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Abstract  

Regeneration of the central nervous system following penetrating traumatic brain injury 

(pTBI) represents a significant clinical challenge. Neural cell therapies have the potential to 

promote regeneration in central neural injury. However, such therapy is currently clinically 

unavailable. Neural cell transplantation methods have significant drawbacks, notably high 

cell loss during surgical delivery, so have limitations for pTBI treatment. Spray delivery may 

have benefits including rapid cell administration in a homogenous distribution whilst being 

minimally invasive and has not yet been tested for neural cell delivery. The hypothesis is that 

cell spray technology could be utilised for neural transplantation and that this may offer 

significant advantages over current administration routes. 

Additionally, for rapid cell transplantation, no transportation system exists to facilitate 

remote delivery. Transport media and novel polymer solutions exist for the transport of 

medical grade tissue however these have not yet been directly tested for neural cell 

transplant populations. A further hypothesis is that a novel tissue transport or polymer 

solution could facilitate remote neural cell delivery for transplantation applications.  

To test these hypotheses, primary rodent mixed glial cultures were used to generate 

oligodendrocyte pre-cursor cell (OPC) and astrocyte populations which were spray delivered. 

Additionally, Hibernate-A a CO2 independent nutrient media was assessed for the storage 

and transportation potential of OPCs and astrocytes at 4oC and room temperature. Cells 

were assessed for viability and properties which underpin their therapeutic potential. Both 

cell types could survive, proliferate, differentiate (OPCs), retain cellular markers and retain 

normal features following spray delivery and on return to standard culture conditions 

following low temperature storage. AtelerixTM polymer gel transportation system was also 
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evaluated for encapsulation of neural cells demonstrating the potential for mechanical 

protection during transit for these therapies.  

These findings suggest neural cell transplant populations could be transported without 

detrimental effects to remote settings (such as a military hospital) and then rapidly spray 

delivered to patients with pTBI. 
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1.1 Penetrating Traumatic Brain Injury (pTBI) 

1.1.1 Epidemiology of pTBI 

If survived, penetrating traumatic brain injury (pTBI) is a life changing incident which 

dramatically impacts the individual and their support networks. pTBI, where a foreign object 

enters the cranium, is the most lethal type of traumatic brain injury (TBI) with 70-90% of 

victims dying before reaching a hospital and a further 50% during resuscitation (Rosenfeld, 

Bell and Armonda, 2015; Vakil and Singh, 2017). Fragments and gunshots causing pTBI 

account for 20% of military TBI (Duckworth, Grimes and Ling, 2013) with 5065 US military 

personnel affected between 2000-2016 (Pazdan et al., no date). Civilian populations are also 

significantly burdened by pTBI either with a presence in war zones or as a result of violent 

events such as firearm crime or suicide attempts and more rarely accidents involving objects 

such as nail guns. However the proportion of non-civilian TBI which is penetrating is lower 

compared to the military (Majdan et al., 2016). The prevalence of civilian pTBI is unclear 

however over 10 years ago it was estimated that 5 million individuals in the US and 7 million 

in Europe were living with disability from TBI (Langlois, Rutland-Brown and Wald, 2006; 

Tagliaferri et al., 2006). The incidence of TBI varies greatly between countries (de Almeida et 

al., 2016; Majdan et al., 2016; Eaton et al., 2017) however in the UK, is the leading cause of 

mortality and disability for those aged 1-40 (National institute for health and care 

excellence, 2014). Young males from a low socioeconomic background between the ages of 

20-24 demonstrate the highest incidence of TBI and also carry a three times higher death 

rate compared to females (Mushkudiani et al., 2007; Coronado et al., 2011). With the high 

availability of firearms in countries such as the US coupled with the rise in violent crimes and 
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suicide attempts (Preventing Preventing suicide suicide Executive summary, no date), it is 

unlikely the incidence of pTBI in these populations will fall. 

1.1.2 Socioeconomic impact of pTBI 

The social and economic burden on those living with pTBI is significant. Cognitive and 

physical abilities are often lost, threatening independence, relationships and employability. 

Social interactions can be affected at different levels either due to direct injury limitation or 

subsequent psychological impacts of the change in lifestyle which often involves prolonged 

rehabilitation and care. In 2007, the estimated lifetime cost of severe TBI in the US was 

$400,000 with 80% of this total being from disability and lost productivity compared to 

medical costs and rehabilitation (Faul et al., 2007). This is likely a conservative estimate and 

may not be representative of the severity of pTBI or a directly useful estimate for the UK 

where the NHS absorbs healthcare costs. The global economic impact of TBI is estimated at 

US$ 400 billion (van Dijck et al., 2019) however on an individual healthcare level, it is very 

difficult to assess the cost to the NHS of pTBI. In 2010, US TBI total health care costs were 

reported by the Centers for Disease Control and Prevention as US$ 76.5billion with severe 

TBI accounting for 90% of the cost (Seifert, 2007). Initial in-hospital surgical and intensive 

care costs are as high as US$ 400,000 per patient (van Dijck et al., 2019). The ongoing 

economic burden to the individual and society of further healthcare is determined by the 

level of disability, engagement with healthcare services and disability adjusted life years. 

1.1.3 Pathophysiology of pTBI 

1.1.3.1 Mechanism of injury 

Following pTBI, kinetic energy is transferred from a foreign object to the skull and underlying 

brain leaving an injury track with cavitation, compression and shearing forces damaging 
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nerve fibres, blood vessels and other cells types. The amount of damage inflicted is 

proportional to the kinetic energy transferred to the tissues where the kinetic energy of the 

projectile is equal to the mass times the square of its velocity (Zafonte et al., 2001; Alao and 

Waseem, 2019). As the penetrating object damages the skull, bone fragments may separate 

and penetrate the brain on a different course to the original projectile causing further 

sheering of neurons and blood vessels (Kaur and Sharma, 2018). The most common 

projectile responsible for pTBI are bullets, however shrapnel is also common in a battlefield 

setting. Although there is great variability between different types of bullets, in general they 

impart a high amount of kinetic energy on contact due to the extreme velocities at which 

they are fired. Approximately 50% of pTBI related to firearms are suicide attempts (Aarabi, 

Mossop and Aarabi, 2015) where such injuries have a relatively high mortality due to the 

close range of weapon discharge and hence high kinetic energy transference (Rosenfeld, Bell 

and Armonda, 2015). The wound pattern generated by a pTBI can be assigned one of 5 

categories; tangential, penetrating, perforating, ricochet or careening (Van Wyck, Grant and 

Laskowitz, 2015). Perforating injuries occur from high velocity or close range projectiles and 

are the most devastating injury type compared to tangential injuries which are associated 

with the best outcomes (Blissitt, 2006; Van Wyck, Grant and Laskowitz, 2015). Examples of 

low velocity causes of pTBI include knifes or sharp objects where the lower velocity is 

associated with a better prognosis (Alao and Waseem, 2019). 
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Figure 1.1: Patterns of penetrating traumatic brain injury. Adapted from (Van Wyck, Grant 

and Laskowitz, 2015) 

1.1.3.2 Primary tissue loss and damage following pTBI 

Primary injury is caused when a penetrating object transfers energy to intra and extracranial 

tissues occurring in around 100 milliseconds (Kaur and Sharma, 2018). The brain is 

particularly susceptible to penetrating damage due to its high water content. Tissue 

destruction occurs both in the projectile’s direct path as well as distantly. As a projectile is 

moving through brain tissue, permanent cavitation is formed directly in its pathway as the 

leading edge causes crushing of brain parenchyma. Simultaneous shock and pressure waves 

ripple through the brain in all directions extending distally from the projectile. The original 

permanent cavitation mapping the foreign object’s pathway expands and then partially 

retracts due to these pressure changes. This process greatly increases the size of the 

permanent cavitation and causes more tissue damage than the direct crushing from the 
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foreign object (Vakil and Singh, 2017). Additionally pressure waves result in distal neural 

membrane damage and haemorrhage (Van Wyck, Grant and Laskowitz, 2015). Cerebral 

oedema occurring as early as 30 minutes post injury (Blissitt, 2006) combined with 

increasing haematomas lead to rapid and significant rises of intracranial pressure (ICP). 

Consequently cerebral vessels are compressed and perfusion decreases threatening 

infarction and in severe cases herniation.  

At a cellular level, high levels of cell loss occurs directly in the pathway of the foreign object 

with no cell type surviving the extreme mechanical forces. Peri-lesion areas and distant 

axonal injury occurring due to pressure waves causes minute damage from single neuron 

destruction to the breakdown of the links between neural cells (Rosenfeld et al., 2012). The 

lengthening and stretching of cells disturbs the cytoskeleton, damaging the functioning of 

neural cells (Smith-Seemiller et al., 2003). Contusions are more common in non-penetrating 

TBI but may also be present in pTBI where injury is caused by back and forth movements of 

the brain in the boundaries of the skull. Contusion tissue dysfunction is due to increased 

oxidative damage, mitochondrial damage, glutathione depletion and synaptic protein loss 

(Harish et al., 2015; Hellewell et al., 2016). Peri-contusion areas experience modifications in 

cell cytoskeleton and potential for neurogenesis due to structural design alterations 

(Hellewell et al., 2016). 

1.1.3.3 Secondary tissue damage 

The pathophysiology underpinning seconding tissue damage following pTBI is currently not 

fully understood however understanding is increasing with new animal penetrating ballistic-

like brain injury (PBBI) models. PBBIs are conducted on anesthetised rodents where a 

perforated metal probe is manually inserted into the cortex before a rapid water pressure 
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pulse is delivered via the probe to mimic the ballistic shockwave (Wilfred et al., no date; 

Gajavelli et al., 2015; Spurlock et al., 2017). The prognosis following pTBI is mostly dictated 

by primary damage, however, secondary injury remains clinically significant for outcomes 

and is the target for current non-regenerative interventions (Van Wyck, Grant and Laskowitz, 

2015; Alao and Waseem, 2019). Possible mechanisms of secondary damage in pTBI which 

leads to a suboptimal homeostatic environment including hypoxia, hypotension, 

hyperventilation, anaemia and hypoglycaemia (Gajavelli et al., 2015). Recent research 

suggests mitochondria are involved at multiple stages with cavitation events causing release 

of neuro-inflammatory mediators leading to necrosis and apoptosis in distant tissue (Van 

Wyck, Grant and Laskowitz, 2015). In rat PBBI, mitochondria have also shown reduced ATP 

synthesis (Pandya et al., 2019). In a different rat PBBI study, a global reduction in cerebral 

oxygen and glucose uptake was observed with similar decreases in peri-lesional penumbra 

and core injury tissues however rates of neurodegeneration were still higher at the core 

injury (Gajavelli et al., 2015). The penumbra may be vulnerable due to higher concentrations 

of microglia activating molecules originating from the core injury which would be consistent 

with human TBI (Kassi et al., 2019).  
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Figure 1.2: Pathophysiology of penetrating traumatic brain injury. Adapted from (Kaur and 

Sharma, 2018). 

1.1.4 Clinical features of pTBI 

The consequences of a pTBI are determined by the size and type of penetrating object, 

intracranial path and location, healthcare availability and other associated injuries or 

comorbidities. Symptoms vary depending on which areas of the brain have been damaged 

so that motor, sensory, cognition, or midbrain functions can be lost. Each case of pTBI will 

have a unique set of symptoms based on this. With few exceptions, the impact of a pTBI is 

immense with patients never returning to their previous way of life functionally or 

cognitively.  

Additional systemic factors following pTBI can inhibit the body’s capability to heal or 

regenerate. The risk of infection is extremely high with pTBI due to a non-sterile foreign 
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object remaining or passing through the brain parenchyma, leaving entry and sometimes 

exit wounds for pathogens to enter. Penetrating wounds often become infected where 

inflammatory defences or surgical debridement lead to further tissue loss (Spear et al., 

2018). Open wounds allow for the risk of high volumes of exsanguination of blood with the 

potential for cardiac arrest or haemorrhagic shock (Van Wyck, Grant and Laskowitz, 2015). 

Another common haematological complication of pTBI is disseminated intravascular 

coagulopathy secondary to thromboplastin release from the brain (Van Wyck, Grant and 

Laskowitz, 2015). Rat models of PBBI have demonstrated peripheral organ involvement such 

as reduced kidney and liver functions as well as systemic inflammatory markers (Wilfred et 

al., no date).  

As the consequence of pTBI have the potential to impact any neurological function of the 

brain, there are no widely adopted clinical categorisation systems specific to pTBI. The most 

accurate single clinical predictor for good or bad outcome following pTBI is Glasgow Coma 

Score (GCS) (Zafonte et al., 2001; Aarabi et al., 2014; Joseph et al., 2014; Rosenfeld, Bell and 

Armonda, 2015). Presentations with a GCS between 3-5 show survival rates of less than 10% 

(Rosenfeld, 2002; Aarabi et al., 2014). In more recent years, there appears to have been a 

decrease in mortality rates where more aggressive management regimes have been 

implemented. Other markers of outcome include a low GCS post resuscitation, old age, large 

unreactive or asymmetrical pupils, hypoxia and hypotension (Van Wyck, Grant and 

Laskowitz, 2015; Maragkos et al., 2018). Neurological recovery to the point of functional 

independence was reported to have occurred for 32% of military severe pTBI whom had a 

GCS of 3-5 on admission (Weisbrod et al., 2012).  
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1.1.5 Management of pTBI 

A combination of medical and surgical management can decrease mortality and increase 

functional recovery after pTBI (Milton et al., 2017; Maragkos et al., 2018). There should be a 

low clinical threshold for neurosurgical review for any pTBI as most patients require 

operative intervention (Alao and Waseem, 2019). Medical management includes correction 

of hypoxia and normalisation of pCO2, ICP monitoring and avoidance of hypotension where 

broad spectrum antibiotics and anti-epileptic are administered (Van Wyck, Grant and 

Laskowitz, 2015). Early surgical debridement with craniotomy or craniectomy for 

haematoma evacuation is the most common surgical indication (Kazim et al., 2011; Aarabi, 

Mossop and Aarabi, 2015). The penetrating object does not require removal unless 

protruding from the skull, associated with a haematoma or pseudoaneurysm or if 

penetration through the pterion, orbit or posterior fossa has occurred (Alao and Waseem, 

2019). Significant improvements in mortality can be achieved with rapid aggressive pre-

hospital and emergency department resuscitation and surgical intervention including cases 

with clinical or imaging predictors of poor outcome (Joseph et al., 2014; Van Wyck, Grant 

and Laskowitz, 2015). A model of rat PBBI suggested from the primary injury of a pTBI, the 

penumbra can be salvaged by acute therapies (Gajavelli et al., 2015).  

Rehabilitation strategies for TBI include hyperbaric oxygen, non-invasive brain stimulation, 

task-oriented functional electrical stimulation and behavioural therapy (Dang et al., 2017; 

Zhou et al., 2019). 

Although military and civilian management of pTBI follow the same fundamentals there are 

differences due to the environment and hospital from which these demographics are based. 

Battlefield hospital medical professionals quickly become experienced is cases such as pTBI 
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and become technically competent in dealing with these patients. Wartime has led to peaks 

in the development of pTBI management which has been incorporated into civilian trauma 

care following the end of conflicts (Gulland, 2008). Opposing this, little far forward 

investigation into treating pTBI occurs outside of the military setting (Spear et al., 2018).  

A disadvantage patients inflicted with a pTBI may suffer in a military setting is time taken to 

reach medical care which is critical for neurological recovery. As of 2014 it took on average 

17 minutes for hospital transfer in London after an individual was injured (McCullough et al., 

2014) compared to Helmand province where receiving professional medical attention took 

on average 75 minutes (Morrison et al., 2013).  

Current management strategies are supportive with an emphasis on surveillance with no 

clinical interventions being truly regenerative. Accordingly there is a great need for the 

development of such regenerative interventions and technologies if better outcomes for 

patients suffering from pTBI are to be achieved (Spear et al., 2018). A correlation between 

understanding and management of TBI has been seen in recent years however for pTBI the 

underlying physiology has yet to be properly explored and hence management strategies lag 

accordingly (Fu and Tummala, 2005). Finally, the advancement of regenerative technologies 

for pTBI will also increase understanding or have applications for other neurological 

conditions. 

1.1.6 Barriers to regeneration following pTBI 

The breakthrough discovery that the adult human brain continues to produce stem cells or 

stemlike cells throughout life contradicted previous beliefs that the adult brain was 

incapable of producing new neurons. Stem cells are generated in two distinct areas of the 

adult human brain; the subventricular zone and the dentate gyrus of the hippocampus 



 12 

(Abrous, Koehl and Le Moal, 2005; Sierra, Encinas and Maletic-Savatic, 2011). This also led to 

suggestion that the human brain had the capacity to become a conducive environment for 

regeneration following injury. It is now postulated that pathological lesions could reactivate 

mechanisms regulating neuronal differentiation and connectivity which are present in brain 

development (Björklund and Lindvall, 2000). The net effect of this would be to increase 

neurogenic capabilities of the brain and help create an optimal environment for 

regeneration. 

The peripheral nervous system (PNS) exhibits greater natural regeneration capabilities than 

the central nervous system (CNS) where following Wallerian degeneration, Bünger bands 

formed from Schwann cells guide regenerative fibres with potential for full functional 

recovery. The CNS myelinates neurons with oligodendrocytes opposed to Schwann cells 

which are essential for this axonal regeneration in the PNS (Eric Huebner and Strittmatter, 

no date; Fawcettt and Keynes, 1990). Another major contributor to a CNS environment 

which is non-promotional for axonal regeneration is the astrocyte glial scar acting as a 

physical barrier and as a releaser of inhibitory factors. A glial scar comprises of activated 

astrocytes, activated microglia and glial precursor cells is thought to be an attempt to stop 

the spread of damage and re-establish the blood brain barrier (BBB) (Kawano et al., 2012). 

Factors secreted by activated astrocytes include extracellular matrix proteins keratin 

sulphate proteoglycans and chondroitin which cause further tissue damage (Grimpe and 

Silver, 2002) or specific inhibitory factors of differentiation or neuronal growth cone 

development (Barkho et al., 2006). The full extent of the roles that astrocytes play in CNS 

damage is not yet fully understood, however, it appears they have advantageous as well 

undesirable effects. Whether they are complementary to regeneration is unclear. Transgenic 

mice without an astrocyte response and following TBI leads to failure of the BBB, an influx of 
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leukocytes and vasogenic oedema (Bush et al., 1999a). In general, an inflammatory 

environment is associated with decreased regeneration and in the context of pTBI, where 

significant inflammation in the brain is induced, this is likely to have negative impacts 

(VanHook, 2019).  

Stem cell therapies alone are unlikely to be sufficient to cause significant regeneration of the 

CNS in pathological states where the biological environment is not conducive to axonal 

regrowth (Franklin and Blakemore, 1997; Spear et al., 2018). There is a need for the 

development of interventions for the optimisation of the CNS to an environment which 

promotes axonal regeneration.   

 

Figure 1.3: Barriers to regeneration of the CNS in the context of pTBI. IFN, interferon gamma, 

IL-1, interleukin 1, TNFa, tumour necrosis factor alpha, SVZ, subventricular zone. 
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1.2 Potential of neural cell transplantation for pTBI 

1.2.1 Transplanted cells: mechanisms of regeneration and wider considerations 

The last two decades has seen the discovery of endogenous neural stem cells (NSCs) in the 

adult human brain (Ma et al., 2009; Jessberger, 2016). Following injury to the brain, 

endogenous NSCs proliferate then migrate to inflamed or damaged areas (Nakatomi et al., 

2002). However, in pTBI, damage is extensive and large volumes of parenchyma are 

destroyed representing a significant challenge for the endogenous repair mechanisms. The 

response is mostly insufficient as the CNS is not a conducive environment for regrowth and 

repair with inhibitory factors previously mentioned dominating (Peng and Bonaguidi, 2018). 

As the adult human brain has a limited capacity for regeneration, significant attention within 

the neuro-regenerative field has been given to therapies such as exogenous stem cell 

transplants. 

Transplantation of neural progenitor cells has the potential to enhance regeneration within 

the injured brain (Björklund and Lindvall, 2000; Sun, 2016). There are multiple mechanisms 

proposed as to how regeneration is achieved, where different diseases have different 

requirements from stem cell therapies (Dunnett and Björklund, no date). A principle 

mechanism of action is replacement of lost cells which become integrated into existing brain 

tissue (Gennai et al., 2015; Rolfe and Sun, 2015). Cell therapies also exhibit a neurotrophic or 

neuroprotective ‘bystander’ paracrine effect by the release of factors which are mostly 

immunomodulatory and create an environment for more successful regeneration or 

neuroplasticity (Dunnett and Björklund, no date; Dunnett and Bjorklund, 1987). Examples of 

neurotrophic factors include Nerve Growth Factor and Brain Derived Neurotrophic Factor 

(BDNF) (Martino and Pluchino, 2006; Gennai et al., 2015) whereas immunomodulatory 
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factors include interlukin-10 and nitric oxide synthase oxidase (Lin and Du, 2018). Additional 

proposed mechanisms of cell therapies include delivery or restitution of neurochemicals and 

neurotransmitters such as GABA or dopamine (Campbell et al., 1993; Sirinathsinghji et al., 

1993). Restoration of the neuronal and glial environment necessary for proper support and 

processing may be achieved by the addition of grafted cells which help with the burden and 

processing of inhibitory factors (Dunnett and Björklund, no date). Non-specific benefits of 

surgery could be clinical improvements due to a similar mechanisms as seen in deep brain 

stimulation or psychological like placebo effects (Dunnett and Björklund, no date). There 

may also be space occupying physical benefit from grafts as seen in traumatic spinal cord 

injury (SCI) where spinal cord tissue can be used to fill and inhibit further enlargement of a 

spinal syrinx (Falci et al., 1997). Therefore optimal cell therapy for a disease will include a 

graft which supports regeneration via mechanisms specific to the type of damage. For 

example in pTBI, where a large volume of parenchyma is lost, cell replacement will be key 

opposed to neurodegenerative conditions where trophic support may be more beneficial.   

