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Abstract 

Duchenne muscular dystrophy (DMD) is a rapidly progressive X-linked recessive disease 

affecting about 1 in 3500 live male births. It is caused by mutations in the dystrophin gene, 

which result in the loss of dystrophin or expression of a non-functional truncated protein 

product. Full-length dystrophin is mainly expressed in muscles and the central nervous system. 

The absence of dystrophin results in irreversible progressive motor dysfunction, leading to 

muscle wasting, respiratory insufficiency, cardiac failure and eventually premature death. In 

addition to the degeneration of skeletal musculature, about one-third of patients with DMD 

display various degrees of intellectual impairment, commonly found with intelligence quotient 

(IQ) scores of one standard deviation below (IQ of 85) the normal population mean (IQ of 

100). However, the mechanism underlying the cognitive deficits in DMD remains unclear and 

no effective treatment is available to reverse this condition in the affected individual. 

 

To date, the life-threatening muscular aspects of DMD have received significant attention. 

Effective treatment and care which focuses on the management of respiratory failure and other 

disease complication have significantly improved the life expectancy of DMD patients. Recent 

studies showed that the life span of DMD patients today has increased from teens to their 

fourth decades. With longer survival, the quality of life becomes increasing important. 

Therefore, research on the cognitive aspect of DMD is as important as research on the muscular 

aspects because improvements in cognitive function will enhance the quality of life for the 

growing population of adult DMD patients. 

 

The aim of this thesis was to investigate the role of dystrophin in the central nervous system of 

the mdx mouse, a widely accepted murine model for DMD. This study employed the use of 
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animal with different age groups, corresponding to young (3-4 months), adult (11-12 months), 

and aged (23-26 months). Adult and aged mdx mice are the focus in this study with findings 

from the older mouse especially valuable as, disease progression in aged mice closely 

resembling that of DMD. As numerous evidence has shown a high similarity between the 

specific cognitive dysfunctions seen in DMD (i.e. impaired verbal intelligence) and in patients 

with cerebellar lesions (i.e. language disorders), this study examined the function of cerebellar 

Purkinje cells in mdx mice using electrophysiological recording and calcium imaging. 

 

The first experimental chapter (Chapter 3) focused on the impact of aging on the miniature 

inhibitory postsynaptic currents (mIPSCs) mediated by the GABAA receptors in Purkinje cell 

of mdx mice. Whole-cell patch clamp recordings showed that the frequency and amplitude of 

mIPSCs were significantly reduced in the aged mdx mice compared to the age-matched 

littermate controls, consistent with the findings shown in young mdx mice. In addition, when 

comparing the results from the aged mdx to the young mdx cohort, it was found that both the 

frequency and amplitude of mIPSCs remained similar between the two age groups, suggesting 

that the changes in mIPSCs in the mdx mice are independent of aging. 

 

In the second experimental chapter (Chapter 4), the possibility of rescuing dystrophin 

expression using an exon skipping strategy with an antisense oligonucleotide, Pip6f-PMO, in 

organotypic cerebellar cultures developed from young mdx mice (P8-P11) was explored. Using 

immunofluorescence staining with a dystrophin antibody, rescued dystrophin was shown as the 

strong punctate staining along the somatic membrane and in the proximal dendritic layer of the 

Purkinje cell. More importantly, these results showed that the rescued dystrophin was 

functional as improved GABAA receptor clustering was found in Purkinje cells of mdx-Pip6f-
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PMO culture. Electrophysiological recording on Pip6f-PMO treated Purkinje cells also showed 

an increased peak amplitude of mIPSCs when compared to untreated mdx Purkinje cells.     

 

In the third experimental chapter (Chapter 6), using whole-cell patch clamp recording 

combined with calcium imaging, an investigation into the impact of dystrophin deficiency on 

the electrophysiological properties of the cell membrane and intracellular calcium dynamics of 

adult Purkinje cells was performed. The optimisation of calcium dye loading into Purkinje 

neuron is described in Chapter 5. The key findings in Chapter 6 include altered active 

membrane properties (i.e. reduced amplitude, increased 10-90% rise time, and reduced 10-90% 

rise slope of action potential) and a significant increase in baseline intracellular calcium 

concentration ([Ca2+]i) in the mdx Purkinje cell soma. Although the [Ca2+]i in the distal 

dendritic regions were also increased in the mdx neurons, they were not significantly different 

from the littermate controls. Similarly, no significant difference was found for the calcium 

handling properties of the distal dendritic region of mdx Purkinje cells when it was electrically 

stimulated with a stimulating theta electrode.  

 

Overall, the data presented in this thesis provides new insights into the role of dystrophin in 

cerebellar Purkinje neurons. The findings suggest that dystrophin is important for normal 

inhibitory synaptic function, intrinsic electrophysiological properties, and calcium handling of 

the mature cerebellar Purkinje cells. The consequences of the absence of dystrophin including 

the altered GABAA receptor clustering and reduced peak amplitude of mIPSCs could be 

ameliorated when dystrophin was successfully rescued with Pip6f-PMO in an organotypic mdx 

cerebellar culture. If mdx mice and DMD patients share similar neuropathogenesis, the 

development of drugs targeting the altered functions in mdx Purkinje cells may serve as a 

potential therapy in alleviating the cognitive impairments seen in DMD.  
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Chapter 1. General Introduction 

1.1  Discovery of Duchenne Muscular Dystrophy  

Duchenne muscular dystrophy (DMD) was named after the French neurologist, Guillaume-

Benjamin-Amand Duchenne (1806-1875). In 1861 and 1868, Duchenne described this 

childhood myopathy as “paralysie musculaire pseudohypertrophique”, characterised with a 

higher incident rate in boys and disease progression in three stages: feeble movement, apparent 

hypertrophy, and finally paralysis (Jay & Vajsar, 2001; Plotogea et al., 2009). The first stage of 

symptoms was believed to be caused by wasting of muscles involved in movement, which 

started initially in the lower limbs and lumbar region, progressing to the upper limbs (Jay & 

Vajsar, 2001). Enlargement of calf muscles is seen in the second stage, and is due to 

hyperplasia of interstitial connective tissue and over supply of fibroses and adipose tissue 

which replaces muscle (Jay & Vajsar, 2001; Plotogea et al., 2009). Finally, a loss of 

locomotion renders the boys wheelchair-bound by 11 years of age (Hoffman & Gorospe, 1991). 

This occurs when all the healthy muscles are wasted and can no longer regenerate.  

 

Although this disorder had been described by numerous investigators such as Charles Bell 

(1774-1842), Edward Meryon (1809-1880), and William Richard Gower (1845-1915),  it now 

bears Duchenne’s name (Emery & Emery, 1993; Jay & Vajsar, 2001). 

 

1.2  Early descriptions on the intellectual impairment in DMD patients 

In his original report, Duchenne noted a cognitive involvement in his DMD patients. He found 

that 40% of his cases present with mental deficits (Duchenne, 1868). Other investigators also 

reported a reduction in intelligence quotient (IQ) in DMD patients (Del Carlo Giannini & 

Marcheschi, 1959; Erb, 1891; Gowers, 1879). Wardon and Vignos argued that while these boys 
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have specific difficulties in reading and mathematics, the degree of intellectual impairment is 

independent of the severity of this disease (i.e. no progressive mental deterioration with 

advancement of the disease) and is not associated with DMD pathology (Worden & Vignos, 

1962). Additionally, some authors suggested that the lower IQ scores in some DMD patients  

could be due to the social and educational outcomes (Walton & Nattrass, 1954). Nevertheless, 

Dubowitz argued that the intellectual impairment in DMD boys is actually pathologically 

related (Dubowitz, 1965). He proposed that the impaired cognitive function in DMD patients 

was potentially due to the abnormality of a common biochemical substance found in brain and 

muscle. Indeed, Dubowitz’s hypothesis was correct. The primary defective biochemical 

substance was eventually discovered by Kunkel and their team in 1987 (Kunkel et al., 1987). 

Today, this biochemical substance is widely known as dystrophin, which is a cytoskeletal 

protein found in various tissues including skeletal muscles, smooth muscles, and the central 

nervous system (CNS) (Hoffman, Brown, et al., 1987; Mandel, 1989).  

 

1.3 DMD and dystrophin gene (DMD), protein 

Duchenne muscular dystrophy is a fatal, X-linked recessive progressive muscle disorder caused 

by inherent biochemical deformity of muscle tissue. The defective biochemical compound 

remained a mystery until the late 20th century (Koenig et al., 1987; Monaco et al., 1986; 

Murray et al., 1982). In 1982, the dystrophin gene or DMD locus that encodes for dystrophin 

protein was identified by positional cloning (Murray et al., 1982). This gene is localised on the 

short arm of the X chromosome in the Xp 21 region (Figure 1.1 A) (Hoffman, Knudson, et al., 

1987; Murray et al., 1982; Puliti et al., 2007). This locus also accounts for the milder and less 

prevalent Becker muscular dystrophy (Kingston et al., 1983). To date, DMD is the second 

largest gene described in humans, spanning more than 2 million base pairs of genomic 

sequence. It corresponds to nearly 0.1% of the whole human genome or about 1.5% of the X 
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chromosome (Koenig et al., 1987; Kunkel et al., 1989; Mandel, 1989; Manole, 1995; van 

Ommen et al., 1987). Only 1% of DMD is made up of exons, which comprises 79 exons and 7 

promoters (Muntoni et al., 2003). These exons form the 14kb messenger RNA which encodes 

for dystrophin, a 427 kilodaltons (kD) or 3685 amino acid protein.  

 

The dystrophin gene gives rise to numerous transcripts of the full-length, 427 kD and several 

shorter isoforms (Figure 1.1 B) (Torelli et al., 1999). These isoforms are generated from 

different tissue specific promoters, and as a consequence of alternative splicing of the 

dystrophin exons (Mehler, 2000). The full-length dystrophin (Dp 427), is generated from three 

different tissue specific promoters; namely muscle type (M), brain type (B), and Purkinje cell 

type (P) (Bies, Phelps, et al., 1992; Gorecki et al., 1992; Nudel et al., 1989). The M-promoter 

drives expression predominantly in the skeletal muscle and cardiomyocytes but minor 

expression is found in CNS glial cells (Chelly et al., 1990; Torelli et al., 1999). The B-

promoter, also known as cerebral promoter, drives expression mainly in cortical and 

hippocampal (CA1-3 region) pyramidal neurons whereas the P-promoter drives expression in 

mature cerebellar Purkinje cells and in the foetal cerebral cortex (Bies, Phelps, et al., 1992; 

Gorecki et al., 1992; Nudel et al., 1989). In the CNS, Dp 427 is primarily expressed along 

plasma membranes in the soma and in the postsynaptic densities, specialised regions of the 

synaptic submembraneous cytoskeleton of principal neurons, specifically in the hippocampus, 

cerebral cortex and in the cerebellum (Lidov et al., 1990; Perronnet & Vaillend, 2010). Several 

studies have provided evidence that these brain dystrophins are involved in higher order 

functions, in learning and memory (Snow et al., 2013). 
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Figure 1.1 Dystrophin gene and isoforms. 

(A) Genomic organisation of the dystrophin gene, located in Xp21. The black horizontal lines 

represent the 79 exons of the dystrophin gene distributed over about 2.5 million bases. Arrows 

depict the positions of the seven promoters in the dystrophin gene. In particular, brain (B), 

muscle (M), and Purkinje (P) promoters drive the expression of ‘full-length’ dystrophin, Dp 

427. R, B3, S and G represent the Dp 260 (retinal), Dp 140 (brain), Dp 116 (Schwann cells), 

and Dp 71 (general) promoters that drive the short isoform dystrophins. (B) The domain 

composition and localisation of the various dystrophin isoforms are indicated. The amino-

terminal domain is followed by the spectrin-like domain, the cysteine rich, and the carboxyl-

terminal domain. Adapted and modified from Blake and Kroger (2000) and Muntoni et al. 

(2003).  
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Dystrophin, a rod-shaped protein, is primarily expressed in skeletal muscle, smooth and cardiac 

muscle, and the CNS (Bies, Friedman, et al., 1992; Bies, Phelps, et al., 1992; Feener et al., 

1989; Lambert et al., 1993; Mandel, 1989; Sironi et al., 2001; Torelli et al., 1999). It consists 

of four different domains: an amino-terminal (N-terminal) with an actin-binding site, a large 

spectrin-like central domain, a cysteine-rich domain and a unique carboxyl-terminal (C-

terminal) domain. The N-terminal contains the actin-binding site which links the 

macromolecule to the underlying actin-based cytoskeleton. The C-terminal of dystrophin 

interacts with several membrane-bound proteins such as dystrobrevin and other dystrophin 

associate proteins to form the dystrophin-associated protein complex (DAPC) (or dystrophin-

glycoprotein complex: DGC) (Figure 1.2) (Koenig et al., 1988; Sadoulet-Puccio & Kunkel, 

1996). In muscle, the DGC stabilises the plasma membrane by forming a critical bridge 

between the actin cytoskeleton and the extracellular matrix (Ervasti & Campbell, 1993).  At the 

neuromuscular junction, the DGC is involved in the stabilisation of acetylcholine receptors and 

acetylcholinesterase (Kong & Anderson, 1999; Peng et al., 1999).  The absence of dystrophin 

in DMD results in the collapse of the DGC, thereby rendering the sarcolemma susceptible to 

mechanical damage during contraction, altered calcium homeostasis, and consequently muscle 

degeneration (Carlson, 1998; Hendriksen et al., 2015; Pilgram et al., 2010). To date, the role of 

dystrophin/DGC in the brain is far less known. In CNS, the brain-specific DGC is expressed at 

the postsynaptic site of neurons, consists mainly of dystrophin, dystroglycan, dystrobrevin and 

syntrophin (Figure 1.3) (Pilgram et al., 2010). It colocalises with gamma-aminobutyric acid 

type A (GABAA) receptors (GABAAR) and plays an important role in the membrane 

stabilisation of GABAAR clustering (Figure 1.4 A) (Brunig, Suter, et al., 2002). In a mouse 

model of DMD, the absence of dystrophin results in the reduction of GABAAR cluster size and 

number (Figure 1.4 B) (Fuenzalida et al., 2016; Knuesel et al., 1999; Kueh et al., 2008). 
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Figure 1.2 Organisation and composition of the DGC. 

The NH2-terminus of dystrophin (purple) binds to cytoskeleton actin while the cysteine-rich 

and COOH domain interacts with the DGC components. The cysteine-rich domain binds the 

dystroglycan subcomplex composed of transmembrane β-dystroglycan (β-DG) and 

extracellular α-dystroglycan (α-DG). The β-DG may interact with the sarcoglycan-sarcospan 

subcomplex (blue) and with signalling protein such as Grb2. The α-DG is a glycosylated 

receptor for extracellular matrix proteins, such as laminin, agrin, perlecan, and neuroxin 

depending on tissue- and cell-specific expression. The COOH-terminus of dystrophin binds the 

cytosolic syntrophins and dystrobrevins. Dystrobrevins associate with syncoilin, dysbindin, and 

syntrophins (SYN). Syntrophins contain a PDZ domain enabling associations of the DGCs with 

a variety of proteins including signalling and synaptic proteins, such as neuronal nitric oxide 

synthase (nNOS) or neuroligins, as well as several transmembrane channels (AQP-4, potassium 

Kir2 and Kir4.1, and voltage-gated sodium channels) and receptors (AchR, GABAAR). 

Adapted and modified from Perronnet and Vaillend (2010). 
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Figure 1.3 DGC complex composition in mammalian CNS. 

The neuronal DGC consists of a Dp 427 bound to β-dystrobrevin and dystroglycan, which in 

turn associates with presynaptic neurexin-α. The complex also contains α1- and γ1- syntrophin 

as well as ζ- and ε-sarcoglycan. Adapted and modified from Pilgram et al. (2010). 
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Figure 1.4 The involvement of dystrophin in the stabilisation of GABAAR clustering. 

A schematic drawing depicting the role that dystrophin plays in GABAAR clustering. (A) In the 

wild type (WT) mice, the synaptic GABAAR are stabilised by scaffold protein gephyrin. The 

presence of dystrophin helps to stabilise the GABAAR clustering at the postsynaptic site and 

neuroligin links synaptic cleft by interaction with presynaptic neurexin. (B) The mdx mice, a 

murine model of DMD lacking all Dp 427, showed a marked reduction in the number and size 

of GARAAR cluster in the hippocampus and cerebellum. Adapted and modified from 

Fuenzalida et al. (2016) and Knuesel et al. (1999). 
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In addition to full-length dystrophin, several shorter isoforms of dystrophins including Dp 260, 

Dp 140, Dp 116, and Dp 71 are derived from four internal promoters as a result of splicing 

between promoter-specific first exons and exons 30, 45, 56, 63 respectively (Desguerre et al., 

2009). These isoforms are expressed in the CNS and in various tissues (Knuesel et al., 1999; 

Perronnet & Vaillend, 2010). The distinct dystrophin isoform expression in various part of the 

CNS indicates that these proteins play a role in normal brain function in which its deficiency 

may be related to the cognitive impairment seen in DMD patients. In fact, several genetic 

studies have suggested a possible association between the type and location of mutations in the 

DMD gene with mental retardation (Rapaport et al., 1991; Rapaport et al., 1992). In particular, 

mutations in the C-terminal regions of DMD which leads to the disruption of the shorter C-

terminal isoforms (Dp 71, Dp 116 and Dp 140) have been shown to result in a more severe 

intellectual disability in DMD (Lenk et al., 1993; Robert et al., 1992). A deletion extending to 

the 3’ end of exon 63 will affect all dystrophin isoforms (Moizard et al., 1998; Moizard et al., 

2000). Dp 71, the short isoform that harbours only the cysteine-rich and C-terminal region of 

dystrophin, is affected by this distal mutation and the deficiency of this additional isoform is 

linked to severe mental deficits (mean full-scale IQ of <50.0) (Banihani et al., 2015). However, 

studies using mice models lacking these short CNS dystrophin isoforms failed to reveal any 

specific contribution of Dp71 to cognitive dysfunction (Vaillend et al., 1998; Vaillend & 

Ungerer, 1999). It is likely that the Dp71 is not directly linked to severe cognitive dysfunction. 

Rather, mutations occurring in the distal region of the DMD gene disrupt expression of all 

brain dystrophin isoforms hence, resulting in a cumulative deleterious effect and a more severe 

intellectual disability.   
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1.4 Evidence for impaired cognitive function in DMD  

Since Duchenne’s original report of a cognitive involvement in DMD, substantial evidences 

now exists to support his observation of a CNS component in DMD (Dubowitz, 1965; 

Duchenne, 1868). However, Gowers did not agree that mental retardation is a feature of DMD 

(Dubowitz, 1965; Gowers, 1879). Walton and Nattress and Truitt also argued that the majority 

of their DMD patients were not mentally defective and that the previously observed deficits 

may be due to poor living or environmental conditions such as the loss of education and low 

socio-economic ability (Dubowitz, 1965; Truitt, 1955; Walton & Nattrass, 1954). After many 

years of debate, it is now well established that Duchenne’s observation is true. A meta-analysis 

by Cotton et al. (2001) documented the mean IQ of 1146 DMD patients, collected from 32 

studies is on average, one standard deviation below the population mean, strongly supporting 

Duchenne’s findings. Furthermore, the uncertainty of whether the reduction in IQ levels are 

associated with social and educational backgrounds such as family income and parent’s 

education levels was ruled out by Prosser et al. (1969). In this study, the DMD patients’ Full 

Scale Intelligence Quotient (FSIQ) scores, which measures the verbal and performance 

intelligence, were significantly lower than those of their normal siblings who shared similar 

background when growing up (Prosser et al., 1969). This reinforces the idea that the 

intellectual deficit in DMD patients is not impacted by socioeconomic factors but is of CNS 

origin. To further elucidate if cognitive impairment in DMD is a consequence of living with a 

chronic and progressive disease with limited physical capability, Ogasawara (1989) examined 

the memory and IQ of two groups of young patients with DMD and another with spinal 

muscular atrophy (SMA) from the same residential school (Ogasawara, 1989). The authors 

found that boys from the DMD group performed worse than SMA boys in memory tests and 

scored poorer for FSIQ. Taken together, these findings demonstrated that lower IQ is one of the 
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manifestations of DMD and not a sequela from musculoskeletal dysfunction and motor 

impairment.  

 

1.4.1  Selective cognitive function: Verbal IQ  

While numerous investigators suggested that the cognitive impairment of DMD is global in 

nature, some authors have argued that only selective cognitive functions are affected in these 

children (Dubowitz, 1965; Prosser et al., 1969; Smith et al., 1990). It was reported that verbal 

intelligence and verbal skills are more affected in this population than non-verbal or 

performance intelligence (Cotton et al., 2001). Indeed, DMD children tend to have a delay in 

speech or specific language impairment (Essex & Roper, 2001; Kaplan et al., 1986). 

Supporting this notion is a study by Hinton et al. (2004), who argued that the “limited verbal 

span” is the principal cognitive deficit in DMD as their Verbal IQ (VIQ) scores were 

significantly lower than their Performance IQ (PIQ) scores. The VIQ and PIQ scores of the 

Wechsler Intelligence Scales are widely utilised for the assessment in language functions and 

visuospatial abilities in children with DMD (Billard et al., 1992; Cotton et al., 2001). Several 

studies using different approaches such as sentence repetition (Billard et al., 1992; Hinton et 

al., 2007), tests of story recall (Hinton et al., 2004; Hinton et al., 2001; Wicksell et al., 2004), 

and digits recall (Billard et al., 1998; Ogasawara, 1989) have shown that DMD patients present 

with difficulties during tests that require attention to and repetition of verbal material. 

 

Deficiencies in verbal span are associated with deficits in the acquirement of phonological 

knowledge and single word vocabulary (Adams & Gathercole, 2000). The acquirement of 

phonological skill is disrupted when a person fails to detect individual speech sounds, or 

phonemes. Dorman et al. (1988) demonstrated that boys with DMD performed poorly on the 

sound deletion test when they were required to pronounce some target word with a single 
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phoneme left out. For example, DMD boys were unable to pronounce “sand” when the 

phoneme “t” was deleted from “stand”, instead, they pronounced it as “stib”. Moreover, 

Hendriksen and Vles (2006), from a neuropsychological angle, proposed that reading skills and 

language are strongly associated with each other and should be treated as a continuum. 

Children with a delay in language development have also been shown to have increased risk for 

reading deficit at a later age (Bishop, 2002; Bishop & Snowling, 2004). A study on 25 Dutch 

DMD boys, aged 8 to 12 years, found that 40% of the subjects were reading disabled and 

impaired with a significantly reduced reading quotient percentage when compared to the 

normal population (Billard et al., 1998; Hendriksen & Vles, 2006). Interestingly, a recent study 

showed that the distinct language-based learning deficits in DMD is similar to that 

demonstrated in developmental dysphonetic (auditory) and dyseidesia (visual) dyslexia, 

language disorders that are associated with the cerebellum (Anderson et al., 2012; Bishop, 

2002; Hinton et al., 2004; Yang et al., 2016). These cerebellar disorders refer to the difficulties 

in reading or interpreting words due to deficiency with phonic analysis and synthesis of words 

as well as perception of the visual words (Anderson et al., 2012; Billard et al., 1998; Bishop & 

Snowling, 2004; Cotton et al., 2001). Taken together with the expression of Dp 427 in normal 

cerebellar Purkinje cells but absence in patients with DMD, Lidov et al. (1993) emphasised that 

there may be an involvement of cerebellar non-motor dysfunction in DMD’s cognitive 

impairment. In summary, this evidence strongly emphasised a cognitive involvement (language 

delay, phonological production, poor verbal fluency and reading) in DMD boys, which may be 

due to cerebellar dysfunction. 

 

1.4.2 Histological/Biochemical evidence for a CNS deformity in DMD patients 

As shown in section 1.4 and 1.4.1, neurophysiological tests strongly suggest an involvement of 

brain dysfunction in DMD. However, findings from brain autopsy and brain imaging are 
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inconsistent, ranging from grossly normal to significantly abnormal neuroanatomy and 

biochemistry. Post-mortem analyses showed normal weight with no gross abnormalities in the 

brains of DMD patient, with the exception of only one patient who showed striking histological 

abnormalities (Dubowitz & Crome, 1969; Jagadha & Becker, 1988). Magnetic resonance 

imaging (MRI) studies did not reveal any significant anatomical brain modification in DMD 

patients compared to healthy controls, and no positive association between ventricle dilation 

and verbal intelligence (al-Qudah et al., 1990; Bresolin et al., 1994). Using another approach, 

Rae et al. (1998) studied the possible involvement of cerebral atrophy in young DMD patients, 

aged below 13 years old, using magnetic resonance spectroscopy (MRS). They found both the 

ventricular sizes in DMD patients and control brains to be comparable (Rae et al., 1998). 

However, this finding is in contrast to previous computerised tomography (CT) scans which 

showed clear signs of cortical atrophy and ventricular dilations in the older patients and 

patients with severe physical disability (Yoshioka et al., 1980). 

 

Although the gross brain structure in DMD is normal, many studies have found anatomical and 

metabolic abnormalities in DMD patients. In contrast to Dubowitz and Crome (1969) and 

Jagadha and Becker (1988), numerous reports have shown several post-mortem brain 

abnormalities including reduced brain weight, ventricle dilation, cortical atrophy, heteropias, 

pachygyria, dendritic abnormalities (i.e. reduction in cortical dendritic length and arborisation), 

extensive Purkinje cell loss, and gliosis in DMD patients (Anderson et al., 2002; Jagadha & 

Becker, 1988; Rosman, 1970; Rosman & Kakulas, 1966). In addition, a recent quantitative 

MRI study on the microstructure of DMD patients showed a smaller total brain and gray matter 

volume, lower white matter fractional anisotropy, and higher white matter mean and radial 

diffusivity than healthy controls (Doorenweerd et al., 2014). Doorenweerd and colleagues 

suggested that the reduced fractional anisotropy and higher mean diffusivity implied a 
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compromised structural complexity, and proposed a reduced fiber density, increased membrane 

permeability, and/or decreased structural organisation (Assaf & Pasternak, 2008). The higher 

radial diffusivity indicates increase fibre branching and demyelination which can result in 

increased membrane permeability (Song et al., 2005; Vandermosten et al., 2012). In addition, 

they revealed that a subgroup of DMD patients who lack Dp 140 had the smallest gray matter, 

total brain, and intracranial volumes. Furthermore, a structural and functional MRI study in ten 

DMD patients (6.4-14.0 years of age) demonstrated a neuronal circuitry alteration in DMD 

showing decrease gray matter concentration and decrease local synchronization of spontaneous 

activity in the motor cortex when compared to healthy controls (Lv et al., 2011). Other CNS 

alteration such as reduced excitability in the left motor cortex was also demonstrated in four 

DMD patients (11-15 years of age) in a transcranial magnetic stimulation study (Di Lazzaro et 

al., 1998). Taken together, these studies showed that the subtle alterations in cortical circuitry 

are found in patient with dystrophin deficiency.  

 

In addition to the possible anatomical compensation associated with DMD, several metabolic 

abnormalities have also been demonstrated in DMD brains. A phosphorous-31 MRS study 

revealed a significant increase brain ratios of inorganic phosphate (Pi) to adenosine 

triphosphate (ATP), to phosphomonoesters, and to phosphocreatine, implying potential 

mitochondrial dysfunction leading to bioenergetic changes (Barbiroli et al., 1993; Tracey et al., 

1995). Similarly, a hydrogen MRS study showed an increase in the ratio of cerebellar choline-

containing compound to N-acetylaspartate in patients with DMD, suggesting developmental 

abnormalities (Rae et al., 1998). In addition, positron emission tomography (PET) imaging 

studies revealed a reduction in glucose metabolism in the cerebellum, temporal cortical areas, 

and the right sensorimotor cortex in DMD patients compared to healthy controls (Bresolin et 

al., 1994; Lee et al., 2002). Lee et al. (2002) suggests that this regional glucose 
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hypometabolism may indicate an association between dysfunction of cerebellum and 

intellectual deficits, temporal cortical areas and cognitive and behavioural impairment, as well 

as sensorimotor cortex and reduced manual dexterity (Darian-Smith et al., 1996; Devinsky & 

Bear, 1984; Eichenbaum, 2000; Fiez et al., 1992; Lee et al., 2002; Liu & Rouiller, 1999; 

Schmahmann, 1991). In short, these functional studies suggest an alteration in brain 

metabolism or biochemistry in brains lacking dystrophin. 

 

1.5 Murine model of DMD: the mdx mouse 

It is evident from the above literature (Sections 1.4 Evidence for impaired cognitive function in 

DMD), that there is indeed a CNS component in DMD. This evidence was generated from the 

cross sectional, longitudinal, and retrospective studies, which employed non-invasive 

approaches. Nevertheless, findings acquired from human subjects are very scarce and limited, 

especially in studying the mechanism for cognitive dysfunction as a result of dystrophin 

deficiency, due to the inaccessibility of more invasive measurement on human subjects. As an 

alternative, over the last decade, animal models which allow for more intrusive studies in DMD 

have been described. Several animal models for DMD studies have been proposed, which 

include zebrafish, mouse, Caenorhabditis elegans (C. elegans), dog, and chicken (Bassett & 

Currie, 2004; Bulfield et al., 1984; Collins & Morgan, 2003; Kornegay et al., 2012; Lemaire et 

al., 1988). Despite the great variety of choices in animal models, there is no single agreement 

on which animal model best represents DMD. In addition, while these animal models share a 

similar defective gene, there is considerable variability in their phenotypic expression across 

and within a species. This could in part be due to the ability of different species to adapt to a 

defective gene product. Thus, the selection of a model is often experimental and reliant upon 

which animal is well-matched for the tests to be investigated.   
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Currently, the most extensively used animal model to study the effect of the lack of dystrophin 

on CNS function is the dystrophin-deficient mdx (X-chromosome-linked muscular dystrophy) 

mouse. This is due to its short breeding time, genetic uniformity, budget, and handiness for 

laboratory experiments (Grounds et al., 2008). The discovery of the naturally occurring mdx 

mouse (C57BL/10ScSn-Dmdmdx) was first reported by Bulfield et al. (1984). Together with 

other authors, he described this mutant as an X-linked recessive model with elevated serum 

pyruvate kinase and creatine kinase levels as well as the initial development of some similar 

features of muscle histopathology to DMD, such as degeneration of the limb musculature 

(Bulfield et al., 1984; Dangain & Vrbova, 1984; Torres & Duchen, 1987). Despite sharing 

parallel histopathological features,  this mouse has milder clinical presentation which is in 

contrast to DMD patients (Hoffman, Brown, et al., 1987).  The muscle pathology in mdx mice 

is different from DMD patients in some important aspects, such as the successful muscle fibre 

regeneration and reduced endomysial fibrosis (Torres & Duchen, 1987). As a consequence of 

its successful regeneration process, the fibrosis and fat tissue replacement, commonly seen in 

DMD muscles, are not prominent in young adult mdx mice(Araki et al., 1997; Torres & 

Duchen, 1987). These findings are in marked contrast to the manifestation observed in DMD, 

questioning its genetic homology (Avner et al., 1987).  

 

However, several studies have shown that the mdx mouse may be more representative of the 

disease pathology in DMD than has been appreciated. Histopathological studies showed that 

after the age of 16 weeks, there is a steady increase in the number of malformed (branched) 

myofibres in the aging mdx mouse (Chan et al., 2007a; Head et al., 1992; Pastoret & Sebille, 

1995). In addition, the aged mdx mouse was also more susceptible to injury from lengthening-

contraction protocols. While the absolute force (not corrected for cross-sectional area) 

generated by the mdx mouse muscle was not significantly different from that of age-matched 
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littermate control (LC), the specific force (corrected for cross-sectional area) produced by mdx 

mice was significantly reduced when compared to LC. This indicated that as the mdx mouse 

ages, muscle weakness becomes more apparent in that the force generation is markedly reduced 

(Chan et al., 2007a). The aged mdx mouse is able to compensate for this weakness by muscle 

hypertrophy, a likely explanation for the milder phenotype in comparison to DMD patients. 

Furthermore, the diaphragm of the mdx mouse also showed progressive replacement with 

fibrous connective tissue, demonstrating the severe pathology seen in DMD where loss of 

diaphragmatic function is a main concern (Lynch et al., 1997; Stedman et al., 1991).  

Additionally, it was found that fibrosis and fatty deposits appear in the limb muscles of old mdx 

mice (Lefaucheur et al., 1995; Pastoret & Sebille, 1995). Mapping studies demonstrated that 

the mdx mutation is indeed located within the mouse dystrophin gene, which is equivalent to 

the mutation in the DMD gene in the human X chromosome (Ryder-Cook et al., 1988). 

Sicinski et al. (1989) also showed that a point mutation in exon 23 induced a premature stop 

codon, preventing the synthesis of Dp 427 further confirming that the mdx mouse is a valid 

genetic model for DMD and us especially useful for studying the effect of dystrophin in the 

CNS (Sicinski et al., 1989; Willmann et al., 2009).  

 

To date, the mdx mouse model has been widely adopted for muscular dystrophy studies. Since 

a single dystrophin gene can give rise to different dystrophin products, genetically engineered 

and chemically induced mdx variants with an absence of different dystrophin isoforms have 

been generated, as summarised below (Table 1.1) (Araki et al., 1997; Bulfield et al., 1984; 

Chapman et al., 1989; Cox et al., 1993; Wertz & Fuchtbauer, 1998).   
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Table 1.1 Mouse models of DMD, relative to its absence of dystrophin isoforms. 

 

 

1.6 Evidence for CNS involvement in the mdx mice 

1.6.1  Histological evidence for a CNS deformity 

The mdx mouse shows no gross structural abnormalities in the brain or spinal cord (Bulfield et 

al., 1984; Dunn & Zaim-Wadghiri, 1999; Miranda et al., 2009; Torres & Duchen, 1987; 

Yoshihara et al., 2003). Nevertheless, alteration in cell number, size and/shape have been 

demonstrated in areas of the cerebral cortex and brain stem of mdx mice (Carretta et al., 2004; 

Carretta et al., 2001; Carretta et al., 2003; Minciacchi et al., 2010; Sbriccoli et al., 1995). Using 

a tract tracing approach, Sbriccoli et al. 1995 reported a lower absolute number (reduced of 

about one half) and cell packing density of the cortico-spinal neurons in mdx mice compared to 

controls. Despite the normal perikaryal sizes, these neurons were smaller on average and round 

in shape, whereas the control neurons displayed bigger cell sizes and were pyramidal in shape. 

Moreover, this group also reported a significant reduction of rubro-spinal neurons in mdx mice 

and postulated that it might be due to the reduced cortico-rubral or cortico-spinal collateral 

input. (Carretta et al., 2001).  

Mouse 

model of 

DMD 

Absence of dystrophin 

isoforms 

Mutation               

 

Authors and published 

year 

mdx Dp 427 Exon 23 point 

mutation 

Bulfield et al. (1984) 

mdx5cv Dp 427 Exon 10 point 

mutation 

Cox et al. (1993) 

mdx2cv Dp 427 and Dp260 Intron 42 point 

mutation 

Chapman et al. (1989) 

mdx4cv Dp 427, Dp260, and 

Dp140 

Exon 53 point 

mutation 

Chapman et al. (1989) 

mdx3cv Dp 427, Dp260, Dp140, 

Dp116, and Dp71 

Intron 65 point 

mutation 

Chapman et al. (1989) 

mdx52 Dp 427, Dp140 and Dp260 Exon 52 deletion Araki et al. (1997) 

mdx-βgeo All dystrophin gene 

product 

Insertion of β-geo 

trap cassette in 

Exon 63 

Wertz and Fuchtbauer 

(1998) 
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As the involvement of altered calcium metabolism in neurons was reported in mdx mice, 

Carretta and co-workers investigated the expression of the calcium-binding proteins 

parvalbumin, calbindin, and calretinin in the cerebral cortex of mdx mice (Carretta et al., 2003; 

Hopf & Steinhardt, 1992). In somatosensory and motor cortices, it was reported that the 

parvalbumin-positive and calbindin-positive interneurons were significantly more numerous 

(increase by 16-39%) in mdx mutant than wild type (WT) mice. The laminar distributions of 

parvalbumin-positive interneurons in both brain regions were altered, displaying less defined 

laminar segregations. This group speculated that the increased number of these interneurons 

possibly contributed by the perturbed calcium metabolism during development, as a 

compensatory mechanism to counteract for the increased intracellular calcium concentration 

([Ca2+]i) and subsequent calcium-driven excitotoxicity and cell death (Carretta et al., 2003). 

Next, Carretta et al. (2004) concluded three different modalities of cortical remodelling for 

calcium-binding protein populations in the mdx mouse. This group reported that the changes of 

spatial distributions were parallel to the increased number of parvalbumin-positive neurons in 

the motor cortex, whereas in the anterior cingulate cortex, it was paired with unchanged cell 

numbers (parvalbumin- and calbindin-positive neurons). In the somatosensory cortex, there 

was no change in the spatial distribution despite the increase numbers of parvalbumin- and 

calbindin- positive neurons. Consistently, Del Tongo et al. (2009) also showed that there is an 

increase in parvalbumin interneuron density across the CA1-CA3 and dentate gyrus subfields 

and of inhibitory synapses in CA1 proximal radiatum in mdx mice. Taken together, these 

findings indicate that the loss of dystrophin has resulted in cytoarchitectural rearrangement of 

calcium-binding protein cells in mdx mice. These changes may reflect a distinctive involvement 

in the damage and/or a differential structural and functional ability in response to dystrophin 

deficiency (Carretta et al., 2004; Del Tongo et al., 2009). 
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As the cytoarchitectural rearrangement has been noted in the cortex of mdx mice, the same 

group went on to clarify the fine anatomical organization of associative cortico-cortical neurons 

on the primary motor and somatosensory cortices in the mdx mice (Minciacchi et al., 2010). 

They reported that the absolute number of associative pyramidal neurons was significantly 

greater in mdx than in control animals. The terminal branches of the basal dendrites of layer 2/3 

pyramidal neurons were significantly longer in mdx compared to control mice, whereas the 

density of dendritic spines was significantly lower in mdx animals. Collectively, the anomalies 

of associative cortico-cortical projection in mdx mice suggest that the impaired neurobiology 

potentially underlies the cognitive dysfunction in DMD (Minciacchi et al., 2010).  

