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Abstract 

Adenosine deaminase (ADA) deficiency is one of the most prevalent forms of 

severe combined immunodeficiency (SCID). Patients present primarily with 

severe immunodeficiency but neurological abnormalities are also reported, 

including auditory, cognitive, behavioural, and motor abnormalities. Current 

treatments do not prevent the generation or development of these. Little is 

known about ADA deficiency in the brain and a greater understanding of the 

pathogenic mechanism(s) will allow treatment optimisation to effectively target 

the neurological abnormalities.  

Absence of ADA activity, characteristic of ADA deficiency, leads to an increase 

in metabolic substrates adenosine and 2’deoxyadenosine. The hypothesis 

underlying this thesis was that substrate accumulation was directly responsible 

for the neurological abnormalities. ADA deficiency was modelled in vitro using 

a neuroblastoma cell line which showed that cytotoxicity was induced through 

ADA inhibition and substrate accumulation. This cytotoxicity may occur via 

multiple pathways but 2’deoxyadenosine is most likely to act via an intracellular 

mechanism following conversion to dATP.  

Scoping investigations were carried out in vivo to investigate the effect of ADA 

deficiency by comparing age-matched wildtype murine brains with brains from 

an ADA deficient mouse model at two different ages. ADA protein and enzyme 

activity was absent from brains of this model but transcripts of the ADA gene 

were increased. Further transcriptomic analyses identified multiple genes and 

pathways that were differentially regulated between wildtype and ADA 

deficient brains. Accumulation of adenosine was observed in ADA deficient 

brains at both ages analysed but accumulation of 2’deoxyadenosine was only 

observed in the younger cohort. The impact of this accumulation was 

investigated using stereology and immunohistochemistry but no specific 

effects were identified.  
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This thesis presents novel work in the field, and confirms that the neurological 

abnormalities in ADA are likely to be caused by substrate accumulation. 

However, the mechanism is not elucidated and further work is needed. 
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Impact Statement 

Adenosine deaminase (ADA) deficiency is a form of severe combined 

immunodeficiency (SCID), a rare but devastating disease, and patients die 

within the first few months of life if this disease is left untreated. Therapeutic 

treatment options are currently available but neurological abnormalities still 

persist, despite patients receiving life-prolonging treatments. These 

neurological abnormalities can impair patients’ quality of life and, therefore, the 

impact of this work is likely to be significant. The pathogenic mechanism(s) 

underlying the neurological abnormalities in ADA deficient patients has not 

been elucidated and a greater understanding of this will contribute to ongoing 

modifications of existing treatments to enable patients to have better 

neurological outcomes.  

The majority of work presented in this thesis is entirely novel in a relatively 

under-researched field. Hence, this is likely to be important for the field 

because this data offers a platform from which other studies and avenues of 

research can be accelerated. This thesis describes multiple studies that can 

be extended, particularly through creating new collaborations with academics 

from alternative fields of expertise, such as genomics. There is also potential 

to further extend this field of work by recruiting patients for particular analyses, 

such as magnetic resonance imaging (MRI). This highlights the translational 

nature of the work presented here.  

In terms of academic impact, the scope extends beyond the field of ADA 

deficiency and into other diseases. One example is purine nucleoside 

phosphorylase (PNP) deficiency which bears many similarities to ADA 

deficiency. PNP deficiency is also a form of SCID where patients exhibit 

neurological abnormalities, and is caused by deficiency of PNP which is an 

enzyme that functions in the same metabolic pathway as ADA (Dehkordy et 

al., 2012). Therefore, studies here can be extrapolated and may guide future 

research in this alternative field.  
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Additionally, work presented here may enhance research into therapies for an 

array of central nervous system diseases. Adenosine is a neuromodulator and 

is a main focus of this thesis. There is growing interest in the therapeutic 

application of modulating adenosine signalling in diseases ranging from 

cardiovascular disease to cancer (Jacobson and Gao, 2006). Therefore, this 

work may influence research both directly and indirectly related to the field of 

ADA deficiency.  

In conclusion, the work within this thesis may have far-reaching and cross-

disciplinary impact, both academically and clinically.  
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Chapter 1 Introduction 

1.1 ADA SCID 

1.1.1 Severe Combined Immunodeficiency 

Severe combined immunodeficiency (SCID) disorders are a group of inherited 

disorders that lead to an absence of lymphocyte development and function 

(Rivers and Gaspar, 2015). Among these, adenosine deaminase (ADA) 

deficiency is one of the most commonly known forms of SCID (Adams et al., 

2015, Fischer et al., 2015). ADA deficiency accounts for approximately 15-

20% of all SCID cases and therefore is one of the most prevalent forms, with 

an estimated incidence of 1:200,000 live births (Whitmore and Gaspar, 2016).  

1.1.2 ADA gene 

Two isoforms of ADA are recognised in humans, ADA1 and ADA2, encoded 

for by the ADA and CECR1 genes respectively (Zavialov and Engström, 2005). 

Whilst both ADA1 and ADA2 possess identical enzymatic activity, ADA2 exists 

as an extracellular enzyme, predominantly located in serum (Gakis, 1996, 

Zavialov and Engström, 2005). Deficiency of ADA2 is recognised as an 

autoinflammatory disease displaying mild immunodeficiency (Caorsi et al., 

2016). However, only mutations in the ADA gene cause ADA SCID, therefore 

ADA1 is the focus of this thesis. This isoform will be referred to as ADA 

throughout, using the nomenclature of ADA1 and ADA2 only if necessary. 

ADA SCID is inherited in an autosomal recessive manner and it is estimated 

that more than 70 mutations currently exist, although this number is steadily 

increasing (Adams et al., 2015, Turel et al., 2017). The ADA gene, located on 

chromosome 20q13, is formed of 12 exons and mutations within this gene 

include missense, nonsense, splicing and deletion mutations (Arredondo-

Vega et al., 1998, Adams et al., 2015, Turel et al., 2017). Mutations typically 

lead to an absence or severe reduction of enzyme activity. 



 27 

1.1.3 ADA enzyme  

ADA encodes for a protein of approximately 41kDa, composed of 363 amino 

acids (Daddona et al., 1984, Hershfield, 2003). ADA is found both 

intracellularly and, in certain cell types, as an ecto-enzyme on the cell surface 

forming complexes with CD26, for example (Schrader et al., 1990, Moreno et 

al., 2018).  

Although ubiquitous, the levels of ADA expression, and therefore enzymatic 

activity, varies between tissues: as an example, the highest levels of ADA 

expression are seen in the thymus and brain, with varying and lower levels 

seen elsewhere (Sauer et al., 2012). ADA functions as a metabolic enzyme 

and is responsible for the irreversible deamination of adenosine and 

2’deoxyadenosine, as depicted below, in Figure 1-1.
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Figure 1-1 Deamination of adenosine and 2'deoxyadenosine catalysed by adenosine deaminase.  

Adenosine deaminase (ADA) catalyses the deamination of adenosine and 2’deoxyadenosine to form inosine and 2’deoxyinosine (respectively). Adenosine is 
composed of a purine nucleoside base bound to the pentose sugar ribose (or deoxyribose). 
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1.1.4 Purine Salvage Pathway  

Enzymatically ADA is responsible for the deamination of adenosine and 

2’deoxyadenosine to form inosine and 2’deoxyinosine (respectively): this 

reaction sits within the purine salvage pathway, Figure 1-2. Aside from de 

novo synthesis, the purine salvage pathway is an integral regulatory pathway 

used to maintain and regenerate purines at normal physiological 

concentrations (Fasullo and Endres, 2015). 

 

 
 

Figure 1-2 Purine Salvage Pathway.  

This pathway controls the availability of purines. ADA catalyses the conversion of adenosine 
and 2’deoxyadenosine to inosine and 2’deoxyinosine. Adapted from (Whitmore and Gaspar, 
2016). Abbreviations: adenosine deaminase (ADA), purine nucleoside phosphorylase (PNP). 
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This pathway is critical for numerous cellular processes such as regulating the 

availability of nucleotides for deoxyribonucleic acid (DNA) and ribonucleic acid 

(RNA) synthesis, providing a source of cellular energy and facilitating cell 

signalling (Jinnah et al., 2013, Fasullo and Endres, 2015). ADA functions 

centrally within this pathway and it is known that patients with a deficiency of 

ADA lack normal enzymatic activity, therefore leading to disruption of the 

purine salvage pathway. Patients typically exhibit little or no enzymatic activity 

(dependent on the mutation), and any absence of activity leads to an 

accumulation of metabolic substrates (such as ATP and dATP) and a reduction 

in metabolic products (such as hypoxanthine and uric acid). 

Determination of metabolite levels is a diagnostic indicator of ADA SCID. In 

erythrocytes obtained from healthy controls, concentrations of total 

2’deoxyadenosine nucleotides (dAXP) and dATP are undetectable whereas 

these metabolites are raised 300 to 2000 fold in affected patients (Gaspar et 

al., 2001, Baffelli et al., 2015). 

1.1.5 Phenotypic spectrum of ADA SCID 

Whilst the majority of patients with ADA SCID exhibit the early-onset variant, 

partial, delayed and late-onset forms also exist, estimated to affect 10-20% of 

total ADA SCID patients (Santisteban et al., 1993, Arredondo-Vega et al., 

1998). While less frequently observed, a different subset of genetic mutations 

are reportedly seen within this phenotypic spectrum and are associated with 

some residual ADA activity (Santisteban et al., 1993). 

The phenotypes of ADA deficiency tend to be classified according to levels of 

ADA activity and metabolite accumulation in erythrocytes, as a direct 

consequence of ADA activity, and/or age of clinical onset (Santisteban et al., 

1993, Arredondo-Vega et al., 1998, Hershfield, 2003). In the most common 

form of the disease ADA activity is absent or negligible. In comparison, patients 

with delayed and late-onset forms display a less severe phenotype where 

there is detectable residual activity, a reduced degree of metabolite 

accumulation and a later clinical presentation (Ozsahin et al., 1997, Hershfield, 
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2003). In some rare forms, patients with partial ADA deficiency tend to lack 

erythrocyte activity but retain residual ADA activity in nucleated cells (5-70%) 

so only a marked erythrocytic accumulation of dATP is noted (Santisteban et 

al., 1993, Ozsahin et al., 1997, Hershfield, 2003). Thus, a correlation has been 

demonstrated between severity of mutation, concomitant levels of ADA activity 

and resulting phenotype (Ozsahin et al., 1997, Arredondo-Vega et al., 1998, 

Hershfield, 2003, Adams et al., 2015).  

1.2 Current treatments for ADA SCID 

For the typical presentation of ADA deficiency, diagnoses are largely made 

during the first six months of life following clinical presentations of severe, 

recurrent and opportunistic infections and a failure to thrive (Gaspar et al., 

2009). Affected patients require early therapeutic intervention as ADA 

deficiency has a fatal course if left untreated due to overwhelming and 

devastating infections within the first year of life (Whitmore and Gaspar, 2016). 

Three treatment options are currently available (enzyme replacement therapy, 

haematopoietic stem cell transplantation and gene therapy) which greatly 

improve prognosis. Each treatment strategy aims to deliver functional ADA in 

order to overcome the enzymatic deficiency, the choice of which is dependent 

on multiple factors including patient circumstance and treatment availability. 

Treatment outcomes have been shown to be dependent on the early initiation 

of therapy and since it is now possible to screen neonates for SCID, including 

ADA SCID, there is lots of interest to implement a national screening 

programme in the UK (Azzari et al., 2011, Brown et al., 2011, Adams et al., 

2014, Gaspar et al., 2014). 

1.2.1 Enzyme Replacement Therapy 

Enzyme replacement therapy (ERT) offers an immediate treatment option 

upon initial diagnosis and, although not curative, is valuable and life-saving 

since it enables effective disease management (Serana et al., 2010, Tartibi et 

al., 2016).  
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ERT provides very high levels of circulating enzyme and therapy achieves 

metabolic detoxification because the active and circulating enzyme 

deaminates, and thereby detoxifies, accumulated metabolites (Chan et al., 

2005, Sauer et al., 2012, Tartibi et al., 2016). This creates a ‘metabolic sink’ 

as metabolites diffuse across cell membranes to the active enzyme. 

Treatment involves weekly or bi-weekly intramuscular administration of 

purified bovine ADA conjugated to polyethylene glycol (PEG-ADA), a process 

which reduces the immunogenicity and degradation of the therapeutic 

compound whilst simultaneously increasing the circulating life (Booth and 

Gaspar, 2009). Patients show clinical improvement after the first month of 

therapy, which can be initiated immediately upon diagnosis (Sauer et al., 

2012). However, if ERT is the treatment of choice, it is not curative and PEG-

ADA administration must be continued throughout life and patients require 

frequent biochemical and immunological monitoring (Booth and Gaspar, 2009, 

Gaspar et al., 2009). Therapy is well tolerated and survival rates are excellent, 

with patients remaining clinically well (Booth and Gaspar, 2009, Gaspar et al., 

2009). ERT restores immune function to protective levels, whereby patients 

are generally free from opportunistic infections (Chan et al., 2005, Booth and 

Gaspar, 2009, Gaspar et al., 2009). 

However, immune recovery can be variable (Fischer et al., 2015, Gaspar et 

al., 2009). Partial immune reconstitution can be achieved, possibly associated 

with the poor biodistribution of PEG-ADA, which is limited to plasma 

(Blackburn et al., 2000a, Chan et al., 2005, Sauer et al., 2012). Various bodies 

of evidence show loss of protective immunity in the early stages of treatment, 

therefore there is uncertainty about the long-term efficacy (Chan et al., 2005, 

Lainka et al., 2005, Booth et al., 2007). Further, there is concern about the 

emergence of complications such as the progression of chronic pulmonary 

insufficiency and hepatic and lymphoid malignancies (Gaspar et al., 2009, 

Sauer et al., 2012). 

Despite this, ERT with PEG-ADA has been used to treat over 150 patients with 

ADA SCID worldwide. It may represent a stabilising measure, used either as 
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a bridge to other therapies or until alternative and more definitive treatment 

options are available (Booth and Gaspar, 2009, Kohn and Gaspar, 2017). 

1.2.2 Haematopoietic Stem Cell Transplantation (HSCT) 

Haematopoietic stem cell transplantation (HSCT), also referred to as bone 

marrow transplantation (BMT), is a widely available treatment for patients 

affected by ADA SCID.  

Unlike ERT, HSCT is a curative treatment option and currently tends to be the 

treatment of choice, involving the transplantation of allogeneic cells from a 

healthy donor (Gaspar et al., 2009, Hatzimichael and Tuthill, 2010). Following 

transplantation, haematopoietic stem cells (HSCs) migrate to the 

haematopoietic microenvironment of the recipient, where the healthy donor 

cells can engraft and further differentiate (Hatzimichael and Tuthill, 2010). 

Multipotent donor HSCs are able to differentiate into any mature 

haematopoietic cell type with the added selective advantage of expressing 

functioning ADA (Hatzimichael and Tuthill, 2010). Assuming patient survival 

and sustained donor cell engraftment, transplantation achieves long-term 

cellular and humoral immune recovery because expansion of donor HSC-

derived cells provides ADA enzymatic activity and thereby detoxifies 

metabolite accumulation in affected patients (Hassan et al., 2012). In 

comparison to ERT, the amount of circulating ADA does not increase 

significantly after HSCT because ADA is not normally secreted.  

HSCT can result in effective immune reconstitution and long-term survival in 

ADA SCID patients, although delayed and/or suboptimal reconstitution can 

occur (Sauer et al., 2012, Whitmore and Gaspar, 2016). Additionally, there are 

multiple risks associated with transplantation, such as graft versus host 

disease (GVHD) (Buckley et al., 1999, Hatzimichael and Tuthill, 2010). HSCs 

can be harvested from different donor sources and the donor source has a 

large effect on treatment success. Transplantation from human leukocyte 

antigen (HLA) matched sibling donors (MSDs) or matched family donors 

(MFDs) is preferred due to high success rates, however this is not possible for 
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the vast majority of affected patients (Dvorak and Cowan, 2008, Sauer et al., 

2012, Ghosh and Gaspar, 2017). HSCs can also be acquired from a T cell 

depleted haploidentical family member (mismatched donor, MMD) or from an 

HLA-matched unrelated donor (MUD) (Dvorak and Cowan, 2008). Transplants 

from these alternative donors are, however, associated with much lower 

success rates (Worth et al., 2013).  

Despite the differences in survival rates, it has been reported that as long as 

the patient survives and the donor cells successfully engraft, long-term 

immune reconstitution can be achieved following HSCT, regardless of donor 

groups (Hassan et al., 2012). 

1.2.3 Gene Therapy 

The final and most recently emergent treatment strategy for ADA SCID is gene 

therapy (GT) using integrating vectors such as gammaretroviral and lentiviral 

vectors. Similarly to HSCT, GT offers a curative and lifelong treatment option 

through gene correction of autologous HSCs to deliver the therapeutic gene 

(Candotti et al., 2012).  

CD34+ cells, derived from the patient bone marrow are harvested and 

subsequently transduced ex vivo with a viral vector, which integrates a 

functional copy of the ADA gene into the genome (Aiuti et al., 2009, Ferrua et 

al., 2010). These cells are infused back into the patient where, following 

successful engraftment, it is hoped that the gene corrected cells will proliferate 

and differentiate, with the capability of repopulating all haematopoietic 

lineages and detoxifying accumulated substrates through the sustained 

expression of ADA (Ferrua et al., 2010). Since GT involves transfer of 

autologous cells, it therefore bypasses the need for a donor (Candotti et al., 

2012). There is no risk of GVHD and no need for immunosuppressive 

treatments (Aiuti et al., 2009, Ferrua et al., 2010, Cicalese et al., 2016). 

It is estimated that, worldwide, over 40 patients with ADA SCID have been 

treated with GT and excellent outcomes have been reported, including 
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permanent engraftment of transduced cells, cessation of ERT, immune 

recovery and systemic detoxification (Aiuti et al., 2002, Aiuti et al., 2009, 

Ferrua et al., 2010, Cicalese et al., 2016, Ghosh and Gaspar, 2017). Therefore 

GT represents a good option for patients who have not responded well to other 

treatments or when other treatments may not be available (Aiuti et al., 2002, 

Aiuti et al., 2009). Additionally, it can be given to patients promptly upon 

diagnosis (Cicalese et al., 2016). 

There are still limitations associated with GT, for example, the kinetics of 

reconstitution are slower than that achieved by HSCT from an HLA-matched 

donor (Aiuti et al., 2009, Ferrua et al., 2010). Additionally, GT is not successful 

in all patients and some eventually restart ERT (Candotti et al., 2012, 

Nakazawa et al., 2015, Cicalese et al., 2016). However, GT still remains 

largely novel and improvements are continually being made to optimise the 

efficacy and safety profile of this treatment strategy: the use of 

nonmyeloablative conditioning, the administration of PEG-ADA and the type 

of viral vector used are examples of this. 

There is a substantial body of evidence to suggest that implementation of 

nonmyeloablative conditioning improves the engraftment of transduced cells 

and therefore improves the efficacy of GT (Candotti et al., 2012, Carbonaro et 

al., 2012, Nakazawa et al., 2015, Ghosh and Gaspar, 2017). This is now a 

widely accepted approach used clinically prior to infusion of transduced cells. 

Furthermore, the current approach is that ERT, typically used to stabilise 

patients, must be stopped prior to the initiation of GT because it is 

hypothesised that cessation of PEG-ADA offers a selective advantage to 

transduced cells (Aiuti et al., 2002, Aiuti et al., 2009, Candotti et al., 2012, 

Ghosh and Gaspar, 2017). However, there is also evidence that suggests that 

PEG-ADA supplied through ERT does not affect the outcome of GT 

(Carbonaro et al., 2012, Ghosh and Gaspar, 2017).  

Lastly, lentiviruses are being investigated as an alternative therapeutic viral 

vector due to safety concerns associated with the use of gammaretroviral 
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vectors (Carbonaro et al., 2014, Ghosh and Gaspar, 2017). 

Gammaretroviruses are the vectors that are currently being used in GT for 

ADA SCID and no adverse vector-mediated effects have yet been reported 

(Aiuti et al., 2009, Candotti et al., 2012). However, gammaretroviruses have 

been associated with insertional mutagenesis in GT for other diseases; in fact, 

integration sites are reportedly near proto-oncogenes in ADA SCID GT studies 

(Ghosh and Gaspar, 2017). 

Therefore, whilst there are clear clinical benefits of using GT to treat ADA 

SCID, further research and long-term clinical studies are still required to 

monitor and optimise this treatment strategy.  

1.3 Immunodeficiency associated with ADA SCID  

1.3.1 Immunodeficient phenotype 

As described previously, the first clinical presentation of ADA deficiency is 

often immunological and ADA SCID patients present with a characteristic and 

profound lymphopenia (Booth and Gaspar, 2009). These patients display 

severe impairments in the development, differentiation and function of T, B and 

NK cells alongside a complete absence of cellular and humoral immunity 

(Sauer and Aiuti, 2009, Rivers and Gaspar, 2015, Ferrua and Aiuti, 2017). 

Severe immune disturbance is also detected in ADA deficient mice and the 

immunodeficient phenotype will be briefly summarised in the following 

sections. 

1.3.2 ADA deficiency and T cells 

Abnormal T cell development has been demonstrated in the thymus of an ADA 

deficient patient where, histologically, there was severe thymic atrophy and a 

loss of cortex-medulla demarcation (Poliani et al., 2009, Grunebaum et al., 

2013). Further evidence was provided by a murine model of ADA deficiency 

which, at postnatal day 18, showed a decrease in thymocyte numbers to less 

than 10% of that in control littermates (Blackburn and Kellems, 2005). 

Moreover, CD4+CD8+ double-positive thymocytes were almost absent in the 

mice, who additionally showed increased apoptosis of immature T cells, 
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specifically in the thymus and not in the spleen or lymph nodes (Apasov et al., 

2001, Blackburn, 2003). 

The T cell immune defect in ADA deficiency is not only restricted to 

development; impaired T cell activation (of both CD4+ and CD8+ T cells) has 

been demonstrated by analysing and identifying abnormal expression of cell 

surface markers (Apasov et al., 2001). Besides this, evidence has shown that 

ADA deficiency also impairs the ability to transduce activating signals through 

the T-cell receptor (TCR) (Apasov et al., 2001, Cassani et al., 2008). This has 

been shown to impair downstream events, such as proliferation mediated by 

the TCR/CD28 interaction, TCR/z and ZAP-70 phosphorylation, and calcium 

mobilisation (Apasov et al., 2001, Cassani et al., 2008). 

1.3.3 ADA deficiency and B cells 

B cell development is also compromised in ADA deficiency and a partial block 

of B cell development has been demonstrated in patients’ bone marrow 

(Brigida et al., 2014). In comparison, the ADA deficient murine model does not 

show impaired B cell development in the bone marrow, but rather in the 

secondary lymphoid organs (Aldrich et al., 2003, Whitmore and Gaspar, 2016). 

The spleens in these mice were noted to be smaller, with abnormal 

architecture and altered distribution of B cells among marginal, follicular and 

newly formed zones (Apasov et al., 2001, Aldrich et al., 2003). This is 

suggestive of impaired antigen-dependent B cell maturation (Flinn and 

Gennery, 2018). 

Alongside the impaired development, it has also been shown that ADA 

deficiency affects B cell function and patients with ADA deficiency display a 

pronounced hypogammaglobinaemia (Aldrich et al., 2003, Sauer et al., 2012). 

In the murine model of ADA deficiency, it has been shown that B cells 

demonstrate a reduced proliferative ability in response to antigen receptor-

mediated signalling (Aldrich et al., 2003). Further, stimulation through the B 

cell receptor readily induced apoptosis of these B cells (Aldrich et al., 2003). B 

cells have also been shown to have phosphorylation defects downstream of 



 38 

Toll-Like Receptor (TLR) signalling, which is likely to affect immune regulation 

(Maglione et al., 2015). 

1.3.4 ADA deficiency and other immune cells 

ADA deficiency causes severe immune dysregulation and this manifests 

throughout the immune system. Additional aspects of disrupted immune 

function are also reported, such as neutropenia, thus demonstrating that both 

the myeloid and lymphoid lineages are disrupted in this metabolic disorder 

(Kim et al., 2018).  

1.3.5 ADA deficiency and autoimmunity 

As mentioned previously, ADA deficiency can also be defined as partial and 

late-onset; autoimmune dysregulation is often associated with these forms, as 

reviewed in Sauer et al. (Sauer et al., 2012). 

1.3.6 Molecular pathogenesis of the immunological component of ADA 
SCID 

The purine salvage pathway is integral to the functioning of the immune 

system, as demonstrated by the evidence associated with ADA deficiency 

(Grunebaum et al., 2013). Much progress has been made in identifying that 

the accumulation of adenosine, 2’dAdo and dATP underlies the immunological 

pathology of ADA deficiency. The detailed explanation that follows, with 

respect to the roles of these metabolic substrates in immune cell dysfunction, 

is presented because these pathways may also be of relevance to the 

pathologies seen in other non-immunological organ systems where specific 

mechanisms have not yet been elucidated. 

1.3.7 Role of 2’deoxyadenosine and dATP 

In the purine salvage pathway, 2’dAdo undergoes conversion to 

2’deoxyinosine, catalysed by ADA; this reaction is not possible in ADA 

deficiency. Instead, 2’dAdo accumulates both extracellularly and intracellularly 

– intracellular 2’dAdo is phosphorylated to form dATP by deoxynucleoside 

kinases (Bradford et al., 2017). Both 2’dAdo and dATP are largely implicated 
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in the pathogenesis of the immune deficit associated with ADA deficiency, 

which will be discussed in further detail (Whitmore and Gaspar, 2016). 

It is likely that 2’dAdo contributes to the thymic defect(s) associated with ADA 

deficiency. Positive and negative selection of thymocytes occurs in the thymus 

and is accompanied by cell death, which generates large amounts of DNA for 

degradation (Klein et al., 2014). 2’dAdo is a component of DNA which is 

formed from such degradation. Due to this, ADA is expressed at high levels in 

the thymus which, under normal metabolic circumstances, prevents the 

accumulation of 2’dAdo (Blackburn and Thompson, 2012, Sauer et al., 2012). 

However, the thymic environment is vulnerable during ADA deficiency: 

deoxynucleoside kinase activity is also high and 2’dAdo is subsequently 

converted to generate large amounts of dATP (Carson et al., 1977). This 

conversion to dATP causes immune dysfunction via multiple pathways. 

dATP is a potent inhibitor of ribonucleotide reductase, an enzyme essential for 

de novo synthesis of deoxyribonucleoside triphosphates (Lee et al., 1984). 

Accumulation therefore interferes with DNA synthesis, replication and repair 

and this disruption is lymphotoxic since these DNA processes are integral to 

lymphocyte expansion following antigenic challenge (Whitmore and Gaspar, 

2016). There is also evidence that dATP may generate DNA strand breaks 

(Seto et al., 1985, Bradford et al., 2017). Furthermore, dATP is also implicated 

in the observed apoptosis, as published evidence links it to the p53 apoptotic 

pathway (Benveniste et al., 1995). There is further evidence to support the role 

of dATP in the induction of apoptosis as dATP is implicated in the release of 

cytochrome c from the mitochondria and also in the APAF-1 mediated 

activation of procaspase-9 (Yang and Cortopassi, 1998, Zou et al., 1999, 

Whitmore and Gaspar, 2016). 

dATP also causes severe immune dysregulation by interfering with V(D)J 

recombination, a process which is essential for mounting a specific immune 

response (Thompson, 1995, Gangi-Peterson et al., 1999). It is suspected that 

this may contribute to the observed B cell dysfunction (Gangi-Peterson et al., 

1999). 
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2’dAdo can also exert toxic effects at the nucleoside level, through the 

irreversible inactivation of S-adenosyl-L-homocysteine (SAH) hydrolase and a 

concomitant accumulation of SAH (Blackburn and Kellems, 2005). SAH 

causes immune dysregulation because its accumulation inhibits 

transmethylation reactions that are essential for effective lymphocyte 

activation (Blackburn and Kellems, 2005, Whitmore and Gaspar, 2016, 

Bradford et al., 2017). 

1.3.8 Role of adenosine 

Adenosine is an extracellular signalling molecule that binds to cognate G-

protein couple receptors on the plasma membrane of target cells; these 

receptors will be discussed in greater detail further on in section 1.5.8. This 

adenosine-mediated signalling plays an important role in regulating the 

immune system under normal metabolic conditions (Blackburn and Kellems, 

2005, Whitmore and Gaspar, 2016, Antonioli et al., 2018). Accumulation of 

adenosine has been demonstrated in ADA deficiency and increased signalling 

via these receptors has been implicated in the immune pathology (Blackburn 

and Thompson, 2012). 

An immunological defect associated with ADA deficiency is the absence of 

CD4+CD8+ double positive thymocytes and it has been proven that 

extracellular signalling, mediated by adenosine, contributes to the induction of 

apoptosis in these thymocytes (Apasov et al., 2000). Additionally, 

accumulation of adenosine has been shown to inhibit early events in TCR 

triggered signalling in thymocytes, which may be partially responsible for the 

observed T cell reduction (Apasov et al., 2001).  

Accumulation of adenosine also impacts mature T cells, for example, 

transmembrane signalling through a particular subset of adenosine receptor 

(A2A) is believed to inhibit T cell proliferation, thus contributing to the observed 

peripheral T cell depletion (Huang et al., 1997). Additionally, increased 

concentrations of adenosine have been shown to interfere with TCR signalling, 

thereby preventing activation of peripheral T cells during an immune response 
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(Apasov et al., 2001). Accordingly, the actions of adenosine have been shown 

to mediate immunosuppressive actions and downregulate activated immune 

cells (Sitkovsky et al., 2004).  

Adenosine accumulation has also been linked to the onset of autoimmunity in 

ADA deficiency, through its effects on regulatory T cells and B cell tolerance 

(Sauer et al., 2012). 

From the above evidence, it is clear that the immune defect associated with 

ADA SCID is directly caused by the accumulation of metabolic substrates 

adenosine, 2’dAdo and dATP in the absence of ADA activity. The pathogenic 

mechanisms are summarised in Figure 1-3. 
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Figure 1-3 ADA deficiency leads to an accumulation of metabolic substrates – different 
mechanisms are proposed for the accumulation of adenosine and 2’deoxyadenosine.  

An increase in the extracellular concentration of adenosine increases A2A receptor activation 
which, in turn, increases the intracellular concentration of cAMP. cAMP disrupts T cell receptor 
signalling and inhibits the typical immune response to a stimulus. Accumulating 
2’deoxyadenosine diffuses down its concentration gradient into the cell, whereby it inhibits 
SAH hydrolase and plays a role in apoptosis. Alternatively, 2’deoxyadenosine may undergo 
conversion to dATP, which inhibits ribonucleotide reductase and plays a role in apoptosis. 
Adapted from (Whitmore and Gaspar, 2016).
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1.4 ADA SCID is more than just an immunodeficiency 

Patients with ADA SCID initially present with severe immunological 

phenotypes and, hence, the impact on the immune system has been well 

elucidated. Initial attempts to treat ADA deficiency focussed on correcting the 

immunological defects.  

However, as treatments have improved, survival has increased and it is 

evident that abnormalities associated with deficient ADA activity are not just 

restricted to the immune system. Rather, it has become apparent that multiple 

organ systems are affected by the absence of ADA enzymatic activity, see 

Figure 1-4.  

 
 

Figure 1-4 ADA deficiency has a multi-organ pathology and metabolic disruption is not 
confined to the immune system.  

 

There has previously been debate as to whether the other manifestations are 

a primary consequence of the absence of ADA or rather, secondary to the 

immune defect and this will be discussed below.  
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1.4.1 ADA SCID and the liver 

The first generation of ADA deficient mice, as discussed previously, exhibited 

severe hepatic abnormalities, including morphological changes to hepatocytes 

and degeneration (Migchielsen et al., 1995, Wakamiya et al., 1995). This 

severity of hepatic abnormality is not mirrored in the patient setting, but there 

are reports of liver-associated pathology in ADA SCID patients (Whitmore and 

Gaspar, 2016). For example, a neonate with ADA SCID exhibited hepatic 

abnormalities (early giant-cell transformation and foamy hepatocytes) and 

prolonged hyperbilirubinaemia with hepatitis (Bollinger et al., 1996). This study 

also demonstrated that hepatic abnormalities were most likely related to 

substrate accumulation, since elevated concentrations of serum 

aminotransferase and bilirubin declined rapidly upon initiation of treatment with 

ERT (Bollinger et al., 1996). This occurred alongside the correction of 

metabolic substrate accumulation and prior to the correction of T cell defects 

(Bollinger et al., 1996). Hence, this suggests that the hepatic pathology is likely 

related to accumulation of metabolic substrates (Bollinger et al., 1996). 

Although reports are not published in abundance, the occurrence of hepatic 

abnormalities in ADA SCID patients cannot be ruled out.  

1.4.2 ADA SCID and the lungs 

The second generation ADA SCID mouse model was genetically engineered 

to overcome the hepatic lethality associated with the initial models and thus 

survive postnatally; whilst successful, these mice instead developed severe 

pulmonary insufficiency and died from respiratory distress by three weeks of 

age (Blackburn et al., 2000b). Absent ADA activity therefore also impacts upon 

the pulmonary system and there is a large body of evidence to support this. 

For example, pathology characteristic of pulmonary alveolar proteinosis (PAP) 

has been reported in both ADA SCID mice and patients (Grunebaum et al., 

2012, Dhanju et al., 2014). Similarly, peripheral airway dysfunction and lung 

remodelling have been demonstrated in both patients and mice respectively 

(Blackburn et al., 2000b, Komarow et al., 2015).  
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It is highly unlikely that the aforementioned lung pathologies are secondary to 

the immunodeficiency since a significantly higher rate of PAP has been 

observed in ADA SCID patients (7/16) in comparison to other forms of SCID 

(0/22) (Grunebaum et al., 2012). Furthermore, PAP was corrected once these 

patients received treatment, even before immune reconstitution (Grunebaum 

et al., 2012). Linked to this, it has been shown that ERT can reverse murine 

respiratory distress and, in fact, has been used in this thesis to prolong the life 

of ADA deficient mice (Blackburn et al., 2000b). A study was published 

showing that “low-dose” ERT prevented the pulmonary abnormalities, but did 

not correct the immune status of ADA deficient mice (Blackburn et al., 2000a). 

This evidence all supports the hypothesis that the pulmonary phenotype is 

separate from the immune phenotype and the accumulation of metabolic 

substrates underlies the pathogenesis of both.  

Similarly to the immune system, elevations in levels of adenosine have been 

implicated in signalling pathways that lead to the aforementioned lung 

pathologies (Blackburn, 2003).  

1.4.3 ADA SCID and the kidneys 

Renal abnormalities are not frequently reported alongside ADA deficiency and 

although limited, there is published evidence to suggest that dysregulation may 

occur. For example, when autopsied, seven out of eight patients with ADA 

SCID displayed mesangial sclerosis (Ratech et al., 1985). Furthermore, two 

patients displayed global sclerosis of between 5-10% of glomeruli (Ratech et 

al., 1985). A more recent report described four patients presenting with 

haemolytic-uraemic syndrome (HUS), a common cause of kidney failure in 

young children (Nikolajeva et al., 2015). Renal abnormalities have also been 

reported in mice, for example, an increase in erythrocytes was found in the 

convoluted tubules (Blackburn et al., 1998, Dai et al., 2011).  

Since there are fewer reports of renal dysfunction in ADA SCID, it is harder to 

elucidate the underlying mechanism. A study led by Dai investigated renal 

manifestations in mice deficient of ADA but maintained on a low-dose versus 
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a high-dose ERT treatment (Dai et al., 2011). This showed that renal fibrosis 

and dysfunction was attenuated by increased PEG-ADA treatment (Dai et al., 

2011). Furthermore, signalling via adenosine receptors has been linked to 

renal fibrosis and this study implicated a particular receptor subtype (A2B) by 

showing increased receptor expression in the low-dose treatment group (Dai 

et al., 2011, Roberts et al., 2014). The reported abnormalities are therefore 

most likely linked to ADA SCID, and ERT successfully stabilised renal function 

in two patients (of the four described above) (Nikolajeva et al., 2015). However, 

it cannot be determined whether this was due to resolution of the immune 

defect or the metabolic substrate accumulation.  

1.4.4 ADA SCID and the skeletal system 

Skeletal abnormalities were reported as a non-immunological manifestation of 

ADA SCID in both patients and mice (Cederbaum et al., 1976, Ratech et al., 

1985, Blackburn et al., 1998). Mice deficient of ADA enzymatic activity 

demonstrated rib cage abnormalities where the curvature was more severe 

and costochondral junctions appeared enlarged (Blackburn et al., 1998). 

Similarly, costochondral abnormalities have also been reported in ADA SCID 

patients (Cederbaum et al., 1976). Short growth plates and chondrocyte 

abnormalities were also observed in patients (Ratech et al., 1985).  

Aside from structural defects, there is also evidence for functional 

abnormalities in ADA SCID: the bone marrow microenvironment appeared to 

be defective in its capacity to support haematopoiesis in mice deficient for ADA 

(Sauer et al., 2009). 

An interesting study compared the bone abnormalities in ADA SCID mice and 

another mouse model, which was deficient for Rag2gc (Sauer et al., 2009). 

The immunodeficient phenotype in both models is similar and the mice lack T, 

B and NK cells. However, the metabolic defect and accumulation of substrates 

is exhibited only in the ADA SCID model. Specific bony abnormalities were 

shared by both models; however, some features were observed only in mice 

deficient for ADA and therefore cannot be wholly attributable to the immune 
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defect (Sauer et al., 2009). Contrary to this, there is evidence to suggest that 

bony abnormalities are partially caused by the immune defect, as T and B cells 

do play an important role in maintaining bone homeostasis, as reviewed in 

Whitmore and Gaspar (Whitmore and Gaspar, 2016).  

To summarise, the bony abnormalities observed in ADA SCID appear to be 

partially related to the immune defect and partially related to the accumulation 

of metabolic substrates.  

1.4.5 ADA SCID and the skin 

Dermatofibrosarcoma protuberans (DFSP) is a rare skin tumour which is 

infrequently diagnosed in the paediatric setting (Kesserwan et al., 2012). A 

study has shown increased incidence of DFSP in ADA SCID patients, with 

eight out of twelve patients having DFSP lesions (Kesserwan et al., 2012). 

Given the results of this study, it was hypothesised that patients with ADA 

SCID may be predisposed to childhood diagnoses of DFSP, although currently 

the underlying mechanism is unknown (Kesserwan et al., 2012). The study 

authors suggested that there may be an infectious cause of the tumours but 

also referenced a report of DFSP in an ADA SCID patient, despite receiving 

successful treatment (Rubocki et al., 2001, Kesserwan et al., 2012). There are 

also hypotheses whereby accumulation of adenosine and 2’dAdo might be 

implicated in the pathogenesis of DFSP. Dermal fibrosis has been reported in 

the ADA deficient murine model; moreover, signalling through a subtype of 

adenosine receptor (A2A) has been identified as the causative link (Fernández 

et al., 2008). ADA SCID patients are therefore exposed to fibrogenic effects of 

accumulating adenosine and this, coupled with the effect of 2’dAdo on the 

induction of DNA strand breaks, may underlie the increased frequency of 

DFSP in these patients (Kesserwan et al., 2012, Whitmore and Gaspar, 2016). 

1.4.6 ADA SCID exhibits multiple non-immunological pathologies 

There is clear evidence that ADA SCID affects multiple organ systems and this 

is not surprising, considering the ubiquitous expression of ADA. Therefore, 

ADA SCID is more than an immunodeficiency and exists as a systemic 
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metabolic disorder. Having presented the evidence, it is highly likely that the 

observed pathologies are caused directly by the deficiency of ADA and the 

resulting substrate accumulation, and not secondary to the immune deficit. 

However, other than in the immune system, a detailed understanding of the 

pathogenic mechanisms has not been established. Therefore, this thesis will 

no longer refer to ADA SCID, but rather ADA deficiency, since this disease has 

manifestations that reach beyond just the immune system.  

1.5 ADA deficiency in the brain 

The expression of ADA is ubiquitous and deficiency of this enzyme leads to a 

multi-organ pathology. ADA is also expressed in the brain and, accordingly, 

patients with ADA deficiency present with neurological abnormalities. These 

are becoming more frequently observed since immunological manifestations 

no longer dominate the clinical presentation. The next section of this thesis will 

focus on the reported neurological abnormalities.  

1.5.1 Cognitive function in ADA deficiency 

HSCT is a viable treatment option for patients with ADA deficiency, as outlined 

in 1.2.2, but this treatment may be associated with cognitive problems (Kramer 

et al., 1997, Ghazikhanian et al., 2017). In fact, cognitive abnormalities are 

frequently reported in ADA deficiency. The evidence outlined below will 

address the likelihood of these abnormalities being treatment-related or an 

outcome of the underlying disease. 

One published study provides evidence in support of this, by comparing 

cognitive ability in two cohorts of patients receiving BMT for ADA deficiency or 

for other forms of SCID (Rogers et al., 2001). The majority of patients within 

these cohorts (20 out of 22) fall within the age range where cognition may be 

vulnerable if BMT occurs (which is, before three years of age) (Phipps et al., 

2000, Rogers et al., 2001). Accordingly, this study showed no significant 

difference in Full Scale Intelligence Quotient (IQ) scores between the two 

cohorts of patients; both cohorts do, however, fall below the average of the 

normal population range (Rogers et al., 2001). This evidence would support 
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the hypothesis that cognitive abnormalities are a side effect of BMT. However, 

this study also showed that there was a significant inverse correlation between 

IQ scores and concentration of dATP at diagnosis (Rogers et al., 2001). This, 

therefore, implies that there may be a relationship between the severity of 

metabolic disturbance and the severity of cognitive abnormalities, which 

partially implicates substrate accumulation in the underlying pathogenesis. 