Before human cell therapeutics can be developed, scientific understanding of transplant 

populations and disease pathophysiology must be attained. The overall goal for a 

regenerative therapy should be to decrease mortality and morbidity. Clinical functional 

improvements may be measured by cognition, locomotion, independence or quality of life 

scales. Pre-clinical testing of cell therapies includes evaluating and optimising regenerative 

transplant populations and then testing their efficacy in animal models for outcomes such as 

axonal regeneration and functional recovery. The regenerative capacity and safety of such 

treatments must be checked in animal models before progression to human trials (Cibelli et 

al., 2013). However, animal models do not fully mirror the human CNS environment but 

allow demonstration of regeneration in-vivo. This has been demonstrated successfully in 
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multiple animal models mimicking different CNS pathologies and has led to the continuation 

of in vivo, live animal research in the neuro regenerative field (Ul Hassan, Hassan and Rasool, 

2009; Spurlock et al., 2017).  

Translation of cell therapies to humans requires robust clinical outcome measurement scales 

to allow comparison to controls and other therapies. Outcome measurements have been 

refined over the past 20 years of therapy for TBI so that clinically meaningful readouts are 

prioritised compared to a single representative “global functional score” (Cox, Juranek and 

Bedi, 2019). Examples of these include early physiological factors such as ICP and oedema as 

well as later structural deformities (Cox, Juranek and Bedi, 2019). Multiple human clinical 

studies with stem cells have been conducted for TBI where all showed positive therapeutic 

outcomes (Zhou et al., 2019). However the sample sizes for these have been small and with 

no control groups therefore highlighting the need for long-term multi-centre randomised 

prospective trials. Additional data is required for optimisation of all transplant population 

cell types regarding route and timing of administration as well as safety checking (Zhou et 

al., 2019).  

1.2.2 Cell types with potential for neural transplantation 

There are multiple options of cell types available for neural transplantation each with 

differing characteristics. Table 1.1 provides an overview, advantages and disadvantages for 

the major cell types for transplantation in the context of pTBI. 

Neural cell type 
for transplantation 

Overview Advantages Disadvantages 

Neural stem cell 
(NSC) 

Major progenitor 
cells of CNS 
differentiating into 
neurons, 
oligodendrocytes 

Self-renew 
capabilities (Shi et al., 
2008) 
 

Risk of malignant 
transformation (Lee 
et al., 2012) 
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and astrocytes 
(Vieira et al., 2018) 
 
Can exist as  
neurospheres or 
single celled 
monolayers 
(Narayanan et al., 
2016) 

Ability to replace lost 
neurons  
 
Immunomodulatory 
and neurotrophic 
bystander effects 
(Dunnett and 
Björklund, no date) 
 
Pathotropism 
towards diseased 
structures (Ferrari et 
al., 2012) 

In vivo 
differentiation yields 
low number of 
neurons (T et al., 
2004) 
 
Sourcing of 
autologous cells is a 
lengthy process (Z. 
Wang et al., 2017) 

Oligodendrocyte 
pre-cursor cell 
(OPC) 

Mature into 
Oligodendrocytes 
the myelinating cells 
of the CNS 

Re-myelination of 
neurons (Barateiro 
and Fernandes, 2014) 
 
Neuroprotective 
effects (Wilkins et al., 
2003) 

Sensitive and 
delicate cell type for 
transplantation  

Astrocytes Supporting cells of 
the CNS with 
inflammatory and 
homeostasis duties 

Homeostasis and BBB 
maintenance after 
CNS insult (Burda, 
Bernstein and 
Sofroniew, 2016) 
 
Potential for trophic 
support as well as 
axonal guidance 
(Nicaise et al., 2015a) 

Limited number of 
studies so far 

Olfactory 
Ensheathing cell 
(OEC) 

Glial cells of 
olfactory system  
 
Unique ability for 
neuro-regeneration 
throughout life 
(Barnett and Riddell, 
2004) 

Thought to be 
neuroprotective and 
regenerative (Barnett 
and Riddell, 2004) 
 
Olfactory mucous 
biopsies allow for 
autologous 
transplants (Féron et 
al., 1998) 

Underlying 
mechanism of action 
not yet understood 
and hence not yet 
optimised for 
regenerative 
therapies (Wang et 
al., 2014) 
 

Schwann cells Myelinating cells of 
the peripheral 
nervous system 

Re-myelination of 
neurons (Dezawa, 
2002) 
 
Autologous 
transplants from 
peripheral nerve 

Poor re-myelination 
in presence of 
astrocytes (Afshari, 
Kwok and Fawcett, 
2010) 
 



 18 

harvesting (Casella, 
Bunge and Wood, 
1996) 

Adjunct therapies 
required to improve 
efficacy (Tetzlaff et 
al., 2011) 

Mesenchymal 
stem cells (MSC) 

Multipotent stromal 
cells with ability to 
differentiate into 
osteoblasts, 
adipocytes and 
chondrocytes (Azari 
et al., 2010) 
 
Mostly harvested 
from bone marrow 
or adipose tissue  

Release of factors for 
neuroprotective and 
regenerative (Azari et 
al., 2010) 
 
Easily autologously  
harvested (Martins et 
al., 2017) 
 
Pathotropism 
towards diseased 
structures (Azari et 
al., 2010) 

Effectiveness of 
functional neural 
differentiation 
unclear (George, 
Hamblin and 
Abrahamse, 2019) 
 
Growing clinical data 
sets showing lack of 
clinical efficacy for 
CNS pathology 
(Lukomska et al., 
2019) 
 

Embryonic stem 
cells (ESC) 

Pluripotent stem 
cells capable of 
differentiating into 
further stem cells or 
any type of cell in 
the body (Mahla, 
2016) 

Promising data for 
treatment of other 
neurological 
conditions 
(Takahashi, 2018) 

Ethically 
controversial 
transplant 
population with 
tight regulations 
(Mahla, 2016) 

Table 1.1: Outlines the principle advantages and disadvantages of the major neural 

transplant populations with respect to pTBI. 

My thesis concentrates on the transplant populations of OPCs and astrocytes. These cells 

were selected as they are all CNS specific and represent the main cell types needing 

replacement following pTBI. For significant regeneration following such a pathology, cell 

replacement is a clear goal for grafts perhaps more than providing trophic support alone for 

endogenous repair mechanisms. There have been few clinical studies conducted to verify 

OPC and astrocyte’s regenerative potential for pTBI however the pre-clinical data is 

promising.  

Two widely utilised stem cells in the neuro-regenerative field have been MSCs and ESCs 

however both have their problems in relation to CNS cell therapies. Both cell types are not 
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neurologically restricted in their differentiation potential, and mostly exhibit beneficial pre-

clinical effects through immunomodulation and trophic support rather than cell 

replacement. Currently, MSC therapies are being evaluated for neurodegenerative diseases. 

Autologous bone marrow derived MSC intrathecally administered for amyotrophic lateral 

sclerosis (ALS) in a phase I/IIa clinical trial showed benefits for only a few patients which was 

restricted to the short term following transplantation (Syková et al., 2017). MSC may 

differentiate into non-neural cells and hence stem cell benefits are lost making MSCs a short 

term therapy only unless repeat transplants are given (Lukomska et al., 2019). There has also 

been disappointing benefits of MSC therapy in stroke, Parkinson’s disease and Multiple 

Sclerosis (Lukomska et al., 2019). ESC were not considered for this project due to the ethical 

sanctions in place and uncertainty about the sustainability of using such a cell in future 

therapies (Mahla, 2016).  

OECs and Schwann cells have both demonstrated regenerative capabilities however are not 

yet ready for clinical transplantation and require further research into possible adjunctive 

therapies required to unlock their potential. 

1.2.3 OPC transplantation for pTBI 

1.2.3.1 OPC functions and overview 

Oligodendrocytes are the only myelinating glia of the CNS. OPCs differentiate into mature 

oligodendrocytes which produce myelin allowing neuronal insulation and faster transmission 

of electrical signals in axons. Oligodendrocyte loss results in demyelination and impaired 

neurological function (Goldman and Kuypers, 2015). Oligodendrocyte transplantations are 

currently unsuccessful for regeneration as cells are too mature and fail to integrate into the 

brain and myelinate neurons (Franklin and Blakemore, 1997). Differentiation in vivo allows 



 20 

for cell processes to grow into existing tissue and become functionally active. OPCs are also 

an attractive transplant population as they interact with other neural cells to support their 

development (Barateiro and Fernandes, 2014; Silver, Schwab and Popovich, 2014). OPCs and 

oligodendrocytes increase neuron survival and oligodendrocytes further increase axonal 

lengthening (Wilkins et al., 2003; Nave, 2010). 

1.2.3.2 OPC derivation  

Three priniciple ways for generating OPC cultures are explained; primary culture, cell line 

culturing and transdifferentiation. 

(i) Primary culture: Generation of OPCs from primary cultures is mainly achieved through a 

mixed glial culture. Rodent forebrain or spinal cord is processed to generate the MGC 

containing OPCs as well as astrocytes and microglia (Gao, 2011; Malon and Cao, 2016). Once 

a culture has matured, it stratifies into cell layers with astrocytes at the base, microglia at 

the top and OPCs in the middle. Layers of cells can then be separated to give a purer culture 

of just one cell type. 

Recently a new method has been described where glial progenitor cell cultures were 

generated from adult human bone marrow NG2 positive stromal cells over 14 days (Lam et 

al., 2019). These cells were able to differentiate into myelin producing oligodendrocytes 

when transplanted into myelin deficient mice resulting in life span extension and improved 

motor functions. The authors proposed this method of OPC culturing overcomes existing 

hurdles of cell source restrictions and time frame requirement which currently exist for 

human OPCs.  
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(ii) Cell line culture: Less commonly utilised due to the effectiveness of primary cultures and 

transdifferentiation for OPCs and the time required for cell line cultures to mature.  

(iii) Transdifferentiation: An example of transdifferentiation for OPCs is ectopic expression of 

transcription factor Oct4 in fibroblasts which generate self-renewing and bipotent OPC 

(iOPCs) (Egawa et al., 2016). These iOPCs take a month to develop by skipping the stem cell 

state and potentially offer the advantage of decreasing the risk of tumour formation 

(Amariglio et al., 2009; Gao et al., 2016). iOPCs have been shown to enhance recovery of 

locomotion in a rodent SCI model (J. B. Kim et al., 2015).  

1.2.3.3 OPC pre-clinical data 
 
There is currently limited data for OPC transplantation specifically for TBI. Xu et al injected 

human OPCs into rat models of diffuse traumatic axonal injury which demonstrated 

migration then differentiation into mature oligodendrocytes. Cell survival before 

differentiation was reported to be high with the authors suggesting massive migration along 

white matter tracts. This demonstrates their suitability as a transplant population for 

treatment of injuries such as pTBI where there are high amounts of damage both locally at 

this site of injury but also distantly.  

Neuroprotective effects of transplanted OPCs were demonstrated by Chen et al in a rat 

model of hypoxic-ischemic injury (Chen et al., 2015). Animals were sacrificed up to 6 weeks 

after transplantation. Transplanted cells helped form myelin sheaths. Additionally there was 

stimulation of BDNF and modulation Bcl-2 expression resulting in proliferation of NSCs and 

inhibition of neuronal apoptosis. Spatial learning and memory deficits improved tested via 

the Morris water maze test. 
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Wang et al evaluated the use of OPC transplantation in ischemic stroke and its impact on 

blood brain barrier permeability (Wang et al., 2020). OPCs were injected soon after ischemic 

injury where oedema and infarct size were significantly reduced at 3 days compared to sham 

controls. Authors concluded that OPC transplantation decreased BBB permeability after 

quantifying immunoglobulin leakage. This prevented damaging agents traveling from dead 

or dying parts of the brain to healthy areas. Finally transplantation both improved cognition 

and decreased motor deficits. These results are useful in the context of pTBI as ischemic 

damage occurs due to oedema and haemorrhage increasing ICP and compressing blood 

vasculature.  

1.2.3.4 OPC clinical data  
 
There have currently been a limited number of human clinic trials for OPC transplantations 

for neurological injuries. A major hurdle between pre-clinical and clinic trials has been 

obtaining a suitable population of OPCs. For OPCs derived from ESC or iPSC, lengthy process 



 23 

of 3 and 4 months respectively is required however this can now be hastened by Smad and 

Wnt/B-catenin inhibitors (Egawa et al., 2016). Human ESC derived OPC populations have 

been transplanted into patients with cervical SCI in a phase I/II dose escalation trial (Dose 

Escalation Study of AST-OPC1 in Spinal Cord Injury - Full Text View - ClinicalTrials.gov, no 

date). Safety was confirmed with no severe adverse effects reported as well as neural tissue 

transformation and motor improvements in the majority of patients however this was a 

small cohort study (Jin et al., 2019).  

Figure 1.4: Potential mechanisms of action of stem and progenitor cells in pTBI. Diagram 

adapted from (Gennai et al., 2015). 

1.2.4 Astrocyte Transplantation for pTBI 

1.2.4.1 Astrocyte functions and overview 

Astrocytes function as supporting cells to the CNS with functions ranging from the 

production of trophic factors, removal of debris, immune defences and neurotransmitter 

regulation (Sidoryk-Wegrzynowicz et al., 2011). They are now recognised to carry out or 

support many if not all homeostatic functions of the healthy CNS (Nicaise et al., 2015a). 

Astrocytes are fully differentiated however can be considered ‘stem-like’ cells. At CNS areas 

of injury, astrocytes become activated to form a glial scar (Wang et al., 2018). The process of 

reactive astrogliosis describes the ability for heterogenous and progressive changes in gene 

expression, morphology and proliferation to seal healthy CNS tissue from the areas of 

disease (Burda, Bernstein and Sofroniew, 2016). In this setting astrocytes maintain the blood 

brain barrier but also induce infiltration of leukocytes leading to extracellular matrix 

deposition and inflammatory factors which both inhibit axonal regeneration (Burda, 

Bernstein and Sofroniew, 2016; Wang et al., 2018). Transplantation of astrocytes was 
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therefore thought to be controversial with clear stabilising benefits but anti-regenerative 

downsides to their function (Silver, Schwab and Popovich, 2014). However, contradictory 

recent research portray astrocytes as a necessity for neuroprotection and regeneration both 

in CNS physiological and pathophysiological states (Nicaise et al., 2015a). There has been 

growing interest for astrocytes as a potential transplant population. Human and animal 

studies show loss of astrocytes or deficient astrocyte function contributes to increased 

susceptibility to cell death and disease progression (Nicaise et al., 2015a). An example of this 

is absent astrocyte function leading to massive vasogenic oedema, raised intracranial 

pressure and potential herniation (Bush et al., 1999b). Nicaise et al stress the scientific 

community to investigate further our molecular understanding of astrocytes (Nicaise et al., 

2015a).  

1.2.4.2 Astrocyte derivation 

As astrocytes are fully differentiated cells, they can be obtained from stem cell-derived 

sources or harvested directly as already formed cells. For autologous cell therapies, stem 

cell-derived astrocytes are more practical as do not require the patient to go through an 

injury inducing CNS harvesting procedure. Once again the main strategies for generating 

astrocytes from stem cells are primary culture, cell line culturing and transdifferentiation.  

(i) Primary Culture: A MGC can be used as the primary culture for directly producing 

astrocytes (Gao, 2011; Malon and Cao, 2016). Microglia and OPCs form layers stratified 

above astrocytes in MGCs and therefore need to be removed to leave a pure culture of 

astrocytes. Glial restricted precursor cells (GRPCs) are a new population of tripotent cells 

differentiating into oligodendrocytes and two populations of astrocytes (Rao, Noble and 
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Mayer-Pröschel, 1998). These GRPCS were isolated from E13.5 spinal cord and are capable 

of extensive self-renewal.   

(ii) Cell line culturing: Utilisation of ESC or iPSCs with recent protocols allows for a high yield 

of astrocytes compared to non-astrocyte cells however takes upwards of 90 days (Nicaise et 

al., 2015a). NSCs again are attractive due to the ease of in-vitro culturing. NSC cultures 

require differentiation to astrocytes before transplantation to avoid unspecified 

differentiation into oligodendrocytes and neurons.  

(iii) Transdifferentiation: Criteria for evidence of true transdifferentiation into astrocytes 

include the losing of original committed cell markers, adoption of an astrocyte like 

morphology and expression of astrocyte markers such as GFAP (Nicaise et al., 2015a). There 

is evidence this can occur both in-vivo and in-vitro. MSC and bone marrow stem cells have 

been reported to give rise to astrocytes (Corti et al., 2002; J et al., 2006). Fibroblasts can be 

directly reprogrammed into NSCs which can then be differentiated into astrocytes in a 

laboratory setting for further culturing. Transdifferentiation is currently an efficient but 

expensive way of generating astrocyte therapies.  

1.2.4.3 Astrocyte pre-clinical data 

The potential benefits from astrocyte transplantations are not yet determined and the exact 

roles of astrocytes are less well understood compared to other transplant populations. 

Following debate about the astrocytic regenerative potential, they are not being seen as a 

promising transplant population with vital CNS functions (Chu et al., 2014).  

Gao et al studied induced NSC derived astrocytes in a mouse model of closed head injury 

(Gao et al., 2018). Firstly they showed that differentiated cells had a much greater viability 
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when pre-treated with mouse serum prior to transplantation. A reduction in apoptosis of 

neurons was observed due to increased Crry expression in transplanted astrocytes resulting 

in complement activation modulation and neuroprotection.  

Winter et al demonstrated astrocytes may have functions in guiding neuron pre-cursors 

following widespread neurodegeneration as in seen in pTBI (Winter et al., 2016). Tubular 

collagen micro columns were lined with astrocytes to generate cable like astrocytic networks 

up to 2.5cm in length and which formed densely packed 3D bundles. When neurons were 

co-seeded with these astrocytic networks, neurites extended directly along the aligned 

tubules. This type of regenerative astrocyte therapy could serve to recruit endogenous NSCs 

and or direct axonal regeneration. 

As well as promising results from transplantation for CNS repair in condition such as SCI, ALS, 

stroke (Lepore et al., 2008; Davies et al., 2011; Becerra-Calixto and Cardona-Gómez, 2017; 

Barbeito, 2018), astrocytes may have a regenerative enhancing ability when co-grafted with 

other cell types. Song et al transplanted mid brain derived astrocytes alongside NSCs into a 

rodent model of PD to show an increase in the therapeutic effect compared to just NSC 

transplantation only (Song et al., 2018).  

1.2.4.4 Astrocyte clinical data  

There have been no published studies for the transplantation of astrocytes in human 

patients as of yet. There could be two interlinked reasons for this. Firstly, not enough pre-

clinical research has been conducted to understand the many roles and interactions of 

astrocytes (Nicaise et al., 2015a). Secondly, is the resulting controversy surrounding 

astrocyte functions in pathological states and weather they are pro or anti-regenerative of 

the CNS.  
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Recently Izrael et al intrathecally injected human ESC derived astrocytes into rodent models 

of ALS (Izrael et al., 2018). These cells were transplanted as ‘young astrocytes” and were 

able to migrate through the CNS along the pia mater where they were reported to release 

factors stimulating neuronal survival and growth. Safety was confirmed with none of the 

conventional stem cell issues such as tumorigenesis. The therapeutic potential and safety of 

transplanting these astrocyte populations is currently being assessed in clinical trials on 

patients with ALS. An exciting method for producing large quantities of clinical grade 

astrocyte progenitor cells has also been produced further adding validity to successful 

translation into clinical medicine on a large scale. Human ESCs were expanded and then 

frozen before differentiation into astrocyte populations was induced prior to patient 

administration. 

1.2.5 Current techniques for neural transplantation  

CNS cell therapies are often administered by intraparenchymal stereotactic injection (IPI), 

intravenous (IV) or intra-arterial carotid (IAC) infusions. These currently used routes are not 

without drawbacks. Cui et al emphasise the importance of considering how cells are 

administered to assure patient safety on one hand and guarantee of good quality cell 

delivery on the other hand (Cui et al., 2016). Route of delivery is a key obstacle to effective 

cell therapies. For military pTBI in a battlefield scenario there are logistical challenges for 

which current routes of administration have not been specifically designed.  

1.2.5.1 Vascular delivery 
 
(I) Damage to recipient: IAC infusion carries a risk of embolic complications depending on 

dosage and infusion velocity (Cui et al., 2015). Argibay et al illustrated these points in their 

study of IV and IAC infusion of MSCs into a rat model of ischemia (Argibay et al., 2017). They 
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concluded IAC infusion may promote the risk of cerebral lesions. Pathological damage 

contributed to significant cerebral blood flow drop resulting in obstruction of small vessels 

by transplanted cells causing further ischemia and additional risks of embolism. The same 

authors also concluded that IV delivery was safe but ineffective due to lack of cells reaching 

damaged areas of the brain.  

