
SD 
rats 

3/4 
transection 

OB-
OECs Allo- 

1 x 106 
cells/μL, 5 
μL injected 
at 2 sites 
each = 1 x 
107 cells 

7 days n/m 
12 weeks 
post 
injury 
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Salehi at 
al, 2009 
(Salehi et 
al., 2009) 

Repair of spinal 
cord injury by 
co-
transplantation 
of embryonic 
stem cell-
derived motor 
neuron and 
olfactory 
ensheathing cell 

female 
Wistar 
Rats 

Crush 

OB-
OECs, 
OECs
+ESM
N 

Allo- 

2x105 

cells/μL, 5 
μL injected = 
1x106 cells, 
10 μL 
injected, 5 
μL of each 
cell = 2x106 
cells 

9 days 

28524 ± 
7287, 
26702 ± 
12120 

4 weeks 
post-
transplant 

Muñoz-
Quiles et 
al, 2009 
(Munoz-
Quiles et 
al., 2009) 

Chronic spinal 
injury repair by 
olfactory bulb 
ensheathing glia 
and feasibility for 
autologous 
therapy 

female 
Wistar 
Hanno
ver 
rats 

Transection OB-
OECs Allo- 

1 x 105 
cells/μL, 0.5 
μL injected 
at 1.3, 1.0, 
0.8 and 0.5 
mm depths 
in midline, 
rostral and 
caudal = 4 x 
105 cells 

1 month 
and 4 
months 

n/m 

12 
months 
post 
injury 

Su et al, 
2009 (Su 
et al., 
2009) 

Reactive 
astrocytes in 
glial scar attract 
olfactory 
ensheathing 
cells migration 
by secreted 
TNF-α in spinal 
cord lesion of rat 

male 
SD 
rats 

Hemisection OB-
OECs Allo- 

1 x 105 
cells/μL, 0.5 
μL injected 
at 3 sites in 
midline = 
1.5x105 cells 

0 days n/m 
10 days 
post 
injury 
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Takeoka 
et al, 
2009 
(Takeoka 
et al., 
2009) 

Serotonergic 
innervation of 
the caudal spinal 
stump in rats 
after complete 
spinal 
transection: 
effect of 
olfactory 
ensheathing glia 

female 
Wistar 
rats 

Transection OB-
OECs Allo- 

4x105 cells 
at 3 sites, 1 
mm deep 

0 days n/m 
8 months 
post 
injury 

Fouad et 
al, 2009 
(Fouad et 
al., 2009) 

Transplantation 
and repair: 
Combined cell 
implantation and 
chondroitinase 
delivery 
prevents 
deterioration of 
bladder function 
in rats with 
complete spinal 
cord injury 

female 
Fische
r rats 

Transection OB-
OECs Allo- 

30 μL 
suspension 
injected 

0 days n/m 
12 weeks 
post 
injury 

Yamamot
o et al, 
2009 
(Yamamo
to et al., 
2009) 

Transplanted 
olfactory 
mucosal cells 
restore paw 
reaching 
function without 
regeneration of 
severed 
corticospinal 

female 
AS 
Rats 

Unilateral 
CST 
ablation 

OM-
OECs Allo- 

2-2.5 x 104 
cells in 4-5 
μL 
suspension 
= 1 x 105 
cells 

8 weeks 
Mentioned, 
not 
quantified 

18 weeks 
post 
injury 
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tract fibres 
across the lesion 

Lankford 
et al, 
2008 
(Lankford 
et al., 
2008) 

Olfactory 
ensheathing 
cells exhibit 
unique 
migratory, 
phagocytic, and 
myelinating 
properties in the 
X-irradiated 
spinal cord not 
shared by 
Schwann cells 

female 
SD 
rats 

x-irradiation OB-
OECs Allo- 

3x104 
cells/μL, 1 
μL injected 
in the lesion 
as single 
injection = 
3x104 cells 

7 days 
Mentioned, 
not 
quantified 

1, 3, 6 
weeks 
post 
transplant
ation 

Kubasak 
et al, 
2008 
(Kubasak 
et al., 
2008) 

OEG 
implantation and 
step training 
enhance 
hindlimb-
stepping ability 
in adult spinal 
transected rats 

female 
Wistar 
Hanno
ver 
rats 

Transection OB-
OECs Allo- 

4 injections 
of 5x104 
cells each 
into each 
spinal cord 
stump= 
4x105 cells 

0 days n/m 
7 months 
post 
injury 

Negredo 
et al, 
2008 
(Negredo 
et al., 
2008) 

Slow- and fast-
twitch rat hind 
limb skeletal 
muscle 
phenotypes 
8months after 
spinal cord 
transection and 
olfactory 

Wistar 
Hanno
ver 
rats 

Transection OB-
OECs Allo- 

105 cells/μL, 
4 injections, 
0.5 μL each, 
in each 
stump = 
4x105 cells 

0 days n/m 
8 months 
post 
injury 
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ensheathing glia 
transplantation 

Deng et 
al, 2008 
(Y. B. 
Deng et 
al., 2008) 

The co-
transplantation 
of human bone 
marrow stromal 
cells and 
embryo olfactory 
ensheathing 
cells as a new 
approach to 
treat spinal cord 
injury in a rat 
model 

Femal
e SD 
rats 

Contusion OB-
OECs Allo- 

5x104 
cells/μL, 5 
μL injected 
around the 
lesion = 
2.5x105 cells 

0 days 
(30 
mins) 

Mentioned, 
not 
quantified 

5 weeks 
post-
transplant 

Guest et 
al, 2008 
(Guest et 
al., 2008) 

Xenografts of 
expanded 
primate olfactory 
ensheathing glia 
support transient 
behavioural 
recovery that is 
independent of 
serotonergic or 
corticospinal 
axonal 
regeneration in 
nude rats 
following spinal 
cord transection 

Nude 
rats Transection OB-

OECs 

Xeno
- 
(Mac
aque
s) 

1 x 
105cells/μL, 
0.5 µl 
injected at 
four depths 
(2x105 
cells/2 
μL/stump) = 
4x105 cells 

0 days 
Mentioned, 
not 
quantified 

24 weeks 
post 
injury 
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Bretzner 
et al, 
2008 
(Bretzner 
et al., 
2008) 

Undesired 
effects of a 
combinatorial 
treatment for 
spinal cord injury 
– transplantation 
of olfactory 
ensheathing 
cells and BDNF 
infusion to the 
red nucleus 

male 
SD 
rats 

Crush OM-
OECs Allo- 

1 x 105 
cells/μL, 1.5 
μL injected 
total 
between 
cranial and 
caudal sites 
= 1.5x105 
cells 

0 days 
Mentioned, 
not 
quantified 

4 weeks 
post 
injury 

Iwatsuki 
et al, 
2008 
(Iwatsuki 
et al., 
2008) 

Transplantation 
of olfactory 
mucosa 
following spinal 
cord injury 
promotes 
recovery in rats 

Femal
e SD 
rats 

Transection OM-
OECs Allo- 

0.5-1 mm 
pieces of 
OM, 4-6 
pieces 
inserted in 
lesion 

0 days 
Mentioned, 
not 
quantified 

8 weeks 
post 
injury 

 

End of manuscript 
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5.3 DIFFERENT TRANSPLANTATION MODALITIES AND THEIR EFFECT ON 

CELL SURVIVAL 
As the review suggests, the quantification of cell survival is difficult, and 

hence, it is reported less frequently. Where the cell survival has been reported, 

it was found to be very low. To test if transplantation of a 3D cell construct can 

enhance cell survival, an experiment was designed, which is described in the 

following manuscript. It was hypothesized that a 3D construct will show better 

cell survival as compared to the similar quantities of cells transplanted in a 

suspended form. 

 

Comparison of different cell transplantation modalities to enhance cell 
survival following a transection type spinal cord injury in C57BL/6 mice 

Ronak Reshamwala, Megha Shah, Tanja Eindorf, Todd Shelper, Marie Vial, 

Graham Smyth, Lindsay Gee, Edith Miller, Jenny Ekberg, James St John 

 

Abstract: 

Olfactory ensheathing cells (OECs) have shown promise in repairing 

spinal cord injuries and restoring function. However, the highly variable 

outcomes still impede the progress towards a clinical therapy; and poor cell 

survival remains one of the inhibitory factors. We have tested a novel, 3D 

cellular construct (spheroid) as a means to enhance cell survival and compared 

it with transplantation of suspended cells to compare cell survival, along with a 

mixture of the two modalities over one week. The cell survival was assessed by 

individual cell counts, area fraction of the injury site expressing fluorescent 

signal specific to OECs (DsRed reporter protein) and average intensity of the 

fluorescent signal. Additionally, the ability of OECs to integrate with the axons 

at the injury site was also assessed by high resolution microscopy. The impact 

of different transplantation modalities on the injury site inflammatory status was 

also subjectively evaluated. Whether or not the transplants induced any 

structural repairs was quantified as well. The study found that the spheroids 

and mix transplants yielded significant improvement in cell survival compared 
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to the cells in suspension (p<0.01 and p<0.001, respectively). Spheroids also 

resulted in better integration with axons at the injury site. Although the 

inflammatory status of the injury site was not objectively quantified in the study, 

we observed that the treatments apparently caused less reactive astrogliosis 

and microglial activation compared to the controls. Additionally, the reduction 

of the defect size with spheroid treatments was statistically significant 

compared to controls and cell suspension treatments (p<0.001 and p<0.01, 

respectively). In conclusion, the spheroid treatments significantly enhance cell 

survival, improve integration, and reduce the injury defect. 

 

Introduction 

The olfactory ensheathing cells (OECs) or the olfactory glia were first 

misidentified as Schwann cells of the olfactory nerve at the end of 19th century 

(Blanes, 1898; Golgi, 1875). It was not until they were found to express GFAP, 

an astrocytic marker almost a century later (Barber & Lindsay, 1982), that they 

were recognised as a separate and unique cell type (Higginson & Barnett, 

2011). Since their discovery in the 1980s, OECs soon became well known for 

their role in development, growth and guidance of the olfactory nerve axons 

during the embryogenesis and throughout the adult life (J. R. Doucette, 1984; 

R.  Doucette, 1989; R. Doucette, 1990). Especially their role in repair and 

regeneration of the olfactory axons in the adult life, made them a likely 

candidate for spinal cord injury (SCI) repair, and hence, an area of research 

interest over the last three decades. Though the hundreds of studies conducted 

on OECs over the decades have illuminated their tremendous potential for SCI 

repair, they have also highlighted numerous challenges faced when OECs 

transplants are attempted in an injured spinal cord experimentally. The studies 

have reported high variability in terms of cell survival, migration, structural repair 

and functional regain following OEC transplantations. 

One of the most important challenges faced with cell transplantation-

based therapeutic options is survival and integration of the transplanted cells 

into the host tissue. Most of the studies focussing on OEC transplantation have 

found quantification of OEC survival in vivo to be quite difficult, and as such 
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only a few studies have reported the quantified cell survival (Reshamwala et 

al., 2019). One of the studies to do so observed cell survival to be less than 1% 

merely one week post transplantation (Y. Li et al., 2010). The most common 

transplantation method, with such studies, is injections of single cell 

suspensions into cord parenchyma. Due to the fragile and mesh-like structure 

of the spinal cord and hostile environment created by a spinal cord injury, cells 

in the suspensions get little opportunity to survive long enough to integrate 

within the injured cord. In this study, we have attempted a novel approach to 

improve the cell survivability and integration. A novel three-dimensional 

cultivation method for OECs has been developed recently, known as naked 

liquid marbles which allows OECs to self-assemble in a spheroid (Mo Chen et 

al., 2019). Since the OECs in a spheroid are able to make inter-cellular 

connections in all three dimensions, they may stand a better chance of surviving 

transplantation in vivo rather than getting washed away as would happen with 

the cells injected in single cell suspension. We also test the benefits of using 

fibrin glue to hold the transplant in place to prevent any aberrant dislocation of 

spheroids post transplantation. A complete transection type injury at the lower 

thoracic level was chosen as the injury model in this study. Treatments were 

done in the subacute phase following injury to further improve the cell survival 

chances.  

In summary, this study focuses on ways to improve cell survival and 

integration in vivo post transplantation. Our ultimate hope is to develop a novel 

approach for cell transplantation for spinal cord injury repair and regeneration 

that may result in structural as well as functional recovery.  

Methods and Materials 

All experimental methods used in this study were approved by the animal 

ethics committee at Griffith University, QLD, Australia, under the ethics 

approval MSC/0418/AEC. All animals were bred and supplied by Animal 

Resource Centre, Perth, Australia. 
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Cell production and spheroid preparation 

OECs were obtained from the mucosa of transgenic mice expressing 

DsRed reporter protein driven by the S100β promoter (Windus et al., 2007), so 

that the OECs would express red fluorescent signal under ultraviolet 

stimulation. Olfactory mucosa was dissected from 7-day old pups after 

decapitation. The olfactory epithelium was stripped from the lamina propria 

using 2.4 U/mL Dispase II. The lamina propria was then treated 0.25 mg/mL 

Collagenase H to dissociate the cells. These cells were then cultured in a 6-

well plate for four days, and fresh culture media was replaced every 48 h. The 

cells were purified on day 5 using a modification of differential attachment 

protocol described previously (Nash et al., 2001). According to this protocol, the 

cells were treated with TrypLE® for 3 min, the cells detached in this duration 

were collected in another plate. This 3-min detachment protocol was performed 

twice in total, and all the cells obtained as a result were assessed for DsRed 

expression to determine the proportion of OECs. After this, the cells were either 

used to seed spheroids using a previously published protocol (Mo Chen et al., 

2019), or allowed to be cultured in a plate which eventually provided the cells 

for suspension treatments. In both the cases, the cells were cultures for 48 h 

after the differential detachment step. Cells were characterised by staining them 

with p75 antibodies and CD-90 antibodies along with the DsRed expression 

driven by the s100-β expression in the OECs.  

Spinal cord injury and treatment groups 

Thirty C57BL/6 female mice were used in this study. The animals were 

allowed to acclimatise prior to surgical intervention for at least seven days. The 

animals were then taken for the first surgical intervention – induction of a 

complete transection type injury at T10 spinal level, using a previously 

described protocol (Reshamwala et al., 2020a). In short, the mice were 

anaesthetised, their back fur was shaved and a ~2.5 cm long midline dorsal 

incision was made to expose the lower thoracic spinal region. Blunt dissection 

was performed of the subcutaneous tissue and muscles, to expose the laminae 

of T9-T11 vertebrae. The spine was stabilised and a complete T10 laminectomy 

was performed using a fine-tip drill. A narrow surgical blade with rounded 
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cutting edge was used to slice the spinal cord at the laminectomy site in a clean, 

precise manner. Fine tipped blunt forceps were then used to confirm the 

completeness of the transection injury. The overlying muscles were sutured 

with 5-0 Vicryl sutures after achieving haemostasis. The skin was then sutured 

using a 5-0 silk suture material. The mice were monitored during their recovery 

from anaesthesia and were given antibiotic cover with Enrofloxacin (Baytril®, 

10 mg/kg body weight) and analgesia with Buprenorphine (Temgesic®, 0.03 

mg/kg body weight). The animals were housed individually for seven days after 

the surgery.  

The 30 mice were then randomly distributed among the five independent 

treatment groups. Group 1 animals received treatments in form of 2 spheroids, 

each seeded with 100,000 cells (total of 200,000 cells) and is referred to as 

‘spheroid treatment group’ henceforth. The animals in group 2 received 1 

spheroid seeded with 100,000 cells and additional 100,000 cells in form of 

single cell suspension (thus, a total of 200,000 cells). This group is referred to 

as the ‘mix treatment group’ in this study. Group 3 animals received 200,000 

cells in form of suspension at the injury site, and hence, the group is now 

referred to as ‘suspension treatment group’. All the three treatment groups 

involved the cells/spheroids encapsulated in a total of 2 µL of fibrin gel (10% 

v/v in lactated ringer’s solution). The animals in group 4 were treated with only 

2 µL of fibrin gel as the ‘vehicle control group’. And the group 5 animals were 

‘surgical control group’ and did not receive any treatment. 

Treatment procedures  

The treatment surgeries took place seven days after the spinal cord 

injury surgery. Animals were anaesthetised and the spinal cord transection site 

was exposed again through the same approach as the prior intervention. The 

scar tissue at the transection site was then carefully debrided to prepare for the 

cell transplantation. For spheroid treatments, the two spheroids were coated 

with 1 µL of fibrinogen component of the fibrin gel and deposited in the injury 

site one by one, and the injury site was sealed by depositing 1 µL of thrombin 

component which precipitated gelification of fibrin in the injury site. For mixed 

treatments, only one spheroid coated with 1 µL fibrinogen was placed within 
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the injury site. The 100,000 cells suspended in thrombin component were then 

slowly deposited around the spheroid, in the injury site. The suspension 

treatments involved two slow and simultaneous injections of 100,000 cells 

suspended in 1 µL fibrinogen, and 100,000 cells suspended in 1 µL thrombin 

over a period of ~2 min. Vehicle control group animals received the same 

injections as the suspension treatment group without the cells. The surgical 

control group animals did not receive any treatment after the debridement step. 

Haemostasis at the injury site was confirmed after the treatments, and muscles 

and skin were then sutured in layers using 5-0 Vicryl and 5-0 silk, respectively. 

Same as the injury surgery, the animals were provided with antibiotic 

(Enrofloxacin, Baytril®, 10 mg/kg body weight) and analgesic (Buprenorphine, 

Temgesic®, 0.03mg/kg body weight) treatments post-operatively.  

Tissue harvesting and processing 

All the animals were euthanised seven days after treatment. Their spines 

were harvested and fixed with 4% paraformaldehyde (PFA) for 24 h. Post-

fixation, the spines were then decalcified over the period of three weeks by 

treating them with 20% ethylene diamine tetra acetic acid (EDTA). Fresh EDTA 

was replaced every 48 h for decalcification. The decalcified spines were then 

embedded in Optimal Cutting Temperature (OCT) ™ solution (Tissue Tek®) for 

cryo-sectioning at -20 ⁰C. The 30 μm thick sections were cut and mounted on 

gelatin coated glass slides. The sections were mounted so that each slide 

contained four tissue sections which were ~240 μm apart. 

Immunostaining and imaging 

All the sections were prepared for immunostaining by treating them with 

the blocking buffer prepared with 2% bovine serum albumin (Sigma-Aldrich, 

A3294) and 0.3% triton-x (Sigma-Aldrich, x100) in 1x PBS (Gibco, 18912-014), 

for 1 h at the room temp. The slides were then divided into three staining 

groups. One group was stained with goat anti-GFAP primary antibodies 

(Abcam, ab53554, 1:200 dilution) and rabbit anti-β3-Tubulin primary antibodies 

(Abcam, ab18207, 1:200 dilution). The second group was stained with goat 

anti-GFAP primary antibodies (Abcam, ab53554, 1:200 dilution) and rat anti-C3 

primary antibodies (Abcam, ab11862, 1:100 dilution), whereas the third group 
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was stained with goat anti-GFAP primary antibodies (Abcam, ab53554, 1:200 

dilution) and rabbit anti-IBA-1 primary antibodies (Abcam, ab178847, 1:50 

dilution). All the primary antibodies were diluted in the same blocking buffer as 

mentioned above. The primary antibody incubation was performed overnight at 

4 ⁰C. The next day, the slides were washed three times with 1X PBS to rinse 

off the unbound primary antibodies. After this, the slides were incubated with 

secondary antibodies donkey anti goat 488 (Thermo Fisher Scientific, A-11055, 

1:250 dilution), and donkey anti rabbit 647 (Thermo Fisher Scientific, A-31573, 

1:500 dilution) or donkey anti rat 647 (Abcam, ab150155, 1:200 dilution) diluted 

in the blocking buffer with Hoechst 33342 (Thermo Fisher Scientific, H1399, 

1:5000 dilution) for 1 h at room temp. The information regarding antibodies used 

for immunostaining is summarised in Table 5.4. The slides were again washed 

three times with 1X PBS and then coverslipped. Imaging was performed on a 

Nikon Eclipse Ti2-E inverted microscope and image analysis on the Nikon 

analysis software NIS-Elements. Image analysis regarding cell counts was also 

performed on IMARIS image analysis software. The representative images 

shown in the figures were obtained on Olympus FV-3000 confocal microscope. 