A later study was published which assessed cognitive function in a large cohort 

(n=105) of children treated by HSCT in one centre over a fixed period of time 

(Titman et al., 2008). The results of this study were in agreement with Rogers 

et al.: the average IQ score of HSCT-receiving patients was lower than the 

population average (Rogers et al., 2001, Titman et al., 2008). Additionally, it 

also showed that patients diagnosed with ADA deficiency (n=13) had a 

significantly lower IQ score than patients diagnosed with other forms of SCID 

(n=43) (Titman et al., 2008). These studies, therefore, confirmed that treatment 

with BMT/HSCT was associated with an increased risk of developing cognitive 

difficulties, but patients with ADA deficiency were likely to have a considerably 

poorer outcome (Rogers et al., 2001, Titman et al., 2008).  

A recent publication provided more clarity on this issue, by presenting data 

gathered from a cohort of ADA deficient patients treated with PEG-ADA rather 

than BMT/HSCT (Sauer et al., 2017). Patients less than three years of age 

were assessed via measurement of their mental development index (MDI), 

which was below the population average (but within 2 standard deviations) for 

all seven patients (Sauer et al., 2017). Similarly, total IQ was measured in 

patients older than three years of age (n=7) and measurements were also 

below the population average (Sauer et al., 2017). In addition to measuring 

total IQ, both verbal and performance IQ were assessed and in these five 

patients, measurements were below the population average (Sauer et al., 

2017). Of these, patients appeared to have a lower verbal IQ score however 

this is to be expected, when coupled with frequent reports of delayed speech 

(Sauer et al., 2017, Cagdas et al., 2018). 
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These studies therefore confirmed that treatment with BMT/HSCT was 

associated with an increased risk of developing cognitive difficulties. However, 

abnormalities were not entirely associated with treatment effect, but rather the 

underlying metabolic defect. Due to this, patients with ADA deficiency were 

likely to have a poorer outcome overall in terms of cognitive ability, and a study 

has shown persistence of learning disability in long-term surviving patients 

aged between six and twenty-two years old (Hönig et al., 2007). 

1.5.2 Behaviour in ADA deficiency 

ADA deficient patients have a lower IQ score and reduced cognitive ability; an 

inverse relationship has been described between cognitive ability and 

behavioural difficulties in transplanted patients (Titman et al., 2008). 

Accordingly in the Titman study, which identified that ADA deficient patients 

have a lower IQ than other transplanted patients, an association between ADA 

deficiency and higher rates of emotional and behavioural difficulties was 

reported (Titman et al., 2008). Similar results were presented in the Rogers 

study which highlighted significant behavioural problems, reported by parents 

and also self-reported by three eligible patients (Rogers et al., 2001). These 

patients reported difficulties in peer relationships, and parents reported 

aggressive behaviour and social problems (Rogers et al., 2001). These 

behaviours were not observed in the control SCID cohort and, therefore, are 

specific to ADA deficiency (Rogers et al., 2001). 

A commonly reported behavioural abnormality in ADA deficiency is 

hyperactivity disorder (Rogers et al., 2001, Hönig et al., 2007, Scott et al., 

2017). As an example of this, one study described aspects of attention deficit 

and hyperactivity disorder to differing extents in each patient - this included 

difficulties in maintaining attention and motor restlessness (Sauer et al., 2017). 

In fact, through personal communication, the author of this thesis is aware that 

some patients present with behavioural abnormalities that feature on the 

autism spectrum and Ritalin, a medication used in attention deficit hyperactivity 

disorder (ADHD) is frequently prescribed (Gaspar, personal communication).  
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1.5.3 Auditory function in ADA deficiency 

Tanaka et al. published one of the earliest reports of auditory abnormalities in 

ADA deficient patients (Tanaka et al., 1996). BMT without conditioning was 

used to successfully treat two siblings and immune reconstitution was 

achieved, but these patients both exhibited sensorineural deafness at one year 

of age (Tanaka et al., 1996). Since there was an absence of other identifiable 

causes (for example a lack of family history, no structural abnormalities in the 

brain, inner or middle ears), it was hypothesised that ADA deficiency may be 

partially responsible for the sensorineural deafness (Tanaka et al., 1996). 

Accordingly, following on from these primary reports, auditory abnormalities 

are now frequently reported in patients with ADA deficiency. For example, one 

publication described hearing impairments in PEG-ADA treated patients, 

ranging from mild abnormalities in two patients to more severe sensorineural 

hypoacusia in another two patients who required hearing devices (Sauer et al., 

2017). Device use was also reported in a Canadian study, where auditory 

abnormalities were observed in six patients, ranging from moderate to severe 

in five patients, requiring the use of devices (Scott et al., 2017).  

A high incidence of bilateral sensorineural deafness has also been reported in 

a larger cohort, affecting seven of twelve (58%) patients treated with BMT at 

one specific centre (Albuquerque and Gaspar, 2004). Similarly to the Tanaka 

report, these patients did not possess specific predisposing factors – for 

example, viral infection only occurred in one patient and congenital infections 

did not occur (Albuquerque and Gaspar, 2004). This study also investigated 

the incidence of auditory abnormalities in other SCID cases, where only one 

patient out of sixteen (6%) exhibited bilateral deafness (Albuquerque and 

Gaspar, 2004). In this comparison group, the underlying molecular defect was 

confined to the immune system which therefore suggests that the observed 

deafness in ADA deficiency is primarily related to the metabolic defect 

(Albuquerque and Gaspar, 2004). Interestingly, it was shown that a 

relationship did not exist between the levels of dATP and the severity of 

deafness, perhaps implicating adenosine as the causal factor (Albuquerque 

and Gaspar, 2004). Nor was this correlation observed in another study 
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detailing sensorineural hearing deficit in five of twelve patients surviving long-

term after HSCT (Hönig et al., 2007). 

1.5.4 Developmental delay in ADA deficiency 

Paediatric developmental delay may be associated with environmental 

influences, such as recurrent periods of hospitalisation, perhaps even more so 

when patients are isolated from peer groups as is seen in SCID cases (Kramer 

et al., 1997, Rogers et al., 2001). However, the literature reports a high 

incidence of developmental delay in ADA deficiency (Hönig et al., 2007, Scott 

et al., 2017). An example of this is provided in the long-term study of 

transplanted patients where all six of the patients diagnosed with neurological 

abnormalities showed delays in reaching developmental milestones (Hönig et 

al., 2007). Observations such as slurred speech and reduced verbal 

expression were also noted (Hönig et al., 2007). Further evidence, such as 

global developmental delay, has also been described (Scott et al., 2017). 

The developmental delay in ADA deficiency could be linked to the treatment, 

but may also exacerbated by the other neurological comorbidities such as 

auditory and cognitive abnormalities.  

1.5.5 Motor function in ADA deficiency 

The literature evidence base contains very early reports of motor dysfunction 

in ADA deficiency (Hirschhorn et al., 1980). Important publications are still 

emerging, such as the study of three patients who demonstrated significant 

neurological abnormalities, particularly affecting the motor system (Nofech-

Mozes et al., 2007). Motor dysfunction included hypotonia and nystagmus – 

the case report of these three patients has been summarised using data from 

the reporting study and is shown below, Table 1 (Nofech-Mozes et al., 2007). 

This study had a large impact on the understanding of neurological 

abnormalities in ADA deficiency, because these patients showed no evidence 

of infection or transplant related toxicity (Nofech-Mozes et al., 2007). 

Therefore, the metabolic disruption resulting from ADA deficiency was a likely 

cause of the motor abnormalities. Further evidence to support this hypothesis 
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was provided by another study of patients surviving long-term post HSCT 

(Hönig et al., 2007). Motor dysfunction was noted among these, including 

abnormal gait, hypotonia and motor coordination disorder (Hönig et al., 2007).  

Another study, recently published, provided more crucial evidence of motor 

dysfunction in untreated and PEG-ADA treated patients (Sauer et al., 2017). 

Patients displayed altered muscle tone, similarly to previous reports, and 

coordination or deambulation deficits were additionally observed (Sauer et al., 

2017). 

Two of these studies also reported neuroanatomical abnormalities (Nofech-

Mozes et al., 2007, Sauer et al., 2017). The original study reported volume 

loss and abnormalities of the basal ganglia and thalamus on computed 

tomographic scans and cranial magnetic resonance imaging (MRI) (Nofech-

Mozes et al., 2007). Further, dilation of pericerebral fluid spaces and 

ventricular system was also reported (Nofech-Mozes et al., 2007). The latter 

study similarly reported enlargement of ventricles and subarachnoid spaces 

as well as leukoencephalopathy (Sauer et al., 2017). This study included a 

larger cohort of patients, and reported a high incidence of white matter 

alterations in both untreated and younger/older PEG-ADA treated patients 

(40% and 38%/17% respectively) and enlargement of ventricles and 

subarachnoid spaces (80%, 38%/17% respectively) (Sauer et al., 2017).  
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 Patient 1 Patient 2 Patient 3 
Age of first neurological 
abnormality 

4 months 3 months 4 months 

Initial neurological 
presentation 

Hypotonia of trunk and 
extremities.  
Head lag and severe rotary 
nystagmus. 

Moderate hypotonia with head 
lag. 

Moderate hypotonia with head 
lag. 

Neuroanatomical 
abnormalities  

Pre-treatment:  
 
Dilatation of ventricular system 
and pericerebral fluid spaces 

Post-treatment:  
 
Caudate nuclei, basal ganglia 
and ventral thalami show cystic 
changes, calcification and 
volume loss 

Pre-treatment:  
Prominent pericerebral fluid 
and ventriculomegaly.  
 
Post-treatment:  
Slight resolution of pericerebral 
fluid, but persistence of 
ventriculomegaly. 

Treatment Initial supportive care followed 
by BMT at 9 months 

BMT at 4 months HSCT at 5 months 

Outcome Little neurologic improvement 
before BMT. 
 
Death at 11.5 months. 

Immune reconstitution post- 
treatment.  
Developed generalised 
seizures at 5 months.  
Cerebrospinal fluid (CSF) 
leukopenia.  
Severe psychomotor 
retardation at 12 months, with 
hypotonia of all extremities. 

Regular periodic assessments 
showed severe sensorineural 
deafness and moderate-severe 
motor and cognitive 
psychomotor delay up to 48 
months. 
 
Developed generalised 
seizures at 2 years. 
 

Table 1 Summary of the motor abnormalities reported in a case-study of three ADA deficient patients (Nofech-Mozes et al., 2007).  

Abbreviations: BMT, bone marrow transplantation. HSCT, haematopoietic stem cell transplantation. Adapted from (Whitmore and Gaspar, 2016)
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1.5.6 Epilepsy in ADA deficiency 

Epilepsy is reported in patients with ADA deficiency, Table 1 (Nofech-Mozes 

et al., 2007). Similar findings have been found in other patient cohorts, 

including a particularly interesting case of identical twins where only one 

suffered from seizures (Hönig et al., 2007). A recent publication detailed two 

PEG-ADA patients with epilepsy (Sauer et al., 2017). This study further 

reported that electroencephalography (EEG) recordings were abnormal in a 

large proportion of study participants (Sauer et al., 2017). Although epilepsy 

was not diagnosed in these patients, the EEGs were indicative of abnormal 

neuronal firing patterns (Sauer et al., 2017). 

1.5.7 Treatment for ADA deficiency in the brain 

From the evidence presented above, it is clear that neurological abnormalities 

are observed in ADA deficiency and persist following therapeutic intervention. 

Immunological deficiency overwhelms the initial patient presentation and it is 

therefore unknown whether neurological defects are apparent from birth. 

Regardless, the strength of the evidence presented above suggests that 

current treatments do not prevent the onset and development of neurological 

defects. Besides this, treatments neither control the progression of nor correct 

the abnormalities. Examples of this include occurrence of epileptic seizures in 

the Hönig study cohort, and the lack of improvement in IQ score of four patients 

treated long-term with PEG-ADA (Hönig et al., 2007, Sauer et al., 2017). 

To some degree, it is possible that the treatment, or associated factors, may 

lead to the observed neurological abnormalities. There are concerns that long 

periods of hospitalisation at a young age may impair development and 

cognitive ability, through isolation and reduced social interactions (Kramer et 

al., 1997, Titman et al., 2008). It is also likely that in this case, the defects may 

be linked and one may be exacerbated by another. For example, impaired 

communication and cognitive ability have both been reported in patients; 

coincidentally, hearing loss can be detrimental to both (Albuquerque and 

Gaspar, 2004). 
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However, the data presented here has demonstrated that whilst there is a high 

incidence, there is not complete penetrance of neurological abnormalities in 

ADA deficiency. Furthermore, multiple studies have compared ADA deficiency 

to other SCID cases, which do not mirror the abnormalities reported here, 

despite the fact that they will have undergone a similar clinical course in early 

life with infections, prolonged hospitalisations and BMT (Rogers et al., 2001, 

Albuquerque and Gaspar, 2004, Titman et al., 2008). Therefore this strongly 

suggests that the observed neurological dysfunction, which may be partially 

associated with treatment, is more likely to be caused by the metabolic defect 

in ADA deficiency.  

1.5.8 Role of metabolic substrates in brain 

It is likely that the neurological abnormalities associated with ADA deficiency 

are not secondary to the immune defect and are directly related to the 

metabolic disturbance. Adenosine, 2’dAdo and dATP are the pathogenic 

agents in the immune system and there is evidence to suggest they may also 

affect the neurological system.  

Adenosine plays an important role in the brain, functioning in the production of 

energy. However, adenosine plays a dual role and also functions as a 

neuromodulator. Whilst not being directly involved in neurotransmission, 

adenosine is responsible for fine-tuning synaptic transmission and integrating 

various signalling networks in the brain (Wei et al., 2011). This 

neuromodulation is exerted through the binding of adenosine to cognate G-

protein-coupled receptors (GPCRs) localised on the cell surface. There are 

four subtypes of adenosine receptor: A1, A2A, A2B and A3. A1 and A3 are 

inhibitory receptors, predominantly coupled to Gai and A2A and A2B are 

excitatory receptors, predominantly coupled to Gas, shown schematically in 

Figure 1-5. Receptor functions may also be mediated through coupling to 

additional Ga proteins (Chen et al., 2014). 
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Figure 1-5 Adenosine signalling occurs via activation of G-protein coupled receptors 
embedded into the phospholipid bilayer.  

There are four subtypes of adenosine receptor: A1, A2A, A2B and A3. A1 and A3 adenosine 
receptors are predominantly coupled to inhibitory Gai; A2A and A2B are predominantly coupled 
to Gas.  

 

Adenosine is an extracellular signalling molecule which binds to and activates 

the GPCR, causing either an increase or decrease of cyclic adenosine 

monophosphate (cAMP) levels, downstream of Gas or Gai activation, 

respectively. Each receptor subtype has a unique pattern of expression in the 

brain and differing affinities for adenosine, as summarised in Table 2Table 2.  

The A1 and A2A receptors are the most abundantly expressed subtypes in the 

brain and exert inhibitory and facilitatory roles, respectively (Camici et al., 

2018). Activation of the A1 adenosine receptor exerts a global inhibitory tone, 

whilst the A2A subtype has a more stimulatory function (Boison and Aronica, 

2015). 
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 A1 A2A A2B A3 
G-protein coupling Gai, Gao Gas (Gaolf) Gas (Gaq) Gai, (Gaq) 
Affinity (Fredholm et al., 
2001) 

High Relatively high Lowest High 

Location Highly expressed in 
cortex, cerebellum 
and hippocampus.  
Expressed throughout 
the brain. 

Largely expressed in 
the striatum. 
Expressed at low 
levels elsewhere in 
the brain. 

Found at low levels in 
the brain. 

Possibly intermediate 
levels in the 
cerebellum and 
hippocampus. 
Difficult to localise in 
the brain. 

 

Table 2 Characteristics of adenosine receptor subtypes, including predominant G-protein coupling, affinity for adenosine and location of receptor 
subtypes in the brain.  

This table was compiled using information from (Rivkees et al., 2000, Fredholm et al., 2001, Ribeiro et al., 2002, Fredholm et al., 2005, Lara et al., 2006, 
Verzijl and Ijzerman, 2011, Wei et al., 2011, Chen et al., 2014). 
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There are three sources of extracellular adenosine: intracellular adenosine can 

pass out of the cell through nucleoside transporters and accumulate 

extracellularly. Alternatively, extracellular adenosine can be formed through 

the ectonucleotidase pathway and the catabolism of adenine nucleotides, or 

formed following the breakdown of released cAMP (Fredholm et al., 2005, 

Haskó et al., 2005). Once available extracellularly, adenosine can bind to and 

activate cognate receptor subtypes. Several mechanisms and cell types can 

contribute to the generation of extracellular adenosine, but due to its integral 

neuromodulatory role, the extracellular concentration of adenosine in the brain 

is tightly regulated. 

It seems logical to assume that disturbance in this finely controlled system can 

have negative impacts. Accordingly, literature reviews discussing the role of 

purinergic signalling in central nervous system (CNS) disorders are found in 

abundance (Ribeiro et al., 2002, Boison and Aronica, 2015, Fumagalli et al., 

2017).  

1.6 ADA SCID mouse model 

It is clear from the evidence presented so far that research into ADA SCID has 

benefitted from the generation of a mouse model which largely recapitulates 

the phenotypic manifestations observed in the patient setting. Initial attempts 

by two independent groups successfully generated an ADA deficient mouse; 

however, homozygous foetuses did not survive postnatally and were either 

stillborn or succumbed within the first two days of life (Wakamiya et al., 1995, 

Migchielsen et al., 1995). These mice demonstrated severe hepatic 

abnormalities considered to be perinatally lethal (Migchielsen et al., 1995, 

Wakamiya et al., 1995). 

In order to overcome this, the mouse model currently in use is dependent on 

the in utero expression of ADA which allows the mice to survive post-partum 

(Blackburn et al., 1998). In brief, ADA expression was targeted to trophoblast 

cells by introducing an ADA minigene, containing a trophoblast regulatory 

element, onto an ADA deficient background (Blackburn et al., 1995, Blackburn 
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et al., 1998). The ADA deficient background was dependent on the insertion 

of a neomycin-resistance cassette into exon 5 of the 12 exon ADA gene, 

generating a null mutation (Wakamiya et al., 1995). This strategy was 

developed to target the trophoblast cells because these cells express ADA at 

high levels and were the site in which a large majority of enzymatic activity was 

found during foetal gestation (Blackburn et al., 1995).  

1.7 Thesis aims 

This thesis has one overarching aim - to further understand the neurological 

defects in ADA deficiency. This will be achieved by adopting an in vitro and an 

in vivo approach. A greater understanding would mean that future therapeutics 

can be optimised to prevent and/or control the neurological defects, thereby 

improving the quality of life for ADA deficient patients. 

1.8 Thesis hypothesis 

The evidence is clear that patients with ADA deficiency commonly suffer from 

neurological defects. The hypothesis central to this thesis is that the 

neurological abnormalities are caused by the metabolic disturbance resulting 

from the deficiency of ADA. Due to the integral role of ADA in the purine 

salvage pathway, there are numerous mechanisms through which ADA 

deficiency may lead to neurological insult.  

The importance of adenosine in the brain has been highlighted. It is 

hypothesised that alterations in adenosine concentration might have 

significant neurological implications, as evidenced by other disease states. 

Equally, accumulation of ATP may lead to changes in mitochondrial function 

or even altered neurotransmission.   

Further to this, current research has not yet investigated the precise role of 

2’dAdo and dATP in the brain. In this thesis, it is hypothesised that a 

mechanism of toxicity exists in the brain that is similar to that in the immune 

system. 
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With respect to the timing of neurological insult, it is difficult to be definitive 

given the available evidence. However, it is likely that there is a metabolic 

insult which occurs during prenatal life and can manifest from birth onwards. 

Clinically, patients who are diagnosed at birth, either through previous family 

history or following new-born screening, have very low lymphocytes and 

thymic function at this time. This indicates that the immunological defects are 

effected during prenatal development. In terms of the neurological defects, 

clinically, patients diagnosed at birth who start ERT (and therefore achieve 

metabolic detoxification) still exhibit neurological defects (Gaspar, personal 

communication). It is therefore hypothesised that neurological insult occurs at 

a very early stage.   
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Chapter 2 Materials and Methods 

Please refer to appendix 8.1 for more detailed descriptions of materials, 

buffers, antibodies and primers used.  

2.1 Modelling ADA deficiency in vitro 

2.1.1 Cell line maintenance 

All experiments have been carried out on the KELLY cell line purchased from 

Sigma.  

The KELLY cell line was cultured in Roswell Park Memorial Institute (RPMI) 

medium, supplemented with 10% fetal bovine serum and 1% penicillin 

streptomycin. This media was used for all experiments involving KELLY cells, 

unless stated otherwise. Cells were grown at 37°C with 5% CO2 and were 

routinely tested for mycoplasma (conducted internally within the department). 

Cells were passaged 1:10 every 4 or 5 days, or when confluency reached 

approximately 80%. To passage cells, all media was aspirated from the 

adherent cells which were gently washed in Dulbecco’s phosphate buffered 

saline (DPBS). The DPBS was aspirated and pre-warmed trypsin was added 

dropwise onto the cells. Following a short incubation at 37°C, media was 

added to the cells to neutralise the detachment reaction. Cells were passaged 

1:10 into a new flask containing fresh medium.  

2.1.2 Drug treatments 

All drugs were reconstituted in distilled water or dimethyl sulfoxide (DMSO) 

and filtered through a 0.45µm filter. On day 0, KELLY cells were harvested as 

described previously. Cells were centrifuged at 300g for 3 minutes to remove 

cellular debris and reconstituted in 10ml media. A 10µl aliquot of harvested 

cells was mixed in a 1:2 dilution with trypan blue before a haemocytometer 

was used to count cells and then calculate an approximate cell number per ml. 

Using this calculation, approximately 100,000 cells were seeded per well in a 

12-well plate. After approximately 7 hours of recovery time, in the afternoon of 

day 0 adherent cells were gently washed with DPBS before drug treatments 
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were added to the cells together with fresh media. Cells were pre-treated in 

some drugs for 1 hour, as specified in 3.3.7 Treated cells were incubated until 

required for further downstream processing. 

2.1.3 Imaging of cultured cells 

Treated cells were imaged using an Olympus IX70 microscope connected to 

a Canon DS126191 camera. 

2.2 Flow cytometry 

Cells were harvested for cell death analysis at two time points of 24 and 48 

hours after drug treatment. On the day of analysis, cell supernatant was 

harvested into pre-labelled tubes. Adherent cells were detached from the plate 

using trypsin (not containing EDTA, since this chelator interferes with accurate 

annexin V staining), and the harvested cells were pooled together with 

respective supernatant samples. Following three washes with DPBS (300g for 

3 minutes), cells were pelleted and resuspended in 500µl of 1X Annexin V 

Binding buffer. Samples were stained using 1-2µl APC Annexin V and 7AAD 

approximately 15 minutes prior to analysis. Analysis was carried out using 

CyAN flow cytometer (UCL GOS ICH Flow Cytometry Facility, London) and 

data was processed using FlowJo. Unstained and single stained samples were 

included as controls and to facilitate the gating strategy.  

2.3 Protein Assays 

2.3.1 Protein Quantification using BCA Protein Assay Kit 

Protein was quantified using Pierce BCA Protein Assay Kit according to 

manufacturer’s instructions. As described in the instructions, the reaction is 

dependent upon the initial reaction between protein and copper (in an alkaline 

environment) and the subsequent detection of Cu+1 by bicinchoninic acid 

following Cu2+ reduction. In brief, sample dilutions were added to a 96-well 

plate alongside a set of diluted albumin (BSA) Standards (working range 

concentration = 20-2,000µg/ml). A working reagent was prepared from BCA 

Reagent A and B (50:1 respectively, supplied in kit) which was added to the 
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samples and the plate was covered and incubated at 37°C for 30 minutes. 

After cooling to room temperature, the absorbance was read using FLUOStar 

Optima BMG LabTECH plate reader at 595nm. 

2.3.2 Protein Quantification using DC Protein Assay  

An alternative method of protein quantification was used when it was not 

possible to assay samples using the BCA Assay Kit, for example, when 

samples were reconstituted in high concentrations of sodium dodecyl sulfate 

(SDS). While the principle of the kit is similar to the BCA Assay (except that 

folin is the reagent used in the DC assay), the DC Protein Assay did not 

produce high background signals for proteins solubilised (SDS). In brief, 

Reagent S was added to an alkaline copper tartrate solution (both supplied in 

kit) before addition to both samples and standards in a 96-well plate (BSA 

Standard working range 0-1.5mg/ml). Folin reagent was added to the plate 

before 15-30 minutes of incubation at room temperature. Absorbance was 

read at 595nm using FLUOStar Optima BMG LabTECH plate reader. 

2.3.3 Western Blot sample preparation 

Cell lysate samples: KELLY cells were harvested following trypsinisation. 

The cell pellet was washed in DPBS and stored at -20°C until required or lysed 

immediately after harvest. Pellets were lysed in an appropriate volume of 

Radioimmunoprecipitation assay (RIPA) buffer containing 1% protease 

inhibitor cocktail. Following 10 minutes incubation on ice, samples were 

centrifuged at 12,000g for 10 minutes at 4°C. Supernatant was transferred to 

a new microcentrifuge tube and protein concentration was quantified using 

BCA Protein Assay or DC Protein Assay. 

Protein purified from murine brain samples: Protein was purified from 

murine brain samples, see 2.9.4. In order to increase protein concentration 

and therefore reduce required loading volume, proteins were concentrated 

using spin columns. These columns had a nominal molecular weight limit 

(NMWL) of 10kDa, filtering out proteins larger than 10kDa and were therefore 

suitable for desired Western Blotting applications. In brief, samples were 
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added to the filter devices in provided microcentrifuge tubes and centrifuged 

at 14,000g for 5–10 minutes. Filter devices were placed upside down in new 

microcentrifuge tubes (also provided) and immediately centrifuged at 1,000g 

for 2 minutes. 

Protein concentration was quantified using DC Assay due to protein 

resuspension in detergent, as per manufacturer’s instructions. 

Homogenised brain samples: Extracted brain samples were snap-frozen in 

liquid nitrogen and stored at -80°C until required. Either whole brain samples 

or one hemisphere was used (the two hemispheres were separated by making 

a sagittal cut down the midline). Samples were weighed, and homogenised in 

300µl RIPA buffer containing 1% protease inhibitor cocktail using Precellys 24 

Tissue Homogenizer. Samples underwent two cycles of 30 second 

homogenisation at 5,700rpm with an interval of 10 seconds. Following 

homogenisation, samples were incubated on ice for approximately 10 minutes 

and centrifuged at 12,000g for 20 minutes at 4°C. Supernatant was transferred 

to a new microcentrifuge tube and protein concentration was quantified using 

BCA or DC assay, as per manufacturer’s instructions. 

2.3.4 Western Blot Gel Electrophoresis 

Samples (25-100µg protein, as calculated in protein quantification assays) 

were diluted 1:3 with 4X Loading Buffer, containing 30% b-mercaptoethanol in 

order to reduce the samples. Samples were then incubated at 100°C for 5 

minutes in order to run gel electrophoresis under denatured, as well as 

reducing, conditions. The gel tank was assembled and 1X MOPS running 

buffer was prepared. Samples were loaded and gel electrophoresis was 

performed at 120V for approximately 2 hours. If sample loading volume was 

small, samples were either loaded with additional sample buffer or initial gel 

electrophoresis was performed at 100V for approximately 15 minutes to allow 

samples to move slowly through the stacking gel.  
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2.3.5 Western Blot Protein Transfer 

Following activation in 100% methanol for 1 minute, the Polyvinylidene 

difluoride (PVDF) membrane was washed in distilled water for 5 minutes. 

Having soaked materials in transfer buffer, a transfer sandwich was prepared: 

from the bottom upwards, this contained two sponges, one Wattman paper, 

one gel, one membrane, one paper and sponges to fill. The cassette was 

placed into the middle of the tank, taking care to ensure bubbles were not 

present between layers of the transfer sandwich. 1X Transfer buffer containing 

10% methanol was prepared and added to the middle of the transfer cassette. 

To prevent overheating, cold water was added to the surrounding tank and the 

tank was placed inside a box of ice. Transfer was performed at 30V for 

approximately 90 minutes.  

2.3.6 Western Blot Antibody Incubations 

In order to confirm successful protein transfer, the membrane was incubated 

with Ponceau S for approximately 1 minute, before gently rinsing off with 

distilled water. The membrane was then blocked in 4% milk prepared with 

0.05% tris buffered saline (TBS)-Tween for 1 hour, before incubation with 

primary antibody overnight at 4°C,  see Table 3.  

Antibody target Concentration 

ADA (human) 1:1000 

ADA (mouse) 1µg/ml 

A1 Adenosine receptor 1:500 

Cleaved-caspase 3 1:1000 

b tubulin 1:1000 

Table 3 Primary antibody concentrations used for Western Blots 
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Following three 5 minute washes in 0.05% TBS-Tween, the membrane was 

incubated with horseradish-peroxidase (HRP) linked secondary antibody for 1 

hour, see Table 4. During each incubation step, the membrane was kept under 

gentle agitation.  

Antibody target Concentration 

Anti-mouse 1:1000 

Anti-rabbit 1:2000 

Anti-sheep 1:1000 

Table 4 Secondary antibody concentrations used for Western Blots 

 

After three 5 minute washes in 0.05% TBS-Tween, the membrane was 

incubated in enhanced chemiluminescent (ECL) substrate, prepared 1:1 to 

allow detection of HRP activity. The membrane was exposed using UVIchemi 

software. For bands that were difficult to detect, a more sensitive ECL 

substrate was used. 

Where required, the membrane was stripped using ReBlot Plus Strong 

Antibody Stripping Solution, according to manufacturer’s instructions, and 

subsequently re-probed. In brief, a 1X solution was prepared and the 

membrane was incubated for 15 minutes at room temperature with gentle 

agitation. The membrane was subsequently washed twice for 5 minutes at 

room temperature with blocking buffer. The membrane was then incubated 

with primary antibody (either overnight at 4°C or for 1 hour at room 

temperature). The membrane was then processed as previously described.  

Protein expression was quantified by densitometry using an ImageJ function 

and band density was normalised to loading controls.  
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2.4 Adenosine deaminase (ADA) Activity Assay Kit 

2.4.1 ADA Activity Assay Sample Preparation 

Cell lysate sample preparation: KELLY cells were harvested following 

trypsinisation. The cell pellet was washed in DPBS and stored at -20°C until 

required or lysed immediately after harvest. Pellets were lysed in an 

appropriate volume of cold 1X ADA Assay buffer containing 1% protease 

inhibitor cocktail. Cells were disrupted by pipetting several times and incubated 

on ice with agitation for at least 15 minutes. Cell homogenates were 

centrifuged at 12,000g for 10 minutes at 4°C. Supernatant was transferred to 

a new microcentrifuge tube and approximately 130µl sample supernatant was 

passed through desalting columns as explained below. The remainder of the 

unprocessed sample was stored at -20°C. 

Brain sample preparation: Extracted brain samples were snap-frozen in 

liquid nitrogen and stored at -80°C until required. Either whole brain samples 

or one hemisphere was used (the two hemispheres were separated by making 

a sagittal cut down the midline). Samples were weighed and homogenised in 

300µl cold 1X ADA Assay buffer containing 1% protease inhibitor cocktail 

using Precellys 24 Tissue Homogeniser. Samples underwent two cycles of 30 

second homogenisation at 5,700rpm with an interval of 10 seconds. Samples 

were incubated on ice for 15-30 minutes and centrifuged at 12,000g for 10 

minutes at 4°C. Supernatant was transferred to a new microcentrifuge tube 

and approximately 130µl sample supernatant was passed through desalting 

columns (as explained below) and the remainder of the unprocessed sample 

was stored at -80°C.  

2.4.2 Desalting samples 

Samples used in the ADA Enzyme Activity assay were passed through 

desalting columns in order to remove small molecules (such as inosine) that 

may interfere with the enzyme assay by contributing to high background 

readings. Desalting columns were prepared for use by removing storage buffer 

through centrifugation at 1,500g for 1 minute. The columns were washed three 
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times with 1X ADA Assay buffer (provided in Enzyme Activity Kit) through 

centrifugation at 1,500g for 2 minutes before being placed in clean 

microcentrifuge tubes. Approximately 130µl sample supernatant was added to 

the desalting column and centrifuged at 1,500g for 2 minutes for passage 

through desalting columns. Protein concentration of the desalted samples was 

quantified using BCA Assay or DC Protein assay, see 2.3.1 and 2.3.2. 

2.4.3 ADA Activity Assay 

All reagents provided in the kit were prepared and aliquoted as per 

manufacturer’s instructions. This assay was used to demonstrate and quantify 

ADA enzymatic activity and works on the principle that the breakdown of 

adenosine (catalysed by ADA) forms inosine. The ADA probe reacts with an 

intermediate formed downstream of inosine production through a multi-step 

reaction, to form a fluorescent product which can be measured. A set of inosine 

standards were prepared in microcentrifuge tubes (final concentration in well 

ranging from 0-80 pmol/well) and added to a 96-well plate, alongside diluted 

samples and control samples. Control samples included a positive control, 

background controls for each sample and a reagent background control. Two 

reaction mixes were prepared (reaction mix and background mix) and added 

to appropriate samples – the background mix did not contain ADA substrate. 

Reaction mix was added to samples, positive control and reagent background 

control whilst the background mix was added to standards and sample 

background control. All samples, standards and control wells were pipetted in 

duplicate. Sample fluorescence was measured in kinetic mode at 

Ex/Em=560/570 for at least 30 minutes at 37°C using FLUOStar Optima BMG 

LabTECH plate reader. Fluorescence is measured in relative fluorescence 

units (RFU) and a high RFU value corresponds to high fluorescence generated 

by increased amounts of fluorescent product. This is indicative of high ADA 

enzymatic activity. 
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2.5 Reverse transcription (RT) quantitative polymerase chain reaction 
(qPCR) 

The starting material used for reverse transcription was ribonucleic acid (RNA) 

isolated from brain samples following phenol chloroform extraction, see 2.9.2. 

A two-step methodology was employed, where reverse transcription 

generated a stable complementary DNA (cDNA) pool that was stored at -20°C 

until required for further use.  

2.5.1 cDNA Synthesis:  

A reaction mastermix of 1µl oligoDT (0.5µg) and 1µl (0.5mM) dNTP per 

reaction was prepared for all samples. 2µl aliquots were added to 1µg RNA 

and appropriate volumes of water were added to each reaction for a final 

volume of 13µl. Samples were incubated at 65°C for 5 minutes and then 

transferred onto ice for at least 1 minute. 7µl of Mastermix 2, see Table 5, was 

added and samples were incubated at 50°C for 60 minutes followed by a 15 

minute incubation at 70°C. Control tubes were set up for each RNA sample. 

The cDNA was synthesised using non-specific primers and therefore can be 

used for multiple polymerase chain reaction (PCR) reactions.  

Reverse Transcriptase Reaction Reverse Transcriptase Control 

4µl FS Buffer 4µl FS Buffer 

1µl DTT 1µl DTT 

1µl RNaseOUT 1µl RNaseOUT 

0.25µl SSIII 0µl SSIII 

0.75µl H2O 1µl H2O 
Table 5 Mastermix 2 Reaction mix for one reverse transcriptase reaction 
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2.5.2 qPCR Reaction 

qPCR enables the real-time detection of amplified PCR products and therefore 

the principle is similar to conventional PCR, whereby optimised temperature 

steps are cycled to amplify the specific DNA sequence. In brief, specific 

temperature changes generate single-stranded DNA sequences to which 

primers specifically anneal, thus allowing DNA polymerase to bind and initiate 

amplification. The starting material in qPCR is cDNA, and primers used in 

qPCR must be designed to ideally span an exon-exon junction in order to 

reduce the risk of false positive amplification from contaminating intron-

containing genomic DNA. The use of SYBR as a reporter dye, which binds 

double-stranded DNA, allows the real-time detection of the amplified PCR 

product in order to calculate a relative quantification of gene expression using 

the DDCT methodology.  

Primers were designed using Integrated DNA Technology (IDT) United 

Kingdom Primerquest tool, ensuring that the primers met certain criteria. 

Primers were assessed for specificity, amplicon length (over 100 base pairs), 

GC content (30-80%) and formation of dimerization and/or hairpin loops, see 

Table 6.  

 

Primer set  Binding site 
/ base pairs 

Amplicon 
length / base 
pairs 

GC Content 
/ % 

1 Forward 414 – 433 119 52.6 

Reverse 511 – 533 45.5 

5 Forward 239 – 259 105 50 

Reverse 324 – 344  50 
Table 6 Primer Sequences for RT-qPCR 

Primers were reconstituted in RNase free water to make 100µM stock 

solutions, which were aliquoted and stored at -20°C. For use in qPCR, stock 

solutions were further diluted to 10µM with RNase free water. 20µl of cDNA 

obtained from reverse transcription was diluted 1:5 using RNase free water. 
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The qPCR plate was designed using BioRad CFX Manager and controls were 

included: without reverse transcriptase and without template cDNA. 2µl cDNA 

was added to each well and 2µl RNase free water was added to the no 

template control wells. A Mastermix was prepared, see Table 7 and 8µl was 

added to each well.  

 

Reagents Volume/µl 

SYBR 5 

Forward primer (10µM) 1 

Reverse primer (10µm) 1 

RNase free water 1 
Table 7 qPCR Mastermix 

 

The plate was centrifuged briefly to collect contents at the bottom of the tubes 

and the run was carried out using BioRAD-CFX96 Real Time System, shown 

in Table 8. Melting curve analyses were carried out after cDNA amplification.  

Temperature/°C Time/seconds Cycles 

95 20 x1 

95 3 
x40 

60 30 

60 5 
x1 

95 TO END 
Table 8 qPCR Cycling settings 
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qPCR data was obtained, analysed and graphs were produced using Bio-Rad 

CFX Manager. This software was used to set cycle threshold (Ct) values in the 

exponential phase, which appeared linearly when the amplification curves 

were converted to a logarithmic scale.  

Gene expression was calculated on Microsoft Excel using the DDCt method, 

normalising each sample to a reference gene and expressing the data as gene 

fold change. Each sample well was set up in triplicate and any Ct value that 

deviated from the mean by more than 0.5 was excluded. Final graphs were 

created using GraphPad Prism. 

2.6 ADA mouse colony 

2.6.1 Maintenance, breeding, genotyping, treatment 

The maintenance, breeding and genotyping of the ADA mouse colony was 

carried out by the Biological Services Unit Animal Facility at UCL GOS ICH 

alongside Dr Federico Moretti (UCL GOS ICH). All licensed procedures were 

carried out by an appropriate personal license holder according to ASPA 1986 

under project number (70/8241). The ADA mouse colony was housed in 

individual ventilation cages where food and water were available ad libitum. 

Due to consequences of the genetic knockout and the immune phenotype, all 

cages were contained within a clean room, only accessible to Biological 

Services Unit staff. As per the project license, homozygous mice required 

weekly intravenous injections of PEG-ADA, which were administered by the 

Biological Services Unit staff. Additionally, mice had to receive treatment within 

the first two weeks of life, otherwise required culling via Schedule 1 approved 

methods. If not stated otherwise, samples were collected by the author and/or 

Dr Federico Moretti. 

2.6.2 Genotyping PCR on brain samples 

Colony genotyping was routinely carried out by Dr Federico Moretti as detailed 

below. However, genotyping was also repeated by the author in order to 

confirm genotyping status on DNA extracted from brain samples using phenol 

chloroform extraction, see 2.9.3. 
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PCR reaction mix was prepared as detailed in Table 9. Three primers were 

included in the reaction mix, with only one primer binding site existing within 

the neomycin cassette. This primer will therefore only bind where the genetic 

mutation is present producing PCR fragments of two different sizes in wildtype 

(126 basepairs) and homozygous (140 basepairs) mice, and both sized PCR 

fragments in heterozygotes. 

18µl PCR Reaction mix was added to PCR tubes alongside 2µl DNA. DNA 

samples extracted from murine tails, typically used for genotyping, were 

included as controls. PCR reactions were performed under the following 

conditions see Table 10. 

 

Reagents 

10µl Red Extract Readymix 

1µl primer 932 

1µl primer 933 

1µl primer 934 

5µl water 

2µl DNA 
Table 9 PCR reaction mix for genotyping (20µl reaction volume per 1 reaction) 
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Temperature/°C Time/seconds Cycles 

94 180 x1 

94 35 

x12 64 45 

72 45 

94 35 

x38 58 45 

72 45 

72 600 x1 

4 ¥ x1 
Table 10 PCR Cycling settings 

 

2.6.3 DNA Electrophoresis 

PCR products were separated using agarose gel electrophoresis. A 3% 

agarose gel was prepared using 1X TAE buffer, containing a 1:10,000 dilution 

of SYBR Safe to visualise the DNA fragments. Samples were loaded alongside 

a ladder to distinguish fragments sizes and electrophoresis was carried out at 

110V until the two aforementioned fragment sizes were distinguishable when 

visualised using ultraviolet (UV) light. 

