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Abstract

Duchenne muscular dystrophy (DMD) is an X-linked recessive muscle wasting
disease caused by mutations in the DMD gene, which encodes the large
cytoskeletal protein dystrophin. Alongside severe muscle pathology, one-third of
DMD patients exhibit cognitive problems ranging from reduced verbal
intelligence to severe autism. There is conclusive evidence that the muscle
pathology exhibited by DMD patients is progressive, yet it remains unknown
whether the cognitive impairments in DMD are also progressive. Previous
studies have highlighted a cognitive impairment in the mdx mouse model of
DMD, but no studies have investigated if this cognitive impairment worsens with
age. We assessed the consequences of dystrophin deficiency on brain
morphology and cognitive function in two dystrophin-deficient mouse models
(mdx and Cmah-/-mdx mice). The overall project aim was to identify outcome
measures to monitor central nervous system (CNS) pathology non-invasively in
DMD mice.

Magnetic resonance imaging (MRI) identified a total brain volume increase in
DMD mice, alongside morphological changes in brain ventricles. Behavioural
testing revealed a deficit in hippocampal spatial learning and memory,
particularly long-term memory, in mdx mice, which appears to progressively
worsen with age. Immunoblotting identified a progressive reduction of
aquaporin-4 (AQP4) expression, the major water channel of the CNS, in DMD
mice. Moreover, contrast enhancing MRI and Evans blue extravasation
demonstrated a progressive impairment in blood-brain barrier (BBB) integrity in
mdx mice. Proteomic profiling of the mdx cerebellum identified changes in
expression of mitochondrial subunit complexes, suggestive of changes in
mitochondrial function. Additionally, elevated levels of inflammatory markers

were identified and confirmed in the mdx cerebellum.

Our studies suggest that dystrophin deficiency causes a progressive cognitive
impairment in mdx mice. We also present evidence showing that changes in
osmotic equilibrium may be involved in the pathogenesis of DMD, with
reductions in AQP4 expression and BBB disruptions. We speculate that some

of the changes in the mdx cerebellar proteome, in comparison to wild type mice,



serve as compensatory mechanisms whilst others may contribute directly to
cognitive dysfunction in DMD. These results support a role for dystrophin in

normal brain morphology and cognitive function.
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Chapter 1. Introduction

1.1 Duchenne muscular dystrophy

Duchenne muscular dystrophy (DMD) is an X-linked recessive disease,
occurring at an incidence of 1 in 3,600-10,000 live male births (Emery, 1991;
Mah et al., 2014). Although rare it remains the commonest of all muscular
dystrophies. The less severe allelic form, Becker muscular dystrophy (BMD)
occurs less frequently (1 in 10,000) and the clinical course is milder (Emery,
1991) (Bushby et al., 1991). DMD is characterised by a severe pathology of the
skeletal musculature causing progressive loss of muscle, with premature death
frequently occurring in the third decade of life as a result of cardiac and
respiratory complications (Wallace and McNally, 2009). This fatal disease arises
from mutations in the DMD gene; the largest gene in the human genome, with
79 exons spanning 2.4 Mb (Davies et al., 1988), and coding for a 427 kDa
intracellular protein named dystrophin (Monaco et al., 1986; Hoffman et al.,
1987a; Hoffman et al., 1992; Roberts et al., 1993). The extremely large size of
the DMD gene contributes to a complex mutational spectrum, with more than
7000 mutations identified and a high spontaneous mutation rate is associated
with this gene (Bladen et al., 2015). Approximately one-third of DMD cases are
as a result of spontaneous mutations whereas the other two-thirds occur
through maternal inheritance (Aartsma-Rus et al., 2006). Dystrophin forms part
of a membrane spanning protein complex, the dystrophin-glycoprotein complex
(DGC; Figure 1.1), which plays a pivotal role in anchoring the intracellular
cytoskeleton to the extracellular matrix, stabilising the sarcolemma during
muscle contraction (Hoffman et al., 1987b; Campbell and Kahl, 1989; Ahn and
Kunkel, 1993; Brown, 1997). Absence of dystrophin disrupts the DGC causing
increased muscle membrane fragility. A cascade of events including influx of
calcium into the sarcoplasm, activation of proteases and pro-inflammatory
cytokines, and mitochondrial dysfunction, cumulate in progressive muscle
degeneration (Blake et al., 2002; Allen et al., 2010; Gumerson and Michele,
2011). The severe phenotype associated with DMD is most often associated
with out-of-frame mutations (Monaco et al., 1988; Koenig et al., 1989), causing
complete loss of functional dystrophin protein. Whereas in-frame mutations
allow for the synthesis of an internally truncated but partially functional
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dystrophin protein product and are found in BMD patients, although exceptions
to the reading frame hypothesis occur in <10% of all DMD mutations (Aartsma-
Rus et al., 2006). Although dystrophin is most abundantly expressed in muscle
tissues, it is also expressed in the central nervous system (CNS) with the brain
harbouring high amounts of dystrophin and its various isoforms. Considerable
research has been devoted to understanding the role of dystrophin in muscle
cells, its role in the brain has received less attention.

1.1.1 Clinical phenotype

DMD was first detailed in 1852 by an English physician: Edward Meryon
(Meryon, 1852), the clinical manifestations of eight boys from three families
were described, which highlighted progressive muscle wasting and weakening
confined to muscles, leaving the nervous system unaffected (Meryon, 1852).
This disorder was later named after Guillaume Benjamin Amand Duchenne who
was indeed the first to study patient biopsies (Duchenne, 1868).

Progressive muscle wasting and weakness is the major hallmark of DMD,
where patient muscle fibres are vulnerable to contraction induced damage, yet
despite efforts of muscle to regenerate, muscle mass is gradually lost. DMD
usually presents within the first few years of life, between the ages of two and
five years old, and is characterised by calf muscle hypertrophy and a delay in
motor milestones e.g. slow to begin walking, difficulties running and climbing
stairs (Bushby et al., 1999). The Gowers manoeuvre becomes evident when
patients have difficulties rising from the ground and begin using their arms to
climb up their body (Gowers, 1879). By the second decade of life patients are
usually wheelchair dependent due to loss of strength in their lower limb
muscles. Loss of function of all extremities occurs in the later stages of the
disease due to progressive weakness of the shoulder girdle and arm muscles
(Blake et al., 2002).

Cardiac involvement is also a major characteristic of DMD with 90% of patients
exhibiting cardiac dysfunction including 25% of patients under the age of 6
years old (Finsterer and Stollberger, 2003). Common cardiac complications in
DMD include myocardial ischemia (leading to necrosis), conduction defects,
and/or arrhythmias (Eagle et al., 2002). One of the leading causes of death is
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cardiomyopathy, where the heart chambers are dilated and ventricles have poor
contractility causing a decreased ejection fraction (Finsterer and Stollberger,
2003). In the heart, degeneration of cardiomyocytes leads to fibrosis. Initially,
this phenomenon affects particularly the posterobasal segment of the left
ventricle (Goodwin and Muntoni, 2005). Loss of cardiomyocytes in DMD leads
to an increase wall stress and the myocardium has an increased vulnerability to
pressure overload in vivo compared to normal (Kamogawa et al., 2001).
Progressively, systolic left ventricle function decreases and myocardial oxygen
consumption increases, eventually leading to left ventricular dilation and left

ventricular dysfunction (Fayssoil et al., 2010; Spurney, 2011).

In addition, patients often suffer from spinal deformities such as thoracolumbar
kyphosis and scoliosis, resultant of asymmetric weakening of the muscles
supporting the spine (Yamashita et al., 2001; Eagle et al., 2007). Furthermore,
respiratory involvement is evident in later stages of the disease with assisted
ventilation sought initially at night but progressing to a more permanent state
(Lo Mauro et al., 2010). A low bone mineral density, lower lean tissue and
higher fat mass compared to healthy age matched controls results from DMD
patients’ immobility and one study found that by the age of 13 years old 47% of
patients were obese and 34% were underweight primarily as a consequence of

swallowing difficulties (Martigne et al., 2011).

1.1.2 Current care strategies for DMD

There is currently no cure for DMD and treatment strategies aim to alleviate
symptoms in addition to reducing muscle necrosis (Guglieri and Bushby, 2010).
Strategies focus on optimising growth and development, promoting a well-
balance diet, participating in physical and recreational activity, and delaying the
onset of secondary complications through ongoing medical and psychosocial

support (Zamani et al., 2016; Wong et al., 2017).