(ii) Damage or loss of transplanted cells: Venous and arterial delivery of cells is inefficient 

with the majority of cells being lost during lung passage (Fischer et al., 2009; Argibay et al., 

2017) and remaining cells having a limited ability to cross the BBB (Cerri et al., 2015; 

Spurlock et al., 2017). This has been robustly demonstrated with cells being found in the 

lungs, liver, spleen, intestine and kidney of animal models opposed to inflamed CNS lesions 

(Steiner et al., 2012; Cerri et al., 2015; Abramowski et al., 2016). One study showed mannitol 

infusion could be used to allow passage of cells through the BBB (Cerri et al., 2015), 

however, with highly damaged brain tissues such as that in pTBI, this would need careful 

evaluation. These studies were mostly conducted on MSC which may differ in ability at 

crossing the BBB compared to more specific neural cells. 

1.2.5.2 Direct brain delivery 

The neurosurgical technique for IPI delivered NSC transplantation for treatment of ischemic 

stroke is described (Kalladka et al., 2016). Before surgery was commenced, anesthetised 

patients were fitted with a stereotactic frame and underwent MRI and CT imaging for 

identification of suitable target sites and track trajectories. Injection cannula had an inner 

diameter of 3.5mm and an outer of 9mm with a total length of 235mm. Up to four injections 

were delivered with a maximum volume of 100µl per injection where a total of 20 million 

cells were transplanted. The rate in injection was 5µl /min for 20µl boluses at each of five 
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points along the tract separated by 1mm. Assuming multiple injections cannot be given 

simultaneously due to the accuracy required for implanting the cannula, this gives an 

estimated time for delivery of cells of 100 minutes (4 x 20m for injection with 20m for 

insertion and removal of cannulas). Slow injection rates are required to allow diffusions of 

volumes to prevent further damage by displacement of tissues.  

(i) Damage to recipient: A severe complication of IPI delivery is intraparenchymal 

haemorrhage which can be disease exacerbating or even fatal (Kawabori et al., 2020a). IPI 

also causes new injury tracks damaging brain parenchyma and increasing the burden of 

damage further in focal areas. Cells delivered by injection are transplanted to the specific 

point at the end of the needle and cannot be evenly distributed throughout a volume of 

tissue. A study looking into NSC therapy for rat models of TBI showed that nearly all 

transplanted cells were located along injection tracks at 48 hours with only some dispersion 

by two weeks (Harting et al., 2009). In the context of pTBI, a high concentration of 

transplanted cells may have low short term survival rates due to damaged vascular supply 

resulting in an increase of debris and inflammation. The transplantation of dead cells 

explained in the following paragraph also leads to immune invasion which causes further 

damage and is inhibitory to regeneration (VanHook, 2019). 

(ii) Damage to transplanted cells: Transplantation of dead cells cause an inflammatory 

response and increase the burden for removal of debris on the CNS which further inhibit 

regeneration potential (VanHook, 2019). In a mouse model of TBI, delivery of NSCs via IPI 

showed low survival rates compared to lateral ventricle injection (Wallenquist et al., 2009). 

This demonstrates that IPI is not optimal for graft survival. A meta-analysis of pre-clinical cell 

therapies for TBI did however conclude that intra-lesional delivery resulted in larger 
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histological and behavioural changes compared to intravenous or ventricular delivery 

(Chang, Phelan and Cummings, 2015). Therefore it is clear that cells require delivery to 

lesioned or per-lesioned areas as well as higher survival for optimal regeneration. Many 

clinical cell therapy trials for TBI use IPI. Transplanted cells can be damaged or destroyed 

during this process by mechanical forces exerted by passing pressure to inject through a fine 

bore needle (Amer, White and Shakesheff, 2015). Jet flow determines cell damage through a 

needle with gauge size and velocity being the principle determinants (Kawabori et al., 

2020a). Typically a 22G needle is used for stereotactic injections to the brain (H. J. Kim et al., 

2015). Cell death can be increased if cannula obstruction during delivery occurs due to brain 

debris. In this event, the surgeon either has to change the cannula further creating another 

injury tract in the brain or increase the pressure to deliver cells injuring both the transplant 

cells and the parenchyma (Kawabori et al., 2020b). Therefore a pay-off exists between 

increasing needle gauge size for increased cell viability and increasing the injury tract during 

needle insertion.  

An optimal administration route for transplantation has not yet been determined for CNS 

cell therapies such as pTBI. There is clinical need for a delivery technique which provides an 

homogenous distribution of cells precisely targeted towards areas of damage and without 

the risk of complications detrimental to the patients’ health.  
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Figure 1.5: Requirements for a realistic and widely available stem cell therapy. 

1.2.6 Obstacles to clinical application of transplanted cells  

Due to extremely rapid loss of cells following pTBI, neuroprotection alone has limited 

success in mitigating neurotrauma therefore tissue replacement needs to be a clinical goal 

for exogenous cell transplantation. Successful cell therapies must fulfil criteria to be deemed 

safe and scientifically sound for human use before clinical trials are commenced so that a 

sustainable research pathway is established for achieving regeneration (Stem cell therapies 

and neurological disorders of the brain: what is the truth? | Eurostemcell, no date). 

Transplantation must achieve the desired effects, the regenerative capacity must be 
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demonstrated in the laboratory and animal models, cell survival must be long term and 

provide functional improvements and finally all the requirements must be achieved without 

evidence of cell overgrowth or malignant transformation (Lee et al., 2012). If a widely 

available treatment is the goal, then cells must also be easily accessed as well as 

commercially scalable and transported. 

1.2.6.1 Obstacles to implementation of neural cell therapies 

Translating any therapeutic to clinical practice requires multiple years of rigorous testing and 

safety checking with rodent models being the most widely used for neurological purposes. 

Human neurophysiology differs from these models which are often sub-optimal in mimicking 

disease states (Jessberger and Gage, 2014). Pre-clinical and laboratory data for cell therapies 

is promising however translating treatments into clinical practice is proving more 

complicated. There are risks associated with transplanting cells into humans for which non 

are acceptable for a successful therapy. Firstly, therapies must provide benefit to the 

patient. Transplants may fail due to cell death, lack of integration into the CNS or due to 

pathological states of the CNS acting inhibitory to the graft (VanHook, 2019). Secondly is 

safety. Implanting stem cells carries the risk of dysplasia and malignant transformation (Lee 

et al., 2012). NSC transplants have been linked to teratoma and potentially glioma formation 

(Amariglio et al., 2009; Gao et al., 2016). Immune rejection is a serious potential 

complication of any transplant including neural cell therapies (Fainstein and Ben-Hur, 2018). 

Immunosuppressive agents are used to great effect for solid organ transplants (van 

Sandwijk, Bemelman and Ten Berge, 2013) however the risk of infection for patients with 

pTBI may be higher due to a complex clinical picture and long term sedation. Cell death due 
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to the mechanical stress of injection has been previously discussed. Inflammatory states 

present in diseases brains are another mediator of cell quiescence (VanHook, 2019).  

There is substantial scientific research to back up the regenerative capacity of OPCs (Li and 

Leung, 2015; Xu et al., 2015; Scolding et al., 2017; Ludwig et al., 2018; Zhu et al., 2018; 

Chrostek et al., 2019). Astrocyte characteristics are also appearing to be neuroprotective and 

pro-regenerative (Nicaise et al., 2015a). However, both cell types require further research 

into the molecular understanding and application for future human therapies to be 

developed.  

1.2.6.2 Challenges for delivery of TBI cell therapies 

(i) Biological considerations: Condition shock such as temperature, pH or CO2 can occur 

when cells are taken from transport media and transplanted into the brain. This also 

supports the need for further research into medium which better mimic the CNS bio-

environment. Cell migration away from areas of damage is possible decreasing the 

effectiveness of regeneration. Implantation of cells either dead or alive increases the 

metabolic demand on an area of brain parenchyma. Areas of CNS damage such as in pTBI 

will have compromised vascular supply and therefore transplanted cells may not be 

optimally sustained for survival and differentiation.  

(ii) Clinical: Timing of cell delivery is emerging as a key regenerative factor for TBI (Zhou et 

al., 2019). Cell therapies for TBI models given a month after injury showed no improvement 

stressing the importance for timely intervention allowing the CNS environment to turn pro-

regenerative. Preclinical studies of TBI show that transplantation is acutely neuroprotective 

when given only before 2 weeks post injury (Kassi et al., 2019). This possess a timing 

problem for autologous transplants especially in a military situation. The final anatomical 
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destination of transplanted cells is key for maximising regeneration and neuroprotection (Hu 

et al., 2019). This can be maximised by optimising the route of administration for cell 

therapies.  

(iii) Logistical: Cell survival is fundamentally key for successful regeneration. Cell death can 

occur during transportation and storage. There is a clinical need for the development of 

media and methods which can support cells for longer periods of time (Yu et al., 2018) and 

through testing transport conditions such as mechanical disturbance. An optimal storage 

medium would support cells for many days without needing replacement, keep cells 

immature/ undifferentiated and have efficacy at a range of temperatures reducing the need 

for specialised equipment. Optimal transport techniques would have the same 

characteristics whilst also protecting cells from the mechanical trauma of movement during 

travel. A further logistical hurdle is the sourcing of cells which would be manufacture in the 

UK where many safety licencing standards exist.  

1.3 Spraying of neural cells as a novel delivery method  

1.3.1 Characteristics of a spray delivery for cells 

1.3.1.1 Clinical vision 

Spray technology for cell delivery has developed over the past decade being utilised in the 

fields of burn healing, orthopaedics and immunology. To date, a neural cell spray format for 

direct cell application onto the brain has not been developed.  

Spraying of cells onto the surface of the brain is a superficial delivery technique unlike IPI 

where transplants can be delivered to deeper tissues. This however may not be a significant 

limitation as some of these transplant cells are migratory in areas of pathology (Wallenquist 
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et al., 2009; Carney and Shah, 2011). Therefore, neural cell populations may not need 

delivery directly into the injury site as they may be able to migrate towards damaged tissues.  

1.3.1.2 Advantages over other methods 

Potential benefits of spray delivery of cells for TBI are discussed in this section and Figure 

1.5. Given the minimally invasive nature of spray delivery, few adverse clinical effects are 

anticipated, however this needs to be investigated formally.  

Spray delivery offers advantages when compared to other delivery routes of cell therapies. 

The major hurdle for successful vascular delivery as previously discussed is the lack of cells 

reaching targeted tissues making the therapy inefficient (Fischer et al., 2009; Cerri et al., 

2015; Argibay et al., 2017). Spray delivery would deliver cells directly to damaged 

parenchyma. Spraying mitigates against the risk of embolism associated with IAC delivery. 

Vascular delivery is less invasive than spraying which requires direct access to the brain in a 

surgical theatre. However the vast majority of pTBI require early surgical intervention or 

point of access care (Alao and Waseem, 2019) during which cells could be delivered via 

spraying.  

IPI, like spraying, delivers transplant cells directly into target tissues and offer the same 

advantages over vascular delivery (Kawabori et al., 2020a). However, IPIs deliver small 

volumes of cells into an already traumatised area whereas spraying is less invasive and can 

be delivered to target tissues which have been exposed by aggressive debridement 

surgeries. Spraying has additional advantages over IPI. First are the logistical benefits from 

spraying rather than injecting cells. Little to no specialised equipment such as stereotactic 

frames are needed, as with IPI. Second is regenerative parameters of the transplanted cells. 

A higher viability post transplantation may be achieved after spraying compared to IPI due to 
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the reduced mechanical damage from pressure during the passage of cells through a cannula 

(Amer, White and Shakesheff, 2015; Kawabori et al., 2020a). Increased transplant viability 

correlates with better neurosurgical outcomes (Wu, FitzGerald and Giordano, 2018). 

Sprayed cells could be transplanted in a homogenous pattern to deliver cells uniformly to 

areas of damage. This is not the case for IPI where cells are delivered to a small focal area 

and not distributed evenly throughout tissue. Third, is the clinical benefits of spraying rather 

than IPI. No new injury tracts or damage are created in brain whilst spraying unlike the 

insertion of injection cannulae which also carry the risk of haemorrhage from vascular 

damage (Kawabori et al., 2020a). Finally, is the consideration of operating times which can 

be hours for delivery of cells via multiple injections (Kalladka et al., 2016) which are most 

often performed during a second specific operation. This subjects patients to longer times 

under general anaesthetic with the potential for exacerbation of neural damage (Wu et al., 

2019). Spraying of cells could be performed not only during the initial surgery but also within 

minutes, assuming cells are available. 

Transplant cells could be sprayed alongside additional therapeutics such as antibiotics or 

haemostasis formulations.  

1.3.1.3 Considerations needed to introduce this technology 

A clinically useful transplant population of cells would require culturing in a laboratory. In 

the context of utilisation of a cell therapy in a remote location, these cells would then be 

transported to a hospital with clinical need and then stored. Upon arrival of a patient with a 

pTBI requiring neurosurgical debridement, cells would be portered to the surgical theatre. 

Before dural sealing and cranial closure, cells would be sprayed by the neurosurgeon directly 

onto the surface of damaged areas of the brain.  
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Therefore, two lines of research require investigation; spray delivery of neural cells and 

transportation of neural cells. The latter includes transportation of neural cells 

internationally for military application where pTBI incidence greatly increases throughout 

warzones. In such locations the clinical need is high (Pazdan et al., no date) and delivery of 

stem cell therapy is considered a challenging goal. 

 

Figure 1.7: Benefits of a spray delivery format for cell transplantation in TBI.  

1.3.2 Physical properties affecting cells delivered by spraying 

Whilst spray delivery of cells may offer benefits for transplantation, cell therapies must be 

administered to patients in a manner that does not compromise graft success. Delivery of a 
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cell therapy must ensure high viability as well as retention of proliferative and differentiation 

abilities and other key factors underpinning the regenerative potential of the grafted cells. A 

suboptimal delivery technique would potentially result in dead or damaged cells being 

transplanted into the patient. This section will therefore explore considerations that may 

affect cell viability during spray-mediated delivery.  

When being sprayed, there are two potential insults that can occur to the cell which can 

result in cellular damage; nozzle induced cell damage and impact induced cell damage 

(Hendriks et al., 2015). Hendriks et al describe the variables affecting cell viability when 

spraying and that the greatest potential for damage occurs when the cell impacts the target 

surface (Hendriks et al., 2015). Variables for both nozzle and impact damage can be 

optimised for cell survival and retention of cellular markers.  

Nozzle induced damaged is determined by the spray design (Hendriks et al., 2015) where the 

nozzle is the part of the device with the smallest diameter required to aerosolise fluids. Two 

variables can be considered here; pressure for expulsion and nozzle design. High pressures 

generated to create a spray not only increase the velocity resulting in greater impact 

damage, but also increase damage through the nozzle of the spray. Devices which allow the 

operator to control the pressure for generation of a spray, such as a Tisseel fibrin sealant 

spray (EASYSPRAY Quick Reference Guide (for open wound surgery), no date) or airbrushes, 

are preferable to simple pump sprays. The nozzle design can vary in terms of diameter 

circumference where a large diameter or bore will impart less damage. Spray devices can be 

fitted with customised nozzles for increased cell viability demonstrated by Dijkstra et al who 

designed an arthroscopic sprays which generated monodisperse droplets (Dijkstra et al., 

2017).  



 39 

When a cell impacts a surface or substrate, elongation and deformation occur (Tasoglu et al., 

2010). An increase in cell membrane area on impact of up to 5% allows a cell to remain 

intact, however for larger extensions, rupture is observed followed by cell death (Barbee, 

2005). The variables affecting the force of impact are velocity, droplet size, droplet viscosity 

and substrate stiffness (Hendriks et al., 2015). Velocity is a derivative of displacement with 

respect to time (velocity=change in position/change in time) but is effectively the same as 

speed over a short distance (Yıldız, 2016). Velocity therefore states the speed at which a cell 

impacts the surface with greater velocities imparting more damage and decreasing cell 

viability. The velocity at which a cell is delivered by spray can be altered by changing the 

pressure of expulsion and distance between spray to surface. Cells sprayed at lower 

pressures retain a higher viability (Schwartz et al., 2017). Droplet size describes the volume 

directly accompanying a cell on a given trajectory. Large droplets fully surround and 

encapsulate a cell so that on impact into a surface, the majority of energy transferred does 

not reach the cell and little membrane elongation occurs. The reverse is true where small 

droplets impart little protection and cells are damaged on impact. In turn, droplet size is 

determined by the spray nozzle design. Droplet viscosity is a measure of fluid “thickness” 

due to internal friction. An increase in droplet viscosity decreases cell viability on impact as 

droplets cannot deform to absorb and disperse energy which is then transferred to the cell 

causing damage. Substrate stiffness is a measure of hardness for the surface being sprayed 

onto. A high substrate stiffness decreases cell viability as there is little cushioning from 

deformation of the surface on impact. The substrate in a neural cell spray proposed would 

be the human brain which due to its high water content has a relatively low stiffness, 3.23 

kPa (McIlvain et al., 2018), which supports high viability cell spraying. Therefore, the brain 

may constitute an attractive surface for spraying cell onto as it is soft. Taking these 
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parameters into account, it can be predicted that the optimal spray protocol with the 

highest cell viability would include a slow, large size and low viscosity droplet impacting onto 

a soft surface.  

Different cell types are affected by the mechanical stressors of spraying by varying degrees. 

Neural cells where shown to be relatively susceptible to this sort of damage when processed 

by inkjet printing (Xu et al., 2006). Specific neural cell types may be more robustly sprayed 

than others.  

 

Figure 1.8: Mechanical insults and their variables from spraying of cells. 

1.3.3 Preclinical evidence supporting successful cell spray delivery  

Spray technology has only been utilised relatively recently for cell delivery in the tissue 

engineering field. Direct deposition of cells through spraying has received increasing 

attention as a tool for site-specific and on demand application during surgeries and even 

diagnostic procedure throughout different disciplines of medicine.  
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In 2017, Schwartz et al investigated the effectiveness of spraying as a cell seeding technique 

for repopulating a decellularized small intestine ex-vivo model of intestinal failure (Schwartz 

et al., 2017). They first showed that human epithelial colorectal adenocarcinoma cells (CaCo-

2) sprayed at low pressures (0.35 bar) with an airbrush gave viability over 80% and 

homogenous distribution. They then airbrush sprayed CaCo-2 cells onto decellularized 

intestinal constructs at 0.35 bar from a 5cm height. Complete surface area coverage was 

seen with high cell viability which, by day 5, had formed a monolayer of epithelial similar to 

that found on small intestine. They also successfully sprayed organoids onto their 

decellularized constructs with promising results of integration. This bio-airbrush technology 

creates a column of moving air at a manually selected pressure in which cells are propelled 

along.  

Beneke et al published a 2018 study for their immune cell spray (ICS) designed for skin and 

pulmonary applications (Beneke et al., 2018). Human and mouse haematopoietic stem cell 

derived macrophages were delivered via a classical pump spray device. Cell viability was 

similar between sprayed and non-sprayed cells after one hour where cellular markers and 

phagocytosis abilities were not affected. The authors then devised an intra-pulmonary 

method for delivery of their ICS. Optimised cell delivery into the lower airways of the lungs 

required smaller than standard macrophage sizes. Preconditioning cells with hyperosmolar 

sugar solutions allowed macrophage shrinkage of up to 27%. Shrinkage of cells before 

spraying could be analysed for neural cell spraying. Shrinkage may increase viability for more 

fragile cell types by increasing the volume of fluid to cell ratio per droplet sprayed. Increased 

fluid volume per droplet provides increased protection to the cell on impact with a surface 

(Hendriks et al., 2015). 
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Windt et al in 2015 published findings for an arthroscopic airbrush assisted cell implantation 

technique for cartilage repair (de Windt et al., 2015). Human chondrocytes in a fibrin glue 

were sprayed into a scaffold and human cadaveric knees. No difference in viability or 

function was seen between sprayed and non-sprayed chondrocytes. The authors 

commented that using the airbrush technology was feasible and easier to perform surgically 

than injection of cells via a needle. This study was followed up by Dijkstra et al in 2017 who 

designed custom nozzles for airbrush spraying of chondrocytes and mesenchymal stromal 

cells in hydrogels for cartilage repair (Dijkstra et al., 2017). Improved cell viability without 

significant alteration of cell function was seen after spraying with custom designed nozzles 

compared to commercially available sprays. The authors suggested their custom nozzles 

produced larger droplet sizes which could have been responsible for the increase in survival 

post spraying. A 2019 review into the feasibility of the airbrush spraying for cartilage repair, 

promoted its adoption into clinical practice as a less invasive alternative to current 

procedures whilst maintaining therapeutic effects (Dijkstra et al., 2019). 

An intranasal stem cell spray was first trialled as a non-invasive delivery method of MSCs in a 

rat model of Parkinson’s disease (PD) (Danielyan et al., 2011). Although these sprays 

significantly differed to the proposed spraying in pTBI where a high burden of inflammation 

and damage is present at the site of application, this trial supported neural cell delivery via 

spraying. After 4.5 months post spray, ca. 24% of cells had survived with 3% still 

proliferating. This intervention was shown to decrease several inflammatory mediators and 

improve motor symptoms. These findings were corroborated by a similar 2017 study of 

intranasal MSC therapy in a mouse model of PD (Salama et al., 2017). The intervention 

significantly decreased degeneration of dopaminergic neurons in the substantia nigra and 

improved neurobehavioral assessments. 
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Spraying of cells has been translated into clinical practice with the “ReCell” product (AVITA 

Medical | RECELL | Regenerative Medicine for Skin Conditions, no date). This spray on skin 

system is designed for use in operating theatres where an autologous skin biopsy is 

processed over 15-30 minutes for dissociation of cells before being drawn up into a spray 

device. The suspension contains a mixture of keratinocytes, melanocytes, Langerhans cells 

and fibroblasts. The product can be used for treatment for burns, trauma, chronic wounds, 

vitiligo and scar reconstruction. Although this product is not deemed cost effective for the 

NHS (Peirce and Carolan-Rees, 2019), it has been widely used throughout private healthcare 

sectors. 