 

Currently, the investigation of the structural abnormalities in CNS has been extended to the 

ultrastructural levels. A marked reduction in the number and size of GABAAR clusters in the 

hippocampal region CA1 and cerebellum in dystrophin deficient mdx mice was first reported 

by Knuessel et al. (1999). Subsequently, the malformed synapses in the dendritic and 

pyramidal layers of mdx hippocampus were reported by several other investigators (Knuesel et 

al., 2001; Miranda et al., 2011; Miranda et al., 2009). By using a quantitative electron 

microscopy, Miranda et al. (2009) evaluated the density and ultrastructure of CA1 hippocampal 

synapses in mdx mice. Miranda and colleagues found that mdx mice have significantly 

increased density of axodendritic symmetric inhibitory synapses and larger postsynaptic 

densities in perforated asymmetric excitatory synapses in the proximal, CA1 apical dendrites 

which normally express dystrophin. The increased inhibitory synapse density may reflect a 

partial compensation of reduced dendritic inhibition mediated by GABAergic transmission, in 

response to an altered clustering of α2 subunit-containing GABAAR in CA1 dendrites. The 

increased postsynaptic density length in perforated synapses may suggest alterations in 

glutamatergic synapse organization that is associated with an enhanced synaptic excitation. 
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Next, Miranda and co-workers went on to examine the integrity of the presynaptic 

ultrastructure, especially on the distribution of the synaptic vesicles in axospinous non-

perforated-excitatory synapses of the CA1 hippocampal dendritic field in mdx mice. Using the 

same technique, they reported an increased number of docked vesicles, that were characterised 

by an abnormal shift of the vesicle distribution from the reserve pools, and a marked reduction 

of vesicles size as the major alterations of presynaptic ultrastructure in the mdx mouse 

(Miranda et al., 2011). The increase of this specific vesicle pool may result in an enhanced 

release probability in excitatory synapses of dystrophin-deficient neurons. This is consistent 

with their previous finding that showed an increased length of the postsynaptic densities in the 

perforated subtype of excitatory synapses, as both factors can be viewed as the hallmarks of 

enhanced activity and/or plasticity at glutamatergic synapses in dystrophin deficient mice 

(Miranda et al., 2009). 

 

The macro-level modification in mdx brain was revealed in an MRI study (Xu et al., 2015). Xu 

and colleagues reported enlarged lateral ventricles despite no differences in total brain volume, 

indicating possible gray matter atrophy in mdx mice (Xu et al., 2015). Furthermore, using an 

unbiased stereological estimation technique, a globally reduced neuron density in the 

hippocampus of mdx mice was reported in a later study (Miranda et al., 2016). Miranda and co-

workers found a significant reduction (~34%) in the number of CA1 pyramidal neurons in the 

anterodorsal hippocampus. However, the quantitative decrease varies along the hippocampal 

antero-posterior axis. This finding contradicts their previous reports that failed to demonstrate 

any significant modification in the mdx hippocampal neuron density, possibly due to the 

different methods used in prior studies (Miranda et al., 2011; Miranda et al., 2009). In 

summary, these findings have extended knowledge of the brain morphofunctional alterations 
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induced by dystrophin deficiency and that the perturbation of neurogenesis and/or neuron 

survival is potentially contributing to cognitive deficits in DMD (Miranda et al., 2016). 

 

Although there are numerous studies investigating brain morphology or histopathological 

changes due to dystrophin loss in cerebral cortex and hippocampus, only limited reports have 

documented the effect of dystrophin deficiency on cerebellar histopathology. A pilot 

immunohistochemistry study by Sim and Rae (2011) suggests a trend towards a decrease in 

cerebellar Purkinje cell populations in mdx mutant. Perhaps due to the small mouse number 

(n=4 for each group), the authors did not show any significant differences in mdx mice when 

compared to the control group. Consistently, a recent haematoxylin and eosin staining study 

also showed no significant histopathological changes or neuronal loss in the cerebellum of mdx 

mice at different stages of age, including 24-day, 12-week, and 9-month compared with age-

matched controls (Tuckett et al., 2015). Nevertheless, when these neurons were stained with 

Alizarin red, a water-soluble sodium salt of Alizarin sulfonic acid that is used to stain calcium 

deposits in tissues, an increased percentage of calcium-positive neurons were observed in the 

mdx cerebellum. Taken together, these studies suggest possible morphological changes and 

altered number of cerebellar neurons in mdx cerebellum which needs to be further 

characterised.  

 

1.6.2 Behavioural studies  

1.6.2.1 mdx mice 

A pioneering study addressing the involvement of cognitive deficits in the mdx mouse was first 

reported by Muntoni and co-workers in 1991 (Muntoni et al., 1991). These investigators 

suggested that the passive avoidance learning in mdx mice was significantly impaired when 
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compared to control mice, as indicated by the difference in the retention of passive avoidance 

responses (Vaillend et al., 1995). Additionally, the long-term recognition memories of these 

mice were also compromised. Vaillend and co-workers further characterised this cognitive 

deficit with a follow up water maze study in 2004. In this study, they revealed that dystrophin 

deficiency had disrupted the long term object recognition and spatial memory in mdx mice 

(Vaillend et al., 2004). These mice also displayed a severe deficit in spatial memory, indicated 

by their failure to look for the hidden platform in the water maze. Interestingly, additional 

behavioural studies reported that the ability to learn and consolidate short term memory, 

procedural memory and spatial discrimination tasks, novelty-seeking behaviour and exploration 

in an elevated plus maze were all unaffected in this animal model (Sesay et al., 1996; Vaillend 

et al., 1998; Vaillend et al., 1995).  

 

More interestingly, in addition to hippocampus, an immunostaining study in WT mice 

demonstrated the expression of Dp 427 in the amygdala, which is a brain region associated 

with contextual fear (Maren & Fanselow, 1995; Sekiguchi et al., 2009). In the mdx mouse 

which lacks Dp 427, the authors found an enhanced defensive freezing behaviour to aversive 

stimuli (restraint and foot shock) when compared to WT control. Furthermore, these fear 

responses were ameliorated after the intracerebroventricularly administration of an antisense 

morpholino oligonucleotide. This treatment induces skipping of the premature stop codon 

located at exon 23 in the mdx mouse and produces a truncated dystrophin that retains the 

physiological function of full-length dystrophin (Alter et al., 2006).  

 

Taken together, these behavioral studies showed that the loss of Dp 427 is implicated in the 

cognitive dysfunction of mdx mice. The absence of Dp 427 expression in different brain 

regions (hippocampus and amygdala) contributes to distinct cognitive deficit profiles. These 
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studies also suggest that Dp 427 deficiency alone is sufficient to impact cognitive functions and 

that this deficiency may underlie the poor reading, learning and memory in children with 

DMD.  

 

1.6.2.2 mdx3cv mice 

To date, overwhelming evidence suggests that the diverse severity of cognitive dysfunction in 

DMD patients is likely due to the cumulative effects of inactivation of Dp 427 and other DMD 

expressed short isoforms products (Dp 260, Dp 140, Dp 116, Dp 71) (Daoud et al., 2009; 

Desguerre et al., 2009; Taylor et al., 2010). Thus, the study of DMD using the mdx mice model 

which only lacks the full length Dp 427, yet retains other short dystrophin isoforms, is not 

inclusive enough to address the distinct cognitive deficits associated with this disorder. Since 

mdx mice display limited and task-specific impairments in learning and memory, research on 

the behavioural and physiological aspect of the disease would benefit from a mouse model that 

lacks other short dystrophin isoforms in the CNS. 

 

To overcome these concerns, Vaillend et al. (1998) employed the mdx3cv mouse model, which 

was generated by N-ethylnitrosourea chemical mutagenesis with a point mutation in intron 65 

in their study (Chapman et al., 1989). In this mouse model, all dystrophin gene products that 

are normally expressed in mouse brain are absent, including both Dp140 and Dp 71 (Cox et al., 

1993; Vaillend et al., 1998). Given this advantage, the mdx3cv mutant appears to be a suitable 

model for Vaillend et al. to study the effects of C-terminal dystrophins (Dp 140 and Dp 71) 

deficiency on the hippocampal cognitive functions. This specific cognitive function was of 

particular interest due to its essential role in learning and memory, which are profoundly 

disturbed in DMD patients with severe cognitive deficits. Previous studies have linked 

hippocampal injury to impaired spatial memory which is important in various tasks, such as 



25 

 

 

spatial discrimination learning in a radial maze (Jarrard, 1995; O'Keefe & Conway, 1978; 

Olton et al., 1979). However, spatial learning in the mdx3cv mice was unaltered. The authors 

postulated that this unexpected finding could possibly be due to the implementation of a high 

degree of training in these mice, which is known to strengthen performance. 

 

Additional behavioural characterisation of mdx3cv mice had been done by Vaillend and Ungerer 

in 1999. They tested the mice’s learning skills, emotional reactivity, and motor capabilities 

using the operant learning task and delayed spontaneous alternation task in a T-maze, light-

dark choice situation, and spontaneous locomotor activity test (Vaillend & Ungerer, 1999).  

Through these extensive experimental tests, this group reported that the learning abilities of this 

mutant were mild delays (or moderate) but not impaired. The learning capabilities of mdx3cv 

mice were comparable to the original mdx mouse and they did not have noticeable learning 

deficits. However, the anxiety-related behaviours of mdx3cv mice were enhanced when they were 

submitted to a bright light environment, an anxiogenic situation for animals (Belzung, 1992). 

The hesitation and anxiousness of mdx3cv mice were shown by the longer latencies to enter the 

lit box and a shorter time spent within it. In addition to this, the mdx3cv mice showed a reduced 

locomotion contrary to the earlier findings of the original mdx mice (Vaillend et al., 1998; 

Vaillend et al., 1995). Vaillend and colleagues concluded that the lack of C-terminal 

dystrophins may not have a big impact on the hippocampal associated learning and memory 

function and suggested a masking effect by some unknown compensatory mechanisms in 

mdx3cv mice. In addition, the potential impact of C-terminal dystrophin deficiency on other 

brain functions that are independent from hippocampus function, such as cerebellar-associated 

verbal function, remains an open question.  
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1.6.3 Electrophysiological studies  

Although behavioural studies have shed some light on the involvement of dystrophin in CNS 

function, these types of studies do not provide insights into the electrical properties or activities 

of neuronal cells. Moreover, the findings of these studies are vulnerable to experimenter effects 

such as different judgments or rating of behaviours, differences in body odours and handling 

methods; methodological and environmental effects such as habituation of the animals to the 

apparatus, time of day for testing, traffic and noise in the colony, which may affect the results 

(Wahlsten et al., 2003). In contrast, electrophysiological studies provide more conclusive 

evidences on the mechanisms of system interactions. These studies allow the direct correlation 

between neuronal lesions and its unique physiological consequences in regard to higher-order 

cognitive processing. Electrophysiological studies of dystrophin-deficient mouse models are 

very important for the appreciation of the cognitive consequences of DMD, as invasive 

measurements are highly unlikely to be carried out on human patients.    

 

1.6.3.1 Hippocampus (Schaffer-commissural projections to pyramidal cells of CA1) 

The role of dystrophin in synaptic function was revealed by an electrophysiological study that 

showed altered synaptic transmission in mdx hippocampal brain slices (Mehler et al., 1992). 

Mehler and colleagues reported that synaptic transmissions in hippocampal pyramidal neurons 

were significantly more vulnerable to hypoxia-induced damage in mdx mice. The authors 

explained that the enhanced sensitivity of mdx neurons to hypoxic insults may be due to the 

increased calcium influx, triggering the neuronal excitotoxicity cascade, as a result of 

plasmalemmal instability caused by dystrophin deficiency (Haws & Lansman, 1991; Menke & 

Jockusch, 1991). Interestingly, this altered synaptic transmission was reversed when the 

neurons were pre-treated with an anticonvulsant compound diphenylhydantoin (DPH) prior to 

the 5-minute hypoxic insult. The authors proposed that DPH recovered this synaptic 
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transmission potentially by its ability to work against neuronal excitotoxicity such as 

dampening neuronal excitability, obstructing several calcium-dependent neuronal functions, 

inhibiting both the high-frequency sodium-dependent action potentials (APs), and low-

threshold, transient calcium channel conductance (Stanton & Moskal, 1991). This finding is 

very valuable as it indicates that the disrupted synaptic transmission in mdx mutant may be 

related to an altered [Ca2+]i levels, although it is not well established yet. 

 

To gain further insight into the synaptic function of mdx mutant, several groups have 

investigated the long-term potentiation (LTP) in hippocampus, using both in vivo and ex vivo 

approaches  (Sesay et al., 1996; Vaillend et al., 1998). LTP is a form of synaptic transmission 

with an increased synaptic strength that lasts for many hours, as a result of the brief repetitive 

activation of excitatory synapses (Malenka et al., 1988). LTP is of particular interest because it 

is assumed to have important roles in cellular mechanisms that may underlie some forms of 

information processing, in which its subtle alteration might underlie the cognitive dysfunction 

in DMD (Bliss & Collingridge, 1993; Silva et al., 1996; Vaillend et al., 1998). Although both 

authors used different experimental setups, they reported a similar finding, that the mdx evoked 

synaptic responses were unchanged, after the induction of tetanic stimulations (i.e. constant 

current stimuli delivered at various time) in two hippocampal pathways (the performant and the 

Schaffer-commissural projection). Additionally, Vaillend et al. (1998) reported that the 

hippocampal LTP in the more severely dystrophic mdx3cvmice was also unchanged. Strikingly, 

sustained enhancement of hippocampal LTP in mdx mice was found in a latter study by the 

same authors (Vaillend et al., 2004).  Vaillend and co-authors explained that the conflicting 

findings were due to differences in the experimental design: the use of extended and distributed 

training paradigms in the previous studies were known to improve long-term memory (i.e. 

which led to the failure in reporting the alteration of this synaptic transmission in the previous 
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studies) versus the masses training paradigm in the 2004 study. More importantly, as 

enhancement of hippocampal LTP had been reported to be involved in other memory-impaired 

genetic mouse models. The authors concluded that this abnormally enhanced hippocampal 

synaptic plasticity or LTP may be involved in the cognitive dysfunction in mdx mice and 

perhaps explain the cognitive deficits seen in boys with DMD (Vaillend et al., 2004). 

 

On the other hand, when investigating short-term synaptic plasticity, another form of 

hippocampal-dependent learning, Vaillend et al. (1998) found an increase of post-tetanic 

potentiation (PTP) but not paired-pulse facilitation (PPF) in mdx mutants, suggesting that the 

facilitated expression of short-term plasticity occurs postsynaptically instead of presynaptically. 

PPF is a potentiation of the second of two responses at intervals of ten milliseconds, and is 

frequently assumed to occur as a consequence from a transient presynaptic calcium discharge 

triggered by the first stimulation (Creager et al., 1980). Unchanged PPF indicates that the 

presynaptic mechanism involved in the calcium-dependent release of glutamate was normal in 

the mdx mouse model. Conversely, an increase of PTP is an enhanced postsynaptic response to 

presynaptic release of neurotransmitter following a high frequency stimulation, which last at 

most a few minutes (Binder et al., 2009; Vaillend et al., 1998). More importantly, the authors 

argued that an alteration of postsynaptic modulation of free Ca2+ that resulted from tetanic 

stimulation might also contribute to PTP enhancement, which may potentially underlie the 

enhanced short-term plasticity in the mdx mouse  (Malenka et al., 1988). 

 

Facilitated synaptic potentiation by high frequency stimulation is regulated by both the pre-and 

postsynaptic mechanisms, which involve the simultaneous presynaptic release of 

neurotransmitter and adequate depolarization to cause activation of the N-methyl-D-Aspartate 

(NMDA) subtype of glutamate receptor channel complex, which results in an increase of 
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calcium influx into the postsynaptic cell (Bliss & Collingridge, 1993; Fisher et al., 1997; Hanse 

& Gustafsson, 1994; Malenka & Nicoll, 1993). In line with the findings in Vaillend et al. 

(1998), instead of presynaptic contribution, a follow-up study by Vaillend et al. (1999) 

suggests that the enhanced short-term synaptic plasticity was due to a facilitated NMDA 

receptor (NMDAR) activation at the postsynaptic density as a result of reduced sensitivity to 

magnesium block. Other postsynaptic input such as calcium-permeable ion channels (i.e. 

voltage-gated calcium channels (VGCCs) were tested using antagonists nifedipine or NiCl2) 

was reported not to play any significant role in this synaptic transmission. Taken together, these 

findings indicate that the enhanced short-term synaptic potentiation in mdx mice is due to a 

facilitated NMDAR activation at the postsynaptic membrane, further supporting the important 

role dystrophin plays in postsynaptic transmission (Lidov, 1996).  

 

Under normal physiological conditions, it was suggested that the excitability of the synapse is 

modulated by the balance between synaptic excitation mediated by NMDAR and synaptic 

inhibition that is mediated by GABA receptors (Dingledine et al., 1986). Interestingly, a 

decreased number of postsynaptic GABAAR clusters were found in the hippocampus and 

cerebellum of the mdx mouse (Knuesel et al., 1999). This indicates that there is a possibility 

where dystrophin deficiency may reduce GABAergic neurotransmission, and that subsequently 

leads to neuronal disinhibition, increased NMDAR activation, and eventually resulting in an 

enhanced NMDAR-mediated short-term potentiation (STP) (Vaillend & Billard, 2002). In 

addition to STP, the induction and/or expression of CA1 hippocampal short-term depression 

(STD), which is triggered by the prolonged episodes of low-frequency stimulation, may also be 

mediated by the enhanced NMDAR activity in the mdx mouse (Malenka & Nicoll, 1993; 

Vaillend & Billard, 2002). In the presence of GABAAR antagonist, bicuculline (10µM), both 

abnormally enhanced STP and STD mediated by NMDAR were abolished, indicating that an 
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altered GABAA transmission was responsible for the neuronal disinhibition which potentially 

further contributes to the facilitated NMDAR activity, and thus enhanced synaptic potentiation, 

as a result of dystrophin loss (Vaillend & Billard, 2002). 

 

Since deficiency of GABAergic transmission in mdx mice has been proposed by Vaillend’s 

group, Graciotti et al. (2008) went on to further characterise the functional aspects of this 

synaptic transmission in dystrophic hippocampus. Using whole-cell patch clamp technique, 

they reported that there was no gross postsynaptic alteration in response to GABA released 

onto CA1 pyramidal neurons of mdx mice, as indicated by the unchanged amplitudes of both 

the evoked and miniature inhibitory postsynaptic currents (mIPSCs). Inhibitory postsynaptic 

current (IPSCs) is an induced electrical event, occurring in a postsynaptic cell, as a result of 

neurotransmitters release by the presynaptic terminal. This subsequently leads to the opening of 

chloride channels, allowing the cell to hyperpolarise (Binder et al., 2009). When tetrodotoxin 

(TTX), a naturally occurring sodium channel blocker, is added to the recording bath, the TTX-

resistance IPSCs mediated by GABAAR are named mIPSCs (Graciotti et al., 2008). Although 

the amplitudes of mIPSCs remained unaltered, the frequency of mIPSCs (i.e. the number of 

events by time unit) which is an indicator of release probability, was significantly higher in 

mdx mice when compare to control mice (Graciotti et al., 2008). The possibility of an increased 

release probability of inhibitory synapses in the hippocampus of mdx mice was tested using 

PPF analysis. The PPF index is the ratio of the amplitude of the second vs the first response 

(Vaillend et al., 1998). It is worthwhile to note that GABAergic synapses undergo PPF when 

their release probability is low (Ouardouz & Lacaille, 1997). Graciotti et al. (2008) reported 

that the release probability at GABAergic synapses in the hippocampus of mdx mice was 

higher than the controls, as demonstrated by the marginally facilitated second IPSCs. This 

facilitation was consistently present in wildtype mice, indicating a low release probability. This 
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study concluded that the altered presynaptic release probability of GABAergic synapse may 

contribute to alterations of inhibitory synaptic transmission in the brain of dystrophic mice. 

 

1.6.3.2 Cerebellum 

In addition to hippocampal function, recently there is increased interest in studying the impact 

of cerebellar dystrophin (P-dystrophin) deficiency on cognitive function. As detailed in section 

1.4.1, the lack of full-length dystrophin may be involved in the cerebellar-associated cognitive 

dysfunction in DMD boys. Previous studies on synaptic function in mdx hippocampus have 

been detailed by Vaillend and other groups. They revealed that the dystrophin deficiency has 

detrimental effects on synaptic efficacy. These alterations include the abnormally enhanced 

short-term and long-term potentiation, and short-term depression in the mdx hippocampus. 

These altered hippocampal synaptic functions were believed to be caused by the imbalance 

between synaptic excitation and inhibition, as demonstrated by the facilitated NMDAR 

activation and higher release probability of GABAergic synapses. It is now well established 

that cerebellar Purkinje cells have a major role in the inhibitory (GABAergic) synaptic 

transmission in the CNS. Since full-length dystrophin is also expressed abundantly in the 

cerebellar Purkinje cells, any alteration of synaptic transmission in this brain region as a results 

of dystrophin loss may impose a devastating influence on normal brain function, that may be 

correlated with the intellectual deficits demonstrated in patients with DMD. 

 

There are three distinct neuronal layers in the cerebellum, the outermost molecular layer, the 

middle Purkinje cell layer, and the innermost granular layer (Figure 1.5). The cerebellar 

Purkinje cells receive both the inhibitory and excitatory inputs from the molecular and granular 

layers. Purkinje cell axons make inhibitory synapses (by releasing GABA) with neurons in the 

vestibular and cerebellar nuclei, this constitutes the only output from the cerebellar cortex (Ito 
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& Yoshida, 1964, 1966; Ito et al., 1964; Voogd & Glickstein, 1998). The parallel fibres (PF) 

(i.e. the axonal extensions of granule cells) at molecular layer and the climbing fibres (CF) (i.e. 

the terminals of the axons from interior olive neurons) at Purkinje cell layer are the excitatory 

inputs to Purkinje cells (Kandel, Schwartz, & Jessell, 2012). Stimulation of PF results in a 

simple spike action potential (AP) with a firing rate of about 50-100 Hz (Eccles et al., 1966b) 

(Figure 1.6 A), whereas the excitation of CF evokes a complex spike consisting of a large 

excitatory postsynaptic potential (EPSP). The complex spike is the summed electric responses 

of many cells evoked by short electrical stimulation of Purkinje dendrites or synaptic inputs 

(Binder et al., 2009; Eccles et al., 1966a), superimposed with calcium spikes, with a discharge 

rate of about 1 Hz (Llinas & Sugimori, 1980a, 1980b) (Figure 1.6 B). On the other hand, the 

inhibitory inputs (i.e. GABAergic) onto the Purkinje cells are transmitted by the molecular 

layer interneurons, the basket cells and stellate cells. The excitation of these interneurons leads 

to a hyperpolarising inhibitory postsynaptic potential (IPSP) (Eccles et al., 1967; Vincent & 

Marty, 1996).  
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Figure 1.5 The cerebellar cortex contains three layers and five types of neurons. 

A schematic drawing shows the general organisation of the cerebellar cortex from the vertical 

section of a single cerebellar folium. The three neuronal layers include the outermost molecular 

layer, the middle Purkinje cell layer, and the innermost granular layer. The granular layer is the 

input layer and contains a vast number of granule cells and a few larger Golgi interneurons. 

The Purkinje cell layer is the only output layer from the cerebellar cortex. It receives excitatory 

inputs from the CF (originate from the inferior olivary nucleus) and PF (axons of the granule 

cells) and inhibitory inputs from the interneurons. The molecular layer is the processing layer 

and it contains the two inhibitory neurons, the stellate and basket cells, the dendrites of 

Purkinje cells, and the PF. Adapted and modified from  Kandel, Schwartz, Jessell, et al. (2012). 
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Figure 1.6 Simple and complex spikes recorded intracellularly from a cerebellar Purkinje 

cell. 

Granule cell receives excitatory inputs from mossy fibres that originate from cell bodies in the 

spinal cord and brain stem. During excitation, PF, the axons of granule cells, produce brief and 

small excitatory potentials called (A) simple spikes (~100 Hz) in Purkinje neurons. In contrast, 

(B) complex spike (~1-3 Hz) is a prolonged depolarisation that is characterised by an initial 

large-amplitude AP followed by a high-frequency burst of smaller-amplitude APs. Complex 

spikes in Purkinje cells are evoked by CF synapses. Each Purkinje cell body and proximate 

dendrites are enwrapped by a single CF that originates from the inferior olivary nucleus. 

Adapted and modified from Kandel, Schwartz, Jessell, et al. (2012). 
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The fast inhibitory GABAergic synaptic transmission in CNS is involved in the regulation of 

normal neuronal excitability (Jacob et al., 2008). This central synaptic inhibition is facilitated 

by the activation of GABAAR, which is predominantly comprised of various α and β subunits 

together with the γ2 subunit that allows the rapid influx of Cl- into the cell (Belelli & Lambert, 

2005; Essrich et al., 1998). Molecular studies have shown that GABAAR belong to the ligand-

gated ion-channel superfamily, which are expressed throughout the brain and targeted to 

different subcellular regions. These regions include the postsynaptic and extra- or perisynaptic 

sites where they mediate the transient (phasic) and tonic inhibitions (Baer et al., 1999; Brunig, 

Scotti, et al., 2002; Draguhn et al., 2008; Essrich et al., 1998; Fritschy et al., 1998; Lidov et al., 

1990). In addition to this, some GABAAR are also found at presynaptic sites (Draguhn et al., 

2008). The stability of GABAAR cluster localisation in different CNS sites is predominantly 

determined by the complex trafficking mechanisms and interactions with the intracellular 

proteins. These proteins are expressed at the postsynaptic density and they serve as a 

connection to cytoskeleton (Essrich et al., 1998). Dystrophin is a good example as it is found 

abundantly at the postsynaptic density of neurons in the cerebral cortex, hippocampus, and 

most importantly in the cerebellum (Lidov et al., 1990). Cerebellar dystrophin is co-localised 

with GABAAR subunits (α1 or γ2 subunit) at the postsynaptic regions of axondendritic and 

axonsomatic synapses of Purkinje cells (Knuesel et al., 1999; Lidov et al., 1990).  

 

The important role dystrophin plays in postsynaptic GABAAR clustering was first addressed by 

Knuesel et al. (1999). The authors reported that the lack of dystrophin caused a marked 

reduction in the number of GABAAR clusters in cerebellar Purkinje cells of mdx mice. In 

addition, a recent finding from a whole-cell patch clamping study by Kueh et al. (2011) in the 

same animal model further support the finding from Knuesel et al. (1999). A variation in the 

amplitude of mIPSCs occurs when there is a change in the number of channels at the 
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postsynaptic membrane (Nusser et al., 1997). Although the postsynaptic GABAA channels 

function normally in the Purkinje cells of mdx mice, Kueh et al. (2011) reported that both the 

average amplitude of mIPSCs as well as the average number of functional receptors localised at 

GABAergic synapses was significantly reduced when compared to LC. Moreover, they showed 

that the reduction of this postsynaptic GABAAR numbers had resulted in an increased number 

of extrasynaptic GABAAR, possibly due to the impaired anchoring of GABAAR at the 

postsynaptic membrane as a consequence of dystrophin loss. More importantly, the studies on 

both the gene and protein expression levels of cerebellar GABAAR demonstrated that there 

were no significant differences in expressions levels between mdx and control mice (Kueh et 

al., 2008; Wallis et al., 2004). Taken together, these findings indicate that, the loss of 

dystrophin has led to a reduced number of functional GABAAR clusters at the postsynaptic 

domain and resulted in an increased number of extrasynaptic GABAAR. This alteration is 

independent of GABAAR gene and protein expressions levels. The authors further concluded 

that the changes of receptor localisation are likely to influence the inhibitory input to Purkinje 

cells in mdx mice.  

 

As a reduction in the number and size of postsynaptic GABAAR clusters in mdx mice were 

reported, Anderson and colleagues investigated the extent to which inhibitory input was 

affected by the altered GABAAR clustering in the dystrophic Purkinje cells using standard 

sharp electrode and whole cell patch-clamp techniques (Anderson et al., 2003). Anderson et al. 

(2003) recorded evoked EPSPs and mIPSCs from mdx Purkinje cells. Evoked EPSPs were 

generated by stimulating the molecular layer within 250 µM of the Purkinje cells. The 

amplitude of evoked EPSPs in control Purkinje cells was increased upon the removal of the 

GABAA mediated inhibitory input using bicuculline whereas this increase in EPSP amplitude 

was relatively less in mdx Purkinje cells, suggesting that the reduction in size and number of 
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GABAAR clusters of mdx mice has resulted in a reduction of the inhibitory drive to Purkinje 

cells. Further supporting this view, the authors also reported a significant reduction in the mean 

amplitude of mIPSCs in mdx mice compared to control mice. As a previous study had 

emphasised that the amplitude of mIPSCs is predominantly determined by the number of 

postsynaptic receptors (Nusser et al., 1997), the result from this study support the suggestion 

that the reduced GABA mediated activity is due to the decrease in postsynaptic GABAAR 

clusters size and number. Therefore, the loss of postsynaptic dystrophin is associated with a 

dampened inhibitory input to Purkinje cells as a result of reduced GABAAR cluster number in 

the mdx mouse.  

 

Anderson and co-workers further investigated the impact of dystrophin deficiency on both the 

cerebellar short-term and long-term plasticity by examining the presynaptically mediated PPF 

and postsynaptically mediated heterosynaptic long-term depression (LTD) in the presence of 

bicuculline (Anderson et al., 2004). Heterosynaptic LTD occurs when two excitatory synaptic 

inputs to Purkinje cells, induced by PF and CF, are activated repetitively and conjunctively (Ito, 

2001). Anderson et al. (2004) reported that the presynaptically mediated PPF recordings were 

not significantly different between mdx and wildtype mice at all interstimulus intervals tested, 

suggesting that the short-term plasticity of mdx mice is normal and unaffected. In contrast, the 

postsynaptically mediated LTD was reduced in mdx Purkinje cells compared to wildtype, as 

indicated by the significant reduction in evoked EPSP slopes at 10 minutes and 35 minutes 

following LTD induction. Since these examinations were conducted in the absence of 

GABAergic transmission (GABAAR were blocked by GABAA antagonist bicuculline), the 

authors concluded that the functional consequences of an absence of dystrophin was not 

restricted to the reduced number and size of GABAAR clusters that have been reported in their 

earlier study (Anderson et al., 2003). Instead, the absence of dystrophin at the Purkinje cell 
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postsynaptic density was responsible for the observed deficit in LTD, perhaps via its direct 

interaction with LTD induction.  

 

Heterosynaptic LTD is one of the main forms of synaptic plasticity in the cerebellum and has 

been considered a critical cellular mechanism for learning and memory (Collingridge et al., 

2010; Hirano, 2013; Ito, 2001). It occurs at excitatory synapses between a Purkinje cell and 

both the parallel and climbing fibres in the cerebellar cortex, and is expressed as a reduced 

sensitivity to neurotransmitter glutamate (Hirano, 2013). The induction of cerebellar LTD 

requires several molecular cascades in Purkinje cells. One of the most important signalling is 

the postsynaptic calcium signalling. An increase in [Ca2+]i is critical for LTD induction 

(Kimura et al., 2005). This increase in cytoplasmic Ca2+ level is regulated by various signalling 

pathways. The activation of CF results in calcium influx to the Purkinje cell via VGCCs on the 

plasma membrane whereas the activation of a PF triggers the release of Ca2+from intracellular 

endoplasmic reticulum through inositol 1,4,5-trisphosphate (InsP3) receptor downstream of 

metabotropic glutamate receptor 1 (mGluR1) (Aiba et al., 1994; Berridge, 2009; Llinas & 

Sugimori, 1980b; Miyakawa et al., 1992; Shigemoto et al., 1994). Metabotropic glutamate 

receptor 1 is also responsible for the opening of transient receptor potential canonical 3 channel 

that are permeable to calcium (Chae et al., 2012). Interestingly, some studies have shown that 

the large [Ca2+]i increase by itself was sufficient to induce LTD (Hartell, 1996; Tanaka et al., 

2007), therefore, any disturbances in this calcium signalling and/or homeostasis will have an 

impact on LTD induction. 

 

Previous studies have shown that dystrophin deficiency impairs the inhibitory inputs to mdx 

Purkinje cells through the reduced number and size of functional postsynaptic GABAAR 

clusters as well as directly blunting the induction of LTD without the need for GABAergic 
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input. This is not surprising as the induction of LTD is determined by a series of signal 

transduction cascades that involve various types of receptors, ions concentrations, second 

messengers, protein kinases and other factors (Ito, 2001). An impaired calcium homeostasis has 

been a compelling candidate for the disruption of cerebellar LTD in mdx mice (Blake & 

Kroger, 2000; Carlson, 1998; O'Brien & Kunkel, 2001). Evidence showed that the excessive 

increase in [Ca2+]i leads to dendritic damage in Purkinje neurons due to over excitation (Llinas 

& Sugimori, 1990). In normal circumstances, when the increase of [Ca2+]i  reaches the threshold 

level, LTD is triggered. This in turn stimulates a reduction in ionotropic glutamate receptor 

sensitivity and a reduction in calcium influx via voltage-dependent channels (Ito, 2001). The 

requirement for increased [Ca2+]i level for LTD induction was further demonstrated by Kimura 

et al. (2005), where Purkinje cell LTD is prevented by T-588, (1R)-1-benzothiophen-5-yl-2[2-

(diethylamino)ethoxy]-ethanol hydrochloride, a neuroprotective drug that functions to reduce 

cytosolic calcium release from intracellular stores. This implied that LTD is no longer required 

to desensitise the glutamate receptor for reducing the influx of calcium from extracellular 

source, since [Ca2+]i level has been regulated by the action of T-588 intracellularly. In summary, 

LTD induction is very sensitive to and dependent on [Ca2+]i level.  This may be a protective 

mechanism for Purkinje cells as they regulate [Ca2+]i within a narrow range, below the 

threshold for triggering cell damage, through decreasing the sensitivity of metabotropic 

glutamate receptors (mGluRs) in the spines of Purkinje cells’ dendrites. In view of the stringent 

requirement of [Ca2+]i level in LTD induction, there is a possibility that the impaired LTD in 

mdx mice was due to dysregulated [Ca2+]i levels in Purkinje cells, however, no data is available 

to date. 

 

Although the [Ca2+]i level in dystrophic Purkinje cells remains unknown, Hopf and Steinhardt 

(1992) demonstrated that the resting level of free [Ca2+]i in cultured mdx granule cells was 24% 
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higher than normal neurons. Interestingly, when the mdx granule cells were challenged with a 

high extracellular calcium load, they showed significantly elevated [Ca2+]i levels, indicating 

that this [Ca2+]i dyshomeostasis may be due to an increased permeability to calcium as a result 

of enhanced Ca2+-permeable ion channel activity (Haws & Lansman, 1991). Despite the 

calcium dyshomeostasis reported in mdx granule cells, it is important to note that dystrophin is 

not normally expressed in the granule cell and that the mechanism that underlies this altered 

[Ca2+]i in mdx granule cells remains unclear. On the other hand, when other dystrophin-

expressed brain regions were examined, Lopez and colleagues showed a significant increase in 

resting [Ca2+]i levels, which is contributed by both the extracellular and intracellular sources, in 

the pyramidal cortical and hippocampal neurons from 3 and 6 months mdx mice (Lopez et al., 

2016). These dysregulated [Ca2+]i levels were reversed when the mutants were treated with 

blockers of stretch-activated cations channels (GsMTx-4), ryanodine receptors (RyRs), and 

inositol triphosphate receptors indicating that all these pathways contribute to the increase of 

[Ca2+]i level. Remarkably, the cognitive functions of these mice improved after the reduction of 

the abnormally elevated [Ca2+]i levels. The authors also reported that there is an association 

between [Ca2+]i dyshomeostasis and elevated levels of reactive oxygen species that contributes 

to neuronal damage in mdx mice. In view of this, there is a high possibility that the calcium 

homeostasis in dystrophic Purkinje neurons might have also been disturbed since dystrophin is 

highly expressed in normal Purkinje cells but absent in dystrophic neurons. Whether this 

impaired calcium regulation occurs in mdx Purkinje cells is still unclear as the level of resting 

[Ca2+]i in this neuron has never been investigated.  

 

Researching the resting [Ca2+]i level in Purkinje neuron is very important as it could provide a 

better understanding of its role in cerebellar LTD induction in mdx mice. This in turn may 

reveal the role of dystrophin in Purkinje cells’ [Ca2+]i levels and subsequently its relationship to 
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cerebellar LTD. If impaired cerebellar LTD is the underlying cause for the cognitive deficits in 

boys with DMD, the development of an effective therapeutic strategy that targets the molecules 

that are involved in this LTD induction mechanism, such as [Ca2+]i levels, would be beneficial 

in ameliorating the intellectual deficits that consistently challenge these patients.    

 

1.7 Potential therapeutic approach: rescue of a dystrophin-like protein by exon 

skipping  

Currently, various nonpharmacological and pharmacological treatments options have been 

introduced to alleviate the symptoms of DMD and to slow down the disease progression. These 

efforts have successfully increased the life expectancy of DMD patients from less than 20 years 

of age to their late 20s (Eagle et al., 2002; Passamano et al., 2012). Due to the limited benefits 

from symptomatic management, other therapeutic approaches including stem-cell therapy, gene 

replacement, aminoglycoside antibiotics and proteasome inhibitors have been introduced in an 

attempt to restore dystrophin expression (Sun et al., 2020; Wurster & Ludolph, 2018). 

 

DMD contains 79 exons encoding a 14 kb mRNA transcript and is considered one of the largest 

genes (2.5 Mb) in the human genome. It is located in a genomic region with high rates of 

recombination (Buzin et al., 2005; Nachman & Crowell, 2000; Takeshima et al., 2010). Owing 

to its length and location, DMD is vulnerable to mutation. Many DMD cases (~60%) are 

caused by spontaneous insertions or deletions of one or more exons, whereas approximately 

40% of cases are due to point mutations (Hoffman & Dressman, 2001; Manzur et al., 2008; 

Nowak & Davies, 2004; van Deutekom & van Ommen, 2003; White et al., 2002; Yokota et al., 

2007). These alterations interrupt the reading frame or result in a premature stop codon, both of 

which resulting in an out-of-frame transcript or absence of the protein dystrophin.   
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Exon skipping using antisense oligonucleotides (AOs) is one of the most promising approaches 

to restore dystrophin expression in muscle (Dickson et al., 2002; Dunckley et al., 1998; Wilton 

et al., 1999; Wurster & Ludolph, 2018). As implied by its name, AOs are short, synthetic 

single-stranded nucleic acid that made up of 8-50 bases which bind to complementary target 

mRNA sequences (Lee & Yokota, 2013; Wu et al., 2004). AO-mediated exon-skipping 

strategies are used to restore the reading frame by removing the exons that carries the mutation 

from the DMD pre-mRNA, thereby enabling the translation of truncated proteins that retain 

some or most of the function of dystrophin as opposed to no dystrophin (Aartsma-Rus et al., 

2003; Alter et al., 2006; Bennett et al., 2017). Eteplirsen, an AO of the phosphorodiamidate 

morpholino oligomer (PMO) subclass targeting DMD exon 51, was approved by the United 

States US Food and Drug Administration for the treatment of DMD in 2016 (US Food and 

Drug Administration. 2016). This PMO or chemically modified AO have the 

deoxyribose/ribose moiety and the charged phosphodiester inter-subunit linkage replaced by a 

morpholine ring and uncharged phosphorodiamidate linkages, respectively, making it nuclease-

resistance and charge-neutral (Hudziak et al., 1996; Summerton et al., 1997). As stability and 

potential toxicity in cells are the main concerns when using nucleic acid-based molecules for 

therapeutics, the charge-neutral PMO has overcome these difficulties. Being charge-neutral, 

PMO is more resistant to nucleases, which specifically target charged molecules. In addition, 

the lack of charge PMO is less harmful since it is not likely to activate the receptors responsible 

for innate responses against pathogenic material (Moulton, 2016).  