Supportive interventions include timely administration of corticosteroids.
Corticosteroids are a group of steroid hormones produced naturally by the body
and are involved in a wide variety of physiological processes such as the
immune response, stress response, and regulation of inflammation (Greaves,

1976). Corticosteroids are an important treatment option in DMD as they have
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anti-inflammatory, immunosuppressive, anti-proliferative, and vasoconstrictive
effects, to slow the progression of inflammatory damage. Historically,
corticosteroids have offered benefit to DMD patients through the stabilisation of
muscle strength and function, delaying progression of scoliosis, prolonging
independent ambulation and delaying onset of cardiomyopathy (Mendell et al.,
1989; Griggs et al., 1991; Moxley et al., 2005; Kinali et al., 2007; Markham et
al., 2008). Other treatment options include respiratory care, where supportive
strategies such as non-invasive positive pressure ventilation, assisted airway
clearance, and mechanical cough assistance, can help some DMD patients live
beyond their third decade of life (Lo Mauro et al., 2010). Preventative cardiac
care is also available through the early use of angiotensin-converting enzyme
(ACE) inhibitors or beta-blockers to delay the progression of cardiomyopathy
(Bushby et al., 2010). Additionally, there are currently multiple therapeutic trials
looking to restore, repair, and/or prevent further damage to muscle and it is
hoped that in the future life expectancy and quality of life will improve further for
DMD patients (Mendell et al., 2013; Mah, 2016; Robinson-Hamm and
Gersbach, 2016).

1.2 The dystrophin-glycoprotein complex (DGC)

1.2.1 DGC in muscle

In skeletal muscle, the DGC is comprised of three sub-complexes and their
constituent proteins: the dystroglycan complex, the transmembrane
sarcoglycan-sarcospan complex, and the cytoplasmic complex of dystrophin,
dystrobrevins, and syntrophins (Ervasti and Campbell, 1991; Yoshida et al.,
1994). The dystroglycan complex consists of both a and B subunits (Allikian and
McNally, 2007). The extracellular protein laminin-a, binds directly to a-
dystroglycan, which in turn binds to B-dystroglycan, thus providing the initial link
in the DGC to the extracellular milieu (Ervasti and Campbell, 1991). The
cytoplasmic proteins of the DGC include a-dystrobrevin, a- and B-syntrophin,
and dystrophin. a-dystrobrevin directly interacts with cytoplasmic dystrophin and
Bi-and B2- syntrophin (Lapidos et al., 2004). a-syntrophin interact directly with
dystrophin at its C-terminal as well as with a-dystrobrevin (Blake et al., 2002). A
more recently identified cytoplasmic DGC member, dysbindin, resides in

muscle, where it associates with a-dystrobrevin (Benson et al., 2001). In
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skeletal muscle, neuronal nitric oxide synthase (nNO) interactions with the DGC
are primarily through a-syntrophin (Adams et al., 2001). In the absence of
dystrophin, nNOS detaches from the sarcolemma, attenuating nitric oxide (NO)
production. This leads to functional ischemia, in skeletal muscle, due to
impaired vascular relaxation and in the heart decreased NO production is
known to contribute to the development of a myopathy (Kanai et al., 2001).
Through syntrophin, the DGC is thought to anchor a variety of signalling
molecules including: nNOS, kinases, and transporters in the muscle membrane,
which are hypothesised to contribute to the secondary disease features such as
inflammation and alteration of muscle regeneration (Kameya et al., 1999; Inoue
et al., 2002). In addition, syntrophin interacts with aquaporin-4 (AQP4), a water

channel, via a PDZ-binding domain (see Figure 1.1).

Dystrophin is the best characterised component of the complex (Koenig et al.,
1988; Ervasti and Campbell, 1993) and is organised into four (general)
functional domains. First is the N-terminal actin-binding domain (ABD),
containing two calponin homology motifs. The second is the triple-helical rod
domain which is characterised by 24 spectrin- like repeats in three sub-regions
separated by 4 proline rich hinges and contains a second ABD (able to bind
actin primarily by electrostatic interaction (Amann et al., 1998)) and the binding
site for nNOS. The third is a cysteine-rich region responsible for binding to 3-
dystroglycan (composed of a WW domain, two EF hands EF1 & EF2,

and a zinc-finger domain). Finally, the C-terminal end binds to a- and §3-
syntrophin and dystrobrevin (Koenig et al., 1988). A change in dystrophin
expression levels has a disproportionately large effect on the integrity of the

DGC in muscle relative to other DGC components (Ervasti et al., 1990).

Utrophin (a product of the UTRN gene) is an autosomal homologue of
dystrophin. Similar to dystrophin, utrophin contains an N-terminal actin-binding
domain and a C-terminal dystroglycan-binding domain (Tinsley et al., 1992).
Utrophin is expressed ubiquitously in many fetal and adult tissues, including
liver, spleen, skeletal muscle and testes (Love et al., 1991). Utrophin localises in
the neuromuscular junction of adult skeletal muscles, where it is focused at the
sarcolemma in regenerating muscle fibers (Tinsley et al., 1992). Utrophin
therapy has improved dystrophic symptoms in mice (Squire et al., 2002).
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Figure 1.1: A schematic representation of the components of the muscle
dystrophin-glycoprotein complex (DGC). This complex protein network is
known as the dystrophin-glycoprotein complex (DGC) and has multiple
interactions with other proteins. The DGC is critical in connecting the
cytoskeleton of muscle fibres to the surrounding extracellular matrix by
spanning the cell membrane. Dystrophin interacts with sarcomeric F-actin at its
N-terminus (NH2) and transmembrane protein 3-dystroglycan at a cysteine-rich
domain (Cys) close to its C-terminus (COOH), where dystrophin is associated
with nNOS. B-dystroglycan interacts with the sarcoglycan complex as well as a-
dystroglycan on the extracellular side of the sarcolemma. Aquaporin-4 (AQP4)
is a major water channel enriched at the sarcolemma of skeletal muscle and is
theorised to have a role in accommodating the rapid changes in cell volume and
hydrostatic forces that may occur during muscle contraction to prevent
sarcolemma damage (Crosbie et al., 2002). Figure from:(Khurana and Davies,
2003; Nichols et al., 2015).

1.2.2 The DGC in brain

Within the CNS dystrophin is expressed in a specific population of neurons
responsible for higher order functions, including learning and memory.
Dystrophin is localised to cerebellar Purkinje cells (PCs), hippocampal neurons,
and pyramidal neurons of the cerebral cortex of the human brain (Lidov et al.,
1990). Dystrophin expression is greatest in the cerebellum where it is localised
as discrete puncta along the somatic and dendritic membranes of PCs in both
mice (Lidov et al., 1990; Lidov et al., 1993) and humans (Uchino et al., 1994).
Dystrophin has is also been identified to extensively colocalise within a subset
of y-aminobutyric acid type A (GABAA,) receptor clusters found in the

cerebellum, hippocampus and cerebral cortex (Knuesel et al., 1999).
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In addition to dystrophin expression in the brain, other DGC components have
also been found to be expressed within the CNS. Both a- and 3-dystroglycan
are found in pyramidal neurons of the cortex (Zaccaria et al., 2001). Cerebellar
Purkinje cell (PC) dendrites and soma reportedly express a-dystroglycan in a
punctate distribution similar to that seen for dystrophin (Zaccaria et al., 2001).
More recently, sarcoglycans have been detected within the CNS; e-sarcoglycan
has been localised to PC soma and dendrites identified by immunofluorescence
imaging (Chan et al., 2005). Syntrophins, one of the cytoplasmic proteins of the
DGC, has been observed in the granule cells of the cerebellum in both isoforms
a1 and B2 (Gorecki et al., 1997). In contrast to the DGC of muscle fibres, the
transmembrane protein sarcospan has not been identified in the CNS and is not
believed to be a member of the neuronal DGC (Pilgram et al., 2010).
Furthermore, the brain DGC contains proteins that are not expressed in the
muscle DGC, including B-dystrobrevin and y-syntrophin (Piluso et al., 2000).

Unlike muscle tissue, there are multiple DGC-like complexes present in the
brain (Blake et al., 1999). Discrepancies regarding the precise localisation of
dystrophin and various DGC components in the CNS are perhaps due to
variation in the quality of immune-detection methods (i.e. staining and protein
analysis). For example, dystrophin localisation in the cerebellum has yielded
inconsistent results; some studies report abundant cytoplasmic staining of full-
length dystrophin in mouse cerebellum (Lidov et al., 1990), whereas others

report negligible cytoplasmic labelling (Huard and Tremblay, 1992).

