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I. Duchenne muscular dystrophy 

1. History  

Duchenne muscular dystrophy (DMD) was largely described in 1861 by Guillaume Duchenne de 

Boulogne (Duchenne, 1861). Dr. Duchenne first associated the disease with a mental disorder as 

patients exhibited verbal language disturbance and lower intelligence. He then evidenced and 

characterized the muscular dystrophy in 1868 and described muscle degeneration and high fibrosis in 

patients’ biopsies. He established diagnostic criteria based on these anatomical changes and electrical 

muscle stimulation (Duchenne, 1868).  Even though DMD was named in reference to Dr. Duchenne, 

he was not the first to describe the muscular symptoms. Indeed, in 1847 Dr. W.J. Little reported the 

case of two boys exhibiting Duchenne muscular dystrophy symptoms. Notably, Dr. Little was the 

first to practice tenotomy, a surgery aiming to prevent severe contractures, which is still used 

nowadays for myopathies. In 1851, the Dr. Edward Meyron at the Royal Medical and Chirurgical 

Society congress exposed the case of eight boys from three families.  In 1864, Dr. E. Meyron 

identified a pattern of expression for the pathology, as it was exclusively found in young-boy patients 

with maternal antecedents. Later confirmed by the neurologist Dr. Willian Gowers, who reported the 

higher frequency of DMD familial cases with mother antecedents than isolated cases. In 1879, Dr. 

Gowers described how young DMD boys rise from the floor as follows: “from a supine or sitting 

position, a child will first roll prone, extending their arms and legs far apart. With most of the trunk 

weight resting on the extended arms, they push the body backward to shift the weight of the trunk 

over the extended legs. To extend the hip, the child places their hands onto the knees and walks the 

arms up the thighs until upright” (Gowers, 1879). This clinical description is now known as Gower’s 

sign (Figure 1). 

 

 

 

 

 

 

Figure 1: Gower’s Signs. Schematic view of a child with Duchenne muscular dystrophy (Asadi et al., 2017) 
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2. Progressive muscular dystrophy 

 Duchenne muscular dystrophy (DMD) is a recessive X-linked neuromuscular syndrome that affects 

one out of 5000 male births (Mah et al., 2014), characterized by a total loss of the dystrophin protein’s 

expression. Muscle weakness and wasting progressively affect DMD patients (Figure 2). The onset 

of DMD muscular symptoms occurs in early childhood between  3 and 5 years old, and some of the 

most noticeable early signs  include mildly delayed walking, difficulty to climb stairs, a waddling 

gait, frequent falls (Mercuri et al., 2019), and Grower’s sign (Figure 1). As the disease progresses, 

the weakness hitting the lower limbs progressively affects the back leading to sclerosis and 

ambulation loss; early DMD teens by 12 years of age become wheelchair dependent (Mercuri et al., 

2019).  At this point, the histological analysis of muscle biopsies in DMD patients revealed calf 

muscle hypertrophy associated with typical hyper-fibrosis and muscle fiber hypotrophy, 

inflammation cells infiltration, and necrosis (see Figure 3). This muscle degeneration leads to a 

generally significant increase of blood creatine kinase (CK), with levels reaching 20,000 to 

50,000 U/L while physiological levels are around 80 to 250 U/L. Indeed, creatine kinase is released 

in the serum following membrane loss of integrity and altered permeability in the muscle fibers, 

which is used as a biomarker for DMD diagnosis as well as in muscle degenerating pathologies. CK 

levels progressively lower as the muscular mass loss increases with age. Between 15 and 20 years of 

age, cardio-respiratory insufficiency leads to the need for a ventilator assistance.  With optimal care 

and advances in the therapeutic field, most patients with DMD live until their late 20’s and in some 

cases reach the late 30’s. Diaphragm and cardiac muscle affection are the last but often, the most 

severe damages responsible for respiratory failure as well as impaired heart pump flexibility and 

efficiency, which are the major causes of patient mortality (Duan et al., 2021; Mercuri et al., 2019). 

Figure 2.  Duchenne muscular dystrophy progress throughout the lifespan. Schematic representation of age-related 

clinical signs in DMD patients (Neurology live website) 
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 A milder form of muscular dystrophy, known as Becker muscular dystrophy (BMD), affects around 

1 out of 20,000 boys. This milder form of dystrophy is diagnosed around the age of 12, although some 

patients remain asymptomatic until adulthood. Becker's myopathy presents a strong clinical 

heterogeneity; this can range from locomotor incapacity in young adolescents to other milder clinical 

signs such as simple muscle pain associated with cramps. The constant signs in a large proportion of 

BMD patients are elevated serum creatine kinase levels and early calf muscle hypertrophy. In some 

BMD patients cardiomyopathy similar to that found in DMD happens to be observed over time 

(Emery, 1993). BMD individuals with the most severe clinical signs die between the ages of 40 and 

50, while life expectancy is almost normal for patients with milder forms. In contrast with DMD 

patients, dystrophin protein expression is detected in BMD patients. They mainly present the 

expression of shorter dystrophins, deleted in the internal region but functional, while dystrophin is 

undetectable in DMD patients.   

Figure 3. Cross-sectional muscle histology: Hematoxylin and eosin (HE) staining (McGreevy et al., 2015) 

 

In the last decades, the underlying cellular and molecular mechanisms involved in muscular 

dystrophy led to the emergence of therapeutic approaches efficient to rescue the muscular dystrophy, 

which were somewhat aimed to at least reduce the DMD phenotype to a milder BMD-like phenotype 

(Duan, 2018a; Bizot et al., 2020). However, the understanding of the neurological component in 

DMD, and thus the therapeutic approaches targeting brain, is so far less well extended. Indeed, despite 

the early description of certain central alterations by Dr. Duchenne already in 1868, a large 

controversy surrounded the central alterations in DMD and thus limited the advances.  
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3. Non-progressive central alterations  

Neurological alterations in DMD appear a few months after birth before the first muscular symptoms 

(van Dommelen et al., 2020). Little has been reported about cognitive abilities in the first years of 

life, even though young DMD children have a specific profile of neurological disturbances. Below 

the age of two years, cognitive, motor, and emotional aspects are strictly intertwined, and these are 

difficult to distinguish (Pane et al., 2013). While a few studies have focused on specific aspects of 

neurodevelopment, such as locomotor (Smith et al., 1991) or language milestones (Cyrulnik et al., 

2007), others have used neurodevelopmental scales, but the cohorts were relatively small or included 

older children up to age of six years (Cyrulnik et al., 2008; Smith et al., 1990). However, early central 

symptoms are known and thus can be considered for early diagnosis of the pathology. 

In fact, the muscular dystrophy being the cause of the death, therapeutic studies first aimed to target 

the muscular dystrophy and increase the lifespan. As it is now well advanced, DMD patients with an 

encouraging muscular rescue show more visible central alterations and encounter difficulties to be 

fully independent. Many central alterations found in DMD patients are related to delayed language 

acquisition, memory deficits, intellectual disability, anxiety, and social difficulties which impact their 

development and hinder adults’ autonomy despite muscular rescue (Hinton et al., 2000, 2006; Taylor 

et al., 2010; Ricotti et al., 2016b). A better understanding and the identification of these symptoms 

could constitute an early diagnostic biomarker for a treatment that could eventually prevent the 

emergence of these deficits in parallel with dystrophy management.  

 

A. Intellectual disability  

Full-scale intelligence quotients (IQ) of children with DMD have a Gaussian distribution analogous 

to that of the population standard, with overall lower values, the average full-scale IQ of DMD 

patients being around 80 (Dubowitz, 1979). A meta-analytical review involving 32 studies that 

included a total of 1231 patients (1224 DMD patients, 7 patients with Becker muscular dystrophy 

(BMD) over a period of forty years, was able to establish an IQ average of overall at 80.2 (verbal IQ 

at 80.4, performance IQ at 85.4). This mean full-scale IQ is of a value of –1 standard deviation 

compared to that of the standard population, with a Gaussian distribution whose curve presented a 

translation to the left of about twenty points. More than 20% of this study’s population had an IQ of 

less than 70 (Cotton et al., 2001) corresponding to intellectual disability (ID). Moreover, within the 
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DMD population, the IQ is found to vary leading to the identification of subgroups with a more or 

less affected IQ. It should be noted, that this variation in IQ scores in DMD patients was shown to be 

relatively stable during the lifespan, confirming that the central deficits are  independent from the 

muscular dystrophy evolution (Billard et al., 1992). Certain studies even suggested an amelioration 

of IQ scores in patients aged 20 years and older (Prosser et al., 1969; Miller et al., 1985). Recent 

studies in mouse models of DMD showed that central aspect in DMD may worsen with age (Bucher 

et al., 2019; Bagdatlioglu et al., 2020), suggesting that increasing lifespan of DMD patients may come 

along with increased central alterations.  

 

B. Cognitive profile 

IQ scores do not provide a fully detailed report of cognitive functioning. Indeed, learning and memory 

performance, as well as attention processing are found to be altered in DMD even in patients with 

IQs in the normal range (Billard et al., 1992). Bresolin et al. studied 50 DMD patients and detected 

non-specific verbal expression disorders and short-term memory deficits (Bresolin et al., 1994). 

Hinton et al. studied 80 boys with DMD but IQs above 70 and showed that they poorly performed on 

tests requiring attention to complex verbal information, all had a diminished verbal span, difficulties 

in story recall and verbal comprehension, and exhibited verbal working memory deficits (Hinton et 

al., 2000). Poor academic achievement was also reported on 26 boys with DMD by Hinton’s group. 

Children with DMD showed physical disabilities and poorer verbal memory spans. In this study, a 

linear regression analysis revealed that executive function, and physical disability did not contribute 

substantially to academic performance, whereas performance on verbal span did. Authors concluded 

that DMD boys presented a selective developmental aberration in verbal span that has wide-ranging 

consequences on learning skills (Hinton et al., 2004). Mento and colleagues conducted a study 

involving a cohort of 14 DMD boys. The reported results indicate consistent deficits in planning and 

inhibition in children with DMD (Mento et al., 2011). They also found alterations in phonological 

abilities, as well as in praxis concluding that those with DMD may exhibit a broader deficit in higher-

order cognitive processing capabilities. The authors pointed that the limited verbal span hypothesis 

(Hinton et al., 2004) is insufficient to account for the range of deficits reported in the literature. 

Wicksell et al. focused on a neuropsychological assessment conducted to study cognition, with 

emphasis on memory, information processing/learning ability, and executive functions in 20 boys 

with DMD. They underlined difficulties on the achievement of the executive functions, which are 

involved in all the strategies for developing tasks appropriate to obtain a goal (planning, inhibition, 
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and control of impulses, process of active search in memory, flexibility of thought and action). These 

authors also underlined the preservation of visual-spatial and auditory-verbal functions (Wicksell et 

al., 2004). Donders and Taneja, in a cohort of 22 DMD patients, demonstrated that memory deficits 

strongly manifest in a delayed recall of both verbal and non-verbal information. They suggest that 

this memory deficit concerns a brain circuit involving the cerebellum, the hippocampus, and the neo-

associative cortex, regions where dystrophin transcripts are richly expressed (Donders and Taneja, 

2009). The cerebral cortex, specifically prefrontal regions are implicated in higher-order processing 

and executive functions (Spencer-Smith and Anderson, 2009). Further, the cerebellum is also 

activated during the completion of tasks that assess executive functioning. Anatomically, neuronal 

projections exist between the cerebellum and prefrontal regions (Kelly and Strick, 2003) that are 

implicated in executive function. This suggests that that the cerebellum may play a pivotal role in the 

neural network underlying executive functions (Snow et al., 2013 for review).  

Altogether, these studies indicate cognitive impairments, emphasizing the working memory deficits, 

learning difficulties, and academic achievement problems found in all DMD patients.  

The cognitive profile of BMD boys appears less homogeneous and less affected than DMD, with a 

normally distributed IQ with a mean of 95.6 that did not differ significantly from the population mean. 

Still, males with Becker muscular dystrophy have a high incidence of learning difficulties and low 

academic achievement. Moreover, part of these BMD patients also exhibit ID and ASD (Young et 

al., 2008).   

 

C. Sensory disorders 

So far, the main sensory alterations reported in DMD are visual alterations involving retinal 

neurotransmission, as recently reviewed by our group (Barboni et al., 2022). A classic feature of 

DMD is reduced or nearly abolished scotopic full-field flash electroretinogram (ERG) b-wave, the 

positive ERG component. This has been confirmed by several groups in the past decades in patients 

(Pillers et al., 1993; Girlanda et al., 1997; Pascual Pascual et al., 1998; Cibis and Fitzgerald, 2001; 

Ricotti et al., 2016a). Barboni and colleagues reported a significant amplitude reduction in ERGs of 

DMD patients, also in the mesopic condition (low-light intensity). In addition, contrast sensitivity 

was found significantly lower in the DMD patients (Barboni et al., 2013). Moreover, the same group 

evidenced in DMD patients a dysfunction of red and green cones dependent perception (Barboni et 

al., 2016). They recently showed a significant reduction in the dark-adapted b-wave amplitude 
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correlated with dark-adapted rod sensitivity in DMD patients (Barboni et al., 2021). These visual 

alterations are not leading to any major impairment of visual perception. However, severe cases of 

retinal alterations have been reported in DMD patients including proliferative retinopathy (Fagan et 

al., 2012; Hahn et al., 2013; Park et al., 2019; Kecik et al., 2021). The cases report showed that 

retinopathies, with severely impaired visual acuity, appeared associated with advanced stage of the 

disease. This suggested that it may result from hypoperfusion and hypoxia in the retina due to the 

cardiopulmonary failure in advanced stages. Moreover, cataracts cases are more frequently found 

increased in DMD population and the glucocorticoid therapy for DMD presents a risk factor of 

developing cataract (Rice et al., 2018).   

Other sensory processing problems may explain certain behaviors reported in DMD boys. Some 

parents of DMD boys reported that their children present increased sensitivity to tactile stimulations, 

either human or particular textile touch. Others report that their sons are aversive regarding certain 

tastes, consistencies, and textures. In some cases, parents reported that their children are reticent to 

‘‘messy play’’ or have difficulties tolerating noisy environments. Other children are reported 

hyporeactive and may be nonresponsive to discussions or may seek out stimulation through excessive 

activity or by smelling or chewing on objects. These behavioral specificities are similar to those 

described in attention deficits hyperactivity disorder (ADHD), obsessive-compulsive disorder 

(OCD), as well as Autism spectrum disorders (Poysky, 2007).  

 

D. Psychosocial and neurobehavioral functioning 

It is now documented that certain neuropsychiatric disorders are more prevalent in DMD patients 

than in the general population, such as for ASD (21%), hyperactivity (24%), attention disorder (44%) 

and internalizing problems including anxiety (24%) (Hendriksen and Vles, 2008; Hinton et al., 2009; 

Snow et al., 2013; Ricotti et al., 2016b; Colombo et al., 2017). Among neurobehavioral psychiatric 

alterations found to be common between DMD and ASD, altered social behavior including poor facial 

and emotional affect recognition have been reported (Hinton et al., 2007, 2006). Limited ability to 

initiate and maintain peer relationships was found to be more frequent in children with neuromuscular 

disorders (Yude et al., 1998).  
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Many studies examining neurobehavioral functioning in DMD have used the Child Behavior 

Checklist (CBCL (Achenbach, 1991). CBCL is a checklist that consists of a two-part survey filled 

out by parents of DMD children and adolescents.   

The first part explores the social competences. In their first study, involving 26 DMD boys, Hinton 

et al. reported high ratings on the CBCL reflecting some of the psychosocial aspects of the illness 

(Hinton et al., 2004). This was later confirmed in a larger study with parental rating, in which 181 

DMD boys compared to unaffected siblings exhibited significantly more problems on the Social 

Problem behavior scale (Hinton et al., 2006). Furthermore, Donders and Taneja reported that, even 

after controlling for IQ scores, boys with DMD rated more poorly on the Social Problems and the 

Social Withdrawal scales than their unaffected siblings. In this latter study, data from an additional 

parental assessment also indicated that children with DMD experienced more difficulties than siblings 

in initiating social interactions and in responding to changes in the social environment (Donders and 

Taneja, 2009).   

The second part of the CBCL investigates children and adolescents behavioral and emotional 

problems based on two broad scales, to detect internalizing problems (i.e. anxiety, depressive 

behaviors, and over-controlled) and externalizing behavioral problems (i.e. emotional dysregulations, 

aggressiveness, and under-controlled).  In one study of DMD patients, anxiety features were defined 

as symptoms consistent with apprehension, fear, worry, or uncertainty resulting from anticipation of 

a threatening situation, which results in significant impairment of physical and psychological 

functioning (Darmahkasih et al., 2020). Emotional and behavioral dysregulations were also described 

as significant changes in controlling mood or behavior that impact daily functioning. This 

encompasses the following parent-reported concerns: Increased emotional dysregulation, behavioral 

outbursts, aggressiveness, anger problems, mood variations.  Ricotti et al. studied a cohort of 87 DMD 

patients and found that emotional and behavioral problems (internalizing and externalizing) were 

highly prevalent (24% and 15% respectively). Moreover, in light of the multitude of 

neurodevelopmental, emotional, and behavioral problems observed in this population, they identified 

a high prevalence of clustering of DMD with psychiatric symptoms (Ricotti et al., 2016b). Colombo 

et al. described a cohort of 47 DMD patients assessed using a CBCL scale that exhibited higher mean 

score in the Internalizing Problems scale, together with the Anxious/Depressed Problems and 

externalizing problems with aggressive behaviors  (Colombo et al., 2017). 
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In their study, Hinton and Fee investigated the resilience of DMD boys and evidenced the social and 

familial environment influence on the CBCL scale rating. In this study, 84% of DMD children, 

although living with a disabling and fatal disease were considered at low risk for psychosocial aspects. 

The authors demonstrated the importance of parent adjustment and social support, defined as the 

number and quality of interactions, in the resilience process, and confirm that the child's intellectual 

level is independent of his psychosocial profile (Fee and Hinton, 2011). Others also found many 

alterations related to physical abilities and social relationships in DMD patients, but above all, they 

highlighted the essential role of the parents and environment for patients to become resilient. This 

emphasizes that the social environment involvement and family support may help to improve the 

quality of life of DMD children by softening the central alterations (Lue et al., 2017; Uttley et al., 

2018). The importance of this support, essential for the quality of life of patients, however, biases the 

studies. It is difficult to precisely determine whether emotional disorders are specific, i.e. linked to 

the loss of dystrophin in the brain, or societal, therefore dependent on family, environmental or 

disability-related factors. 
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4. DMD gene, products, and mutations  

A. DMD gene 

The pattern of expression of the pathology, as it exclusively affects young DMD boys with maternal 

antecedents, was a major clue for the discovery of the DMD gene and its location on the short arm of 

the X chromosome, precisely at the Xp21 locus (Jacobs et al., 1981; Davies et al., 1983; Monaco et 

al., 1985) and was fully sequenced in 1988 (Koenig et al., 1988). DMD gene size reaches 2.4 Mb, 

constituting 0.1% of the human genome (Lander et al., 2001). It is so far the largest gene identified. 

However, 99% of the gene consists of introns, and the 14 kb mRNA contains 79 exons (Figure 4). 

The use of probes made it possible to determine deletions in the DMD gene in about 50% of patients 

(den Dunnen et al., 1987; Koenig et al., 1987). Interestingly, the DMD gene was also found to be 

involved in Becker muscular dystrophy (BMD) (Kingston et al., 1984) and the same type of deletions 

were found later in BMD patients (Den Dunnen et al., 1989).  

Figure 4. Genomic organization of the DMD gene, located in Xp21. The black vertical lines represent the 79 exons of 

the dystrophin (DMD) gene. The arrows indicate the various promoters: brain (B), muscle (M), and Purkinje (P), R : 

Dp260 (retinal), B3: Dp140 (brain3), S: Dp116 (Schwann cells), and G: Dp71 (general). Adapted from (Muntoni et al., 

2003) 
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NH2
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B. Dystrophin proteins  

The DMD gene contains 7 internal and independent promoters that control the expression of different 

dystrophin-gene products, known as dystrophin proteins (Dp), in a tissue and/or cell-specific manner 

(Figure 4). The distinct dystrophins thus differ by their molecular weight, their tissue and cellular 

distribution, and their roles.  Yet, have the common property of being associated with scaffolds of 

transmembrane and cytosolic proteins involved in the clustering of various membrane ion channels 

and receptors (Hoffman et al., 1987). 

1) Dp427 “Full-length dystrophin”   

The full-length dystrophin protein (Dp) is composed of 3,685 amino acids with a molecular mass of 

427 kDa (Koenig et al., 1988).  