2.7 Free-floating Immunohistochemistry 

2.7.1 Sample collection and preparation  

In order to harvest brain samples which were cleared of blood, mice terminally 

anaesthetised with isoflurane underwent transcardial perfusion with DPBS. 

This procedure was carried out by Professor Ahad Rahim (UCL School of 

Pharmacy), a personal license holder under ASPA Home Office regulations. 

Having allowed sufficient time for mouse to succumb to anaesthetic, an 

incision was made into the belly of the mouse and extended up towards the 
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thoracic cavity. The sternum was lifted to allow access to the heart and, having 

made a small nick in the left atrium, approximately 10ml DPBS was used to 

flush the circulatory system through injection into the right ventricle. The head 

of the mouse was removed and having removed the skin and skull, brains were 

carefully dissected. Depending on sample use, brains were either kept whole 

or a scalpel was used to make a sagittal cut down the midline between the two 

hemispheres. Brain samples used for immunohistochemistry were then fixed 

for 48 hours in 4% paraformaldehyde (PFA) solution prepared in DPBS to 

maintain tissue integrity. After fixation, brains were placed into a 30% sucrose 

solution for a minimum of 48 hours. Following cryoprotection, brains either 

remained in sucrose (short-term storage) or were snap frozen and stored at -

80°C (long-term storage). Serial cryosectioning was performed on a Leica 

CM3050 Cryostat at -20°C, producing 40µm coronal brain sections cut through 

the rostro-caudal axis. After each cryostat cut, individual sections were placed 

in single wells of a 96 well plate, pre-prepared with TBSAF, for storage at 4°C. 

2.7.2 Immunohistochemistry 

Free floating immunohistochemistry was used to specifically stain tissue 

antigens in order to mark: neurons, glial cells (astrocytes, microglia), cleaved-

caspase 3 and adenosine receptor subtypes. Free floating 

immunohistochemistry allows a greater number of sections to be stained 

simultaneously, with increased antibody exposure. Indirect antibody staining 

was used, where the target specificity was determined by the primary antibody 

used. This was subsequently bound by a labelled secondary antibody, allowing 

a more sensitive signal amplification. Here, the secondary antibody was 

labelled with biotin ensuring the formation of an Avidin Biotin peroxidase 

complex upon addition of ABC. Formation of this complex is essential to the 

staining process: 3,3’-Diaminobenzidine (DAB) is catalysed by peroxidase 

enzymes to form a brown precipitate when ABC-treated sections are incubated 

with DAB in the presence of hydrogen peroxide. 

To account for requirements of downstream analysis, a 1 in 6 series of brain 

sections were incubated in 1% hydrogen peroxide (H2O2) in TBS for 15-30 
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minutes to block endogenous peroxidase activity. This prevents interference 

with the final DAB reaction and therefore this blocking step reduces likelihood 

of false positive and background staining. Following three 5 minute washes in 

TBS, sections were incubated in a 15% normal serum TBST solution for up to 

2 hours to block non-specific protein binding. The species of normal serum 

was defined by the host species of the secondary antibody – goat serum was 

used for all stainings. Sections were incubated in primary antibody (target 

specific) diluted with a 10% normal serum TBST solution on a gentle rocker 

overnight at 4°C, see Table 11. 

 
Antibody target Concentration 

A1 Adenosine receptor 1:4000 

A2A Adenosine receptor 1:1000 

Cleaved-caspase 3 1:800 

CD68 1:200 

GFAP 1:1000 

NeuN 1:1000 

Table 11 Concentrations of antibody used in immunohistochemical staining. 

 

Following three 5 minute washes in TBS, the sections were incubated in 

biotinylated secondary antibody diluted 1:1000 with a 10% normal serum 

TBST solution for 2 hours. Following three 5 minute washes in TBS, sections 

were incubated in ABC for 2 hours. This was prepared 30 minutes prior to use 

at 1+1:1000 in TBS. Following three 5 minute washes in TBS, sections were 

incubated in 0.05% DAB. The DAB solution was prepared by dissolving a 

10mg tablet in 20ml TBS and filtering through a 0.45µm syringe filter. 6µl 30% 

H2O2 was added to the filtered solution immediately before use, acting as a 

substrate for avidin-biotin peroxidase complexes. Sections were incubated in 

DAB for between 5-10 minutes, monitoring carefully for staining intensity. 
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Sections were immersed in ice-cold TBS to stop the DAB reaction and 

following three 5 minute washes in TBS, were mounted onto Superfrost Plus 

slides on the same or the following day. Slides were air dried overnight before 

being immersed in 100% ethanol for 1 minute to dehydrate the slices. 

Following a 30 minute incubation in Histoclear, DPX mounting media was used 

to attach coverslips to the slides. Slides remained in a fume-hood for 48 hours 

to allow the mounting media to dry.  

2.8 Quantitative Analysis of Immunohistochemical Staining 

For all analyses of immunohistochemical stainings, the author was blinded to 

both genotype and age.  

2.8.1 Thresholding Analysis 

Semi-automated thresholding image analysis was used to quantify the 

intensity of DAB immunoreactivity. For this quantification, brain regions of 

interest were identified using defined anatomical landmarks (Franklin and 

Paxinos, 2008). 10 measurements were made from three coronal 40µm brain 

sections for each mouse. A total of 30 non-overlapping images were collected, 

representing the region of interest in three consecutive brain slices per animal. 

Images were acquired using a live video camera connected to a Nikon Eclipse 

E600 Light microscope. Images were captured using the 40x magnification 

and images were captured under identical settings (including light intensity) to 

ensure consistency within each experiment. 

Images were analysed using Image Pro Premier software – staining intensity 

was determined by setting a threshold against which pixels would be counted 

as stained or not stained. Data analyses was carried out using Microsoft Excel 

and GraphPad Prism. 

2.8.2 Optical Fractionator 

Brain sections from regularly spaced intervals (every 6th interval) were 

processed for NeuN, a neuronal marker. Images were collected using a Nikon 

Optiphot light microscope connected to an MBF Bioscience camera. 
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The Optical Fractionator probe function on StereoInvestigator was used to 

estimate the neuronal population within regions of interest. In brief, the Optical 

Fractionator probe combines a 3D probe with a systematic sampling scheme 

to provide an unbiased estimate of cell counts for a region of interest as 

described previously (West et al., 1991, Keuker et al., 2001). 

Counts were made in four brain sections per animal, with the sections taken 

from regularly spaced intervals (evaluation interval of six) and a known 

thickness of 40µm. Brain regions of interest (ROI) were identified and 

delineated using a low power magnification (4x) (Franklin and Paxinos, 2008). 

Neurons were counted based on strict inclusion and exclusion criteria using a 

high power oil magnification lens (100x). Brain regions were systematically 

sampled using an appropriate counting frame size, see Table 12, and slice 

thickness was measured at every sampling site to calculate an average 

thickness per section. Guard zones were established to eliminate potential 

bias caused by neuronal loss at the point of sectioning (at the top and bottom 

of each slice) (Schmitz and Hof, 2005). Sampling parameters within each 

experiment remained consistent, see Table 13.  

Brain Region Grid Spacing (µm) 

VPM/VPL 175 x 175 

S1BF 150 x 150 
Table 12 Grid sizes used in the optical fractionator stereological probe, carried out 
using StereoInvestigator 
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Sampling Parameter Value 

Counting Frame X 60µm 

Counting Frame Y 60µm 

Section Cut Thickness 40µm 

Guard Zone Height 2µm 

Disector Height 12µm 
Table 13 Sampling parameters used in the optical fractionator stereological probe, 
carried out using StereoInvestigator 

When neuronal counts had been obtained for all sampling sites in a brain 

section, an estimated population using mean section thickness was obtained. 

A coefficient of error value was also obtained – a value between 0.05 and 0.1 

indicates an adequately sampled dataset. Data analysis was performed using 

StereoInvestigator and Microsoft Excel. 

2.8.3 Cortical and White Matter Thickness 

Cortical thickness and white matter thickness were measured using 

StereoInvestigator. Brain regions of interest were identified using defined 

anatomical landmarks (Franklin and Paxinos, 2008). The primary 

somatosensory cortex (S1BF) brain region was selected to measure cortical 

thickness and white matter thickness was measured using both the white 

matter region dorsally to the ventricles and the dorsolateral external capsule 

located in the same brain section. Three consecutive brain sections were 

identified per animal. Ten lines were drawn onto each section, spanning from 

the outer to the inner cortical layers for cortical thickness and across the white 

matter for white matter thickness. An average measurement value was 

obtained for each animal, using the averaged line lengths calculated over the 

three sections. 

2.8.4 Regional Volume Estimations  

Volume estimations of specific regions of interest were made using the 

Cavalieri Estimator probe function on StereoInvestigator. In brief, a grid of 
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known size was randomly placed over a delineated region and automated 

counts made within this region were used to obtain an unbiased estimate of 

volume (Schmitz and Hof, 2005). Brain regions were identified using defined 

anatomical landmarks (Franklin and Paxinos, 2008). Measurements were 

made in three brain sections per animal, with the sections taken from regularly 

spaced intervals (6th interval). Using a low power magnification, a trace was 

made around the region of interest and a grid (sizes for each ROI are shown 

in Table 14) was randomly placed over the traced region. The points falling 

within the traced region were marked and a volume estimate was calculated 

for each animal. This volume estimate accounts for over-projection error. 

 
Brain Region Grid size / µm 

Whole brain 500 x 500 

VPM, VPL 50 x 50 

LDVL, LDDM, LPMR 50 x 50 

CPu 175 x 175 

S1BF 150 x 150 

Hippocampus 175 x 175 

Amygdala (BLA BMA) 50 x 50 

Lateral ventricles 50 x 50 

External capsule 75 x 75 
Table 14 Grid sizes used in Cavalier’s estimator analyses.  

Grid sizes were selected depending on the size of the region of interest and the number of 

sampling points within this region.  

 

2.9 RNA, DNA and protein isolation from harvested murine brain 
samples 

Murine brain samples were collected, see 2.7.1, in order to purify nucleic acids 

and protein for further downstream analysis. RNeasy Lipid Mini Kit was 

preferentially chosen due to its optimisation for use with fatty tissues, such as 

the brain.  
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2.9.1 Sample homogenisation 

Upon dissection, brain samples were immediately snap-frozen in liquid 

nitrogen (to stabilise tissue and prevent nucleic acid degradation) and stored 

at -80°C until required. Brains were weighed prior to processing and 

homogenised in 1ml Qiazol lysis reagent – this is a phenol-guanidine based 

lysis of samples optimised for use in the RNeasy Lipid Mini Kit, providing 

efficient lysis of fatty tissues whilst inhibiting RNases. 

Homogenisation was carried out using Precellys 24 Tissue homogeniser. 

Samples underwent two cycles of 30 second homogenisation at 5,700rpm with 

an interval of 10 seconds. The homogenised tissue was transferred into a new 

microcentrifuge tube and incubated at room temperature for 5 minutes. Since 

the brains were weighed prior to processing, volumes of lysate equivalent to 

100mg of tissue were transferred into a new microcentrifuge tube and used for 

further nucleic acid and protein purification. The remainder of the samples 

were further processed or were stored at -80°C.  

Chloroform addition was followed by centrifugation to separate the 

homogenised lysates into aqueous and organic phases. Distinct phases are 

formed due to the immiscibility of the phenol-chloroform mixture with water and 

the sample therefore separates. The upper aqueous phase contains nucleic 

acids, which can be further separated if the mixture is acidic. In the RNeasy 

Mini Kit, the RNA is present in the upper, colourless aqueous phase whilst the 

DNA is found in a white interphase. Proteins are found within the lower, red 

organic phase alongside the phenol-chloroform mixture. The different phases 

of the homogenised lysates were processed as below.  

2.9.2 RNA extraction  

RNA was extracted from the upper phase according to manufacturer’s 

instructions. In summary, the phase was transferred to a new microcentrifuge 

tube and 70% ethanol was added to provide appropriate binding conditions. 

The sample was then transferred to a spin column (provided in the kit) and 

centrifuged at 8,000g for 15 seconds at room temperature for column binding. 
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The column was washed using 70% ethanol and additional on-column DNase 

digestion was carried out to ensure more complete DNA removal for 

downstream applications (such as RNA sequencing) that are sensitive to DNA 

contamination. Lyophilised DNase I stock solution was dissolved according to 

manufacturer’s instructions for storage at -20°C. Spin column membranes 

were initially washed with a buffer (included in kit) and centrifuged at 8,000g 

for 15 seconds. A DNase I incubation mix was prepared by diluting the stock 

solution with a kit-included buffer (as per manufacturer’s instructions) and 

added to the column. After a 15-minute room temperature incubation with 

DNase to digest contaminating DNA, columns were again washed with a kit-

provided buffer (centrifuge at 8,000g for 15 seconds at room temperature) to 

remove DNase from the column. The columns were washed through a series 

of centrifugation steps before a final spin step at full speed for 1 minute to 

prevent carryover of buffer or residual flow-through. The columns were placed 

in a new microcentrifuge tube and eluted in 30-50µl RNase free water by 

centrifuging at 8000g for 1 minute at room temperature. The elution spin was 

repeated by passing the eluate through the column again to increase the final 

RNA concentration. RNA samples were then checked for concentration and 

purity using a nanodrop.  

2.9.3 DNA extraction  

After complete removal of the RNA-containing upper phase, DNA was purified 

from the remaining two phases according to a Qiagen User-Approved protocol. 

Samples were incubated in 100% ethanol for 2-3 minutes at room temperature 

before DNA was pelleted by centrifuging samples at 2,000g for 2 minutes at 

4°C. The phenol-ethanol supernatant was transferred to a new microcentrifuge 

tube to be used in protein isolation, see below. The DNA pellet was 

resuspended in 0.1M sodium citrate solution prepared in 10% ethanol and 

incubated at room temperature for 30 minutes with frequent inversion.  

Samples were washed by centrifuging at 2,000g for 5 minutes and the 

supernatant was discarded. Samples were again resuspended and incubated 

in 0.1M sodium citrate solution before pelleting DNA by centrifugation at 
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2,000g for 5 minutes. Following resuspension of the pellet in 75% ethanol, the 

DNA was stored at 4°C (short-term) until required. Samples were centrifuged 

at 2,000g for 5 minutes at 4°C before supernatant was discarded and pellet 

was air-dried before resuspension in 8mM sodium hydroxide (NaOH). 

Samples were centrifuged at 12,000g for 10 minutes at 4°C to remove 

insoluble materials and the supernatant was transferred to a new 

microcentrifuge tube and the DNA samples were checked for concentration 

and purity using a nanodrop. Samples were stored at -20°C. 

2.9.4 Protein extraction  

Protein was extracted from the phenol-ethanol supernatant obtained from the 

initial DNA purification steps according to a Qiagen User-Approved protocol. 

Following precipitation using isopropanol, samples were inverted repeatedly 

for 15 seconds before incubating at room temperature for 10 minutes. Samples 

were then centrifuged at 12,000g for 10 minutes at 4°C to pellet the proteins. 

Supernatant was removed and protein pellets were resuspended in a wash 

solution of 0.3M guanidine hydrochloride solution prepared in 95% ethanol. 

Samples were incubated at room temperature for 20 minutes and then 

centrifuged (7,500g for 5 minutes at 4°C) before discarding the supernatant. 

The resuspension and incubation in wash solution was repeated twice. 

Subsequently, protein pellets were resuspended in 100% ethanol and 

incubated for 20 minutes before pelleting (7,500g for 5 minutes at 4°C). 

Supernatant was discarded from all samples, which were air-dried for 5-10 

minutes before solubilisation in 1% SDS. Complete resuspension was ensured 

by incubating samples in 50°C before insoluble materials were pelleted 

(10,000g for 10 minutes 4°C) and the protein-containing supernatant was 

transferred to a new microcentrifuge tube and stored at -20°C for further 

processing. 
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2.10 Mass spectrometry 

Mass spectrometry was performed on dried spots of brain homogenates by 

Professor Giancarlo la Marca (Florence, Italy), as previously described (Azzari 

et al., 2011). Since the brains were weighed prior to processing, volumes of 

lysate equivalent to 3mg of tissue were pipetted (in aliquots of 2µl) on Wattman 

paper to form a spot. The samples were dried overnight and sent to Professor 

Giancarlo la Marca, who processed the samples and generated the data. 

Statistical analysis was carried out using Microsoft Excel and GraphPad Prism.  

2.11 RNA Sequencing 

RNA extracted from murine brain samples as described in 2.9.2 were 

submitted to UCL Genomics (UCL GOS ICH, London) for sequencing. The 

following is a summary of steps carried out by facility staff at UCL Genomics. 

KAPA mRNA Hyper Prep Kit was used to generate an mRNA library from 

submitted RNA samples. Following library amplification, sequencing was 

performed using Illumina NextSeq 500. Sequences were mapped to a mus 

musculus (UCSC mm10) reference genome by STAR aligner (BaseSpace 

Illumina) then aligned using the RNA-Seq Alignment App (BaseSpace 

Illumina). BaseSpaceÒ Cufflinks Assembly & DE v2.1.0App (BaseSpace 

Illumina) was used to analyse transcript isoforms and gene expression levels. 

2.12 Gene Set Enrichment Analysis 

Gene Set Enrichment Analysis (GSEA) was used to analyse the transcriptomic 

data obtained through RNA sequencing.  In brief, GSEA evaluates whether 

members of a pre-defined gene set are located at the top or bottom of a ranked 

gene list (Subramanian et al., 2005). 

GSEA was carried out using Broad Institute software 

(http://software.broadinstitute.org/gsea/index.jsp) as described in 

Subramanian et al. and Mootha et al. (Subramanian et al., 2005, Mootha et 

al., 2003).  
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The protocol used in this thesis was provided by Dr Thomas Stone (UCL ICH, 

London). To summarise, the pre-ranked gene list was generated by RNA 

sequencing analysis, as described in 2.11, and ranked using the test statistic. 

The gene symbols were capitalised to mimic human nomenclature and a tab-

delimited text file was uploaded onto the Broad Institute software. The default 

settings of the GSEAPreranked software function were applied. The pre-

defined “hallmark” gene set was used, which is based on prior biological 

knowledge and is included in the GSEA software (Subramanian et al., 2005). 

The software was used to identify and analyse significantly enriched pathways.  
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Chapter 3 Investigating ADA deficiency in vitro 

3.1 Introduction 

The effect of ADA deficiency on the immune system has been largely 

elucidated and the key players responsible for mediating toxicity have been 

identified: adenosine, 2’deoxyadenosine (2’dAdo) and dATP, as reviewed in 

(Whitmore and Gaspar, 2016). Comparatively, there is scarce evidence about 

the consequences of ADA deficiency in the brain.  

The ability to model disease using in vitro systems can be extremely useful: 

cell lines are more widely available than primary patient tissues and 

immortalised cell lines are easy to culture, expand and manipulate to look at 

mechanisms of action. Further, the use of in vitro cell lines is important in 

reducing and/or replacing animals used in research. Studies in this chapter 

focus on establishing an in vitro model of ADA deficiency. The KELLY cell line 

is a human neuroblastoma cell line and was used as a tool in these studies to 

represent how neurons may be affected in ADA deficient patients. Aside from 

the clinical presentation of neurological abnormalities, relatively little is known 

about the effect of ADA deficiency on neurons. Understanding how the 

absence of ADA and the accumulation of metabolic substrates affects an in 

vitro model of ADA deficiency may help to elucidate the pathogenic 

mechanism(s) behind the neurological abnormalities observed in vivo.  

3.2 Hypotheses and objectives 

It was hypothesised that ADA deficiency may induce neuronal cell death by 

mechanisms similar to that observed in the immune system, whereby 

accumulation of 2’dAdo and subsequent conversion to dATP, and adenosine 

acting through adenosine receptors causes toxicity. 

The primary objective of this chapter is to establish an in vitro model of ADA 

deficiency which can be used to explore the effect of this disease in the brain. 

The KELLY cell line was used, which is of human neuroblastoma origin and 

contains genomic amplification of the N-myc gene, as stated by the 
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manufacturers (Sigma). Firstly, the feasibility of using the KELLY cell line as a 

model will be established by identifying the presence of active ADA protein. 

Following this, the aim is to model ADA deficiency and its effect on cell viability, 

and to explore potential mechanisms of action in this cell line. 

3.3 Results 

3.3.1 ADA is expressed in KELLY cell line 

The expression of ADA protein in KELLY cells was investigated using a 

Western blotting technique. ADA protein was detected in both KELLY and 

Jurkat cell lines shown by the presence of a band at approximately 41 kDa 

(Figure 3-1). Densitometry analysis demonstrated that expression of ADA was 

significantly lower in the KELLY cell line compared to the Jurkat cell line 

(p<0.0001).  
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Figure 3-1 Expression of adenosine deaminase protein in KELLY cell lysates relative to 
Jurkat.  

a) Representative cropped Western Blot analysis for ADA (approximately 41kDa) and b 

Tubulin (approximately 55 kDa). Western Blotting was carried out on approximately 30-50µg 

protein from Jurkat and KELLY cell lysates. Jurkat lysates are included as a positive control 

and blots were probed for b Tubulin as a loading control. b) Densitometry analysis shows 

significantly lower expression of ADA in KELLY cells compared to Jurkat cells (n=3) (unpaired 

T-test p-value = <0.0001). 
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3.3.2 ADA is enzymatically active in KELLY cell line 

Having demonstrated protein expression, a fluorometric assay was used to 

investigate whether ADA was enzymatically active in KELLY cells. 

This assay measures fluorescence of a product generated downstream from 

metabolic reactions mediated by ADA. A high level of ADA activity was 

measured in KELLY cell lysates, represented by a high RFU value (Figure 
3-2).  

3.3.3 ADA activity can be inhibited in vitro  

Having demonstrated enzymatically active ADA in the KELLY cells, the next 

series of experiments were conducted to investigate the effect of chemical 

inhibitors on ADA activity. Cells were cultured with 100µM deoxycoformycin 

(dCF) and 100µM erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA) for 48 hours 

before being processed for the ADA activity assay. dCF is an inhibitor of both 

isoforms of ADA; EHNA is an inhibitor of ADA1 (Ungerer et al., 1992, Cristalli 

et al., 2001, Li et al., 2015).  

There was a reduction in ADA activity measured from cell lysates treated with 

EHNA or dCF in comparison to untreated control cells, as shown in Figure 
3-2. ADA activity was quantified as 0.07pmol/min/µg in control cells but could 

not be quantified in EHNA-treated or dCF-treated samples. Therefore, dCF 

and EHNA both inhibited ADA enzyme activity in KELLY cells. 
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Figure 3-2 ADA enzyme activity in KELLY cells can be inhibited by dCF and by EHNA.  

KELLY cell lysates (untreated, EHNA treated, dCF treated,) were processed and analysed 

using a fluorometric activity assay, measuring the formation of a fluorescent product 

downstream of ADA catalysed reactions. Fluorescence is measured in RFU (relative 

fluorescence units). RFU values are presented following subtraction of specific background 

measurements. a) There is a reduction in RFU values for both dCF and EHNA treated samples 

in comparison to untreated control samples. b) ADA activity is quantified as 0.07 pmol/min/µg 

in control cells but cannot be quantified in EHNA treated and dCF treated samples. 
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3.3.4 ADA inhibition or adenosine accumulation does not affect cell viability. 

2’deoxyadenosine induces cell death. 

A flow cytometry based assay was used to investigate cell death in KELLY 

cells by staining for annexin V and 7AAD, common markers used to detect cell 

viability and apoptosis (Allen et al., 1997).  

In general, 10,000 events were recorded for each sample and a gating 

strategy, shown in Figure 3-3 was employed to eliminate cell debris and cell 

doublets. Quadrants were established using single marker stains to analyse 

the spread of the cell population. 

Viable cells stain negatively for both annexin V and 7AAD and this gating 

strategy was used to identify living cells in the population. Flow cytometry data 

are presented as percentage of living cells relative to the whole sample: data 

were normalised to the control untreated sample, where the percentage of 

living cells was considered to be 100%.  

A reduction in the percentage of living cells is suggestive of apoptosis and/or 

necrosis. Cell morphology was monitored as an additional indicator of cell 

death to confirm the results from flow cytometric analyses. 
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Figure 3-3 Gating strategy used to analyse cell viability by flow cytometry.  

The initial gating step isolated the cell population from cellular debris in the sample. From this population, singlets were gated for to exclude doublets and 
therefore false positive and negative signals. Quadrants were created using single stains for annexin V and 7AAD (data not shown). Following compensation, 
these quadrants were placed onto the single cell population to analyse the population spread. Cells staining negatively for both annexin V and 7AAD represent 
the live population of cells in the sample. All data analysis was carried out using FlowJo. a) Untreated control KELLY sample. b) Positive control sample of 
KELLY cells cultured with 1mM chloroquine phosphate.  
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EHNA and dCF were used to investigate the effect of ADA inhibition on cell 

viability. Additionally, cell media was supplemented with adenosine or 2’dAdo 

to evaluate the effect of substrate accumulation. Analysis was carried out at 

two time-points, 24 and 48 hours, when samples were harvested and 

processed for flow cytometric analysis of viability, as previously described. 

Multiple conditions were tested (example data shown in 9.1) in order to 

optimise treatments. Chloroquine phosphate, a known inducer of apoptosis, 

was used as a positive control (Jiang et al., 2010). 

Inhibition of ADA (with EHNA or dCF alone) did not change the percentage of 

living cells within the sample compared to untreated control cells. Similarly, 

culturing cells with adenosine did not affect the percentage of living cells. 

These results were observed at both time-points analysed, Figure 3-4 and 

Figure 3-5. Interestingly, after 48 hours incubation with 2’dAdo, there was a 

significant decrease in the percentage of healthy cells (p = 0.0310). 

The cell morphology appeared consistent with healthy, untreated KELLY cells 

under all treatment conditions, except for 2’dAdo after 48 hours, Figure 3-6. 

Therefore, these data suggest that neither ADA inhibition nor incubation with 

adenosine alone affects cell viability in KELLY cells. 2’dAdo may be a 

candidate for inducing cell death. 
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Figure 3-4 Cell death is not induced in KELLY cell line by inhibition of ADA or 
accumulation of adenosine.  

KELLY cells were incubated for 24 and 48 hours with no treatment (control cells) or treated 

with metabolic substrate or inhibitor. KELLY cells incubated with 1mM chloroquine phosphate 

were included as a positive control. Cells were analysed for viability by flow cytometry and 

data is presented as change in number of live cells normalised to untreated (control) cells. All 

data analysis was carried out using FlowJo. A one-way ANOVA with a post hoc Tukey’s test 

was performed on each data set. 

a) Apoptosis was not induced when cells were incubated with adenosine, EHNA or dCF. Data 

is consistent between 24 and 48 hour analyses (n=3). b) Apoptosis was not induced when 

cells are incubated with 2’deoxyadenosine, EHNA or dCF after 24 hours. After 48 hours, 

incubation with 2’deoxyadenosine does induce some cell death (n=3). 
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Figure 3-5 Representative flow cytometry plots after 48 hours of drug treatment.  

Cells found in Q4 stained negatively for both APC-Annexin V and 7AAD indicating that these cells are viable. Only 2’deoxyadenosine caused a substantial 
reduction in viable cells.
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Figure 3-6 Representative cellular morphology of KELLY cells in different treatment 
conditions.  

Cells were cultured for 48 hours using optimised treatment conditions and imaged using an 
Olympus IX70 microscope. Images of all culture conditions in this chapter were acquired 
simultaneously; some images may appear in multiple figures. 

There is no change in cellular morphology between the different conditions, other than when 
cultured with 2’deoxyadenosine, where apoptotic cells are clearly visible. Scale bar represents 
250µm. 
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3.3.6 Cell death can be induced in KELLY cell line through inhibition of ADA 
alongside substrate accumulation  

Having previously shown no effect on viability when KELLY cells were treated 

with adenosine alone or ADA inhibitors alone and a small effect in the 

presence with 2’dAdo, cells were cultured instead with a combination of 

metabolic substrate and inhibitor. Presented data shows the averaged results 

from three independent experiments, and each sample was normalised to their 

experimental control. 

There was a significant decrease in the percentage of living cells when KELLY 

cells were cultured with adenosine in combination with an ADA inhibitor: this 

was observed with both EHNA and dCF. The decrease in living cells appeared 

to be time-dependent and after 48 hours the cytotoxic effect was much greater, 

see Figure 3-7 and Figure 3-8 (averaged percentage of living cells was 

significantly reduced to 80 and 69 respectively). Similarly, culturing KELLY 

cells with 2’dAdo in combination with an ADA inhibitor (EHNA or dCF) caused 

a significant decrease in the percentage of living cells after 48 hours (averaged 

percentage of living cells reduced to 36 and 27 respectively). Representative 

flow cytometric plots are provided, Figure 3-8, and illustrate the transition of 

cells away from a live population (Q4). 

After 48 hours, cells cultured with a combination of ADA inhibitor and substrate 

demonstrated morphology consistent with cell death, Figure 3-9. There was a 

reduction in adherent cells which correlated with an increase in floating cells 

and cells appeared smaller with a more rounded structure.  

Furthermore, as shown in Table 15, after 48 hours a combination of ADA 

inhibitor and 2’dAdo had a greater cytotoxic effect than a combination of ADA 

inhibitor and adenosine, reducing the percentage of living cells to 27% and 

69% respectively.  

Therefore, ADA inhibition can induce cell death in KELLY cells when 

accompanied by metabolic substrate accumulation of either adenosine or 
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2’dAdo. Of the two metabolic substrates, 2’dAdo appeared to have a greater 

effect.  
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Figure 3-7 Induction of cell death in KELLY cell line when ADA inhibition is 
accompanied by accumulation of metabolic substrates (adenosine or 
2’deoxyadenosine).  

KELLY cells were incubated with no treatment (control cells) or treated with metabolic 
substrate and inhibitor alone or in combination. KELLY cells incubated with chloroquine 
phosphate were included as a positive control. Cells were analysed for viability by flow 
cytometry and data are presented as change in number of live cells normalised to untreated 
(control) cells. A one-way ANOVA with a post hoc Tukey’s test was performed on each data 
set to test the null hypothesis that treatment conditions did not affect the percentage of living 
cells. Control, adenosine, 2’deoxyadenosine, EHNA and dCF data is as previously shown in 
Figure 3-4. 

a) There was a significant decrease in the percentage of living cells when treated with ADA 
inhibitor (EHNA or dCF) and adenosine in combination. This is indicative of an increase in cell 
death, which appeared to be greater after 48 hours (n=3). 

b) There was a decrease in the percentage of living cells when KELLY cells were treated with 
an ADA inhibitor (EHNA or dCF) in combination with 2’deoxyadenosine. This is indicative of 
an increase in cell death, which showed significance after 48 hours (n=3).
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Figure 3-8 Representative flow cytometry plots after 48 hours of drug treatment.  

Cells found in Q4 stained negatively for both APC-Annexin V and 7AAD which indicates cell viability. ADA inhibition and substrate accumulation caused a 
decrease in cell viability. The reduction in viable cells in Q4 is greater when ADA inhibition is accompanied by 2’deoxyadenosine accumulation.
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Figure 3-9 Representative cellular morphology of KELLY cells in different treatment 
conditions.  

Cells were cultured for 48 hours using optimised treatment conditions and imaged using an 
Olympus IX70 microscope. Images of all culture conditions in this chapter were acquired 
simultaneously; some images may appear in multiple figures.  

Cell death can be observed in all treatment conditions. Scale bar represents 250µm. 

 

 Averaged percentage of living cells 
Adenosine 2’deoxyadenosine 
+ EHNA + dCF + EHNA + dCF 

24 hours 72.60 75.24 54.29 44.55 

48 hours 79.94 69.00 35.75 27.03 

 

Table 15 Averaged percentage of living cells when KELLY cells are treated with a 
combination of substrate (adenosine or 2’deoxyadenosine) plus inhibitor (EHNA or 
dCF) (n=3). 
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3.3.7 Investigating the cytotoxic mechanism using drug treatments 

Having demonstrated that ADA inhibition and substrate accumulation 

decreased cell viability, different drug interventions were used to elucidate the 

specific cytotoxic mechanism, shown schematically in Figure 3-10. Each drug 

intervention was tested at multiple concentrations and in combination with 

substrate or inhibitor alone (see 9.1) to ensure that effects were not artefacts 

of drug treatment. Data presented here shows optimised conditions. Overall, 

these studies investigated whether the induction of cell death could be 

prevented by targeting different components of the purine salvage pathway. 

The initial aim was to explore whether the cytotoxic effect was mediated by an 

intracellular or extracellular mechanism. It was hypothesised that 

accumulating substrate may affect cell viability via activation of adenosine 

receptors. Cells were incubated with caffeine, a broad antagonist of all four 

receptor subtypes, in order to see whether blocking receptor activation could 

increase the cell viability (Jacobson and Gao, 2006). Additionally, cells were 

pre-incubated with NBTI to confirm whether the observed cell death was due 

to an intracellular mechanism. NBTI is a nucleoside transport inhibitor, and 

therefore prevents intracellular passage of accumulating substrate (King et al., 

2006, Boswell-Casteel and Hays, 2017).  

It was also hypothesised that the intracellular conversion of metabolic 

substrates to their phosphorylated derivatives (ATP, dATP) might be 

responsible for the induction of cell death. Deoxycytidine kinase catalyses the 

phosphorylation of 2’dAdo and it also catalyses the phosphorylation of 

deoxycytidine. Cells were pre-incubated with deoxycytidine which reduces the 

phosphorylation of 2’dAdo through competitive inhibition (Joachims et al., 

2008b). Similarly, cells were pre-incubated with 5’iodotubercidin which is a 

potent inhibitor of adenosine kinase (Kowaluk and Jarvis, 2000, Ugarkar et al., 

2000). Adenosine kinase catalyses the phosphorylation of adenosine to AMP 

and has been shown to play a role in converting 2’dAdo to dATP (Yamada et 

al., 1980, Ullman et al., 1981, Kowaluk and Jarvis, 2000, Joachims et al., 

2008a).  
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Therefore, deoxycytidine was used to reduce the formation of dATP and 

5’iodotubercidin was used to prevent the intracellular formation of both ATP 

and dATP. 
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Figure 3-10 Elucidating the cytotoxicity induced by ADA inhibition and substrate accumulation.  

KELLY cells were incubated with EHNA, to inhibit ADA, and supplemented with adenosine or 2’deoxyadenosine to mimic substrate accumulation. Caffeine 
inhibits the adenosine receptors and NBTI targets nucleoside transport. Deoxycytidine and 5’iodotubercidin inhibit deoxynucleoside kinase and adenosine kinase 
respectively.
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3.3.8 Determining whether the cytotoxic effect is mediated intracellularly or 
extracellularly  

As described previously, studies were carried out to investigate whether the 

cytotoxic effect of ADA inhibition and substrate accumulation was mediated 

via an intracellular or extracellular mechanism.  

Caffeine is a non-specific antagonist of adenosine receptors and western 

blotting was carried out to investigate receptor expression (Jacobson and Gao, 

2006). A1 adenosine receptor protein expression was detected in both KELLY 

and Jurkat cell lines, shown by the presence of a band at 37kDa, Figure 3-11.  

 

Figure 3-11 Expression of A1 adenosine receptor in KELLY cell lysates. 

Representative cropped Western blot analysis for A1 Adenosine receptor (37kDa). Jurkat cell 
lysates were included as a positive control and blots were probed for b tubulin as a loading 
control. 
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Incubation with 1mM caffeine alone did not have an effect on the cell viability 

at either time-point analysed. The presence of caffeine in the combined 

treatments did not increase the cell viability and therefore did not block the 

induction of cell death at either time-point. Although there was an increase in 

the percentage of living cells, Figure 3-12 (c), there was still no significant 

difference between cells cultured in the presence or absence of caffeine, 

shown in Figure 3-12. Morphologically, there was no difference between cells 

cultured with and without caffeine in the presence of ADA inhibitor and 

substrate, as shown in Figure 3-15. 
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Figure 3-12 Caffeine does not increase viability in KELLY cells.  

Cells were incubated with no treatment (control cells), or a combination of inhibitor and 
substrate in the presence or absence of caffeine. KELLY cells incubated with 1mM chloroquine 
phosphate were included as a positive control. Cells were analysed by flow cytometry and 
data are presented as change in number of live cells normalised to untreated (control) cells. 
A one-way ANOVA with a post hoc Tukey’s test was performed on each dataset to test the 
null hypothesis that incubation with caffeine does not affect the induction of cell death. 

a) KELLY cells remained viable when treated with caffeine only. Cell death was induced by 
ADA inhibition and substrate accumulation. After 24 hours, caffeine did not affect the induction 
of death: there was no significant difference in percentage of living cells between cells cultured 
with inhibitor plus substrate in the presence or absence of caffeine (n=3). 

b) Caffeine increased the percentage of living cells when cells were treated with inhibitor and 
substrate for 48 hours. However, there was no significant difference between cells cultured 
with inhibitor plus substrate in the presence or absence of caffeine (n=3). 

c) Table showing average percentage of living cells in different treatment conditions. 

 

 
 
 
 



 109 

NBTI was used to investigate whether blocking nucleoside transporters could 

increase cell viability and therefore determine whether the cytotoxic effect was 

mediated intracellularly. NBTI blocked the cytotoxic effect mediated by both 

adenosine and 2’dAdo and restored cell viability after 24 hours (average 

percentage of living cells was increased to 89 and 80 respectively). This 

rescue was maintained at 48 hours where there was a significant difference 

between cells incubated in the presence or absence of NBTI, see Figure 3-13 

and Figure 3-14. Cells incubated with NBTI demonstrated morphology 

characteristic of healthy KELLY cells, shown in Figure 3-15. However, 

incubation with NBTI did not restore viability completely to control levels. 

These data suggest that the cytotoxicity is mediated by an intracellular 

mechanism and not by extracellular activation of adenosine receptors.  
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Figure 3-13 NBTI prevents both adenosine and 2’deoxyadenosine-mediated cell death 
in KELLY cells.  

Cells were incubated with no treatment (control cells), or a combination of inhibitor and 
substrate in the presence or absence of NBTI. KELLY cells incubated with 1mM chloroquine 
phosphate were included as a positive control. Cells were analysed for viability by flow 
cytometry and data are presented as change in number of live cells normalised to untreated 
(control) cells. A one-way ANOVA with a post hoc Tukey’s test was performed on each dataset 
to test the null hypothesis that NBTI does not affect the induction of cell death.  

a,b) KELLY cells remained viable when treated with NBTI alone. Cell death was induced by 
inhibitor and substrate in a time-dependent manner at a) 24 and b) 48 hours. This was blocked 
by the presence of NBTI at both time-points and the percentage of living cells approach control 
values. There was a significant increase in the percentage of living cells in the presence of 
NBTI after 48 hours. (n=3 for 24 hours, n=4 for 48 hours).  

c) Table showing average percentage of living cells in different treatment conditions (n=3 for 
24 hours, n=4 for 48 hours). 
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Figure 3-14 Representative flow cytometry plots from one NBTI study after 48 hours incubation.  

A greater number of cells were in the viable population (Q4) in the presence of NBTI. In absence, ADA inhibition and substrate accumulation decreased cell 
viability and caused cell transition to other quadrants.
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Figure 3-15 Representative cellular morphology of KELLY cells in different treatment 
conditions.  

Cells were cultured for 48 hours using optimised treatment conditions and imaged using an 

Olympus IX70 microscope. Images of all culture conditions in this chapter were acquired 

simultaneously; some images may appear in multiple figures. 

Control cells displayed morphology characteristic of healthy KELLY cells and positive control 

cells displayed morphology typical of cell death. The presence of caffeine alongside substrate 

(adenosine, 2’deoxyadenosine) and inhibitor did not increase the cell viability and there was 

morphological evidence of cell death. NBTI increased the viability of cells in a co-culture – the 

effect appears greater when cytotoxicity was adenosine-mediated. Scale bar represents 

250µm. 

 



 113 

3.3.9 Investigating the role of kinases in the cytotoxic mechanism 

As demonstrated in 3.3.8, the cytotoxic effect of ADA inhibition and substrate 

accumulation is likely to occur via an intracellular mechanism. The following 

studies investigated whether intracellular conversion of 2’dAdo and adenosine 

to dATP and ATP, respectively, contributed to the cell death.  

Deoxycytidine reduces the formation of dATP through competitive inhibition of 

deoxycytidine kinase (Joachims et al., 2008b). Deoxycytidine alone is not 

cytotoxic and incubation did not affect cell viability. Deoxycytidine did not affect 

the adenosine-mediated cytotoxicity at either time-point and there was no 

significant difference in viability in the presence or absence of deoxycytidine, 

Figure 3-16. Accordingly, cells showed a rounded, detached morphology 

consistent with cell death, Figure 3-20. Despite 2’dAdo-mediated cytotoxicity, 

there was increased cell viability in the presence of deoxycytidine after 24 

hours Figure 3-17. However, this difference is not significant and was not 

maintained over time, Figure 3-16. 
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Figure 3-16 Deoxycytidine does not prevent death in KELLY cells.  

