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Summary of Findings 

Patients of the fatal neuromuscular disorder Duchenne Muscular Dystrophy (DMD) 

frequently present with complex intellectual and neuropsychiatric comorbidities that 

are inadequately explained by our current understanding of the disease in the brain. 

The broad aim of my PhD was firstly to understand whether isoforms of the 

anchoring protein dystrophin—the loss of which is responsible for DMD—is 

expressed at a subset of mouse brain glutamate receptor-containing synapses and 

whether its deletion impacts upon their expression. Secondly, to understand how 

dystrophin deletion in these mice impacts brain inflammation and stress-related 

behaviour, which are secondary hallmarks of DMD. The glutamate-glutamate 

receptor system is a major mediator of cognitive and behavioural processes, and 

relates to inflammation and psychosocial stress, but is relatively unexplored in the 

context of this disease.  

To this end I exploited dystrophin-deficient transgenic mice to model DMD-like 

physiology, and focussed on the cerebellum, a region of the brain which is unique in 

its expression of dystrophin isoforms and is a locus for many DMD-associated 

intellectual facets. Using a battery of microscopy, molecular, and behavioural 

techniques, I explored the association between cerebellar dystrophin isoforms and 

ionotropic glutamate receptors, inflammatory mediators, and stress-related 

behaviour. I hypothesised that dystrophin, by contributing to the organisation, and 

therefore function of, cerebellar excitatory synapses, helps to maintain the 

intellectual and neuropsychiatric facets impaired in DMD, and that dystrophin 

deletion results in neuroinflammation and a psychosocial stress phenotype in mice.  
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My main findings were:  

1. Using immunohistochemistry with confocal microscopy on fixed preparations 

of the cerebellum, I demonstrated that the truncated 71kDa dystrophin 

isoform (Dp71) is located in the vicinity of Purkinje cell excitatory synapses. 

This indicates that the two present isoforms of the same protein, Dp427 and 

Dp71, are differentially targeted to inhibitory and excitatory synapses 

respectively (Chapter three).  

2. Immunohistochemistry further revealed that immunoreactivity 

corresponding to Dp71 is associated with diverse iGluR subunits from AMPA, 

NMDA, and Delta type receptors (Chapter three). 

3. Using quantitative reverse transcription PCR (qRT-PCR), I discovered that β-

geo (lacking all dystrophin), but not mdx (lacking full length dystrophin) mice 

had significantly reduced levels of specific GluR subunits at the mRNA level in 

the cerebellum, but not in another brain region known to express dystrophin, 

namely the hippocampus, thereby demonstrating that the association of 

dystrophin isoforms with specific GluR subtypes is cell type and brain region 

dependent (Chapter three). 

4. Semi-quantitative immunoreactivity for the GluR-GluD2 subunit, a major 

receptor protein involved in cerebellar synapse organisation and circuit 

development, was increased in β-geo mice (Chapter three). 

5. Immunohistochemistry revealed that immunoreactivity for a key mediator of 

dystrophin-dependent inflammation in muscle, the P2X7 purine receptor 
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(P2X7R), is closely associated with Dp71 at cerebellar excitatory synapses 

(Chapter four). 

6. qRT-PCR revealed a tissue-specific change in the expression of P2X7R at the 

mRNA level, wherein P2X7R levels were increased in the muscle of both mdx 

and β-geo mice, but decreased in the cerebellum, hippocampus, and cortex 

of β-geo mice. There was no change in P2X7R levels in the mdx cerebellum, 

suggesting that muscle and brain P2X7R expression is dependent on different 

dystrophin isoforms and tissue types (Chapter four). 

7. Quantitative immunoreactivity of P2X7R at in the molecular layer of the 

cerebellum was not significantly altered in β-geo mice (Chapter four). 

8. Apart from P2X7R, β-geo mice exhibited a decreased profile of four pro-

inflammatory mediators in the cerebellum, but two of these mediators were 

unaffected in the hippocampus; indicating that dystrophin loss differentially 

impacts certain inflammatory pathways in the two regions (Chapter four).  

9. β-geo mice exhibited a marked increase in basal circulating corticosterone 

circulations. Corticosterone is the major peripheral neuroendocrine molecule 

of the stress response, and is indicative of a heightened stress in these mice 

(Chapter five). 

10. At the behavioural level, I found that both mdx and β-geo mice exhibited 

comparable levels of anxiety-like behaviour in the light-dark box test. Both 

mdx and β-geo mice exhibited a marked reduction in locomotor behaviour in 

the open field test (Chapter five).  
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11. Exposure to acute stress did not alter the levels of anxiogenic-like behaviour 

in both mdx and β-geo mice, which may be a reflection of the already 

heightened stress phenotype which prevents any further adaptive responses 

to future stressors. (Chapter five). 
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Chapter one: General introduction 

Duchenne muscular dystrophy  

The earliest known accounts of the disease that would later be known as Duchenne 

muscular dystrophy (DMD) date back to the early 19th century (Tyler, 2003). In 

unrelated cases throughout Europe, young boys presented with severe weakness in 

their limbs, and struggled to walk, climb, or jump. Their limb muscles appeared 

engorged, and they had an exaggerated curve in the lumbar vertebrae. They 

ultimately died in their teens of cardiorespiratory failure. This illness was curious to 

physicians as it left parents and female siblings unaffected, and could not be explained 

by injury, infection, or other infirmities. 

The first histopathological studies were undertaken by English physicians Richard 

Partridge and Edward Meyron in c.1846. However, it is the eponymous French 

neurologist Guillaume Duchenne (1806–1875) who is widely credited as having first 

characterised the disease in 1861. His first report described a boy who displayed the 

same muscular hallmarks that Partridge and Meyron accounted, but with 

accompanying cognitive disability. Duchenne was so convinced of the importance of 

this cognitive phenotype, that he titled his study “Paraplegie hypertrophique de 

l'enfance de cause cérébrale” (hypertrophic paraplegia of infancy of cerebral origin) 

(Duchenne, 1861). Ever since, reports of neurological comorbidities have been 

frequent, yet the mechanisms underlying this brain phenotype remain poorly 

understood. 
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Epidemiology, aetiology, and clinical presentation 

DMD aetiology  

DMD is a juvenile neuromuscular disorder caused by mutations in the gene encoding 

dystrophin (DMD). The DMD gene is located on the X chromosome, and the mutant 

allele is inherited recessively, therefore typically affecting males. Females with a single 

mutant DMD allele are carriers of the disease, and DMD is typically inherited from a 

heterozygous female to her son; however, approximately one third of cases are the 

result of de novo mutations (Davie & Emery, 1978). Occasionally, heterozygous 

females are symptomatic carriers, but their symptoms are usually mild (Giliberto et 

al., 2014; Papa et al., 2016).  

DMD epidemiology  

DMD is the most common of the muscular dystrophies, and has a reported birth 

prevalence of approximately 15.8 per 100,000 live male births, and an estimated 

prevalence of approximately 4.78 per 100,000 in the general male population (Mah et 

al., 2014; Ryder et al., 2017). Reports of the prevalence and disease course of DMD 

vary largely between studies and populations. This is likely the result of a combination 

of factors; namely irregularity in diagnosis, disease monitoring practices, treatment, 

and medical recording (Ryder et al., 2017; Theadom & Balalla, 2014).  

Clinical presentation  

The salient clinical feature is the progressive and irreversible loss of strength in limb 

muscles, detectable as early as one year of age. Degeneration of muscle fibres is 

accompanied by inflammation and fatty deposits, making limbs appear engorged 
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(Rawat et al., 2010). Diagnosis typically occurs before age five (Hendriksen et al., 

2018), by which time the disability is severe. Patients lose the ability to walk, and are 

typically wheelchair-bound by 12–13 years (Koeks et al., 2017; Ryder et al., 2017). 

Apart from skeletal muscles, cardiac, respiratory, and diaphragm muscles are also 

affected, resulting in cardiomyopathy and respiratory illnesses and frequent 

infections. These complications usually result in death before the end of the third 

decade.  

Muscular degeneration is frequently accompanied by a broad range of intellectual 

deficits and neuropsychiatric complications, which appear unrelated to muscle 

symptoms. These deficits are not experienced by all boys with DMD, but present a 

huge added burden to what is already a devastating disease. 

Improvements in medical interventions have resulted in a rightward shift in survival 

to the extent that it is now common for patients to live beyond 40 years (Koeks et al., 

2017; Passamano et al., 2012; Saito et al., 2017), and the advent of disease-modifying 

drugs could soon accelerate this further (Rodrigues & Yokota, 2018). An abundance of 

research in both humans and mice attempting to reveal the native function of 

dystrophin has yet to fully elucidate the native role of dystrophin in the brain. An 

extensive range of processes are altered in its absence, and its diverse spatial and 

temporal expression with the presence of unique brain isoforms could suggest an 

important role in the healthy brain. In addition, the individual consequences of DMD 

mutations are not unique to this disease, and necessitate greater understanding of 

their own. Thus, understanding the role of dystrophin in health and disease could have 

broader implications for neuroscience research.  
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My PhD research is focussed on the consequences of Dmd mutations on the brain. 

Thus, my review of the literature is limited to that concerning the neurological aspect 

of the disease. 

The manifestations of DMD in the human brain  

Cognitive Impairments 

The presence and extent of intellectual impairments in DMD has been a topic of 

debate since its original characterisation by Duchenne himself (1861). Estimates of 

intelligence quotient (IQ) scores have typically found the median IQ to be around 85, 

(Cowtton, Voudouris, & Greenwood, 2001; D’Angelo et al., 2011; Taylor et al., 2010) 

with approximately 30% of DMD boys having an IQ ≤70, the threshold for learning 

disability, compared to 2.1% of the general population (Public Health England, 2016). 

Intellectual deficits are not experienced by all DMD patients, they do not correlate 

with the severity of the individual’s muscle symptoms, and unlike muscular 

degeneration, are non-progressive (Desguerre et al., 2009; Leibowitz & Dubowitz, 

1981; Wingeier et al., 2011). This has resulted in disagreement as to whether the DMD 

neurological phenotype is a genuine feature of the disease. However, analyses 

comparing the performances of boys with DMD compared to IQ-matched healthy 

controls had a particular signature of deficits in DMD that was independent of general 

ability (Cotton, Crowe, & Voudouris, 1998; Hinton, De Vivo, Nereo, Goldstein, & Stern, 

2000). Boys with DMD typically score more poorly in verbal IQ compared with 

performance IQ, namely phonology and reading comprehension (Cotton et al., 2001; 

D’Angelo et al., 2011; Leibowitz & Dubowitz, 1981; Taylor et al., 2010). In addition to 

deficits in verbal ability, poor performance in non-verbal tasks is common, including 
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in arithmetic, visual memory, problem-solving and information processing tasks (Di 

Filippo, Parisi, & Roccella, 2012; Hinton, De Vivo, Nereo, Goldstein, & Stern, 2001; 

Leaffer, Fee, & Hinton, 2016; Perumal, Rajeswaran, & Nalini, 2015; Vargas et al., 2004; 

Wingeier et al., 2011).  

Correlates of dystrophin mutation with cognitive ability  

Recently, attempts to delineate a genotype-phenotype relationship have found a 

correlation between intellectual impairments and the portions of the DMD gene 

affected. The DMD gene encodes dystrophin isoforms of 427, 260, 140, 116, 71, and 

40 kDa in length (see below). Reports comparing full-scale IQ scores with mutation 

location have estimated the population IQ of those lacking only Dp427 isoforms, who 

comprise approximately 40% of patients, at above 90 (90.3–97.0). A similar proportion 

of patients additionally lack the Dp260 and Dp140 isoforms, and typically have an IQ 

around 75 (73–78.9). Deletions affecting the most distal promotor, resulting in the 

total loss of dystrophin, affect around 5% of patients, and have the most profound 

effect on intellectual ability. These individuals typically score around 50 in IQ tests 

(Chamova et al., 2013; Desguerre et al., 2009; Felisari et al., 2000; Rasic et al., 2014; 

Taylor et al., 2010; Wingeier et al., 2011). Due to this genotype-phenotype correlation, 

I used animal models which lacked only full-length dystrophin isoforms as well as one 

that completely lacked dystrophin. 

Neuropsychiatric comorbidities  

There has recently been a focus on understanding the DMD brain beyond intellectual 

deficits, and researchers have suggested an additional predisposition to several 

neurological and psychiatric disorders, including affective disorders, autism spectrum 
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disorder, attention deficit hyperactivity disorder (ADHD), obsessive-compulsive 

disorder, and epilepsy (Banihani et al., 2015; Conway et al., 2016; Di Filippo et al., 

2012; Fitzpatrick, Barry, & Garvey, 1986; Hendriksen & Vles, 2015; Hendriksen et al., 

2018; Lee, Buckingham, Kauer, & Mathews, 2018; Parisi et al., 2018). Recent studies 

have revealed higher rates of affective disorders compared with the general 

population, although this is debated in the literature. One recent meta-analysis of 857 

boys found that approximately half (51%) of boys studied experienced affective 

disorders (Conway et al., 2016). Others found significantly higher rates of anxiety and 

depression in DMD (Di Filippo et al., 2012; Fitzpatrick et al., 1986; Lee et al., 2018; 

Leibowitz & Dubowitz, 1981). Conversely, others, particularly those employing self or 

proxy-reporting, rather than clinical diagnoses, have found no significant increase in 

affective disorders (Hendriksen & Vles, 2015; Hendriksen et al., 2018). The social and 

emotional burden of physical and intellectual disability likely worsens the 

psychological state of children with DMD. However, one study comparing rates of 

social and affective disorders between DMD and cerebral palsy found significantly 

higher rates in DMD (Nereo, Fee, & Cyrulnik, 2006), and another found that the 

prevalence did not correlate to the severity of muscle symptoms (Pangalila et al., 

2015). As with intellectual deficits, neuropsychiatric comorbidities more frequently 

affect those with cumulative loss of dystrophin isoforms (Banihani et al., 2015), and 

those who experience one neuropsychiatric disorder are more likely to experience 

multiple (Doorenweerd et al., 2017; Hendriksen et al., 2018). Moreover, several 

investigations into behaviour of the dystrophin-deficient mice (see below) have 

revealed altered, social and stress-related behaviour (Sekiguchi et al., 2009; Sinadinos 

et al., 2015; Vaillend & Chaussenot, 2017). Thus, dystrophin deficiency could be a 

direct causative factor in affective and behavioural disorders in DMD.  
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Dystrophin  

Isoforms, interactions, and expression profiles  

The dystrophin gene  

The seat of DMD pathology is the loss of function or expression of dystrophin. The 

dystrophin gene is 2.4MBps in length, contains 79 exons, and seven internal 

promotors that encode three full-length 427kDa isoforms: Dp427 -c, cortical; -m, 

muscle; and -p, Purkinje cell (Górecki et al., 1992), and five truncated 260, 140, 116, 

71, and 40 kDa isoforms (Dp260, retinal (D’souza et al., 1995); Dp140, brain (B3) 

(Lidov, Selig, & Kunkel, 1995); Dp116, Schwann cell (Byers, Lidov, & Kunkel, 1993); 

Dp71, general (Lederfein et al., 1992); and Dp40 (Tinsley, Blake, & Davies, 1993) 

(Figure 1.1A).  

 
Figure legend overleaf 
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Figure 1.1. The DMD gene, its promotors, and isoforms. Is a schematic representation of the 
location of the seven dystrophin promotors, and their corresponding products. Three 
alternative promotors in exon 2 encode full length dystrophins; Dp427 B, brain; M, muscle; 
and P, Purkinje. Truncated dystrophin transcripts are encoded by promotors upstream of 
exons 30, 44, 56, and 63. Dp71 and Dp40 share the same promotor. (B) is a schematic of the 
protein regions found within full-length and truncated dystrophin isoforms found within the 
brain. ABD, amino-terminal actin-binding domain; CR, cysteine binding region; CT; H1-H4, 
proline hinge regions; carboxyl-terminal region; DBS, dystroglycan binding site; SBS, 
syntrophin and dystrobrevin binding sites. Taken from Waite, Brown, & Blake, (2012). 

The dystrophin protein  

Dystrophin spans from the cytoskeleton to the internal face of the plasma membrane, 

providing a scaffold for cytoplasmic, membrane-bound, and extracellular proteins, 

collectively termed the dystrophin-associated glycoprotein complex (DAGC). Dp427 

comprises four major regions, an amino-terminus actin-binding region, a rod-region, 

a cysteine-rich region, and carboxyl-terminus domain (CTD) region (Figure 1.1 B). The 

actin-binding region (ABD) binds filamentous actin of the cytoskeleton, and the rod 

region bridges the ABD to the membrane-adjacent portion of the protein. The 

cysteine-rich region and CTD regions are the major site of protein-protein interactions. 

Truncated dystrophins lack the actin-binding domain, and partially or fully lack the rod 

domain. All dystrophin isoforms except Dp40 share the cysteine-rich and CTD, which 

lacks the CTD altogether. The DAGC varies in composition and protein interactions 

depending on the dystrophin isoform present, and its cellular location. The function 

of dystrophin in the brain is unknown, but it is known to be involved in anchoring of 

membrane proteins (Brünig, Suter, Knuesel, Lüscher, & Fritschy, 2002; Knuesel et al., 

1999; Nico et al., 2004), and is associated with various signalling proteins, including 

calmodulin, mitogen-associated protein kinase (MAPK) cascade (Oak, Zhou, & Jarrett, 

2003), growth-related protein receptor (Cavaldesi et al., 1999), and nNOS (Brenman 

et al., 1996; Brenman, Chao, Xia, Aldape, & Bredt, 1995).  
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Importantly, dystrophin has been shown to anchor both GABAAR and acetylcholine 

receptors. We do not know whether the DAGC interacts with glutamate receptors, but 

there is evidence (see below) of dysfunction to the glutamate receptor system that 

could suggest an important role of the DAGC in either anchoring or modulating 

components of the glutamate receptor system. A generic GABAergic synapse-

associated DAGC is diagrammatically represented in Figure 1.2.  

 

Figure 1.2. Example diagram of a synaptic dystrophin associated complex. Dystrophin is an 
intracellular protein that complexes with a range of proteins in an isoform and cell-type 
specific manner. This diagram depicts the DAPC at a GABAAR-containing synapse. GRIP: 
Glutamate receptor interacting protein; NL: Neuroligin; RAFT (mTOR): Mammalian target of 
rapamycin; VASP: vasodilator-stimulated phosphoprotein. Adapted from (Arancibia-Cárcamo 
& Kittler, 2009). 
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Regional and cellular expression of dystrophin in the brain  

The brain contains the greatest diversity of dystrophin isoforms of the whole body. 

Brain Dp427 expression is driven by three separate promotors and is subject to strict 

regional- and cell type-specific control (Górecki et al., 1992). Specifically, Dp427c is 

expressed on pyramidal cells of the cerebral cortex and the Cornu Ammonis (CA)  

region of the hippocampus (Lidov, Byers, & Kunkel, 1993). Dp427p is uniquely 

expressed on Purkinje cells (PC) (Górecki, Monaco, Derry, Walker, Barnard, Barnard, 

et al., 1992; Huard & Tremblay, 1992) of the cerebellum. Dp427 expression has also 

been reported in the amygdala, although the specific isoform was not reported 

(Sekiguchi et al., 2009). 

Dp140 expression predominates during development (Morris, Simmons, & Man, 

1995), but its postnatal expression is limited to perivascular astrocytes and 

leptomeningeal surfaces (Lidov et al., 1995). Dp71 is expressed throughout the brain 

by both neurons and glia (Blake, Hawkes, Benson, & Beesley, 1999; Lidov, Byers, 

Watkins, & Kunkel, 1990; Lidov et al., 1993). Dp427 and Dp71, but not Dp140 are 

enriched at the postsynaptic density (PSD) of neuronal synapses (Blake et al., 1999; 

Knuesel et al., 1999; Lidov et al., 1990). Pioneering studies elucidating the expression 

patterns of brain dystrophins are summarised in table 1.1.  

Cellular localisation of dystrophin isoforms within the 

cerebellum 

A peculiarity in dystrophin expression is that the PC expresses its own unique Dp427 

isoform (Górecki, Monaco, Derry, Walker, Barnard, Barnard, et al., 1992; Huard & 

Tremblay, 1992), whereas one isoform is shared between cortical and hippocampal 

neurons. Dp427p is located on somata and proximal dendrites at postsynaptic 
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GABAergic inputs (Knuesel et al., 1999). Aside from Dp427, Dp71 is expressed in the 

cerebellum, and has been localised to perivascular astrocytes and Bergmann glia 

(Lumeng, Hauser, Brown, & Chamberlain, 1999; Nicchia, Rossi, Nudel, Svelto, & Frigeri, 

2008). Many studies have identified pathologies in the cerebellum of dystrophin-

deficient mice. However, the precise subcellular localisation of cerebellar Dp71, as 

well as its native function in DMD and in health are relatively unexplored.  

Table 1.1 Summary of dystrophin isoforms and their expression in the brain. CA: Cornu 
Amonis; DG: dentate gyrus; IB: immunoblot; IHC: immunohistochemistry; ISH: in situ 
hybridisation  

Isoform Region Cell type 
Specie

s 
Method Reference 

Dp427 Cerebellum Purkinje cell Ms ISH, IHC 
(Górecki et al., 
1992; Lidov et 

al., 1990) 

Dp427 Hippocampus Pyramidal cells Ms ISH 
(Lidov et al., 

1990) 

Dp427 
Basolateral 
Amygdala 

Pyramidal cells Ms IHC 
(Sekiguchi et al., 

2009) 

Dp427 Neocortex Pyramidal cells Ms IHC 
(Lidov et al., 

1990) 

Dp140 
Global 

(homogenate) 
N/A Hu IB 

(Morris et al., 
1995) 

Dp71 
Dentate gyrus, 
olfactory bulb 

Granule cells 
(dentate gyrus) 

Ms, Rt ISH 
(Górecki & 

Barnard, 1995) 

Dp71 
Hippocampus 

(CA, DG) 
Pyramidal cells, 

granule cells 
Ms, Rt ISH, IB 

(Daoud et al., 
2009) 

Dp71 Cerebellum Bergmann glia Ms ISH 
(Lumeng et al., 

1999) 
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Animal models of DMD  

Since the identification of the dystrophin gene as the causative factor of DMD 

pathology in humans, genetic mutant animals have been widely employed to model 

dystrophinopathy. The foremost is the mdx (x-linked muscular dystrophy) mouse, 

which lacks expression of the full-length Dp427 isoforms, whilst retaining full 

expression of truncated isoforms (Bulfield, Siller, Wight, & Moore, 1984). The mdx 

mouse is by far the most widely used model of DMD. A conditional Dp427 knockout 

mouse has also been developed using the Cre-lox method (Kudoh et al., 2005). Like 

the mdx mouse, the mdx2cv, -4cv, and -5cv lines lack expression of Dp427, but differ in 

the type and location of mutation, and are genotypically and phenotypically different 

from mdx mice (Im et al., 1996). Conversely, the mdx3cv and β-geo models additionally 

lack the expression of truncated dystrophin isoforms, and are dystrophin-null (Cox, 

Phelps, Chapman, & Chamberlain, 1993, Wertz & Fuchtbauer, 1998). The cumulative 

deletion of truncated dystrophin isoforms in β-geo and mdx3cv is therefore 

genotypically analogous to the DMD patients most vulnerable to profound intellectual 

impairment (see above section on Correlates of dystrophin mutation with cognitive 

ability) but are far less frequently used in the literature. Alongside the mdx mouse, I 

chose to use the β-geo mouse as a mechanism to study the effects of pan-dystrophin 

deletion throughout this thesis (detailed in chapter two). A Dp71-specific knockout 

mouse has also been generated (Sarig et al., 1999), and used in a number of studies 

into the role of synaptic transmission in DMD in cognitive deficits (Daoud, et al., 2009; 

Helleringer et al., 2018; Miranda et al., 2009; Vaillend & Billard, 2002). A dystrophin 

reporter mouse engineered with enhanced green fluorescent protein (eGFP) driven 

by the dystrophin promotor (DMD-eGFP) also exists (Petkova et al., 2016). Rats have 

also been infrequently used to characterise native dystrophin expression (Daoud et 
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al., 2009; Hendriksen et al., 2016; Knuesel et al., 1999). Two groups in the literature 

have also established Dp427-null rats (Larcher et al., 2014; Nakamura et al., 2015).  

The validity of the mdx mouse and its variants has been debated due to its symptom 

presentation and disease progression compared with humans (Carnwath & Shotton, 

1987; Dangain & Vrbova, 1984), but mdx mice exhibit the core histopathological 

hallmarks of DMD, progressive muscular atrophy, sterile inflammation, and fatty 

deposits in muscle tissue. Various studies have found that the separate or additional 

(double-knockout) deletion of the dystrophin analogue utrophin, or other 

components of the DAGC, produces models that more closely resemble human DMD 

(Deconinck et al., 1998; van Putten et al., 2012). Larger mammalian models including 

canine, and especially porcine, are employed as valuable tools in translational 

research (Nonneman et al., 2012). This is due to them exhibiting a dystrophic 

phenotype more analogous to human DMD, and their large size and complex muscular 

physiology being closer to humans (Hollinger et al., 2014; Nonneman et al., 2012). 

However, as the aim of this thesis is to better understand the consequences of 

dystrophin loss in the brain, these models lie beyond the scope of this study. 

Dystrophinopathy and the rodent brain  

Dp427 and inhibitory synapses in Dmd-deficient mice  

Within the brain, full-length dystrophin isoforms are localised to inhibitory 

postsynaptic densities, where they are associated with synaptic ion channels, namely 

GABAAR (Brünig et al., 2002; Knuesel et al., 1999) and Kv4.1, as well as aquaporin 4 

(AQ4) water channels. In the Dp427-null mdx mouse, the abundance and clustering 

patterns of GABAAR is altered in cerebellar and hippocampal neurons (Knuesel et al., 
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1999). Similarly, levels of inhibitory synapse-associated proteins are altered in the 

absence of dystrophin (Krasowska, Zabłocki, Górecki, & Swinny, 2014). These findings 

could explain altered synaptic function and plasticity arising from Dp427 loss in mice. 

However, despite some studies showing altered social behaviour and cognitive ability 

in the Dp427-null mdx mouse (Miranda et al., 2015; Muntoni, Mateddu, & Serra, 1991; 

Remmelink et al., 2016; Vaillend, Billard, & Laroche, 2004), as mentioned above 

(Chapter one: Correlates of dystrophin mutation with cognitive ability) humans that 

lack only Dp427 typically do not exhibit cognitive deficits.  

Dp71 and excitatory synapses in Dmd-deficient mice  

Dp71 shares the C-terminus domains that facilitate membrane anchorage and protein 

binding with its full-length counterpart but differs in its expression patterns and 

protein interactions. Whereas Dp427 is expressed at inhibitory synapses where it 

anchors GABA-A receptors (Brünig et al., 2002; Knuesel et al., 1999), evidence points 

towards a role for Dp71 in excitatory neurotransmission. Dp71 has been detected in 

excitatory synapse protein fractions (Daoud et al., 2009; Vaillend, Ungerer, & Billard, 

1999) and immunolocalised at glutamatergic synapses in cultured hippocampal 

neurons (Daoud et al., 2009). However, it has not yet been localised to these synapses 

natively in the brain. This is important, as this would suggest that dystrophin plays a 

role in excitatory as well as inhibitory neurotransmission. Answering the question of 

whether Dp71 is expressed at excitatory synapses was therefore one of the objectives 

in this study. 

Selective gene deletion of Dp71, but not Dp427, coupled with electrophysiological 

recordings resulted in altered synaptic plasticity, whereas microscopic analysis 

revealed reduced spine density, PSD length and presynaptic vesicle organisation of 
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hippocampal glutamatergic synapses in mice (Miranda et al., 2009; Miranda, Nudel, 

Laroche, & Vaillend, 2011), suggesting a critical role in glutamatergic synapse function. 

Interestingly, Dp71 levels in cultured Bergmann astrocytes has been shown to 

decrease in an AMPA-dependent manner, although this has not been replicated in 

complete cerebellar circuits (Galaz-Vega, Hernández-Kelly, Méndez, Cisneros, & 

Ortega, 2005). 

Dp71 therefore appears to have an important role in maintaining proper excitatory 

synapse function. However, less is known of the cerebellum, which is considered 

central to the DMD cognitive phenotype (Cyrulnik & Hinton, 2008; Vicari et al., 2018). 

Recently, Dp71-null mice were shown to exhibit altered cerebellum-mediated 

cognitive functions, and enhanced firing at climbing fibre-PC synapses (Helleringer et 

al., 2018); a crucial site in determining cerebellar development and function. 

However, the precise neuronal expression of Dp71 within the cerebellum, and 

whether this altered neurotransmission corresponds to organisational or 

neurochemical changes to excitatory synapses remains uncharacterised.  

Glutamate receptors  

The major mechanism governing intracellular communication within the brain is the 

neurochemical transduction of signals at the synapse. The precise spatial and 

temporal orchestration of this transmission, and the breadth and diversity of signal 

characteristics, is essential for the proper functioning of our nervous systems. 

Therefore, it is important to understand changes in receptor expression and 

organisation in pathological states as it may provide insights into the disease 

mechanism, and the functional role of that receptor in health.  
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The glutamate-glutamate receptor system is the principal neurotransmitter system in 

the CNS. Glutamate receptors (GluR) are present at approximately 80% of brain 

synapses and modulate virtually all CNS functions. Glutamate receptors are divided 

into two major classes; the G-protein coupled metabotropic receptors (mGluR), and 

the ligand-gated ion-channel containing ionotropic receptors (iGluR). The focus of my 

PhD is the iGluR system within the cerebellum and associated pathologies.  

Molecular and structural diversity of central glutamate 

receptors 

iGluR are large integral transmembrane proteins comprising four subunits that 

assemble to form homo- or heterotetrameric complexes with a central ion pore 

(Laube, Kuhse, & Betz, 1998; Mano & Teichberg, 1998). Each iGluR subunit shares a 

similar common architecture (Figure 1.3), comprising: transmembrane domain (TMD), 

which contains four structures termed M1–M4, of which M2 is a re-entrant loop, and 

M1, M3, and M4 are transmembrane helices. From the M4 helix extends the C-

terminus tail. The extracellular portion of the subunit contains a ligand-binding 

domain (LBD) that influences its pharmacodynamic properties, and an amino-terminal 

domain (ATD). Receptor activation by binding of a ligand to the LBD, or allosteric site, 

results in a conformational change in the subunit such that the TMD forms an open 

pore configuration. Under physiological conditions, the resulting influx of Na+ and 

Ca2+, and the efflux of K+, depolarises the cell towards the threshold for triggering an 

action potential.  

iGluR are divided into four types, named after the first-discovered exogenous ligands: 

2-Amino-3-(3-hydroxy-5-methyl-isoxazol-4-yl) propanoic acid (AMPA), kainate, and N-

methyl-D-aspartate (NMDA), and Delta-type receptors (AMPAR, KainateR, NMDAR, 
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DeltaR). Currently there are sixteen known iGluR subunits: AMPA (GluA) 1–4, Kainate 

(GluK) 1–5, NMDA (GluN) 1, 2A–D, 3A–3B, and Delta (GluD) 1–2. Delta receptors do 

not form functional ion channels and are therefore not ionotropic; and are not 

activated by glutamate and are therefore not glutamatergic. However, due to strong 

structural and sequence homology, they are akin to other iGluRs.  