1.4 Transportation of neural cells 

1.4.1 Clinical need for transportation of neural cells  

Vital to the effectiveness of a stem cell graft is timely application following TBI which have 

been shown to have little effect past one week (Gennai et al., 2015; Kassi et al., 2019; Zhou 

et al., 2019). Therefore it would be desirable for a stem cell spray stock to be maintained at 

hospitals to ensure neurosurgical availability at the time of patient admission. To enable this, 

consideration into the feasibility of transportation and storage of a neural cell spray is 

required. Significant logistical challenges impacting cell viability exist when transporting such 

therapies especially to remote oversees military locations (Spear et al., 2018). Variables to 

counteract during transit include mechanical trauma, temperature fluctuations and potential 

pressure changes relevant to military aircraft supply (Army Aircraft | Military.com, no date). 

Media optimised for the transportation of neural cells are required to facilitate delivery of a 

regenerative cell spray for pTBI. Robust transportation of neural cell populations has wider 

implications for the neural tissue engineering and stem cell fields. This could facilitate the 
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distribution of inaccessible cell populations or allow multiple laboratories to work on the 

same cell cohort. This may encourage collaboration between different expert scientific 

teams for increased efficiency, efficacy and timing for the future development of 

regenerative therapies.  

1.4.2 Requirements for a neural cell transportation system 

Preservation of stem cell viability and physiological properties following transportation from 

bench to patients can significantly affect the success of a cell therapy. A neural cell 

transportation system will deliver a high viability of cells which retain their cellular markers 

and regenerative capacity. Specifically, neural cells properties which should be unaltered 

include proliferative ability, migratory capacity, differentiation capability, retention of cell 

specific markers and preserved viability. Additionally, a transportation system with no 

special requirements such as temperature and environmental gas requirements is more 

practical, inexpensive and simpler to implement.   

Cells are sensitive to their surrounding environment and can survive only hours without 

supportive conditions (Sohn et al., 2013). Cells are maintained in the laboratory by strictly 

controlling environmental parameters of temperature, environmental gas and light with 

equipment such as incubators. Alternatively cell maintenance may be achievable with media 

or a system which can facilitate cell survival for a range of conditions. This latter option is 

preferable for a transportation system as requires far fewer logistical costs and is less 

susceptible to failure during transit as may not be reliant on electricity. There has been 

relatively little research into the transportation of neural transplants over a period of days 

restricting the potential for remote cell therapies (Yu et al., 2018).  
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Variables affecting cell viability and characteristics which are controlled when culturing cells 

include temperature, nutrients, cell density, CO2 concentration, and light. These variables 

need to be addressed when considering a neural cell transport system which may be 

required to sustain cells for days at a time. Temperatures of 4oC have been shown to give 

the highest viabilities for cells undergoing short term transportation (Yu et al., 2018). Human 

amniotic fluid stem cells stored in 4oC DMEM for 12 hours showing a higher viability 

compared to other temperatures. No studies have assessed longer time hypothermic 

storage of neural cells. Cells adapt to low temperatures by decreasing metabolic rates similar 

to animal mechanisms of hibernation. This adaption causes reduced membrane fluidity 

(Graumann and Marahiel, 1996), increased aqueous viscosity (S et al., 2006) and decreased 

enzyme affinity for substrates (C et al., 1997). The coordinated response to cold modulates 

transcription and translation of proteins, the cell cycle and cell cytoskeleton (Al-Fageeh and 

Smales, 2006). These adaptations are for survival where more complicated cellular processes 

such as proliferation or differentiation can be restored when the temperature increases 

(Hunt, 2019). Yu et al described clumping of cells left in transport media at 22 and 37oC for 

12 hours (Yu et al., 2018). Clumping of cells is not only clinically dangerous for vascular 

delivery (Argibay et al., 2017) but could lead to blockages in stereotactic cannulae 

decreasing cell viability (Kawabori et al., 2020a). Nutrients are essential for survival where at 

normal culturing conditions, a high sugar content is favourable for cell function. However, a 

high sugar content supplied by a transportation system at low temperatures can be 

detrimental to cell viability (Yu et al., 2018). A rich nutrient supply promotes metabolically 

active processes such as proliferation and differentiation which at hypothermic 

temperatures often result in cell death. Furthermore, stem cells for transplantation need to 

remain undifferentiated to retain their full regenerative potential during transportation 
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(Franklin and Blakemore, 1997; Gennai et al., 2015). A low cell density for the transportation 

of cells is optimal due to limited availability of oxygen and nutrients (Yu et al., 2018). Carbon 

dioxide concentration is important for maintaining a favourable pH for cell survival 

(Blombach and Takors, 2015). Light on the UV spectrum is damaging but unlikely to reach 

cells being transported however it would be standard practice to fully cover cells during 

transit.   

There are additional obstacles to retaining cell viability and characteristics specific to a 

transportation scenario. Vehicles used for transportation either land, air or sea impart 

mechanical trauma to cells due to movement compared to the static environment of a 

laboratory. Neural cells may have an increased susceptibility to trauma of this type (Xu et al., 

2006). A low economy transportation system utilising ambient temperatures would be 

required to sustain cells over fluctuating temperatures.  

An optimal transport system would be sealed to reduce contamination risk, provide 

adequate nutrients, maintain pH, compensate for temperature fluctuations, be dark and 

provide protection from mechanical movements. Implementation of a pTBI spray cell 

therapy would be promoted if this was achieved with low cost and logistical needs.  

1.4.3 Current transportation techniques for cell transplantation 

Neurological cell therapies utilised in clinical trials have mostly been conducted across few 

or only one clinical site. This mitigates the need for long term transportation media as 

hospitals participating are often in close proximity to the laboratory where cells were 

generated and cultured. However the production of safe and reliable transportation systems 

could allow these clinical trials to be conducted over multiple sites without the recruitment 

of multiple labs. Sohn et al evaluated storage of in-vitro human bone marrow derived MSC in 
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hypothermic saline or a dextrose solution (Sohn et al., 2013). They concluded viability and 

differentiation capabilities were affected when cells were left at 4 degrees or room 

temperature (RT) for longer than 2 hours. Therefore, it is clear that even for short transit 

times, specialised supportive cell media are required to allow successful transportation.  

Human NSCs transplanted into patients with ischemic chronic stroke were transported from 

the manufacturing facility to the hospital pharmacy at 2-8oC at a density of 5x104 cells per 

microlitre (Kalladka et al., 2016). NSCs were transported in HypoThermosol® FRS 

Preservation Solution which contains ions at a concentration matching an intracellular 

hypothermic state, pH buffers, energy substrates, free radical scavengers and osmotic 

stabilisers (HypoThermosol® FRS Preservation Solution | Sigma-Aldrich, no date). This 

solution is slightly viscous and was warmed to room temperate for a maximum of 3 hours 

before cells were transplanted.  

Publications for clinical cell therapies do not describe the mode of transport for which their 

cells are moved. It is presumable that the transport of cells was done with extreme delicacy 

due to short distances and times of transit. Long distance transportation of cells is more 

likely to be a turbulent journey where liquid media will provide little mechanical protection 

to cells.  

1.4.4 Media for transportation and storage of non-neural cells 

Cell transportation has been successfully implemented for blood products such as platelets 

and red blood cells (RBCs). Platelets are an important transfusion product used to manage 

thrombocytopenia. After harvesting and processing from blood donors, platelets are then 

required to be transported and stored until clinically needed. This is most commonly 

achieved with platelet additive solutions (PASs) (Van Der Meer and De Korte, 2018). PASs are 
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designed to metabolically support platelets for 5-7 days at room temperature however 

viability remains high after 13 days (Slichter et al., 2014). These electrolyte solutions allow 

for better cell survival post transfusion and reduced clinical complications compared to 

plasma media (Van Der Meer and De Korte, 2018). A key ingredient is acetate which 

facilitates a stable pH by counterbalancing the oxidation of other metabolites (Shimizu, 

1993). Other important ingredients include potassium, magnesium and phosphate. These 

media are commercially available from multiple companies including Baxter, Macopharma 

and Fresenius and have the potential be altered to match the metabolic needs of neural cell 

populations. Saline-adenine glucose mannitol (SAG-M) solution is the most widely used RBC 

additive allowing survival under refrigerated conditions for up to 6 weeks (Sparrow, 2012). 

The development of this RBC additive was driven by the military to reduce logistical strains 

and management burdens on blood component inventory in battlefield hospitals (Sparrow, 

2012). SAG-M and similar RBC additives have an acidic pH of 5.6 to 5-8 compared to a 

physiologically normal venous blood pH of 7.3 (Sparrow, 2012). This level of acidity is 

required to enable heat sterilisation. RBCs have sufficient buffering capacity to adjust the pH 

closer to physiologically normal within a few days however it is unclear if neural cells would 

be able to cope with such acidic conditions.  

1.4.5 Mechanisms of preserving cells 

Different biomolecules can regulate cell behaviour. Knowledge of their mechanisms of 

action facilitates the development of an efficient transport media. Differentiation and 

proliferation at low temperatures used for transportation are likely to result in cell death 

and therefore need to be suppressed (Yu et al., 2018). Neurotrophins and growth factors 

such as NGF, BDNF, epidermal growth factor and fibroblast growth factor each stimulate or 

suppress proliferation and differentiation behaviour by differing quantities (Martino and 
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Pluchino, 2006; Islam, Loo and Heese, 2009; Wang et al., 2010). Cytokines also impact cell 

fates such as IL-6 which stimulates differentiation of NSCs specifically into glutamate 

responsive neurones and two morphological types of astroglia (Islam et al., 2009). An 

example of cell behaviour influenced by specific molecules is myelin glycoproteins which 

reduce NSC proliferation (Martin et al., 2009). A transport medium should not include 

biomolecules which promote cell proliferation or differentiation. Further research is 

required to identify biomolecules which are useful for supporting cell survival at low 

metabolic rates without promotion of non-vital cellular processes.  

Cryopreservation is a widely utilised technique for the storage of stem cells for research 

purposes (Asghar et al., 2014). This technology has not been adapted adequately for the 

transportation of clinical neural transplant populations (Hunt, 2011). Viability and stem cell 

characteristics can be altered by the freezing and thawing processes (Moll et al., 2014; K et 

al., 2015). Furthermore, cryoprotectant reagents have been linked to severe respiratory and 

cardiac complications if administered to patients when not fully removed from cells (Shu, 

Heimfeld and Gao, 2014). Finally, is the logistical downside of requiring robust equipment to 

maintain the frozen state of cells throughout transit. Cells destined for clinical application in 

TBI patients are therefore better transported in suspension.  

A promising new line of FDA approved products has been developed by the AtelerixTM 

company (Newcastle, UK) who specialise in transporting cells around the world (Technology 

- Atelerix - A ground-breaking solution for cell preservation., no date). Their products involve 

dispersing cells in an alginate gel solution. Below 20oC, cell metabolic rates are significantly 

reduced to allow for long term survival. Following cell transportation, a dissolution solution 

dissolves the gel leaving the cells to be placed back into culture or used in therapies. As well 
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as decreasing metabolic activity, transporting cells in the gel matrix mitigates cell death due 

to attachment and detachment from transportation container surfaces or other (Wang et al., 

2010). Cell detachment during transit may result in cell death through a process similar to 

anoikis (A P Gilmore, 2005). The mechanical stability provided by the gel means cells do not 

collide with the container or other cells throughout transit which would often result in 

damage or death. The following cells have been successfully preserved in AtelerixTM 

products: PBMC, T-cells, B-cells, monocytes, Adipose-derived MSCs, Umbilical Cord-derived 

MSCs, Limbal Stromal Stem cells, Corneal Stromal Fibroblasts, Corneal stromal tissue 

constructs, iPSC-derived cortical neurons, Cardiomyocytes, Kidney proximal tubule epithelial 

cells, iPSC-derived monocyte precursor cells, Dermal keratinocytes, Dermal fibroblasts, HEK-

293 cells, HeLa, Jurkats, C2C12 cells, Mouse Primary skin, 3D skin constructs, iPSC-derived 

hemangioblasts, Cell spheroids (MSCs, C2C12 cells), Colorectal cancer organoids, Urine-

derived epithelial cells and neonatal brain tissue. No neural cell transplant populations have 

not been tested with this product.  

1.4.6 Hibernate-A and Hibernate-E for the transportation and storage of neural cells 

Hibernate-A and Hibernate-E are serum free, basal nutrient media designed for short term 

maintenance of cultured rat neurons and long term storage of viable brain tissue ((No Title), 

no date). Hibernate-A is designed for adult neural tissue and Hibernate-E for embryonic 

neural tissue. Thermo Fisher Scientific (UK) claims that at ambient CO2 levels, neuron 

viability is maintained for 48 hours at 37oC, and with the addition of B-27, viable brain tissue 

maintained for a month at 2-8oC. Hibernate medium is also suitable for the shipping of 

neurological tissues making it an attractive media for the transportation of the neural cell 

spray. Hibernate media contain a large range of inorganic salts, amino acids, vitamins (D-Ca 

Pantothenate, folic acid, niacinamide, pyridoxal, riboflavin, thiamine, B12) and other 
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compounds (D-glucose, phenol red, MOPS, sodium pyruvate, choline chloride, I-inositol). 

Hibernate-A and Hibernate-E differ by osmolarity only.  

Hibernate has been utilised by several studies to increase neuronal survival in sub optimal 

culturing conditions (Brewer, 1997; Kivell, McDonald and Miller, 2001). A dramatic increase 

in cell viability is seen in rat hippocampal and cortical neurons at ambient CO2 in Hibernate-A 

with B27 compared to normal culturing neurobasal media with B27 (Gibco Hibernate Media 

| Thermo Fisher Scientific - UK, no date). The viability after 48 hours in Hibernate-A was 

similar to that of neurons kept at 5% CO2 in the neurobasal media. Although differentiated 

neurons are not being considered a transplant population, the ability to maintain neural cell 

viability at ambient CO2 levels is a promising transportation characteristic. This could reduce 

the need for heavy and expensive CO2 incubators to facilitate long-haul transportation. 

Human umbilical cords were shipped in Hibernate-A (Gibco Hibernate Media | Thermo Fisher 

Scientific - UK, no date) and a normal culturing Dulbecco’s Modified Eagle Medium (DMEM) 

overnight on ice. Human umbilical vein endothelial cells were cultured from the two 

umbilical cords with growth almost being double in the Hibernate-A transported tissue. This 

medium has promising characteristics for a transportation system however evidence to 

validate its potential in transporting neural cell populations at a range of temperatures is 

lacking. Hibernate-A has been clinically approved for human use and was utilised by the 

TRANSEURO group (Cambridge) for transplantation of a cells into patients with Parkinson’s 

disease (Mollers, Dobrossy and Nikkhah, 2011). Hibernate-A is therefore a pre-approved for 

human use media with the potential to allow transportation of neural cells at hypothermic 

temperatures.   
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1.5 Thesis aims 

This thesis aims to prove that OPC and astrocyte populations can be spray delivered and 

stored at low temperatures.  

1. OPCs can survive spray delivery. 
 

2. OPCs retain their regenerative features such as proliferation, cell surface markers  
 

and differentiation into oligodendrocyte lineage cell (OLC) capacities following spray  
 
delivery. 

 
3. Astrocytes can survive spray delivery. 

 
4. Astrocytes retain regenerative cellular features such as proliferation and cell markers  

 
following spray delivery. 
 

5. Hibernate-A can support OPC survival at 4oC and room temperature (RT). 
 

6. OPCs stored in Hibernate-A will retain their cell intrinsic features such as cell specific  
 

markers, proliferation and differentiation capacity.  
 

7. Hibernate-A can support astrocytes at 4oC and RT. 
 

8. Astrocytes stored in Hibernate-A will retain their regenerative features such as cell  
 

specific markers and proliferation.  
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Chapter 2: Methods 
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2.1 Materials 

Primary MGC: Culture grade plastic T175 flasks and 24 well plates were from Thermo Fisher 

Scientific (UK). Media components include DMEM, biotin, insulin, sodium selenite, 

hydrocortisone, human transferrin, thyroxine hormones and sodium pyruvate from Sigma 

Aldrich (Dorset ,UK), GlutaMAX-I and penicillin-streptomycin from Thermo Fisher Scientific 

(UK) and fetal bovine serum from Biosera (Sussex, UK). Human recombinant Fibroblast 

Growth Factor (FGF) and platelet derived growth factor AA (PDGF-AA) was from Peprotech 

(London, UK). Bovine serum albumin (BSA) and N2 supplement were sourced from Thermo 

Fisher Scientific (UK). Poly-D-lysine (PDL) was from Sigma Aldrich. Hibernate-A was 

purchased from Thermo Fisher Scientific (UK). Rodents were CD1 mice sourced from Keele 

University (UK).  

Assays: calcein was from VWR (Pennsylvania, USA), Ethidium homodimer-1 (EH), hoechst 

and Click-iT EDU Imaging Kit from Thermo Fisher Scientific (UK or California, USA). Normal 

donkey serum (NDS) was from Stratech Scientific (Cambridgeshire, UK), Triton X-100 from 

Sigma Aldrich (Dorset, UK) and paraformaldehyde (PFA) from Thermo Fisher Scientific (UK). 

Mounting media with 4’6-diamiodino-2-phenylindole (DAPI) was from Vectasheild 

(Peterborough, UK). Primary antibodies were anti-myelin basic protein (MBP) from Bio-Rad 

(California, USA) and anti-neural-glial antigen 2 (NG2) and anti-glial fibrillary acidic protein 

(GFAP) both from Thermo Fisher Scientific (UK). Secondary antibodies for both fluorescein 

isothiocyanate (FitC) and cyanine 3 (Cy3) included donkey anti-rabbit, donkey anti-rat and 

donkey anti-mouse all from Stretech Scientific (Cambridgeshire, UK).  

Other: Travel mist spray bottles mini spray bottles with funnels for perfume and toner were 

utilised as spray devices and sourced from SelfTek (UK). Trypan blue and TryplE express 
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enzyme were from Thermo Fisher Scientific. WellReady (WR24) In-Plate Preservation kit was 

from Atelerix (Newcastle, UK).  

2.2 Primary rodent MGC 

All experiments were approved by the local ethical committee and performed in accordance 

with the Animals (Scientific Procedures) Act of 1986.  

2.2.1 Preparation of culturing materials 

Nitric acid treatment of coverslips: Coverslips were stored in 1% nitric acid overnight before 

being washed three times with distilled water (dH2O). Coverslips were then shaken in dH2O 

for ten minute intervals at 150rpm six times. Ten minute shakes were repeated a further 

three times with coverslips in 70% ethanol. Coverslips were placed back into dH2O and 

sonicated for five minutes, three times. This was repeated with 70% ethanol in place of dH2O 

then again with 95% ethanol. Treated coverslips were stored in 70% ethanol at 4oC.  

PDL coating of culture flasks and coverslips: T175 culturing flasks or nitric acid treated 

coverslips in 24 well plates were washed with 70% ethanol for five minutes and washed once 

with autoclaved water before PDL (10µg/mL) was added for 20 minutes before three further 

five minute washes were performed. 

2.2.2 Preparation of MGCs 

MGCs containing microglia, OPCs and astrocytes were utilised (Gao, 2011). Tissue was 

sourced from a litter of 8-12 CD1 mice of postnatal age day 1-3 which were anesthetised and 

euthanised with 0.04ml Pentobarbitone via intraperitoneal injection. Individual brains were 

then dissected by introducing sagittal and coronal lesions through head skin and bone 

before being placed in phosphate buffer solution (PBS) on ice. Hindbrain (cerebellar and 



 56 

brain stem) and olfactory tract tissue was discarded to leave cortex tissue which was 

bisected and rolled on sterile towels to remove meninges and blood vessels. Cleaned 

cortices were then minced in PBS using sterile scalpel before being pipetted up and down 40 

times by plastic Pasteur pipette, 5 times by 21 gauge need and 5 times by 23 gauge needle. 

Minced and dissociated brain tissue was then filtered by passage through a 70μm and 40μm 

cell strainer. The filtered solution was then centrifuged where PBS and non-pelleted debris 

was removed leaving cells to be resuspended in MGC culture media comprised of DMEM, 

Penicillin-Streptomycin, FBS, GlutaMAX-I and sodium pyruvate. The cell suspension was then 

divided and seeded into 4 or 5 (depending on litter size) PDL coated T175 flasks containing 

MGC culturing media for a total volume of 20ml. Cultures were maintained at 37oC in 5% 

CO2/ 95% humidified air. A 50% media change was performed after 24 hours and then every 

second day following culture setup. Cultures were left for at least 10 days to allow 

confluency and stratification of cells into a bed layer of astrocytes, a middle layer of OPCs 

and a top layer of microglia (Figure 2.1).  
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Figure 2.1: Light microscopy at x40 magnification of a MGC developing from day 0 to day 10. 

A shows an immature culture with debris and little cell adherence. Culture B has less debris 

A. MGC at day 0 B. MGC at day 3 

C. MGC at day 5 D. MGC at day 7 

E. MGC at day 10 

Microglia 

OPC 

Astrocyte 



 58 

and initial astrocyte cell morphologies visible which increase in frequency in culture C. D has 

a confluent astrocyte bed layer where E shows microglia and OPC cell types stratified on top.  