It is a membrane-associated protein made up of four distinct domains (Figure 5): 

Figure 5. Full-length dystrophin (Dp427) schematic representation 

- The N-Terminal domain (green) is made up of approximately 240 amino acids and contains 

two Actin binding sites (Koenig and Kunkel, 1990).  

- The rod domain (light blue) is made up of 2840 amino acids divided into 24 spectrin-like 

repetitions of around 109 amino acids each (Koenig and Kunkel, 1990). This domain also 

contains the four hinges regions (curvy blue lines) which are rich in proline residues, giving 

the dystrophin protein its flexibility.  

- The cysteine-rich domain (light pink) extends from amino acids 3361 to 3685. It has 15 

cysteines, two potential calcium fixing sites (EF1 and EF2), and a zinc-finger domain (Koenig 

et al., 1988).  

- The C-Terminal domain consists of the last 325 amino acids and contains the binding sites for 

dystrobrevins and syntrophins (Koenig et al., 1988). This part enables plasma membrane 

association through protein-protein interactions with integral membrane proteins 

(sarcoglycan, dystroglycan, syntrophin, and dystrobrevin complexes) that are assembled in 

the dystrophin-glycoprotein complex (DGC) (Figure 6). 
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Dp427 expression is regulated by three different promoters within the DMD gene leading to three 

full-length dystrophins expressed in distinct tissues and cell types:  

  - Dp427m (muscle) is historically the first dystrophin discovered (Arahata et al., 1988). It is 

expressed at the membrane level of cardiac muscle, smooth and skeletal muscle fibers (Byers et 

al., 1991). 

- Dp427c (cortical), discovered by (Nudel et al., 1989), is expressed in cortical neurons and in 

pyramidal neurons of the hippocampus. It is the first central dystrophin identified and 

characterized in the CNS (Chelly et al., 1990; Lidov et al., 1990). 

- Dp427p (Purkinje), discovered by (Górecki et al., 1992),  is mainly expressed in the Purkinje 

cells layer (PCL) of the cerebellum (Holder et al., 1996). 

 

Dystrophins are associated with a glycoprotein complex (DGC) formed of at least ten partners 

encoded by autosomal genes, including transmembrane and extracellular proteins (dystroglycan 

complex) and cytosolic proteins (syntrophins, dystrobrevins). This complex provides both a link 

between the actin cytoskeleton and the basal lamina / extracellular matrix, as well as interactions with 

cytosolic signaling proteins playing a role in cellular communication. Thus, the DGC acts as a 

transmembrane signaling complex (Rando, 2001; Petrof, 2002) and also interacts with membrane 

proteins (channels, receptors), providing a molecular bridge connecting the interior of the cell to the 

extracellular matrix (ECM) (Figure 6 A). The DGC was initially identified in association with Dp427 

in muscle cells, where Dp427m interacts with actin via its N-terminal domain, and with several 

proteins via its cysteine-rich domain (CR) and its C-terminal domain. There are three protein sub-

complexes associated with dystrophin: the dystroglycan complex, the sarcoglycan-sarcospan 

complex and the dystrobrevin-syntrophin complex (Blake et al., 2002). The DGC is thought to protect 

muscle from mechanical damage and maintains physiological Ca2+ handling in fibers.  In DMD, loss 

of Dp427m causes partial disassociation of the DGC at the sarcolemma, entry of calcium ions, with 

consequent metabolic alterations and activation of calcium-dependent calpain proteases and 

phospholipase A2. Ultimately, this leads to muscle necrosis resulting in inflammation, and depletion 

of stem cell reserves through repeated cycles of muscle damage and regeneration (Turner et al., 1988; 

Ervasti et al., 1990; Millay et al., 2008).  

In BMD patients, partially deleted dystrophins are still able to bind the proteins of the complex, 

provided that the mutation does not affect the C-terminal domain. Thus, in most BMD cases, it is 
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possible to detect the expression of DGC proteins at the muscle fiber membrane, although sometimes 

at lower levels (Matsumura et al., 1993; Matsumura and Campbell, 1994). 

DGC is now also considered as a scaffold for proteins involved in membrane stabilization and 

transmembrane signaling of several cell types in the CNS, but also as a cell-signaling contributor via 

the multiple proteins associated or interacting with one of its components. The multiplicity of brain 

dystrophins embrace their expression in distinct structures and cell types.  This diversity result in 

variability of DGC components, including dystrophins. Thus, distinct DGC complexes are formed 

and perform different functions (Waite et al., 2009; García-Cruz et al., 2022). Central Dp427 (c and 

p) is present in inhibitory synapses of neurons, along the plasma membrane and proximal dendrites, 

where it colocalizes with a subset of gamma-aminobutyric acid A (GABAA) receptors (GABAARs) 

(Brünig et al., 2002). It is found in all cortical areas (parietal, pyriform, cingulate), in layers CA1–3 

of the hippocampus, in neurons of the amygdala and in Purkinje cells of the cerebellum (Nudel et al., 

1989; Górecki et al., 1992; Lidov et al., 1993; Sekiguchi et al., 2009). A low expression of Dp427 

has also been shown in the spinal cord (De Stefano et al., 1997; Masaki et al., 2001). It is assumed to 

be absent (or under detectable levels) in the striatum, thalamus, and hypothalamus (Knuesel et al., 

1999; Lidov et al., 1993). In the central inhibitory synapses, the Dp427-associated DGC ensures a 

link between the actin cytoskeleton, membrane proteins of the post-synaptic membrane and the pre-

synaptic membrane via neurexin-α (Figure 6 B). 

 

1. The dystroglycan complex 

The dystroglycan complex consists of α-dystroglycan and β-dystroglycan. α-Dystroglycan is an 

extracellular glycoprotein, receptor for laminin in muscle (Figure 6 A) and neurexin (Figure 6 B) in 

the CNS. β-dystroglycan is a transmembrane glycoprotein that interacts directly with Dp427 whether 

in muscle or in CNS. Dystroglycans are ubiquitously expressed. Loss of dystroglycans in animal 

models appears lethal, showing the importance of dystroglycans for early embryonic development, 

particularly for the correct positioning of laminin and collagen IV in the ECM (Williamson et al., 

1997). 

2. The sarcoglycan-sarcospan complex 

The sarcoglycan and sarcospancomplex is composed of α-, β-, γ- and δ-sarcoglycans as well as 

sarcospan in muscle tissue (Crosbie et al., 1999; Blake et al., 2002). Sarcoglycans are transmembrane 

glycoproteins interacting with β-dystroglycan in muscle cells (Boulay et al., 2015). On the other hand, 
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in the CNS, other sarcoglycan isoforms are expressed (ε and ζ – sarcoglycans) (Wheeler et al., 2002; 

Waite et al., 2009; García-Cruz et al., 2022).  

 

3. The dystrobrevin-syntrophin complex 

Dystrobrevins are proteins part of the dystrophin superfamily as they share strong homology with the 

cysteine-rich (CR) and carboxy-terminal (CT) of dystrophins domains. Dystrobrevins and 

dystrophins interact with another family of proteins: the syntrophins. The latter also interact with 

different membrane associated proteins in a cell and tissue dependent manner. There are several 

isoforms of dystrobrevins: α-dystrobrevin is found in the muscles but also in astrocytes in the brain. 

The  β-dystrobrevin is found in the pyramidal neurons of the hippocampus and cortex as well as the 

Purkinje cells of the cerebellum (Blake et al., 1999). Similarly, there are five syntrophin isoforms: α-

, β1-, β2-, γ1-, and γ2-syntrophins. The α and β1 forms are strongly expressed in skeletal muscles 

while α, β2 and γ1 forms are predominantly expressed in the CNS. The γ1 form seems to play an 

important role in the neurons of the hippocampus, cortex, and cerebellum (Alessi et al., 2006). These 

different syntrophins interact with other important proteins such as nNOS, PSD95, Kir4.1, AQP4 and 

neuroligins (Brenman et al., 1996; Adams et al., 2001; Hogan et al., 2001; Connors et al., 2004; Alessi 

et al., 2006). Neuroligins are synaptic adhesion proteins located postsynaptically and interact with the 

presynaptic proteins neurexins thus forming a trans-synaptic cell adhesion complex. There are at least 

4 neuroligins, neuroligin 1 is present in glutamatergic synapses and neuroligin 2 is associated with 

Dp427 in GABAergic inhibitory synapses.  

In hippocampal and cerebellar GABAergic synapses, the Dp427-associated DGC may play a major 

role for the regulation of GABA-A receptors (GABAARs) clustering and the molecular composition 

of these receptors in the synaptic and extra synaptic domains (Knuesel et al., 1999; Fritschy et al., 

2003; Zarrouki et al., 2022a). Accordingly, the loss of brain Dp427 leads to a marked reduction in 

GABAA-receptor clustering, which affects central inhibition and synaptic plasticity (Vaillend and 

Billard, 2002; Brünig et al., 2002; Vaillend et al., 2004; Kueh et al., 2008; Sekiguchi et al., 2009; 

Dallérac et al., 2011; Kueh et al., 2011; Krasowska et al., 2014; Fuenzalida et al., 2016; Pereira da 

Silva et al., 2018; Wu et al., 2022). If Dp427 is important for proper GABAARs  clustering at 

synapses, a determinant contribution of dystroglycan for receptor localization has also been 

advocated. Lack of DG determines reduction of GABAARs and of other postsynaptic proteins, such 

as neuroligin2 and S-SCAM, in cerebellar Purkinje cells, with consequent severe GABAergic 

denervation and motor learning disability (Briatore et al., 2020). A central role of the DG complex 
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and of α-DG glycosylation in regulating GABAergic transmission and homeostatic synaptic plasticity 

has been also reported in hippocampal neurons (Früh et al., 2016; Pribiag et al., 2014). The 

dystrobrevins are also involved in the clustering of GABAARs in cerebellar Purkinje cells. The β-

Dystrobrevin, predominant isoform in cerebellar neurons, co-localizes with inhibitory postsynaptic 

clusters at the soma and dendrites of Purkinje cells. The association of β-dystrobrevin with GABAARs 

is dependent on dystrophin and vice versa. Similarly to dystrophin, the loss of both β - and α -

dystrobrevin disrupts GABAAR clustering in Purkinje cells (Blake et al., 1999; Grady et al., 2006). 

A mutation affecting the neuroligin family has been shown to be associated with fragile X syndrome 

as well as autism (Durand et al., 2007; Yamakawa et al., 2007). Besides the GABAergic synapses 

abnormalities these syndromes also share phenotypic similarities with DMD including intellectual 

disability and disturbed psychosocial and neurobehavioral functioning.  

DMD is a neurodevelopmental disorder (NDD), and the absence of Dp427 during brain development 

stages may explain some of the non-progressive deficits typically associated with DMD. Indeed, 

homeostatic mechanisms at the synaptic and circuit levels are crucial for fine-tuning the network 

excitability across space and time. The highly dynamic GABAergic system has pivotal roles in 

modulating the activity and plasticity of neural networks during development and adulthood (Tang et 

al., 2021). Clinical research on NDDs further support the excitation–inhibition (E/I) imbalance 

hypothesis.  

Multiple other NDD have distinct etiologies but display partially overlapping clinical features, 

including E/I imbalance through GABAergic malfunctioning with intellectual disabilities as well as 

cognitive impairments such as Rett syndrome (Banerjee et al., 2016; Zhang et al., 2014), Down 

syndrome (Kleschevnikov et al., 2012) and Fragile X syndrome (Centonze et al., 2008; Liu et al., 

2018) as well as ASD (Rubenstein and Merzenich, 2003). These findings highlight the central role of 

GABAergic system in intellectual disabilities and ASD, disease found to be highly prevalent in DMD. 
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Figure 6. Dystrophin-associated glycoprotein complex. (A)  In the muscle. DGC (α, β, δ and γ  dystroglycans) interacts 

with membrane proteins (channels) connecting the interior of the cell to the extra cellular matrix via the laminin. From 

(Waite et al., 2009).  (B) In the brain. In central inhibitory synapses, the DGC (α and β dystroglycans) interacts with 

ECM proteins (neurexin) and postsynaptic scaffolding proteins (Neuroligin-2, S-SCAM, IQsec3) involved in the 

regulation of GABAAR clustering, while their anchoring to the membrane is insured by the gephyrins (Zarrouki et al., 

2022a) 
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2) Dp260 

 

Dp260 was identified by Pillers et al. in 1993, unexpectedly when their study focused on the role of 

Dp427 in the retina. Its promoter is located in intron 29 (D’Souza et al., 1995).  It has a molecular 

weight of 260 kDa and is considered to be the specific form of the retina, expressed in photoreceptors 

in the outer plexiform layer of the retina (Wersinger et al., 2011). Patients with a mutation causing 

the loss of Dp260 have an alteration in the β wave of the electroretinogram associated with a slightly 

invalidating "night blindness" phenotype and a deficit in color perception (Pillers et al., 1993; 

Fitzgerald et al., 1994; Costa et al., 2007; Barboni et al., 2013, 2016). In the retina, the photoreceptor 

DGC (Figure 7) has Dp260 and/or Dp427 as the central component. These dystrophins are associated 

with the transmembrane dystroglycan complex, which binds the extracellular retinal matrix-like 

protein Pikachurin, which in turn interacts with the membrane receptor GPR179 at bipolar cell 

dendrites (Omori et al., 2012; Orlandi et al., 2018). The photoreceptor DGC may therefore be 

considered a part of the bridge that connects photoreceptors to bipolar cells (Barboni et al., 2022). 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Dystrophin-associated glycoprotein complex in the retina (Barboni et al., 2022) 
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3) Dp140 

 

The Dp140 promoter is located in intron 44 and produces a 7.4 kb transcript. However, as its initiation 

codon is located in exon 51 the protein is 140 kDa long. Dp140 is more highly expressed in the human 

fetal brain than in the adult brain (Lidov et al., 1995; Morris et al., 1995; Doorenweerd et al., 2017) 

which suggests an  involvement in brain formation, perhaps in neuronal proliferation or migration 

(Hildyard et al., 2020; Romo-Yáñez et al., 2020). Recent studies also suggested its possible presence  

in the gliovascular system (Caudal et al., 2020; Belmaati Cherkaoui et al., 2021). Dp140 mRNA was 

recently detected in neuron, astrocyte and in all oligodendrocyte-related cells (García-Cruz et al., 

2022). Oligodendrocytes are known to play a major role in the myelination of neuronal axons 

(Aranmolate et al., 2017). Physical interactions with the vascular endothelium are required for the 

migration of their precursors (Tsai et al., 2016). Structurally, Dp140 retains the last two hinges, 5 

spectrin-like repeats, the cysteine-rich domain, and the C-terminal domain, which theoretically allows 

it to interact with DGC. So far, its cellular expression and role remains to be characterized. In his 

studies, Lidov raises the possibility that Dp140 loss in addition to Dp427 loss might be responsible 

for the increased incidence of cognitive impairment in patients (Lidov et al., 1995; Lidov and Kunkel, 

1997). It was later confirmed by clinical genotype-phenotype studies (Desguerre et al., 2009; Taylor 

et al., 2010; Ricotti et al., 2016b; Colombo et al., 2017). A recent MRI study  revealed structural 

network abnormalities in DMD patients lacking Dp140, providing a possible clue for Dp140 precise 

role on cognitive deficits severity (Preethish-Kumar et al., 2022). 

 

 

4) Dp116 

 

Byers, et al. showed that a shorter form of dystrophin of 116 kDa, thus named Dp116, derived from 

a 5.6 kb transcript, is expressed specifically in the Schwann cells of peripheral nerves (Byers et al., 

1993) and in the brain during embryonic development (Blake et al., 1995; García-Cruz et al., 2022). 

The promoter is located 850 base pairs upstream of exon 56 (inside intron 55),  Dp116 lacks the actin-

binding domain, suggesting a different function from dystrophin (Blake et al., 1995). 
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5) Dp71 

 

Nudel et., al. (1989) first identified a short dystrophin of 71 kDa in the brain. The Dp71 promoter is 

located in intron 62, which is then spliced with exon 63, resulting in a 6.5 kb transcript (Bar et al., 

1990; Lederfein et al., 1992). Dp71 is expressed ubiquitously except in adult skeletal muscle (Hugnot 

et al., 1992; Tokarz et al., 1998). A low expression of Dp71 is detected in the embryonic brain but it 

is mainly expressed postnatally and in adult brain astrocytes and Müller glial cells of the retina 

(Górecki and Barnard, 1995; Sarig et al., 1999; Acosta et al., 2004). Dp71 does not have any repeated 

spectrin-like domain, only the cysteine-rich domain and the C-terminal domain. Therefore, Dp71 is 

able to interact with DGC via its carboxy-terminal part (Figure 8), it is however known that the DGC 

complex formed with Dp71 is different from the DGC formed with Dp427 (Blake et al., 1999).  

 

It presents strong expression at the glio-vascular interface, precisely in the astrocytic end-feet, where 

it is associated to potassium channels Kir4.1 and aquaporin 4 (AQP4) and contribute to their 

regulation (Belmaati Cherkaoui et al., 2021). These findings suggest a role in the blood-brain barrier, 

which is compromised in case of downregulation or knock-out of Dp71 (Nico et al., 2003, 2004). 

Likewise, the loss of Dp71 also alters the blood-retinal barrier (Vacca et al., 2016). Dp71 deficiency 

has also been associated with an impaired clustering of AQP4 channels and a delayed edema onset 

possibly due to impaired assembly of a DGC complex containing α-syntrophin (Vajda et al., 2002; 

Waite et al., 2009). Indeed, AQP4 channels can associate via its carboxyl-terminus region to α-

syntrophin (Neely et al., 2001). Similarly, a direct association between the DGC and the K+ channels 

has been suggested via the carboxyl-terminal of the Kir4.1 channels binding to α-syntrophin (Connors 

et al., 2004). Daoud et al. showed in 2009 that, beyond its glial expression, Dp71 also colocalizes 

with key proteins of glutamatergic excitatory synapses, such as NMDA and AMPA receptors (Daoud 

et al., 2009b). 

 

Dp71-deficiency leads to altered synapse density in the adult brain, several electrophysiological 

abnormalities, including reduced synaptic plasticity and enhanced field excitatory post-synaptic 

potentials (EPSPs). This results in augmented glutamatergic neurotransmission in CA1 region of the 

hippocampus and in the prefrontal cortex, the cerebellar synapses formed by climbing fibers (CFs) 

onto Purkinje neurons, but not at those formed by parallel fibers in the cerebellum (Daoud et al., 

2009b; Helleringer et al., 2018; Chaussenot et al., 2019). These data raise the possibility that loss of 

Dp71 may alter glutamatergic neurotransmission contributing to the cognitive dysfunction in patients 
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with DMD. Indeed, as Dp71 is the most expressed dystrophin in the brain (Jung et al., 1993; Lederfein 

et al., 1992; Tadayoni et al., 2012), many studies investigated the involvement of its loss on 

intellectual disability in DMD patients (Bar et al., 1990; Daoud et al., 2009a). Others showed that the 

cognitive processes that depend on prefrontal cortex integrity are affected in Dp71-null mice, such as 

cognitive flexibility and sensitivity of spatial working memory (Chaussenot et al., 2019). Cerebellum-

dependent processing of the procedural components of spatial learning is also altered (Helleringer et 

al., 2018). 

 

Figure 8. Dystrophin-associated glycoprotein complex in glia and astrocyte end-feet (Waite et al., 2009) 
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6) Dp40 

Resulting from the cleavage of Dp71, Dp40 ends at exon 70 due to an alternative polyadenylation 

signal (3’UTR) that is derived from the intron 70 sequence. Therefore, Dp40 is not expressed from a 

specific internal promoter  and its mRNA is 2.2 kb (Tinsley et al., 1993). Consisting of 341 amino 

acids, Dp40 is currently the smallest DMD gene product known.  Dp40 is unique because, unlike 

other dystrophins, it lacks the carboxy-terminal part common to the other dystrophins.  Dp40 contains 

the β-dystroglycan binding site, but not the binding sites for syntrophin and dystrobrevin (Tinsley et 

al., 1993). Given that detection antibodies often target the carboxyterminal part, Dp40 has been 

relatively difficult to detect and localize precisely. In 2012, Tozawa et al. developed a specific 

antibody against Dp40 that showed an expression timing pattern similar to that of Dp71, since both 

are expressed from a common promoter; thus, Dp40 expression is also observed in early 

developmental stages (García-Cruz et al., 2022). Few studies have reported Dp40 involvement in 

synaptic functions (Tozawa et al., 2012; Fujimoto et al., 2014), however, its specific role remain so 

far poorly understood and needs to be further studied.   
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C. DMD gene mutations  

The DMD gene is the largest gene identified and spans more than 2.4 Mb, about 1.5% of the X 

chromosome. The rate of mutations in the coding sequence of the DMD gene is 1.10-4 per generation 

(Blake et al., 2002), which is higher compared to the estimated average of 1.10-5 to 1.10-6 for human 

genes in general. The DMD gene is very complex and different types of mutations can affect its 

expression (Figure 9). 