Cells were incubated with no treatment (control cells), or a combination of inhibitor and 

substrate in the presence or absence of deoxycytidine. KELLY cells incubated with 

chloroquine phosphate were included as a positive control. Cells were analysed for viability by 

flow cytometry and data are presented as change in number of live cells normalised to 

untreated (control) cells. A one-way ANOVA with a post hoc Tukey’s test was performed on 

each data set (using GraphPad Prism) to test the null hypothesis that deoxycytidine does not 

affect the induction of cell death in KELLY cells. 

a,b) KELLY cells remained viable when treated with deoxycytidine alone. Cell death was 

induced by substrate in combination with inhibitor in a time-dependent manner at both a) 24 

and b) 48 hour time-points. Deoxycytidine did not rescue cells from this cytotoxic effect at 

either time point analysed. There was no significant difference in percentage of living cells 

between cells cultured with inhibitor and substrate in the presence or absence of deoxycytidine 

at either a) 24 or b) 48 hours (n=3). 

c) Table showing average percentage of living cells in different treatment conditions (n=3). 
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Figure 3-17 Representative flow cytometry plots from one deoxycytidine study after 24 hours drug incubation.  

Cell death was still observed in the presence of deoxycytidine, as shown by the decrease in percentage of viable cells in Q4. 
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5’iodotubercidin is a kinase inhibitor and prevents the formation of both ATP 

and dATP and alone, this treatment was not cytotoxic. 5’iodotubercidin did not 

prevent the reduction in cell viability mediated by adenosine and there was no 

significant difference in the presence or absence of this treatment at either 

time-point, Figure 3-18. Contrastingly, 5’iodotubercidin blocked the 2’dAdo-

mediated cytotoxicity at both time points. This effect was observed as early as 

24 hours, where there was a significant increase in cell viability in the presence 

of 5’iodotubercidin Figure 3-18 and Figure 3-19 (average percentage of living 

cells increased from 55 to 110). Cells incubated with 5’iodotubercidin were still 

resistant to the effect of 2’dAdo after 48 hours (average percentage of living 

cells increased from 16 to 99) and displayed morphology consistent with 

healthy KELLY cells, Figure 3-20. 
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Figure 3-18 5’iodotubercidin prevents 2’deoxyadenosine-mediated cell death in KELLY 
cell line but not adenosine-mediated cytotoxicity.  

Cells were incubated with no treatment (control cells), or a combination of inhibitor and 
substrate in the presence or absence of 5’iodotubercidin. KELLY cells incubated with 1mM 
chloroquine phosphate were included as a positive control. Cells were analysed for viability by 
flow cytometry and data are presented as change in number of live cells normalised to 
untreated (control) cells. A one-way ANOVA with a post hoc Tukey’s test was performed on 
each data set to test the null hypothesis that 5’iodotubercidin does not affect the induction of 
cell death in KELLY cells. 

a,b) KELLY cells remained viable when treated with 5’iodotubercidin alone. Cell death was 
induced by substrate and inhibitor in a time-dependent manner. 5’iodotubercidin did not affect 
the cytotoxicity mediated by ADA inhibition and adenosine accumulation at either a) 24 or b) 
48 hour time-points. 5’iodotubercidin did, however, rescue KELLY cells from cell death 
mediated by ADA inhibition and 2’deoxyadenosine accumulation at both a) 24 and b) 48 hour 
time-points. There was a significant increase in the percentage of living cells in the presence 
of 5’iodotubercidin – these values are equal to and greater than that of control (n=3).  

c) Table showing average percentage of living cells in different treatment conditions (n=3). 
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Figure 3-19 Representative flow cytometry plots from one 5’iodotubercidin study after 
48 hours of drug incubation.  

Incubation with 5’iodotubercidin can rescue cells from 2’deoxyadenosine-mediated 
cytotoxicity. This is shown by the increase in viable cells found in Q4. 
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Figure 3-20 Representative images of KELLY cell morphology incubated with different 
treatments.  

Cells were cultured for 48 hours and imaged using an Olympus IX70 microscope. Images of 
all culture conditions in this chapter were acquired simultaneously; some images may appear 
in multiple figures. 

Cells cultured with deoxycytidine still displayed morphology typically observed in cell death. 
5’iodotubercidin blocked 2’deoxyadenosine induced cytotoxicity and increased cell viability - 
cell morphology is consistent with healthy control cells. Scale bar represents 250µm.   
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3.4 Discussion 

Within this chapter it has been demonstrated that the KELLY cell line can be 

used to model the effect of ADA deficiency on a cell culture. Within this setting, 

cell death can be induced by the inhibition of ADA and the accumulation of 

both adenosine and 2’dAdo. A main finding of this chapter is that the cytotoxic 

effect can be prevented by targeting nucleoside transporters and intracellular 

kinases. Therefore, it has been identified that the observed death is likely to 

occur by an intracellular mechanism following the conversion of metabolic 

substrates to downstream by-products. 

3.4.1 Modelling ADA deficiency in vitro using KELLY cell line 

The KELLY cell line is a human neuroblastoma cell line and, as discussed 

previously, was used throughout this study to model the neuronal effect of ADA 

deficiency. This study has identified the presence of functional ADA in KELLY 

cells, and this enzymatic activity can be inhibited through the use of 

commercially available inhibitors dCF and EHNA. dCF is a potent tight-binding 

inhibitor of ADA and therefore effectively inhibits all ADA enzymatic activity in 

KELLY cells (Padua et al., 1990, Johnston, 2011). EHNA, in comparison, is a 

semi-tight competitive inhibitor of ADA which, shown here, inhibits a large 

proportion (but not all) of ADA activity in KELLY cells (Cristalli et al., 2001). A 

greater reduction in activity is measured using dCF and this is most likely due 

its targeted inhibition of both ADA1 and ADA2 activity (Li et al., 2015). 

Contrastingly, EHNA is a selective inhibitor of ADA1 and, although it has a 

reduced inhibition of activity, it still provides significant inhibition in KELLY cells 

(Ungerer et al., 1992, Cristalli et al., 2001).  

3.4.2 Using flow cytometry and cell morphology to measure cell death 

Cell death can occur via three distinct major pathways, including apoptosis and 

necrosis (Cheng et al., 2018). These pathways can be identified by 

characterising the morphology of the dying cell (Green and Llambi, 2015). 

Hallmarks of apoptotic death include nuclear and cell shrinkage, chromatin 

condensation and plasma membrane changes (Kerr et al., 1972, Allen et al., 

1997, Green and Llambi, 2015). In comparison, necrotic cells undergo swelling 
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and rupturing of the plasma membrane (Green and Llambi, 2015). Flow 

cytometry and basic analysis of cell morphology have been used in these 

studies to measure cell death. 

Flow cytometry was used to identify whether KELLY cells were undergoing 

apoptosis and/or necrosis by analysing the expression of annexin V and 7AAD 

as cell death markers. In brief, annexin V binds to a phosphatidylserine residue 

which is externalised following translocation from the inner cell surface 

membrane to the extracellular membrane when cells undergo apoptosis (Allen 

et al., 1997). Similarly, 7AAD is a viability dye which gains access to the cell 

when membrane integrity has been compromised, as is typical of necrosis. 

Detection of these markers is common and is frequently used in flow 

cytometric analysis of cell death. A strict gating strategy was employed 

whereby only single cells were analysed to eliminate the risk of false positive 

or negative results. Throughout this study, data has been presented as 

percentage change in living cells and a reduction has been indicative of cell 

death. Further, data was normalised to control values (assuming the 

population of live cells here is 100%) because, due to the nature of culturing 

adherent cells, some cell death is inevitable. By normalising the data, results 

are focussed on the effect of treatment conditions and not consequences of 

cell culture. 

Cellular morphology was also used to assess viability by monitoring hallmark 

features of cell death. These include cell shrinkage, loss of cellular contact and 

cell detachment.  

This approach to analysing cell death eliminates the difficulty in discriminating 

between cells in early or late stage apoptosis and necrosis. Further analysis 

would have had to be carried out to accurately attribute the modality of cell 

death to apoptosis or necrosis; in these studies, the focus is on cell viability 

and cell death. 
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3.4.3 The induction of cell death in KELLY cells requires ADA inhibition 
alongside substrate accumulation 

The initial studies presented in this chapter highlighted that ADA inhibition 

must be accompanied by substrate accumulation in order to induce cell death. 

These cytotoxic effects are time-dependent and greater levels of cell death are 

detected after 48 hour compared to 24 hour incubations.  

To extend upon existing work, the studies presented within this chapter 

investigated the effect of both adenosine and 2’dAdo. ADA deficiency results 

in the accumulation of both metabolic substrates and it is therefore important 

to take this into consideration. Here, adenosine accumulation combined with 

ADA inhibition does cause cell death. However, the degree of adenosine-

mediated cytotoxicity is less than that mediated by 2’dAdo. This correlates with 

the scenario in the immune system in ADA deficiency, where accumulating 

2’dAdo may be considered as the more toxic agent because of the multitude 

of effects it elicits, as summarised in 1.3.6. However, the role of accumulating 

adenosine on purinergic signalling must not be underestimated because of its 

pivotal function in vivo as a neuromodulator (Wei et al., 2011). It is possible 

that, in this in vitro model, there is a lesser reliance on adenosine than in vivo, 

and therefore this may not accurately recapitulate the patient setting.  

This study also compared the effect of two different ADA inhibitors: EHNA and 

dCF. Both inhibited ADA activity within this cell line and both induced cell death 

in combination with metabolic substrates. However, as highlighted previously, 

dCF inhibits both ADA1 and ADA2 activity and this may explain the greater 

levels of cell death observed in the presence of dCF. Comparatively, EHNA is 

a selective inhibitor of ADA1 only but also induced cell death when combined 

with substrate accumulation. Therefore, due to the specificity of inhibition, 

EHNA was used to inhibit ADA in subsequent experiments in these studies.  
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3.4.4 Understanding the experimental model by which ADA inhibition and 
substrate accumulation induces cell death 

Here, it was shown that treatment with an ADA inhibitor alone, adenosine 

alone, or 2’dAdo alone does not cause substantial cell death. The following 

schematic has been provided to propose a theory to explain these results, 

Figure 3-21. 

 

Figure 3-21 Experimental rationale for the induction of cell death via ADA inhibition  and 
adenosine/2’deoxyadenosine substrate accumulation.  

Abbreviations: Ado (adenosine), 2’dAdo (2’deoxyadenosine), CNT (concentrative nucleoside 
transporter), ENT (equilibrative nucleoside transporter), Ino (inosine), 2’dIno (2’deoxyinosine). 

 

The first section (a) of the schematic depicts the cell under normal metabolic 

conditions – intracellular adenosine and 2’dAdo are metabolised by ADA to 

form inosine and 2’deoxyinosine. Passage of adenosine and 2’dAdo occurs 

through two types of nucleoside transporters: concentrative nucleoside 

transporters and equilibrative nucleoside transporters. The concentrative 

nucleoside transporters (CNT) are unidirectional and transport is dependent 

on the inwardly directed sodium-dependent or proton-dependent coupling 

(Gray et al., 2004, Boswell-Casteel and Hays, 2017, Pastor-Anglada and 

Pérez-Torras, 2018). Contrastingly, passage through the uniporter 

equilibrative nucleoside transporters (ENT) is bidirectional and is sodium 

independent (Boswell-Casteel and Hays, 2017). 
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EHNA can be used to inhibit ADA, as shown in section b of the schematic. The 

results of this study showed that this does not affect cell viability or cause cell 

death in KELLY cells. It was predicted that inhibiting ADA caused an increase 

in intracellular concentration of adenosine and/or 2’dAdo. These substrates, 

however, simply diffused down their concentration gradient into the 

extracellular space. Since it was suspected that cytotoxic effects occurred by 

an intracellular mechanism, this extracellular passage would explain why there 

was no effect of ADA inhibition alone. These results also demonstrated that 

there was no substantial effect when metabolic substrates were added to the 

extracellular culture milieu alone (not modelled schematically). This is most 

likely because intracellular ADA metabolises the added substrate.  

However, more significant cell death can be measured when ADA inhibition is 

accompanied by substrate accumulation, and this is modelled in section c of 

the schematic. As previously, addition of EHNA inhibits ADA and this causes 

an intracellular accumulation of adenosine/2’dAdo. In this study, adenosine or 

2’dAdo has also been added to the extracellular media, representing an 

accumulation of metabolic substrate. It is hypothesised that this negates the 

concentration gradient, and prevents the net movement of substrate thus 

allowing further intracellular downstream processing. This in vitro model 

appears to be a more accurate model of ADA deficiency, where ADA activity 

is inhibited and metabolic substrates accumulate. 

This theory ties in with similar studies led by Garcia-Gil, which focussed on the 

combined effect of dCF and 2’dAdo on apoptosis, mitochondria and glucose 

metabolism (Garcia-Gil et al., 2012, Garcia-Gil et al., 2015, Garcia-Gil et al., 

2016). This group provided evidence of apoptosis in both an astrocytoma cell 

line and neuroblastoma cell lines (SH-SY5Y, Lan 5); investigations into the 

mechanisms revealed differences between the cell lines (Garcia-Gil et al., 

2016). Therefore, initial experiments presented within this chapter focussed on 

understanding the cause of cell death in the KELLY neuroblastoma cell line.  
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3.4.5 Understanding the mechanisms by which ADA inhibition and substrate 
accumulation induces cell death 

Having previously demonstrated that ADA inhibition and substrate 

accumulation caused cell death in KELLY cells, further studies in this chapter 

aimed at identifying mechanisms contributing to the cytotoxic effect. Studies 

within this chapter are a thorough investigation of the observed cell death and 

its relation to the purine salvage pathway. 

Experiments were designed taking into account existing literature, as 

explained in each relevant section, and all conditions were run in each 

combination possible (example data shown in 9.1) to ensure any effects 

revealed were not artefacts of drug treatment.  

3.4.6 Cell death is not mediated by extracellular adenosine receptors 

This study was carried out to test the hypothesis that the observed cell death 

was mediated by activation of the extracellular G-protein coupled adenosine 

receptors. There are four subtypes of adenosine receptor, as previously 

discussed, and caffeine is a broad antagonist of all subtypes (Jacobson and 

Gao, 2006). As far as the author is aware, there is limited evidence about 

adenosine receptor expression on KELLY cells therefore a broad antagonist 

was utilised as a starting point for this study.  

Initially, blotting analyses were carried out to investigate the expression of 

adenosine receptors by KELLY cells. A1 and A2A are the most prevalent 

subtype of adenosine receptor in the central nervous system and this study 

focussed on these subtypes (Wei et al., 2011, Chen et al., 2014). Our results 

demonstrated the presence of the A1 adenosine receptor in KELLY cells; the 

blotting for A2A was not successful and is likely due to an antibody problem. It 

would be interesting to extend this receptor analysis by identifying the 

presence/absence of A2A but also A2B and A3 either using blotting techniques 

or alternative methods, such as RT-qPCR. Each receptor subtype has varying 

affinities for adenosine, as outlined in Table 2, and therefore different 

receptors may be important at the agonist concentrations supplemented in this 
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study. In fact, there is evidence to suggest that activation of the A3 subtype of 

adenosine receptor induces apoptosis in rat glial cells (Appel et al., 2001). 

In this study, neither incubation with caffeine alone (example data shown in 

9.1), nor caffeine in combination with adenosine, 2’dAdo or EHNA alone had 

an effect on the percentage of living cells in culture (data not shown). 

Treatment with caffeine did not prevent the cytotoxic effect of ADA inhibition 

and substrate accumulation at time-points of 24 or 48 hours. This is consistent 

with a previous study investigating apoptosis in breast cancer cell lines using 

an alternative antagonist (8-phenyltheophyline) (Hashemi et al., 2005). A 

parallel approach to confirm the results presented in this study would be to 

monitor the effect of specific receptor agonists (Schrier et al., 2001). In this 

study presented here, cells were not pre-treated with caffeine prior to addition 

of substrate and inhibitor. It would be interesting to see whether the results are 

replicated with a pre-treatment of caffeine.  

Having observed no effect through caffeine administration, it was concluded 

that the observed cytotoxicity was not adenosine receptor mediated. 

Interestingly, although evidence is limited, it may be that 2’dAdo does not bind 

to adenosine receptors (Camici et al., 2018). With reference to this study, it 

adds further weight that the cytotoxicity was not receptor mediated, since 

either 2’dAdo does not bind and therefore could not induce cell death or, even 

if it does bind, caffeine did not prevent the induction of cytotoxicity. Further, 

although this study has not demonstrated the presence of more than one 

subtype of receptor, caffeine is a broad receptor antagonist and, regardless of 

presence or absence, administration did not prevent the cell death induced by 

ADA inhibition and substrate accumulation. 

3.4.7 NBTI can rescue cells from the cytotoxic effects of ADA inhibition and 
substrate accumulation  

Having demonstrated that caffeine does not block the induction of cell death, 

it seems unlikely that the cytotoxic effect is mediated extracellularly. In order 

to confirm whether the observed cell death was due to an intracellular effect, 
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KELLY cells were treated with NBTI, an inhibitor of equilibrative nucleoside 

transporters ENT1 (King et al., 2006, Boswell-Casteel and Hays, 2017). 

Data presented within this study showed that, even after 48 hours, NBTI could 

prevent the induction of cell death mediated by both adenosine and 2’dAdo in 

this model. It is clear, therefore, that the cytotoxic effect occurs via intracellular 

mechanisms. These data are consistent with existing literature (Hashemi et 

al., 2005, Ceruti et al., 2000a, Schrier et al., 2001). 

NBTI prevented the cytotoxic effect induced by adenosine and restored the 

percentage of healthy cells to that detected in control cells. Contrastingly, a 

small, albeit non-significant, cytotoxic effect mediated by 2’dAdo was still 

observed in the presence of NBTI. Whilst NBTI is a nucleoside transport 

inhibitor, it is selective for a particular subtype of transporter (equilibrative 

nucleoside transporter 1, ENT1) (King et al., 2006). It is currently not known 

what transporters are expressed by the KELLY cell line and it is therefore 

possible that intracellular passage of 2’dAdo may also occur via alternative 

mechanisms. An interesting extension to this study would be to conduct a 

thorough investigation into the nucleoside transporters expressed by KELLY 

cells – following this, the use of multiple and specific transport blockers might 

wholly prevent the induction of 2’dAdo mediated cell death.  

3.4.8 Deoxycytidine does not prevent the induction of cell death 

Formation of dATP, which occurs following the phosphorylation of 2’dAdo, is 

known to be lymphotoxic. The hypothesis of this study was that, similarly to 

the immune system, formation of dATP might be responsible for the cytotoxic 

effect of ADA inhibition and substrate accumulation in KELLY cells. 

Deoxycytidine kinase is the enzyme that catalyses this phosphorylation of 

2’dAdo; it also catalyses the phosphorylation of deoxycytidine. Deoxycytidine 

has been included in this study to act as a competitive inhibitor of 2’dAdo 

(Shimoyama et al., 1999). Data presented in this chapter showed that 

deoxycytidine did not prevent the cell death induced by ADA inhibition and 

substrate accumulation after 24 and 48 hours. Therefore, surprisingly, this 
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would indicate that dATP might not be the cytotoxic agent in this model of ADA 

deficiency.  

Interestingly, data presented here is not in agreement with the existing body 

of evidence. The hypothesis in this study was centred around the 

immunological data: dATP is harmful to the immune system and it has been 

demonstrated that thymocytes undergo apoptosis when treated with dCF and 

2’dAdo (Joachims et al., 2008a). In the study by Joachims, deoxycytidine was 

shown to reduce the accumulation of dATP in thymocyte suspensions and also 

the levels of apoptosis (Joachims et al., 2008a). Therefore, the results in this 

chapter are a direct contradiction which suggests that perhaps the mechanism 

of action differs between the immune system and the neurological system. This 

seems unlikely since phosphorylation by deoxycytidine kinase has been linked 

to deoxyadenosine-mediated apoptosis in another study using astrocytoma 

cells and hydrolysis resistant adenosine/2’dAdo analogues (Ceruti et al., 

2000a). Further, another study has measured an increase in deoxycytidine 

kinase activity when ADA inhibition is accompanied by 2’dAdo accumulation 

(Keszler et al., 2005). These published studies therefore suggest that 2’dAdo, 

when it cannot be metabolised by ADA, is instead phosphorylated by 

deoxycytidine kinase to form cytotoxic dATP.  

However, the data presented here does not correlate with the published data 

and this requires further investigation. At present, the levels of dATP in this 

model have not been measured. Therefore, an important extension to this 

deoxycytidine study would be to investigate levels of dATP in KELLY cells 

before and after the induction of cell death, both in the presence and absence 

of deoxycytidine. This would show whether deoxycytidine is, in fact, acting as 

a competitive inhibitor and would allow these results to be validated. 

Another possible explanation for the deviation of these results is that certain 

experimental variables within this study may not be optimised. Deoxycytidine 

may be capable of preventing the cytotoxicity, but in a shorter time-frame: it 

could be that after 24 hours, deoxycytidine has already been phosphorylated 

and therefore is no longer a competitive inhibitor. Accordingly, a preliminary 
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experiment was carried out where the time of analysis was reduced to 16 hours 

but no difference was observed (data not shown). However, considering the 

seeding density and proliferation rate of KELLY cells, it is unlikely that cell 

death would have been detected at this early stage anyway. Manipulating the 

experimental conditions to reduce the time-frame of analysis would be 

beneficial. 

3.4.9 Pre-incubation with 5’iodotubercidin can rescue cells from 
2’deoxyadenosine-mediated cell death 

Adenosine kinase catalyses the phosphorylation of adenosine to AMP and has 

also been shown to play a role in the conversion of 2’dAdo to dATP (Yamada 

et al., 1980, Ullman et al., 1981, Kowaluk and Jarvis, 2000, Joachims et al., 

2008a). 5’iodotubercidin is a potent inhibitor of adenosine kinase and was used 

in this chapter to isolate whether adenosine and 2’dAdo derivatives (ATP, 

dATP respectively) are responsible for the induction of cell death in KELLY 

cells (Kowaluk and Jarvis, 2000, Ugarkar et al., 2000).  

Shown in this study, 5’iodotubercidin was able to rescue cells from the 

cytotoxicity induced by ADA inhibition and 2’dAdo accumulation. In fact, 

5’iodotubercidin completely restored the cell viability back to baseline. These 

data are consistent with similar studies conducted in alternative human 

neuroblastoma cell lines (Garcia-Gil et al., 2016). 

Taken together with the results of the previous deoxycytidine study, dATP is 

likely to be the cytotoxic agent but the effect appears to be largely dependent 

on the conversion of 2’dAdo by adenosine kinase and not by deoxycytidine 

kinase. Accordingly, blocking the activity of adenosine kinase prevented the 

induction of cell death but blocking the activity of deoxycytidine kinase did not 

have an effect.  

Variable results have been reported in studies published in alternative cell 

lines. An explanation may be that there is intrinsic variation in enzyme 

expression between the type of culture used to model ADA deficiency. For 

example, one study, as discussed previously, investigated the mechanism of 
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apoptosis in thymocytes and showed the direct opposite to our results: i.e. no 

effect was observed by inhibiting adenosine kinase but inhibiting deoxycytidine 

kinase corrected apoptosis (Joachims et al., 2008a). Furthermore, the 

Joachims study demonstrated a cumulative correction of apoptosis by 

inhibiting both kinases so perhaps future work from this thesis should involve 

a combinatorial treatment approach (Joachims et al., 2008a). In direct contrast 

to the Joachims study, an alternative study provided evidence that adenosine 

kinase inhibition can, in fact, rescue apoptotic ADA deficient foetal thymic 

organ cultures and this correlated with a reduction in dATP (Van De Wiele et 

al., 2002).  

Therefore it may be that the KELLY cell line, derived from human origin, has a 

different dependency on particular enzymes compared to other cell lines. As 

discussed, the KELLY cell line is a human cell line and this may explain why 

studies led by Schrier in a mouse neuroblastoma cell line showed a contrasting 

effect with an adenosine kinase inhibitor (AMDA) reducing adenosine-induced 

caspase activation (Schrier et al., 2001). However, there is clearly a large 

degree of difference between the Schrier study and the studies within this 

chapter, because Schrier et al. reported an effect of adenosine alone (Schrier 

et al., 2001). Results from studies into kinase inhibition may therefore be cell 

line dependent. 

Despite the effects with 2’dAdo, 5’-iodotubercidin did not have an effect when 

ADA inhibition was accompanied by accumulation of adenosine. Cell death 

was still observed in the presence of 5’-iodotubercidin, which suggests that 

adenosine-mediated cytotoxicity does not occur via the intracellular 

phosphorylation pathway. 

Similarly to 2’dAdo, there is a large body of contradictory evidence regarding 

the effect of adenosine kinase inhibition on adenosine-mediated cell death in 

ADA deficient cultures. A study by Ceruti et al. investigated adenosine-

mediated and 2-chloro-adenosine mediated apoptosis on myoblastic cells and 

myotubes (Ceruti et al., 2000b). Data presented correlates with the study in 

this chapter: 5’-iodotubercidin did not prevent adenosine-induced cytotoxicity. 
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Interestingly, it was capable of preventing that mediated by 2-chloro-

adenosine. However, Ceruti et al. presented data whereby apoptosis was 

induced through adenosine treatment alone and therefore there are 

differences between their cellular model and that presented within this chapter. 

It has been demonstrated previously that high concentrations of adenosine 

(and free ATP) can actually inhibit adenosine kinase (Yamada et al., 1980, 

Kowaluk and Jarvis, 2000). This may add weight to our data and the 

conclusion that intracellular phosphorylation is not the route by which 

adenosine mediates toxicity. An effect is not observed with 5’iodotubercidin 

because, even when the treatment is absent, accumulating adenosine is 

inhibiting adenosine kinase via a feedback loop.  

Taking into account the data presented here, it is possible that the adenosine-

mediated cytotoxicity occurs by alternative pathway. Interestingly, Ceruti et al. 

suggest that the toxic effect mediated by adenosine follows its conversion to 

S-adenosyl-homocysteine (SAH) (Ceruti et al., 2000b). This was 

experimentally tested by increasing the concentration of SAH and the group 

correlated this increase with the observed increase in cytotoxicity (Ceruti et al., 

2000b). However, accumulation of SAH is known to be cytotoxic anyway and 

a direct link between adenosine-mediated toxicity and SAH accumulation has 

not been provided. Based upon the preliminary data laid out by Ceruti, a 

possible extension to the 5’-iodotubercidin study in this chapter could focus on 

SAH accumulation, by measuring the levels of SAH and subsequently seeing 

whether a block in SAH formation can rescue KELLY cells from adenosine-

mediated cell death. 

3.4.10 Study limitations 

The evidence base for similar experiments investigating the cytotoxic effect of 

adenosine and 2’dAdo in ADA deficient environments highlights the enormous 

variability in results. It seems likely that this variation is model dependent and 

one main limitation of this study would be the choice of cell line. Cell lines are 

incredibly useful for preliminary studies of this nature, since they are easy to 
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grow and culture and it is easy to manipulate experimental conditions. 

However, cell lines are genetically modified and it is possible that this may 

impact the results shown here. Further, a neuroblastoma cell line (such as the 

KELLY cell line) was chosen to model the effect of ADA deficiency in neurons. 

However, this is not an accurate representation of the global brain population 

since it is known that glial cells far outnumber neurons. Including a human glial 

cell line in this study would be interesting to compare the response of different 

cellular models. However, ultimately this closed system will not mirror ADA 

deficiency exactly as it is exhibited in patients. A potential solution would be 

conducting these experiments in a primary culture to try and replicate a patient 

scenario. Despite the drawbacks, modelling ADA deficiency in the KELLY cell 

line allowed us to reliably investigate mechanistic pathways, since these were 

easily isolated and identified. Having optimised treatment conditions and 

collected preliminary data, it is now necessary to repeat these studies using 

different cellular models.  

Within these studies, ADA activity has been inhibited by EHNA; chemical 

inhibition has been effective for this preliminary data but other alternatives 

should be considered. Disrupting ADA gene expression using gene editing 

technologies such as RNA interference or CRISPR/Cas 9 would allow a more 

sophisticated approach to generate an accurate model of the in vivo setting.  

Another limitation of this study concerns the use of drug treatments to isolate 

different components of the metabolic pathway. These treatments have a main 

and primary effect but many drugs have multiple targets: for example, 

5’iodotubercidin also inhibits transporters. Therefore other read-outs, such as 

measuring activity or concentrations, would be useful in confirming the desired 

effect of each drug treatment.  

3.4.11 Summary and concluding remarks 

To summarise, the KELLY cell line can be used to model ADA deficiency in 

vitro through ADA inhibition (mediated by EHNA) and substrate accumulation 

(addition of adenosine and/or 2’dAdo to the culture media). In an ADA deficient 
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environment, KELLY cells undergo cell death measurable by the expression 

of cell surface markers, lack of membrane integrity and morphological 

changes. This substantial cell death is only inducible when substrate and 

inhibitor are used in combination, thus modelling ADA deficiency. Despite the 

role of receptor activation in the immune system, in this study the cytotoxicity 

did not occur through extracellular activation of adenosine receptors. This 

study does, however, provide strong evidence that cell death occurs via an 

intracellular mechanism. For 2’dAdo-mediated cytotoxicity, this is likely to 

occur via phosphorylated derivatives, similarly to the immune system. It does 

not appear that adenosine-mediated cell death occurs via the phosphorylation 

pathway and this study does not identify the exact pathway initiated by 

accumulation of adenosine. An interesting concept is that the two metabolic 

substrates affect cell viability via different pathways, and therefore the 

neurological abnormalities observed in ADA deficiency might be caused by 

activation of multiple pathways. Further, it is possible that the cytotoxic effect 

of each substrate might be cumulative and occur via more than one pathway. 
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Chapter 4 Investigating ADA deficiency in vivo part 1 

4.1 Introduction 

ADA deficiency can be investigated in vivo using a transgenic animal model. 

The murine model of ADA deficiency was generated through the insertion of a 

neomycin cassette into exon 5 of the 12 exon ADA gene, as discussed in 

section 1.6 (Wakamiya et al., 1995). The initial model, however, proved to be 

perinatally lethal and therefore ADA expression was restored to trophoblast 

cells through a specific promoter element, allowing post-partum survival 

(Blackburn et al., 1998). Following birth, further complications resulted from 

ADA deficiency, specifically affecting the pulmonary system, which 

necessitated that mice older than two weeks must be maintained on PEG-ADA 

enzyme therapy (Blackburn et al., 2000b). It is hypothesised that PEG-ADA 

does not cross the blood brain barrier and brains of these mice still represent 

an appropriate model in which to study the effects of ADA deficiency.  

4.2 Aims and hypotheses  

This chapter focussed on characterising the murine model of ADA deficiency 

prior to further experimental investigation. Two age groups of mice were used 

to represent a young (two weeks of age) and older (6-9 months of age) cohort. 

Mice homozygous for the mutant ADA gene at two weeks of age would not 

have received PEG-ADA; homozygous mice in the older cohort would have 

been maintained on weekly PEG-ADA therapy from birth. Each group were 

compared to wildtype age-matched controls. The principal aim of this chapter 

was to characterise the murine model, firstly through genotyping and secondly 

through functional outputs (specifically looking at protein expression, 

enzymatic activity and substrate accumulation in the brain). It is hypothesised 

that, similarly to patients, brains of knockout mice will not express ADA protein 

and therefore will lack enzyme activity and, consequently, metabolic 

substrates will accumulate. Lastly, the effect of ADA deficiency will be 

investigated at a transcriptomic level by using quantitative PCR and RNA 

sequencing technologies. It is hypothesised that there will be differences in 

gene expression between WT and KO mice at both ages.  
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4.3 Results 

4.3.1 Genotyping ADA deficient mouse model 

DNA was isolated from brain homogenates and a genotyping PCR was carried 

out to assess and confirm the genotyping status of brains used in this study. 

As specified by the Jackson laboratory, a PCR product of 126 base pairs will 

be present in ADA+/+ (wildtype) mice, 140 base pairs in ADA-/- (knockout) mice 

and a band at both 126 and 140 base pairs will be present in ADA+/- 

(heterozygous) mice (The Jackson Laboratory). Representative PCR gels are 

shown in Figure 4-1.  

 

Figure 4-1 Representative gels showing PCR products following genotyping PCR on 
DNA extracted from mouse brain homogenates.  

PCR product of 126 basepairs for wildtype mice, 140 basepairs for homozygous mice. 

a) Genotyped 2 week old mice. Lanes 1-4 wildtype mice, ADA+/+, lanes 5-8 homozygous mice, 
ADA-/-, lane 9 heterozygous mouse, ADA+/-. b) Genotyped 6-9 month old mice. Lanes 1-4 
wildtype mice, ADA+/+, lane 5 heterozygous mouse, ADA+/-, lanes 6-9 homozygous mice, ADA-

/-. 
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4.3.2 ADA protein is not expressed in brains of ADA deficient mice 

Having confirmed genotyping status, the expression of ADA protein was 

analysed using Western blotting and samples were prepared as previously 

described. Protein lysate from thymus single cell suspension was used as a 

positive control, generously gifted by Dr Federico Moretti (UCL GOS ICH, 

London). 

ADA is a protein of approximately 41 kDa – protein was detected in both 

wildtype (WT) and heterozygous samples, albeit at lower levels in 

heterozygous ADA+/- brain homogenates. There was no visible band in the 

knockout (KO) samples Figure 4-2.  

There was a visible band of unknown identity at a molecular weight greater 

than 52 kDa. The band was detected in all brain samples but not in the positive 

control. This was assumed to be an artefact of sample preparation which 

differed between the brain and positive control samples and may explain the 

respective presence and absence.  
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Figure 4-2 Representative Western Blots showing expression of ADA protein in 
wildtype and heterozygous mice but not in knockout mice. 

a) Unperfused brain homogenates from heterozygous and knockout mice at 2 weeks old. 
Perfused brain homogenates from wildtype and knockout mice at 6-9 months old. Thymus 
homogenate was included as a positive control. b) Perfused brain homogenates from wildtype 
and knockout mice at 2 weeks old. 
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4.3.3 There is no enzyme activity in brains of ADA deficient mice 

Brain homogenates from 2 week old mice were assessed using a fluorometric 

assay for ADA enzymatic activity, as previously described.  

Brains from WT (n=3) and KO mice (n=3) were assayed simultaneously. 

Brains from WT mice displayed ADA activity greater than 30µU/µg. In 

comparison, there was no detectable activity in KO samples. One sample from 

the WT cohort was incubated with EHNA, an ADA1 inhibitor, and this showed 

complete inhibition of activity, Figure 4-3.
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Figure 4-3 ADA enzymatic activity is detected in wildtype but not knockout brain homogenates. 

Brain homogenates were assayed for ADA activity. Activity was detected in wildtype (ADA+/+) brain homogenates (n=3) and this activity can be blocked in the 
presence of EHNA – an ADA1 specific inhibitor. There was no detectable activity in knockout (ADA-/-) brain homogenates (n=3). a) ADA activity was quantified 
in wildtype and knockout samples, as well as a wildtype sample in the presence of an ADA inhibitor. b) Relative fluorescence unit (RFU) curves for inosine 
standard. c) RFU curves for the wildtype (n=3) and knockout (n=3) samples. d) RFU curves for the wildtype sample in the presence of inhibitor.  
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4.3.4 Adenosine and 2’deoxyadenosine accumulate in the brains of ADA 
deficient mice 

Brain homogenates were analysed for metabolite accumulation in the 

laboratory of Professor Giancarlo la Marca (Florence, Italy), as previously 

described, section 2.10. 

Adenosine was detected in all groups analysed; at 2 weeks of age there was 

a significant increase in the concentration of adenosine in KO brains compared 

to age-matched WT (p = 0.0115). There was also an increase in concentration 

of adenosine observed in brains from KO mice at 6-9 months old which, 

however, was not statistically significant (p = 0.14), Figure 4-4.  

2’dAdo was not present at detectable concentrations in WT brains at 2 weeks 

of age. There was a marked increase in 2’dAdo concentration in KO brains at 

2 weeks of age and this difference is statistically significant (p = 0.0035). 

Interestingly, there was no detectable concentration of 2’dAdo in either WT or 

KO mice at 6-9 months of age, Figure 4-4.  
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Figure 4-4 Mass spectrometry was used to evaluate the accumulation of metabolic 
substrates (adenosine and 2’deoxyadenosine) in brains harvested from ADA deficient 
mice at 2 weeks and 6-9 months of age.  

a) There is a significant accumulation of adenosine in brains from knockout mice at 2 weeks 
of age (unpaired t-test p-value 0.0115). There is still an accumulation at 6-9 months of age but 
this is not significant (unpaired t-test p-value of 0.14). b) There is a significant accumulation of 
2’deoxyadensine in brains from knockout mice at 2 weeks of age (unpaired t-test p-value 
0.0035). 2’deoxyadenosine is not detected in either wildtype or knockout brains at 6-9 months 
of age. Mass spectrometry was carried out by Professor Giancarlo la Marca (Florence, Italy). 
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4.3.5 There is an increase in ADA gene expression in brains of ADA 
deficient mice 

Reverse transcription (RT) quantitative polymerase chain reaction (qPCR) was 

used to evaluate ADA gene expression in WT and KO brains from mice in both 

age cohorts. Primers were designed as described in section 2.5, and 

schematics are provided to illustrate binding sites, see Figure 4-5 and Figure 
4-6.  

 

Figure 4-5 Schematic adapted from Integrated DNA Technologies (IDT) website.  

a) Binding sites of two primer sets shown on ADA gene. b) Primer sequences are shown 
above the schematic of binding sites in ADA gene for primer set 1. c) Primer sequences are 
shown above the schematic of binding sites in ADA gene for primer set 5. (Technologies, 
2018). 
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Figure 4-6 Schematic adapted from NCBI PrimerBlast.  

The ADA gene is composed of 12 exons – the murine model contains the insertion of a neomycin cassette in exon 5. Primer binding is shown for both sets – 
(black lines show forward primer binding sites, grey lines show reverse primer binding sites). 
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Initial optimisation experiments were conducted in which a gradient of 

annealing temperatures were tested for each primer set (data not shown) 

ranging from 55-65°C. cDNA was successfully amplified in the optimisation 

experiments and 60°C was chosen as the optimum annealing temperature. 

Following each PCR reaction, a melting curve was run to confirm amplification 

of a single cDNA product. Representative curves are provided, see Figure 4-7, 

and the melting curves confirmed amplification of a single product for all primer 

pairs.  

  



 145  



 146 

 
 

Figure 4-7  RT-qPCR melting and calibration curves for the gene of interest and the reference gene.  

A melting curve was run following each RT-qPCR reaction. a) ADA primer set 1. b) ADA primer set 5. c) b actin as the reference gene.    
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Gene expression was calculated using the DDCT methodology. ADA gene 

expression was quantified using two primer sets with different ADA gene locus 

binding sites – results using ADA primer set 1 is shown in Figure 4-8 (a), and 

using ADA primer set 5 is shown in Figure 4-8 (b).  

There was an approximately 30- and 60-fold change in expression of ADA in 

knockout brains at both two weeks and 6-9 months, respectively. However, 

this increased gene expression in KO brains is not statistically significant 

compared to age-matched WTs (a p-value of 0.1 was obtained for both age 

groups using a Mann Whitney U test). 

There was a slight decrease in ADA gene expression in brains of KO mice at 

two weeks of age – this was not statistically significant. Using this primer set, 

there was no difference in gene expression between brains of WT and KO 

mice at 6-9 months of age.  
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Figure 4-8 ADA gene expression in brains harvested from wildtype (ADA+/+) and 
knockout (ADA-/-) mice.  

Gene expression was investigated using RT-qPCR. Brains were harvested and the two 
hemispheres were separated. RNA was extracted following homogenisation of one 
hemisphere and used to generate cDNA, which was analysed by qPCR for gene expression 
of ADA. Two different primer sets were used and fold change is calculated relative to 
expression of b actin. a) ADA gene expression was increased in KO mice at both two weeks 
and 6-9 months of age using primer set 1. A Mann Whitney U statistical test was carried out 
and p-value of 0.1 was obtained for both ages. b) There was no difference in ADA gene 
expression between WT and KO mice at either age using primer set 5. Data is presented as 
mean ± SEM. 
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Gene expression was also analysed in thymus homogenates (n=3), using ADA 

primer set 1. Thymus WT and KO samples were assayed individually (n=3) 

and samples were also pooled. 

There is a 50% reduction in ADA mRNA abundance in thymuses from KO mice 

compared to WT, Figure 4-9. This difference is not significant (p-value 0.1 

obtained using Mann Whitney U statistical test). 

 

Figure 4-9 ADA gene expression in thymuses (n=3) harvested from wildtype (ADA+/+) 
and knockout (ADA-/-) mice at two weeks of age.  

Thymuses were homogenised and RNA was extracted and used to generate cDNA. cDNA 
was analysed by qPCR for gene expression of ADA. Primer set 1 was used and fold change 
is calculated using the DDCT methodology and is relative to expression of b actin. Data is 
presented as mean ± SEM. A Mann Whitney U statistical test was carried out using GraphPad 
Prism and obtained a p-value of 0.1.  
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4.3.6 There are significant differences in RNA transcripts in ADA deficient 
mice 

Having demonstrated differences in ADA gene expression, total RNA was re-

extracted from brain homogenates and submitted to UCL Genomics (UCL 

GOS ICH, London) for sample preparation and RNA sequencing, as previously 

described, section 2.11. 

RNA sequencing was used to estimate the effect of ADA deficiency on the 

brain transcriptome in age-matched WT and KO mice. Data analysis was 

carried out by UCL Genomics and the graphs provided are generated from 

BaseSpace Sequence Hub as a feature of the software (Illumina). 

A principal component analysis (PCA) plot was generated and showed 

clustering of samples for each age group, Figure 4-10. This suggests a similar 

transcription profile between age-matched WT and KO brain samples. 

 

Figure 4-10 Principal Component Analysis (PCA) plot.  