Table 5.4: Summary of immunostaining 

Host Target Supplier Catalog. # Dilution 
Primary Antibodies 
Staining group 1 
Goat GFAP Abcam ab53554 1:200 
Rabbit β3-Tubulin Abcam ab18207 1:200 
Staining group2 
Goat GFAP Abcam ab53554 1:200 
Rat C3 Abcam ab11862 1:100 
Staining group 3 
Goat GFAP Abcam ab53554 1:200 
Rabbit IBA-1 Abcam ab178847 1:50 
  
Secondary Antibodies 

Donkey Goat (488) Thermo Fisher 
Scientific A-11055 1:250 

Donkey Rabbit 
(647) 

Thermo Fisher 
Scientific A-31573 1:500 

Donkey Rat (647) Abcam ab150155 1:200 
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Cell survival and structural repair 

For cell survival quantification, only the cells found at and around the 

injury site were counted. Cells found away from the injury site, or out of the 

boundaries of the spinal cord, were not counted towards the cell survival 

analysis. For the quantification, every alternate section from every cord that 

received cell transplant, were imaged and DsRed positive cells (OECs) were 

manually counted. The counted cells were then calculated into a percentage of 

the DsRed positive cells that were present at the time of transplantation. 

However, the spheroid and mix treatment groups showed large clusters of cells 

where manual counting of the individual cells was not adequate. Hence, three 

representative sections showing clusters of the cells were imaged again on the 

confocal microscope and the three-dimensional rendering of the cell cluster was 

analysed on IMARIS software. One of the threshold values were set so that the 

software would count cells with bright DsRed signal only (same as manual 

counts) to give the minimum cell count estimates (Figure 5.2 A). Another 

threshold value was set so that the software would count every cell with DsRed 

signal, without counting any cells that did not express the signal, which yielded 

the maximum estimate (Figure 5.2 B). These calculations were done with 

stringent criteria so that the counts may be still be underestimated, but no false 

positives would be included. Additionally, the area fraction within the injury site 

that expressed DsRed signal was also mapped and analysed as another way 

of cell survival estimation (Figure 5.2 E). Simultaneously, mean signal 

intensities for each group was also calculated and compared (Figure 5.2 F). 

However, to keep the comparison uniform, only three animals were chosen at 

random from spheroid and mix treatment groups for the area fraction and mean 

intensity analysis, since only three of six animals treated with suspension 

showed cells within the injury site. 
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Figure 5.2: Cell survival analysis and summary 

The figure summarises the cell survival analysis. The cell survival counts were 

estimated using Imaris image analysis software. The DsRed (red) signal 

detection threshold value was kept where most cells in a cluster formation were 

identified and counted in a 3D volumetric view (A) to gain a minimum estimate 

of the cell count. A broader threshold value was used so that almost all the cells 

in the imaged field were counted without getting any falsely identified cells (B). 

The counts were then compared and plotted in a graph (C). Mix and spheroid 

treatments resulted in significantly higher cell survival as compared to 

suspension treatments (n=6 for each group, error bars represent SEM, *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001). (D) Cells surviving at the injury site were 

visualised as red (DsRed signals) along with neuronal stain (β3-Tubulin in 

white) and Hoechst (cyan) for nuclear staining. OECs were seen to align with 

axonal fibres. The fraction of the injury site expressing DsRed was analysed 

and compared between the three treatment modalities, (n=3 for each group, 

error bars = SEM) (E). Similarly, mean signal intensities at the injury site were 

also analysed and compared (n=3 for each group, error bars = SEM) (F). A 

subjective observation of cell positioning was done to see where the surviving 

cells were positioned in each treatment modalities, within the injury site, at/near 
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the injury site or out and away of the injury site (G). Additionally, the extent of 

OECs’ interactions with β3-tubulin signals of axons was also subjectively 

observed and plotted in a graphical representation for all three treatment 

modalities (H). (I)This panel shows the anatomical orientation for the 

histological sections imaged for this and all the other figures in the study. OECs 

are observed in red (DsRed), neural tissue in green (β3-Tubulin) and blue 

indicates nuclei (Hoechst). 

Structural repair analysis was carried out in three separate ways. One of 

which was to randomly select four representative sections from each animal 

and calculate the injury site area represented by the gap in the GFAP signal 

continuity. Since this analysis involved a degree of subjectivity with defining the 

injury site boundaries to demarcate the region of interest (ROI), this analysis 

was performed by blinded individuals – one was a blinded histopathologist and 

another was a blinded medical doctor. Secondly, the linear distance between 

the two cord stumps was calculated. And finally, the linear distance between 

two neuronal cell bodies across the injury site was calculated. A reduction in 

any of the three measurements was considered as a sign of structural repair. 

The remaining two measurements were performed by the blinded 

histopathologist. Additionally, integration of OECs with the axons and 

astrocytes at the injury site was also observed. 

Statistical analysis 

All statistical analysis and graphical representation of the data was done 

on GraphPad prism software. To derive statistical significances, ANOVA and 

Fisher’s LSD tests were used for multiple comparisons between more than two 

groups. 

Results 

Cell characterisation 

The cells were assessed for DsRed expression at the time of seeding 

the naked liquid marbles to form the spheroids or preparing the cells for the cell 

suspension. The proportion of the cell population expressing DsRed (indicative 

of s100β expression) was then calculated. The details of DsRed % of each 
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treatment modality are summarised in Table 5.5. The DsRed positive cell 

proportion was 29.2 ± 1.7% in the cell population making the spheroids, 32.7 ± 

1.9% in the mix treatments, and 21.0 ± 4.2% for the suspension treatments. 

Likely, when the cells for suspension were cultured in 2D over the 48 h period, 

DsRed- cells (mostly fibroblasts) expanded faster, thus, explaining the different 

DsRed+ cell proportions in the two treatment modalities. 

Table 5.5: Proportion of DsRed+ cells in treatment populations 

  Mean% SEM Minimum Maximum 
Spheroid 29.2 1.7 25.4 36.8 

Mix 32.7 1.9 26.7 38.2 
Suspension 21.0 4.2 13.5 39.7 

 

Cell survival 

As described before, calculations to determine cell survival one week 

after transplantation were performed manually as well as with the help of the 

Imaris software. It was observed that the threshold values at which the software 

identified and counted a DsRed positive signal as an individual cell, provided a 

range rather than a specific number. This analysis showed that the manual cell 

counts were consistently 2.3 times (minimum estimates) to 3.1 times (maximum 

estimates) lower than the automated cell counts which is why cell survival from 

the sections showing cell clusters was re-calculated with these two estimated 

values. The calculations from these estimates are summarised in Table 5.6. 

Figure 5.2 A and B shows the estimate thresholds from the software. Figure 5.2 

C shows the comparison between cell survivals where the mix treatments (10.6 

± 2.6% min, 14.2 ± 3.5% max; mean ± SEM) and spheroid treatments (8.6 ± 

1.8% min, 11.5 ± 2.4% max) showed significantly higher cell survivals than the 

suspension treatments (1.8 ± 1.3%). The image in Figure 5.2 D shows the same 

field of view as Figure 5.2 A & B, but with the axonal and nuclear stains to show 

the OECs integrating with the host tissue. 
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Table 5.6: Cell count summary for quantification of cell survival 

Representative 
section 

Manual 
cell 

counts 

Minimum 
estimate 

Fold 
Increase 

Maximum 
estimate 

Fold 
increase 

1 151 361 2.39 479 3.17 
2 116 270 2.33 355 3.06 
3 194 431 2.22 595 3.07 

Average 153.7 354 2.31 476.3 3.1 

The DsRed positive area fraction analysis (Figure 5.2 E) showed that 

spheroid treatments (67.2 ± 4.8%, mean ± SEM) had significantly higher cell 

survival than the other two treatment groups (p<0.0001 for both) and mix 

treatments (33.0 ± 4.4%) had higher cell survival than the suspension 

treatments (4.3 ± 0.7%) (p<0.0001). Similarly, mean intensity analysis (Figure 

5.2 F) also revealed that spheroid treatments (1265.0 ± 55.0) and mix 

treatments (1154.0 ± 49.3) were significantly better than suspension treatments 

(952.9 ± 32.7) (p<0.0001 for spheroids, and p<0.01 for mix).  

Upon microscopic observations, it was also noticed that all 6 animals 

treated with spheroids had cells within the injury site (Figure 5.2 G), whereas 

the only three of the six mix treatment animals had cells within the injury site. 

Two of the remaining three animals had cells at and near the injury, and the 

one animal had cells away from the injury site. Three of the six suspension 

treated animals showed cells near the injury site, two showed cells away from 

the injury site and one did not show any cells at all. In addition, all six animals 

from the spheroid treatment group showed OECs integrating with axons at the 

injury site throughout all the sections (Figure 5.2 H). Similarly, mix treatment 

also showed four of the six animals has these interactions throughout, one 

animal showed interactions in some of the sections and the remaining animal 

showed no interaction at all. Two of the six animals that received suspension 

treatments showed consistent OEC-axon interactions, two more animals 

showed the interactions in only some of the sections and one animal did not 

show any interaction, whereas the last animal had shown no surviving cells 

present in the cord (in Figure 5.2 H). As an example of ‘cells within the injury 

site’, Figure 5.2 I shows DsRed+ cells in the injury site between the two cord 
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stumps. The image also indicates the general orientation of the cord sections 

to which all the remaining histological images are aligned. 

 
Figure 5.3: Interactions of OECs and axons at the injury site 

The figure panel highlights the relationship between (A) axons (β3-tubulin 

expressing filamentous structures shown in white) and (B) OECs (DsRed+ cells 

shown in red) at the injury site in a merged 3D volumetric view (C). OECs can 

be observed wrapping themselves around axons as indicated by the tailed 

arrows. Scale bar = 50 μm. The images in (D), (E), (F) and (G) are snapshots 

from the supplementary animation (supplementary video – 2) rendered from a 

3D reconstructed view of the injury site, OECs are shown in red and axons in 

white colour. Two consecutive frames (D) & (E) show a clipping plane moving 

https://drive.google.com/file/d/1_GQgzlUGfPPZNKROuKNWKF3IKhfR6Zhw/view?usp=sharing
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away from the observer’s perspective where thin long axonal process covered 

by OECs can be seen, as indicated by the arrows. The encircled areas also 

show the same phenomenon. Scale bars = 30 μm. Two more consecutive 

frames (F) and (G) also depict axons enveloped by the OECs within the injury 

site. Scale bars = 20 μm. 

 

Figure 5.4: Surviving OECs in the injury site 
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The figure panel displays representative images from each of the five treatment 

groups stained with anti-GFAP antibodies in green channel, anti-β3-Tubulin 

antibodies in far red channel (seen in white) and Hoechst (cyan). OECs are 

seen in red as they express the DsRed protein. Column 1 shows all the sections 

in 10x magnification demonstrating the cord stumps and injury sites (scale 

bar=100 μm), where the white boxes outline the area of interest which was 

imaged under 30x magnification and shown in column 2. Column 3 shows 

isolated DsRed (OECs) and β3-Tubulin (axons/neurons) signals to depict the 

OECs’ interaction with axons. The yellow arrows point at the interesting 

features in each group. Column 4 features the isolated DsRed (OECs) and 

GFAP (astrocytes) signals to highlight the OECs intermingling with the cord 

parenchyma. White arrows point at the important features in each group (scale 

bar=50 μm in columns 2, 3 and 4). Row A contains images from the spheroid 

treatment group, B from mix treatment group and C from suspension treatment 

group. The plain arrows all point at the OECs’ interactions with the other cell 

types present. Row D and E represent images from vehicle control and surgical 

control groups, respectively. Tailed arrows in these rows point at the neural and 

astrocytic debris in the injury site. 

 

OEC integration with astrocytes and neurons 

As can be seen from Figure 5.3 and Figure 5.4, OECs appeared to 

interact with the axons at and around the injury site. OECs at the injury site 

following spheroid or mix treatment showed long spindle-like morphology and 

co-localisation with the axonal signals (Figure 5.3 A-C; indicated by tailed 

yellow arrows). OECs appeared to envelope themselves around the axons 

growing across the injury site, ensheathing the regrowing axons completely 

(Figure 5.3 C-G, Figure 5.4 A3). All the treated cords showed phenomena 

similar to this to some degree (Figure 5.4 A-C; columns 2 & 3). However, the 

control groups showed abundant axonal debris in the injury site (Figure 5.4 D 

& E). Likewise, the OECs also appeared to intermingle with the GFAP signal 

coming from astrocytes (Figure 5.4 A-C; columns 2 & 4), whereas the cords 

from control groups showed GFAP positive debris at the injury site (Figure 5.4 
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D & E; columns 2 & 4). This evidence together with the axonal ensheathing 

suggests that OECs can clear the injury site of the debris and can help guide 

the growing axons through the astroglial scar into and across the injury site. 

The supplementary animation (see supplementary video - 2; supplementary 

material legends are on page 415) shows a 3D-rendering of OECs (red) 

wrapped around the axon (white), with a clipping plane running through – to 

demonstrate its cross sectional view as well. Some snapshot views from this 

animation are included in Figure 5.3 where there are images showing intact 

DsRed+ cells (D & F) and axons enveloped within them in the consecutive cross 

sectional view (E & G, respectively). 

Effect of OECs on injury site inflammation status 

Reactive astrogliosis and activation of microglia have been reported to 

be the downstream inflammatory events of a SCI. It has also been reported that 

the reactive astroglia overexpress complement factor C3, and activated 

microglia express IBA-1. To study these inflammatory events, co-staining of 

GFAP with C3 (Figure 5.5, columns 1 & 2), and GFAP with IBA-1 was 

performed (Figure 5.5, columns 3 & 4). Since C3 expression is not specific to 

astrocytes, a co-expression of C3 with GFAP was considered as a sign of 

reactive astrogliosis. The mix and spheroid treatments (Figure 5.5 A-B) 

appeared to have less C3 expression compared the suspension (Figure 5.5 C) 

and the control groups (Figure 5.5 D-E). In particular, the cord tissue forming 

the boundaries around the injury site in control groups show bright GFAP and 

C3 signals suggesting more reactive astrogliosis compared to the treated cords. 

Similarly, with IBA-1 staining, the morphology of the cells expressing IBA-1 was 

taken into consideration along with their location (in the cord parenchyma v/s in 

the injury site). The treated cords showed smaller, and non-spherical appearing 

IBA-1 positive cells (Figure 5.5 A-C) whereas the control groups showed strong 

IBA-1 signal in cells with large size and spherical morphology (Figure 5.5 D-E). 

Due to the variation in location and distribution of cells and immunostaining, it 

was not possible to quantify the various parameters that were observed. The 

practical implications of these results are discussed later.  

https://drive.google.com/file/d/1_GQgzlUGfPPZNKROuKNWKF3IKhfR6Zhw/view?usp=sharing
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Figure 5.5: OECs and inflammatory profile of the injury site 

The figure contains representative images from all five treatment groups, 

stained with anti-GFAP antibodies (green), Hoechst (cyan), and anti-C3 

antibodies or anti-IBA-1 antibodies (white); OECs appear red due to DsRed 

expression. Column 1 shows the overview of the injury site with cord stumps 

stained for GFAP and C3, where yellow dotted lines demarcate the injury site 

and yellow boxes outline the areas of interest that are seen in column 2. Scale 
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bar in column 1 = 100 μm (except specified otherwise) and in column 2 = 50 

μm. Column 3 shows images from the cord sections stained for GFAP and IBA-

1 at 10x magnification. Yellow dotted lines highlight the injury site and yellow 

boxes indicate the regions images at 30x magnification in column 4. Scale bar 

in column 3 = 100 μm and in column 4 = 50 μm. Row A shows images from 

spheroid treatment group, Row B from the mix treatments and Row C from the 

suspension treatment group. Rows D and E show images form vehicle and 

surgical control groups, respectively. 

OECs can induce structural repairs within one week of treatment 

One of the six animals treated with spheroids showed loss of GFAP 

signal in the caudal cord stump, and hence, had to be excluded from this 

analysis. Thus, the analysis was performed on all six animals from every group 

except the spheroid treatments group, which included five animals. The 

analysis of the injury site area (Figure 5.6 A, B) showed that treatments with 

spheroids (4.3x105 ± 0.3x105 μm2) and mix (4.2x105 ± 0.3x105 μm2) modality 

resulted in a significant reduction of injury site as compared to the control 

groups (6.9x105 ± 0.6x105 μm2 surgical control, 6.8x105 ± 0.6x105 μm2 vehicle 

control; p<0.001 for all comparisons) as well as the suspension treatments 

(6.3x105 ± 0.5x105 μm2; p<0.01 for both). The injury site area in animals treated 

with suspension treatments was not statistically significant compared to the 

controls. Similarly, the analysis of linear gap measurement between the two 

cord stumps (Figure 5.6 C, D) revealed that the spheroid (523.1 ± 65.5 μm) and 

mix (689.4 ± 80.5 μm) treatments reduced the gap significantly as compared to 

the control groups (960.7 ± 88.5 μm for surgical control – p<0.001, 966.7 ± 

110.0 μm for vehicle control - p<0.05). Additionally, the difference in the lesion 

gap between spheroid treatments and suspension (832.5 ± 76.1 μm) treatment 

was also statistically significant (p<0.05). However, the analysis of the distance 

between the neuronal cell bodies across the injury site (Figure 5.6 E, F) only 

indicated that spheroid treatments (289.3 ± 42.5 μm) led to significant reduction 

in the gap between neurons compared to the two control groups (562.4 ± 78.0 

μm for surgical control 0 p<0.01, 520.6 ± 77.6 μm for vehicle control – p<0.05). 

The distance between neurons across the injury site was not significantly 
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different between suspension (420.6 ± 50.4 μm) and mix (422.9 ± 52.1 μm) 

treatments.  

 
Figure 5.6: Quantification of structural repairs 

The figure shows data from the structural repair quantification analysis. (A) 

Comparison of the injury site areas among all five treatment groups. (B) An 
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example image demonstrating the injury site calculation. (C) The comparative 

analysis of the linear distance between the two cord stumps and (D) an example 

of the injury site linear distance calculation. The comparison of distance 

between the neuronal cell bodies across the injury site is represented 

graphically in the (E). The representative explanation of this measurement is 

displayed in (F), where the white curved lines demarcate the injury site from 

cord parenchyma. Green shows GFAP expression from astrocytes and red 

shows β3-Tubulin expressing from neurons and axons. n=6 for surgical control, 

vehicle control, mix and suspension, n=5 for spheroids, error bars = SEM. 

Statistical significance indicated here: * p<0.05, ** p<0.01, *** p<0.001, **** 

p<0.0001. 