1.3 The DMD gene and dystrophin

The DMD gene has 7 promoters resulting in various sized dystrophin protein
products (Figure 1.2). The promoters located in the proximal region of the gene
give rise to three full-length dystrophin isoforms: Dp427b (brain), Dp427m
(muscle) and Dp427p (Purkinje), which have the same number of exons, but
differ in terms of their respective promoter and unique first exon (Holder et al.,
1996). The brain promoter drives expression predominantly in the hippocampal
cortical neurons, the Purkinje promoter in PCs, and the muscle promoter in both

skeletal muscle and cardiomyocytes (Muntoni et al., 2003). As a consequence
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of splicing events and alternative transcripts, four shorter dystrophin isoforms
are created (via promotors located in introns) producing protein products Dp260
in retina, Dp140 in brain, retina and kidney, Dp116 in Schwann cells, and Dp71
with ubiquitous expression in most non-muscle tissues (Byers et al., 1993;
D'Souza et al., 1995). Full length dystrophin (Dp427), absent from patients with
DMD, is found in neurons which are specifically involved in cognitive functions,
including memory formation and learning: cerebellar PCs, and the pyramidal
neurons of the cerebral cortex and hippocampus (Mehler, 2000). The shortest
dystrophin isoform, Dp40, is produced by alternative splicing of the Dp71
transcript and little is known about its function, but it is theorised to have a role
in presynaptic function via interactions with synaptic vesicles (forming a novel
complex) in the mouse brain and is therefore implicated in cognitive functioning
(Tozawa et al., 2012).
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Figure 1.2: Genomic organisation of the DMD gene and dystrophin protein
isoforms. A. Shows the location of the DMD locus at Xp21. The black arrows
indicate the various promoters: the brain promoter (B), the muscle promoter
(M), and Purkinje promoter (P) which give rise to full-length dystrophin (Dp427b,
Dp427m, and Dp427p respectively). Another brain promoter (Bs) also gives rise
to the shorter Dp140 isoform implicated in cerebral dysfunction (Moizard et al.,
1998), which alongside with the Dp71 isoform, controlled under a general (G)
promoter, is associated with cognitive impairment in DMD patients (Moizard et
al., 1998). Dp260 is predominantly expressed in the retina. B. i. Structure of the
full-length 427 kDa isoform of dystrophin, which consists of an N-terminal actin
binding domain, a rod domain of 24 spectrin-like repeats, a cysteine rich region,
a carboxy-terminal domain (COOH) and also possesses 4 hinge regions. ii.
Summarises the Dp140 shorter isoform structure which has only 6 spectrin-like
repeats and 3 hinge regions in the rod domain. iii. The short isoform Dp71,
expressed in most tissues, lacks any of the central rod domain repeats and
possesses only 1 hinge region. The shortest isoform of dystrophin, Dp40, is
thought to lack all or most spectrin- like repeats in addition to the COOH
terminal region. Figure adapted from: (Blake et al., 1995; Muntoni et al., 2003;
Nichols et al., 2015).

1.4 Cognitive functioning in DMD

Intellectual impairment has long been recognised as a disease symptom in
DMD. Indeed, even in the earliest reports of the disease, De I'electrisation

localisée, patients were identified with an obvious cognitive deficit (Duchenne,
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1868). Developmental delay has also been detailed by clinicians to be amongst
the first signs at disease presentation. However, prior to 1960 the cause of
cognitive disability in DMD patients was attributed to functional disabilities and
social environment (Morrow and Cohen, 1954) and until recently relatively few

studies had addressed this disease parameter.

It is generally acknowledged that the average 1Q of DMD patients is 85, one
standard deviation below the norm (Cotton et al., 2001; Cotton et al., 2005) and
the frequency of mental retardation is also higher in DMD; 20.9% versus 3% in
the general population (Cohen et al., 1968) (based upon IQ scores).
Approximately one-third of patients with DMD have some degree of cognitive
deficit frequently manifesting itself in memory impairment, but ranging from
reduced verbal intelligence (Cotton et al., 2001; Hendriksen and Vles, 2006) to
severe autism (Wu et al., 2005). Literature documenting cognitive impairments
in DMD remains inconclusive regarding the severity of verbal intelligence
affected (Cotton et al., 2001). Compliance data for 32 studies from 1960-1999
were examined to determine the relationship between verbal intelligence
guotation (VIQ) and performance intelligence quotation (P1Q) (Cotton et al.,
2005). The results from the analysis of 1224 children and young adults with
DMD (aged between 2-27 years old) with variable cognitive impairment
revealed that VIQ and PIQ were one standard deviation below the population
mean, with at least one-third of DMD patients in the study producing scores
indicative of mental retardation (Cotton et al., 2005). Overall this study
demonstrated and confirmed a decreased general cognitive functioning in DMD
and illustrated a decreased verbal relative to non-verbal cognitive ability, but not
to a high extent (Cotton et al., 2005). The potential association between VIQ,
full-scale intelligence quotation (FSIQ) and PIQ in DMD was examined and
revealed that age and disease severity were indeed related with more advanced
IQ impairments exhibited in older DMD patients. However, there was no

difference in age groups with respect to PIQ, FSIQ or VIQ (Cotton et al., 2001).

Memory deficits in DMD patients compared to age matched controls have also
been reported (Anderson et al., 1988). During a task boys were asked to recall
the position of a series of pictures from the Peabody Picture vocabulary test

(Dunn 1959). DMD patients had severe difficulties in the serial positioning
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memory task in comparison to relative controls (Anderson et al., 1988). More
specifically, DMD patients had significant impairments in remembering the first
four pictures presented in a series of eight. These studies are indicative of
impairments in both verbal and visual memory of DMD patients (Anderson et
al., 1988).

There is conclusive evidence that the muscle pathology exhibited by DMD is
progressive, yet it remains unknown whether the cognitive impairments in DMD
are also progressive in nature. One study found no significant difference
between FSIQ scores within a group of 29 DMD patients upon serial
administration of the Wechsler Intelligence Scale for Children (WISC) two to six
years after initial testing (Prosser et al., 1969). However, VIQ appeared to
increase with age whereas PIQ remained static. Conversely, a significant
negative correlation between age and VIQ among DMD patients has been
reported, suggestive of an intellectual decline in verbal domains with increasing
age (Black, 1973). However, no correlation analysis between PIQ and VIQ was
performed in these DMD patients. Other studies have yielded equally
inconsistent results, DMD patients aged younger than 9 years old showed no
difference on FSIQ, VIQ, or PIQ in comparison to DMD patients aged 10 years
and over (Dorman et al., 1988). In contrast other reports have noted that
defects in verbal abilities were more prominent in younger versus older DMD
patients (Miller et al., 1985).

Although numerous studies define the cognitive deficit observed in DMD
patients to be non-progressive in nature (Billard et al., 1992), this proposition
remains conjectural due to the lack of concrete long-term studies investigating
this disease parameter. Additionally, these previous studies do no correlate
intellectual abilities with morphological brain changes in DMD patients.

More recently investigators are highlighting a potentially progressive nature of
cognitive aspects in older DMD patients. Recent studies have established that
dystrophin colocalises with GABAAa receptor (GABAAa-R) clusters at the
postsynaptic membrane (Kueh et al., 2011). The GABAergic system plays a key
role in a variety of distinct neuronal processes, including regulation of neuronal

excitability, synchronicity of local networks, and neuronal plasticity (Macdonald
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and Olsen, 1994; Varju et al., 2001). Additionally, the impact of the GABAa-R on
cognitive function has been emphasised in neurological disorders, including
schizophrenia, trauma, and autism (Rudolph and Mohler, 2014). Moreover,
there is recent evidence to suggest a significant decline in GABAAa-R within the
prefrontal cortices of DMD patients (Suzuki et al., 2017). Remarkably, the
observed decline was more pronounced in older adult DMD patients, indicating
that the observed decline in GABAA-R was likely part of the disease process.
Furthermore, investigators detected cognitive dysfunction in the Wisconsin Card
Sorting Test (WCST), although 1Q and global memory were virtually unaffected
(Suzuki et al., 2017). Likewise, age-related differences in WCST scores in the
DMD group suggested that cognitive dysfunction would be progressive, as
younger DMD patients out performed older DMD patients (18-37 years old)
(Suzuki et al., 2017).