Specific protein-protein interactions required for assembly dictate that subunits are 

able to form receptors exclusively with subunits of the same type (Ayalon & Stern-

Bach, 2001; Leuschner & Hoch, 1999). A functional AMPAR/KainateR receptor 

assembles from a dimer of dimers due to interactions between ATD and LBDs required 

to form a functioning channel pore. Conversely, Delta-type receptors form homomeric 

receptors, and KainateR are able to form either homomeric or heteromeric 

complexes, with the exception of GluK5–7, which can only form heteromers with 

GluK1–3. Functional NMDAR are thought to require the assembly of two GluN1 

subunits and either a homogenous or heterologous pair of GluN2A–D or GluN3A–B 

subunits (Monyer et al., 1992). NMDAR also require coincidental ligand binding by 

glycine, which serves as a co-agonist (Johnson & Ascher, 1987; Kleckner & Dingledine, 

1988). The LBD of GluN1 and GluN3 subunits contain glycine binding sites, whereas 

GluN2 subunits contain glutamate binding sites.  
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Figure 1.3. The generalised structure of an ionotropic glutamate receptor. (A) shows the 
simplified structure of an iGluR subunit. Four such subunits assemble to form a functional 
receptor. (B) shows a simplified structure of AMPA/Kainate and NMDA-type iGluR channels. 
AMPA: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; NMDA: N-methyl-D-aspartic 
acid; PCP; phencyclidine. Taken from Yuan et al. (2015).  
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The majority of iGluR are located postsynaptically, although some are presynaptic or 

extrasynaptic. iGluR subunits are trafficked, anchored, and interacted with in a 

dynamic and subunit-dependent manner. Postsynaptic iGluR are organised in 

microdomains within the synaptic surface, defined by cytoskeleton-linked scaffolding 

proteins, namely, PSD95, synapse-associated protein 97 (SAP97) and the 

transmembrane AMPA regulatory protein (TARP) family (Fukata et al., 2013; 

MacGillavry, Song, Raghavachari, & Blanpied, 2013). Presynaptic iGluRs have a range 

of functions. For example, in the cerebellum, glutamate released from climbing fibres 

(CF) can inhibit GABA release via glutamate spill over onto presynaptic AMPARs 

located on neighbouring inhibitory interneurons (Rusakov, Saitow, Lehre, & Konishi, 

2005). Similarly, activation of CF or parallel fibres (PF) can lead to enhanced GABA 

release from neighbouring interneurons by triggering retrograde glutamate release 

from the postsynaptic cell onto presynaptic NMDARs (Duguid & Smart, 2004; Liu & 

Lachamp, 2006). These examples emphasise how the precise spatiotemporal 

distribution of molecularly identical receptors can drastically alter their physiological 

function and highlights the importance of precise subcellular anatomical 

characterisations of such receptor systems in health and disease. This is the primary 

reason why I conducted high-resolution immunohistochemical analysis; to understand 

how anatomical and molecular changes may impact cellular and regional functions.  

Physiological and Pharmacological diversity of iGluRs 

Structure and sequence homology is well-conserved between subunits and types of 

iGluRs. However, there are some physiologically important distinctions: 

AMPAR/KainateR exhibit fast, low-amplitude kinetics upon activation, whereas 

NMDAR exhibit relatively slow and high-amplitude kinetics. Each NMDAR requires the 
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binding of two glutamate, and two glycine molecules for activation, making glycine a 

co-agonist at NMDAR. Also, at resting membrane potential, NMDA receptor ion 

channels are prevented from opening due to blockade from extracellular Mg2+ ions. 

Upon membrane depolarisation, Mg2+ diffuses into the extracellular space, permitting 

ion flux. The greater threshold required for NMDARs as a result creates a dependency 

on consequent AMPAR/KainateR activation, placing NMDAR as a coincidence detector 

for AMPAR. Unlike other AMPAR subunits, approximately 99% of GluA2 subunits 

undergo a pre-translational RNA edit in which one residue in the M2 re-entrant loop 

is converted from glutamine to arginine, preventing the influx of Ca2+ ions (Sommer, 

Köhler, Sprengel, & Seeburg, 1991). Therefore, the incorporation of GluA2 into an 

AMPAR is a key determinant of Ca2+-mediated functions, including synaptic plasticity 

(Jia et al., 1996).  



21 

 

 

Figure 1.4. Expression of AMPA-, Delta-, and NMDA-type ionotropic glutamate receptors in 
the adult mouse brain. (A–K) are immunomicrographs from whole-brain sagittal sections from 
adult mice reacted with antibodies targeted against specific iGluR subunits. Cb: Cerebellum; 
CPu: Caudate Putamen; Cx: Neocortex; Hi: Hippocampus; HT: Hypothalamus; Mb: Midbrain; 
MO: Medulla Oblongata; OB: Olfactory bulb; Po: Pons; Th: Thalamus. From: (Fukaya, Kato, 
Lovett, Tonegawa, & Watanabe, 2003; Konno et al., 2014; Watanabe et al., 1998; Yamada, 
Fukaya, Shimizu, Sakimura, & Watanabe, 2001; Yamasaki et al., 2011).  
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Apart from differing in pharmacological and kinetic features, AMPA and NMDAR also 

greatly differ in their motility. Whereas NMDARs tend to remain in one fixed position, 

for example a PSD, for a longer period of time, AMPAR are highly mobile, and subject 

to rapid cycling and between active and non-active sites and between membrane 

anchored, and internalised positions. A large portion of glutamatergic synapses lack 

AMPAR under basal conditions and are termed “silent synapses”. These are so-called 

because NMDAR are therefore unable to depolarise the postsynaptic membrane 

alone. Silent synapses rapidly recruit AMPAR from local reserve pools, upon which 

they are unsilenced. The proportion of silent synapses in a given area is difficult to 

quantify, but has been estimated at around 95% in the cerebellar cortex (Dean, Porrill, 

Ekerot, & Jörntell, 2010). The number and ratio of functional synapses in a region is 

critical to the overall functions of a circuit. This relates to my PhD work as several of 

the processes governing synaptic strength are thought to be altered in the dystrophic 

brain.  

GluR subunits contain an intracellular CTD subsequent to the TMD M4 helix. Here is 

the greatest sequence and functional and regulatory diversity of all iGluR subunits, 

enabling a range of additional functionality. The characterisation of these domains is 

very much ongoing, but we know that protein-protein interactions herein can 

facilitate regulation (Kohr & Seeburg, 1996), intracellular signalling (Gardoni et al., 

2002), trafficking (Hawkins et al., 2004, Serulle et al., 2007), membrane anchorage 

(Kornau, Schenker, Kennedy, & Seeburg, 1995; Leonard, Davare, Horne, Garner, & 

Hell, 1998; Sans et al., 2001), posttranslational modifications, and degradation of 

iGluR by its interactions with other proteins. This CTD has implications for my PhD 

work as, whilst I did not focus on iGluR structural biology, previous works examining 

dystrophin loss point towards dysfunction of processes which rely upon this CTD, 
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namely receptor anchorage, localisation, and clustering, and therefore plasticity. 

Moreover, my research focussed on the cerebellum, in which the Delta-type GluD2 

subunit is implicated in numerous physiological processes. GluD2, which lacks a 

functioning ion channel (Hironaka, Umemori, Tezuka, Mishina, & Yamamoto, 2000), 

mediates its functions via CTD interactions highlighting the importance of such extra-

ionotropic functions of iGluR.  

iGluR in neurological diseases  

Mutations or dysfunction of iGluR are implicated in numerous neuropathologies, 

including autism, epilepsy, cognitive impairment, Huntington’s, Alzheimer’s, and 

Parkinson’s diseases, suggesting that glutamatergic dysfunction may play a significant 

role in the resulting symptoms. However, there has been difficulty in developing 

effective treatments that address iGluR-related function, and currently only one 

iGluR-modifying drug, memantine, an NMDAR-antagonist and cognition enhancer 

used to treat Alzheimer’s disease, is authorised for medical use. Nevertheless, 

numerous iGluR-modulating compounds have been pharmacologically characterised 

and used in basic and clinical research, namely the ampakines; a family of AMPAR-

modulating compounds. Notably, cerebellar glutamatergic dysfunction has been 

observed in autistic brains, including decreased AMPAR levels (Purcell, Jeon, 

Zimmerman, Blue, & Pevsner, 2001; Yip, Soghomonian, & Blatt, 2007). Autism is a 

condition with high prevalence in the DMD population (Banihani et al., 2015; 

Hendriksen et al., 2018).  
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The cerebellum  

The cerebellum is an evolutionarily ancient brain region that appears discontinuous 

with the rest of the brain—hence the name cerebellum (‘little brain’)—yet relays 

signals to and from practically every part of the brain and body. Its best understood 

function is the facilitation of fine and precise motor movements. This exquisite ability 

helps facilitate balance, posture, and even ocular stability and speech, and burgeoning 

evidence points towards its conceptually distant is its role in regulating various 

cognitive and behavioural processes, including verbal working memory, linguistic 

comprehension, and executive functions (Brossard-Racine, du Plessis, & 

Limperopoulos, 2015; Mak, Tyburski, Madany, Sokołowski, & Samochowiec, 2016; 

Van Overwalle, D’aes, & Mariën, 2015). 

Gross anatomy  

The cerebellum is a large structure adjacent to the brainstem and the fourth ventricle. 

Its surface is dissected by parallel fissures formed by the peripheral cerebellar cortex, 

a highly regimented, laminar structure, with an enormous surface area that is 

repeatedly folded upon itself, into lobes, and smaller lobules. Beneath the cerebellar 

cortex lie large, myelinated tracts that span from the cortex to a cluster of small nuclei, 

termed the deep cerebellar nuclei (DCN). Separating the cerebellum from the rest of 

the hindbrain is a series of six cerebellar peduncles, openings that lie adjacent to the 

fourth ventricle duplicated on each hemisphere, and bridge the cerebellum to the 

hindbrain. These peduncles are the sole source of afferent and efferent tracts for the 

cerebellum.  
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Anatomical organisation of the cerebellar cortex 

The cerebellar cortex is divided into three layers. From central to peripheral: the 

granule cell layer (GCL), the purkinje cell layer (PCL) and the molecular layer (ML) (see 

Figure 1.5). Central to the anatomy of the cerebellar cortex is the Purkinje cell (PC), 

large cells with vast dendritic arbours that fan out parasagittally in an almost two-

dimensional pattern into the molecular layer; and a single, GABAergic axon that is the 

sole projection neuron of the cerebellum.  

The GCL is populated by granule cells, small, densely packed glutamatergic neurons. 

Granule cells receive excitatory input from various afferent pathways, the axons of 

which are termed mossy fibres. The axons of GCs are termed parallel fibres (PFs), and 

are one of only two excitatory axons that synapse onto PCs. The PFs ascend from the 

GCL to the ML, where they bifurcate and traverse in the horizontal plane to contact 

PC dendrites. An enormous number of PFs contact each PC, allowing minute control 

of PC activity. The second, anatomically and physiologically distinct excitatory input to 

CBs is the climbing fibre (CF). CFs are the axons of neurons of the inferior olivary 

nucleus in the brainstem. In adulthood, each PC is innervated by a single CF, but one 

CF typically innervates up to 10 PCs. During development, multiple CFs innervate the 

same PC, but around postnatal day 15 in mice, pruning of CFs occurs, and all but the 

CF able to facilitate the strongest transmission, are destroyed (Hashimoto, Ichikawa, 

Kitamura, Watanabe, & Kano, 2009; Ichikawa et al., 2002).  

PCs are additionally innervated by two populations of GABAergic interneurons with 

somata in the ML. Firstly, the basket cell, so-called because its processes form a dense, 

basket-like nest around the somata of PCs. Secondly, the stellate cell, whose processes 

innervate primary and secondary PC dendrites in the ML. Another highly specialised  
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Figure 1.5. Diagram showing the circuitry of the cerebellar cortex. (A) shows a simplified view 
of the neuronal circuitry of the cerebellar molecular layer. Not shown are Stellate cells, 
inhibitory interneurons with somata located in the molecular layer, as shown in (B). (B) shows 
the laminar anatomy of the cerebellar cortex and the basic morphology of resident cells. 
Adapted from: (Purves et al., 2004).  



27 

 

cell type in the cerebellum is the Bergmann astrocyte. Their somata are interlaced 

with PCs in the PCs, and their processes project radially towards the pial surface, 

branching to form complex arbours throughout the ML. Distal processes enwrap the 

dendritic spines of PCs, where they actively modulate various synaptic functions. PC 

axons are myelinated, creating a large, dense white matter tract beginning after the 

GCL. This tract forms the cerebellar white matter. PC axons terminate at synapses on 

DCN cells or on granule cells, in the form of axon collaterals, with the exception of PCs 

in the flocculonodular lobe of the cerebellum, whose projection axons circumvent the 

DCN en route to the  cerebellar peduncles. 

Neurochemical organisation of the cerebellar cortex  

The cerebellar cortex differs from most brain regions in that its sole projection 

neurons are GABAergic. Within the cerebellum, they contact excitatory DCN neurons, 

which also receive inputs from granule cell and mossy fibre collaterals.  

As mentioned above, PCs receive excitatory glutamatergic inputs from both CF- and 

PF-evoked excitatory postsynaptic currents (EPSCs) differ greatly in their electrical 

properties. Whilst PFs produce small, rapid depolarising spikes, CFs produce complex 

spikes, formed of one large depolarising wave, accompanied by many miniature 

spikelets. One CF forms hundreds of synapses onto one PC and engages them 

simultaneously (Chan-Palay & Palay, 1970), evoking a massive ion flux. The majority 

of PC dendritic spines are located on the tertiary spiny branchlets, where they are 

contacted by PFs and CFs. CFs additionally form synapses with varicosities on primary 

dendrites en passant (Chan-Palay & Palay, 1970). In addition to these inputs, CFs 

additionally carry corticotropin-releasing hormone (CRH), which they release onto 

both GCs and PCs. The vast arborisation of PCs creates incredibly granular control of 
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cerebellar output, as the effect of neuronal output is modulated by synapto-somatic 

distance (Stuart & Spruston, 1998; Williams & Mitchell, 2008). Perturbations of the 

fine control of cerebellar inputs is well-understood to greatly impact cerebellar 

function, and can result from altered expression of neurotransmitter-associated 

proteins in a protein-selective manner (Helleringer et al., 2018; Jeromin, Huganir, & 

Linden, 1996; Uemura et al., 2007; Yamasaki et al., 2011). Therefore, anatomical 

knowledge of such proteins may be critical in our understanding of cerebellum-related 

pathologies.  

Neuropathologies associated with DMD 

Inflammation  

Inflammation is the immune reaction that occurs in response to cellular or tissue 

injury; specialised cells move to the location of the insult and initiate protective and 

regenerative processes such as destruction of pathogens, wound healing, 

angiogenesis, migration of immune cells and pain perception. The highly regimented 

and complex cascade employs numerous small and macromolecules, cells, and 

tissues. Without this process, we would be without a major component of innate 

immunity, as well as nociceptive stimuli, which promote health and survival. However, 

maladaptive activation of the same cascades which protect and repair our bodies can 

also contribute to a host of peripheral and neurological disorders, such as rheumatoid 

arthritis, inflammatory bowel disease, and Alzheimer’s disease, Parkinson’s disease, 

affective disorders, and multiple sclerosis.  

One hallmark of DMD muscle pathology is sterile inflammation that leads to tissue 

atrophy. Immune molecules are released by damaged tissue, as is the case in DMD 
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(De Paepe, Creus, Martin, & De Bleecker, 2012; Rufo et al., 2011), and it is thought 

that dystrophin itself has a more direct relationship with the hyperinflammatory 

states observed in patients, and there is evidence to suggest that dystrophin itself is 

dynamically regulated by immune molecule activity (Fiorillo et al., 2015; Malvestio et 

al., 2014). Currently, anti-inflammatory corticosteroids are the mainstay of treatment 

for impeding the progression of muscle symptoms in humans, and there are many 

lines of investigation into various inflammatory modulators as candidate therapy for 

DMD (Grounds & Torrisi, 2004; Huynh et al., 2013; Reggio et al., 2019), notably the 

ATP-gated P2X7 receptor (Sinadinos et al., 2015; Young et al., 2015).  

Neuroinflammation in disease  

The brain is largely considered as an immune privileged organ; one that resists the 

influx of immune molecules. However, the brain is vulnerable to the effects of 

peripheral immune molecules, which may either directly enter the CNS, or indirectly 

alter immune or non-immune processes, Immune molecules can impact brain function 

by two major pathways. 1) The processes by which immune molecules facilitate tissue 

repair, immune cell recruitment, and cellular destruction collectively produce an 

environment which greatly perturbs the local homeostasis, thus affecting neuronal 

function. 2) Immune molecules directly engage neuronal circuits via receptors 

expressed on neurons and glia (Baier, May, Scheller, Rose-John, & Schiffelholz, 2009; 

Goehler et al., 1995; Gruol, 2014; Mandolesi et al., 2013; Riazi et al., 2015). Sterile 

inflammation in the brain is clinically associated with a broad range of 

neuropsychiatric disorders including Alzheimer’s (Alvarez et al., 2002; Strauss et al., 

1992), Parkinson’s (Mogi et al., 1996), major depression (Capuron et al., 2002; 

Musselman et al., 2001), bipolar disorder (Munkholm, Braüner, Kessing, & Vinberg, 
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2013), and schizophrenia (Hayes et al., 2014). Recent evidence also points towards 

immune-brain communication as an important mediator in mood and behaviour. 

Indeed, experimental induction of bacterial or viral proteins to induce peripheral 

inflammation has been demonstrated to induce anxiety-like behaviour associated 

with infection-related illness in mice, even in the absence of pathogens (Bucks et al., 

2008; Cunningham, Campion, Teeling, Felton, & Perry, 2007; Gomez-Nicola, Teeling, 

Guaza, Godbout, & Taub, 2013).  

A pathological neuroinflammatory component is yet to be identified in DMD patients 

but the protracted sterile inflammation in DMD and similarities to disorders with 

neuroinflammatory components highlight the importance of understanding the 

inflammatory environment in the dystrophic brain.  

The P2X7-type purine receptor  

In additional to its metabolic role, adenosine trisphosphate (ATP) serves a dual 

function as an atypical neurotransmitter and extracellular signalling molecule through 

its interaction with the P2 class of membrane-bound purinergic receptors, the most 

studied of which is the P2X7-type receptor (P2X7R). P2 receptors are divided in to the 

eight known metabotropic P2Y (P2Y 1–4, 6, 11–14), and seven ionotropic P2X (P2X 1–

7) receptors. P2X receptors comprise a trimeric complex of transmembrane proteins 

that form an integral cation-permeable channel, and are activated by extracellular ATP 

via extracellular LBDs.  

P2X7R is involved in numerous physiological processes due to its diverse cell and 

tissue-type expression. It is expressed by central glial and immune cells, and possibly 

neurons, although this is debated (Hervás, Pérez-Sen, & Miras-Portugal, 2005; Illes, 

Khan, & Rubini, 2017; Kaczmarek-Hajek et al., 2018; Sim, Young, Sung, North, & 
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Surprenant, 2004). Compared to other P2X receptors, P2X7R has low sensitivity for 

extracellular ATP, enabling ATP to function as a danger-associated molecule. It 

additionally is able to form a large pore in response to prolonged binding. This two-

phase Ca2+ flux allows P2X7R to engage a diversity of activity-dependent intracellular 

processes. Activation of microglial P2X7R triggers activation, cytokine release, and 

apoptosis, and as such is a key driver of inflammation (Di Virgilio, 2007; Gourine et al., 

2005; Schenk et al., 2011; Shieh, Heinrich, Serchov, van Calker, & Biber, 2014). P2RX7 

has received attention as a potentially key molecule in DMD pathology, as well as a 

therapeutic target for alleviating peripheral DMD pathology (Górecki, 2019; Sinadinos 

et al., 2015). P2X7R has been shown to influence synaptic glutamate release, and has 

been implicated in various neurological processes, including cognition and mood 

(Basso et al., 2009; Delicado et al., 2013; Ireland, Noakes, & Bellingham, 2004; Iwata 

et al., 2016), thus it presents an intriguing link between neuronal and inflammatory 

processes in the brain.   

Stress  

The mammalian stress response  

The ability to appropriately respond to a threat, real or perceived, is an important 

survival-promoting mechanism in mammals in which we physiologically engage 

ourselves to better engage or flee from hazards. It an involuntary, systemic, 

neuroendocrine cascade that is an evolutionarily ancient and well-conserved 

biological process. This physiological response to a perceived threat is termed the 

stress response. A stressor is any stimulus, whether sensory, cognitive, visceral, or 

chemical that triggers the activation of the hypothalamic c-pituitary axis (HPA) due to 



32 

 

psychologically perturbing the organism. Briefly: In response to a stressor, activation 

of the paraventricular nucleus of the hypothalamus triggers the co-release of 

corticotrophin-releasing hormone (CRH) and arginine-vasopressin (AVP) onto the 

anterior pituitary gland, which triggers the release of adrenocorticotropic hormone 

(ACTH) into the systemic circulation. ACTH binds to receptors in the adrenal cortex, 

triggering the release of glucocorticoids, principally cortisol in humans and 

corticosterone in rodents, into the bloodstream. Cortisol, often referred to as the 

‘stress hormone’, has numerous and diverse peripheral targets, and serves to directly 

modulate neural, metabolic, and immune processes. The HPA functions in a negative 

feedback loop, wherein circulating ACTH and cortisol supress the further release of 

both CRH and ACTH, and thus modulating HPA activation. However, in spite of this, 

protracted periods of stress can result in broad peripheral and central dysfunction.  

CRH additionally serves as a neuromodulator in extrahypothalamic circuits. Here, it 

influences the behavioural adaptation to stress relating to cognition and memory 

formation. In the cerebellum, CRH is released from CFs, and modulates dendritic 

morphology and function in a psychosocial stress-dependent manner (Gounko et al., 

2013; Swinny et al., 2004). Cerebellar CRH activity also modulates motor and cognitive 

function (Ezra-Nevo, Prestori, et al., 2018; Ezra-Nevo, Volk, et al., 2018), 

demonstrating the propensity of stress to negatively impact wider brain functions.  

Physiological consequences of a maladaptive stress response  

Typically the stress response enables one to transiently adapt to danger and prepare 

to encounter future events. However, in many cases, one’s response to stress is 

maladaptive, creating a stress response that, when compared with the general 

population, is disproportionately large, or occurs in the absence of a stressor.  
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Glucocorticoids exert a breadth of effects on peripheral cells primarily via cytosolic 

mineralocorticoid and glucocorticoid receptors expressed on numerous cell types. The 

importance of  homeostatic levels of peripheral glucocorticoids is clinically 

exemplified by the symptoms of Cushing’s Syndrome, caused by excess 

glucocorticoids, and Addison’s disease, caused by glucocorticoid deficiency. 

Protracted glucocorticoid release suppresses peripheral immune cells as well as 

inhibiting cyclooxygenase-2 (COX-2), a critical enzyme in the molecular arm of the 

immune-inflammatory system, and as such are potent immunosuppressive agents 

(Goppelt-Struebe, Wolter, & Resch, 1989; Stark et al., 2001). Effects of prolonged 

glucocorticoid exposure also induces, include, but are not limited to, osteoporosis, 

skeletal muscle atrophy, sugar metabolism imbalance, hypertension, as well as 

neurological and immune dysfunction.  

Centrally located glucocorticoids act as modulators of spine morphology (Liston & 

Gan, 2011), and are expressed within circuits implicated in the psychological response 

to stress (Lechner & Valentino, 1999), and indeed glucocorticoid exposure is clinically 

associated with mood disorders. This highlights the importance of homeostatic levels 

of glucocorticoids and immune molecules in regulating mental health.  

  

Overall, the literature suggests possible roles for dystrophin in 1) maintaining normal 

function of neurotransmission at local circuits. 2) directly mediating the local 

inflammatory response in muscle. 3) maintaining neural circuits which facilitate 

specific, primarily cerebellum-based, cognitive facets. I therefore pose the following 

question: Does dystrophin, expressed within cerebellar neuronal circuits, influence 

the molecular architecture of local excitatory synapses, and therefore influence the 

pathological and behavioural correlates of dystrophinopathy; namely inflammation 
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and the stress response, thus providing a molecular correlate underlying the 

neurological phenotype of DMD? 
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Aims 

The principal aims of my PhD were to determine whether dystrophin was associated 

with ionotropic glutamate receptors in the cerebellum, and whether dystrophin 

deletion impacted their expression, inflammation in the brain, and stress-related 

behaviour. 

Objectives  

1. Determine the precise subcellular locale of dystrophin isoforms within the 

cerebellum of WT mice, and their association with specific glutamate receptor 

subunits (Chapter three).  

2. Quantify the relative abundance of glutamate receptor subunits, at the mRNA 

and protein levels, of dystrophin-null mice (Chapter three).  

3. Characterise the relative basal inflammatory signature in the brains of 

dystrophin-null mice at the mRNA level (Chapter four).  

4. Characterise the native anxiety-like behaviour and memory performance of 

dystrophin-null mice, and the physiological response to psychological stressors 

(Chapter five). 
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Chapter two: Materials and methods  

Animals and animal procedures  

Ethics  

All procedures involving experimental animals were approved by the Animal Welfare 

and Ethical Review Board of the University of Portsmouth. I performed this work 

under my Home Office-issued personal license (PIL IDB43509F), under the auspices of 

my supervisor Dr Jerome Swinny’s Project Licence (PPL 70/8459), and in accordance 

with the Animals (Scientific Procedures) Act 1986 and the European Directive 

2010/63/EU on the protection of animals used for scientific purposes.  

Animal husbandry  

Adult male mice (Mus musculus) were used throughout this project. Animals were 

bred in-house by University of Portsmouth Bioresources Centre, and housed in a 

temperature and humidity controlled environment under 12-hour light-dark cycle, 

with free access to standard chow and water.  

Dystrophin isoform-specific gene deleted mice 

DMDmdx and DMDmdx-β-Geo mice  

To investigate the potential interaction between dystrophin and glutamate receptors, 

I exploited two mouse models which lack different isoforms of dystrophin: 
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1) The well-characterised DMDmdx mouse (C57 BL/10ScSn-Dmdmdx/J), which I will refer 

to throughout as mdx. 

2), the novel DMDmdx-β-Geo mouse (C57 BL/6-DmdGt(ROSAbgeo)1Mpd/J), which I will refer to 

as β-Geo. 

The two dystrophic mouse strains used in this study were bred on different genetic 

backgrounds. As such, to reduce intra-strain phenotypic differences, mdx and β-geo 

mice were compared to C57 BL/10 and C57 BL/6, respectively.  

The mdx mouse model  

Originally described by Bulfield et al. (1984), the genetic basis of the mdx mouse line 

is a spontaneous point mutation in exon 23 of the Dmd gene on a C57 BL/10 

background strain. This mutation results in the loss of full-length dystrophin isoforms 

(Dp427), whilst retaining normal expression of truncated isoforms (Sicinski et al., 

1989). The loss of full-length dystrophin is associated with progressive muscular 

atrophy in DMD. The mdx mouse has been established at University of Portsmouth by 

my co-supervisor, Professor Górecki. They were bred with Dmd homozygous females 

of the same genetic line to ensure consistent expression of the mdx phenotype in male 

pups.  

The β-Geo mouse model 

The β-geo mouse line was originally created by Wertz and Füchtbauer (1998) by the 

insertion of a transgene in exon 63 of the DMD gene of 129/Sv mice resulting in the 

total ablation of dystrophin. The authors reported low expression of wild-type mRNA 

upon amplification of PCR products, but detected no Dp71 or Dp427 expression in β-

geo brain tissue. The β-geo mice used in this thesis were bred on a C57 BL/6 
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background. They were originally gifted by Ernst Martin Füchtbauer to Professor 

Górecki who then established them at Portsmouth, and re-derived at the MRC Harwell 

Institute (Harwell, UK) into a C57 BL/6 β-Geo strain. Breeding was conducted as with 

mdx mice.  

Other Transgenic Mouse models  

The GFAP-eGFP mouse  

To label the cytoplasmic compartment of astrocytes in the cerebellum, I used a mouse 

model which expresses enhanced green fluorescent protein (eGFP) under the control 

of the glial fibrillary acidic protein (GFAP) promotor. GFAP is a cytoskeletal protein 

expressed exclusively in astrocytes, and is therefore a reliable cellular marker for the 

identification of this cell type. The GFAP-eGFP mouse was kindly gifted by Professor 

Arthur Butt at University of Portsmouth, and is bred on a FVB/N genetic background 

(Nolte et al., 2001).  

The P2rx7-KO mouse  

The purinergic P2X7 receptor plays a critical role in the mammalian inflammatory 

response, and P2X7R has recently been identified as an aggravating factor in DMD 

muscle pathology. Therefore, its involvement in DMD brain pathology posed a 

potentially important research question. The C57 BL/6-P2rx7-/- (P2rx7 KO) mouse used 

was first created by Solle and colleagues (2001), and lacks normal expression of the 

P2X7R protein. It was bred in-house into a C57 BL/6 background. It was chosen due to 

it lacking expression of a greater number of P2rx7 splice variants than other mouse 
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models. It is frequently referred to as the Pfizer P2X7 KO in the literature, to 

differentiate it from the commonly used GlaxoSmithKline P2rx7 KO model.  

Experimental procedures  

Immunohistochemistry  

Tissue preparation  

The tissue was perfusion-fixed as follows: anaesthesia was induced with isoflurane 

and maintained with pentobarbitone (1.25 mg/kg of bodyweight, IP). The animals 

were perfused transcardially with 0.9% saline solution for 2 min, followed by 10 min 

fixation with a fixative consisting of 1% paraformaldehyde and 15% v/v saturated 

picric acid in 0.1 M phosphate buffer (PB), pH 7.4. I chose to use a 1% 

paraformaldehyde solution because the majority of the targeted epitopes were 

integral membrane proteins; relevant epitopes of such proteins may be masked by 

formaldehyde cross-linking, which is minimised by a less concentrated fixative 

solution compared to the standard 4% paraformaldehyde protocol (Eyre, Renzi, 

Farrant, & Nusser, 2012; Lorincz & Nusser, 2010). This is particularly applicable to 

glutamate receptors (Watanabe et al., 1998). After the perfusion, the brains were 

carefully dissected from the skull and post-fixed over night at room temperature in 

the same fixative solution. The following day, the brains were rinsed in 0.1M PB, after 

which 60 μm sections, either in the sagittal or coronal planes, depending on the brain 

region, were prepared using a vibrating microtome (VT 1000, Leica, Wetzlar, 

Germany). The sections were thoroughly washed in 0.1M PB to remove any residual 
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fixative and then stored in a solution containing 0.1 M PB and 0.05% w/v sodium azide 

until further processing. 

Antigen retrieval  

One caveat of the fixation protocol used is that the cross-linking of formaldehyde 

molecules can prevent access of the primary antibody to the epitopes of some 

proteins—this is particularly the case with integral membrane proteins, such as ion 

channel forming proteins. As such, in the case of some epitopes an additional step was 

required to remove excess cross-linking to allow the antibody to access the antigen. 

Several methods of antigen retrieval are used, including microwave irradiation 

(Fritschy, Weinmann, Wenzel, & Benke, 1998), hydrated autoclave (Shin, Iwaki, 

Kitamoto, & Tateishi, 1991), and proteolytic digestion. (Battifora & Kopinski, 1986) I 

used the proteolytic antigen retrieval method originally described by Watanabe and 

colleagues (1998) due to experience in our lab, and by others visualising integral 

membrane proteins (Eyre et al., 2012; Lorincz & Nusser, 2008; Watanabe et al., 1998). 

The method is as follows: Tissue sections were incubated for 10 minutes at 37 ºC in 

0.1M PB in a shaking incubator. The PB was removed and replaced with a solution 

containing 1mg/ml pepsin (Sigma Aldrich, St Louis, MI, USA) dissolved in 0.2M HCL for 

10 minutes. After which, sections were washed three times for 10 minutes in 50 mM 

TRIS-buffered saline solution containing 0.3% w/v Triton-X-100 (TBS-Tx).  

Blocking of non-specific secondary antibody binding  

Secondary antibodies may bind non-specifically to native immunoglobulins within the 

specimen, resulting in poor signal-to-noise, and labelling that does not represent 

target antigen binding. To mitigate this, I preincubated tissue sections in a solution 
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containing 20% normal serum from the species that the secondary antibodies were 

raised in (Vector Laboratories, Burlingame, CA, USA) in TBS-Tx for two hours at room 

temperature on a horizontal shaker.  