2.2.3 Derivation of OPCs from MGCs 

After the MGC reached confluency and clear cell stratification had occurred (Figure 2.1E), 

cultures were processed to obtain OPCs. Microglia were removed by placing MGCs on an 

orbital shaker at 220rpm for 2 hours. Following this, all media containing free microglia was 

disposed of and the culture flasks washed once with PBS to remove any remaining microglia. 

20ml of MGC culturing media was then added to each flask before returning to incubator 

conditions for a minimum of 6 hours for re-gassing to occur. OPCs were shaken off by placing 

culture flasks onto the orbital shaker at 220rpm for 16-18 hours. Media containing free OPCs 

was then collected before 20ml of MGC culturing media was replaced into culture flasks 

which were returned to the incubation. OPCs were centrifuged, supernatant disposed of and 

resuspended in 0.5mL of OPC media comprising of DMEM, GlutaMAX-I, sodium pyruvate, 

penicillin-streptomycin, BSA, insulin, transferrin, FGF, biotin, hydrocortisone, PDGF-AA and 

sodium selenite. Viability and a cell count was conducted using a 4:1 ratio of trypan blue to 

cells in OPC medium which was then pipetted onto a haemocytometer and analysed using 

light microscopy. OPC density was adjusted to 2.0x105 cells/cm2 before seeding for spray 

experiments or OPC in Hibernate-A experiments.  

2.2.4 Derivation of astrocytes from MGCs 

After microglia and OPCs had been removed from the MGC, an astrocyte subculture was 

setup to increase culture purity. A MGC flask was treated with 15mL of TrpylE (1 X) to detach 

astrocytes. Exposure was for a maximum of 15 minutes where cultures were on an orbital 

shaker at 220rpm. Every 3 minute interval during this, culture flasks would be firmly tapped 
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to aid detachment which was checked under light microscopy. Following over 90% of cell 

detachment, 5mL of MGC culturing media was added to prevent trypsinisation. Astrocytes 

were centrifuged, supernatant disposed and resuspended in 5ml of astrocyte culturing 

media (same formulation as MGC culturing media). Astrocytes were then seeded equally 

into two T175 PDL coated culturing flasks and returned to the incubator. Astrocyte 

subcultures had media changes every 1-2 days until confluent where astrocytes would be 

detached for spray and Hibernate-A experiments by the same method using TryplE. 

Astrocyte density and viability was confirmed by mixing with trypan blue. Cell density was 

adjusted to 2.4x105 cells/cm2 before plating.  

2.3 Neural cell spray experiment design 

2.3.1 Characterisation of the spray device 

Initial studies to characterise the spray bottle highlighted limitations requiring consideration 

when delivering cells. Consistent sprays were only achieved after multiple pumps were 

performed to fill the internal tubing (Figure 2.2C) with volume to allow a constant supply to 

the nozzle. Sprays before this were inconsistent in volume and would potentially exert 

different stress forces on cells. 

Inconsistent spraying was also seen due to different positioning of the internal tubing of the 

spray device. When the distal opening was not situated in fluid, air instead of media would 

be pumped and then sprayed. This resulted in unreliable spray volumes and inconsistent 

exertional forces.  

To deliver a known amount of cells via spray delivery, the volume per spray needed to be 

calculated. The spray device was partially filled with water so that the distal opening of the 

tubing was completely immersed. A lower bound was marked on the spray device before 
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3mL of water was added and an upper bound was marked. Repeatedly, 3mL was expelled by 

spraying using the upper and lower bounds for consistency. An average number of sprays 

was calculated and divided into 3ml to give an estimate of the volume expelled per spray: 

121µl.  

2.3.2 Analysis of spray pattern diameter  

Spray pattern and diameter were assessed at different heights using water with colouring. 

Spraying from 5cm gave an average spray pattern radius of 3.66cm where measurements 

were of the longest available diameter. Wells in a 24-well plate have a 1.55cm diameter and 

hence spraying from 5cm would cause a considerable amount of cells to be delivered 

outside of the well. To maximise the cells delivered per spray and hence reduce cell wastage, 

cells were sprayed from 1.2cm (height of a well in a 24-well plate) ensuring the cell radius 

was not greater than the well.  

2.3.3 Spray device cleaning protocol  

The external surfaces of the spray devices were cleaned before dismantling and cleaning of 

internal surface with 70% ethanol. The cannister was then partially filled with 70% ethanol 

before resembling the device, inverting four times and then spraying the contents to ensure 

all internal tubing had been sterilised. All parts were separated and left under UV light for 15 

minutes (Figure 2.2). DMEM was then loaded and sprayed through the device ensuring no 

ethanol remained within the internal tubing which could come into contact with cells. Finally 

the position of the internal tubing was marked so that when spraying cells, the device could 

be positioned to ensure the maximum amount of reliable sprays could be achieved.  
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Figure 2.2: Spray device measurement diagram and a picture of four spray devices during 

sterilisation under UV light. A indicates the nozzle, B the cannister and C the internal tubing 

of the spray device utilised for the spraying of neural cells. 

2.3.4 Optimisation of the seeding density and volume 

Attempts were made to seed spray and control experiments at different cell densities 

(1.7x105) however this was abandoned following observation of healthier and denser 

cultures using a standardised density. A total of 363µl (3 sprays of 121µl) was delivered with 

a OPC density of 2.0x105 or astrocyte density of 2.4x105. Some sprayed cells would be 

delivered onto the side of the well due to positioning in the peripheries of spray radius or a 

ricochet effect. A further 137µl was pipetted per well into both control and spray 

experiments immediately following cell seeding for a total well volume of 500µl. This volume 

would be used to wash off cells on the side of spray experiment wells in an attempt to match 

spray and control culture densities.  

2.3.5 Optimised spray protocol 

A spray protocol was designed to ensure that each spray delivered an equal volume and 

frequency of cells. Following loading of the device with cells, sprays would be performed 

A 

B

C



 62 

onto paper towels until consistent volume and velocities were achieved. Next the device 

would be gently rolled and inverted twice to ensure even distribution of cells within the 

spray cannister volume. The mark indicating the positioning of the internal tubing was used 

as a reference to ensure the spray device was held in optimal positioning for reliable sprays. 

A 24 well plate fitted with PDL coated nitric acid treated coverslips would be held near 

perpendicular allowing the spray device to be held in a manner that would ensure the 

internal tubing was immersed optimally. The device was sprayed three times per well. 

Following every third spray, the device would be inverted and rolled again. Following 

completion of spraying, 137µl of OPC medium/ astrocyte media was pipetted in a circular 

pattern over the sides of the well to wash off cells into the base. Finally the well plate was 

gently shaken to ensure even distribution of cells over the coverslip.  

2.3.6 OPC spray overview 

The experimental overview of the OPC spray is demonstrated in Figure 2.3. Following spray 

delivery of OPCs, a 50% media change of OPC media was conducted at 24 hours. At 48 hours 

assays were completed as well as a 100% media change to OPC differentiation consisting of 

DMEM, Gluta-MAX-I, sodium pyruvate, N2 supplement, penicillin-streptomycin, and 

thyroxine hormones. Further 50% OPC differentiation media changes were conducted every 

2-3 days following this until day 7 or 10 was reached. In early experiments, OPCs were 

differentiated for 5 days however this was lengthened to 8 days to allow time for a greater 

degree of OLC maturation to occur.  
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Figure 2.3: Schematic illustrating the OPC spray experimental design from primary culture 

setup to spray delivery.  
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2.3.7 Astrocyte spray overview 

An overview for the astrocyte spray design is shown in Figure 2.4. 24 hours following spray 

delivery of astrocytes, 50% of the culturing media was removed and replaced which was 

then repeated every 2-3 days until 7 days had elapsed. Assays were conducted at both 48 

hours and 7 days post spraying. 
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Figure 2.4: Schematic of the experimental design of the astrocyte spray from primary culture 

to delivery.  
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2.4 Neural cell storage in Hibernate-A at 4oC and room 

temperature  

2.4.1 Estimated duration required for a neural cell transportation system  

An estimate of three days was made for a timeframe long enough for cells to be transported 

to far away locations especially in a military context. This is reflected in neural cell storage 

experiments where cells are stored for three days. An estimate was reached following 

examination of UK and US military supply lines and transportation systems (Logistics: The 

Lifeblood of Military Power | The Heritage Foundation, no date). 

2.4.2 Optimisation of seeding neural cells in Hibernate-A 

OPCs and astrocytes were sourced as described in section 2.2.3. To truly test the ability of 

Hibernate-A to sustain cells at low temperatures, all standard culturing media had be 

removed from the cells. OPC were centrifuged at 1500rpm for 6 minutes and astrocytes at 

1000rpm for 4 minutes. Supernatant of culturing media was disposed of and cells were 

resuspended in 0.5mL of room temperature Hibernate-A. A cell count was performed by the 

addition of trypan blue allowing the cell concentration to be adjusted to standard seeding 

densities (OPC; 2x105, astrocyte; 2.4x105) using room temperature Hibernate-A.  

2.4.3 Seeding OPCs and astrocytes in Hibernate-A 

Three, 24 well plates with PDL coated nitric acid treated coverslips were pre-warmed or pre-

cooled in either 4oC, room temperature or 37oC conditions before 300µl of cells in 

Hibernate-A were seeded. Immediately after, well plates were placed into their experimental 

conditions at the same temperatures. Plates kept in 4oC and room temperature were sealed 

with parafilm to prevent infection risk whilst being stored in unsterile conditions. All plates 
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were covered kept in dark conditions. Room temperature experiments were kept in a 

polystyrene box on the lab bench in an attempt to keep temperature fluctuations minimal.   

2.4.4 Controls experiments 

Hibernate-A media was compared to standard culturing medias. OPC controls were seeded 

at 2.0x105 cells/ml and astrocyte controls at 2.4x105 cells/ml for 300µl per well in their 

standard culturing medias onto PDL coated nitric acid treated coverslips. Controls of plates 

that were sealed with parafilm were ran as well as unsealed plates to control for gas 

exchange. Controls which showed a low viability after one run were not prioritised for 

repeats in terms of cell availability or time.  

Temperature Sealed or non-sealed Repeat number 
4oC Sealed N=1 
4oC Non-sealed N=1 
Ambient Sealed N=1 
Ambient Non-sealed N=1 
37 (5% CO2 incubator) Non-sealed N=4 

Table 2.1: Control experiments of neural cells in their standard culturing media ran alongside 

Hibernate-A studies. 

2.4.5 Overall experimental setup for OPCs stored in Hibernate-A 

OPCs were seeded into Hibernate-A or OPC media in 4oC, room temperature and 37oC/5% 

CO2 conditions for three days. On day 3, Hibernate-A or OPC media was replaced with OPC 

differentiation media and all cultures returned to standard culturing condition of 37oC and 

5% CO2 for 7 days. During differentiation, 50% media changes were conducted every 2-3 

days. An overview is shown Figure 2.5. 
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Figure 2.5: OPCs stored in Hibernate-A for three days overall experimental setup from 

primary culture to assay. 

2.4.6 Overall experimental setup for astrocytes stored in Hibernate-A 

Astrocytes populations were seeded in Hibernate-A or culturing media at 4oC and room 

temperature for 3 days (Figure 2.6). Following this, both Hibernate-A and culturing media 

was removed and replaced with fresh culturing media. These astrocyte populations were 

cultured for 4 further days with 50% media changes every 2-3 days. Assays were completed 

on day 3 and day 7.  
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Figure 2.6: Astrocytes stored in Hibernate-A for three days overall experimental setup from 

primary culture to assay. 

2.5 Characterisation of neural cells  

2.5.1 OPC and OLC assay timepoints 

To assay the potential for adverse effects spraying OPCs had on cellular properties the 

following parameters were measured; cell viability, OPC marker expression and cell 

proliferation (Table 2.2).   

Investigation Assay Mechanism Timeline 
Cell viability Live dead assay; 

calcein, EH, 
hoechst  

Calcein crosses intact 
membranes of live cells, 
EH crosses disrupted cell 
membranes of dead 
cells and hoechst 
crosses all cell 
membranes 

• Day 2 (48 hours 
post spray) 

• Day 7-10 (following 
5 or 8 days of 
differentiation) 

Cell markers  NG2 (OPC) 
 
 
 
MBP (OLC) 

Plasma membrane 
proteoglycan found on 
OPCs and maturing OLCs 
 
Major constituent of 
myelin produce by 
oligodendrocytes 

• Day 2 
• Day 7-10 
 
 
• Day 7-10 

Cell 
proliferation 

Doublet nuclei 
analysis  

Doublet nuclei are seen 
in late telophase and 
early cytokinesis phases 
of mitosis. 

• Day 2 

Table 2.2: Demonstration of investigation of each experimental goal, the assay utilised, its 

mechanism and the timepoint for assessment of sprayed OPCs. 

OPCs were assessed for viability and retention of cellular characteristics following three days 

in Hibernate-A at 4oC and room temperature. OLC were then assessed at day 10 following 7 

days of differentiation for viability and markers (Table 2.3). 
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Investigation Assay Mechanism  
Cell viability Live dead assay; 

calcein, EH and 
hoechst 

Calcein crosses intact 
membranes of live 
cells, EH crosses 
disrupted cell 
membranes of dead 
cells and hoechst 
cross all cell 
membranes 

• Day 3 (following 3 
days of low 
temperature 
storage) 

• Day 10 (following 
7 days of 
differentiation) 

Cell markers: 
 
 
 
 
 

NG2 (OPC) 
 
 
 
MBP (OLC) 
 

Plasma membrane 
proteoglycan found 
on OPCs and 
maturing OLCs 
Major constituent of 
myelin produce by 
oligodendrocytes 

• Day 3 
• Day 10 
 
 
• Day 10 

Morphological 
analysis 

Rounded vs 
processed cells 

Live dead image 
analysis  

• Day 3 

Intracellular 
vacuolisation 

Cytoplasmic/nuclear 
vacuolisation  

Image analysis of 
day3 live dead 

• Day 3 

Table 2.3: OPC and OLC assays to assess 4oC and room temperature storage. 

2.5.2 Astrocyte assay timepoints 

Astrocytes post spray delivery were assessed for viability, astrocyte marker expression and 

cell proliferation at various timepoints (Table 2.4). 

Investigation Assay Mechanism Timepoint 
Cell viability Live dead assay; 

calcein, EH and 
hoechst 

Calcein crosses intact 
membranes of live 
cells, EH crosses 
disrupted cell 
membranes of dead 
cells and hoechst 
crosses all cell 
membranes 

• Day 2  
• Day 7  

Astrocyte marker GFAP Astrocyte cytoskeleton 
protein 

• Day 2  
• Day 7 

Cell proliferation Proportional 
culture 
population 
increase 

Total GFAP+ cell 
increase from 48 hours 
to 7 days 

• Day 2 to day 7 

Phenotype 
assessment 

Astrocyte 
phenotype 
comparison 

Type 1 astrocytes 
frequency compared 
to type 2 astrocytes 

• Day 2  
• Day 7 
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Table 2.4: Astrocyte assays demonstrating experimental goals at different timepoints for 

sprayed astrocytes.  

Astrocytes were assessed immediately following 4oC and room temperature storage and 

then after a period of standard astrocyte culturing conditions. To ensure 4oC and room 

temperature storage had no adverse effects on astrocyte characteristics the following 

parameters were measured; viability, astrocyte markers and proliferation (Table 2.5).  

Investigation Assay Mechanism Timepoint 
Viability  Live dead assay; 

calcein, EH and 
hoechst 

Calcein crosses intact 
membranes of live 
cells, EH crosses 
disrupted cell 
membranes of dead 
cells and hoechst 
crosses all cell 
membranes 

• Day 3 (following 3 
days of low 
temperature 
storage) 

• Day 7 (following 4 
days of standard 
culturing) 

Proliferation Proportional culture 
population increase 

Total GFAP+ cell 
increase from 48 
hours to 7 days 

• Day 3 to day 7 

Morphology 
characterisation 

Rounded vs 
processed cells 

Immunostained image 
analysis 

• Day 3 

Astrocyte 
marker 

GFAP Astrocyte 
cytoskeleton protein 

• Day 3 
• Day 7 

Table 2.5: Demonstration of experimental goals with assays assessing astrocyte storage at 

4oC and room temperature. 

2.5.3 Cell viability 

Cell culturing media was removed from wells and cells washed once with 300µl PBS. A live 

dead solution containing calcein at 1µl/1ml, EH at 3µl/ml and hoechst 1µl/ml which were 

diluted in culturing media for a total volume of 300µl per well, was added. The well plate 

was returned to the incubator for 30 minutes. Following this the live dead solution was 

removed and cells washed 3 times with PBS. Culturing media was added whilst imaging was 

conducted.  
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2.5.4 Cell fixation  

Firstly a needle and tweezers was used to remove coverslips which were placed in a separate 

well plate and covered in 300µl PBS which was removed before fixing. 4% PFA was added for 

20 minutes. Following this PFA was removed and three, five minute PBS washes conducted 

before samples were stored in a 4oC fridge until further processing.  

2.5.5 Immunocytochemistry and processing for imaging  

Wells were blocked with 250µl of blocking solution containing 5% NDS in PBS-0.3 triton X-

100. Primary antibodies (Table 2.6) diluted in blocking solution were left to incubate 

overnight at 4oC. The following day three, five minute PBS washes were performed before 

blocking solution was added for 30 minutes at room temperature. Secondary antibodies 

(Table 2.6) diluted in blocking solution were added to wells for 2 hours at room 

temperature. Three, five minute PBS washes followed. Coverslips were removed from wells 

with needle and tweezers and placed face down onto a droplet of mounting media with 

DAPI on a glass slide. The circumference was then sealed with a commercially available nail 

varnish and left to dry for a minimum of 30 minutes before imaged.  

 Antigen target Dilution in blocking solution 
Primary antibody Anti-NG2 (Rabbit) 1/150 

Anti-MBP (Rat) 1/200 
Anti-GFAP (Rabbit) 1/500 

Secondary antibody  FitC Donkey anti Rabbit 1/200 
FitC Donkey anti Rat 1/200 
Cy3 Donkey anti Rabbit 1/200 

Table 2.6: Primary and secondary antibodies utilised for immunostaining. 

2.5.6 Cell proliferation  

OPC assay: Doublet nuclei can be seen during the late phases of mitosis during late 

telophase or early cytokinesis. Immunostained images at 48 hours were examined to identify 
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doublet nuclei. The following criteria must all be fulfilled for the identification of a doublet 

nuclei; cells must be NG2 positive and exhibit an OPC morphology, cell must be alive with 

neither nuclei exhibiting pyknosis, nuclei shapes must either be clearly dividing or divided 

but in close proximity to one another within the same cell, cells must not have fully 

separated nor cytokinesis completed (Figure 2.7). This proliferation assay would be 

expressed as the number of proliferating OPCs divided by the total number of OPCs. 

Astrocytes assays: Evidence of astrocyte proliferation was demonstrated by three methods; 

doublet nuclei identification, comparison of the proportional increase in astrocyte (GFAP 

positive) culture populations and EdU staining. A Click-iT EdU imaging kit was used according 

to the manufactures instructions. Component A was incubated for 6 hours with astrocyte 

cultures before fixing with 4% PFA for 20 minutes. Samples were washed three times with 

PBS before 0.5% triton X-100 was added to each well for 40 minutes. A further two washes 

with 3% BSA were conducted and then a EdU cocktail prepared in accordance with 

Invitrogen guidelines was added for one hour in dark conditions. Samples were washed 4 

times with 3% BSA and then 4 times with PBS before storage at 4oC or immunocytochemistry 

was carried out.  
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Figure 2.7: Examples of doublet nuclei of proliferating OPCs according to a doublet nuclei 

identification criteria. 
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2.5.7 Morphological analysis following 4oC and room temperature storage 

A range of cell morphologies were identified following storage in 4oC and room temperature 

Hibernate-A. Cells were categorised as either rounded or processed. Morphological analysis 

was conducted using live dead images for OPCs and immunostained images for astrocytes 

where the contrast and exposure would be increased to help identify cellular appearance on 

ImageJ software. Rounded cells have no visible branches and would be spherical in shape. 

Processed OPC morphologies included typical bipolar or perinuclear halo appearances.  

Intracellular vacuolisation were present in OPCs only. This was quantified by analysis of live 

dead images with high exposure and contrast settings. Vacuolisation was identified where 

cell cytoplasm or nuclei were not consistent but appeared with areas of higher and lower 

concentrations of fluorescence.   

2.5.8 Astrocyte culture phenotype assessment 

Immunostained images at both 48 hours and 7 days were analysed for phenotype ratios. 

Each astrocyte was classified based on morphological characteristics of type 1 (flat, 

membranous, unbranched) or type 2 (highly branched, complex) astrocytes (Figure 2.8). 
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Figure 2.8: Astrocyte culture with both type 1 and 2 phenotypes. 

2.5.9 Imaging and quantification  

Fluorescent microscopy images were taken on a Zeiss Axio Observer Z1 equipped with an 

AxioCam MRm powered by Zen 2 software. For every experiment five image fields were 

taken; top left corner, top right corner, centre, bottom left and bottom right.  

ImageJ software was utilised for quantification. For each assay, total cell nuclei were 

counted. Viability assays were analysed where live cells positive for calcein (green) and dead 

cells positive for EH (red) were counted. Immunostained images were quantified by counting 

positively stained and total cells. OLCs at the 7 or 10 day timepoint were not quantified due 

to low numbers of MBP expressing OLCs and technical problems with antibody staining.  
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Doublet nuclei were counted for the OPC proliferation quantification. Proportional increase 

in astrocyte culture populations represented proliferation and was calculated by dividing the 

number of GFAP positive cells at the later timepoint by the population at the earlier 

timepoint.  