1.4.1 Variable protein expression in DMD

There is a variable degree of cognitive deficits within the DMD population,
possibly due to different mutations in the DMD gene. The probable link between
the loss of dystrophin and brain abnormalities remains elusive with no concrete
genotype-phenotype profile existing. Mutations in all parts of the DMD gene can
be associated with cognitive impairment (Bushby et al., 1995). However,
mutations in the distal region of the DMD gene are more highly associated with
cognitive abnormalities, as mutations encompass Dp140 and Dp71, compared
to proximal gene mutations (Bushby, 1992; Lenk et al., 1993; Daoud et al.,
2009; Taylor et al., 2010). An apparent association of mental retardation and
specific deletions has also been observed, with approximately 70% of patients
with a deletion in exon 52 of the DMD gene exhibiting cognitive impairments
(Rapaport et al., 1991). Most recently, an association between the degree of
cognitive impairment and the presence of mutation in the Dp71 isoform has
been reported (Daoud et al., 2009). Dp71 is the major product of the DMD gene
in the brain but the precise function of this shortened DMD isoform remains
unknown. High levels of Dp71 have been noted in neonatal and in adult brains,
particularly in the hippocampus and in some layers of cerebral cortex (Sarig et
al., 1999). Subcellular distribution analysis has identified a gradual increase in
brain expression from embryo to adult and Dp71 is mainly found in synaptic
membranes, microsomes, and to a lesser extent synaptic vesicles and
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mitochondria (Haenggi et al., 2004). There is now substantial evidence that
despite their rarity, all patients with mutations involving the Dp71 isoform have
severe intellectual disability (Lenk et al., 1993). Recent reports have identified
multiple Dp71 transcripts, generated by several alternative splicing events, in
the mouse brain and retina suggesting that these Dp71 isoforms are
differentially regulated in tissues (Aragon et al., 2017) and may have different

functional roles.

With increasing amounts of research focusing upon the cognitive dysfunction
observed in DMD, more evidence is emerging of a link between increased
severity of cognitive impairment and loss of Dp140 and Dp71 isoforms. Other
researchers have looked at the role of mutations affecting Dp140 in DMD, and
concluded that mild mental retardation is significantly more frequent with
mutations affecting Dp140 (Daoud et al., 2009; Doorenweerd et al., 2014).
Additionally, there is increasing evidence detailing a significant effect of grouped
isoform involvement on FSIQ which is clearly identifiable when the data are
categorised into 5 groups: Dp427, Dp260+Dp140utr (mutations located in the
extended 5'UTR of the Dp140 isoform, which leave the Dp140 promoter intact),
Dp140pc (indicate mutations that affect the promoter and/or coding region of
the Dp140 isoform), Dp116, and Dp71 (Figure 1.3). The data presented in the
study identified that assignment of mutations to isoform groups provided a
better explanation for the greater percentages of the variance in FSIQ
compared to the consideration of the effects of mutations purely by location
(Taylor et al., 2010).

39



Q
-

130

120

110

100

Full Scale 1Q

80

70 o

60

40 H

30

Dpaz27 Dp260/Dp1aoutr Dpld0pc Dpi116 Dp71

Most-3’ dystrophinisoform lost

Figure 1.3: Effect of cumulative loss of dystrophin isoforms on full scale
intelligence quotient (FSIQ) (adapted from (Taylor et al., 2010)). A boxplot
representation of patient full-scale intelligence quotient (FSIQ) data classified by
the most 3' dystrophin isoform affected by a mutation (each open circle
represents a patient). There is a significant effect of grouped isoform
involvement on FSIQ identified when the data were categorised into 5 groups:
Dp427, Dp260+Dp140utr, Dp140pc, Dpl116 and Dp71.

1.5 Potential role of dystrophin in the CNS

The understanding of dystrophin isoform expression and function within the
brain remains to be fully elucidated. There are many types of cells within the
nervous system which can be broadly split into two categories: neurons and glia
(Figure 1.4). Within these categories there are many types of cells that differ in
their structure, chemistry, and function. Neurons are the most important cells for
the unique functions of the brain, it is neurons which can sense changes,
communicate these changes to other neurons and command the bodies’
response to these sensations. On the other hand, glia are thought to contribute
to brain function mainly by insulating, supporting, and nourishing neighboring

neurons (Mark F. Bear, 2007).
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Neurons can be classified based on their number of neurites (axons and
dendrites that extend from the soma), dendrites (branching projection of the
neurons; in the cerebral cortex pyramidal cells are an abundant dendritic cell
type), connections (neurons which only communicate with other neurons are
known as interneurons), axon length (Golgi type I, Il and Il neurons based on
their extend of projection from one part of the brain to the other), and
neurotransmitter (amino acids, peptides, monoamines) (Mark F. Bear, 2007).

The most numerous glia in the brain are astrocytes, cells filling spaces between
neurons. Astrocytes have multiple functions in the brain such as regulating the
chemical content of the extracellular space and modulation of the blood-brain
barrier (BBB) (Abbott et al., 2010). Myelinating glia includes oligodendroglia and
Schwann cells. Oligodendrocytes wrap around the neuronal axons for faster

electrical signal transduction (Mark F. Bear, 2007) (Figure 1.4).

Other non-neuronal cells include ependymal cells and microglia. Ependymal
cells provide the lining of fluid filled ventricles within the brain and also
contribute to directing cell migration during brain development (Jiménez et al.,
2014). Microglia’s function as phagocytes to remove debris left by dead or
degenerating neurons or glia and present the main form of active immune
defense (Kreutzberg, 1996).

Oligodendrocyte

o |
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Figure 1.4: A schematic representation of the main cell types in the brain.
Adapted from: (Abeysinghe et al., 2016). Astrocytes are the most numerous
brain glia and participate in many brain functions including ion homeostasis.
Microglia, resident macrophage cells, acts as the first and main form of active
immune defence in the central nervous system (CNS). The CNS houses
oligodendrocytes for myelin synthesis, as neurons in the CNS are covered by a
myelin sheath, providing electrical insulation.
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Many investigators have postulated roles for the DGC in the CNS, but
unambiguous evidence has yet to emerge. Current literature suggests that
neuronal DGC composition is complex, with numerous isoforms expressed in
different tissues and neuron specific localisation (Lidov et al., 1993; Hendriksen
et al., 2015a). It has been suggested that the DGC may be acting as an adaptor
between the actin cytoskeleton and membrane bound receptors acting to
anchor molecules which are critical for neuronal functioning (Yoshihara et al.,
2003). The DGC may also patrticipate in the formation and maintenance of
macromolecular signalling complexes (Tokarz et al., 1998). Furthermore, it is
hypothesised that dystrophin may play a role in stabilising the postsynaptic
apparatus during brain maturation in order to maintain a certain network status
critical for synaptic plasticity (Brunig et al., 2002). Dp427, for example, has been
found to colocalise with GABAA receptors (Figure 1.5). It is hypothesised that
following GABAA receptor insertion into the neural membrane, dystrophin is
essential for their anchoring and clustering, which in turn is necessary for
correct signal transduction. As a consequence, lateral diffusion of these
receptors may be inhibited, hence contributing to their stabilisation (Craig and
Kang, 2007; Hendriksen et al., 2015a) (Figure 1.5). Other dystrophin isoforms
appear to be expressed in a cell-specific manner: Dp140 appears to be
associated with microvascular glia cells (Blake and Kroger, 2000), Dp116 is
most abundantly found in Schwann cells of peripheral nerves, and Dp71 is the
most highly expressed dystrophin in the brain (under control of the general
promotor (G-dystrophin)) and is expressed in both neurons and glia (Austin et
al., 2000).

Overall the theory is that DGC components have a higher preference to localise
at the post-synaptic membrane of neurons in brain regions that are critical for
memory and learning abilities (the hippocampus, cerebral cortex, and
cerebellum) which suggests that there is an extensive colocalisation with
proteins involved in excitatory/inhibitory synapses (Lidov et al., 1990; Brunig et
al., 2002; Levi et al., 2002). Thus, it appears that the neural DGC plays a role in

maintenance of receptors and ion channels.