                           Figure 9. Mutations distribution in DMD (France UMD/BMD database) 

 

The most common changes in dystrophin are intragenic deletions, which account for approximately  

65% of dystrophin mutations (Koenig et al., 1989). Deletions and, more rarely, duplications can 

happen almost anywhere in the DMD gene. However, there are two deletion hotspots, i.e. where 

mutations are most likely to occur, a minor one between exons 2-19 and a major one between exons 

45–55 (Oudet et al., 1992; Nobile et al., 1995).  

Deletions are found in about 60–65% of patients with DMD and BMD, and the frequency of 

duplications may range from 5% to 15% (Abbs and Bobrow, 1992). The remaining cases are thought 

to be caused by a combination of small mutations (most commonly point mutations resulting in 

nonsense or frame-shift mutations), pure intronic deletions, or exonic insertion of repetitive sequences 

(Roberts et al., 1994; Ferlini et al., 1998).   
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At the genomic level, the most frequent breakpoints are found in the largest introns, namely introns 

2 and 7 for the minor hotspot region, and intron 44 for the major hotspot region. This grouping of 

deletions in two main regions represents a main advantage for the diagnosis, since 98% of 

DMD/BMD deletions can be exposed by the multiplex PCR technique on only 19 exons (Beggs et 

al., 1990).  

The severity of the dystrophic phenotype, in DMD or the milder BMD form, depends not so much on 

the extent of the deletion (and the same applies for duplication) but on whether or not it disrupts the 

reading frame (Monaco et al., 1988). Indeed, very different deletions by their size or location within 

the gene can give rise to a very similar phenotype. Mutations that maintain the reading frame (in-

frame) generally result in truncated but partly functional dystrophin and are associated with the BMD 

phenotype. In patients with DMD, deletions and duplications disrupt the reading frame (frameshift) 

giving rise to the appearance of a premature STOP codon and thus a truncated and non-functional 

dystrophin. 

 

D. Genotype-phenotype relationship  

Genotype–phenotype correlation studies have provided unique perspectives on DMD pathogenesis. 

Studies in patients with BMD have corroborated basic research findings on the relationship between 

dystrophin structure and function. For example, patients with BMD who lack the actin binding 

domain (ABD) or spectrin-like repeats (R16/R17) often have a more severe disease than patients with 

BMD who have other variants. Notably, altered R16/17 domain may lead to the loss of Dp140 

expression (Aartsma-Rus et al., 2006; Bello et al., 2016). Genotype–phenotype correlation studies 

have also implicated regions of dystrophin that are important for cardiac disease (Wasala et al., 2018) 

and central alterations (Ricotti et al., 2016b). The DMD cognitive profiles diversity, however, seem 

to rely on larger factors than the full-length dystrophin structure itself. Indeed, in the last decades, 

many studies have been questioning the origin and puzzling out this variability. The multiple 

dystrophins expressed in the CNS, their specific structures, various cell types expression, associated 

DGC, and thus, functions in the brain constitute a main factor of this large heterogeneity of central 

alterations found in DMD population. 

The evolution of technologies and the improvement of molecular biology during that period allowed 

a real improvement in the genotyping of patients and therefore allowed to elaborate more conclusive 

hypothesis on cognitive impairments heterogeneity. 
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In 1992, Billard et al., conducted a controlled neuropsychological study including 24 DMD patients 

matched with 7 spinal muscular atrophy (SMA) patients aged 12-16 years. They aimed to investigate 

the contribution of the muscular dystrophy on the central alterations. The study included evaluations 

of IQ, verbal skills (fluency, confrontation naming and syntax comprehension) and memory abilities. 

The results indicate significantly altered cognitive skills only in the DMD group, demonstrating that 

the central phenotype in DMD is independent from the muscular dystrophy. Their study already 

brought to evidence a genetic relationship with the central phenotype (Billard et al., 1992).  Later on, 

Hinton et al. investigated working memory and IQ, by including pairs of DMD boys and their 

unaffected siblings, not only as controls for performance but also to consider external bias of multiple 

background factors (both genetic and environmental). Replicating and confirming the cognitive 

deficits in DMD boys, they still had a large intragroup variability (Hinton et al., 2001).  

During a whole decade, different studies emerged with the hypothesis of a correlation between 

mutations profiles in the DMD gene and central alterations. Den Dunnen et al. showed that a unique 

loss of the full-length dystrophin correlated with normal intellectual capabilities (den Dunnen et al., 

1991). Rapaport et al. noted an apparent association between intellectual disability and the deletion 

of exon 52 which affects the expression of shorter brain dystrophin (Dp140) (Rapaport et al., 1991). 

In the following years, Roberts et al., Lenk et al., and Tuffery et al., identified a subpopulation of 

DMD patients with intellectual disability and carrying point mutations affecting the distal part of the 

DMD gene (Roberts et al., 1992; Lenk et al., 1993; Tuffery et al., 1995). These pioneering studies 

suggested that this part of the gene is involved in the genesis of intellectual disability, thus, supporting 

the hypothesis of correlated central alterations and mutation profiles of DMD patients. This 

hypothesis is all the more credible since the Dp140 promoter is located in exon 44 and its start codon 

in exon 51, while the Dp71 promoter is located between exons 62 and 63. 

Bardoni et al. demonstrated the impact of Dp140 loss on central functions. Indeed, patients with 

mutations disturbing the normal expression of Dp140 had more severe cognitive deficits than patients 

only lacking Dp427 (Bardoni et al., 2000). 
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The same year, Moizard et al. showed that patients carrying distal mutations leading to the loss of all 

brain dystrophins, including Dp71, exhibit severe intellectual disability (IQ <50) (Moizard et al., 

2000). These studies further supported and confirmed the important role of short brain dystrophins, 

namely, Dp140 and Dp71, and the incidence of their loss on the severity of the cognitive deficits in 

DMD patients (Figure 10).  

Figure 10. Genotype-phenotype correlation: Mutation position and dystrophins loss. (Vaillend et al., 2019) 

This part of the DMD literature will wait until the end of the next decade to be enriched. In 2009, was 

published the first fully detailed clinical study encompassing 10 years of investigations and follow 

up of DMD patients.  The study was a specific report on the clinical heterogeneity, and precisely 

defining four sub-phenotypes making it possible to establish predictive criteria for the evolution of 

the disease. The motor phenotype (classified from "poor" to "very poor") is independent of the 

location of the mutation (all DMD patients lacking Dp427), while in contrast, the cognitive phenotype 

(classified "normal" to "very poor") is correlated with the nature of the mutation profile and thus the 

lacking dystrophins (Desguerre et al., 2009).  The study of Daoud et al. focused on the impact of an 
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additional Dp71 loss, compared to patients lacking all dystrophins except Dp71. They report that 

patients with mutations affecting Dp71 present systematically an intellectual disability, whereas those 

in whom all the dystrophins are mutated, with the exception of Dp71, present a more variable 

cognitive status (Daoud et al., 2009a), in line with the study of Desguerre et al. They suggested that 

mutations affecting Dp427 do not always lead to cognitive impairment and that the loss of Dp140 

would be a susceptibility factor for intellectual disability. 

In 2010, Taylor and colleagues further demonstrated a correlation between the mutation position, and 

thus the brain dystrophins lost, and the IQ scores (Figure 11). Their study demonstrated the impact 

of a cumulative loss of several brain dystrophins on the severity of the intellectual disability (Taylor 

et al., 2010). 

Figure 11. Specific correlation between mutation position in DMD gene, the cumulative loss of brain dystrophins 

and IQ scores upon DMD population. Adapted from (Taylor et al., 2010) 
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Another study focusing on the neurocognitive profile of DMD patients confirmed the genotype-

phenotype relationship regarding intellectual disability. Specifically, they noted that patients with 

mutations in the distal part of the gene show greater deficits in verbal tasks of short and long-term 

memory, visual memory, visuospatial organization, sequence analysis and possibly in working 

memory tasks. Patients with a mutations in the proximal part of the gene, on the other hand, express 

difficulties in social judgment and critical understanding of sentences, deficits also observed in 

autistic patients, as well as in visual attention tasks (D’Angelo et al., 2011).  

The findings on heterogeneity and its correlation with mutation profiles were confirmed in multiple 

studies supporting that severe deficits are associated with the cumulative loss of brain dystrophins 

(Rasic et al., 2014; Ricotti et al., 2016b; Colombo et al., 2017; Naidoo and Anthony, 2020). Certain 

studies further suggest that there is a high prevalence of clusters of symptoms among DMD patients. 

Patients with mutations downstream of exon 30 appear to be at increased risk of developing comorbid 

neurodevelopmental, behavioral, and emotional difficulties compared to those whose mutation only 

affect the full-length Dp427. This was notably illustrated by Ricotti et al., who suggested the term 

“DMD neuropsychiatric syndrome” to describe the clustering of neuropsychiatric symptoms in DMD 

(Ricotti et al., 2016b; Darmahkasih et al., 2020).  

The reliable achievement of mutation detection and comprehensive analysis of expression profiles of 

the distinct cerebral dystrophin in patient cohorts is essential for diagnosis, prognosis, and the 

development of suitable therapeutic approaches. The fine combinations of clinical, cognitive, 

molecular and protein data analysis in large cohort studies will allow the emergence of consistent 

genotype-phenotype relationships that converge with animal model studies investigating at the 

cellular and molecular level the contribution of distinct brain dystrophins to the cognitive and 

behavioral deficits (Vaillend et al., 2004; Daoud et al., 2009b; Chaussenot et al., 2015; Miranda et 

al., 2015; Vaillend and Chaussenot, 2017).  
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II. DMD animal models  

The availability of multiple animal models for DMD plays a pivotal role in studying and better 

understanding DMD pathology. It is unlikely that animal models can fully recapitulate the DMD 

neuropsychiatric syndrome, although alterations in learning and behavior are apparent. Despite 

differences in some pathological hallmarks compared to humans, animal models have provided 

important insights about mechanisms involved in maintaining cognitive function through molecular 

and cellular engagement in nervous system and into causal gene relationships of disease pathogenesis 

(Durbeej and Campbell, 2002; Wells, 2018; van Putten et al., 2020).  

Currently, there are two types of animal models of DMD: those with a spontaneous or chemically 

induced mutation in the DMD gene, and those that have been artificially generated by genetic 

engineering (i.e. in which the mutation has been specifically chosen).  Nearly 60 animal models of 

DMD exist, and the list continues to grow. They equally include non-mammalian models such as the 

C. elegans worm, Drosophila or zebrafish and mammals such as mice, cats, dogs, and more recently 

rats or pigs (McGreevy et al., 2015). Among these DMD models, canine models have been widely 

used. 

Canine models of Duchenne muscular dystrophy have been described for more than 50 years in the 

literature and ~20 different breeds are involved. The golden retriever muscular dystrophy dogs 

(GRMD) model is the first and the most widely used DMD canine model. It was initially identified 

by De Lahunta and colleagues and then characterized by Cooper and Kornegay (Valentine et al., 

1986; Cooper et al., 1988; Kornegay et al., 1988; Hoffman and Gorospe, 1991). The mutation in the 

DMD gene was located in the splice acceptor site of exon 7 at intron 6. This splice mutation induces 

an elimination of exon 7 in the mature messenger and consequently a distribution of the open reading 

frame, causing a stop codon in exon 8 (Sharp et al., 1992). Muscle weakness in these dogs becomes 

evident around 2 months of age and their lifespan is significantly reduced (Valentine et al., 1990). 

Subsequent molecular, histological, and clinical studies validated GRMD dogs as an reliable model 

for human DMD (Valentine et al., 1992; Lanfossi et al., 1999; Cozzi et al., 2001; Nguyen et al., 2002). 

Their muscular phenotype is very close to that of humans, making it a good study model for therapies 

aimed at restoring the expression of dystrophin in the muscle. In addition, the dog's immune responses 

present similarities to humans and the large size of this animal makes it possible to better understand 

the effects of a treatment on a large individual. Otherwise, another canine model, the Dystrophin-

Deficient Cavalier King Charles Spaniels (CKCS), replicates similar mutation profiles of patients are 
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of interest for preclinical studies (Walmsley et al., 2010). However, studies of central alterations in 

the DMD dogs are scarce (Crawford et al., 2022). This unique behavioral study is the first to address 

the cognitive phenotype in DE50-MD dogs lacking full-length dystrophin (Dp427). The study 

reported central alterations including deficits in attention, problem solving and exploration of novel 

objects.  The genotype-phenotype correlations cannot be addressed in canine model due to a lack of 

models with distinct mutations. 

Because of the well-established behavioral paradigms and the large genetic modifications possible as 

well as the low cost and easy access, mouse models are much widely used both for the study of the 

functional role of dystrophins, the associated cognitive deficits as well as the development of new 

therapies. The main DMD mouse models, their mutations and thus the dystrophins they lack are 

reported below (Figure 12). 

 

                               Figure 12. DMD mouse models. Adapted from (McGreevy et al., 2015) 

 

1. The mdx mouse model 

The most widely used animal model for DMD research is the mdx mouse. It was discovered in the 

early 1980s in a colony of C57BL/10ScSn mice due to elevated serum creatine kinase (CK) and 

histological evidence of myopathy (Bulfield et al., 1984). The mutation in the mdx mouse is a 

nonsense point mutation in exon 23 that aborts full-length dystrophin expression (Figure 12) (Sicinski 

et al., 1989). 
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A. Muscular dystrophy phenotype  

Despite being deficient in dystrophin, mdx mice have minimal clinical symptoms and their lifespan 

is only reduced by ~25% (Chamberlain et al., 2007; Li et al., 2009). In contrast, the lifespan of 

individuals with DMD is reduced by ~75%. Skeletal muscle disease in mdx mice has several 

distinctive phases. In the first 2 weeks, mdx muscle is indistinguishable from that of normal mice. 

Between 3 to 6 weeks, necrosis begins to set in place. Subsequently, by 26 weeks, 80-90% of muscle 

fibers exhibit one or more non-peripheral nuclei, as a result of at least one degeneration-regeneration 

cycle. This plateau is maintained (in the presence of continued degeneration), from 26 weeks to 104 

weeks.  Limb muscles of mdx mice often become hypertrophic during this phase. This degeneration-

regeneration cycles are persistent and stable during this period explaining the slowly progressive 

phenotype of mdx mice (Stedman et al., 1991).  

Severe dystrophic phenotypes, such as muscle wasting, scoliosis, and heart failure, do not occur until 

mice are 15 months old or older (Pastoret and Sebille, 1995; Lynch et al., 2001; Bostick et al., 2008, 

2009; Hakim et al., 2011). A significant proportion of aged mdx mice also develops spontaneous 

sarcoma (Chamberlain et al., 2007; Schmidt et al., 2011; Wang et al., 2014).  

Young adult mdx mice have normal spontaneous locomotor activity under certain experimental 

conditions (Vaillend et al., 1995; Vaillend and Chaussenot, 2017),  yet, Rafael et al. also showed that 

the mdx mouse display increased fatigability (Rafael et al., 2000). Moreover, Grady et al. showed 

abnormal motor behavior, both in a grip test for muscle strength, which is reduced by about 30%, but 

also in a test of motor coordination using a rotarod. The rotarod is a cylinder that can turn on itself, 

at constant speed or with progressive acceleration. While mdx mice maintain their balance at constant 

speed, they cannot perform as well as wild-type control mice when the speed is gradually increased, 

reflecting their impaired muscle strength and/or a deficit in cerebellar-dependent motor coordination 

(Grady et al., 2006).  

It should be noted that a few dystrophin positive fibers  can be found in the muscles of DMD patients 

as well as in animal models of the disease, in particular mdx mice and GRMD dogs (Hoffman et al., 

1990; Burrow et al., 1991). These fibers are called revertant fibers (RFs) and have been further studied 

in mdx mice. These fibers are often detected in the form of small clusters and represent less than 1% 

of the total number of fibers, although their number tends to increase with age in mdx mice (Figure 

13) (Lu et al., 2000). 
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Figure 13. Dystrophin-positive revertant fibers with central nuclei of WT and mdx at ages of 2, 6, 12, and 18 

months (Echigoya et al., 2013) 

 

Revertant fibers’ dystrophins are likely functional as the same fibers also express membrane-localized 

proteins of the DGC. A few reports have investigated mechanisms and clinical significance of RFs. 

Hoffman et al showed that the number of revertant fibers in mdx muscles increases after X-irradiations 

(Hoffman et al., 1990). Wilton et al examined DMD gene transcripts around the mutated exon 23 in 

mdx mice and revealed several alternatively processed transcript species with skipping of additional 

exons neighboring the mutated exon 23 (Wilton et al., 1997). Interestingly, these shortened transcripts 

were also present in normal adult and embryonic mouse muscle tissues. These studies overall, based 

mainly on cluster and clonal assumption, concluded that somatic mutations, specifically genomic 

deletion, are the most likely mechanism for the restoration of reading frames in DMD. Variation in 

signal intensity also led Nicholson et al. to propose a modified hypothesis that strong positive 

revertant dystrophin signals might be a result of somatic mutations whereas weak dystrophin signals 

could be a result of exon splicing (Nicholson et al., 1993). These studies indicated that revertant fibers 

most likely result from random epigenetic events that skip exon(s) flanking the mutated exon, leading 

to the restoration of the reading frame. Some of these events establish themselves as relatively 

permanent skipping patterns, a mechanism similar to multiple transcript species established in various 

cell types (Lu, 2021).  

Despite being often criticized for its late myopathy onset and weak muscular phenotype, the mdx 

mouse remains a model of choice as it mimics the common feature of all DMD patients, namely, the 

loss of dystrophin Dp427. Concerning behavioral studies that aimed at assessing brain and cognitive 

alterations, which frequently involve at least some motor demand, delayed myopathy progression is 

an advantage as it will not interfere with the assessment. 
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B. Emotional phenotype: behavioral parameters and brain circuits   

The most robust and typical phenotype in mdx mice is their increased emotional reactivity in response 

to mild stress, such as restraint-induced stress. This unconditioned defensive phenotype depends on 

the fear circuits (Figure 14) that involves, among other structures, the amygdala. This brain structure 

normally express Dp427 in the GABAergic inhibitory synapses.  

Manual restraint is a method aimed at hindering movements of the mouse and it consists of grabbing 

the skin of the back preventing the mobility of the four paws and the head. Done well, the restraint is 

only intended to immobilize the mouse and is not painful. It may induce some stress in animals, 

which, once released in their home cage, may show a defensive response expressed as fighting, escape 

seeking or freezing (Cannon, 1915). In the mdx mouse, however, the typical response is immobility; 

it is called "freezing response" and is defined by a lasting tonic immobilization of the animal body 

apart from the movements related to the breathing. Sekiguchi et al. showed that the freezing response 

of mdx mice is dramatically high during the minutes following restraint. Moreover, they showed an 

age-related aggravation of the phenotype as it reaches a plateau by 3-4 months of age (Sekiguchi et 

al., 2009). This was further confirmed and completed by Vaillend and Chaussenot in their study, 

demonstrating that this enhanced fearfulness induces long-lasting motor inhibition, suggesting that 

neurobehavioral dysfunctions significantly influence motor outcome measures in this model 

(Vaillend and Chaussenot, 2017). This phenotype has been attributed to a dysfunction of the fear 

circuit, as supported by altered GABAergic inhibitory responses to norepinephrine inputs to 

pyramidal neurons of the basolateral amygdala in Dp427-deficient mdx mice (Sekiguchi et al., 2009). 