Incubation of primary and secondary antibodies  

After incubation in the blocking solution, tissue sections were incubated with a 

cocktail of primary antibodies diluted in TBS-Tx for 4 ºC overnight on a horizontal 

shaker. Details of the primary antibodies used are given in Table 2.1. The following 

day, tissue sections were washed in TBS-Tx three times for 10 minutes to remove 

unbound antibodies. Tissue sections were then incubated in a cocktail containing 

appropriate secondary antibodies targeted at the Fc region of primary antibodies used 

for 2 hours at room temperature on a horizontal shaker. Secondary antibodies were 

all raised in donkey, and conjugated to either Alexa FluorTM 488, indocarbocyanine 

(Cy3) or DyLightTM 549, or DyLightTM 649 (Jackson Immunoresearch, West Grove, PA, 

USA; Invitrogen, Eugene, OR, USA), for 2 hours. Sections were then washed three 

times for 10 minutes in TBS-Tx to remove unbound antibodies, and mounted on glass 

microscope slides, air dried, and sealed with glass coverslips using VectashieldTM 

antifade mounting medium (Vector Laboratories).  

Antibody specificity  

All antibodies used in this thesis have had their specificity fully characterised prior to 

the collection of data. This was achieved through confirmation of specific labelling 

cross-referenced with reports in the literature, or, in the case of certain antibodies, 

the lack of specific signal appropriate gene-deleted mice. Details for specificity testing 

are referenced in Table 2.1. Method specificity was tested for as follows: The same 
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immunohistochemistry protocol was run under identical conditions, but primary 

antibodies were omitted in the reaction sequence; this was used to confirm the 

specificity of secondary antibodies. In the case of double and triple immunolabelling 

experiments, confirmation of the lack of cross-reactivity by secondary antibodies was 

tested by reacting a single primary antibody with the full complement of secondary 

antibodies. 

Table 2.1. Details of the primary antibodies used in this study. Ch: Chicken; Go: Goat; GP; 
Guinea Pig; Ms: Mouse; Sh: Sheep. 

Target Species 
Dilution 
Factor 

Supplier  
(Product code) 

Specificity/Reference 

Calbindin Ms 1:4000 Swant (#300) (Celio et al., 1990) 

Calbindin 
D28k 

Go 1:2000 
Frontier Institute 

 (Calbindin-Gt-Af310) 
(Nakagawa et al., 1998) 

Calbindin 
D28k 

Rb 1:1000 Swant (Celio et al., 1990) 

Dystrophin  
(C-Terminus) 

Rb 1:1000 Abcam (ab15277) 

Absence of specific signal in 
dystrophin-null tissue (This 
study), (Panzanelli, Früh, & 

Fritschy, 2017) 

Dystrophin  
(Rod 

domain) 
Ms 1:50 Novacastra (DYS-1) (Knuesel et al., 1999) 

GFAP Ck 1:3000 Millipore (AB5541) 

Labelling consistent with 
previous reports and GFAP-

eGFP reporter mouse 
fluorescence (Jukkola et al., 

2013; Nolte et al., 2001) 
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GluA1 GP 1:1000 
Frontier Institute 
(GluA1-Gp-Af380) 

(Fukaya et al., 2006; Shimuta 
et al., 2001) 

GluA1 Rb 1:3000 
Frontier Institute 
(GluA1-Rb-Af690) 

(Fukaya et al., 2006; Shimuta 
et al., 2001) 

GluA2 Rb 1:2000 
Frontier Institute 

(GluR2C-Rb-Af1050) 
(Fukaya et al., 2006; Shimuta 

et al., 2001) 

GluA3 Rb 1:3000 
Frontier Institute 

(GluR3C-Rb-Af1090) 
(Nagy et al., 2004) 

GluA4 GP 1:1000 
Frontier Institute 

(GluA4N-GP-Af640) 
(Nagy et al., 2004) 

GluA4 Rb 1:1000 
Frontier Institute 

(GluR4C-Rb-Af160) 
(Nagy et al.,. 2004) 

GluD1 Rb 1:1000 
Frontier Institute 

(GluD1C-Rb-Af1390) 
(Konno et al., 2014) 

GluD2 Rb 1:3000 
Frontier Institute 

(GluD2C (897-934) –
GP-Af1090) 

(Konno et al., 2014) 

GluN2A Rb 1:1000 
Frontier Institute 

(GluRe1C-Rb-Af542) 
(Watanabe et al., 1998) 

GluN2B Rb 1:1000 
Frontier Institute 

(GluRe2N-Rb-Af660) 
(Watanabe et al., 1998) 

(Fukaya et al., 2003) 

P2X7R Ms 1:7500 
Gift from Prof. 

Francesco DiVirgilio 

Absence of specific signal in 
P2rx7-KO mouse tissue (this 

study). 

SAP 97 Sh 1:100 
University of Dundee 

MRC PPU (S552B) 
(Sabio et al., 2005) 

VGAT Go 1:3000 
Frontier Institute 
(VGAT-Gt-Af620) 

(Miura et al., 2006) 
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VGluT1 Go 1:5000 
Frontier Institute 

(VGluT1-GP-Af310) 
(Miyazaki et al., 2003) 

VGluT1 GP 1:3000 
Frontier Institute 

(VGluT1-GP-Af570) 
(Miyazaki et al., 2003) 

VGluT2 GP 1:3000 
Frontier Institute 

(VGluT2-GP-Af810) 
(Miyazaki et al., 2003) 

VGluT2 Rb 1:2000 
Synaptic Systems 

(135403) 
(Sperk et al., 2003) 

 

Microscopy 

Tissue samples were examined with a confocal laser-scanning microscope (LSM 880 

with AiryScan or LSM 710; Zeiss, Oberkochen, Germany) using either a Plan 

Apochromat 20x (NA 0.8) (pixel size 0.42 μm) objective, Plan Apochromat 40x DIC oil 

objective (NA 1.3) (pixel size 0.29 μm), Plan Apochromat 63x DIC oil objective (NA 1.4) 

(pixel size 0.13 μm) objective or a Plan Apochromat 100x DIC oil objective (NA 1.46) 

(pixel size 0.08 μm). Detection was with either PMT or AiryScan detectors. All images 

presented represent a single optical section. Images were acquired using sequential 

acquisition of the different channels to avoid cross-talk between fluorophores. 

Pinholes were adjusted to 1.0 Airy unit for PMT scans, or optimal settings in the case 

of AiryScan capture. In all cases where multiple images were captured from the same 

immunohistochemical reaction, laser power, pinhole, and exposure settings were 

captured once on tissue from a representative control section and maintained 

throughout imaging. Images were processed with the software Zen (Zeiss) and 

exported into bitmap images for processing in Adobe Photoshop (Adobe Systems, San 
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Jose, Ca, USA). Only brightness and contrast were adjusted for the whole frame, and 

no part of any frame was enhanced or modified in any way.  

Quantitative analysis of iGluR subunit immunoreactivity  

The purpose of the quantitative cluster analysis was to determine relative changes in 

detection of glutamate receptor subunits that may suggest altered expression, and 

therefore functional changes. Since dystrophin has been shown to anchor GABAA 

receptors, and to be required for the normal clustering of these receptors (Brünig et 

al., 2002; Knuesel et al., 1999), I hypothesised that dystrophin deficiency may result 

in altered clustering of glutamate receptors. As such, I investigated both the density 

(the number of detected immunoreactive clusters per unit area), and the average size 

(area covered by individual immunoreactive clusters) of immunoreactive clusters. This 

way, I could assess the distribution of receptor subunits as well as the overall presence 

of accessible protein. Firstly, immunohistochemical protocols for each individual 

glutamate receptor subunit analysed were optimised to achieve peak clarity, signal-

to-noise separation and consistency between regions of interest. All immunoreactivity 

patterns presented as individual clusters. The afferent and efferent circuitry is both 

anatomically and functionally heterogenous with respect to the localisation within the 

cerebellar cortex. Various topographical maps have been designed to map the spatial 

and transcriptional divisions of cerebellar circuits to respective functions. In light of 

this, I hypothesised that changes in glutamate receptor expression and function may 

present differentially in different regions of the cerebellum. Since the composition of 

neurotransmitter receptors influences the output of individual neurons, it would have 

been useful to count the number and average size of immunoreactive clusters on 

individual PCs. However, the interwoven distribution of PC dendritic arbours 
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precluded this type of analysis. I therefore imaged a field of view which contained 

multiple PC processes rather than individual cells.  

  

Figure 2.1. Schematic detailing the lobular organisation of the mouse cerebellar vermis in the 
sagittal plane. a: anterior; p, posterior. Taken from White & Sillitoe (2013) 

Image acquisition  

As the goal was to quantify immunoreactive puncta between multiple specimens, it 

was imperative to establish a consistent and reproducible method for acquiring 

images. A Plan Apochromatic 100x DIC oil immersion objective was used, with a digital 

zoom of 300% applied throughout. Each image represents one optical section of 28.31 

µm2 in the X-Y plane With the Z-plane adjusted for 1.0 Airy unit. Five fields of view 

were captured for each lobe per animal. These settings were chosen to enable 

consistent imaging of immunoreactive puncta enriching dendritic spines, whilst 

avoiding large, iGluR-immunonegative regions, such as primary dendritic shafts, that 

would artificially reduce the recorded cluster density. All fields of view were taken 

with the centre region equidistant from the PCL and pial surface.  
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Quantification analysis of immunoreactive clusters  

To quantify the number of immunoreactive puncta, I employed the ImageJ Particle 

Analysis tool (Open source, https://fiji.sc/). The choice to use this method was based 

on previous experience within the lab. The procedure is as follows: A representative 

micrograph from a WT sample was selected and an intensity threshold was manually 

set to separate background signal from immunolabelling. These setting were applied 

to all images. The micrograph was then converted into a binary image, and a 

watershed filter was applied to separate adjacent but overlapping puncta. Finally, 

puncta were characterised using the Particle Analysis algorithm. An example particle 

analysis workflow is illustrated in Figure 2.2.  
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Figure 2.2. The process of preparing confocal micrographs for quantification of 

immunopositive clusters. (A) shows a representative confocal micrograph without any 
adjustment or processing. (B) shows the exported bitmap after thresholding and conversion 
to a binary image. (C) is a magnified image from the boxed region in (B) depicting the same 
image after a watershed filter was applied. (D) shows immunoreactive clusters positively 
selected by the particle analysis algorithm. Scale bar 5 µm. 

 

Sample Preparation of Protein Isolates  

Mice were killed by cervical dislocation, tissue samples were freshly extracted and 

immediately frozen in liquid nitrogen to prevent degradation. The samples were then 

homogenised and lysed in ice cold radioimmunoprecipitation assay (RIPA) lysis buffer 

(25 mM Tris-HCl (pH 7.6), 150 mM NaCl, 1% nonyl phenoxypolyethoxylethanol, 1% 
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sodium deoxycholate, 0.1% sodium dodecyl sulphate (APS)) supplemented with a 

cocktail of protease and phosphatase inhibitors (1 % v/v) (ThermoFisher Scientific). 

Samples were agitated and left on ice to lyse for 30 minutes and then centrifuged at 

20,000 x g for 10 minutes at 4 ºC. The supernatant containing protein isolates was 

removed and stored at -20 ºC. The concentration of total protein isolates was 

determined by Pierce™ bicinchoninic acid (BCA) protein assay (Fisher Scientific). To 

begin with, a series of standard solutions were made by diluting known amounts of 

bovine serum albumin (BSA) in RIPA lysis buffer. 

Protein analysis 

Sample preparation  

A sample cocktail was prepared fresh comprising: equal quantities of sample protein 

isolates diluted in RIPA lysis buffer, 1% dithiothreitol, and 19% loading buffer 

consisting of 5.97M bromophenol blue, 250 mM Tris base, 5.47M Glycerol, and 277 

mM SDS. The cocktail was heated at 95 ºC for three minutes to denature the proteins 

in the samples, and immediately placed on ice. Dithiothreitol was added to prevent 

reformation of tertiary protein structures after denaturation. Bromophenol blue 

served as a loading dye for electrophoresis.  

Protein Immunoblot  

Protein immunoblots were performed using protocols developed within the group 

(Everington, Gibbard, Swinny, & Seifi, 2018). Briefly, protein isolates were 

electrophoretically separated using SDS-PAGE gel and electrophoretically transferred 

to blotting membranes. Samples were incubated with antibodies directed against 
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proteins of interest, followed by horseradish peroxidase (HRP)-conjugated secondary 

antibodies. Membranes were visualised using a chemiluminescent HRP substrate and 

a high-sensitivity CCD camera.  

Enzyme-linked immunosorbant assay (ELISA) 

Animals were killed via CO2 inhalation and blood was removed via cardiac puncture. 

Blood samples were stored at room temperature for approximately 1 hour and 

centrifuged at 2500 x g for 15 minutes at 4 ºC. The plasma fraction was removed and 

stored at -20 ºC. The ELISA was conducted using a rat/mouse corticosterone 

radioimmunosorbant assay (LDN, Nordhorn, Germany) according to the 

manufacturers protocol. Briefly: A working sample solution was prepared by mixing 

30µL sample and 270µL diluent. 100µL of a premixed reaction mixture was aliquoted 

into each well of a 96-well microplate, followed by 200µL sample solution, a series of 

standards of known corticosterone concentration, and quality controls. The mixture 

was incubated overnight at 4 ºC. Samples were then washed four times with a wash 

buffer, then incubated with an enzyme conjugate solution for 2 hours at room 

temperature, followed by a reaction cessation reagent. Absorbance was then 

measured at 450 nm on a spectrophotometer. The concentration of plasma 

corticosterone was calculated by extrapolation from a standard curve.  



51 

 

Qualitative and quantitative reverse-transcription 

polymerase chain reaction  

Sample preparation for gene expression analyses  

Animals were killed by cervical dislocation and tissue homogenates prepared. In order 

to prevent degradation of nucleic acid in samples, fresh tissue was dissected and 

immediately submerged in liquid nitrogen. Total RNA was isolated from the samples 

using an RNeasy Mini kit (Qiagen, Venlo, Netherlands) according to the 

manufacturer’s protocol. Briefly, tissue samples were submerged in a lysis buffer and 

homogenised. Samples were then centrifuged, and supernatants extracted. The 

supernatants were then mixed with equal volumes of 70% ethanol to prepare RNA 

binding to centrifugation columns. Samples were then added to centrifugation 

columns, and washed by centrifugation with two wash buffers. Finally, RNA was eluted 

by addition of nuclease-free water and centrifuged. Samples were stored at -80 ºC. 

The quality and quantity of the extracted RNA in each tissue was examined with 

spectrophotometry (Thermo ScientificTM NanoDropTM) (Figure 2.3), and reverse-

transcribed to provide cDNA templates for PCR and quantitative real-time PCR (qRT-

PCR) reactions. Reverse-transcription was achieved by incubating RNA isolates for 2 

hours at 37 ºC in a cocktail containing: 200ng RNA 10% reverse transcription buffer 

(Biolabs), 5% of Oligo(dT) primers (ThermoFisher Scientific), 5% DNTPs (ThermoFisher 

Scientific), 2.5% M-MulV reverse transcriptase (Applied Biosystems), and 2.5% 

Ribolock RNAse inhibitor (ThermoFisher Scientific) made up to 20µL with nuclease-

free water.  



52 

 

Quantitative gene expression analysis  

qRT-PCR amplification was performed in 96-well plates in a cocktail containing a 

TaqMan®-specific mastermix (Roche, Burgess Hill, UK), and TaqMan® probes (see 

Table 2.3) and performed using a LightCycler® 96 system (Roche). The cycling 

conditions were: 95 ºC for 600s, followed by 40 cycles of 95 ºC for 15s and 60 ºC for 

60 seconds. Samples were loaded containing probes for the gene of interest and 

Gapdh, which was used as a reference gene for relative mRNA quantification 

calculations. A standard curve of serial dilutions of known concentration were 

prepared alongside every sample set and loaded onto the 96-well microplate. All 

samples were loaded in 10µL duplicates to reduce technical variability. Standard 

curves were graphically analysed for reaction efficiency of each primer as well as 

between gene of interest (GOI) and reference gene, and for pipetting consistency. 

Assays in which the reaction efficiency was within 90–120%, and similar between 

GOI(gene of interest) and reference genes, and had a coefficient of determination (R2 

of above 0.99) were analysed. Linear regression of the line produced by a graph of Ct 

against RNA concentration (See Figure 2.4) was performed and the relative 

concentration calculated using the following formulae:  

α = e^((Ct-m)/c) 

α(GOI)/α(Gapdh) = Χ 

Where α is the product of the linear regression, e is Euler’s constant (2.718281828), 

(Ct) is the cycle number at which the qRT-PCR machine detects fluorescence over a 

pre-defined threshold, m is the gradient of the standard curve line, c is the intercept, 

and x is the level of mRNA relative to Gapdh levels in the sample. This technique was 

chosen as it allowed me to perform extra quality control steps and reduce any inter-
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experiment variability. qRT-PCR assays were duplicated or triplicated using samples 

from separate cohorts of animals and numerical data pooled for statistical analyses.  

 

Figure 2.3. Example absorbance spectrum for RNA samples. 

 
Figure 2.4. Example standard curve for qRT-PCR analyses.   
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Table 2.2 primer sequences used for PCR in this study. 

 

  

Target 

Gene 
NCBI Reference Primer Sequence 

Dmd  
(N-terminus) 

NM_001314036.1 

Forward 
5’  3’ 

CTCACTGCCTGTGAAACCCT 

Reverse 
5’  3’ 

AGGTCAGCTAAAGACTGGTAG 

Dmd  
(C-terminus) 

NM_007868.6 

Forward 
5’  3’ 

CCTCCACTGGCAGGTCAAAA 

Reverse 
5’  3’ 

TCGGACCAGCTAGAGGTGAA 
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Table 2.3. TaqMan® probes used for qRT-PCR gene expression assays in this study  

Mouse Gene Encoding Protein Reference (Life Technologies) 

Cd163 CD163 Mm00474091_m1 

Gapdh GAPDH Mm99999915_g1 

Gria1 GluA1 Mm00433753_m1 

Gria2 GluA2 Mm00442822_m1 

Gria3 GluA3 Mm00497506_m1 

Gria4 GluA4 Mm00444754_m1 

Grid2 GluD2 Mm00492353_m1 

Grin1 GluN1 Mm00433790_m1 

Grin2a GluN2A Mm00433802_m1 

Grin2b GluN2B Mm00433820_m1 

Il6 Interleukin 6 Mm00446190_m1 

Nos2 Inducible NOS Mm00440502_m1 

P2rx7 P2X7R Mm01199500_m1 

Ptgs2 COX-2 Mm00478374_m1 

 

  

https://www.thermofisher.com/taqman-gene-expression/product/Mm99999915_g1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Mm00433753_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Mm00497506_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Mm00444754_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Mm00492353_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Mm00433790_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Mm00433802_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Mm00433820_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Mm00446190_m1?CID=&ICID=&subtype=
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Assessment of animal behaviour  

Since a frequent occurrence in DMD patients is the presence of maladaptive social 

behaviour and psychiatric concerns that could be explained by a maladaptive stress 

response presenting as anxiogenic-like behaviour, I aimed to determine whether 

dystrophin deficiency in mice resulted in behavioural changes. The social and 

psychiatric implications of childhood disability are no doubt significant, which has 

brought the presence of a psychiatric phenotype in DMD into question. Therefore, I 

sought to isolate the genotype itself as a possible neuropsychiatric aggravating factor 

in DMD, and assess the native and stress-induced behavioural changes in dystrophin-

deficient mice relative to their wild-type counterparts.  

Behavioural analysis conditions 

Standard conditions were set for each (Hurst & West, 2010) experiment to remove 

artificial bias. Particularly as I was interested in measuring anxiogenic-like behaviour, 

and ensure the welfare of the mice, every effort was made to reduce variables that 

would impart psychological stress. Animals were transferred between cages and 

apparatus using the handling tube method, as this has been demonstrated to reduce 

stress when compared to tail pinch handling (Hurst & West, 2010). 

All behaviour experiments were performed in the same room. Animals were moved 

into this room one week prior to the beginning of experiments to acclimatise them to 

the environment. All experiments were performed between 10:00 and 14:00 in order 

to reduce disruption to the animals’ sleep-wake cycle, and to avoid changes in 

behaviour due to circadian changes in serum corticosterone. Relative humidity was 

between 50–60%, and temperature was 20–22 ºC for all of the experimental cohorts. 

Apparatus was cleaned thoroughly with 70% v/v EtOH before every test to avoid 



57 

 

behavioural changes induced by olfactory cues. After each test, animals were 

transferred to new cages as to not influence the behaviour of littermates. Animals 

were then reunited with littermates in their home cages after the cessation of testing 

for the day.  

Illumination was achieved using a LED bulb, and measured using a digital light meter. 

Tests were recorded using a webcam suspended 1m above the base of the apparatus. 

All video tracking and all analysis—with the exception of the object recognition test, 

which was analysed manually—was performed using Any-Maze software (Stoelting, 

Chicago, IL, USA).  

Assessment of anxiogenic-like behaviour: the light-dark box 

test 

The light-dark box test (LDB) is a widely used behavioural test that is used to measure 

relative anxiogenic-like behaviour in rodents (Bourin & Hascoet, 2003; Malmberg-

Aiello, Ipponi, Bartolini, & Schunack, 2002; Mombereau, Kaupmann, van der Putten, 

& Cryan, 2004). It exploits the conflict between two innate behaviours: 1) the 

preference for dark, enclosed spaces, likely an evolutionarily-driven avoidance of 

predators, and 2) the drive to explore novel environments and stimuli. Higher levels 

of psychosocial stress increase the preference for the former, and vice versa. As such, 

it has been popular in the pharmaceutical industry for preclinical testing of anxiolytic 

drugs, and in neuroscience research in evaluating phenotypic or treatment-induced 

changes in stress-susceptibility and anxiogenic-like behaviour.  

The apparatus used consists of a 400 mm long x 400 mm wide x 350 mm high plexiglass 

box, centrally divided into two 200 mm long x 400 mm wide zones, with a central 

doorway adjoining the two (65 mm high x 70 mm wide) (Stoelting). The dark zone was 
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constructed from opaque black plexiglass, with a matching lid, and an illumination of 

≤1 lx. The outer walls of the light zone were constructed of transparent clear 

plexiglass, and no lid was present. This zone was illuminated to 420 lx at the centre to 

induce anxiogenesis and create greater contrast between zones. Animals were placed 

backwards into the centre of the light zone and allowed to explore the arena for 5 

minutes.  

When under stress, typically mice prefer dark, enclosed spaces. As such, the relative 

time spent in each of the light and dark zones was used as the primary measure of 

anxiogenic-like behaviour. The latency to first enter the dark zone was used as a 

surrogate marker of a fear response when confronted with a novel environment.  

Assessment of locomotor activity and exploratory behaviour: 

the open field test  

The primary purpose of the open field test (OFT) is to assess locomotor behaviour in 

mice, which is innately driven by exploration (Prut & Belzung, 2003; Simon, Dupuis, & 

Costentin, 1994). The apparatus is a 400 mm long x 400 mm wide x 350 mm high box 

made from non-reflective opaque grey plexiglass (Stoelting), illuminated to 20 lx 

equally across the base of the arena. The purpose of this low level of illumination was 

to allow clear visualisation of mice with video tracking software, whilst reducing the 

amount of stress induced from the large, unsheltered arena. Mice were placed into 

the same corner of the maze with head facing towards the corner, and allowed to 

explore the arena for 10 minutes. Total distance was recorded to measure locomotor 

activity using the Any-Maze (Stoelting). The field was digitally divided into central, 

intermediate, and peripheral zones to measure anxiogenic-like behaviour. Duration 
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spent in each zone, and duration spent immobile was recorded for the total arena was 

recorded to investigate exploratory-like, and anxiogenic-like behaviour, respectively.  

Assessment of cognition: the novel object recognition test  

The Novel Object Recognition (NOR) test is a widely used behavioural test used to 

measure the relative recognition memory. It exploits the tendency of rodents to prefer 

exploration of novelty over familiar stimuli. It uses the discrimination between novel 

and familiar objects as a measure of the cognitive ability to remember stimuli. The 

protocol is modified from Leger et al. (2013). The NOR test was divided into three 

phases, each executed 24 hours following the previous phase. The phases were 1) 

Habituation phase. Animals were allowed to explore an empty arena. 2) 

Familiarisation phase. Two identical objects were placed in opposing corners of the 

same side of the cage, equally spaced 100 mm from the walls of the arena (see Figure 

2.5). 3) Recognition phase. One object from the familiarisation phase, and one novel 

object were placed in the same positions and orientations.  

The same objects were used throughout all experiments. Objects were chosen on the 

basis of having similar size and physical characteristics, whilst being dissimilar enough 

to create a robust discrimination in the face of novelty. To mitigate against any 

possible preference for one object over another, or the preference for one side of the 

arena, both the object used in the familiarisation phase, and the positioning of the 

novel object in the recognition phase, were alternated between each animal.  
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Figure 2.5. Representation of the Novel Object Recognition arena and placement of 
objects. The centre of the objects were orientated 100 mm from the edge of the arena (not 
to scale).  

The primary metric that I used to determine novel object recognition of each animal 

is termed the relative discrimination index (RDI), and is taken from (Sik, van 

Nieuwehuyzen, Prickaerts, & Blokland, 2003). 

RDI = ((b-a)/e) 

Where the RDI is equal to the time spent exploring the novel object, b; minus the time 

spent exploring the familiar object, a; divided by the total exploration time, e. RDI is 

expressed as a number between -1 and +1, where +1 represents an exclusive 

exploration of the novel object, and 0 represents an equal exploration of both objects. 

The purpose of this metric is that it designates a numerical value to the preference for 

the novel object that is independent of the duration of exploration, which shows high 

inter-animal variation.  

Assessment of the of psychosocial stress response 

Acute stress: restraint stress  

Acute immobilisation produces stress-like behaviour and a transient increase in ACTH 

release from the pituitary gland (Beaulieu, Di Paolo, & Barden, 1986; Wong, Cassano 
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& D’mello, 2000) whilst minimising harm to the animal. I therefore chose the acute 

restraint stress (RST) model to characterise the behavioural response to mild acute 

stressors (Inoue, Koyama, Muraki, & Yamashita, 1993; Lachuer, Delton, Buda, & 

Tappaz, 1994; Tuli, Smith, & Morton, 1995). Briefly, mice were individually placed in 

Broome rodent restraint tubes (Harvard Apparatus) such that there was only 

approximately 20 mm of longitudinal space for movement and avoiding constriction 

such that respiration might be impaired. Animals were left in the tubes for 1 hour in 

individual cages containing sawdust as standard. Upon cessation of restraint stress, 

animals were returned to their home cages for 1 hour prior to the commencement of 

behaviour experiments.  

Chronic stress: social defeat paradigm  

Repeated exposure to aggression from other animals can produce a significant and 

enduring effect on the psyche of rodents (Keeney et al., 2006). When compared to 

other forms of stress, social defeat stress is considered to produce a profound and 

chronic psychological response that greater mimics the human condition, particularly 

with regards to depressive-like behaviour, thus putatively having greater predictive 

validity in neurobiological and pharmacological research situations. Moreover, it has 

been demonstrated to produce a robust induction of the central and peripheral innate 

immune response (Avitsur, Stark, & Sheridan, 2001; Ramirez, Niraula, & Sheridan, 

2016; Stark et al., 2001). For the above reasons, I chose the Resident Intruder Stress 

(RIS) paradigm to model chronic stress in DMD mice.  

Adult CD1 mice were chosen as resident aggressor mice due to their large size and 

intra-species aggression (Golden et al., 2017) and individual mice were chosen from 

the cohort of available mice to further maximise ferocity. All mice were individually 
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housed in the room that the procedure was undertaken in at least one week prior to 

the commencement of experiments to allow animals to habituate.  

The RIS procedure was carried out in large cages centrally divided into two zones by a 

clear transparent sheet of perforated Plexiglass. Resident CD1 mice were permanently 

housed in one side of the cage, which I will refer to as the resident zone, with the other 

zone being referred to as the holding zone. Test animals were placed into the resident 

zone containing a resident CD1 mouse. Interactions between the two animals was 

carefully monitored to prevent injury or excessive intimidation. Interaction between 

the two mice was ceased upon visual confirmation of social defeat or minor injury. 

Social defeat was determined either by fleeing from the resident animal, or by lack of 

resilience to aggression, typified by raising forepaws, or lack of retaliation in response 

to aggression. Once social defeat was established, test animals were transferred into 

the holding zone.  

This procedure was repeated every 24 hours for six consecutive days. The test animals 

were rotated between cages containing resident CD1 mice both in order to balance 

the psychological stress induced by differing levels of resident aggression, and to 

increase the effect of the stressor by preventing acclimation of either mouse to one 

another.  
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Quantitative analysis and determination of statistical 

significance 

Statistical analysis was performed using GraphPad Prism (GraphPad Software, La Jolla, 

CA, USA). The Shapiro–Wilk test was used to determine the normality of data point 

distribution within sample groups. Sample groups with α values of ≤ 5 were considered 

normally distributed. Normally distributed data was tested for significance using an 

unpaired two-tailed Student’s t-test. Non-normally distributed data was tested for 

significance using the Mann-Whitney U test.  

In both cases, a P value of < 0.05 was considered statistically significant. The following 

annotations were used for graphically denoting statistical significance: *: P < 0.05; **: 

P < 0.01; ***: P < 0.001; ****: P < 0.0001.  

Statistical analysis of quantitative immunohistochemistry 

Five fields of view per each animal were captured and analysed using ImageJ. 

Quantitative values were exported to GraphPad Prism and averaged to form one data 

point, which was subsequently used for statistical analysis. An N value of 1 therefore 

represents one animal. 
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Chapter three: Characterisation of the native 

expression of dystrophin isoforms and their 

influence on glutamate receptor expression 

in the cerebellar cortex  

Summary and importance  

Background and Aim 

The role of dystrophin, and its association with other proteins, in health and disease 

has been widely explored in muscle. However, less is known about its expression and 

function in the brain. We know that it is closely associated with inhibitory 

neurotransmitter receptors and synapses in the CNS. However, its association with 

the majority of neurotransmitters and synapses within the brain, i.e., those which 

mediate excitation, is largely unexplored. The aim of this chapter is to determine 

whether specific dystrophin isoforms are targeted to different populations of 

synapses and are associated with distinct neurotransmitter receptor classes. I have 

focussed on the cerebellum because it is of particular interest to the main disease 

associated with dystrophin pathology, namely DMD. Indeed, the cerebellum mediates 

many of the cognitive processes that are frequently impaired in patients who are 

dystrophin-deficient or dystrophin-null. Furthermore, the cerebellum expresses a 

unique Dp427 isoform not found in other brain regions. These factors place dystrophin 

as a potentially important locus for DMD neuropathology.  
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Methods  

Since the dystrophin gene encodes multiple isoforms with different expression and 

functional profiles, and the cumulative loss of dystrophin isoforms is associated with 

cognitive impairment, I chose to address both isoforms of dystrophin present in the 

postnatal brain—Dp427, and Dp71. Male mice aged 8–10 weeks were used 

throughout. WT mice, alongside the full length Dp427-deficient mdx strain, and the β-

geo strain which lacks all dystrophin isoforms, were used to study the native 

expression of dystrophin isoforms, and the impact that their absence has on 

glutamate receptor subunits. A combination of immunohistochemistry with confocal 

microscopy, immunoblot, and RT-PCR was used to characterise the native expression 

levels of dystrophin. Following this, I employed quantitative immunohistochemistry 

with confocal microscopy and qRT-PCR to determine whether the expression of 

individual iGluR subunits is altered, at the mRNA and protein levels, in the absence of 

specific dystrophin isoforms.  