Hypotheses regarding the variable expression of the cognitive deficits exhibited

in DMD have highlighted the role of the cerebellum as paramount (Snow et al.,
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2013). Numerous members of the DGC are distinctively localised in cerebellar
PCs and their strong presence suggests that DGC members are essential for
normal cerebellar functioning. The distinctly dense localisation of numerous
members of the DGC in cerebellar PCs, and the comprehensive presence of
dystrophin particularly in these neurons, is suggestive that DGC members,
including dystrophin, play pivotal physiological roles in these neurons, and
therefore contribute to proper cerebellar functioning (Grady et al., 2006; Snow
et al., 2014).
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Figure 1.5: Models of how the DGC and components may function within
brain tissue Adapted from (Waite et al., 2012). A. Schematic representation of
how the DGC may function within neurons. Neurexin-neuroligin trans-synaptic
adhesion complexes drive the post-synaptic recruitment of scaffolding
molecules where GABAa-receptors (GABAAa-Rs) are anchored (Luscher et al.,
2011a). Gephyrin, a scaffold protein, is critical for GABAA-R clustering. NL2
(neuroligin-2)-mediated activation of GEF (guanine nucleotide exchange factor)
collybistin recruits Gephyrin to the postsynaptic membrane (Luscher et al.,
2011b). In the cerebellum and hippocampus it is theorised that DGC-like
complexes participate in Gephyrin —independent clustering of GABAA-Rs
(Brunig et al., 2002). It is hypothesised that the DGC is recruited to the
postsynaptic membrane through a different neurexin-dystroglycan interaction
and an indirect interaction with NL2 via the synaptic scaffold protein S-SCAM
(synaptic scaffolding molecules) (Sumita et al., 2007). SynArfGEF (ADP
ribosylation factor), a GEF that shows preferential localisation to the inhibitory
postsynaptic specialisations, associated with S-SCAM/NL2/DGC complexes and
could induce local actin cytoskeletal remodelling at inhibitory post-synaptic sites
through activation of Arf6é and therefore regulate lateral diffusion and
stabilisation of GABAa-Rs (Fukaya et al., 2011). B. Hypothetical schematic
representation of an astrocyte where the DGC-like complexes comprising Dp71,
dystroglycan and the syntrophins are found at the specialised end-feet
processes of perivascular astrocytes, where they cluster and co-purify with
AQP4 channels. This interaction is theroised to involve PDZ (PSD-95/Discs
large/Zona occludens 1) domain of a-syntrophin and a PDZ binding motif in the
C-terminal tail of AQP4 (Amiry-Moghaddam et al., 2003; Nicchia et al., 2004b).

1.6 The Cerebellum and dystrophin

The cerebellum has a predominant role in controlling motor coordination

(Glickstein and Doron, 2008) and more recent studies confirm the importance of
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the cerebellum in non-motor functions including cognitive processing
(Akshoomoff and Courchesne, 1992). The cerebellum contains almost half of
the neurons within the brain (Andersen et al., 1992) with multiple input and
output projections, to both motor areas and non-motor areas of the cerebral
cortex. The major anatomical subdivisions of the cerebellum include the
flocculonodular lobe, which receives information on balance and equilibrium
(Dow, 1961), and the lateral and vermal hemispheres (Figure 1.6). It has been
widely documented that damage to the vermal hemisphere results in impaired
motor behaviour, affecting equilibrium (Joyal et al., 1996). Damage to the lateral
hemisphere, which has received less attention, indicates this as being the
cerebellar region involved in cognition. In addition, studies have documented
activation of inferior-lateral hemispheres, particularly the activation of the M1
region in humans, whilst performing cognitive tasks e.g. mental imagery (Ryding
et al., 1993). Cognition is less easily definable in rodents but can be addressed
through processes underlying abilities deemed to be ‘cognitive’ (e.g. spatial
learning). To illustrate, lesions to the lateral cerebellar hemispheres hamper
spatial learning abilities but have no effect on motor capabilities (Lalonde and
Strazielle, 2003), however lesions to the vermal cerebellum cause impaired
visual guidance to target platforms (Joyal et al., 1996). Granted, cognitive
abilities differ between the species, and any extrapolation of cognitive function
from rodents to man must be treated with caution, but what is evident is that
there is clear localisation of motor and mental functioning within sub-regions of

the cerebellum.
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Figure 1.6: A schematic representation of the anatomical and functional
division of the cerebellum. (Figure adapted from (Lai, 2010; Haines and
Dietrichs, 2012)). The main body of the cerebellum is divided by the primary
fissure into anterior and posterior lobes. The posterolateral fissure separates
the flocculonodular lobe. Shallower fissures divide the anterior and posterior
lobes into nine lobules (Lai, 2010). The vermal cerebellum lies along the midline
of the cerebellum, receiving information via spinocerebellar tracts regarding
multimodal sensory input which in turn controls proximal and trunk muscle
movement (Dow, 1961). The projections of the vermal cerebellum enter the
brainstem and cortical areas via the fastigial deep cerebellar nuclei, which
control the proximal movement of the body. The vermal hemisphere is
separated from the lateral hemisphere by the intermediate zone, which receives
distinct somatosensory input via spinocerebellar tracts concerning distal muscle
movement (Dow, 1961). This zone projects to the interposed deep cerebellar
nuclei. The ‘Spinocerebellum’ thus consists of vermal and intermediate zones.
In contrast the lateral hemisphere, lying bilaterally of the vermal zone, receives
information solely from the cerebral cortex (Dow, 1961). Phylogenetically this is
deemed the newest portion of the cerebellum and is thus termed the
‘Cerebrocerebellum’ and is associated with cognitive functioning.

Cerebellar circuitry is complex with three cellular layers comprised of five
neuronal subtypes. The granular cell layer (GCL) houses a vast number of
granule cells, Golgi interneurons, and mossy fibres. The Purkinje layer (PL), is a
monolayer of PC bodies (Mark F. Bear, 2007) (Figure 1.7). The final, outermost
layer is the molecular layer (ML), comprised of the dendrites of PCs, basket and
satellite cells, and granule cell axons. P-dystrophin, the third full length DMD
gene product, is expressed in the PCs, which are the neurons that receive the

highest synaptic input in the brain (Mark F. Bear, 2007). Synapses between the
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PCs and parallel fibres are involved in synaptic plasticity and are subject to
modification of their strength, dependent upon their successive summation,
hence the importance of this neuronal subtype in cognitive function.
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Figure 1.7: A schematic representation of cerebellar internal circuitry. ‘+’=
excitatory synapse, ‘-’= inhibitory synapse. This rich interconnected sub-
circuit and cortical neuronal arrangement is preserved across the subdivisions
of the cerebellum (i.e. flocculonodular lobe, vermal and lateral regions). The
only difference between the regions is the source of the mossy fibre (MF) input
as well as the deep cerebellar nuclei (DCN) through which the processed signal
ultimately leaves the cerebellum (Ito, 2006) Figure adapted from: (Purves D,
2001).

In addition to the expression of dystrophin in cerebellar PCs, other DGC
components have also been identified (Smalheiser and Kim, 1995; Zaccaria et
al., 2001; Alessi et al., 2006; Grady et al., 2006). Within the cerebellum, a-

dystroglycan is reported in membranes of PC dendrites and somata in a
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punctate distribution similar to that reported for dystrophin (Smalheiser and Kim,
1995). Moreover, electron microscopy studies show preferential localisation of
a-dystroglycan to postsynaptic specialisations in PCs (Zaccaria et al., 2001). B-
dystroglycan was recently identified in PCs and follows a similar punctate
distribution as dystrophin in these cells. In PCs, both a-dystrobrevin and -
dystrobrevin have been identified (Grady et al., 2006). Dystrobrevins appear in
PCs and show a close colocalisation with dystrophin, gephyrin, and GABAA-R
clusters. This distribution indicates the presence of dystrobrevins at
postsynaptic receptor sites (Grady et al., 2006). Another component of the
DGC,; syntrophin, has been reported in brain tissue, including observation of
both ai- and B2- isoforms of syntrophin within granule cells of the cerebellum
(Gorecki et al., 1997). Alternate yi- and yz-syntrophin isoforms are present in
PCs (Alessi et al., 2006). The y-isoforms do not appear to form a strong
association with dystrophin as is the case with a- and B-syntrophin isoforms.
Syntrophins, however, have been shown to form a complex with Na* channel
proteins in studies of membrane extracts from brain tissue (Gee et al., 1998),
but this relationship has not been examined in cerebellar tissue specifically.
Syntrophin also interacts with inward rectifying K* channels from cerebellar
tissue, as illustrated using protein purification techniques (Leonoudakis et al.,
2004). It is clearly evident that the DGC and its components have numerous
and complex functions within the cerebellum. It is therefore widely accepted that
loss of dystrophin from the DGC has a pivotal and complex impact on PC

functioning by disrupting the DGC.