 

Discussion 

Spheroids yield better cell survival than suspensions 

This study aimed to quantify the cell survival at one-week post-

transplantation. Studies in the past have reported observing cell survival 

several weeks or even months following the treatments (Barakat et al., 2005; 

Mayeur et al., 2013; Takeoka et al., 2011; J. Zhang et al., 2017). However, this 

study did not use immunosuppressants that can facilitate survival of an allograft 

such as used in this experiment over longer duration, which makes the long-

term survival of cells difficult. Furthermore, a recent study has reported that 

persistent survival of grafted OECs may not be critical to achieve functional 

outcomes (Y. Li et al., 2016). Thus, transient survival of transplanted cells may 

be sufficient for structural repairs and eventually, functional outcomes 

(Thornton et al., 2018). Hence, this study focussed on structural repairs along 

with cell survival analysis over the relatively short duration of one-week survival 

period. While permanent survival of the transplanted cells may not be essential, 

it is still important to enhance the cell survival, even for the short duration, so 

that the same therapeutic effect can be achieved with lower total cell numbers 

and lower proportion of cell death in vivo can mitigate the undesirable effects 

from the necrotic cells (Reshamwala et al., 2019). 
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In this study, cells were only counted towards cell survival at the injury 

site if they fulfilled all three of the following conditions: the cells expressed the 

DsRed fluorescent reporter protein, the cells displayed their typical elongated 

spindle-like morphology (T. Liu et al., 2017; B. Wang et al., 2006), and the cells 

were present in the injury site defect or in the immediate vicinity. Noticing the 

morphology while performing individual cell counts is crucial, since the 

fluorescent signal alone could be detected from the cell debris after their death 

in vivo or from the phagocytic cells that have taken up the fluorescent debris 

(Nazareth et al., 2015a; Nazareth et al., 2015b). Only the cells within the injury 

site were included in the survival analysis since the graft survivability is different 

at the injury site compared to away from the injury site – near the healthy cord 

parenchyma (Pearse et al., 2007).  

Accurate quantification of the cells in vivo is reportedly challenging 

(Reshamwala et al., 2019), however, a small number of studies have reported 

quantified cell survivals in the past. The studies have used a few different 

methodologies for quantification. This includes individual counting of cells 

(Amemori et al., 2010; Carwardine et al., 2017; Y. Li et al., 2010; Salehi et al., 

2009), measuring area or volume expressing the cells’ fluorescent signal 

(Torres-Espin et al., 2013; Torres-Espin et al., 2014) and measuring signal’s 

mean luminescence intensity (Khankan et al., 2016). This study has employed 

all three of the reported methods for cell survival quantification. As mentioned 

before, several of the treated cords showed clusters of cells apparently forming 

long bridge-like structures at the injury site. A software aided cell count on a 3D 

reconstruction of the injury site was therefore required. This analysis yielded 

the cell survivals between ~ 10.5-14% in the mix treatment group and ~8.5-

11.5% in the spheroid treatment group one week after the transplant. The cell 

survival with cell suspension transplant was observed to be ~2%. Some of the 

survival rates reported elsewhere are ~6.5% four weeks after transplant 

(Carwardine et al., 2017), ~ 2.8% four weeks following the transplant (Salehi et 

al., 2009), ~ 1% eight weeks after the treatment (Amemori et al., 2010) and 

~0.6% survival one week after the treatment (Y. Li et al., 2010). The study 

design of this experiment is quite similar with the study that reported ~0.6% cell 

survival as both studies quantified cell survival at one week, used allografts 
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without any immunosuppression from a transgenic source. Conversely, another 

study reported that the allografted OECs were found dead/dying at the injury 

site, two- and four-weeks post-transplant (indicated by the fluorescent debris) 

in absence of immunosuppression (Khankan et al., 2016), and thus the cell 

survival is only meaningful at the time-points shorter than two weeks. 

Regardless, one key factor differing between this study and the published works 

mentioned here is that in other studies, unlike this study, all the grafted cells 

were tagged with an indicator fluorescent protein. Therefore, the survival 

discussed in this experiment does not account for the considerable amount of 

other cells that do not express DsRed but are still present in the grafts. Since it 

has been reported that different cell types have different survivability (Pearse 

et al., 2007), this study essentially quantifies the DsRed positive OECs 

exclusively and not the overall cell survival of the entire grafted cell population.  

The higher cell survival percentages observed in individual cell counts 

were also consistent with the DsRed area fraction at the injury site, and the 

mean signal intensity analyses. Combining all three analyses, it appears that 

the OECs, when grafted as spheroids, survive in higher numbers, spread out 

over a larger area at the injury site and express significantly high amount of 

s100β as indicated by the DsRed fluorescence. 

Cells in a spheroid show better integration at the site of SCI 

Along with higher survival rates, the spheroid treatments also showed 

better integration with the axons at the injury site. As can be seen from Figure 

5.2 G and Figure 5.4 column 3, OECs aligned parallel to the long axis of the 

spinal cord, in connection with each other and formed a bridge-like structure 

that extended between the two cord stumps. OECs are known to exhibit such 

a behaviour in vivo (Barakat et al., 2005; Pearse et al., 2004). Traditionally, the 

astrocytes are believed to form an impenetrable barrier at the injury site that 

separates the cord parenchyma from the glial scar (Su et al., 2009). However, 

as some of the animal trials have reported, we also found that the OECs can 

intermingle and permeate through the astroglial boundaries at the injury site 

(Andrews & Stelzner, 2007; Lakatos et al., 2003; Lakatos et al., 2000). This 

phenomenon is demonstrated in the column 4 of Figure 5.4 by overlapping red 



 
295 

 

signals form OECs and green signals from astrocytes. Spheroid treatments 

showed better integration in all six animals treated in that group as opposed to 

the four animals showing good integration in the mix treatment group and two 

animals from the suspension group (Figure 5.2 H). Similarly, all the spheroids 

treated animals had cells surviving in the injury site, unlike the three animals 

from the mix treatment groups, and none from the suspension treatment group 

(Figure 5.2 G). The most important factor behind this is the fact that spheroids 

treatments offer excellent precision and control over the exact placement of the 

treatment at the injury site, and the fibrin gel helps secure the graft after 

placement. Similarly, the mix treatment modality also partially offers this 

advantage, since half the treatment cells were in spheroid form. 

OEC treatments and inflammation 

OECs are claimed to have an influence over the inflammatory profile of 

the injury site (Hsieh et al., 2017; Khankan et al., 2016; Wright et al., 2020; J. 

Zhang et al., 2017). In this study, the relationship between OECs and 

inflammation was estimated by observing pro-inflammatory reactive astrocytes 

(by immunostaining with complement factor C3) (Liddelow & Barres, 2017); as 

well as by observing the microglial activation (with IBA-1 immunostaining) in the 

injury site and at the cord stumps (Tsuda, 2016; J. L. Wang, Ren, Feng, Ou, & 

Liu, 2020). It is acknowledged that the analyses were subjective, and not 

quantified, however they may offer some insight into potential mechanisms. 

Since C3 is a protein of immune system and not specific to astrocytes, GFAP 

immunostaining was used along with C3 to specifically observe the 

overexpression of C3 in reactive astrocytes. The C3 staining was diffuse and 

objective quantification of the reactive astrogliosis was not feasible, and the 

analysis was performed subjectively by a medical histopathologist. According 

to the expert findings, GFAP and C3 both were apparently expressed in higher 

intensities in the control as well as suspension treatment groups. The mix and 

spheroid treatment groups showed the expression of GFAP and C3 to a much 

lesser extent. There was no noticeable difference between the microglial 

immunostaining of the treated animals and untreated animals. This finding is in 

itself an important observation, since the treatments were allografts and no 
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immunosuppression was given. This finding suggests that the OEC treatments 

may discourage microglial activation, a pro-inflammatory change, which can be 

explained by the fact that OECs are known to express macrophage migration 

inhibitory factor (MIF) (Wright et al., 2020).  

Spheroid treatments lead to better structural repair 

Treatments with OEC spheroids led to significant reduction of the defect 

size (seen as defect area of a tissue section), distance between the two cord 

stumps and distance between the neurons from the two cord stumps. This 

analysis indicates that the spheroids treatments mitigated the injury spread. 

Additionally, it can be inferred that the reduction in the distance between two 

cord stumps was not only due to astrocyte proliferation, as the distance 

between the neuronal cell bodies was also reduced, which truly suggest 

regrowth of the cord tissue. 

Conclusion 

OECs transplanted as three-dimensional spheroids resulted in 

significantly higher cell survival at the injury site. The OECs integrate better with 

the axons at the injury site when transplanted in form of a spheroid. The 

spheroids treatments may also potentially mitigate undesirable changes 

brought about by the inflammation and begin structural repairs by reducing the 

defect size and decreasing the gap between neurons across the injury with one 

week of transplant. Overall, the transplantation of OECs in 3D spheroids is likely 

to enhance cell survival and improve subsequent regenerative processes. 

 

End of manuscript  
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5.4 ADDITIONAL FINDINGS 

5.4.1 RESULTS 

The cell survival rates observed in this study were also compared with 

another study that assessed cell survival at one week post injury. The Figure 

5.7 shows the comparison between minimum estimated cell survivals in this 

experiment, and survival reported in a separate study (Y. Li et al., 2010). As the 

figure shows, the mix and spheroid treatments both yielded significantly better 

cell survivals as compared to both the literature and the suspension treatments. 

 

Figure 5.7: Cell survival compared to literature 

The graph compares cell survivals from the treatment modalities mix, spheroids 

and suspension as explained in the experiment described in section 5.3, and 

literature, referring to a separate study (Y. Li et al., 2010). Statistical 

significance was derived by Fisher’s LSD test. N=6 for all the groups and error 

bars = SEM. * p<0.05 and ** p<0.01. 

This particular study was chosen from the literature for comparison due to 

several similarities with this study design, making the comparison more 

relevant. Both the studies transplanted the cells as allograft derived from 
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transgenic sources, without the use of immunosuppression. Both the studies 

chose 7 days post-injury time for treatments and quantified the cell survival at 

1 week post treatment. The only remarkable difference here was the injury 

model. The older study used contusion injury at the T10 spinal level as their 

injury model in contrast with the complete transection type injury at T10 level in 

this study. Considering the similar survival rates in the suspension based 

treatments in both this study as well as the older study, the improved cell 

survival is likely to be attributed to the spheroids.  

5.5 SUMMARY 

5.5.1 OVERVIEW 

The review of literature in this chapter concluded that the cell survival in 

vivo is a crucial factor to achieve favourable outcomes. Several different factors 

affecting the cell survival were also identified, which included injury type, OEC 

source, co-transplantation with other cell types, number/concentration of 

transplanted cells, transplantation method, and time between injury and cell 

transplantation. Another key finding from this review was that the reported 

survival of transplanted cells in vivo is generally low, and transplanting cells in 

a 3D construct (spheroids, for example) is likely to enhance cell survival. 

An experiment was then conducted to ascertain if the spheroids indeed 

yielded better cell survival than the spheroids transplanted as single cell 

suspensions. The task of quantifying the proportion of surviving cells is 

challenging and hence, a number of different approaches have been tried in the 

literature. In this study, the survival quantification was done by multiple 

methods. All these methods concluded that the spheroids led to significant 

improvement in cell survival. It must be noted that the spheroid characterisation 

in section 4.6.3 revealed that the spheroids contained ~67.5% of the total cells 

used for their seeding. However, the cell survival quantification was quantified 

against the full 200,000 cells used for seeding the spheroids for each animal. 

This may have yet underestimated the actual cell survival proportions by ~33%. 

An estimate of the cell survival, extrapolated based on this information, is 

depicted in Figure 5.8. 
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In comparison with the previously conducted experiments in this thesis, 

two major modifications were made to overcome the challenges previously 

encountered (detailed in section 3.6.2, in Chapter 3). First, the fibrin glue was 

replaced with a matrix made by diluted fibrin components (10% v/v in Ringer’s 

lactate). Second, two medium sized spheroids (seeded with 100,000 cells each) 

were used for transplantation instead of one large (seeded with 200,000 cells) 

or four small (seeded with 50,000 cells each) spheroids as were used in the 

experiments in Chapter 3. The medium sized spheroids were easier to handle, 

deposit in the injury site and secure with the new matrix. This was also reflected 

in the improvement in cell survival. In continuation with the findings in Chapter 

3, spheroids also offer a greater degree of control over surgical placement of 

the transplants, which was observed again in this experiment. This advantage 

of spheroid transplantation became clearer here in comparison with suspension 

based and mix modality of treatments. 

 

Figure 5.8: Cell survival estimate with and without considering less cells in 

spheroids 

The cell survival shown in the left set of graphs reflect the same information as 

the Figure 5.7, where the survival was calculated assuming all 200,000 cells – 
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the number of cells used for seeding the spheroids – ended up in the spheroid.. 

The right set of graphs are based upon the quantification that only ~67.5% of 

the seeding cells end up in a spheroid. Error bars = SEM, N=6 for each data 

set. Individual statistical significances derived from Fisher’s LSD test. 

5.5.2 LIMITATIONS 

Since the primary focus of this study was to assess cell survival, one 

week time point was selected for follow-up after treatments. This duration was 

too short to study the functional outcomes, and hence, the correlation of 

functional regain with improved cell survival remains to be seen. 

Additionally, as the review pointed out, duration between injury and 

treatment (chronicity of the injury) can affect the cell survival. The improved cell 

survival was only observed in the subacute phase injury. Whether the same 

treatment approach results in improved cell survival over the longer term still 

needs to be confirmed.  

5.5.3 FUTURE DIRECTIONS 

To address the limitation of this study outlined above, the following 

recommendations are made, which are addressed in the subsequent 

chapters:  

• Repeat the experiment on a study with longer survival post-treatment, 

• Assess the effectiveness of the treatment on a chronic injury model for cell 

survival and integration. 
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Chapter 6  EFFECTS OF SPHEROID TRANSPLANTATION 
TIMING ON THE OUTCOME  
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6.1 AIM 
The aim of this experiment was to assess if the optimal treatment for a 

subacute injury model could be applied to a chronic spinal cord injury and 

resulted in enhanced recovery. This experiment also assessed if the improved 

cell survival resulted in a structural and functional improvement in an injured 

spinal cord. 

6.2 FINDING EXPERIMENTAL EVIDENCE 
Studies claim that the injury state can affect the transplanted OECs’ 

survival, ability to integrate and the outcomes of their transplantation. 

Classically, these transplantations were performed as injections of single cell 

suspension. However, it was hypothesised here that the OECs in a spheroid, 

due to being scaffolded in their self-secreted matrix, may be somewhat more 

resilient or resistant to the hostile milieu of the SCI site; and therefore, be less 

affected by the changes in inflammatory profile of the injury brought about by 

the different injury phases. 

Comparison of chronic and subacute phase OEC treatments with 
spheroids following a transection type spinal cord injury in C57BL/6 mice 

Ronak Reshamwala, Megha Shah, Tanja Eindorf, Todd Shelper, Marie Vial, 

Graham Smyth, Lindsay Gee, Edith Miller, Jenny Ekberg, James St John 

Abstract 

Olfactory ensheathing cells (OECs) represent a promising glial cell-

based transplantation treatment for spinal cord injury (SCI) to repair the 

damage and restore functions. However, the optimal timing for such an 

intervention to gain maximum benefit remains unknown. Previously, we have 

seen that OECs subacutely transplanted as 3D spheroids lead to significantly 

enhanced cell survival in vivo. Here, we test the same treatment modality in a 

chronic phase transplant. Additionally, the impact of subacute phase treatment 

and chronic phase treatment on structural repair as well as functional regain is 

also tested here. For the experiment, transection type injury was induced in 

C57BL/6 mice at T10 spinal level. The mice were then randomly divided in five 

groups. The four groups – subacute treatments (7 days post injury), subacute 
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controls, chronic treatments (28 days post injury) and chronic controls were 

followed up for 28 days after treatments. The fifth group – also chronic 

treatment was followed up for one week after the injury to enable the 

assessment of cell survival. The long term follow up involved motor behaviour 

assessment (open field on BMS and TMS) to quantify functional recovery, and 

histological assessments such as injury site area, gap between the two stumps 

and linear distance between the two neuronal cell bodies across the injury site. 

The inflammatory profile of injury site was also compared across different 

groups by observing the reactive astrogliosis and microglial activation. We 

found that both subacute as well as chronic phase treatments led to significant 

improvement in motor functions, which were comparable between the two 

chronicities. Chronic phase treatment induced cell survival was also 

comparable with subacute treatment at 7 days post treatment. OECs showed 

good integration with the injured host tissue. All treatments resulted in 

shrinkage of injury size, but only the subacute phase treatment showed 

significant reduction in the gap between the two cord stumps. However, chronic 

treatments induced a reduction in the inter-neuronal distance across the injury. 

Thus, OECs, when transplanted as spheroids can induce structural and 

functional repairs, show good cell survival and even help modulate the 

inflammatory reactions at the injury site, regardless of the chronicity of the 

injury. 

Introduction 

Olfactory ensheathing cells (OECs), due to their natural involvement in 

olfactory nerve repair, have been explored for their potential for spinal cord 

injury (SCI) repair over the last two decades by the researchers and clinicians. 

Despite the wide range of reported variabilities in the outcomes, OECs have 

been undeniably identified as a promising candidate for cell transplantation 

therapy to repair the injured spinal cord.  

Key factors that may account for the varying structural and functional 

outcomes following OEC treatments include, for example, the injury model, cell 

purity, delay between the injury and transplantation (injury chronicity), method 

of transplantation and cell survival after transplantation (Reshamwala et al., 
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2019). In our previous works, we have identified that the transplantation of cells 

as three-dimensional structures (spheroids) directly into the injury site resulted 

in higher cell survival and integration with the subacutely injured host tissue 

(Section 5.3 in Chapter 5). This study further explores whether the 

transplantation of 3D OEC spheroids results in functional improvement, and if 

the cell survival and functional improvements are different for the chronic injury 

as compared to the subacute phase injury. This study also continues the use 

of OECs obtained from the olfactory mucosa which is a more favourable source 

of OECs from a translational viewpoint (Mayeur et al., 2013).  

The outcomes of the same treatment modality in injury models at 

different times after injury provide insights into the differences between the 

subacute and chronic phases of the SCI that influence the structural and 

functional repairs following the OEC transplantation. This can in turn lead to 

evidence-based, translatable clinical treatment protocols which can be 

eventually customised based on the chronicity of the injury. 

Methods and Materials 

All experimental methods used in this study were evaluated and 

approved by the animal ethics committee at Griffith University, QLD, Australia, 

under the ethics approval MSC/0418/AEC. All adult C57BL/6 animals were 

sourced from the Animal Resource Centre, Perth, Australia. 

Cell production and spheroid preparation: 

Mucosal OECs from 7-day old S100β-DsRed transgenic mice (Windus et al., 

2007) were harvested as previously described (Section 3.3 in Chapter 3 & 

Section 5.3 in Chapter 5). The mice possessed a transgene for the fluorescent 

reported protein DsRed driven by the S100β promoter (expressed in glial cells). 

This made it possible to visualise OECs under the fluorescence stimulation, 

without any staining or transfection at any stage of the study. The harvested 

cells were frozen in the liquid nitrogen for storage until they were needed to 

construct the spheroids for treatments. The spheroids were prepared by 

reviving the frozen cells and culturing them in a naked liquid marble for 48 h, as 
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previously described (Mo Chen et al., 2019). The proportion of cells expressing 

DsRed protein was quantified and recorded prior to spheroid preparation. 