Results  

In accordance with previous reports, Dp427 immunoreactivity in the molecular layer 

was enriched on the surfaces of PC somata and dendritic shafts, in close proximity to 

GABA release sites, which were identified by immunoreactivity for the vesicular GABA 

transporter (VGAT). This confirms that this dystrophin isoform is associated with 

inhibitory synaptic junctions. In stark contrast, immunoreactive clusters 

corresponding to Dp71 were exclusively located in PC dendritic spines adjacent to 

clusters immunopositive for synapse-associated protein 97 (SAP97) or vesicular 

glutamate transporter 1 or 2 (VGLUT1-2) indicating that this isoform is targeted to 

excitatory synapses. Furthermore, this immunoreactivity was closely associated with 
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clusters immunopositive for the GluA1, GluA4, GluN2A, and GluD2 subunits, 

suggesting that this dystrophin isoform could be implicated in regulating 

neurotransmission from both parallel fibre (PF) and climbing fibre (CF) inputs. qRT-

PCR revealed significant changes in the mRNA levels of specific iGluR subunits in β-geo 

but not mdx cerebellum, with GluA2, GluA3 and GluN2A subunits showing decreased 

mRNA levels. Importantly, no significant changes were observed in the hippocampus. 

Semi-quantitative analysis of iGluR-immunoreactive clusters revealed a significant 

increase in the density of GluD2 immunoreactive clusters, compared to WT controls.  

Importance  

The data provide the first demonstration that an individual cell type targets different 

isoforms of dystrophin to molecularly and functionally distinct populations of 

synapses. This suggests that a cell type can exploit different molecular variants of an 

individual protein to process diverse forms of information transferred at excitatory 

and inhibitory synapses. The data also provide the first demonstration of an 

association between dystrophin and excitatory neurotransmitter receptors. This 

therefore builds on previous reports which centred on the interaction of dystrophin 

and inhibitory neurotransmitter receptors. The long-term implications are the 

identification of Dp71 and ionotropic glutamate receptors as a molecular correlate for 

severe cognitive impairment in DMD, and the potential contribution of Dp71 as a 

novel mediator of cerebellar circuit organisation during development.  
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Results  

3.1. Validation of tools used to characterise the expression of 

dystrophin isoforms in the brain  

Since the principal aim of my PhD was to determine whether there was an association 

between ionotropic glutamate receptor subtypes and dystrophin isoforms in the 

mouse brain, it was imperative to confirm at the outset the validity of the key tools I 

would employ, namely dystrophin deficient mouse strains and anti-dystrophin 

antibodies. 

Immunohistochemical analysis using an antibody directed to the C-terminus of 

dystrophin and recognises all isoforms revealed strong signal in blood vessels 

throughout the brains of WT mice. No specific signal representing this pattern was 

detected in tissue from β-geo mice (Figure 3.1 A). This labelling is in agreement with 

previous reports that Dp71 is present at the end feet of perivascular astrocytes in the 

brain. Additionally, the PCR products of samples from WT, mdx and β-geo mice 

revealed a lack of cDNA corresponding to the Dp71 isoform in β-geo mice (Figure 3.1 

B) These data confirm the dystrophin-null state of the β-geo mouse brain.  
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Figure 3.1. Confirmation of the lack of Dystrophin in the β-geo mouse model. (A1) shows 
immunoreactivity in a sagittal section through the whole-brain of a WT mouse labelled with 
an antibody raised against the C-terminus of dystrophin, which recognises all dystrophin 
isoforms. (A2) shows the corresponding immunoreactivity pattern in a section from a β-geo 
mouse, processed and imaged under identical conditions to (A1). No specific signal was 
detected in β-geo samples. (B) shows a gel electrophoresed with PCR products from WT and 
dystrophin-deficient mouse cerebellum, reacted with a primer specific to Dp71. Scale bars: 
500 µm. 
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3.2. High resolution localisation of dystrophin isoforms in the 

cerebellar cortex  

A pivotal finding in DMD brain research was that Dp427 is expressed at inhibitory 

synapses on PCs, where it anchors GABAA receptors (Brünig et al., 2002; Knuesel et 

al., 1999). However, as mentioned in Chapter one, boys lacking only Dp427 do not 

typically exhibit intellectual impairment, unlike those lacking shorter isoforms of 

dystrophin expressed in the brain. Therefore, I sought to determine the subcellular 

localisation of both dystrophin isoforms present postnatally in the cerebellum, namely 

Dp427(p), and Dp71. To this end, I performed immunohistochemical analyses on WT 

and dystrophin-deficient mdx and β-geo cerebellar sections using two anti-dystrophin 

antibodies. Firstly, I sought to confirm the previously published labelling pattern of 

Dp427 labelling using an antibody raised against the N-terminus of dystrophin (Figure 

3.2 A). In tissue from WT mice, dystrophin immunoreactivity was present throughout 

the somatodendritic regions of PCs, identified by immunoreactivity for calbindin, a 

calcium-binding protein which in the cerebellum is exclusively expressed by, and 

throughout PCs, and is therefore a reliable marker for this cell type and its sub-cellar 

compartments.  

The somata and proximal dendritic shafts of PCs were sparsely labelled with large 

immunoreactive clusters that closely followed the outermost edge of the CB 

immunofluorescence profiles, suggestive of expression on plasma membrane 

surfaces. This pattern of labelling has previously been reported by Kneusel and 

colleagues (1999), and is characteristic of the location of GABAergic synapses, in which 

the full-length Dp427 isoform is purportedly contained. No specific labelling of this 

pattern was detectable in tissue from either mdx or β-geo mice, thus identifying this 

labelling pattern as corresponding to Dp427.  
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I then used an antibody targeted against the C-terminus of dystrophin, which is 

common to all dystrophin isoforms and should therefore indicate a pan-dystrophin 

localisation pattern. In tissue sections from WT mice, this antibody produced two 

distinct patterns of labelling. Firstly, it labelled the somatodendritic compartments in 

large clusters in a nearly identical fashion to that previously observed using the N-

terminus antibody (Figure 3.2 A). Apart from this labelling, dystrophin signal also 

presented as small, individual puncta that densely populated the full extent of the 

molecular layer (Figure 3.2 B). This clustering closely followed the outline of PC distal 

dendrites within this region, decorating dendritic spines. Dystrophin labelling was 

predominantly membrane-bound, with little cytoplasmic labelling. This pattern of 

labelling was also present in tissue from mdx mice, but not β-geo mice, suggesting 

that it corresponds to a truncated dystrophin isoform. Within the PC and granule cell 

layers, labelling of this pattern was sparse and faint, and did not appear to mark any 

cellular profiles. The molecular identity of the dystrophin isoform in question was 

identified by immunoblot of cerebellar homogenates from WT and β-geo mice. A 

strong band at approximately 70 kDa was present in WT samples, but not in β-geo 

samples, putatively corresponding to the Dp71 isoform (Figure 3.2 C), which is the 

most abundant and widely expressed dystrophin variant in the brain (Jung, Filliol, 

Metz-Boutigue, & Rendon, 1993; Lederfein et al., 1992). Several faint bands were also 

present, but were not comparable to the 70kDa band present in WT samples.  
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Figure legend overleaf 
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Figure 3.2. Localisation of dystrophin in the cerebellar cortex. (A1–3) depict immunoreactivity 
for all dystrophin isoforms (white) and Calbindin (CB, blue). Calbindin is a calcium binding 
protein present in Purkinje cell (PC) somatodendritic compartments, thus identifying PCs. (A1) 
shows immunoreactivity for CB and dystrophin—using an antibody raised against the N-
terminus of dystrophin, and thus recognising only full-length isoforms—in tissue from WT 
cerebellum (A2) shows, imaged under identical conditions to (A1), signal from mdx mice. (B1) 
shows dystrophin labelling in cerebellum from wild-type mice. The anti-dystrophin antibody 
is targeted at the C-terminus and recognises all dystrophin isoforms. Dystrophin 
immunoreactivity follows three distinct patterns on PCs: Somata and proximal dendrites are 
sparsely labelled with large aggregates of immunoreactive clusters (arrows). The vicinity of 
dendritic spines is also densely populated by numerous individual puncta. Strong labelling is 
also present on putative blood vessels (asterisks). (B2) shows dystrophin labelling in mdx 
cerebellum, which lacks full-length dystrophin expression, imaged under identical conditions 
to (B1). Somatodendritic labelling seen in (A1 and B1) is absent. (B3) shows 
immunofluorescence for dystrophin and CB in cerebellar cortex from β-geo mice, which are 
dystrophin-null. No specific signal was detected in samples form β-geo mice. (C) shows an 
immunoblot of cerebellar protein isolates from WT and β-geo mice, incubated with the same 
antibody as (B). A strong band was detected at approximately 70kDa. No other bands of 
similar intensity were detected in samples from WT and β-geo mice. Scale bars: 10 µm. 

The absence of specific signal in dystrophin-null β-geo mice confirms the specificity of 

this antibody for dystrophin. The step-wise loss of dystrophin labelling patterns 

correlating with cumulative gene deletion confirms the differential expression of 

dystrophin isoforms at different PC sub-cellular compartments which correlate with 

different types of synapses; Dp427 is expressed in the vicinity of inhibitory synapses, 

as previously reported, and a truncated dystrophin isoform is expressed in the vicinity 

of excitatory synapses, which is most likely the Dp71 variant. 

3.3. Dp71 is expressed by neurons and glia in the molecular 

layer of the cerebellar cortex  

In the molecular layer, Bergmann glia processes surround PC dendritic spines, the 

major site of excitatory input. Dp71 is known to be expressed by both neuronal and 

glial populations in the brain (Daoud et al., 2009; Haenggi & Fritschy, 2006), but has 

only been localised to Bergmann glia in the cerebellum (Blake et al., 1999). To 

delineate whether the previously observed dystrophin labelling in this region (Figure 

3.2 B) was associated with either PC or glial populations, or both, I reacted the same 
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dystrophin and CB antibodies with tissue from mice expressing enhanced green 

fluorescent protein (eGFP) under the control of the glial fibrillary acidic protein (GFAP) 

promotor. GFAP is a cytoskeleton protein expressed by astrocytes and is present 

throughout the cytoplasm of Bergmann glia. As expected, GFAP-eGFP fluorescence 

presented as a network of processes reaching from the PC layer outwards to the pial 

surfaces of the molecular layer, and contacting PCs in the vicinity of dendritic spines, 

including those visibly containing dystrophin immunoreactive puncta (Figure 3.3). 

Dystrophin immunoreactivity outlining spines appeared more closely associated with 

CB immunoreactivity than GFAP-eGFP fluorescence, and a portion of punctate 

dystrophin immunoreactivity was present in the cytoplasm of PCs, but not astrocytes. 

Cytoplasmic labelling could either suggest non-specific primary or secondary antibody 

binding, but the absence of such labelling in β-geo tissue suggests specificity of the 

antibody for dystrophin. Dp71 expression has previously been detected in neurons of 

the hippocampus (Daoud et al., 2009), but only in Bergmann glia in the cerebellum 

(Blake et al., 1999). These data strongly suggests the presence of Dp71 at excitatory 

synapses, at which astrocytes play a role in modulating synaptic organisation and 

function (Cervetto et al., 2015; Iino et al., 2001; Mandolesi et al., 2013).  
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Figure 3.3. Association of 
dystrophin with Purkinje cells and 
Bergmann glia. (A1) shows the 
association of pan-dystrophin 
immunoreactivity (yellow) with 
PCs, identified by calbindin (blue) 
in the molecular layer. (A2) 
shows, in the same field of view, 
immunoreactivity for dystrophin 
on Bergmann glia, identified by 
enhanced green fluorescence 
protein under the glial fibrillary 
acidic protein promotor (GFAP, 
magenta). (A3) is an enlarged 
overlay of the boxed area in (A1 
and A2) showing the distal 
processes of Bergmann glia 
interwoven with PC spines, 
adorned with dystrophin 
immunoreactive puncta 
(examples labelled with 
arrowheads). Scale bars: 10 µm.  
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3.4–3.5. Dp427 and Dp71 are differentially localised to 

inhibitory and excitatory synaptic sites, respectively.  

The patterns of labelling corresponding to Dp427 and Dp71 appeared to coincide with 

inhibitory and excitatory synapse locations respectively (Figure 3.2 B). To confirm this, 

I reacted antibodies against the C-terminus of dystrophin and CB and: 1) the vesicular 

GABA transporter, a protein expressed exclusively in the membranes of synaptic 

vesicles which contain either GABA or glycine, and is thus predictive of the release 

sites for these inhibitory neurotransmitters; 2) synapse-associated protein-97 

(SAP97), a postsynaptic scaffolding and trafficking protein strongly associated with 

glutamate receptors and thus a marker of excitatory synapses. As expected, labelling 

corresponding to the pattern observed for the full-length isoform (Dp427) was closely 

associated with clusters immunoreactive for VGAT. In contrast, there was sparse 

association between immunoreactive clusters corresponding to Dp427 and VGAT 

(Figure 3.4 A). Conversely, punctate clusters corresponding to putative Dp71 were 

preferentially associated with those immunopositive for SAP97 (Figure 3.4 B). This 

strongly suggests that Dp427 and Dp71 are differentially distributed to cerebellar 

locations containing inhibitory and excitatory synapses, respectively. Since the above 

data suggest that Dp71 is localised to excitatory synapses, I sought to determine 

whether Dp71 is targeted selectively to one of the two afferent inputs to PCs, namely 

CFs or PFs. I reacted antibodies against vesicular glutamate transporters 1 and 2 

(VGluT1, VGluT2) (Figure 3.5), which are selectively present at presynaptic boutons of 

PFs and CFs, respectively. VGluT1 immunoreactivity presented as individual puncta in 

the vicinity of PC spines and immunoreactive clusters corresponding to putative Dp71, 

with a high degree of adjacency (Figure 3.5 A). 
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Figure 3.4. Dystrophin isoforms are differentially localised to excitatory and inhibitory 
domains. (A1) shows immunoreactivity for dystrophin (yellow) on PCs, identified by calbindin 
in the PC layer and proximal molecular layer of the cerebellar cortex. (A2) shows, in the same 
field of view, the distribution of inhibitory synaptic inputs—identified by vesicular GABA 
transporter (VGAT, magenta)—on PCs. (A3) is an enlarged overlay of the boxed region in (A2). 
Note the two distinct populations of dystrophin immunoreactivity; large clusters adorning the 
proximal dendrites and somata of PCs (marked with arrowheads), and individual punctate 
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clusters on the dendritic spines (marked with arrows). The former labelling pattern, but not 
the latter, is closely associated with VGAT labelling, suggesting association with inhibitory 
synaptic inputs. As with (A), (B) shows immunoreactivity for dystrophin (yellow) and its 
association with synapse-associated protein 97 (SAP97, magenta), a protein expressed at 
excitatory postsynaptic densities, on distal PC dendrites, identified by CB, (Blue). (B3) is an 
enlarged overlay of the boxed area in (B1 and B2) showing the association between SAP97- 
and dystrophin-immunoreactive clusters (examples are marked with arrows). Scale bars: 10 
µm. 

VGluT2 immunoreactivity was also present in individual clusters that decorated PC 

spines, and was similarly associated with immunoreactivity corresponding to Dp71. 

CFs closely adhere to the shafts of PC dendrites. Here, they contact synaptic sites en 

route to their terminals on dendritic spines. Here, they additionally release glutamate 

to sites on their dendritic shafts. (Brown, Sugihara, Shinoda, & Ascoli, 2012; Chan-

Palay & Palay, 1970). Large clusters immunoreactive for dystrophin were detected at 

this location, putatively representing en-passant glutamatergic synapses (Figure 3.5 

B). I also observed a portion of dystrophin labelling that overlapped with VGluT2 

immunoreactive clusters at these sites, but it is unclear whether this reflects 

dystrophin-VGluT2 synapses or coincidental localisation of inhibitory synapses with 

neighbouring CF vesicles at synapses or en route to axon terminals. As labelling 

corresponding to both excitatory synaptic inputs presented as similar labelling, I 

reacted antibodies against both VGluT1 and VGluT2 with dystrophin. A large 

proportion of immunoreactivity for both transporters and dystrophin was associated 

in tripartite clusters (Figure 3.5 C). Because CF terminals only innervate the interior 

two thirds of the molecular layer, I also imaged the distal extent of the molecular layer 

(not shown). Dystrophin immunoreactivity was present evenly throughout the 

molecular layer, suggesting that dystrophin is expressed at PF-PC synapses and also 

possibly at CF-PC synapses.  
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Figure 3.5 Dystrophin is localised to both parallel fibre and climbing fibre-innovated synaptic 
sites. (A and B) show the association between immunoreactivity for dystrophin and excitatory 
innervation from PFs and CFs in the cerebellar molecular layer. (A1) shows immunoreactivity 
for dystrophin (magenta) and CB (blue). Dystrophin decorates CB immunopositive dendritic 
spines in small, individual puncta. Large dystrophin-immunoreactive clusters corresponding 
to inhibitory inputs are marked with arrowheads. (A2) shows, in the same field of view as (A1) 
VGluT1 (magenta). (A3) is an enlarged overlay of the boxed area in (A2), showing the 
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association between dystrophin and VGluT1. Note the lack of association between VGluT1 
and large dystrophin clusters on dendritic shafts (marked with arrowheads). As with (A), (B1–
3) depict the association between dystrophin and VGluT2 (magenta). (C) shows the 
association of dystrophin (yellow), VGluT1 (blue) and VGluT2 (magenta). Scale bars 10 µm 

3.6–3.9. Dp71 is closely associated with diverse glutamate 

receptor subunits  

The subunit composition of glutamate receptors influences the kinetic, physiological 

and pharmacological properties the synapse (Traynelis, 2010). I therefore assessed 

whether Dp71-corresponding immunoreactivity was preferentially associated with 

synapses containing specific glutamate receptor subunits. I used antibodies specific to 

individual GluA, GluN, and GluD subunits, together with calbindin and dystrophin. 

Immunoreactivity for AMPA subunits GluA1–GluA4 closely followed the previously 

described pattern of dystrophin labelling in the molecular layer. Individual puncta 

were enriched in dendritic spines of PCs. Numerous GluA1-immunoreactive clusters 

present at spines overlapped with, or were in close apposition to, dystrophin 

immunoreactive clusters, but in most cases were not completely overlapped. This 

could be indicative of iGluRs being part of the DAG complex, which would be a novel 

finding. The density of immunoreactive clusters for dystrophin was comparable at 

spines, but lower than dystrophin in the surrounding regions, including on dendritic 

shafts. Immunoreactivity for GluA4 followed a similar pattern of labelling as GluA1, 

with a similar association with dystrophin immunoreactive clusters. There was also 

some sparse immunoreactivity for GluA1 and GluA4 detected within the cytoplasm of 

PCs that was not associated with dystrophin. Since AMPAR are highly mobile, this 

labelling could reflect GluA1 being trafficked. Alternatively, it could represent non-

specific antibody binding.  
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Immunoreactivity for GluA2 and GluA3 subunits followed a similar pattern of labelling 

as GluA1 and GluA4 subunits in the molecular layer. Unfortunately, both GluA2 and 

GluA3 antibodies, as well as the C-terminus dystrophin antibody used in this study 

were raised in rabbit, thus precluding multi-labelling analyses.  

Immunoreactivity for GluN2A followed a similar pattern to that of the GluA1 and 

GluA4 antibodies used (Figure 3.8). However, their association with CB-

immunopositive processes appeared less closely than their AMPAR counterparts. This 

could be either because GluN2A is located on neighbouring astrocytes and 

interneurons, but is not thought to be expressed by PCs themselves (Bidoret et al., 

2015). Another possible explanation is that the apparent distance is the result of the 

removal of cytoplasmic staining resulting from proteolytic digestion required to 

immunolabel the GluN2A subunit under the conditions used.  

Immunoreactivity for GluD2 presented a similar pattern to GluA1 and GluA4 under the 

conditions used; punctate immunoreactive clusters decorated the vicinity of spines in 

the molecular layer (Figure 3.9). Close association was observed between GluD2 and 

dystrophin immunoreactive clusters in this region. Some immunoreactive clusters 

were detected on PC shafts, but were not associated with dystrophin-immunoreactive 

clusters.  
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Figure 3.6. Association of 
dystrophin and GluA1 
immunoreactivity (A1) shows 
immunoreactivity for CB (blue) 
and dystrophin in the molecular 
layer of the cerebellum. (A2) 
shows, in the same field of view as 
(A1), immunoreactivity for CB and 
the AMPA-type GluA1 glutamate 
receptor subunit (magenta). (A3) 
is an enlarged overlay of the 
boxed area of (A1 and A2), and 
shows the association between 
dystrophin and GluA1 
immunoreactive puncta adjacent 
to spines of PC dendrites 
(examples annotated with 
arrowheads). Scale bars 10 µm. 
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Figure 3.7. Association of 
dystrophin and GluA4 
immunoreactivity (A1). shows 
immunoreactivity for CB (blue) 
and dystrophin in the molecular 
layer of the cerebellum. (A2) 
shows, in the same field of view as 
(A1), immunoreactivity for CB and 
the AMPA-type GluA4 glutamate 
receptor subunit (magenta). (A3) 
is an enlarged overlay of the 
boxed area of (A1 and A2), and 
shows the association between 
dystrophin and GluA4 
immunoreactive puncta adjacent 
to spines of PC dendrites 
(examples annotated with 
arrowheads). Scale bars 10 µm. 



83 

 

  

Figure 3.8. Association of 
dystrophin and GluN2A 
immunoreactivity  (A1). shows 
immunoreactivity for CB (blue) 
and pan-dystrophin in the 
molecular layer of the 
cerebellum. (A2) shows, in the 
same field of view as (A1), 
immunoreactivity for CB and the 
NMDA-type GluN2A glutamate 
receptor subunit (magenta). (A3) 
is an enlarged overlay of the 
boxed area of (A1 and A2), and 
shows the association between 
dystrophin and GluN2A 
immunoreactive puncta adjacent 
to spines of PC dendrites 
(examples annotated with 
arrowheads). Scale bars: 10 µm.
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Figure 3.9. Association of 
dystrophin and GluD2 
immunoreactivity (A1). shows 
immunoreactivity for CB (blue) 
and pan-dystrophin in the 
molecular layer of the 
cerebellum. (A2) shows, in the 
same field of view as (A1), 
immunoreactivity for CB and the 
Delta-type GluD2 glutamate 
receptor subunit (magenta). (A3) 
is an enlarged overlay of the 
boxed area of (A1 and A2), and 
shows the association between 
dystrophin and GluD2 
immunoreactive puncta adjacent 
to spines of PC dendrites 
(examples annotated with 
arrowheads). Scale bars: 10 µm.
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3.10–3.12. Expression plasticity of specific iGluR subunits is 

altered at the mRNA level in the absence of total dystrophin, 

but not Dp427 

Dp427 is present at GABAergic synapses in the cerebellum and hippocampus, where 

its genetic deletion results in the altered density and clustering of GABAAR (Brünig et 

al., 2002; Knuesel et al., 1999). Since we observed putative Dp71-immunoreactive 

puncta closely associated with excitatory synapses in the cerebellar molecular layer, I 

assessed whether the expression of the predominant iGluR subunits in the cerebellar 

cortex was altered in the absence of Dp427, or total dystrophin, and whether this 

change was region-specific. 

 To this end, I isolated total mRNA from cerebellar vermis and hippocampal formation 

extracts from WT, mdx, and β-geo mice, and performed quantitative RT-PCR analyses 

with probes targeted against iGluR subunit mRNAs (Table 2.3).  

In samples from β-geo mice, relative mRNA levels for three of the subunits analysed 

were significantly lower compared to WT samples. The subunits affected were the 

AMPA-type GluA2 (Mean ± SEM: WT:1.063 ± 0.159 vs β-geo 0.644 ± 0.0576 Gria2 

relative to Gapdh; P = 0.0181 unpaired Student’s t-test, N = WT: 10, β-geo: 12), and 

GluA3 (mean ± SEM) WT: 0.459 ± 0.055 vs β-geo 0.259 ± 0.029 Gria3 relative to Gapdh; 

P = 0.0034, unpaired Student’s t-test, N = WT: 10, β-geo: 12) (Figure 3.10), and the 

NMDA-type GluN2A ((median) WT: 0.1560 vs β-geo: 0.0930 Grin2a mRNA relative to 

Gapdh; P = 0.0014, U = 14, Mann-Whitney U test, N = WT: 10, β-geo: 12) and GluN2B 

((median): WT: 0.3730 vs β-geo: 0.1495 Grin2b mRNA relative to Gapdh; P = 0.0425, 

U = 29, Mann-Whitney U test, N = WT: 10, β-geo: 12) subunits (Figure 3.11).  
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Figure 3.10. Quantification of AMPA-type iGluR-encoding mRNAs in the cerebellum of mdx 
and β-geo mice. (A–C) show the levels of NMDAR subunit-specific mRNAs in homogenates of 
cerebellar vermis from WT, and mdx and β-geo mice. WT: (A2, B2, C2; mdx) C57 BL/10 or (A1, 
B1, C1 β-geo) C57 BL/6. mRNA levels were calculated relative to Gapdh. The bars represent 
the means and error bars the SEM. Unpaired Student’s t-test: * P < 0.05; ** P < 0.01. N = (A1, 
D1) WT: 10, TG: 10; (A2, B2, C2, D2) WT: 11, TG: 12; (B1, C1) WT: 10, TG: 11 animals.  
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Figure 3.11. Quantification of NMDA-type iGluR-encoding mRNAs in the cerebellum of mdx 

and β-geo mice. (A–C) show the levels of NMDAR subunit-specific mRNAs in homogenates of 
cerebellar vermis from WT, mdx and β-geo mice. WT: (A2, B2, C2; mdx) C57 BL/10 or (A1, B1, 
C1 β-geo) C57 BL/6. mRNA levels were calculated relative to Gapdh. The bars represent the 
median and error bars the interquartile range. * P < 0.05; ** P < 0.01, Mann-Whitney U test. 
N = (A1–A2, C2) WT: 10, TG: 12; (B1) WT: 10, TG: 9; (B2) WT: 9, TG: 12; (C1) WT 10: TG 10 
animals.  
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Surprisingly, levels of all AMPA and NMDA-type iGluR-encoding mRNAs in β-geo 

hippocampal extracts were comparable to WT suggesting the possible association 

between dystrophin and iGluRs is brain region and cell type specific. No statistically 

significant changes in relative expression were observed in mdx mice, indicating that 

dystrophin loss-associated changes in GluR expression are both circuit and isoform-

specific. mRNA levels are summarised in Table 3.1. 

 

Figure 3.12. Quantification of GluD2 subunit-encoding mRNAs in the cerebellum of mdx and 
β-geo mice. (A1–3) show the levels of GluD2-encoding mRNA in homogenates of cerebellar 
vermis from WT, mdx and β-geo mice. WT: (A; mdx) C57 BL/10 or (B; β-geo) C57 BL/6. mRNA 
levels were calculated relative to Gapdh. The bars represent the median and error bars the 
interquartile range. NS, P ≥ 0.05, Mann-Whitney U test. N = (A) WT: 10, 11; (B) WT: 7, TG: 8 
animals 
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Figure 3.13. Quantification of AMPA and NMDA-type iGluR subunit-encoding mRNAs in the 
hippocampus of WT and β-geo mice. (A–C) show the levels of iGluR subunit-specific mRNAs in 
homogenates of hippocampus from WT and β-geo mice. mRNA levels were calculated relative 
to Gapdh. The bars represent (A, B2, C) the means and error bars the SEM, and (B1) the 
median ± IQR. NS, P ≥ 0.05 (A1, B2, C) unpaired Student’s t-test; (B1) Mann-Whitney U test. N 
= (A1, A3, B) WT: 11, β-geo: 12; (A2) WT: 10, β-geo: 12 animals. 
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3.14–3.15. The size and density of GluD2-immunoreactive 

clusters is increased in the dystrophin-deficient cerebellum  

Since the relative quantity of mRNA encoding select AMPA and NMDA subunits was 

altered in β-geo mice, I sought to determine whether this change manifested at the 

protein level as a change in the distribution or amount of receptor protein. To this end 

I used immunohistochemistry with confocal microscopy to quantify the density and 

size of immunoreactive clusters in the molecular layer. To effectively quantify subunit 

immunoreactivity, high quality immunohistochemical reactions that yielded excellent 

signal-to-noise ratios and manifested subunit expression as individual puncta was 

required. Unfortunately, this precluded the analysis of GluN2A and GluN2B subunits 

because of the requirement for proteolytic antigen retrieval that lead to uneven tissue 

surfaces.  

The microarchitecture of the cerebellar cortex is highly regimented and repeated in 

structure and has been subject to a number of categorisations on the basis 

anatomical, topographical, or molecular regional distinctions. Since it would be 

impossible to choose sections on this basis ad-hoc, I chose to control for the rostro-

caudal distribution of cerebellar circuits. I targeted three regions: The anterior, 

posterior, and flocculonodular lobes of the cerebellar vermis, and captured five 

images in different fields of view from each specimen to control for intra-regional 

discrepancies in receptor expression. 

Quantitative analysis of GluD2 clusters revealed an increase in the posterior and 

flocculonodular lobes in 1) the density (Posterior lobe: WT: 1804.4 ± 341.3 clusters per 

100 µm2 vs β-Geo: 3300.4 ± 413.4 clusters per 100 µm2; P = 0.0236, flocculonodular 

lobe: WT: 1708 ± 300.7 vs β-Geo: 3611.2 ± 416.4 immunoreactive clusters per 100 

µm2; P = 0.006, unpaired Student’s t test; N = 5 animals), and 2) the area covered by 
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clusters (Posterior lobe: WT: 0.1196 ± 0.007 vs β-geo: 0.1602 ± 0.01 µm2; P = 0.0423, 

Flocculonodular lobe: WT: 0.116 ± 0.005 vs β-geo: 0.1902 ± 0.027 µm2; P = 0.0271 

unpaired Student’s t test; N = 5 animals) (Figure 3.15 C). Collectively, these data 

suggest that β-geo mice have a significantly greater proportion of GluD2 located at 

the membrane of PCs. Notably, GluD2 mRNA levels were comparable in samples from 

both mdx (mean ± SEM) WT: 1.958 ± 0.5893 vs mdx: 2.166 ± 0.6918 relative to Gapdh; 

P = 0.8231, unpaired Student’s t-test; N = WT: 10, mdx: 11) or β-geo (mean ± SEM) 

WT: 0.9207 ± 0.2700 vs β-geo: 0.7304 ± 0.5408 relative to Gapdh; P = 0.8231, unpaired 

Student’s t test; N = WT: 10, mdx: 11). This disparity could represent an alteration to 

the posttranslational fate of GluD2 subunits in the absence of dystrophin, but it is 

unclear whether the abundance of GluD2 containing receptors is greater, or simply 

differently organised. Apart from GluD2, none of the subunits examined (GluA1–4, 

and GluD1) revealed a statistically significant change in either the density of, or area 

covered by, immunoreactive clusters. Data is summarised in Table 3.2. 
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Figure 3.14. Quantitative analyses of AMPA-type iGluR in the cerebellar cortex of WT and β-
geo mice. The density and area covered by immunopositive clusters were analysed. Ant: 
Anterior lobe of the cerebellar vermis; Pos: Posterior lobe; Floc; flocculonodular lobe. Five 
fields of view were captured from one specimen from each animal and averaged to create 
one data point. Bars represent the mean and error bars the SEM. Unpaired Student’s t-test: 
NS P ≥ 0.05; N = (A1, A2, C1–D2) WT: 5, β-geo: 5; (B1 and B2) WT: 4, β-geo: 5 animals. 
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Figure 3.15. Quantitative analyses of Delta-type iGluR subunit immunoreactive clusters in the 
cerebellar cortex of WT and β-geo mice. The density and area covered by immunopositive 
clusters were analysed. (A) shows representative confocal micrographs of GluD2 
immunofluorescence in the cerebellar molecular layer. (B1 and C1) show the recorded density 
of immunoreactive puncta for GluD1 and GluD2 subunits, respectively. (B2 and C2) show, from 
the same micrographs, the recorded size of puncta. Ant: Anterior lobe of the cerebellum; Pos: 
Posterior lobe; Floc; flocculonodular lobe. Five fields of view were captured from one 
specimen from each animal and averaged to create one data point. Bars represent the mean 
and error bars the SEM. Unpaired Student’s t-test: * P < 0.05; ** P < 0.01. N = (A1, A2, C1–D2) 
WT: 5, β-geo: 5; (B1 and B2) WT: 4, β-geo: 5 animals. Scale bar 2 µm.
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Table 3.1A Summary of relative levels of iGluR subunit mRNAs in the cerebellum of mdx, β-geo, and WT mice.Numerical values denote levels of detected mRNA 

relative to Gapdh. *, P < 0.05; **, P < 0.01, Student’s t-test or Mann-Whitney U test.; 1N = one animal. †: nonparametric statistics—Mann-Whitney U test used.  