 

The effectiveness of AO in rescuing dystrophin expression in skeletal muscle has been outlined 

in several reports (Cirak et al., 2012; Kinali et al., 2009; Mendell et al., 2013). A 23% increase 

in dystrophin-positive fibres was found in the biopsies of DMD patients after they have been 

given weekly intravenous infusion of 30 mg/kg eteplirsen for 24 weeks when compared to 
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placebo-treated patients (Mendell et al., 2013). The longer the patients received eteplirsen 

treatment the greater the increases in their dystrophin-positive fibre expression level. The 

increased dystrophin-positive fibres are functional as evident by the improved distance walked 

on the 6-minute walk test in these patients. Although PMO successfully rescued dystrophin 

expression in skeletal muscles, they are highly inefficient in cardiac muscles and in the CNS 

due to its internalisation in endomembrane compartments before reaching their intracellular 

targets and its inability to cross the blood brain barrier (BBB) (Bennett et al., 2017; Khorkova 

& Wahlestedt, 2017; Maruyama et al., 2017; Yokota et al., 2009). Animal studies show that 

less than 1% of systemically administered oligonucleotides reached the brain (Banks et al., 

2001; Farr et al., 2014; Khorkova & Wahlestedt, 2017). 

 

Various strategies have been developed to improve the bioavailability of systemically delivered 

antisense therapeutics to overcome the challenges faced, including poor tissue penetration and 

cellular uptake, and difficult delivery to the intracellular targets in the CNS (Nguyen & Yokota, 

2019). Among the various delivery systems studied, cell-penetrating peptides (CPPs) 

conjugated to charge neutral PMO have gained the most attention. Cell-penetrating peptides 

contain cationic and/or amphipathic amino acids, particularly multiple arginines, which are 

highly effective in enhancing delivery of nucleic acid-based molecules due to their exclusive 

ability to transport associated cargoes across the plasma and endosomal membranes (Mitchell 

et al., 2000). The derivatives of the CPP Penetratin, PMO internalisation peptides (Pips) that 

have six arginine residues added to the N terminus, is one of the most promising class of CPPs 

for transporting the PMO to the tissues and leading to systemic dystrophin production (Betts et 

al., 2012). Pip series are characterized by a central hydrophobic core anchored on each side by 

arginine-rich sequences and they are found to be more resistance to serum proteolysis (Betts et 

al., 2012; Ivanova et al., 2008). Pip6, one of the most efficient members in this series, 
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conjugated with PMO can successfully redirect the splicing of dystrophin pre-mRNA in 

dystrophic mdx mouse, omitting the mutation in exon 23, to restore the reading frame and 

rescue the expression of dystrophin in various muscles including the heart (Betts et al., 2012; 

Yin et al., 2011).  

 

In addition to the successful systematic delivery of Pip6-PMO into the heart, the unique 

characteristics of Pips including their small size, targeting specificity, low toxicity, and ability 

for transcapillary delivery of associated large bio-cargos have allowed some of their members 

to reach the CNS (Farkhani et al., 2014; Kang et al., 2014; Pardridge, 2012). A study in the 

SMA mouse model showed that Pip6a-PMO demonstrates potent efficacy in the CNS as well 

as in the peripheral tissues in the severe SMA mouse model following systemic administration 

(Hammond et al., 2016). Spinal muscular atrophy is characterised by a lower motor neuron 

degeneration and progressive muscle weakness as a result of mutations in the SMN1 gene that 

codes for the ubiquitously expressed survival motor neuron (SMN) protein (Lefebvre et al., 

1995; Wirth, 2000). Gene-therapy based approach for SMA aims to enhance the expression 

levels of full-length SMN2 (FLSMN2) to compensate for the loss of functional levels of full-

length SMN protein (Hammond & Wood, 2011; Wirth, 2000). The authors showed that 

intravenous facial vein delivery of the Pip6a-PMO conjugate significantly enhanced the 

expressions of FLSMN2 mRNA and SMN2 protein in both the peripheral (i.e. skeletal muscles, 

heart, liver) and central (i.e. brain and spinal cord) tissues in severe SMA pups (Hammond et 

al., 2016). In addition, these authors also successfully demonstrated increased expression levels 

of FLSMN2 transcript within the CNS of adult (i.e. 7.5 week of age) mice carrying SMN2 

transgene after they were given two doses of Pip6a-PMO (18 mg/kg), delivered 2 days apart 

via tail vein administration.   
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In addition to the systemic delivery of Pip6a-PMO in the SMA mouse model, an earlier study 

by Du et al. (2011) also showed the capability of an arginine-rich CPP, (RXRRBR)2XB, to 

deliver the antisense morpholino oligonucleotide (AMO) to the brain and cerebellum of the WT 

(C57BL/6)  mice after a single tail vein injection (60 mg/kg). The intravenously injected 

(RXRRBR)2XB-AMO was labelled with fluorescein isothiocyanate (FITC), which allowed 

tracking of the nucleic acid-based molecule after it was systemically delivered into the target 

cells. The authors demonstrated that the (RXRRBR)2XB-AMO had successfully crossed the 

BBB as fluorescence was evident in many areas of the brain, notably in the cerebellum and 

Purkinje cells of the (RXRRBR)2XB-AMO treated animals whereas no fluorescence was 

observed in the brains of control mice treated with PBS. The fluorescence intensity was also 

increased in mice that received multiple tail vein injections as compared to mice which 

received a single injection. No apparent signs of toxicity was found after the mice were treated 

with 60 mg/kg/day for four consecutive days at 24 hours intervals. Taken together, the arginine 

rich CPP is a promising peptide to aid the systemic delivery of PMO into the CNS, providing 

confidences that systemic administration of this conjugate could become a handy way to 

effectively target the CNS for treating the neurogenetic disorders in the future.  

 

While the application of systemic administration of CPP-PMO conjugates to correct defects in 

the CNS of DMD is yet to be established, Vaillend et al. (2010) has shown the efficacy of exon 

skipping in the 8 weeks old mdx hippocampus via a single intrahippocampal injection of 

adenovirus associated vector (rAAV2/1 sterotype) expressing antisense sequences linked to a 

modified U7 small nuclear RNA. Several groups reported that the loss of brain dystrophins in 

the mdx mouse model of DMD has reduced the number and size of GABAAR clustering in the 

central inhibitory synapses in brain regions involved in cognitive functions including the 

hippocampus, cerebellum, and amygdala (Knuesel et al., 1999; Sekiguchi et al., 2009). This 
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suggests that the perturbations in GABAAR clustering can be a major molecular defect leading 

to brain and cognitive alterations in DMD. The dystrophin rescue in mdx hippocampus by the 

rAAV2/1-U7 systemic injection was positive as evident of the expression of dystrophin-like 

protein to 15-25% of normal dystrophin levels near the injection site as well as the complete 

restoration of GABAAR clustering in the pyramidal and dendritic layers of CA1-hippocampus. 

In addition, a follow up study by the same group showed that the abnormally enhanced LTP 

phenotype at CA3-CA1 synapses of mdx mice, which is believed to be due to the lack of 

GABAAR clustering, was also successfully reversed by the rAAV2/1-U7 injection (Dallerac et 

al., 2011). Taken together, exon skipping is an effective and promising strategy for the re-

expression of brain dystrophin and normalising the perturbed synaptic plasticity caused by the 

absence of dystrophin through the modulation of GABAAR clustering. 

 

However, there are still some challenges to the development of AO-mediated exon skipping 

therapies (Koo & Wood, 2013). Firstly, the significant genetic heterogeneity of DMD makes it 

impossible to have a single exon-skipping therapy for all DMD patients since this therapy is 

only available for specific exons corresponding to certain mutations. The development of 

personalised AOs with different sequences targeting unique exons is currently challenging due 

to the high manufacturing cost. Another challenge is that the dystrophin restoration level is 

very inconsistent among different muscle groups even after repeated systemic administration of 

AOs. A study showed that without the correction of dystrophin expression in cardiac muscle, 

there was a five-fold increase in cardiac injury along with dilated cardiomyopathy in mdx mice 

when the expression of dystrophin in skeletal muscle was improved and resulted in an 

increased activity (Townsend et al., 2008). Although a recent study showed the rescue of 

dystrophin in all tissues including the CNS using AOs improved the cognitive function in the 

mdx mouse, the risk of different tolerance between mouse and man still exists (Goyenvalle et 
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al., 2015). Since AOs have a short half-life in biological environments, repeated administration 

of therapeutic doses of AOs would likely be required for the lifetime of DMD patients to 

maintain adequate therapeutic effect. Therefore, the safety issue of this approach needs to be 

addressed for long-term administration.  

 

In contrast to the personalised AOs-mediated exon skipping therapy, a generalised therapeutic 

strategy targeting the perturbed neurophysiology commonly seen in DMD patients will be more 

desirable. Therefore, the understanding of mechanisms that underlie the altered 

neurophysiology in dystrophin deficient models is very important for the development of an 

effective drug treatment in DMD. 

 

1.8 Summary  

Duchenne muscular dystrophy is a fatal X-linked progressive muscular dystrophy with mild to 

severe cognitive dysfunction that affects approximately 1 in 3500 live male birth. It is caused 

by a loss or expression of a truncated non-functional protein, dystrophin. The life-threatening 

muscular aspects of DMD have received much attention compared with the limited studies 

addressing CNS impairments. In the CNS, dystrophin is highly expressed in regions associated 

with higher cognitive functions such as cerebral cortex, hippocampus, amygdala, and 

cerebellum. To date, it is widely accepted that the general IQ score of DMD patients is on 

average one standard deviation below that of the normal population mean. Verbal impairments 

such as language delay, impair phonological production, poor verbal fluency and reading are 

more prevalent in DMD boys. Interestingly, these verbal dysfunctions share similarities to 

dyslexia, a language disorder that is associated with cerebellar dysfunction, implying a 

potential involvement of the cerebellar non-motor dysfunction in DMD’s cognitive function. 
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The CNS deformity in DMD patients has been extensively described by various histological 

studies using different approaches. Post-mortem brain abnormalities include reduced brain 

weight, ventricle dilation, cortical atrophy, heteropias, pachygyria, dendritic abnormalities, 

extensive Purkinje cell loss, and gliosis were reported. Position emission tomography imaging 

studies found alterations in brain metabolism and biochemistry such as reduced glucose 

metabolism in the cerebellum, temporal cortical areas, and the right sensorimotor cortex. The 

mdx mouse model, a naturally occurring mutant has commonly been adopted for research. In 

mdx mice, cytoarchitectural rearrangement of calcium-binding protein cells has been noted in 

the cortex, suggesting a compensatory mechanism in response to calcium dyshomeostasis 

during development. When the ultrastructure of hippocampal CA1 region was examined, the 

altered inhibitory synapse density and number of docked vesicles were reported, implying that 

these factors may potentially contribute to the dysregulated synaptic plasticity in mdx mice. 

Although no significant finding was made, a pilot immunohistochemistry study with limited 

animal number showed a trend towards a decrease in cerebellar Purkinje cell populations in 

mdx mutant. Altered number of calcium-positive neurons was also reported in mdx cerebellum. 

However, the effect of dystrophin loss on neurogenesis, cellular organization, synaptic spine 

density and dendritic processes in the cerebellum remains unknown. 

 

Electrophysiology studies in mdx hippocampus showed that the deficiency of dystrophin has 

detrimental effects on synaptic plasticity. These alterations include the abnormally enhanced 

hippocampal short-term and long-term potentiation, and STD potentially due to the imbalance 

between synaptic excitation and inhibition. On the other hand, studies in mdx cerebellum by 

our group revealed that the loss of dystrophin has led to a reduced number of functional 

GABAAR clusters at postsynaptic Purkinje cells, and an increased number of extrasynaptic 

GABAAR, implicating a potential altered inhibitory input to Purkinje cells in mdx mice. 
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Interestingly, our group showed an impairment of LTD, a form of synaptic plasticity that plays 

a very important role in cerebellar learning and memory function, in the cerebellum of mdx 

mice. The LTD induction is closely related and dependent on [Ca2+]i level. However, whether 

there is a perturbation of resting calcium level in Purkinje cells remains unclear. Interestingly, 

although cerebellar granule cell does not normally express dystrophin, an increased resting 

[Ca2+]i was found in the mdx granule cells. While the underlying mechanism for this 

intracellular calcium dyshomeostasis remained unclear, this finding showed a possible altered 

Ca2+-permeable ion channel activity in the mdx cerebellum. Remarkably, by using the calcium 

receptor blockers that target both the intracellular and extracellular calcium sources, the 

dysregulated [Ca2+]i levels in pyramidal cortical and hippocampal neurons of mdx mice was 

partially restored with improved cognitive function.  

 

Recent studies have shown that exon skipping which involves the binding of AOs to 

complementary sequences of the dystrophin pre-mRNA, was able to restore the open reading 

frame of DMD and produce partially functional dystrophin protein. This makes AOs, a 

promising approach to correct both brain and muscle alterations. However, the development of 

personalised AOs for DMD patients with different mutations, the biodistribution of AOs, and 

the safety issue for long-term use of AOs remain a big obstacle for exon skipping to become an 

effective therapeutic strategy in DMD. Therefore, a solid understanding of both the 

electrophysiological and morphological changes in dystrophic cerebellum may provide a better 

insight for the development of an effective and more generalised therapeutic approach to 

counteract or restore the perturbed neurophysiology shared among DMD patients and thereby 

ameliorate the cerebellar associated cognitive dysfunction.  
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1.9 Aims and Hypothesis 

The previous electrophysiological data from our group showed a significant reduction in 

the inhibitory input to the cerebellar Purkinje neurons of dystrophin-deficient mdx mice 

compared to LC.  Reduced mIPSCs amplitude and frequency were reported in the young 

mdx mice. As DMD is a progressive disease, further understanding in Purkinje cell 

functions in the aging mdx population is needed. The first aim of this study was to 

investigate the mIPSCs properties in the aged mdx mice (23-26 months old).   

 

Exon skipping using AOs has shown promising results in restoring the expression of 

dystrophin in skeletal muscle. To date, there is limited studies showing the use of AOs in 

rescuing dystrophin expression in the CNS. Therefore, the second aim of this study was to 

investigate if Pip6f-PMO can rescue dystrophin expression in the cerebellum, using an 

organotypic brain slice method. In addition, whether the rescued dystrophin was functional 

and able to reverse the reported altered inhibitory input in cerebellar Purkinje cells were 

also examined. 

 

As there are very limited studies examining the impact of dystrophin deficiency on the 

electrical properties of Purkinje cells in the mature mdx mouse, the third aim of this study 

was to investigate the passive and active membrane properties, and the firing patterns of 

mature mdx Purkinje cell (11-12 months old). The impairments of calcium homeostasis in 

mdx mice have been reported in different tissues including the skeletal muscles and the 

hippocampal neurons. As a reduction in postsynaptically mediated LTD in cerebellar 

Purkinje neurons in mdx mice was reported in our previous study, and the fact that the 

induction of LTD is strongly dependent on [Ca2+]i level, the final aim of this study was to 

investigate the functional impact of the absence of dystrophin on [Ca2+]i levels in Purkinje 



51 

 

 

cells when at rest and during the stimulation of PF in the mature mdx mice (11-12 months 

old).  

 

With all the aims stated above, I hypothesised that:   

1. The alterations in the mIPSCs properties of the aged mdx mice is similar to that in 

the young mdx mice when compared to their age-matched LC. 

The first hypothesis was tested on the Purkinje cells in mdx mice using whole-cell 

voltage clamp recording. The mIPSCs properties (i.e. amplitude and frequency) of 

young (3-4 months old) and aged (23-26 months old) mdx mice were compared. 

2. The loss of dystrophin in mdx Purkinje cells can be restored by exon skipping 

using Pip6f-PMO, and that the rescued dystrophin is functional. 

The second hypothesis was tested on the organotypic cerebellar culture (8-12 DIV) 

developed from very young (P8-P11) mdx and WT mice using immunofluorescence 

staining and whole-cell voltage clamp recording. The mIPSCs properties of Purkinje 

cells from mdx culture that were treated with Pip6f-PMO was compared to the Purkinje 

cells from untreated mdx culture. 

3. The electrical properties of mdx Purkinje cell is altered compared to age-matched 

LC. 

The third hypothesis was tested on the Purkinje cells in mature (11-12 months old) mdx 

mice and LC using whole-cell current clamp recording. Passive and active membrane 

properties were compared between mdx and LC. 
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4. The calcium homeostasis in mdx Purkinje cells is altered compared to age-matched 

LC. 

The fourth hypothesis was tested on the Purkinje cells in mature (11-12 months old) 

mdx mice and LC using whole-cell current clamp recording combined with calcium 

imaging using calcium indicator Fura-FF. Resting [Ca2+]i in cell soma and distal 

dendrites of Purkinje cells were examined. Calcium handing of mdx Purkinje dendrites 

were also examined by injecting electrical stimulation on the PF.    
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Chapter 2. Materials and Methods  

2.1 Ethics 

All experiments and breeding programs were conducted in accordance with the international 

guidelines on the care and use of experimental animals and approved by the Animal Care and 

Ethics Committee, Western Sydney University Animal Ethics Committee. 

 

2.2 Animals (mdx mice) 

Breeders (P0) were originally purchased from the Animal Resource Centre (ARC), Perth 

Western Australia. Mice, male C57BL/10ScSn were bred with female C57BL/10ScSn- 

Dmdmdx/Arc mice (mdx). The offspring of this mating (F1) were mated together to produce an 

F2 offspring with a genetic ratio of 25% WT male (X+/ Y), 25% hemizygous male (Xmdx/ Y), 

25% heterozygous female (X+/ Xmdx), 25% hemizygous female (Xmdx/ Xmdx). Only F2 

hemizygous male (Xmdx/ Y) and F2 WT male (X+/ Y) (LC) were used in this study. Mice were 

divided into three different age groups corresponding to young (3-4 months old), adult (11-12 

months old), and aged (23-26 months old) mice. Female and male mice were segregated after 

weaning. All mice were housed under 12-hour day/light cycles, in standardised Individually 

Ventilated Cages (IVC), with polysulfone solid floored base, lid and stainless steel feed hopper. 

Shredded paper, mouse igloo as well as plastic tubes were provided as environmental 

enrichments and were used for “nestlets”. All mice were housed in groups of 3-4 for 

companionship.  
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2.3 Cerebellar brain slice preparation 

2.3.1  Tissue harvest 

Young mice (≤12 weeks) were anaesthetised with isoflurane and decapitated. The cerebellum 

was rapidly removed, and a parasagittal cut was made on the lateral part of both sides of the 

cerebellar cortex to assist in attaching the cerebellum on to a pedestal for slicing. Then the 

cerebellum was rapidly removed and transferred to ice-cold NMDG-HEPES recovery artificial 

cerebrospinal fluid (aCSF). In young mice, the cerebellum was incubated in ice-cold NMDG-

HEPES recovery aCSF of composition (in mmol/L): NMDG 93, KCl 2.5, NaH2PO4 1.2, 

NaHCO3 30, HEPES 20, D-glucose 25, sodium ascorbate 5, thiourea 2, sodium pyruvate 3, 

MgSO4.7H2O 10, CaCl2.2H2O 0.5 (saturated with 95% O2 and 5% CO2 mixture; 300-310 

mOsm; adjusted to pH 7.4 using 10 mol/L HCl) for approximately 2-3 minutes, however,  a 5-6 

minutes incubation was used if the  mouse was more than 3 months old (Moyer & Brown, 

1998). This step has been shown to improve slice viability.    

 

2.3.2 Tissue slicing 

A thin layer of cyanoacrylate glue was applied on the pedestal of the tissue slicer. The 

cerebellum was carefully removed from the ice-cold NMDG-HEPES recovery aCSF with a 

spatula, and excess aCSF was removed using Whatman filter paper (No. 1, Whatman, 

Maidstone, UK), before attaching onto the pedestal of a motorised vibroslicer (Leica VT1200S, 

Leica Microsystems). The above steps were done swiftly to ensure that the cerebellum 

remained cold. The pedestal was installed onto the cutting chamber and then, the cerebellum 

was rapidly resubmerged in ice-cold NMDG-HEPES recovery aCSF (saturated with 95% O2 

and 5% CO2 mixture). For slicing, the dorsal part of the cerebellum was positioned closest to 

the blade with the spinal cord facing away from the blade. The cutting chamber was advanced 
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slowly towards the cold stainless-steel blade and was advanced at a speed of 0.18mm- 

0.20mm/sec and vibration was set at an amplitude of 1 mm. Parasagittal slices of 250 µm thick 

were made in the same plane as the dendritic trees of Purkinje cells to reduce damage to the 

extensive dendritic tree of these cells. 

 

2.3.3  Tissue recovery and maintenance 

Brain slices were removed from the cutting chamber using the wide end of a fire-polished 

Pasteur pipette, transferred into a holding chamber containing NMDG-HEPES recovery aCSF 

at 37°C. Slices were maintained in NMDG-HEPES recovery aCSF for 15 minutes. During 

incubation, the beaker was sealed with laboratory film (ParafilmTM, America National Can, 

Chicago USA) to avoid evaporation. Slices were then transferred into HEPES holding aCSF of 

composition (in mmol/L): NaCl 92, KCl 2.5, NaH2PO4 1.2, NaHCO3 30, HEPES 20, D-glucose 

25, sodium ascorbate 5, thiourea 2, sodium pyruvate 3, MgSO4.7H2O 2, CaCl2.2H2O 2 

(saturated with 95% O2 and 5% CO2 mixture; 300-310 mOsm; pH 7.4) maintained at room 

temperature (22°C) for 1 hour, followed by 16°C in the BraincubatorTM (Buskila et al., 2014) 

until used for experiment (Figure 2.1). 
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2.4 Electrophysiological recordings  

2.4.1 Purkinje cell visualisation 

A healthy cerebellar slice was transferred into the recording bath (22°C) containing aCSF of 

composition (in mmol/L): NaCl 124, KCl 3.2, CaCl2 2.5, MgCl2 1.3, NaHCO3 26, NaH2PO4 

1.25, and D-glucose 25 (saturated with 95% O2 and 5% CO2 mixture; 324 mOsm; pH 7.4) with 

the wide end of a fire-polished glass Pasteur pipette. The cerebellar slice was held in place with 

a harp fabricated from a flatted U-shaped platinum wire and stringed with parallel nylon 

threads. The harp measured approximately 8 mm in diameter and the strings was stretched 

about 2 mm apart, held in place with cyanoacrylate glue. The cerebellar slice was equilibrated 

from 16°C (BraincubatorTM) to 22°C (recording bath) for 15 minutes prior the first recording 

on Purkinje cell. 

 

Brain slice was continuously superfused with aCSF at a flow rate of 2-3 mL per minute. Silicon 

tubing (Masterflex® Tygon ® tubing, Cole Palmer Vernon Hills, Illinois USA) was used for 

delivery of physiological buffers by gravity feed. All experiments were conducted at room 

temperature. The Purkinje cell was visualised using a fixed stage upright microscope (Olympus 

BX51WI, Olympus Coporation, Tokyo, Japan) equipped with an infrared (IR) filter (λmax=780 

nm) and a 100 W halogen white light source, used in conjunction with an electron multiplying 

charge coupled device (EMCCD) camera (ANDOR iXON, Oxford Instruments, Abingdon, 

UK). The Purkinje cell layer was first identified at low magnification, using a long working 

distance water immersion objective (10X UMPlan FL with numerical aperture of 0.30, working 

distance of 3.30 mm). At high magnification (40X LUMPlanFL numerical aperture of 0.80, 

working distance of 3.30 mm and a 60X LUMPlanFL with numerical aperture of 0.90 and a 

working distance of 2.00 mm) and in conjunction with, differential interference contrast optics, 
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a healthy Purkinje cell was identified. The microscope is secured on a Vibraplane (Kinetic 

systems, Boston, MA, USA), together with the micromanipulator and microelectrode 

headstages were mounted on a vibration isolation table and enclosed in a Faraday cage (Figure 

2.2).  

 

The Purkinje cell layer can be easily identified between the granule cell layer and molecular 

layer. The Purkinje cell body can be recognised by their big, pear-shaped somata as well as 

extensive branching dendrites extending into the molecular layer (Llinas & Sugimori, 1980a; 

Perkel et al., 1990).   

 

 

Figure 2.2 Electrophysiology recording rig. 

Several instruments are enclosed in the Faraday cage. This includes the microscope, EMCCD 

camera, vibration isolation table, microelectrode headstages, micromanipulator, ultra high 

speed wavelength switcher. Other instruments include the analog to digital converter, amplifier, 

stimulator, and computer are placed inside the rack that next to the Faraday cage. 
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2.4.2 Recording electrode 

For experiments, a sharp electrode or patch electrode was used. A sharp electrode was freshly 

fabricated from borosilicate glass of 1 mm outside diameter and 0.58 mm inside diameter, 10 

mm long (Sutter Instrument Co., Novato USA) using a P-97 Flaming/Brown micropipette 

puller (Sutter Instrument Co., Novato USA) on the day of experiment. The electrode showed a 

resistance of 60-100 MΩ when filled with 2M potassium acetate. A thin silver wire coated with 

chloride (5% NaOCl) was introduced into contact with potassium acetate and secured in place 

by a polycarbonate electrode holder (Axon Instrument, Union City USA) in contact, via a gold-

plated pin, with the headstage (CV-7B Current Clamp and Voltage Clamp Headstage, Axon 

Instruments, Union City USA).  

 

A patch electrode was fabricated with a thin walled borosilicate glass of 1.5 mm outside 

diameter and 1.17 mm inside diameter, 10 mm long (Warner Instrument Co., Hamden, USA) 

using a P-97 Flaming/Brown micropipette puller. The tip of this glass electrode was fire-

polished using a MF-830 Microforge (Narishige, Tokyo, Japan) to a resistance of 3-5 MΩ 

when filled with intracellular solution of composition (in mM) 130 K-gluconate, 10 Na-

gluconate, 4 NaCl, 2 Mg-ATP, 0.3 Na-GTP, 0.3 Fura-FF using non-metalic syringe needles 

(MicroFil MF28g-5, World Precision Instruments Inc, Sarasota, USA) attached to a 0.22 µM 

filter (Millex GV filter unit, Millipore, Bedford, USA).  

 

A computer-controlled microelectrode amplifier (Multiclamp-700B) and an analog to digital 

converter (Digidata 1440A) were used in conjunction with the MutiClamp 700B Commander 

software and pClamp 10.0 software (all from Axon Instruments, Inc., Union City, CA, USA) to 

perform current/voltage clamp protocols and data acquisition, that were stored for offline 

analysis. 
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All sharp electrode recordings were made in current clamp mode. A brief repetitive pulse of 

current (-100 pA) was applied to the electrode once it was in the bath. On the MutiClamp 700B 

Commander software, “pipette offset” or an opposing voltage was applied to reset the pipette 

potential to zero with respect to the bath (i.e. to correct the liquid junction potentials). Bridge 

was balanced to compensate the series resistance after the cell was impaled successfully. The 

electrode tip was advanced to the target cell, and in some instances the cell was impaled when 

the electrode was pressed against the cell membrane. However, in most cases when the 

microelectrode was pressed against a cell, the membrane dimpled but the microelectrode failed 

to penetrate. In this case, the cell can be impaled by applying a brief, high-frequency oscillatory 

current through the microelectrode. Alternatively, a large positive or negative current step can 

be used to penetrate the cell. If these failed, a gentle vibration can be introduced to the 

microelectrode by lightly tapping on the MPC-200 multi-micromanipulator (Sutter Instrument 

Co., Novato USA). A sudden change in the membrane potential traces indicates successful 

penetration. A negative current (500 pA) was then applied to help seal the membrane around 

the electrode and this was gradually removed.     

 

For whole-cell patch clamping, under voltage clamp mode, the microelectrode was lowered 

into the recording bath. A positive pressure was applied by injecting approximately 0.6 ml of 

air using a 1 ml syringe. Tip potential was zeroed by “pipette offset”. A 10mV square-wave 

pulse of 20 ms duration was repetitively applied under the membrane test mode (bath mode) of 

the amplifier when the electrode was advanced towards the target cell. During this process, the 

positive pressure inside the microelectrode could be observed “cleaning” away any debris or 

tissue covering the target cell membrane. As the microelectrode approaches the cell soma, the 

positive pressure pushes on the membrane causing a dimple to form. At this stage, the positive 

pressure was slowly removed, and gentle suction was applied to allow a giga-ohm seal to be 
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formed. Once the seal resistance exceeded 1 GΩ, the voltage was set to -80 mV and large 

capacitance transient was compensated in the whole cell section. After the seal formation, 

gentle mouth suction was applied to break the patched membrane. When whole-cell 

configuration was established, an access resistance that is approximately less than 3 times the 

electrode resistance indicates a clean “break in”.  

 

Whole-cell patch clamp recordings were also performed in current clamp mode. A repetitive 

pulse of -100 pA current of 100 ms duration was applied to the microelectrode once it was in 

the bath then the tip potentials was zeroed. The forming of giga seal and breaking into the cell 

were as described above. The bridge was balanced immediately when the whole-cell mode was 

achieved.  

 

2.4.3  Stimulating electrode 

Similar to the fabrication of the recording electrode, the stimulating electrode was fabricated 

using the P-97 microelectrode puller, from double barrel theta glass of 1.5 mm outside diameter 

and 1.0 mm inside diameter, 10 mm long, and 0.25 mm septum (Warner Instrument Co., 

Hamden, USA). The tip of the theta electrode was carefully broken to ~ 10 µm wide by 

inserting the tip gentle into a Kimwipe tissue (Kimberley-Clark, Texas, USA). The stimulating 

electrode was filled with the extracellular solution, aCSF, and two thin PFA-coated platinum 

wires (A-M Systems, Washington, USA) were introduced into contact with aCSF in separate 

barrel. The microelectrode was secured in place with a theta microelectrode holder connected 

to the 2100 isolated pulse stimulator (A-M Systems, Washington, USA) which controls the 

timing, duration, and strength of the stimulus.  



62 

 

 

2.4.4 Data acquisition 

All recordings were done at room temperature (22°C). Whole-cell recordings were recorded 

using a MutiClamp 700B microelectrode amplifier (Molecular Devices, California, USA) and 

digitised using a Digidata 1440 (Molecular Devices, California, USA). All data were sampled 

at a frequency of 10 kHz and low pass filtered at 3 kHz using Clampex 10.6 software.  

 

2.5 Calcium Imaging  

2.5.1 Fura-2 AM loading (Bath loading) 

Calcium dye (50 µg, Fura-2 acetoxymethyl ester (Fura-2 AM), Molecular Probes, Ore., USA) 

was dissolved in dimethyl sulfoxide to a final concentration of a 1mM solution and 2% 

pluronic acid-127 and sonicated for 5 minutes. Experiments were performed on acute cerebellar 

brain slices of mice at different ages [section 2.2 Animals (mdx mice)]. After incubation with 

NMDG-HEPES recovery aCSF (section 2.3.3 Tissue recovery and maintenance), the brain 

slices were transferred into a 6-well cell culture plate equipped with cell strainers and filled 

with aCSF of composition (in mmol/L): NaCl 124, KCl 3.2, CaCl2 2.5, MgCl2 1.3, NaHCO3 

26, NaH2PO4 1.25, and D-glucose 25 (saturated with 95% O2 and 5% CO2 mixture; 324 mOsm; 

pH 7.4) (6 mL per well) supplemented with 0.5% kolliphor (16 µl) (Sigma Aldrich), at 37°C 

for 3 minutes. Then, the cerebellar slices were washed twice with aCSF to remove the 

kolliphor. For calcium indicator loading, Fura-2 AM (1mM) was applied directly to the brain 

slices in aCSF to a final bath concentration of 10 µM Fura-2 AM and 0.02% (w/v) pluronic F-

127 (both from Molecular Probes, Ore., USA). The plate was sealed with parafilm, covered in 

aluminium foil, and incubated in a 37 C water bath for 1 hour. After incubation, the brain slices 

were washed 2-3 times with aCSF to remove the excess dye before imaging. To allow 



63 

 

 

sufficient time for the de-esterification, brain slices were kept in a beaker containing aCSF 

(saturated with 95% O2 and 5% CO2 mixture) for at least 20 minutes) prior the imaging.  

 

2.5.2 Fura -2 free acid loading (Ionophoresis with sharp electrode) 

Fura-2 pentapotassium salt (Cayman Chemical, Michigan, USA) (1 mM) in Milli Q water was 

introduced into the tip of the ionophoretic electrode and the shank was then filled with 2M 

potassium acetate. Dye was ionophoresed into the cell with a 250 ms pulse, of amplitude -1 nA 

for 1 minute (Purkinje cell) or -9 nA for 2 minutes (flexor digitorum brevis (FDB) fibre) at 1 

Hz. As a negatively charge carboxylate group is present in Fura-2 free acid, negative current 

was applied to aid the delivery of the dye from the electrode into the cell (Ruggiu 2010).  After 

filling with Fura-2, the cells were allowed to stabilize for 10 minutes to assist in the 

homogenous distribution of Fura-2 in the cytoplasm, before any readings were taken. 

 

2.5.3 Fura-FF loading (Diffusion with patch electrode)  

Fura-FF pentapotassium salt (AAT Bioquest, Carlifornia, USA), a difluorinated derivative of 

Fura-2, is a low affinity calcium indicator that has similar excitation/emission spectral 

properties to Fura-2 (Figure 2.3) (Ruggiu et al., 2010). Due to its low affinity property, it is 

favoured for use in areas such as neuronal dendrites and spines with relatively low calcium 

buffering capacities or in mitochondria that have high calcium concentrations (Aponte et al., 

2008; Canepari et al., 2008; Marcu et al., 2012). Intracellular solution containing 0.3 mM Fura-

FF was introduced into the Purkinje cell by free diffusion of the dyes from a patch-electrode 

into the cell body for 20-30 minutes. The calcium imaging commenced after the equilibration 

of dye over the entire dendritic field was achieved.  



64 

 

 

 

 

Figure 2.3 Fluorescence excitation spectra of Ca2+-free and Ca2+-saturated Fura-2. 

The two spectra coincide at 360 nm results in [Ca2+]i-insensitive fluorescence emission, 

defining as the isosbestic (or isoemissive) point. Upon Ca2+ binding to Fura-2, the fluorescence 

intensity increases when the Fura-2 is excited at 340 nm relative to when it is excited at 380 

nm. The peak emission intensity for Ca2+-free Fura-2 is near 380 nm. The ratio of fluorescence 

intensity generated at 340 nm and 380 nm can be used to monitor [Ca2+]i when Fura-2 is 

excited in quick succession at 340 and 380 nm. Ratiometric (340/380) measurement of Fura-2 

is independent from dye concentration, illumination intensity, or optical path length. Adapted 

and modified from Simpson (2006). 
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2.5.4 Calcium imaging and fluorescence measurement 

For calcium imaging, a brain slice was placed in a submerged recording chamber under a fixed 

stage upright Olympus BX51WI microscope (Olympus Coporation, Tokyo, Japan) fitted with a 

EMCCD camera (ANDOR iXON, Oxford Instrument, Abingdon, UK). The brain slice was 

held in place using a harp to prevent tissue movement during continuous aCSF superfusion. For 

ratiometric imaging of Fura-2, excitation at 340 and 380 nm (exposure time of 10 ms each, 

straight after another, with an interval of 80 ms between these pulses) was delivered using an 

Ultra High Speed Wavelength Switcher (xenon lamp, Lamda DG-4; Sutter instruments, 

Novato, CA). Emission light from individual cells was passed through an emission filter of 510 

± 20 nm, captured using an EMCCD camera. Image time series were acquired with 40X water-

immersion objectives at 10 Hz (an interval of 100 ms). Acquisition protocols consisted of 2-60 

seconds time-lapse sequence of Fura-2 fluorescence. Changes in fluorescence as a function of 

time were measured using the wavelength ratio method, as previously described (Barreto-

Chang & Dolmetsch, 2009; Cameron et al., 2016).  

 

All analysis and processing, as well as playback of the image sequences for visual examination, 

were made using ImageJ /FIJI software (http://fiji.sc/Fiji) (Schindelin et al., 2012). To visualize 

the spatial and temporal changes in calcium resulting from PF stimulation, region of changes in 

fluorescence intensity between frames were selected, and the mean pixel intensity at each 

frame was measured.   

 

2.6 Data Analysis 

Electrophysiology data were analysed off-line using pClamp software (Clampfit 10.6, 

Molecular device, California, USA). Statistical analysis on group data was performed with 

Prism 8 (GraphPad Software, SanDiego California USA). All data are listed as mean ± 
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standard error of the mean (SEM) unless otherwise stated. All statistical significance was set at 

p<0.05 for both two-tailed student unpaired t-test and Kolmogorov-Smirnov test. 
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Chapter 3. Miniature inhibitory postsynaptic current in cerebellar Purkinje 

cells of old dystrophic mice 

3.1 Introduction 

Modification of the trans-synaptic organisation between cells is an essential mechanism for 

plasticity in the brain. This synaptic plasticity allows the nervous system the ability to learn (or 

store) new information. However, if it is not tightly controlled, the alterations in the dynamics 

of neuronal networks may underlie brain dysfunction (Goddard et al., 1969; Racine, 1972). In 

DMD, the absence of dystrophin at the postsynaptic density of cerebellar Purkinje cells has 

resulted in abnormal cerebellar synaptic transmission (Kueh et al., 2011; Kueh et al., 2008). 

This cerebellar abnormality supports the notion that DMD is a cerebellar disorder due to the 

similarity of specific cognitive deficits (e.g., restricted verbal span, struggle with phonological 

processing and reading) displayed between patients with DMD and cerebellar injury  (Bishop, 

2002; Cabeza & Nyberg, 2000; Eckert et al., 2003; Nicolson et al., 2001; Rae, Harasty, et al., 

2002; Ravizza et al., 2006; van Dongen et al., 1994). 