Wildtype (W) and knockout (K) samples are clustered according to their age-groups (15 – two 
weeks old, 6 – 6-9 months old). 
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Gene expression in the brains of the younger cohort was compared between 

WT and ADA deficient mice. RNA sequencing identified 298 genes where 

there was a significant difference in expression between WT and KO samples 

(q<0.05). Among these, 236 genes were upregulated in KO brains and 62 

genes were downregulated, see Figure 4-11 and supplementary data in 

section 9.2.  

 

Figure 4-11 Fragment per Kilobase of transcript per million mapped reads (FPKM) plots 
of a) all genes and b) significant and differentially expressed genes in brains from two 
week old wildtype (15W) and knockout (15K) mice. 

However, an additional cut-off was applied whereby genes were considered to 

be differentially regulated if the change in average fragment per Kilobase of 

transcript per million mapped reads (FPKM) value was ± 50% of the WT value. 

This resulted in 183 significant and differentially expressed genes, where 175 

were upregulated in brains from KO mice and 8 were downregulated. Eight 

values were excluded due to a reading of 0. 

A selection of the significant differentially expressed genes is provided in the 

table below, Table 16. Of note, an increased gene expression of ADA is 

identified in brains from KO mice and this is discussed further in section 4.4.4. 
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Gene Locus ADA+/+  ADA-/-  q-value 
Ddx3y chrY:1260714

-1286613 
16.70 0.08 0.005 

Arc chr15:746690
80-74672570 

51.42 16.59 0.005 

Egr2 chr10:675378
68-67542188 

6.28 2.19 0.005 

Pomc chr12:395494
4-3960643 

3.70 1.30 0.019 

Fos chr12:854739
00-85477270 

25.47 12.53 0.005 

Notch 3 chr17:321208
92-32166852 

2.06 3.37 0.005 

Grind2d chr7:4583248
2-45866681 

3.17 5.45 0.005 

Mmp9 chr2:1649482
18-164955849 

0.61 1.49 0.026 

Mmp13 chr9:7272513-
7283333 

0.11 1.27 0.047 

Ada chr2:1637265
70-163750239 

0.57 6.58 0.005 

Ces1d chr8:9316607
1-93197804 

0.19 2.48 0.024 

Cyp2a5 chr7:2683533
8-26843264 

0.21 20.08 0.005 

 

Table 16 Representative genes that are differentially regulated in brains from knockout, ADA-/-, mice, n=3, at two weeks compared to age-matched 
wildtype, ADA+/+, mice, n=3.  

ADA+/+ and ADA-/- values are the averaged fragment per kilobase of transcript per million mapped reads (FPKM) value for each cohort. The q-value is an 
adjusted p-value for differential expression.
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A similar comparison was made in the older cohort: RNA sequencing identified 

62 genes where there was a significant difference in expression between WT 

and KO samples (q<0.05). Among these, 56 genes were upregulated in brains 

from KO mice and 6 genes were downregulated, Figure 4-12 and 

supplementary data in section 9.3. 

 

Figure 4-12 Fragment per Kilobase of transcript per million mapped reads (FPKM) plots 
of a) all genes and b) significant and differentially expressed genes in brains from 6-9 
month old wildtype (6W) and knockout (6K) mice. 

 

As in the younger cohort, an additional cut-off was applied whereby genes 

were considered to be differentially regulated if the change in average FPKM 

value was ± 50% of the WT value. This resulted in 58 significant and 

differentially expressed genes, where 55 were upregulated in brains from KO 

mice and 3 were downregulated. One value was excluded due to a reading of 

0. 

A selection of these significant and differentially expressed genes is provided 

in Table 17. Similar to the results obtained in 2 week old mice, an increased 

gene expression of ADA is observed in brains from KO mice at this later time 

point. 
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Gene Locus ADA+/+  ADA-/-  q-value 
Gh chr11:106300260-

106301896 
139.431 1.96919 0.012 

Myh2 chr11:67171026-
67197517 

0.986056 0.363936 0.012 

Myh4 chr11:67237811-
67260447 

4.17446 2.00086 0.012 

Nid1 chr13:13437601-
13512275 

3.69421 6.35338 0.012 

Col3a1 chr1:45311537-
45349706 

3.50415 23.5439 0.012 

Cldn19 chr4:119255440-
119262438 

0.280515 2.70436 0.012 

Ada chr2:163726570-
163750239 

0.343398 5.84396 0.012 

Mpz chr1:171150712-
171161123 

8.05043 137.316 0.012 

Prx chr7:27499323-
27520041 

0.511329 10.1179 0.012 

Pmp2 chr3:10179850-
10183885 

0.586293 12.5025 0.012 

 

Table 17 Representative genes that are differentially regulated in brains from knockout, ADA-/- mice, n=3, at 6-9 months of age compared to age-
matched wildtype mice, ADA+/+ mice, n=3.  

ADA+/+ and ADA-/- values are the averaged fragment per kilobase of transcript per million mapped reads (FPKM) value for each cohort. The q-value is an 
adjusted p-value for differential expression.  
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4.3.7 There are significant differences in biological pathways between WT 
and KO brains at both ages 

Gene set enrichment analysis was used to gain biological insight by analysing 

the transcriptomic data described above in 4.3.6 to identify specific pathways 

which were positively or negatively enriched in KO brain samples compared to 

WT brain samples at two different ages.  

In comparing brains from 6-9 month mice, 42/50 gene sets were positively 

enriched. Data with a nominal p-value of 0 were excluded. 9 of these gene 

sets were significantly enriched at p<0.05, as shown in Table 18. Since WT 

data was used as a baseline, this suggests an upregulation of these gene sets 

in KO brains.  

8/50 gene sets were negatively enriched. Data with a nominal p-value of 0 

were excluded. 1 gene set was significantly enriched at p<0.05, also shown in 

Table 18.  This suggests a downregulation of this gene set in brains of KO 

mice.



 156 

 

Gene set name Description Size ES NES Nominal p-
value 

FDR q-value 

Positive enrichment score 

HALLMARK_A
NGIOGENESIS 

Genes up-
regulated 

during 
formation of 

blood vessels 
(angiogenesis). 

 

35.00 0.78 1.72 0.002 0.008 

HALLMARK_A
PICAL_JUNCTI

ON 

Genes 
encoding 

components of 
apical junction 

complex. 
 

195.00 0.55 1.53 0.005 0.027 

HALLMARK_IL
2_STAT5_SIG

NALING 

Genes up-
regulated by 

STAT5 in 
response to IL2 

stimulation. 
 

194.00 0.53 1.47 0.005 0.055 

HALLMARK_C
HOLESTEROL
_HOMEOSTAS

IS 

Genes involved 
in cholesterol 
homeostasis. 

 

69.00 0.64 1.59 0.005 0.020 
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HALLMARK_G
LYCOLYSIS 

Genes 
encoding 
proteins 

involved in 
glycolysis and 

gluconeogenesi
s. 
 

193.00 0.51 1.40 0.008 0.076 

HALLMARK_IN
TERFERON_A
LPHA_RESPO

NSE 

Genes up-
regulated in 
response to 

alpha interferon 
proteins. 

 

87.00 0.58 1.44 0.016 0.063 

HALLMARK_IL
6_JAK_STAT3
_SIGNALING 

Genes up-
regulated by 

IL6 via STAT3, 
e.g., during 
acute phase 
response. 

 

85.00 0.56 1.41 0.017 0.072 

HALLMARK_C
OMPLEMENT 

Genes 
encoding 

components of 
the complement 
system, which 
is part of the 

innate immune 
system. 

 

180.00 0.50 1.37 0.018 0.087 
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HALLMARK_A
LLOGRAFT_R

EJECTION 

Genes up-
regulated 

during 
transplant 
rejection. 

 

183.00 0.50 1.37 0.019 0.092 

HALLMARK_H
YPOXIA 

Genes up-
regulated in 

response to low 
oxygen levels 

(hypoxia). 
 

194.00 0.48 1.32 0.033 0.124 

HALLMARK_IN
TERFERON_G
AMMA_RESPO

NSE 

Genes up-
regulated in 
response to 

IFNG 
 

183.00 0.47 1.30 0.038 0.136 

HALLMARK_M
YOGENESIS 

Genes involved 
in development 

of skeletal 
muscle 

(myogenesis). 
 

198.00 0.47 1.31 0.04 0.133 

Negative enrichment score 

HALLMARK_T
NFA_SIGNALI
NG_VIA_NFKB 

Genes 
regulated by 

NF-kB in 
response to 

TNF 
 

196.00 -0.43 -1.27 0.037 0.235 
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Table 18 Gene sets that are significantly enriched in brains from the 6-9 month knockout ADA-/- mice, n=3,  compared to age-matched wildtype 
mice, ADA+/+ mice, n=3.  

Data was collected using GSEA software. The gene set description provided is obtained from MSigDB, linked to the software. Positively enriched gene sets 
are enriched in the knockout cohort, negatively enriched gene sets are enriched in the wildtype cohort. Size shows the number of genes in the gene set 
present in the expression data. ES - enrichment score. NES – normalised enrichment score. FDR – false discovery rate.  
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In comparing brains from 2 week old mice, 37/50 gene sets were positively 

enriched. Data with a nominal p-value of 0 were excluded.  5 of these gene 

sets were significantly enriched at p<0.05, as shown in Table 19. Since WT 

data was used as a baseline, this suggests upregulation in KO brains. 

8/50 gene sets were negatively enriched and this was significant in 1 gene set 

at p<0.05, also shown in Table 19. Data with a nominal p-value of 0 were 

excluded. This suggests a downregulation in brains of KO mice.
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Name Description Size ES NES Nominal p-
value FDR q-value 

Positive enrichment score 

HALLMARK_E
PITHELIAL_ME
SENCHYMAL_
TRANSITION 

Genes defining 
epithelial-

mesenchymal 
transition, as in 
wound healing, 

fibrosis and 
metastasis. 

 192.00 0.55 1.50 0.002 0.044 

HALLMARK_MI
TOTIC_SPIND

LE 

Genes important 
for mitotic 

spindle 
assembly. 

 194.00 0.48 1.30 0.019 0.216 

HALLMARK_A
PICAL_JUNCTI

ON 

Genes encoding 
components of 
apical junction 

complex. 
 195.00 0.47 1.29 0.024 0.204 

HALLMARK_H
EDGEHOG_SI

GNALING 

Genes up-
regulated by 
activation of 
hedgehog 
signalling. 

 35.00 0.67 1.49 0.030 0.036 

HALLMARK_W
NT_BETA_CAT

Genes up-
regulated by 
activation of 41.00 0.61 1.38 0.049 0.104 
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ENIN_SIGNALI
NG 

 

WNT signalling 
through 
accumulation of 
beta catenin 
CTNNB1. 

 

HALLMARK_N
OTCH_SIGNAL

ING 

Genes up-
regulated by 
activation of 

Notch signalling. 
 31.00 0.65 1.42 0.050 0.0742 

Negative enrichment score 

HALLMARK_O
XIDATIVE_PH

OSPHORYLATI
ON 

Genes encoding 
proteins involved 

in oxidative 
phosphorylation. 192.00 -0.42 -1.29 0.015 0.246 

Table 19 Gene sets that are significantly enriched in brains from the two week old knockout ADA-/- mice, n=3,  compared to age-matched wildtype 
mice, ADA+/+ mice, n=3.  

Data was collected using GSEA software. The gene set description provided is obtained from MSigDB, linked to the software. Positively enriched gene sets 
are enriched in the knockout cohort, negatively enriched gene sets are enriched in the wildtype cohort. Size shows the number of genes in the gene set 
present in the expression data. ES - enrichment score. NES – normalised enrichment score. FDR – false discovery rate.  
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4.4 Discussion 

A transgenic murine model of ADA deficiency was used and characterised, 

showing absent ADA protein expression and lack of enzymatic activity in the 

brain. Accumulation of adenosine and 2’dAdo was also demonstrated. Gene 

expression analyses showed that ADA gene expression was increased in 

brains of KO mice at both ages analysed. Further transcriptomic analysis 

identified multiple genes that are significantly and differentially expressed 

between WT and KO brains. 

4.4.1 Characterising the ADA deficient mouse model 

Immunoblotting was carried out to investigate the expression of ADA protein 

in WT and KO mice. The thymus exhibits high levels of ADA activity and was 

included as a positive control; this study showed that ADA expression in 

wildtype mice was much lower in the brain than in the thymus (Migchielsen et 

al., 1995). This study confirmed that ADA protein is not expressed in brain 

homogenates of KO mice in either age group. This is in agreement with a 

previous study, which has similarly shown presence and absence in WT and 

KO brains respectively (Sauer et al., 2017). The immunoblotting strategy could 

be extended by isolating different brain fractions and looking at expression 

levels, as described in Sauer et al. (Sauer et al., 2017). 

Having demonstrated absence of protein, a fluorometric assay was used to 

investigate enzymatic activity in brain samples. As expected, this assay 

confirmed the absence of ADA activity in brain homogenates from KO mice. 

There was detectable ADA activity in WT brain homogenates and this activity 

was blocked by the inclusion of EHNA, an inhibitor described previously, thus 

confirming ADA1 specific activity. Murine brain ADA enzyme activity has been 

published previously and is in agreement with the data presented here, albeit 

investigating activity via different methodologies (Sauer et al., 2017). 
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4.4.2 Accumulation of the metabolic substrates associated with ADA 

deficiency  

ADA is responsible for the irreversible deamination of adenosine and 2’dAdo; 

these metabolites accumulate in ADA deficiency due to absent enzymatic 

activity. To further characterise the mouse model, mass spectrometry was 

carried out on brain homogenates to measure substrate accumulation. This 

methodology was conducted by Professor Giancarlo la Marca and his 

laboratory group (Florence, Italy), who generously quantified adenosine and 

2’dAdo concentrations. There was a significant accumulation of both 

adenosine and 2’dAdo in brains of two week old ADA deficient mice compared 

to age-matched WT controls. Adenosine did accumulate in brains of 6-9 month 

old ADA deficient mice; this concentration, however, was not significantly 

different to that in age-matched WT mice. 2’dAdo was not detected in either 

WT or KO brains of the older cohort. Speculation as to why this is the case will 

be addressed in the section below, 4.4.3.  

There are minimal publications investigating substrate accumulation in brains 

of ADA deficient mice. However, whilst this thesis was in production, Sauer et 

al. published results showing accumulation of adenosine in brains from three 

week old ADA deficient mice, measured by high-performance capillary 

electrophoresis (HPCE) (Sauer et al., 2017). These data are consistent with 

the data in this thesis. Other published studies have demonstrated substrate 

accumulation in additional organs such as the liver, thymus and lung 

(Migchielsen et al., 1995, Blackburn et al., 1998). Interestingly, work by 

Migchielsen et al. showed an accumulation of dAXP in the brains of ADA 

deficient mice; it would be interesting to extend the investigation presented in 

this chapter by looking at metabolites downstream of 2’dAdo and Ado, dATP 

and ATP respectively (Migchielsen et al., 1995). 

Adenosine plays a critical role in the brain, as discussed in section 1.5.8: some 

important functions include neuromodulation and regulating the permeability 

of the blood brain barrier (Ribeiro et al., 2002, Carman et al., 2011). The 

adenosine concentration was increased in brains of KO mice (2.8 fold-change 

in the young cohort, 1.3 fold-change in the older cohort). It is known that 
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adenosine has many critical roles in the brain and increased concentrations of 

adenosine are likely to disrupt normal signalling. Indeed, adenosine receptor 

signalling is implicated in the pathogenesis of multiple neurological disorders, 

such as epilepsy, schizophrenia and Parkinson’s disease (Ribeiro et al., 2002, 

Lara et al., 2006, Chen et al., 2007).  

This study also investigated the accumulation of 2’dAdo, the effect of which 

has been well elucidated in the immune system, as discussed in section 1.3.7, 

but there is limited evidence regarding accumulation in the brain. There was a 

significant increase in 2’dAdo in KO brains from the younger cohort and, 

although not clear how, it is highly likely that this metabolic disturbance may 

have neurological consequences. For example, there is a minimal evidence 

base investigating whether 2’dAdo can activate adenosine receptors or not. 

Whilst it is reported in one review that 2’Ado does not interact with the known 

subtypes of adenosine receptor, as far as the author is aware this was not 

backed up by any supporting evidence or other publications (Camici et al., 

2018). Akin to the situation in the immune system, as described previously, the 

conversion of accumulated 2’dAdo to dATP may be neurotoxic by similar 

mechanisms. It is clear that progress can be made within the understanding 

and knowledge in this field. Interestingly, 2’dAdo was not detected in either WT 

or KO brains from the older cohort and this will be addressed below.  

4.4.3 Using the mouse model to investigate ADA deficiency 

To summarise, both ADA protein and activity was absent in the ADA deficient 

mouse and this was accompanied by accumulation of metabolic substrates 

adenosine and 2’dAdo. Having characterised the murine model, it is important 

to acknowledge the associated limitations and thereby consider whether this 

is a good model of ADA deficiency.  

A significant limitation of this murine model is that mice must be maintained on 

PEG-ADA therapy if they are to survive past two weeks of age. It may, 

therefore, be argued that only the younger cohort is truly an ADA deficient 

model. Despite this, there are two factors supporting the inclusion of this older 
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PEG-ADA KO cohort in this thesis. Firstly, maintenance on PEG-ADA allows 

survival into adulthood and thereby will allow ADA deficiency to be investigated 

in aged mice which may highlight abnormalities otherwise not apparent by two 

weeks of age. Secondly, data presented in this chapter showed an absence of 

ADA protein in this older cohort, despite receipt of PEG-ADA. This therefore 

supports the hypothesis that PEG-ADA is unable to cross the blood brain 

barrier. To further confirm this absence, the enzymatic assay ought to have 

been repeated in brain homogenates from the older cohort but was not 

possible for this thesis due to limited sample availability. Absence of ADA 

activity in brains of PEG-ADA treated mice has, however, been published 

previously (Sauer et al., 2017). 

Further to this, mass spectrometry analysis demonstrated a modest 

accumulation of adenosine in KO brains of the older cohort but, interestingly, 

accumulation of 2’dAdo was not observed. One hypothesis is that circulating 

PEG-ADA acts as a ‘metabolic sink’ which enables peripheral detoxification of 

2’dAdo from the brain. Although PEG-ADA does not cross the blood brain 

barrier, shown by the absence of protein and activity, peripheral detoxification 

may allow the movement of extracellular and intravascular 2’dAdo and prevent 

accumulation in the brain, thereby acting as a metabolic sink. However, it is 

interesting that the sink effect is not mirrored for adenosine. This would imply 

that perhaps the neurological manifestations in the older KO model are, in fact, 

indirectly moderated by PEG-ADA. This hypothesis is supported by the 

literature and Sauer et al. compared two cohorts of knockout mice (with and 

without receipt of PEG-ADA) and showed the accumulation of adenosine was 

not as significant as in untreated mice (Sauer et al., 2017). Therefore, this 

confirms these data presented within this study in that ERT does appear to 

have some effect in reducing metabolite concentration but it does not fully 

correct the metabolic disturbance. In order to investigate this hypothesis, it 

might be interesting to explore the passage of both metabolic substrates 

through the blood brain barrier to help understand why there is still an 

accumulation of adenosine in PEG-ADA treated mice but not of 2’dAdo. In fact, 

a similar situation exists in the thymus where 2’dAdo is normalised in PEG-
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ADA treated mice but accumulation of adenosine still persists (Dr Federico 

Moretti, UCL GOS ICH, unpublished data and personal communication). 

Another striking limitation of using this model for characterisation would be that 

the older cohort are not identically age-matched and ages are of approximately 

6-9 months. However, this thesis aimed to carry out preliminary and scoping 

investigations and it was decided that stringent age-matching was necessary 

for the younger cohort, but not as essential for the older cohort, especially 

given the lessened metabolite accumulation and that mice were likely to have 

reached a steady state of adulthood. 

Taking the above points into consideration, it was decided that the older cohort 

of mice did represent a KO model and that they were a valuable cohort to 

include in future investigations, especially since patients treated with PEG-

ADA clinically present with neurological manifestations, see section 1.5. 

As discussed, the use of this murine model is associated with limitations; 

however, it is currently the only available tool to investigate the effects of ADA 

deficiency in vivo. Therefore, use of this murine knockout system was essential 

for the purpose of these experiments, but investigating conditional gene 

knockout systems may be of future interest. The Cre-LoxP recombination 

system allows spatial and temporal gene activation and/or inactivation 

(Gavériaux-Ruff and Kieffer, 2007, Bouabe and Okkenhaug, 2013). This 

approach could be used to develop a transgenic mouse model with targeted 

inactivation of ADA in the central nervous system. Not only would this remove 

complications associated with the maintenance on PEG-ADA therapy, but this 

would also enable investigations into whether neurological abnormalities are a 

direct consequence of ADA deficiency or secondary to the immune defects. 

Furthermore, the Cre-LoxP system could be used to monitor the effect of ADA 

deficiency on the developing nervous system. An alternative approach to 

engineer ADA deficient mouse models is to employ the newly emerging and 

developing CRISPR/Cas9 gene editing technology: associated with this, 

dCas9-base CRISPR interference (CRISPRi) is showing promising results in 

the brain (Zheng et al., 2018). 
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To summarise, this knockout mouse model was a necessary and useful tool 

to investigate ADA deficiency in the brain for the purpose of this thesis. 

However, there is lots of scope to improve upon this in vivo model and this 

could be a focus of future investigation. 

4.4.4 ADA gene expression in brains and thymuses from knockout mice 

Having demonstrated an absence of protein, lack of enzyme activity and 

substrate accumulation in knockout brains, the murine model was further 

characterised by using RT-qPCR to investigate ADA gene expression. There 

was an increase in ADA gene expression in KO brains when ADA was 

amplified by primer set 1 and this was revealed in both age groups. However, 

there was no difference between WT and KO ADA gene expression when 

primer set 5 was used for target amplification. These results are surprising: 

considering the data presented earlier in this chapter, it was hypothesised that 

there would be reduced ADA gene expression in brains of KO mice. It is 

important to note here that RNA used for the RT-qPCR was extracted 

alongside the DNA which was subsequently used for genotyping which 

therefore re-confirmed genetic status of the samples. Hence, it is highly 

improbable that there was any confusion with regards to the samples.  

There are two important elements of these results to interpret: firstly, the 

increase in ADA gene expression in brains of KO mice and secondly, the 

difference between the two primer sets.  

The knockout murine model was generated, in brief, through the insertion of a 

neomycin cassette into exon 5 of the ADA gene. This was subsequently fused 

with a minigene, which directed ADA expression specifically to trophoblast 

cells to generate a null mutation and an ADA deficient mouse model capable 

of surviving post-partum (Blackburn et al., 1995, Migchielsen et al., 1995, 

Wakamiya et al., 1995, Blackburn et al., 1998). Published reports detailing the 

generation of this model confirmed ADA deficiency using functional tests such 

as enzyme assays and nucleotide analyses. As far as the author is aware, 

these reports only used functional readouts as an output and did not 
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investigate this mutation in detail. For example, it is not known whether this 

mutation completely blocks transcription, causes premature termination of 

transcription or whether this mutant gene is transcribed in its entirety.   

Published reports linked to this finding are limited. One paper described 

elevated expression of ADA specific translatable messenger RNA (mRNA) in 

lymphoblast cell lines derived from patients with partial and total ADA 

deficiency to 3-4 times the level of that in cell lines derived from normal patients 

(Adrian and Hutton, 1983). One criticism of this study, however, would be that 

comparisons were made between lymphoblast cell lines that were derived from 

healthy adults against cell lines that were derived from children with ADA 

deficiency (Adrian and Hutton, 1983). There is a large discrepancy in age and, 

by not controlling for this factor, results may be biased if mRNA levels vary 

throughout life. Interestingly, Adrian and Hutton also discussed the higher 

levels of mRNA, suggesting that the mutation leading to ADA deficiency in 

these cell lines may involve the production of a mutant protein, which is 

unstable and is therefore degraded (Adrian and Hutton, 1983).  

Data presented in this study showed increased ADA gene expression in brains 

from KO mice; this was only demonstrated using one primer set and not the 

other. This is an interesting finding and it was hypothesised that this may be 

linked to the different binding regions of the primer sets.  

As far as the author is aware, literature searches indicate that this work 

investigating the expression of the ADA gene in the murine brain has not been 

published before. Having observed an upregulation using primer set 1, the RT-

qPCR was also carried out using this particular primer set on WT and KO 

thymus homogenates. Interestingly, no upregulation of the ADA gene was 

observed in KO mice, although expression of ADA RNA transcripts was 

demonstrated. This is a very surprising result and suggests that possibly, at a 

genetic level, the effect of ADA deficiency is different between the two organ 

systems. It is possible that this mouse model is capable of producing mRNA, 

which may or may not be stable, but does not get translated into a functional 

protein. If this is the case, it is also possible that there is a feedback loop 
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whereby a compensatory mechanism, existing in the brain only, upregulates 

ADA gene expression to try and produce more protein. This would therefore 

explain the increased gene expression but the lack of functional protein and 

the observed substrate accumulation. 

Therefore, there is much scope to continue this investigation and elucidate 

these results. Initially, it would be interesting to investigate whether these are 

replicated in other organ systems. Further, it would be interesting to analyse 

the amplified target, for example the size of fragment and constituent base 

pairings. 

4.4.5 Gene expression profiling in brains from ADA deficient mice 

The murine model was further investigated using RNA sequencing and 

transcriptomic analyses to provide greater insight into the effect of ADA 

deficiency on the brain.  

Gene expression profiling highlighted 183 and 58 genes that are significant 

and differentially expressed in brains of WT and KO mice at two weeks and 6-

9 months of age, respectively. An overall observation from the transcriptomic 

analysis would be that there was a greater number of differentially expressed 

genes between WT and KO mice in the younger cohort compared to the older 

cohort. Whilst there is no evidence to explain this, a number of suggestions 

can be postulated based on what is currently known.  

Substrate accumulation data presented previously in this chapter 

demonstrated a more significant accumulation in KO brains within the younger 

cohort compared to the older cohort. Similarly to metabolite accumulation, it is 

possible that ERT may negate some of the effects of ADA deficiency on gene 

expression. Alternatively, it was hypothesised that dependence on ADA 

activity may be greater in younger mice and these are therefore more 

susceptible to changes in gene expression linked to ADA deficiency. 

Accordingly, ADA expression has been shown to decrease in mice from 

postnatal day three until day 20 (Sauer et al., 2017). A suitable extension to 
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this study would be to additionally profile the gene expression of two week old 

ADA deficient mice that have received ERT. This would aim to resolve whether 

the difference in number of differentially expressed genes is affected by 

presence of PEG-ADA or is age-related.   

Importantly, data obtained through RNA sequencing supports the results 

generated by RT-qPCR in that ADA gene expression appeared to be 

upregulated in brains of ADA deficient mice at both two weeks and 6-9 months 

of age. 

The tables presented in this chapter show examples of significant and 

differentially expressed genes and selected genes will be discussed further.  

There is a significant upregulation of the Cyp2a5 gene in brains from two week 

old KO mice and in fact, this gene showed the greatest fold-change difference 

of all the differentially upregulated genes at this age. This gene is associated 

with liver injury and gene expression is increased during pathological and 

stress conditions (Abu-Bakar et al., 2013). Cyp2a5 is believed to play an 

important role in the adaptive response to liver toxicity and this data is 

consistent with the pathology of ADA deficiency seen in the published literature 

(Abu-Bakar et al., 2013). For example, severe liver abnormalities, such as 

hepatocellular degeneration, were observed in the original perinatally lethal 

ADA deficient mouse model (Migchielsen et al., 1995). Whilst the liver 

pathology in patients is not as extreme, it has been reported (Bollinger et al., 

1996, Sokolic et al., 2014, Whitmore and Gaspar, 2016). 

MMP9, MMP13 and MMP24 are all genes showing upregulation in brains from 

ADA deficient mice at two weeks of age. These genes encode matrix 

metalloproteinases (MMPs) which are involved in remodelling the composition 

of the cell-matrix and the neuroinflammatory response (Cuadrado et al., 2009, 

Ma et al., 2016). There is a large body of evidence in the literature to suggest 

that MMP-9 and MMP-13 are associated with ischaemic stroke and both 

MMPs are shown to be upregulated under these circumstances (Cuadrado et 

al., 2009, Ma et al., 2016). It would be interesting to investigate whether these 
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are upregulated in patients with ADA deficiency, and whether there is a link 

between ADA and ischaemia - one study, which uses oxygen glucose 

deprivation in rat brain slices to model ischaemia, has shown a protective 

effect of ADA (Tamura et al., 2016). Additionally, MMPs can also degrade 

cerebral blood vessels and, accordingly, increased MMP-13 expression has 

been demonstrated in blood brain barrier damaged blood vessels (Ueno et al., 

2016). Investigating the blood brain barrier in ADA deficiency would be a very 

interesting extension to the work presented in this thesis. Therefore, there is 

substantial evidence to suggest that MMPs in the context of ADA deficiency 

ought to be investigated.  

Notch 3 is another example of a differentially expressed gene which is 

upregulated in brains of KO mice in the younger cohort. Notch signalling is 

critical during development and, if the upregulation observed in the murine 

model is replicated in the patient setting, then this may explain some of the 

clinical presentations of ADA deficiency (Mašek and Andersson, 2017). Lateral 

meningocele syndrome (also known as Lehman syndrome) and infantile 

myofibromatosis are disorders associated with Notch 3 gain of function and 

patients present with manifestations that have also been reported in ADA 

deficiency (Gripp et al., 2015, Mašek and Andersson, 2017). For example, 

hypotonia and developmental delay is reported in lateral meningocele 

syndrome as well as ADA deficiency (Gripp et al., 2015). Furthermore, 

mutations in Notch3 cause CADASIL (Cerebral Autosomal Dominance 

Arteriopathy with Subcortical Infarcts and Leukoencephalopathy) – cognitive 

impairment, leukoencephalopathy and, although less frequently reported, 

seizures, are among the clinical features of this disorder (Joutel et al., 1996, 

Chabriat et al., 2009). These have also been reported in ADA deficient 

patients, as described in section 1.5. 

Egr2 expression is significantly downregulated in brains of ADA deficient KO 

mice at two weeks of age, as shown in this study. This gene is an important 

regulator of neurological genes, brain development and myelination, indicating 

that disruption of normal Egr2 expression may have significant implications 
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(Kamholz et al., 1999, Hu et al., 2006, Swanberg et al., 2009). Egr2 is thought 

to play a role in cognitive functions typically associated with attention and a 

published study by DeSteno has shown that mice performing attention-set-

shifting tasks displayed an increase in Egr2 mRNA (DeSteno and Schmauss, 

2008, Swanberg et al., 2009). In line with this, downregulation of Egr2 has 

been linked with autism (Hu et al., 2006, Swanberg et al., 2009). It would be 

interesting to see whether this gene is also downregulated in ADA deficient 

patients, since many parallels can be drawn between the clinical 

manifestations associated with Egr2 dysregulation, as described above, and 

ADA deficiency.  

Arc is also downregulated in brains of KO mice at two weeks of age; similarly 

to Egr2, Arc is an Immediate-early gene (IEG) (Swanberg et al., 2009). IEGs 

describe a specific group of genes whose transcription can be dynamically 

changed, dependent on activity (Minatohara et al., 2015, Bahrami and 

Drabløs, 2016). It is interesting that these IEGs are both downregulated in the 

brains of two week old KO mice since the effect of this may impact neurological 

function. It has been demonstrated, for example, that Arc plays a role in 

synaptic plasticity and memory formation and it is possible that the 

downregulation of this IEG in brains of KO mice may affect learning and 

memory (Korb and Finkbeiner, 2011). Another important question to consider 

is why these IEGs are downregulated and a possible suggestion is that ADA 

deficient mice lack the same stimulus to induce upregulation (for example, 

neuronal activity). 

Pmp2, Prx and Mpz are the three upregulated genes with the biggest fold-

change difference in expression in brains of KO mice in the older cohort. 

Interestingly, these genes all encode proteins associated with Schwann cells 

which are the cells responsible for peripheral myelination.  

Mpz encodes for myelin protein zero, a fundamental component of myelin in 

the peripheral nervous system, and overexpression in mice has been shown 

to cause a dose-dependent dysmyelinating neuropathy (Wrabetz et al., 2000, 

Jang and Svaren, 2009). 
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Periaxin, encoded for by Prx, is expressed by myelinating Schwann cells in the 

developing peripheral nervous system and has been linked to Charcot-Marie-

Tooth (CMT) neuropathy (Guilbot et al., 2001). Whilst mice homozygous for 

periaxin show extensive demyelination of the peripheral nervous system, it is 

unclear what effect upregulation of Prx, as shown in the data presented here, 

will have on peripheral nerve myelination (Gillespie et al., 2000).  

Pmp2 is also upregulated in brains from KO mice in the older cohort. This gene 

encodes for small basic P2 protein and is important in myelin stabilisation 

(Hong et al., 2016). Similarly, there is an evidence base linking mutation in 

Pmp2 with CMT neuropathy; in fact, overexpression of WT Pmp2 has been 

linked to CMT1 (Hong et al., 2016). 

Expression of these genes is clearly essential for myelination during postnatal 

development. Interestingly, there is no difference in expression of Prx and Mpz 

in the younger cohort of mice, but these genes are upregulated in the older 

cohort of mice. A literature search does not clarify the effect of upregulation of 

these three genes. It can be concluded, however, that these genes are clearly 

important for myelination, shown by their involvement in neuropathies, and 

significant alterations in expression, as shown in this study, are highly likely to 

have a downstream effect. It could be postulated that ADA deficiency causes 

a myelin-associated abnormality in the periphery, whereby associated genes 

are upregulated in response to this insult. This is a novel finding which 

warrants further investigation. 

Scn7a is a gene encoding Nax sodium ion channels that are activated upon 

changing sodium concentrations; this gene is upregulated in brains of KO mice 

at 6 months of age (Eijkelkamp et al., 2012). Upregulation of this gene has 

also been demonstrated in a rat model of temporal lobe epilepsy (Gorter et al., 

2010). Interestingly, cases of epilepsy have been reported in patients with ADA 

deficiency, as outlined in section 1.5.6. The data presented in this chapter, 

which demonstrated upregulation of Scn7a in brains from aged KO mice, 

therefore provides a potential link between a phenotypic manifestation of ADA 

deficiency and a candidate causal gene.  
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4.4.6 RNA sequencing is a good tool for the preliminary investigation into 

the effect of ADA deficiency on the murine brain 

In this chapter, RNA sequencing was used to investigate differences in the 

brain transcriptome between WT and ADA deficient mice at two different ages. 

Very little is known about the transcriptome in ADA deficiency and RNA 

sequencing was chosen to generate some preliminary data within this scoping 

study. 

RNA sequencing is quantitative and can be used to determine RNA expression 

levels and therefore to give insight into gene expression (Wang et al., 2009). 

Data presented in this study are reported as FPKM values which is a method 

of normalising for sequencing depth and gene length (Evans et al., 2017). 

However, this normalisation may not be appropriate, since normalising for 

length may not suitable for transcripts that are alternately spliced (Dillies et al., 

2013, Evans et al., 2017). However, it was decided that FPKM was suitable 

for the scope of this thesis, since this investigation is generating preliminary 

data. A possible extension to this RNA sequencing study would be to 

reanalyse the data using software that normalises on raw read counts.  

In order to determine significance and differentially expressed genes, two 

factors have been taken into account in this study: whether the q-value is <0.05 

and whether the average FPKM value in KO brain homogenates is ±50% of 

that in WT. Both criteria were taken into account here because of the small 

cohort sizes – it may be possible that genes showing a small fold-change are 

differentially regulated, however, the certainty of this is limited by the n 

numbers used here. If the small fold-change differences were still present were 

this investigation to be repeated with increased samples, there would then be 

more evidence to support the trend. This however, cannot be concluded from 

the data presented in this chapter. 

4.4.7 Gene Set Enrichment Analysis 

There is a limited amount of information that can be learned from RNA 

sequencing data alone and gene set enrichment analysis was used to gain 
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biological insight further to that presented in 4.4.5. Some of the most significant 

results will be discussed below. 

There was a significant positive enrichment of genes involved in angiogenesis 

in KO brains from 6-9 month old mice. Angiogenesis is the formation of new 

blood vessels from pre-existing blood vessels (Nag, 2002). It is thought that 

angiogenesis may follow the breakdown of the blood brain barrier in cerebral 

disease (Nag, 2002). Future work could investigate the integrity of the blood 

brain barrier to understand this upregulation of the angiogenesis gene set. 

Further, angiogenesis is observed following stroke (Shibuya, 2009). Brain 

volume loss has been reported in ADA deficiency, see 1.5.5, and it would be 

interesting to investigate whether this upregulation of  genes is associated with 

angiogenesis to the vulnerable brain regions. 

Linked to this, data shows a positive enrichment of the apical junction gene 

set, which are genes involved in the apical junction complex, composed of 

adherens and tight junctions (Liberzon et al., 2015). This gene set was 

upregulated in brains from mice at both two weeks and 6-9 months of age. 

These junctions are integral to the blood brain barrier and reinforce that the 

direction of future work should include studies on the blood brain barrier and 

junctional complexes (Tietz and Engelhardt, 2015, Stamatovic et al., 2016). 

Gene set enrichment analysis also identified a positive enrichment of genes 

involved in the hypoxia response in brains from 6-9 month mice (Liberzon et 

al., 2015). ADA has been shown to be neuroprotective in ischemia and it is 

interesting that genes involved in the hypoxia response are upregulated in 

brains of mice lacking ADA (Tamura et al., 2016). Further, the respiratory 

problems associated with ADA deficiency may explain the upregulation in 

hypoxic response, discussed further in 5.4.6.  

Hedgehog signalling was significantly and positively enriched in brains from 

KO mice at two weeks of age. Three Hedgehog ligands signal via the 

Hedgehog pathway which is important in development and homeostasis 

(Briscoe and Thérond, 2013). Dysfunction of this pathway has been associated 
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with cerebellar hypoplasia and, as described above in 1.5.5, ADA deficiency is 

associated with brain volume changes (Singh et al., 2015).   

Notch signalling has been discussed previously, 4.4.5, because Notch3 was 

shown to be upregulated in KO brains at two weeks of age. Gene set 

enrichment analysis has also identified that genes associated with the Notch 

signalling pathway are significantly and positively enriched in brains from KO 

mice at two weeks of age. It would be interesting to investigate this in the 

clinical setting.  

Another interesting pathway identified from the gene set enrichment analysis 

is the oxidative phosphorylation signalling pathway, which was among the 

genes at the bottom of the pre-ranked list in brains from KO mice at two weeks 

of age. The data presented here suggests that this pathway is significantly and 

negatively enriched and likely to be downregulated. This is interesting because 

of the role ADA plays in the purine salvage pathway, discussed in 1.1.4, and 

how the absence leads to an accumulation of metabolic substrates including 

ATP. ATP is also formed by oxidative phosphorylation. A possible explanation 

could be that the gene set is downregulated as a compensatory mechanism 

but this hypothesis would need further investigation. 

4.5 Future work and concluding remarks 

There are areas of work that can be extended to both validate and enhance 

data presented in this chapter. For example, the immunoblotting could be 

repeated to include a positive control alongside both age cohorts. Further, 

absence of ADA activity could be demonstrated in the older cohort of KO 

brains as well as the younger cohort. It would also be interesting to see 

whether there is an accumulation of ATP and dATP using mass spectrometry. 

This study focussed on using total brain homogenates to get a preliminary 

overview and in further studies it will be interesting to move forward and focus 

on particular brain regions, for example ones that are known to be vulnerable 



 178 

and/or express ADA at higher quantities than others and so are prone to 

greater degrees of substrate accumulation. 

It would also be of interest to extend the transcriptomic and pathway analysis 

by further investigation of implicated gene sets and pathways. 

This chapter has characterised the ADA deficient murine model by showing 

absence of ADA protein and activity alongside metabolite accumulation. 

Issues with the older cohort have been discussed and, in brief, it was decided 

that this represents an ADA deficient model. In terms of preliminary data, RNA 

sequencing data presented here has highlighted candidate genes and 

potential signalling pathways that may be implicated in the pathogenesis of 

ADA deficiency and highlights a number of interesting areas through which this 

field can be extended. As far the author is aware, no other studies have 

analysed the transcriptome in ADA deficient mice, let alone in the brain. This 

is a novel piece of work which will accelerate the direction of further research. 
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Chapter 5 Investigating ADA deficiency in vivo part 2 

5.1 Introduction 

It has been reported that ADA deficient patients display neurological 

abnormalities, such as lower IQ levels, seizures and motor dysfunction 

(Rogers et al., 2001, Nofech-Mozes et al., 2007, Sauer et al., 2017). As 

outlined in section 1.5, these abnormalities persist post-treatment, despite 

correction of immunological abnormalities. Therefore, there is strong evidence 

to suggest that these neurological defects are an intrinsic consequence of ADA 

deficiency and resulting metabolic disturbance in the brain. However, the exact 

implications of ADA deficiency on the brain are largely unknown since 

published literature and case studies are somewhat limited in terms of the 

pathogenesis. Detailed investigation would therefore be highly beneficial to 

this field. 