The anxiety-related responses are also emotional behaviors involving the amygdala, as well as 

hippocampus and prefrontal cortex (Figure 14). Consequently, the anxiety traits have been 

investigated in mdx mice, yet a certain variability has been reported among laboratories (Vaillend et 

al., 1995; Sekiguchi et al., 2009; Manning et al., 2014; Vaillend and Chaussenot, 2017). Manning and 

colleagues reported behavioral indices of enhanced anxiety in mdx mice, observed in free exploration 

of open field (OF) test. Indeed, the avoidance of the center of the arena is regarded as a measure of 

anxiety (Manning et al., 2014). This phenotype was later confirmed by others (Vaillend and 

Chaussenot, 2017). Besides, anxiety was tested in other dedicated paradigms such as the light dark 

choice test (LD) and the elevated plus maze (EPM). In the LD test the animals are given the choice 

between a brightly lit box and a dark box. The anxiety measure is based on the avoidance of the 

anxious stimuli namely the brightly lit compartment. Vaillend and colleagues did not bring to 



 

43 
 

evidence a clear phenotype as they found similar behavioral responses between mdx mice and WT 

(Vaillend et al., 1995). Yet, a recent study of the same group reported that mdx mice avoided the lit 

compartment significantly more than the controls (Vaillend and Chaussenot, 2017). Thus, the anxious 

phenotype is found to be variable. Further, mdx mice were also submitted to the EPM test. In this 

paradigm, the animals are given the choice to freely explore a plus shaped maze with two enclosed 

arms and two open arms. The open arms are more exposed to the light and the void, as the maze is 

elevated from the floor. The anxiety results from the threat induced by void in the elevated open arms 

and is then reflected by the time spent in the open arms. Different studies reported normal behavior 

in this test (Sekiguchi et al., 2009; Vaillend and Chaussenot, 2017). The cause of such differences 

observed among distinct anxiety tests remains unclear. Together, these reports suggested that changes 

in anxiety are borderline in mdx mice. 

For more than a century after the original discovery that temporal lobe structures govern emotional 

behaviors (Brown and Sharpey-Schafer, 1888), our understanding of the neural substrates of anxiety 

was largely restricted to insights gleaned through lesion and inactivation studies. While this important 

early work led to the identification of key loci controlling anxiety, notably including the amygdala 

(Baso Lateral Amygdala: BLA, Central Amygdala: CeA), the bed nucleus of the stria terminalis 

(BNST), the ventral hippocampus (vHPC) and the prefrontal cortex (PFC), progress in dissecting the 

contributions of regional microcircuits to this emotional state was limited.  

Innovative approaches in animal research, especially targeted manipulations of neurons based on 

projection target or genetic identity via optogenetics, have opened these questions for causal testing 

and accelerated the pace of discovery. The resulting paradigm shift in anxiety research has expanded 

the focus to broader circuit-level interactions in emotional processing (Figure14). 
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Figure 14. Neural basis of emotional circuits of fear and anxiety  (Calhoon and Tye, 2015) 

 

C. Synaptic plasticity and memory  

The mdx mouse exhibits no deficits in the Morris water maze, which evaluates hippocampus-

dependent spatial learning and memory (Sesay et al., 1996) or in a radial maze spatial discrimination 

task (Chaussenot et al., 2015; Vaillend et al., 1998). However, retention deficits at long delays have 

been reported in spontaneous alteration and bar-pressing tasks (Vaillend et al., 1995) and impairments 

of memory consolidation in both spatial and non-spatial learning tasks (Vaillend et al., 2004). These 

deficits could be explained by a more fragile memory after partial learning, with the consequence of 

specific long-term memory deficits that could partly depend on a dysfunction of the consolidation 

and/or recall processes involving the hippocampus.  
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The mechanisms underlying these deficits might be due to alteration of the neuronal function, carried 

by a synaptic dysfunction associated with a loss of the Dp427. Indeed, Vaillend et al. showed an 

abnormal increase in synaptic plasticity (i.e., long-term potentiation: LTP) in the CA1 layer of the 

hippocampus of mdx mice, likely related to deficient inhibitory processes. They later specified that 

this increase in LTP can last for several hours (Vaillend et al., 2004) and that it is correlated with 

ultrastructural modifications of synapses (Miranda et al., 2009, 2011, 2016). Since these forms of 

plasticity have been associated with memory consolidation processes, it is currently assumed that 

there is a link between memory deficits and these alterations in synaptic plasticity in mdx mice. 

The exacerbation of the unconditioned defensive fear responses in mdx suggested that this model 

might also exhibits deficits in amygdala-dependent aversive tasks involving emotional memory. A 

study of  Muntoni and colleagues, had shown a long-term memory deficit in a passive avoidance task 

(Muntoni et al., 1991). Later, Sekiguchi et al. performed a Pavlovian context-associated fear 

conditioning task on mdx mice , based on association between an electric shock and an experimental 

context. The study revealed a stronger freezing response in mdx than in wild-type mice, underlying a 

strong conditioned defensive response to the experimental context (Sekiguchi et al., 2009). However, 

Perronnet et al. (2012) found a transient deficit of recall during the first seconds of re-exposure to the 

experimental context, supporting a long-term memory deficit. However, the averaged amount of 

freezing during the 5-min recall session was comparable between mdx and WT mice. This variable 

expression of contextual fear between laboratories suggests that it may depend on the basal level of 

stress of the mice, perhaps due to discrepancies in animal care procedures.  Further, mdx mice were 

also tested in an auditory-cued fear conditioning, a Pavlovian associative task. This task is based on 

the association between non-aversive stimulus (an auditory tone as conditioning stimulus: CS) and 

an electric foot shock (conditioned stimulus: US). During learning, the CS (auditory tone) predicts 

the delivery of the US (shock). Freezing in response to the tone then reflects learning of the CS-US 

association. Surprisingly, mdx mice, which usually show strong stress reactivity expressed as 

unconditioned freezing, display reduced freezing in response to the CS in this task, which indicates a 

cognitive deficit in this task involving fear memory. These performances were replicated several 

times in mdx mice. Their phenotype was consistently characterized by delayed acquisition and 

retention of the task, but mdx mice could finally perform in a comparable manner to their wild-type 

littermates after repetition of stimulus presentation (Chaussenot et al., 2015; Vaillend and Chaussenot, 
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2017). Notably, the cued associative fear learning is an amygdala-dependent task particularly 

consolidation processes involving the basolateral amygdala (BLA) (Figure 15).  

Figure 15. Functionality of the fear circuit during associative fear learning.  Information from the auditory (CS) 

(thalamo-cortical input) and from the aversive (US) (not shown) converges on the LA neurons. The behavioral expression 

of fear (→ Fear) is set up through the activation of the fear cells (white) of the BA and the disinhibition of the central 

nucleus. This regulation of activity is controlled by the PL and the hippocampus. mPFC: Medial Prefrontal Cortex; PL: 

Prelimbic; IL: Infralimbic; vITC/dITC: intercalated cells (ventral/dorsal); LA: lateral nucleus of the amygdala; BA: 

basal nucleus of the amygdala; CeL/CeM: central nucleus of the amygdala (Lateral/Median) (Singewald et al., 2015) 

 

Altogether, these studies emphasize the central role of dystrophin (Dp427) in the emotional circuits, 

although, the molecular mechanisms underlying the behavioral disturbances in mdx mice are still 

unclear. Brain Dp427 is normally expressed in postsynaptic densities of GABAergic inhibitory 

synapses of neurons. Its loss is thought to induced molecular and physiological changes in synapses 

and compensatory phenomena in the density of interneurons (Del Tongo et al., 2009) and/or of 

inhibitory synapses (Miranda et al., 2009), which may contribute to the altered synaptic plasticity and 

memory deficits in this model (Knuesel et al., 1999; Grady et al., 2006; Miranda et al., 2009; 

Sekiguchi et al., 2009; Vaillend et al., 2010; Krasowska et al., 2014). Dp427 is thought to be a key 

element of the molecular scaffold involved in the mechanisms that regulate the clustering and/or 

properties of postsynaptic GABAA receptors in inhibitory synapses (Fritschy et al., 2012). The loss 
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of Dp427 would therefore lead to a reduction in GABAergic inhibition and a consequent and 

abnormal increase in the plasticity of glutamatergic synapses (Vaillend and Billard, 2002; Miranda et 

al., 2009; Sekiguchi et al., 2009; Fuenzalida et al., 2016). A drastic decrease in the number of GABAA 

receptor α subunits (30-70% decrease depending on the study) has been reported in the various brain 

structures that normally express Dp427, namely the amygdala, hippocampus, and cerebellum. 

However, since the total amount of GABAA receptors does not decrease significantly, it is believed 

that Dp427 is not required for anchoring these receptors (which rather requires gephyrin) but is rather 

involved in stabilizing them as large clusters at the postsynaptic membrane. The loss of dystrophin 

leads to changes in the molecular composition of GABA-A receptors and possibly to lateral diffusion 

of unstable receptors to extrasynaptic domains (Kueh et al., 2011; Vaillend and Chaussenot, 2017; 

Zarrouki et al., 2022a). 

Overall, the original mdx mouse model remains so far, the most studied DMD mouse model. Four 

chemical variant (cv) strains of the original mdx were reported (Figure 12) (Chapman et al., 1989). 

These mice were generated by chemical mutagenesis on the C57BL/6 background and named mdx2cv, 

mdx3cv, mdx4cv and mdx5cv. Each of these strains carries a different point mutation (Cox et al., 1993; 

Im et al., 1996). Although the overall clinical presentation of these mice differs very little from that 

of mdx mice, each line has unique features. Specifically, mdx3cv mice, which have altered expression 

of all the dystrophin-gene products, still express ~5% of a near-full-length dystrophin protein (Cox 

et al., 1993; Li et al., 2008). Mdx5cv mice have a more severe skeletal muscle phenotype as compared 

to mdx mice, even though both models only lack Dp427, which has been attributed to differences due 

to their genetic background (Beastrom et al., 2011). In addition to these four strains, several 

dystrophin-deficient transgenic lines have been generated (Aigner et al., 2009). Among which the 

dmd-null mice generated with a Cre-loxP mediated deletion of the entire Dmd gene and thus do not 

express any of the Dmd gene products. This model displays severe muscular hypertrophy and 

dystrophy, behavioral abnormality and male sterility (Kudoh et al., 2005). 

Various DMD mouse model lacking only full-length (Dp427) (Sekiguchi et al., 2009; Miranda et al., 

2015; Vaillend and Chaussenot, 2017) or the smallest (Dp71) (Daoud et al., 2009a; Vacca et al., 2016; 

Belmaati Cherkaoui et al., 2021) have been studied over the years. However, no existing mouse model 

replicate the sole loss of Dp140, a short brain dystrophin, which absence seems involved in the 

aggravation of central alterations severity. This significantly slows down the understanding of its 

central localization, cellular role, and precise involvement in the neurobiology of DMD central 

alterations. However, two mouse models, mdx4cv and mdx52, show a cumulative loss of Dp427 and 
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Dp140, that recapitulates the genetic alterations found in about 60% of DMD patients. The mdx52 

model is described in the next section. 

 

 2. The Mdx52 mouse 

This transgenic mouse lacking multiple dystrophins (Figure 12), has been generated by gene targeting 

(Araki et al., 1997). The Mdx52 mouse lacking both Dp427 and Dp140, thus expressing only Dp71, 

provides an interesting alternative to investigate the specific role of Dp140. Comparative analysis 

may shed more light about the specific role of Dp140 since the role of Dp427 and Dp71 have already 

been investigated.  

Moreover, it carries a deletion located in a “hotspot” region of the Dmd gene (deletion of exon 52) 

and this replicates a widely spread mutation profile, associated to severe central deficits found in 

DMD patients (63%) (Béroud et al., 2007). This model is also of great interest for preclinical studies 

aiming at developing therapeutic approaches for central deficits in DMD. Indeed, recent studies 

demonstrated that therapeutic strategies were able to restore muscle Dp427 expression and motor 

functions in the mdx52 mouse (Aoki et al., 2010; Aupy et al., 2020). Therefore, it is important to 

determine the behavioral profile and neurobiological bases of the central deficits of mdx52 mice to 

identify the relevant outcome measures for using this model in preclinical studies.  Nevertheless, a 

current challenge is to rescue both Dp427 and Dp140. Comparative studies between Dp427 and 

Dp427+Dp140 rescue might also help to better understand the specific role of Dp140. The mdx52 

mouse model also lacks Dp260 in the retina and is thus an adequate model to access the therapeutic 

potential of its rescue. 

Animal models have greatly enriched our understanding of the biological function of dystrophin and 

the pathology of DMD, providing excellent platforms for investigating the efficacy and toxicity of 

experimental therapies.  
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III. Therapeutic approaches for DMD 

There are significant unmet needs for DMD treatments, especially for central alterations, as the 

standard of care is principally limited to motor, cardiac and respiratory symptoms relief based on 

pharmacological approach that can only induce an improvement of the phenotype. Other therapeutic 

strategies aim to correct the origin of the pathology, slow the progression of the disease, and thus 

increase the life expectancy of DMD patients, which currently rarely exceeds the 40’s despite 

improved standard of care (Saito et al., 2017). 

 

Throughout this chapter, the current treatment and therapeutic approaches for DMD will be reviewed.     

 

1. Pharmacological approaches 

 

A. Glucocorticoids  

As early as 1974 it was demonstrated that glucocorticoids have a beneficial effect on DMD patients. 

They  thus were the first form of therapy implemented since the 1980s and are still part of the 

international standards of current care (Drachman et al., 1974; Bushby et al., 2010a, 2010b). 

Corticosteroids, which comprise a class of steroid hormones, bind to the glucocorticoid receptor, 

which regulates many pathways involved in immune response and metabolism (Beato et al., 1995). 

Among the most widely used glucocorticoids are Prednisolone and Deflazacort, whose effectiveness 

in terms of improving muscle strength has been demonstrated many times. Taking prednisolone 

makes it possible to prolong the ambulatory capacity of patients, to stabilize lung function by 

improving the strength of the respiratory muscles, to reduce scoliosis and slow down the progressive 

decline of heart muscle. Their anti-inflammatory and immunosuppressive potential limit the 

infiltration of mononuclear cells into the muscle during necrosis and are in part responsible for the 

improvement observed in patients  (Yilmaz et al., 2004; Arpan et al., 2014; Morrison-Nozik et al., 

2015; Heier et al., 2019). Glucocorticoids can also play a role on calcium homeostasis, stabilization 

of muscle fiber membrane and increased myogenesis (Muntoni et al., 2002). Many studies indicate 

that an influx of calcium allowed by microlesions in the muscle membrane participate in the induction 

of necrosis crisis. Although the use of these corticosteroids is now widespread, their mechanism of 

action is not fully understood, probably due to their broad spectrum of action. Though widely 

prescribed, corticosteroids are controversial because of their common adverse effects on body mass, 
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bone integrity, sleep quality, mood swings and long-term memory in DMD patients (Poysky, 2007; 

Snow et al., 2013; Jeronimo et al., 2016; Birnkrant et al., 2018). Patients cite ‘side effects’ and ‘not 

enough benefit’ as their primary reasons to stop corticosteroids (Cowen et al., 2019). 

 

B. Stop codon readthrough 

Ataluren (TranslarnaTM, previously known as PTC124) is an oral small molecule, developed by PTC 

Therapeutics, targeting nonsense mutations only, which occur in 10– 15% of patients with DMD 

(nonsense mutation Duchenne Muscular Dystrophy, nmDMD). This molecule hampers the 

recognition of premature termination codons (PTCs) during translation by ribosomes (read-through 

approach), thus partially restoring a limited amount of full-length functional dystrophin protein 

(Politano, 2021).  

When administered in mdx mice, treatment with PTC124 restored dystrophin production in all 

skeletal muscles examined, including the diaphragm, and cardiac muscle. The dystrophin levels were 

found to be 20-25% of those of WT mouse muscles, and partially restored force generation and 

resistance against eccentric exercise, suggesting that PTC124 was able to reduce muscle fragility 

(“Molecule of the month. Ataluren,” 2010). PTC-treated mdx mice also exhibited increased levels of 

sarcoglycans, consistent with stabilization of the dystrophin-associated proteins. The rescue of 

skeletal muscle was observed within 2 to 8 weeks of exposure. Readthrough by PTC124 was selective 

and specific to disease-causing premature termination, without evidence of changes in the ribosomal 

readthrough of normal stop codons. These encouraging results led to the initiation of clinical studies 

in humans (Hirawat et al., 2007; Finkel et al., 2013; Bushby et al., 2014). Hirawat et al. assessed 

safety and tolerability of PTC124 in a Phase 1 study enrolling 62 healthy adult volunteers and 

concluded that the drug was well tolerated, except for mild headaches, dizziness, and gastrointestinal 

discomfort at high dose (Hirawat et al., 2007). 

In 2014, Bushby et al.  published the results of a randomized, double-blind, placebo-controlled study 

enrolling 174 DMD patients ≥ 2 years with nm-dystrophinopathy who received orally, 3 times daily, 

ataluren 40 mg/kg/day (n = 57); ataluren 80 mg/kg/day (n = 60); or placebo (n = 57) for 48 weeks. 

The primary endpoint was a change in 6-Minute Walk Distance (6MWD) at Week 48. Ataluren was 

generally well tolerated. Unexpectedly, both the primary and secondary endpoints (timed function 

tests) favored ataluren versus placebo, at the lower dosage and not at the higher dosage. As a 

consequence, the European Medicines Agency (EMA) granted ataluren with conditional approval for 
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the treatment of ambulant patients aged 5 years and older with Duchenne muscular dystrophy 

resulting from a nonsense mutation in the DMD gene (Finkel et al., 2013; Bushby et al., 2014).   

Clinical trials are currently assessing the long-term efficacy and tolerance of Translarna. Based on 

these results, the EMA will decide whether to grant Translarna a final Marketing Authorization (MA). 

 

C. Utrophin overexpression 

Utrophin is a paralog protein of dystrophin with no less than 70% homology. Utrophin is mostly 

embryonic in the muscles and is replaced by dystrophin after development. However, it has been 

shown that in the absence of dystrophin, the expression of utrophin is increased in order to 

compensate for the missing dystrophin, both in mdx mice and DMD patients (Dowling et al., 2002). 

One of the therapeutic avenues explored was to induce an overexpression of utrophin via 

pharmacological agents such as Ezutromide or even butyrate associated with L-arginine. The 

overexpression of utrophin via pharmacological agents allows in mdx mice an increase in muscle 

strength as well as an improvement in muscle resistance to fatigability (Tinsley et al., 2011).  

In view of these promising preclinical results, several molecules have been developed to overexpress 

utrophin. Ezutromid, which demonstrated satisfactory results in mdx mice, was tested in a phase 1 

clinical trial in healthy volunteers and demonstrated good tolerability (Tinsley et al., 2015). A clinical 

trial in DMD patients was subsequently conducted to confirm the efficacy of the molecule (Summit 

Therapeutics, NTC02858362). Ezutromide was shown to be well tolerated in DMD patients and 

allowed a reduction in circulating CK (Ricotti et al., 2016c), however it did not meet the primary 

Endpoint and its development was discontinued in 2018. 

This therapeutic approach was also evaluated in the CNS of mdx mouse. The overexpression of 

utrophin via arginine-butyrate allowed an overexpression of utrophin in the CNS, however this 

overexpression did not correct the behavioral deficits due to the absence of cerebral Dp427 and no 

benefit could be demonstrated (Perronnet et al., 2012). 
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2. Cell therapies 

Cell therapy approaches aim to provide new cells to patients to compensate for their deteriorated cells 

in the targeted tissue. Cells can be from a donor or from the patient himself. Both approaches have 

advantages and disadvantages. While cells from the donor are mutation free, an immune reaction is 

a risk. Autologous cells have lower risk of causing an immune reaction; however, the cells need to be 

restored for dystrophin expression prior to reinjection.  

Based on promising results in animal models (Partridge et al., 1989), cell therapies for DMD initially 

focused on local intramuscular injections of myoblasts derived from healthy donors to re-introduce 

dystrophin expression in muscles of DMD patients (Mendell et al., 1995; Skuk et al., 2006). 

Unfortunately myoblast transfer strategies have thus far failed to produce adequate therapeutic 

effects, due in part to issues of poor survivability, limited migration from the injection site and 

immune rejection of transplanted cells (Fan et al., 1996; Skuk et al., 2006, 2011). Expectations have 

been further tempered by challenges in expanding sufficient numbers of myogenic stem/progenitor 

cells in culture while preserving their ability to self-renew and efficiently engraft in vivo (Montarras 

et al., 2005). However, these early observations helped identifying hurdles that needed to be 

overcome to improve treatment outcomes. Bone marrow-derived stem cells as well as muscle blood 

vessel-associated cells such as pericytes and mesoangioblasts (MABs) were shown capable of 

contributing to muscle regeneration, albeit with lesser efficiency than traditional myogenic 

stem/progenitor cells (Péault et al., 2007; Farini et al., 2009). Promising cell candidates eventually 

emerged, including MABs for which phase 1/2 clinical trials relying on transplantations of MABs 

derived from healthy HLA-matched donors are in progress (EudraCT no. 2011-000176-33). The next 

goal was to generate MABs from a dystrophic patient, correct the genetic mutation during cell 

expansion in culture, then transplant the corrected cells back into the patient (Tedesco et al., 2012). 