Animals and treatment groups 

  A total of 30 female C57BL/6 mice, aged ~9 weeks at the time of the 

injury intervention, were included in this study. For the first week after 

transportation to the animal holding facility, the animals were acclimatised and 

familiarised with the housing and behaviour recording enclosures. All the 

animals underwent an injury surgery to induce a complete transection type SCI 

at the T10 spinal level (details below). After this, the animals were randomly 

divided in to five treatment groups, with six animals per group. The details of 

each treatment group are summarised in Table 6.1. Group-1 received two 

spheroids, each seeded with 100,000 OECs and embedded in the 

transplantation matrix (made with fibrin) seven days after the injury (Subacute 

treatment group). Group-2 only received the transplantation matrix as the 

vehicle control seven days post-injury (Subacute controls). Group-3 animals 

received the same treatment as group-1 animals, 28 days after the injury 

(Chronic treatments). The animals in group-4 received the vehicle only, after 28 

days of injury and served as the vehicle controls (Chronic controls). All the 

animals in these four treatment groups were followed up for four weeks after 

the treatments. Group-5 animals received the two spheroids treatment on day 

28 post-injury and were euthanased at seven days after the treatment to 

quantify the cell survival. Thus, the study evaluated cell survival, structural 

repairs and functional regain in a chronic phase treatment of transection type 

SCI and compared the outcomes with a subacute phase treatment of the same 

injury model. 
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Table 6.1: Treatment group summary 

Treatment 
Group Name 

Treatment 
on days 

post-injury 

Survival 
days post-
treatment 

Parameters 
studied 

1 Subacute 
treatments 7 28 Behaviour + 

Histology 

2 Subacute 
controls 7 28 Behaviour + 

Histology 

3 Chronic 
treatments 28 28 Behaviour + 

Histology 

4 Chronic 
controls 28 28 Behaviour + 

Histology 

5 Chronic 
histology 28 7 Histology + Cell 

survival 
 

Injury and transplantation 

A complete transection type injury was induced at T10 spinal level in all 

the animals as previously described (Reshamwala et al., 2020a). In short, the 

mice were anaesthetised using isoflurane and the procedures were carried out 

under aseptic conditions. After removing the fur from the targeted surgical zone 

overlying the lower thoracic spine, a midline skin incision was made, and blunt 

dissection was performed to expose the laminae of the T9-T11 vertebrae. The 

body of the T10 vertebra was stabilised and a precise laminectomy was carried 

out using a micro-drill. A micro knife was used to make a complete horizontal 

transection of the spinal cord. The completeness of the injury was confirmed 

with fine-tipped blunt forceps and the muscles were closed in layer overlying 

the injury site, with absorbable polyglactin sutures (5-0). Skin was closed using 

5-0 silk sutures. Appropriate haemostasis was achieved as required at every 

stage and the absence of active bleeding was confirmed prior to the closure. 

The mice received buprenorphine (0.03 mg/kg body weight Temgesic®) for 

analgesia and Enrofloxacin (10 mg/kg body weight Baytril®) for antibiotic 

coverage post-operatively. The mice were housed individually for a week 

following the injury and had free access to the food and water on their cage 

floors. 

 Treatment surgeries were performed 7 days (subacute phase) or 28 

days (chronic phase) after the injuries, depending on the treatment groups. The 
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animals were re-anaesthetised and the injury site in the spinal cord was 

accessed through the same approach as the previous surgery. The thick fibrous 

sheath-like scar overlying the laminectomy site was carefully debrided and an 

opening was made to fully access the underlying tissue by reflecting the sheath 

in a flap-like manner. The scar at the transection injury site was mildly debrided 

to create a smallest possible opening, just enough to deposit the spheroids in 

the injury site. Absence of any active bleeding was ensured and then the 

spheroids were carefully encapsulated in 10% fibrinogen (v/v, diluted in lactated 

Ringer’s solution) and gently deposited in the injury site. Extreme care was 

taken to avoid any collateral damage to the surrounding spinal cord 

parenchyma. The spheroids were secured in the transplantation site by slowly 

injecting one μL of thrombin (10% v/v in lactated Ringer’s solution). After the 

fibrin matrix started to set, the muscles and skin were surgically closed again 

using polyglactin and silk sutures, respectively. The animals in groups 1, 3 and 

5 were treated this way. The animals in groups 2 and 4 underwent the same 

procedure, however, instead of the spheroids, they received one μL of 

fibrinogen (10% v/v, diluted in lactated Ringer’s solution) and one μL of 

thrombin (10% v/v, diluted in lactated Ringer’s solution). The mice again 

received buprenorphine (0.03 mg/kg body weight Temgesic®) for analgesia 

and Enrofloxacin (10 mg/kg body weight Baytril®) for prophylactic antibiotic 

coverage. 

Behavioural recording: 

The animals were placed in an open field enclosure after 2 days of each 

surgical intervention and then every seven days after the surgeries to record 

their locomotor behaviour which was scored using the Basso Mouse Scale 

(BMS) and the Toyama Mouse Scale (TMS). 

Tissue harvesting and processing: 

The animals in group 5 were euthanased on day 7 after treatment and 

in groups 1-4 were euthanased on day 28 after the treatment. The spines 

(vertebrae as well as spinal cords) were harvested without disturbing the injury 

site and immersed in 4% paraformaldehyde (PFA) for ~24 h for fixation. The 

fixed spines were then taken for decalcification in 20% ethylene diamine tetra 



 
308 

 

acetic acid (EDTA) for 3 weeks for decalcification, where fresh EDTA was 

replaced every 48 h. Afterwards, the spines were embedded in Tissue Tek® 

Optimal Cutting Temperature (OCT)™ and taken for cryo-sectioning. The 

frozen tissue blocks were cut into 30 μm thick sections along the sagittal plane 

and mounted on gelatin coated glass slides.  

Immunostaining and imaging: 

The cryo-sections were then used for immunostaining. The slides each 

contained four sagittal spinal cord sections, each section was ~240 μm apart 

from the adjacently mounted section. The slides were treated with blocking 

solution prepared with 2% bovine serum albumin (Sigma-Aldrich, A3294) and 

0.3% triton-x (Sigma-Aldrich, x100-100ML), for 1 h at room temp. The slides 

from each animal were then divided into three staining batches. The first batch 

was treated with goat anti-GFAP antibodies (Abcam, ab53554, 1:200 dilution) 

and rabbit anti-β3 Tubulin antibodies (Abcam, ab18207, 1:200 dilution). The 

second batch was treated with goat anti-GFAP antibodies (Abcam, ab53554, 

1:200 dilution) and rat anti-C3 antibodies (Abcam, ab11862, 1:100 dilution). The 

third batch was treated with goat anti-GFAP antibodies (Abcam, ab53554, 

1:200 dilution) and rabbit anti-IBA-1 antibodies (Abcam, ab178847, 1:50 

dilution). These primary antibodies were diluted in the same blocking solution 

as described above and the primary antibodies’ incubation was performed at 

4°C overnight. After the incubation period, the slides were washed three times 

with 1X PBS (Gibco, 18912-014) and then treated with secondary antibodies. 

The secondary antibodies used were donkey anti-goat antibodies (488 channel, 

Thermo Fisher Scientific, A-11055, 1:250 dilution) in all three batches, donkey 

anti-rabbit antibodies (647 channel, Thermo Fisher Scientific, A-31573, 1:500 

dilution) in the first and third batch, and donkey anti-rat antibodies (647 channel, 

Abcam, ab150155, 1:200 dilution) in the second batch. These dilutions were 

prepared in the blocking buffer with Hoechst 33342 (Thermo Fisher Scientific, 

H1399, 1:5000 dilution) and incubated for 1 h at room temp. The 

immunostaining details are summarised in Table 6.2. The slides were then 

washed three times with 1X PBS and sections were covered with coverslips. 

All the sections were then imaged on the Nikon Eclipse Ti2-E inverted 



 
309 

 

microscope. Image analysis was performed on the Nikon analysis software 

NIS-Elements. The analysis for cell survival quantification was conducted on 

the IMARIS image analysis software. Representative images shown in the 

figure were acquired on the Olympus FV-3000 confocal microscope. 

Table 6.2: Summary of immunostaining 

Host Target Supplier Catalog. # Dilution Incubation 
Primary Antibodies 
Staining batch 1 

Overnight 
at 4⁰C 

Goat GFAP Abcam ab53554 1:200 
Rabbit β3-Tubulin Abcam ab18207 1:200 
Staining batch 2 
Goat GFAP Abcam ab53554 1:200 
Rat C3 Abcam ab11862 1:100 
Staining batch 3 
Goat GFAP Abcam ab53554 1:200 
Rabbit IBA-1 Abcam ab178847 1:50 
    
Secondary Antibodies 

Donkey Goat (488) Thermo Fisher 
Scientific A-11055 1:250 

1 hour at 
room temp Donkey Rabbit 

(647) 
Thermo Fisher 
Scientific A-31573 1:500 

Donkey Rat (647) Abcam ab150155 1:200 
 

Cell survival and structural repair: 

Cell survival was quantified by imaging every second tissue section from 

the experimental animals’ spinal cords. The cells expressing DsRed signals 

were manually counted if they showed long, slender, bipolar or multipolar 

morphology, suggestive of healthy OECs surviving at the injury site. The 

numbers were then normalised based on the pre-transplantation proportion of 

the DsRed positive cells out of the total 200,000 cells used to seed the 

spheroids that were transplanted. The number of surviving cells was then 

expressed as the fraction of the total cells transplanted during the treatments. 

The area fraction of the injury site emitting DsRed signals was also calculated 

along with the mean intensity of the DsRed signals. 
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The structural repair was evaluated in three distinct ways. The area of 

the defect at the injury site, indicated by the disruption of GFAP signals, was 

calculated for four equidistantly placed representative sections. This analysis 

was performed by two blinded, medically trained personnel, one of whom was 

a histopathologist. Next, the linear distance between the two cord stumps was 

also measured for the four representative section. Additionally, the closest 

distance between the neurons across the injury site was also measured. These 

analyses were also performed by the histopathologist. Any reduction in these 

three parameters was considered as a sign of structural repair at the injury site.  

Statistical analysis 

All statistical analysis and graphical representation of the data was done 

on GraphPad prism software. To derive statistical significance, ANOVA and 

Fisher’s LSD tests were used as indicated.  

 

Results 

Cell characterisation 

The recorded proportions of the DsRed positive cells for each treatment 

group were as follows. The average DsRed+ cell population was ~17.5% in the 

spheroids used to treat the subacute treatment (group-1) animals. For the 

chronic treatment (group-3) animals, the DsRed+ cell proportion was ~31.7%, 

and for group-5 the animals received ~40.1% DsRed+ cell population in the 

spheroids. Groups 2 and 4 were the control groups and as such, did not receive 

any cell treatments.  
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Figure 6.1: Behavioural analysis of motor recovery 

The figure shows locomotor behavioural scores scored on the BMS (A) and 

TMS (B) scoring systems. The same data is represented as a linear timeline 

starting from the day of injury (pre-injury scores) and extending over the period 

of 8 weeks with BMS (C) & TMS (D) scores. The green lines represent subacute 

injury paradigm and red line represent the chronic injury, where the solid lines 

indicate treatment groups, and dotted line indicate the control groups. Individual 

significance indicated in the figure are comparisons between treatment and 

controls of the corresponding injury chronicity. The test used for the serial 

comparisons is Fisher’s LSD. (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 

SI = Subacute interventions (treatment or control). CI = Chronic interventions 

(treatment or control) 

Behavioural outcomes 

As described before, the locomotor behaviour of the experimental 

animals was scored on BMS and TMS scoring systems. Both the scoring 

system showed that the subacute as well as chronically treated mice (groups 1 

and 3, respectively) showed significant improvements as compared to their 
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corresponding control groups (2 and 4, respectively) from one week post-

treatment onwards. While the subacute controls remained below the BMS score 

of 0.17 and chronic controls below 0.5 throughout the four weeks follow-up 

period, the subacutely treated animals achieved an average score of 2.00 and 

chronically treated animals achieved an average score of 1.58 on the BMS 

scoring system (Figure 6.1 A). Similarly, the subacute control animals remained 

below the TMS score of 0.25 and chronic controls remained below 1 (Figure 

6.1 B). Whereas, the subacute treatment group achieved a collective average 

score of 3.58 and chronic treatment group animals scored an average of 4.25 

on the TMS system by the end of four weeks. Figure 6.1 features the graphical 

representation of the locomotor scores across time for the four treatment 

groups. A two-way ANOVA test performed on both the scores revealed that the 

differences in the scores were statistically significant between timepoints 

(p<0.0001), between different treatment groups (p<0.0001) as well for the 

interaction of both the factors (p<0.0001). All four of these treatment groups are 

shown in a linear temporal representation in Figure 6.1 C & D. 

Cell survival 

Cell survival was quantified in the animals from group 5, which were 

euthanased seven days post-treatment. The animals that survived for longer 

time periods did not show DsRed positive cells in a healthy morphology that 

would suggest cell survival. However, the tissue sections from the four weeks 

survival animals were still analysed for the DsRed+ area fraction of the injury 

site and mean DsRed signal intensity. The cell survival analysis along with the 

immunostained histological sections of the group-5 animals (7 days survival 

post-treatment) are shown in Figure 6.2. The images in Figure 6.2 A1-4 exhibit 

the OECs’ interactions with astrocytes and neurons. 

The cell survival counts were complicated by the presence of cell 

clusters as can be seen in Figure 6.2 (specifically A4 and C4). Hence, the 

IMARIS image analysis software was used to identify and count the cells 

expressing bright DsRed signal on the sections and the cell count achieved by 

this method was labelled as “minimum estimate”. Another analysis was also 

carried out where every cell expressing DsRed signal at the injury site was 
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calculated, which yielded the “maximum estimate” of the cell survival. Only the 

cells present within the injury site were calculated in this manner. The survival 

estimated by this method was between 8.97-12.02% at one week’s time post-

treatment in the chronically treated animals (Figure 6.2 D). Although the other 

two treatment groups did not show any apparently surviving cells, the area of 

the injury site expressing DsRed signal was 24.38 ± 2.9 % for group-1 and 2.69 

± 0.06% for group-3 as compared to the 16.52 ± 1.6% for the group-5 (mean ± 

SEM) (Figure 6.2 E). The differences were statistically significant between the 

groups 1 and 3 (p<0.0001), 3 and 5 (p=0.0043), and groups 1 and 5 (p<0.0001). 

Similarly, the mean signal intensities were 1.35 ± 0.01 for group-1, 1.48 ± 0.01 

for group-3 and 1.39 ± 0.004 for group-5 (Mean ± SEM) (Figure 6.2 F). The 

differences were statistically significant between the groups 1 and 3 (p<0.0001), 

3 and 5 (p<0.0001), and the groups 1 and 5 (p=0.0008). 

 

Figure 6.2: Cell survival and other histological findings 7 days post treatment 

The image panel shows representative images from the experimental group 

that was chronically injured, treated and followed up for seven days after the 

treatment (group 5: spheroids transplanted 4 weeks after injury, euthanased 7 

days later). Row A shows co-staining with β3-Tubulin (grey), and GFAP (green) 
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antibodies, row B shows GFAP (green), and complement C3 (grey) antibodies, 

and row C shows GFAP (green) and IBA-1 (grey) antibodies along with OECs 

(DsRed, red) and Hoechst (nuclear dye, cyan). Column 1 shows the 10x 

magnification view, where the white square highlights the area of interested 

shown in enlarged, 30x magnification in column 2. Columns 3 and 4 represent 

the isolated two channels of the three channels except nuclear staining. Plain 

arrows in A3 show axonal debris within OECs and tailed arrows show OECs 

wrapped around axonal sprouts. Fig D shows cell survival rates of the group 5 

animals (green) and treatments done in subacute phase (data from Section 5.3 

in Chapter 5). Fig E shows a comparison between the DsRed+ area fraction of 

the injury site from treatment groups 1, 3 and 5. Fig F shows the comparison of 

mean DsRed signal intensity for the same groups. N=6 for each data point in 

D, E, F. Error bars = SEM in E and F, and SD in F. The test used for the serial 

comparisons is Fisher’s LSD. (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001) 

 

Neural repairs following treatments 

The representative images from the sections stained for β3-Tubulin and 

GFAP expression are shown in Figure 6.3. As it can be seen from the figure, 

the treated cords showed axonal regrowth and occasional presence of neuronal 

cell bodies within the injury site four weeks post-treatment (Figure 6.3 A & C). 

However, the control animals show abundant β3-tubulin positive debris at the 

injury site (Figure 6.3 B & D). Both, subacute and chronic treatments show 

outgrowth of axonal tracts as pointed out by the arrows in Figure 6.3 A1 and 

C1. Similar images from the group-5 are shown in Figure 6.2 A3, where the 

OECs appear to be taking up the debris at one week post-treatment, as 

indicated by the plain arrows. The same figure also shows the OECs wrapped 

around the long filamentous axonal sprouts (see the tailed arrows in Figure 6.2 

A3). 
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Figure 6.3: Spinal cord tissue repair with different treatment timings 

The figure shows representative sections from treatment groups 1-4 (four 

weeks post-treatment) stained with anti-GFAP antibody (green) and anti- β3-

Tubulin antibody (red) along with Hoechst (blue). Row A shows images from 

subacute treatments (group 1), row B from subacute controls (group 2), row C 

from chronic treatments (group 3) and row D from chronic controls (group 4). 
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Column 1 shows 10x magnification view, with the white squares indicating the 

areas enlarged in the 30x magnification in column 2. Column 3 shows isolated 

red and green channels to demonstrate the interactions of GFAP and β3-

Tubulin, without the nuclei. Plain arrows show axonal sprouting and tailed 

arrows show axonal debris within the injury site. 

 

Effect of OECs on injury site inflammation status 

The evaluation of inflammatory status of the injury site was done 

subjectively by a histopathologist blinded as to the identity of the treatment 

status of the animals. The representative images are displayed in Figure 6.4 

from the four treatment groups that allowed for 28 days survival post-

operatively. The same data for the 7 day survival group (group 5) is in Figure 

6.2 B & C. For the assessment of reactive astrogliosis, co-staining with GFAP 

and complement factor C3 was examined. Similarly, staining with GFAP and 

IBA-1 was performed to examine the microglial activation following the injury 

and treatments. The following findings are clearly visible from the figure. Overall 

higher levels of C3 expression is visible in the chronic animals (Figure 6.4 C1, 

C2, D1, D2) as compared to the subacute animals (Figure 6.4 A1, A2, B1, B2). 

However, within each chronicity, the treated cords appear to express lesser 

amounts of C3 as opposed to the control animals (Figure 6.4, column 2). Similar 

findings were observed for the IBA-1 expression as well. While the chronic 

animals showed in general higher expression of IBA-1, and larger cellular 

morphology of the IBA-1+ cells (Figure 6.4 C3, C4, D3, D4), treated animals 

showed apparently much lower amount of IBA-1+ cells. Together, the findings 

suggest that reactive astrogliosis and activation of microglia may be more 

severe in chronic injuries as compared to the subacute injuries (Figure 6.4 A3, 

A4, B3, B4), however, treatments with OEC spheroids appear to mitigate the 

inflammatory processes compared with the controls. 