Subunit 
Mean ± SEM (median) 

P N 
 Mean ± SEM (median) 

P N 
C57 BL/10 mdx  C57 BL/6 β-geo 

AMPA-type Subunits 

GluA1 0.7880 ± 0.0512 0.753 ± 0.0490 0.6364 5, 5 

 

0.586 ± 0.0556 0.665 ± 0.0465 0.2848 11, 12 

GluA2 0.8846 ± 0.0980 0.885 ± 0.1296 0.9997 10, 11 1.063 ± 0.1590 0.644 ± 0.0576 0.0181; * 11, 12 

GluA3 0.8150 ± 0.0606 0.771 ± 0.0491 0.5747 10, 11 0.459 ± 0.0548 0.259 ± 0.0292 0.0034; ** 11, 12 

GluA4 0.5852 ± 0.0686 0.635 ± 0.0398 0.4902 10, 10 1.474 ± 0.167 1.178 ± 0.159 0.213 11, 12 

NMDA-type Subunits 

GluN1 † (1.1520) † (0.9410) 0.1111 (3) 5, 4 

 

† (0.5315) † (0.4620) 02522 (42) 10, 12 

GluN2A † (0.7100) † (0.8010) 0.0943 (24) 10, 9 † (0.1560) † (0.0930) 0.0014; ** (14) 10, 12 

GluN2B † (0.8280) † (0.6940) 0.2761 (45) 10, 10 † (0.3730) † (0.1495) 0.0425; * (29) 10, 12 

Delta-type Subunits 

GluD2 † (0.9975)  (1.076) 0.6433 (48) 10, 11  † (0.6380) † (0.5965) 0.5265 (22) 7, 8 
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Table 3.1B Summary of relative levels of iGluR subunit mRNAs in the hippocampus of mdx, β-geo, and WT mice. Numerical values denote levels of detected mRNA 
relative to Gapdh. *, P < 0.05; **, P < 0.01, Student’s t-test or Mann-Whitney U test.; 1N = one animal. †: nonparametric statistics—Mann-Whitney U test used. 

 

  

Subunit 
Mean ± SEM (median) 

P (U) N 
 Mean ± SEM 

P N 
C57 BL/6 β-geo   C57 BL/6 β-geo 

AMPA-type Subunits NMDA-type Subunits 

GluA1 0.7031 ± 0.0602 0.8610 ± 0.0717 0.1292 11, 12  GluN1 0.5233 ± 0.0639 0.5838 ± 0.1187 0.6662 11, 12 

GluA2 † (1.377) † (1.266) 
0.6194 

(52) 
10, 11 GluN2A 0.7034 ± 0.1519  0.8163 ± 0.1603 0.6159 11, 12 

GluA3 0.8150 ± 0.0606 0.771 ± 0.0491 0.5747 10, 11 GluN2B 0.8905 ± 0.1713 0.7255 ± 0.1410 0.4624 11, 12 
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Table 3.2 Summary of quantitative cluster analyses of AMPA- and Delta-type glutamate receptor subunits in the cerebellum of WT and β-geo mice. The density and 
area covered by immunopositive clusters were analysed. Ant: Anterior lobe of the cerebellar vermis; Pos: Posterior lobe; Floc; flocculonodular lobe. 
Five fields of view were captured from one specimen from each animal and averaged to create one data point. Mean ± SEM. Student’s t-test: *, P < 
0.05; **, P < 0.01; N = GluA1, GluA3, GluA4, GluD1, and GluD2: 5 animals; GluA2: WT: 4, β-geo: 5 animals. 

 Lobe 

Cluster Density per 100 µm2 
 

Cluster Size (µm2) 

Mean ± SEM Mean ± SEM 

WT β-geo P  WT β-geo P 

AMPA-type Subunits 

GluA1 

Ant 2269.2 ± 290.08 2019.6 ± 573.2 0.4966 

 

0.1818 ± 0.03 0.2434 ± 0.08 0.4966 

Pos 2070.8 ± 191.04 2158.0 ± 186.6 0.7519 0.2012 ± 0.02 0.1786 ± 0.01 0.3638 

Floc 1903.6 ± 107.52 2198.8 ± 229.04 0.2768 0.184 ± 0.01 0.194 ± 0.001 0.5232 

GluA2 

Ant 4020 ± 274.56 3118.8 ± 666 0.2941 

 

0.1564 ± 0.01 0.1636 ± 0.01 0.762 

Pos 2382.8 ± 276.72 2173.6 ± 133.84 0.4892 0.1395 ± 0.01 0.1397 ± 0.01 0.9806 

Floc 2698 ± 424 1970 ± 587.2 0.3718 0.1598 ± 0.02 0.1448 ± 0.02 0.648 

GluA3 

Ant 1999.2 ± 260.56 2626 ± 107.44 0.0568 

 

0.1892 ± 0.02 0.2116 ± 0.01 0.3047 

Pos 992.8 ± 225.36 1588 ± 262.04 0.1234 0.1174 ± 0.01 0.1259 ± 0.008 0.4888 

Floc 985.2 ± 361.68 1236 ± 151.4 0.5403 0.1302 ± 0.01 0.1248 ± 0.008 0.1248 
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 Lobe 

Cluster Density per 100 µm2  Cluster Size (µm2) 

Mean ± SEM  Mean ± SEM 

WT β-geo P   WT β-geo 

GluA4 

 

Ant 3099.6 ± 513.6 3329.6 ± 419.2 0.7375 

 

0.1747 ± 0.03 0.1591 ± 0.01 0.658 

Pos 2833.6 ± 458 3248.4 ± 533.6 0.5715 0.169 ± 0.03 0.1674 ± 0.02 0.9631 

Floc 2808 ± 148.84 3279.6 ± 486.8 0.3815 0.1504 ± 0.01 0.1755 ± 0.02 0.3378 

Delta-type Subunits 

 

GluD1 

 

Ant 1602.9 ± 408.6 2407.9 ± 374.0 0.1841 

 

0.14056 ± 0.014 0.1828 ± 0.01 0.0974 

Pos 693.4 ± 101.0 612.7± 124.4 0.6398 0.1388 ± 0.006 0.12524 ± 0.004 0.0871 

Floc 776.6 ± 152.9 1104.0 ± 73.1 0.0894 0.13144 ± 0.006 0.1298 ± 0.005 0.8420 

GluD2 

Ant 1988.4 ± 648.4 3033.2 ± 612.8 0.2753  0.1336 ± 0.03 0.2224 ± 0.08 0.3059 

Pos 1804.4 ± 341.3 3300.4 ± 413.6 0.0236 *  0.1196 ± 0.007 0.1602 ± 0.01 0.0423 * 

Floc 1708.8 ± 300.7 3611.2 ± 416.4 0.006 **  0.116 ± .005 0.1902 ± 0.03 0.0271 * 
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Discussion 

The data in this chapter demonstrate that: 1) The β-geo mouse brain is dystrophin-

null. 2) Dp427 and Dp71 isoforms are differentially expressed at inhibitory and 

excitatory synapses, respectively. 3) Dp71 is associated with synapses containing a 

range of glutamate receptor subunits. 4) Deletion of total dystrophin, but not Dp427 

alone alters the expression plasticity of specific iGluR subunits at the mRNA level 5) 

the absence of the Dp71 isoform results in an increased density of GluD2 

immunoreactivity. This provides the first evidence that dystrophin is associated with 

excitatory cerebellar synapses, and that its deletion results in altered expression 

plasticity thereof. This is important because glutamate receptors are a major 

determinant of cerebellar output, and are pivotal in the development, organisation 

and function of the cerebellum as a whole.  

Subcellular localisation of dystrophin in the cerebellar cortex  

Since a central aim of my PhD was to determine if dystrophin was associated with 

excitatory synapses in the cerebellum, it was imperative that I produced high-quality 

immunolabelling of dystrophin. Using antibodies directed against the C- and N-termini 

of dystrophin, I was able to effectively differentiate between pan-dystrophin, and 

Dp427-immunolabelling, respectively (Figure 3.2). Dystrophin immunofluorescence 

strongly labelled dendritic spines on the distal dendrites of PCs throughout the 

molecular layer, but presented as faint labelling in the granule cell layer. This 

distribution of dystrophin immunoreactivity was comparatively faint compared to that 

produced by some anti-GluR subunit antibodies, but was in close agreement with 

previously published reports of iGluR distribution in this region tested using gene-

deleted mice (see Table 2.1. for references). I also observed that the majority of 
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immunofluorescence detected from pan-dystrophin labelling originated from 

truncated dystrophin, namely Dp71. (Figure 3.2 B). This is in agreement with previous 

reports that Dp71 is expressed by Bergmann glia, and at relatively high abundance 

when compared to Dp427 in the brain (Lederfein et al., 1992). This is an important 

finding because of the association between dystrophin deficiency and cerebellum-

associated cognitive processes (Helleringer et al., 2018; Hendriksen et al., 2016; Vicari 

et al., 2018), and the finding that Dp71-null mice exhibit altered synaptic input and 

plasticity at CF-PC synapses (Helleringer et al., 2018). However, its subcellular 

localisation has remained a mystery. Furthermore, Dp71 has been associated with 

excitatory hippocampal synapses due to it co-immunoprecipitating with iGluR 

subunits and PSD95 in rat hippocampus extracts, and the altered plasticity, and pre- 

and postsynaptic ultrastructure in Dp71-null mouse CA1 pyramidal neurons (Daoud et 

al., 2009; Miranda et al., 2009; Miranda, Nudel, Laroche, & Vaillend, 2011). One 

potential reason that Dp71 had not yet been immunolocalised at these sites is that 

immunoreactivity for the C-terminus of dystrophin reveals strong signal from blood 

vessels due to Dp71 located at perivascular astrocytic endfeet (Haenggi, 

Soontornmalai, Schaub, & Fritschy, 2004; Petkova et al., 2016) (Figure 3.1 A) that 

occludes the weaker signal emitted from punctate clusters in the molecular layer. In 

my own experience I found that optical magnification using the 100x objective, and 

attempts to avoid the strong signal emitted from blood vessels by way of digital 

magnification and selective imaging was required to observe high-resolution Dp71 

signal on neuronal profiles due to the obscuring of punctate dystrophin signal by 

relatively intense blood vessel labelling. Moreover, the study of dystrophin in the brain 

has primarily focussed on full-length dystrophin, and the available imaging technology 

at the time of the initial dystrophin immunolocalisation studies may have limited such 
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relatively faint immunofluorescence (Jung et al., 1993; Knuesel et al., 1999; H. Lidov 

et al., 1993).  

Dp71 in the molecular layer appears to closely associate with a range of cellular inputs 

and glutamate receptor populations. I did observe that Dp71-immunoreactivity did 

appear less closely associated with GluN2A than with AMPA- or Delta-type subunits. 

This is possibly because GluN2A predominates on molecular layer interneuron 

synapses, which supports the hypothesis that Dp71 is located at PF-PC-glial synapses.  

One could answer this question directly by way of electron microscopy; a specialist 

technique not available to me at my institution. Another means by which one could 

delineate which of the subunits was affected on a functional level is by measuring 

glutamate-induced currents on PCs in the presence of iGluR subunit-selective drugs 

using patch-clamp electrophysiology. Again, a technique in which I did not possess the 

necessary knowhow to pursue within the time constraints of my PhD.  

No specific signal was detected in the molecular layer for the GluN1 antibody used. 

Immunoreactivity densely populated the granule cell glomeruli, confirming previous 

reports (Yamada et al., 2001), but showed only weak and diffuse signal in the 

molecular layer (data not shown). GluN1 is considered as an obligate constituent of 

functional NMDARs, and has been detected in the molecular layer by means of 

immunoblot and in-situ hybridisation, but not by histochemical localisation to synaptic 

compartments of PCs.  

 Nevertheless, given the increasing attention given to truncated dystrophins and their 

association with cognitive impairment in the literature, I predict that further 

anatomical and functional investigations into Dp71 in the cerebellum will benefit from 

the knowledge gained in this chapter.  
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How could DMD pathology alter the intrinsic mechanisms 

governing iGluR plasticity and function within cerebellar 

networks?  

AMPAR expression plasticity 

Proper functioning of cellular networks in the brain relies upon the precise 

orchestration of synaptic transmission as well as the spatiotemporal expression of 

synaptic and extrasynaptic proteins. A major determinant of synaptic strength and 

function at excitatory cerebellar synapses, and therefore cerebellar output, is the 

number and composition of iGluRs. A major finding of my PhD is that β-geo mice 

exhibited greater immunoreactivity for the GluD2 subunit (Figure 3.15), but not GluD1 

or any of the AMPAR subunits (Figure 3.14). The GluD2 receptor is an intriguing 

element of excitatory cerebellar circuitry owing both because of its peculiarity and 

pivotal role in facilitating cerebellar development and function. Several studies 

employing GluD2 gene deleted mice have demonstrated that GluD2 is essential for 

proper circuitry and synaptic organisation and function in the cerebellum (Hashimoto 

et al., 2009; Ichikawa et al., 2002). One study reported a marked increase in the 

density of GluA2 and GluA3 subunits at PF-PC and interneuron-PC synapses in GluD2 

KO mice (Yamasaki et al., 2011). This echoes the inverse of my findings in this chapter 

that GluA2 and GluA3 mRNA levels were decreased (Figure 3.10), while GluD2 protein 

levels were increased (Figure 3.15) in β-geo cerebellum. It raises the question of 

whether, and how, these occurrences may be related. The authors theorised that the 

detected increase in GluA2 and GluA3 resulted from lack of competition for occupancy 

at synaptic sites in GluD2 KO mice. It is theoretically possible that saturation of 

available synaptic or extrasynaptic sites by increased abundance of GluD2 resulted in 
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a mild suppression of GluA2 and GluA3 receptor. Additionally, GluD2 facilitates PF-PC 

long-term depression (LTD), in which, via internalisation of GluA2 subunits, available 

synaptic AMPAR levels are reduced (Kohda et al., 2007). Whilst it is theoretically 

possible that a compensatory increase in active GluD2 populations suppresses PC 

AMPAR expression, this seems unlikely as impairments in PF-PC LTD in the Dp427-null 

mdx (Anderson, Head, & Morley, 2004), and CF-PC LTD is in Dp71-KO cerebellum 

(Helleringer et al., 2018) have been reported.  

 

Bergmann glia are characterised by their vast processes that wrap around PC spines. 

Here, they modulate various synaptic functions, and are required for synaptogenesis 

and organisation in an AMPAR-dependent manner (Iino et al., 2001). Like GluD2, mice 

lacking expression of the Glutamate-aspartate transporter type 1 (GLAST1)—a protein 

responsible for the reuptake of glutamate in the synaptic cleft—have been shown to 

exhibit abhorrent CF innervation and PF-PC synaptogenesis (T Miyazaki et al., 2017). 

Bergmann glia only express GluA1 and GluA4, whereas PCs primarily express GluA2–

3, as well as smaller amounts of GluA1 and GluA4 (Burnashev et al., 1992; Yamasaki 

et al., 2011). The changes in the levels of mRNA therefore suggest that any functional 

changes that may arise from dystrophin loss occur at neuronal synapses. However, 

this is not necessarily evidence for the presence of dystrophin at excitatory PC 

synapses, as its location on Bergmann glia could impact plasticity at these synapses.  

Synaptic anchoring  

Since Dp427 is known to anchor α1 and α2 subunit-containing GABAA receptors in the 

cerebellum (Brünig et al., 2002; Knuesel et al., 1999), I initially hypothesised that Dp71 

may anchor one or more specific iGluR subunits, resulting in a specific alteration in 
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signal transduction in its absence. Postsynaptic densities are the sites of a large 

number of structural and signalling proteins, the disruption of which could feasibly 

have consequences on receptor dynamics and expression (for reviews, see Lee et al., 

2016; Traynelis et al., 2010). As previously mentioned, Dp71 has been co-

immunoprecipitated with PSD95, as well as GluA1–3, and GluN2A–B in rat 

hippocampal homogenates (Daoud et al., 2009). It is possible that the Dp71-DAGC 

associates with excitatory synapses by way of direct interaction with PSD95. 

Syntrophin, a constituent of the DAGC contains a postsynaptic density 

protein/drosophila disc large tumour suppressor/zona occludens-1 protein (PDZ) 

domain, which facilitates binding to PSD95 amongst other synaptic proteins. PDZ 

domains are also common to AMPA and NMDA subunits. I therefore hypothesised 

that the DAGC is directly associated with iGluR at the PSD, and that the loss of 

dystrophin impairs synaptic anchoring or organisation through intracellular signalling 

mechanisms. Dystrophin provides a scaffold for DAGC proteins; the DAGC is capable 

of assembling in its absence, including at the synapse albeit in reduced numbers 

(Daoud et al., 2009; Greenberg et al., 1996; Ohlendieck & Campbell, 1991). I 

attempted to immunolocalise dystrophin with PSD95. However, in my hands, I was 

unable to provide high-quality labelling for PSD95, thus precluding double 

immunolabelling with the anti-dystrophin C-terminus antibody used.  

Cell signalling  

The Dp71-DAGC is also associated with various signalling molecules and cascades, 

including neuronal nitric oxide synthase (nNOS), which is anchored at the DAGC, 

Calmodulin, calmodulin-dependent kinase II (CaMKII), protein kinase A, PI3K, and Ras. 

Normal functioning of such signalling cascades is a requirement for numerous cellular 
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processes, including neuronal transmission, and may underlie a mechanism by which 

dystrophin ablation affects cognition. nNOS in particular is well-known to play an 

important role in modulating synaptic transmission. Whilst not studied at brain 

synapses, nNOS levels are diminished in dystrophic muscle, and insertion of a nNOS 

transgene into mdx mice has been shown to rescue some function at neuromuscular 

junction synapses, where the DAGC is also present. (Brenman et al., 1996, 1995; Shiao 

et al., 2004). it would therefore be interesting to explore how cellular signalling 

mechanisms that impact neuronal transmission are affected in the absence of Dp71. 

Such experiments have been conducted in some detail in muscle, but the effect on 

brain remains a mystery.  

What distinguishes the cerebellum in the context of 

dystrophinopathy?  

1. Differences between dystrophin-expressing regions  

Another interesting finding is that whilst levels of mRNAs encoding specific 

iGluR subunits were decreased in the cerebellum, no statistically significant 

changes were present is tissue samples from the hippocampal formation, a 

region that expresses both Dp71 and Dp427. This is somewhat surprising 

considering that Dp71-null mice have been shown to exhibit several changes 

to excitatory synapse organisation and dynamics, including LTD (Helleringer et 

al., 2018), increased PSD length, and organisation of presynaptic vesicles, 

suggesting of increased excitatory output onto CA1 subfield pyramidal cells. 

Collectively, given these findings, one might expect that the expression 

plasticity of AMPAR would be altered at the mRNA level. However, a mitigating 

or compensating influence from iGluR regulation, modulation, or influence 
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from non-glutamatergic synaptic or extrasynaptic sources cannot be 

discounted.  

2.  The cerebellum and motor control  

Another aspect to consider with regards to the cerebellum is its primary 

function, fine motor control and coordination. I considered whether it would 

be possible that altered use of motor function arising from discomfort, muscle 

inflammation, and lack of function might result in adaptive changes to 

cerebellar circuits that resulted in changes in expression plasticity in mice. 

However, this seems unlikely given that no expression changes were observed 

in mdx mice (Figures 3.10, 3.11), whereas there was in β-geo mice. In the case 

of humans, those with mutations resulting in the loss of total dystrophin do 

not usually exhibit a greater severity of muscular symptoms compared to those 

who lack only Dp427. In a later chapter, I observe that locomotor behaviour is 

highly similar between mdx and β-geo mice (Figure 5.2). Therefore, any 

changes in cerebellar circuitry are unlikely to result from muscle activity.  

Truncated dystrophins and development  

The early-juvenile onset and non-progressive nature of neuropsychiatric symptoms, 

coupled with the decline in average IQ of those lacking the Dp140 isoform, which is 

predominantly expressed in the brain in utero, has led to the theory that DMD-

dependent cognitive deficits are of developmental origin. However, the protracted 

postnatal development profile of the cerebellum raises the question whether 

cerebellar dysfunctions contributes to cognitive impairment originating prenatally. To 

address this, future studies could examine cerebellar circuitry at various stages in 

embryonic and early postnatal development to discern what, and at which stage, 
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dysfunctions arise, using dystrophin deficient mice. GluD2 is a crucial molecule in the 

proper organisation of molecular layer synapses during postnatal development, 

including LTP, PF-PC synapse morphology, and the expression of AMAPR (Kakegawa 

et al., 2008; Taisuke Miyazaki, Fukaya, Shimizu, & Watanabe, 2003; Uemura et al., 

2007; Masahiko Watanabe & Kano, 2011; Yamasaki et al., 2011). Importantly, GluD2 

immunoreactive puncta were larger and more abundant in β-geo mice, and previous 

evidence shows that Dp71-null mice exhibit impaired LTD. It would therefore be 

interested to see if CF and PC spine morphology during postnatal development were 

changed. An alternative strategy to discern whether an altered function is of 

developmental origin is to develop a conditional knockout mouse using the Cre-Lox 

method. This way, transcription of Dp71 could be either halted or initiated during 

adulthood.  

What are the potential implications of these findings for DMD?  

One caveat of the findings that aberrant excitatory transmission may be a causative 

factor in the pathogenesis of DMD symptoms is that pharmacologically targeting 

iGluRs is likely to prove difficult due to their sheer abundance and broad systemic 

distribution. However, recent developments in gene editing techniques have seen 

great strides be made towards effective treatments for such single-mutation disorders 

as DMD. In 2016, Exondys51, an exon-skipping drug aimed to rescue the genetic 

mutation in a subset of DMD patients, received marketing authorisation (U.S. Food & 

Drug Administration, 2016). Whilst focussing on alleviating muscle symptoms, rescue 

of aberrant GABAAR clustering in vivo has been demonstrated by Dmd gene therapy 

in mice (Vaillend et al., 2010). Therefore, the potential outlook for DMD regarding 

neuropsychiatric symptoms could soon improve. Nevertheless, this research provides 
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an example of a single-mutation disease model, and a model cellular network in which 

a clearly defined abnormality can be studied. A greater understanding of such a model 

may have translational potential for the understanding of cerebellum-mediated 

cognitive processing beyond the scope of DMD.  

In the following chapter, I explore the effect of dystrophin deficiency on sterile 

inflammation, a heightening of which being pathological hallmark of DMD in the 

muscle, and a myriad of other neuropsychiatric conditions, many of which involve 

iGluRs.  
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Chapter four: The effect of dystrophin 

deficiency on the local cerebellar innate 

immune system  

Summary and importance 

Background  

In the previous chapter, I provided evidence which suggested that dystrophin 

contributes to the regulation of glutamate receptor expression, and by extension, 

glutamate receptor signalling. A pathological consequence of aberrant glutamate 

signalling in the brain is neuroinflammation. Whilst neuroinflammation is a feature of 

many neurological disorders, including those affecting cognition, mood, and 

behaviour, inflammation is a core feature of DMD muscle pathology. However, we 

currently do not know whether the immune status is altered in the dystrophic brain. 

Of particular interest is the P2X7-type purinergic receptor (P2X7R), which is a key 

driver of the inflammatory response that exacerbates DMD muscle pathology. In this 

chapter I investigated whether there are changes in the brain’s immune status of mice 

lacking specific dystrophin isoforms.  

Methods 

Male 9–12-week-old WT and dystrophic mdx and β-geo mice, as well as P2rx7-KO mice 

were used in this chapter. I used immunohistochemistry with confocal microscopy to 

determine the native subcellular patterns of P2X7R immunoreactivity in the 
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cerebellum. I used qRT-PCR to quantify relative levels of P2X7R mRNA in in muscle and 

brain, and confocal microscopy to quantitatively measure the patterns of P2X7R 

immunoreactivity in the cerebellum. Finally, I used qRT-PCR to determine the relative 

mRNA levels of molecules implicated in various immune signalling pathways in the 

cerebellum and the hippocampus.  

Results  

In WT mice, immunohistochemistry revealed a close association between the 

locations of P2X7R,the GluA1 receptor subunit and Dp71 in the cerebellar molecular 

layer. P2X7R immunoreactivity presented as punctate clusters in locations which were 

remarkably similar to those observed for glutamate receptor subunits, suggesting its 

expression at excitatory synapses. qRT-PCR confirmed previous reports of significantly 

increased P2rX7 mRNA in muscle tissue of mdx mice. I observed that levels were also 

significantly increased in β-geo muscle. However, P2rx7 mRNA levels were decreased 

in the β-geo cerebellum, hippocampus, and neocortex, but unchanged in mdx. 

Quantification of P2X7R immunoreactivity in the cerebellar molecular layer revealed 

no significant change in β-geo mice. I then examined whether the reduced P2rx7 levels 

were indicative of a wider suppression of basal inflammatory tone. I found that levels 

of four pro-inflammatory proteins—inducible NOS, CD163, interleukin-6, and 

cyclooxygenase 2—encoding mRNAs were reduced in β-geo cerebellum, of which two 

were reduced in the hippocampus.  
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Importance  

The data in this chapter provide the first evidence of a suppression of basal 

neuroinflammatory activity, the inverse to what has been characterised in the muscle. 

This suggests a novel, tissue-specific role for dystrophin in the brain. P2X7R is a key 

inflammatory mediator, has been implicated in several neurological conditions, and 

as a potential therapeutic target for DMD. Its locational association with Dp71 

suggests that they could interact directly. The data strongly suggests that deletion of 

total dystrophin, but not Dp427 alone, results in a decrease in neocortical, 

hippocampal, and cerebellar P2X7R-enoding mRNA, and suppression of basal immune 

molecule expression in the brain. This additionally suggests that changes to brain 

inflammatory mediators are not secondary to muscle pathology, as mdx cerebellum 

was unaffected. Hyperinflammation is well-characterised in the dystrophic muscle. 

However, inflammation in the dystrophic brain had until now remained unexplored. 

Maintenance of homeostatic levels of pro- and anti-inflammatory mediators is 

required in facilitating a rapid, transient inflammatory response in the presence of 

invading pathogens or sterile trauma, potentially rendering the brain unable to 

adequately react to such threats. Additionally, homeostatic levels of immune 

molecules are critical to normal development of neuronal circuits and synaptic 

plasticity, and therefore may represent a mechanism underlying developmental 

cognitive impairment in the absence of dystrophin. The association between P2X7R 

and GluA1 immunoreactivity has additional implications for dystrophin and P2X7R as 

active mediators of normal synaptic transmission, and therefore cognition, in the 

cerebellum.  
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Results  

4.1. Validation and immunolocalisation of P2X7R 

immunoreactivity in the cerebellum.  

In the previous chapter, I demonstrated that the Dp71 isoform of dystrophin was 

closely associated with surrogate markers for excitatory synapses. I hypothesised that 

P2X7R could be associated with dystrophin at cerebellar synapses. To determine 

whether P2X7R is located in the vicinity of Dp71 and excitatory synapses I first 

assessed the location of P2X7R immunoreactivity. I reacted antibodies against P2X7R, 

GFAP, and CB in cerebellum from WT mice, as well as P2rx7-gene deleted mice (P2rx7-

KO). When viewed from low magnification, P2X7R immunoreactivity was distributed 

throughout the extent of the ML, with numerous strands of relatively intense signal 

projecting radially from the PC layer to the pial surface (Figure 3.1A1). This labelling 

closely resembles the primary processes of Bergmann glia in this region (Nolte et al., 

2001), suggesting glial expression of P2X7R. This is in agreement with previous reports 

of P2X7R localisation on Bergmann glia (Habbas, Ango, Daniel, & Galante, 2011; 

Kaczmarek-Hajek et al., 2018). No specific immunoreactivity was detected in samples 

from P2rx7 gene-deleted mice (P2rx7-KO) mice, imaged under identical conditions, 

which suggests that the antibody used is specific for P2X7R (Figure 3.1A). Under high-

magnification, immunoreactivity presented as punctate clusters that closely followed 

immunoreactivity for Bergmann glial processes, identified by immunoreactivity for 

GFAP, and PC dendrites, identified by immunoreactivity for CB (Figure 3.1 B).  

P2X7R-immunoreactive puncta clearly adorned astrocytic processes at dendritic 

spines (Figure 3.1 B3), suggesting a synaptic localisation of P2X7R. This is surprising as 

previous studies have found microglial expression of P2X7R. However, there are at 
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least four known splice variants of the mouse P2X7R, of which two have a truncated 

intracellular C-terminus (Masin et al., 2012; Nicke et al., 2009). Different splice 

variants of mouse P2X7R have been reported on microglia and astrocytes, 

respectively, which may explain why microglial P2X7R evaded binding by the antibody 

used.  
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Figure 4.1. Immunolocalisation 
of P2X7R in the cerebellar 
cortex. (A) shows 
immunoreactivity for the P2X7-
type purinergic receptor (P2X7) 
in the cerebellar cortex. (A1) 
shows immunoreactivity from 
tissue from a wild-type mouse. 
(A2) shows tissue from a P2rx7 
gene-deleted mice (P2rx7 KO), 
imaged under identical 
conditions to (A1). No specific 
signal was detected in (A2). (B1) 
shows immunoreactivity for the 
P2X7-type purinergic receptor 
(red) and its association with PC 
dendrites, identified by 
immunoreactivity for calbindin 
(CB, blue). (B2) shows, in the 
same field of view as (B1), 
immunoreactivity for P2X7R 
and its association with 
Bergmann glia, identified by 
fluorescence of GFAP, green). 
(B3) is a magnified overlay of 
the boxed area in (B1 and B2) 
depicting the association 
between CB and GFAP 
immunoreactive processes with 
P2X7R-immunoreactive puncta 
(examples are marked with 
arrowheads). AiryScan 
processed. Scale bars (A): 100 
µm, (B): 10 µm.  
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4.2–4.3. The P2X7-type purinergic receptor is associated with 

dystrophin-containing glutamatergic synapses.  

As the above immunolabelling resembled that of dystrophin and glutamatergic 

synapses in the cerebellum, similarly to what I demonstrated in the previous chapter 

(Figures 3.2–3.3), I reacted the same antibodies against P2X7R and CB, alongside 

antibodies against the C-terminus of dystrophin and GluA1. I observed a close 

association between a portion of P2X7R immunoreactive clusters and 

immunoreactive clusters corresponding to Dp71 (Figure 4.2). At the sites of dendritic 

spines, clusters immunoreactive for P2X7R and dystrophin were located in apposition 

to one another. No association was observed between P2X7R and dystrophin on 

somatic and proximal dendritic compartments corresponding to Dp427, suggesting 

that it is associated with Dp71, and that P2X7R is associated with glutamatergic 

synapses and not inhibitory synapses on PCs. To confirm the localisation of P2X7R 

immunoreactivity, I reacted antibodies against GluA1, P2X7R and CB, imaged under 

identical conditions to those in Figure 4.1 B. Clusters immunoreactive for P2X7R and 

GluA1 were closely associated at dendritic spines, and presented as a similar density 

and size (qualitative observations) (Figure 4.3), suggesting the presence of P2X7R at 

glutamatergic PC synapses.  