Induced pluripotent stem (iPS) cells have recently gained attention in re-programming strategies 

aimed at “manufacturing” ideal cell candidates that fulfill many of the identified needs for successful 

stem cell therapies of DMD. These iPS cells can be induced to a pluripotent, stem cell state by addition 

of several combinations of transcription factors important during early embryonic development 

(Tedesco et al., 2012). iPS cells harbor virtually limitless expansion potential during which dystrophin 

vectors can be re-introduced to correct or bypass the genetic mutation (Seto et al., 2012; Konieczny 

et al., 2013). Corrected iPS cells can subsequently be directed towards adopting myogenic fates using 

various techniques, such as gene-transfer of myogenic determination factors, and serve as a patient 

specific cell source for autologous transplantation. Successful re-programming of iPS cells into 
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stem/progenitor cells capable of myogenic differentiation has been reported (Darabi et al., 2011; 

Tanaka et al., 2013). 

In summary, cell replacement holds an interesting potential for treatment of neuromuscular disorders 

including DMD yet with major limitations. Challenges are the limited number of cells available, low 

migration ability of the cells, tumor formation due to mis-differentiation, and immune responses 

against donor cells.  Moreover, cell therapy seems particularly difficult to set up for CNS treatment; 

the rate of neuronal regeneration being very limited postnatally, such therapy would have a limited 

impact. 

 

 

3. Gene therapy  

Once the DMD gene was identified as the origin of the disease, the investigation field of gene therapy 

emerged in order to compensate the loss of dystrophin. Gene therapy methods are being developed 

to either replace the defective DMD gene or edit the mutated gene.  

 

A. Gene replacement therapy  

The efficient transduction of targeted tissues by the genetic material needed for the gene therapy 

remains one of the main limiting factors for developing a gene therapy that can provide therapeutic 

benefit in DMD. This aspect of the gene therapy approach is one of the most studied, and many tools 

have been evaluated to determine the best way to deliver a dystrophin expression cassette. The main 

challenge for DMD gene therapy results from the very large size of the DMD gene.  

 

1. Viral vectors  

Replacement of the defective DMD gene with a synthetic substitute using delivery vehicles such as 

viral vectors is a promising approach for safe, long-term therapy. A significant advantage of gene 

replacement technologies is that they should be applicable to all patients, regardless of their 

underlying genetic mutation. Regarding the different gene therapies used for DMD, three types of 

viral vectors are mainly used: lentiviruses, adenoviruses and AAV vectors (adeno-associated virus), 

as each owns specific advantages and limitations (Figure 16). 
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Figure 16. Types of viral vectors used in gene therapy: advantages and limitations (Imbert et al., 2017) 

 

Among the numerous vehicles that have been tested for gene therapy approach, vectors derived from 

adeno-associated virus (AAV) are the most widely used in therapies for DMD. AAV is a small, non-

pathogenic parvovirus that contains a 4.7 kb single stranded DNA genome. Generation of AAV 

vectors involves removing all viral genes and replacing them with the gene of interest. Advantages 

of using AAV-based vectors are that they can be produced at high titers on an industrial scale (Wright, 

2008) and can stably persist for years. Of the many known serotypes, AAV6, 8 and 9 exhibit a high 

tropism for striated muscles, which is ideal for lessening off-target events in the treatment of muscular 

dystrophies (Schultz and Chamberlain, 2008; Zincarelli et al., 2008). Moreover, when administered 

intravenously, AAVs 9, rh.10, rh.8, and rh.43 can penetrate the blood–brain barrier and drive gene 

expression throughout the central nervous system (Foust et al., 2009; Zhang et al., 2011). The 

strongest and most widespread neuronal transduction is observed with AAV serotypes 1, 9, and rh.10 

(Burger et al., 2004; Cearley and Wolfe, 2006; Klein et al., 2008). Also, tropism differs among AAV 

serotypes following ocular administration via subretinal injection, which is generally an efficient 

method for outer retina transduction. AAVs 1, 2, 5, 7, 8, and 9 transduce cells of the retinal pigmented 

epithelium and photoreceptors (Acland et al., 2005; Lei et al., 2009; Vandenberghe et al., 2013), while 

AAV2-7m8, ShH10 can specifically transduce Müller cells (Klimczak et al., 2009). 

The AAV vectors are mostly non-integrative and remain in the form of episomes in the target cell. 

Therefore it is more suitable for quiescent target cells like differentiated muscle cells and neurons. 

However, AAV induces humoral immune response which restrict the treatment to a single injection; 

therefore, high efficacy and a high titer are required to have an effect. A significant limitation of AAV 

vectors is that they can carry only a limited size of genetic material, ~4.7 kb whereas the mDp427 

dystrophin is encoded by an ~11.4 kb cDNA. Yet, some studies demonstrated the applicability of this 

approach for the short central dystrophin Dp71 (Vacca et al., 2016; Barboni et al., 2020). However, 
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for Dp427 to accommodate this minimal carrying capacity of AAV vectors, a common strategy is to 

insert a miniaturized but highly functional copy of the DMD gene into the vector known as the 

‘microdystrophin’ (Ramos and Chamberlain, 2015).  

 

2. Micro-dystrophin  

Evidenced in patients with BMD, internally deleted dystrophins can be partly functional. Based on 

these observations, ‘microdystrophin’ constructs have been generated. Microdystrophin constructs 

lack all but the most crucial domains (the N-terminal ABD, 4–5 spectrin-like repeats, 2–3 hinge 

regions and the CR domain).  The cDNA for these micro-dystrophins fits in AAV vectors and the 

expression of these microdystrophin constructs was shown to improve pathology in mouse and dog 

models of DMD (Duan, 2018a).  

Clinical trials evaluating the systemic delivery of different versions of microdystrophins using 

different serotypes of AAV vectors at high doses (1–3 x 1014 vectors/kg) are ongoing (Duan, 2018b). 

Preliminary results from these studies have confirmed microdystrophin expression in the majority of 

muscle fibers (>80%) in muscle biopsies at levels of over 60% (Verhaart and Aartsma-Rus, 2019; 

Mendell et al., 2020), although it is not yet clear whether treatment will ameliorate disease 

progression. However, severe adverse events have been observed in a subset of patients, including 

transient renal failure (likely due to an innate immune response) and transient elevation of liver 

enzymes (likely due to a cellular immune response to the vector) (Duan, 2018a; Mendell et al., 2020). 

Notably, all treated patients included in these studies were pre-screened to rule out a pre-existing 

humoral immune response to the viral capsid used and all patients were pre-treated with high doses 

of steroids to suppress an immune response to the virus. Additionally, AAV administration induces 

an anti-AAV capsid-neutralizing antibody, which precludes retreatment. Strategies to counter this 

antibody response, such as plasmapheresis, alternative AAV serotype and immune-modulating drugs, 

are being explored.  

Right now, gene therapy for DMD has made substantial progress. However, sizable safety concerns 

remain prevalent, despite great efficiency in promoting protein production. The full effectiveness of 

this strategy for DMD patients remains to be seen.  
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B. Gene editing therapy (CRISPR/Cas9) 

Genome editing is the ultimate gene therapy approach aiming to correct a genetic defect on a 

permanent genomic basis. Several methods to edit the DMD gene were studied, all working in a 

similar fashion. In particular, CRISPR/Cas9 systems, which are specific, efficient, and versatile 

genome editing technologies that belong to a class of programmable nucleases, have revolutionized 

basic science research. These nucleases determine specific changes in regions of interest in the 

genome by inducing targeted double-strand breaks (DSBs) on specific genomic regions, thus 

triggering the DNA repair systems. These breaks are then repaired by the DNA repair systems. In 

dividing cells, error-free repair can occur via homologous recombination, thus providing a possibility 

to correct mutations. By contrast, in non-dividing cells, the error-prone, non-homologous end-joining 

system is used. As the most affected tissues in DMD are post-mitotic, the focus on genome editing 

therapy for DMD has been on using non-homologous end joining. Guide RNAs are designed such 

that they can restore the reading frame. This can be achieved in multiple ways through: deleting an 

exon, abolishing a splice site such that the exon is not included in the mRNA, or reframing an exon 

(Cox et al., 2015; Wang et al., 2020). 

Proof-of-concept of this approach has been achieved, confirming that genome editing can restore 

dystrophin production in DMD cells and animal models (Nelson et al., 2017; Chemello et al., 2020). 

Some studies further demonstrated efficient editing of muscle stem cells using AAV9 in the mdx 

mouse model (Nance et al., 2019; Kwon et al., 2020). Genome editing is a mutation-specific approach 

because different exons need to be deleted for different mutations.  

There are however challenges related to CRISPR/Cas9 clinical application; off-target mutagenesis 

effects and genotoxicity, delivery, and immune responses to the AAV vectors and gene-editing 

platforms represent frequent concerns, still unaddressed (Lee and Kim, 2019). In addition, an ethical 

barrier limits these strategies: modifications affecting the DNA are very sensitive from an ethical 

point of view because it aims at modifying the human genome. 

CRISPR/Cas9 genome-editing technology shows remarkable pre-clinical potential for being 

translated into the clinic, yet only one therapeutic tool have reached the clinical trial stage so far 

(CRD-TMH-001). This recent n-of-1 clinical trial aimed to intravenously administer CRISPR-based 

therapy. However, the patient passed away in November 2022 and the circumstances of this death are 

currently unknown. 

 



 

57 
 

IV. Exon skipping strategies 

Studies demonstrated that typical out-of-frame mutations are found in DMD patients while in-frame 

mutations in BMD patients and that these BMD patients express internally truncated functional 

dystrophin. In parallel, in revertant fibers, it was shown that the splicing mechanism could lead to 

spontaneous skipping of one or multiple exons, thus reframing out of frame mutations. Inspired by 

these findings, the concept of exon skipping therapy emerged for DMD treatment. This strategy, 

aimed at attenuating the severe DMD phenotype into a milder BMD-like phenotype, is based on the 

modulation of mRNA splicing to restore the reading frame and induce the synthesis of an internally 

truncated but functional dystrophin.  

 

1. Splicing mechanisms 

Splicing of precursor mRNAs (pre-mRNA) is an important step during eukaryotic gene expression. 

The identification of the actual splice sites and the proper removal of introns are essential for the 

production of the desired mature mRNA isoforms and their encoded proteins. The genomes of all 

eukaryotes contain introns, but their number, size, and distribution vary considerably between species 

(Deutsch and Long, 1999).  The correct identification and removal of introns by the splicing 

machinery is a central, conserved step during gene expression in all eukaryotes (Wang and Cooper, 

2007; Anna and Monika, 2018). The splicing machinery, also called the spliceosome is a large RNA–

protein complex consisting of five small nuclear ribonucleoproteins (snRNPs), which occur and 

function individually (U1 and U2), in heterodimers (U4/U6), and heterotrimers (U4/U6.U5) (Wahl et 

al., 2009; Shi, 2017; Wilkinson et al., 2020). During splicing, the spliceosome follows a strict 

assembly and rearrangement choreography and each snRNP and splicing factor assumes a specific 

function and/or position within the spliceosome (Figure 17 A). These snRNAs are complementary 

with specific sequences found on the different introns and exons of the pre-mRNA. A major step in 

splicing is the recognition by the spliceosome of target sequences that are splicing consensus 

sequences. There are 3 types of consensus sequences: the donor site (= 5' splice site = 5'ss), the branch 

point (BP) and the acceptor site (= 3' splice site = 3'ss ). 

Furthermore, the non-continuous exon–intron structure of eukaryotic genes allows the formation of 

alternative mRNA isoforms. During this process the exons of a pre-mRNA are assembled in different 

ways; for example, by skipping one or several exons or using alternative splice sites (Lee and Rio, 

2015). Alternative splicing is regulated by interactions of RNA-binding proteins (RBPs) and splicing 
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factors with sequences in the pre-mRNA, and by base-pairing between complementary RNA 

sequences: exonic splicing enhancer (ESE) and exonic splicing silencer (ESS) (Figure 17 B).  

 

Figure 17. Splicing mechanisms (A) and its regulation (B) (Gehring and Roignant, 2021) 

 

2. Therapeutic exon skipping 

In order to interfere with the splicing process, sequences of antisense oligoribonucleotides (ASOs) 

were designed to specifically hybridize to the mRNA through a Watson–Crick base pairing. These 

sequences aim to mask the important splicing signals, such as the consensus sites or the exonic 

splicing sequences, to omit a specific exon inclusion (“exon skipping”) in the mRNA (Ferlini et al., 

2021). 

ASOs are synthetic single-stranded nucleotide sequences and their  potential as antisense molecules 

was discovered by Zamecnik and Stephenson (Zamecnik and Stephenson, 1978). Oligonucleotides 

generally consist of 15 to 30 nucleotides which are complementary to the mRNA of the gene of 

interest, hence their name “antisense” (Kurreck, 2003; Griepenburg et al., 2015). Since the first 

application of ASOs, this technology has been hugely developed and the technique has rapidly 
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evolved. In particular, thanks to the progress made in terms of chemical modifications, which have 

considerably broadened the possible fields of application. While the first unmodified phosphodiester 

(PO) types of ASO  were rapidly degraded in the bloodstream, various modifications were gradually 

introduced into their backbone/chemical structure to increase their stability and affinity for RNA 

(Wickstrom, 1986).  

One of the first changes was the replacement of the oxygen atom of the PO4 phosphate group with a 

sulfur atom, thus creating phosphorothioate (or thiophosphate) (PS) bonds. This substitution not only 

improved the endogenous resistance of ASOs to nucleases, but also offered a significant advantage 

in terms of pharmacokinetics. Indeed, ASO-PS (phosphorothioate-like ASO) exhibit increased 

affinity for many proteins (Crooke et al., 2017; Gaus et al., 2019) which facilitates their cellular 

distribution and uptake compared to their phosphodiester counterparts. However, PS-like 

modifications are also known to cause adverse effects due to their affinity for certain plasma proteins, 

sometimes giving ASO-PS an undesirable toxicological profile  (Iannitti et al., 2014). In order to 

improve their resistance to nucleases and their affinity for the targeted mRNAs, second-generation 

ASOs were then developed, with the introduction of chemical modifications at the 2' position of the 

ribose, such as 2'O-methyl (2 'OMe) and 2'O-methoxyethyl (2'MOE) (Goyenvalle et al., 2016), or by 

substantial changes in the structure of the sugar, leading to a wide variety of molecules, such as 

morpholinos (or PMO for phosphoroamidate morpholino oligomer) (Summerton and Weller, 1997). 

The search for alternative ASO chemistries has led to the identification of bicyclo-(bc)-DNA which 

has been introduced as the first member of the class of conformationally constrained DNA analogues 

in 1993 (Tarköy and Leumann, 1993). Tricyclo-(tc)-DNA were designed in the late nineties as a 

conformationally constrained DNA analogue (Steffens and Leumann, 1997, 1999), being thus a 

second-generation analogue of bicyclo-(bc)-DNA. Other constrained oligonucleotides such as LNA 

for locked nucleic acid  (Hagedorn et al., 2018) and cEt for 2'-4'-constrained ethyl (Seth et al., 2008) 

were further identified (Figure 18). 
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Figure 18. Chemical structures of a selection of oligonucleotide (Goyenvalle et al., 2016) 

 

 

3. Therapeutic application of the exon skipping approach in DMD  

ASO-mediated exon-skipping is theoretically applicable to ∼83% of all DMD patients. According to 

literature review, the skipping of exons 51, 45, 53, and 44 has the major applicability per mutation, 

covering 19.1%, 11.8%, 11.4% and 8.8% of the deletions, respectively (Aartsma-Rus et al., 2009). 

The exon skipping therapy is a mutation-specific approach that aims to rescue the expression of an 

internally truncated but still functional dystrophin protein. In fact, skipping the same exon can rescue 

different mutation profiles; for example, the deletion of exons 47–50, 48–50, 49–50 and 52 can be 

restored by exon 51 skipping (Figure 19). 

Figure 19. ASO-mediated exon 51 skipping to reframe DMD transcripts (Aartsma-Rus and Ommen, 2009) 
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A. Different types of ASOs used for DMD 

Several ASO chemistries have been investigated to achieve exon skipping for DMD. In this section, 

I will focus on the two major ones that were clinically tested and the tcDNA-ASO that were developed 

in my host laboratory.  

 

2′‑O‑Methyl‑PS RNA 

This charged ASO was first studied in mdx mice, in which the intramuscular injection of a 2'OMe-

PS allowing exon 23 skipping was reported to induce restoration of dystrophin in a large number of 

muscle fibers. In addition, chronic administration enhances dystrophin restoration without inducing 

any immune response (Lu et al., 2003). The same group subsequently investigated the systemic 

injections of 2'OMe-PS in mdx mice, which led to dystrophin restoration in a large number of skeletal 

muscles, but no dystrophin restoration was observed in the heart. Notably, 2'OMe-PS did not cause 

any tissue toxicity during the 3 weeks of treatment (Lu et al., 2005). In another study, higher doses 

of 2'OMe-PS were administered subcutaneously to mdx and dKO utrophin/dystrophin mice for 6 

months treatment period. This study showed that 2'OMe-PS is well tolerated over the long term, and 

that it allows a reexpression of approximately 2 to 3% of dystrophin in the treated mice.  

In parallel, a 20-mer 2′OMe-PS ASO targeting exon 51, named Drisapersen, was developed and 

shown to restore significant levels of dystrophin in mouse models of DMD following systemic 

treatment. Based on these encouraging preclinical data, intramuscular injections of  drisapersen were 

evaluated in DMD patients eligible for exon 51 skipping (van Deutekom et al., 2007). The treatment 

was well tolerated and confirmed the proof of principle of the ASO-mediated exon-skipping approach 

for DMD since some dystrophin expression was detected, supporting the development of further 

clinical investigations. Results evaluating the systemic administration were reported (Goemans et al., 

2011) and led to further studies from the same group. Subcutaneous treatment delivery showed no 

improvement in ambulatory state plus multiple adverse effects (Goemans et al., 2016, 2018). The 

inability to meet the primary end point together with the significant adverse effects (injection- site 

reactions and renal issues) led to the rejection of the application for drisapersen by the US Food and 

drugs Administration (FDA). 
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Phosphorodiamidate Morpholino Oligomer (PMO) 

PMO are very stable and neutrally charged ASO, conferring an ideal safety profile to PMO molecules. 

Evaluation of PMO-mediated therapeutic exon skipping in mdx mice, dKO utrophin/dystrophin, 

mdx52 and dystrophic dogs, showed dystrophin restoration in skeletal muscle associated with 

improved muscle function. In addition, the toxicological profile of PMOs appeared safe with high 

doses and no adverse effects. Yet, PMOs exhibited low cellular uptake with high renal clearance, 

which requires high doses to reach a therapeutic effect (Moulton and Moulton, 2010; Järver et al., 

2014; Miyatake et al., 2018).  

Following these preclinical studies, the UK MDEX consortium conducted a phase I/II trial with a 30-

mer PMO targeting exon 51, named Eteplirsen, in seven patients. Intramuscular injection of eteplirsen 

was well tolerated by all patients and intensity of dystrophin staining increased to 42% of normal 

levels in dystrophin-positive fibers of patients treated with the higher dose (Kinali et al., 2009). 

While intramuscular injection was a valuable proof-of-concept, the main challenge in DMD is to 

target cardiac and respiratory muscles, therefore systemic delivery was next assessed by Sarepta 

(Cirak et al., 2011). Adverse events were generally mild to moderate and a dose-dependent significant 

increase in dystrophin expression was observed. Following these encouraging results, phase II studies 

with higher doses resulted in increased dystrophin production in all patients following at least 24 

weeks of treatment depending on the age-related disease progression (Mendell et al., 2013, 2016). 

Based on detection of dystrophin protein (although minor) and the absence of adverse events, 

eteplirsen was approved by the FDA in 2016, under the accelerated approval pathway, despite no 

measures of muscle function. Although its approval was shrouded in controversy, eteplirsen became 

the first approved drug for DMD in the USA, as well as the first approved splice switching ASO 

(Aartsma-Rus and Goemans, 2019). Later the European Medicines Agency (EMA) gave a negative 

report for this treatment  (Aartsma-Rus and Goemans, 2019) testifying that the current benefit-risk 

balance was not positive since the efficacy was not sufficiently demonstrated.  

Despite this setback in Europe, Sarepta continued the clinical development of their PMO-ASOs, 

notably targeting exons 45 and 53. Based on positive results from phase I/II clinical trials (Frank et 

al., 2020; Wagner et al., 2021), golodirsen and casimersen were granted accelerated approval in the 

USA in 2019 and 2021 for the treatment of DMD patients amenable to exon 53 skipping and exon 45 

skipping respectively. 