There are various claims that cognitive impairment seen in DMD is the result of
a cerebellar disorder. Based on a cumulating research, it is proposed that the
deficits in immediate verbal memory, or “limited verbal span”, seen in those with
DMD, are cerebellar-mediated and arise from aberrations within the
cerebrocerebellar loops emanating from the lateral cerebellum (Cyrulnik and
Hinton, 2008). Authors hypothesise that an absence of dystrophin within the
cerebellum impairs the maintenance and development of phonological memory
stores and information rehearsal through cerebrocerebellar loops, likely due to
impaired synaptic transmission (Cyrulnik and Hinton, 2008). A positron emission
topography (PET) study showed that glucose metabolism is reduced in DMD, in
areas that typically contain dystrophin, including the cerebellum (Lee et al.,
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2002). Additionally, post-mortem studies have documented a decreased
number of cerebellar PCs, consistent with the theory that the cognitive
impairment observed in DMD is due to cerebellar dysfunction (Jagadha and
Becker, 1988).

1.7 The hippocampus and dystrophin

The hippocampus has been identified as a key component in the consolidation
of information particularly that pertaining to attention and memory (Mark F.
Bear, 2007). The hippocampus is linked to a variety of memory systems

including:

e Declarative memory; the long-term storage of facts.

e Procedural memory; the memory of skills, habit or behaviour.

e Working memory; the temporary storage and manipulation of
information which is a necessity for the performance of complex
cognitive tasks (i.e. reasoning and learning).

Hebb (1948) defined the hippocampus as an extension of the cerebral cortex
and a complex structure consisting of multiple components. The hippocampal
formation is comprised of four Cornu Ammonis areas, CA4 through to CA1,
which are densely packed with pyramidal cells, the dentate gyrus (DG), the
parahippocampal gyrus (PG), which includes the subicular complex (SC), and
the entorhinal cortex (EC) (Figure 1.8). The small sub-regions of the
hippocampus belie the fact that each region is in itself an intricate network of
neurons which are postulated to each have unique functions within memory
(Masser et al., 2014). The pyramidal cells in the CA1 region of mdx mice have
been shown to have an increased susceptibility to hypoxia induced damage,
resulting in a synaptic transmission loss (Mehler et al., 1992). This data
suggests that DMD patients may exhibit increased susceptibility of neuronal
populations to cumulative hypoxic insults contributing to the development of

cognitive impairments.

49



The hippocampus is also one of the major sites of neurogenesis; the process
where new neurons are generated from neural stem cells and progenitor cells,
within the brain. The phenomenon of adult neurogenesis has been found to
occur within the DG of the hippocampus (Gould and Gross, 2002).

Given our current understanding of the cellular basis of memory, adult
neurogenesis may be a mechanism by which synaptic plasticity and associated
memory are enhanced in the hippocampus. Neuronal progenitor cells from the
sub-granular zone of the DG migrate into the granule cell layer, where they
differentiate into neuronal or glial cells (Becker, 2005). Newly generated
neuronal cells can then extend their axons into the CA3 region of the
hippocampus shortly following their mitosis; axons from these cells can then
form adjacent synapses (van Praag et al., 1999). Younger granular cells appear
to be more ‘plastic’ i.e. they have an enhanced long-term potentiation (LTP)
inducible by a lower threshold induction (Schmidt-Hieber et al., 2004), which is
not inhibited by GABA (Wang et al., 2000). It is therefore reasonable to

presume that new cells form synaptic connections more rapidly.

However, increased proliferation of neurons in the DG may also disrupt
information processing within the hippocampus. Thus, abnormally high or low
levels of neurogenesis and the resulting abnormal patterns of synaptic
connectivity or neural activity may contribute to cognitive impairments reported
in DMD. Although the full functional relevance of adult neurogenesis remains
unclear, it is theorised that hippocampal adult neurogenesis is important for
learning. The proposed mechanisms behind the relationship between improved
learning abilities and increased neurogenesis include: computational theories
that new neurons increase memory capacity (Becker, 2005) and that new
neurons help the DG to avoid the problem of catastrophic interference when
adapting to new environments (Wiskott et al., 2006).

Adult neurogenesis is subject to various regulatory factors including growth
hormones and corticosteroids (Gould and Gross, 2002). Systemic
administration of NOS inhibitors into adult mice increases cell proliferation in
neurogenic regions of the brain, but decreases neuronal differentiation,
indicating that nitric oxide (NO) can play an important role in regulating

neurogenesis (Cheng et al., 2003). Loss of nNOS expression and activity in
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muscle is a pathologically important consequence of dystrophin deficiency and
dystrophin mutation may in turn disrupt adult neurogenesis by promoting cell
proliferation in the DG, suppressing neuronal differentiation. Thus loss of
muscle nNOS may underlie defects in the CNS in DMD (Deng et al., 2009).
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Figure 1.8: A schematic representation of the organisation of the
anatomical and functional division of the mouse hippocampus. A. Diagram
of a mouse brain showing the position of the hippocampus and a sagittal
hippocampal slice. B. Circuitry and anatomical sub-regions within a
hippocampal slice. C. Circuitry of the Entorhinal cortex (EC) linking with the
subdivisions of the hippocampus. The EC provides the majority of external input
to the hippocampus via axons of the perforant path. Projections from the CAl
region form a distinct pathway to the medial layer V of the EC known as the
temporoammonic path. Figure adapted from: (Neves et al., 2008)

1.8 Fluid movement within the brain

1.8.1 The blood-brain barrier (BBB)

BBB separates the parenchyma of the CNS from the blood. Formation of the
BBB consists of endothelial cells, which line brain capillaries and are sealed by
tight junctions unique to the brain microvasculature (Abbott and Friedman,
2012). The endothelium of the BBB provides both structural and functional
support through interactions with several cellular and non-cellular components
including: astrocytes, microglial cells, pericytes, and basement membranes
(Obermeier et al., 2013). This is known as an interactive cellular complex:

neurovascular unit (Obermeier et al., 2013) (Figure 1.9). The main role of the
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BBB it to restrict the diffusion of substances, that are potentially neurotoxic,
whilst still allowing the passage of essential molecules i.e. glucose. It is well
documented that disruption of the BBB can contribute to numerous brain

pathologies including Alzheimer’s disease (Abbott and Friedman, 2012).

Aquaporins are a family of proteins that function as water channels in the brain.
There are two main aquaporins in the CNS: AQP1 and AQP4. AQPL1 is
localised at the apical membrane of the choroid plexus (CP) whereas AQP4 is
located in the astrocyte foot processes that surround capillaries in the CNS and
the basolateral membrane of the ventricular ependymal cells (Nicchia et al.,
2004b). AQP1 has previously been implicated in choroidal CSF secretion,
driven mainly by carbonic anhydrase and Na*/K* ATPase (Owler et al., 2010).
AQP4 has been found in astrocytic endfeet, external and internal glial limiting
membranes and the basolateral membrane of ependymal cells. The DGC is
essential for the localisation of AQP4 to the endfeet of astrocytes, where its
primary role is regulating the distribution of water through the brain. AQP4 also
colocalises with the inwardly facing potassium channel- Kir4.1, which is crucial
for the spatial buffering of potassium and thus neuronal excitability (lacovetta et
al., 2012).

Mice deficient for AQP4 have increased seizure threshold in comparison to wild
type (Binder et al., 2006). Interestingly there is a higher incidence of seizures
and epilepsy reported in the DMD population (Hendriksen et al., 2015b),
indicating a possible role for dystrophin and AQP4 in regulating neuronal
excitability. However, there are discrepancies regarding the importance of
AQP4 in maintaining the integrity of the BBB (Nicchia et al., 2004a). Astrocytes
at the BBB interface of the mdx brain show an age-related reduction in AQP4
expression, and AQP4 reduction was associated with swollen astrocyte
processes (Frigeri et al., 2004). AQP4 deficiency was associated with BBB
breakdown, with consequent vasogenic oedema, and the presence of swollen
perivascular astrocytes, indicating a close relationship between BBB integrity
and control of the water flux by astroglial cells (Nicchia et al., 2004b). Similarly,
skeletal muscle fibres from mdx mice exhibited an age-dependent reduction in
AQP4 expression with levels of the protein being 90% lower in 12 months old

mutant mice as compared with age-matched control mice (Frigeri et al., 2004).
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These studies strongly implicate an essential role of AQP4 both in muscle and

brain in maintaining the osmotic potential of tissues rich in dystrophin.