P2X7RRs located at PC synapses could have implications for neuronal signalling in the 

dystrophic brain. Electrophysiological evidence has shown that P2X7R modulates 

presynaptic release of glutamate by neurons (Atkinson et al., 2004; Ireland et al., 

2004; León, Sánchez-Nogueiro, Marín-García, & Miras-Portugal, 2008) and astrocytes 

(Duan et al., 2003). The co-location of P2X7R and Dp71 in excitatory synaptic domains 

raises the question whether the absence of dystrophin, such as in DMD, impacts on 

P2X7R function and its contribution to glutamatergic transmission in this brain region.  
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Figure 4.2. Association of 
P2X7R and Dp71 
immunoreactivity. (A1) 
shows immunoreactivity for 
P2X7R (red) and its 
association with PC 
dendrites, identified by CB 
(blue), in the cerebellar 
molecular layer. (A2) shows, 
from the same scan as (A1), 
immunoreactivity for pan-
dystrophin (green) and CB. 
(A3) is a magnified overlay of 
the boxed area in (A1 and 
A2). Note the association 
between clusters 
immunoreactive for 
dystrophin and P2X7R in the 
vicinity of dendritic spines 
(examples are marked with 
arrowheads). Scale bars 10 
µm.  
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Figure 4.3. Association of P2X7R 
and GluA1 immunoreactivity. 
(A1) shows immunoreactivity 
for P2X7R (red) and its 
association with PC dendrites, 
identified by CB (blue), in the 
cerebellar molecular layer. (A2) 
shows, from the same scan as 
(A1), immunoreactivity for the 
GluA1 glutamate receptor 
(green) and CB. (A3) is a 
magnified overlay of the boxed 
area of (A1 and A2), showing the 
association between clusters 
immunoreactive for P2X7R and 
GluA1 in the vicinity of dendritic 
spines (examples marked with 
arrowheads). AiryScan 
processed. Scale bars 10 µm.
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4.4. Levels of P2rX7 mRNA are altered in a tissue-dependent 

manner in the absence of truncated dystrophins.  

Firstly, I sought to replicate previous data in reports demonstrating increase mRNA 

and protein levels of P2X7R detected the muscle of mdx mice (Young et al., 2012). To 

this end, I performed qRT-PCR analyses with probes targeted against the P2X7R-

encoding gene, P2rx7. In tibialis anterior muscle from mdx mice, I observed a 

significant increase in mRNA levels (BL10: 2.647 ± 0.74 P2rx7 mRNA level relative to 

Gapdh vs mdx: 28.272 ± 9.55 P2rx7 mRNA level relative to Gapdh; P = 0.0281; N = 5 

animals) (Figure 4.4 A1). As the above immunolabelling revealed close association 

between both dystrophin and GluA1 with P2X7R-immunoreactive clusters (Figure 

4.2–4.3), and I was interested in the loss of truncated dystrophins in dystrophin brain 

function, I also assessed P2rx7 expression in samples from β-geo mice. In tissue from 

β-geo mice, a comparable degree of change was observed. (BL6: 2.056 ± 0.378 P2rx7 

mRNA level relative to Gapdh vs β-geo: 6.416 ± 2.26 P2rx7 mRNA level relative to 

Gapdh; P = 0.0476; N = BL6: 7, β-geo: 5 animals) (Figure 4.4 A2).  

Next, I reacted the same probes with samples from the brain. Intriguingly, mRNA 

levels were comparable to WT in cerebellum samples from mdx mice (BL10: 0.814 ± 

0.063 P2rx7 mRNA level relative to Gapdh vs mdx: 0.664 ± 0.052 P2rx7 mRNA level 

relative to Gapdh; P = 0.0801; N = BL10: 10, mdx: 11 animals), but were significantly 

decreased in β-geo samples (BL6: 0.911 ± 0.12 P2rx7 mRNA level relative to Gapdh 

vs β-geo: 0.443 ± 0.058 P2rx7 mRNA level relative to Gapdh; P = 0.0008; N = BL6: 9, 

β-geo: 13 animals).  
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Figure 4.4. Quantification of P2rx7-encoding mRNAs in the muscle and brain of dystrophin-
deficient mdx and β-geo mice. (A–D) show the levels of P2X7 receptor-encoding mRNAs in 
isolated samples from (A) tibialis anterior muscle, (B) cerebellum of mdx and β-geo mice; (C) 
hippocampus, and (D) neocortex of β-geo mice. WT: (A2, B2, C–D; β-geo) C57 BL/6 or (A1, 
B1; mdx) C57 BL/10. Bars represent the mean and error bars the SEM; * P < 0.05; ** P < 0.01; 
*** P < 0.001, unpaired Student’s t-test. N = A1: WT: 5, mdx: 4 A2: WT: 7, β-geo: 4; B1: WT: 
10, mdx: 11; B2: WT: 9, β-geo: 13; C: WT: 11, β-geo: 12; D: WT and β-geo: 4 animals.  

 



119 

 

There was a similar magnitude of change in the β-geo hippocampus (BL6: 0.707 ± 

0.070 P2rx7 mRNA level relative to Gapdh vs β-geo: 0.431 ± 0.055, P2rx7 mRNA level 

relative to Gapdh; P = 0.0049; N = BL6: 11, β-geo: 12 animals) and neocortex (BL6: 

0.701 ± 0.087 P2rx7 mRNA level relative to Gapdh vs β-geo: 0.500 ± 0.061 P2rx7 

mRNA level relative to Gapdh; P = 0.1086; N = 4 animals). In this instance, the 

observed change of P2rx7 mRNA was not statistically significant, most likely due to 

the small sample size of four animals. Notably, however, the magnitude of change 

was similar to that of hippocampus and cerebellum samples. These data indicate that 

the loss of one or more truncated dystrophin isoforms disrupts basal inflammatory 

processes, and that cumulative dystrophin loss impacts on the local inflammatory 

responses in a tissue-specific manner.  

4.5. P2rX7 immunoreactivity is unchanged in the dystrophin-

null cerebellum  

With the knowledge that P2X7R immunoreactivity was closely associated with Dp71 

at glutamatergic synapses in the cerebellar molecular layer, and that P2rx7 mRNA 

levels were decreased in β-geo cerebellum, I then sought to determine whether this 

manifested in a change in distribution of P2X7R protein at synaptic sites. As in the 

previous chapter (Figures 3.14–3.15), I used immunohistochemistry with confocal 

microscopy to determine if there was a quantifiable change in the density or size of 

P2X7R-immunoreactive puncta in the cerebellar molecular layer. 
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Figure 4.5. Quantification of relative P2X7R immunoreactive clusters in the dystrophin-null 
cerebellum. Antibodies against P2X7R were reacted with cerebellar vermis sections from WT 
and β-geo mice. The density and area covered by immunopositive clusters were analysed. 
Five fields of view were captured from one specimen from each animal and averaged to 
create one data point. Bars represent the mean and error bars the SEM. NS, P ≥ 0.05, 
Unpaired Student’s t-test. N = 5 animals.  

Quantitative analysis revealed no statistically significant change in 1) The density of 

clusters (mean ± SEM) WT: 1262.6 ± 92.8 immunoreactive clusters per 100 µm2 vs β-

Geo: 1454.5 ± 101.6 immunoreactive clusters per 100 µm2; P = 0.2008. 2) The area 

covered by clusters (mean ± SEM) WT: 0.1895 ± 0.0032 µm2 vs β-geo: 0.2104 ± 0.013 

µm2; P = 0.1654; N = 5 animals) (Fig. 4.5). This is surprising as qRT-PCR data revealed 

a decrease in P2rx7 mRNA in the β-geo cerebellum (Figure 4.4 B2). As mentioned 

above, functional P2X7Rs present in at least four known splice variants (Masin et al., 

2012). Of which, three express a truncated C-terminus that may have evaded binding 

by the antibody used. It therefore appears likely that the observed decrease in P2rx7 

mRNA (Figure 4.4 B2) reflects the microglial component of P2X7R in the cerebellum. 

Some reports have also suggested that P2X7R is expressed in cerebellar granule cells. 

However, this data employed cultured rat granule cells (Sánchez-Nogueiro et al., 

2015; Sánchez-Nogueiro, Marín-García, & Miras-Portugal, 2005), but this data has 

not been replicated in cerebellar circuits, also the presence of neuronal P2X7R is 

debated in the literature.  
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4.6–4.7. Basal levels of inflammatory mediators are 

suppressed in the dystrophin-null cerebellum.  

P2X7R activation triggers microglial activation and cytokine release (Barberà-

Cremades et al., 2012; Di Virgilio, Bronte, Collavo, & Zanovello, 1989; Steinberg & 

Silverstein, 1987), thus driving inflammation when activated. Therefore, I was 

interested in whether the decreased P2X7R-encoding mRNA observed in the brain of 

β-geo mice was indicative of a broader suppression of basal inflammation. As a pilot 

experiment, I performed a qRT-PCR array that examined the fold-change of 84 genes 

encoding inflammation and autoimmune mediators in cerebellum of one WT and β-

geo mouse each. Whilst no statistical data can be gathered from this experiment, it 

indicated a local suppression of immune molecules at the transcription level. Genes 

which returned a fold-change score of over 2.0-times are shown in Figure 4.6.  
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Figure 4.6. Neuroinflammation and Autoimmunity Gene Array. 84 genes were assessed for 
relative mRNA quantification. Genes which returned a ≥ 2-fold increase or decrease are 
displayed. Bars represent the fold-change in detected mRNA level in isolated RNA from the 
cerebellar vermis of a β-geo mouse, compared to WT. N = 1 animal.  
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Finally, as the observed decrease in P2rx7 mRNA, and the change in multiple immune 

molecule-encoding mRNAs indicate a suppression of the cerebellar immune activity, 

I performed qRT-PCR analysis on four well-characterised inflammatory mediators: 

Interleukin 6 (IL6), Cluster of differentiation 163 (CD163), inducible nitric oxide 

synthase (iNos, Nos2), and cyclooxygenase 2 (COX2, Ptgs2). Since I previously 

observed a brain region-specific change in glutamate receptor mRNA expression in 

the β-geo brain; wherein cerebellar, but not hippocampal iGluRs decreased, I also 

characterised the signature of cytokine mRNA levels in the hippocampus (Figure 4.7). 

As predicted by the gene array. mRNA levels for each of the four genes analysed were 

significantly reduced in the β-geo cerebellum as follows: 1) Interleukin 6, (mean ± 

SEM) WT: 0.8263 ± 0.096 Il6 mRNA level relative to Gapdh vs β-geo: 0.518 ± 0.066 Il6 

mRNA level relative to Gapdh; P = 0.0248; N = 6 animals) (Figure 4.7 A1). 2) CD163 

(mean ± SEM) WT: 0.736 ± 0.19 Cd163 mRNA level relative to Gapdh vs β-geo: 0.322 

± 0.057 Cd163 mRNA level relative to Gapdh; P = 0.0364; N = WT: 8, β-geo: 10 

animals) (Figure 4.7 B1). 3) Nos2 (mean ± SEM) WT: 0.609 ± 0.06 Nos2 mRNA level 

relative to Gapdh vs β-geo: 0.371 ± 0.037 Nos2 mRNA level relative to Gapdh; P = 

0.0019; N = WT: 11, β-geo: 12 animals) (Figure 4.7 C1) 4) Ptgs2 ((median) WT: 0.719 

Ptgs2 mRNA level relative to Gapdh vs β-geo: 0.150 Ptgs2 mRNA level relative to 

Gapdh; P = 0.0032, Mann-Whitney U test, N = 11 animals) (Figure 4.7 D1).  

Interestingly, however, the same trend was not observed in the hippocampus. I 

observed a significant decrease in mRNA encoding IL6 (mean ± SEM) WT: 1.07 ± 0.10 

Il6 mRNA level relative to Gapdh vs β-geo: 0.667 ± 0.11 Il6 mRNA level relative to 

Gapdh; P = 0.0297; N = WT: 5, β-geo: 6 animals) and Nos2 (mean ± SEM) WT: 0.763 

± 0.09 Nos2 mRNA level relative to Gapdh vs β-geo: 0.453 ± 0.04 Nos2 mRNA level 
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relative to Gapdh; P = 0.0051; N = WT: 7, β-geo: 8 animals) (Figures 4.7 A2 and C2) 

mRNA, to a similar magnitude as observed in the cerebellum. However, I observed 

no statistically significant increase or decrease in mRNA level for either CD163 (mean 

± SEM) WT: 0.876 ± 0.17 Cd163 mRNA level relative to Gapdh vs β-geo: 1.193 ± 

0.3678 Cd163 mRNA level relative to Gapdh; P = 0.4295; N = WT: 8, β-geo: 7 animals) 

or Ptgs2 (mean ± SEM) WT: 1.169 ± 0.1156 Ptgs2 mRNA level relative to Gapdh vs β-

geo: 1.427 ± 0.17 Ptgs2 mRNA level relative to Gapdh; P = 0.2459; N = WT: 7, β-geo: 

8 animals).  

There is evidence that homeostatic levels of IL6 are a requirement for normal 

cognitive function. Overexpression of pro-inflammatory cytokines, including IL6 has 

been associated with cognitive impairment in mice (Heyser, Masliah, Samimi, 

Campbell, & Gold, 1997). However, Il6 gene-deleted mice, and administration of anti-

IL6 antibodies has also been demonstrated to impair cognitive function (Baier et al., 

2009; Donegan, Girotti, Weinberg, & Morilak, 2014). It is therefore possible that this 

observed decrease in immune molecule mRNA contributes to cognitive impairment 

in the dystrophic brain.  
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Figure legend overleaf  
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Figure 4.7. Quantification of proinflammatory mediator-encoding mRNA. (A1–D2) show the 
levels of mRNAs encoding pro-inflammatory mediators in homogenates of cerebellar vermis 
and hippocampus from WT and β-geo mice. mRNA levels were calculated relative to Gapdh. 
The bars represent (A–D, D2) the means and error bars the SEM, and (D1) the median and 
interquartile range. *, P < 0.05; **, P < 0.01, (A1–C) unpaired Student’s t-test; (D1) Mann-
Whitney U test. N = (A1) WT: 6, β-geo: 6; (A2) WT: 5, β-geo: 4; (B1) WT: 8, β-geo: 10; (B2) 
WT: 8, β-geo: 7; (C1) WT: 12, β-geo 11; (C2, D2) WT: 7, β-geo: 8; (D1) WT 11, β-geo: 11 
animals. 

Discussion  

In the current chapter, the aim was to determine the location of the P2X7R receptor 

in the cerebellum, in relation to dystrophin, and assess whether the local immune 

state is altered given the known involvement of these two molecules in immune 

function in muscle. Immunohistochemistry revealed the location of P2X7R at 

glutamatergic synapses in the cerebellar molecular layer, closely associated with 

Dp71. qRT-PCR revealed the contrasting changes in P2X7R expression levels in tissue 

from muscle and brain, and a suppression of immune molecule mRNAs in the 

cerebellum and hippocampus of β-geo mice. These data indicate that the dystrophin-

null brain has a suppressed basal inflammatory state that could contribute to an 

immunocompromised brain, whilst altering non-immune functions during 

development, thus providing an additional substrate for neuropsychiatric 

comorbidities in DMD.  

P2X7R and dystrophin in the brain  

I found that immunoreactivity for P2X7R was enriched in synaptic locales of the 

molecular layer, and that this pattern of labelling was closely associated with those 

of dystrophin and the AMPAR GluA1 subunit. From my observations, it appeared that 

P2X7R immunoreactivity was located on Bergmann glia processes, identified by GFAP 
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immunoreactivity (Figure 4.1). This is consistent with previous immunohistochemical 

and pharmacological reports of P2X7R in this region (Habbas et al., 2011; Kaczmarek-

Hajek et al., 2018), although such high-resolution imaging has not been reported in 

this region as to suggest a synaptic expression. Nevertheless, P2X7R has been 

implicated in glial modulation of excitatory brain synapses. This provides a route by 

which DAGC disruption in the dystrophin-null cerebellum could contribute to the 

changes in excitatory synapse organisation I demonstrated in the previous chapter, 

and possibly the neurological dysfunction in the brain.  

It is an interesting finding that P2X7R-encoding mRNA levels were differentially 

altered in tissue from muscle and brain. At the outset, given the well-known 

association between neurological disorders and hyperinflammatory states, and the 

persistent sterile inflammation in dystrophic muscle, it would be expected that 

P2X7R expression would be upregulated also in brain. When activated by high 

extracellular ATP concentrations, P2X7Rs trigger microglial activation and cytokine 

release (Iwata et al., 2016; Shieh, Heinrich, Serchov, van Calker, & Biber, 2014; Solle 

et al., 2001b), thus promoting local inflammation. Such an event typically occurs in 

response to a local insult, such as mechanical strain on dystrophic myocytes. 

However, increased P2X7R function has been characterised in Dp427-null 

undifferentiated myoblasts (Yeung et al., 2006), and there is evidence to suggest that 

dystrophin interacts with P2X7R to facilitate signalling and regulation of immune 

molecules (Cascabulho, Corrêa, Cotta-de-Almeida, & Henriques-Pons, 2012). 

Syntrophin, a DAGC protein common to muscle and neuronal dystrophins, is a 

macromolecule containing a Ca2+-ATPase. It is therefore possible that dystrophin is 

required for maintenance of normal ATP levels, and that dystrophin loss in the brain 
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could impact purinergic signalling the absence of inflammation. P2X7R has been 

demonstrated to regulate presynaptic and glial release of glutamate (Duan et al., 

2003; León et al., 2008). Dysfunction of which is unlikely to explain the observed 

decrease in cerebellar GluA2–3 and GluAN2A subunits in the cerebellum of β-geo 

mice (Chapter three: Figures 3.10–3.11), as P2X7R promotes glutamate release; the 

lack of which would logically result in upregulation of iGluR subunits. However, the 

data in this chapter do not provide a mechanism by which this could occur, and it is 

unclear which other mechanisms could disrupt P2X7R-mediated glial release of 

glutamate. It would be useful therefore to explore the electrophysiological 

properties of PC synapses with and without P2X7R-selective pharmacological agents. 

This way, a functional assessment of synaptic plasticity in the context of P2X7 could 

be undertaken.  

It is certainly interesting that P2rx7 mRNA was increased in samples from muscles 

but decreased in samples from the brain. To substantiate this finding, one of the 

cohorts used for brain analysis of both mdx and β-geo was also used for muscle, 

demonstrating that, in the same animals, there is a diametrically opposed, tissue-

specific response to total dystrophin deletion. Although I did not quantify the muscle 

mRNA levels of other immune molecules, a hyperinflammatory state has been 

previously characterised in the mdx mouse. The relationship between P2X7R 

expression and immune molecule expression is well-known, as P2X7R is upregulated 

in response to inflammation, and drives the inflammatory response through 

activation of microglia and triggering cytokine release (Chessell et al., 2005; Iwata et 

al., 2016; Shieh, Heinrich, Serchov, van Calker, & Biber, 2014), and cytokine levels are 
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decreased in response to P2X7R ablation. Therefore, I consider P2X7R to be a reliable 

indicator of immune molecule expression levels.  

That said, P2rx7 mRNA levels were decreased in mdx hippocampus, but levels of 

Ptgs2 (COX2) and Cd163 mRNAs were not. However, one cannot discount other 

influencers of such pathways on the expression of these molecules. Whilst I did not 

observe changes in GluA–N mRNA levels in the hippocampus of β-geo mice (Chapter 

three), evidence from Dp71-null mice has shown altered pre- and postsynaptic 

alterations in glutamatergic synapse organisation and morphology, as well as 

plasticity (Daoud et al., 2009; Miranda et al., 2009; Miranda et al., 2011). Whist, in 

my hands, this did not confer a change in hippocampal iGluR mRNA expression, 

glutamatergic dysfunction could still provide a mechanism by which COX-2 and 

CD163 expression could be increased in β-geo mice. Prostaglandins have been 

demonstrated to drive astrocytic glutamate release (Bezzi et al., 1998; Cali, Lopatar, 

Petrelli, Pucci, & Bezzi, 2014), and the expression of PGE2 is reciprocally driven by 

synaptic glutamatergic activity (Hewett et al., 2016). This suggest that the decrease 

in both GluA–N subunits and COX-2 encoding mRNAs in the β-geo cerebellum could 

be interdependent. However, the data provided cannot suggest the functional 

consequence of glial glutamate release. Electrophysiological analysis of acute 

cerebellar and hippocampal slices and P2X7R and iGluR subunit-specific drugs could 

be employed to answer this question, as well as determining whether such changes 

result during development, using WT mice, or can be pharmacologically induced.  

Regulation of P2X7R levels could also have implications for anxiety. In muscle, dual 

genetic deletion of P2rx7 and Dp427 resulted in a recovery of muscle symptoms 

relative to mdx mice (Sinadinos et al., 2015). The authors also observed a reduction 
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in anxiety-like behaviour. However, others have found that P2rx7 deletion infers 

increased resistance to anxiety- and depression-like behaviours in mice (Basso et al., 

2009; Boucher et al., 2011) with reduced P2X7R levels corresponding to anti-

depressive effects. This is important in this study as the Dp427-null mdx mouse did 

not exhibit decreased P2rx7 mRNA levels, whereas the dystrophin-null β-geo mouse 

did. However, patients who lack expression of truncated dystrophin isoforms 

experience greater likelihood of developing mood disorders. It is unclear whether the 

restoration of WT behaviour, as indicated by their findings, is related to dystrophin, 

or merely compensatory. Genomics data from humans has also revealed a 

phenotypic correlation of polymorphisms in the human P2RX7 gene that infers 

greater or lesser susceptibility to anxiety and depression (Czamara, Müller-Myhsok, 

& Lucae, 2018).  

Implications for the suppression of brain inflammatory 

mediators 

The subject of the brain’s immune-inflammatory system has been the topic of 

intense study in recent years, as maladaptive hyperinflammation been associated 

with an ever-increasing array of pathological conditions; included in this list is: 

Alzheimer’s (Alvarez et al., 2002; Strauss et al., 1992), Parkinson’s (Mogi et al., 1996), 

major depression (Capuron et al., 2002; Musselman et al., 2001), bipolar disorder 

(Munkholm et al., 2013), and schizophrenia (Hayes et al., 2014). The inverse scenario 

of a hypoinflammatory state has been less explored in the literature, likely because 

little is reported on clinically relevant pathologies arising from, or including sub-

normal immune activity in the brain. However, genetic knockouts of various immune 
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molecules have revealed impairments in various neurophysiological processes 

including neurite morphology, synapse organisation, and cell signalling. It would 

therefore be interesting to explore if the expression levels of brain dystrophin 

isoforms and iGluR subunits are differentially regulated in P2X7R-KO, or 

immunocompromised mouse brain. It would be highly informative to recreate the 

decreased immune status that the data in this chapter indicates, as this would 

confirm whether iGluR subunit expression is resulting from dystrophin loss or is 

secondary to dystrophinopathy-induced suppression of basal immune activity.  

Whilst the consequences of IL6 deficiency on PCs are not well-explored, we know 

that PCs express IL6 receptors under basal conditions and that IL6 is produced both 

by Bergmann glia and PCs (Gruol & Nelson, 2005; Nelson, Ur, & Gruol, 2002), 

suggesting that it plays an autocrine or paracrine role in this circuit. Transgenic 

upregulation IL6 has been shown to impact the synaptic properties of CF-PC synapses 

by impacting Ca2+ homeostasis. This has implications for Ca2+-dependent synaptic 

processes, including EPSC generation, which is enhanced at CF-PC synapses in the 

Dp71-null cerebellum (Helleringer et al., 2018). The pattern of CF-PC EPSCs has also 

been shown to be altered in response to transgenic upregulation of IL6 in mice 

(Nelson, Campbell, & Gruol, 1999). Also, administration of AMPA to cultured rat PCs 

exposed to chronic IL6 administration resulted in enhanced depolarisation (Nelson 

et al., 2002). This could suggest an increase in AMPAR expression; the inverse of what 

I observed in the previous chapter in β-geo mice. The suppression of IL6 mRNA could 

therefore infer complex changes to synaptic machinery in β-geo mice. It is intriguing 

that levels of Ptgs2 (COX2) and CD163 (CD163) mRNAs were reduced in the 

cerebellum, but not hippocampus of β-geo mice. This could indicate either a 
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differential activity of dystrophin resulting from activity in the respective cellular 

circuits that either 1) does not result in suppression of these molecules, or 2) reflects 

an independent mechanism that increases expression levels that is dampened by 

global immune-inflammatory suppression. One study found that hippocampal TNFα, 

released by glia, triggered increased surface expression of AMPAR, and that blockade 

resulted in a decrease (Beattie et al., 2002). I attempted to quantify the relative 

expression of TNFα in the β-geo brain. However, in my hands, the probe used did not 

successfully amplify the cDNA template.  

Overall, these data provide evidence that P2X7R is differentially regulated in muscle 

and brain tissue from dystrophic mice, and that the β-geo mouse exhibits a 

suppression of basal inflammatory mediator-encoding mRNAs. As previously 

mentioned, sustained sterile inflammation is associated with numerous psychiatric 

conditions, in particular, those involving a maladaptive stress response. In the next 

chapter, I examine whether dystrophic mice exhibit an altered stress phenotype.  
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Chapter five: Effects of dystrophin deficiency 

on stress pathways  

 Summary and importance 

Background  

In the previous chapter I demonstrated that there is reduced mRNA expression of a 

range of inflammatory mediator in the cerebellum and hippocampus of dystrophin-

null mice. Also, that the P2X7 receptor—a key mediator of the innate inflammatory 

response—is in not only located in close proximity to cerebellar Dp71, but is also less 

abundantly expressed in dystrophin-null mice. The immune system is inextricably 

linked to another homeostatic mechanism, namely the stress response. 

Furthermore, neuroinflammation is a key mechanism through which stress 

contributes to the pathology associated with psychiatric disorders. Since boys with 

DMD are more susceptible to such neuropsychiatric disorders, the question arises 

whether DMD pathology alters the stress response. Therefore, I sought to determine 

whether the genetic deletion of dystrophin, in the absence of confounding social 

factors, influenced susceptibility to stress in mice.  
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Methods 

 Adult male 9–13 week old WT, mdx, and β-geo mice were used throughout. Restraint 

stress (1 hour) was used to induce acute stress. The social defeat paradigm was used 

to induce chronic stress. To characterise the native anxiety-like behaviour in 

dystrophic mice, I exposed both mdx and β-geo mice to two behavioural tests, the 

Light-Dark Box test (LDB) and Open Field test (OFT). Cognitive performance was 

tested using the novel object recognition test (NOR). The neuroendocrine stress 

system in the form of HPA axis activity was assessed by quantifying blood 

corticosterone concentration by ELISA, and by weighing the relative mass of the 

adrenal glands.  

Results  

Quantification of plasma corticosterone and relative adrenal weights revealed an 

increase in basal hypothalamic-pituitary-adrenal axis activity in β-geo mice, 

indicating a basal stress-like phenotype. Consistent with increased HPA axis activity, 

both mdx and β-geo mice displayed a marked decrease in the duration in, and visits 

to the light zone in the light-dark box test, a widely-used test to measure anxiety-like 

behaviour in rodents. This indicates a decrease in innate exploratory behaviour in 

response to a novel environment. This decrease was comparable in both mdx and β-

geo mice. In the open field test, mdx and β-geo mice exhibited marked decrease in 

locomotion, but no change in the distribution of travel within the arena when 

compared to WT mice. The NOR test revealed no significant change in the recognition 

of objects by mdx mice compared to WT, but mdx mice displayed decreased 

exploration in the first five minutes, suggesting a decreased initial exploratory drive. 
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Chronic social defeat stress produced a marked increase in corticosterone plasma 

concentration in WT mice, but not in β-geo mice, suggesting a ceiling effect had been 

reached in these mice. Quantification of inflammatory mediator-encoding mRNAs in 

cerebellum and hippocampus of WT or β-geo mice revealed no significant differences 

changes between mice exposed to social defeat stress and control mice.  

Importance  

The data in this chapter provide the first characterisation of a stress phenotype in 

the β-geo mouse, and the first comparison between the widely-used mdx mice and 

dystrophin-null mice. This is important as the cumulative loss of dystrophin in 

humans is associated with greater risk of neuropsychiatric comorbidities. The data in 

this chapter indicate that mdx and β-geo mice exhibit comparable behaviour in 

response to stressful environments, which suggest that cumulative loss of isoforms 

that results in synapse-associated changes in the hippocampus and cerebellum do 

not infer a more profound behavioural phenotype in β-geo mice. It further suggests 

that Dp427 in mice differs in specific functions when compared to human Dp427. 

This has implications for wider DMD brain research, as is it evidence of a causative 

link between dystrophin and psychosocial stress in the absence of confounding social 

factors.  
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Results 

5.1. Measurement of basal HPA axis activity  

Firstly, I wanted to determine whether the absence of dystrophin isoforms impacts 

on the global homeostatic system that is engaged in response to psychosocial stress. 

Psychological stress activates the HPA axis, triggering release of corticosterone from 

the adrenal cortex. I therefore assessed HPA axis activity by measuring circulating 

corticosterone concentrations. There was a significant increase in the concentration 

of corticosterone detected in β-geo samples, compared to WT (mean ± SEM) WT: 

29.97 ± 5.282, vs TG: WT: 139.1 ± 36.44 ng/mL corticosterone in plasma; P = 0.0142, 

Student’s t test; N = 6 animals) (Figure 5.1 A). Prolonged HPA axis engagement leads 

to hypertrophy of the adrenal cortex (Reber, Obermeier, Straub, Falk, & Neumann, 

2006; Unno et al., 2013). Therefore, to verify the above finding, I measured the 

weight of adrenal glands relative to bodyweight. As with the plasma corticosterone 

levels, there was a significant increase in relative adrenal gland weight ((median) WT: 

111.0 ± mg/kg vs TG: 151.5 ± mg/kg; P = 0.0043, Mann-Whitney U test; N = 6 animals) 

(Figure 5.1 B). These results are within the range of previously reported 

corticosterone and adrenal weight levels in C57 mice (Ieraci, Mallei, & Popoli, 2016; 

Livingstone et al., 2014; Monteiro et al., 2015; Sturm, Becker, Schroeder, Bilkei-

Gorzo, & Zimmer, 2015). These data indicate that β-geo mice exhibit a stress 

phenotype wherein basal HPA activity is increased. As HPA activity is driven by 

psychosocial stressors, this suggests that dystrophin loss could impart a lesser 

resilience to mild stressors; such a state in humans would dispose an individual to 

affective and neurological disorders.  
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Figure 5.1. Quantification of basal hypothalamic-pituitary adrenal axis activity. (A) shows the 
concentration of plasma corticosterone from WT and β-geo mice naïve to any stressors. (B) 
shows, from the same animals, the adrenal gland weight relative to bodyweight. * P < 0.05; 
** P < 0.01, (A) unpaired Student’s t-test, (B), Mann-Whitney U test, N = 6 animals.  

5.2. Assessment of anxiety-like behaviour in the Light-Dark 

Box 

Since the above data suggests a basal stress phenotype, I aimed to determine 

whether this corresponded to a change in the stress-related behaviour in dystrophic 

mice. Two paradigms that measure the response of an animal to a novel environment 

were chosen to achieve this; namely the light-dark box (LDB), and the open field test 

(OFT), both of which provide surrogate measures of the animal’s adaptability to 

mildly stressful stimuli. Adult mice aged 9–12 weeks were used for these 

experiments. In previous chapters I observed that decreased mRNA levels of GluA–N 

subunits and select inflammatory mediators in β-geo, but not mdx mice—which 

suggests a neurological component arising from cumulative loss of truncated 

dystrophin isoforms. I therefore performed these tests on WT and both mdx and β-

geo mice.  

The LDB test is designed to exploit the conflict between two innate behaviours 

exhibited by mice: 1) novelty-seeking and exploratory drive, and 2) the aversion to 

open, brightly-lit areas, which are mild stressors. The relative duration spent in the 
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zones functions as a measure of anxiety-like behaviour in mice as anxiogenic and 

anxiolytic states result in the duration of exploration of the light zone by the animal 

being proportionately lesser, or greater, respectively (Mombereau et al., 2004). 