 
317 

 

 

Figure 6.4: Astroglial and microglial activation after injury and treatments 

The figure shows representative sections from treatment groups 1-4 (four 

weeks follow up post-treatment) stained with anti-GFAP antibody (in green) and 

anti-C3 antibody or anti-IBA-1 antibody (in red) with Hoechst in blue. Row A 

shows images from group 1, row B from group2, row C from group 3 and row 

D from group 4. Column 1 shows 10x magnification view with GFAP+C3 co-

staining, with the white squares indicating the areas enlarged in the 30x 

magnification in column 2. Column 3 shows GFAP+IBA-1 co-staining at 10x 

magnification and white squares highlight the areas of interest shown in 

enlarged 30x magnification in the column 4.  
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Structural repairs induced by treatments 

 All the structural repair analyses and representative images explaining 

the calculations are summarised in the Figure 6.5. One of the six animals in 

group 2 showed degeneration of the GFAP signals in the caudal cord stump, 

and hence, had to be excluded from all analyses. The analysis of injury site 

area calculations revealed that the treatments resulted in significant reduction 

of the injury site compared with their corresponding control groups (Figure 6.5 

A-B). The average area of injury site was 2.3 ± 0.2 x 105 μm2 for group 1, 5.3 ± 

0.7 x 105 μm2 for group 2, 3.7 ± 0.3 x 105 μm2 for group 3, 5.4 ± 0.2 x 105 μm2 

for group 4 and 3.4 ± 0.3 x 105 μm2 for group 5 (mean ± SEM). The differences 

were statistically significant between groups 1 and 2 (p<0.0001), groups 3 and 

4 (p=0.0023) and groups 5 and 4 (p=0.0003). Additionally, subacute treatments 

(group 1) resulted in significantly lower injury site area compared to group 3 

(p=0.0058) as well as group 5 (p=0.0311). Similarly, the linear distances 

between the two stumps were reduced significantly in the subacute treatment 

(group 1 – 341.8 ± 32.3 μm) animals as compared to the subacute controls 

(group 2 – 517.4 ± 87.04 μm) (p=0.0466) as well as chronic treatments (group 

3 – 543.4 ± 50.2 μm) (p=0.0170) (Figure 6.5 C-D). Interestingly, however, the 

subacute treatment group (group 1) animals did not show a significant reduction 

in the inter-neuronal distance across the injury site (Figure 6.5 E-F). 

Conversely, the chronic treatment groups 3 and 5 (507.4 ± 29.7 μm and 485 ± 

51.1 μm) showed a significant reduction in the distance between two neurons 

across the injury site compared to the chronic control group animals (798.5 ± 

61.5 μm) (p= 0.0070 and 0.0038, respectively). 
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Figure 6.5: Quantification of structural repair at the injury site 

The figure shows the three parameters examined to assess structural repair 

across all five treatment groups. (A) Comparison of the injury site area 

measurements in all the five experimental groups. (B) An example image 
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demonstrating the injury area calculation (demarcated by white border). (C) 

Graphical representation of linear distance measurements between the two 

cord stumps and (D) Demonstration of the measurement. (E) Comparison of 

the inter-neuronal distance across the injury site, (F) Demonstration of the 

method behind the data acquisition. Green fluorescent signal depicts GFAP 

expression and red colour denotes β3-Tubulin expression. N=6 in groups 

1,3,4,5 and n=5 in group 2. The test used for the serial comparisons is Fisher’s 

LSD. (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 

 

Discussion 

Subacute and chronic phase injuries 

The inflammatory responses ensuing after the SCI are known to be 

similar between human and rodent pathophysiology (Fleming et al., 2006; 

Norenberg et al., 2004). Hence, the temporal phases described for the human 

SCI – immediate, acute, subacute, intermediate and chronic (Rowland et al., 

2008), are also relevant for the rodent SCI models. The literature exploring 

mouse inflammatory processes with respect to SCI have described the chronic 

phase of injury in mice to start after the second week and reach its peak by the 

sixth week, based on the cytological analysis of the neuroinflammation at the 

injury site (Arnold & Hagg, 2011; Sroga et al., 2003). Additionally, the subacute 

phase is also known to precede the chronic phase from the fourth until the 

fourteenth day of SCI (Faw et al., 2018). With the direction provided by this 

evidence, the subacute and chronic phase treatments in this study were 

performed on day seven and day 28 respectively, so that the treatments were 

in the middle of the windows described by the literature.  

Injury chronicity and functional regain 

The results of this study indicate that the treatments performed in 

subacute as well as chronic injury phase result in statistically significant 

improvement of locomotor functions compared to the controls. Additionally, 

there were no significant difference observed between the recoveries induced 

by subacute and chronic treatments. The recovery trends of both the treatment 
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groups appeared to be rising at the end of the four weeks follow up period and 

had not reached a plateau. This may indicate that more recovery may be seen 

with a longer follow up which may illuminate significant differences between the 

two treatment paradigms, however, it is not possible to definitively conclude 

form the existing data. The difference between the purities of the cell 

populations used for treatments in the subacute phase (~17.5% DsRed+ cells) 

and the chronic phase (~31.7% DsRed+ cells) may have contributed to the 

outcomes seen in this study. In other words, if the two treatment groups had 

received identical cell populations, the differences between the recovery may 

have shown different trends. However, since the purities of the cells could not 

be controlled, it is not possible to explore this claim any further with the existing 

evidence. OECs were collected by dissecting the olfactory mucosa, where 

several factors including but not limited to the dissection, reagents, and cells 

from different individual donors affect the purification process. This makes it 

difficult to control the purity, however, pooling the cells obtained from several 

batches of dissections can ensure that more animals can receive treatments 

with identical cell populations. Nevertheless, in the current experiment, the 

animals were randomly allocated to the treatment groups and treated with 

different cell populations, therefore, it is prudent to only consider the evidence 

at hand and not extrapolate the results any further. 

Interestingly, however, a past study concluded that chronic phase 

treatment (done four weeks post-injury) in a contusion type SCI in rats did not 

induce any functional regain, only some signs of structural repairs were 

observed (Deumens et al., 2006b). Two major differences between these 

studies were a complete transection type injury employed in this study and a 

novel treatment modality using spheroids to deliver the OECs into the injury site 

in this study. Two more previous studies explored to efficacy of mucosal pieces 

transplanted at different time points in a rat transection model (L. Centenaro et 

al., 2013; L. A. Centenaro et al., 2011). In these studies, the treated animals 

did not show significantly higher motor function improvement compared to their 

control counterparts, however, the animals did show significantly improved 

motor function compared to their pre-treatment function levels. Another study 

aimed towards repairing the cavitation in the chronic contusion SCI in a rat 
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model (S. X. Zhang et al., 2011) treated with or without performing scar ablation 

six weeks after the initial injury. Although the study found significant histological 

repairs, the animals failed to show significant functional improvements. In 

contrast with our study, the past study did not observe any reduction in the 

reactive astrogliosis between treated and control animals. This may have been 

the critical factor that prevented the histological repairs observed in the older 

study to become functionally relevant as it happened in our study. 

Injury chronicity and cell survival 

In this study, a cell survival of ~ 9-12% was observed in the animals 

treated in the chronic phase of injury. A recent review evaluating factors 

affecting cell survival after SCI suggests that the chronicity of the SCI is an 

important factor affecting cell survival in vivo (Reshamwala et al., 2019). Based 

on the evidence provided by the studies injecting cell suspensions in and/or 

around the injury site, better cell survivals may be observed in a subacute 

phase transplantation than either acute or chronic phase treatments 

(Reshamwala et al., 2019). However, compared to the cell survival observed in 

a subacute injury during previous work (Section 5.3, in Chapter 5) using the 

same transplantation method, we did not observe any significant reduction in 

cell survival. OECs transplanted in their own self-assembled spheroid structure 

along with their own extra-cellular matrix may in fact be better at surviving in 

hostile milieu of the SCI than the cells transplanted as single cell suspensions, 

as indicated by the cell survivals in this study. Conversely, subacute phase 

treatments (group 1) did show that a significantly higher area fraction of the 

injury site was expressing DsRed signals (Figure 6.2 E) than either of the two 

chronic treatment groups (group 3 and 5), even though no cells of the 

recognisable morphology could be observed in the same.  

This study employed several methods to quantify cell survival as have 

been previously reported by other studies. In addition to counting the cells 

visualised on microscopy (Amemori et al., 2010; Carwardine et al., 2017; Y. Li 

et al., 2010; Salehi et al., 2009), area fraction of the injury site expressing 

DsRed signal (Torres-Espin et al., 2013; Torres-Espin et al., 2014) and the 

average DsRed signal luminescence intensity was also quantified (Khankan et 
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al., 2016). Since accurate and absolute quantification of the surviving 

transplanted cells in vivo is a difficult task, multiple approaches were taken here 

to acquire a reliable estimate of the cell survival. However, it must be noted that 

the treatments groups with four weeks survival time after treatments (group 1 

and 3) showed the DsRed signal, but not in a morphological pattern suggesting 

live OECs. The signals in this case may belong to the dead or dying OECs, or 

the phagocytic cells taking up the debris containing DsRed proteins, suggesting 

at best a previous distribution/arrangement of the transplanted cells. Thus, they 

may not indicate the cell survival in a biologically relevant meaning. This is a 

major drawback of using only the attributes of the fluorescent signals (intensity 

and area distribution) without considering biological factors such as the cell 

morphology. 

Injury chronicity and structural repairs 

The SCI site is a confluence of multiple dynamic cytological and 

biochemical events which keeps changing with time (Hagen, 2015; Sezer, 

Akkus, & Ugurlu, 2015). Hence, the structural changes that occur with time at 

the injury site have profound impact on spontaneous regenerations as well as 

on the integration of any grafted cells/materials and repairs induced by any such 

interventions. One of the major factors is the glial scar formed predominantly 

by layers of reactive astrocytes (C. P. Barrett, Guth, Donati, & Krikorian, 1981; 

S. X. Zhang et al., 2011). The scar becomes more stable with time and in its 

chronic state, the glial scar is considered ‘mature’. Previous studies have 

indicated that these scars are a severe impediment to neural repairs and their 

removal may be beneficial prior to grafting cells (Geller & Fawcett, 2002; S. X. 

Zhang et al., 2011). In this study, we also found that the subacute phase 

treatment showed the least defect size among all five treatment groups (Figure 

6.5 A and C). While all treatments led to significant reduction in the defect area 

size, subacute treatments led to the most amount reduction and their defects 

were significantly smaller even compared to the chronic treatments. Similarly, 

the subacute treatments led to significant reduction in the distance between the 

two cord stumps as compared to the controls, the difference between them and 

the chronic treatment group was also statistically significant.  
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Interestingly, for the chronic treatment groups the inter-neuronal 

distance was significantly shorter compared to the controls, but the reduction 

seen in the subacute treatments was not statistically significant. To consider 

the data in combination with the stump distances, subacute treatments led to a 

defect size of ~341 μm and their inter-neuronal distance was nearly twice as 

much (~658 μm). For the short-term follow up of the chronic treatments (group 

5), the defect was ~439 μm wide with the inter-neuronal distance of ~485 μm. 

In the long term follow up, however, the defect gap was ~543 μm but the inter-

neuronal distance was shorter than that (~507 μm). This may indicate that the 

shorter defect size in the subacute group was likely due to thickening of the 

astroglial margins at the cord stumps, but the neurons did not move inward 

towards the injury site. In time, however, in the chronic treatment group with 

four weeks of follow up, the glial margin probably grew thinner, making the 

defect appear wider while the neurons slowly moved towards the injury site, 

explaining why the inter-neuronal distance appeared shorter at that time point. 

It must be noted here that this analysis did not include the axonal sprouting 

which happened in all the treatment groups (Figure 6.3). Only the neuronal 

bodies were considered for the inter-neuronal distance measurement. Hence, 

these interpretations do not have any direct implications towards the functional 

recovery observed in this study. 

Injury chronicity and inflammation 

Overexpression of the complement factor C3 has been attributed to the 

pro-inflammatory reactive astrocytes (Liddelow & Barres, 2017) and hence, a 

co-expression of C3 and GFAP was used to identify reactive astrocytes in this 

study. Although no objective analysis was carried out to quantify the reactive 

astrogliosis in this study, the observed differences suggest that the reactive 

astrocytes are more abundant in untreated animals compared to the treated 

ones from the same phase of injury chronicity. This evidence suggests that the 

OECs have an apparent impact on the inflammatory profile of the SCI site. It 

supports the outcomes seen in previous studies (Hsieh et al., 2017; Khankan 

et al., 2016; J. Zhang et al., 2017). 
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The microglia are the local immune cells of the central nervous system 

which are activated after the SCI during the inflammatory changes and are 

known to express high levels of IBA-1 (Liddelow et al., 2017). Since IBA-1 is 

expressed by all the cells derived from monocyte/macrophage lineage 

(Pierezan, Mansell, Ambrus, & Rodrigues Hoffmann, 2014), the staining likely 

highlighted any blood derived monocytes that may have entered the injury site 

after the breakage of blood-brain-barrier. Despite this, the most likely cells seen 

on the microscopy would be the activated microglia with the large, spherical cell 

morphology. Treatments with OECs also apparently reduced the microglial 

activation and/or macrophagic invasion at the injury site in this study. This can 

be explained by the natural property of OECs to express the macrophage 

migration inhibitory factor (MIF) (Wright et al., 2020). 

Apparent difference between the controls as well as treated animals 

across the two different injury phases also indicate that the chronic phase of 

injury inherently involves more reactive gliosis and microglial activation. 

Nevertheless, the OECs do have an observable effect on the cellular 

inflammatory events of the SCI.  

Conclusion 

The mucosal OECs can induce structural repairs as well as functional 

regains in subacute and chronic phases of transection type SCI. The OECs 

when grafted as spheroids into the injury site, exhibit similar cell survival rates 

regardless of the injury chronicity. The transplantation of OECs seemingly 

modulates the inflammatory reactions at the injury site by mitigating the pro-

inflammatory events such as reactive astrogliosis and microglial activation. 

 

End of prepared manuscript 
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6.3 ADDITIONAL DATA 

6.3.1 ADDITIONAL RESULTS 

Additional analysis of behaviour and cell survival is presented in the 

Figure 6.6. Motor behaviour analysis performed on BMS and TMS is presented 

in Figure 6.6 A and B, respectively. This analysis compares the subacute and 

chronic treatment performed in this experiment with the subacute treatment 

performed with purified cells in the experiment described in section 3.4. Motor 

recovery evaluated by BMS score did not show any significantly different trends 

between the different treatments. TMS analysis on the contrary, revealed that 

the animals treated with purified cells spheroids in the other experiment, 

showed significantly increased motor function at week 4 after treatment as 

compared to the animals in this experiment.  

Figure 6.6 C shows an across-chapter comparison between all the 

quantified cell survivals. The analysis shows that the animals treated in the 

chronic phase in this experiment showed similar cell survival at 1 week post-

treatment as the animals subacutely treated with spheroids in the experiment 

described in the section 5.3. The cell survivals were strikingly similar despite 

the differences in the injury phase when the treatments were done. Additionally, 

the treatments done in the chronic phase also showed significantly higher cell 

survival than suspension form treatments and the survival mentioned in the 

literature.   

Finally, Figure 6.6 D shows a comparison between the injury size in all 

the control animals across different experiments. The injury size in these 

animals was consistent and statistically insignificant. This means that the 

different experiments included in this thesis were all performed on a 

comparable injury model, and therefore, the results are also comparable across 

different experiments. This finding also acts as an internal validation of the 

injury model, statistically proving the injury model’s repeatability in retrospect. 
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Figure 6.6: Additional analysis for comparison between all experiments 

A. BMS score analysis and comparison between chronic and subacute phase 

treatments, and subacute phase treatments with purified cells from section 3.4. 

B. TMS score comparison and analysis of the same. C. Minimum estimate of 

cell survival - comparison between chronic phase treatments with spheroids in 

this experiment and different treatment modalities from section 5.3 (left group), 

with survival discussed in the literature (Y. Li et al., 2010). The right group 

shows cell survival estimates compensated for the 67.5% of the seeded cells’ 

incorporation into a spheroid. N=6 for all data points except data from the 

literature. N=5 for literature data. Error bars = SEM. Statistical significances 

derived by Fisher’s LSD test. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 

D. Injury site area compared for the control animals across all experiments. 

6.3.2 DISCUSSION 

A comparison between the injury sites of the control animals from all the 

experiments conducted so far was also conducted to assess the consistency of 

the injury model. The differences between the injury sizes across the 

experiments were not significant, and as such, the injury model was found to 
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be robust and fairly consistent, validating the comparisons across the different 

experiments. 

The behavioural recovery was not significantly different between chronic 

phase and subacute phase treatments according to the BMS analysis. 

However, the TMS analysis showed that the subacute treatment done in the 

study in Chapter 3 was significantly more successful in restoring motor activity. 

One possible explanation is the difference in the cell purities between the 

treatment groups. The subacute treatment group received ~17.5% pure cells, 

chronic phase treatments were done with ~32% pure cells and the purity of the 

cells in the previous experiment was ~45%. Another possible explanation can 

be the differences in the cells’ storage. The previous experiment was done with 

freshly dissected cells from the mucosa. However, the cells used in this 

experiment were obtained in advance and were kept in liquid nitrogen for 

storage until they were needed for preparation of spheroids. Since the frozen 

cells were thawed and they formed spheroids successfully, it was assumed that 

they were functionally uncompromised. Nevertheless, it is possible that their 

regenerative potential may have been slightly reduced due to the freeze-thaw 

cycle. However, the comparable cell survival rates in vivo render this possibility 

unlikely. 

The cell survival data indicates that the OECs can survive equally well at 

the injury site, regardless of the injury phase, when transplanted as spheroids. 

One possible reason may be that the self-secreted extracellular matrix offers 

protection to the cells within the spheroid against the inflammation and hostile 

milieu of the SCI site as suggested in the section 4.7 (in Chapter 4).  

6.4 SUMMARY 

6.4.1 OVERVIEW 

The salient findings in this experiment include the comparable cell 

survival rates between subacute phase and chronic phase treatments and 

comparable behavioural recovery in the animals treated at both times after 

injury. The cell survival was also associated with structural repairs. The 

inflammatory profile of the injured cord was analysed using IBA-1 and C3 

staining for microglia and reactive astrocytes. Differences in expressions of 
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these markers indicated the difference between the inflammation in subacute 

phase and chronic phase SCI. Additionally, treated cords apparently had less 

inflammatory marker expression compared to the control cords at the site of 

injury. 

6.4.2 LIMITATIONS 

Looking at the behavioural recovery trends, the four weeks follow-up 

period may not be sufficiently long to observe the full extent of the functional 

recovery. A longer follow-up period may therefore be required.  

Another significant limitation of all the experiments so far is that the injury 

model used was transection type injury, which, despite being very useful to 

study regeneration and recovery, is clinically less relevant. Using the 

knowledge gained in these experiments to effectively treat the contusion type 

injury is clinically much more valuable and relevant.   

6.4.3 FUTURE DIRECTION 

To overcome the limitations of this study, the following is addressed in the 

following chapter: 

• Contusion type injury model needs to be optimised. Further, treatment 

approaches for contusion injury model should be optimised using similar 

approaches as used here. 

• Studying the differences between transection and contusion type injury 

models with respect to the injury site changes and surgical transplantation 

of spheroids will therefore be valuable. 
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Chapter 7  TRANSLATION TO THE CLINICAL SIDE 
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7.1 AIM 

The aim of this experiment was to initiate the translation of the treatment 

modality to clinically more relevant scenarios. As such an experiment with a 

long-term follow up of the two injury models - transection and contusion, was 

conducted to explore and understand the natural progression of both the injury 

types along with their effects on the systemic as well as local anatomy and 

physiology. 

From a clinical viewpoint, transection type injuries, which result from a 

sharp slicing injury to the cord, are rarely encountered. Conversely, contusion 

type injuries resulting from a crushing impact to the cord, are much more 

common. For study of the contusion type injuries, another injury model was 

optimised in C57BL/6 mice. The details regarding optimisation and the final 

protocol are described here.  