 

At the ultrastructural level, dystrophin is an elongated molecule with a long central rod 

segment; its N-terminal region binds to cytoskeleton actin, while C-terminal region reacts with 

a complex of integral membrane glycoprotein (Perronnet & Vaillend, 2010). This dystrophin 

glycoprotein complex co-localised with GABAAR at Purkinje cells and the absence of 

dystrophin resulted in a 50% reduction in the GABAAR clustering in mdx mice (Knuesel et al., 

1999). In regard to this GABAAR clustering abnormality, our group has carried out several 

electrophysiological studies to examine the synaptic transmission at the cerebellar synapses of 

mdx mice. An alteration in the mIPSCs of Purkinje cells in mdx mice was first reported by 

Anderson et al. (2003). The mIPSCs are small currents that arise as a consequence of the 
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spontaneous release (without a presynaptic action potential) of one (or more) GABA containing 

transmitter vesicle(s) by presynaptic terminals (Wierenga & Wadman, 1999). The mIPSCs 

reflect properties of the underlying GABAergic synapses and alteration in synapse morphology 

inevitably leads to a modification in miniature amplitude distribution (Faber, 1998). Using 

whole-cell patch clamp recording, Anderson et al. (2003) showed a significant reduction in 

mIPSCs amplitude (~2- fold decrease) in 3 months old mdx Purkinje cells when compared to 

age-matched WT controls. These mIPSCs were mediated by GABA release because they were 

reversibly blocked by the application of 5 µM bicuculline (competitive antagonist of 

GABAAR) to the recording solution. The authors suggested that this reduced mIPSCs 

amplitude pointed to a functional deficit in Purkinje cells for mediating GABAergic synaptic 

transmission in mdx mice. Similarly, other studies from our group also found parallel findings 

when comparing young mdx mice to LC mice that share a common genetic background (Kueh 

et al., 2011; Kueh et al., 2008). Using peak-scaled non-stationary noise analysis of mIPSCs,   

Kueh et al. (2011) showed a significant reduction in the number of functional GABAAR in the 

cerebellar Purkinje cells of dystrophin-deficient mdx mice. The author and colleagues 

concluded that the absence of dystrophin had resulted in the destabilisation of GABAAR at the 

postsynaptic membrane and led to an increase in the number of extrasynaptic GABAAR in 

Purkinje cells. 

 

Interestingly, when examining the very young (30-45 days) hippocampus, another brain region 

in which dystrophin is usually expressed but also deficient in mdx mice, a different finding was 

found (Graciotti et al., 2008; Knuesel et al., 1999).  Apart from a significant increase in 

mIPSCs frequency, Graciotti et al. (2008) reported no change in the mean mIPSCs amplitude 

of hippocampal CA1 pyramidal cells in these very young mdx mice when compared to B10 

controls. The change in mIPSCs frequency may indicate an alteration in the number of 
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spontaneous active synapses (Wierenga & Wadman, 1999). The difference of these findings 

may be due to the distinct role that dystrophin plays in specific cell and brain regions or that the 

impact of dystrophin deficiency on mIPSCs could be age dependent. Taken together, the loss of 

dystrophin altered the normal GABAergic synaptic transmission at postsynaptic sites and the 

results seemed contrasting when the mdx mice grew older. 

 

Different disease progression during aging in the mdx mouse has been reported by various 

groups. The findings in older mdx mice are highly relevant for the understanding of DMD 

development in humans due to several reasons. Firstly, the progression of muscle disease in 

mdx mice is very slow when they are younger whereas the muscle pathophysiology in the old 

mice (> 12 months old) is comparable to DMD development in human (Pastoret & Sebille, 

1995). Secondly, the behavioural alteration and biochemical abnormalities in the brain are 

more evident in mdx mice that are older than 6 months old (Rae, Griffin, et al., 2002). The 

finding of brain abnormality in older mdx mice may be relevant to human DMD disease 

progression as a recent study showed that the cognitive function of patients with DMD 

deteriorates with age (Suzuki et al., 2017).   

 

In view of the importance of dystrophin in the GABAergic synaptic transmission and the 

relevance of the findings in older mdx mice and human DMD disease development, I examined 

the mIPSCs of cerebellar Purkinje cells in old mdx mice. This chapter presents the mIPSCs 

results comparing the young (3-4 months old) and old (23-26 months old) mdx mice with age-

matched LC using whole-cell patch clamp recording. 
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3.2 Method and materials 

3.2.1 Animals and brain slice preparation  

All experiments were conducted in accordance with the international guidelines on the care and 

use of experimental animals and approved by the Animal Care and Ethics Committee of 

Western Sydney University. Mice, 3-4 months old (mdx, n=3; LC, n=3) and 23-26 months old 

(mdx, n=3; LC, n=4) were anesthetized with isoflurane then decapitated for cerebellum 

collection.  

3.2.1.1 Cerebellum brain slice preparation 

The details of cerebellar brain slice preparation were reported in Chapter 2, section 2.3. Briefly, 

cerebellar section (250 µm) was cut parasagittally using a vibroslicer (Leica VT1200s, Leica 

Microsystems) and maintained in HEPES buffered aCSF (300-310 mOsm; pH 7.4), 

continuously bubbled with carbogen until used. 

 

3.2.2 Electrophysiological recording 

The details for whole-cell patch clamp recording of mIPSCs in Purkinje cells are reported in 

Chapter 2, section 2.4. Briefly, patch electrodes were fabricated from borosilicate glass 

(Warner’s instrument, 1.5 mm outside diameter, 1.17 mm inside diameter) and fire polished to 

give a resistance between 2.9 and 5 MΩ when filled with internal solution containing in mM: 

CsCl 140, NaCl 4, CaCl2 0.5, HEPES 10, EGTA 5, Mg-ATP 2 (295-305 mOsm; pH 7.3). 

Recording was obtained by slowly advancing the electrode to the cell of interest while 

monitoring its resistance with repetitive small voltage pulses (10 mV). Slight positive pressure 

was maintained as the electrode approached the cell soma. The positive pressure was 

immediately released when a small “dimple” was observed. The dimple is an indication of the 

positive pressure pushing on the membrane of a neuron. During the giga-seal, the cell was held 



71 

 

 

at -80 mV before additional suction was used to obtain whole-cell configuration. During the 

whole-cell mode, cells that required input current greater than -300 pA to achieve a membrane 

potential of -80 mV were excluded for analysis. All recordings were made after the cell with 

whole-cell mode was rested for 10 minutes. A 10 mV pulse (100 ms duration) was applied and 

the resulting current response was recorded. An average of 20 initial responses was used to 

determine access resistance (Ra) and the steady state to determine membrane resistance (Rm). 

Cells with an access resistance of > 30 MΩ were excluded from analysis. Whole-cell 

recordings were made using a Multiclamp 700 B amplifier (Axons Instruments) and digitised 

using a Digidata 1440 (Axon Instruments). All data were sampled at 10 kHz and low pass 

filtered at 3 kHz. Cell capacitance and series resistance were compensated for all recordings.   

3.2.2.1 mIPSCs 

With a high internal Cl- concentration and holding potential of -80 mV, GABAAR mediated 

mIPSCs of Purkinje cells were identified as spontaneous synaptic inward currents at room 

temperature, in the presence of TTX (0.4 µM) to prevent evoked events. The mIPSCs was 

confirmed by the reversibly blocking effect of the addition of bicuculline (5 µM), a competitive 

antagonist of GABAAR, into the recording bath. 

 

3.2.3 Data Analysis 

A three-minute recording of mIPSC was analysed from each cell using Clampfit 10.6 (Axon 

Instrument). Using Clampfit 10.6, a template was created based on the average of all selected 

representative event traces. A template search function under the event detection menu was 

then applied to identify the individual event within the three minutes recording of mIPSCs. 

Every event was being examined carefully and it was excluded for analysis if any parameters 

(i.e., half- width time, 10-90% rise slope, time to rise half-amplitude, etc) of the event are not 



72 

 

 

available. A range of 12-250 and 100-400 events were recorded in Purkinje cells of young mdx 

and LC mice, whereas in aged animal groups, a range of 51-335 and 152-653 events were 

recorded in Purkinje cells of mdx and LC mice, respectively. Statistical analyses were 

performed using Prism 7.0 (GraphPad Software, San Diego California USA). Unless otherwise 

stated, all values are reported as mean ± SEM. Significance level was set at p<0.05 for both 

student unpaired t-test and Kolmogorov-Smirnov test. 

 

3.3 Results 

3.3.1 General results 

 

Table 3.1 details the ages and average membrane resistance of LC and mdx cells. A one-way 

ANOVA was performed to compare the membrane resistance between groups. There was no 

significant difference in membrane resistance between all age groups (p=0.1101, R2=0.1743, 

n= 35 cells) (Multiplicity adjusted p value: young animals p=0.3073; old animals p>0.9999, 

Bonferroni test). 

 

Table 3.1 Ages and average membrane resistance of Purkinje cells. 

  

Group Young LC         
(3-4 months) 

Young mdx        
(3-4 months) 

 Old LC             
(23-26 months) 

 Old mdx         
(23-26 months) 

Number of animals 3 3 4 3 

Number of cells 7 9 10 9 

Age (days) 112 ± 6 108 ± 4 752 ± 28 725 +76 

Average membrane 
resistance (R) (MΩ) 713.5 365.1 332.8 342.3 

R min (MΩ)  267 199 159.5 138.7 

R max (MΩ)  1815 725.5 986.2 1156 

SEM 219.5 55.16 78.76 105.6 
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3.3.2 TTX and spontaneous synaptic currents in Purkinje neurons  

In normal aCSF, when the cell was held at -80 mV under voltage clamp recording, spontaneous 

inward currents with a rapid rising phase and slower exponential decay phase were observed in 

young and old Purkinje neurons from both mdx and LC mice (Figure 3.1 A & B). The currents 

had variable amplitudes, ranging from less than 10 pA up to 4 nA. When TTX (0.4 µM) was 

added, the large amplitude spontaneous IPSCs mediated by sodium currents were gradually 

abolished, resulting in lower frequency and amplitude mIPSCs. As expected for GABAA-

mediated mIPSCs, these currents were reversibly blocked by the addition of bicuculline (5 

µM), the competitive antagonist of GABAAR, to the recording bath (Figure 3.1 C) (Llano & 

Gerschenfeld, 1993). 
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Figure 3.1 Impacts of TTX and bicuculline on inhibitory postsynaptic currents of a 

Purkinje cell. 

Recordings showing TTX-resistant mIPSCs with reduced frequency and amplitude in a LC and 

an mdx mouse from (A) young (3-4 months old) and (B) old (23-26 months old) age groups. 

(C) Representative recording showing that bicuculline (5µM), GABAAR antagonist, reversibly 

blocked mIPSCs in GABAergic Purkinje cell of an old LC. These effects were consistent for all 

tested animals. 
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3.3.3 Reduced peak amplitude of mIPSCs in young and old mdx mice 

The representative of one minute mIPSCs recordings in LC and mdx Purkinje cell from the 

young and old animals are shown in Figure 3.2 and Figure 3.3 respectively. These recordings 

show that the large amplitude mIPSCs were reduced in mdx mice compared to LC mice in both 

age groups. To compare the mIPSCs amplitude between different animal groups, a 3-minutes 

recording of mIPSCs from each cell was used for the analysis. A section of this recording is 

depicted in Figure 3.4 A. A representative Purkinje cell from young (3-4 months old) mdx mice 

showed reduced average amplitude of mIPSCs in comparison to LC (mdx 36.17 ± 1.08 pA; LC 

52.52 ± 1.97 pA; Figure 3.4 B). In the old age group (23-26 months old), there was no 

significant difference in average mIPSCs amplitude between the representative mdx (41.36 ± 

2.7 pA) and LC (45.42 ± 2.54 pA) cells (Figure 3.4 C).  

 

When comparing the results from all animals, the average amplitudes of mIPSCs in mdx mice 

were reduced in both age groups in comparison to LC (Figure 3.5). However, it was only 

statistically significant in the young age group (young mdx 36.53 ± 2.16 pA (n=9 cells); young 

LC 55.5 ± 3.28 pA (n=7 cells), p= 0.0002, student unpaired t-test) but not in the old age group 

(old mdx 41.62 ± 2.84 pA (n=9 ells); old LC 47.17 ± 5.17 pA (n=10 cells), p= 0.3748, student 

unpaired t-test). The finding from the young age group was consistent with the earlier report 

from our group (Kueh et al., 2011). The current results showed that aging has no obvious 

impact on the amplitude of mIPSCs of mice with the same genotype (LC groups, p=0.2392; 

mdx groups p=0.1735, student unpaired t-test). 
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Figure 3.2 Miniature inhibitory postsynaptic current recordings in LC and mdx Purkinje 

cells from young (3-4 months) animal group. 

(A) mIPSCs recordings in Purkinje cell from 3 LC and (B) 3 mdx mice. Large amplitude 

mIPSCs were reduced in mdx mice compared to LC mice. 
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Figure 3.3 Miniature inhibitory postsynaptic current recordings in LC and mdx Purkinje 

cells from old (23-26 months) animal group. 

(A) mIPSCs recordings in Purkinje cell from 3 LC and (B) 3 mdx mice. Large amplitude 

mIPSCs were reduced in mdx mice compared to LC mice. 
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Figure 3.4 Miniature inhibitory postsynaptic current recordings and the average of 

mIPSCs from a representative Purkinje cell from different age groups. 

(A) Representative trace of mIPSCs from a Purkinje cell recorded from young (3-4 months old) 

LC. Recording was done using whole-cell voltage clamp while the cell membrane potential 

was held at -80 mV. A total of 3 minutes mIPSCs recording from each cell was used to 

calculate the average amplitude. (B) Time course of a representative single peak event of 

mIPSCs from young mdx and LC. The average amplitude of mIPSCs was greatly reduced in 

mdx (36.17 ± 1.08 pA) cell in comparison to age-matched LC (52.52 ± 1.97 pA). (C) Time 

course of a representative single peak event of mIPSCs from old mdx and LC (23-26 months 

old). The average amplitude of mIPSCs in LC was 45.42 ± 2.54 pA while mdx was 41.36 ± 2.7 

pA.  All data are presented as mean ± SEM. 
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Although there was no significant difference in the average amplitude of mIPSCs between the 

old mdx and LC, the distribution of mIPSCs amplitudes of these two groups varied enormously, 

from tens of pA to several hundred pA (Figure 3.6 A & B). The amplitudes of the smallest and 

largest mIPSCs in old mdx were 13.75 pA and 290.75 pA while LC were 8.91 pA and 438.18 

pA, respectively. In addition, the distribution of the larger current was less in old mdx than LC. 

The top quantile (75% percentile) in old mdx amplitude was 52.27 pA while in LC it was 62.82 

pA. The median of the old mdx amplitude was 38.64 pA while in LC it was 42.68 pA. The 

cumulative probability plot of mIPSCs amplitude clearly indicated a significant shift to the left 

in the old mdx when compared to their LC, depicting a reduced peak amplitude in these mice 

(p<0.0001, Kolmogorov-Smirnov test) (Figure 3.6 C).   

 

Similarly, the histograms of mIPSCs amplitude distributions in young animals also resembled 

those found in the old age groups (Figure 3.6 D & E). The amplitudes of the smallest and 

largest mIPSCs in young mdx were 10.49 pA and 144.33 pA while in LC, they were 9.19 pA 

and 2538.49 pA, respectively. These plots also showed a reduction of larger events in the 

young mdx when compared to young LC. The top quantile (75% percentile) in young mdx 

amplitude was 45.17 pA while in LC it was 66.61 pA. The median of young mdx amplitude 

was 33.81 pA while LC was 46.44 pA. Consistent with the results in the old age group, the 

cumulative probability plot of mIPSCs amplitude in young animals also showed a significant 

shift to the left in the mdx when compared to their LC, again indicating a reduced peak 

amplitude in the mdx population (p<0.0001, Kolmogorov-Smirnov test) (Figure 3.6 F).   

 

3.3.4 Reduced average frequency of mIPSCs in young and old mdx mice 

The average mIPSCs frequency of each group was calculated from a 3 minutes recording from 

all cells. Both age groups showed a significantly reduced mIPSCs frequency in mdx mice in 
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comparison to LC (Figure 3.7). In the 3-4 months old animal, the average frequency of mIPSCs 

in mdx was 0.73 ± 0.15 Hz while in LC, it was 1.507 ± 0.23 Hz (p=0.0106, student unpaired t-

test). In the 23-26 months old group, the mean frequency of mdx was 0.68 ± 0.17 Hz while in 

LC, it was 1.61 ± 0.26 Hz (p=0.009, student unpaired t-test). Interestingly, for the same 

genotype, there was no difference in mIPSCs frequency between the young and old animals 

(mdx p=0.8409; LC, p=0.7762, student unpaired t-test). 
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Figure 3.6 Summary histograms and cumulative plot of mIPSCs amplitude of LC and 

mdx mice from different age groups. 

Amplitude histograms of mIPSCs of all cells from old (A) LC and (B) mdx mice. Inset: 

example of mIPSCs from individual Purkinje neuron. The distribution of larger currents in mdx 

mice was reduced drastically between old LC and mdx mice (75% percentile, mdx=52.27 pA, 

LC= 62.82 pA). (C) Cumulative plot summarising mIPSCs amplitude distribution for the old 

age groups. The two distributions overlapped for the smaller amplitudes but started to deviate 

from each other after -36 pA. The mean peak amplitude decreased from 53.73 ± 0.74 (-pA) LC 

to 45.75 ± 0.82 (-pA) mdx, p<0.0001, Kolmogorov-Smirnov test. Amplitude histograms of 

mIPSCs of all cells from young (D) LC and (E) mdx mice. Inset: example of mIPSCs from 

individual Purkinje neuron. When comparing LC and mdx amplitude histograms, the 

distribution of larger currents in mdx mice was reduced drastically (75% percentile, mdx=45.17 

pA, LC=66.61 pA). (F) Cumulative plot summarising mIPSCs amplitude distribution for the 

young age groups. The two distributions overlapped for the smaller amplitudes but started to 

deviate from each other after -20 pA. The mean peak amplitude decreased from 57.52 ± 1.59 (-

pA) LC to 38.77 ± 0.54 (-pA) mdx, p<0.0001, Kolmogorov-Smirnov test. 
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3.4  Discussion 

In this study, I was able to reproduce the results from our previous work demonstrating a 

reduction in the average frequency and amplitude of mIPSCs in young mdx mice (3-4 months), 

when compared to age-matched LC (Kueh et al., 2011). In addition, the electrophysiological 

investigation compared mIPSCs of Purkinje cells between mdx and LC from young (3-4 

months) and old (23-26 months) mice. Consistent with the results from the young animal, the 

changes in mIPSCs of old mdx resembled that found in young mdx mice, indicating that other 

than dystrophin deficiency, aging may not have an impact on postsynaptic current transmission.   

 

Membrane resistance, a basic membrane property, was also measured in this study prior to the 

measurement of postsynaptic currents. It defines the conductance or resistance of the 

membrane upon current injection or membrane depolarisation, facilitated by ionic channels on 

cell membrane. It is influenced by the leakiness (i.e. the cell is “leaky” if many channels are 

open in a cell) of the membrane. When more channels are activated, the neuron has a high 

membrane conductance with a low membrane resistance. Conversely, a neuron with a high 

membrane resistance suggests that it has fewer channels that are in the active state and its 

conductance level is low. It was found that the average membrane resistance was not 

significantly different between mdx and LC in both the young and old animal groups. The 

average membrane resistance of Purkinje cells in both animal groups is around 350 MΩ 

(except for the young LC which had an average membrane resistance of 713.5 MΩ). The sum 

of membrane resistance and access resistance (access resistance was maintained below 30 MΩ 

in the current experiment setting) is equal to input resistance. Sharing a similar access 

resistance requirement, the membrane resistance results reported here are consistent with the 

findings in Snow et al. (2014), in which they reported a grand mean input resistance of 337.83 

± 24.65 MΩ (N=55) in dissociated Purkinje cells of both genotypes. Contradictory to the 
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findings in Purkinje neurons, the group of Conte-Camerino and collaborators showed a 

reduction of membrane resistance in mdx muscle fibres (between 8 and 13 weeks of age) when 

compared to control mice (De Luca et al., 1999; De Luca et al., 1995; De Luca et al., 1997). 

This reduced membrane resistance was credited to an increase in resting chloride conductance. 

Similarly, alteration in other ion channel activity has also been reported by Denetclaw et al. 

(1994). The authors demonstrated a threefold increase in open probability of Ca2+ leak channels 

resulting from abnormally long open times in mdx primary myotube cultures, isolated from the 

hind-limb muscles of 10-week-old adult mice, when compared to normal control.  Interestingly, 

opposing results were obtained in the mdx diaphragm. It was reported by De Luca et al. (1997) 

that a higher membrane resistance was associated with a lower value of resting chloride 

conductance in comparison to controls. Although findings from studies investigating 

dystrophin-deficient muscle fibres reported a change (decrease or increase) of membrane 

resistance, the current results showed that there was no significant difference between the 

membrane resistance of Purkinje cell from mdx and LC mice. This indicates that the 

consequences of the absence of dystrophin are quite diverse and conflicting in different cell 

types.  

 

The current findings also showed that aging has no impact on the membrane resistance of old 

Purkinje cells in both groups of mice. This result is consistent with an earlier finding in the rat 

neostriatum, a major nucleus in the basal ganglia, which has been used extensively for studies 

in aging (Cepeda et al., 1992). The authors reported that the membrane resistance in the aged 

neostriatal neurons (24-26 months) remains unchanged compared to the young (3-5 months) 

cells despite the decreases in cellular excitability in the aged neostriatal neurons. Furthermore, 

a recent mouse study in the aged (29-30 months) bed nucleus of the stria terminalis, a limbic 

forebrain structure involved in fear, stress, and anxiety, also showed no statistically significant 
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effect of age on input resistance when compared to the young (3-4 months) cells. 

Contradictory, age related input resistance alteration is reported in the layer 2/3 pyramidal 

neurons of the prefrontal cortex of rhesus monkeys (Chang et al., 2005). The authors reported 

that there was a significant increase in the input resistance of pyramidal cells from aged monkeys 

(19.2–29 years) when compared to cells from young monkeys (6.0-10.2 years). It was 

suggested that the changes (i.e. increase) in input resistance with age could be due to the 

alterations in the size of cell soma (i.e. smaller) and dendrites (i.e. loss or regression), and the 

decrease in the density of ion channels in the aged cells (de Brabander et al., 1998; Duan et al., 

2003; Page et al., 2002; Wong et al., 2000). Taken together, these findings and current findings 

supported the suggestion that dystrophin deficiency has no significant impact on the membrane 

resistance of mdx Purkinje cells from both young and aged animals.   

 

Examining the synaptic current transmission, significant reductions in the average and peak 

amplitude of GABAAR-mediated mIPSCs were found in young mdx mice when compared to 

age-matched controls. These mIPSCs were isolated using TTX and confirmed as GABAA 

conductance by bath application of bicuculline. The results from the 3-4 months old mdx again 

confirmed the findings from our previous study (Kueh et al., 2011; Kueh et al., 2008). On the 

other hand, at first glance the reduced average amplitude of old mdx mice was subtle and not 

significantly different to that of age-matched LC. However, the peak amplitude distribution of 

old mdx was significantly reduced, consistent with the finding in the younger population. The 

amplitude of recorded mIPSCs in this study varied, ranging between 10 pA and 2540 pA and 

showed a skewed distribution in all groups. When comparing between mdx and LC, the 

amplitude distribution in mdx populations were left-shifted, indicating a reduction in the larger 

events. The current amplitude is associated with postsynaptic neurotransmitter sensitivity, 

which is controlled by postsynaptic receptor number and conductance (Graziane & Dong, 
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2016; Nusser et al., 1997). Wan et al. (1997) demonstrated an enhancement of mIPSCs 

amplitude when there was an increase in translocation of functional GABAAR from the 

intracellular compartment to the dendritic and postsynaptic membrane of CA1 hippocampal 

neurons as a result of insulin signalling (receptor translocation by activation of insulin-receptor 

tyrosine kinase). On the other hand, a quick decline in GABAAR number induced by brain-

derived neurotrophic factor (BDNF) exposure has been shown to reduce GABAergic mIPSC 

amplitudes (Brunig et al., 2001). Their finding was further supported by immunocytochemical 

results, demonstrating a decrease of punctate staining of GABAAR subunits after 15 minutes of 

BDNF treatment. They also reported that BDNF did not affect the shape or kinetics of mIPSC, 

indicating that the GABAAR channel properties, such as open probability, open time or ligand 

affinity remained the same, and concluded that the reduced number of synaptic GABAAR 

serves as the main contributor to the decrease in amplitude (Brunig et al., 2001). To that regard, 

the wide variability in the mIPSCs amplitude in the current study can be explained by the 

difference in postsynaptic receptor numbers present, and that the reduced amplitude (i.e. reduce 

GABAergic synaptic transmission) in mdx mice in all age groups may be due to a reduction in 

the number of GABAAR at the postsynaptic membrane of the mdx Purkinje cell.  

 

Dystrophin is detected in the postsynaptic densities of neurons at inhibitory synapses in several 

brain regions such as cerebellum, hippocampus, and amygdala (Knuesel et al., 1999). This 

protein plays an important role in the clustering and fixation of GABAAR at postsynaptic sites 

of the cell membrane. A deficit of dystrophin has resulted in the destablisation of GABAAR at 

postsynaptic sites, which in turn led to a 40-70% reduction in the number of GABAAR clusters 

and subsequently the reduced amplitudes of mIPSCs (Anderson et al., 2003; Knuesel et al., 

1999; Kueh et al., 2011; Sekiguchi et al., 2009; Vaillend et al., 2010). Supported by an 

electrophysiological study, Kueh et al. (2011) shows that these defects in GABAAR clustering 
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had resulted in a 14% reduction in the amplitude of intermediate to large mIPSCs (>45 pA) at 

the post-synaptic membrane of cerebellar Purkinje cells in 2-4-month-old mdx mice when 

compared to age-matched LC mice. Interestingly, the destabilisation of GABAAR at 

postsynaptic sites had resulted in an increase in the number of extrasynaptic GABAAR in 

Purkinje cells of mdx mice. An enhanced sensitivity to gaboxadol, a selective pharmacological 

activator of extrasynaptic GABAAR, was displayed in mdx mice (Kueh et al., 2011; Vaillend & 

Chaussenot, 2017). Therefore, current findings of reduced amplitude of mIPSCs in all mdx age 

groups, along with those of Kueh and colleagues, provide evidence that the dystrophin is 

required for the maintenance and stabilisation of postsynaptic GABAAR clusters throughout the 

animal’s lifespan, perhaps by limiting the lateral diffusion of unstable GABAAR to 

extrasynaptic sites.  

 

In addition to mIPSCs amplitude, this study also found a significant reduction (~2-fold 

reduction) in mIPSCs frequency in mdx compared to LC for both age groups. This result is 

similar to the finding in our earlier study (Kueh et al., 2011; Kueh et al., 2008). On the other 

hand, when comparing the same dystrophic mouse model with C57/BL10sc/sn (BL10) control, 

Graciotti et al. (2008) reported an increase in mIPSCs frequency in CA1 hippocampal neuron. 

They confirmed this increase in frequency was due to the altered presynaptic release 

probability, as examined by PPF analysis. Since the mIPSCs frequency can be regulated by the 

presynaptic release mechanism, the reduced mIPSCs frequency in the current study may be 

associated with an alteration at the presynaptic site. Purkinje cells receive two main inhibitory 

inputs from the inhibitory interneurons: basket and stellate cells. These presynaptic inhibitory 

neurons release GABA that activates the GABAAR located at the postsynaptic density of 

Purkinje cells. It has been reported that spontaneous GABA release is dependent on the 

increase of [Ca2+]i level and its probability of release can determine the frequency of mIPSCs 
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(Fatt & Katz, 1952; Ke et al., 2010; Llano et al., 2000; Poisbeau et al., 1996; Warrier et al., 

2005). Increase [Ca2+]i levels at presynaptic cells can be achieved by Ca2+ release from 

intracellular stores and extracellular Ca2+ influx. Llano and colleagues reported that Ca2+ release 

through the ryanodine receptor (RyR)-sensitive presynaptic stores plays a role in regulating the 

frequency of mIPSCs of rat cerebellar Purkinje cells (Llano et al., 2000). In a separate study, 

Kelm et al. (2007) showed that calcium release from presynaptic internal stores plays an 

important role in the ethanol-enhanced spontaneous GABA release at the interneuron-Purkinje 

cell synapse. Additionally, Ke et al. (2010) demonstrated that the reduction or blockade of 

[Ca2+]i release mediated by InsP3-induced Ca2+ release from intracellular stores as well as 

extracellular calcium influx through presynaptic calcium channels significantly reduced the 

frequency of GABAergic mIPSCs. These studies suggested that changes in presynaptic [Ca2+]i 

levels can alter the frequency of GABAergic mIPSCs at the postsynaptic site. Interestingly, 

[Ca2+]i in granule cells (where fibres form excitatory synapses with Purkinje cells) of mdx mice 

was significantly elevated (Hopf & Steinhardt, 1992). With regard to the alteration in 

presynaptic [Ca2+]i level at the granule-Purkinje cell excitatory synapse of mdx mice, it is 

conceivable that the presynaptic [Ca2+]i level at the interneuron-Purkinje cell inhibitory synapse 

may be affected by the absence of dystrophin. Further study looking for possible dysregulated 

presynaptic/neuronal [Ca2+]i levels in mdx cerebellum may be interesting.   

 

DMD is a progressive disease involving gradual breakdown of muscle fibre with non-

progressive cognitive impairments involving reduced IQ scores (i.e. a reduction of one standard 

deviation below the normal range) (Felisari et al., 2000). However, it was recently reported that 

the executive functions (i.e. strategic planning, organised searching, utilisation of 

environmental feedback to shift cognitive sets, behavioural direction toward achieving goal, 
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and modulation of impulsive responses) of older DMD patients (30-37 years old) were worse 

than younger DMD patients (18-25 years old) when assessed with the Wisconsin Card Sorting 

Test, indicating a progressive cognitive decline with age in DMD (Suzuki et al., 2017). While 

many studies have focused on the muscle pathophysiology of the mdx mice, little is known 

about the cognitive progression during aging in these mice. Behavioural studies show that there 

are impairments in the passive avoidance learning and long term spatial and recognition 

memory of these mice (Muntoni et al., 1991; Vaillend et al., 2004). Although the cognitive 

dysfunctions in mdx mice have been reported by various groups, there has been no study to date 

addressing if this cognitive impairment is exacerbated with age. Understanding the 

neuropathophyisology of DMD is very important for the development of early interventions to 

improve or preserve normal intellectual function especially with the current improved palliative 

care, including prednisone for prolonged muscle ambulation, and mechanical ventilation for 

respiratory care of DMD patients who are surviving into their 30s-40s (Rae & O'Malley, 2016; 

Saito et al., 2017). 

 

Interestingly, when I studied the GABAAR mediated mIPSCs in Purkinje cells, I found that the 

frequency and amplitude of these currents remained similar in both young and aged mdx mice. 

These results are important, and it may indicate that the impaired GABAergic synaptic 

transmission in cerebellar Purkinje cells does not improve or worsen with age (i.e. non-

progressing) and that the function of these cells remained similar throughout the lifespan of 

mdx mice. As the verbal impairment in DMD patients is thought to be non-progressive 

(Leibowitz & Dubowitz, 1981; Marsh & Munsat, 1974), and may be regulated by the 

cerebellum (Cyrulnik & Hinton, 2008), the findings of non-progressive GABAergic 

perturbations in mdx cerebellum supports the notion that the verbal intelligence in DMD is non-

progressive. Furthermore, the current finding also parallels the findings in DMD patients, in 
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which it shows no significant decline in cerebellar GABAAR, except in the prefrontal cortex of 

older patients (30-37 years old), when compared to younger DMD patients (18-25 years old) 

(Suzuki et al., 2017). Taken together, if the decline in cognitive function (i.e. executive 

function) is progressive in DMD patients or in mdx mice, current findings would also imply 

that instead of cerebellum and cerebellar Purkinje cells, other brain regions may be involved 

and affected by dystrophin deficiency. Whether or not the cognitive deficits are progressing in 

mdx mice remains to be determined. Behavioural, neuroanatomy, and electrophysiology studies 

throughout the lifespan of the mdx mouse may be beneficial for providing further insights on 

the mechanisms which are responsible for CNS dysfunctions in DMD.   

 

3.5 Conclusion 

This study has shown no change in membrane resistance of Purkinje cells in mdx mice. I also 

re-confirmed the results from our previous studies that both mIPSCs amplitude and frequency 

were significantly reduced in 3-4 months old dystrophic mice in comparison to LC. More 

importantly, this is the first report showing a significant reduction in mIPSCs amplitude and 

frequency in the old mdx mice when compared to age-matched LC. The current finding is 

valuable since old mdx mice are very scarce due to their shorter lifespan compared to LC, as 

well as the disease progression closely resembles the DMD pathophysiology in human. 

Together with the results from young mice, this study showed that the lack of dystrophin 

disrupts the normal synaptic transmission at GABAergic synapses. This perturbed synaptic 

transmission may underlie the behavioural deficits and cognitive impairments seen in the mdx 

mice. If similar disruptions are found in human brains with dystrophin deficiency, this may 

explain the intellectual deficits reported in patients with DMD. Furthermore, the similar 

frequency and amplitude of mIPSCs between young and old mdx mice indicate that the 

GABAergic transmission in dystrophin deficient cerebellum was not altered during aging. As 
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cerebellar involvement was suggested for the non-progressive cognitive deficits (i.e. 

impairments in verbal working memory and reading) displayed in DMD boys (Cyrulnik & 

Hinton, 2008), the similar findings in mIPSCs quantal analyses (i.e. amplitude and frequency) 

in both young and old mdx mice supports the notion that the verbal impairment in DMD is non-

progressive. 
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Chapter 4. Rescue of a dystrophin-like-protein by exon skipping normalises 

GABA AR clustering and mIPSCs in the cerebellar Purkinje cells of the 

mdx organotypic culture 

4.1 Introduction  

Although the mutation in DMD gene has been identified as the cause of DMD since late in the 

20th century, to date there is still no effective cure for this fatal disease. DMD gene is the 

second largest gene described in humans with approximately 2.5 million base pairs, encoding 

79 exons (Koenig et al., 1987; Muntoni et al., 2003; Roberts et al., 1993). These exons form 

the 14kb messenger RNA which encodes the protein dystrophin, containing 3685 amino acids 

and is 427 kD in size. Owing to the large size of the DMD gene, dystrophin expression is 

highly vulnerable to different forms of genetic mutations including deletion, duplication, 

insertion, nonsense, and missense mutations (Taylor et al., 2010). As consequence of the many 

different types of mutations, the development of a universal pharmacological intervention that 

provides effective dystrophin restoration in DMD is deemed impossible. Despite this, 

approaches including stem-cell therapy, gene replacement, aminoglycoside antibiotics and 

proteasome inhibitors have been introduced in an attempt to restore dystrophin expression 

(Wurster & Ludolph, 2018).  Importantly, as described in Chapter 1 section 1.7, exon skipping 

using AOs has emerged as a promising therapeutic approach in DMD. Successful dystrophin 

restoration has been reported using animal models of DMD both in vitro (Dunckley et al., 

1998; Graham et al., 2004; Iversen et al., 2009) and in vivo (Goyenvalle et al., 2015; Vaillend 

et al., 2010), in cultured cells from DMD (Aartsma-Rus et al., 2004; van Deutekom et al., 

2001) and in muscles of DMD patient (Koo & Wood, 2013; Scaglioni et al., 2021; van 

Deutekom et al., 2007).   
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Currently, the use of AOs in DMD is mainly focused on rescuing dystrophin expression in 

skeletal muscles and cardiac muscles to delay the progressive muscle degeneration that 

ultimately leads to premature death. Research investigating the rescue of dystrophin in the 

brain has been impeded by the difficulty in successfully delivering potential therapeutic agents 

across the BBB to the CNS. Nevertheless, some pioneer work has been done in mdx mice to 

demonstrate the potential use of AOs in restoring brain dystrophin. Using intrahippocampal 

injection of a recombinant adeno-associated viral vector expressing AOs, Vaillend et al. (2010) 

was able to redirect splicing of the dystrophin pre-mRNA and induced skipping of the mutated 

exon 23 which contains a stop codon in mdx mice, thus rescuing expression of brain dystrophin 

(15-25%) in these mice for months. The authors reported a complete recovery of GABAAR 

clustering in mdx hippocampus, indicating that the synaptic molecular alteration associated 

with dystrophin loss is reversible. In addition to local administration of AOs, a study also 

showed a systemic delivery of AOs through intravenous administration, was able to rescue 

dystrophin in all tissues affected by the lack of dystrophin (including skeletal muscles, heart 

and the CNS) with improved cardio-respiratory function and a correction in behavioural 

features in mdx mice (Goyenvalle et al., 2015). Taken together, exon skipping-mediated 

dystrophin recovery is a promising therapeutic strategy in restoring dystrophin expression and 

function.  

 

Although exon skipping provides promising results in the mdx hippocampus, no study to-date 

has addressed the efficacy of dystrophin rescue by AOs in the mdx cerebellar Purkinje cells, 

which are large GABAergic neurons that serve as the sole output from the cerebellar cortex. 

Findings from earlier studies and Chapter 3 of this thesis have shown that the normal 

GABAergic function of Purkinje cells are also severely impacted by the absence of dystrophin 

(Anderson et al., 2003; Knuesel et al., 1999; Kueh et al., 2011; Kueh et al., 2008). In view of 
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the positive effects of exon skipping in rescuing dystrophin expression in the CNS, the aim of 

this study is to investigate if the dystrophin expression in cerebellar Purkinje cells can be 

restored by the AOs, Pip6f-PMO in vitro using organotypic cerebellar cultures prepared from 

postnatal day 8-11 (P8-P11) mdx and WT mice. The organotypic culture model was chosen 

because it is a powerful in vitro system that preserves in part the complex three-dimensional 

structures that are found in an in vivo environment (Humpel, 2015). This model permits easy 

drug testing and also allows the study of cellular and molecular activity of the treated brain in 

vitro without the impediment of the BBB. Pip6f-PMO is a phosphorodiamidate morpholino 

oligonucleotide conjugated to an arginine-rich cell-penetrating peptide to improve the AOs 

tissue penetration abilities (Betts et al., 2012). In this chapter, the efficacy of Pip6f-PMO was 

examined, specifically on the dystrophin re-expression levels and its impact on GABAAR 

clustering using immunofluorescence staining. Since the mIPSCs in Purkinje cells are altered in 

mdx mice (see Chapter 3), electrophysiological recording of mIPSCs on Purkinje cells was also 

performed to examine whether the rescued dystrophin is sufficient for functional recovery.  