An additional PMO-ASO targeting exon 53 and developed by the Japanese company NS-pharma was 

also approved by the FDA in august 2020 (Clemens et al., 2022). 
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Tricyclo-DNA (tc-DNA) 

The main issue with first and second generations of ASOs (2’OMe and PMO) was the very poor 

tissue delivery and uptake. Alternative chemistries such as tc-DNA, a constrained analog of DNA, 

were therefore specifically developed to overcome this limitation. 

The constrained structure of tc-DNA decreases the flexibility of the ribose, which favors 

hybridization in the form of duplexes. This is characterized by more stable hybridization, as tc-DNAs 

have an increased melting temperature of 1.2°C per nucleotide in a tc-DNA/DNA duplex and an 

increase of 2.4°C per nucleotide in a tc-DNA /RNA complex (Renneberg and Leumann, 2002).  This 

property of strong hybridization with RNA allows a reduction of their length to 13-15 nt long 

(Relizani et al., 2017), in contrast with 2'OMePS or PMO which are generally 20 to 30 nt-long. In 

addition to their high resistance to nucleases, tc-DNA show increased hydrophobicity and the 

possibility to form nanoparticles improving their biodistribution in tissues (Ezzat et al., 2015).  

A major preclinical study in mdx mice assessed the efficacy of intravenous injection for 12 weeks of 

a tcDNA targeting exon 23. The treatment allowed the restoration of mDp427 up to 40% in many 

muscles, including the heart and the diaphragm. Protein restoration was 5 times greater than that 

observed at equivalent dose of 2′OMe and PMO and was associated with muscle, respiratory and 

cardiac improvement (Goyenvalle et al., 2015).  

In the scope of improving their biodistribution, further modifications of tc-DNA were investigated 

based on the hypothesis that fatty-acid conjugation could facilitate tc-DNA transport across the 

continuous capillary endothelium in the skeletal and cardiac muscle through improved binding of the 

conjugated-tcDNA to serum albumin (Chappell et al., 2020). A preclinical study in mdx mice treated 

with tc-DNA conjugated to a palmitic acid demonstrated enhanced potency in skeletal and cardiac 

muscles, which allowed a significant reduction of the administered dose. Also, functional 

improvement in dystrophic mice and the safety profile following a long-term treatment with these 

conjugated compounds as well as the persistence of the treatment efficacy after a recovery period was 

reported (Relizani et al., 2022). These encouraging preclinical results demonstrated a promising 

therapeutic potential of tc-DNA, which will be soon evaluated in DMD patients in a phase I/II clinical 

trial (H1 2023, SQY Therapeutics). 
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B. AAV-mediated exon skipping for DMD 

In order to increase stability, sustain the effect of ASOs, and thus avoid the need for a recurrent 

(potentially lifelong) administration, it has been proposed to shuttle antisense sequences in adeno-

associated viruses recombinant vectors (AAV). For this, the antisense sequences have been inserted 

into an optimized U7snRNA (U7 small-nuclear RNA). U7snRNA is a small non-coding nuclear RNA 

that is naturally involved in the processing of histone pre-mRNAs. To make it a splicing modulation 

tool, the histone downstream element (HDE) of U7snRNA is replaced by an antisense sequence of 

interest. Thanks to this inclusion in the U7snRNA, and its vectorization, the antisense sequence is 

directly addressed and expressed in the nucleus, continuously under the control of the natural 

promoter of the U7snRNA (Figure 20). 

Figure 20. U7snRNA system modification (Imbert et al., 2017) 

 

Preclinical studies were performed in mouse models of DMD (Goyenvalle et al., 2004, 2012). In mdx 

mice, intramuscular injection of an AAV2/1 containing U7dtex23 allowed a restoration of muscle 

Dp427 up to 40 to 80% of the WT level (Goyenvalle et al., 2004). Later, a study on the double Knock-

Out (dKO) dystrophin/utrophin mouse model, showed that AAV9sc-U7dtex23 systemic treatment 

restores up to 40 and 90% of dystrophin in different muscles, particularly in the cardiac muscle, 

associated increased life expectancy (Goyenvalle et al., 2012). Later, AAV9-U7 targeting exon 51 

showed a strong efficacy in mdx52 mice, reaching up to 20-25% of mDp427 rescue in different tissues 

along with functional restoration (Aupy et al., 2020) 
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The AAV-mediated exon skipping therapeutic approach was also evaluated in the GRMD dog model, 

carrying a point mutation in the splice site of the intron 6 – exon 7 junction, inducing the exclusion 

of exon 7 therefore leading to the reading frame shift. This mutation is eligible to exon skipping but 

requires the exclusion of two exons (6 and 8) from the mature mRNA to restore the open reading 

frame. For this purpose, two modified U7 snRNAs were created targeting exons 6 and 8 respectively 

(multiple exon skipping) and inserted into the same AAV vector in order to restore the reading frame. 

Following intramuscular injections, 60% restoration of mDp427 has been shown, accompanied by 

improvement of muscle strength in treated GRMD dogs (Vulin et al., 2012). Another study in GRMD 

dogs, using AAV8 serotype, also showed a strong restoration of muscle Dp427 following systemic 

injections in these dogs (Le Guiner et al., 2014). Overall, these experiments demonstrated the good 

tolerability of this treatment in GRMD dogs, offering hope for a future clinical trial. 

A phase I/II clinical trial (NCT04240314) for exon 2 skipping was undertaken in DMD patients 

presenting with a duplication of this exon. Exon duplications account for 11% of mutations affecting 

the DMD gene, and exon 2 duplication is the most common in patients (Wein et al., 2014). Exon 

skipping targeting duplications aims to restore a complete and therefore fully functional dystrophin, 

which has a significant advantage over quasi-dystrophins resulting from the removal of internal 

exon(s) to correct the frame reading or nonsense mutations. The preliminary results of this phase I/II 

study were presented at the 25th congress of the World Muscle Society (WMS) in October 2020 

(Waldrop et al., 2020). The results revealed, in the treated patients, a decrease of respectively 95% 

and 81 % of serum creatine kinase levels (typically high in patients with DMD) at three months post-

injection, and a respective reexpression of 5.8% and 1.4% of dystrophin. By 4 months post-treatment, 

a biopsy showed that 99% of the participant’s muscle fibers produced full-length dystrophin, at levels 

70% of normal amounts confirming the therapeutic potential of this vectorized approach. 

However, the advantages of the AAV-U7 also need to be tempered. Indeed, ASOs vectorization in 

AAV prevents any reinjection due to the immune reactivity generated against the AAV vector (Lorain 

et al., 2008). This is to be noted because in long-term studies, progressive loss of AAV genomes has 

been reported and therefore a reduction of the U7 over time in muscle fibers leading to a progressive 

decrease in dystrophin expression. This loss is all the greater in animal models with severe muscle 

damage close to humans (Vulin et al., 2012; Le Hir et al., 2013). 
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4. Therapeutic application of exon-skipping to treat the CNS in DMD  

In DMD, the cardiac and respiratory deficiencies are the major causes of death, thus logically the 

main therapeutic research focused on the muscular pathology, in order to alleviate the severity of the 

phenotype in particular in heart and diaphragm.  

The rescue of mDp427 at significant levels may lead to an increased lifespan of DMD patients. Thus, 

the central deficits may become even more visible and significantly hinder the quality of life requiring 

a management.  

 

The complexity of central treatment in DMD is due to the multiplicity of central dystrophins but also 

to the presence of the blood brain barrier (BBB). Indeed, unlike muscles, the brain is hermetically 

bounded by the BBB that drastically limits the treatment delivery, which is a challenge for the 

development of therapeutic management.  

In the next section, we will review the work that has been done in an attempt to address the central 

alterations in DMD mouse models. 

 

A. AAV-mediated exon-skipping in the CNS 

The AAV-U7 system, which had demonstrated particularly promising results to restore the expression 

of Dp427 in the muscles of mdx mice was also evaluated in the CNS of mdx mice by my host 

laboratories. Indeed, the rationale of skipping exon 23 to restore expression of Dp427 also applies to 

the centrally expressed Dp427.  

In a first study, the AAV2/1-U7 carrying the antisense sequences targeting exon 23 in order to induce 

its exclusion and rescue cDp427 was administered locally using intra-hippocampal injection. The 

single intra-hippocampal injection of AAV2/1-U7 rescued substantial levels of brain dystrophin 

expression (15–25%) in the hippocampus of mdx mice that lasted for months (Vaillend et al., 2010). 

The immunohistochemistry confirmed the correct localization of the restored cerebral Dp427 in the 

inhibitory synapses of the hippocampus. Moreover, dystrophin was properly colocalized with the 

GABAA receptors at the membrane level of pyramidal neurons, around the soma as well as in the 

dendritic regions.  

Surprisingly, this partial rescue of brain Dp427 expression was sufficient to achieve a total recovery 

of GABAA receptor clustering. Indeed, the size and the number of clusters were normalized by the 
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treatment. This demonstrated the possibility of reaching the therapeutic threshold in the brain using 

this approach, and of restoring molecular synaptic defects of mdx mice in the mature brain.  A year 

later, a follow-up study showed that two months after a single intrahippocampal injection, 25% of 

Dp427 rescue reverses the abnormally enhanced LTP phenotype at CA3–CA1 synapses of mdx mice 

(Dallérac et al., 2011).  

Together, these studies showed that AAV-U7-mediated exon skipping in the brain can restore Dp427 

expression and despite partial internal truncation, this Dp427 appears functional. Indeed, it restored 

the synaptic dysfunctions in mdx mice, without overt toxic effects.  

This paved the way for vectorized antisense therapy for DMD central and cognitive defects rescue. 

In fact, these findings established proof of principle for the efficacy of post-natal rescue of dystrophin. 

However, AAV treatment showed few limitations, the diffusion following intra-hippocampal 

injection was restricted to approximately 1 mm perimeter around the injection site. Hence, to better 

characterize the potential of Dp427 rescue, in different structures and its functionality, other 

approaches need to be investigated and compared.  

Indeed, Dp427 is expressed in hippocampal and cortical pyramidal neurons, but also in the 

cerebellum, which are two distant structures. Considering that AAV treatment is limited to a single 

injection due to immune reactivity, multiple or repeated injections to different regions is not an option. 

Yet, alternative routes of administration and/or different serotypes of AAV are needed to transduce 

larger territory and widely rescue central dystrophin. For example, intracerebroventricular (ICV) 

injections allow a direct delivery to the cerebrospinal fluid (CSF). The CSF circulates in the CNS and 

reachs all the brain structures. Thus, ICV injection represents an interesting route for brain 

dystrophins rescue.  

A possible alternative to AAV treatment is the non-vectorized ASOs, which are non-immunogenic 

and may present a better biodistribution in the CNS. 

 

B. ASO-mediated exon skipping in the CNS  

PMO 

In 2009, Sekiguchi et al used a PMO-ASO targeting exon 23 to restore cerebral Dp427 in mdx mice. 

The delivery route chosen was intracerebroventricular (ICV) injection (Sekiguchi et al., 2009), which 

directly delivers the ASO to the lateral ventricles and allows the molecule to circulate all over the 
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brain via the cerebrospinal fluid. Mdx mice received a total of 1 mg of PMO via ICV infusion using 

an osmotic infusion pump that persistently delivered the ASO for 1 week. The treatment resulted in 

approximately 25% of cerebral dystrophin restored 35 and 50 days after infusion. Restoration of 

dystrophin was shown to be effective in several distant brain structures, thus demonstrating that PMO 

was well distributed in the brain after ICV administration. This restoration was accompanied by a 

substantial reduction of stress-induced unconditioned fear responses in mdx mice, confirming the 

important major role of brain Dp427 in the control of amygdala-dependent emotional behaviors. The 

analysis of the kinetics of restoration of brain Dp427 revealed that the protein was not yet expressed 

3-4 weeks after injection and was no longer present 12 weeks after injection. Moreover, the 

normalization of fear responses was only found to be significant when dystrophin was re-expressed 

during this therapeutic window, i.e. 5 to 7 weeks after the ICV. This specific therapeutic window of 

dystrophin (re)expression mediated by ASO administration is likely a critical factor in the success of 

DMD central therapy.  

 

Tc-DNA 

One of the most interesting properties of tc-DNA is their unique ability to cross the BBB. Indeed, the 

study assessing the systemic treatment efficacy of tc-DNA in mdx mice also demonstrated this unique 

ability (Goyenvalle et al., 2015). Tc-DNA were compared to other ASOs (2’OMe and PMO) and 

emerged as the only ASO capable of crossing the BBB. Exon 23 skipping was quantified by qPCR 

and revealed levels between 2 to 6% depending on the different brain structures. Moreover, Dp427 

rescue was detected and correctly localized in these structures including the hippocampus, cortex, 

and cerebellum. Remarkably, the low levels of dystrophin rescued appeared sufficient to significantly 

reduce the enhanced fear response in systemically treated mdx mice (Figure 21). 

 These findings highlighted not only the unique capacity of tc-DNA to cross the BBB which 

represents a large advantage for DMD, but also the possibility to rescue post-natally some emotional 

features associated to the lack of dystrophin in the brain. Since DMD is a neuromuscular syndrome 

with both muscular and central alterations, a single molecule such as tc-DNA-ASO may be able to 

rescue both aspects of the pathology, which represents a major turning point in the therapeutic 

management and the quality-of-life improvement for DMD patients.  
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Figure 21. Central rescue of Dp427 following systemic treatment with tc-DNA: Restoration of cerebral.  

(A) Quantification by qPCR of the skipped Dmd mRNA in the hippocampus (hippo), cortex and cerebellum (Cbl) for 

different ASOs (tcDNA, 2’OMe and PMO). (B) Quantification by western blot of Dp427 in the cerebellum of WT, tcDNA 

treated mdx mice and control mdx mice. (C) The unconditioned fear response induced by restraint expressed as a 

percentage of tonic immobility (freezing) over 5 minutes at different doses (80, 100, 125, 200) of the different ASOs 

(Goyenvalle et al., 2015) 

 

These studies also raised the need to perform further work, in particular to better understand how 

much dystrophin rescue is required but also whether other central deficits such as memory could be 

restored.  

 So far, the centrally treated mdx mice exhibited restored unconditioned fear response, associated with 

exon 23 skipping in several brain structures and about 25% of Dp427 rescue. However, beyond 

emotional reactivity, other central deficits in this model were also investigated, such as memory 

performance.  

Indeed, a recent study from our teams (Zarrouki et al., 2022b), assessed the therapeutic potential of 

tc-DNA targeting the exon 23 injected via a single ICV delivery. The results first showed that 5 weeks 

following the tc-DNA injection,  brain dystrophin expression was rescued up to 10-30% of wild-type 

levels, which significantly reduced the abnormal unconditioned fear responses in mdx mice in a dose-

dependent manner, as previously reported (Goyenvalle et al., 2015).  Exon skipping efficiency, tc-

DNA-ASO biodistribution, and protein expression were homogenously rescued. Also, they 
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demonstrated a proper synaptic-like expression of Dystrophin in brain structures including the 

hippocampus and the amygdala. 

The authors further assessed the efficacy of a maximum feasible dose of 400μg at 6-7 weeks post-

injection on different memory performances. Mdx mice normally display poor long-term recognition 

memory and impaired fear learning and fear memory in a cued associative task.  

The partial restoration of Dp427 in the CNS of tcDNA-treated mdx mice fully compensated the long-

term recognition memory deficit normally shown by this model. However, the treatment was 

insufficient to fully overcome the learning and memory deficits during cued fear conditioning task. 

The authors hypothesized that this could be due to an insufficient amount of rescued Dp427, 

particularly in the amygdala. They also suggested that these particular deficits may not be fully 

reversible (i.e. rescued by postnatal treatment). 

So far, much less is known about the role of the shorter brain dystrophins and whether the 

dysfunctions due to their loss can be rescued by postnatal re-expression. In particular, the regional 

and cellular localization of Dp140 is still unknown. According to genotype-phenotype studies, its loss 

exacerbates the severity of the central phenotypes, hence the importance of further investigations. 

Moreover, very few studies investigated therapeutic approaches targeting ‘hot spot’ mutations, 

though they are associated with severe central phenotype. The development of such therapies may 

greatly contribute to improve the quality of life of a large group of DMD patients. The mdx52 mouse, 

which lacks both Dp427 and Dp140, appears as a relevant model to address these issues. 
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Research objectives  

The central alterations resulting from the loss of brain dystrophins in DMD are getting increased 

interest. Indeed, thanks to advances in the therapeutic management of muscular dystrophy, the 

lifespan of DMD patients has expanded, and the neurological aspect of the pathology has become a 

significant hinder for a proper quality of life.  

The understanding of the neurobiology of DMD central alterations is essential to adapt the therapeutic 

management. Central deficits are found to be variable among DMD patients and this is correlated 

with the mutation profile. In fact, a large proportion of DMD patients carries a mutation in a ‘hot 

spot’ region (63%). These distally located mutations lead to the loss of multiple brain dystrophins 

and result in a severe neurological phenotype. In the first part of my thesis work, the objective was to 

characterize the behavioral phenotype of the mdx52 mouse model, that results from the cumulative 

loss of 3 central dystrophins (Dp427+Dp260+Dp140). The aim was to validate it as a reliable model 

for preclinical studies. I started by addressing putative visual alterations due to the absence of these 

three dystrophins in the retina (Annex 1, Publication 1). The nature, specificity and severity of the 

behavioral deficits resulting from the absence of Dp427 and Dp140 in the brain were then addressed. 

We focused on the emotional phenotype, namely the anxiety and fear related behaviors that are also 

expressed in patients (Publication 2). Because these phenotypes were well characterized in the 

original Dp427-deficient mdx mouse model, our work in the mdx52 mice provides a key comparative 

study to better understand the genotype-phenotype relationships. As part of a collaborative work 

within the European funded project BIND (Brain Involvement In Dystrophinopathies), other deficits 

were further investigated. Among which, I investigated spatial and non-spatial memory performance 

(Publication 3, manuscript in preparation). 

As mentioned in the introduction, exon skipping therapy presents a great therapeutic potential for 

DMD treatment, and a majority of DMD patients are eligible for exon skipping therapies (80%). 

Multiple ASOs have been developed for the management of the muscular dystrophy treatment. In the 

second part of my thesis project, we aimed to investigate the impact of postnatal restoration of 

dystrophins on central deficits in the mdx52, using exon skipping approaches. We first determined 

the optimal conditions for the local delivery of ASO therapies to the CNS. As part of a collaborative 

work, various ASOs chemistries were compared. In particular, we compared the tcDNA chemistry 

developed by my teams to the PMO chemistry that has previously showed efficient exon skipping in 

mdx mice following a local intracerebroventricular (ICV) delivery (Sekiguchi et al., 2009). As 

mentioned in the introduction, PMO targeting exon 51 was the first approved ASO for the treatment 
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of DMD in the US in 2016 (Syed, 2016). Because the mutation carried by mdx52 model is eligible 

for exon 51 skipping, we thus compared the efficacy of tcDNA to that of PMO targeting exon 51 for 

the central treatment of DMD using local (ICV) delivery. As ICV administration is an invasive 

delivery method we also wanted to assess the efficacy of both ASOs via intrathecal (IT) injections. 

IT is a less invasive yet direct delivery route to the CNS that holds a translational potential. Indeed, 

IT delivery is already successfully used in the clinic for the administration of ASO in other 

neuromuscular disease such as SMA (Finkel et al., 2016). This work therefore aimed at establishing 

the most appropriate delivery route for each ASO to reach its maximal efficacy (Publication 4). 

As mentioned above, the deletion of exon 52 (mutation carried by the mdx52 mouse) is eligible to 

exon 51 skipping. However, while the promoter of Dp140 lies in intron 44, its first methionine 

initiation codon is located in exon 51 (Lidov et al., 1995). Thus, skipping exon 51 results in the 

elimination of Dp140 start codon and Dp140 cannot be expressed. An alternative approach is the 

exon 53 skipping, that would preserve the exon 51 and allow the rescue of both Dp427 and Dp140. 