7.2 CONTUSION INJURY MODEL OPTIMISATION 

7.2.1 INTRODUCTION 

The experiments carried out until this point were all in the transection type 

injury model. To establish the translational potential of this work, a comparison 

between the two injury models was required in addition to the proof of concept 

regarding the feasibility of implanting spheroids at the injury site created by a 

contusion type injury. Hence, a contusion type injury model was optimised using 

the Infinite Horizons Impactor equipment (Precision Systems and 

Instrumentation LLC). This machine delivers a controlled force impact on to a 

surface with an impactor head mounted on a step motor. The amount of force 

is programmable along with dwell time, using the computer interface of the 

equipment. Once the impact is carried out, the interface also displays the actual 

force of impact exerted on the impacted surface (the spinal cord in this case) 

and displacement caused by the impact. Figure 7.1 shows the pictures of the 

impactor and the spine stabiliser used along with it.  
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Figure 7.1: Impactor equipment and spine stabiliser 

The figure shows impactor assembly in top view (A), front view (B) and working 

view (C) with enlarged view of the impactor head (D) from the highlighted block 

in (A). Numbers 1 and 2 indicate the tissue holding forceps mounted on flexible 

arms as a part of spine stabiliser. Number 3 indicates the impactor head. 

Numbers 4, 5 and 6 respectively highlight the adjustment wheels that can move 

the impactor head in vertical axis, lateral axis and horizontal axis. 

7.2.2 OPTIMISATION AND STANDARDISATION OF EQUIPMENT 

Prior to optimizing the surgical approach for the impactor-induced 

contusion injury, the machine function was standardised. Several different force 

settings were tried on the test-pad (seen in Figure 7.1 D) provided with the 

machine to observe the mechanical range of the impacts. The data presented 

shows the programmed force settings of 50, 70, 100 and 150 kilo dynes (kDyne) 

and their actual observed impact forces and displacements. A total of 30 

attempts were made for each programmed setting and both their actual force 

of impact as well as displacements were recorded. The results are plotted in 
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Figure 7.2. A regression analysis was carried out on the data to observe how 

the displacements correlated to the force of impacts. Based on the analyses 

conducted on the test data, it was decided that a force of 100 kDyne would be 

used in the future animal experiments.  

The manufacturer recommended setting for inducing severe contusion 

injury in mice was 70 kDyne. However, due to the higher robustness observed 

in the test-runs, 100 kDyne setting was preferred over the 70 kDyne setting.  

 

Figure 7.2 Test run data analysis 

The graphs show analysed data from test runs performed for the mechanical 

standardisation of the Infinite Horizons Impactor machine. The actual 

(observed) force impacts for each programmed force settings are plotted in A. 

Displacements observed for the same are plotted in B. Force values are in 

kDynes and displacements are in µm. Error bars in A and B denote SD, n=30. 

A linear regression analysis was performed for correlation between 

displacements and exerted force on all four programmed force settings. The 

regression graph for all force settings is plotted in C.  The regression graph from 
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100 kDyne force setting only is plotted in D. The solid line shows the regression 

line and dotted lines show 95% confidence interval (CI). 

7.2.3 SURGICAL PROCEDURE OPTIMISATION 

At first, the procedures were optimised during cadaveric dissections. The 

approach to laminectomy was kept the same as the one described in Chapter-

2. In brief, the spine was accessed by making a short midline dorsal skin 

incision and performing a blunt dissection of the subcutaneous and muscle 

tissues. Laminae of the T10 vertebra were removed with a fine tip drill to create 

a laminectomy window (see Figure 7.3 C). The next step of spine stabilisation 

required some optimisation. The literature describes the use of two tissue 

forceps to grasp and stabilise the vertebrae rostral and caudal to the 

laminectomy window (or the site of impact) (Anderson, Sharp, & Steward, 2009; 

Hamers, Lankhorst, Laar, Veldhuis, & Gispen, 2001; Lin et al., 2018; 

Siegenthaler et al., 2007). However, the smaller size of the mice presented a 

challenge for the use of two forceps which required much more muscle 

dissection, resulting in wider collateral damage. Additionally, when the impactor 

head would hit the part between the two vertebrae held by forceps, the 

impacted area apparently absorbed the impact by shifting somewhat ventrally 

like a cushion. This presented a risk of additional subluxation injury to the T10 

vertebra and thereby compounding the SCI. Figure 7.4 shows the data from 

cadaveric impacts where a comparison is made between impacts on properly 

stabilized, well-made laminectomy windows and unstable spine or improper 

laminectomy windows where the impactor head hit the bone. Hence, it was 

decided to only use one forceps at the vertebra that is being impacted (T10 

level), which helped reduce the required muscle dissection and firmly kept the 

T10 vertebra in hold, resulting in a robust and repeatable injury. The principle 

behind this method has been endorsed by another study as well (Walker et al., 

2015). Figure 7.3 shows the single vertebra holding technique, the impactor 

head impacting the cord and a hematoma forming immediately at the site of 

impact.  

The following experiment was carried out using the technique optimised 

here.  



 
335 

 

 

Figure 7.3: Impactor induced contusion injury 

This panel shows a series of images showing the spine stabilisation with one 

forceps (A), impactor head aimed at the laminectomy window (B), enlarged 

view of the laminectomy window (C), impactor compressing the spinal cord 

(D), enlarged view of the same (E), small haematoma forming at the site of 

impact (F) and the enlarged view highlighting the haematoma (G).  

 

Figure 7.4: Data from mouse dissections 

The figure shows comparison between impacts with proper stabilisation and 

unstable spine. Unstable spine = improper fixation of the spine with forceps, 

e.g. not holding the spine at the site of impact, improper muscle dissection 
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resulting in spine slippage through the forceps grip. Bone only contacts = the 

impactor head would hit the bone spurs resulting from inadequate 

laminectomy, or the bone at laminectomy margins. 

7.3 COMPARISON BETWEEN THE TWO INJURY MODELS 

To illuminate the differences between these two main types of SCIs in the 

mouse model, a long-term follow-up experiment was carried out, where the two 

injury types were induced in mice and followed up for a period of 12 weeks. The 

details regarding this experiment are in the following manuscript. 

Comparison of transection-type and contusion-type spinal cord injury 
mouse models 

Ronak Reshamwala 1, 2, 3, Tanja Eindorf 2, 3, Lindsay Gee 2, 3, Peppermint Lee 2, 

3, Megha Shah 2, 3, Todd Shelper 2, 3, Graham Smyth 2, 3, Jenny Ekberg 1, 2, 3*, 

James St John 1, 2, 3* 

1Griffith Institute for Drug Discovery, Griffith University, Brisbane, 4111, QLD, 

Australia; 
2Menzies Health Institute Queensland, Griffith University, Southport, 4222, 

QLD, Australia; 
3Clem Jones Centre for Neurobiology and Stem Cell Research, Griffith 

University, Brisbane, 4111, QLD, Australia 

* Equally contributing senior authors  

 

Abstract 

Most rodent studies of spinal cord injury to date have been performed in 

rats, however, mice are more cost-effective and allow the use of genetically 

modified mouse models. Due to the smaller size, modelling spinal cord injury in 

mice is challenging. Despite the recognised technical challenges, both 

transection- and contusion-type injury models are established in mice but are 

rarely compared to each other in the same study. In the current study, we 

studied and compared the effects of (1) complete transection-type injury and 

(2) incomplete contusion-type injury in C57BL/6 mice, with a follow-up period 
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of 12 weeks. Both injury models resulted in robust paralysis with little variation 

between animals. Spontaneous functional recovery was observed following 

incomplete contusion-type injury but not after complete transection. Weight loss 

was also more severe in the transection-type group than in the contusion-type 

group. Both weight loss and development of paralysis/spontaneous recovery 

aligned with the previously described phases of spinal cord injury, with 

significant differences between the two injury models. Transection-type injury 

also appeared to have induced musculoskeletal wasting on a more profound 

level than contusion-type injury, as well as occasional formation of bladder 

calculi. This study constitutes one of the first comparisons of transection-type 

and contusion-type injury in mice, and shows that our models are robust and 

useful for modelling the different phases of SCI. 

Introduction 

The use of animal models, particularly rodent models, has been the 

cornerstone of spinal cord injury (SCI) repair- and-regeneration research over 

the last few decades. Several different injury models have been well 

established, and their effects have been studied in depth. Although rats have 

been more commonly used, mice offer unique advantages over the rats in terms 

of cost, handling and higher reproductive rates (Sharif-Alhoseini et al., 2017; 

Sharif-Alhoseini & Vafa Rahimi-Movaghar, 2014). The vast range of transgenic 

and knock-out mice available is another incentive for more extensive use of 

mouse models rather than rat models of SCI. Mice have thus been used with 

an increasing frequency to study the vastly unexplained cellular and molecular 

mechanisms of SCI (D. H. Lee & Lee, 2013). 

SCI rodent models are usually classified as either transection type or 

compression/contusion type. Typically, transection-type injury is induced by a 

sharp cutting instrument to slice the cord either completely or partially. For 

compression/contusion-type models, a blunt injury is typically imparted by 

either striking the cord with a contusive force or by applying a crushing force on 

the cord (in contusion models, a transient force is applied to the spinal cord and 

compression-type injury are caused by compression of the spinal cord over a 

longer time) (Cheriyan et al., 2014).  Transection-type injuries are easier to 
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control and more robust than compression/contusion injuries, and are usually 

advantageous for studying structural regeneration, however, they lack clinical 

relevance. Contusion type injuries on the other hand, are typically incomplete 

in nature and inherently variable. Nevertheless, their clinical significance makes 

them a desirable study model.  

To date, very few studies have assessed the two types of injury models 

in parallel. The studies that have employed the use of these two models 

simultaneously, have done so to address specific tangential issues such as the 

effects of SCI on the urinary health (Breyer et al., 2017), the musculoskeletal 

adaptations following an injury (Lin et al., 2018), demyelination (Siegenthaler et 

al., 2007), feasibility of light therapy (X. Wu et al., 2009), or applicability of 

automated gait analysis (Hamers et al., 2001). All these studies utilized rats 

rather than mice.  

In the current study, we studied paralysis and general health of mice with 

transection-type and contusion-type in the long-term (12 weeks post injury). 

Specifically, we assessed and compared the effects of the two injury types on 

locomotion, weight and general health/wellbeing. This study thus constitutes 

one of the first explorations of long-term general effects of the two types of SCI 

in mice. 

Methods 

All experimental methods used in this study were approved by the animal 

ethics committee at Griffith University, QLD, Australia, under the ethics 

approval number MSC/0618/AEC. 

Animals 

A total of 18 female adult (8 weeks old) C57BL/6 mice were used. All the 

animals were bred and sourced from the Animal Resource Centre, Perth, 

Western Australia, Australia. 

Injury surgery 

Out of the 18 mice, 9 mice underwent complete transection-type spinal 

cord injury surgery and the other 9 mice received a contusion-type injury, both 
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types at the T10 spinal level. Briefly, the animals were anaesthetised with 5% 

isoflurane and kept under anaesthesia with 1.5-2% isoflurane in oxygen at a 

flow rate of 1 L/min. A 2.5-3 cm long midline skin incision was made over the 

dorsal region. The T9, T10 and T11 vertebrae were exposed by blunt dissection 

of subcutaneous tissue and dorsal muscles. Laminectomy was performed at 

the T10 vertebra to expose spinal cord. For transection-type injury, a zirconia 

blade was used to completely transect the spinal cord at this level (Reshamwala 

et al., 2020a). For contusion-type injury, the T10 vertebra was fixed using a 

stereotaxic frame and an impact of 100 kDyne force was made using the Infinite 

Horizon impactor. After achieving haemostasis, the muscles were sutured in 

layers using 5-0 Vicryl suture material. The skin was closed with 5-0 silk. The 

animals received buprenorphine (Temgesic®, Reckitt Benckiser, 0.03mg/kg 

body weight) for pain management and Enrofloxacin (Baytril®, Bayer, 10 mg/kg 

body weight) for antibiotic coverage immediately after the surgery. Food pallets 

and water in form of gel were made available on the cage floor to all the injured 

animals. Thus, a stable complete transection and an incomplete contusion type 

injury was induced in our experimental animals (see histology examples in 

Figure 7.5). 

Post-operative care 

All the animals continued to receive antibiotics and analgesics for 48 

hours after the surgery. The mice were monitored twice daily for general 

physical condition and weight. Manual bladder expressions were performed 

twice daily with monitoring. The regular monitoring included assessments of 

physical condition including grooming, fur regrowth, nutritional status and 

physical activity level, in addition to the bowel-bladder control and manual 

checking of the sensory status of the body areas affected by SCI. The sensory 

status evaluation involved assessment of the animals’ responsiveness to light 

touch, firm grip or deep pressure at the soles of their hind limbs and their tails. 

Behavioural recording 

The animals were put in an open field enclosure for functional 

assessment before the injury, at two days after the injury to establish functional 

loss, and then once every week to observe spontaneous regain in function. The 
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behaviour was scored on Basso Mouse Scale (BMS) and Toyama Mouse Scale 

(TMS). Sensory function and autonomic status of the animals were not 

quantified, however, as part of the regular animal care and health checks, the 

sensations in the denervated areas (hind limbs and tail) and autonomic function 

(bladder and bowel control, tone and flaccidity in bladder detrusor 

muscles/sphincter) were routinely assessed.  

Statistics 

The statistics were analysed and plotted on the GraphPad Prism 

software. The analysis of body weight comparison was done using two-way 

ANOVA, and individual comparisons were done using Fisher’s LSD test.  

 

Figure 7.5: Representative histology of the murine spinal cord after transection-

type and contusion-type spinal cord injury 
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The figure shows representative sagittal histological sections of the spinal cord 

after (A) transection-type injury and (B) contusion-type injury. Sections were 

immunolabelled for GFAP (red), which is expressed by astrocytes, and stained 

with Hoechst (blue) to label nuclei.  Cord with intact parenchymal architecture 

is clearly visible on the left and right extremities of the injury site for both types 

of injury, and the lack of red signal in the middle depicts the injury site (outlined 

by dashed white lines). The two injury types are clearly distinct in terms of 

shape, size and completeness. The images are representative example 

images. Scale bar = 100μm. 

Results 

Loss of motor function and spontaneous recovery 

Motor assessment according to the Basso Mouse Scale (BMS) and 

Toyama Mouse Scale (TMS) revealed that both injury groups showed varying 

degrees of paralysis (Figure 7.6). The mice were also checked manually for 

loss of sensation below the injury site, and loss of motor function was 

accompanied by sensory loss. As expected, all animals showed loss of function 

immediately following the injury, however, only the complete transection type 

injury group showed a persistent, complete and total loss of motor, sensory and 

autonomic (bladder and bowel control) functions without any spontaneous 

recovery. Animals in the contusion-type injury group only regained partial motor 

functions over time (Figure 7.6). Five of the nine animals with contusion-type 

injury also regained bladder control over time. The spontaneous functional 

motor regains stabilised after week 3 post injury, with only diurnal fluctuations 

in the animal behaviours remaining observable after this time-point. Thus, the 

functional regain appeared to have stopped after the onset of the chronic phase 

of the injury.  
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Figure 7.6: Changes in motor function over the 12-week post-injury period. 

The graphs shows the changes in motor function following a complete 

transection injury (red) and a contusion-type incomplete injury (green). The 

functional recovery was quantitated by open field tests, scored by (A) the Basso 

Mouse Scale (BMS) and (B-C) the Toyama Mouse Scale (TMS). It can be 

concluded by both the scoring methods that the transection type injury causes 

complete and permanent loss of motor function following the injury. The 

incomplete contusion-type injury resulted in near-complete loss of function 

immediately after injury, followed by spontaneous recovery of function over the 

next 3 weeks which then plateaued with some fluctuations in scores. Data 

points show the mean score +/- SEM (n = 9 for all data points).  

Weight loss 

All animals showed loss of weight rapidly following the injury (Figure 7.7). 

While the weight loss patterns were reasonably similar between injury models, 

animals that had undergone transection-type injury exhibited more pronounced 

weight loss than the contusion-type group. The weights of the animals were 
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significantly different between the two injury groups from day 13 post injury and 

remained significantly different throughout the entire follow-up period (Figure 

7.7). The maximum weight lost over the entire course of 12 weeks was 19.17% 

in the transection-type group and 18.09 % in the contusion-type group. Net 

weight loss recorded for animals was 10.1 ± 1.7% for the transection-type injury 

group and 5.7 ± 2.4% (mean ± SEM, n=9) for the contusion-type group at the 

end of our 12-week follow up period (Figure 7.7). Figure 7.7 also shows that 

overall, animals who received a complete transection type injury lose more 

weight and do not recover as much weight over time as the animals that 

received an incomplete contusion type injury. 

 

Figure 7.7: Weight loss tracking over 12 weeks after induction of spinal cord 

injury.  

The graphs show the weight loss in mice after spinal cord injury was induced. 

Data points show the weight in grams (mean +/- SEM, n = 9 animals/group).  

The body weight data is represented as separate groups according to the type 

of injury; the transection-type group is shown in red and contusion-type animals 

in black. The difference in weight between the two groups was statistically 

significant from day 13 post injury onwards and remain significant until the end 
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of the follow-up period (12 weeks). Eventually, the weight stabilised, and weight 

monitoring frequency was reduced to once a week from day 49 onwards. 

A sudden sharp decline of 16.5% and 15.5% in the body weight was 

observed immediately following transection-type and contusion-types injuries, 

respectively, by day 4 post-injury. This likely indicates a response to the 

immediate and acute phase-effects of the spinal cord injury (Hagen, 2015; 

Rowland et al., 2008). This was followed by a brief period of weight regain in 

both treatment groups until day 7 post surgery (total weight gain on day 7 was 

~3 % for the transection-type group and ~2 %  for the contusion-type group; the 

weights of animals in the two injury groups were not significantly different from 

each other at this time-point). After day 7, a second, gradual but less severe 

phase of weight loss was observed, which lasted until the 3rd week post injury. 

During this phase a drop of a further ~5% body weight was observed in 

transection-type injury group, whereas the contusion type group suffered a ~3% 

weight loss. After the 3rd week of injury, all animals in general exhibited an 

upward trend in their body weights. The body weights stabilised after week 7 

post injury and the weight recording frequency was therefore reduced to once 

a week after this period. 

Other observations regarding general physical condition 

Differences in muscle wasting and surgery site healing was also 

observed between the two injury models (Figure 7.8). Transection animals 

showed a greater degree of muscle wasting compared to the contusion group, 

as observed by the bony prominences of pelvic girdle, vertebral spines and 

scapular region. Despite having equally easy access to the same food, water 

and adequate analgesia, the difference in the effects of the two injury types was 

reflected in the general physical condition of the animals. Overall skin elasticity 

and fur re-growth (after shaving for surgery) was observably better in the 

contusion injury group than in animals that had undergone transection-type 

injury.  

Another difference between the two injury models was observed in the 

formation of bladder stones. Two of the nine transection-type animals 

developed bladder stones palpable externally during the course of the 12-week 
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follow up period. This was also confirmed on the necropsy at the endpoint. A 

few other transection animals also showed intermittent chalky urine indicating 

presence of calcium salt crystals. None of the contusion animals showed any 

obvious signs of bladder stones.  

None of the animals showed any signs of post-operative haemorrhage, 

infections, or self-mutilation. 