1.8.2 The blood-cerebral spinal fluid barrier (BCSFB)
The blood-cerebrospinal fluid barrier (BCSFB) functions together with the BBB
and the meninges, to control the internal environment of the brain. However, the

BCSFB displays fundamentally different properties to the BBB.

The production and circulation of CSF is carried out by four cavities (ventricles)
located within the brain. The brain choroid plexus (CP) consists of epithelial
tissue masses highly vascularised with fenestrated blood vessels of which there
are four within the brain located in each ventricle (left and right lateral ventricles,
third ventricle and fourth ventricle) and in turn produce two thirds of the CSF in
the brain (Garton and Piatt, 2004; Liddelow, 2015). The remaining third of CSF
is thought to be produced by the surface of the ventricles and the lining of the
subarachnoid space (Liddelow, 2015). This fluid circulates in the ventricular
system, subarachnoid spaces and spinal canal, where the plexuses are
essential for controlling the homeostasis of CSF composition through regulation
of movement of essential ions and molecules into, and metabolites out of the
fluid (Liddelow, 2015). The BCSFB barrier is compromised predominately of the
CP with other contributions from the arachnoid and arachnoid villi on the outer
surface of the brain. Within the CP the basolateral membrane utrophin A and
colocalised dystrophin impart structural stability, transmembrane signalling, and
ion/water homeostasis (Johanson et al., 2011).

The blood-brain barrier (BBB) and the blood cerebral spinal fluid barrier
(BCSFB) provide protective restriction barriers, formed by bands of tight
junctions between adjacent cells, which impede the movement of molecules into
the CNS. When either is compromised, the brain is subjected to defects in fluid
handling, impacting upon the brain’s osmotic equilibrium which in turn could

have effects on normal cognitive functioning i.e. causing hydrocephalus.
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Figure 1.9: Schematic representation of the neurovascular unit (NVU) in
the brain. The NVU is important in maintaining optimal brain function. Pericytes
and astrocytes are important in barrier induction and maintenance. Within the
brain dystrophin and other members of the DGC are diversely expressed,
where they have essential roles in various protein complexes that anchor
receptors to specialised membrane sites. Notably AQP4, which is the main
water channel of the CNS, contributing to brain water homeostasis, is observed
in the subpial membrane domains of astrocytes, where it is most abundant.
AQP4 is theorised to interact with dystrophin and other members of the DGC,
including B-dystroglycan (Waite et al., 2012). Figure adapted from: (Dubois et
al., 2014).

1.9 Alteration of brain structure in DMD patients

Although macroscopic brain alterations like ventricular enlargement and cortical
atrophy have been indicated in some DMD patients, imaging studies and brain
autopsies have yielded ambiguous findings. One study concluded that no gross
or histological brain abnormalities were found in DMD patients (Dubowitz and
Crome, 1969b) after assessing 21 DMD boys on autopsy and found only one
case of abnormal brain weight and two cases where there were ‘striking
histological abnormalities’. Similarly, an MRI study in DMD boys found no focal
or generalised brain changes, but the sample was very small (n=4) (Bresolin et
al., 1994). In another study of 15 DMD boys and 15 age-matched controls, no

significant difference between these two groups in relative ventricular size was
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found, but the boys participating in the study were still young (<13 years old)
(Rae et al., 1998). Cortical atrophy has also been identified in DMD but was
found to be higher in patients older than 10 years (Yoshioka et al., 1980), the

patients in this study did however show slight ventricular dilation.

In contrast, a number of other studies have reported a broad range of brain
abnormalities in DMD. The abnormalities identified include neuronal loss,
heterotopia, gliosis, neurofibrillary tangles, Purkinje cell loss, dendritic
abnormalities (length, branching and intersections), disordered architecture,
astrocytosis, and perinuclear vacuolation (Rosman and Kakulas, 1966;
Rosman, 1970; Jagadha and Becker, 1988; Itoh et al., 1999; Anderson et al.,
2002). One study reported that macroglossia was associated with a lower 1Q in

DMD but the sample size was only small (Bresolin et al., 1994).

Most recently it has been reported that both grey and white matter is affected in
boys with DMD at a whole brain level (Doorenweerd et al., 2014). Thirty DMD
patients were examined and it was shown that they had a smaller total brain
volume, smaller grey matter volume, lower white matter fractional anisotropy,
and higher white matter mean and radial diffusivity than healthy controls
(Doorenweerd et al., 2014). The study also investigated the effect of expression
of the dystrophin isoform Dp140, which has previously been implicated in
cognitive ability (Felisari et al., 2000). DMD patients also performed worse on
neuropsychological examination also, with the subgroup that was null for Dp140
showing the highest grey matter volume differences and performing worse on
information processing (Doorenweerd et al., 2014). These findings thus suggest
that there is an important role for the Dp140 dystrophin isoform in cerebral

development.

1.10 The use of corticosteroids in DMD

In animals, hippocampal injury has been shown to be caused by over exposure
to corticosteroids causing both reversible and irreversible changes in
hippocampal structure and cognition (McEwen, 1997). In humans, chronic use
of steroids can have both physiological and psychological side effects, including
increased appetite, osteoporosis (altered bone remodelling), rapid mood

swings, anxiety and depression (Brown and Chandler, 2001). In addition,
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steroid treatment can affect brain morphology, studies of steroid treatment in
asthmatic patients or patients suffering from rheumatic diseases demonstrated
a reduced hippocampal and amygdala volume (Brown et al., 2008). Since the
majority of patients with DMD are currently receiving corticosteroids, the results
pertaining to changes identified in the brain (Doorenweerd et al., 2014,
Doorenweerd et al., 2017a), may be confounded as steroid treatment could
have an effect on brain morphology. This highlights the importance of preclinical
research; the effect of dystrophin deficiency can be studied in treatment and

treatment naive conditions without surpassing ethical boundaries.

1.11 Mouse models for DMD

Animal models are a fundamental component of preclinical research. It is
essential that animal models are well characterised and accurately mirror the
disease severity and progression in patients, in addition to providing a reliable
prediction of treatment effect (Varga et al., 2010). In order for an animal model
to be deemed ‘good’, it must meet a number of criteria: a similar genetic basis
as the human patient; key hallmarks of the disease; readily available; easy to
maintain; a well characterised disease progression; a robust phenotype and a
reproducible disease course. Mice are commonly used as animal models
because they are cost-effective to house, easy to genetically manipulate, and

relatively close to humans (Varga et al., 2010).

1.11.1 The mdx mouse model of DMD

Currently the best characterised and gold standard mouse model of DMD is the
mdx mouse. This naturally occurring dystrophin deficient mouse model has a
premature stop codon in exon 23 of the Dmd gene, a null allele for dystrophin
protein expression (Bulfield et al., 1984), and was discovered in 1984 in a
C57BL/10 wild type colony. This genetically appropriate murine homologue of
DMD, lacking full length dystrophin expression, but retaining the shorter
isoforms including Dp71 and Dp140 implicated in cognitive functioning (Moizard
et al., 1998), also exhibits deficits in cognitive ability expressed in terms of
memory retardation paradigms (Muntoni et al., 1991), and passive avoidance
tests such as impaired retention in the T-maze (Vaillend et al., 1995). The mdx
mice were shown to forget newly learned information much faster than control

mice (Vaillend et al., 1995). Discrepancies regarding the validity of the mdx
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mouse as a model for DMD result from the reduced disease severity these mice
portray. Loss of ambulation, cardiac and respiratory related muscle weakness
and reduced lifespan are all hallmarks of DMD, but these pathological effects
are less pronounced in the mdx mouse (Stedman et al., 1991; Connolly et al.,
2001). With the exception of the diaphragm, no other tissues exhibit fibrosis
extensive enough to cause muscle loss which is comparable enough to that of
DMD patients (Chamberlain, 2010). A number of approaches have been
employed to increase the disease severity of the mdx mouse but the
discrepancies regarding the phenotype still remain (Willmann et al., 2009). The
lack of knowledge regarding the function of dystrophin within the brain calls into
guestion whether the mdx mouse models the human brain phenotype,

especially considering the mild muscular phenotype of the mdx mouse.