 

4.2 Method and Materials  

4.2.1 Homozygous WT and mdx mice   

Breeders (P0) were originally purchased from the ARC, Perth Western Australia. Wild type 

(WT) homozygous male mice (C57BL/10J) were obtained by mating male C57BL/10 with 

female C57BL/10. Dystrophin deficient mdx homozygous male mice were obtained by mating 

male C57BL/10ScSn-Dmdmdx/Arc with female C57BL/10ScSn-Dmdmdx/Arc mice. All mice 

were housed under 12-hour day/light cycles, in standardised Individually Ventilated Cages 

(IVC), with polysulfone solid floored base, lid and stainless steel feed hopper. Food and water 

were available ad libitum. 
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4.2.2 Organotypic cerebellar cell cultures 

Organotypic cerebellar slice cultures were prepared from P8-P11 mdx and WT mice. Mice 

were anesthetised with isoflurane then decapitated. The cerebellum was removed under aseptic 

conditions. Parasagittal slices (350 µm thick) were cut using a motorised vibroslicer (Leica 

VT1200S, Leica Microsystems) in ice cold Dulbecco’s phosphate-buffered saline (DPBS) (Cat 

#: D8537, Gibco). Using a sterile pasture pipette with fire-polished edges, individual slices 

were gently transferred and cultured on a 30-mm diameter, porous (0.4 µm), hydrophilic PTFE 

cell culture insert (PICM03050, Millicell, Millipore). Culture inserts were placed in a 6-well 

plate containing 1 ml culture medium consisting of 50% vol/vol minimum essential media-no 

glutamine (Cat #: 11090-081, Gibco), 25% vol/vol basal medium eagle low glucose-no 

glutamine (Cat #: 21010-046, Gibco), 25% vol/vol horse serum (Cat #: 26050-070, Gibco), 

0.65% wt/vol glucose supplied with 0.5 mM glutamax (Cat #: 35050061, Gibco), 100 units/ml 

of penicillin, 100 µg/mL of streptomycin, and 0.25 µg/mL of amphotericin B (Cat #: 

15240096, Gibco).  Culture media were replaced every other day and maintained in a 37°C 

incubator with 95% O2 and 5% CO2. On the 8th day in vitro (DIV), the cultured media was 

replaced in the treated mdx group with culture medium supplemented with 1 µM of Pip6f-PMO 

(gift from Professor Matthew Wood and Dr Susan Hammond, Oxford, UK). This concentration 

was selected based on previous findings in Betts et al. (2012), in which the authors reported 

that 1 µM of Pip6f-PMO resulted in the highest (80%) exon 23 skipping activity in 

differentiated H2K mdx myotubes when concentrations of 0.125, 0.25, 0.5, and 1 µM were 

tested.  

 

To prepare the Pip6f-PMO solution, stocked Pip6f-PMO was thawed in a 37oC water bath 

sonicated for 5 minutes then diluted with culture medium. The mdx cultures were treated with 1 

µM of Pip6f-PMO for 24 hours. Half of the media was replaced using fresh culture medium 
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and this concentration was maintained until the cultures were harvested on day 12. Following 

harvesting, electrophysiological recordings and immunohistochemistry were performed. For 

immunohistochemistry, the organotypic cerebellar cultures were briefly rinsed with DPBS and 

fixed in 4% paraformaldehyde for 45 minutes at room temperature then stored in antifreeze 

solution (Polyethylene glycol, PBS) at -20°C until used. 

 

4.2.3 Antibodies and Immunohistochemistry 

Double labelling immunofluorescence assays were performed. Dystrophin was detected with a 

monoclonal antibody raised in mouse recognising an epitope at the C-terminus of dystrophin 

(1:10; Cat#: NCL-DYS2, Novocastra, Newcastle Upon Tyne NE12 8EW UK). GABAARs 

were detected with a rabbit polyclonal anti-GABAAR α1 subunit (1:100; Cat#: 06-868, 

Chemicon, Temecula CA 92950 USA). Negative control rabbit IgG (Cat#: X0936, Agilent 

DAKO, Santa Clara CA 95051 USA) and mouse IgG1 (Cat#: X0931, Agilent DAKO, Santa 

Clara CA 95051 USA) are used in place of the primary antibodies with cultures of WT and mdx 

mice to evaluate nonspecific staining.    

 

For immunohistochemistry, sections were removed from antifreeze solution and were washed 

briefly in DPBS followed by antigen retrieval process. The use of paraformaldehyde covalently 

cross-linked proteins thus masking the epitope of interest and resulting in a reduction of the 

available epitopes for primary antibody binding (Shi et al., 2001; Shi et al., 1991). To eliminate 

the chemical modification and to restore the binding of epitope-antibody, antigen retrieval 

using high heat was performed to break the formalin-induced cross-linkages thereby restoring 

the protein structure that resembles its native structure. For antigen retrieval, the sections were 

placed in a glass tube filled with 0.01M Tris-EDTA-Tween 20, pH 9.0 antigen retrieval buffer 

(0.01M Tris Base, 1mM EDTA, 0.05% (v/v) Tween 20) and heated in a water bath at 95 °C for 
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1.5 hours. After 1.5 hours incubation, the glass bottles containing samples were placed in the 

sink with running water to allow the sections to cool to room temperature. After cooling for 20-

30 minutes, the sections were briefly rinsed with 0.1M Tris buffered saline with Tween 20 

(TBST), pH 7.4. To avoid nonspecific binding of the antibodies, the sections were first blocked 

with serum-free protein block (Cat#: X0909, Agilent DAKO, Santa Clara CA 95051 USA) for 

40 minutes at room temperature. The sections were then washed three times, 10 minutes each 

in TBST. The sections were then incubated overnight (16-20 hours), on a rocker, at room 

temperature with primary antibodies diluted in 0.1M TBS containing 1% bovine serum 

albumin, 0.2% TX-100. After three washes with TBST, the sections were incubated for 2 hours 

at room temperature with Alexa Fluor 594 conjugated goat anti-mouse IgG secondary antibody 

(1: 500; Invitrogen) and Alexa Fluor 488 conjugated goat anti-rabbit IgG secondary antibody 

(1: 500; Invitrogen). Finally, the sections were washed three times in TBST, mounted and 

coversliped in fluorescence mounting medium (Dako, Denmark, S302380).  

 

4.2.4 Electrophysiology recording 

The details for whole-cell patch clamp recording and analysis of mIPSCs in Purkinje cells are 

described in Chapter 2, section 2.4 and Chapter 3, section 3.2.2 & 3.2.3. 

 

4.2.5 Confocal imaging and data analysis  

The sections were imaged using the LSM 800 Airyscan Confocal Microscope equipped with 

Axio Observer 7 inverted optical microscope and ZEN 2.6 software (Carl Zeiss MicroImaging, 

Jena, Germany). Images were collected by dual-channel recording of simultaneous excitations 

at 488 and 561 nm. Typically, stacks of 6-7 images (1024 X 1024 pixels) spaced by 230 nm 

were recorded at a planar resolution of 99 nm/pixel. All images were captured using the 

optimised acquisition settings. The laser power, master gain, and digital offset for each channel 
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was adjusted until there were few red pixels (overexposure) and blue pixels (underexposure 

visible) were shown on the section when the range indicator in ZEN 2.6 was selected. For 

semiquantitative analysis of GABAAR α1 subunit and dystrophin clusters, digital images from 

confocal microscopy were processed with Image J Fiji. The punctate immunoreactivity for 

dystrophin was analysed along the Purkinje somatic membrane while the punctate 

immunoreactivity for GABAAR α1 subunit was analysed at the molecular layer where the 

proximal dendrites of Purkinje cells are localised (40 X 40 µm, magnification: 63X, 99 

nm/pixel). A threshold segmentation algorithm was applied for automatic detection of 

individual clusters (minimal size, 0.03 µm2, corresponding to three pixels).  A total tissue 

surface area of 8000 µm2 derived from five measurements (each with 1600 µm2) in cerebellar 

brain sections per animal (n=4 per animal group) were analysed for dystrophin clusters, and the 

number and size of GABAAR α1 subunit clusters. Unless otherwise stated, all values are 

reported as mean ± SEM. Error bars were ± SEM, which estimated the data variability between 

different animals. Significance level was set at p<0.05 for student unpaired t-test, Kolmogorov-

Smirnov test, and Mann-Whitney U test.  

 

4.3 Results 

4.3.1 Pip6f-PMO rescued dystrophin expression in mdx cerebellar Purkinje cell 

organotypic culture 

In organotypic cerebellar sections, immunofluorescence staining using the DYS2 antibody 

showed strong punctate staining along the somatic membrane and in the proximal dendritic 

layer of the WT Purkinje cell (Figure 4.1 A). This dystrophin immunoreactivity pattern 

parallels that of previous reports in the cerebellum (Knuesel et al., 1999). As expected, this 

typical presentation of dystrophin-immunoreactivity in Purkinje cells was not found in the 
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untreated mdx cultures (Figure 4.1 B). In contrast, mdx cultures treated with Pip6f-PMO 

showed positive immunoreactivity for dystrophin in the Purkinje cells (Figure 4.1 C). While 

DYS2 immunoreactivities were found in WT and mdx-Pip6f-PMO cultures, they were absent in 

the isotype controls of WT and mdx organotypic cultures. The expression of dystrophin in mdx-

Pip6f-PMO culture is specific to the Purkinje cells only, resembling dystrophin expression 

pattern in WT mice. This indicates that the rescued dystrophin induced by the exon skipping 

process is cell specific. To estimate the extent to which dystrophin is being rescued in mdx-

Pip6f-PMO mice, dystrophin-immunoreactivity in large perisomatic and dendritic clusters 

along the Purkinje cells (WT, n=4; mdx, n=4; mdx-Pip6f-PMO, n=4) were quantified. While 

examining a total tissue surface of 8000 µm2 in the Purkinje cell layer, the mdx-Pip6f-PMO 

culture demonstrated a significant increase in area covered by dystrophin-immunoreactivity 

(52.1 ± 10.17% of WT levels, range 22.20-67.30%, p= 0.0033, Figure 4.1D) while untreated 

mdx mice revealed a complete absence of dystrophin-immunoreactivity except for the minimal 

background staining (< 5% of WT levels).  
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4.3.2 Co-localisation of dystrophin and GABAAR α1 subunit in mdx-Pip6f-PMO culture 

In the cerebellum, dystrophin is partially co-localised with a subset of GABA synapses around 

the soma and proximal dendritic layer of Purkinje cells (Knuesel et al., 1999). In the 

organotypic cultures, the single labelling imaging revealed that the immunoreactivity of α1 

subunit-containing GABAAR clusters presented as distinct and intense labelled clusters around 

the somata and proximal dendrites of cerebellar Purkinje cells (Figure 4.2), a pattern similar to 

dystrophin-immunoreactivity in cerebellum. As predicted, the double immunofluorescence 

labelled slices showed some juxtaposition and co-localisation of dystrophin clusters with α1 

subunit containing GABAAR clusters (Figure 4.3).  

 

(A) (B) (C) 

   
 

Figure 4.2 Immunoreactivity of GABAAR α1 subunit in cerebellar Purkinje cells. 

GABAAR α1 subunit immunoreactivity was visualized in sections processed for 

immunofluorescence staining with the polyclonal anti-GABAAR α1 subunit. Each panel 

represents orthogonal projections of six-seven image stacks (interval of 230 nm). Note that the 

clusters of GABAAR α1 subunit-immunoreactivity (arrowhead) along the somatic membrane of 

Purkinje cells in (A) WT cultures, (B) mdx culture, and (C) mdx-Pip6f-PMO. Scale bars, 10 

µm, 63X magnification.  
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(A)                 (B)    (C) 

   

Figure 4.3 Co-localisation of dystrophin and GABAAR α1 subunit immunoreactivity in 

cerebellar Purkinje cells. 

Co-localisation of dystrophin (red) and GABAAR α1 subunit immunoreactivity (green) were 

depicted in yellow in (A) WT culture (arrowhead). Note that the co-localisation of these two 

proteins were absent in (B) mdx cultures but were recovered in (C) mdx-Pip6f-PMO cultures 

(arrowhead). Scale bars, 10 µm, 63X magnification. 
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4.3.3 Pip6f-PMO treatment reverses the reduced GABAAR α1 subunit clusters size in 

mdx cultures  

The co-localisation of dystrophin and GABAAR suggest that there is a functional relevance 

between these two proteins in a subset of inhibitory synapses. In fact, the reduction of 

GABAAR clustering has been reported in the cerebellum, hippocampus, and amygdala of mdx 

mice, regions where dystrophin is absent in the mdx mouse (Knuesel et al., 1999; Sekiguchi et 

al., 2009; Vaillend et al., 2010). The number and size of α1 subunit-immunoreactive clusters in 

the mdx-Pip6f-PMO treated cultures were examined to investigate the extent to which the 

rescued dystrophin impacts on GABAergic function in the mdx culture. The number of α1 

subunit-immunoreactivity clusters in mdx cultures was not significantly different to WT 

cultures (92.78 ± 6.72% of WT levels, range 74.90-106.90%, p=0.6042, Figure 4.4 A, Table 

4.1). Similarly, there was no significant difference in α1 subunit cluster number when 

comparing the mdx to mdx-Pip6f-PMO cultures, although there was an increase in the Pip6f-

PMO treated mdx cultures (116.60 ± 14.38% of WT levels, range 80.60-146.60%, p=0.1837, 

Figure 4.4 A, Table 4.1). Conversely, while the number of α1 subunit clusters was not 

significantly different between WT and mdx cultures, the clusters size of GABAAR containing 

α1 subunit was significantly reduced in the mdx cultures when compared to WT cultures (76.76 

± 3.472% of WT levels, range 69.40-84.50%, p=0.0080, Figure 4.4 B, Table 4.1). Interestingly, 

the reduced GABAAR α1 subunit cluster size was significantly reversed in the mdx-Pip6f-PMO 

cultures (96.25 ± 25.50% of WT levels, range 90.20-102.30%, p=0.0038, Figure 4.4 B, Table 

4.1) with similar expression level to that in WT cultures (100.00 ± 4.86%, range 89.40-

110.60%, p=0.5178, Figure 4.4 B, Table 4.1). Thus, these organotypic culture results showed 

that it is the mdx GABAAR α1 subunit cluster size but not the cluster number that was impacted 

by the absence of dystrophin and that the reduction in cluster size could be corrected by Pip6f-

PMO mediated dystrophin rescue in organotypic mdx culture.  
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Table 4.1 The absolute number and size of GABAAR α1 subunit clusters in Purkinje cells 

of WT, mdx, mdx-Pip6f-PMO organotypic cultures. 
 

  Number of clusters    Size of clusters (µm2)   

    WT mdx 

mdx-Pip6f-

PMO  WT mdx  

mdx-Pip6f-

PMO 

GABAAR 

α1 subunit 2344 ± 266 2175 ± 157 2734 ± 337   0.22 ± 0.011 0.174 ± 0.008 0.218 ± 0.006 

Data are shown as mean ± SEM.  
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4.3.4 Pip6f-PMO treatment reverses the reduced peak amplitude of mIPSCs in mdx 

cultures  

To examine the inhibitory synaptic activity of Purkinje cell activity in the organotypic cultures, 

whole-cell patch clamp recording was performed on cerebellar Purkinje cells on 12-15 DIV 

from all organotypic culture groups. Action potential evoked IPSCs in WT, mdx, and mdx-

Pip6f-PMO Purkinje cells were all inhibited by the addition of TTX (0.4µM) to the recording 

bath (Figure 4.5 A). The TTX-resistant mIPSCs were abolished by bicuculline (5 µM), a 

GABAAR antagonist, proving that they were mediated by GABAAR (Figure 4.5 B). The 

recording traces of mIPSCs from representative cells from all groups are shown in Figure 4.6.  

 

These recordings together with the histogram of amplitude distribution of mIPSCs in Figure 4.7 

showed that dystrophin loss in Purkinje cells led to a reduction of large amplitude mIPSCs in 

mdx cultures (n=4 cells) compared to its age matched WT cultures (n=3 cells), leading to a left 

skewed peak amplitude distribution trace in the mdx cultures (p<0.0001, Mann-Whitney test). 

Supporting this is the cumulative probability curve shown in Figure 4.8 A, in which the mean 

peak amplitude in mdx (68.13 ± 1.40 pA) was significantly reduced compared to the WT 

cultures (83.40 ± 1.33 pA, p<0.0001, Kolmogorov-Smirnov test). Remarkably, the treatment 

with Pip6f-PMO resulted in a significant increase of large amplitude mIPSCs in the treated mdx 

cultures, leading to a right skewed peak amplitude distribution (p<0.0001, Mann-Whitney test), 

in the mdx-Pip6f-PMO culture (n=3 cells) when compared to the untreated mdx cultures (Figure 

4.7). The mean peak amplitude in mdx-Pip6f-PMO was also significantly increased (85.22 ± 

1.30 pA, p<0.0001, Kolmogorov-Smirnov test, Figure 4.8 B).  
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Figure 4.5 Impacts of TTX and bicuculline on miniature inhibitory postsynaptic currents 

in representative Purkinje cell from different organotypic cultures. 

(A) Recordings showing TTX-resistant mIPSCs with reduced frequency and amplitude in the 

WT, mdx, and mdx-Pip6f-PMO organotypic Purkinje cell cultures. (B) Recordings showing 

that TTX-resistant mIPSCs were blocked by the GABAAR antagonist bicuculline (5µM). 
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Figure 4.6 Representative miniature inhibitory postsynaptic current recordings in WT, 

mdx, and mdx-Pip6f-PMO organotypic cultures. 

Sample traces of mIPSCs recorded from (A) WT, (B) mdx, (C) mdx-Pip6f-PMO Purkinje cells. 

Note that the traces in the mdx culture showed a reduction in mIPSCs amplitudes which is not 

seen in the mdx-Pip6f-PMO cultures.  
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Figure 4.7 Distribution of mIPSCs amplitude for Purkinje cells of WT, mdx, and mdx-

Pip6f-PMO cultures (12-15 DIV). 

(A) Distribution of mIPSCs amplitudes were recorded in Purkinje cells of WT (n=3 cells), mdx 

(n=4 cells), and mdx-Pip6f-PMO (n=3 cells) in the presence of TTX. When comparing WT 

(blue trace) and mdx (red trace) amplitudes, the distribution of larger currents in mdx Purkinje 

cells was significantly reduced, as depicted by the left shifted histogram (median amplitude, 

WT: 65.55 pA, mdx: 52.18 pA, p<0.0001, Mann-Whitney U test). This shift was not seen in the 

mdx-Pip6f-PMO cultures (green trace). Following the treatment with Pip6f-PMO, the 

distribution of larger amplitudes was significantly increased in the mdx-Pip6f-PMO Purkinje 

cells (median amplitude: mdx-Pip6f-PMO: 68.84 pA) as compared to untreated mdx Purkinje 

cells (p<0.0001, Mann-Whitney U test). (B) Distribution of large mIPSCs amplitudes (>100 

pA). The top quantile of all mIPSCs amplitudes in mdx and mdx-Pip6f-PMO Purkinje cells 

were 79.88 pA and 113 pA, respectively. Note that the top quantile mIPSCs amplitude in mdx-

Pip6f-PMO Purkinje cells was closely resembled those in WT cultures which is 103.50 pA.    
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Furthermore, the average amplitude of mIPSCs from all groups were compared in Figure 4.9. 

The average amplitude of mdx cells was 58.80 pA (with a 95% confidence interval (CI) of 

10.78; 106.8), which was not significantly different to the WT cells, 83.08 pA (with a 95% CI 

of 19.38; 146.4, p=0.4000, Mann-Whitney U test). When comparing mdx and mdx-Pip6f-PMO 

cultures, the average amplitude in the mdx-Pip6f-PMO cells increased to 74.01pA (with a 95% 

CI of -7.29; 155.3), however this increase was not significantly different to mdx (p=0.6286, 

Mann-Whitney U test). Similarly, the average frequency of mIPSCs showed no statistically 

significant differences between mdx and WT cultures nor the mdx and mdx-Pip6f-PMO (Figure 

4.10). The average frequency of mIPSCs in the mdx, WT, and mdx-Pip6f-PMO cultures were 

3.058 Hz (with a 95% CI of 0.88; 5.23), 4.643 Hz (with a 95% CI of 3.97; 5.32), and 3.363 Hz 

(with a 95% CI of -1.318; 8.044), respectively. 
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Figure 4.9 Summary data showing average amplitude of mIPSCs in WT, mdx, and mdx-

Pip6f-PMO cultures. 

Scatterplot showing the average amplitude and 95% CI of mIPSCs in mdx Purkinje cells (58.80 

pA, 95% CI [10.78; 106.8]) was reduced when compared to WT (83.08 pA, 95% CI [19.38; 

146.4]), but this reduction was not statistically significant (p=0.4000, Mann-Whitney U test). 

Similarly, no significant difference (p=0.6286, Mann-Whitney U test) was found between mdx 

and mdx-Pip6f-PMO groups, although the treatment of Pip6f-PMO did result in a slight 

increase in the average amplitude of mIPSCs in treated Purkinje cells (74.01 pA, 95% CI [-

7.29; 155.3]) when compared to untreated mdx. Data are presented as mean with 95% CI. 
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Figure 4.10 Summary data showing average frequency of mIPSCs in WT, mdx, and mdx-

Pip6f-PMO cultures. 

Scatterplot showing the average frequency and 95% CI of mIPSCs in mdx Purkinje cell (3.058 

Hz, 95% CI [0.88; 5.23]) was reduced when compared to WT (4.643 Hz, 95% CI [3.97; 5.32]), 

but this reduction was not statistically significant (p=0.1143, Mann-Whitney U test). Similarly, 

no significant difference (p=0.8571, Mann-Whitney U test) was found between mdx and mdx-

Pip6f-PMO groups, as the treatment of Pip6f-PMO only resulted in a very small increase in the 

average frequency of mIPSCs in treated Purkinje cells (3.363 Hz, 95% CI [-1.318; 8.044]) 

when compared to untreated mdx. Data are presented as mean with 95% CI. 
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4.4 Discussion 

Exon skipping has recently emerged as a promising therapeutic approach to rescue the 

expression of dystrophin in animal models of DMD, leading to improved motor and cognitive 

functions (Dallerac et al., 2011; Komaki et al., 2020). Skipping of the mutated exon to restore 

the reading frame in dystrophin pre-mRNA and generating a truncated but semi-functional 

dystrophin can be achieved through the successful delivery of AOs into the target tissues 

(Aartsma-Rus et al., 2009). While systemic delivery of AOs to restore dystrophin in muscle 

tissue has been proven to be possible, investigation into dystrophin rescue in regions of the 

brain has received less attention for a number of reasons, including the relative increased 

importance of rescuing muscle function to increase the life span of those with DMD, and the 

technical limitations associated with AOs crossing the BBB (Perronnet & Vaillend, 2010). To 

avoid the hurdles created by the BBB, the organotypic culture of cerebellar slices developed 

from P8-P11 mdx mice was used in the current study. This tissue-based system is a good model 

because it provides a complex multi-cellular in vitro environment and allows quick drug testing 

and subsequent investigation into the function of target cells in response to drug treatment 

(Sundstrom et al., 2005). In this chapter, I showed that the efficacy of Pip6f-PMO, which is one 

of the potential AOs used for DMD treatments, can be successfully examined in the 

organotypic cerebellar cultures of mdx mice.  

 

The results showed that the loss of dystrophin in mdx Purkinje cell cultures was rescued by the 

application of 1 µM of Pip6f-PMO, evident by the presence of DYS2- immunoreactivity in the 

mdx-Pip6f-PMO cultures. This result showed that the loss of dystrophin in cerebellar Purkinje 

cells can be reversed by AOs-mediated exon skipping. While Pip6f-PMO has been shown to 

restore dystrophin in cardiac as well as in skeletal muscles (Betts et al., 2012), the current 

finding provides further proof of concept for using Pip6f-PMO to restore dystrophin in brain 
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tissue, specifically in the cerebellar Purkinje cells. It has been reported in several animal studies 

that dystrophin deficiency is associated with significant ultrastructural modifications of 

GABAergic synapses. A reduction of GABAAR clustering was reported in the brain regions of 

mdx mice that lack dystrophin such as in the hippocampus, cerebellum, and amygdala (Knuesel 

et al., 1999; Sekiguchi et al., 2009; Vaillend et al., 2010). In line with the findings of previous 

studies, the reduction of GABAAR cluster size in mdx Purkinje cells was also observed in the 

organotypic cultures, confirming that dystrophin is essential for the maintenance and 

stabilisation of postsynaptic of GABAAR clusters. This ultrastructural modification was 

corrected in the mdx-Pip6f-PMO cultures, suggesting that partial expression of rescued 

dystrophin is sufficient to normalise the size of GABAAR clustering at GABAergic synapses of 

Purkinje cells.  

 

The restoration of abnormal GABAAR clustering associated with dystrophin loss using AOs 

was also reported in earlier studies. Vaillend and colleagues reported a 15-25% restoration of 

the dystrophin-like protein in 8 week old mdx mice after intra-hippocampus injection of the 

adenovirus-associated vector expressing antisense sequences linked to a modified u7 small 

nuclear RNA (rAAV2/1-U7 system) was sufficient to completely restore both the number and 

size of GABAAR clusters to a level comparable to WT control (Vaillend et al., 2010). While 

Vaillend’s study shows both the number and size of GABAAR clusters were restored by 

rAAV2/1-U7 system, the current results show only the size but not the number of GABAAR 

clusters was significantly increased in mdx-Pip6f-PMO culture in comparison to mdx culture. 

The difference in these findings may be due to the use of different experiment models, animal 

age, and type of AOs used between the two studies.  
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The unaltered number of GABAAR clusters after Pip6f-PMO treatment in the current study was 

not unanticipated as there was no difference in the number of GABAAR clusters between the 

mdx and WT organotypic cultures from the beginning. The similar number of GABAAR 

clusters between young mdx and WT cultures indicates that dystrophin may not be essential for 

GABAAR synaptogenesis (Fritschy et al., 2003). Indeed, the current finding is in line with the 

previous findings of Levi et al. (2002). The authors showed that neither dystroglycan nor 

dystrophin were involved in the initial clustering (i.e. synaptogenesis) of GABAAR, since the 

formation of GABAergic synapses and clustering of GABAAR were not altered in embryonic 

hippocampal cultures lacking these two proteins when compared to its control culture. 

Moreover, a recent study by Briatore et al. (2020) which used a similar sensitivity confocal 

imaging setting of 0.008 µm2/pixel (the current setting used in this study was 0.010 µm2/pixel), 

also reported a similar density of GABAAR clusters in the molecular layer of adult (aged 3 

months) mdx and WT control. Taken together, the results using the organotypic model used 

here indicate, and confirm, that dystrophin has a strong involvement in the maintenance and 

stabilisation of the postsynaptic GABAAR clusters. 

 

Despite the inconsistent findings on the impacts of dystrophin deficits on the number and size 

of GABAAR clustering in this study, it is important to note that dystrophin is necessary for 

normal GABAergic function in cerebellar Purkinje cells and amygdala neurons (Anderson et 

al., 2003; Kueh et al., 2008; Sekiguchi et al., 2009).  In the dystrophin deficit mdx mice, 

significant reductions in both the frequency and amplitude of GABA-mediated mIPSCs were 

reported in cerebellar Purkinje cells while in the basolateral amygdala nucleus the frequency of 

norepinephrine-induced GABAergic inhibitory synaptic currents was significantly reduced. It 

is also important to note that dystrophin deficiency had resulted in the enhancement of fear-

motivated defensive behaviours in mdx mice and that these abnormal behaviours were 
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successfully ameliorated by exon skipping via microinjection of AOs (Sekiguchi et al., 2009). 

Using the same AOs administration technique, Dallerac et al. (2011) also showed a complete 

reversal of the abnormal enhancement of hippocampal LTP in mdx mice with the rescued 

dystrophin.  

 

In the current study, to assess if the recovery of GABAAR clustering is also followed by a 

functional recovery following the Pip6f-PO treatment in cerebellar Purkinje cells, both the 

frequency and amplitude of mIPSCs were measured in all organotypic cultures. The findings 

showed that the peak amplitude of mIPSCs was significantly reduced in mdx cultures (n=4 

cells) when compared to its WT control (n=3 cells). This present finding also supports the 

earlier findings in Chapter 3 as well as in Anderson et al. (2003), in which dystrophin loss is 

linked to a reduced mIPSCs peak amplitude in the mdx mice. Following the Pip6f-PMO 

treatment, the reduction in peak amplitude of mIPSCs in mdx Purkinje cells was significantly 

rescued in the treated cultures, indicating that the rescued dystrophin by Pip6f-PMO also 

resulted in a functional recovery of GABAergic transmission.  

 

When measuring both the average amplitude and frequency of mIPSCs in Purkinje cells, no 

significant differences were found across the WT, mdx, and mdx-Pip6f-PMO cultures. 

Nevertheless, it should be noted that the average amplitude in mdx cultures increased by 

25.86% from 58.80 pA (with a 95% CI of 10.78; 106.8) to 74.01pA (with a 95% CI of -7.29; 

155.3) following the treatment of Pip6f-PMO. This increase in average amplitude of mdx-

Pip6f-PMO Purkinje cells reached similar levels to the WT (88.32% of the WT level) (83.08 

pA, with a 95% CI of 19.38; 146.4) while the untreated mdx is only 70.84% of WT level. The 

possible reason for the failure to observe any significant difference in the average frequency 

and amplitude of mIPSCs across the groups may be due to the small n number of slices 
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available in the current study. This was because only a limited number (5-6 slices) of cerebellar 

slices from each mdx mouse was obtained and survived throughout the culturing process, 

therefore priority was given to the immunofluorescence staining experiment to confirm the re-

expression of dystrophin in mdx cultures following Pip6f-PMO treatment. Nevertheless, this 

result with limited cell numbers showed promising improvement with the treatment of Pip6f-

PMO not only correcting the ultrastructural modification caused by dystrophin deficit at the 

GABAergic synapses but more importantly ameliorated the functional deficits associated with 

this ultrastructural change. Further experiments are required with larger cell numbers to provide 

greater insight into the advantages of Pip6f-PMO treatment in rescuing dystrophin.  

 

4.5 Conclusion 

Overall, the findings in this chapter demonstrated that treatment with Pip6f-PMO successfully 

rescued dystrophin expression in the mdx-Pip6f-PMO cultures, supporting the potential 

therapeutic use of AOs in restoring brain dystrophin. The recovery of this truncated protein was 

found on the Purkinje cell soma and proximal dendrites. The co-localisation of this partially 

rescued protein with GABAAR α1 subunit normalised the reduced size of GABAAR clusters 

linked to dystrophin loss, supporting the notion that dystrophin has an important role in 

stabilising the GABAAR clustering at synapses. Furthermore, current preliminary 

electrophysiological results suggests that the altered GABAergic synaptic function may be 

reversed following Pip6f-PMO treatment. While several exon skipping strategies using AOs in 

muscle dystrophin restoration have proceeded to clinical trials, with Eteplirsen and Golodirsen 

being recently approved by the US Food and Drug Administration for DMD treatment, little 

progress has been made to date in rescuing the brain dystrophin (Aartsma-Rus & Corey, 2020; 

Aartsma-Rus & Krieg, 2017; Komaki et al., 2020). Thus, the positive findings in this chapter 

are encouraging as it provides further proof of concept that AOs may be used as a therapeutic 
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approach to rescue dystrophin and potentially ameliorate any dystrophin-dependent cognitive 

impairment. 
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Chapter 5.  Imaging calcium in brain and muscle: Optimisation of different 

methods of loading cells with calcium indicators dye 

5.1 Introduction  

Duchenne muscular dystrophy is a severe muscle-wasting disease caused by the absence of 

muscle dystrophin. In muscle, dystrophin plays an important role in stabilizing the cell 

membrane during contraction. Its absence has been implicated in calcium dyshomeostasis in 

dystrophic muscle, a common manifestation in DMD pathology. Indeed, many studies have 

shown that the absence of cytoskeletal dystrophin is often accompanied by elevated [Ca2+]i. 

Several groups have reported an elevation in resting [Ca2+]i in cultures of dystrophic human 

and mdx mouse muscle fibres (Fong et al., 1990; Head, 1993; Mongini et al., 1988; Turner et 

al., 1988; Williams et al., 1990). 

 

This rise in [Ca2+]i is an important triggering event in dystrophic muscle pathogenesis 

(Whitehead et al., 2006).  It is widely accepted that dystrophin deficiency increases the fragility 

of the sarcolemma  (Petrof et al., 1993) or disrupts the normal ion channel function (Alderton 

& Steinhardt, 2000; Vandebrouck et al., 2007), which eventually causes an increased calcium 

influx and accumulation in the dystrophic muscle fibre. This in turn leads to an activation of 

Ca2+-activated protease, such as calpain, which results in the branched fibre phenotype and 

subsequently myonecrosis (Head, 2010; Tidball & Spencer, 2000).  

 

The contribution of increased [Ca2+]i in the dystrophic muscle pathology has led to question if 

the dystrophic neurons shared a similar pathogenesis. Particularly, I was interested in the 

[Ca2+]i in mdx cerebellar Purkinje cells.  

 



123 

 

 

This study focused on mice older than 12 months old as older mdx mice have been shown to 

display dystrophic phenotype that more closely resembles that of human DMD. In muscle 

pathology, young mdx mice (<3 months old) showed slow muscle disease progression due to 

the regeneration processes (Gillis, 1999). However, muscle fibres in aged mdx mice were more 

susceptible to membrane injury from lengthening contraction when compared to age-matched 

LC (Brooks, 1998; Head et al., 1992; Moens et al., 1993; Petrof et al., 1993). Furthermore, the 

behavioural alteration and biochemical abnormalities in the brain are more evident in mdx mice 

that are older than 6 months old (Rae, Griffin, et al., 2002).  

 

To measure the level of cytosolic free calcium in dystrophic cells, the calcium indicator dye, 

Fura-2 was used. Fura-2 is a ratiometric (dual-wavelength) fluorescent indicator that is widely 

used for monitoring the dynamic changes in [Ca2+]i in living cells (Roe et al., 1990).  A change 

in [Ca2+]i will result in an alteration of 340/380 nm ratio. When cytosolic free calcium binds to 

Fura-2, the optimum excitation wavelength changes from 380 to 340 nm. Therefore, the ratio of 

fluorescence signal obtained from 340/380 nm excitation pairs is a good measure of [Ca2+]i 

(Tsien, 1989). The key advantages of using a ratiometric dye over single wavelength indicators 

is that the ratio signal is unperturbed by variable dye concentration, cell thickness, optical path 

length, and illumination intensity allowing accurate [Ca2+]i to be determined without the 

disturbance of these parameters (Grynkiewicz et al., 1985). 

 

This chapter presents the results of different ways calcium-sensitive fluorescence dye are 

introduced into Purkinje cells in acute cerebellar slice and dissociated flexor digitorum brevis 

(FDB) fibres. The efficacy of Fura-2 in the form of a pentapotassium salt (Fura-2 free acid) was 

compared with the acetoxymethyl (AM) ester form of Fura-2. Fura-2 free acid is a cell-

impermeant probe that can be introduced into the cells via ionophoresis due to its negatively 
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charged carboxylate groups while Fura-2 AM is membrane permeant, allowing it to passively 

diffuse across the cell membrane. Fura-2 AM enables a less invasive method for loading. Once 

Fura-2 AM is inside the cells, the ester bonds of AM groups are cleaved by nonspecific 

cytosolic esterases leaving the highly charged Fura-2 molecule trapped inside the cytosol (Roe 

et al., 1990; Tsien, 1981, 1989). 

 

5.2 Method and materials 

5.2.1 Animals, muscle, and brain slice preparations 

All experiments were carried out with approval from Western Sydney University Animal Care 

and Ethics Committee, in accordance with the Australian code for the care and use of animals 

for scientific purposes and the New South Wales Animal Research Act. Littermate control and 

mdx mice (average age ~12 months for Purkinje neurons and ~21 months for FDB muscle 

fibres) were anesthetized with isoflurane and killed by decapitation. Cerebellum and FDB 

muscle were collected.  

5.2.1.1 Cerebellar brain slice preparation 

The details for cerebellar brain slice preparation are described in Chapter 2, section 2.3. 

Briefly, the cerebellum was rapidly removed and cut into 250µm thin slices using a vibroslicer 

(Leica VT1200S, Leica Microsystems) and immediately transferred into a holding chamber 

containing HEPES buffered aCSF, continuously bubbled with carbogen (95% O2 and 5% CO2) 

until used for experiment.  

5.2.1.2 Muscle dissection 

FDB muscles were dissected from the hind limbs. The muscle was placed in a bath containing 

Krebs solution (with the following composition (in mM): 4.75 KCl, 118 NaCl, 1.18 KH2PO4, 
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1.18 MgSO4, 24.8 NaHCO3, 2.5CaCl2, and 10 glucose) with 0.1% fetal calf serum, and 

continuously bubbled with 95% O2 and 5% CO2 to maintain the pH at 7.4.  

5.2.1.3 Single muscle fibre digestion 

Muscles were digested in Krebs solution (without fetal calf serum) containing 3mg/ml 

collagenase type IV (Sigma Aldrich, MO, USA) with gentle aeration using carbogen at 37°C 

for 25 minutes. Following digestion, the muscle was washed twice with normal Krebs solution 

containing fetal calf serum to stop the digestion, and then gently agitated using a pipette to 

release individual fibres from the muscle mass. 

 

5.2.2 Loading cells with Fura-2 free acid  

The details of loading Fura-2 free acid in cerebellar slices and FBD fibres are described in 

Chapter 2, section 2.5.2. Briefly, 1 mM of Fura-2 was introduced into the cell via ionophoresis 

with a sharp electrode. Negative current was applied to repel the negatively charged dyes from 

the recording electrode. The cell was rested for at least 10 minutes before any recording was 

started to allow for the complete distribution of the dye in the cytoplasm.    

 

5.2.3 Loading cells with Fura-2 AM 

The details of loading Fura-2 AM in cerebellar slices are described in Chapter 2, section 2.5.1. 

The loading of Fura-2 AM in muscle fibres was similar to that in brain slices except Krebs 

solution (aerated with carbogen to maintain pH at 7.4) and a glass test tube was used in place of 

aCSF and a 6-well plate in the procedure. Prior to imaging, individual fibres were released 

from Fura-2 AM loaded FDB muscle mass using gentle agitation. 
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5.2.4 Stimulation protocols 

5.2.4.1 Purkinje cells  

The preparation of the stimulating electrode is described in Chapter 2, section 2.4.3. For 

Purkinje cell stimulation, a theta electrode was placed 100-200 µm away from the cell body in 

the molecular layer (where the PF were located), and stimuli with voltages in the range of 1-

100 volts at 1 ms and at 30 Hz were delivered. 

5.2.4.2 FDB fibres 

Using a pipette, 0.5 ml (10-50 fibres) of enzymatically liberated single FDB fibres was 

transferred and placed on a cleaned glass coverslip located on the recording chamber of the 

upright microscope. These fibres were attached firmly on the glass coverslip and were 

continually superfused with Krebs bubbled with carbogen at a rate of around 0.5 ml per minute.    

For FDB stimulation, voltages above the threshold was delivered to the fibre using a bipolar 

stimulating electrode placed close to the neuromuscular junction, which can be easily 

visualised as a corrugated oval on the fibre under a light microscope, at 1 ms and at different 

frequencies (2, 5, 10, 15, 20, 25, and 30 Hz).  

 

5.2.5 Calcium imaging and fluorescent measurement  

The details for calcium imaging and fluorescent measurement are described in Chapter 2, 

section 2.5.4. Briefly, Purkinje cells were excited at 340 and 380 nm and changes in 

fluorescence were measured using Image J Fiji. Fura-2 is a dual-excitation ratiometric Ca2+ 

indicator. It changes its peak excitation wavelength from 380 nm to 340 nm upon binding to 

Ca2+. An elevation in Ca2+ concentration is reflected by an increase in Fura-2 emission when 

the indicator is excited at 340 nm, with a corresponding decrease in emission at 380 nm. The 

340/380 ratio is therefore a good reference for monitoring the [Ca2+]i level when the dye was 
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excited in quick succession at 340 and 380 nm (Bootman et al., 2013; Tsien, 1989; Tsien et al., 

1985). Fura-2 fluorescence was recorded at an interval of 50 ms (or 20 frames per second) for a 

desired length of time (20-60 seconds). 