As demonstrated by the results of chapter 2, the murine model accurately 

recapitulates ADA deficiency: ADA protein and enzyme activity is absent and 

there is an accumulation of metabolic substrates. Accordingly, this chapter 

uses the murine model as a system through which the effect of ADA deficiency 

on the brain can be investigated. Some preliminary data has been obtained 

through collaboration with Professor Mark Lythgoe and Yichao Yu (Centre for 

Advanced Bioimaging, UCL, London). Yu et al. used high-resolution magnetic 

resonance imaging (MRI) and tensor-based morphometry (TBM) to investigate 

the presence of morphological abnormalities in ADA deficient mice. At 

postnatal day 9 no volumetric differences were apparent however significant 

differences were apparent at day 18, particularly affecting the striatum, 

thalamus and the cortex (Yu et al, personal communication). 

5.2 Hypotheses and objectives 

The fundamental aims of this chapter are to investigate the effect of ADA 

deficiency on the murine brain by characterising the macroscopic and 

histological features of brains from wildtype (ADA+/+) and knockout (ADA-/-) 

mice. Initial studies will compare the gross anatomical structure of the brain by 
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analysing weight, volume and cortical thickness. Specific brain regions will also 

be analysed for volume and neuronal counts. Volume and neuronal count 

estimations were carried out using stereology, as discussed previously in 

section 2.8.2 and 2.8.4. Following this, immunohistochemistry will be used to 

investigate any neuropathology as a result of ADA deficiency. Some examples 

of how specific regions of interest were identified within the brain are depicted 

in Figure 5-1 (this is not exhaustive of all regions analysed in this body of 

work).  

Brain slices were stained following a systematic staining protocol, as 

discussed in 2.7.2. 

 

 

Figure 5-1 Brain regions of interest were identified using the Franklin and Paxinos brain 
atlas and traced as shown.  

a) Bregma 0.26mm. Abbreviations CPu – caudate putamen, M1 - primary motor cortex, S1BF 

- primary somatosensory cortex. b) Bregma -1.70mm. Abbreviations VPM VPL - ventral 

posteromedial and ventral posterolateral nucleus, BLA BMA – basolateral amygdala and 

basomedial amygdala. (Franklin and Paxinos, 2008).  
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The main hypothesis in this chapter was that ADA deficiency may lead to 

structural changes in the brains of knockout mice, particularly affecting the 

thalamus and striatum, as highlighted by the preliminary evidence discussed 

above (Nofech-Mozes et al., 2007) (Yu et al, personal communication). It was 

also hypothesised that a CNS response may be induced by the metabolic 

disruption resulting from deficiency of ADA.  
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5.3 Results 

5.3.1 Effect of ADA deficiency on gross structure of the brain 

Brains were harvested from wildtype (WT) and knockout (KO) mice in order to 

assess whether ADA deficiency affected the gross structure of the brain. Each 

experimental group consisted of brains harvested from three or more individual 

mice.  

Weights were recorded for whole brains harvested from three WT and five KO 

mice. All mice were two weeks of age at the time brains were harvested. There 

was no difference in whole brain weight between WT (n=3) and KO (n=5) mice 

(p-value 0.79), Figure 5-2. 

 

 

Figure 5-2 Weight of whole brains harvested from wildtype mice and knockout mice 
deficient for ADA.  

There is no significant difference in weight of whole brains harvested from wildtype (n=3) and 

knockout (n=5) mice (Mann Whitney U test was carried out using GraphPad Prism, p-value = 

0.79). Data are plotted as individual points and the median is indicated with a line.   
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Three serial coronal brain sections were used to estimate whole brain volume 

and hence assess the effect of ADA deficiency. Brains from three WT and 

three KO mice were compared at two different ages (2 weeks and adult 6-9 

months). As discussed previously, KO mice at 6-9 months of age were 

maintained on PEG-ADA from birth since without any treatment these mice 

would have died at approximately 3 weeks of age. 

At two weeks of age, the median brain volume in KO mice was greater than in 

WT mice, see Figure 5-3. However, the distribution of data is wide-spread and 

this difference is not statistically significant (p-value >0.99). At 6-9 months of 

age, the median brain volume in KO mice was smaller compared to WT mice, 

Figure 5-3, and although there appears to be a trend this difference is not 

statistically significant (p-value = 0.1). 

This study therefore indicated that the null hypothesis should be accepted and 

there is no difference in brain volume between WT and KO mice. 

 

Figure 5-3 Brain volume was estimated using the Cavalieri’s estimator stereological 
probe function on StereoInvestigator.  

There is no significant difference in whole brain volume between wildtype and knockout mice 

deficient for ADA at either 2 weeks or 6-9 months of age (Mann Whitney U test p-value = >0.99 

at 2 weeks, 0.1 at 6-9 months). 
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Cortical thickness of S1BF brain region in WT and KO brains harvested from 

mice at two different ages was measured, as previously described in section 

2.8.3. 

There was no difference in cortical thickness at two weeks of age (p-value = 

0.2). There was a decrease in median cortical thickness of brains harvested 

from KO mice at 6-9 months of age. However, this difference is not statistically 

significant (p-value 0.7), see Figure 5-4.  

 

 

Figure 5-4 Cortical thickness was measured in wildtype and knockout mice deficient for 
ADA at two different ages.  

There is no significant difference in cortical thickness between wildtype and knockout mice at 

2 weeks of age or 6-9 months of age (Mann Whitney U p-value of 0.2 at 2 weeks and 0.7 at 

6-9 months). 
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5.3.2 Effect of ADA deficiency on the volume of discrete brain regions 

Although the previous analyses did not demonstrate any differences in whole 

brain volume, volume alterations in specific brain regions was investigated, 

since this has been reported in ADA deficient patients and mice (Nofech-

Mozes et al., 2007, Sauer et al., 2017) (Yu et al, personal communication). 

The studies presented here focus on these specific and previously implicated 

brain regions, which were identified using the Franklin and Paxinos mouse 

brain atlas (Franklin and Paxinos, 2008).  

Volumetric analyses were carried out using Cavalieri’s Estimator probe 

function on StereoInvestigator, as explained previously. Volume was assessed 

in WT and KO mice at two different age groups (2 weeks and 6-9 months); 

each experimental group is made up of brains harvested from three mice. 

Based upon the preliminary observations which showed differences in specific 

regions of ADA KO mice brains, discussed above, two distinct thalamic brain 

regions were analysed in WT and KO mice at both ages (2 weeks and 6-9 

months). One of the thalamic regions analysed was the ventral posteromedial 

and ventral posterolateral nucleus (VPM, VPL). Another thalamic region 

analysed was the laterodorsal ventrolateral, laterodorsal dorsomedial and 

lateropostero mediorostral nucleus (LDVL/LDDM/LPMR).  

There was no difference in the volume of VPM/VPL thalamic nuclei between 

WT and KO mice at two weeks of age (p-value 0.4), see Figure 5-5 (a). There 

was a reduction in the median volume of VPM/VPL thalamic nuclei in the older 

KO cohort however this is not statistically significant (p-value 0.4). 

At two weeks of age, there was an increase in the median volume of LDVL/ 

LDDM/LPMR thalamic nuclei in KO, see Figure 5-5 (b). However, this 

difference is also not statistically significant (p-value of 0.1). Similarly, the 

difference in volume of LDVL/LDDM/LPMR thalamic nuclei in 6-9 month KO 

mice is not statistically significant (p-value 0.2).  
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Figure 5-5 Volumetric estimates for thalamic nuclei regions in wildtype and knockout 
ADA deficient mice at two different ages.  

a) There is no statistically significant difference in volume of the VPM/VPL thalamic region  

between wildtype and knockout mice at either two weeks or 6-9 months (Mann Whitney U p-

value of 0.4 at two weeks, 0.4 at 6-9 months). b) There is no statistically significant difference 

in volume of the LDVL/LDDM/LPMR thalamic region between wildtype and knockout mice at 

either two weeks or 6-9 months (Mann Whitney U p-value of 0.1 at 2 weeks and 0.2 at 6-9 

months). 
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Similarly, a volumetric estimate was obtained for the caudate putamen (CPu), 

which is a brain region forming the dorsal striatum and was identified following 

the preliminary evidence discussed above. There was no difference between 

WT and KO mice in either the young or old cohorts (p-values of 0.7 and >0.99 

respectively), see Figure 5-6. 

 

 

Figure 5-6 Volumetric estimates for the caudate putamen region within the striatum in 
wildtype and knockout mice deficient for ADA.  

There is no difference in CPu volume between wildtype and knockout mice at 2 weeks of age 

or 6-9 months of age (Mann Whitney U p-value of 0.7 at 2 weeks and >0.99 at 6-9 months). 
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Volume of the primary somatosensory cortex (S1BF) was assessed and there 

was no difference between WT and KO mice at 2 weeks and 6-9 months of 

age (p-value of 0.4 and 0.9 respectively), see Figure 5-7. 

 

Figure 5-7 Volumetric estimates for the primary somatosensory cortical region (S1BF) 
in wildtype and knockout mice deficient for ADA.  

There is no difference in S1BF volume between wildtype and knockout mice at 2 weeks of age 

or 6-9 months of age (Mann Whitney U p-value of 0.4 at 2 weeks and 0.9 at 6-9 months). 
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Volumetric analyses were also carried out on the hippocampus by delineating 

the entire hippocampal region, as shown in schematic of Figure 5-1 (b). ADA 

deficiency does not affect the volume of the hippocampus in either 2 week or 

6-9 month old mice (p-values 0.7 and 0.4 respectively), Figure 5-8. 

Representative images are shown in Figure 5-9. 

 

 

Figure 5-8 Volumetric estimate for the hippocampus in wildtype and knockout mice 
deficient for ADA.  

There is no difference in hippocampal volume between wildtype and knockout mice at 2 weeks 

of age or 6-9 months of age (Mann Whitney U p-value of 0.7 at 2 weeks and 0.4 at 6-9 months). 
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Figure 5-9 Representative photos of hippocampus in DAB stained brain sections from wildtype (+/+) (n=3) and ADA knockout mice (-/-) (n=3) aged 6-
9 months.  

Images were acquired using a Nikon Eclipse microscope, scale bar represents 500µm. Numbers indicate different mice.
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ADA deficiency did not affect the volume of the amygdala and there was no 

significant difference between WT and KO mice in young or older mice (p-

values 0.9), Figure 5-10. The ROI analysed was the BLA, BMA.  

 

 
Figure 5-10 Volumetric estimate for the amygdala in wildtype and knockout mice 
deficient for ADA.  

There is no difference in amygdala volume (basolateral amygdala (BLA) and basomedial 
amygdala (BLM)) between wildtype and knockout mice at 2 weeks of age or 6-9 months of 
age (Mann Whitney U p-value of 0.9 at 2 weeks and 0.9 at 6-9 months). 
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5.3.3 Effect of ADA deficiency on neuronal loss 

A stereological probe, the optical fractionator, was employed to investigate 

whether neuronal loss was measured in particular regions of interest, as 

previously discussed. 

The number of neurons in the ventral posteromedial and ventral posterolateral 

nuclei (VPM, VPL) nuclei of the thalamus was measured. The median number 

of thalamic neurons was slightly elevated in KO mice at 2 weeks of age but 

this difference is not significant (p-value 0.4), see Figure 5-11.  There was no 

difference in neuron count of VPM, VPL thalamic nuclei at 6-9 months of age 

(p-value >0.99). 

 

Figure 5-11 The number of neurons in a thalamic brain region of wildtype and knockout 
mice deficient for ADA was estimated using the optical fractionator probe on 
StereoInvestigator.  

There is no difference in neuron number in the VPM/VPL thalamic nuclei between wildtype 
and knockout mice at 2 weeks of age or 6-9 months of age (Mann Whitney U p-value of 0.4 at 
2 weeks and >0.99 at 6-9 months). 
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The number of neurons was also measured in the primary somatosensory 

cortex (S1BF). There was no difference in the estimated number of neurons in 

this cortical brain region at 2 weeks of age (p-value 0.4), see Figure 5-12. 

There was a visible decrease in the median neuron of KO mice at 6-9 months 

of age. However, these data are also non-significant (p-value of 0.4).  

 

Figure 5-12 The number of neurons in a cortical brain region of wildtype and knockout 
mice deficient for ADA was estimated using the optical fractionator probe on 
StereoInvestigator.  

There is no difference in neuron number in the S1BF cortical region between wildtype and 
knockout mice at 2 weeks of age or 6-9 months of age (Mann Whitney U p-value of 0.4 at 2 
weeks and 0.4 at 6-9 months). 
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5.3.4 Effect of ADA deficiency on apoptosis 

Western blotting and immunohistochemistry were carried out to investigate 

whether apoptosis could be associated with the literature reports of volume 

loss.  

For the western blotting, brain homogenates were used from WT and KO mice. 

ADA+/- murine thymocytes treated with etoposide, which were a generous gift 

from Dr Federico Moretti (UCL GOS ICH, London) were included as a positive 

control. No bands were detected in any of the brain samples (despite 

increased protein loading in comparison to the positive control) therefore 

suggesting the absence of cleaved caspase 3 expression, Figure 5-13. 

 
Figure 5-13 Cleaved caspase 3 was not detected in brain samples using Western blot.  

Samples included protein isolated from brain homogenates following phenol chloroform 
extraction (6-9 month WT, 6-9 month KO, 2 week WT, 2 week KO) and protein extracted from 
brain homogenates following lysis with RIPA buffer (2 week heterozygous, 2 week KO). The 
loading control, b tubulin, was detected in all samples. ADA+/- Thymocytes treated with 
etoposide were included as a positive control, and detection of cleaved caspase 3 (bands of 
approximately 17 and 19kDa) in this sample confirms successful antibody treatment. 
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Apoptosis was also investigated in brain regions from WT and KO mice, aged 

day 55, using immunohistochemistry. Cleaved caspase 3 staining intensity 

was quantified in a cortical region (S1BF, secondary somatosensory cortex 

S2) and a striatal region (CPu). 

There was no difference in immunoreactivity between WT and KO mice in 

either brain region, (p-values 0.4857 and >0.99) see Figure 5-14. This can 

also be observed in representative images Figure 5-15. 

 

 
Figure 5-14 Cleaved caspase 3 immunoreactivity in brains harvested from wildtype and 
knockout mice deficient for ADA.  

There is no difference in cleaved caspase 3 immunoreactivity in the S1BF/S2 cortical region 
or CPu striatal region between wildtype and knockout mice at 55 days old (Mann Whitney U 
p-value of 0.4857 in S1BF, S2 region and >0.99 in CPu region).  
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Figure 5-15 Representative photos of cleaved-caspase 3 immunohistochemistry in a) S1BF/S2 and b) CPu brain regions of wildtype (n=4) and 

knockout mice (n=4), aged 55 days.  

Images were acquired using a Nikon Eclipse microscope. Scale bar represents 100µm. Each image is representative of a different mouse.
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5.3.5 Effect of ADA deficiency on the ventricles 

Ventriculomegaly has been reported as a manifestation of ADA deficiency and 

the data presented here used a stereological probe to estimate the lateral 

ventricle volume in ADA deficient mice (Nofech-Mozes et al., 2007, Sauer et 

al., 2017). The lateral ventricles in 2 week old KO mice are not different in 

volume compared to WT mice (p-value 0.4), see Figure 5-16. In comparison, 

the median ventricle volume of KO mice at 6-9 months was smaller compared 

to age-matched WT mice. However, this difference is not significant (p-value 

0.4) and the null hypothesis is accepted: there is no difference between 

ventricle volume of WT and KO mice. Representative images have been 

provided, see Figure 5-17. 

 

 

Figure 5-16 The volume of the lateral ventricles in wildtype and knockout ADA deficient 
mice was estimated using Cavalieri’s estimator stereological probe function in 
Stereoinvestigator.  

There is no significant difference between wildtype and knockout mice at either age group 

analysed (Mann Whitney U p-value = 0.4 at 2 weeks, 0.4 at 6-9 months). 
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Figure 5-17 Representative images of lateral ventricles in wildtype (+/+) and knockout (-/-) mice deficient for ADA.  

There is no difference in ventricular volume between wildtype (n=3) and knockout (n=3) mice. Images were acquired using a Nikon Optiphot light microscope, 
scale bar represents 100µm. Each image is representative of a different mouse.
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5.3.6 Effect of ADA deficiency on white matter 

Significant differences in myelin associated genes were identified using 

transcriptomic analysis of WT and ADA deficient brains, presented in 4.3.6. 

Hence, volumetric analyses and thickness measurements were used to 

investigate white matter in these brains.  

A volumetric estimate was obtained for the external capsule in WT and KO 

mice from two age groups (2 weeks and 6-9 months of age). The volume was 

not affected by ADA deficiency and there was no difference at either age (p-

values 0.9), see Figure 5-18.  

 

Figure 5-18 Volumetric estimate to investigate the effect of ADA deficiency on the 
external capsule in wildtype and knockout mice deficient for ADA.  

There is no difference between wildtype and knockout mice at 2 weeks of age or 6-9 months 
of age (Mann Whitney U p-value of 0.9 at 2 weeks and 0.9 at 6-9 months). 
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The effect was also determined by measuring the thickness of both the white 

matter region dorsally to the ventricles, shown as a, (composed of the corpus 

callosum and the cingulum) and the dorsolateral external capsule, shown as 

b, (shown in Figure 5-19) and as described previously in section 2.8.3.  

 

Figure 5-19 White matter was measured at two different points a and b.  

Image acquired using Nikon Optiphot light microscope. Scale bar represents 100µm. 

 

There was no difference in white matter thickness at the point of either 

measurement in 2 week old mice (p-value 0.7 top measurement, 0.4 side 

measurement), see Figure 5-20. 

At 6-9 months of age a decrease in median thickness was observed at both 

measurement locations; these differences are not significant (p-value 0.2 top 

measurement and 0.7 side measurement).  

Representative images are provided in Figure 5-17. 
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Figure 5-20 White matter thickness was measured in wildtype and knockout mice 
deficient for ADA at two different ages.  

a) White matter thickness was measured dorsally from the ventricles. There is no significant 
difference between wildtype and knockout mice at 2 weeks of age or 6-9 months of age 
(Mann Whitney U p-value of 0.7 at 2 weeks and 0.2 at 6-9 months). b) Thickness of the 
dorsolateral external capsule was measured. There is no significant difference between 
wildtype and knockout mice at 2 weeks or 6-9 months of age (Mann Whitney U p-value of 
0.4 and 0.7 respectively). 
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5.3.7 Effect of ADA deficiency on neuroinflammation 

ADA deficiency leads to an accumulation of metabolic substrates in the brain, 

shown previously in section 4.3.4. Neuroinflammation typically occurs in 

response to pathological events in the brain (Ransohoff et al., 2015). It was 

hypothesised that neuroinflammation may be occurring in brains of ADA 

deficient mice in response to the metabolic disturbance. Astrocytes and 

microglia are both involved in the process of neuroinflammation, becoming 

reactive in response to pathological conditions (Ben Haim et al., 2015). In ADA 

deficient brains, where metabolic homeostasis has been disrupted, evidence 

of neuroinflammation might be expected. For this reason, brain slices were 

stained for astrocytes and microglia to investigate the effect of ADA deficiency 

on neuroinflammation. 

Cluster of differentiation 68 (CD68) is a marker that is highly expressed on the 

cell surface of microglia (Kovacs, 2017). Brain slices were stained for CD68 

and the staining intensity was quantified in two different brain regions.  

There was no difference in percentage of immunoreactivity between WT and 

KO mice in the CPu striatal region or the primary motor cortex (M1) cortical 

region at two weeks of age (p-values 0.4 and >0.99 respectively), see Figure 
5-21 (a). Similarly, deficiency of ADA did not affect the expression of the CD68 

marker in either brain region at 6-9 months of age (p-values 0.29 for CPu and 

0.14 for S2 regions), see Figure 5-21 (b). Representative images are provided 

Figure 5-22 and qualitatively there appeared to be no difference. 
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Figure 5-21 CD68 immunoreactivity in brains harvested from wildtype and knockout 
mice deficient for ADA.  

a) There is no difference in CD68 immunoreactivity in the CPu striatal region or M1 cortical 
region between wildtype and knockout mice at 2 weeks of age (Mann Whitney U p-value 
of 0.4 in CPu region and >0.99 in M1 region). b) There is no difference in CD68 
immunoreactivity in the CPu striatal region or S2 cortical region between wildtype and 
knockout mice at 6-9 months of age (Mann Whitney U p-value of 0.29 in CPu region and 
0.14 in S2 region). 



 204 

 
 

Figure 5-22 Representative images of CD68 immunohistochemical staining on 40µm coronal brain sections (caudate putamen brain region) of two 

week old mice (wildtype n=3, knockout n=3).  

Images were acquired on a Nikon Eclipse Microscope, the scale bar shown represents 100µm. Each image is representative of a different mouse. 
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Astrocytes typically express Glial Fibrillary Acidic Protein (GFAP) and brain 

sections from WT and KO mice in two different cohorts were stained for this 

marker (Kovacs, 2017).  

At two weeks of age, KO mice displayed an increase in the percentage of 

GFAP immunoreactivity in the CPu region compared to age-matched controls, 

see Figure 5-23 (a). However, the observed difference is not significant (p-

value of 0.2). Contrastingly, similar levels of GFAP staining were measured in 

the S2 region of WT and KO mice at 2 weeks old (p-value of 0.7). 

These regions were also investigated in an older cohort of mice (6-9 months 

of age). ADA deficiency did not affect the GFAP staining intensity in this cohort 

– there is no difference between WT and KO mice in the CPu or S2 brain 

regions (p-values 0.63 and 0.25 respectively), see Figure 5-23 (b).  

Representative GFAP images of the older cohort are provided in Figure 5-24 

and although GFAP appears to be upregulated in representative KO sections, 

quantitatively there is no difference between WT and KO mice. 
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Figure 5-23 GFAP immunoreactivity in brains harvested from wildtype and knockout 
mice deficient for ADA.  

a) There is no difference in GFAP immunoreactivity in the CPu striatal region or S2 cortical 
region between wildtype and knockout mice at 2 weeks of age (Mann Whitney U p-value of 
0.2 in CPu region and 0.7 in S2 region). b) There is no difference in GFAP immunoreactivity 
in the CPu striatal region or S2 cortical region between wildtype and knockout mice at 6-9 
months of age (Mann Whitney U p-value of 0.63 in CPu region and 0.25 in S2 region). 
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Figure 5-24 Representative GFAP immunohistochemistry staining images of 40µm coronal brain sections of 6-9 month old mice stained for GFAP in 
the secondary somatosensory cortical (S2) region. 

 Images were acquired using a Nikon microscope. Scale bar 100µm. Wildtype (n=3) and knockout (n=4). Each image is representative of a different mouse. 
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5.3.8 Effect of ADA deficiency on the expression of adenosine receptors 

Adenosine functions as a neuromodulator through activation of G-protein 

coupled adenosine receptors (Cunha, 2001). Having demonstrated 

accumulation in ADA deficient mice, brain slices were stained for the A1 and 

A2A receptor subtypes to investigate the expression of adenosine receptors in 

the brains of ADA deficient mice. It was hypothesised that the accumulation of 

adenosine may lead to an increase in receptor expression in ADA deficient 

mice. 

The A1 adenosine receptor is one of the most prevalent subtypes of adenosine 

receptor in the brain. Brain sections from WT and KO mice were 

immunohistochemically stained using a primary antibody against this receptor 

subtype. Thresholding image analysis was performed to quantify staining 

within discrete regions of the brain. 

The thalamus was assessed by quantifying staining of the ventral 

posteromedial, ventral posterolateral and ventral lateral nucleus (VPM, VPL, 

VL). There was no difference between WT and KO mice (p-value >0.99) see 

Figure 5-25. The cortex (M1 region) was also assessed and, although ADA 

deficiency caused a slight increase in staining intensity, this difference was not 

significant (p-value 0.7), see Figure 5-25 and Figure 5-26. 
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Figure 5-25 A1 adenosine receptor staining receptor immunoreactivity in brains 
harvested from wildtype (+/+) and knockout (-/-) mice deficient for ADA aged 6-9 
months.  

There is no difference in staining intensity in either the VPM,VPL,VL thalamic nuclei or the M1 
cortical region (Mann Whitney U test carried out using GraphPad Prism, p-values of >0.99 for 
VPM,VPL,VL region and 0.7 for the M1 region).
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Figure 5-26 A1 adenosine receptor immunohistochemical staining representative images.  

40µm coronal brain sections of 6-9 month old mice stained for A1 adenosine receptors in the primary motor cortex (M1). Images were acquired using a Nikon 
Eclipse microscope. Scale bar 100µm. Each image is representative of a different mouse (wildtype n=3, knockout n=3).
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The expression of the A1 adenosine receptor subtype was also investigated in 

brain homogenates using western blotting. A representative Western blot is 

provided, showing expression in all samples. There appeared to be reduced 

expression in KO brain homogenates although this was proved to be non-

significant by densitometry analysis (p-value 0.7 Mann Whitney U), Figure 
5-27.  

 
 
Figure 5-27 The A1 adenosine receptor subtype is expressed in both WT and KO 
brains.  

a) Brain homogenates from wildtype (n=3) and knockout (n=3) mice were probed for A1 

adenosine receptor; b tubulin was included as a loading control. b) Band density was 
analysed by densitometry. Band density was normalised to b tubulin and expressed as fold 
change from wildtype (p value 0.7, Mann Whitney U test carried out using GraphPad Prism). 
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The A2A adenosine receptor is another prevalent receptor subtype in the brain 

and immunohistochemistry was used to study receptor expression in the 

striatum (CPu) and cortex (M1).  

A2A immunoreactivity did not differ between WT and KO mice in the CPu brain 

region (p-value 0.4), or in the M1 brain region (p-value 0.7) see Figure 5-28 

and Figure 5-29. 

 

 
 
Figure 5-28 A2A adenosine receptor immunoreactivity in brains harvested from wildtype 
(+/+) and knockout (-/-) mice deficient for ADA aged 6-9 months.  

Staining intensity does not differ between wildtype and knockout mice in either the caudate 
putamen or the primary motor cortex (Mann Whitney U test carried out using GraphPad Prism, 
p-values of 0.4 and 0.7 respectively.  
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Figure 5-29 A2A receptor immunohistochemical staining representative images.  

40µm coronal brain sections of 6-9 month old mice stained for A2A  adenosine receptors in the primary motor cortex (M1). Images were acquired using a Nikon 
Eclipse microscope. Scale bar 100µm. Each image is representative of a different mouse (wildtype n=3, knockout n=3).
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5.4 Discussion 

Diagnoses of neurological abnormalities have been reported in patients with 

ADA deficiency, as discussed previously in section 1.5, although the body of 

evidence elucidating these abnormalities is limited. Data presented in a 

previous chapter characterised the murine model of ADA deficiency and 

demonstrated parallels between the patient scenario and in vivo model. 

Studies within this chapter added to previous work by comparing brains from 

WT and KO mice and set out to examine and identify differences that may 

contribute to the associated neurological phenotype. 

5.4.1 Data presentation and statistical analysis 

Data are presented within this chapter by representing each brain with an 

individual data point and by using a line to show the median value. Data are 

presented in this way to allow identification of outliers and to show the 

distribution spread of data points. The median value has been plotted because 

experimental cohorts are comprised of n³3. Furthermore, this sample size 

does not allow accurate assessment of whether the data is normally distributed 

or not; the presence of outliers would suggest a non-normal distribution and, 

therefore, Mann Whitney U statistical tests have been carried out.  

5.4.2 Methodologies used in the chapter   

Design-based stereology was one of the main techniques employed in this 

chapter which enabled the assessment of three dimensional structures within 

the brain using two dimensional sections (Golub et al., 2015). This 

methodology was adopted because it is unbiased and, unlike assumption-

based stereology, is not affected by geometric factors such as size, shape, 

spatial orientation and spatial distribution (West, 2002, Schmitz and Hof, 

2005). There is a large body of evidence demonstrating the usefulness of 

stereology in investigating the pathophysiology of neurological disorders. 

Accordingly, within this chapter, design-based stereology was used to 

estimate neuronal number and volume of specific brain regions using the 

optical fractionator and Cavalieri’s estimator respectively.  
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Free-floating immunohistochemistry of serial brain sections was the other main 

methodology employed in this chapter to visualise components in the brain, 

such as cell types and protein. There are multiple benefits to this technique 

which make it an important investigative tool for this project. Reduction, 

replacement and refinement is an important aspect of in vivo murine work. This 

particular methodology enabled studies within this project to adhere to these 

principles: importantly, the serial staining aspect provided the capacity to carry 

out multiple experiments on one brain harvested from one animal whilst 

retaining region specificity. Therefore, the refinement of experimental 

technique allowed the number of sacrificed animals to be reduced whilst 

maximising the scope of scientific investigation. This is an important 

consideration when conducting any in vivo work, particularly that of a 

preliminary nature in an uncharted field of research.  

5.4.3 Effect of ADA deficiency on the gross morphology of murine brains 

Brain weight and volume were used as read-outs to explore the effect of ADA 

deficiency on the gross structure of murine brains. 

Data presented in this study showed that a deficiency of ADA did not affect the 

weight of brains at 2 weeks of age. Interpretation of median values only 

suggested that KO mice had a lower brain weight than WT mice. The results, 

however, do not show significance. Further, the brain weights were not 

calculated proportionally to body weight and it is possible that the outlying data 

points could represent smaller brains from smaller mice. More experimentation 

therefore needs to be carried out to draw firm conclusions about this data. 

Consistent with brain weight, there was no significant difference in brain 

volume between WT and KO mice. Overall, this data suggests that future work 

should be carried out on more animals in order to identify whether there is a 

significant difference or not.  

The effect of ADA deficiency on brain size has only been reported in one other 

paper, published while the present work was in progress (Sauer et al., 2017). 

This published study reported a qualitative reduction in brain size in ADA KO 
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mice and a 10% reduction in brain parenchyma measured using MRI imaging 

(Sauer et al., 2017). This contradicts data presented in this study and one likely 

explanation is that the parenchymal manifestation is too subtle to detect using 

methodologies described here. The stereological approach in this chapter 

estimated the brain volume from coronal cross-sections of the brain and is not 

as sensitive as 3D MRI imaging.  

In addition, both this study and the study led by Sauer carried out 

investigations on brains harvested from young mice (less than three weeks of 

age) and it might be interesting to repeat these analyses in older cohorts of 

mice (Sauer et al., 2017).  

5.4.4 Cortical thickness 

Cortical thickness was investigated as another measure of the effect of ADA 

deficiency on gross brain morphology. As discussed above, it has been 

reported that brain parenchyma is reduced in ADA deficient mice: taking this 

into account, it was hypothesised that there may be a difference in cortical 

thickness. In this investigation there was no difference between WT and KO 

mice in the younger cohort. Interestingly, interpreting median values showed 

a thinner cortex in older KO mice compared to age-matched controls. 

However, this difference is not significant which is most likely due to outlying 

data points. It is necessary to increase the sample size within this study and 

thereby observe whether this trend in cortical thinning becomes more or less 

significant.  

Some of the neurological abnormalities reported in patients with ADA 

deficiency include epilepsy and hyperactivity and the association with cortical 

thinning will be discussed here (Rogers et al., 2001, Nofech-Mozes et al., 

2007, Sauer et al., 2017). 

Patients with ADA deficiency exhibit hyperactivity and attention deficit and this 

clinical picture overlaps with attention deficit hyperactivity disorder (ADHD) 

(Rogers et al., 2001, Tarver et al., 2014, Ambrosino et al., 2017). Cortical 
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changes and smaller brain volumes have been associated with ADHD; one 

example of this in the literature is a study which used MRI scanning to 

demonstrate a reduction in mean overall cortical thickness in subjects with 

ADHD (Batty et al., 2010, Ambrosino et al., 2017). Due to the similarity in 

neurological phenotype, it was hypothesised that thinning may be observed in 

ADA deficiency but data from this study does not support this hypothesis. An 

interesting point highlighted by Ambrosino et al. is that cortical thickness may 

be regulated during embryonic development (Ambrosino et al., 2017). In the 

murine model presented here, ADA expression is restored to the placenta and 

if an association does exist between ADA deficiency and cortical thickness 

perhaps the placental expression of ADA resolves this, which would be 

reflected in the non-significant data. Since the murine model is dependent on 

ADA expression in utero, it may therefore be necessary to extend this study to 

the patient setting and carry out MRI scanning, as done in patients with ADHD. 

Epilepsy is another neurological manifestation observed in some patients with 

ADA deficiency (Nofech-Mozes et al., 2007, Sauer et al., 2017). Cortical 

thinning is one of many brain abnormalities that have been reported in a range 

of epilepsies (Whelan et al., 2018). Whelan et al. led a worldwide initiative 

which used MRI scanning to identify reductions in cortical grey matter across 

multiple epilepsies (Whelan et al., 2018). 

Having reviewed some of the evidence, it is clear that there is a link between 

cortical thinning and neurological diseases which portray similar clinical 

profiles to patients with ADA deficiency. It must be emphasised that currently 

there is no significant data to link ADA deficiency to cortical thinning and these 

are therefore speculative inferences. The use of MRI has been discussed 

above in relation to volume investigations, and it might be interesting to use 

this sensitive technique to enhance the cortical thickness study presented 

here, which was a cruder assessment. If an association is discovered, an 

important question to then consider is whether ADA deficiency leads to cortical 

thinning and the subsequent onset of neurological disorder (for example 

epilepsy). Alternatively, is it possible that the neurological abnormalities might 
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lead to cortical thinning and this morphological change might therefore be 

indirectly related to ADA deficiency.  

5.4.5 Volumetric study – methodology, hypotheses and comparison with 
other studies 

This chapter investigated the effect of ADA deficiency on the volume of 

multiple brain regions by comparing WT and KO mice. Two age groups were 

included for comparison: 2 weeks (WT and KO) and 6-9 months (WT and PEG-

ADA treated KO). Both groups were included to investigate whether 

differences might be age-dependent and also because it is known that 

neurological abnormalities persist in ADA patients on PEG ADA therapy 

(Sauer et al., 2017). 

The methodology used in volumetric analyses was design-based stereology, 

which is dependent upon the accurate identification of specific brain regions; 

these studies therefore focussed on regions of interest with easily defined 

anatomical landmarks. Further, brain regions were specifically chosen based 

on published and preliminary data (Nofech-Mozes et al., 2007) (Yu et al, 

personal communication). For example, volumetric abnormalities have been 

described to particularly affect the striatum, thalamus and cortex in ADA 

deficiency (Nofech-Mozes et al., 2007, Sauer et al., 2017) (Yu et al, personal 

communication). These studies looked at a number of brain regions because 

it was hypothesised that there might be a heterogenous response to ADA 

deficiency in the brain. 

Despite extensive investigation, these results did not show any statistically 

significant differences in any of the brain regions analysed at either age. There 

are some regions that show indications of a trend (for example 

LDVL/LDDM/LPMR), however the data is skewed by outlying data points and 

therefore is not statistically significant. It is likely that this could have been 

resolved by increasing the sample size in each cohort. The wide distributional 

spread of the data might suggest that the methodology was not suitable for the 

purpose; stereology is discussed in more detail in the limitations section, 5.5.  
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The evidence base in the literature is contradictory but sparse and it is 

therefore difficult to draw firm conclusions from these volumetric studies. Data 

presented here suggests that there is no effect on the volume of specific brains 

regions in ADA deficiency; however, MRI is a technique that existing studies 

used to identify volumetric abnormalities. Therefore, perhaps it is more 

important to consider whether the methodology used here is appropriate for 

the purpose of these studies and whether it provides adequate sensitivity and 

specificity to detect potentially subtle changes. 

5.4.6 Investigating neuronal loss and apoptosis in ADA deficient brains  

Volumetric studies presented in the literature contradict those within this 

thesis; nevertheless, a follow-up study was conducted to investigate the 

possibility of neuronal loss in ADA deficiency. 

Neuronal loss was investigated by estimating counts of NeuN stained neurons 

in the thalamus and the striatum. There was no statistically significant 

difference between WT and KO mice at either age in both regions of interest. 

Graphically, there were some interesting differences in the median values. 

There was an increase in the median number of neurons in the VPM/VPL brain 

region of 2 week KO mice but in contrast, this difference was not present at 6-

9 months. Additionally, there was a decrease in median neuronal number in 

the S1BF brain region of KO mice at 6-9 months only. Therefore, perhaps the 

effect of ADA deficiency is not global and some regions may be more 

vulnerable at different time points. It must, however, be emphasised that this 

data is not significant and, since it is collected from a small cohort, warrants 

further investigation with an increased number of samples.  

Having demonstrated an association between ADA deficiency and apoptosis 

in vitro in Chapter 3, a parallel study was conducted to investigate whether the 

literature reports of volume loss were accompanied by apoptosis in murine 

brain samples. Caspase-3 is a major player in the apoptotic cascade and 

becomes activated upon proteolytic cleavage. It is also important in the brain 

where it plays a role in development (Porter and Jänicke, 1999, Fan and 
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Bergmann, 2010). Immunoblotting for cleaved-caspase 3 was carried out and 

there was no expression in either WT or KO brain homogenates and therefore 

no evidence for apoptosis. Interestingly, apoptosis was also investigated using 

immunohistochemistry and, via this methodology, cleaved-caspase 3 

expression was detected in brain sections although there was no difference 

between WT and KO mice. A direct comparison cannot be drawn between the 

two methodologies, however, because of the different cohort ages (samples 

were obtained from mice at approximately 2 weeks old for Western blotting 

and 2 months old for immunohistochemistry). Regardless, 

immunohistochemical analyses detected no difference in expression of 

cleaved-caspase 3 in either brain region analysed, thus supporting the 

immunoblotting results in that apoptosis does not play a role in ADA deficiency 

in the murine brain. This result is surprising given the preliminary volume loss 

data presented in section 5.1 and considering the apoptotic effect that 

2’deoxyadenosine has in the immune system (see section 1.3.7). Linked to 

this, apoptosis could be investigated further by isolating brain regions to probe 

in a more specific manner using additional and/or alternative apoptotic 

markers.  

Currently, there is minimal evidence concerning the effect of ADA deficiency 

on neuronal count and apoptosis in murine brains. However, the effect of ADA 

has been investigated in one study on rat corticostriatal brain slices, where it 

was shown to play a neuroprotective role under ischemic conditions (Tamura 

et al., 2016). Tamura et al. used oxygen/glucose deprivation to model 

ischaemia in the striatum and showed that presence of ADA inhibited 

electrophysiological depression, cell death and autophagy (Tamura et al., 

2016). The authors discussed the implications of these findings with relevance 

to ADA deficient patients, who may be at increased risk of cerebral hypoxia 

due to the respiratory manifestations of ADA deficiency (Tamura et al., 2016). 

Therefore, although ADA is neuroprotective in the striatum of that model, the 

consequences for patients when ADA is absent is not known. This study has 

shown no effect on neuronal count and/or induction of apoptosis, but perhaps 
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the neuronal function in ADA deficiency could be investigated by adopting an 

electrophysiological approach as in the Tamura study.  

5.4.7 Ventriculomegaly 

Enlargement of the ventricular system has been reported in patients with ADA 

deficiency (Nofech-Mozes et al., 2007, Sauer et al., 2017). Ventricle size was 

investigated in this study to determine whether ventriculomegaly also persisted 

in ADA deficient mice. Data presented here demonstrated no difference 

between WT and KO mice at either 2 weeks or 6-9 months of age. This is not 

consistent with existing literature where two papers have reported 

ventriculomegaly in ADA deficient mice (Turner et al., 2003, Sauer et al., 

2017). 

It is not currently known why investigations in this study do not replicate those 

within the existing literature; it is most likely due to the small n numbers 

included in this study. One other explanation that could account for the 

contradicting results is the differences in methodology and quantification 

utilised in each study. However this is unlikely as representative images have 

been included in both the published literature and the study in this chapter and, 

by eye, ventricle enlargement is significant in the Turner and Sauer papers 

although it is possible that only the most convincing images were shown in 

those reports (Turner et al., 2003, Sauer et al., 2017). Nevertheless and 

contrastingly, there was clearly no qualitative difference between the ventricles 

of cohorts in this study and this correlates with the lack of difference observed 

in the quantitative analyses. It would be important to repeat this investigation, 

increase the sample size and incorporate methodologies from the literature. 

5.4.8 Myelin 

White matter alterations and leukoencephalopathy have previously been 

reported in patients with ADA deficiency (Sauer et al., 2017, Nofech-Mozes et 

al., 2007). Moreover, white matter alterations have, in fact, been reported in a 

significant proportion of ADA deficient patients both untreated and treated with 

PEG-ADA or BMT (Sauer et al., 2017, Nofech-Mozes et al., 2007). Additional 
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evidence was provided by a recently published case report of an ADA deficient 

patient who developed chronic inflammatory demyelinating polyneuropathy 

whilst on PEG-ADA treatment (Shah et al., 2016). Therefore, clearly there is a 

myelin alteration in ADA deficient patients that is not corrected by current 

treatments and so identifying the myelin abnormality and understanding the 

pathogenesis in mice would be of clinical importance. RNA sequencing data 

presented in Chapter 4 highlighted differences in expression of myelin-

associated genes, particularly in the older cohort of ADA deficient mice. 

Therefore, a study was conducted to investigate the effect of ADA deficiency 

on myelination by measuring specific white matter regions within the brain.  