Animals were placed backwards into the light zone and allowed to explore the 

apparatus for 10 minutes. The cumulative time spent in the light zone was used as a 

measure of anxiety-like behaviour as time spent in the protected environment of the 

dark zone infers the avoidance of brightly-lit, open areas and therefore anxiety. There 

was a significant decrease in the time spent in the light zone by both mdx ((mean ± 

SEM) WT (BL10): 172.9 ± 6.571 seconds in light zone, vs mdx: 120.0 ± 9.576 seconds 

in light zone; P = 0.0004, Student’s t-test; N = WT: 9, TG: 10) (Figure 5.2 B1) and β-

geo mice ((median) WT (BL6): 155.1 seconds in light zone vs β-geo: 79.45 seconds in 

light zone; P = 0.0006, Mann-Whitney U test; N = WT: 11, β-geo: 12 animals) (Figure 

5.2 B2). There was a comparable decrease in duration spent in the light zone in both 

mdx and β-geo mice (mean: mdx: 30.6 %, β-geo: 41.9 %; median: mdx: 28.8 %, β-geo: 

48.9 %) relative to their WT controls. I additionally analysed the number of entries to 

the light zone as a measure of exploratory behaviour. There was a significant 

decrease in the number of entries by β-geo ((mean ± SEM) WT (BL6): 12.08 ± 0.417 

entries vs β-geo: 9.0 ± 1.427 entries; P = 0.0314, Student’s t-test; N = WT: 12, β-geo: 

12 animals). There was also a decrease in the number of entries by mdx mice, 

although this was not statistically significant ((median) WT (BL10): 12.00 entries vs 

mdx: 9.0 entries; P = 0.0534, Mann-Whitney U test; N = WT: 9, TG: 10). 
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Figure legend overleaf. 
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Figure 5.2. Assessment of anxiety-like behaviour in the light-dark box. (A) shows a 
diagrammatic representation of the Light-Dark Box arena (the starting position of the animal 
is marked with a star). (B1 and B2) show the duration of time spent in the light zone of the 
arena by (A1) mdx and WT (C57 BL/10), and (A2) β-geo and WT (C57 BL/6) mice, respectively. 
(C1 and C2) show, in the same recordings as (B1 and B2), the number of entries to the light 
zone. As with (B and C), (D1 and D2) show the latency of the first exit from the light zone into 
the dark zone. * P < 0.05, ** P < 0.01; (B1, C2, D1) unpaired Student’s t-test, (B2, C1, D2), 
Mann-Whitney U test, N = WT (C57 BL/10): 10, mdx: 11; WT (C57 BL/6): 12, β-geo: 11 
animals.  

I further measured the latency of mice to first exit the light zone after first being 

introduced to the arena, as this is inferred as the fast identification and seeking of a 

more protected environment. In this case, neither mdx ((mean ± SEM) WT (BL10): 

3.12 ± 11.21 seconds, vs mdx: 28.88 ± seconds; P = 0.3829, Student’s t test; N = WT: 

9, TG: 10) nor β-geo ((median) WT (BL6): 5.9 seconds vs β-geo: 12.5 seconds; P = 

0.6409, Mann-Whitney U test; N = WT: 11, β-geo: 12 animals). exhibited a statistically 

significant change in the latency to first exit the light zone (Figure 5.2 C).  

5.3. Assessment of locomotor activity in the open field  

To investigate the locomotor activity of dystrophic mice, I tested them in a different 

novel environment, the OFT. The animals were allowed to freely explore the OFT 

arena for 10 minutes. The OFT can additionally provide data on anxiety-like 

behaviours, as the tendency to avoid the exposed central region of the arena 

(thigomotaxis) in favour of the more sheltered outer region is interpreted as a 

manifestation of such behaviour (Simon et al., 1994). The arena was divided into 

three artificial concentric zones using the recording software, which I will refer to the 

peripheral, intermediate, and central zones (Figure 5.3). The arena was evenly 

illuminated to a non-aversive level (20 LUX) as to remove any bias created by aversion 

to bright light. 
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 Dystrophic mice exhibited drastically reduced locomotion in the open field, with 

both mdx (mean ± SEM) WT (BL10): 44.41 ± 1.85 metres, vs mdx: 31.62 ± 2.10 metres; 

P = 0.0002, Student’s t test; N = WT: 10, mdx: 11) and β-geo mice (mean ± SEM) WT 

(BL6): 38.93 ± 1.606 metres, vs β-geo: 26.18 ± 1.951 metres; P < 0.0001, unpaired 

Student’s t-test; N = WT: 11, β-geo: 12 animals) (Figure 5.3 B) exhibiting similar 

magnitudes of decreased locomotion relative to their WT controls.  

To assess whether dystrophic mice exhibited a preference for the periphery of the 

zone, I measured the duration (time in seconds) spent in each of the zones. The zonal 

distribution of travel was comparable between both mdx and β-geo mice and their 

WT counterparts (Peripheral zone: WT (BL10): 380.6 ± 11.62 seconds, vs mdx: 353.1 

± 13.73 seconds; P = 0.1468; Intermediate zone: WT: 171.7 ± 10.72 seconds, vs mdx: 

190.7 ± 12.12 seconds; P = 0.2583; Central zone: WT: 45.77 ± 3.776 seconds, vs mdx: 

57.24 ± 6.601 seconds; P = 0.1586, unpaired Student’s t test; N = WT: 9, TG: 10) 

(Figure 5.3 C1) (Peripheral zone: WT: 409.2 ± 14.07 seconds, vs β-geo: 407.3 ± 31.48 

seconds; P = 0.9554; Intermediate zone: WT: 150.5 ± 11.40 seconds, vs β-geo: 140.2 

± 26.30 seconds; P = 0.7139; Central zone: WT: 40.65 ± 4.676 seconds, vs mdx: 26.18 

± 1.951 seconds; P = 0.4338, unpaired Student’s t test; N = WT: 12, β-geo: 11). Figure 

5.3 C2). 

This data demonstrates that the locomotive behaviour is not affected by the 

cumulative loss of dystrophin isoforms. An increase in locomotion, and conversely an 

increase in time spent immobile by mice could be inferred as indicative of anxiety-

like behaviour (Malmberg-Aiello et al., 2002). However, given that dystrophic mice 

exhibit significant skeletal muscle atrophy, inflammation, and necrosis, and 

weakened muscular strength (Sinadinos et al., 2015) it is possible that the reduced 
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locomotion reflects muscular pathology rather than stress-induced inhibition of 

normal exploratory behaviour. However, comparable levels of locomotor activity 

have been reported in mdx mice by other investigators (Gibbs & Crosbie-Watson, 

2017; Sinadinos et al., 2015), so it is unclear whether this data reflects muscle 

pathology. Considering that both mdx and β-geo mice spent a lesser duration in the 

light zone in the LDB test, it is surprising that there was no thigmotaxis, or significant 

change in distribution of zonal travel between genotypes.  
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Figure 5.3. Assessment of locomotion in an open field. (A1 and A2) shows representative 
tracking plots for WT and β-geo mice, respectively, within the Open Field Arena. The centre 
of the animal was digitally tracked as it freely explored an empty arena. The arena was 
digitally divided into three concentric and coantinuous zones for analysis. (A2) is overlaid 
with a graphical representation of these zones. (B–C) show  (B) the distance travelled and 
the (C) zonal distribution of travel by (B1, C1) mdx and WT (C57 BL/10), and (B2, C2) β-geo 
and WT (C57 BL/6) mice, respectively. *** P < 0.001, **** P < 0.0001; unpaired Student’s t-
test. N = WT (C57 BL/10): 10, mdx: 11; WT (C57 BL/6): 12, β-geo: 11 animals.  
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5.4. Assessment of recognition memory in mdx mice  

One such test for cognitive performance that has not been assessed in mdx mice is 

the novel object recognition (NOR) test, which measures the ability to acquire, 

consolidate, and retrieve information. It exploits the preference of mice to explore 

novel stimuli by measuring the proportion of time spent exploring the novel object 

relative to an object that it had previously been familiarised to. The metric used to 

express the preference for novel stimuli is the relative discrimination index (RDI) (Sik 

et al., 2003) and is defined as RDI = ((b-a)/e) Where the RDI is equal to the time spent 

exploring the novel object, b; minus the time spent exploring the familiar object, a; 

divided by the total exploration time, e. RDI is expressed as a number between -1 

and +1, where +1 represents an exclusive exploration of the novel object, and 0 

represents an equal exploration of both objects. 

The RDI was comparable between mdx mice and their WT counterparts over the 10-

minute period (mean ± SEM) WT: 0.206 ± 0.113 discrimination index vs mdx: 0.125 ± 

0.138 discrimination index; P = 0.8326, Student’s t test; N = WT: 7, mdx: 6 animals) 

(Figure 5.4 A1). To determine whether there was an altered pattern of exploratory 

behaviour through the 10-minute period, the first and second halves of this period 

were divided into two 5-minute epochs for analysis. During the first epoch, mdx mice 

exhibited a lower discrimination index than WT mice, but this was not statistically 

significant. (0–300s epoch: WT: 0.270 ± 0.127 discrimination index vs mdx: -0.033 ± 

0.208 discrimination index; P = 0.2248, Student’s t test; N = WT: 7, mdx: 6 animals) 

(Figure 5.4 A2). In the second epoch, the discrimination index for mdx mice was on 

average higher than WT mice, but again this was not statistically significant (300–

600s epoch: WT: 0.1229 ± 0.1232 discrimination index vs mdx: 0.2343 ± 0.202 
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discrimination index ; P = 0.6462, Student’s t test; N = WT: 7, mdx: 6 animals) (Figure 

5.4 A2). 

  

Figure 5.4. Assessment of recognition memory. (A1) shows the performance of WT and mdx 
mice in the novel object recognition test, measured by the discrimination index. The 
discrimination index is an expression of the preference of the animal for the novel object 
over the familiar one. (A2) shows, from the same recordings as (A1) the discrimination index 
of mice in the first and last 300s epochs of the test. (B) shows, from the same recordings as 
(A), the total time spent exploring either object. As with (B), (C) shows the percentage of 
time exploring either object during the first 300s period. ** P < 0.01, unpaired Student’s t-
test. N = WT: 7, β-geo: 6 animals.  

Both cohorts spent a comparable about of time exploring both objects in total (mean 

± SEM) WT: 53.86 ± 9.754 seconds vs mdx: 52.13 ± 12.39 seconds; P = 0.9145, 

Student’s t test; N = 7 animals), indicating that mdx mice did not have a lack of total 

exploratory behaviour despite markedly reduced locomotion (Figure 5.2 A2). 

However, mdx mice spent a significantly smaller proportion of their time exploring 
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within the first five-minute epoch (mean ± SEM) WT: 57.10 ± 1.32 % vs mdx: 30.30 ± 

7.49 %; P = 0.0042, Student’s t test; N = WT: 7, β-geo: 6 animals) (Figure 5.4 C), which 

indicates that mdx mice experience a reduced exploratory drive in the initial period 

following exposure to a novel environment. This is consistent with the data from the 

LDB in which dystrophic mice spent less time in the light zone (Figure 5.2 A). The data 

indicates that, the recognition memory of mdx mice was not impaired, and that their 

exploratory drive was not substantially increased or decreased, as both genotypes 

spent comparable time exploring both objects in total.  

5.5. Behaviour in response to mild acute stress  

Previous studies have reported that mdx mice exhibit altered freezing responses 

after brief (10 or 15 seconds) restraint stress (RST) (Sekiguchi et al., 2009; Yamamoto 

et al., 2010), which suggests that their emotional reaction to stress is more severe. 

Given that I observed altered anxiety-related and exploratory behaviour in mdx mice 

in the LDB and NOR tests, I explored whether mdx mice exhibited altered behaviour 

in these tests after RST. If this was the case, it would imply that dystrophin loss affects 

the ability to adapt to stressful experiences. I performed the same behavioural tests 

following exposure to RST; the LDB, OFT, and NOR on WT and mdx mice. Briefly, 

animals were divided into control and RST cohorts. RST mice were subjected to 1 

hour of RST, after which they were left for a further hour, then were allowed to 

explore the LDB. After this, animals were allowed to explore the open field in the 

absence of objects; with two identical objects; and with one novel and one familiar 

object, in 24-hour intervals. The sequence of events is outlined in Figure 5.5 A. In the 

LDB there was no significant change in the duration of time spent in the light zone 
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between control and RST mice (mean ± SEM) WT CTRL: 180.7 ± 10.53 seconds vs WT 

RST: 164.8 ± 14.03 seconds P = 0.3865, Student’s t test; N = 7 animals; mdx CTRL: 

157.8 ± 26.25 seconds vs mdx RST: 178.6 ± 18.49 seconds; P = 0.5496, Student’s t 

test; N = WT CTRL: 6, WT RST; 6, mdx CTRL: 6, mdx RST: 5 animals).  

 

Figure 5.5. Assessment of the effect of restraint stress on anxiety-like behaviour and 
locomotion. (A) shows the schedule of behavioural experiments after exposure to 1 hour 
restraint stress. (B1) shows the duration of time spent in the light zone during the Light-Dark 
Box test by mdx and WT mice in the presence and absence of prior acute stress. (B2) shows 
from the same recordings as (B1), the number of entries into the light zone. (C1) shows the 
total distance travelled by the same mice in the open field test. (C2) shows, from the same 
recordings as (C1) the duration spent in each zone of the open field. Bars represent mean ± 
SEM NS P ≥ 0.05; ** P < 0.01, Unpaired Student’s t test. N = (A) WT: 6, mdx CTRL: 6; RST: 5, 
(B) WT: 7, mdx: 6 animals.  



148 

 

There was no significant difference in the number of visits to the light zone (mean ± 

SEM) WT CTRL: 9.50 ± 1.38 visits vs WT RST: 11.50 ± 1.31 visits P = 0.3188, Student’s 

t test; N = 6 animals; mdx CTRL: 5.33 ± 1.085 visits vs mdx RST: 5.50 ± 1.50 visits; P = 

0.930, Student’s t test; N = 6 animals). This indicates that the RST used was too mild 

of a stressor to exert a behaviourally relevant stress response. This is surprising, given 

that mice exposed to RST exposed visible signs of stress—freezing, piloerection, 

resistance to handling—immediately after release from the restraint tubes 

(qualitative observations; data not shown). The 1 hour period between cessation of 

RST and commencement of the LBD may have resulted in a closer-to-baseline serum 

corticosterone level, but it was surprising that RST did not manifest in statistically 

significant changes in WT behaviour. On that basis, nothing can be concluded from 

this data regarding the relative susceptibility of mdx mice to acute restraint stress.  

Similarly, there was no significant change in the distance travelled between RST and 

control mice. (mean ± SEM) WT CTRL: 34.997 ± 1.74 m vs WT RST: 37.367 ± 2.44 m, 

P = 0.436, Student’s t test; N = WT CTRL: 7, WT RST: 6 animals; mdx CTRL: 24.738 ± 

1.44 m vs mdx RST: 26.372 ± 2.72 m; P = 0.590, N = mdx CTRL: 7, mdx RST: 6 animals). 

Additionally, the distribution of travel throughout the three concentric zones was 

comparable between groups (Peripheral zone: WT CTRL: 397.57 ± 17.57 seconds vs 

WT RST ± 430.62 ± 10.76 seconds; P = 0.1525; mdx CTRL: 368.53 ± 33.89 seconds vs 

mdx RST: 373.27 ± 16.31 seconds; P = 0.9073; Intermediate zone: WT CTRL: 158.7 ± 

14.95 seconds vs WT RST ± 137.68 ± 11.07 seconds; P = 0.2967; mdx CTRL: 174.47 ± 

22.67 seconds vs mdx RST: 184.45 ± 10.55 seconds; P = 0.7135; Central zone: WT 

CTRL: 40.83 ± 7.59 seconds vs WT RST ± 30.5 ± 1.89 seconds; P = 0.2463; mdx CTRL: 
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56.63 ± 15.84 vs mdx RST: 42.53 ± 10.6 seconds; P = 0.4910. unpaired Student’s t test; 

N = WT CTRL: 7, WT RST: 7 mdx CTRL: 6, mdx RST: 6 animals) (Figure 5.5, C2). 

  

Figure 5.6. Assessment of object recognition memory in response to acute restraint stress. 
(A1) shows the performance of WT and mdx mice either naïve to (CTRL) or subjected to 1 
hour of restraint stress (RST) 72 hours prior, in the novel object recognition test, measured 
by the discrimination index. (A2) shows, from the same recordings as (A1) the discrimination 
index of mice in the first and last 300s epochs of the test. (B) shows, from the same 
recordings as (A), the total time spent exploring either object. (C) shows the percentage of 
time exploring either object during the first 300s period. * P < 0.05, (A, C) unpaired Student’s 
t-test, (B) Mann-Whitney U test. N = WT CTRL: 7, WT RST: 6; β-geo CTRL: 6; β-geo RST: 6 
animals.  

Consistent with the LDB and OFT results, the discrimination index scores were not 

significantly changed between RST and control groups (mean ± SEM) WT CTRL: 0.206 

± 0.11 discrimination index vs WT RST: 0.092 ± 0.174 discrimination index P = 0.583, 

Student’s t test; N = WT CTRL: 7, WT RST: 6 animals; mdx CTRL: 0.125. ± 0.38 

discrimination index vs mdx RST: 0.107 ± 0.119 discrimination index; P = 0.921, N = 6 

animals). There was also no significant change between RST and control groups in 
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each of the 5-minute epochs analysed (0–300s epoch: WT CTRL: 0.270 ± 0.13 

discrimination index vs WT RST: 0.065 ± 0.214 discrimination index P = 0.411, 

Student’s t test; N = WT CTRL: 7, WT RST: 6 animals; mdx CTRL: -0.033. ± 0.208 

discrimination index vs mdx RST: 0.077 ± 0.095 discrimination index; P = 0.641, N = 6 

animals). (300–600s epoch: WT CTRL: 0.123 ± 0.12 discrimination index vs WT RST: 

0.09 ± 0.175 discrimination index P = 0.878, Student’s t test; N = WT CTRL: 7, WT RST: 

6 animals; mdx CTRL: -0.107 ± 0.19 discrimination index vs mdx RST: 0.072 ± 0.13 

discrimination index; P = 0.881, Student’s t test, N = mdx CTRL: 7, mdx RST: 6 

animals). Similarly, the total time spent exploring objects, regardless of preference, 

was not significantly different in response to RST in either WT ((median) WT CTRL: 

52.10 seconds vs WT RST: 65.15 seconds, P = 0.3625 Mann-Whitney U test, N = WT 

CTRL: 7, WT RST: 6 animals) or mdx mice ((median) mdx CTRL: 62.00 seconds vs mdx 

RST: 52.95 seconds, P = 0.9172 Mann-Whitney U test, N = mdx CTRL: 7, mdx RST: 6 

animals).  The proportion of total time spent exploring objects within the first 300s 

epoch, regardless of preference, was also not significantly different between WT or 

mdx mice either naïve or exposed to RST (mean ± SEM) WT CTRL: 57.1 ± 0.132 % vs 

WT RST: 0.09 ± 3.954 % P = 0.0287, Student’s t test; N = WT CTRL: 7, WT RST: 6 

animals; mdx CTRL: -0.107 ± 6.537 % vs mdx RST: 0.072 ± 7.630 %; P = 0.7096, 

Student’s t test, N = 6 animals).  

5.7. Assessment of HPA activity in response to chronic social 

defeat stress  

As the above data indicated that the RST conditions used were not sufficient to 

produce an effect that was measured using the behavioural paradigms employed, I 
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elected to use a more potent stress paradigm, the resident intruder stress paradigm. 

Briefly, mice of the CD1 strain were selected for high levels of aggression towards 

other mice, and housed individually. Individual WT and β-geo mice were introduced 

to a CD1 mouse home cage and allowed to engage until the test mouse exhibited 

visible signs of defeat. At this point, the test mouse was placed on the other side of 

the perforated Perspex divider to allow it to perceive visual, auditory and olfactory 

stressors from the dominant CD1 mouse. The following day, the test mouse was 

moved into a different CD1 mouse home cage and the process repeated. This process 

continued for six consecutive days. Tissue was collected on the sixth day.  

To confirm whether the RIS paradigm had induced a stress phenotype, I measured 

the concentrations of plasma corticosterone, and the relative adrenal gland weights, 

as in Results 5.1. WT mice exposed to the RIS paradigm exhibited a marked increase 

in plasma corticosterone relative to control mice. (mean ± SEM) WT CTRL: 29.97 ± 

5.282 ng/mL vs WT RIS: 125.5 ± 19.14 ng/mL ng/mL; P = 0.0007, Student’s t test; N = 

6 animals). Conversely, corticosterone concentrations in B-geo mice exposed to RIS 

were comparable to β-geo controls. (β-Geo CTRL: 139.1 ± 36.44 ng/mL vs β-Geo RIS: 

102.3 ± 19.39 ng/mL; P = 0.393, N = 6 animals) (Figure 5.7 A).  
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Figure 5.7. Quantification of the effect of chronic resident intruder stress on HPA axis activity. 
(A) shows the concentration of plasma corticosterone from WT and β-geo mice that were 
either naïve to (CTRL) or subjected to resident intruder stress paradigm (RIS). (B) shows, from 
the same animals, the adrenal gland weight relative to bodyweight. *** P ≥ 0.001; (A) 
unpaired Student’s t-test; (B) Mann-Whitney U test. N = (A) 6, (B) WT CTRL: 6, WT RIS: 3, β-
geo CTRL: 6, β-geo RIS: 3 animals.  

A similar trend was observed, in the same animals, in the weight of adrenal glands 

relative to bodyweight. However, the increase in WT mice was non-significant 

((median) WT CTRL: 111.0 ± mg/kg vs WT RIS: 130.0 mg/kg; P = 0.2381, Mann-

Whitney U test; N = WT CTRL: 6, WT RIS; 3 animals; β-Geo CTRL: 151.5 mg/kg vs β-

Geo RIS: 144.0 mg/kg; P = 0.6190, Mann-Whitney U test, N = β-geo CTRL: 6, β-geo 

RIS; 3 animals). The average (mean) level of recorded corticosterone concentration 

was lower in β-geo mice exposed to stress compared to their WT counterparts, but 

this is likely the result of the high inter-animal variability of such an experiment, 

coupled with the small sample size. Moreover, such a decrease relative to WT 

counterparts was not observed in the relative adrenal weights of β-geo mice. 

Therefore, it is unlikely to be representative of the phenotype of these mice. 

Interestingly, the basal control relative adrenal weight observed for β-geo mice was 

significantly increased relative to WT controls (Figure 5.1 A). However, unlike the 

marked increase in corticosterone concentrations, no significant increase was 

observed between CTRL and RIS groups in either WT or β-geo mice. This suggests 
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that the duration of, or number of the RIS session used was not sufficient to induce 

adrenal hypertrophy sufficiently to produce a statistically significant increase.  

5.8. Quantification of mRNA levels of immune molecules in 

the context of chronic social defeat stress  

Chronic stress has been shown to induce increases in the mRNA expression of several 

immune molecules have been associated with pathological conditions (Hodes et al., 

2014; Iwata et al., 2016; Lisboa et al., 2018). Therefore, given that I previously 

observed a decrease in the mRNA levels of inflammatory mediators in the β-geo 

brain, I aimed to determine whether there was a change in mRNA levels of 

inflammatory mediators in β-geo mice in response to chronic stress (RIS) compared 

to WT mice. To this end, I quantified the effect of RIS on the expression of four genes 

examined in the previous chapter: P2rx7, Il6, Nos2, and Ptgs2. Relative levels of P2rx7 

mRNA were not significantly different from controls; relative mRNA levels decreased 

in RIS mice relative to controls in both WT ((median) WT CTRL: 0.8190 P2rx7 mRNA 

relative to Gapdh vs WT RIS: 0.6970 P2rx7 mRNA relative to Gapdh; P = 0.4156, 

Mann-Whitney U test; N = WT CTRL: 6, WT RIS; 5 animals) and β-geo mice (β-Geo 

CTRL: 0.5115 P2rx7 mRNA relative to Gapdh vs β-Geo RIS: 0.4540 P2rx7 mRNA 

relative to Gapdh; P = 0.4740, Mann-Whitney U test; N = 6 animals). A similar trend 

was observed for other genes analysed in the cerebellum, namely Il6 ((median) WT 

CTRL: 0.7590 Il6 mRNA relative to Gapdh vs WT RIS: 0.5960 Il6 mRNA relative to 

Gapdh; P = 0.4156, Mann-Whitney U test; N = WT CTRL: 6, WT RIS: 5 animals; β-Geo 

CTRL: 0.4740 Il6 mRNA relative to Gapdh vs β-Geo RIS: 0.4200 Il6 mRNA relative to 

Gapdh; P = 0.4740, Mann-Whitney U test, N = 6 animals), Nos2 (mean ± SEM) WT 
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CTRL: 0.941 ± 0.051 Nos2 mRNA relative to Gapdh vs WT RIS: 0.751 ± 0.130 Nos2 

mRNA relative to Gapdh; P = 0.177, Student’s t test; N = WT CTRL: 6, WT RIS: 5 

animals; β-Geo CTRL: 0.629 ± 0.065 Nos2 mRNA relative to Gapdh vs β-Geo RIS: 0.475 

± 0.050 Nos2 mRNA relative to Gapdh; P = 0.092, N = 6 animals), and Ptgs2 ((median) 

WT CTRL: 0.2410 Ptgs2 mRNA relative to Gapdh, WT RIS: 0.1160 Ptgs2 mRNA relative 

to Gapdh; P = 0.1508, Mann-Whitney U test; N = WT CTRL: 6, WT RIS: 5 animals; β-

Geo CTRL: 0.045 Ptgs2 mRNA relative to Gapdh vs β-Geo RIS: 0.055 Ptgs2 mRNA 

relative to Gapdh; P = 0.3874, Mann-Whitney U test, N = 6 animals).  
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Figure legend overleaf. 
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Figure 5.8. Quantification of the effects of resident intruder stress on mRNA levels of central 
inflammatory mediators. (A–D) show the relative expression of inflammatory mediator-
encoding mRNAs in the cerebellum and hippocampus of WT and β-geo mice either naïve to 
(CTRL), or subjected to resident intruder stress (RIS). (A1) NS P ≥ 0.05, (A2, C, D2) unpaired 
Student’s t-test; (A1, B, D1) Mann-Whitney U test. N = (A1, B1, C1) WT CTRL: 6; WT RIS: 5; β-
geo CTRL: 6; β-geo RIS: 6; (A2) WT CTRL: 4; WT: RIS: 4; β-geo CTRL: 6; β-geo RIS: 6; (B2, D1, 
D2) WT CTRL: 5; WT: RIS: 5; β-geo CTRL: 6; β-geo RIS: 6; (C2) WT CTRL: 5; WT: RIS: 4; β-geo 
CTRL: 6; β-geo RIS: 6 animals. 

Similarly, no significant changes were observed in the hippocampus of WT or β-geo 

mice exposed to RIS. P2rx7 levels in RIS β-geo were slightly increased to the levels of 

control WT mice, but this change was non-significant (mean ± SEM) WT CTRL: 0.637 

± 0.078 P2rx7 mRNA relative to Gapdh vs WT RIS: 0.481 ± 0.111 P2rx7 mRNA relative 

to Gapdh; P = 0.294, Student’s t test; N = 4 animals; β-Geo CTRL: 0.498 ± 0.094 P2rx7 

mRNA relative to Gapdh vs β-Geo RIS: 0.610 ± 0.141 P2rx7 mRNA relative to Gapdh; 

P = 0.521, N = 6 animals). No significant changes were observed for any of Il6 

((median) WT CTRL: 1.138 Il6 mRNA relative to Gapdh vs WT RIS: 0.820 Il6 mRNA 

relative to Gapdh; P = 0.1111, Mann-Whitney U test; N = WT CTRL: 5, WT RIS: 4 

animals; β-Geo CTRL: 0.571  Il6 mRNA relative to Gapdh vs β-Geo RIS: 0.627 Il6 mRNA 

relative to Gapdh; P = 0.999, Mann-Whitney U test, N = 6 animals), Nos2 (mean ± 

SEM) WT CTRL: 2.418 ± 0.832 Nos2 mRNA relative to Gapdh vs WT RIS: 2.411 ± 0.678 

Nos2 mRNA relative to Gapdh; P = 0.995, Student’s t test; N = 5 animals; β-Geo CTRL: 

0.885 ± 0.294 Nos2 mRNA relative to Gapdh vs β-Geo RIS: 0.810 ± 0.215 Nos2 mRNA 

relative to Gapdh; P = 0.842, N = 6 animals), or Ptgs2 (mean ± SEM) WT CTRL: 0.977 

± 0.149 Ptgs2 mRNA relative to Gapdh vs WT RIS: 0.895 ± 0.260 Ptgs2 mRNA relative 

to Gapdh; P = 0.791 , Student’s t test; N = 5 animals; β-Geo CTRL: 1.275 ± 0.269 Ptgs2 

mRNA relative to Gapdh vs β-Geo RIS: 1.493 ± 0.177 Ptgs2 mRNA relative to Gapdh; 

P = 0.514, N = 6 animals). 
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Discussion  

In the current chapter, the primary aim was to 1) determine whether dystrophic mice 

exhibit an altered stress-related behavioural phenotype, and whether there was a 

difference between mdx and β-geo genotypes, 2) Characterise whether acute stress 

altered the behaviour of mdx mice, and 3) determine whether the levels of 

inflammatory mediators assessed in Chapter four was increased or decreased 

differentially in β-geo mice exposed to chronic social defeat stress. Quantification of 

HPA axis activity indicated a high-stress phenotype in β-geo mice, and the light-dark 

box suggested an anxiety-like phenotype in both mdx and β-geo mice. Anxiety-like 

and cognitive performance was unchanged by acute restraint stress in mdx mice. 

Finally, chronic social defeat stress did not significantly change the mRNA levels of 

immune molecules in the cerebellum and hippocampus of β-geo mice.  

Characterisation of anxiety-like behaviour in dystrophic 

mouse models.  

Alongside intellectual impairment, behavioural and psychiatric symptoms have been 

identified as secondary symptoms in DMD. The confounding factor of severe physical 

disability in children has created disagreement as to whether dystrophin is related 

with such symptoms, thus highlighting the need for isolating such a relationship in 

laboratory animals. Evidence points towards altered social behaviour and a stress 

phenotype in the mdx mouse (Miranda et al., 2015; Sekiguchi et al., 2009; Vaillend & 

Chaussenot, 2017), but has not been compared between the mdx and other 

dystrophic mice. The important finding in the analysis of the LDB and OFT results is 

that the results were comparable between β-geo and mdx mice. DMD patients whom 
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lack expression of truncated Dp140 and Dp71 isoforms are far more likely to present 

with anxiety and behaviour-related conditions (Banihani et al., 2015; Hendriksen et 

al., 2018), whereas those lacking Dp427 expression do not. These data suggest that 

there is an increase in anxiety-like behaviour resulting from loss of Dp427, but this is 

not further increased by further loss of truncated dystrophin isoforms. The presence 

of such a phenotype in mdx mice would suggest that Dp427 is required for normal 

adaptation to stressful stimuli in rodents, but not humans.  

Previous studies comparing mdx and other—either specific truncated isoform or 

total dystrophin-null—mice are few, but those that have done so found differences 

in the expression or organisation of synaptic proteins (Daoud et al., 2009; E 

Krasowska, Zablocki, Górecki, & Swinny, 2014; Miranda et al., 2011). This is 

consistent with my own findings (Chapter three), and would suggest that behavioural 

alterations arise due to GABAergic dysfunction in response to Dp427 loss (Vaillend et 

al., 2010) and that additional loss of truncated dystrophin isoform expression does 

not infer more pronounced alterations in behaviour.  

Considering that I observed a significant decrease in the duration and number of 

visits to the light zone in the LDB, it was a surprising finding that the zonal distribution 

of travel was comparable between dystrophic and WT mice in the OFT (Figure 5.3). 