 

5.3 Results 

5.3.1 Loading Purkinje cells with membrane impermeable Fura-2 using sharp electrode 

ionophoresis and permeable Fura-2 AM with bath incubation 

To measure [Ca2+]i in Purkinje cells, the Purkinje cell was filled with Fura-2 free acid using a 

sharp electrode (ionophoresis) and Fura-2 AM using bath loading method. Both loading 

methods successfully showed the big fluorescent cell soma (~20 µm in diameter) but not the 

dendritic trees when Purkinje cells were exposed to 340 nm and 380 nm UV light (Figure 5.1). 

The 340/380 ratio was lower in the cells loaded with Fura-2 when compared to cells loaded 

with Fura-2 AM (Figure 5.1). In addition, with the bath loading method, the granule cells (~5 

µm in diameter), located in the granular layer also took up Fura 2-AM.  The mean resting 

calcium ratio at 340/380 nm in Fura-2 loaded mdx Purkinje cells (0.8340 ± 0.07537, n=12 

cells) was significantly higher than LC (0.6107 ± 0.02980, n=10 cells; p=0.0187) but showed 

no difference in Fura-2 AM loaded cells (LC 0.7437 ± 0.009768, n=57 cells, mdx 0.7496 ± 

0.005483, n=102 cells; p=0.5692, student unpaired t-test) (Figure 5.2). Note that the ratio in 

Fura-2 AM loaded LC was higher than that in Fura-2 loaded LC, which was inconsistent to the 

340/380 ratio image results shown in Figure 5.1. Next, I tried to record the calcium transient by 

stimulating the PF (where the dendritic arborisations were located) using a theta electrode 

placed in the molecular layer. However, I was not able to record any change in calcium with 

the stimulation protocol. 
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Figure 5.1 Baseline [Ca2+]i in mdx Purkinje cells using Fura-2 calcium indicator. 

Top: A Fura-2 free acid filled Purkinje cell using ionophoresis (-1 nA pulse-250 ms duration at 

1 Hz s for 1 minute). Bottom: Purkinje cells and granule cells were filled with Fura-2 AM, bath 

loading, 1-hour incubation.  Both top and bottom images were generated by exposing cells to 

340 nm and 380 nm wavelength (10 ms exposure time, 50 ms interval or 20 frames per second, 

gain 2). All 340/380 ratio images were generated using Image J Fiji. Note that, Purkinje cell 

body filled with Fura-2 showed a lower ratio (340/380) than Purkinje cells that were loaded 

with Fura-2 AM. Each scale bar represents 20 µM at 60X magnification. Pseudocolour column 

shows the fluorescence change from dark to brighter colours to indicate an increase in 340/380 

ratio.   
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Figure 5.2 Baseline [Ca2+]i ratios (340/380) of Fura-2 free acid ionophoresed and Fura-2 

AM bath loaded Purkinje cells in ~12 months old mdx and LC mice. 

Left: Purkinje cells were filled with 1 mM Fura-2 free acid via ionophoresis. Resting calcium 

was recorded after cells were rested for 10 minutes to allow the dye to diffuse across the 

dendritic arborisations. There was a significant increase in mdx (0.8340 ± 0.07537) resting 

calcium ratio (340/380) when compared to LC (0.6107 ± 0.02980, p=0.0187, student unpaired 

t-test). Right: Purkinje cells were loaded with 10 µM Fura 2-AM for an hour via the bath 

loading method (37°C). Resting calcium in Purkinje cell body was recorded after the cells were 

rested for an hour for de-esterification. There was no significant difference in 340/380 ratio 

between LC and mdx groups (LC 0.7437 ± 0.009768; mdx 0.7496 ± 0.005483, p=0.5692, 

student unpaired t-test). All data are presented as mean ± SEM. 
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5.3.2 Loading FDB fibres with membrane impermeable Fura-2 using sharp electrode 

ionophoresis and permeable Fura-2 AM with bath incubation 

To further investigate if the failure to measure any changes in [Ca2+]i in current recordings was 

a consequence of our detection system , the [Ca2+]i in single dissociated FDB fibres was 

measured. Muscle fibres were loaded with either Fura-2 free acid or Fura-2 AM. As a single 

muscle fibre is significantly larger than Purkinje neurons, Fura-2 free acid was ionophoresed at 

stronger pulses than in Purkinje cell; -9 nA pulses-250 ms duration at 1 Hz for 2 minutes. The 

bath loading method used for muscle fibres was similar to that used for Purkinje cells. 

Similarly, the morphologies of these Fura-2 loaded muscle fibres was visualised when they 

were excited at 340 nm and 380 nm wavelengths (Figure 5.3). The recorded LC fibre was ~35 

µm in width which is similar to the measurement made in Woods et al. (2004) and the presence 

of peripheral nuclei indicates that the fibre was in healthy condition (see white arrows in Figure 

5.3). Consistent with results in Purkinje cells, the ionophoresed fibre also showed a lower 

340/380 ratio compared to bath loaded fibre. Unlike LC fibre, central nuclei were seen in mdx 

mice (Figure 5.4).   
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In contrast to a Purkinje cell, changes in calcium intensity (calcium transient) were observed 

when the muscle fibre was stimulated using a bipolar stimulating electrode placed close to the 

neuromuscular junction. Once the stimulus threshold was reached, a sharp increase in 

fluorescence was observed immediately during the FDB fibre contraction. The increase in 

fluorescence was enhanced when the frequency of the stimulus was increased (Figure 5.5 A). 

This is also clearly depicted in the average calcium transient-frequency graphs (Figure 5.5 B).  

When observing the calcium transients in Fura-2 AM bath loaded fibres from mdx and LC, I 

first recorded the increasing then decreasing (after 25 Hz stimulation) trends in the change of 

340/380 ratio in response to increasing stimulus frequencies (Figure 5.5 B). Note that the peak 

of calcium transients throughout the different stimulation frequencies tends to be slightly 

depressed in mdx fibres when compared to LC. 

 

In addition to the individual calcium transient produced from a single stimulation at different 

frequency, I also recorded the repetitive calcium waves generated from continuous maximal 

fatiguing stimulation (Figure 5.6 A). A LC fibre was repeatedly stimulated for 0.5 seconds on 

and 0.5 seconds off at 30 Hz. Throughout the fatiguing protocol, [Ca2+]i transient first increased 

then decreased (Figure 5.6 B), showing the typical pattern for intracellular calcium during 

fatigue in vertebrate skeletal muscle fibre (Allen et al., 2008). This was also accompanied with 

an increase in resting [Ca2+]i (Figure 5.6 C), which has generally been credited to metabolic 

fluctuations affecting the capability of the sarcoplasmic reticulum (SR) to reuptake [Ca2+]i . 
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Figure 5.6 Calcium transients in a fatiguing FDB fibre. 

A) Time course of calcium (340/380 ratio) in response to fatiguing stimulation in a single FDB 

fibre. Fibre was stimulated at 30 Hz for 0.5 seconds and then rested for another 0.5 seconds; 

this protocol was repeated for the duration of the stimulation. (B) The calcium wave shows a 

classical profile in LC fibres, with an initial increase in the height of the transient followed by a 

decrease. (C) There is an increase in resting Ca2+ ratio due to metabolic changes in the fatigued 

fibre.       
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5.4 Discussion 

5.4.1 Calcium imaging in Purkinje cells 

This chapter showed that Purkinje cells can be filled with a calcium indicator by means of 

ionophoresis (Fura-2 free acid) or bath loading (Fura-2 AM) methods. Using the same imaging 

setting, when comparing the fluorescence intensity from the two different loaded dyes in LC, 

the average 340/380 ratio in Purkinje cell body was generally higher in Fura-2 AM bath loaded 

cells when compared to Fura-2 free acid ionophoresed cells, implying a higher resting [Ca2+]i. 

A possible explanation for this phenomenon is the accumulation of Fura-2, not only in the 

cytoplasm, but also in the subcellular compartments (Malgaroli et al., 1987). Unlike Fura-2 free 

acid which is a membrane-impermeant dye, the ester form of Fura-2 (Fura-2 AM) is a 

lipophilic and membrane-permeant indicator that can diffuse through both the cell membrane 

and the membranes of intracellular organelles during the 1-hour incubation at 37°C. This 

membrane-permeant property allowed Fura-2 AM to be present in both the cytosol and 

possibly also in intracellular compartments of Purkinje cells. Once the AM linkage of the Fura-

2 AM is hydrolysed by the cytoplasmic esterases, Fura-2 is released and trapped within these 

compartments to bind with the free Ca2+ in the intracellular compartments, contributing to the 

measured fluorescent intensity. 

 

The ability of Fura-2 AM to diffuse across the subcellular membrane and be compartmentalised 

within these organelles was demonstrated in an elegant study by Almers and Neher (1985). The 

authors reported a loss of 40-60% of the fluorescent signal during mast cell degranulation, 

suggesting ester loaded Fura-2 was present in the secretory granules and lost from the cell 

during exocytosis. In contrast, there was no issue when the cell was filled with membrane-
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impermeant Fura-2 free acid. Instead, large changes in fluorescence signal was observed when 

the cell was stimulated to degranulate (Almers & Neher, 1985).  

 

When comparing the resting 340/380 ratio between mdx and LC animals, only mdx cells that 

were loaded with Fura-2 free acid by ionophoresis showed a significant increase in average 

ratio whereas in cells loaded with Fura-2 AM (bath loading), the average 340/380 ratio at rest 

was similar in cells from both genotypes. The finding of a significant increase in resting [Ca2+]i 

in mdx Purkinje neurons parallels the findings in a study on 6 month old mdx pyramidal cortical 

and hippocampal neurons (Lopez et al., 2016). Using the double-barreled Ca2+-selective 

microelectrodes, the authors showed that the [Ca2+]i in 6-month mdx cortical neurons and 

hippocampal pyramidal neurons were significantly increased by 149% and 214%, respectively, 

when compared to WT. However, whether there was indeed a higher resting [Ca2+]i in mdx 

compared to LC Purkinje cells remains unclear. In the current study, cell resting membrane 

potential was not measured when Fura-2 was introduced into the cell with a sharp electrode. 

Without measuring the cell membrane potential, cells that are potentially unhealthy or dying 

(high membrane potential) and therefore may have already had elevated [Ca2+]i at the start of 

the experiment was not able to be excluded. Nevertheless, under the same experimental setting, 

higher 340/380 ratio was found in mdx mice compared to LC mice when loading Purkinje cells 

with Fura-2 free acid using a sharp electrode. This then led to an overall increase in the average 

resting [Ca2+]i in mdx mice. 

  

A common limitation found when using these two dyes loading methods was that while cells 

were successfully loaded, both methods failed to show any calcium changes in the cell body or 

local calcium transients when the PF were stimulated with a theta electrode that was positioned 

approximately 100-200 µm away from the cell body. The PF was stimulated for Purkinje cells 
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excitation because under physiological conditions, Purkinje cells receive excitatory inputs from 

mossy fibres. The mossy fibre activates the granule cell, whose axons give rise to the PF, which 

then form high synaptic contacts at the spines of the distal branch of the Purkinje dendritic tree 

(Cheron et al., 2008). Harvey and Napper (1991) reported that one Purkinje cell has at least 

150,000 PF-Purkinje cell synaptic contacts. The failure to detect calcium changes in the 

Purkinje cell body has also been reported in other studies (Konnerth et al., 1992; Tank et al., 

1988). The authors reported that the change in [Ca2+]i in the cell body was not detectable or the 

rise in [Ca2+]i was very small during PF simulation. This is because the distribution of voltage-

dependent Ca2+ channels is not prominent in the somatic membranes of cerebellar Purkinje 

neurons (Llinas & Sugimori, 1980a, 1980b). Furthermore, the failure to detect the local calcium 

transient is not surprising since the highly arborised Purkinje cell dendritic trees were not 

homogenously loaded with Fura-2 in both dye loading methods. This indicates that either Fura-

2 free acid ionophoresis or Fura-2 AM bath loading methods did not allow Fura-2 to be 

homogenously distributed in Purkinje cell dendritic trees except in the cell body in the current 

study. Therefore, the Fura-2 loading method requires further improvement for the detection of 

dendritic calcium changes. 

 

Given the limitation of the two calcium indicators, at this stage the preferred calcium indicator 

is the membrane impermeant Fura-2 free acid due to several reasons. Firstly, dye ionophoresis 

using recording electrode prevent loading large numbers of cells, thus allowing the 

characteristic morphology of a single Purkinje cell to be identified and analysed within a clean 

background. In contrast, when Fura-2 AM was used the level of background fluorescence that 

might arise from the indicator trapped in non-specific targets (surrounding tissues and cells) is 

unknown (Kirischuk & Verkhratsky, 1996).  Secondly, the filling of Fura-2 free acid into a cell 

using the ionophoresis technique allows real time monitoring, thus allows better control than 
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when filling cells with Fura-2 AM using bath loading. In addition, while the bath loading of 

Fura-2 AM may appear to be simpler, there are many factors including the incubation time and 

temperature that needs to be considered when using this method. Loading of Fura-2 AM 

involves very strict incubation time and time for deesterification so that optimum fluorescence 

and accurate [Ca2+]i estimation can be obtained. Also, the fluorescent signal intensity of Fura-2 

AM loaded cells was lower compared to Fura-2 free acid loaded neurons which led to poorer 

signal-to noise ratio. This lower signal intensity in Fura-2 AM loaded cells may be due to the 

mature animals used. Yuste and Katz (1991) reported a striking age dependency in the 

capability of Fura-2 AM to load into neocortical neurons. The authors suggested that the 

ineffective loading of most mature neurons was due to the structure of these older cells in intact 

slices that prevented the access of the dye to the cell membrane.  

 

Thirdly, Fura-2 free acid does not involve a deesterification process and therefore avoids the 

limitations arise associated when loading cells with Fura-2 AM. The accumulation of Fura-2 

with the bath loading method relies heavily on the cleavage of the AM ester linkage by the 

nonspecific cytoplasmic enzyme, esterase (Bush & Jones, 1990; Williams et al., 1985). The 

hydrolysis of the ester bond in AM may generate by-products such as formaldehyde which is 

toxic to cells (Bush & Jones, 1990; MacLean & Yuste, 2009). Moreover, the hydrolysis of AM 

is not always efficient as the presence of incomplete deesterified Fura-2 was shown in cells 

such as neuroblastoma cells, HPAE cells, and rat hepatocytes (Oakes et al., 1988). Oakes et al. 

(1988) reported that there were more than 30 potential partly deesterified forms of Fura-2 AM 

when the five ester groups were randomly cleaved. The successful application of this method 

requires that Fura-2 is the main cellular fluorescent metabolite of Fura-2 AM. These 

incomplete deesterified fluorescent Fura-2 AM metabolites are Ca2+-insensitive and together 

with the unhydrolysed Fura-2 AM will lead to high background fluorescence and complicate 
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the quantification of [Ca2+]i. The measurement of [Ca2+]i can also be difficult if cells lack the 

necessary esterases to cleave the AM linkage, or the concentration of the AM form is reduced 

by extracellular esterases before it can accumulate within the cell (Bush & Jones, 1990). It is 

known that aging contributes to the deterioration of many physiological parameters (Bloom et 

al., 1990). A study in old mice showed that aging contributed to a reduction in esterase activity 

and that this decline decreased the activation of cytotoxic T lymphocyte lysis (Bloom et al., 

1990). A similar reduction of esterase activity may also be present in the current aged mice, 

making the measurement of [Ca2+]i with Fura 2- AM more challenging. 

 

Additionally, as a consequence of low levels of cytosolic esterase activity, the cleaving of the 

ester bonds may be delayed, thus allowing Fura-2 AM to cross the membranes of cytosolic 

organelles (which also contain esterase activity) and accumulate in these organelles (Gunter et 

al., 1988). In other words, dye sequestration is strongly correlated with the level of cytoplasmic 

esterase activity (Quintana & Hoth, 2004). The compartmentalisation of Fura-2 AM in non-

cytoplasmic compartments have been demonstrated in the mitochondria, microsomes, nucleus, 

and other intracellular compartments (Blatter & Wier, 1990; Lee et al., 2015; Roe et al., 1990; 

Steinberg, Bilezikian, et al., 1987). It has been shown that Fura-2 AM can be sequestered by 

liver and cardiacmyocyte mitochondria and fully hydrolysed by the mitochondrial esterases 

into the Ca2+ sensitive form (Gunter et al., 1988; Lee et al., 2015). Serious 

compartmentalisation of dye was found to be as high as 30-40% in the mitochondria of 

neonatal myocytes (Lemasters et al., 1988; Roe et al., 1990). Furthermore, Roe et al. (1990) 

also revealed that 16% of Fura-2 fluorescence was distributed in non-cytosolic compartments 

in rat hepatocytes. If a non-uniform distribution of fluorescence also occurred in Purkinje 

neurons derived from the old mice used in this study, the actual cytosolic free Ca2+ level might 

not be determined. Fura-2, if sequestered is not sensitive to changes in [Ca2+]i in the cytosol. To 
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avoid Fura-2 sequestration following loading with Fura-2 AM, several techniques have been 

employed (Barber et al., 1996; Bright et al., 1996; Okada & Rechsteiner, 1982; Steinberg, 

Newman, et al., 1987). For example, a study in T-lymphocytes demonstrated that the cytosolic 

calcium gradients produced from the mitochondrial Fura-2 sequestration due to AM loading 

can be eliminated by loading the cells with membrane-impermeant Fura-2 salt (Quintana & 

Hoth, 2004). While loading cells with membrane impermeant dye was the preferred method to 

bulk loading with Fura-2 AM, this method also has its own difficulties and limitation.  

 

Firstly, the dyes did not diffuse through the dendrites so measurements of any local calcium 

transient during stimulation was not possible. Second, whether the stimulation protocol used in 

this study was effective in triggering a cell response was not clear. Electrical activity was not 

recorded as the sharp electrode was removed immediately after the dye loading process had 

been completed. The electrode was not left in situ due to the sensitivity of the impaled cell to 

any movement which may be introduced to the recording chamber when the filters were 

switched and perfusion flow that may tear or damage the cell resulting in cell death. In order to 

test if the current calcium detection system and stimulating protocol were effective for cells 

stimulation and measurement of calcium change, FDB muscle with simpler morphology were 

used, where calcium changes have been successfully measured in the current laboratory. 

 

5.4.2 Morphology of mdx FDB fibres 

In contrast to Purkinje cells, Fura-2 was well distributed in each individual FDB fibre, as 

indicated by the green fluorescence signal when excited at 340 and 380 nm in both 

ionophoresed and bath loaded cells. The peripheral nuclei in healthy fibre were also visible 

under 380 nm excitation. Unlike the healthy fibre, the presence of central nuclei was found in 

the mdx fibre. It has been reported in many studies that the presence of central nuclei is 
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sometimes also accompanied by fibre branching, both gross morphological abnormalities are 

commonly seen in mdx muscle but are absent in age-matched LC mice (Blake et al., 2002; 

Chan et al., 2007b; Head et al., 1992). Head et al. (1992) reported that the appearance of 

malformed fibre can be observed in mdx mice aged as early as 3-15 weeks old. This was 

followed by a steady increase in the percentage of malformed fibres within the muscle after age 

16-84 weeks. The presence of central nuclei is proof that mdx fibre had undergone regeneration 

(Chan & Head, 2011; Head et al., 1992; Ontell et al., 1982; Schmalbruch, 1976). These 

regenerated fibres are more susceptible to injury when stimulated within the muscle fibre. Head 

(2010) demonstrated that the branched mdx fibre is damaged by fatiguing activation, causing a 

breakdown of Ca2+ homeostasis, and break at branch points when submaximally activated in 

skinned fibre experiments. Similar malformed muscle morphology such as branched fibres are 

also found in muscle from boys with DMD. If DMD patients and mdx mice shared similar 

pathogenesis in muscle degeneration, the gradual loss of muscle function in DMD patients, 

which is the common fate of these patients, is unavoidable (Bell & Conen, 1968; Schmalbruch, 

1984). 

 

5.4.3 Calcium transient in FDB fibres 

To induce calcium transient, a bipolar stimulating electrode was used to deliver voltage above 

the threshold for 1 ms at different frequencies for triggering fibre contraction. Upon 

stimulation, in contrast to the stimulation on brain slices, a sharp increase in fluorescent signal 

was observed immediately during the contraction or shortening of the fibre. This changing 

calcium was successfully detected using our imaging system and its fluorescence intensity was 

measured from the central portion of fibres using Image J. In the current optimisation study, the 

trend of amplitude of calcium transient follows the classical profile of those that was reported 

in Head (2010). It first showed a gradual increment with increasing stimulation frequency, 
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reaching its maximum at 25 Hz, after which it declines at the maximum stimulation frequency 

of 30 Hz. Similarly, these patterns of change in myoplasmic Ca2+ level were also observed 

when the fibre was stimulated to fatigue. Head (2010) reported that these alterations are 

generally due to the metabolic activities affecting the calcium regulation in the SR.  

 

In short, the calcium transients in FDB fibres were detected successfully using the current 

experimental setting. This indicates that the stimulating protocol and imaging tools were 

sensitive enough to measure changes in [Ca2+]i.  

 

5.5 Conclusion 

In summary, due to the limitations of Fura-2 AM as discussed in section 5.4.1, the preferred 

calcium indicator for further experiment is Fura-2 free acid. By using a different cell type (FDB 

fibres), it was confirmed that the stimulating protocol and imaging system are in optimum 

condition to capture the calcium changes. Whether there was a missed recording of calcium 

change in the brain slice due to the setup of current stimulation equipment and imaging system 

(i.e., slow image acquisition rate) was also being clarified using the muscle study. Indeed, 

calcium change in skeletal muscle is at least 10 times quicker than Purkinje neurons, with a 

duration range in milliseconds compared to seconds in Purkinje neurons (Head, 1993; 

Hollingworth et al., 2008; Inoue et al., 2001; Konnerth et al., 1992). Hence, to capture the clear 

calcium change in cerebellar Purkinje neurons, a better Fura-2 loading method is required for 

the homogenous distribution of dye not only in the cell body but also in the highly branched 

dendritic tree where it is going to be stimulated by the stimulating electrode. Alternatively, the 

details of Fura-2 diffusion with whole-cell patch-clamp electrode and more importantly the 

resting calcium level in Purkinje neurons will be presented in the next chapter. 
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Chapter 6. Electrophysiological properties and calcium signalling of 

cerebellar Purkinje cells in mature mdx mice 

6.1 Introduction 

A cognitive involvement has been reported in the mdx mice, a commonly used animal model 

for DMD (Anderson et al., 2002). As discussed in Chapter 1, (section 1.6.2), Vaillend and 

colleagues reported an impaired recognition memory and long-term spatial memory in the mdx 

mouse following training in a water maze (Vaillend et al., 2004). The authors suggested that 

the deficit in consolidation of long-term memory in dystrophic mice is due to altered synaptic 

plasticity, which is characterised by the abnormal enhancement of mdx hippocampal LTP. 

Similarly, an altered synaptic plasticity was also reported in the mdx cerebellum (Anderson et 

al., 2003; Kueh et al., 2011; Kueh et al., 2008). Dystrophin is normally expressed in the 

cerebellar Purkinje cell of normal WT mice but absent in the mdx mouse. The mechanisms 

underlying the alterations in cerebellar synaptic function are unclear. 

 

Brain dystrophins are mainly localised at the postsynaptic density of cortical and hippocampal 

pyramidal cells and cerebellar Purkinje cells (Knuesel et al., 1999; Lidov et al., 1990). Brain 

dystrophins together with the DAPC are thought to be associated with the maintenance and 

stabilisation of ion channels and receptors, which are essential to synaptogenesis and synaptic 

transmission (Perronnet & Vaillend, 2010). Immunocytochemical studies showed that 

dystrophin is co-localised with GABAAR clusters in the cerebral cortex, hippocampus, and 

cerebellum (Brunig, Suter, et al., 2002; Knuesel et al., 1999; Levi et al., 2002). The loss of 

dystrophin has been associated with a reduction in the number and size of GABAAR clusters 

containing α1 and α2 subunits in cerebellar and hippocampal neurons of the mdx mouse 

(Knuesel et al., 1999). This suggests that dystrophin is important in the regulation or 
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stabilisation of GABAAR clusters at inhibitory synapses. A study supporting this showed that, 

GABAAR clustering is restored in the hippocampus of the mdx mouse following dystrophin 

rescue with exon-skipping (Vaillend et al., 2010).  

 

In the cerebellum, full-length dystrophin is predominantly expressed at  the postsynaptic 

density of Purkinje cells (Lidov et al., 1990). The cerebellar Purkinje cell, which projects 

inhibitory signals to the vestibular and deep cerebellar nuclei, is the sole output from the 

cerebellar cortex impacting cerebellar-dependent behaviours (Kim et al., 2012; Massey & 

Bashir, 2007). Long term depression is the main form of synaptic plasticity in Purkinje cells. In 

mdx mice, the loss of dystrophin in the cerebellum results in altered synaptic functions. Earlier 

studies from our group have shown a decreased heterosynaptic LTD but enhanced 

homosynaptic LTD of synaptic transmissions in cerebellar Purkinje neurons (Anderson et al., 

2004; Anderson et al., 2010). In addition, other defects in neuronal activity have also been 

reported. Snow et al. (2014) demonstrated that the intrinsic electrophysiological properties of 

Purkinje cells in dissociated neurons from mdx mice were more hyperpolarised and fired more 

irregularly than those from WT mice. The firing frequency of these cells were also reduced. 

The altered intrinsic electrophysiological properties were found in dissociated neurons, 

however whether these changes were also happening in the in vitro cerebellar slice remains to 

be determined. Therefore, the first aim of this study is to investigate if the electrophysiological 

membrane properties and firing properties of mdx Purkinje cells were different from that of its 

LC in an acute cerebellar slice. The acute brain slice method is a powerful in vitro tool for the 

study of structural and functional characteristics of synapses, while maintaining functional 

connectivity and its relative homology to the intact brain.  
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In addition, another aim in this study is to measure the cytoplasmic calcium level and 

investigate the calcium handling properties in mdx Purkinje cells. It is known that in addition to 

the stabilising and structural roles played by dystrophin, another key role of dystrophin is the 

regulation of intracellular calcium homeostasis. The loss of dystrophin has been linked to a 

dysregulated [Ca2+]i level in muscles. An earlier report showed an elevation of [Ca2+]i by a 

factor of 2.4 in muscle biopsies taken from DMD patients when compared to control 

(Bodensteiner & Engel, 1978). Similarly, elevated resting cytoplasmic calcium level was also 

reported in mdx muscle fibre and in cultured dystrophic mouse and human muscle (Fong et al., 

1990; Mongini et al., 1988; Turner et al., 1988). The persistently high cytoplasmic calcium 

level is believed to be a consequence of dysregulated calcium release and calcium uptake by 

the SR, resulting in a reduced amplitude of AP-evoked calcium transient in the dystrophic cells 

(Bellinger et al., 2009; Hollingworth et al., 2008; Kargacin & Kargacin, 1996; Lovering et al., 

2009; Turner et al., 1988; Woods et al., 2004). This dysregulated calcium homeostasis impairs 

muscle function, subsequently results in progressive muscle weakness and eventual cell 

necrosis, which are the hallmarks of DMD muscle pathophysiology.  

 

The altered calcium homeostasis in DMD is not restricted to muscle cells and is also evident in 

the CNS. An early study in cultured mdx mouse cerebellar granule cell demonstrated an 

increase in resting [Ca2+]i (Hopf & Steinhardt, 1992). While the cerebellar granule cell does not 

normally express dystrophin, the cause of this increase in resting [Ca2+]i remains unknown. 

Moreover, neurons in other brain regions such as cortical and hippocampal neurons also 

showed a significant increase in resting [Ca2+]i in 3 and 6 months old mdx mice. This calcium 

elevation was shown to increase with age (Lopez et al., 2016). Remarkably, the cognitive 

functions of these mice improved after the high [Ca2+]i level was reversed using drugs which 

blocked the signalling molecules responsible for the increase in [Ca2+]i level. This indicates that 



147 

 

 

a tightly regulated [Ca2+]i level is necessary for normal cognitive function and further suggests 

that the cognitive impairment in mdx mice could be reversible when perturbed neuronal 

calcium ion levels are corrected (Lopez et al., 2016).  

 

Although [Ca2+]i levels have been reported in some mdx brain regions, to date, there is no study 

addressing the [Ca2+]i levels in cerebellar Purkinje cells. The level of [Ca2+]i  in Purkinje cells is 

very important as the synaptic signalling and the direction of synaptic plasticity are largely 

dependent on calcium ion level (Coesmans et al., 2004) (refer Chapter 1 section 1.6.3.2 for 

more details). As calcium ion plays an essential role in LTD induction (Konnerth et al., 1992; 

Wang et al., 2000), and the fact that LTD is altered in dystrophic mice (Anderson et al., 2004; 

Anderson et al., 2010), the study on the impacts of dystrophin deficiency on Purkinje cells 

calcium handlings properties is a major interest in this study. 

 

This chapter presents the results investigating the electrophysiological properties and [Ca2+]i 

level in Purkinje cells from mature mdx mice using a simultaneous whole-cell patch-clamp 

recording and ratiometric calcium imaging with the low affinity calcium indicator, Fura-FF.  

     

6.2 Method and materials 

6.2.1 Animals and brain slice preparations 

All experiments were carried out with approval from Western Sydney University Animal 

Ethics Committee and in compliance with the international guidelines on the care and use of 

experimental animals. Littermate control and mdx mice (average age 11-12 months old) were 

used.  
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6.2.1.1 Cerebellum brain slice preparation 

A detailed description on cerebellar brain slice preparation is provided in Chapter 2, section 

2.3. Briefly, mice were anesthetised with isoflurane and sacrificed by decapitation. The 

cerebellum was rapidly removed and transferred to ice-cold cutting aCSF. Cerebellar slices 

(250 µm) were made using a vibroslicer (Leica VT1200S, Leica Microsystems) and 

immediately transferred into a holding chamber containing HEPES buffered aCSF, 

continuously bubbled with carbogen (95% O2 and 5% CO2) until used for experiment. 

 

6.2.2 Electrophysiological recording and data measurements 

The detailed method for whole-cell patch-clamp recording on Purkinje cells is described in 

Chapter 2, section 2.4. Briefly, only Purkinje cells with a seal resistance of at least 1 GΩ were 

proceeded to obtain a whole cell mode. Prior to recordings and if needed, upon achieving 

whole cell configuration, neurons were held at -70 mV to improve the quality of the seal. 

Neurons with holding current greater than -200 pA were excluded from the recording. 

Electrophysiological recordings commenced approximately 5 minutes after obtaining whole-

cell configuration to allow the cell to stabilise. Under current-clamp mode and without any 

holding current, both passive (i.e. resting membrane potential, input resistance) and active 

membrane properties [i.e. rheobase current, action potential (AP) amplitude, time at half-width 

of the AP, 10-90% rise time (ms) and slope (mV/ms), 90-10% decay time (ms) and slope 

(mV/ms)] were recorded. To calculate the input resistance, cells were subjected to 

hyperpolarising and depolarising currents (-50 pA to 50 pA for 500 ms, in 10 pA steps). The 

linear fitting of the membrane voltage changes in response to current injections (i.e. the slope 

of V-I curve) was used to calculate the input resistance of the cell. To determine the rheobase 

current, the minimum current magnitude required to elicit the first full AP, cells were injected 

with depolarising current steps in 30 pA (50 ms) increments. The AP amplitude produced at 
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rheobase current was measured as the difference between the threshold voltage and the peak. 

The amplitude of fast AP afterhyperpolarisation (AHP) was measured as the difference 

between the AP threshold and the negative peak of the AP. Action potential firing properties of 

Purkinje cells were measured by injecting depolarising currents from 100 pA to 1000 pA with 

increments of 100 pA of 500 ms duration with a step interval of 4 s. The membrane properties 

and AP firing patterns between mdx and LC mice were compared. 

  

6.2.3 Calcium imaging 

6.2.3.1 Loading cells with Fura-FF (Diffusion via patch electrode)  

The details for Fura-FF pentapotassium salt loading in Purkinje cells are described in detail in 

Chapter 2, section 2.5.3. Briefly, microelectrodes were fabricated from borosilicate glass 

(Warner’s instrument) and fire polished to give a resistance between 3 and 5 MΩ when filled 

with an internal solution containing in mM: 130 K-gluconate, 10 Na-gluconate, 4 NaCl, 2 Mg-

ATP, 0.3 Na-GTP (290-300 mOsm; pH 7.2) and 0.3 mM Fura-FF (AAT Bioquest, Carlifornia, 

USA). Whole-cell patch was achieved, and Fura-FF was allowed to diffuse from a patch-

electrode into the cell for 20-30 minutes. The low affinity Fura-FF calcium indicator was used 

instead of high affinity Fura-2 (refer to Chapter 5) because the low affinity dye has higher 

calcium dissociation constant than Fura-2 [Kd(calcium) = 6 and 0.14 µM, respectively] and is 

favoured for studying calcium changes in the dendrites and spines which have relatively low 

calcium buffering capacities (Aponte et al., 2008; Canepari et al., 2008; Grynkiewicz et al., 

1985; Hyrc et al., 2000). Moreover, the low affinity Fura-FF shows immediate Ca2+ transient 

after the onset of PF stimulation whereas the high affinity dye shows a delay onset of Ca2+ 

increase after the onset of PF stimulation (Kuruma et al., 2003).  
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6.2.3.2 Calcium signal imaging and fluorescent measurement 

The details for calcium imaging and fluorescent measurement have been described in Chapter 

2, section 2.5.4. Briefly, Purkinje cells filled with Fura-FF were excited at 340 and 380 nm. 

High-speed fluorescence measurements were made using a EMCCD camera (Andor iXon, 

Molecular Devices, California, USA). Changes in fluorescence were analysed using Image J/ 

Fiji software (http://fiji.sc/Fiji) (Schindelin et al., 2012). To determine calcium changes during 

synaptic activation of Purkinje cells, depolarisation of Purkinje cell distal dendrites was evoked 

by stimulation of PF input. Local stimulation of presynaptic fibres was carried out with a theta 

electrode filled with extracellular solution (i.e. aCSF) positioned in the PF layer that showed 

clear fluorescence signal. Stimulation at threshold voltage, at 50 Hz, 0.5 second was delivered 

using an isolated pulse stimulator model 2100 (A-M Systems, Washington, USA). For Ca2+ 

measurements, the 340/380 pair images were acquired at 10 frames per second for 10 seconds. 

Resting 340/380 ratio were estimated using the average 340/380 ratio from the first 20 frames.  

The background fluorescence was subtracted for the measurement done in the distal dendrites 

for both resting calcium level and calcium change during the stimulation.  

 

6.2.4 Data analysis 

Statistical analysis on group data was performed with Prism 8 (GraphPad Software, SanDiego 

California USA). All data are presented as mean ± SEM unless otherwise stated. All statistical 

significance was taken as p<0.05 using two-tailed student unpaired t-test and one way-

ANOVA. 
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6.3 Results 

6.3.1 Membrane properties of Purkinje cells 

Upon achieving whole-cell mode and establishment of a stable baseline (within the first 10 to 

60 seconds in whole-cell mode), the passive membrane properties (i.e. resting membrane 

potential and input resistance) of Purkinje cells were recorded (Figure 6.1). The average resting 

membrane potential of mdx Purkinje cells (-55.12 ± 1.03 mV, n=19 cells) was not significantly 

different (p=0.3800, student unpaired t-test) from LC Purkinje cells (-57.29 ± 1.49 mV, n=14 

cells) (Figure 6.1 A). Note that, the banded in appearance of the resting membrane potential in 

Figure 6.1A was not resulted from the ingroup variability in the resting membrane potential 

related to the different slices. Each band in both LC and mdx groups constituted resting 

membrane potentials from different brain slices. About one to three resting membrane 

potentials were recorded per animal. Resting membrane potentials in LC mice ranged between 

-52 mV to -67mV whereas it was ranged between -48 mV to -69 mV in mdx mice. Similar to 

the resting membrane potential, there was no difference in the input resistance (a combination 

of pipette resistance (3-6 MΩ) and membrane resistance) between these two genotypes 

(mdx=121.10 ± 15.87 MΩ; LC= 132.1 ± 21.2 MΩ, p=0.6715, student unpaired t-test) (Figure 

6.1 B).  The input resistance of each cell was calculated using the slope of V-I curves, in which 

the membrane potentials was plotted against the injected current steps (-50 to + 50 pA for 500 

ms, in 10 pA steps) (Figure 6.2).  
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Figure 6.1 Passive membrane properties of mdx Purkinje cells were unaltered compared 

to LC Purkinje cells. 

The passive membrane properties of mdx cells were similar to those in LC cells. (A) Resting 

membrane potential of LC cells was on average -57.29 ± 1.49mV while mdx cell was -55.12 ± 

1.03 mV, p=0.3800, student unpaired t-test. (B) Input resistance of LC cells was on average 

132.1 ± 21.2 MΩ while mdx cells was 121.0 ± 15.87 MΩ, p=0.6715, student unpaired t-test. 

Error bars are mean ± SEM. 
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Next, to measure the active membrane properties of Purkinje cells, an action potential was 

triggered with the rheobase current. Rheobase current, the minimal current required for 

eliciting the first full AP, was determined by injecting depolarising currents of 30 pA steps for 

50 ms (Figure 6.3 A).  The detailed analyses of the active membrane properties of AP triggered 

at rheobase current were also depicted in Figure 6.3 B. The average rheobase current of mdx 

cells was 252.90 ± 52.00 pA and was not significantly different from LC cells (231.5 ± 44.36 

pA) (Figure 6.4 A). However, the average AP amplitude of mdx cells (39.48 ± 2.15 mV) was 

significantly reduced compared to LC cells (47.43 ± 3.13 mV), p< 0.05 (Figure 6.4 B). In 

addition, the average 10-90% rise time and slope were significantly longer and less steep in 

mdx mice (0.61 ± 0.06 ms, 61.05 ± 7.38 mV/ms, respectively) when compared to LC (0.44 ± 

0.02 ms, 90.99 ± 9.00 mV/ms, respectively), p< 0.05 (Figure 6.4 C &D). The half width, 90-

10% decay time and slope of AP were also measured and there were no significant difference 

between the two genotypes (Figure 6.4 E-G). A summary for both passive and active 

membrane properties of the recorded Purkinje cells is shown in Table 6.1. 
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Figure 6.3 An action potential triggered by the rheobase current. 

(A) Top trace:  Action potential triggered by rheobase current in a Purkinje cell (left, LC; right, 

mdx). Bottom traces correspond to current command patterns. (B) Trace of an AP. The AP 

amplitude is measured as the voltage difference between the threshold voltage and the peak. AP 

half-width is measured as the AP duration at half-maximal spike amplitude. Fast AHP 

amplitude was measured as the difference between the peak hyperpolarization and the spike 

threshold voltage.  
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Figure 6.4 Alterations of active membrane properties in mdx Purkinje cells. 