Whilst conducting other studies in this chapter, it was frequently noted that the 

external capsule (formed of white matter fibre tracts) appeared to vary between 

mice; measurements were therefore made to estimate the volume and 

thickness of the external capsule. Volumetric estimates did not differ between 

WT and KO mice at either age. Additional line measurements were carried out 

to measure white matter thickness dorsally to the ventricles, where the external 

capsule extends into the cingulum and also across the side of the external 

capsule, approximately below the somatosensory cortex. There was no 

difference in thickness between 2 week old WT and KO mice. However, there 

was a reduction in thickness at both points measured in KO mice at 6-9 months 

of age. Although this difference was not significant, there is sufficient evidence 

to suggest that this myelin investigation should be extended. One possibility is 

to increase the number of animals in the older cohort. Alternatively, line 

measurement may not be the most sophisticated technique available. Other 

studies looking at white matter tracts use alternative imaging techniques, such 

as diffuse tensor imaging (DTI) which can investigate the microstructural 

organisation of myelin (Onnink et al., 2015). Interestingly, Onnink et al reported 

alterations in myelination in adults with attention-deficit/hyperactivity disorder 

and, as previously discussed, this disorder bears some similarities to the 

behavioural and neuropsychological abnormalities observed in ADA deficient 

patients (Onnink et al., 2015). 
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Data presented in this study is not conclusive; however, there is a body of 

evidence suggesting that purinergic signalling may affect the development 

and/or function of oligodendrocytes, as reviewed by Welsh and Kucenas 

(Welsh and Kucenas, 2018). Oligodendrocytes are glial cells responsible for 

the formation of myelin in the brain and it is suggested that adenosine 

signalling plays a role in development and differentiation of oligodendrocytes 

(Rivkees and Wendler, 2011, Welsh and Kucenas, 2018). In fact, one paper 

reported that agonism of the A1 adenosine receptor in early postnatal life 

induced a reduction in white matter in rat brains (Turner et al., 2002, Turner et 

al., 2003). Therefore, it is possible that oligodendrocyte development and 

myelin formation may be affected in ADA deficiency, due to the disruption in 

adenosine homeostasis.  

Taken together with the patient data, the work in this study has provided some 

preliminary data that could be extended, by increasing cohort sizes and using 

more sophisticated techniques to look at intricate white matter alterations.  

5.4.9 ADA deficiency and glial cells 

The central nervous system is comprised of both neurons and glial cells, 

which, although not directly involved in neurotransmission, are a major cell 

type in the brain and have diverse and critical functions (Kovacs, 2017). 

Astrocytes and microglia are two of the main types of glial cell found in the 

brain and this study focussed on the effect of ADA deficiency on these glial 

cells.  

GFAP is a marker of astrocytes, which are the most abundant cell type in the 

brain (Eng et al., 1971, Magaki et al., 2017). Astrocytes play an integral role in 

preserving and maintaining homeostasis within the brain microenvironment 

and become reactive in response to pathological conditions within the CNS 

(Ben Haim et al., 2015, Joe et al., 2018). Reactive astrocytes become 

hypertrophic and upregulate expression of GFAP and so this study 

investigated the expression levels of GFAP in regions of interest in ADA 

deficient murine brains (Ben Haim et al., 2015, Chiu et al., 2016, Pekny et al., 
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2016). GFAP levels in the striatum (CPu) and cortex (M1/S2) were investigated 
in young and old cohorts of WT and KO mice. Although the difference was not 

statistically significant, an increase in median levels of GFAP staining was 
observed in the CPu region at 2 weeks of age in KO mice. Contrastingly, there 
was no difference in any other region analysed therefore providing no evidence 
to suggest that ADA deficiency affects the levels of GFAP or induces an 
astrocytic response. 

Microglia are primarily known as the immune cells of the CNS and 

accumulating bodies of evidence indicate that their role and function in the 

brain is much more diverse (Joe et al., 2018, Pósfai et al., 2018). Similarly to 

astrocytes, microglia become reactive in response to altered brain 

homeostasis and injury (Haskó et al., 2005, Chiu et al., 2016, Kovacs, 2017). 

Antibodies against CD68 can be used to identify microglia and this study 

investigated the expression levels of CD68 in regions of interest. (Chiu et al., 

2016). There was no difference between WT and KO mice at either age group 

analysed. 

Glial reactivity was investigated because astrocytes and microglia are highly 

specialised to detect and respond to changes in the neuronal environment 

(Carson et al., 2006). Previous mass spectrometry data presented in Chapter 

4 demonstrated that ADA deficiency leads to a significant increase in 

metabolite levels in the brain and it was, therefore, hypothesised that there 

might be a glial response to this homeostatic disruption. The data presented 

in this study does not provide any evidence for a microglial and/or astrocytic 

response in ADA deficiency. However, this study focussed on the generation 

of reactive glial cells by using expression levels of GFAP and CD68 as 

indicators of astrocyte and microglial enlargement and/or proliferation. This 

methodology, however, does not differentiate between proliferation, 

enlargement or protein upregulation. It would be interesting to investigate the 

number of glial cells by performing counts of GFAP positive astrocytes and 

CD68 positive microglia. In fact, one paper outlines the variation in astroglial 

responses in neuropathology by describing specific diseases where astrocyte 
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atrophy and/or loss of function is observed (Pekny et al., 2016). Further, the 

use of alternative glial markers could also be investigated. 

On the whole, these glial results are surprising for a number of reasons, which 

will be discussed in further detail below.  

The concentration of adenosine is tightly regulated in the brain, as discussed 

in section 1.5.8, and data presented in Chapter 4 showed a small increase in 

adenosine concentration in brains of KO mice. Further, adenosine receptor 

expression has been identified on both astrocytes and microglia (Daré et al., 

2007, Boison et al., 2010). Due to this, it was hypothesised that adenosine 

accumulation in ADA deficiency might induce a response in astrocytes and 

microglia, either to maintain homeostasis or via adenosine receptor activation. 

This study has tested this hypothesis by looking at expression of cell surface 

markers GFAP and CD68, but this may not be the best output and further 

research should consider investigating the functional response of glial cells in 

ADA deficiency. Along this theme, there is evidence to suggest that astrocyte 

and microglia function might differ when adenosine concentrations are altered 

and this could be an avenue of further investigation, especially considering the 

interest surrounding adenosine-modulating drugs as treatments for 

neurodegenerative disorders (Haskó et al., 2005, Boison et al., 2010).   

The numerous and varied functions of astrocytes and microglia in the brain 

has been mentioned frequently. Both glial types are involved in 

neuroinflammation (Ben Haim et al., 2015). Neuroinflammation is a distinctive 

feature of multiple neurodegenerative diseases, for example, microglia play an 

essential role in synaptic pruning, cell death and neurogenesis and it has been 

shown that this process is prematurely activated in an Alzheimer’s disease 

brain which leads to synapse loss (Skaper et al., 2018). In addition, 

neuroinflammation has been demonstrated in murine models of 

mucopolysaccharidosis which are a set of diseases that mirror certain 

neurological clinical manifestations of ADA deficiency such as behavioural 

change and cognitive abnormalities (Wilkinson et al., 2012). It was 

hypothesised that there may be a link between the literature reported volume 
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loss observed in ADA deficiency and neuroinflammation mediated by reactive 

astrocytes and microglia, however, there was no definitive evidence to support 

this in these investigations. 

However, in this context perhaps it is also important to understand glial 

function. The peripheral immune system is severely compromised in ADA 

deficiency but it is not known what the effect is on microglia, the primary 

immune effector cells in the brain and astrocytes, which are known to modulate 

microglial activation (Joe et al., 2018, Pósfai et al., 2018). This study focussed 

on whether glial cells demonstrated a typical response to homeostatic 

alterations to the brain microenvironment and the metabolic insult caused by 

ADA deficiency. However, this did not account for whether microglia and 

astrocytes retain normal function. An evidence gap therefore exists 

surrounding the functionality of microglia in ADA deficiency and this is an 

important extension to this study.  

5.4.10 Adenosine is a neuromodulator – does accumulation affect signalling 
in ADA deficiency? 

ADA deficiency is characterised by accumulation of metabolic substrates, in 

particular adenosine and 2’dAdo. Previous data in this thesis demonstrated 

that these substrates accumulate in the brains of ADA deficient mice. As 

discussed in section 1.5.8, adenosine functions as a neuromodulator via 

signalling through cognate GPCRs. The role of purinergic signalling in the 

pathophysiology of neurological disorders has been well-established by 

receptor-specific genetic knockout studies and adenosine receptors are even 

being investigated as therapeutic targets, as reviewed in Jacobson et al and 

Wei et al (Jacobson and Gao, 2006, Wei et al., 2011). The present study 

investigated whether increased concentrations of adenosine, as observed in 

the brains of ADA deficient mice, caused alterations in the expression of the 

two most prevalent subtypes of adenosine receptor: A1 and A2A.  

It was initially hypothesised that a compensatory mechanism may exist in the 

brains of ADA deficient mice to induce an upregulation or downregulation of 

receptor expression in response to elevated concentrations of agonist. This 
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hypothesis was, however, disproved by the present study. 

Immunohistochemistry was used to detect expression of the A1 and A2A 

receptor in particular regions of interest in brains of WT and KO mice at 6-9 

months of age. There was no difference in any regions evaluated for either 

receptor subtype. Similarly, Western Blotting and densitometry did not detect 

a significant difference between A1 receptor expression in WT and KO brains. 

One possible explanation for this result could be that, as evidenced by the 

mass spectrometry data, the accumulation of adenosine is not significant 

enough at 6-9 months of age to induce a response and therefore this study 

may benefit from repetition in a younger cohort. On the other hand, RNA 

sequencing data (not shown) also showed no difference in the transcriptome 

profile of these receptors in WT and KO mice at either age. Therefore, data 

presented in this chapter suggests that there is no effect on gene or protein 

expression of neural A1 and A2A adenosine receptors in ADA deficiency.  

However, results from these preliminary investigations are surprising because 

there is a breadth of evidence to support the role of adenosine receptor 

signalling in neurological disorders, including but not limited to Huntington’s 

disease, Alzheimer’s disease and epilepsy (Gomes et al., 2011). 

Coincidentally, upregulation of the A2A receptor subtype is frequently reported 

in the literature as a feature of neurological disorders (Orr et al., 2015, Cunha, 

2016). Not only this, but Sauer et al have reported altered protein expression 

of the A2A adenosine receptors in ADA deficient KO mice (Sauer et al., 2017). 

This contradicts the data presented here; unfortunately, the A2A Western 

Blotting experiments were unsuccessful and a conclusion regarding this 

particular receptor cannot be drawn.  

Overall, results from these preliminary investigations are surprising since this 

study provides no evidence to implicate altered adenosine receptor expression 

in the neurological manifestations of ADA deficiency. However, while this data 

has not shown differences in expression levels of adenosine receptors, it may 

be important to investigate the functionality of these receptors. In fact, the 

published literature also appears to tie together adenosine receptor activation 
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with other reported manifestations: in particular, activation of the A1 receptor 

has been associated with ventriculomegaly and white matter loss (Turner et 

al., 2003).  

Furthermore, studies here have only focussed on two subtypes of adenosine 

receptor; it would be beneficial to gain a complete understanding of the effect 

of ADA deficiency on all receptor subtypes. There are four subtypes of 

adenosine receptor and the A2B and A3 receptor are also expressed in the 

brain, albeit at varying levels (Chen et al., 2014). These receptor subtypes 

have a differing affinity for adenosine, as discussed, and may therefore 

become activated by the higher agonist concentrations resulting from deficient 

ADA activity. These additional experiments would benefit from analyses in 

mice of varied ages and at multiple time-points, since it is known that 

expression of adenosine receptors may vary during development (Fredholm 

et al., 2005). 

Therefore, despite the lack of evidence in this study, further investigations 

would be worthwhile because of the breadth of literature linking adenosine 

signalling with neurological disorders. The complexity associated with the 

effect of ADA deficiency on adenosine signalling extends beyond the reach of 

this study.  

5.5 Study limitations 

These preliminary experiments were carried out to test hypotheses formed 

from the existing literature and to scope the effect of ADA deficiency in the 

brain. There were, however, limitations associated with the methodology which 

will be discussed briefly. 

It is apparent throughout this chapter that the cohort sizes are the main 

limitation of these investigations. These studies are preliminary scoping 

investigations and the n numbers were small for this reason. However, it was 

anticipated that only large differences could be detected with these cohort 

sizes. Accordingly, trends and patterns in the data, which may have emerged 
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from these studies, were not significant due to the small numbers. Increasing 

the sample size would therefore be of great benefit to this investigation. 

However, the methodologies employed here, such as free-floating 

immunohistochemistry and thresholding analysis did limit the sample sizes 

somewhat. The free-floating component of the immunohistochemistry ensured 

more complete antibody penetrance since all surfaces of the sample are 

exposed to the antibody. However, there was a necessity to stain all samples 

for comparison simultaneously; whilst this reduced the variation in background 

staining, it did limit the number of samples that could be processed. Further, 

thresholding analysis was carried out to quantify levels of 

immunohistochemical staining on brain slices. This methodology requires all 

brain sections to be stained simultaneously, ensuring that background staining 

is equivalent between sections. This was an additional methodological factor 

limiting the sample size. 

As discussed in section 4.4.3, there was a variability in ages from the older 

animal cohort which may have affected the results presented in this chapter 

and ideally, all animals would have been identically age-matched. Related to 

this, samples in these studies were not separated by gender: both genders 

were used and gender-blinding was carried out. It is important to consider and 

investigate the effect of gender on these studies. 

Design-based stereological probes were used in this chapter, which reduce 

the likelihood of systematic error and this is an important benefit of its use, but 

limitations are associated with the technique. However, these were largely 

controlled for within these studies. For example, both probes are dependent 

upon systematic random sampling: all immunohistochemistry presented 

throughout this chapter was carried out on serial sections and therefore slices 

were sampled at consistent intervals (Schmitz and Hof, 2005). Additionally, 

tissue shrinkage and deformation caused by histological processing may affect 

the results generated by these probes; one attempt to control for this was the 

identical and, where possible, simultaneous processing of tissues (Dorph-

Petersen et al., 2001, Schmitz and Hof, 2005). However, entire cohort 
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numbers were collected over a period of time and therefore this was a potential 

source of error. Further, section thickness was measured at every sampling 

site when using the optical fractionator, as described previously. Volumetric 

estimates can be overestimated by overprojection which was a concern using 

this methodology, therefore, the data presented in this chapter were corrected 

for overprojection (Schmitz and Hof, 2005).  

5.6 Future work and concluding remarks 

These studies have generated important preliminary data in a relatively 

unexplored field, but it is advisable that cohort sizes are increased when these 

studies are extended to ensure that even subtle differences are detectable. 

Some trends may have appeared in this investigation but were ultimately 

limited by the small sample size.  

These studies have investigated ADA deficiency in vivo using novel 

methodologies and, as of yet, there is no significant data to identify specific 

effects of ADA deficiency on the brain. However, the preliminary evidence is 

promising and has identified obvious gaps in evidence and clear objectives for 

further work in this field.   
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Chapter 6 Discussion 

There are a number of clinical and pre-clinical reports indicating that ADA 

deficiency exhibits a multi-organ pathology. In the context of this thesis 

specifically, a spectrum of neurological abnormalities is frequently reported in 

patients, emphasising that there is an inherent neurological defect arising from 

the deficiency of the ADA enzyme. The aim of this thesis was to further 

understand these neurological defects by adopting an in vitro and in vivo 

approach. Data presented in Chapter 3 focussed on the in vitro approach, 

whilst Chapter 4 and Chapter 5 were in vivo studies. 

The main hypothesis in this thesis was that the neurological defects are directly 

caused by the accumulation of metabolic substrates, and not secondary to the 

immune defect. Through the adoption of an in vitro investigation, Chapter 3 

described the development of a neuroblastoma model of ADA deficiency. The 

metabolic disruption observed in the clinical setting was recapitulated by 

pharmacologically inhibiting ADA and adding extracellular adenosine or 

2’dAdo to the culture medium to mimic substrate accumulation. This induced 

cell death in the neuroblastoma model thus implicating substrate 

accumulation. Supporting evidence emerged from Chapter 4 where it was 

demonstrated that substrates accumulated in the brains of untreated ADA-/- 

mice.  

However, investigations as to whether the cell death observed in Chapter 3 

was mirrored in the murine setting was inconclusive, as these studies showed 

no evidence of apoptosis and/or neuronal loss in the brains of ADA-/- mice. This 

highlights the challenges associated with interpreting in vitro results and the 

importance of translating these into in vivo investigations.  

One hypothesis of this thesis was that accumulation of adenosine may 

contribute to the pathophysiology of the neurological defects in ADA 

deficiency. There is evidence in the literature to suggest that this is the case in 

a variety of other neurological disorders (Ribeiro et al., 2002, Fredholm et al., 

2005, Boison and Aronica, 2015). Among these, adenosine receptor signalling 
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is implicated, hence, studies presented within this body of work have 

investigated the role of signalling in ADA deficiency. In Chapter 3, it was shown 

that adenosine-induced cell death was not mediated via activation of the 

adenosine receptors. Linked to this, there was no difference in either gene or 

protein expression of adenosine receptors in the brains of ADA+/+ and ADA-/- 

mice in either Chapter 4 or Chapter 5. There are some diseases in which 

adenosine signalling is believed to be implicated that report, in the literature, 

of alterations in distribution and/or expression of adenosine receptors (Gomes 

et al., 2011). Therefore, the absence of change in receptor expression in 

Chapter 5 supports the view that adenosine signalling is not involved, as 

shown in Chapter 3. In summary, evidence in this thesis would suggest that 

the neurological defects observed in ADA deficiency are not mediated via 

adenosine receptor signalling as indicated by adenosine receptor expression 

patterns. However, these studies are not exhaustive and further in vivo work 

should be extended to investigate whether signalling downstream of receptor 

activation is still functional or whether this is affected in some way by increased 

concentration of agonist. Adenosine signalling has been implicated in an array 

of CNS disease states, some of which will be discussed in more detail below, 

to demonstrate that there may still be some value and credibility in the 

contribution of adenosine signalling to the observed clinical defects. 

Adenosine is an endogenous anti-convulsant, mediating anti-epileptic 

properties through activation of pre and post-synaptic A1 receptors (Ribeiro et 

al., 2002, Boison, 2012). Despite this, there is an incidence of epilepsy in 

patients with ADA deficiency. As mentioned previously, the concentration of 

adenosine under normal physiological conditions preferentially activates the 

A1 adenosine receptor to elicit an inhibitory tone. It could be that increased 

adenosine concentrations, caused by ADA deficiency, instead activates the 

A2A receptor. In fact, there is evidence to suggest that A2A receptor activation 

may contribute to the initiation of seizures (Cieślak et al., 2017). Furthermore, 

in the absence of ADA, adenosine kinase may be more active in response to 

increased adenosine concentrations. This may lead to elevated levels of ATP, 

which has been shown to increase the likelihood of seizures (Burnstock, 2007, 
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Cieślak et al., 2017). Therefore, the elevated concentrations of adenosine 

observed in ADA deficiency may not offer the same beneficial effects as in 

normal physiological conditions. 

Adenosine is also important in cognition and memory, as demonstrated by the 

enhancing effects of caffeine, which is a broad antagonist of adenosine 

receptors (Ribeiro et al., 2002). However, evidence supporting this is 

inconsistent and effects of caffeine are more likely attributed to improvements 

in attention and arousal (Wei et al., 2011). It has been shown that signalling 

via the A2A  subtype has a large impact on learning and memory, for example 

with receptor activation impairing memory retrieval (Wei et al., 2011, Chen et 

al., 2014). Conversely, receptor blockade is thought to have positive effects on 

cognition, and has, in fact, attenuated memory impairments in models of aging 

and ADHD (Chen et al., 2014). Adenosine receptor signalling may explain 

some of the cognitive and behavioural abnormalities observed in patients, who 

demonstrate deficits in cognition, IQ and attention.   

Parkinson’s disease is a neurodegenerative disorder, characterised by a 

progressive loss of dopaminergic neurons in the substantia nigra pars 

compacta and its neuronal projections to the striatum (Oliveira-Giacomelli et 

al., 2018). These structures are integral to motor control: A2A receptors are 

enriched in these regions and are known to interact with dopamine receptors 

through co-localisation (Ribeiro et al., 2002, Oliveira-Giacomelli et al., 2018). 

A2A receptors are, therefore, an attractive target for treatment and it has been 

shown that receptor blockade may offer some neuroprotection in Parkinson’s 

disease (Wei et al., 2011). This example may link directly to the motor 

abnormalities observed in ADA deficiency or, alternatively, may demonstrate 

how aberrant receptor signalling might be contributing to the reported volume 

loss. 

The role of adenosine in the CNS is clearly multifaceted and paradoxical, and 

the precise link between accumulated adenosine and neurological 

manifestations in ADA deficiency cannot be inferred from the existing 

literature. Adenosine receptor subtypes are expressed at different levels 
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throughout the brain and adenosine accumulation may elicit a heterogenous 

effect. Whilst the actual effect is largely unknown, it is clear that dysregulation 

in the adenosine pathway has the potential to elicit multiple effects, due to the 

complexity of receptor signalling. 

Another focus of this thesis was 2’dAdo and its phosphorylated derivative, 

dATP. In the immune system, the conversion of 2’dAdo to dATP is a key step 

in the induction of lymphotoxicity (Whitmore and Gaspar, 2016). A kinase 

inhibitor prevented the cell death caused by ADA inhibition and 2’dAdo 

accumulation, therefore implicating dATP as a cytotoxic agent in this model. 

Unfortunately, the accumulation of dATP was not measured in vivo in this 

study.  

In the immune system, both adenosine and 2’dAdo contribute to the 

lymphotoxicity and resulting immunological defects. The in vitro data 

presented in Chapter 3 of this thesis showed that accumulation of 2’dAdo was 

more cytotoxic than adenosine. In line with this, Chapter 4 showed that the 

accumulation of 2’dAdo was more significant in brains of untreated ADA-/- mice 

compared to the accumulation of adenosine. In fact, 2’dAdo was not detectable 

in wildtype ADA+/+ mice but was found at high concentrations in ADA-/- mice. 

Therefore, this pattern of substrate accumulation, taken together with the in 

vitro data, implies that 2’dAdo may have a more significant effect than 

adenosine in ADA deficiency. Interestingly, the mechanism of in vitro toxicity 

was not identical between adenosine and 2’dAdo. This, therefore, offers some 

insight into the possible effect of ADA deficiency in the brain: similarities may 

exist between the lymphotoxicity and the neurotoxicity whereby adenosine and 

2’dAdo have cumulative effects via alternative mechanisms. 

It has been emphasised throughout this thesis that very little is known about 

the neurological effect of ADA deficiency and much of this work has therefore 

been novel. For example, as far as the author is aware, brains of the murine 

model had not been thoroughly characterised prior to this work. A novel finding 

of this thesis was that there is an increase in ADA gene expression in brains 

from ADA-/- mice. Having observed the in vitro consequences of ADA 
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deficiency in Chapter 3 this may be a compensatory mechanism to upregulate 

ADA, albeit ADA that is neither expressed nor functional, in an attempt to 

process the accumulated substrate. Having demonstrated absent protein and 

activity, it was possible to identify that the genetic mutation within this murine 

model may disrupt protein translation.  

This thesis also explored the effect of ADA deficiency on gene expression 

within the brain by using transcriptomic analysis of RNA expression. This has 

not been done before and revealed multiple genes and pathways that were 

significantly and differentially regulated in ADA-/- mice. The number of 

differentially expressed genes was greater in the younger mice; this is 

consistent with previous data showing that the metabolite accumulation was 

more significant in this cohort. Links can be drawn between genes that were 

differentially expressed in the brains of ADA-/- mice and the clinical 

presentation of ADA deficiency. This study has therefore highlighted potential 

genetic candidates that may be contributing to the neurological phenotype 

exhibited by ADA deficient patients. However, it is unknown how ADA 

deficiency specifically leads to upregulation or downregulation of these genes. 

This study also provided further proof that the defects were linked to the 

metabolic disturbance and not the immune defect, since differences in gene 

expression were observed between WT and KO mice in both cohorts, including 

untreated ADA-/- mice and those maintained on PEG-ADA who are 

predominantly immune competent.  

Having demonstrated that the murine model replicated the main features of 

ADA deficiency, Chapter 5 set out to replicate and extend the volumetric data 

observed in the murine and patient setting; however, no volumetric differences 

were observed in this study (Nofech-Mozes et al., 2007) (Yu et al, personal 

communication). In line with this, ventriculomegaly was not observed either, 

despite being described in the literature (Turner et al., 2003, Sauer et al., 

2017). There are certain manifestations frequently associated with 

neurological disorders, such as astrocyte and microglial reactivity, and 

Chapter 5 also set out to investigate whether these were manifest in ADA 
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deficient mice. Interestingly, there was no evidence of these problems which 

are typically associated with neurological disease, despite the clear clinical 

neurological manifestations. Further, Chapter 5 investigated some of the 

products of the genes which were highlighted as being differentially regulated 

in Chapter 4 - there was no difference between ADA+/+ and ADA-/- mice. 

However, the studies presented in these chapters are not exhaustive. There 

are certain limitations associated with this work meaning that the possibility of 

there being underlying defects cannot be fully excluded. 

6.1 Study limitations 

Specific limitations have been addressed at length within the relevant study 

chapters, see sections 3.4.10, 4.4.3 and 5.5. More general limitations will be 

discussed here. 

From the data presented in Chapter 4 and Chapter 5 it is clear that 

investigations need to be repeated with increased cohort sizes, which could 

be considered as a major limitation of this thesis. However, work presented 

here intended to conduct preliminary investigations into a novel field of work. 

By doing so, the aim was to highlight avenues that could be of future interest 

and would require further exploration. For this reason, the cohort size was 

restricted but in doing so, this may have masked some of the more subtle 

effects of ADA deficiency. Future extensions to this work must include cohorts 

of increased numbers to generate more meaningful data. 

Use of the in vivo murine model must also be considered in the context of study 

limitations. A subset of studies within this thesis were carried out to probe how 

well the murine model recapitulated the clinical setting and to establish its utility 

for further studies. As explained in Chapter 4, mice must be treated with a 

weekly PEG-ADA therapy regimen if they are older than two weeks. This, 

however, does not cross the blood brain barrier which was shown in this study 

since neither enzymatic activity nor protein expression could be found in brains 

from homozygous ADA-/- mice at either age analysed. However, substrate 

accumulation in the older cohort of mice does not reflect that in the younger 
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mice where adenosine concentration was increased in the older mice but not 

significantly so, and 2’dAdo was not detected at all. As discussed, this may 

result from a ‘metabolic sink’ effect of circulating PEG-ADA. Alternatively, this 

result could be unaffected by PEG-ADA and instead, 2’dAdo does not 

accumulate because levels may not be as high in the post-mitotic adult brain. 

Similarly, it could be that adenosine is found at higher levels in ADA+/+ adult 

brains and therefore the accumulation in ADA-/- mice is not as significant. 

Whilst the model, on the whole, accurately recapitulates the metabolic defects, 

there are some differences between ADA deficient mice and patients, 

particularly in terms of the pathology. As discussed previously, ADA deficiency 

causes perinatal lethality in the murine setting and there is a high dependency 

on ADA in utero (Migchielsen et al., 1995, Wakamiya et al., 1995). This lethality 

is caused by severe hepatic dysfunction and this effect of ADA deficiency is 

not observed in the patient setting (Migchielsen et al., 1995, Wakamiya et al., 

1995, Bollinger et al., 1996). Furthermore, there is a devastating lung 

pathology that affects ADA deficient mice and this is not replicated to the same 

extent in humans: patients with ADA deficiency do display pulmonary 

abnormalities, but they are not fatal (Blackburn et al., 2000b, Grunebaum et 

al., 2012, Dhanju et al., 2014). Therefore, there are clear differences between 

ADA deficiency in the murine and the patient setting and it is possible that the 

murine model does not fully recapitulate the human model. 

It is also the case that in the human setting, substrate accumulation occurring 

in utero may be responsible for a long lasting effect through irreversible 

damage. However in order to avoid perinatal lethality, it was necessary to 

prevent ADA accumulation in utero in the murine model through the 

trophoblastic expression of ADA, as discussed in section 1.6. Although not 

available for the work presented in this thesis, it may be important to study the 

brains of the first-generation of ADA deficient mice to investigate this 

hypothesis that ADA deficiency and metabolic substrate accumulation in utero 

may underlie the neurological abnormalities. 
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Despite the limitations addressed above, as discussed previously, this murine 

model is the only available in vivo model. Therefore, any information gleaned 

from this is an addition to the field but, as with any animal model, results must 

be validated in a human setting before definitive assumptions can be made.  

6.2 Future work 

From the work presented above, there is scope to extend the investigation by 

looking at the effect of accumulating 2’dAdo with a particular focus on 

mitochondria. There is existing in vitro evidence to suggest that mitochondria 

may be affected by and/or play a role in ADA deficiency (Garcia-Gil et al., 2016, 

Hashemi et al., 2005). It would therefore be interesting to study the 

functionality of mitochondria in the patient setting.  

Similarly to 2’dAdo, adenosine can undergo a series of phosphorylation 

reactions to form ATP. ATP mediates a variety of effects in the brain and, 

unlike the neuromodulator adenosine, functions as a neurotransmitter: it is 

stored in synaptic vesicles, is released to the extracellular space and 

undergoes enzymatic breakdown following release (Abbracchio et al., 2009). 

This thesis did not measure whether ATP accumulation also occurs in the 

brains of ADA deficient mice and this would be an interesting extension to the 

work presented here. ATP exerts some of its action via binding to ATP 

receptors, broadly categorised into ionotropic P2X and metabotropic P2Y 

receptors (Abbracchio et al., 2009). Purinergic signalling via activation of these 

receptors has been implicated in the pathophysiology of multiple disorders, 

including but not limited to epilepsy, depression and Alzheimer’s Disease 

(Burnstock, 2017). Furthermore, excessive levels of ATP leading to cognate 

receptor activation has been linked with pathology and degeneration in white 

matter diseases (Welsh and Kucenas, 2018). Therefore, this is a possible 

avenue through which ADA deficiency may be inducing neurological defects.  

Linked to this, it would be interesting to investigate the effect of ADA deficiency 

on adenosine kinase, the enzyme catalysing the phosphorylation of 

adenosine. In the brain, adenosine kinase largely contributes to the 
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maintenance of adenosine homeostasis (Boison and Aronica, 2015). Further, 

according to the low Michaelis constant (Km) value, it is suggested that 

adenosine kinase is the preferential route of adenosine metabolism under 

normal metabolic conditions (Boison et al., 2010, Camici et al., 2018). 

However, due to its increased Km value, ADA plays a more important role when 

the concentration of adenosine is higher (Fredholm et al., 2005). 

Understanding the knock-on effect that the absence of ADA has on adenosine 

kinase activity and/or expression at these high agonist concentrations may 

enhance the understanding of substrate accumulation. It may also identify 

whether adenosine or ATP are the neurotoxic agents, which will enable more 

targeted therapies to be developed.  

This thesis focussed on the accumulation of metabolic substrates. However, 

ADA deficiency also leads to a reduction of products downstream of ADA 

catalysed reactions. This focus was out of the scope of this work, but it is 

important to consider what effect this will have on concentrations of inosine 

and 2’deoxyinosine in the brain. Additionally, the effect on other substrates, 

such as SAH hydrolase, which may be important for specific intracellular 

reactions but again, this was beyond the scope of this study. Associated with 

this, purine nucleoside phosphorylase (PNP) is an enzyme downstream of 

ADA in the purine salvage pathway which catalyses the phosphorylation of 

inosine and 2’deoxyinosine (Grunebaum et al., 2013). PNP deficiency is also 

associated with neurological abnormalities which affect approximately 50% of 

patients and includes features such as motor system dysfunctions, 

developmental delay and behavioural problems (Dehkordy et al., 2012, 

Grunebaum et al., 2013). This supports the hypothesis that disturbance to the 

purine salvage pathway leads to neurological defects.  

6.3 Concluding remarks 

To summarise, ADA deficiency, modelled in a neuroblastoma cell line, induced 

cell death via intracellular mechanisms but no histopathological features of 

neuropathology could be confirmed in a murine model. Instead, there are 

multiple genes and pathways that were significantly and differentially regulated 
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in the brains of ADA-/- mice. Further, there appeared to be an age-dependent 

effect of ADA deficiency. Whilst this work did not specifically identify any 

differences between brains of ADA+/+ mice and brains of ADA-/- mice, it 

importantly identified areas where there are no differences. Since, as far as 

the author is aware, these studies are entirely novel, this makes an important 

contribution to understanding the neurological defects in ADA deficiency. 

However, these differences remain to be identified in order to monitor where 

current therapeutics could be improved.  

This thesis has contributed largely to an uncharted scientific field, but further 

work is still required. The purine salvage pathway has multiple components 

and ADA is placed centrally within this cascade of reactions. Therefore, 

deficiency of ADA is likely to impact the concentration and availability of all 

purines within this pathway. Each of these components has the potential to 

impact the brain in a large way. There is much scope to extend this project to 

further understand the neurological defects in ADA deficiency.  
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Chapter 8 Appendices 

8.1 Materials 

8.1.1 Cell culture 

Material Manufacturer Additional Details 

KELLY Cell Line 
human Sigma 92110411 

RPMI Medium 1640 
(1X) _ GlutaMAXä 

Gibco Life 
Technologies 61870-010 

0.05% Tryspin-EDTA 
(1X) 

Gibco Life 
Technologies 25300-062 

Heat Inactivated Fetal 
Bovine Serum 

Gibco Life 
Technologies 10500-064 

Penicillin Streptomycin 
(Pen Strep) 

Gibco Life 
Technologies 15140-122 

DPBS 1X Dulbecco’s 
Phosphate buffered 
saline  

Gibco Life 
Technologies 14190-094 

Trypan Blue   

8.1.2 Drug Treatments 

Material Manufacturer Additional Details 

Pentostatin Sigma SML0508 

EHNA Hydrochloride Sigma E114 

Adenosine  Sigma A4036 

2’Deoxyadenosine 
monohydrate Sigma D7400 

Caffeine Sigma (SIAL) C1778 

Iodotubercidin Abcam ab120452 

2’-Deoxycytidine Sigma D3897 

Chloroquine Phosphate Sigma (SIAL) PHR-1258 

S-(4-Nitrobenzyl)-6-
thioinosine  
(NBTI) 

Sigma N2255 
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8.1.3 Flow Cytometry 

Material Manufacturer Additional Details 

Trypsin (0.25%), 
phenol red 

Thermo Fisher 
Scientific (Life 
Technologies) 

25050014 

Annexin V Binding 
Buffer Miltenyi Biotec 130-092-820 

BD Pharmingenä APC 
Annexin V  BD Biosciences 550474, 550475 

BD Pharmingenä 7-
AAD BD Biosciences 559925 
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8.1.4 Protein Assays 

Material Manufacturer Additional Details 

Protein Quantification 

PierceÔ BCA Protein 
Assay Kit 

Thermo Fisher 
Scientific (Life 
Technologies) 

23225 

DCä Protein Assay Kit 
II Bio-Rad Laboratories 5000112 

Quick Start Bovine 
Serum Albumin 
Standard Set 

Bio-Rad Laboratories 5000207 

Western Blot Sample Preparation 

RIPA Buffer Sigma R0278 

Protease Inhibitor 
Cocktail Sigma P8340 

Amiconâ Ultra-0.5 mL 
Centrifugal Filter 
Devices 

Merck Millipore UFC501008 

Precellys Lysing Kit – 
Hard tissue 
homogenizing CK28 

Precellys KT03961-1-002.2 
141106-859 

Western Blot Gel Electrophoresis 

NuPAGE LDS Sample 
Buffer (4X) 

Thermo Fisher 
Scientific (Life 
Technologies) 

NP0008 

X-Cell SureLockÔ 
Mini-Cell 
Electrophoresis System 

Thermo Fisher 
Scientific (Life 
Technologies) 

 

NuPAGE 4-12% Bis-
Tris gel  

Novex Life 
Technologies NO0322BOX 

NuPAGE MOPS SDS 
Running Buffer (20X) Life Technologies NP000102 

Amersham ECL 
Rainbow, full range 
molecular weight 
marker 

GE Healthcare 
Lifescience 11580684 

Western Blot Protein Transfer 

NuPAGE Transfer 
Buffer (20x)  Life Technologies NP00061 
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Immobilon Transfer 
Membrane, PVDF, 
0.45µm 

Merck Millipore IPVH00010 

Wattman Paper   

Ponceau S   

Western Blot Antibody Incubations 

Skim milk powder Sigma  

SuperSignal West Pico 
Chemiluminescent 
substrate 

Thermo Fisher 
Scientific 34080 

Radient Plus Azure Biosystems AC2100-02 
S1005 

ReBlot Plus Strong 
Antibody Stripping 
Solution 

Merck Millipore 2504 

 

8.1.5 ADA Enzyme Activity 

Material Manufacturer Additional Details 

Adenosine Deaminase 
(ADA) Activity Assay 
Kit (Fluorometric) 

Abcam  
BioVision  
 

 
ab204695 
K328-100 (Cambridge 
Bioscience) 
 

Protease Inhibitor 
Cocktail Sigma P8340 

EZ-DesaltÔ Spin 
Desalting Columns BioVision 6564 (Cambridge 

Bioscience) 
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8.1.6 Reverse Transcription Quantitative PCR 

Material Manufacturer Additional Details 

Reverse Transcription 

dNTP mix (10mM each) 
dNTP mix 100mM 

Invitrogen by Thermo 
Fisher Scientific (Life 
Technologies) 

R0191 
00568691 

Oligo(dT)18 Primer 
Invitrogen by Thermo 
Fisher Scientific (Life 
Technologies) 

SO132 

SuperScriptä III 
Reverse Transcriptase 

Invitrogen by Thermo 
Fisher Scientific (Life 
Technologies) 

18080044 

RNaseOUTä 
Recombinant 
Ribonuclease Inhibitor 

Thermo Fisher 
Scientific (Life 
Technologies) 

10777019 

0.1M DTT 
Invitrogen by Thermo 
Fisher Scientific (Life 
Technologies) 

1842667 

5X First Strand Buffer 
Invitrogen by Thermo 
Fisher Scientific (Life 
Technologies) 

P/N y02321 

Nuclease-Free water Qiagen 129114 

Quantitative PCR 

Fast SYBR Green 
Master Mix  

Thermo Fisher 
Scientific (Life 
Technologies) 

4385616 
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8.1.7 ADA Mouse Colony 

Material Manufacturer Additional Details 

Red Extract-N-Amp 
PCR Readymix 1.2ml Sigma R4775 

UltraPureä Agarose Invitrogen by Life 
Technologies 16500-500 

SYBRä Safe Invitrogen  

1kbPLUS Ladder 
Thermo Fisher 
Scientific (Life 
Technologies) 

 

 

8.1.8 Free Floating Immunohistochemistry 

Material Manufacturer Additional Details 

Sample Collection and Preparation 

Paraformaldehyde  Aifa (AESAR) VWR International 
43368.9M 

Sucrose Sigma 50389 

Immunohistochemistry 

Hydrogen Peroxide Calbiochem 
 
VWR International, 
386790 

Normal Goat Serum Vector Laboratories S-1000 

Triton X-100 SIAL Sigma 
X100-100ml 

VECTASTAINâ 
ELITEâ ABC Kit 

Vector Laboratories PK-6100 

3,3’-Diaminobenzidine 
tetrahydrochloride 
(DAB) 

Sigma-Aldrich D5905 

Microslide Superfrost 
Plus 

Mann-Gerhard Menzel 
GMBH 

VWR International 
 

Histoclear Geneflow LTD 
National Diagnostics A2-0101 

DPX Non-aqueous 
Mounting Media 

 
Merck Millipore 

 
VWR International, 
1.00579.0500 
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8.1.9 RNA, DNA and Protein isolation from harvested murine brain samples 

Material Manufacturer Additional Details 

Sample Homogenisation 

Precellys Lysing Kit – 
Hard tissue 
homogenizing CK28 

Precellys KT03961-1-002.2 
141106-859 

Qiazol lysis buffer Qiagen  

RNeasy Lipid Tissue 
Mini Kit Qiagen 74804 

RNA Extraction 

RNase-free DNase set Qiagen 79254 

 

8.1.10 Mass Spectrometry 

Material Manufacturer Additional Details 

903 Protein Saver 
Card, Whatman GE Healthcare 10531018 
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8.1.11 Antibody information 

Antibody Manufacturer Additional Details 

Western Blotting Primary Antibodies 

Human Adenosine 
Deaminase Affinity 
Purified Polyclonal 
Antibody 

R&D Systems, Inc. AF7048 (Bio-Techne) 

Anti-ADA antibody Abcam ab175310 

0946-Tubulin Antibody Cell Signalling 
Technology 

2146 (New England 
Biolabs) 

Anti-Adenosine A1 
Receptor antibody Abcam ab3460 

Cleaved-caspase 3 
antibody 

Cell Signaling 
Technology 9661 

 

Western Blotting Secondary Antibodies 

Rabbit Anti-Goat IgG 
HRP Affinity Purified 
PAb 

R&D Systems, Inc. HAF017 (Bio-Techne) 

Mouse IgG HRP-
Linked Whole Ab GE Healthcare NXA931 

Rabbit IgG HRP-Linked 
whole Ab GE Healthcare NA934 

 

Flow Cytometry 

BD PharmingenTM APC 
Annexin V BD Pharmingen 550474 

 

Immunohistochemistry Primary Antibodies 

Anti-NeuN Antibody Merck Millipore MAB377 

Rat Anti Mouse CD68 Bio-Rad MCA1957 

Anti-Glial Fibrillary 
Acidic Protein Antibody 

Merck MAB3402 
Dako Z0334 

Anti-ADA antibody Abcam ab175310 
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Anti-Adenosine A1 
Receptor antibody Abcam ab82477 

Anti-Adenosine 
Receptor A2a antibody Abcam ab3461 

Cleaved-caspase 3 
antibody 

Cell Signaling 
Technology 9661 

 

Immunohistochemistry Secondary Antibodies 

Biotinylated Goat Anti-
Rat IgG Antibody Vector Laboratories BA-9401 

Biotinylated Goat Anti-
Mouse IgG Antibody Vector Laboratories BA-9200 

Biotinylated Goat Anti-
Rabbit IgG Antibody Vector Laboratories BA-1000 
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8.2 Buffers page  

8.2.1 10X Tris buffered saline (TBS) (0.5M at pH 7.6) 

Trizma base (in 1.5L deionised water)  302g 

NaCl (in 1.5L deionised water)   425g 

Concentrated HCl     160ml 

Deionised water to final volume of 5 litres 

 

8.2.2 1X TBS (0.05M) 

10X TBS      100ml 

Deionised water     900ml 

 

8.2.3 TBS with 0.05% sodium azide (TBSA) 

10% Sodium azide (in 200ml 1X TBS)  1ml 

 

8.2.4 TBS with anti-freeze (TBSAF) 

Sucrose      75g 

Ethylene glycol     150ml 

TBSA       350ml 
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8.2.5 TBS with 0.3% Triton (TBST) 

Triton X-100      0.6ml 

1X TBS      199.4ml 

8.2.6 30% sucrose solution with 2mM MgCl2 

Sucrose      75g 

1mM MgCl2      0.5ml 

PBS to a final volume of 250ml  

 

8.2.7 Running buffer 

NuPAGEâ MOPS SDS Running Buffer (20X) 25ml 

Deionised water     475ml 

 

8.2.8 Transfer Buffer with 10% methanol 

NuPAGEâ Transfer Buffer (20X)   10ml 

100% methanol     20ml 

Deionised water     170ml 
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8.3 Primers 

Target Primer Sequence 5’-3’ 

ADA 932 GCTGTGTGACATCACTACATCC 
ADA 933 AGATCCACAACGTCATCAGG 
ADA 934 ATGTGGAATGTGTGCGAGG 

ADA Set 1 

 
Forward:  
GGA GGG AGA GCA AGC ATT T 
 
Reverse: 
CCA CGG TCT TCT GAT TGT ACT T 

ADA Set 5 

 
Forward: 
AGA GGA TCG CCT ACG AGT TT 
 
Reverse: 
TTG GGT CCA CCT TGG AAT TG 

b Actin  

 
Forward: 
GAG GTA TCC TGA CCC TGA AGT A 
 
Reverse: 
CAC ACG CAG CTC ATT GTA GA 
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Chapter 9 Supplementary results 

9.1 Optimisation of in vitro treatment conditions 

The following data are flow cytometry plots showing optimisation of different drug concentrations used in cell culture. This was to 

optimise treatment conditions and to ensure that results being seen were not artefacts of drug treatment or due to alterations in volume 

change of cell media.  