 

Figure 7.8: Muscle wasting as observed in transection and contusion type 

injuries 

General physical conditions of mice 4 weeks after transection injury (A and B) 

and contusion injury (C and D) showing salient differences. Skin areas outlined 

by white circles in figure A show a lack of fur regrowth after the transection 

injury compared to the contusion injury shown in figure C. Body part pointed out 

by the arrows in figure B show well defined bony prominences indicating a 

higher degree of muscle wasting compared to contusion injury in D. Arrow 1 = 

pointed dorsal spine, arrow 2 = visible protuberances of sacral spine, arrow 3 = 

visible scapular margins from the shoulder girdle and arrow 4 = bony 

protuberances form the pelvic girdle. 

Discussion 

Loss of motor function and spontaneous recovery 

The initial injury and spinal shock are responsible for the immediate loss 

of function in the SCI animals. However, once the animals recover from the 
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acute phase, the incomplete nature of contusion injury allows them to slowly 

regain some of the lost functions. Transection injury on the other hand, has no 

intact neural pathways beyond the injury site and hence, these animals show 

no spontaneous functional regain. Other published works have also found 

similar functional regain patterns following a contusion type injury in adult mice 

(Shigyo et al., 2014; Shinozaki et al., 2011). 

 We observed the spontaneous functional regain to plateau after week 3 

post injury. After this time the injury site stabilises, and the injury site scar is 

formed. This corresponds with the timing of the weight loss pattern, which also 

appears to align with onset of the chronic phase (discussed below). These data 

align with previous studies in both humans (Kirschbaum, Ohlemacher, & 

Kuppers, 2004; Taccola, Sayenko, Gad, Gerasimenko, & Edgerton, 2018) and 

rodents (Deumens et al., 2006b) showing that spontaneous regain after the 

injury is rarely possible beyond the chronic phase of the injury, and the fully 

matured scar. One of the clinical study (Kirschbaum et al., 2004) found that 

94.4% of the patients who did not improve after 1 year of injury, showed no 

improvement in the next 5 years; and 3.5% patients showed minimal 

improvement during the 5 years (ASIA-A to ASIA-B). Similarly, the rodent study 

(Deumens et al., 2006b) also concluded that the treatment performed in chronic 

injuries only resulted in some inconsequential axonal extensions rostral to the 

lesion. Reportedly, the treatments failed to produce any structural repair (bridge 

the lesion gap) or functional improvement. 

BMS versus TMS 

In this study, we have used both the Basso Mouse Scale (BMS) and 

Toyama Mouse Scale (TMS) to analyse and score open field behaviour of the 

animals. Although both the scales represent scoring system for the motor 

activity of a mouse in an open field, they can convey different information due 

to the differences in the focus of their scoring systems.  

BMS employs a 0-9 points scoring system where every point represents 

a description of a specific gait pattern. This means that every mouse with the 

same score have quite similar gait pattern. This system also has a provision for 

a sub-score system that can help identify the recovery trend of animals even if 
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they have the same main (0-9) score over a long period of time. The BMS 

system focusses on gait traits such as ankle movement, stepping, rotation of 

hind limbs while stepping, coordination, trunk stability and tail lift while walking. 

Although, the more complex traits such as coordination and stability award 

higher scores, the point distribution is not weighted on the complexity of the 

traits. Another characteristic of this scoring system is that the traits are scored 

in a sequential manner, for example, tail lift only affects the main score if the 

gait is coordinated and the animal has consistent plantar stepping.  

Conversely, the TMS uses a 0-30 point scoring system where the final 

score represents a cumulative sum of all the points scored by the gait traits 

assessed for each individual limb. TMS also assesses similar traits as BMS 

does, such as ankle and other joint movements, toe movements, stepping 

pattern, rotation of limbs, coordination and weight bearing ability. However, the 

point distribution is weighted on the complexity and clinical relevance of the 

trait, where weight-bearing ability alone awards up to 15 points out of the 30. 

Other than the body support, traits such as ankle movements and touchable 

area of sole while plantar stepping are given more point weightage than 

coordination and limb rotation. While this scoring system is less subjective than 

BMS, the scores do not exactly represent a specific gait pattern like BMS. TMS 

has an added advantage of tracking progress of each limb separately, by 

conceptually combining the main and sub-scoring systems of the BMS. Hence, 

both the scoring systems have been used here to take the advantage of both. 

The results in both of them correspond with each other, which further serves as 

an internal validation parameter. 

Weight loss 

 As expected, all animals lost weight following SCI, as has been 

previously thoroughly reported (Cox et al., 1985; Landry, Frenette, & Guertin, 

2004; Ung, Lapointe, & Guertin, 2008). The literature describes the events 

occurring after a SCI in terms of defined phases (the immediate, acute, 

subacute, intermediate and chronic phases) (Rowland et al., 2008).  

 The acute inflammatory reactions, blood loss and spinal shock are 

responsible for the immediate and acute phase weight loss in the experimental 
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animals. Acute spinal cord injury, specifically, is characterised by altered 

metabolic activity, in particular nitrogen loss which contributes to muscle 

atrophy (Kaufman, Rowlands, Stein, Kopaniky, & Gildenberg, 1985; Kjaer et al., 

2001; Rodriguez, Benzel, & Clevenger, 1997). Bone loss below the level of 

lesion also initiates rapidly after SCI (Maimoun, Fattal, Micallef, Peruchon, & 

Rabischong, 2006). The acute inflammation in this phase also likely contributes 

to the weight loss (Hagen, 2015; Rowland et al., 2008). Thus, the profound 

weight loss we observed immediately after injury correlates well with the acute 

phase. 

 During the subacute phase, the acute inflammation starts to subside, 

while the chronic inflammatory process has not yet reached its peak, which is 

why the general condition improves for a brief period before a second episode 

of weight loss. At this stage the weight difference between the two injury groups 

was not statistically significant. The phases of brief recovery followed by further 

decline, respectively, correspond well with what has been described as the 

subacute phase of SCI (4-14 days for mice (Faw et al., 2018)) and likely 

constitutes a response to secondary injury as described by literature (Rowland 

et al., 2008; Sezer et al., 2015).  

 The following secondary injury phase, characterised by onset of chronic 

inflammation, may be responsible for the second decline in the body weights 

(Sezer et al., 2015; Wei, Guo, Li, Kingery, & Clark, 2016). From the weight loss 

pattern observed here, this phase lasts for up to 3 weeks in the C57BL/6 mouse 

models (both transection and contusion models). This correlates with the 

previously demonstrated chronic inflammatory process which begins two 

weeks after the injury and peaks at about 6 weeks in mice (Arnold & Hagg, 

2011). After this period, the spinal cord injury site stabilises, and a stable scar 

is formed.  

 In summary, there was a direct correlation between the severity of weight 

loss and the injury model; the complete transection-type injury caused more 

severe weight loss than the incomplete contusion-type injury. The reason for 

this difference is likely due to the different severity of denervation caused by the 

two injury types. Denervation is known to cause disuse atrophy of the affected 
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tissues such as bones and muscles (Bramanti et al., 1998; Sevastik, Larsson, 

& Mattson, 1968; Sevastikoglou & Larsson, 1976). These systemic effects of 

the SCI can also explain the weight loss. A review of clinical outcomes of SCI 

has revealed that more complete injury leads to more severe systemic effects 

in humans (Taccola et al., 2018). This phenomenon has been then found to 

eventually result in more weight loss for more severe injury in animals 

compared to a less severe injury (Landry et al., 2004). 

General physical condition 

 Complete transection injury causes more severe muscle wasting and 

bone demineralisation than incomplete contusion-type injury, thus leading to 

worse general physical condition. Complete transection injury also causes 

bladder paralysis and stagnation of urine flow. This can explain the prevalence 

of bladder calculi in transection animals.  

 A relatively more pronounced muscle and bone wasting can also 

account for the more severe weight loss in the transection group, causing 

palpable bony prominences. Bone demineralisation due to SCI causes minerals 

to enter bloodstream which are then filtered out by the kidneys (Ramsey & 

McIlhenny, 2011). Thus, the increased calcium and phosphate in the blood end 

up in the urine. In combination with the bladder paralysis caused by SCI, which 

leads to intermittent stagnation of the urine in bladder, this can lead to formation 

of calculi. These events can explain why bladder calculi were encountered in 

some of the transection group animals but not in animals within the contusion 

group.  

Conclusion 

 This study compares two major types of spinal cord injury models in mice 

– a complete transection type injury and an incomplete contusion type injury. 

Both the presented injury models showed little variability within each group in 

terms of functional loss, weight loss and yielded consistent results. The two 

separate scoring systems used to evaluate motor function – BMS and TMS – 

provide robust and comparable results. Based on this data, transection type 

injury shows no spontaneous functional recovery whereas the contusion type 
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injury shows limited spontaneous recovery. The temporal trends of functional 

recovery and weight loss/regain patterns all align meaningfully with the known 

phases of spinal cord injury. 

 

End of manuscript 

 

 

7.4 DELIVERY OPTIMISATION IN CONTUSION ANIMALS  

As it is apparent from the information presented in section 7.3, the 

transection injury differs significantly from the contusion type injury in 

anatomical as well as physiological attributes. The primary concern, however, 

is the feasibility of transplanting 3D structures such as spheroids into an 

incomplete injury with minimal to no collateral damage to the uninjured cord. To 

that end, a series of cadaveric transplantation experiments were carried out on 

simulated contusion injury, to optimise the transplantation technique for the 

spheroids as well as the fibrin gel to stabilise the placement.  

Overall, the dissections were conducted on freshly culled mice (for 

unrelated reasons such as retired breeders). After performing a laminectomy, 

the impactor was used to deliver the contusive force on the spinal cord. In some 

cases, micro aspiration at the injury site (1-2 µL) was performed to simulate a 

defect at the injury site. The intended treatment method was then attempted. 

Upon completion of the treatment, the spinal cords were harvested from the 

spinal column and the cords were fixed with 4% PFA. The fixed cords were then 

taken for cryo-sectioning and 30 µm thick sections were mounted on glass 

slides. The sections were imaged on Nikon Ti-2E microscope to assess the 

placement of the treatments. 

7.4.1 INJECTION OF FIBRIN COMPONENTS 

The above-mentioned procedure was followed after which micro-

aspiration was performed to create a small defect in the cord parenchyma just 

underneath the site of impact. Eosin dye was mixed with the fibrinogen 
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component prior to slowly injecting the gel. The cord was harvested ~30 min 

after the injection. A small clot of fibrin was observed coming out at the time of 

sectioning. The images acquired with microscopy confirmed the location of clot 

as an empty ovoid shaped cavity. The representative images from the sections 

can be viewed in Figure 7.9 - A and B. 

 

 

Figure 7.9: Spheroid delivery optimisation 

The image panel shows representative images from different approaches 

attempted towards optimisation of the spheroid delivery in a contusion type 

injury. Images are from sections of the cord that received eosin stained fibrin 

injection (A, B) where the oval shape defect indicates the location of fibrin clot. 

Green colour indicates the spread of fibrin before its solidification. Large 

spheroids injected with a pulled glass pipette (C, D) that damaged the 

spheroids’ shape (arrow). Smaller spheroid injected after micro-aspiration (E, 

F) that left a tract of need induced injury (arrow). Smaller spheroids deposited 
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with forceps (G, H) that left a negligible track in the cord parenchyma (arrow in 

H). Images are taken in brightfield, blue colour indicates nuclear dye Hoechst. 

Scale bars = 500 μm. 

7.4.2 PLACEMENT OF SPHEROIDS 

Next, a delivery of spheroids seeded with 200,000 cells was attempted 

after the simulated contusion injury and micro-aspiration. In one instance, the 

micro aspiration left a long, linear defect in the cord parenchyma which can be 

seen in Figure 7.9 E. Large spheroids, fixed and stained with Hoechst prior to 

transplantation, were successfully deposited in the defect created by the injury 

with the help of a pulled glass pipette. However, upon microscopy, the 

spheroids appeared to be protruding out of the injury site. Another attempt was 

made with a 100,000 cell spheroid which resulted in more successful placement 

than was achieved with the larger spheroid (Figure 7.9 – E, F). The morphology 

of spheroids also appeared somewhat altered as they had irregular shape 

(Figure 7.9 C, D: pointed by the arrows). 

7.4.3 DEPOSITION WITH FORCEPS 

Finally, the Hoechst stained spheroids (seeded with 100,000 cells) were 

placed in the impacted cord without performing any aspiration. A fine tip, angled 

forceps (Castroviejo tying forceps, ProSciTech, TY-1032W) was used for the 

gentle deposition of the spheroid in the cord parenchyma. Imaging showed that 

this method of spheroid deposition resulted in secure delivery of the spheroid 

inside the cord parenchyma, without any damage to the spheroid’s morphology 

and with minimal collateral damage to the overlying cord tissue as can be seen 

in the Figure 7.9 G, H. 

7.5 SUMMARY  

Thus, in these set of experiments, the contusion type injury model for mice 

was optimised. Furthermore, the differences between the two major injury types 

were studied and compared. The comparison revealed that the transection 

injury resulted in complete and permanent loss of motor function (no 

spontaneous regain) and contusion injury led to initial loss of locomotor function 

followed by limited regain of over time. Contusion injury also showed 

significantly less weight loss than the transection injury over the 12 weeks follow 
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up period. Additionally, a meaningful alignment of weight loss/regain pattern 

was observed with the different phases of SCI. Finally, the treatment modality 

(OEC spheroids embedded in fibrin gel) used for transection type injury that 

resulted in maximum cell survival and integration, significant structural repair 

and functional regain was also translated for the use in contusion type injury 

model. The method, however, remains to be tested in live injury models of 

different scar ages (subacute, chronic etc.) for the final validation of the 

optimisation procedure. 

  



 
354 

 

Chapter 8  ONLINE EDUCATIONAL MODULES 

8.1 INTRODUCTION 
The objective of the Clem Jones Centre for Neurobiology and Stem Cell 

Research is to develop treatments for spinal cord injury that are created and 

co-designed with the spinal cord injury community. To improve the co-design 

of potential treatments, it is essential that members of the spinal injury 

community have access to educational modules to help them better understand 

spinal cord injury and potential therapies.  

The idea behind the modules originated from the review of literature 

included in Chapter 1 covering the anatomy and physiology of the spinal cord, 

pathophysiology of the SCI as well as barriers to natural SCI repair and ways 

being explored to overcome them. From my clinical experience, clinicians 

seldom get the time and opportunity to thoroughly educate their patients on an 

issue as complex as the spinal cord injury. While, the patients and their carers 

remain motivated to find an authentic source of information regarding SCI, 

numerous publications containing scientific research work remain largely 

inaccessible to them. Therefore, I was driven to make the wealth of information 

gathered here, easily and openly accessible to a wider community rather than 

publishing it through the conventional scientific publications. In order to improve 

outreach and raise awareness, it was important to engage the community with 

this work. As an attempt to do the same, the information was formatted into 

several short, simple and easy to understand – online educational modules, 

which may be considered as a novel, non-conventional form of publication. 

Several resources exist online that contain information regarding the 

spinal cord injury and different aspects of it. Identifying the resources that are 

relevant for the patients can be a challenging task without any prior training in 

a field as complex as the spinal cord injury. Some resources present the 

information in a very difficult way for non-medically trained people to 

understand, and often run the risk of misrepresenting the information. 

Additionally, the resources are often catered to the needs of the personnel 

involved in SCI management (healthcare members), or contain only the 

economic aspects of the injury, essentially they are not designed with the SCI 
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patients and their carers as the target users. One such example is 

http://www.elearnsci.org. One resource in particular, however, was very well 

designed with focus on specific aspects of the SCI care for patients as well as 

healthcare workers (http://www.spinalcordessentials.ca). This resource, though 

quite extensive, attempted to impart the information in an accurate and easy to 

understand manner. Despite this, the resource was not designed to educate 

the users about the spinal cord, SCI, and research being done to overcome 

different hurdles for its repair.  

It was therefore decided that the contents of the literature review in 

Chapter 1 should be rewritten in lay terms in an easy-to-understand and easy-

to-learn format and made available in an online website for general public 

access. The modules will, thus, serve as a form of unconventional open access 

publication, in interest of the community, directly delivered to the community. 

The aim of these educational modules is to impart relevant information 

regarding spinal cord injuries and cell transplant treatments to the patients of 

spinal cord injury, their caregivers, friends and families and any other interested 

party.  

By completing all the modules, the participant should: 

1. Have a good understanding of spinal cord injury and its effects on the 

life of people suffering from it. 

2. Understand the clinical, epidemiological, economic and social aspects 

of spinal cord injury. 

3. Understand structure and function of the spinal cord, and response of 

the spinal cord to an injury. 

4. Understand the reason behind the enormous amount of work being 

done on spinal cord repair regeneration, and some approaches being 

tested to generate potential treatments. 

The layout of the website (https://sipishope.com/education) was 

developed with the assistance of Dr Andrew Rayfield. The list of contents and 

the online modules in their entirety are included in the following section. 

  

http://www.elearnsci.org/
http://www.spinalcordessentials.ca/
https://sipishope.com/education
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8.2 CONTENTS  
The modules are as follows: 

Introduction: Spinal cord injury- Through the ages 

1) SCI Facts and Figures 

2) Spinal cord and injury 

3) Structure 

4) Function 

5) SCI mechanisms 

6) Types of injuries 

7) Injury effects 

8) Chronic effects of spinal cord injury – problems people face  

9) Peripheral nerve regeneration 

10)  CNS regeneration 

11)  Repair/therapeutic strategies 

12)  Our Therapy 

13)  More information on SCI 

14)  Acknowledgements 
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8.3 VISION 
The next step to enrich the modules is to seek feedback from the 

community regarding what information the patients most often find difficult to 

find or understand. This will help refine the content of these modules over time 

to more specifically suit the users’ requirements. For example, adding more 

information about the role of rehabilitation in the recovery, or the recovery of 

sensory and sexual functions after an injury. Furthermore, the information will 

be made available in a more interactive way, so that SCI patients with 

quadriplegia can also easily access it. This can include touch enabled or voice 

enabled interactive graphics and animation videos to explain complex 

information about the injury or the therapeutic approaches. By engaging with 

patients, their carers, physicians and physical therapists, the ultimate vision is 

to enrich these online modules into a go-to reference source for reliable, 

accurate and easy to understand information for SCI and its treatment.  
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Chapter 9  SUMMARY AND FUTURE DIRECTIONS  

9.1 RESEARCH OUTPUT 

9.1.1 PUBLISHED WORKS 

The following papers have been published during the course of this work. 

1. Reshamwala R, Shah M, St John JA, Ekberg JAK (2019). Survival and 

integration of transplanted olfactory ensheathing cells are crucial for spinal 

cord injury repair: insights from the last 10 years of animal model studies. 

Cell Transplantation Dec; 28(1_suppl):132S-159S. doi: 

10.1177/0963689719883823 

2. Reshamwala R, Shah M, St. John J, Ekberg J (2020). The link between 

olfactory ensheathing cell survival and spinal cord injury repair: A 

commentary on common limitations of contemporary research. Neural 

Regen Res 15(10):1848-1849. doi:10.4103/1673-5374.280310 

3. Gilmour, A., Reshamwala, R., Wright, A., Ekberg, J., & St John, J. (2020). 

Optimizing olfactory ensheathing cell transplantation for spinal cord injury 

repair. Journal of Neurotrauma. doi:10.1089/neu.2019.6939 

4. Murtaza M, Chacko A, Delbaz A, Reshamwala R, Rayfield A, McMonagle 

B, St John JA, Ekberg JAK (2019). Why are olfactory ensheathing cell 

tumours so rare? Cancer Cell International, 19(1), 260. 

doi:10.1186/s12935-019-0989-5 

Conference presentation: 

1. Reshamwala R, Shelper T, Shah M, St John J (2018). A Novel Surgical 

Approach for Transplantation of Olfactory Ensheathing Cells Following a 

Transection Type Spinal Cord Injury in Mice. Paper presented at EuroSpine 

conference 

9.1.2 ACCEPTED FOR PUBLICATION 

The following works have been accepted for publication at the time of 

submission of this thesis. 