(A) Rheobase current of mdx cells was not significantly different from LC cells (LC 231.5 ± 

44.36 pA; mdx 252.90 ± 52.00 pA). (B) Action potential amplitude of mdx cells (39.48 ± 2.15 

mV) was on average significantly lower than LC cells (47.43 ± 3.13mV), *p<0.05. (C) 10-90% 

rise time and (D) 10-90% rise slope of AP in mdx cells were significantly different from LC 

cells (10-90% rise time: LC 0.44 ± 0.02 ms; mdx 0.61 ± 0.06 ms, *p<0.05; 10-90% rise slope: 

LC 90.99 ± 9.00 mV/ms; mdx 61.05 ± 7.38 mV/ms, *p< 0.05). (E) 90-10% decay time and (F) 

90-10% decay slope of AP in mdx cells were not significantly different from LC cells (90-10% 

decay time: LC 0.74 ± 0.06 ms; mdx 0.71 ± 0.06 ms; 90-10% decay slope: LC -56.63 ± 7.49 

mV/ms; mdx -49.85 ± 5.19 mV/ms). Error bars were mean ± SEM.  
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Figure 6.5 Sample traces of action potentials in Purkinje cells from mdx and LC mice. 

Two pairs of AP recordings showed lower AP peaks and longer rise time in mdx Purkinje cells 

compared to LC cells. The AP AHP amplitudes in mdx cells, on average, were not significantly 

different from LC cells. In these examples, note that the AP AHP amplitudes in mdx cells were 

larger than LC cells. 
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Figure 6.6 Properties of AHP triggered at rheobase current in Purkinje cells of mdx and 

LC mice. 

(A) Amplitude of fast AHP in mdx mice (5.43 ± 1.16 mV) was not significantly different 

compared to LC mice (2.88 ± 1.00 mV), p=0.1668. (B) Time to fast AHP in mdx mice (0.68 ± 

0.07ms) was not significantly different compared to LC mice (0.47 ± 0.08 ms), p=0.0567. (C) 

Half-height recovery time of fast AHP in mdx mice (2.69 ± 0.43ms) was not significantly 

different compared to LC mice (1.42 ± 0.34 ms), p=0.0655. Each point represents the value for 

a cell, and the bars represent the mean ± SEM. Significant level was set at p<0.05 with student 

unpaired t-test. Note scales of Y-axes were differ in each graph. 
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6.3.2 Action potential firing patterns  

Next, the AP firing patterns induced by depolarising current pulses was recorded. Depolarising 

pulses (500 ms, 100 pA to 1000 pA) were delivered to Purkinje cells using the patch electrode. 

Following this stimulation protocol, two types of firing patterns were identified in Purkinje 

cells for both genotypes. For tonic firing neurons, the firing rate of AP in both mdx and LC 

mice increased initially with increased current but started to decrease after a current injection of 

400 pA (Figure 6.7 A). These phenomena were observed in 27.27% LC cells (3 out of 11 cells), 

and 33.33% mdx cells (3 out of 9 cells) (see Table 6.2). On the other hand, 72.73% LC cells (8 

out of 11 cells) and 66.67% mdx cells (3 out of 9 cells) were identified as the initial bursting 

neurons. These neurons only increased from 1 to 5 spikes when stimulated with depolarising 

pulses that were above the threshold and remained the same until the last stimulation of 1000 

pA (Figure 6.7 B & Table 6.3). The average spike count for the two firing patterns (tonic and 

initial bursting) in both genotypes are shown in Figure 6.8 A and Figure 6.8 B respectively.  
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Figure 6.7 Action potential firing patterns induced by depolarising current pulse in mdx 

and LC Purkinje cells. 

A) Tonic firing neurons first showed an increase rate (from 12 to 24 spikes with progressively 

increased stimulus strength from 200 pA to 400 pA in LC; from 15 to 24 spikes with 

progressively increased stimulus strength from 200 pA to 300 pA in mdx) follow by a decrease 

rate with increased stimulus strength in both animal groups. (B) Initial bursting pattern was 

observed in most of the recorded cells in both animal groups. 
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Next, several membrane properties of Purkinje cells with different types of AP firing patterns 

were compared between mdx and LC cells to see if the membrane properties were affected by 

the absence of dystrophin. Figure 6.9 showed that all the membrane properties including the 

input resistance (Figure 6.9 A & B), rheobase current (Figure 6.9 C & D), AP amplitude 

(Figure 6.9 E & F), 10-90% rise time (Figure 6.9 G & H), 10-90% rise slope (Figure 6.9 I & J), 

90-10% decay time (Figure 6.9 K & L), 90-10% decay slope (Figure 6.9 M & N), and AHP 

amplitude (Figure 6.9 O & P) in mdx Purkinje cells with both types of firing patterns were not 

significantly different from the LC Purkinje cells. A detailed summary of the membrane 

properties for both tonic firing and initial bursting Purkinje cells of mdx and LC animals is 

shown in Table 6.4 and Table 6.5, respectively 
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Figure 6.9 Passive and active membrane properties of tonic firing and initial bursting in 

the mdx Purkinje cells were not significantly different from the LC Purkinje cells. 

There was no significant difference in passive (A-B Input resistance) and active membrane 

properties (C-D Rheobase current; E-F Action potential amplitude; G-H 10-90% rise time; I-J 

10-90% rise slope; K-L 90-10% decay time; M-N 90-10% decay slope; O-P Fast AHP 

amplitude) between mdx and LC animals for both tonic firing and initial bursting Purkinje cell 

types.  Each point represents the data from an individual cell. The mean and SEM are displayed 

in each graph. 
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6.3.3 Calcium imaging in mdx and LC Purkinje cells  

To determine [Ca2+]i level in Purkinje cell, cells were filled with a ratiometric fluorescent 

calcium indicator, Fura-FF using a patch electrode. The increase or decrease in the fluorescent 

intensity of the signal reveals alteration in [Ca2+]i level. The optimum excitation wavelength 

changes after the binding of Ca2+ to this ratiometric indicator. When [Ca2+]i level is low, the 

Ca2+-free form of Fura-FF has a peak excitation wavelength at 380 nm whereas when [Ca2+]i 

level is high, the peak excitation wavelength for Ca2+-bound Fura-FF is at 340 nm. In this 

experiment, when the Purkinje cell was at rest, it showed the brightest fluorescent signal when 

excited at 380 nm and a low 340/380 ratio image. This indicates a low [Ca2+]i level (Figure 

6.10). The morphology of the Purkinje cell can be seen clearly in the 340/380 ratio image, i.e. 

Purkinje cell body with a diameter of ~20 µm and an elaborate dendritic arborizations.             

 

Next, in order to determine the [Ca2+]i level in various parts of the Purkinje cell, regions of 

interest were drawn on the fluorescent cells using Image J/Fiji software. Fluorescent intensity 

was measured, and the data was plotted and analysed using GraphPad PRISM 8. A total of 17 

mdx cells and 13 LC cells were analysed. In these cells, the soma of mdx mice (0.20 ± 0.01) 

showed a significantly higher average resting ratio (340/380) compared to LC (0.17 ± 0.01), p= 

0.0295 (mean ± SEM, student unpaired t-test), indicating a higher resting [Ca2+]i in mdx 

Purkinje soma (Figure 6.11 A). However, the average ratio (340/380) in the distal dendrites 

was not significantly different between both genotypes (mdx (0.19 ± 0.01; LC 0.22 ± 0.02, 

p=0.1978) (Figure 6.11 B). Overall, the loss of dystrophin has led to an altered calcium 

homeostasis in mdx Purkinje cell, in particular the resting [Ca2+]i in the mdx mouse was 

significantly elevated in the cell soma.  
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Figure 6.10 Fluorescent and ratio images of Fura-FF loaded LC Purkinje cell at rest, 

excited at 340 and 380 nm. 

Fura-FF (300µM) was added in the internal solution and loaded into the cell using a patch 

clamp pipette. When at rest, the fluorescent intensity is brightest at (left) 380 nm but dimmer at 

(middle) 340 nm, giving a (right) low ratio (340/380) image. Colour bar indicates the scale of 

pseudocolour images (warmer colours for greater changes in fluorescence). Scale bar 

represents 20 µM at 40X magnification.  
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Figure 6.11 Intracellular resting calcium levels in mdx Purkinje cell were significantly 

altered compared to LC cells.  

Resting [Ca2+]i level was measured at various regions in Purkinje cells of mdx (n= 17 cells) and 

LC (n=13 cells). (A) The mean resting calcium ratio of Purkinje cell body in mdx (0.20 ± 0.01) 

was significantly increased when compared to LC (0.17 ± 0.01) (p= 0.0295, student unpaired t-

test). However, (B) the distal dendritic [Ca2+]i levels were not significantly different between 

the two groups (LC, 0.22 ± 0.02; mdx 0.19 ± 0.01, p=0.1978 student unpaired t-test). The 

points represent the value (340/380 ratio) for each cell, and bars indicate mean ± SEM. 

Significance level was set at p<0.05 with student unpaired t-test. 
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It is known that normal Purkinje cells receive more than 100,000 PF connections on their 

extensive dendritic arbors in the molecular layer (Braitenberg & Atwood, 1958; Palay & Chan-

Palay, 2012). When Purkinje cells PF are stimulated, it results in the accumulation of calcium 

in Purkinje cells through Ca2+ influx via VGCCs or Ca2+ release from intracellular stores 

regulated by the activation of InsP3 receptors (Finch & Augustine, 1998; Hartell, 1996; Takechi 

et al., 1998). While the resting calcium in mdx Purkinje cell soma was significantly increased, 

whether there was also a change in calcium handling properties in mdx Purkinje cells dendrites 

remained unclear. To examine this, a stimulating electrode was positioned over the Fura-FF 

filled distal dendrites where they are highly synapsed with PF in the molecular layer. Using a 

theta electrode, small voltage stimulations (50 Hz for 0.5 second) were delivered to the PF until 

threshold was reached, i.e. the first fluorescence signal change or the first calcium change was 

captured by the EMCCD camera. In Figure 6.12, the regions of interest on the 340/380 ratio 

images of the Purkinje cells in LC (Figure 6.12 A) and in mdx mice (Figure 6.12 B) are 

indicated by the dark circle, where the theta electrode was placed nearby. The dendritic calcium 

change in response to stimulation during stimulation is depicted in Figure 6.13. Upon 

stimulation, the average ratio (340/380) in dendrites of mdx mice was increased significantly 

compared to the baseline ratio (prior to stimulation ratio 0.14 ± 0.02; during stimulation ratio 

0.18 ± 0.052, p= 0.0128). Following stimulation, the [Ca2+]i returned to near baseline level 

(post stimulation ratio 0.13 ± 0.02) (Figure 6.13 A). Similar trends in dendritic calcium changes 

were also seen in LC, however, compared to baseline levels (prior to stimulation ratio 0.15 ± 

0.02; during stimulation ratio 0.20 ± 0.04, p= 0.0522) increase in [Ca2+]i was not significant 

(Figure 6.13 B).  
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Figure 6.12 Regions of interest for the measurements of dendritic calcium change in 

Fura-FF filled Purkinje cells of LC and mdx mice.  

Purkinje cells from (A) LC and (B) mdx mice (n=6 animals for each genotype) were filled with 

0.3 mM Fura-FF using a patch electrode. Threshold voltage (50 Hz for 0.5 second) was 

delivered via a theta electrode to stimulate the parallel fibres. Calcium change in the regions of 

interest (i.e. the black circle on each cell) upon stimulation was determined by a change in the 

fluorescence intensity (340/380 ratio). Colour bar indicates the scale of pseudocolour images 

(warmer colours for greater changes in fluorescence). Scale bar represents 20 µM at 40X 

magnification. 
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Next, to determine if the PF-evoked Ca2+ accumulation in dendrites was impacted by 

dystrophin deficiency, the calcium change in fluorescence intensity relative to the resting 

fluorescence intensity (∆F/F (340/380)) in mdx Purkinje cells was compared with the ∆F/F 

(340/380) in LC Purkinje cells (Figure 6.14). No significant difference was found in the mean 

∆F/F (340/380) between the two groups (LC, 0.052 ± 0.015; mdx, 0.045 ± 0.008; p=0.6948, 

student unpaired t-test). This indicates that the PF-evoked Ca2+ accumulation of mdx mice was 

similar to that in LC mice. It is important to point out that the current calcium changes were 

related to the threshold voltage stimulation used. Greater calcium change such as mean ∆F/F 

(340/380) of 0.10 could sometimes be observed when the cells were stimulated with a stronger 

stimulus (i.e. voltages that passed the threshold) or repeated stimuli. Although there was no 

significant difference in the level of PF-evoked calcium change between mdx and LC dendrites 

when using threshold voltage, LC cells could tolerate ∆F/F (340/380) of between 0.03-0.12 

whereas mdx cells could only tolerate between 0.03-0.08, when stronger stimuli were given. 

When the calcium changes had exceeded these range, the cells were usually highly depolarised, 

and the recovery from high calcium levels to resting calcium levels was not possible, leading to 

the termination of the experiment/data collection. Overall, these results indicate that there was 

no significance difference in the PF-evoked Ca2+ accumulations in the dendrites of Purkinje 

cells between mdx and LC mice when using the threshold voltage stimulation. Nevertheless, 

mdx cells tended to have a smaller range of calcium change when compared to LC cells, 

following the application of stronger stimuli. 
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Figure 6.14 The change in calcium level (∆F/F) at Purkinje dendrites of LC (n=6 cells) 

and mdx (6 cells). 

The change in intensity is denoted as ∆F/F, which is the change in fluorescence intensity 

relative to the resting fluorescence intensity. ∆F/F (340/380 ratio) was calculated based on the 

equation (Maximum 340/380 ratio-Average baseline)/(Average baseline). There was no 

significant difference between the mean ∆F/F (340/380 ratio) in both animal groups (LC, 0.052 

± 0.015; mdx, 0.045 ± 0.008) (p=0.6948, student unpaired t-test).  
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6.4 Discussion 

6.4.1 Electrophysiological properties of mdx Purkinje cell 

This study investigated the impact of the absence of dystrophin on the intrinsic 

electrophysiological properties of neurons, in particular the membrane properties of cerebellar 

Purkinje cells in mature mdx mice (11-12 months old). This age group was selected as there 

was evidence of significant behavioural alterations and biochemical aberrations in older mdx 

mice (>6 months), matching the findings in the cerebellum of boys with DMD, where brain 

biochemistry was significantly altered in older DMD boys (Rae et al., 1998).  

 

The passive membrane properties (resting membrane potential and input resistance) of mdx 

Purkinje cells were similar to that of its age-matched LC. Excitable membrane behaves like a 

simple electrical circuit, in which the ion channels are the resistors and the membrane is the 

capacitor. Input resistance of a neuron may indicate its overall conductance across the 

membrane, and it fluctuates in response to neuronal size, shape and resting membrane 

conductance (Kim et al., 2012). McKay and Turner (2005) showed that the input resistance of 

Purkinje cells decreased dramatically from 1400 ± 200 MΩ to 250 ±24 MΩ (~ 6-fold drop) 

over the first 9 postnatal days, when the somatic and dendritic tree sizes progressively 

increased over the developmental period. The current study showed that the input resistance in 

mdx mice was not significantly different from the LC mice. This indicates that the neuronal 

size and shape, or resting conductance in mdx mice may be similar to that in LC, implying that 

dystrophin deficiency may not have significant impacts on Purkinje somatic and dendritic sizes 

and shapes, as well as the functions of ion channels during resting state. In line with the input 

resistance result, the resting membrane potentials in mdx mice (-55.12 ± 1.03 mV) were also 

very similar to that in LC (-57.29 ± 1.49 mV). This result is consistent with the findings in 
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several earlier studies. Anderson and colleagues found no significant difference in resting 

membrane potential between mdx and WT Purkinje cells (3-month old) while another group 

also reported similar resting membrane potential in mdx and WT hippocampal CA1 pyramidal 

neurons (30-45 days)  (Anderson et al., 2003; Anderson et al., 2010; Graciotti et al., 2008).  

 

Next, to understand how dystrophin deficiency affects Purkinje cell excitability, several 

parameters of the neuronal response to current injection (i.e. active membrane properties) in 

mdx Purkinje cells were analysed. Firstly, the membrane excitability can be calculated using 

the formula of  1/rhoebase (Fleshman et al., 1981). Rheobase is an index of excitability, which 

is defined as the minimum current needed for triggering at least one AP (Jack et al., 1975). 

Increasing current steps in 30 pA increments (500 ms square wave) are injected into Purkinje 

cells and the current responsible for the first voltage response was used to estimate the 

rheobase. The results showed that the current thresholds for eliciting an AP in Purkinje cell 

were similar between mdx and LC mice, indicating that the membrane excitability of mdx 

Purkinje cells is preserved and was not impacted by dystrophin deficiency. This finding is 

different from the findings in mdx muscle, where the absence of dystrophin led to a significant 

reduction in muscle excitability which in turn increased the susceptibility to contraction-

induced muscle injury in these mice (Roy et al., 2016). The authors reported that the voltage 

required to elicit 50% of maximal force was significantly increased in response to direct muscle 

stimulation in the tibialis anterior muscle of mdx mice. They suggested that the increased 

threshold for AP generation is an indication of reduced muscle excitability.   

 

Despite the unchanged rheobase, the amplitude of the first spike elicited by rheobasic 

stimulation in mdx Purkinje cells was significantly lower than LC cells. The magnitude of the 

AP amplitude is regulated by sodium channel. During membrane depolarisation, the voltage-
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gated sodium channels open, allowing the entry of sodium ions into the cell, further raising the 

cell membrane potential (depolarisation). Repolarisation, which happens immediately after 

depolarisation, is due to the inactivation of voltage-gated sodium channels. During the 

inactivation, sodium ion channel closes and the permeability to sodium ions decreases, 

returning the membrane potential to its resting state. The importance of sodium channels in the 

AP amplitude is well demonstrated by Ogiwara et al. (2007), in which mice with impaired 

sodium channel function as a result of Scn1a (sodium channel gene encoding Nav1.1) 

mutations had a reduced spike amplitude in the trains of evoked APs in the parvalbumin-

positive interneurons located at the neocortex. More importantly, the loss of sodium channel 

function followed by a reduced sodium current resulted in a significant decrease in AP 

amplitude in cardiomyocytes of 4-6 months old dystrophic mice (Koenig et al., 2011). Taken 

together, the reduced AP amplitudes in mdx Purkinje cell may reflect a change in normal 

sodium channel function as a consequence of dystrophin deficiency. 

 

In addition, a significant increase in the 10-90% rise time and a significant decrease in the 10-

90% rise slope (mV/ms) of AP in mdx mice were found. This result is consistent with earlier 

findings from our group, which also showed a trend towards an increase in the 10-90% rise 

time of evoked EPSP in the 3- month old mdx Purkinje cells when compared to wildtype cells, 

although this was not statistically significant (Anderson et al., 2004; Anderson et al., 2010). A 

similar study in malformed mdx myofibers also showed a 158.3% increase in AP time to peak 

(Hernandez-Ochoa et al., 2015). The 10-90% rise time of an AP represents the time it takes to 

transition from 10% to 90% of the peak amplitude. This represents how quickly the activated 

receptors go from low to high ionic permeability while the rise slope describes the rate of 

voltage change. The decreased rise slope might reflect a difference in density of sodium 

channel expression or level of regulation of sodium channel activity by second-messenger-
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regulated protein phosphorylation (Cantrell & Catterall, 2001; Kim et al., 2012). Khaliq and 

Raman (2006) reported a decreased rise slope of Purkinje cells AP when the availability of 

perisomatic sodium channel was reduced by focal application of subsaturating concentration of 

TTX, a sodium channel blocker. These findings of a reduced amplitude and rise slope of AP in 

mdx Purkinje cells suggest that dystrophin deficiency might be associated with an altered 

sodium channel availability or function.   

 

Afterhyperpolarisation occurs after the AP and it is generated by the voltage dependent 

potassium conductance activated during the spike, which rapidly hyperpolarises the membrane 

then deactivates slowly over 10 ms (Bean, 2007). Interestingly, using peak hyperpolarisation 

relative to spike threshold as an index for AHP amplitude, the amplitude of AHP following the 

first spike elicited by rheobasic stimulation in mdx Purkinje cells was found on average 88.5% 

higher than its LC. However, this increased in AHP amplitude was not significantly different 

from that of its LC. This increment in AHP was also accompanied by a tendency for an 

increase in both the time to AHP and half-height recovery time. It has been well established 

that the duration and actual depth of AHP could be regulated by the calcium-activated 

potassium channels (Han et al., 2015). Several studies have shown that potassium channels 

including large conductance calcium-activated potassium channels (BK channels), small 

conductance calcium-activated potassium channels (SK channels), and voltage-gated potassium 

channels 7 (Kv 7) underlie AHP activation (Bond et al., 2004; Edgerton & Reinhart, 2003; 

Lawrence et al., 2006; Storm, 1987). In particular, the BK channels in Purkinje cells are 

coupled with P/Q type calcium channels and are activated by depolarisation and calcium influx 

during APs, playing an important role in AP repolarisation and AHP (Bock & Stuart, 2016; 

Edgerton & Reinhart, 2003; Raman & Bean, 1999; Sausbier et al., 2004). Blocking of the BK 

channel using iberiotoxin in rat Purkinje neurons showed significantly reduced AHP amplitude 
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without having any impact on the spike width at half amplitude. This demonstrated the 

involvement of BK channels in shaping the AHP waveform (Edgerton & Reinhart, 2003). 

Interestingly, it was also suggested that the BK channel activity could affect the induction of 

LTD at parallel fibre-Purkinje cell synapse possibly through its role in regulating the amount of 

Ca2+ influx that accompanies each climbing fibre-evoked spike (Edgerton & Reinhart, 2003; 

Ito, 1989). Taken together, given the fact that the reduced LTD was found in 3-month-old mdx 

Purkinje cells when compared to its WT controls (Anderson et al., 2004), and potentially 

altered BK channel function in dystrophic Purkinje cells due to the trend of an increase 

amplitude in mdx AHP as seen here (although no significant difference was found), further 

study on channel function in dystrophic animals is essential to clarify if they are associated 

with the altered synaptic depression (LTD) in mdx mice. 

 

6.4.2 Action potential firing patterns of mdx Purkinje cell 

Earlier studies have identified four types of AP firing patterns in Purkinje cells from acute brain 

slices, reflecting differences in the input-output functions of these cells. Firing patterns include 

tonic firing, complex bursting, initial bursting and gap firing (Edgerton & Reinhart, 2003; 

Kalume et al., 2007; Kim et al., 2012; Nelson et al., 2003). The current study identified two 

populations of Purkinje cells with distinct firing patterns when 500 ms depolarising current 

injections were given in both mdx and LC cerebellar slices. The tonic firing Purkinje cells, 

which is depicted by continued discharge of APs in response to depolarising current injections 

is shown in Figure 6.7 A. It was reported that tonic firing cells were able to fire at low firing 

rate in response to mild depolarisation and linearly increasing this response with greater 

stimulus intensity and eventually cease firing in response to stronger stimulation (Prescott & 

De Koninck, 2002). This firing pattern was also reported in a study with P21-P23 Sprague-

Dawley rats by Kim and colleagues (2012). The authors, showed that tonic firing cells 
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displayed greater firing frequency in response to growing current intensity until Na+ spike 

failure occurred (Kim et al., 2012).  

 

In the current study, the membrane properties of tonic firing Purkinje cells in the mdx mice 

were not significantly different from LC cells (Table 6.4). The average AP amplitude and AP 

AHP amplitude in mdx group tended to be lower and higher respectively, when compared to 

the LC group. However, these differences were not statistically significant. This may be due the 

small number of cells displaying tonic firing for both genotypes. Only 3 out of 9 recorded mdx 

cells and 3 out of 11 recorded LC cells were identified as tonic firing neurons. In these tonic 

firing neurons, the numbers of spikes varied within the same animal group when they were 

stimulated using the same stimulus strength (Table 6.2). This was because cells with higher 

input resistance (LC2: 244 MΩ; mdx1: 228 MΩ, mdx 2: 233 MΩ) were able to start firing at 

depolarising current injection as low as 100 pA, whereas cells with lower input resistance 

(LC1: 40 MΩ, LC3: 28 MΩ; mdx3: 47 MΩ) only started to fire at 500 pA.  

 

Input resistance of a cell is affected by the cell size and the number of open ion channels 

(Chang et al., 2005). Increase cell size and the number of open ion channels will result in a 

lower input resistance and require more current injection to induce voltage changes according 

to Ohm’s law (V=IR). Taken together, the current finding of different input resistances in the 

tonic firing neurons may imply that the recorded Purkinje cells varied in size. This is possible 

as current recording from Purkinje cells were performed randomly on different folia in the 

cerebellar vermis. Indeed, regional differences in the diameter of Purkinje cell axons and in the 

morphology of the dendritic trees had been reported in Purkinje cells located in the base 

compared with the apex of a folium (Cerminara et al., 2015; Nedelescu & Abdelhack, 2013). 

Remarkably, a significant higher input resistance was reported in tonic firing Purkinje cells 
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located in cerebellar vermis lobule III-V as compared to those in lobule X (Kim et al., 2012). In 

short, no significant difference was found in the membrane properties of tonic firing cells 

between the mdx and LC groups and this may be attributed to the small n numbers found in 

tonic firing neurons. The differences in the spike numbers seen in the tonic firing neurons may 

be due to the different input resistance of each cell and the differences in input resistance may 

be explained by the regional variations in Purkinje cell size and morphology.    

 

The second type of discharge patterns found in this study was the initial bursting firing pattern. 

This type of firing pattern was also demonstrated in both mdx and LC mice (Figure 6.7 B). 

When compared with the first spike, the successive spikes of initial bursting neurons were 

found to have lower AP amplitude and higher AP threshold. Similar to the tonic firing Purkinje 

cells, no significant difference was found in the membrane properties of the initial bursting 

cells between mdx (n=6 cells) and LC (n=8 cells) groups (Table 6.5) although a tendency 

towards a longer 10-90% rise time or smaller 10-90% rise slope was found in the mdx group 

when compared to the LC group. Together with the tonic firing group, the significant 

differences reported for the membrane properties (AP amplitude, 10-90% rise time and rise 

slope) in all Purkinje cells in section 6.3.1 were not seen in the initial bursting cells between 

mdx and LC. This could be due to a smaller n number that was generated for each group when 

the cells were further categorised into the tonic firing and initial bursting groups.  

 

Studies in Purkinje cells from acute slice preparation as well as from organotypic cerebellar 

slice culture showed that the initial bursting neurons are characterised as those that fired once 

or only a few spikes at the start of the depolarising current and then stayed silent during the rest 

of the current pulse stimulus (Cavelier et al., 2002; Kim et al., 2012; Pouille et al., 2000). 

These neurons were incapable of firing at steady state, discharging only transient AP followed 
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by a long plateau potential. An unstable equilibrium state had been proposed as the mechanism 

that underlies this long plateau potential. Llinas and Sugimori (1980b) suggested that at least 

three simultaneously occurring voltage-dependence conductance were involved in this state, 

namely, a non-inactivating Na+ conductance, a non-inactivating K+ conductance and a 

dominant Ca2+-dependent component. In addition to Llinas and Sugimori (1980b), Kim et al. 

(2012) showed that A-type K+ currents (IA) exert an effect on the formation of the initial 

bursting pattern in Purkinje cells. This is evident by the recovery of repetitive firing of rat 

Purkinje cell induced by depolarising current injection when the potassium channel blocker 4-

aminopyridine was added to the bath. Additionally, rapid inactivation of fast Na+ current may 

account for the generation of the initial bursting pattern as evidence of decreasing spike height 

and increasing spike threshold in the succeeding spike of the initial burst. The relevance of Na+ 

current inactivation in this firing pattern was also demonstrated by several other studies which 

showed that Purkinje cells exhibiting the initial bursting pattern and could not maintain firing 

during current injections in sodium channel (Nav1.6) knockout mice, in which the transient Na+ 

current was inactivated more rapidly than the WT mice (Kohrman et al., 1996; Raman & Bean, 

1997). 

 

There was concern if the initial bursting Purkinje cells in the current study represented an 

unhealthy or damaged Purkinje cell population, given that damaged cells may cease repetitive 

firing. An early study suggested that the ceased repetitive firing of damaged cells was 

correlated to the low input resistance in the damaged cells (Alger et al., 1984) . There are some 

explanations to suggest that the initial bursting Purkinje cells in the current study constituted a 

genuine group and are not damaged cells. Firstly, the discharging patterns of current Purkinje 

cell do not correlate with the input resistance. If initial bursting was a form of damaged cells 

discharging pattern, then it should correlate to a particular group, such as the low input 
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resistance group. However, it was found that cells with near 100 MΩ or above 200 MΩ could 

display tonic firing or initial bursting patterns in both groups, indicating that firing patterns of 

these cells in the current study were not dependent on the input resistance. Therefore, it is not 

surprising that a mixture of firing patterns was exhibited in both mdx and LC groups since the 

statistical analysis also showed no significant differences in input resistance between groups. 

Secondly, a similar resting membrane potential and spike overshot 0 mV were seen in all 

recorded cells before the depolarising protocol were given, demonstrating that they were all 

healthy cells.  

 

The presentation of these two firing patterns in mdx and LC mice in the current study 

demonstrated that Purkinje cells in both groups exhibited similar spike firing patterns. Overall, 

no significant difference in membrane properties was found in mdx Purkinje cells when 

compared to LC cells, and this may be limited by the small n number in each firing pattern 

group. Nevertheless, a trend of changes in AP amplitude, AP AHP amplitude, 10-90% rise time 

and 10-90% rise slope were observed in mdx neurons. Supporting the potential changes in the 

Purkinje cells intrinsic properties in the mdx animal, an in vitro experiment by Snow et al. 

(2014) showed that the loss of dystrophin resulted in an irregular AP firing activity and lower 

AP firing rate in dissociated mdx Purkinje cells as compared to those in WT mice. The authors 

also reported that the membrane potential of mdx Purkinje cells was more hyperpolarised than 

WT Purkinje cells. Interestingly, a significant lower Purkinje cells simple spike firing rate and 

an increased complexed spike regularity were also reported in the awake and anesthetized 

female mdx mice when compared to its controls (Stay et al., 2019). Taken together, dystrophin 

is important for normal Purkinje cell function and the absence of this protein may result in 

altered Purkinje cell firing properties.  
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6.4.3 Calcium signalling of mdx Purkinje cell 

Calcium is a major intracellular signalling molecule that plays a fundamental role in controlling 

and modulating a variety of physiological functions in neurons (Berridge, 1998; Ghosh & 

Greenberg, 1995). These functions include neuronal excitability, firing patterns, 

neurotransmitter release, synaptic plasticity and circuit formation (Kitamura & Kano, 2013). 

Since calcium has a substantial role in many physiological activities and the fact that altered 

calcium homeostasis has been described in several cells that lack dystrophin, the calcium 

handling properties of mature mdx Purkinje cells was investigated by measuring the baseline 

[Ca2+]i for the cell soma and distal dendrites as well as the dendritic calcium changes evoked by 

electrode stimulation applied at the PFs.   

6.4.3.1 Resting [Ca2+]i of mdx Purkinje cell soma and distal dendritic branches 

In the current study, the average baseline [Ca2+]i levels of Purkinje cells measured in both the 

cell soma and distal dendritic regions in mdx and LC mice were found within a range of 0.17-

0.22 (340/380 ratio). These low ratios parallel the findings of Tank et al. (1988), where the 

authors showed that resting [Ca2+]i levels were low throughout the cell (<60 nM), with a 

slightly lower level in the dendritic branches than in the soma of Purkinje cell in the guinea pig. 

Similarly, Konnerth et al. (1992) reported low resting [Ca2+]i levels in the Purkinje cell soma 

and dendrites, which were all below 100 nM.  

 

In the Purkinje cell soma, the average 340/380 ratio of resting [Ca2+]i levels in the mdx 

population were significantly higher when compared to its LC population. However, no 

significant difference in resting [Ca2+]i levels was observed in the distal dendrites between the 

two genotypes. The significant increase in resting [Ca2+]i in mdx Purkinje cell soma is similar to 

findings of previous reports in various dystrophic cells including skeletal muscle fibres (Turner 
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et al., 1988; Williams et al., 1990), cardiomyocytes (Tsurumi et al., 2019), cortical and 

hippocampal neurons (Lopez et al., 2016) and cerebellar granule cells (Hopf & Steinhardt, 

1992).  

 

The elevation of [Ca2+]i is one of the major hallmarks in DMD. It is thought to serve as one of 

the major candidates for the initiation of muscle weakness that is commonly seen in mdx mice 

and in patients with DMD (Allen et al., 2010; Allen et al., 2016; Bodensteiner & Engel, 1978). 

More recently, an increase in calcium loading was also found in cardiomyocytes differentiated 

from human induced pluripotent stem cells derived from a DMD patient (Tsurumi et al., 2019). 

An increase in calcium loading may result in cardiac damage leading to cardiomyopathy, the 

major cause of death among DMD patients (Tsurumi et al., 2019). In view of the damages 

resulting from elevated [Ca2+]i in different cell types, the altered resting [Ca2+]i in Purkinje cells 

may impair the cell function in mdx mice, since Ca2+ is a key regulator of cell 

signalling/synaptic plasticity. If similar calcium perturbation is also found in the brain of DMD 

patients, a therapeutic approach targeting calcium dyshomeostasis may be useful in 

ameliorating any behavioural/cognitive dysfunctions seen in these patients.  

 

Interestingly, a recent study showed that an increase of calcium deposits in 12-week-old mdx 

muscles was linked to reduced mitochondrial respiration, suggesting that the normal 

mitochondria function could be altered as a result of dystrophin deficiency (Gaglianone et al., 

2019).  In neurons, mitochondria, the ATP supplier, are one of the important candidates in 

ATP-dependent calcium buffering or clearance mechanisms, to produce energy and act as 

calcium storage (Fierro et al., 1998; Inoue, 2003; Ivannikov et al., 2010). Calcium clearance 

demands very high ATP consumption, and it has been estimated that this process consumes 

more than 70% of all neuronal ATP (Attwell & Laughlin, 2001; Erecinska & Dagani, 1990; 
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Matsumura & Clark, 1982). Hence, it is expected that altered mitochondria function could 

impact on calcium homeostasis. Fierro et al. (1998) demonstrated that the resting [Ca2+]i in 

Purkinje cell soma was increased when calcium uptake by mitochondria was blocked with 

addition of protonophores. Similarly, a more recent study showed that mitochondrial inhibitors 

cause a delay in [Ca2+]i clearance in Purkinje spines, followed by the dendrites and the soma 

(Ivannikov et al., 2010). This in turn led to a gradual increase in [Ca2+]i in Purkinje cell soma, 

followed by the dendrites and the spines. The authors suggested that the gradual delay of 

[Ca2+]i clearance in the different neuronal compartments is directly correlated with the normal 

mitochondrial distribution in neurons. In fact, the density of mitochondria in the dendrites is 

typically lower than in the soma (Ivannikov et al., 2010). Most of the spines are devoid of 

mitochondria whereas the soma and proximal dendrites have more mitochondria (Li et al., 

2004; Muller et al., 2005; Shepherd & Harris, 1998; Wu et al., 1997).  Taken together, the 

increased resting [Ca2+]i in mdx Purkinje cell soma but not in the distal dendrites in the current 

study may be linked to altered mitochondrial respiration. Supporting this argument, the 

distribution of mitochondria is highly dynamic in different neuronal regions typically with a 

higher density in the cell soma but a much lower density in the dendritic regions. This may also 

explain that the current finding of unaltered calcium level in mdx distal dendrites is not 

unanticipated as altered mitochondrial respiration may not happened in dendritic regions which 

normally have limited expression levels of mitochondria in comparison to the somatic region.  

6.4.3.2 Dendritic calcium change evoked by parallel fibre input 

The Purkinje cell is the only output of the cerebellar cortex. It has highly branched dendrites 

and receive two types of excitatory inputs from a single CF and more than 100,000 PFs. These 

excitatory inputs lead to a wide range of dendritic Ca2+ signals in the postsynaptic Purkinje cell. 

The increase of postsynaptic [Ca2+]i is very important in long-term synaptic plasticity including 
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LTP and LTD at PF synapse (Ekerot & Kano, 1985; Ito & Kano, 1982; Kakizawa et al., 2012; 

Konnerth et al., 1992; Lev-Ram et al., 1992; Sakurai, 1987), and LTD at CF synapse  (Hansel 

& Linden, 2000; Shen et al., 2002; Weber et al., 2003). The distinct synaptic plasticity in 

Purkinje cells is governed by the complex calcium signalling that arise from different Ca2+ 

sources including Ca2+ influx via the VGCCs and Ca2+ release from intracellular stores 

mediated by the mGluRs signalling pathways (Finch & Augustine, 1998; Inoue et al., 1998; 

Konnerth et al., 1992; Takechi et al., 1998). It is well documented that the level of postsynaptic 

Ca2+ elevation is the critical factor determining the direction of plasticity. For instance, a higher 

elevated [Ca2+]i level is required for PF-LTD induction than in PF-LTP induction, with the 

former contributed by CF inputs (Coesmans et al., 2004; Wang et al., 2000).  

 

It is interesting that the absence of dystrophin in Purkinje cells has severe impact on both 

heterosynaptic and homosynaptic LTD at the PF-Purkinje cell synapse in the mdx mouse 

(Anderson et al., 2004; Anderson et al., 2010). The heterosynaptic LTD, which required 

simultaneous and repetitive activation of PF and CF, is reduced in 3-months old dystrophic 

mice (Anderson et al., 2004). On the other hand, the homosynaptic LTD, which required only 

strong monosynaptic input from PF (Hartell, 1996), was enhanced in the same age group of 

mdx mice (Anderson et al., 2010). As postsynaptic calcium level is very important in 

determining the direction of plasticity at PF synapse, the perturbation of both types of LTD in 

the mdx mouse Purkinje cells is likely a result of abnormal Ca2+ homeostasis. To investigate if 

the absence of dystrophin was affecting calcium signalling in Purkinje cells, the dendritic 

calcium changes evoked by distal dendritic stimulation in mature mdx mice was measured. 

Consistent with findings in the earlier studies, the current result illustrated that the dendritic 

Ca2+ change signals evoked by distal dendritic stimulation are highly confined to the 

stimulation site (Hartell, 1996; Rancz & Hausser, 2006; Schreurs et al., 1996; Wang et al., 
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2000). However, in line with previous findings, the change of somatic Ca2+ was barely 

detectable, due to an absence of VGCCs at the soma (Inoue et al., 2001; Konnerth et al., 1992; 

Kuruma et al., 2003; Lev-Ram et al., 1992). Indeed, the distribution of VGCCs are non-

uniform in Purkinje cells, where a much higher Ca2+ channel density is found in the dendritic 

region than in the somatic region (Llinas & Sugimori, 1980a, 1980b).  