1.11.2 The Cmah-/-mdx mouse model of DMD

To circumvent the issue regarding the mild disease phenotype expressed by the
mdx mouse a double mutant mouse, the Cmah-/-mdx, carrying a homozygous
human-like mutation in the mouse Cmah gene, has been generated
(Chandrasekharan et al., 2010). This model has thus far demonstrated a more
severe pathology, exhibiting a muscle phenotype that more closely resembles
that of DMD patients (Chandrasekharan et al., 2010).

Cytidine monophospho-N-acetyl neuraminic acid hydroxylase (CMAH) gene is
known to have been deleted in humans approximately 3 million years ago, prior
to brain expansion during evolution (Chou et al., 2002). However, it is present in
nearly all other mammals (Hedlund et al., 2007). It encodes for CMAH, an
enzyme found in the cytosol that catalyses the generation of N-
glycolylneuraminic acid (Neu5Gc) from N-acetylneuraminic acid (Neu5Ac)
(Figure 1.10).

All vertebrae cells express a dense glycan layer often terminated with sialic
acids, which have multiple functions due to their location and diverse
modifications. Sialic acids are a large group of more than 50 naturally occurring
acidic, nine-carbon backbone monosaccharides. Neu5Gc and Neu5Ac are the
most commonly found sialic acid in mammals and have been found to play a
role in cell-to-cell adhesion, in inflammatory processes, as well as in immune
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response (Diaz et al., 2009). Contrasting with other organs that express various
ratios of Neu5Ac and Neu5Gc dependent upon the variable expression of
CMAH, Neu5Gc expression in the brain is very low in all vertebrates,
suggesting that neural expression is detrimental to animals (Naito-Matsui et al.,
2017). In addition there is the theory that low levels of residual brain Neu5Gc in
other mammals somehow limited brain expansion and that the human CMAH

mutation released our ancestors from such a constraint (Chou et al., 2002).

Due to the deletion, humans lack Neu5Gc and no alternate de novo pathway
has been found (Bergfeld and Varki, 2014). However, several studies have
shown Neu5Gc to be sparsely expressed in human tumours and neural
precursor embryonic stem cells (Malykh et al., 2001). Furthermore, a low level
of Neu5Gc has been found in normal human tissues as a consequence of
incorporation from diet, particularly those rich in red meat and milk, that
accumulates throughout life (Diaz et al., 2009). Several studies have
established that mice homozygously deleted for Cmah have an increased
susceptibility to certain pathogens, disturbed hearing and inner ear morphology,
defective wound healing, and increased glucose intolerance (Kavaler et al.,
2011).

Recently, the incorporation of this deletion into the mdx mouse aimed to create
a mouse model that has a more similar phenotype to that of the DMD patient in
addition to a more homologous genetic background. Currently, there is only one
study which describes the effect of the Cmah deletion in mouse skeletal muscle,
demonstrating increased disease severity and significantly reduced lifespan
(Chandrasekharan et al., 2010). It is theorised that this particular change in
sialylation capacity is a major contributor to the mild phenotype exhibited by the
mdx mouse, given that the CMAH gene is absent in DMD patients, who show a
more severe phenotype. This is possibly due to two unrelated mechanisms,
firstly reduced strength and expression of the DGC and secondly increased
activation of the complement system (Chandrasekharan et al., 2010). The first
involves both weakened expression and function of the DGC, including reduced
ECM binding to a-dystroglycan and reduced expression of utrophin, with a
similar homology to dystrophin, that when overexpressed can ameliorate

disease, as well as reduced expression of other DGC members (Deconinck et
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al., 1997). Additionally, loss of DGC expression or strength would contribute to
the weakening of the sarcolemmal membrane and the integrity in muscle fibres
(Bardor et al., 2005). Secondly, the metabolic accumulation of dietary Neu5Gc,
generation of Neu5Gc-specific antibodies and the deposition of activated (C5b-
9) complement on muscle fibres (Nguyen et al., 2005). Because Cmah-deficient
mdx myofibers, like DMD myofibers, appear to preferentially take up Neu5Gc
from diet, they may better mimic the role of dietary Neu5Gc in priming immune
responses to regenerating muscle, a process that would seed the destruction of
the very cells needed to overcome dystrophic muscle damage
(Chandrasekharan et al., 2010). This could potentially speed up skeletal muscle
wasting in DMD, the mechanism that eventually causes muscle failure and

mortality in patients.

For the current study both the mdx mouse model and the Cmah-/-mdx double-
mutant mouse model will be employed in all experiments in order to ascertain
whether any phenotypic differences, regarding cognitive functioning, exist

between these mice.

59



N-acetylneuraminic acid N-glycolylneuraminic acid

(Neu5Ac) (Neu5Gc)
OH 1CO,; :
bo 8 7 2 Ko 1CO,
5 >OR HO
71/":]#404 —~ N5 =5
> HO -
O HO | 5 Ho HO
Neu5Ac >Neu5Gc
CMAH
B.
Neu5Ac @

Neu5Gc @ N-glycan

O-glycan
Glyco-
sphingolipid
O_N_ O_N_
soffN‘ %; SIT ST

C57BL/10 (control) mouse Humans Cmah-/-mdx mouse
mdx mouse Cmah-/- mouse

Figure 1.10: Differing expression levels of Neu5Ac and Neu5Gc in human
and mice cells. A. N-glycolylneuraminic acid (Neu5Gc) differs from N-
acetylneuraminic acid (Neu5Ac) by an additional oxygen at the 5 position of this
sialic acid. B. Since mice express a functional Cmah gene they are capable of
incorporating sialic acids (Sias) at the outer ends of glycolipids and
glycoproteins that is usually either Neu5Gc or Neu5Ac. Humans and Cmah null
mice, by contrast, contain an inactivating deletion in Cmah, and therefore do not
express Neu5Gc on the surface of glycoconjugates but instead have increased
Neu5Ac. Figure adapted from: (Chandrasekharan et al., 2010).
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1.12 Statement of aims

1.12.1 Overall study aims:

As therapy development for DMD has rapidly expanded in recent years, there is
urgent need to develop reliable outcome measures to monitor disease
progression and treatment effects. There is wide availability of standardised
operating procedures (SOPs) to unify experimental protocols for
characterisation of the mdx mouse muscle and cardiac phenotypes, which can
subsequently be employed to monitor treatment effect, but no such SOPs exist
for identifying and monitoring cognitive dysfunction in the mdx mouse. Non-
invasive methods are essential for detecting and monitoring CNS pathology in
dystrophin deficient mice. The overall aim of this study was to employ non-
invasive methods: MRI and behavioural studies, to assess the CNS in DMD
mice. The mdx mouse is routinely used for drug development studies and there
is now an increased interest in understanding the origin of cognitive dysfunction
in DMD. The lack of outcome measures to study the loss of dystrophin on brain
function in the mdx mouse hinders the prospect of developing SOPs to ensure

comparable, robust, and consistent findings between labs.

Given that the current knowledge regarding brain dystrophin expression and
function is sparse, it is envisaged that a combination of techniques will afford a
better insight into the function of neuronal dystrophin. The major focus of this
project will be the development and application of quantitative MRI, including
contrast enhanced methods, to assess structural and pathological brain
changes in mouse models of DMD. Non—invasive methods, such as in vivo
imaging and behavioural studies are important for longitudinal measurements
but additionally, we aim to complement these studies by utilising histological
investigations and immunoanalysis of brain tissue to determine potential

biochemical alterations.

The mdx mouse will be compared against another mouse model of DMD, the
Cmah-/-mdx mouse model, to establish whether the mdx mouse is the most
appropriate preclinical mouse model for studying the brain phenotype seen in
DMD boys.
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1.12.2 Hypotheses to be tested

1. Loss of the CMAH gene correlates with brain expansion in mice.

2. A blood-brain barrier (BBB) impairment causes changes to brain osmotic
equilibrium and becomes more apparent with increasing age in mdx mice.

3. Cognitive impairment is progressive in mdx mice and cognition can be
monitored using a battery of behavioural tests.

4. Non-invasive imaging will reveal neuroimaging biomarkers that have the

potential to be used for preclinical studies in the DMD mouse models.
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1.12.3 Specific chapter aims

Chapter 3

The aim of this chapt