1. Reshamwala R, Shah M, Belt L, St John J, Ekberg J. Reliable cell 

purification methods and accurate determination of cell purity: two crucial 
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aspects of olfactory ensheathing cell transplantation to repair the injured 

spinal cord. Accepted by Neural Regeneration Research journal  

2. Reshamwala R, Eindorf T, Shah M, Smyth GC, Shelper T, St John J, 

Ekberg J. A precise, reproducible method for induction of complete 

transection-type spinal cord injury in mice. Accepted by Journal of 

Visualised Experiments  

9.2 EXPERIMENTAL OUTCOMES SUMMARY 
The following outcomes were achieved during the course of this work. 

Optimisation of a mouse SCI model: A novel surgical approach for 

murine transection-type spinal cord injury model was developed that can 

consistently and reliably induce a precise and complete transection type SCI at 

the desired spinal level. The surgical procedure caused minimal collateral 

damage to the surrounding blood vessels and tissues, and animals had few 

postoperative complications had a very high (>99%) survival rate. 

Creation of a novel scaffolding matrix from physiological protein: A 

physiological protein (fibrin) based transplantation matrix was developed that 

can support the growth and movement of OECs in vitro over time. Additionally, 

characterisation of spheroids (self-assembling 3D constructs of cells) was 

performed, which included quantification of size, cell numbers, and surface 

marker expression profile.  

Enhanced cell survival in vivo: Experimental evidence that 

transplantation of OECs in 3D constructs results in improved cell survival, 

integration and structural repair in vivo was obtained. Additionally, functional 

regain following the transplantation of OECs spheroids was also demonstrated. 

Link between transplanted cell purity and SCI repair: The effect of cell 

purity on the injury repairs was observed in the form of different recovery trends 

following transplantations of different cell populations. It was also observed that 

at higher purities, OECs migrate while maintaining contact with each other and 

form bridges across the injury site, which did not happen at the lower purities. 

Furthermore, the link between structural repair and functional regain was 
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experimentally established along with the evidence of cell integration. An 

example of the best achieved functional outcome is presented in the 

supplementary video – 3 (see supplementary material legends on page 415). 

Paving the way to clinical translation: A contusion type injury model 

with a method for transplanting 3D cell structures was optimised, which enables 

future experimentation to model treatment options using 3D cell structures for 

more clinically relevant injuries. 

9.3 KEY FINDINGS OF THIS WORK: IMPACT AND IMPLICATIONS 

9.3.1 USE OF SPHEROIDS LEADS TO IMPROVED CELL SURVIVAL IN VIVO 

The novel approaches used in all the experiments in this thesis were 

designed to primarily test the use of OEC spheroids to treat SCI. The 

experiments have demonstrated that transplantation of 3D spheroid resulted in 

enhanced cell survival and integration of the grafted cells in vivo. Improving cell 

survival has multiple benefits.  (1) Death of transplanted cells via 

necrotic/apoptotic processes would exacerbate an injury site and adversely 

affect regenerative capacity. Hence increasing cell survival will result in a 

superior environment for regeneration. (2) The presence of an increased 

number of target transplanted cells means that more cells are available to 

stimulate the regenerative process. (3) Fewer cells could be transplanted, 

reducing the volume required to support the transplantation construct enabling 

more precise targeting of constructs to specific regions of the injury site and 

reducing the associated risk of adverse outcomes that may arise from 

increased pressure due to larger constructs.  

The literature indicates that the OECs are not required to survive 

permanently to induce the structural repairs and functional regain, and that a 

transient survival may be sufficient for this purpose. However, a transient 

survival can also have different decay patterns as demonstrated in the figure 

below (Figure 9.1A). Injection of a suspension of isolated cells likely results in 

a rapid and immediate decline in the surviving cell numbers after grafting, 

followed by transient survival of a minor fraction of the cells (shown in red). In 

contrast, transplanting cells as 3D constructs leads to more cells surviving for 

longer durations, followed by a decline in their survival after some period 

https://drive.google.com/file/d/1jls_b_ZCUheE-m0T8sTPcY3aHvSNGEye/view?usp=sharing
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(shown in green). Although both the conceptual patterns show a similar number 

of cells surviving in vivo at the end of the time period, the green pattern is more 

beneficial. The advantages of the 3D construct approach means that fewer cells 

are required to achieve a critical therapeutic mass of the surviving cells in vivo 

to achieve the same effect as a cell suspension injection (Figure 9.1 B); and 

low cell death immediately following the transplantation means less activation 

of the host immune response induced by the cell death.   

These advantages can be of great importance for clinical translation. 

Lower initial cell death means better integration of the grafts, better tolerance 

of the treatments and potentially less adverse effects.  

In addition, the requirement for fewer cells for treatment makes the 

treatment more expedient and cost effective. As OECs need to be harvested 

from a nasal biopsy, purified and then expanded in vitro for numerous 

passages, reducing the number of cells needed for transplantation will reduce 

the time and cost of cell production. It will also be advantageous for the potential 

therapeutic application for treatment of acute spinal cord injuries as the time 

from biopsy to cell construct production is reduced, thereby improving the 

window of opportunity for early intervention. 

  

Figure 9.1: Concept of low and high cell survival 

A. The figure shows a conceptual representation of the different cell survival 

patterns over a transient period after treatments in vivo. B. The graph explains 

how the number of cells required to achieve effective spinal cord repair with a 

high survival inducing treatment (3D transplant – in green) is much lower 
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compared to a treatment resulting in low cell survival (cell suspension injection 

– in red) in vivo. 

While the use of 3D OEC constructs in this PhD project has improved 

cell survival when cells are transplanted seven days and 28 days after injury, 

further improvements in cell survival may be achieved through transplantation 

of cells at different times after injury. As the injury site undergoes a series of 

cellular and molecular changes over time, the impact on the survival of the 

transplanted cells will likely vary. What is therefore needed is to determine the 

optimal time for transplantation which balances cell survival and the efficacy of 

the transplanted cells to stimulate regeneration.  

9.3.2 TRANSLATING THE FUNCTIONAL IMPROVEMENT 

While animal studies of SCI enable treatment options to be tested, the 

limitations include the relevance of minor functional improvements compared 

to those anticipated to occur in humans, and the lack of ability to perform 

extensive and intensive rehabilitation in rodents. While functional and 

histological outcomes in animal models are encouraging, care needs to be 

taken in predicting outcomes of potential treatments in humans. 

The Basso Mouse Scale (BMS) is a well-established and widely used 

motor behaviour scoring system in the field of SCI repair. The scale’s 

limitations, advantages and its comparison with a relatively new scoring system 

– Toyama Mouse Scale (TMS) are discussed in depth in the section 2.5.5 in 

Chapter 2. Here, the impact of a subjective scoring system, such as the BMS, 

on statistics and on clinical translation is discussed.  

The scoring system works with a subjective description of an overall gait 

pattern associated with a score value from 0 to 9. With this scoring system, a 

score of 0 means no ankle movement at all, 1 indicates slight ankle movement 

and 2 indicates extensive ankle movement. In other words, the score increment 

of 1 indicates the difference between no functions at all, to some function at the 

ankle joint. However, the same increment of 1 point between a score of 8 and 

9 indicates the ability of the animal to keep its tail up, or improvement from mild 

trunk instability to no instability. From a functional and translational viewpoint, 

the increments are not proportionate to the impact the functional improvement 
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can have on a patient’s lifestyle or the severity of their dependence. For 

example, if a hypothetical treatment leads to an average BMS score 

improvement of 2 points, it can either mean that the animals went from no 

function to extensive motor function at the ankle joint (0  2), or they went from 

severe trunk instability to normal trunk stability (7  9) or anything in-between. 

From a statistical viewpoint, both these scenarios will have similar statistical 

significance (or a lack thereof), but clinically they can have completely different 

impacts on the translational value of the treatment. Ability to only move a thumb 

or a wrist may have tremendous impact on the life of a quadriplegic patient, by 

allowing them a degree of independence to control a motorized wheelchair.  

Rehabilitation is another crucial factor affecting functional recovery with 

or without a treatment. The animals may be given some form of rehabilitation 

or they can be trained to perform a specific regime of exercises. However, the 

lack of communication and feedback from the animals (unlike clinical patients) 

makes the role of rehabilitation in animal experiments less than reliable in 

comparison with clinical patients. This becomes an important factor while 

translating the experimental therapy to clinics. Effective rehabilitation therapy 

can enhance the therapeutic potential of any interventional treatment, and a 

statistically insignificant functional improvement may translate into a life-

changing improvement for the patients. However, the opposite can also happen 

where the lack of efficacious rehabilitation regime may render an experimental 

treatment, which induced statistically significant functional improvement in an 

experimental model, a clinical failure. Hence, the experimental evidence from 

the animal trials must be interpreted with care while translating it into a clinical 

trial.  

9.3.3 OVERALL IMPACT OF THIS WORK 

The proof that OEC transplantation in 3D constructs leads to significant 

improvement in cell survival in vivo is an important finding. A remarkable 

advantage of this transplantation technique is that it can easily be adapted to 

cells types other than the OECs, such as different stem cells, or precursor cells 

(like oligodendrocyte precursor cells) or a combination of multiple different cells 

types. The spheroids grown in naked liquid marbles allow cells to grow and 
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arrange themselves in patterns very similar to their in vivo distribution, which 

can be very helpful in an integrated cell therapy combining multiple cell types. 

The fibrin matrix used for securing the transplant in their place contains a mix 

of components physiologically found at the injury site (fibrinogen, thrombin, and 

Ringer’s Lactate solution). The components are proven safe for clinical use in 

several tissue repair procedures including the tear repairs in the dura mater. 

For translation of this approach into human clinical trials, however, the 

primary challenge would be the fabrication of 3D constructs large enough to 

suit the injury site. By enhancing the cell survival significantly, the required 

number of the cells for the treatment can be brought down dramatically. 

Producing several smaller constructs to fill the lesion site may be more feasible 

than a large construct. This work also addresses the comparison between the 

outcomes achieved after a single large and multiple small spheroids 

transplantation. The major disadvantage of using several smaller constructs 

was the increased need for surgical manipulation of injury site, which was 

further compounded by the size constraints of the mouse model. By embedding 

the smaller constructs in the diluted fibrin components, the need for the surgical 

manipulation can be easily limited in a human clinical trial.  

Finally, the treatment approach with 3D cell constructs can be reliably 

modified to treat the acquired brain injuries as well as injuries to the peripheral 

nerve. Though further optimisations would be required to achieve the full 

potential with this treatment approach in a different tissue, this work can serve 

as a very important reference point for any such future work. 

9.3.4 THE PATH AHEAD 

9.3.4.1 The importance of nerve bridges 

As the histological figures have depicted in the experiments of previous 

chapters, OECs appear to form bridges across the injury site (Figure 9.2 A, B). 

These bridges act as guiding tracks for the outreaching axonal sprouts, and 

eventually, the axons cross the gap and reach across the injury site (Figure 9.2 

C, D). The OECs here, form a bridge just above the core of the scar, effectively 

bypassing the hostile milieu of the injury site. Although the cells did not appear 

to survive long term, they did serve their purpose and as it can be seen in the 
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images taken from 28 days post treatment, axonal bundles now appear where 

the OEC bridge was in the previous images.  

This is a very important strategic benefit from a surgical viewpoint in a 

clinical setting. Surgical manipulation of the SCI scar is extremely risky and is 

generally avoided by clinicians. However, due to the advantage of spheroid 

transplantation, the surgeons can now transplant the spheroids right at the 

injury site with minimal debridement as often a cavity is formed to some degree 

in humans without having to remove the dense fibrotic scar tissue, thereby 

avoiding the risk to surrounding healthy cord tissue (in contrast, in our mouse 

models, we had to debride some tissue to provide space for inserting the 3D 

spheroids). The OECs will migrate out of the spheroids and form bridges to help 

the axons bypass the injury site, in a similar way as the example in Figure 9.2. 

Additionally, the injury site can be imaged and studied in 3D for a clinical 

therapy. The OECs can be then prepared into longer, wider or thicker nerve 

bridges instead of spheroids so that they can be easily made to fit in the injury 

site of every patient. 
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Figure 9.2: OECs form nerve bridges across the injury site 

Image A, taken 7 days post-treatment in the experiment described in Chapter 

3, shows that the OECs form a bridge across injury site. B shows magnified 

view from the square region within A. Image C was taken 28 days after the 

treatment, where OECs were not visible, but axonal bundles appeared to cross 

the injury site as highlighted by yellow tracks. D shows magnified view from the 

image in C. Red depicts DsRed signal (OECs), green depicts β3-Tubulin 

(neurons). Scale bars = 100 μm. 

9.3.4.2 “Booster doses” of OEC transplants 

While it was seen in many of the treatment groups that the functional 

recovery accelerated after the 3rd week of treatments, in some instances it was 

also seen that the functional recovery stagnated after a while and the animals 
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retained that level of locomotion for the rest of the follow-up period. Additional 

evidence showed that the spheroid treatments led to similar levels of motor 

recovery in a subacute as well as a chronic phase injury, meaning that it was 

possible to induce recovery after several weeks of injury as well, and not just in 

the subacute phase. These findings raise an interesting possibility to explore: 

Can a second (and a third) round of treatments, repeated a few weeks after the 

previous treatment, lead to a second (or third) spell of recovery? The Figure 9.3 

explains this concept by building up on the experimental findings obtained 

during the previous experiments of this thesis.  

It is known that the OECs survive transiently in vivo. It has also been 

shown that the transient survival of cells is sufficient to induce the functional 

recovery. However, the functional recovery does apparently reach a plateau 

after a while. By providing repeated treatments like “booster doses” with fresh 

batch of OECs, the functional recovery may be re-initiated, and the plateau may 

be overcome. In a clinical setting, if the cells are to be obtained and expanded 

from the olfactory mucosa of the patients to prepare an autograft, the repeated 

doses may offer a chance to obtain multiple smaller biopsies at different 

intervals and help reduce the time spent for the in vitro expansion of OECs after 

a single biopsy. 
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Figure 9.3: Concept of multiple successive treatments to enhance functional 

regain 

Figure A recapitulates the finding from Chapter 3 showing that the functional 

recovery can stagnate eventually after the treatments. Figure B shows the 

results from Chapter 6 that treatments can induce functional recovery after 

several weeks of injury as well. Combining these two pieces of information, 

Figure C proposes the idea of repeating the treatment procedure, where each 

successive intervention can likely induce a new bout of recovery. 
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9.4 FUTURE RECOMMENDATIONS 
This therapeutic approach shows great promise. Beyond what was found 

over the course of the work presented in this thesis, the following 

recommendations can help achieve its fullest potential. 

Further optimisations to maximise the benefits and to suit a wider variety 

of injuries can be performed. The efficacy of 3D OEC construct transplantation 

to treat contusion injuries should be tested, with optimisation of the timing and 

dose of transplantation. The OECs used in all the experiments described here, 

were obtained from neonatal donors. A comparison between the survival, 

integration, and reparative abilities of OECs taken from neonatal and adult 

sources should also be conducted. Moreover, the cell survival observed in this 

thesis was a result of allografts without an immunosuppressive cover. The cell 

survival should be assessed in vivo, under the effects of immunosuppression, 

to evaluate the potential benefit of integrating it in the treatment regime. It is 

also possible to add growth factors and certain natural compounds to enhance 

the OECs’ function into the transplantation matrix after appropriate 

optimisation. Multiple ‘booster treatments’ should also be tested to overcome 

the functional stagnation that was observed after a few weeks of treatment in 

some cases.  

The functional recovery as tested thus far had to cross a certain threshold 

to become detectable by the measurement techniques that were used. More 

sensitive and standardised approaches covering the motor recovery as well as 

the sensory and autonomic aspects of the recovery should be used to obtain a 

more detailed picture of the recovery. Sensory function tests following the 

treatments to objectively quantify and analyse the sensory functional regain 

should be performed as recovery of motor function is only one aspect of spinal 

cord regeneration. Objective assessment of autonomic and socio-sexual 

behaviour recovery should also be done to quantify and analyse improvements 

in the autonomic and social/socio-sexual behaviour of the experimental 

animals. Electrophysiology for functional regain analysis should be performed 

to detect subclinical and more subtle functional repairs. This can also serve as 

a good predictor for the functional recovery that is yet to occur. 
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This therapeutic approach can potentially provide hope for not only spinal 

cord injuries, but also other acquired injuries to the central and peripheral 

nervous systems. It is my ultimate hope that this work would be a significant 

contribution towards the development of a clinical cure of spinal cord injury that 

will become a standard treatment protocol, changing the perception of spinal 

cord injury from a permanently devastating debilitating disorder to a treatable, 

temporary inconvenience in the coming years.  
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SUPPLEMENTARY MATERIAL LEGENDS 
Supplementary video 1 (A) & (B) 

Restoration of voluntary motor function after OEC transplantation. A mouse 

scratches itself with its hind limb. This mouse had received a complete 

transection type spinal cord injury at T10 spinal level, followed by 

transplantation of 200,000 OECs in a 3D spheroid 7 days after the injury. This 

video was taken 3 weeks after the treatment (28 days after transection of SCI). 

Video 1(A) shows the recording at normal speed, 1(B) shows the same at 

reduced speed. 

1(A):https://drive.google.com/open?id=177zf8TMBpt8wCcFaPfh5VwNCLp_tb

CnV 

1(B):https://drive.google.com/open?id=16JEUj61o-yaMU_EsEJfVelIfLnd28hns  

Supplementary video 2 

A three dimensional rendering prepared from a confocal image of a spinal cord 

treated with OECs (red) in 2 x 100,000 cell spheroids, seven days after a 

complete transection type injury. The volumetric view in this rendering shows 

OECs wrapped around axons (seen in white – immunostained for β3-Tubulin). 

A clipping plane, running across the section’s thickness, is also added here to 

show the inside of this wrapping arrangement of cells.  

Link:https://drive.google.com/open?id=1_GQgzlUGfPPZNKROuKNWKF3IKhf

R6Zhw  

Supplementary video 3 

This video shows the same animal before the injury, after the injury and 4 weeks 

after the treatment, running on a horizontal ladder. The recovery seen in this 

animal is representative of the best recovery possible with this treatment. It is 

important to note that not all animals showed such good recovery, and that this 

animal represents only the best outcome after a complete transection type SCI 

seen during the course of this experiment.  

Link:https://drive.google.com/open?id=1jls_b_ZCUheE-

m0T8sTPcY3aHvSNGEye   

https://drive.google.com/open?id=177zf8TMBpt8wCcFaPfh5VwNCLp_tbCnV
https://drive.google.com/open?id=177zf8TMBpt8wCcFaPfh5VwNCLp_tbCnV
https://drive.google.com/open?id=16JEUj61o-yaMU_EsEJfVelIfLnd28hns
https://drive.google.com/open?id=1_GQgzlUGfPPZNKROuKNWKF3IKhfR6Zhw
https://drive.google.com/open?id=1_GQgzlUGfPPZNKROuKNWKF3IKhfR6Zhw
https://drive.google.com/open?id=1jls_b_ZCUheE-m0T8sTPcY3aHvSNGEye
https://drive.google.com/open?id=1jls_b_ZCUheE-m0T8sTPcY3aHvSNGEye
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