 

When comparing the calcium changes in LC and mdx mice, the magnitude changes in [Ca2+]i 

induced by PF stimulation in mdx dendrites was not significantly different from LC mice. This 

indicated that the absence of dystrophin may not exert an effect on calcium handling in mdx 

mice. Consistent with current findings, a recent study showed that electrically evoked Ca2+ 

transient peaks in mdx cardiomyocytes were similar to that in the WT mice (≥ 1 year of age) 

(Rubi et al., 2018). In contrast, the findings in mdx FDB muscle fibres show that the amplitude 

of AP evoked Ca2+ transient was significantly decreased as a result of dystrophin deficiency 

(Hollingworth et al., 2008; Woods et al., 2004). Studies suggest that the reduced AP evoked 

Ca2+ transient and the increase in basal [Ca2+]i level in the dystrophin-deficient muscle fibre are 

resulted from the impaired structure and function of RyRs, the Ca2+-induced Ca2+ release 

channels that are located on the SR (Bellinger et al., 2009; Kuwajima et al., 1992; Llano et al., 

1994). A recent study showed that after a 4 weeks treatment of S48168, an RyR calcium 

release channel stabiliser that inhibits SR Ca2+ leaks, the pathologic Ca2+ leakage in the mdx 

myofibres was reduced compared to mdx vehicle-treated myofibres (Capogrosso et al., 2018). 

Interestingly, the types of RyRs that are expressed in the skeletal muscle are also found in the 

endoplasmic reticulum of Purkinje cells, making Purkinje cells unique compared to other CNS 

neurons (Fierro et al., 1998; Kuwajima et al., 1992). Given the similarity of the type of RyRs 

expressed in both mdx myofibres and in Purkinje neurons, the normal function of RyRs in mdx 

Purkinje cells may also be impaired, resulting in increased Ca2+ release by RyRs. However, in 
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the current study, the calcium handling of mdx Purkinje cells was comparable to its LCs as the 

calcium changes in mdx during distal dendritic stimulation was not significantly altered when 

compared to its LC. 

 

It is known that the rising phase of Ca2+ transient is determined by Ca2+ influx from 

extracellular space via plasma-membrane-bound cation channels and Ca2+ release from intra-

cellular Ca2+ stores (Finch & Augustine, 1998; Takechi et al., 1998) while the falling phase, 

that particularly affects the amplitude and decay time course of Ca2+ transient, is determined by 

Ca2+-binding proteins and Ca2+ pumps (Fierro et al., 1998). The potential effect of a chronic 

Ca2+ rise by RyRs dysfunction may be compensated for by highly concentrated endogenous 

Ca2+-binding proteins including calbindin D28k, calmodulin and parvalbumin in Purkinje cells 

(Bastianelli, 2003; De Talamoni et al., 1993). Several studies have shown that the parvalbumin-

positive and calbindin-positive interneuron were significantly increased in different parts of 

mdx brain region including the somatosensory and motor cortices, and proximal radiatum of 

hippocampal field CA1 (Carretta et al., 2004; Carretta et al., 2003; Del Tongo et al., 2009). 

The authors speculated that the increase of Ca2+-binding proteins in mdx mice may function as 

a compensatory mechanism to counteract the increased [Ca2+]i as a result of the absence of 

dystrophin. Taken together, this suggests that if the leaky RyRs were accompanied by an 

increase in Ca2+-binding proteins in Purkinje cells of mdx mice, the increase in [Ca2+]i may be 

attenuated by the counteracting process of  the binding of free Ca2+ to Ca2+-binding proteins. 

This may explain the finding that there was no difference seen in the calcium handling ability 

in mdx Purkinje cells as compared to its LC. Additional experiments focusing on the 

mechanism of Ca2+ release or Ca2+ buffering may be useful in further characterising the 

calcium handling properties in mdx mice. 
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6.5 Conclusion 

In summary, using the simultaneous whole-cell patch clamp and ratiometric calcium imaging in 

Purkinje cells, the current study showed some alterations in the active membrane properties of 

mature mdx Purkinje cell and this was accompanied by an increase in resting [Ca2+]i. Several 

parameters of AP elicited at rheobase were also significantly altered in the mdx mouse. These 

include the reduced amplitude, increased 10-90% rise time, and decreased 10-90% rise slope. 

Interestingly, the AP AHP in mdx population also had an overall increasing trend in its 

amplitude, time to AHP (ms), and half-height recovery time (ms). The AP firing patterns in 

both LC and mdx Purkinje cells displayed the tonic firing and initial bursting characteristics. 

Although the resting [Ca2+]i was increased in mdx cell soma, the synaptically activated [Ca2+]i 

changes in mdx Purkinje dendrites are similar to those in LC Purkinje dendrites. The results 

from this chapter suggest that dystrophin is necessary for normal Purkinje cell activity and its 

loss may also lead to impaired calcium homeostasis in the Purkinje cell soma.  
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Chapter 7. General discussion and conclusion  

Duchenne muscular dystrophy is a monogenic disease, caused by the absence of dystrophin or 

expression of a non-functional truncated dystrophin protein. Dystrophin is a key protein of the 

DAPC, located at the inner surface membrane in both muscle and non-muscle tissues. Evidence 

suggest that dystrophin regulates the interactions between the cytoskeleton, cell membrane and 

extracellular matrix (Perronnet & Vaillend, 2010; Pilgram et al., 2010). In muscle, dystrophin 

is important for the regulation of intracellular calcium homeostasis (Bakker et al., 1993; 

Bellinger et al., 2009; Franco & Lansman, 1990; Lovering et al., 2009). Brain dystrophins 

together with the DAPC are associated with the maintenance and stabilisation of ion channels 

and receptors, which are essential to synaptogenesis and synaptic transmissions (Anderson et 

al., 2003; Knuesel et al., 1999; Vaillend et al., 2010). Boys born without this protein suffer 

from progressive muscle degeneration and usually have a premature death, in their early 20s 

due to cardiac and respiratory complications. In addition to muscle impairment, about 1/3 of 

these patients also suffer from mild to severe non-progressive cognitive deficits. The mean IQ 

score of these boys is about one standard deviation lower than those of the general population 

(Ogasawara, 1989). The common clinical presentations of cognitive dysfunctions in these boys 

includes a delay in speech, poor verbal fluency and reading skills. Suzuki et al. (2017) reported 

that while the executive functions (i.e. strategic planning, organised searching, utilisation of 

environmental feedback to shift cognitive sets, behavioural direction toward achieving goal, 

and modulation of impulsive responses) of DMD patients deteriorate with age, their verbal IQ 

remains weak in both children and adults with DMD (Ueda et al., 2017). In contrast, a meta-

analysis of 1224 children with DMD showed that the deficits in verbal and language skills were 

less evident in older DMD patients, suggesting that these specific intellectual function change 

with age (Cotton et al., 2005).  
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It has been argued that DMD is a cerebellar disorder because of the similarities in the type of 

cognitive deficits present in both DMD and cerebellar lesions. The verbal and language 

impairments (e.g., limited verbal span, difficulty with phonological processing and reading) in 

DMD are also seen in patients with cerebellar disease (i.e. injury, tumour, etc). It is believed 

that these cognitive impairments are caused by the absence of dystrophin in the cerebellar 

Purkinje cells of DMD patients. Dystrophin, typically expressed at the postsynaptic density of 

these neurons is thought to be involved in GABAAR clustering during synaptogenesis (Knuesel 

et al., 1999). The loss of dystrophin in central synapses impairs both the postsynaptic 

membrane receptor clustering and synaptic transmission in mdx mice, a dystrophin-deficient 

mouse model widely used in DMD studies (Anderson et al., 2003; Bulfield et al., 1984; 

Knuesel et al., 1999). These central perturbations may help explain the cognitive deficits and 

mental dysfunction associated with DMD. Whether the synaptic functioning is altered with 

aging remains unclear, as most studies were performed in young animals (about 3 months old) 

with only limited studies reporting the pathophysiology of DMD in old mdx mice. The findings 

from the old mdx mouse are highly regarded, because it has been shown that the disease 

progression in muscle, brain biochemistry, and behavioural disturbances in aged mdx better 

resembles that of the human DMD pathophysiology. 

 

Moreover, with the improvement in multidisciplinary care and careful symptomatic treatment, 

including cardiopulmonary and nutritional intervention, it is no longer rare to finds patients 

with DMD surviving past the age of 40 (Doorenweerd et al., 2017; Saito et al., 2017; Villanova 

& Kazibwe, 2017). The mean age of DMD patients have increased from 23.6 to 30.1 years 

from 1999 to 2012 (Saito et al., 2014). With the increase lifespan of DMD patients, it is 

becoming more important to understand the brain pathophysiology in DMD and to develop 

intervention which ameliorates the cognitive dysfunction and improves the quality of life in 
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adult DMD patients. This dissertation aims to provide insight into the role of dystrophin in the 

cerebellum extending previous finding in mdx mice, to include aged 11-12 months old and 23-

26 months old mdx mice. 

 

7.1 The role of dystrophin in Purkinje cells synaptic functions of old mdx mice 

The major findings in this thesis confirmed and extended the findings from Kueh et al. (2011), 

in which the alteration in inhibitory input (GABAergic synapse transmission) in 3 months old 

Purkinje cells was also seen in the old mdx mouse (Chapter 3). Although the mIPSCs amplitude 

and frequency were significantly reduced in the mdx mice when compared to its LC, the 

magnitude of these changes remained similar comparing the young and old animal groups. This 

suggests that the impaired mIPSCs function in mdx mice did not progress with age. This 

finding supports the notion that the cerebellar involvement in DMD is non-progressive, 

consistent with the non-progressive and persistent poor verbal IQ reported in human DMD 

(Ueda et al., 2017).  

 

The reduced mIPSCs amplitude in the aged mdx mice resembles the finding in young mdx 

population. As mIPSCs amplitude is determined by the postsynaptic receptor number and 

conductance (Graziane & Dong, 2016; Nusser et al., 1997), the reduced mIPSCs amplitude in 

the current study strongly suggest a similar alteration in the postsynaptic receptor number in the 

old and young mdx mouse. The current findings extend previous observations and 

electrophysiological evidence in young mdx to include aged animals, supporting the importance 

of dystrophin in postsynaptic receptor clustering throughout the lifespan of mdx mice (Knuesel 

et al., 1999). In addition, current findings of similar mIPSCs amplitudes between the young and 

aged animals of both phenotypes may suggest that GABA signalling in the cerebellum is well 

preserved during aging. Evidence supporting this notion comes from a previous study in which 
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it was found that despite a significant decrease in the GABAAR α1 subunit mRNA expression 

in the cerebellum of aged rat (24-month-old), the expression of GABAAR α1 protein in aged rat 

was similar to those in young (2-month-old) rat (Gutiérrez et al., 1997). Similarly, a recent 

human study did not find any significant difference in the expressions of GABAAR (α1, α2, α5, 

β3, and γ2 subunits) in pathologically normal cerebellum comparing the older (76 years ± 1.3 

years) and younger (51.7 years ± 5.1 years) groups (Pandya et al., 2019). Taken together, these 

reports and the findings in this study may suggest that there are no age-related changes in the 

expression of GABAAR α1 protein in the cerebellum of LC and mdx mice and that the altered 

mIPSCs amplitude seen in mdx animals is solely dependent on dystrophin loss. 

 

Interestingly, this reduced mIPSCs amplitude was accompanied by a reduction in mIPSCs 

frequency. Altered mIPSCs frequency may imply a change in the presynaptic release 

probability (Graciotti et al., 2008). Evidence supporting this notion comes from a recent study 

in which it was found that there were significant changes in the release and uptake of GABA in 

the cerebellum of mdx mice (Pereira da Silva et al., 2018). Using synaptosomes isolated from 

the mdx and LC mice, the authors demonstrated a significant decrease (47%) in nicotine-

induced GABA release, and an increased rate (44%) of GABA uptake in the synaptosomes of 

mdx cerebellum. As nicotinic acetylcholine receptors are calcium permeable ion channels that 

are involved in enhancing neurotransmitter release (McGehee et al., 1995), the decrease in 

nicotine-induce GABA release may reflect a change in presynaptic calcium level. Whether 

there was a change in presynaptic calcium that resulted in reduced mIPSCs frequency 

associated with dystrophin loss remains unclear and requires further examination.  

 

Reductions in both mIPSCs amplitude and frequency indicate a total reduction in synaptic 

strength (or net decrease in inhibition). This net decrease in inhibition in mdx Purkinje cells, 
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may over time disrupt the normal synaptic transmission in the brain and if they are not 

compensated for by homeostatic mechanisms, may underlie the cognitive impairment found in 

mdx mice. Indeed, elevated brain excitatory activity was suggested in mdx mice when 

compared to control mice (Rae, Griffin, et al., 2002). By measuring glucose metabolism in mdx 

brain using MRS, the authors found that an increased flux of glucose (13C) into brain 

metabolites associated with a decreased level of free glucose in the mdx brain. Their findings 

implicate that more glucose was needed for oxidation in mdx mice than in controls, suggesting 

a decrease inhibition in mdx brain as normally, excitatory stimulation results in increased 

glucose metabolism while inhibitory activation results in decreased glucose metabolism 

(Dienel, 2019; Ito et al., 1994; Rae et al., 2000).  

 

The total reduction in inhibitory synaptic transmission may imply that, neuronal homeostasis in 

the CNS is severely perturbed with the loss of dystrophin. Homeostasis is the central concept in 

physiology describing a complex set of mechanisms that regulate the constancy of the internal 

environment (Turrigiano & Nelson, 2004). It is regulated by the constancy of temperature, pH, 

and electrolyte concentration. To maintain cellular homeostasis, the presynaptic compensatory 

effect in response to postsynaptic modification has been well described in several studies 

(Davis et al., 1998; Paradis et al., 2001). In mouse neuromuscular junction, a reduction in 

postsynaptic clustering of acetylcholine receptors (resulting from a knockdown of neuregulin) 

induces a compensatory presynaptic elevation in transmitter release (Sandrock et al., 1997). 

Unfortunately, this compensatory mechanism was not seen in the Purkinje cell synapses of mdx 

mice (i.e. the reduced mIPSCs amplitude was accompanied by a reduced mIPSCs frequency).  

The findings reported in this thesis may imply that the perturbation in mdx postsynaptic site 

(mIPSCs amplitude), that is usually rich with dystrophin expression in control mice, may be 

extended to the presynaptic site (mIPSCs frequency).  
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A possible explanation for these differences is the involvement of a more complex homeostatic 

response in brain synapse in comparison to the simpler response in skeletal muscle. At 

excitatory brain synapses, the presynaptic release probability (frequency) remains the same 

when there is an increase in postsynaptic receptor clustering (increase amplitude of α-amino-3-

hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) miniature excitatory postsynaptic 

current or mEPSCs) in postnatal cortical and spinal cord culture during the inhibition of 

excitatory synaptic transmission with AMPA receptor blockade (chronic inhibition through 

incubation with 300 µM APV and 10 µM CNQX) (O'Brien et al., 1998). To complicate things 

further, both the frequency and amplitude of mEPSCs were increased when a similar 

experiment was performed in hippocampal cultures (Thiagarajan et al., 2002). These different 

presynaptic responses to postsynaptic modifications indicate that the homeostatic mechanisms 

regulating the synaptic strength in central neurons can be very complex. 

 

Synaptic connections in central neurons are highly plastic due in part to the numerous synaptic 

inputs (hundreds or even thousands) received by neurons (Turrigiano & Nelson, 2004). The 

number and strength of these synapses can be modified significantly during development in 

response to many factors impinging on the neuron and local neural network. Evidence shows 

that the nervous system has a remarkable ability to adjust or compensate for synaptic 

perturbation. However, this is not the case in mdx mice. The loss of dystrophin resulted in 

impaired homeostasis at the Purkinje cell synapses through the synergistic effects, of both a 

reduction in mIPSCs amplitude and frequency. This consequently results in a reduction of 

inhibitory transmission in mdx mice. This dyshomeostasis between pre- and postsynaptic 

GABAergic synapses in dystrophic Purkinje cells may ultimately contribute to the learning and 

memory impairments as well as the behavioural abnormalities seen in mdx mice, and possibly 

in human DMD if humans and mice share a similar neuropathophysiology. 
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7.2 The dystrophin rescued by exon skipping reversed the altered GABAergic 

transmission in organotypic cerebellar culture derived from mdx mice 

Since dystrophin plays an important role in normal synaptic transmission in the CNS, the 

second part of this thesis (Chapter 4) was to examine if dystrophin expression can be rescued 

with an exon skipping strategy using AOs. Pip6f-PMO, one of the AOs conjugated with cell 

penetrating peptides, has been shown to have high efficacy in modulating dystrophin pre-

mRNA to restore dystrophin reading frame and in producing a truncated but semi-functional 

protein (Betts et al., 2012). While effective dystrophin correction using Pip6f-PMO has been 

reported in both skeletal muscle and non-skeletal muscle tissue, including the heart in mdx 

mice, there is currently no studies to my knowledge that investigate its potential in restoring 

dystrophin expression in the CNS.  

 

It has been well illustrated in the literature as well as in Chapter 3, that dystrophin loss results 

in altered inhibitory inputs which was likely due to the reduction in the number and size of 

GABAAR clusters in the mdx mice. In the current study using cerebellar organotypic cultures 

prepared from young mdx pups (P8-P11), the treatment with 1 µM of Pip6f-PMO can 

successfully restore dystrophin expression in Purkinje cells. More importantly, the re-

expression of dystrophin can correct both the altered ultrastructure and function of GABAergic 

synapses in the mdx culture. Ultrastructurally, Pip6f-PMO corrected the reduced size of 

GABAAR clusters to near WT level, while functionally it showed an increased peak amplitude 

of mIPSCs in the Pip6f-PMO treated Purkinje cells. These finding suggest that Pip6f-PMO is a 

potential therapeutic candidate in reversing the ultrastructural and functional changes linked to 

dystrophin loss in the cerebellum. 
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Dystrophin dependent behavioural deficits such as enhanced fear and anxiety are apparent in 

the mdx mouse. It is widely accepted that this is primarily due to dystrophin loss in the mdx 

amygdala, which is a brain region involved in fear and anxiety-related behaviours (Manning et 

al., 2014; Sekiguchi et al., 2009). Interestingly, the enhanced freezing seen in mdx mice in 

response to restraint was compensated with the intracerebral microinjection of morpholino 

oligonucleotide (Sekiguchi et al., 2009). At the neural level and similar current findings of 

altered GABAergic synapses in mdx cultures, Sekiguchi et al. (2009) also demonstrated a 

reduction in the number of GABAAR α2 subunit clusters as well as a reduced frequency of 

norepinephrine-induced GABAergic inhibitory synaptic currents in the basolateral nucleus of 

the mdx amygdala. These findings suggest an involvement of GABAergic alteration underlying 

the dystrophin dependent fear and anxiety behaviour in the mdx mice.  

 

In addition to the amygdala, there are also evidences supporting the cerebellum as an important 

brain region that is involved in the anxiety-related behaviours and disorders, such as 

consolidation and prediction of fear memory (Ke et al., 2016; Lorivel et al., 2014; Moreno-

Rius, 2018; Sacchetti et al., 2004). Numerous human neuroimaging studies on patients with 

post-traumatic stress disorder, a condition triggered by a traumatic episode(s) causing severe 

anxiety, showed an increase in cerebellar activity when they were either at resting condition or 

when presented with trauma-related pictures and, interestingly, symptom improvement in these 

patients was associated with a reduction in cerebellar activity (Bing et al., 2013; Ke et al., 

2016). A study in VPA rats, an animal model for autism generated by prenatal application of 

valproic acid (VPA), reported that the increased anxiety-like behaviours in VPA rats were 

associated with a lower level of GABA expression, not only in the amygdala but also in the 

cerebellum (Olexova et al., 2016). This study supports the associative relationship between 

amygdala and cerebellum as underlying the anxiety-like behaviours, and the involvement of the 
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GABAergic system. Interestingly, several animal and human studies have shown that drugs 

improving GABA transmission are effective in reducing abnormal fear and anxiety-related 

behaviours (Ballenger et al., 1988; Rickels & Rynn, 2002; Toth et al., 2012). Since the 

cerebellum is involved in these emotive functions, and it is likely that the GABAergic system is 

involved in the mechanisms underlying fear and anxiety, the ability of Pip6f-PMO seen in the 

current study to enhance the clustering and function of GABAAR in Purkinje cells may provide 

a useful avenue of investigation to ameliorate the abnormal fear and anxiety-behaviour 

exhibited in the mdx mice. As 24% to 69% of boys with DMD were found with anxiety, these 

findings may provide new insight into the management of neurobehavioral concerns in these 

patients (Banihani et al., 2015; Latimer et al., 2017; Lee et al., 2018; Pangalila et al., 2015).  

 

Both findings from Chapter 3 and Chapter 4 strongly support a role for dystrophin in normal 

GABAergic function, and that the loss of dystrophin led to the reduced GABAergic 

transmission in mdx mice Purkinje cells. The working hypothesis is that the re-expression of 

dystrophin can ameliorate the reduction of GABAAR clustering and transmission in mdx mice. 

Insight into this hypothesis may be obtained by ascertaining if altered GABAergic synapses can 

be corrected by exon skipping-mediated dystrophin rescue. While findings on organotypic 

cerebellar cultures have provided some evidence towards proving the concept, the application 

of this therapeutic strategy to the whole animal in reversing the CNS deficits associated with 

dystrophin loss is still in its early infancy. This is because the molecular weight of cell-

penetrating peptide-oligonucleotide conjugates is usually larger than 450 Da, which makes it 

almost impossible to cross the BBB if it is being delivered systemically (Abbott et al., 2010). 

To overcome the BBB, several authors have attempted to deliver AOs to the brain of mdx 

animals using intracerebral microinjections (Dallerac et al., 2011; Sekiguchi et al., 2009; 

Vaillend et al., 2010), with findings to date promising in mdx mice.  
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To overcome the BBB, several authors have attempted to deliver AOs to the brain of mdx 

animals using intracerebral microinjections (Dallerac et al., 2011; Sekiguchi et al., 2009; 

Vaillend et al., 2010), with findings to date promising in mdx mice.  

 

To translate the potential therapeutic benefits of Pip6f-PMO to patients with DMD, low 

invasiveness and relative simplicity and safety of a route of administration is preferred. While 

more research is needed for the development of peripherally administered AOs crossing the 

BBB for DMD, remarkably, intrathecal administration, which is a less invasive and more 

effective avenue of delivering AOs into the CNS, has been shown to be feasible in transporting 

the AOs to the CNS in animal models of other diseases (Chen et al., 2019; Kordasiewicz et al., 

2012; Rigo et al., 2014). More importantly, this method also has been implemented in human 

clinical trials for amyotrophic lateral sclerosis and SMA treatments (Chiriboga et al., 2016; 

Miller et al., 2013). In addition to intrathecal administration, a novel and non-invasive 

intranasal delivery of AOs for the CNS has been demonstrated by Lee et al. (2012). These 
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authors reported that the drug administrated using the intranasal route had reached the brain 

and subsequently normalised the brain-derived neurotrophic factor levels and memory function 

in mice with Alzheimer disease. Moreover, a very interesting report was recently published by 

Zeniya et al. (2018), in which they showed that the concept for systemic delivery of AOs to the 

CNS via intravenous administration is possible when Angubindin-1, a novel binder to angulin-

1 which increases the permeability of the mouse BBB, is intravenously injected prior to AOs 

administration. More importantly, a recent human study also shows that the BBB of four 

amyotrophic lateral sclerosis patients could be transiently opened by the transcranial magnetic 

resonance-guided focused ultrasound and resulted in gadolinium leakage in the primary motor 

cortex immediately after sonication, which normalised after 24 hours later (Abrahao et al., 

2019).  

 

Taken together, there are a number of possible therapeutic approaches that may aid in the 

delivery of AOs to the CNS, and based on these concepts, new delivery methods can be 

developed for the treatment in mdx animals as well as in DMD patients. Although there is still a 

long journey for the development of drugs targeting the brain in DMD, current findings are 

encouraging as it is the first evidence that dystrophin is essential in normal cerebellar 

GABAergic transmission in organotypic mdx cultures and that the altered GABAergic synapses 

associated with this protein loss can be reversed by exon skipping using Pip6f-PMO. This 

proof-of-concept study can be the foundation for the future development of safe and effective 

therapeutic approaches that target the cognitive impairments in DMD patients.  
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7.3 The role of dystrophin in voltage-dependent ion channels (sodium and potassium 

channels)  

In addition to the importance of dystrophin in normal inhibitory synaptic functioning, 

electrophysiological results also showed that dystrophin is essential for maintaining normal 

intrinsic electrical membrane properties of Purkinje cells (Chapter 6). The loss of dystrophin 

caused significant alterations in the amplitude and kinetics (10-90% rise time (ms), 10-90% 

(mV/ms) rise slope) of the first AP triggered with a minimum current injection. As discussed in 

Chapter 6, the reduced amplitude with increased 10-90% rise time, and subsequently a decrease 

in 10-90% rise slope, potentially resulted from a dysfunction in sodium channels. These ion 

channels are responsible for the entry of sodium ions into the cell to raise the membrane 

potential.  

 

The importance of dystrophin in voltage-dependent ions channel function has been described in 

the cardiomyocyte, a non-neuronal cell that also expresses dystrophin. In adult ventricular 

cardiomyocytes, the principle channel isoform expressed is Nav 1.5, a voltage-dependent 

sodium channel responsible for the rapid depolarisation during the upstroke phase of an AP 

(Gellens et al., 1992). It was suggested that aberrant Nav 1.5 channel expression and function 

can result in cardiomyopathy (Wan et al., 2016). Cardiomyopathy, resulting from dystrophin 

deficiency is the primary cause of death in DMD patients (Chenard et al., 1993; Koenig et al., 

2018). Notably, a recent study using human cells showed that abnormal AP parameters were 

found in induced pluripotent stem cells derived cardiomyocytes from a 32-year old male DMD 

patient (Eisen et al., 2019). The authors reported a low spontaneous firing rate, arrhythmias and 

prolonged AP duration in these cells. Similarly, Koenig et al. (2011) reported a significant 

decrease in AP velocity and amplitude in 4-6 month old dystrophic cardiomyocytes. The 

findings here in Purkinje cells are consistent with those of Koenig et al. (2011). Together with 
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other groups, these authors concluded that the altered AP properties were due to a significant 

reduction in Na+ currents (i.e. Na+ current densities) in dystrophic cardiomyocytes when 

compared to the WT controls (Albesa et al., 2011; Gavillet et al., 2006; Koenig et al., 2011; 

Rougier et al., 2013). The reduced Na+ currents were due to a down regulation of Nav 1.5 

protein expression and loss of Na+  channel function (Albesa et al., 2011; Colussi et al., 2010; 

Koenig et al., 2011). Therefore, if dystrophin deficiency impacted the Purkinje cell function in 

a similar way as in cardiomyocytes, it is conceivable that the sodium channel properties in 

dystrophic Purkinje cells may be altered and malfunctions, and consequently lead to the altered 

AP properties seen in the current study.  

 

Furthermore, the possible change in other AP parameters (i.e. the tendency of increased peak 

AHP amplitude) in mdx neurons may be associated with altered BK channel function. Sausbier 

et al. (2004) showed that BK channels are important for normal cerebellar functions as several 

cerebellar learning deficits (i.e. deficiency in conditioned eye-blink reflex, locomotion, and 

motor coordination) were found in mice lacking BK channels. While the involvement of BK 

channels in the AHP of dystrophin-deficient Purkinje cells is yet to be elucidated, several 

studies in C. elegans have beautifully described the impacts of dystrophin deficiency on BK 

channel functions. 

 

There is accumulating evidence showing BK channel deficits in the neuromuscular junction of 

the C. elegans that carries DAPC gene mutations (Carre-Pierrat et al., 2006; Kim et al., 2009; 

Sancar et al., 2011). The nematode C. elegans is recognised to be a good model system for the 

investigation of neuromuscular development and function (Sancar et al., 2011). The straited 

muscles of C. elegans show remarkable resemblance to vertebrate muscles and contains 

conserved DAPC components including dystrophin, dystroglycan, dystrobrevin, syntrophin, 
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δ/γ-sarcoglycan, and the C-terminal PDZ-domain ligand of nNOS (Sancar et al., 2011). The 

mutations in DAPC result in the unusual behavioural phenotypes such as exaggerated head 

bending and hypercontraction in C. elegans when they are moving forward (Bessou et al., 

1998; Carre-Pierrat et al., 2006; Gieseler et al., 1999; Kim et al., 2004). The altered locomotor 

phenotypes may be attributed to BK channel dysfunction. Under the normal physiological 

conditions, BK channels regulate muscle excitability (i.e. muscle inactivation) through 

conduction of the major outward rectifying current in muscle (Kim et al., 2009). Indeed, Carre-

Pierrat et al. (2006) show that the inactivation of dystrophin homologue dys-1 in C. elegans 

caused a down-regulation of slo-1 that encodes for the SLO-1 channel, which is a large 

conductance voltage- and calcium-gated potassium channel belonging to the family of BK 

channels. SLO-1 channel is normally localised near the L-type calcium channels in muscle, 

where [Ca2+]i level is considerably higher than other regions during a calcium influx (Kim et 

al., 2009). Follow up studies by Kim et al. (2009) and Sancar et al. (2011) showed that 

compromises in C. elegans dystrophin complex abrogates the normal SLO-1 channel 

localisation to calcium-rich regions of C. elegans muscle resulting in muscle hyperexcitability 

during periods of prolonged synaptic stimulation. The normal SLO-1 channel localisation to 

calcium-rich regions is very important as high calcium concentration (>10 µM) is required for 

the full activation of SLO-1 channels in mammals and C. elegans to prevent muscle over 

excitation (Brenner et al., 2000; Marty, 1981; Wang et al., 2001). More importantly, the SLO-1 

channel mislocalisation may impair the repolarisation of membrane and disinhibit muscle AP 

generation, which eventually leads to enhanced Ca2+ influx through VGCCs (Sancar et al., 

2011). This may be one of the mechanisms that underlies the increase in [Ca2+]i level, which 

has been well-demonstrated in the dystrophic muscles of both DMD patients and mdx mice. 
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Taken together, current findings suggest a potential role for dystrophin in sodium and BK 

channel localisation and function, which are crucial in governing the normal AP waveforms of 

Purkinje cells. The predominant sodium channel isoforms expressed in cerebellar Purkinje cells 

are Nav1.1 and Nav1.6 channels (Kalume et al., 2007; Ransdell & Nerbonne, 2018; Schaller & 

Caldwell, 2003). These channels are important in shaping the waveforms of APs and control 

the rate of repetitive firing in Purkinje cells (Kalume et al., 2007; Levin et al., 2006; Meisler et 

al., 2004; Raman et al., 1997).  The deletion or mutation in genes and disruption in ion channel 

clustering will impair normal Purkinje cell function. However, whether Nav1.1, Nav1.6 or both 

channels are impacted by dystrophin deficiency remains unclear. Further experiments are 

required to investigate the contribution of dystrophin to the function of these channels, and if 

involved they may serve as a potential therapeutic target in DMD. 

 

Similarly, further experiments investigating the function of BK channel in dystrophin-deficient 

cells is necessary. The loss- or gain-of-functional BK channel and missense mutations in 

Nav1.1 channel have been linked to epilepsy, that is also presented in DMD patients (Du et al., 

2005; Escayg et al., 2001; Hu et al., 2003; Knuesel et al., 2001; Lorenz et al., 2007; Medici et 

al., 2011; Pane et al., 2013; Wallace et al., 2001; Yu et al., 2006). Since sodium and BK 

channels are crucial in regulating the AP waveforms, and the deficit in channel function may 

result in epilepsy, future studies (i.e. immunohistochemistry and whole-cell voltage-clamp 

recording studies) in sodium and BK currents may provide further insight into the role of 

dystrophin in ion channel modulation and function. A solid understanding of the impacts of 

dystrophin deficiency on channel function will help us to identify potential targets for the 

development of new therapeutic approaches to improve the neuronal function in DMD patients.  
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7.4 The role of dystrophin in Purkinje cell calcium handling 

While previous studies in mdx mice have shown unimpaired calcium homeostasis with normal 

resting [Ca2+]i  levels reported in both the skeletal and smooth muscle fibres (Boland et al., 

1993; Gailly et al., 1993), to date, numerous studies have frequently described an impaired 

calcium homeostasis in DMD (Bodensteiner & Engel, 1978; Fong et al., 1990; Mongini et al., 

1988; Tsurumi et al., 2019). It has been hypothesised that the absence of dystrophin in skeletal 

muscle causes structural instability in muscle fibres rendering the fibres leakier to the 

extracellular environment and excessive influx of calcium (for review, see Vallejo-Illarramendi 

et al. (2014)). Accumulation of calcium and of hypercontracted fibres in muscle biopsies of 

DMD patients and other animal models that lack dystrophin are well documented (Cullen & 

Fulthorpe, 1975; Duncan, 1978; Mongini et al., 1988; Sancar et al., 2011; Turner et al., 1988; 

Williams et al., 1990). A recent study in cardiac muscle showed an increase in L-type Ca2+ 

current, the major depolarising current during early repolarisation in cardiomyocytes (Grant, 

2009), as well as in DMD induced pluripotent stem cells derived cardiomyocytes and adult 

cardiomyocytes of mdx mice (Koenig et al., 2014). The increase Ca2+ influx or dysfunction in 

calcium handling in dystrophic cells may lead to the activation of proteases and/or lipases that 

result in Ca2+ overload within cellular mitochondria and subsequent muscle degeneration 

(Timpani et al., 2015). 

 

Notably, this impaired calcium homeostasis is not only well described in dystrophic muscles 

but is also mirrored in neural tissues (Lopez et al., 2016). Indeed, consistent with the elevated 

levels of [Ca2+]i in dystrophic muscles, an earlier study in hippocampal pyramidal neurons from 

mdx mice showed a 123% and 214% increase in resting levels of [Ca2+]i  in 3- and 6-month mdx 

neurons when compared to age matched WT (Lopez et al., 2016). The same authors also 

reported an increase in resting levels of [Ca2+]i in the cortical neurons of mdx mice, although the 
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magnitude of the elevation in [Ca2+]i was smaller than that in hippocampal neurons. This 

increase in [Ca2+]i was significantly reduced by intraperitoneal injection of GsMTx-4, a blocker 

of stretch-activated cation channels, resulting in an improved spatial learning in mdx mice 

(Lopez et al., 2016).    

 

A major finding in this thesis also supports dystrophin as an essential candidate for maintaining 

the intracellular Ca2+ homeostasis in the Purkinje cell (Chapter 6). The results showed that a 

lack of dystrophin caused a significant increase in the resting level of [Ca2+]i in the Purkinje 

cell body of mdx mice in comparison to LC mice. This finding is important, as calcium 

homeostasis is critical to many aspects of cell signalling and functions. Alterations in neuronal 

calcium regulation may have profound implications for proper cellular function, including 

associativity, excitability, neurotransmitter release, gene transcription, synaptic plasticity and 

graded regulation of neuronal firing patters (Finkbeiner & Greenberg, 1998; Ghosh & 

Greenberg, 1995; Mehler, 2000). Consequently, dysregulated cellular functions due to altered 

Ca2+ homeostasis may result in many pathological conditions and subsequent cell necrosis and 

death (Carafoli & Molinari, 1998; Deconinck & Dan, 2007; Raymackers et al., 2003). 

 

Dystrophin deficiency may impact calcium homeostasis in a number of ways (Allen et al., 

2016). VGCCs gain-of-function including enhanced Ca2+ current densities and reduced channel 

inactivation were reported in mdx cardiomyocytes (Koenig et al., 2011; Koenig et al., 2014; Li 

et al., 2014; Sadeghi et al., 2002; Viola et al., 2014; Woolf et al., 2006). These altered channel 

functions may contribute to cellular Ca2+ overload, as seen in the finding of increased in vivo 

left ventricular Ca2+ influx in the mdx mice identified by manganese-enhanced cardiovascular 

magnetic resonance imaging (Greally et al., 2013; Mijares et al., 2014; Williams & Allen, 

2007; Zhou et al., 1998). Similarly, the physiological properties and/ or membrane localisation 



215 

 

 

of VGCCs subtypes at CF-Purkinje cell proximal dendritic synapses could be altered if 

dystrophin deficiency impacts neuronal Ca2+ channel functions in a comparable fashion to that 

found in cardiomyocytes. Moreover, Ca2+ homeostasis in dystrophic cells may be altered by a 

deficit in the RyRs, the Ca2+- induced Ca2+ release channels located on the SR. It was reported 

that the altered structure and function of RyRs result in Ca2+ leakage into the cytosol and 

subsequent Ca2+ overload in mdx muscle fibres (Allen et al., 2016; Bellinger et al., 2009; 

Fauconnier et al., 2010). It is interesting to note that this increase in [Ca2+]i can be reversed by 

the RyRs calcium release stabiliser that inhibits SR Ca2+ leak (Capogrosso et al., 2018). Since 

the SR of skeletal muscle and the endoplasmic reticulum of Purkinje cells expresses the same 

type of RyRs (Fierro et al., 1998; Kuwajima et al., 1992), it is conceivable that the RyRs in 

Purkinje cells may have similar defects to those detected in the mdx muscle. Further research 

on the functions of VGCCs and RyRs in mdx Purkinje cells may provide new insights into the 

role that dystrophin plays in calcium homeostasis in the CNS.  

 

7.5 Conclusion 

The life expectancy of DMD patients has been improving due to increased understanding of the 

pathophysiology of the disease and as a result of improved care. However, there remains no 

effective treatment to restore brain dystrophin expression levels and ameliorate the cognitive 

deficits associated with the absence of dystrophin in the CNS. Thus, to improve the quality of 

life of DMD patients, there is an urgent need to fully understand the pathophysiology 

underlying the cognitive dysfunction resulting from dystrophin loss so that more effective 

therapeutic treatments can be developed for DMD. Using a dystrophin deficient animal model, 

the mdx mouse, the possible roles that dystrophin may play in the cerebellum was investigated. 

The results presented in this dissertation suggest that dystrophin is essential in maintaining the 

normal function of the inhibitory synapses, the intrinsic electrophysiological properties, and 
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calcium handling of the mature cerebellar Purkinje neurons. Remarkably, the findings shown in 

the organotypic cerebellar culture suggest that the altered GABAergic synaptic transmission 

may be reversable in mdx cultures treated with Pip6f-PMO. This showed that exon skipping 

using AOs is a potential way to re-express dystrophin in the CNS, and to restore GABAergic 

function. While the results from this dissertation shed light on the role of dystrophin in the 

cerebellum and a potential way to restore its expression in Purkinje cells, the cognitive deficits 

in DMD associated with brain dystrophin loss is complex and remains to be fully elucidated. 

Nevertheless, if the molecular perturbations resulting from dystrophin loss in mdx brains were 

also shared in patients with DMD, this current work would provide a foundation for the 

development of effective therapeutic strategies in alleviating the cognitive deficits in DMD. 

Future work building upon these findings can be focused on investigating the role that 

dystrophin plays in the functioning of ion channels (i.e. sodium and BK channels) that shape 

the AP properties and the VGCCs and RyRs that regulate calcium homeostasis in Purkinje 

neurons. This increased understanding may provide greater insight into the role that dystrophin 

plays in the function of the cerebellum. 
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