One study tested mdx mice in the OFT made the finding that there was a decrease in 

exploration of the centre of the arena (Vaillend & Chaussenot, 2017). However, the 

two measures they used were 1) the latency to first enter the centre zone, and 2) the 

number of visits to the centre zone. Whilst a decrease in these two metrics could be 

interpreted as an aversion to the exposed central area, my own data  
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revealed a marked decrease in locomotion, which, given the same distribution of 

travel, would result in decreases in both of the above metrics. A caveat from the 

behavioural data in this chapter is that it did not employ a full battery of behavioural 

tests. It has been argued that there is little overlap between the LDB and other 

behavioural tests for the assessment of anxiety in mice. and therefore cannot fully 

conclude such a phenotypic change as the LDB data would indicate. One could 

explore this further by characterising the behaviour of β-geo mice in other 

behavioural paradigms, such as the elevated plus maze, social interaction test, and 

forced swim test.  

Previous investigations into cognitive ability in mdx mice have found that cognitive 

ability was impaired (Sinadinos et al., 2015; Vaillend et al., 2004), so it was surprising 

that there was no observed change in the discrimination index in the NOR. However, 

such a test is prone to large inter-animal variations, thus requiring a greater number 

of biological replicates to make informed conclusions from the results. If given more 

time, it would have been useful to replicate these findings in another cohort of 

animals, as well as comparing the findings with those of β-geo mice, to determine 

whether the phenotype-genotype correlation of dystrophin deletion and IQ is 

present in this case.  

Quantification of HPA axis activity in β-geo mice indicated a basal stress phenotype 

characterised by increased levels of plasma corticosterone and relative adrenal gland 

weight. Exposure to chronic social defeat stress increased the levels of plasma 

corticosterone in WT mice, but not β-geo mice, suggesting that the capacity of 

corticosterone production was reached by β-geo mice, i.e. the ceiling affect (Pakkala, 

Norris, Sedinger, & Newman, 2015).  
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The lack of an increase in corticosterone in β-geo mice in response to RIS could be 

explained by a ceiling effect, wherein the capacity of an animal to synthesise and 

release corticosterone had been reached, thus preventing a greater concentration to 

be reached. Such an effect has previously been described for corticosterone in mice 

(Mendes-Gomes, Miguel, Amaral, & Nunes-de-Souza, 2011; Pakkala et al., 2015). The 

data suggests that the theoretical ceiling had been reached under basal conditions in 

β-geo mice.  

Behavioural characterisation of mdx mice in response to 

acute restraint stress  

A surprising finding in this chapter was that there was no significant change in the 

behavioural scores of mdx mice exposed to restraint stress compared with control 

mice. This is particularly surprising as similar experiments have been performed 

previously with a more brief (10 or 15 second) restraint used (Vaillend & Chaussenot, 

2017; Yamamoto et al., 2010) in both cases, authors reported an increased fear-like 

response immediately after restraint in mdx mice when compared with WT controls. 

It is possible that the 1 hour period between cessation of restraint and 

commencement of testing in the LDB resulted in recovery of normal behaviour, thus 

explaining the lack of a response to RST.  

Quantification of inflammatory mediators in response to 

social defeat stress  

Another surprising finding in this study was that, despite inducing a marked increase 

in plasma corticosterone levels in WT mice, that RIS did not alter mRNA levels of 
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immune molecules in the same mice. Social defeat stress, such as the RIS paradigm 

used, has been previously demonstrated to increase the expression of 

neuroinflammatory genes, including Il6 (Niraula, Witcher, Sheridan, & Godbout, 

2019; Ramirez, Niraula, & Sheridan, 2016; Reber et al., 2006), which, in my hands, 

was unchanged. This is likely due to the parameters of the RIS protocol used. Others 

have achieved long-lasting behavioural and neurophysiological effects using a far 

longer physical engagement phase, for example 10 minutes and/or repeated over a 

longer period of 10 days (Berton et al., 2006; Lisboa et al., 2018; Niraula, Witcher, 

Sheridan, & Godbout, 2019a; Razzoli, Carboni, Andreoli, Ballottari, & Arban, 2011). 

Collectively, these conditions would be expected to elicit a greater stress response. 

However, the terms of our project license would not allow for such a severe protocol. 

Additionally, whilst the CD1 mice used were chosen for their individual aggressive 

traits, it is difficult to determine whether they meet a theoretical threshold for 

aggressive behaviour to elicit a chronic stress response. This result is unfortunate, as 

the response of an animal model which presents with an apparent suppression of 

basal inflammatory tone to such effects would provide a potentially important 

contribution to knowledge.  

The increased basal levels of corticosterone in β-geo mice could relate to the 

decreased levels of basal inflammatory mediator-encoding mRNA expression in the 

cerebellum and hippocampus observed in Chapter four (Figure 4.7). However, whilst 

corticosterone is able to permeate the BBB, where it could theoretically inhibit COX-

2 and microglial activation, this seems unlikely as psychosocial stress is typically 

associated with increased inflammation (Lisboa et al., 2018; Perez Nievas et al., 2011; 

Ramirez et al., 2016). Thus, it was a surprising finding that suppression of pro-



162 

 

inflammatory mediators in the cerebellum and hippocampus of β-geo mice was 

accompanied with increased corticosterone levels and increased adrenal cortex 

weights in the same mice. Nevertheless, one cannot discount the influence of 

confounding factors on the interaction between glucocorticoids and 

mineralocorticoids on the brain’s expression of immune-inflammatory mediators, 

especially given the pleiotropic effects of the Dmd gene. Indeed, the literature 

suggests that glucocorticoids have diametrically opposed effects on microglia and 

peripheral macrophages which share common molecular and physiological traits, 

and that they are substantially influenced by psychosocial stress (Avitsur et al., 2001; 

Lisboa et al., 2018; Perez Nievas et al., 2011). In the brain, heightened peripheral 

glucocorticoid levels are well-understood to confer transient increases in microglial 

density and activation (Lisboa et al., 2018), but has also been demonstrated to infer 

disruption to the expression of the complex protein signature upon which microglia 

depend on for maturation and activation (Delpech et al., 2016). Taking into account 

the heightened markers of HPA activity in stress paradigm-naïve mice in this study, 

it is theoretically feasible that corticosterone-induced disruption of microglial 

activity, confounded by dystrophinopathy, impairs homeostatic microglial activity 

and thus cytokine expression in dystrophin-expressing brain regions. There is also the 

possibility that prenatal or early life exposure to prolonged HPA activation confers 

desensitisation of glucocorticoid and mineralocorticoid receptors in dystrophic mice. 

However, such connections are rather tenuous without grand progress in elucidating 

the influence of dystrophinopathy on brain immune function, and the time course of 

psychosocial stress, neuroendocrine and neuromodulatory mechanisms in the 

dystrophic brain, of which we know little. It particularly unfortunate that the RIS 
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paradigm used in this study did not significantly affect immune molecule expression 

in WT mice, as a change in the direction of regulation in dystrophin-null mice would 

suggest an integral role of dystrophin in modulating the cellular and molecular 

response to psychosocial stress in the brain. The failure of an animal to launch a 

normal central response to stress could infer the inability for the positive and 

evolutionarily advantageous cognitive and memory improvements in response to 

stressors.  

 

An additional area that I believe would be informative to explore specifically with 

regards to the cerebellum is that of the activity of CRH-positive inputs to the 

cerebellar cortex. In the cerebellum, climbing fibres carry CRH, and release it onto 

granule cell and PCs, and mediates synaptic organisation and plasticity in a stress-

dependent manner (Gounko et al., 2013; Miyata, Okada, Hashimoto, Kano, & Ito, 

1999; Swinny et al., 2003). Of particular interest is the role of CRH in mediating PC 

spine morphology, as this is a function also mediated by the GluD2 receptor, 

immunofluorescence for which was increased in the cerebellum of β-geo mice, 

particularly in the flocculonodular lobe of the cerebellum; incidentally where CRH 

receptors are most abundant. It would be interesting, therefore to examine whether 

CRH localisation or expression levels were altered in dystrophic brain.  
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Chapter six: General discussion 

At the outset of my PhD, my broad aims were to determine whether the gene 

product lost in DMD, dystrophin, is associated with the molecular machinery of 

excitatory synapses in the cerebellum and pathologies in which glutamate receptor 

signalling is involved, namely neuroinflammation and stress. The ensuing data 

provide unique insights into the impact of dystrophinopathy at the molecular, 

anatomical, and behavioural levels. Below, I provide a summary of the findings of my 

research, and place them within the context of the implications that this study has 

for wider neuroscience research.  

Technical considerations 

All scientific experiments take place within the context of certain technical 

parameters. I therefore thought it prudent, at the outset, to address these and 

highlight any caveats relating to my conclusions. 

DMD, dystrophin, and dystrophinopathy—validation of 

dystrophin-deficient mouse models  

Several mutant mouse models have been used to model human dystrophinopathy. 

In many cases, the aim of such models has been to replicate salient pathological 

features of DMD for the purpose of basic or translational research. DMD is a 

pleiotropic gene expressed in multiple isoforms and splice variants, and in multiple 

organ systems. As such, even before considering species differences, replicating such 
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a human condition in the context of a mutant mouse model is an incredibly difficult 

endeavour.  

I am confident that the β-geo mouse model was an appropriate model for my PhD 

project for the following reasons. An increasing number of clinical studies are 

revealing an association between cumulative loss of dystrophin isoforms and 

neuropsychiatric comorbidities. My findings in chapter three suggest the 

involvement of the Dp71 isoform as associated with glutamate receptors, and 

therefore suggest that the observed changes in iGluR subunit levels in β-geo 

cerebellum are resulting from the lack of normal functioning from this isoform. 

However, clinical studies have also found a substantial drop in IQ between DMD 

patients positive or negative for Dp140, an isoform that predominates prenatally. 

Therefore, in an ideal scenario, I would verify my hypothesis on my own data using a 

Dp71-null mouse. Such a model has been used in the majority of studies into Dp71 

and excitatory brain synapses (Daoud et al., 2009; Helleringer et al., 2018; Miranda 

et al., 2009; Miranda et al., 2011), and it would therefore be additionally valuable to 

firmly verify consistency between research groups. 

There is some doubt in the literature as to whether the mdx is a valid model to study 

human dystrophinopathy. However, in the context of my research, in which the core 

question was that of what the effect of dystrophin loss—not DMD itself—has on 

glutamate receptors in circuits in which it normally resides, I believe the mdx and β-

geo mice adequately served as models for my purposes.  

One major shortcoming in my research is that I did not perform experiments blind 

with respect to the genotype or treatment group of my animals. This would be ideal 

as it would prevent any investigator bias, whether I was cognisant of it or not. This is 
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less of an issue in the case of my quantitative molecular biology experiments as there 

is minimal scope for bias. I endeavoured to reduce bias in the analysis of 

immunohistochemical data by relying upon quantitative, rather than qualitative 

experiments to discern changes between genotype. One area in which avoiding bias 

is particularly difficult is in working with live animals, as seemingly slight changes in 

animal handling and husbandry can result in large changes in behaviour metrics. 

However, I fortunately found that inter-animal deviation in such metrics was very 

small, even when compared to my molecular data. Also, considering the differences 

in outward appearance, placidity, size, and mobility observed between β-geo and WT 

mice, blinding myself to the genotype of such mice would not be possible.  

Immunohistochemistry and confocal microscopy  

Immunohistochemistry with confocal microscopy are powerful tools for determining 

the location and amount of a specific protein in the brain. However, 

immunofluorescence for a specific antibody used is only an inference for the protein 

which it is targeted to, and therefore is dependent upon the specificity of antibodies.  

All antibodies used in this thesis have been validated, either by myself or colleagues 

in my lab or from published sources, using the gold-standard criterion of the absence 

of specific labelling from mutant mice whose genes for the protein of interest are 

deleted (dystrophin in my own work, others from published sources by other 

investigators; such sources are cited in Table 2.1. Moreover, double- and triple-

immunolabelling informed the location of proteins of interest not only within brain 

regions, but within the context of native cellular circuits, and the compartments and 
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sub-compartments of neurons and glia, and the anatomical association between 

multiple proteins inferred by their proximity.  

Finally, I used immunohistochemistry to characterise the relative changes in the 

amount of protein present in samples from different genotypes. The most widely-

used technique for the goal of quantifying protein levels in a tissue sample is the 

protein immunoblot (western blot), I believe that for the purposes of my research, 

quantitative immunohistochemistry was the optimum of the available techniques for 

two reasons: 1) The western blot enables one to quantify relative changes in antibody 

binding with in a tissue homogenate, accounting for protein expressed in all 

compartments, by all cells, and in all sub-regions of a brain structure. In the case of 

the cerebellum, I was particularly interested in the molecular layer because that was 

where I observed Dp71 immunofluorescence, and where I hypothesised that I would 

observe changes in protein expression. Microdissection of a specific layer, lobe, or 

lobule of the cerebellar cortex would not be technically feasible with the equipment 

and expertise available to me. 2) Immunohistochemistry can inform the investigator 

of the precise distribution of immunoreactivity throughout a region, and the 

characteristics of the clusters themselves. This also provides the advantage of the 

detection of fine changes in distribution or expression of immunoreactivity. In the 

case of GluA receptors, which were the primary target of investigation using 

quantitative immunohistochemistry, receptors are trafficked to and from synaptic 

sites and intracellular pools. A homogenised tissue sample such as used in a Western 

blot would not differentiate between membrane-bound receptors and receptors in 

intracellular pools.  
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Quantitative immunohistochemistry was used in this study as a surrogate measure 

of protein expression. However, there are a number of technical pitfalls and caveats 

that must be considered. Firstly, when comparing immunofluorescence levels, or 

other quantitative measures of immunoreactivity in samples, it is imperative that the 

investigator ensures the exact processing of tissue samples in every stage. Firstly, 

high-quality and consistent perfusion-fixation is required, as the captured 

immunofluorescence represents a cellular landscape fixed by cross-linked 

formaldehyde molecules rather than the original tertiary protein structure natively 

present in the tissue. Therefore, relative under- or overfixation of brain tissue could 

result in changes in protein binding that manifest in variations in 

immunofluorescence. Variation in fixation can also arise from changes in the 

molecular constitution of the fixative, since the depolymerisation of 

paraformaldehyde is a pH and temperature-sensitive reaction that requires 

consistent judgement by the user. To mitigate against this, I performed the 

processing of all tissue samples in the same session, with the same equipment and 

reagents. Downstream of fixation, the stages involved in antibody incubation, 

washing, and mounting of specimens requires consistency. As such, inter-

investigator, and certainly inter-laboratory differences in such composition could 

similarly impact the results. For these reasons, whilst I did present my data as the 

density or size of immunoreactive clusters, I did not make any statements on the 

number or size of receptors present in the area, since this technique can only provide 

an inference of receptor distribution and expression.  
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Double- and triple-immunohistochemical reactions allow the investigator to localise 

proteins of interest within the context of cellular networks and subcellular 

compartments by comparing their immunofluorescence with that of other, 

characterised markers. For example, cytoplasmic proteins as markers of specific cell-

types, and known synaptic and extrasynaptic proteins. However, this comes with the 

caveat that light microscopical techniques such as this limit the achievable resolution 

to approximately 1 µm in practice. I was fortunate to have access to a confocal 

microscope that included the Zeiss Airyscan detector, which increases the achievable 

resolution to approximately 120 nm. This enabled more precise localisation of 

synaptic proteins in certain experiments. However, even with this impressive 

resolution, the capturing of immunoreactive clusters cannot provide a definitive 

density of protein molecules, nor the exact synaptic, extrasynaptic, or sub-synaptic 

distribution of a protein. To answer such questions, analysis using 

immunohistochemistry with transmission electron microscopy is required. The 

optimum technique in this regard is immunogold labelling with freeze-fractured 

replicas. Briefly, samples are frozen at ultra-low temperatures and coated with 

carbon and platinum. They are then pressed between brass plates, and rapidly 

separated. This provides an intact, single-membrane representation of a single 

synapse. Incubation with gold particle-conjugated antibodies followed by electron 

microscopy then provides single-receptor resolution of a synapse. This technique 

would provide truly definitive localisation of dystrophin, glutamate receptors, and 

other synaptic proteins in WT and dystrophic brains. Alas, this technique is among 

the most rare, expensive and technically demanding of all procedures in 

neuroscience. Another possible avenue of research is that of dendritic and synaptic 
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morphology in the dystrophic brain using three-dimensional scanning electron 

microscopy, wherein an integrated microtome creates ultra-thin slices of a resin-

embedded specimen, taking serial images between cuts. A three-dimensional 

reconstruction is then produced digitally from traditional scanning electron 

micrographs. This is of particular interest to me because synaptic and spine 

morphology in PCs is associated with several of the dysfunctions observed in the 

dystrophic cerebellum in both my own research, and that of others.  

Quantitative RT-PCR (qRT-PCR) 

qRT-PCR provided a valuable tool for quantifying the relative changes in mRNA levels 

throughout this study. One limitation of this technique, as mentioned above with the 

Western blot, is that I was unable to micro-dissect specific anatomical or 

neurochemical regions of interest. Instead, I used gross anatomical landmarks when 

dissecting tissue samples, such as the cerebellar vermis and the hippocampal 

formation as a whole. However, in the case of receptor proteins, I was able to 

determine their cellular location from published sources. In the case of inflammatory 

mediators, I was interested in determining the regional activity of such molecules, 

thus negating the need for such fine dissection. That said, the supplementation of 

qPCR data with quantitative immunohistochemistry as with the aforementioned 

receptor proteins would have provided valuable data on the localisation of such 

molecules.  
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Behavioural paradigms 

The most critical component of an animal behavioural test is that it adequately 

replicates behaviours salient to that of the human condition. This has typically been 

inferred from the predictive validity of pharmacological agents which alter 

behaviours associated with certain mental illnesses, such as anxiogenic-like or 

depressive-like behaviour. Such agents have a well-characterised mechanism of 

action, for example, neurotransmitter system activity. However, when characterising 

native rodent behaviour, for example, between two or more genotypes, rather than 

drug-induced behaviour, these behavioural assays become more tenuous in terms of 

attributing features to that of human behaviour. Additionally, all metrics by which 

behaviour is measured are open to interpretation, and therefore introduce the 

possibility of bias. For instance, a decrease in locomotion in the OFT could be inferred 

as a stress-induced reduction in exploratory behaviour. Conversely, the same 

observation could be inferred as a suppressed reaction to a purportedly stressful 

event i.e. introduction to a novel, exposed environment, such as in a behavioural 

test. In the case of this study, I was comparing the native behaviour of dystrophic 

mice whose primary pathology is muscular atrophy. I therefore chose not to infer a 

change in locomotor activity as a neuropsychological change. It would be prudent to 

subject animals to a wider battery of behavioural tests, and look for similarities 

between them so that one could exclude possible interpretations that do not fit an 

inter-experimental trend, and thus make a more informed conclusion of the animal’s 

behavioural phenotype. However, such tests require specialised equipment, much of 

which was not available to me.  
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Another important aspect when considering behavioural experiments is that of 

environmental and investigator influence on the psyche, and therefore behaviour of, 

the animals being tested. Mice are highly sensitive to environmental changes, such 

as temperature, humidity, and light. As such, using digital tools to measure these 

metrics, I ensured that the environmental conditions under which I performed the 

tests were as similar as possible. I additionally performed all experiments between 

the hours of 10:00 and 14:00, so as not to disturb their sleep-wake cycle, nor 

circadian changes in mood or HPA activity. Additionally, I chose to perform all 

handling using a plexiglass tube, as this has been shown to reduce stress to animals 

when compared to tail pinching (Hurst & West, 2010). I further attempted to prevent 

the introduction of olfactory cues where possible.  

Collectively, I am confident that I have adequately addressed the major technical 

caveats in this study; and that my choice and application of technique was, within 

the confines of the available equipment, resources, and technical expertise, an 

optimal means to answer the scientific questions set during my PhD.  

Localisation and effect of dystrophin on cerebellar 

glutamate receptors 

The discovery that Dp427 anchored GABAARs on projection neurons of the 

cerebellum and hippocampus (Brünig et al., 2002; Knuesel et al., 1999) was seminal 

as it introduced the theory of dystrophin at the synapse being responsible for 

cognitive impairment in DMD. Investigations into the dystrophic brain have primarily 

focussed on Dp427 and inhibitory synapses in the mdx mouse. Whilst others have 

provided evidence for behavioural and cognitive dysfunctions in the mdx mouse, it 
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does not relate to the human condition insofar as humans lacking Dp427 do not 

typically exhibit cognitive impairment. There is burgeoning evidence that Dp71 loss 

is associated with synaptic dysfunction, but until now the presence of Dp71 at 

excitatory synaptic locales had not been shown in completed circuits. This is 

important as its location strongly suggests that it is directly involved in synaptic 

activity and organisation, and that the previous functional and anatomical changes 

are not secondary to another process lost by the complex and pleiotropic Dmd gene. 

Furthermore, its colocalisation with synaptic markers, coupled with the fact that 

GluA2–3 subunits—which are the predominant iGluR subunits at the PSD of PC 

synapses (Yamasaki et al., 2011)—were selectively downregulated in β-geo 

cerebellum, suggests that iGluR and or their associated proteins are accessories to, 

or constituents of the Dp71-DAGC. The finding that GluD2 immunoreactive clusters 

were larger and more numerous also has implications for Dp71 in cerebellar 

development, since GluD2 is essential for normal cerebellar development. This 

expression plasticity has potential implications for other conditions. For example, 

epilepsy is a frequent comorbidity in DMD. The cerebellum has been identified as 

having an anti-epileptic modulatory role. One study revealed a marked decrease in 

cerebellar GluA2 mRNA levels in a model of temporal lobe epilepsy, and motor 

deficits similar to those found in mdx mice (Soman, Anju, Jayanarayanan, Antony, & 

Paulose, 2013). This could suggest that the loss of cerebellar dystrophins could infer 

vulnerability to forebrain circuits involving iGluRs. Overall, the understanding of the 

changes in the glutamate receptor system at the mRNA and protein level, and 

particularly the knowledge that β-geo, but not mdx mice are affected in this way, is 

a valuable contribution to knowledge.  
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Dystrophin and the immune status of specific brain regions  

One of the most intriguing and also surprising findings during my PhD was that the 

mRNA levels of several key inflammatory mediators were reduced in the β-geo 

cerebellum and hippocampus. This demonstrates that a pleiotropic gene such as 

dystrophin can have opposite effects in a tissue-specific manner. In particular, the 

knowledge that putative glial P2X7R is closely associated with dystrophin in the 

cerebellum, coupled with the knowledge that it actively modulates glutamatergic 

transmission at these synapses (Atkinson et al., 2004; Habbas et al., 2011; Hervás et 

al., 2005) highlights an interesting question: How do P2X7R and Dp71 each influence 

glutamatergic transmission at cerebellar synapses such that they exert a possible 

impact on cognition and affect? I am pleased to highlight such a possible interaction, 

particularly as P2X7R has received substantial attention recently both as a molecular 

substrate for maladaptive neuroinflammation and affective disorders (Czamara et 

al., 2018; Iwata et al., 2016), but also as a potential target for the amelioration of 

muscular symptoms in DMD (Sinadinos et al., 2015; Young et al., 2015). Given more 

time, I would have liked to explore whether there is a reciprocal relationship between 

dystrophin and P2X7R using the P2X7R-KO mouse model at the University of 

Portsmouth, and to further examine the functional relationship therein. The data in 

this chapter suggest that dystrophin is required for maintaining normal basal levels 

of inflammatory mediators in the cerebellum. This raises the question of what role 

the DAGC could have in health or in other diseases. Inflammatory mediators, such as 

TNFα, IL1, and IL6 are required for normal synaptic development and organisation. If 

dystrophin is needed to require basal levels of these and other proteins, it is possible 
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that the absence of dystrophin infers improper neuronal development through this 

mechanism.  

Amyloid Beta 42 (Aβ42) is the major pathogenic product of the amyloid precursor 

protein that underlies Alzheimer’s Disease (AD) pathology, which, in part is 

characterised by sterile neuroinflammation. Increased levels of Aβ42 have been found 

in the blood of DMD patients, and were inversely proportionate to IQ (Salam, Abdel-

Meguid, Shatla, & Korraa, 2014), which suggests that Aβ42
 levels increase in 

proportion with greater loss of dystrophin isoforms. Another study found that P2X7R 

deficiency reduced the burden of Aβ42 pathology in the brain (Martin et al., 2019). 

This raises the question of the association, if any, between dystrophin and Aβ42. The 

reduction in P2X7R-encoding mRNA in the β-geo brain could infer resistance to AD-

like pathology in the dystrophic brain. The distribution of the reported non-vascular 

component of Dp71 and Dp427 in the mouse brain reflects the prototypical 

distribution of Aβ-containing plaques in cortical brain regions, including the 

cerebellum (Cole, Neal, Singhrao, Jasani, & Newman, 1993; Delaère, Duyckaerts, 

Brion, Poulain, & Hauw, 1989; Joachim, Morris, & Selkoe, 1989). I personally 

attempted to localise dystrophin in the locus coeruleus, a brainstem nucleus that 

mediates arousal and locomotor activity and is strongly implicated in psychosocial 

stress; but I was unable to localise dystrophin in this region under the conditions used 

(data not shown). Moreover, recent data indicates that, in humans, cerebellar Dp427 

is expressed at low levels. This is important as the cerebellum is a region which is 

relatively spared by inflammation and plaques in the AD brain (Hopperton, 

Mohammad, Trépanier, Giuliano, & Bazinet, 2018). Overall, this has implications for 

the study of AD, as it raises the possibility that dystrophin could influence Aβ-induced 
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pathology. It would be interesting to explore whether the deletion of specific 

dystrophin isoforms impacts the pathogenic hallmarks of AD in mice. This could be 

achieved by cross-breeding β-geo and mdx mice with mice that model AD, such as 

the APP-PSEN1 mouse, established in our lab. The findings in this thesis could 

therefore suggest a novel mechanism underlying AD, specifically why different brain 

regions are particularly vulnerable to AD pathology.  

The maladaptive stress response as a core facet of DMD  

The association between dystrophin and stress is less clearly defined in both humans 

and rodents than that of muscle inflammation or cognition. Unfortunately, the 

outcomes of my use of stress experiments were equivocal. However, it did provide 

some important information on the state of stress in dystrophin-deficient mice, 

importantly, that β-geo mice exhibit an increased level of basal cortisol. This not only 

implies a maladaptive neuroendocrine stress response of neurological origin, but has 

implications for peripheral systems. A key effect of glucocorticoids is the positive 

modulation of cardiac activity; heart rate and stroke volume, by engaging the 

autonomic nervous system. DMD patients exhibit a shift towards sympathetic 

predominance (da Silva et al., 2018; Dhargave et al., 2014; Inoue, Mori, Hayabuchi, 

Tatara, & Kagami, 2009), which may aggravate cardiovascular failure; currently the 

leading cause of death in DMD patients. The long-term effect of glucocorticoids on 

cardiac function in DMD is complicated due to the pleiotropic effects of dystrophin 

and the broad variation in treatment regimens, but studies in mdx mice have 

suggested that glucocorticoid treatment has a negative effect on cardiac outcomes 

(Griggs et al., 2013; Janssen et al., 2014). The finding that dystrophin loss itself infers 
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an increase in circulating corticosterone therefore warrants study of the effects of 

cortisol in dystrophin deficient mice, on a cellular and molecular level, on cardiac 

function. Moreover, mothers of DMD patients frequently present with problems in 

reproductive health and sleep (Nozoe et al., 2014), both of which are aggravated by 

prolonged increases in cortisol. It was hypothesised that these effects resulted from 

the stresses of caring for a severely disabled child. However, dystrophic female 

canines (Martins-Júnior et al., 2015), and now male mice, have been shown to exhibit 

increased corticosterone levels. This suggests that female mutant DMD carriers could 

also be at risk of such symptoms, thus highlighting the importance of addressing the 

health of female relatives and other manifesting carriers whom often experience 

non-muscle symptoms of DMD. 

The presence of a basal stress phenotype in dystrophic mice is important as it 

provides evidence that dystrophin loss imparts a stress phenotype in the absence of 

confounding social factors. I was interested to know whether the cumulative loss of 

dystrophin isoforms in mice influenced their behavioural phenotype, as it has been 

suggested in humans. It was intriguing, therefore to note that mdx and β-geo mice 

exhibited comparable scores in all measures throughout the analyses. This 

potentially highlights an important caveat with the use of these animal models. The 

presence of altered social and stress-related behaviour in mdx mice does not align 

with the human genotype. Thus, it suggests that the findings of such behavioural 

studies are not representative of the human condition, and also suggests that Dp427 

could play a different role in the brains of dystrophic humans and mice.  
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Follow up experiments 

As with most scientific research, the outcomes give rise to a number of questions. I 

believe it is essential to identify the most important, if the value the current research 

is to be realised. I have therefore set out what I believe are the most pressing follow-

up experiments: 

Morphological analysis of Purkinje cell dendrites and 

synapses with electron microscopy 

During the summer of 2018 I was kindly hosted at the laboratory of Professor 

Johannes Van Der Want of the Norwegian University of Science and Technology 

(NTNU) at Trondheim, Norway. There, I was given an introduction to the techniques 

of tissue preparation and imaging using both transmission and scanning electron 

microscopes. I additionally provided some samples of β-geo brain, of which we 

sectioned and began preparing for morphological analysis. Professor Van Der Want’s 

group are currently collecting data for a research article on which they and my 

research group are collaborating. I hope this data will provide excellent insight into 

the study of the dystrophic cerebellum; not only in providing new information, but 

in terms of contextualising my own findings in this thesis.  

Behavioural analysis  

In chapter five I sought to characterise the native and stress-induced behaviours of 

mdx and β-geo mice using a range of behavioural paradigms. As discussed in the 

section above, given additional time and resources, I would expand upon these 

experiments, drawing from a broader set of behavioural tests and hopefully create a 
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clearer picture of the anxiety- and stress-related behaviours and cognitive ability of 

these mice. I additionally analysed the cognitive performance of mdx mice using the 

novel object recognition test. I found no significant change in performance between 

mdx and WT mice. Given my findings in chapter three that β-geo, but not mdx mice 

exhibited altered iGluR plasticity, and that I had theorised that altered glutamatergic 

transmission may provide a molecular correlate for cognitive impairment, it would 

be valuable to investigate if such a cognitive phenotype was present in β-geo mice. 

This was something that I had planned to achieve, however, I forewent this 

experiment due to time constraints.  

Assessment of the electrophysiological characteristics of the 

dystrophin-deficient cerebellum 

A major drawback of my research with regards to our understanding of iGluRs under 

dystrophinopathy is that it only provided anatomical and molecular data, and thus I 

could only speculate on the consequences of such data. Given more time to explore 

this line of enquiry, I would like to record the key electrophysiological parameters of 

PCs in β-geo mice. During my PhD, another group published work in which they 

endeavoured to answer this question (Helleringer et al., 2018). I believe it would be 

useful to explore these parameters with GluR subunit-specific pharmacological 

agents, including those such as memantine, a widely-used NMDAR antagonist and 

cognition enhancer prescribed for patients with Alzheimer’s disease. I would then 

further examine the cognitive performance of β-geo mice using various behavioural 

paradigms, and analyse the effects of memantine and other pharmacological agents 

upon their performance.  
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In summary, I believe that I have provided compelling and novel data to demonstrate 

that dystrophinopathy, specifically the total loss of dystrophin protein, has a 

substantial impact on the expression plasticity of the cerebellar glutamate receptor 

system, and that this pathology results in the suppression of basal innate immune 

molecules, and creates a stress-like phenotype. The cerebellum appears to play a 

critical role in in DMD-derived cognitive impairment, a subject area in which our 

understanding is in its infancy. I therefore believe that my research has provided a 

valuable contribution to our understanding of dystrophin and DMD. 
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Example PCR amplification curves from TaqMan® probes targeted against specific 

genes analysed within this study.  

 