9.1.1: Investigation of different concentrations of ADA inhibitor, dCF, after 24 and 48 hour cultures.  

9.1.2: Investigation of different concentrations of ADA inhibitor, EHNA, after 24 and 48 hour cultures.  

9.1.3: Investigation of different concentrations of substrate, adenosine, after 24 and 48 hour cultures.  

9.1.4: Investigation of different concentrations of substrate, 2’deoxyadenosine , after 24 and 48 hour cultures.  

9.1.5: Investigation of increasing concentrations of adenosine with an optimised concentration of dCF, after 24 and 48 hour cultures.  

9.1.6: Investigation of increasing concentrations of adenosine with two concentrations of EHNA, after 24 and 48 hour cultures. 

9.1.7: Investigation of increasing concentrations of 2’deoxyadenosine with an optimised concentration of dCF, after 24 and 48 hour 

cultures. 
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9.1.8: Investigation of increasing concentrations of 2’deoxyadenosine with two concentrations of EHNA, after 24 and 48 hour cultures. 

9.1.9: Investigation of increasing concentrations of caffeine alone and in combination with optimised concentrations of EHNA and 

adenosine / EHNA and 2’deoxyadenosine after 48 hour cultures. 

9.1.10: Investigation of increasing concentrations of NBTI alone and in combination with optimised concentrations of EHNA and 

adenosine / EHNA and 2’deoxyadenosine after 48 hour cultures. 

9.1.11: Investigation of increasing concentrations of deoxycytidine alone and in combination with optimised concentrations of EHNA 

and adenosine / EHNA and 2’deoxyadenosine after 48 hour cultures. 

9.1.12: Investigation of increasing concentrations of 5’iodotubercidin alone and in combination with optimised concentrations of EHNA 

and adenosine / EHNA and 2’deoxyadenosine after 48 hour cultures. 
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9.1.1 dCF (a - 24 hours, b - 48 hours) 

 
Figure 9-1 Representative flow cytometry plots for optimising deoxycoformycin (dCF) treatment conditions after 24 (a) and 48 (b) hours. 
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9.1.2 EHNA (a - 24 hours, b - 48 hours) 

 
Figure 9-2 Representative flow cytometry plots for optimising EHNA treatment conditions after 24 (a) and 48 (b) hours.  
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9.1.3 Adenosine (a - 24 hours, b - 48 hours) 

 

Figure 9-3 Representative flow cytometry plots for optimising adenosine treatment conditions after 24 (a) and 48 (b) hours. 



 285 

9.1.4 2’deoxyadenosine (a - 24 hours, b - 48 hours) 

 

Figure 9-4 Representative flow cytometry plots for optimising 2’deoxyadenosine treatment conditions after 24 (a) and 48 (b) hours. 
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9.1.5 Adenosine, dCF (a - 24 hours, b - 48 hours) 

 

Figure 9-5 Representative flow cytometry plots for optimising adenosine and deoxycoformycin treatment conditions after 24 (a) and 48 (b) hours.  
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9.1.6 Adenosine, EHNA (a - 24 hours, b - 48 hours) 

 
Figure 9-6 Representative flow cytometry plots for optimising adenosine and EHNA treatment conditions after 24 (a) and 48 (b) hours (1µM EHNA).  
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Figure 9-7 Representative flow cytometry plots for optimising adenosine and EHNA treatment conditions after 24 (a) and 48 (b) hours (100µM EHNA). 
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9.1.7 2’deoxyadenosine, dCF (a - 24 hours, b - 48 hours) 

 
Figure 9-8 Representative flow cytometry plots for optimising 2’deoxyadenosine and deoxycoformycin (dCF) treatment conditions after 24 (a) and 
48 (b) hours (100µM dCF). 
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9.1.8 2’deoxyadenosine EHNA (a - 24 hours, b - 48 hours) 

 

Figure 9-9 Representative flow cytometry plots for optimising 2’deoxyadenosine and EHNA treatment conditions after 24 (a) and 48 (b) hours (1µM 
EHNA). 
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Figure 9-10 Representative flow cytometry plots for optimising 2’deoxyadenosine and EHNA treatment conditions after 24 (a) and 48 (b) hours (100µM 
EHNA).  
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9.1.9 Caffeine optimisation (48 hours only) 
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Figure 9-11 Representative flow cytometry plots for optimising caffeine treatment conditions after 48 hours of incubation (1mM adenosine/3mM 
2’deoxyadenosine plus 100µM EHNA). 
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9.1.10 NBTI optimisation (48 hours only) 
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Figure 9-12 Representative flow cytometry plots for optimising NBTI treatment conditions after 48 hours of incubation (1mM adenosine/3mM 
2’deoxyadenosine plus 100µM EHNA). 

  



 296 

9.1.11 Deoxycytidine optimisation (48 hours only) 
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Figure 9-13 Representative flow cytometry plots for optimising deoxycytidine treatment conditions after 48 hours of incubation (1mM adenosine/3mM 
2’deoxyadenosine plus 100µM EHNA). 
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9.1.12 5’iodotubercidin optimisation (48 hours only) 
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Figure 9-14 Representative flow cytometry plots for optimising 5’iodotubercidin treatment conditions after 48 hours of incubation (1mM 
adenosine/3mM 2’deoxyadenosine plus 100µM EHNA). 
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9.2 Significant and differentially expressed genes from brains of mice at two weeks old  

Gene Locus ADA+/+  ADA-/-  q-value Fold change 

Ddx3y 
chrY:1260714-
1286613 16.70 0.08 0.005 0.0046 

Tnnc1 
chr14:31208311-
31211711 11.59 3.74 0.005 0.3 

Arc 
chr15:74669080-
74672570 51.42 16.59 0.005 0.3 

Egr2 
chr10:67537868-
67542188 6.28 2.19 0.005 0.3 

Pomc 
chr12:3954944-
3960643 3.70 1.30 0.019 0.4 

Nr4a1 
chr15:101266845-
101274794 32.91 14.76 0.005 0.4 

Fos 
chr12:85473900-
85477270 25.47 12.53 0.005 0.5 

4930447C04Rik 
chr12:72881108-
72917765 4.57 2.51 0.037 0.5 

Ppp1r14a 
chr7:29289319-
29293390 23.14 12.75 0.050 0.6 

Arl4d 
chr11:101665540-
101667832 12.77 7.34 0.013 0.6 

Ano3 
chr2:110655200-
110950244 20.59 11.90 0.005 0.6 

Mpeg1 
chr19:12460778-
12465285 4.20 2.45 0.009 0.6 

Opalin 
chr19:41063419-
41077113 45.33 26.50 0.005 0.6 
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Mal 
chr2:127633225-
127656695 205.70 121.42 0.005 0.6 

Ermn 
chr2:58045114-
58052752 32.25 19.52 0.005 0.6 

Nr4a3 
chr4:48045304-
48086446 14.01 8.53 0.005 0.6 

Trib1 
chr15:59648653-
59657099 8.20 5.00 0.005 0.6 

Egr1 
chr18:34861206-
34864956 95.62 58.53 0.005 0.6 

Trf 
chr9:103208875-
103230286 138.98 86.18 0.005 0.6 

Zfp831 
chr2:174643533-
174710830 2.65 1.66 0.019 0.6 

Btg2 
chr1:134074864-
134079155 10.72 6.86 0.005 0.6 

Fbxo33 
chr12:59200654-
59219483 16.87 11.06 0.005 0.7 

Egr3 
chr14:70077444-
70082613 26.81 17.61 0.005 0.7 

Dusp1 
chr17:26505590-
26508472 18.03 11.95 0.026 0.7 

Camk2n1 
chr4:138455147-
138460126 371.08 248.42 0.013 0.7 

Ago3 
chr4:126340677-
126429542 3.87 2.60 0.035 0.7 

Junb 
chr8:84976908-
84978748 19.93 13.44 0.026 0.7 
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Uba5 
chr9:104046587-
104063121 41.96 28.35 0.005 0.7 

Mog 
chr17:37010739-
37023398 144.95 98.66 0.005 0.7 

Ctss 
chr3:95526785-
95556405 40.87 27.98 0.021 0.7 

Kcnv1 
chr15:45106283-
45114934 25.85 17.77 0.005 0.7 

3110035E14Rik 
chr1:9548045-
9631092 116.05 80.24 0.005 0.7 

Ryr3 
chr2:112631381-
113030331 7.27 5.04 0.005 0.7 

Ier5 
chr1:155096366-
155099636 14.33 9.96 0.019 0.7 

Ugt8a 
chr3:125865342-
125938550 126.92 88.27 0.005 0.7 

Rgs4 
chr1:169741476-
169747642 146.25 101.71 0.005 0.7 

Zfp365 
chr10:67886104-
67912662 82.27 57.31 0.005 0.7 

Vip 
chr10:5639217-
5647614 24.41 17.04 0.046 0.7 

Homer1 
chr13:93304494-
93405129 52.87 37.05 0.026 0.7 

Fam212b 
chr3:105704598-
105720842 20.06 14.14 0.005 0.7 

Nrsn1 
chr13:25252038-
25269996 160.72 113.80 0.005 0.7 
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Elovl7 
chr13:108214403-
108287107 16.06 11.39 0.013 0.7 

Dusp6 
chr10:99263230-
99267489 29.04 20.61 0.016 0.7 

Gpr88 
chr3:116249653-
116253484 49.15 34.88 0.013 0.7 

Cldn11 
chr3:31149919-
31164326 304.15 216.50 0.009 0.7 

Chn1 
chr2:73596525-
73775346 181.53 130.23 0.021 0.7 

Slco1a4 
chr6:141805439-
141856171 13.99 10.04 0.041 0.7 

Nr4a2 
chr2:57107225-
57124003 16.92 12.18 0.050 0.7 

Arpp19 
chr9:75037613-
75060313 81.12 58.56 0.005 0.7 

Hsph1 
chr5:149616844-
149636315 116.25 84.23 0.021 0.7 

A330023F24Rik 
chr1:195017398-
195037908 10.64 7.73 0.032 0.7 

Lamp5 
chr2:136057926-
136069917 64.78 47.26 0.026 0.7 

Ddn 
chr15:98803781-
98807925 125.55 92.16 0.030 0.7 

Rasgrp1 
chr2:117279992-
117342877 99.12 73.16 0.046 0.7 

Mal2 
chr15:54571365-
54602846 85.84 63.43 0.019 0.7 
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Vps13a 
chr19:16615365-
16780933 8.22 6.11 0.042 0.7 

Slc2a13 
chr15:91267690-
91573261 29.63 22.15 0.030 0.7 

Cap2 
chr13:46501902-
46650281 50.24 37.60 0.046 0.7 

Tmeff2 
chr1:50927522-
51187270 50.14 37.53 0.047 0.7 

Gabra4 
chr5:71569733-
71658308 42.02 31.65 0.034 0.8 

Ptk2b 
chr14:66153256-
66281052 55.99 42.46 0.047 0.8 

Ncor2 
chr5:125017152-
125179214 19.39 25.59 0.045 1.3 

Atn1 
chr6:124742543-
124756487 30.01 39.63 0.049 1.3 

Sez6 
chr11:77930838-
77979052 45.46 60.34 0.050 1.3 

Cdh13 
chr8:118283754-
119323448 47.54 63.30 0.037 1.3 

Ttyh3 
chr5:140620576-
140649031 47.34 63.15 0.047 1.3 

Neurod1 
chr2:79452640-
79456636 66.42 88.68 0.050 1.3 

Lrrc4b 
chr7:44442486-
44463344 39.20 52.55 0.042 1.3 

Hap1 
chr11:100347326-
100356141 52.23 70.06 0.030 1.3 
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Tspan9 
chr6:127961399-
128143578 23.51 31.66 0.049 1.3 

Ftl1 
chr7:45457943-
45459886 105.02 141.50 0.046 1.3 

Mgat4b 
chr11:50225334-
50235103 22.64 30.52 0.047 1.3 

Vat1 
chr11:101458747-
101466199 23.12 31.20 0.035 1.3 

Zmiz1 
chr14:25459184-
25666747 27.89 37.65 0.028 1.4 

Tnrc18 
chr5:142724604-
142817387 10.91 14.76 0.030 1.4 

Cbln1 
chr8:87468852-
87472592 72.71 98.35 0.039 1.4 

Mast1 
chr8:84911852-
84937353 24.40 33.18 0.024 1.4 

Nid1 
chr13:13437601-
13512275 10.59 14.42 0.037 1.4 

H3f3b 
chr11:116021960-
116024504 125.76 171.60 0.019 1.4 

Nkain1 
chr4:130530130-
130574036 33.51 45.74 0.028 1.4 

Fn1 
chr1:71585472-
71653234 14.86 20.28 0.024 1.4 

Ppp1r14c 
chr10:3366149-
3464975 22.05 30.12 0.032 1.4 

Tbc1d16 
chr11:119143042-
119228499 14.99 20.53 0.005 1.4 



 306 

Sdc3 
chr4:130792536-
130826318 58.49 80.11 0.021 1.4 

Tmem145 
chr7:25306107-
25316195 24.42 33.46 0.032 1.4 

Col5a1 
chr2:27886424-
28039510 4.60 6.33 0.050 1.4 

Plxna3 
chrX:74329065-
74344689 5.56 7.65 0.050 1.4 

Soga1 
chr2:157010441-
157079265 19.59 26.97 0.019 1.4 

Srgap1 
chr10:121780990-
122047315 6.82 9.39 0.034 1.4 

Cd24a 
chr10:43579168-
43584265 34.36 47.33 0.032 1.4 

Col4a1 
chr8:11198422-
11312826 21.81 30.10 0.013 1.4 

Atp13a2 
chr4:140986872-
141007701 27.30 37.69 0.021 1.4 

Podxl2 
chr6:88842557-
88874044 48.92 67.60 0.013 1.4 

Ssbp4 
chr8:70597489-
70608314 40.05 55.50 0.035 1.4 

Col4a2 
chr8:11312828-
11449287 18.93 26.26 0.016 1.4 

Peli2 
chr14:48120868-
48260883 8.01 11.11 0.026 1.4 

Deaf1 
chr7:141297175-
141338783 37.36 51.96 0.034 1.4 
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Myo16 
chr8:10153922-
10633950 9.63 13.41 0.021 1.4 

Unc5b 
chr10:60762594-
60831581 6.96 9.70 0.035 1.4 

Fxyd6 
chr9:45370184-
45396159 57.52 80.20 0.005 1.4 

Vim 
chr2:13574310-
13582826 32.02 44.65 0.019 1.4 

Adgrg1 
chr8:94977108-
95014208 18.25 25.49 0.021 1.4 

Pcbp4 
chr9:106453837-
106465940 50.32 70.41 0.016 1.4 

Mtss1 
chr15:58941233-
59082026 28.50 39.94 0.009 1.4 

Sppl2b 
chr10:80855274-
80868708 11.18 15.72 0.050 1.4 

Wdr6 
chr9:108569891-
108578670 38.99 55.07 0.021 1.4 

Pcnxl3 
chr19:5664634-
5688908 5.11 7.22 0.021 1.4 

Cldn5 
chr16:18776846-
18778262 21.65 30.79 0.034 1.4 

Igsf21 
chr4:140026851-
140246811 26.25 37.39 0.019 1.4 

Fabp7 
chr10:57784922-
57788450 185.11 265.30 0.013 1.4 

Mgst3 
chr1:167372383-
167393797 84.57 121.51 0.019 1.4 
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Mif 
chr10:75859352-
75860250 87.43 126.02 0.021 1.4 

Rhbdl1 
chr17:25834464-
25837127 18.53 26.81 0.037 1.4 

Slc7a5 
chr8:121881145-
121907686 22.17 32.09 0.005 1.4 

Plxnb2 
chr15:89155545-
89180788 12.43 18.00 0.013 1.4 

Slc29a4 
chr5:142702100-
142722490 9.13 13.24 0.046 1.5 

Cacna1g 
chr11:94408390-
94474198 17.73 25.71 0.005 1.5 

Zic1 
chr9:91360344-
91365799 46.92 68.07 0.005 1.5 

Maged2 
chrX:150806420-
150814339 22.98 33.36 0.005 1.5 

Ly6h 
chr15:75564744-
75567182 55.51 80.60 0.005 1.5 

Trim66 
chr7:109449000-
109508134 4.12 5.98 0.013 1.5 

Plxna1 
chr6:89316313-
89362613 14.27 20.80 0.005 1.5 

Pim3 
chr15:88862193-
88865726 8.56 12.54 0.047 1.5 

F2r 
chr13:95601788-
95618433 7.03 10.30 0.034 1.5 

Rpl13 
chr8:123102349-
123105242 58.42 85.64 0.009 1.5 
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Zic4 
chr9:91368971-
91389348 4.76 6.99 0.046 1.5 

Furin 
chr7:80389193-
80405436 8.30 12.21 0.013 1.5 

Igsf3 
chr3:101377124-
101463060 6.80 10.00 0.005 1.5 

Lrrc16b 
chr14:55491092-
55508264 15.17 22.37 0.005 1.5 

Nckap5l 
chr15:99422033-
99457748 5.03 7.44 0.026 1.5 

Zfp521 
chr18:13687013-
13972733 8.85 13.11 0.005 1.5 

Lmnb1 
chr18:56707812-
56753424 6.40 9.48 0.042 1.5 

Ptp4a3 
chr15:73723144-
73758766 7.17 10.67 0.028 1.5 

Sbk1 
chr7:126272618-
126294999 30.57 45.83 0.005 1.5 

Kif21b 
chr1:136131400-
136178014 20.32 30.53 0.005 1.5 

Lrfn3 
chr7:30355513-
30362772 5.17 7.80 0.041 1.5 

Grid2 
chr6:63256856-
64666279 11.12 16.78 0.009 1.5 

Gpsm1 
chr2:26315532-
26352110 14.66 22.16 0.016 1.5 

Agt 
chr8:124556586-
124569707 30.09 45.54 0.005 1.5 
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Hspg2 
chr4:137468802-
137570630 2.02 3.07 0.005 1.5 

Mmp24 
chr2:155775343-
155819203 20.71 31.64 0.019 1.5 

Dgkk 
chrX:6873483-
6948363 3.76 5.75 0.005 1.5 

Gdf10 
chr14:33923586-
33935282 16.72 25.56 0.005 1.5 

Irs2 
chr8:10986963-
11054541 4.37 6.69 0.028 1.5 

Ebf1 
chr11:44618099-
45008096 6.23 9.59 0.005 1.5 

Fat2 
chr11:55250609-
55312257 12.88 19.85 0.005 1.5 

Sema6c 
chr3:95160419-
95174050 4.18 6.47 0.026 1.5 

AW551984 
chr9:39587395-
39604124 8.30 12.90 0.005 1.6 

Rbm3 
chrX:8138974-
8147963 29.75 46.29 0.005 1.6 

Neat1 
chr19:5824709-
5845480 11.55 17.98 0.005 1.6 

Tnc 
chr4:63959784-
64047015 4.04 6.33 0.005 1.6 

Bcl9l 
chr9:44499135-
44510412 5.88 9.22 0.005 1.6 

Dchs1 
chr7:105752988-
105787550 2.33 3.66 0.005 1.6 
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Ntn1 
chr11:68209363-
68386826 4.66 7.39 0.005 1.6 

Zfp865 
chr7:5020375-
5033223 3.94 6.24 0.026 1.6 

Ebf4 
chr2:130295938-
130370481 4.43 7.03 0.034 1.6 

Lrfn1 
chr7:28451984-
28482345 8.15 12.95 0.005 1.6 

Col18a1 
chr10:77052178-
77166530 3.87 6.17 0.016 1.6 

Pcsk1n 
chrX:7919821-
7928607 33.39 53.29 0.005 1.6 

Dcaf15 
chr8:84097071-
84104762 6.16 9.87 0.021 1.6 

Zic2 
chr14:122475383-
122480328 25.46 40.85 0.005 1.6 

Ccdc85b 
chr19:5447697-
5457563 4.28 6.88 0.005 1.6 

Rabac1 
chr7:24969749-
24972728 37.16 59.77 0.005 1.6 

Fstl5 
chr3:76074560-
76710005 14.85 23.94 0.005 1.6 

Fam171a2 
chr11:102436980-
102447663 9.41 15.21 0.005 1.6 

Scrt2 
chr2:152081528-
152095802 5.39 8.72 0.005 1.6 

Rassf4 
chr6:116633007-
116673836 3.10 5.01 0.009 1.6 
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Ncapg2 
chr12:116405401-
116463531 1.53 2.50 0.034 1.6 

Cdh24 
chr14:54631991-
54641364 3.59 5.85 0.037 1.6 

Ptk7 
chr17:46564450-
46629504 2.48 4.06 0.024 1.6 

Dcdc2a 
chr13:25056003-
25210706 1.67 2.74 0.019 1.6 

Notch3 
chr17:32120892-
32166852 2.06 3.37 0.005 1.6 

Zfp41 
chr15:75616683-
75625300 3.06 5.04 0.030 1.6 

Slc1a6 
chr10:78780495-
78814825 10.21 16.86 0.009 1.7 

Tubb2b 
chr13:34127007-
34130354 83.90 138.65 0.005 1.7 

1700017B05Rik 
chr9:57252321-
57262599 1.88 3.13 0.030 1.7 

Vstm2l 
chr2:157914652-
157944719 26.15 43.54 0.005 1.7 

Mybpc3 
chr2:91118143-
91136516 7.44 12.40 0.005 1.7 

Dpysl3 
chr18:43320978-
43438286 43.83 73.23 0.005 1.7 

Atp10d 
chr5:72203328-
72298771 1.51 2.53 0.024 1.7 

Mki67 
chr7:135689787-
135716379 1.73 2.89 0.009 1.7 
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Tuba1c 
chr15:99029890-
99038105 14.46 24.23 0.005 1.7 

Rarg 
chr15:102234937-
102257522 2.63 4.40 0.047 1.7 

Rcor2 
chr19:7269763-
7275225 5.47 9.20 0.013 1.7 

Frem2 
chr3:53513937-
53657355 0.84 1.41 0.016 1.7 

Epha8 
chr4:136929418-
136956816 3.70 6.28 0.005 1.7 

Mex3a 
chr3:88532394-
88541394 2.51 4.26 0.005 1.7 

Carns1 
chr19:4164323-
4175479 3.21 5.46 0.005 1.7 

Ppp1r14b 
chr19:6975047-
6977324 9.53 16.24 0.039 1.7 

Faap100 
chr11:120369561-
120378746 3.89 6.63 0.009 1.7 

Dpysl5 
chr5:30711894-
30799369 21.67 37.00 0.005 1.7 

Trim67 
chr8:124793018-
124834704 3.40 5.80 0.005 1.7 

Rac3 
chr11:120721467-
120723969 18.18 31.09 0.005 1.7 

Zbtb46 
chr2:181390885-
181459426 3.65 6.26 0.028 1.7 

Pde1c 
chr6:56069803-
56369634 2.09 3.60 0.024 1.7 
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Grin2d 
chr7:45832482-
45866681 3.17 5.45 0.005 1.7 

AF529169 
chr9:89590034-
89622986 1.86 3.22 0.021 1.7 

Kif26b 
chr1:178529124-
178932857 2.14 3.71 0.005 1.7 

Vwf 
chr6:125552947-
125686679 2.91 5.05 0.005 1.7 

Samd14 
chr11:95009878-
95026087 17.84 31.35 0.005 1.8 

Slc27a2 
chr2:126553023-
126588243 2.87 5.10 0.037 1.8 

Cdk2ap2 
chr19:4097350-
4099017 8.16 14.53 0.034 1.8 

Rn45s 
chr17:39842996-
39848829 8.23 14.69 0.005 1.8 

Sdk1 
chr5:141241533-
142213791 1.40 2.49 0.005 1.8 

Top2a 
chr11:98992946-
99024189 2.01 3.60 0.005 1.8 

En2 
chr5:28165695-
28172166 6.08 11.04 0.005 1.8 

Grid2ip 
chr5:143357337-
143391798 2.60 4.78 0.005 1.8 

Hmgb2 
chr8:57511842-
57515999 2.02 3.76 0.021 1.9 

Pole 
chr5:110286318-
110337453 0.59 1.11 0.042 1.9 
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Ltbp2 
chr12:84783211-
84879755 1.39 2.61 0.005 1.9 

Spint2 
chr7:29256329-
29281977 6.11 11.55 0.009 1.9 

Slc6a5 
chr7:49910298-
49959493 1.88 3.56 0.034 1.9 

Ddah2 
chr17:35059034-
35062099 12.04 23.18 0.005 1.9 

Txnip 
chr3:96555767-
96566801 7.82 15.17 0.005 1.9 

Scn5a 
chr9:119483407-
119579016 0.81 1.57 0.005 1.9 

Fam131c 
chr4:141368191-
141384174 2.74 5.42 0.037 2.0 

Ano2 
chr6:125690418-
126040128 0.89 1.78 0.046 2.0 

Barhl1 
chr2:28907679-
28916440 1.43 2.91 0.009 2.0 

Kif11 
chr19:37376402-
37421859 0.73 1.50 0.035 2.1 

Shisa8 
chr15:82206951-
82212815 1.92 3.97 0.039 2.1 

Lhx5 
chr5:120431885-
120441457 1.05 2.18 0.042 2.1 

Lincppara 
chr15:85703772-
85707524 2.93 6.16 0.016 2.1 

Lhx1 
chr11:84519378-
84525534 1.56 3.32 0.009 2.1 
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Ebf3 
chr7:137193670-
137314445 3.24 6.91 0.005 2.1 

Ccdc40 
chr11:119228571-
119265212 0.54 1.18 0.030 2.2 

Mfap4 
chr11:61485443-
61488704 2.80 6.24 0.005 2.2 

Galnt15 
chr14:32029102-
32058326 1.62 3.61 0.005 2.2 

Scand1 
chr2:156311845-
156375638 8.07 18.39 0.032 2.3 

Skor1 
chr9:63138163-
63148961 0.52 1.20 0.035 2.3 

Kcnk12 
chr17:87745820-
87797994 1.02 2.43 0.032 2.4 

Cdca3 
chr6:124830175-
124833701 1.12 2.66 0.050 2.4 

Mmp9 
chr2:164948218-
164955849 0.61 1.49 0.026 2.4 

Spef2 
chr15:9578192-
9748868 0.65 1.59 0.032 2.5 

Uncx 
chr5:139543897-
139548178 1.43 3.58 0.005 2.5 

Col1a2 
chr6:4505696-
4541543 10.53 26.80 0.005 2.5 

Cdt1 
chr8:122568014-
122573130 0.66 1.69 0.041 2.6 

Gramd1c 
chr16:43980349-
44027945 1.35 3.45 0.005 2.6 
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Galm 
chr17:80127470-
80185032 0.92 2.41 0.028 2.6 

Insm1 
chr2:146221996-
146225018 1.88 5.00 0.005 2.7 

Xist 
chrX:103431516-
103484957 22.01 58.92 0.005 2.7 

Cdh1 
chr8:106603367-
106670246 0.51 1.43 0.005 2.8 

Alas2 
chrX:150547384-
150570622 0.59 1.67 0.034 2.8 

Scn9a 
chr2:66440879-
66634962 0.94 2.69 0.005 2.9 

Ube2c 
chr2:164769928-
164772902 1.89 5.46 0.016 2.9 

Hbb-b1,Hbb-bs 
chr7:103826522-
103827929 29.95 88.08 0.005 2.9 

Hist2h2be 
chr3:96221120-
96223738 2.02 6.11 0.005 3.0 

Rmrp 
chr4:43492784-
43493059 8.81 27.30 0.028 3.1 

Ttc21a 
chr9:119937605-
119967793 0.47 1.52 0.005 3.2 

Tusc5 
chr11:76679872-
76698664 0.36 1.16 0.013 3.3 

H19 
chr7:142575529-
142578146 1.15 3.76 0.005 3.3 

Tsku 
chr7:98350667-
98361328 0.82 2.94 0.005 3.6 
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Ebf2 
chr14:67233291-
67430952 0.95 3.54 0.005 3.7 

Elf5 
chr2:103412097-
103450988 0.34 1.27 0.013 3.8 

Col1a1 
chr11:94936269-
94951856 6.19 23.90 0.005 3.9 

Fezf1 
chr6:23245046-
23248264 0.31 1.23 0.030 4.0 

Nhlh1 
chr1:172052291-
172057596 0.62 2.53 0.005 4.1 

Atf5 
chr7:44812255-
44849079 5.99 24.71 0.024 4.1 

Mapk15 
chr15:75993768-
75999153 0.53 2.24 0.005 4.2 

Fam217a 
chr13:34909963-
34919992 0.25 1.12 0.013 4.5 

Stom 
chr2:35313989-
35337009 3.86 18.56 0.005 4.8 

Glb1l2 
chr9:26763043-
26806417 0.45 2.34 0.005 5.2 

Aqp5 
chr15:99591027-
99594829 0.28 1.52 0.050 5.4 

Cnga4 
chr7:105404567-
105408738 0.20 1.18 0.019 6.0 

Gadl1 
chr9:115909454-
116076176 0.23 1.40 0.005 6.0 

Ttll6 
chr11:96133785-
96165452 0.20 1.23 0.005 6.3 
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Krt8 
chr15:101996710-
102004342 0.21 1.40 0.037 6.6 

Krt18 
chr15:102028215-
102032026 0.52 3.47 0.009 6.7 

Epcam 
chr17:87635978-
87651127 0.35 2.82 0.005 8.0 

Mup5 
chr4:61831318-
61835180 0.54 4.46 0.009 8.2 

Wfdc18 
chr11:83709003-
83711360 0.92 7.88 0.032 8.5 

S100a5 
chr3:90608521-
90611780 1.05 10.25 0.042 9.8 

Mmp13 
chr9:7272513-
7283333 0.11 1.27 0.047 11.3 

B4galnt3 
chr6:120203809-
120294559 0.10 1.13 0.037 11.4 

Ada 
chr2:163726570-
163750239 0.57 6.58 0.005 11.6 

Ces1d 
chr8:93166071-
93197804 0.19 2.48 0.024 12.9 

Umodl1 
chr17:30954682-
31010710 0.16 2.66 0.005 16.7 

Rtp1 
chr16:23429132-
23433960 0.22 4.01 0.005 17.9 

Cbr2 
chr11:120729484-
120732021 1.30 23.91 0.005 18.4 

Ibsp 
chr5:104299286-
104311472 0.19 3.67 0.005 18.9 
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Sec14l3 
chr11:4064852-
4078990 0.54 11.64 0.005 21.7 

Gpx6 
chr13:21312202-
21319624 0.38 8.91 0.005 23.3 

Mslnl 
chr17:25736039-
25748330 0.10 2.48 0.045 24.6 

Ell3 
chr2:121439026-
121442601 0.16 4.85 0.035 30.0 

Bpifb6 
chr2:153900387-
153912793 0.16 4.98 0.042 30.8 

Cnga2 
chrX:71991848-
72010218 0.13 4.34 0.005 32.2 

Cyp2f2 
chr7:27119954-
27133660 0.23 7.65 0.005 32.6 

Bpifb4 
chr2:153940861-
153963852 0.15 10.21 0.013 70.1 

Gfy 
chr7:45176348-
45179597 0.21 16.06 0.005 77.7 

Cyp2g1 
chr7:26808926-
26821197 0.23 18.47 0.005 80.2 

Cyp2a5 
chr7:26835338-
26843264 0.21 20.08 0.005 97.8 

5430402E10Rik 
chrX:77919785-
77925062 0.00 5.56 0.005  

Agr2 
chr12:35992924-
36004081 0.00 3.62 0.005  

Chil6 
chr3:106387383-
106406182 0.00 2.73 0.005  
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Fmo6 
chr1:162916550-
162937225 0.00 1.78 0.005  

Mup4 
chr4:59956805-
59960665 0.00 6.54 0.005  

Prss33 
chr17:23833360-
23835767 0.00 1.45 0.005  

Reg3g 
chr6:78466267-
78468874 0.00 4.76 0.005  

Cga 
chr4:34893778-
34907374 3.58 0.00 0.005 0.0 

 

Table 20 Genes that are differentially regulated in brains from knockout, ADA-/- mice, n=3, at 2 weeks of age compared to age-matched wildtype mice, 
ADA+/+ mice, n=3.  

ADA+/+ and ADA-/- values are the averaged fragment per kilobase of transcript per million mapped reads (FPKM) value for each cohort. The q-value is an 
adjusted p-value for differential expression.  
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9.3 Significant and differentially expressed genes from brains of mice at 6-9 months of age 

Gene Locus ADA+/+  ADA-/-  q-value Fold change 

Gh 
chr11:106300260-
106301896 139.431 1.96919 0.012 0.014 

Myh2 
chr11:67171026-
67197517 0.986056 0.363936 0.012 0.369 

Myh4 
chr11:67237811-
67260447 4.17446 2.00086 0.012 0.479 

A330023F24Rik 
chr1:195017398-
195037908 23.5756 15.716 0.012 0.667 

Igf2 
chr7:142650767-
142670356 23.329 15.6802 0.012 0.672 

Ttr 
chr18:20665249-
20674326 310.804 212.58 0.012 0.684 

Vim 
chr2:13574310-
13582826 37.8804 55.9786 0.012 1.478 

Cav1 
chr6:17306334-
17341328 9.31316 15.2526 0.012 1.638 

Serpinh1 
chr7:99345374-
99353239 6.70424 11.128 0.012 1.660 

Lgals1 
chr15:78926724-
78930465 14.5028 24.6532 0.012 1.7 

Col15a1 
chr4:47208011-
47313165 2.36134 4.04267 0.012 1.7 

Fbn1 
chr2:125300593-
125506438 1.55875 2.67527 0.012 1.7 
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Nid1 
chr13:13437601-
13512275 3.69421 6.35338 0.012 1.7 

Igfbp6 
chr15:102144185-
102149512 11.0699 19.4895 0.012 1.8 

Hspg2 
chr4:137468802-
137570630 1.20275 2.14657 0.012 1.8 

Gsn 
chr2:35256358-
35307902 21.2905 38.3028 0.012 1.8 

Tnxb 
chr17:34670534-
34719815 0.490282 0.892947 0.044 1.8 

Serping1 
chr2:84765359-
84775429 6.3509 11.6725 0.012 1.8 

Mmp2 
chr8:92827327-
92853420 1.55399 2.93167 0.044 1.9 

Lum 
chr10:97565500-
97572703 4.35939 8.3541 0.012 1.9 

Col6a3 
chr1:90766859-
90843971 0.83955 1.61153 0.012 1.9 

Gas2l3 
chr10:89408822-
89443967 0.829105 1.59333 0.012 1.9 

Col5a3 
chr9:20770049-
20815034 0.94064 1.81506 0.012 1.9 

Gpnmb 
chr6:49036517-
49058182 1.04151 2.04794 0.034 2.0 

Gpc3 
chrX:52272426-
52619047 5.57898 11.0844 0.012 2.0 

Thbs4 
chr13:92751585-
92794818 1.97954 4.098 0.012 2.1 
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Cldn1 
chr16:26356645-
26371839 1.50889 3.20416 0.012 2.1 

Gldn 
chr9:54268579-
54341777 0.833378 1.81066 0.023 2.2 

Dcn 
chr10:97479499-
97518162 27.2852 60.6819 0.012 2.2 

Scn7a 
chr2:66673425-
66784910 0.784412 1.78308 0.012 2.3 

Col14a1 
chr15:55307749-
55520803 0.542018 1.3173 0.012 2.4 

Smoc2 
chr17:14279505-
14404790 4.57792 11.1545 0.012 2.4 

Anxa1 
chr19:20373433-
20390671 2.48663 6.17665 0.012 2.5 

Sfrp4 
chr13:19623174-
19632823 1.69268 4.43812 0.012 2.6 

Sfrp5 
chr19:42197970-
42202252 2.1417 5.7981 0.012 2.7 

Pi16 
chr17:29318881-
29328902 0.659353 1.89573 0.034 2.9 

Steap4 
chr5:7960471-
7982213 0.444275 1.30385 0.012 2.9 

Cd36 
chr5:17781689-
17888959 0.594341 1.78871 0.012 3.0 

Col1a1 
chr11:94936269-
94951856 4.00457 12.2125 0.012 3.0 

Col1a2 
chr6:4505696-
4541543 5.7002 18.4616 0.012 3.2 
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C1s1 
chr6:124530343-
124542359 0.765692 2.5447 0.012 3.3 

Scara5 
chr14:65666402-
65764826 0.357389 1.19395 0.012 3.3 

C3 
chr17:57203966-
57228136 0.745978 2.53973 0.012 3.4 

Sbspon 
chr1:15853861-
15892722 0.443548 1.55318 0.012 3.5 

Pmp22 
chr11:62951192-
63386069 31.2935 156.596 0.012 5.0 

Sema3b 
chr9:107597673-
107609241 0.865797 4.33738 0.012 5.0 

Dpt 
chr1:164796731-
164824266 0.412434 2.14414 0.012 5.2 

Car3 
chr3:14863537-
14872373 2.28579 12.5286 0.012 5.5 

Ncmap 
chr4:135369576-
135398227 0.560294 3.1259 0.012 5.6 

Fabp4 
chr3:10204342-
10208576 2.08214 12.3551 0.012 5.9 

Col3a1 
chr1:45311537-
45349706 3.50415 23.5439 0.012 6.7 

Lox 
chr18:52516059-
52529867 0.376314 2.53312 0.012 6.7 

Plekha4 
chr7:45526329-
45554229 0.395005 3.15228 0.012 8.0 

Cyp2e1 
chr7:140763831-
140774977 0.406008 3.46422 0.012 8.5 
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Cldn19 
chr4:119255440-
119262438 0.280515 2.70436 0.012 9.6 

Dhh 
chr15:98893026-
98898540 0.157779 1.55124 0.023 9.8 

Mfap5 
chr6:122513675-
122529287 0.382157 5.99498 0.012 15.7 

Ada 
chr2:163726570-
163750239 0.343398 5.84396 0.012 17.0 

Mpz 
chr1:171150712-
171161123 8.05043 137.316 0.012 17.1 

Prx 
chr7:27499323-
27520041 0.511329 10.1179 0.012 19.8 

Pmp2 
chr3:10179850-
10183885 0.586293 12.5025 0.012 21.3 

Wfdc10 
chr2:164656045-
164657368 0 1.50012 0.012 0.014 

 

Table 21 Genes that are differentially regulated in brains from knockout, ADA-/- mice, n=3, at 6-9 months of age compared to age-matched wildtype 
mice, ADA+/+ mice, n=3.  

ADA+/+ and ADA-/- values are the averaged fragment per kilobase of transcript per million mapped reads (FPKM) value for each cohort. The q-value is an 
adjusted p-value for differential expression.  

 

 

 