2.5.10 Statistical analysis  

At each timepoint for a given assay, an average for each repeat of the experiment was 

calculated by dividing the total positive cells by the total cells. Prism 8 GraphPad software 

was then utilised for statistical analysis. All written results are expressed as the mean ± 

standard deviation where all graphs are scatter plots with error bars representing standard 

error of the mean. Statistically significant differences are indicated between groups on 

graphs where * indicates 0.01>p<0.05, ** indicates 0.001>p<0.01, *** indicates 

0.0001>p<0.001 and **** indicates p<0.0001. 

Data sets were treated as non-parametric due to their low repeat numbers meaning a 

Gaussian distribution could not be assumed. Data was analysed using Mann-Whitney tests 

or Kruskal-Wallis tests with post-hoc Dunn’s multiple comparison test.  

2.6  Pilot experiment: encapsulation of neural cells in a polymer 

gel matrix 

2.6.1 Encapsulation of astrocytes in Atelerix WellReadyTM 

Astrocytes were cultured according to section 2.2.4 and monolayers seeded under normal 

culturing conditions onto PDL coated nitric acid treated coverslips in 24 well plates. Viability 

was checked under light microscopy before encapsulation. Atelerix WR24 kit comprised of: 

gel A, gel B, gel C, gelation buffer 1, gelation buffer 2, dissolution buffer and sterile adhesive 
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plate seals. 8mL of room temperature astrocyte culturing media was added to 2mL of Gel A, 

B and C and vortexed for up to 20 seconds.  

Culturing media was removed from astrocyte monolayers before 0.75mL of diluted Gel A 

and then 0.75mL of diluted Gel B was added to each well by gentle pipetting onto the side. 

0.4mL of gelation buffer 1 was drop wise added over the surface of gel A/B. Following 10 

minutes, 0.4mL of gelation buffer 2 was add drop wise and left for a further 10 minutes. 

0.8mL of gelation buffer 1/2 was removed and gel A/B washed with 0.5mL of astrocyte 

culturing medium. Media was removed before 0.75mL of gel C was added. An adhesive plate 

seal was applied as well as parafilm before placement in a polystyrene box for 24 hours in 

room temperature.   

Figure 2.9: Encapsulation of astrocytes in Atelerix gel. A shows astrocyte cultures before 

encapsulation alongside gel and buffer components. B illustrates astrocytes after 

encapsulation (red arrow) and C the well plate after sealing and for storage in a polystyrene 

box.  

2.6.2 Release of astrocytes and assays completed 

Following 24 hours of storage 1.5mL of dissolution buffer was added for 5 minutes where a 

pipette tip was used to pierce the surface of the gel. Dissolved gel and dissolution buffer was 

removed and this process repeated until all gel had been dissolved and removed. Astrocyte 

culturing media was then added to each well before assays were completed. Assays were 

A B C 
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conducted immediately following the release from 24 hour encapsulation and consisted of 

live dead and immunocytochemistry for GFAP as described in chapter section 2.5. 
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Chapter 3: Neural cell spray 
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3.1 Introduction 

The development of neural cell therapies has been and continues to be of high interest to 

the neuroscience, medical and neurorehabilitation fields.  

The neuro-engineering literature currently reflects that an optimal route for administration 

of neural cells does not yet exist (Kawabori et al., 2020b). More specifically to pTBI, a 

minimally invasive method for transplanting cell therapies into large volumes of CNS tissue 

with the ability to be utilised in the acute setting does not exist. The currently available 

routes of administration and associated limitations for neural transplants were discussed in 

chapter 1. The potential for neuro-regeneration in patients inflicted with immensely 

disabling neurological pathologies is partly being hampered by inefficient and or ineffective 

cell delivery systems.  

The cell delivery route of administration can enhance the regenerative potential of a cell 

therapy in terms of the quality of cells transplanted, timing of intervention and pattern of 

cell delivery. Additionally, certain neurological pathologies are likely more effectively treated 

with a particular cell administration route. Factors to consider include neurosurgical access, 

distribution or pattern of neuronal loss and the optimal timing for intervention. An example 

of this is pTBI where neurosurgical access is almost always available (Alao and Waseem, 

2019), there is diffuse and widespread neuronal damage (Van Wyck, Grant and Laskowitz, 

2015) and the fast application of cells is necessary for regeneration (Bonsack et al., 2020). 

No currently available neural cell delivery technology can match this clinical scenario 

however a spray delivery system can.    

Spray delivery of neural cells offers a novel approach to regenerative therapies. This 

technology has advantages over currently available neural cell delivery routes and would be 
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particularly suited to the treatment of pTBI as discussed later in section 3.4.6. To the best of 

my knowledge neural cells have never been delivered via a spray and therefore I believe this 

warrants investigation. Proof of concept for a neural cell spray requires evidence from two 

lines of research. Firstly is to evaluate the effect spray delivery has on neural cells. Secondly 

is the feasibility of long distance transportation of neural cells. This chapter aims to 

investigate whether OPCs and astrocytes can be delivered via a spray whilst retaining 

cellular characteristic features such as stem cell markers, proliferative and differentiation 

abilities.   

3.2 Hypothesis  

Given the evidence outlined above I generated the following hypothesis, which will be 

tested in this chapter: 

9. OPCs can survive spray delivery. 
 

10. OPCs retain their regenerative features such as proliferation, cell surface markers  
 

and differentiation into OLCs capacity following spray delivery. 
 

11. Astrocytes can survive spray delivery. 
 

12. Astrocytes retain regenerative cellular features such as proliferation and cell markers  
 

following spray delivery. 
 

3.3 Results 

3.3.1 OPCs survive spray delivery  

 
OPC viability was assessed at 48 hours and OLC viability at 7-10 days post spray. Using a live 

dead assay, viability remained above 55% across all time-points. At 48 hours, OPC viability 

for sprayed cells (58.61 ± 11.77%) compared to control viability (84.51 ± 2.17%) was 
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significantly reduced (p=0.0022, Mann-Whitney test, n=6). At 7-10 days, no statistically 

significant difference (p=0.8857, Mann-Whitney test, n=4) was observed between viability 

for sprayed OLCs (70.79 ± 15.12%) and the control (76.85 ± 19.58%).  

Microscopic observation showed similar cellular morphologies and adherence capabilities of 

sprayed OPCs compared to controls (Figure 3.1). Despite attempts to standardise cell density 

between sprayed and control OLCs, often a reduction in cell numbers per fields was 

observed in spray experiments.  
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Figure 3.1: OPC viability at 48 hours and OLC viability at 7-10 days after spray delivery. Live 

cells were stained with calcein (green arrow), dead cells with EH (red arrow) and cell nuclei 

blue with hoechst. A shows control cells after 48 hours. B illustrates sprayed cells 48 hours 

post-delivery. C shows day 7-10 control cells. D depicts day 10 cells following spraying. E and 
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F graphically show percentage of viable cells from spray and control cells at 48 hours and 7-

10 days. Data was analysed using the Mann-Whitney tests. A Statistical significant reduction 

was present between 48 hour spray and control cells (p=0.0022), n=6. No significant 

difference existed between sprayed and control cells at 7-10 days (p=0.8857) n=4. 

3.3.2 OPCs retain specific cell markers following spray delivery 

 
Immunostaining was performed at 48 hours to identify neural glial antigen 2 (NG2) (OPC 

marker) (Figure 3.2). A high proportion of sprayed OPCs expressed NG2 (78.22% ± 13.19) 

which was similar to control cells (89.44% ± 8.34). There was no significant difference in the 

proportion of cells expressing NG2 (p=0.3095, Mann-Whitney test, n=6). No morphological 

difference was observed on microscopic examination (figure 3.2A,B). 

3.3.3 Sprayed OPC retained their proliferative capability 

 
A ‘doublet’ nuclei analysis was carried out to determine the proliferative capabilities of 

sprayed OPCs at 48 hours. The proportion of total NG2 positive cells that show doublet 

nuclei pattern was analysed. Sprayed OPC doublet nuclei (10.68 ± 4.31) and control doublet 

nuclei (12.35 ± 4.75) did not significantly differ (p=0.6857, Mann-Whitney test, n=4). No 

formal proliferation assay such as EdU was completed. 
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Figure 3.2: Retention of early OLC marker and proliferation after spray delivery. Cells are 

immuno-stained with NG2 and hoechst. A demonstrates control cells after 48 hours. B shows 

cells 48 hours post spraying. Both images have inserts of doublet nuclei from proliferating 

cells. C graphically illustrates NG2 expression in OLCs post spray compared to a control. Data 

was analysed with a non-parametric Mann-Whitney test concluding no significant difference 

in NG2 expression (p=0.114), n=6. Graph D compares the average percentage of NG2 positive 

doublet nuclei indicative of a dividing OLCs at 48 hours. A Mann-Whitney test concluded no 

significant difference in doublet nuclei percentage between spray and controls (p=0.686), 

n=4. 
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3.3.4 Sprayed OPCs show evidence of differentiation  

Immunocytochemistry was performed at 7-10 days for MBP. Evidence demonstrating the 

different stages of maturation of an OLC (Sarliève, Rodríguez-Peña and Langley, 2004; 

Barateiro and Fernandes, 2014) was seen after spray delivery (Figure 3.3). It was observed 

that sprayed cells often take longer to mature than control OLCs. Due to time constraints, a 

full dataset was not available to conduct a systematic morphological analysis of the 

differentiated oligodendrocytes. 

 

 

 

 

 

 

 

Figure 3.3: OLC morphologies following spray delivery. A and B demonstrate a typical OPC 

morphology. C and D show a preoligodendrocyte cell. E and F illustrate an immature 

oligodendrocyte and G and H a mature oligodendrocyte.  

Experiments in this section could not be completed to yield a full data set due to the 

COVID-19 pandemic and laboratory closure. 

• Quantification of OLC phenotypes could not be completed. 
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3.3.5 Astrocytes survive spray delivery  

Astrocyte viability following spray delivery remained above 80% at a 48 hours 7 day time-

point (Figure 3.4). Live dead assays were utilised for assessing viability. At 48 hours, sprayed 

astrocyte viability (83.44% ± 6.76) was lower than the control (97.53% ± 0.62). Statistical 

difference existed between the spray and control (p=0.0022, Mann-Whitney test, n=6). 

Spray viability was higher at 7 days (97.45% ± 3.61) similarly to the control (99.77% ± 0.36) 

where statistical difference remained (p=0.0216, Mann-Whitney test, n=6). No observable 

difference was seen in the substrate adherence of sprayed astrocytes (Figure 3.4A, B).  
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Figure 3.4: Astrocyte viability following spray delivery. Live cells were stained with calcein 

(green arrow), dead cells with EH (red arrow) and cell nuclei stained blue with hoechst. A 

shows controls after 48 hours. B demonstrates sprayed cells after 48 hours. C illustrates 
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control and D sprayed cells after 7 days. Graph E and F demonstrate the percentage of live 

cells at 48 hours and 7 days where data was analysed with a nonparametric Mann Whitney 

tests for significance (p=0.0022, p=0.0216 respectively), n=6.  

3.3.6 Sprayed astrocytes retain GFAP expression  

Expression of GFAP in sprayed astrocytes at 48 hours was high (85.69% ± 7.90) and similar to 

the control (89.91% ± 6.22) (Figure 3.5). After 7 days, GFAP expression in sprayed astrocytes 

(88.70% ± 6.31) remained similar to the control (92.22% ± 1.73). At both 48 hour and 7 day 

time-points GFAP expression did not statistically differ significantly between the spray and 

control cells (p-values>0.05, Mann-Whitney tests, n=6 and n=5 respectively).  
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Figure 3.5: GFAP expression in astrocytes following spray delivery. GFAP (green arrow) and 

hoechst in blue were stained for. A shows 48 hours control cells. B illustrates cells 48-hour 

post spray. C demonstrates control and D  sprayed cells at day 7. Graphs E and F present the 
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percentage of cells expressing GFAP at 48 hours and 7 days respectively. Non-parametric 

Mann-Whitney tests concluded no significance for either 48 hours (p=0.240, n=6) or 7 days 

(p=0.309, n=5).  

3.3.7  Sprayed astrocytes retain proliferative capabilities 

Evidence of proliferation was identified in three ways; EdU proliferation assay, identification 

of doublet nuclei and calculating the relative increase of GFAP positive cells from 2 to 7 days. 

Firstly, in a small number of studies in both controls and sprayed cells an estimated 7.69% of 

cells were stained by EdU (Figure 3.6A-B) showing evidence of recent mitotic DNA 

replication. Secondly, proof of recent nuclei replication and division before full cell splitting 

can be seen as doublet nuclei (Figure 3.6A-B). Thirdly was a comparison to determine the 

relative proportional increase in GFAP positive nuclei from day 2 compared to day 7 (Figure 

3.6C). Proportional astrocyte population increases in the spray (1.36 ± 0.26) and the control 

(1.47 ± 0.21) were similar with no statistically significant difference (p=0.547, Mann-Whitney 

test, n=5).  
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Figure 3.6: Proliferation of astrocytes post spraying. Images are stained for GFAP (green 

arrow), EdU (red arrow) and hoechst in blue. A demonstrates astrocyte control cultures and B 

spray cultures at 48 hours where both have inset showing doublet nuclei. C graphically plots 

the relative proportional increase in GFAP+ cells from 2 to 7 days of culturing. Data was 

analysed with a Mann-Whitney test showing no significant difference in the proportional 

increase in GFAP+ cells (p=0.548), n=5. 
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3.3.8 Assessment of phenotype morphologies of sprayed astrocytes  

Astrocyte morphology phenotype (Type-1 [flat, membranous, unbranched] or Type-2 [highly 

branched, complex] ratios were calculated (Figure 3.7). There was no statistical differences 

between the proportions of type-1 and type-2 astrocytes across spray and control cultures 

at either 48 hours (p-values>0.05, Mann-Whitney tests, n=6) or 7 days (p-values>0.05, 

Mann-Whitney tests, n=5). Type-1 astrocytes were most numerous in the spray (48 hour; 

82.93 ± 2.05, day 7; 81.05 ± 2.76) and the control cultures (48 hour; 84.15% ± 1.33, day 7; 

81.78% ± 2.49). Type-2 astrocyte were therefore less frequent in spray (48 hour; 17.07% ± 

2.05, day 7; 18.95% ± 2.76) and control cultures (48 hour; 18.82% ± 2.49, day 7; 15.85% ± 

1.33).  

 

Figure 3.7: Safety comparison of astrocyte spray cultures. Graphs A and B show the 

proportions of type 1 and type 2 astrocyte morphologies at 48 hours and 7 days respectively. 

No statistical significance was found from Mann-Whitney tests (p-values>0.05) at either 48 

hours (n=6) or 7 days (n=5).  

3.4 Discussion  
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I have demonstrated for the first time that OPC and astrocyte populations can be delivered 

in a spray format. OPCs can be successfully sprayed and retain a high viability and their cell 

specific characteristics such as marker expression, proliferation and differentiation. Similarly 

sprayed astrocytes retained viability, marker expression and proliferative capabilities. The 

impact spraying imparts to neural cells and how this may be further optimised are discussed 

in sections 3.4.1, 3.4.2, 3.4.3 and 3.4.5. Spraying as a delivery technique is a new tool for cell 

therapies with unique advantages compared to existing technologies. From my studies, I 

present evidence for further investigations to be conducted into the production of neural 

cell sprays. 

3.4.1 OPCs survive and retain characteristic cellular features following spray delivery  

OPCs retained a viability of ca. 60% following spray delivery which increased as OLCs were 

differentiated however viability can be increased by optimisation of the spray device. 

Viability results from spray experiments did show more inter-experimental variability than 

pipetting. This may be due to the fact that relatively low cost spray bottles were used in 

these feasibility studies where manufacturing standardisation between units may not have 

been tightly regulated. Again, optimising a neural cell spray device should mitigate the 

variability in viability.  

High expression of NG2, characteristic OPC and OLC morphologies and proliferation was 

observed following spray delivery which are key features underpinning therapeutic 

potential. NG2 is specific being expressed only by immature OLCs such as OPCs and pre-

oligodendrocyte cells (Sarliève, Rodríguez-Peña and Langley, 2004; Barateiro and Fernandes, 

2014) and by pericytes in the developing CNS (Karram, Chatterjee and Trotter, 2005).  
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MBP stained OLCs with extensive branching and developed morphologies were observed 

however quantification could not be completed for multiple reasons. Laboratory and batch 

failures for the primary MBP antibody resulted in failed staining. Frequently only few MBP 

positive cells could be identified making numbers too low for robust analysis. However, a full 

range of the stages in the OLC maturation process were identified including mature or 

myelinating capable cells providing evidence that differentiation occurred following spray 

delivery. A small difference in the speed of maturation between sprayed and pipetted OPCs 

was observed with sprayed cells maturing slower however further analysis is required to 

quantify this result.  

Evidence for the retention of proliferation capacity was seen by identification of doublet 

nuclei from dividing OPCs with similar rates reported in sprayed and control experiments. 

Doublet nuclei are seen in late telophase and early cytokinesis phases of mitosis. Frequency 

of doublet nuclei was expressed as a percentage of total NG2 positive cells and hence 

represents the number of near complete OPC proliferations.  

These results demonstrate OPCs can be sprayed delivered. Remyelination of the damaged 

CNS can only be achieved by mature oligodendrocytes which were observed after 

differentiation from sprayed cells. Further experimental evidence is required to quantify the 

proliferation and maturation speed and frequency of sprayed OLCs.  

3.4.2 Characteristic features of a sprayed astrocyte  

I have shown that astrocyte populations can be spray delivered successfully onto glass and 

retain a high viability with expected cellular behaviours. Spraying did not impede the cellular 

ability of astrocytes to form healthy cultures similar to those seen in standard cultures. 

Importantly for translation into a clinical therapy, astrocyte capabilities of proliferation and 
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GFAP expression were not altered compared to controls. These capabilities are fundamental 

to the astrocytic role in homeostasis and reacting to CNS damage (Nicaise et al., 2015b; 

Burda, Bernstein and Sofroniew, 2016; Wang et al., 2018). Although evidence of 

proliferation was demonstrated by three techniques, further investigations should recruit 

more reliably quantifiable methods.  

Safety assessments were conducted by comparing astrocyte GFAP+ phenotypes to establish 

if spraying altered the relative proportions of astrocyte subpopulation. Ratios remained 

stable over time and equivalent to the controls demonstrating that spray delivery did not 

unevenly impact a single phenotype’s ability to survive or proliferate.  

Although viability at an early time-point post spray was high (ca 85%), there was a reduction 

when compared to the control. This is likely a reflection of the harsh spray equipment 

adopted for this proof of concept project. Astrocytes seem to be more robustly sprayed 

compared to OPCs with the currently utilised spray device. 

3.4.3 Neural cells delivered by spraying cannot be compared to currently available 

delivery routes without further research 

The current literature reflects that an optimal neural cell transplantation technology has not 

yet been determined (Kawabori et al., 2020b). A significant unknown characteristic of the 

neural spray technology is how cell viability after optimisation would be effected in 

comparison to other delivery routes. As the spray conditions used in this project were for 

proof of concept, a direct comparison of neural cell viability to other administration routes is 

inappropriate at this time.  

The majority of recent clinical trials adopt IPI as the route of neural cell delivery however 

currently no stereotactic injection cannula exists which is FDA approved for cell 
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transplantation (Kawabori et al., 2020b). Cannulae designed for other uses are adopted in 

the clinical trial setting (Steinberg et al., 2016; Shichinohe et al., 2017). The viability of bone 

marrow stem cells (BMSCs) was assessed before and after being passed through these 

cannulae showing a reduction of up to 6% (Kawabori et al., 2020b). Cannula blockage is an 

important determinant of IPI delivered cell viability which was not assessed in this study 

meaning in reality, a significantly greater reduction may be experienced on occasions. When 

a blockage occurs, the neurosurgeon can either increase pressure for injection causing jet 

flow and damage to cells or change the cannula which exposes the brain to another injection 

tract of damage and risk of haemorrhage. In a clinical setting, sprayed cell viability should be 

more reliably consistent compared to IPI where cannula blockages are encountered 

frequently enough to be considered a serious disadvantage. This project assessed viability 48 

hours after spraying only and therefore a reduced viability may reflect the original culture 

and not just the spray delivery. Neural cells such as OPCs and astrocytes also have different 

characteristic features to BMSCs and hence comparison between cell types is inappropriate 

and likely to be inaccurate.  

It is clear that stereotactic injection does effect transplant viability. The neural spray needs 

to be optimised for cell survival before comparative studies with other delivery routes such 

as IPI can be performed. Neural cell therapy delivery options should soon include spraying as 

well as IPI, IV, IA or intrathecal.  