Comparative studies of the sole rescue of Dp427 and both Dp427 and Dp140 would allow to further 

elucidate the role of brain dystrophins. In the third part of this work, we investigated the impact of 

sole Dp427 restoration on central alterations in the mdx52 model. For that purpose, mdx52 mice were 

treated with the tcDNA-Ex51 via ICV delivery. We first determined the optimal therapeutic window 

following the administration of tcDNA and then assessed emotional reactivity and memory through 

a behavioral test battery within this therapeutic window. The molecular rescue was analyzed by 

measuring exon 51 skipping levels and Dp427 protein re-expression in different brain regions 

involved in the emotional circuitry. We also evaluated the putative contribution of peripheral 

(muscular) factors to this behavioral deficits by comparing and combining peripheral and central 

treatments (Publication 5). 
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 Behavioral phenotyping of mdx52 mouse model 
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I.1. Impact of Dp427 and Dp260 loss on retinal physiology and vision 

A detailed description of functional electroretinogram (ERG) changes in the mdx52 mouse retina, and 

the impact of these alterations of retinal physiology on visual behavior was recently published by our 

group (Publication 1. Annex I.1). I contributed to this study by analyzing the quantitative optomotor 

response (OMR) to achromatic sinusoidal gratings. The test consists of real time video tracking and 

measurements of compensatory head movements in freely moving mice (optomotor reflex) and was 

performed using an OMR recording setup. Each mouse was placed on a platform (5 cm in diameter) 

in the center of four computer-controlled LC Displays monitors (Kretschmer et al., 2013, 2015). 

Visual stimuli were a range of sinusoidally-modulated luminance gratings generated by four LCD 

screens randomly presented each for 60s with constant rotation in either clockwise or 

counterclockwise direction (Figure 22).  

 

 

 

 

 

 

 

Figure 22. Overview of the setup (Kretschmer et al., 2013) 

 

Groups of mdx52 mice aged 3-4 months and their WT littermates were tested. The measurements 

were completed in three trials for each animal, which we had previously validated as an optimal 

number of replicates to reduce the variability of individual’s scores. OMRs were recorded using two 

different Michelson contrasts and different spatial frequencies (presented in random order) in two 

distinct cohorts of mice: 100% contrast (n = 8 mice per genotype) or 50% contrast (n = 10 mdx52 and 

8 WT littermates). At 100% contrast, OMRs were recorded in response to sinusoidal gratings at 12 

spatial frequencies between 0.0125 and 0.5 cycles per degree (cpd). At 50% contrast, sinusoidal 

gratings were presented at 10 different spatial frequencies between 0.0125 and 0.4 cpd.   
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The number of head movements recorded at a speed range from 2 to 14 degrees per second in the 

same direction as the stimulus (nCorrect) and in the opposite direction (nUncorrect) were used to 

calculate the OMR indices (nCorrect / nUncorrect) at each spatial frequency.  

The analysis showed that at 100% contrast mean OMR indices were comparable between the 

genotypes while at 50% contrast they were significantly reduced in mdx52 mice compared to WT 

(Figure 23).  

Figure 23: Optomotor response (OMR). The mean OMR indices (±SEM) are plotted as a function of spatial frequency 

for each genotype and the baseline (1; horizontal line) represents unspecific head movements and no response to the 

stimulus. OMR at 100% (A) and 50% (B) contrast in WT littermate mice (open symbols, n=8) and in mdx52 mice (filled 

symbols, n=8 for 100% and n=10 for 50%) 

 

This OMR results combined with the ERG in this study evidence that visual alterations found in 

mdx52 mouse well mimics those reported in patients. This study evidenced mdx52 as a relevant model 

to appraise the roles of several retinal dystrophins and for retinal preclinical studies related to DMD 

retinopathy. 
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I.2. Impact of the loss of brain Dp427 and Dp140 on cognitive and behavioral 

processes 

Mdx52 DMD mouse model emerges as a critical model for Duchenne muscular dystrophy as it holds 

a mutation in position the most frequently found in patients (60%). The behavioral phenotype and 

central deficits associated to this mutation had not been described so far. The characterization of this 

mouse model could step further the knowledge of the genotype-phenotype relationships in DMD and 

establish the mdx52 as a reliable model that mimics at least some of the patient’s neurological deficits 

and thus makes a promising preclinical model for the development of central treatment for DMD 

central deficits. 

Material and methods: In order to characterize the mdx52 mouse, C. Vaillend and C. Sébrier first 

studied the macroscopic anatomy of the mdx52 brain using MRI imaging and histological staining. I 

then performed the behavioral testing, in which two-month-old mdx52 mice and their C57BL/6 wild-

type littermates were included in a comparative behavioral study to the classic mdx mouse model and 

their own C57BL/10 wild-type littermates. This work focused on the emotional reactivity that is found 

to be slightly altered in the mdx model. The anxiety was tested using an elevated plus maze apparatus, 

followed by a light-dark choice test and an open field exploration tested in two levels of anxiogenic 

conditions. A distinct group of mdx52 and WT mice was submitted to unconditioned fear testing and 

conditioned Pavlovian fear learning and memory. 

Results: No gross anatomical differences were found in the brain of mdx52 mice as compared to the 

wild-type mice. A severe emotional disturbance was found in mdx52 mice as compared to the classic 

Dp427-deficient mdx model. Enhanced anxiety, exacerbated unconditioned fear response and 

impaired fear learning and memory were found in mdx52 mice. 

Conclusion: The behavioral profile of the mdx52 DMD mouse model reminds the emotional 

reactivity found in patients carrying a similar mutation profile, meaning that the mdx52 model is a 

relevant model for future therapeutic preclinical studies. Moreover, this mouse model opens to deeper 

investigations for better understanding of the roles of central dystrophins.   
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Publication 2 

Published in Disease Models and Mechanisms, 2021 
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I.3. Impact of the genetic background on cognitive and behavioral processes 

Research studies evidenced differences in the severity of muscular dystrophy in DMD associated to 

the genetic background. The severity of the central deficits are reported to be associated with the loss 

of multiple brain dystrophins. Yet, less is known about the impact of the genetic background. The 

original Dp427 deficient-mdx mouse model was generated in a C57BL/10 background and its 

phenotype has been largely characterized and described (Vaillend et al., 1995, 2004; Vaillend and 

Chaussenot, 2017; Engelbeen et al., 2021).  

We addressed the behavioral deficits of the mdx5cv mouse model also lacking Dp427 but generated 

on C57BL/6 genetic background. The behavioral phenotype of mdx5cv  was compared to the mdx52 

mouse that was generated on the same genetic background (Publication 3, in preparation). The aim 

of this study was two-fold: (1) to determine the involvement of the genetic background on different 

mutations in DMD mouse models (by evaluating phenotype differences in mdx5cv compared to the 

phenotype previously reported in the original mdx mouse, and (2) to compare the impact of a unique 

loss of Dp427 (mdx5cv) with loss of Dp427+Dp140 (mdx52) on emotional reactivity, learning and 

memory processes. The phenotyping addressed a wide range of behavioral tests previously 

characterized in the mdx model. In the scope of the BIND consortium project, this work was 

conducted in collaboration with Transpharmation Ireland Ltd. Laboratory and Dr. Mitsogiannis M. 

and I equally contributed to this work. I do not present the totality of the study here but focus on the 

experiments I have performed and that will be included in the paper in preparation. 

 Among the behavioral testing, I first assessed the anxiety of mdx5cv mouse model using the elevated 

plus maze, the light-dark choice test and the Open Field exploration. Furthermore, different memory 

processes were tested in the mdx52 model. Spatial memory was assessed in a delayed alternation task 

in a T-maze, at various delays to assess both short and long-term memories (1h-6h and 24h). The 

spatial and non-spatial recognition memories were tested using various protocols of object 

recognition (recognition of object location versus novel object).    

Emotional reactivity  

A group of 2-month-old mdx5cv (n=10) and their WT littermates (n=15) were submitted to a similar 

battery of tests that was used for mdx and mdx52 model characterization. At first, the free exploration 

of an Open field during 30 minutes was analyzed. The avoidance of the center part of the arena 

constitutes the expression of the anxious behavior. Figure 24 A shows the percent of distance and 

time spent in the center of the OF and mdx5cv mice behaved similarly to their WT littermates. The 
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changes in emotional reactivity could not be detected in this test. To better estimate the anxious 

phenotype, the same groups of mdx5cv and their WT littermates were next submitted to two additional 

anxiety tests: the light-dark choice (LDC) and elevated plus-maze (EPM) tests. LDC is based on the 

choice given to the mice to stay in a secure dark compartment or to explore an anxiogenic (brightly 

lit) compartment characterized by a gradient of illumination from the trap door (50 lx) to the end of 

the compartment (600 lx). The anxious phenotype is expressed by the percent of time spent and the 

number of entries in the lit box. As shown in figures 24 B, mdx5cv exhibited increased anxious 

phenotype as they entered less in the lit box and once in, spent significantly less time as compared to 

their WT littermates. In the EPM test, anxiety results from the threat induced by the void in the 

elevated open arms. The percent time and entries in the open arms was significantly lower in the 

mdx5cv group (Figure 24 C). Overall, the anxiety phenotype of  mdx5cv appeared affected and more 

defined than the borderline phenotype of the mdx model (Vaillend and Chaussenot, 2017). Yet, the 

phenotype is less severe than in mdx52 mice (Saoudi et al., 2021).  

Figure 24. Emotional related behaviors . (A) Free exploration of an open field during 25 min in 2-month-old mdx5cv. 

Percent of distance and time spent in the center of the arena expressed per bins of 5 minutes. (B) Light/Dark choice test. 
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The time spent in the lit box and the number of entries. (C) Elevated plus maze test. Percent of time and percent of entries 

in the open arms. Data are mean± SEM. ***P<0.001; **P<0.01; *P<0.05. 

 

Spatial recognition memory  

A group of 3-4 months-old mdx52 (n=18) and their WT littermates (n=21)  have been submitted to a 

T-maze alternation task. In a first 2-trial session (Acquisition), mice were forced to explore one of 

the two lateral arms of a T maze. Spatial recognition memory was evaluated by the percent of mice 

alternating their arm choice during a retention session after a variable delay (1h, 6h and 24h) (Figure 

25 A). The latency to choose an arm at the retention session was significantly increased for mdx52 

mice as compared to the WT (Figure 25 B). This supports the enhanced emotional reactivity of the 

mdx52 model. Further, the recognition memory was reflected by a significant alternation rate 

compared to chance level (50% alt.) at all delays. No differences were found between genotypes 

reflecting no deficit in this task (Figure 25 C). In contrast, mdx mice have previously been reported 

to exhibit impaired retention at 24h delay (Vaillend et al., 1995).  

Figure 25. Spatial memory. (A) Schematic representation of the testing protocol. (B) Latency to choose an arm during 

the retention session. (C) The percent of mice alternating arms during the retention session. 
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Spatial and non-spatial  recognition memory  

Object recognition memory, which is impaired in mdx mice at a 24h retention delay (Vaillend et al., 

2004), was assessed in mdx52 (n=13) and WT littermate (n=17) mice at 3 months old. At first, we 

used a similar protocol as for mdx, i.e. a set of 2 different objects (Figure 26 A). The animals 

underwent a habituation period of 1 week and were then submitted to two different objects during an 

acquisition session. The recognition memory with a novel object was assessed 10’ and 24h later 

expressed as a recognition index (Figure 26 B). The recognition index appeared similar to chance 

level (about 50% exploration of each objects) at 10’ and 24h delays, reflecting no recognition memory 

even in the WT group. This result suggested that this protocol may not be appropriate for mice with 

a C57BL/6 genetic background. We thus adapted the protocol using a more simple set of two identical 

objects during the acquisition (Figure 26 C). The recognition index of both genotypes appeared 

significantly different from chance level at 10’ and 24h delays (Figure 26 D). No differences were 

found between mdx52 and WT reflecting no deficits of short- and long-term recognition memory. 

The impaired long-term memory of mdx mice was not replicated in this test.  

Following the previously used 1-week habituation the animals were agitated and frequently climbed 

on the objects. Also, they exhibited increased jumping against the walls of the arena which reflects 

increased frustration. Consequently, they were not interested in the task which compromised the 

testing. We further adapted the protocol, by shortening the habituation that precedes the test to a 

single day. We submitted another group of mdx52 (n=14) and their WT littermates (n=14) to an 

alternative protocol involving recognition memory of a set of 3 different objects during the acquisition 

session. The recognition memory was assessed 24h later, first by replacing one object with a novel 

one (Figure 26 E). The recognition index of WT was significantly different from chance level (33% 

for 3 objects) while mdx52 failed to reach it (Figure 26 F). Yet, no difference was found between 

mdx52 and WT reflecting a slightly impaired phenotype. The same protocol allows to address spatial 

object recognition memory, by moving an object at the retention session (Figure 26 G). The 

recognition index was significantly different from chance level (33%) and similar for both genotypes 

(Figure 26 H). In line with the T-maze results, the spatial object recognition memory did not appear 

impaired in mdx52 model. 
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Figure 26. Spatial and non-spatial recognition memory in mdx52 mice. (A) Schematic representation of the assay 

protocol for novel object recognition with a 2-different objects set at acquisition. (B) Recognition index at 10min and 24h 

delays. (C) Schematic representation of the assay protocol for novel object recognition with a 2-identical objects set at 

acquisition. (D) Recognition index at 10min and 24h delays. (E) Schematic representation of the assay protocol for novel 

object recognition with a 3-different objects set at acquisition. (F) Recognition index at 24h delay. (G) Schematic 

representation of the assay protocol for spatial object recognition with a 3-different objects set at acquisition. (H) 

Recognition index at 24h delay. Data are presented as mean + SEM. The percentage recognition index is calculated as 

the percentage of novel object exploration time over the total object exploration time measured during the 5 min retention 

trial. # p < 0.05, ## p < 0.01, ### p < 0.001 vs chance level (50% in two objects or 33.33% in three objects). Ns: non-

significant difference. 

 

This comparative study first confirm the genotype-phenotype relationship for emotional alteration 

deficits. The unique loss of Dp427 leads to a less severe phenotype regardless of the genetic 

background, as compared to mdx52 mice. Moreover, these results evidence the genetic background 

may have a substantial contribution in the expression of certain behavioral performance, such as in 

recognition memory tasks. This conclusion will be further developed in the general discussion of this 

thesis manuscript. 
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- II - 

Optimization of ASO-based therapeutic exon 

skipping in the CNS 
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ASOs-based exon skipping approaches are, so far, among the most promising therapies for DMD. In 

fact, it enables the restoration of the DMD gene reading frame and 80% of DMD patients are eligible 

for this strategy (Lu et al., 2000). The use of ASOs for central alterations treatment in DMD is not 

yet widely established. Indeed, ASO-based therapeutics injected systemically (intravenously) cannot 

readily cross the blood brain barrier (BBB) to target the central nervous system (CNS). Therefore, 

investigation of their effects in the central nervous system (CNS) requires local delivery to the CNS. 

Different chemistries of ASO have been developed for exon skipping strategies aiming at restoring 

dystrophin expression for DMD. The tcDNA-ASO, an alternative chemistry of ASOs, was the first 

to show ability to cross the BBB following a systemic treatment in mdx mouse. This treatment induced 

2-4% of exon 23 skipping levels, in various brain structures including hippocampus, cortex and 

cerebellum. A recent study showed the feasibility and the efficacy of a local intracerebroventricular 

(ICV) injection of tcDNA targeting the exon 23 in mdx mice (Zarrouki et al., 2022). Another ASO 

developed for DMD was shown to induce efficient exon skipping in the brain of mdx mice following 

local ICV delivery: the PMO chemistry (Sekiguchi et al., 2009), which received the FDA approval in 

2016 for the systemic treatment of DMD patients (Syed, 2016).  

Material and methods: The direct delivery to the CNS of tcDNA and PMO ASO both targeting the 

exon 51 was compared using different injections techniques. First, we used the 

intracerebroventricular (ICV) delivery. The distribution was assessed by comparing unilateral and 

bilateral ICV. Different rates of injections were tested: a bolus rate previously reported to be efficient 

and a slower rate, closer to the physiological flow of the cerebrospinal fluid (CSF). The maximal 

reachable ASOs efficacy was analysed following repeated bolus ICV injections via cannula or very 

slow ICV via osmotic pumps. We then investigated a less studied method of intrathecal delivery, the 

intra- cisterna magna (ICM) delivery. ICM delivery is a less invasive procedure than the ICV and 

constitutes an alternative route for local delivery at a more posterior level of the brain, adjacent to the 

cerebellum, hindbrain, and cervical spine. A minimally invasive method for ICM delivery through 

the skin was defined and compared to the single and triple ICV injections. Aiming to reach the 

maximal efficacy, we combined ICM and ICV deliveries. The efficacy of both ASO molecules was 

measured by RT-qPCR to assess the level of exon 51 skipping in various CNS structures (cerebellum, 

hippocampus, cortex, and cervical spine) that physiologically express Dp427 and are involved in 

functions found to be impaired in DMD.  

 

Results: TcDNA single ICV injection led to 20-35% of exon skipping and PMO single ICV to only 

10%. Repeated delivery of tcDNA into the ventricles did not improve the efficacy and rather 
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demonstrated high variability. For PMO, multiple ICV induced slightly higher efficacy than single 

PMO ICV.  

While single ICM led to 5% of skipping for both molecules, triple ICM deliveries were significantly 

more efficient reaching 20-35% for tcDNA and 20% for PMO.   

Following combined ICM and ICV delivery, ASOs appeared distributed homogeneously across the 

studied structures and exon skipping efficacy reached ~35% for tcDNA and 15-20% for the PMO. 

Conclusion: Despite multiple injections via various delivery routes, the efficacy of PMO-induced 

exon skipping did not reach that of tcDNA. The injection of maximal feasible dose in adult mice led 

to a maximum of 35% of exon 51 skipping across the various brain regions in the mdx52 mice. Our 

results provide useful insights into the local delivery and associated efficacy of ASOs in the CNS of 

DMD mouse models. These findings also highlight the importance and the specificity of the delivery 

route, the dose and treatment conditions for each ASO-based treatments targeting the CNS.  
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Publication 4 
 

Published in the open access journal Cells entitled "Nucleic Acid Therapeutics (NATs): Advances 

and Perspectives". 2023  
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 Therapeutic rescue of the mdx52 behavioral 

deficits 
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The central deficits that we characterized in the mdx52 mouse model in the first part of my thesis, 

revealed severe alterations of emotional behavioral responses and impaired fear learning and memory. 

These phenotypes are reminiscent of the emotional phenotype of DMD patients with similar mutation 

profile (Ricotti et al., 2016; Maresh et al., 2023), thus validating this model as relevant for preclinical 

therapeutic studies. These  alterations constitute reliable behavioral outcomes to evaluate treatment 

efficacy.   

A recent study from our group in Dp427-deficient mdx mice demonstrated the efficacy of ICV 

injection of tcDNA. The exon 23 skipping levels reached 10-30% and led to 10-30% of Dp427 re-

expression in different brain structures that normally express Dp427, namely hippocampus, cortex, 

and cerebellum. Moreover, the treatment induced significant reduction of the abnormal unconditioned 

fear response and compensation of recognition memory deficits in mdx mice (Zarrouki et al., 2022). 

In the second part of my thesis project, we determined the optimal conditions for local ICV delivery 

route for tcDNA targeting the exon 51 to reach its maximal efficacy in the brain. Since the start codon 

of Dp140 lies in exon 51 (Lidov et al., 1995) its skipping exclusively rescues the Dp427 in the brain 

of mdx52 mice.  

Material and methods: Here, we investigated the impact of the selective rescue of brain Dp427 on 

the severe emotional reactivity of the mdx52 model. Mdx52 mice received the antisense tcDNA 

targeting the exon 51 by ICV injection; control groups were included: mdx52 mice injected with the 

sense tcDNA sequence and WT that received saline injections. The kinetics of treatment efficacy was 

first assessed at the molecular level: the tcDNA biodistribution, exon 51 skipping levels and protein 

Dp427 re-expression at 3,7 and 11 weeks post-ICV. The behavioral study, performed in the optimal 

therapeutic window within 7-9 weeks post-ICV, consisted in a test battery including paradigms to 

assess anxiety, in the elevated-plus maze and light/dark choice test, and to evaluate unconditioned 

fear responses and associative fear learning and memory. 

Results: We first showed that single ICV administration of tcDNA induces restoration of 5 to 15% 

of Dp427 expression in hippocampus, cerebellum, and cortex. We further confirmed that dystrophin 

expression was stable between 7 and 11 weeks after ICV injection, which defined the optimal 

therapeutic window for behavioral testing. Anxiety and unconditioned fear responses were 

significantly improved in treated mdx52 mice during this period. Moreover, acquisition of fear 

conditioning was fully rescued, while fear memory tested 24h later was only partially improved. An 
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additional restoration of Dp427 in skeletal and cardiac muscles by systemic treatment did not further 

improve the unconditioned fear response, confirming the central origin of this phenotype. 