3.4.4 Optimisation of the neural cell spray 

The spray device design needs to be improved, perhaps in collaboration with pharmaceutical 

companies, to increase the potential for translation into a clinical therapeutic device. Table 

3.1 summarises ways in which this may be achieved. 
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Cell damage during delivery via a spray is determined by multiple factors; cell impact 

velocity, cell surrounding droplet size, cell surrounding droplet viscosity, substrate stiffness, 

nozzle bore size and nozzle design (Hendriks et al., 2015; Dijkstra et al., 2017). The nozzle 

design and air pressure are responsible for nozzle induced damage. Nozzle design further 

influences other spray variables of droplet size, bore size and cell velocity. Exact 

characteristics of the spray device utilised during this project are not known however 

Dijkstra et al demonstrated custom designed cell spray nozzles can lead to significant 

increases in viability (Dijkstra et al., 2017). They speculated that the large droplet sizes 

produced by their device was a key to higher viability. A larger nozzle bore size also 

decreases resistance and cell sheering forces during aerosolization for reduced nozzle 

induced damage. High impact velocities are cell damaging where optimisation may be 

achieved in two ways. The first is by increasing the distance from spray to substrate 

(approximately 1.2cm for this project). This would be in keeping with clinical neurosurgical 

sprayed materials such as TISSEEL or EVICEL fibrin sealants which are delivered from 5cm 

(EASYSPRAY Quick Reference Guide (for open wound surgery), no date). The second is to 

decrease air pressure through the nozzle during aerosolization. Decreasing air pressure 

would also reduce nozzle induced cell damaged and can be strictly controlled using manual 

gages rather than pump spray devices as used in this project. A low droplet viscosity as used 

in the current experiments is protective. Glass is considerably stiffer than the human brain 

due to its high water content.  

By optimising the neural spray device for cell viability, an increase in transplantation of live 

cells as well as increased cell quality may be achieved. An example of this could be 

mitigation of the delay in the potential slower maturation observed for sprayed cells 

compared to pipetted cells in preliminary studies.  
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An observed difference in cell density across all time-points was observed in spray 

experiments compared to their controls. There is likely two main reasons for disparity; the 

overall reduction in viability and a cell ricochet effect. The latter of these occurs at the 

instant cells were sprayed onto glass at such a force that a proportion had secondary 

trajectories out of the designated experimental well. No attempt was made to analyse the 

spray cell pattern which could be achieved by spraying onto larger surface areas and 

allowing attachment before additional media is added. It is likely differing densities and 

viabilities occur at the centre compared to the peripheries of the spray radius (Hendriks et 

al., 2015).  

Spray Variable  Description of Potential Optimisation  
Nozzle design and 
bore size 

Customised wide bore design may reduce nozzle induced cell 
damage as well impacting other variables of cell impact velocity, 
droplet volume and spray pattern (Hendriks et al., 2015; Dijkstra 
et al., 2017) 

Impact velocity Lower air pressure used to generate a spray and increase the 
distance sprayed cells travel from nozzle to impact substrate 
(Hendriks et al., 2015; Dijkstra et al., 2017) 

Droplet volume Increase in droplet size may provide cushioning to cells upon 
impact with the substrate (assuming cell is in the centre of 
droplet as sheer stresses are greater at the edges) which can be 
achieved through low pressure sprays and nozzle design 
(Hendriks et al., 2015; Visser et al., 2015) 

Droplet viscosity A low viscosity droplet increases cell protection by flowing 
around the cell whereas when the droplet viscosity is greater 
than the cells, the cell flows around the droplet and is more 
vulnerable to damage (Hendriks et al., 2015)  

Substrate stiffness Soft substrate stiffnesses (like that of the brain) provide 
mechanical cushioning for an decrease in cell shearing (Hendriks 
et al., 2015) 

Table 3.1: Variables of a spray for optimisation of cell viability after delivery.  

3.4.5 Clinical benefits of neural cell spray for pTBI 

A spray delivery system for cell therapies offers multiple benefits which are suited to 

pathologies such as pTBI where a quickly administered, widely covering and non-damaging 
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therapy is preferable. This approach has neurosurgical uniqueness which is explored in Table 

3.2. 

Spray delivery 
advantage 

Explanation and comparison to alternative delivery techniques  

Homogenous cell 
distribution 

An equal number of cells are delivered per surface area compared 
to injections where all cells are delivered to one focal area and a 
concentration gradient is established diminishing over distance. 

Non injury inducing Cells are sprayed onto the surface of the brain and not injected via 
cannula which create new tracts of damage in already vulnerable 
and injured parenchyma further increasing risks of haemorrhage. 

Reduced risk of 
infection 

Spray equipment does not come into contact with brain 
parenchyma for transfer of pathogens unlike needles or catheters.    

Application during 
neurosurgery 

Cells can be sprayed after the debridement in neurosurgery and do 
not require additional surgeries or further procedures such as ICA 
infusions.   

Simultaneous drug 
or biomolecule 
delivery 

Drug or biomolecules such as antibiotics can be added to the spray 
formulation to be delivered simultaneously with cells over damaged 
areas in a homogeneous pattern. 

Fast and simple 
delivery 

Spraying can be performed within seconds opposed to multiple 
injections taking up to 30 minutes each which are procedurally 
more complex. This reduces time and resources required to keep 
patients anesthetised. 

Table 3.2: Potential advantages of a spray delivery system for neural cell transplants. 
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Chapter 4: Testing transport media to support neural 

cell storage and delivery  
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4.1 Introduction 

There is a need for transportation of neural cell populations both in a clinical and scientific 

context. Few systems have been developed for sustainable transportation of neural cells 

over long distance or multiple days. A major specific hurdle to a cell therapy for pTBI is the 

acuteness and location of patients inflicted. Clinical cell therapies are especially required in 

remote locations such as military hospitals where pathologies such as pTBI are prevalent 

however transplantation for even domestic pTBI pose significant logistical challenges. For 

the availability of neural cell therapies in these locations, research is needed into cell 

transport and storage systems. Robust cell transportation systems will also enable enhanced 

collaboration within the neural engineering field for cell sharing and a greater efficiency for 

therapy development. To maximise the therapeutic benefit of cell therapies for the 

treatment of extensive pathologies such as pTBI, timely administered following injury is 

paramount. Currently there is no infrastructure that supports the manufacture, 

transportation and storage of neural cells for neurological trauma. There is a need for 

research to investigate the potential for utilisation of cell therapies in distant neurosurgical 

sites. 

Currently OPCs and astrocytes for cell therapy are not transported long distances but 

manufactured and utilised within close proximity to manufacture sites. Clinical grade cells 

are therefore not transported over any distance. Research purpose neural cells may be 

transported by freezing (Pischedda et al., 2018) however cryopreservation has not been able 

to be adapted for clinical neural cell transplants (Hunt, 2011). Providing the potential for 

delivery of scaled up cell therapies or to those not in the immediate vicinity of the 

manufacturing site is a clear clinical goal. Specialised transport and storage systems are 
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required to enable this. Hibernate-A is a CO2 independent nutrient media manufactured for 

the storage of neural cells and tissue at room temperature and refrigerated conditions. 

Hibernate-A has not been tested as a neural cell transport media or for the storage of OPCs 

and astrocytes specifically (discussed in section 1.4). Hibernate-A has been pre-approved for 

the use of cells to be transplanted into humans. In this chapter, Hibernate-A will be 

evaluated as a transport media for OPCs and astrocytes.  

4.2 Hypothesis  

The follow hypotheses will be tested in this chapter: 

13. Hibernate-A can support OPCs survival at 4oC and RT. 
 

14. OPCs stored in Hibernate-A will retain their cell intrinsic features such as cell specific  
 

markers, proliferation and differentiation capacity.  
 

15. Hibernate-A can support astrocytes at 4oC and RT. 
 

16. Astrocytes stored in Hibernate-A will retain their regenerative features such as cell  
 

specific markers and proliferation.  
 

4.3 Results 

4.3.1 OPC viability is extremely low when stored in standard OPC media at 4oC and RT 

Standard OPC culturing media is designed for cells to be maintained at 37oC and 5% CO2. A 

pilot experiment was conducted where OPCs were seeded in normal OPC culturing media, 

sealed and then stored for 3 days in both 4oC and RT. At day 3, OPC viability after 4oC and RT 

storage was 7.51% (n=1) and 6.22% (n=1) respectively. By day 10 after 7 days of culturing 
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under standard conditions, OLCs which had been stored in 4oC and RT showed limited to no 

survival (0.00% and 0.43%, n=1).  

Figure 4.1: OPC viability following storage in culturing media for 3 days. Live cells are 

stained with calcein (green arrow), dead cells with EH (red arrow) and cell nuclei blue with 

hoechst. A and B show OPC cultures after 3 days of storage in culturing media at 4oC and RT 

respectively. C and D illustrate OLC cultures which have been removed from 4oC and RT at 3 

days and further cultured under standard culturing conditions for a further 7 days. 

4.3.2 OPC viability is low when stored in 37oC Hibernate-A 

 
OPC viability was low when stored in Hibernate-A at 37o and 5% CO2 for 3 days (Figure 4.2)  

at 54.60% (n=1). This experiment was not repeated due to low viability and the logistical 
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disadvantages and equipment required for transportation in these conditions. After OPCs 

were removed from Hibernate-A and cultured in standard conditions with OPC 

differentiation media for 7 days, viability was 64.91% (n=1) at day 10. Although viability 

slightly increased after storage at 37oC Hibernate-A from day 3 to day 10, a significantly 

reduced cell density was observed in these cultures compared to other experimental 

conditions.   

Figure 4.2: OPC viability after storage in Hibernate-A at 37OC in 5% CO2 for 3 days. Live cells 

were stained with calcein (green arrow) and dead cells with EH (red arrow) and nuclei with 

hoechst. Four fields from a single repeat of this experiment which had a viability of 54.6%, 

are displayed.  
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4.3.3 Hibernate-A supports OPC survival at 4o and RT 

 
Viability remained high for OPCs kept in Hibernate-A at 4o (83.34 ± 3.71%) and RT (76.26 ± 

6.92%) compared to controls (76.18 ± 8.47%). No significant difference was observed 

between OPCs in Hibernate-A at 4o, OLCs in Hibernate-A at RT or controls (p-values>0.05, 

Kruskal-Wallis test, n=4).  

4.3.4 OPCs in Hibernate-A at 4oC and RT exhibit a range of morphologies 

OPCs stored in Hibernate-A at 4oC exhibited a clear range of morphological responses to 

different temperatures (Figure 4.3A-C, E). Rounded OPC morphologies were seen more 

frequently at lower temperatures from 4o (64.85 ± 8.82%) to RT (21.35 ± 3.98%) to controls 

at 37o (2.83 ± 1.78%). Processed OPC morphology followed the inverse of this pattern and 

were more frequently seen as temperature increased from 4oC (35.15 ± 8.82) to RT (78.65 ± 

3.98) to controls at 37o (97.17 ± 1.78). Significant differences for both rounded and 

processed morphologies between OPCs in Hibernate-A at 4oC and the control were observed 

(p-values=0.0051, Kruskal-Wallis test, n=4). 

4.3.5 OPCs in Hibernate-A at 4oC and RT exhibited intracellular vacuolisation 

A further morphological characteristic identified in OPCs stored in Hibernate-A for 3 days at 

low temperatures was intracellular (cytoplasmic and nuclear) vacuolisation (Figure 4.3A, F). 

A greater proportion of OPCs stored in lower temperatures demonstrated intracellular 

vacuolisation. Cells were vacuolated most frequently at 4o (22.23 ± 2.79%) compared to RT 

(4.54 ± 2.53%) and controls at 37o (0.50 ± 0.86%). A statistically significant difference existed 

between cells with intracellular vacuolisation at 4oC and controls (p=value= 0.007, Kruskal-

Wallis test, n=4). 
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Figure 4.3: Cell viability of OPC populations stored in Hibernate-A. Live cells were stained 

with calcein (green arrow), dead cells with EH (red arrow) and cell nuclei stained blue with 

hoechst. A demonstrates OPCs in Hibernate-A stored at 4oC for 3 days with a vacuolated cell 

shown in the inset. B represents OPCs in Hibernate-A stored at RT for 3 days with a rounded 

cell inset. C illustrates OPCs in normal medium stored at 37oC at 5% CO2
 which was the 
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control with a processed cell inset. D graphically illustrates the percentage viability of OLCs at 

3 days with a red line signifying day 3 viability of OPC stored in Hibernate-A at 37oC. Data 

was analysed by performing a Kruskal-Wallis test showing no significant difference between 

OPCs stored in Hibernate-A or normal medium at different temperatures after 3 days 

(p>0.05), n=4. Graph E shows morphological variation of branched or processed cells after 3 

days in Hibernate-A or normal media (control). Graph F demonstrates percentage of cells 

exhibiting intracellular vacuolisation. Both data sets were analysed using Kruskal-Wallis tests 

with significant differences from Dunn’s multiple comparison post-hoc test (p-values=0.0051 

for E and p=0.007 for F) labelled on the graphs, n=4. 

4.3.6 OPCs retain cellular markers following storage in Hibernate-A at 4oC and RT 

The proportion of OPCs which expressed NG2 after 3 days of storage in Hibernate-A did not 

significantly differ (p-values>0.05, Kruskal-Willis test, n=4) between the 4oC (85.51 ± 8.32%), 

RT (78.02 ± 9.71) and control (84.33 ± 9.01) experimental conditions (Figure 4.4). 

Morphologies observed are similar to those quantified in live dead assays (Figure 4.3) 

conducted on the same experimental conditions and time-points. 
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Figure 4.4: Retention of OPC markers after 3 days storage in Hibernate-A. Cells are 

immunostained with NG2 (green arrow) and hoechst. A shows cells in Hibernate-A for 3 days 

at 4oC. B demonstrates cells in Hibernate-A for 3 days at RT. C illustrates the control with cells 

in normal media at 37o and 5% CO2. D graphically depicts the percentage of NG2 positive 

cells. Data was analysed with a Kruskal-Wallis test which showed no significant difference of 

NG2 expression between cells in Hibernate-A at two temperatures or normal media at 37o 

(p>0.05), n=4. 
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4.3.7 Longer term OLC viability remains high following removal from Hibernate-A at 4oC 

and RT 

OPCs were removed from Hibernate-A at 4o and RT or normal media in controls after 3 days 

and placed into differentiation media for a further 7 days at 37o and 5% CO2 (Figure 4.5). 

Viability was then assessed via live dead assays at day 10. No significant difference in 

viability (p=values>0.05, Kruskal-Wallis test, n=3) was observed following 7 days of 

differentiation after 3 days in 4o Hibernate-A (62.54 ± 8.87%), RT Hibernate-A (61.75 ± 

9.41%) and the control (70.26 ± 22.60).  

 

 

 

 

 

 

 

 

 

 

Figure 4.5: Longer term viability of OLCs following storage in Hibernate-A. Live cells were 

stained with calcein (green arrow), dead cells with EH (red arrow) and cell nuclei stained blue 

with hoechst. A demonstrates OLCs which were in Hibernate-A stored at 4oC for 3 days 
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before 7 days of differentiation media and standard culturing conditions. B represents OLCs 

in Hibernate-A stored at RT for 3 days before 7 days of differentiation media and standard 

culturing conditions. C shows OLCs in normal culturing conditions for 10 days. D graphically 

illustrates percentage viability at 10 days. Data was analysed using a Kruskal-Wallis test 

showing no significant difference between OLCs after storage in Hibernate-A at different 

temperatures or controls at 10 days (p>0.05), n=3.  

4.3.8 OPCs stored in 4oC and RT Hibernate-A retain differentiation capabilities  

OPCs were capable of first recovering from their rounded morphologies seen after 3 days at 

4oC and RT storage (Figure 4.5) and then maturing. A range of characteristic OLC 

morphologies were observed in cultures previously stored at 4oC and RT. Secondary and 

tertiary branching was observed in partially differentiated OLCs (Figure 4.6). There was no 

evidence of vacuolation in these day 10 OLCs.  

 

Experiments in this section could not be completed to yield a full data set due to the 

COVID-19 pandemic and laboratory closure. 

• Quantification of OLC phenotypes could not be completed. 

•  
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Figure 4.6: Examples of OLC morphologies following culturing after storage in Hibernate-A 

at 4oC and RT. A1, A2, B1 and B2 display morphologies characteristic of pre-oligodendrocytes 

and A3, A4, B3 and B4 characteristic of immature oligodendrocytes. 
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remained low at 31.03% (n=1) with cultures being very sparsely populated. Astrocyte 

morphology at 3 days after both 4oC and RT treatment were abnormal being rounded or 

irregular (Figure 4.7A,B).  
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Figure 4.7: Astrocyte viability after storage in culturing media for 3 days. Live cells are 

stained with Calcein (green arrow), dead cells with ethidium homodimer (red arrow) and cell 

nuclei blue with Hoechst. A and B show astrocyte cultures after 3 days of storage in culturing 

media at 4oC and ambient temperature respectively. C and D illustrate astrocyte cultures 

which have been removed from 4oC and ambient temperature at 3 days and further cultured 

under standard culturing conditions for a further 4 days.  
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A single run of optimised experiments shows astrocytes have a low survival when stored in 
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recover after they were removed from Hibernate-A media and were cultured in standard 

media for 4 days to a viability of 89.09% (n=1). 

Figure 4.8: Astrocyte viability after storage in Hibernate-A at 37OC in 5% CO2. Four fields 

from a single experiment are shown. Live cells were stained with Calcein (green arrow) and 

dead cells with Ethidium homodimer (red arrow). A single repeat of this experiment gave a 

viability of 47.22%. This experiment was not repeated due to a) lower viability and b) 

increased logistical costs of transporting cells in these conditions. 
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4.3.11 Hibernate-A at low temperatures supports a high astrocyte viability  

Astrocytes were stored in Hibernate-A media at low temperatures for 3 days and compared 

to a control in standard culturing media and conditions (Figure 4.9). Viability remained high 

at both 4oC (88.69% ± 5.71) and RT (84.88% ± 5.44). There was a statistical difference 

between the control viability (97.95% ± 1.38) and that of astrocytes stored in Hibernate-A at 

RT (p=0.0181, Kruskal-Wallis with Dunn’s multiple comparison test, n=4). After astrocyte 

storage in Hibernate-A at low temperatures for 3 days, cells were placed into culturing 

media under standard conditions for a further 4 days. Day 7 viability was similar across cells 

that were stored in 4oC Hibernate-A (97.74% ± 3.29), RT Hibernate-A (95.07% ± 3.75) and 

the control (98.06% ± 2.96). No statistical difference was present between viabilities at day 7 

(p=0.489, Kruskal-Wallis test, n=4).  
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Figure 4.9: Astrocyte viability following storage in Hibernate-A. Live cells are stained with 

calcein (green arrow), dead with EH (red arrow) and cell nuclei blue with hoechst. Astrocytes 

were kept for 3 days in Hibernate-A at low temperatures or normal media in standard 

culturing conditions (control). A demonstrates cells in Hibernate-A at 4oC following 3 days, B 

in RT Hibernate-A and C the control. After 3 days, cells were removed from Hibernate-A and 

cultured under standard conditions and media for a further 4 days. E shows day 7 astrocytes 

which had been stored at 4oC Hibernate-A, F from RT Hibernate-A and G from the control. 

Graph D shows the percentage of live cells at 3 days where a red line shows astrocyte 

viability after 3 days in 37oC Hibernate-A. H illustrates the percentage of live cells at 7 days. 

Statistical analysis was performed via non-parametric Kruskal-Wallis tests, n=4. Dunn’s 

multiple comparison test concluded significance between ambient and the control cells 

(p=0.0181) at the 3 day time-point only. 

4.3.12 Astrocytes stored in Hibernate-A at low temperatures retain cellular markers  

Astrocyte cultures following 3 days of storage in Hibernate-A at low temperatures were 

assessed for GFAP expression by immunocytochemistry at an early (day 3) and a late time-

point (day 7) following 4 days of normal culturing (Figure 4.10). GFAP expression at the early 

time-point was comparable between astrocytes stored in 4oC Hibernate-A (84.28% ± 6.39), 

ambient Hibernate-A (77.83% ± 13.51) and the control (86.51% ± 7.50). There was no 

statistical difference in the proportion of GFAP expressing cells at this early time-point 

(p=0.592, Kruskal-Wallis test, n=4). GFAP expression was greater at the late time-point after 

removal from Hibernate-A and then standard culturing for 4 days in astrocyte cultures 

previously stored in 4oC (93.66% ± 2.81) and RT (93.35% ± 5.46) Hibernate-A as well as in the 
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control (93.17% ± 4.10). No statistical difference was present at this late time-point for GFAP 

expression (p=0.913, Kruskal-Wallis test, n=4).   

4.3.13 Astrocytes stored in Hibernate-A at low temperatures exhibit a range of 

morphologies 

A range of astrocyte morphologies were observed following 3 days of storage at low 

temperatures. GFAP positive cells were categorised into either a rounded or processed 

morphology (Figure 4.10A,C) via immunocytochemistry. Rounded morphologies were most 

frequently seen in astrocytes stored at 4oC (91.51% ± 3.67) with RT stored astrocytes 

(50.87% ± 13.23) having a wider morphological variety and the control (2.45% ± 2.19) 

exhibiting minimal frequencies of rounded cells. A statistically significant difference existed 

between the proportion of cells which were rounded stored at 4oC Hibernate-A and the 

control (p=0.0051, Kruskal-Wallis with Dunn’s multiple comparison test, n=4). Processed 

astrocyte morphologies (flat, polygonal) showed the inverse trend where cell stored at 4oC 

(8.49% ± 3.67) showed the fewest, RT stored cells (49.13% ± 13.23) approximately half and 

the control (97.55% ± 2.19) with a large majority. There was a statistically significant 

difference between the proportion of processed cells stored in 4oC Hibernate-A and the 

control (p=00.51, Kruskal-Wallis with Dunn’s multiple comparison test, n=4). 
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Figure 4.10: GFAP expression and morphologies of astrocytes stored in Hibernate-A at low 

temperatures. Immunostaining shows GFAP (green arrow) and cell nuclei with Hoechst. A 

shows astrocytes in Hibernate-A at 4oC with an insert of a typical rounded morphology. B 

illustrates astrocytes in ambient temperature Hibernate-A. C demonstrates the control with 

standard culturing conditions and an insert of a processed morphology. E and F show 

astrocytes which were stored for 3 days in Hibernate-A at 4oC and ambient temperature 

before culturing under standard conditions for a further 4 days where both have inserts of 

duplet nuclei demonstrating proliferation. G depicts the control of astrocytes under standard 

culturing conditions for 7 days. Graphs D and H demonstrate the percentage of GFAP 

expression at 3 and 7 days respectively. Data was anaylsed using a Kruskal-Wallis tests which 

concluded no significant difference in GFAP expression across the experimental conditions at 

3 days (p=0.592) or 7 days (p=0.913) n=4. Graph I illustrates the different proportions of 

morphologies seen for astrocytes in Hibernate-A at low temperatures. Data was analysed 

with a Kruskal-Wallis with Dunn’s multiple comparison test where significant differences are 

indicated on the graph (p values=0.0051), n=4. Graph J shows the relative proportional 

increase in astrocyte culture populations from day 3 following storage in Hibernate-A at low 

temperatures, to day 7 after 4 days of standard culturing conditions. Data was analysed 

using a Kruskal-Wallis test which concluded no significant difference (p=0.296), n=4.  

4.3.14 Astrocytic proliferative capabilities are retained following storage in Hibernate-A at 

low temperatures 

The proliferative ability of astrocytes stored in Hibernate-A at low temperatures was  

compared to the control by calculating the proportional increase in GFAP positive cells  
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from day 3 to day 7 (Figure 4.10J). An increase in cell density population was seen in 

astrocyte cultures which had previously been stored in 4oC Hibernate-A (2.10 ± 0.52) and in 

RT Hibernate-A (1.55 ± 0.42) similarly to the control (1.93 ± 0.43). No statistically significant 

difference was seen between these conditions (p=0.296, Kruskal-Wallis test, n=4).   

4.3.15 Pilot experiment: astrocyte storage in a polymer gel matrix  

Astrocytes were encapsulated in an Atelerix WellReadyTM preservation system for 24 hours 

at RT. Assays were performed immediately following the release of cell from the gel matrix 

and included live dead and immunocytochemistry. This pilot experiment demonstrates that 

astrocytes can be encapsulated in a polymer gel matrix designed for transportation and 

recovered appearing to retain a high viability and retention of GFAP expression. Standard 

morphologies were identified. 

Figure 4.11: Astrocytes following 24 hours encapsulation in a polymer gel at RT. A 

demonstrates a live dead assay where staining is with calcein for live cells (green arrow), EH 

showing dead cells (red arrow) and hoechst. B illustrates immunostaining with GFAP (green 

arrow).  
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4.4 Discussion 

The following sections evaluate data for storage of both OPC and astrocyte storage in low 

temperature conditions.  

4.4.1 OPCs can be stored in Hibernate-A at 4oC and RT  

There is a need for specialised media to support OPCs to be transported outside of standard 

culturing conditions to facilitate remote utilisation of cell therapies. This was highlighted by 

the demonstration that OPCs stored in standard OPC culturing media at low temperatures 

show low viabilities.  

I have demonstrated that OPCs can be stored in Hibernate-A at RT and 4oC for a similar 

viability to OPCs stored in standard cell culturing conditions (standard media, 37oC, 5% CO2). 

Cells were stored for three days which I estimate is a time period sufficient for 

transportation to any international destination if air travel is utilised for large legs of the 

journey. Further investigation is warranted to explore a wider range of cell temperatures 

however 4oC and RT transportation appear to be viable options. Transportation at RT is 

especially attractive as this mitigates need for specialised equipment and refrigerated 

transport chains.  

OPCs stored in Hibernate-A at different temperatures produce a range of morphologies. Two 

categories were used in the analyses; rounded cells and processed cells (bipolar and 

branched morphologies). A higher proportion of rounded cells correlated with colder 

temperatures and is therefore likely to be an environmental adaption to cell stress. Cytosol 

shrinkage, resulting in overall cell rounding, along with nuclear shrinkage and membrane 

blebbing are known cellular adaptations to low temperature storage (Eidet et al., 2015). Cold 

shock genes such as CIRBP and RBM3 help coordinate cellular responses to low temperature 
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treatment primarily by altering the cell cycle and proliferation (Nishiyama et al., 1997; Valko 

et al., 2007). 

A reduction in viability when considering low temperature storage or transportation of cells 

can be considered to occur at two stages. Firstly is cell death occurring in the low 

temperature state. Both loss of cell-to-cell contact and cell detachment can trigger 

activation of pro-apoptotic enzymes such as p53 in a mechanism similar to anoikis (A. P. 

Gilmore, 2005; Raeder et al., 2007). The degree of reduction in cell viability by this 

mechanism is therefore dependant on time stored and temperature of storage.  

Secondly is cell death due to reheating to 37oC, the physiological temperature required for 

cells to survive at following clinical transplantation. This process generates reactive oxygen 

species which activate caspase-3 resulting in apoptosis (Rauen and de Groot, 2002; 

Neutelings et al., 2013). This latent cold induced damage is often not assessed in studies of 

low temperature cell storage as viability assays are performed at experimental temperatures 

(Vairetti et al., 2001). In the current project, cells were warmed for approximately 30-60 

minutes before viability assays were concluded. This is unlikely to be a sufficient time for 

cells to be warmed before viability was concluded as apoptosis via this mechanism may 

occur for up to 24 hours post warming (Neutelings et al., 2013). Although no significant 

difference in long term viability was observed after OPCs were removed from Hibernate-A, a 

reconditioning protocol may benefit viability further. A large condition shock is endured 

when cells are removed from 4oC or RT media and placed into standard cell culturing 

conditions. By slowly warming and adjusting pH levels, OPCs may recover from storage 

conditions in stages where fewer reactive oxygen species are generated and a reduction in 

cell death also. This protocol would have to be adapted to be time efficient to be suited to 
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an acute clinical setting. For example the warming protocol could be commenced as soon as 

the patient is taken to theatre. The surgical needs for a pTBI patient are likely to be 

numerous and often involving other specialities other than neurosurgery. As cells would be 

administered following the debridement process, sufficient time is likely to have elapsed for 

a short warming protocol to be implemented for increased cell survival. 

OPC cytoplasmic vacuolisation was observed in colder temperatures and most commonly in 

Hibernate-A at 4oC. This morphological phenomenon is most commonly seen in mammalian 

cells after exposure to bacterial or viral pathogen and low molecular weight compounds 

(Shubin et al., 2016). Vacuolisation in these contexts usually accompanies cell death. We 

demonstrated that OLC intracellular vacuolisation present after 3 days of cold temperature 

storage (20% vacuolisation at 4oC), is not associated with a significantly reduced viability. An 

explanation could be that the 3 day storage period was not long enough for cell death to 

occur and that cells were vacuolated to a degree to which recovery was possible. This was 

demonstrated when OPC vacuolated populations differentiated into oligodendrocytes 

populations after culturing under normal conditions. The molecular mechanism 

underpinning cytoplasmic vacuolisation is not understood however p38 appears to be a 

principle regulator. p38 inactivity leads to vacuolisation whereas its activation can abolish 

vacuolisation (Chen et al., 2013). Cytoplasmic vacuolisation has not been characterised in 

the literature in relation to neural cells at low temperatures.  

A transport medium capable of transporting OPCs for clinical transplantation should not 

alter cellular characteristics. This was demonstrated as cells stored at both 4oC and RT in 

Hibernate-A were able to recover to exhibit standard morphologies with no residual 

evidence of vacuolisation. A high viability was maintained and evidence of differentiation 
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into oligodendrocytes. Re-heating of OPCs stored in low temperatures may affect 

proliferation capabilities as seen in a range of terminally differentiated human cells 

(Neutelings et al., 2013; J. Wang et al., 2017). Although evidence of doublet nuclei was 

identified, no quantifiable proliferation assays could be completed such as an EdU 

proliferation assay.  

Evaluating the storage of OPCs in Hibernate-A at 37oC, 5% CO2 was discontinued for two 

reasons; dramatic decreases in viability and logistical challenges of transportation under 

these conditions. Low viability was likely due to cell signalling which resulted in an 

unsustainable cell cycle. Hibernate-A media attempts to reduce metabolic rates whereas 

normal culturing conditions (37oC, 5% CO2) encourage complex cell processes of 

proliferation or differentiation. Low viabilities at 37oC have been reported in other similar 

transport media (Raeder et al., 2007).  

4.4.2 Astrocytes can be stored in 4oC and RT Hibernate-A 

The large difference in viability for 4oC and RT stored cells in standard media compared to 

Hibernate-A illustrates the potential for specialised neural transport systems. Conversely, 

viability of astrocytes in culturing media at 37oC was high versus Hibernate-A at 37oC where 

lower survival was recorded, showing the influence of specifically designed media when 

utilised inappropriately.  

Experiments assessing media which showed a low astrocyte viability were not prioritised for 

cell availability and experiment time. Some of these cultures were able to recover to exhibit 

a high viability. This however is not ideal for the transportation of cells for multiple reasons. 

Firstly culturing media is not clinically approved. Secondarily, a lower viability immediately 

following storage shows an unfavourable environment where cells may have hidden 



 129 

damages which were not identified with the performed assays. Thirdly is timing where 

astrocyte cultures would require expansion before use. Cells would not be ready for 

transplantation for longer periods of time following transportation. Additionally, astrocyte 

overall age would be greater which may alter effectiveness in the host CNS (Izrael et al., 

2018). The clinical aim should be to transport cells in a feasible and cost effective way. 

Therefore 37oC and 5% CO2 are not appealing transport parameters regardless of low 

viability. The viabilities for astrocytes in Hibernate-A at both 4oC and RT was high.   

Astrocytes which had been stored in Hibernate-A at low temperatures recovered in regards 

to viability, cellular markers and morphology. Astrocytes were cultured under optimal 

conditions for 4 days following storage in 4oC and RT Hibernate-A to show viabilities above 

95%. These did not statistically differ from the control and show that astrocytes can be 

safely removed from Hibernate-A and warmed to retain viability. Furthermore, astrocytes 

retained proliferative abilities as low temperature stored cultures expanded upon return to 

favourable conditions.  

Astrocytes following low temperature storage retained many cellular properties showing 

their potential for transportation.  

4.4.3 Transport media is required to supply clinical cell therapies to remote locations 

Low temperature transportation of neural transplant populations would not only make 

implementation of a remote cell therapy such as a neural spray feasible but also reduce 

transit costs. Hibernate-A can now be cross referenced with other transport and storage 

media for common reagents. Future media for the storage of neural cells at low 

temperatures can then be further optimised.   
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In the context of this project and military pTBI, patient evacuation from a warzone back to 

the UK can take up to 14 days (Spear et al., 2018). Battlefield hospitals do not offer any 

neurological regenerative medicine for their acute patients however this could change if 

neural transport media are developed. International transportation of cells through different 

climates is likely to involve temperature fluctuations. Therefore monitoring to ensure high 

temperatures could be recorded as an indication if cell viability would be likely decreased 

during transportation.  

Transportation of cells is likely to involve a degree of mechanical stress imparted which 

could destroy or damage transplant populations. However this impact of transit has not yet 

been evaluated. Hibernate-A is a medium and therefore does not provide any mechanical 

protection against this type of cell damage. Polymer formulations could be utilised to 

encapsulate cells and protect them against mechanical damage during transit. We have 

trialled one such polymer; Atelerix preservation gel. An astrocyte monolayer was 

successfully encapsulated and then released allowing assays to be completed. The base 

media for this pilot experiment was astrocyte culturing media which is not approved for 

transportation of human transplant populations. A product can now be formed from 

Hibernate-A media, which is approved for human use, and a polymer encapsulating matrix. 

This could allow for both cell survival at low temperatures and protection against the 

mechanical forces of transportation.  

I consider Hibernate-A media suitable for neural cell storage and potential transport as 

neural populations can be supported for up to three days to allow delivery to remote clinical 

or laboratory sites. Transportation at RT is optimal as removes complexity, cost and covers a 

range of temperatures providing adaptability. Future research is needed to further validate 
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cell recovery however transportation and storage of neural cells at RT could lead to neural 

cell therapies becoming widely available.   

4.4.4 The future development of a clinical grade neural cell transport system  

Transport media is required to reduce cell activity whilst not limiting the ability to retain 

cellular functions post transportation such as proliferation and differentiation. The 

formulations of Hibernate-A and astrocyte culturing media as shown in Table 4.1. OPC 

culturing media has the same formulation as astrocyte culture media with the addition of 

reagents described in chapter 2.  

 Astrocyte culturing media (D10) Hibernate-A 
 
 

Dulbecco’s modified Eagle’s medium  
(DMEM) 

CaCl2, FeH18N3O18, MgO4S, KCl, NaCl 
 
 
Choline chloride, D-Ca-Pantothenate, 
Folic acid, Nicotinamide, Pyridoxal 
hydrochloride, Riboflavin, Thiamine 
hydrochloride, i-Inositol 
Glycine, L-Arginine hydrochloride, L-
Cystine hydrochloride, L-Glutamine, 
L-Histidine hydrochloride 
monohydrate, L-Isoleucine, L-
Leucine, L-Lysine hydrochloride, L-
Methionine, L-Phenylalanine, L-
Serine, L-Threonine, L-Tryptophan, L-
Tyrosine disodium salt, L-Valine 
D-Glucose, Phenol-red 
 
 

 

 

Inorganic salts NaCl, CaCl2, Fe(NO3)3, KCL, 
MgCl2, NaHCO3, NaH2PO4, 
ZnSO4 

Vitamins 
 
 
 

D-Ca-Pantothenate, Folic acid, 
Niacinamide, Pyridoxal, 
Riboflavin, Thiamine, B12 

Amino acids L-Alanine, L-Arginine, L-
Asparagine, L-Cysteine, L-
Glycine, L-Histidine, L-
Isoleucine, L-Leucine, L-Lysine, 
L-Methionine, L-Phenylalanine, 
L- Proline, L-Serine, L-
Threonine, L-Tryptophan, L-
Tyrosine, L-Valine 

Other 
compounds 

D-Glucose, Phenol-red, MOPS, 
Sodium pyruvate, Choline 
chloride, I-inositol 

 Fetal Bovine Serum  
 GlutaMAX-I  
 Penicillin/ Streptomycin  
 Sodium pyruvate  

Table 4.1: Composition of D10 (astrocyte culturing media) and Hibernate-A media. Reagents 

in green are common to both culturing media and Hibernate-A. 
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4.4.5 Transportation of neural cells has wider implications for neuroscience research  

Neural cell experiments are conducted throughout different subspecialties of neuroscience 

from stem cell work to pathophysiological investigations. As neuroscience progresses, more 

advanced techniques are being developed however not all laboratories have access or the 

capabilities to utilise these. Efficient transport media would allow multiple teams to 

collaborate on a single population of neural cells (J. Wang et al., 2017). This reduces the 

need for laboratories to become competent in all techniques required for a project hence 

cutting down costs, time and training for researchers. An example could be for investigation 

of a novel population of genetically engineered OPC for transplantation into PBBI mice (pTBI 

model). The laboratory whom developed and have the capability of genetically engineer the 

OPCs now need to study the effects within a live model. This would not be feasible unless 

the testing facilities and scientific teams with experience for studies on PBBI mice were in 

close proximity. With efficient transport media, expert teams in completely different 

locations would be able to pull their resources to evaluate new potential cell therapies.  
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5.1 Summary of key thesis findings 

The key findings in relation to the outcomes of this project are as follows: 

1. OPCs and astrocytes survive spray delivery and retain regenerative properties such as 

proliferation, cell specific marker expression and differentiation. 

2. OPCs and astrocytes can be stored in Hibernate-A at 4oC and RT to retain viability, 

cell specific markers, proliferation and differentiation capabilities.  

Overall, the proof of concept for the transportation and then spraying of neural cells has 

been provided. 

5.2 Future direction of this research 

Neural cell spray: The next step for the sustainable development of the neural cell spray 

should be to design or test optimised devices, preferably in collaboration with 

pharmaceutical companies. This will then allow direct comparisons to the current clinically 

tested routes of cell administration. Devices should be designed taking into account the 

variables discussed in section 3.4.4 and the growing body of literature for cell spray 

technology.   

An optimal cell density needs to be established which is both clinically beneficial and 

supports a high viability. The effect different cell densities has on the spray viability was not 

assessed in the current project. Cell viability may be further increased if neural cell size is 

decreased during spraying. Macrophages have been previously shrunk in hyperosmolar 

sugar solutions by up 35% before spraying into the respiratory tract to reach distal and 

narrow airways (Beneke et al., 2018). If this was adapted to neural cells, reduced shear 

forces during the spraying procedure may leads to further reductions in transplant 

population damage.  
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The neural cell spray should be tested for delivery of populations onto a neuro-mimetic 

substrate matching the human adult brain stiffness which can be achieved utilising gel 

matrixes and in vivo studies. A similar study for an intestinal cell spray was conducted using 

a decellularized intestinal construct (Schwartz et al., 2017). 

The spray pattern should be assessed as droplets generated are unlikely to be uniform with 

smaller droplets often existing in the peripheries of the spray radius which could affect 

viability (Hendriks et al., 2015). The density of cells sprayed will also be highest in the centre 

of a spray radius meaning a greater transplantation effect. This should be quantified and an 

optimal spray overlap pattern designed to ensure tissues are supplied with equal amounts of 

cells. This would however introduce another variable where multiple sprays could impact 

cell viability where initially delivered cells may be subsequently damaged by following sprays 

on collision courses.  

pTBI are extensive injuries where tissue consisting of all major CNS cell types are destroyed 

and require replacing. Products such as TISSEAL fibrin sealant (Baxter, USA) are dual 

chambered spray devices where the contents is mixed by the device immediately prior to 

delivery. Multiple cell types, growth factors such as BDNF or pharmaceuticals such as 

antibiotics could be tested in a ‘multi-purpose’ spray.   

Finally, the neural spray is a new neural cell delivery technique and may be considered for a 

wider range of neurosurgical applications such as following resections for management of 

neoplasms.  

Neural cell transportation: Neural cell storage and transport media should now be 

developed. This can be done by examining transport media such as Hibernate-A and other 

non-neural cell storage media such as those used in haematological transplant storage. A 
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range of neural cells should be tested at a range of temperatures and for a range of 

durations. An RT transportation media combined with a polymer matrix for mechanical 

protection which supports cells throughout temperature fluctuations is the most 

implementable system. A range of companies have started to develop this technology 

however none exist which are neural cell specific and tested for neural applications.    

Hibernate-A stored cells exhibited a range of morphologies where proteomic analysis could 

be performed to better understand physiological responses to cold temperatures.  

Alongside the development of low temperature transportation systems, pharmaceutical 

companies could consider cell recovery devices to minimise cell death during reheating 

within a clinically acceptable time frame. A further product could include an insulated cell 

transportation box in which temperature fluctuations are minimised but recorded to identify 

if cells have been exposed to detrimental conditions throughout transit.  

The development of future ‘portable’ neural cell therapies could be accelerated with 

collaborative work with neural cell transportation between laboratories and scientific teams. 

Testing the neural cell spray for acute neurological injuries: The neural cell spray should 

inevitably be tested for its therapeutic benefit. Experiments should be designed similarly to 

Figure 5.1 where cells are manufactured, shipped and then evaluated by in vitro and then in 

vivo studies. Our laboratory is developing an in-vitro model of pTBI by plating neural cell 

cultures before a transecting injury is introduced which is an ideal first model to test the 

neural spray. Brain organotypic slices could also be utilised as offer the unique benefit of 

visualisation of both pathological and regenerative process (Humpel, 2015). In-vivo testing 

must be performed to elucidate if a clinically measurable improvement can be achieved. The 
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recently developed BPPI rodent model is most suited to carry out pre-clinical testing of a 

therapy for pTBI.  

5.3 Overall clinical vision of the neural cell spray for treatment of acute neurological 

injuries 

The overall vision for the manufacture and application of this technology is shown in Figure 

5.1. This involves allogenic production of neural cells such as astrocytes or OPCs in a UK 

approved laboratory. Cells would be transported to remote or battlefield hospitals and 

stored. When a patient is then admitted with a pTBI, immediately following neurosurgical 

debridement but before Dural closure, the neural cell spray would be administered. The 

patient will then be transferred back to UK hospitals for further treatment and 

rehabilitation. In doing this, I envision potential for implementation of neuro-regenerative 

therapy for pTBI and patient outcomes to be improved. 

Implementing a cell therapy is complicated and highly regulated. Before a sustainable 

therapeutic intervention is investigated it is important to consider all factors. These can be 

considered in an ethical, logistical, scientific and clinical format. Ethically, patients with pTBI 

are unlikely to be able to communicate with capacity to consent to cell therapy where in a 

military environment, their next of kin will also be unavailable. Logistical factors include 

satisfying cell transplantation regulators such as the MHRA and HTA. The lab producing the 

allogenic cells must have complete reagent traceability. It is also worth considering the 

availability of reagents such as FBS before attempting to scale up. On the scientific front and 

as previously discussed, a warming criteria for the removal of cells from low temperature 

Hibernate-A will need to be established. Similarly, a release criteria to be performed before 

cells are administered would ensure the quality of the transplant. Finally clinical guidance 
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would need to be developed for the appropriate use of the spray. A neurosurgical procedure 

and system to establish the appropriate number of sprayed cells to be administered for each 

unique pTBI clinical situation is required.  

I have proved the concept of a neural cell therapy being delivered in a spray format to 

remote locations. 
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Figure 5.1: Overall plan for production and application of a neural cell spray for pTBI. 
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