Conclusion: These findings indicate that some emotional and cognitive deficits associated with 

dystrophin deficiency may be reversible or at least improved by partial postnatal Dp427 rescue. This 

offers promising therapeutic opportunities to address the brain comorbidities associated with DMD 

using gene-correction strategies. 
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Duchenne muscular dystrophy is a neuromuscular disease. However, the neurological aspect of the 

pathology is so far not fully elucidated. Unlike the muscular dystrophy, the severity of the central 

deficits appear dependent on the genotype. Indeed, the position of mutations may affect the 

expression of one or multiple brain dystrophins and the cumulative loss of brain dystrophins is 

associated with more severe central deficits. Thus, due to multiple brain dystrophins and the 

established correlation between the genotype and the phenotype, the neurological aspect still needs 

to be understood. Consequently, the treatment of the central deficits is not yet established. Also, the 

focus was so far to treat the muscular dystrophy, which is the cause of premature death in DMD. This 

has led to great progress in terms of therapeutic approaches in the last decades. Currently one of the 

most promising strategies that may also apply to brain dystrophins, is the restoration of the reading 

frame by exon skipping. This innovative approach was based on the hypothesis that the reading frame 

maintenance is underlying the difference between BMD and DMD. Therapeutic exon skipping relies 

on the use of ASOs specific of certain exons making it a personalized medicine approach. The 

delivery of ASOs is currently the main challenge of this approach particularly to the CNS. Indeed, 

the CNS is naturally hermetically separated from the rest of the body by the blood brain barrier (BBB). 

Among ASOs used for DMD, the tc-DNA is an alternative chemistry that display increased stability 

and which stands out for its ability to cross the BBB after a systemic treatment. This provides a great 

advance to the field as it makes it possible to imagine a treatment that targets both muscular and 

central deficits in DMD. 

Throughout this thesis work, we first characterized the mdx52 DMD mouse model that carries a 

mutation profile frequently found in DMD patients and which leads to the loss of multiple brain 

dystrophins. The first aim was to characterize this mouse model to further investigate the central 

deficits and the genotype-phenotype relationship. Moreover, this could provide a reliable model with 

strong behavioral outcomes adequate for therapeutic preclinical studies targeting the CNS. We then 

investigated the therapeutic potential of ASOs specific of exon 51, as the mdx52 model carries a 

deletion of exon 52 that disrupts the reading frame and skipping of exon 51 allows to restore it. We 

assessed the optimal treatment conditions to reach the highest levels of exon 51 skipping. Finally, we 

characterized the therapeutic efficacy of  tcDNA-mediated exon 51 skipping  to restore brain 

dystrophin and to alleviate certain severe behavioral deficits of the mdx52 mouse model. Different 

aspects of this thesis work are discussed below in light of the obtained results.  
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I. Behavioral phenotyping 

 

I.1. Genotype-phenotype relationships in DMD 

 

In the last decades, with the extension of DMD patients lifespan, the neurological aspect of the disease 

appeared to be a hinder to a proper quality of life. In parallel, the increased acquaintance on the DMD 

gene and its multiple products of which numerous are expressed in the CNS shed light on the 

complexity of this side of the pathology. Through correlative studies of DMD patients emerged the 

evidence of a relationship between the mutation profiles and the severity of central deficits. The 

differences in mutation profiles impact the number and type of brain dystrophins expression as the 

more dystrophins are lost the more severe the deficits are (Desguerre et al., 2009; Taylor et al., 2010; 

Ricotti et al., 2016b; Colombo et al., 2017).  

In order to identify the specific role and thus the involvement of each dystrophin in brain as well as 

the mechanisms underlying the genotype-phenotype correlation, DMD mouse models have been 

used. So far, the original mdx mouse model, lacking the full-length dystrophin (Dp427), has been 

largely characterized and described by our group (Vaillend et al., 1995, 1998; Chaussenot et al., 2015; 

Vaillend and Chaussenot, 2017).  

In the present work, we investigated another mouse model, the mdx52 mouse that lacks Dp427 (in 

both muscle and brain), but also Dp260 in the retina and Dp140 in the brain.  

In the first part of the study, our group identified visual processing alteration in mdx52 mice.  

Dp260 is only detected in the retina where it is abundantly expressed in photoreceptors in the outer 

plexiform layer of the retina (OPL) (D’Souza et al., 1995; Wersinger et al., 2011). Dp427 is also 

found in the OPL of the mouse retina in a greater amount in cone terminals compared to rod terminals 

(Wersinger et al., 2011). 

A previous histological examination of the mdx52 mouse retina revealed normally organized retinal 

cells, similar to mdx mice lacking only Dp427. However, staining for β-dystroglycan was detected in 

the OPL of mdx mice, but not in mdx52 (Kameya et al., 1997). This suggested that Dp260 and/or 

Dp140 are necessary for dystroglycan localization in the OPL and proper retinal functioning. It was 

then hypothesized that the loss of these dystrophins in mdx52 mice could alter synaptic function 

between photoreceptors, bipolar and/or horizontal cells. This concur with the altered visual 

processing that we report here to be more severe in mdx52 as compared to mdx mice (Bucher et al., 

2019). Indeed, mdx52 mice in our study exhibited affected ERG responses similarly to patients 
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lacking several dystrophins due to mutations in the central and distal parts of the DMD gene (Ricotti 

et al., 2016a). These findings further implement knowledge on the genotype-phenotype relationships 

in DMD. 

Moreover, the reduced contrast sensitivity observed in mdx52 mice in our OMR study may be 

compared with the reduced contrast sensitivity measured psychophysically in DMD patients (Barboni 

et al., 2013; Costa et al., 2011). The visual phenotype of mdx52 mice includes key features observed 

in DMD patients, which may represent relevant outcome measures for further preclinical studies.  

 

In the next parts of the thesis, we aimed to deeper characterize the emotion-related behaviors and 

emotional cognition of the mdx52 mouse. We used behavioral tests that evaluate anxiety, 

unconditioned fear response and conditioned fear learning and memory. Emotional behavioral 

problems have been recognized in DMD patients (Hendriksen and Vles, 2008; Fee and Hinton, 2011) 

as significant changes that impact daily functioning. This includes parent-reported concerns such as 

behavioral outbursts, aggressiveness, anger problems, mood variations (Darke et al., 2006). Ricotti 

and colleagues further described that parents also report internalizing (anxious, depressive, and over-

controlled) and externalizing (aggressive, hyperactive, non-compliant, and under-controlled) 

problems. These findings reflect the high level of anxiety and mood disorders, alone or in 

combination, observed in clinical practice  (Ricotti et al., 2016b). Because these behaviors do not 

cluster with specific mutation profiles, they may likely result from the common loss of brain Dp427 

in all DMD patients, perhaps due to the impact of Dp427 loss on central inhibition. Recently, Maresh 

et al., investigated a novel psychophysiological fear-conditioning task for the assessment of the 

unconditioned startle response in DMD patients. The authors provide the first evidence that boys with 

DMD show increased unconditioned startle response to threat, similarly to the mdx mouse (Maresh 

et al., 2023). In the mouse, this phenotype is rescued by postnatal restoration of brain Dp427 

(Goyenvalle et al., 2015; Zarrouki et al., 2022b). The clinical study also confirmed that DMD 

participants exhibited increased anxiety symptoms. Furthermore, the DMD subgroup lacking the 

Dp140 had higher anxiety scores than the subgroup retaining Dp140. However, the unconditioned 

fear response was found to be similar for both subgroups and therefore can be attributed to deficiency 

of the Dp427. These findings provide insights on the severity of certain emotional phenotypes related 

to the loss of Dp140. In addition, the study defines an objective measure of this CNS phenotype, 

which will be valuable for future CNS-targeted dystrophin-restoration studies. 

In our study, we compared the mdx52 to the original Dp427-deficient mdx model using behavioral 

conditions in which visual alterations of mdx52 do not disturb the execution or the interpretation of 
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the tests. A stronger emotional reactivity was characterized in mdx52. Thus, the cumulative loss of 

two main brain dystrophins results in a more severe phenotype, further supporting the  genotype-

phenotype correlation. These findings indicate that the mdx52 model well mimics phenotypes of 

patients carrying similar genotypes, confirming its reliability for further preclinical studies. 

 

I.2. Genetic background of DMD mouse models 

 

It has previously been shown that the muscular dystrophy might be more severe depending on the 

genetic background (Beastrom et al., 2011a). In our first work we compared the mdx and mdx52 

mouse models which were both generated on a different genetic background: C57BL/10 and C57BL/6 

respectively. In the literature, differences between these two genetic backgrounds have been reported 

(McLin and Steward, 2006; Deacon et al., 2007; Mortazavi et al., 2021; Flynn et al., 2021). McLin 

and Steward investigated the impact of the genetic background in the establishment of Kainic acid-

induced seizure model. The authors reported variable profiles: while the C57BL/6 strain appeared 

highly resistant to the seizure, C57BL/10 was found to be highly sensitive (McLin and Steward, 

2006). Kainic acid being an analogue of glutamate, the variable sensitivity of C57BL/6 and C57BL/10 

mice suggest difference in the brain glutamatergic system.  Mortazavi et al., through a comparative 

transcriptomic study, demonstrated that several genes are differentially expressed between C57BL/6 

and C57BL/10 strains. Further studies reported differential genome-wide copy number variations 

(CNVs) between  C57BL/6 and C57BL/10 strains (Flynn et al., 2021), which may influence 

phenotype expressions (McCarroll and Altshuler, 2007). Recently, a study reported that CNVs in 

RCL1 gene, encoding an RNA 3′-terminal phosphate cyclase-like protein, are associated with a range 

of neuropsychiatric phenotypes (Brownstein et al., 2021). Finally, behavioral differences between the 

two genetic backgrounds have been reported in several studies. For example, Deacon and 

collaborators investigated numerous behaviors comparing C57BL/6 and C57BL/10 strains. Both 

strains behaved similarly in several tests, yet, C57BL/10 mice were impaired on a number of measures 

compared to C57BL/6, notably a marked deficit was seen in B10 mice in a spontaneous alternation 

task, suggesting reduced spatial working memory (Deacon et al., 2007).   

 

To take into account the potential differences in the genetic background in our assessment of central 

deficits in DMD, we included a wild-type control group for each strain (littermates).  We noticed 
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some variations between these control groups suggesting the influence of the genetic background on 

the behavior. We thus decided to further investigate and characterize the behavior of another DMD 

model, mdx5cv which carries a proximal mutation in exon 10 that also impedes the expression of 

Dp427, but in a C57BL/6 background. We compared its behavior with that of mdx52 mice in the 

study to assess the severity dependent on the mutation profile in models with same genetic 

background. 

As mdx and mdx5cv both lack the same dystrophin, the behavioral phenotype was expected to be 

similar. However, in certain tests mdx5cv did not replicate the phenotypes of the original mdx mouse, 

indicating the impact of the background. This may also explain why some phenotypes were not 

replicated in the mdx52. 

In our study, the mdx5cv mice showed a trend for impaired recognition memory, which resembles the 

deficit displayed by the original mdx mouse, but the inter-individual variability in mdx5cv and WT 

littermates does not allow to easily reach significance in this test. Recognition memory performance 

in mdx52 mice was slightly impaired, but also associated with high inter-individual variability and 

requirement of larger samples of animals. We had to adapt the protocol to the C57BL/6 background, 

notably by shortening the habituation phase, in order to achieve reliable testing. Following protocol 

modifications, we evidenced long-term recognition memory deficits in both models without main 

difference in severity between them. In addition, difficulties for phenotype replication among 

partners’ laboratories were encountered. Recognition memory performance was therefore not 

considered as a reliable marker for preclinical studies.  

In conclusion, the deficits of mdx mice were not easily replicated, thus pointing to the impact of the 

genetic background.  This collaborative work between two laboratories provided key insights on the 

limits of the reproducibility of behavioral studies in DMD mouse models. 

 

Overall, despite differences dependent on the genetic background, the emotional phenotype was still 

more severe in mdx52 compared to both mdx and mdx5cv. These findings validate the severity of this 

phenotype as associated with the mutation profile, and further support reliability of emotional 

outcomes for preclinical studies. 
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II. Therapeutic exon 51 skipping optimization   

 

II.1. ASO-based therapeutic exon skipping 

 

The severity of the dystrophic phenotype, DMD or the milder BMD form, depends on the mutations. 

Indeed, deletions and duplications mutations that lead to DMD severe phenotype, disrupt the reading 

frame (frameshift) and prevent the protein expression. The preservation of the reading frame (in-

frame) generally results in truncated but partly functional dystrophin and is associated with a BMD 

phenotype. This phenomenon inspired exon skipping therapeutic approaches based on splicing 

modulation mechanisms (Annex I.2 for review). In parallel, in revertant fibers found in DMD 

patients, it was shown that the splicing mechanism can lead to spontaneous skipping of one or 

multiple exons, thus reframing out of frame mutations. This phenomenon gives rise to a partially 

truncated but functional dystrophin (Burrow et al., 1991). Together, these observations led to the 

development of exon skipping therapy using antisense oligonucleotides (ASOs). ASOs specifically 

target the mutation site and induce the exclusion of one or numerous exons in order to restore the 

reading frame. Notably, skipping the same exon can rescue different mutations profiles; for example, 

the deletion of exons 47–50, 48–50, 49–50 and 52 can be restored by exon 51 skipping. In fact, exon 

51 skipping represents the major applicability per mutation namely, 19.1% of the deletions in DMD 

(Aartsma-Rus and Ommen, 2009). Among ASOs for DMD treatment, only one type of chemistry is 

so far approved by the FDA for the treatment of DMD: the neutrally charged PMO. Alternative 

chemistries are being developed to improve the efficacy of exon skipping therapies, amongst which 

the charged tcDNA, which has recently been conjugated to a palmitic acid to increase further its 

therapeutic index. Both have previously showed skipping efficacy in the CNS of mdx mouse and 

capability to rescue to a certain extent the expression of Dp427 in different brain regions (Sekiguchi 

et al., 2009; Zarrouki et al., 2022b).  

In the second part of this thesis work we investigated the therapeutic potential of both PMO and 

tcDNA targeting the exon 51 to efficiently induce exon skipping in the CNS.  
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II.2. ASOs therapeutics delivery to the CNS 

 

In order to determine the therapeutic potential, we decided to locally deliver the ASOs to the 

cerebrospinal fluid (CSF). Indeed, the Dp427 is expressed in different CNS regions including the 

cortex, the hippocampus, the amygdala, the cerebellum and at very low levels in the spinal cord. 

Notably, shorter brain dystrophins are also widely expressed in different brain regions, further 

supporting this delivery method. The most commonly used delivery route is the 

intracerebroventricular (ICV) injection, in the CSF through the lateral ventricles. Our results 

demonstrated the efficacy of tcDNA to induce significant levels of exon 51 skipping (20-40%) in the 

different brain regions after a single dose. However, repeated injections through a cannula implant or 

an osmotic pumps led to toxicity at high doses. Indeed, at doses over 1 mg animals tended to be 

hypoactive, less reactive and lose weight. Toxicity of ASOs can be caused by type I hypersensitivity 

after ASO injection, however, the tolerability issues we observed emerged weeks following the ICV. 

Another cause may be the binding of the tcDNA to off-target mRNAs, which may impair their 

function. Alternatively, ASO-mediated toxicity can be caused by the chemical modifications which 

lead to ASO-protein interactions with subsequent immune reaction resulting in non-specific adverse 

events (Alhamadani et al., 2022). These hypotheses would require further investigations to determine 

the mechanism underlying the toxic effects of tcDNA at high doses in the CNS. For PMO which are 

known to be particularly safe, in particular due to their neutral charge, no tolerability issue emerged 

even at very high doses (up to 3.6 mg injected). Yet, even with higher doses the treatment efficacy of 

both ASOs did not overcome the efficacy of their respective  single dose ICV delivery. One 

explanation can be the type of anaesthesia used during the delivery. Indeed, to avoid repeated long 

anaesthesia sessions, mice implanted with the cannula were subsequently anaesthetized under 

isoflurane when receiving the ASO, whereas mice from the ICV bilateral groups were deeper 

anaesthetized using ketamine/ medetomidine when receiving the ASO.  Interestingly, several studies 

have raised the influence of anaesthesia on the CSF flow and showed that distribution to the CSF may 

be different depending on the wakefulness state  (Xie et al., 2013). Moreover, Ma and colleagues 

demonstrated that the CSF efflux out of the brain is higher under isoflurane anaesthesia compared to 

ketamine/ medetomidine anaesthesia  (Ma et al., 2019). These findings suggest a higher clearance of 

ASO from the CNS under isoflurane anaesthesia than deeper anaesthesia. This hypothesis is further 

supported by the results obtained with the osmotic pumps. The osmotic pumps delivered the ASO to 

the CSF of non-anesthetized mice. Notably, the clearance of CSF-infused tracers was shown to be 
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significantly increased in awake conditions (Ma et al., 2019). Furthermore, the study of Rigo and 

colleagues previously demonstrated that a very slow rate of infusion (0.5µl/h) led to lower efficacy 

(Rigo et al., 2014). In our study, the osmotic pumps were only tested for tcDNA. It was delivered 

continuously through a catheter implanted in the lateral ventricle, at a very slow rate of 0.25µl/h for 

2 weeks to non-anesthetized animals. Overall, these may explain the low skipping efficacy following 

repeated/higher doses of ASO treatment. Interestingly, in their study Sekiguchi and colleagues 

injected PMO targeting the exon 23 via osmotic minipumps (0.5µl/h) (Sekiguchi et al., 2009) and 

reported an efficacy of 25% of skipping. A recent study of our group showed similar efficacy 

following a single ICV of tcDNA targeting exon 23. These additional findings suggest that the 

appropriate rate and anaesthesia state conditions might vary depending on the ASO. 

The ICV delivery requests scull drilling and cortex crossing to reach the ventricles, making it a highly 

invasive procedure. In the scope of the study, we investigated an alternative delivery route to the CSF: 

in the intra cisterna magna (ICM), before the first vertebra right under the cerebellum. This procedure 

is less invasive as the injections are made through the skin and thus can be repeated with less burden 

to the mice. In addition, the intra-thecal injection holds a translational potential as it is already used 

in patients for the treatment of other neuromuscular disease such as SMA (Finkel et al., 2016). In 

light of previous differences associated with anesthesia, single ICM injections were performed under 

ketamine/ medetomidine anaesthesia. For both ASOs the single ICM led to lower exon skipping levels 

compared to the corresponding dose administered in single ICV. Still, the repeated ICM injections 

showed clearly higher levels than repeated ICV delivery.  

Finally, we investigated the combination of ICV and ICM delivery in order to reach the highest 

achievable efficacy levels with a wider CNS distribution of the ASOs. Administration of up to 3.6 

mg of PMO to the CSF was well tolerated by the mice. The treatment led to homogenous exon 51 

skipping levels across the different brain structures ranging from 16% to 22%. This combined 

administration was the most efficient delivery method for PMO. Considering the tolerability issues 

observed with over than 1 mg of tcDNA, ICV injection of tcDNA was combined with a single ICM 

administration, leading to a total of 800 µg of tcDNA administered. This combined method also 

resulted in the highest efficacy levels for tcDNA ranging from 22 to 42% of exon skipping levels, 

although not significantly different from bilateral ICV administration of 400 µg (ranging from 19 to 

34%). Overall, these findings evidenced the importance of the delivery route but also of the anesthesia 

on treatment efficacy. Precisely, each ASO needs to be fully tested to determine the optimal dose and 

route of administration but also other treatment conditions. Those may vary among ASOs and impact 

their efficacy.  
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III. Therapeutic rescue of the behavioral deficits 

 

III.1. Behavioral rescue 

 

Even though exon 51 skipping represents the highest applicability per mutation in DMD patients 

(Aartsma-Rus and Ommen, 2009), it is important to highlight that skipping this exon in the brain will 

not rescue the expression of Dp140 (because the initiation codon of Dp140 is located within exon 

51). It is thus essential to assess the potential of Dp427 alone to restore or at least alleviate central 

alterations. Moreover, this may provide insights on the need of Dp140 for certain central functions. 

Thus, the therapeutic evaluation of exon 51 skipping is necessary to determine its relevance for DMD 

patients treatment targeting the CNS. The last objective of this thesis work was to assess the 

reversibility of emotional reactivity identified in the first part following post-natal restoration of 

dystrophin. Based on our optimization study, we selected a single ICV delivery of tcDNA targeting 

the exon 51 (tcDNA-ex51) as optimal tool. 

The ICV delivery being an invasive procedure that may affect the behavioral readouts, we submitted 

all testing groups to the procedure in similar conditions. Control mdx52 mice were injected with a 

control tcDNA sense sequence, WT were injected with saline and treated mdx52 with the tcDNA-

ex51. In certain parameters of behavioral tests the control groups mdx52 (sense) and WT (PBS) 

exhibited behavioral differences compared to non-injected mdx52 and WT from the first study. In the 

anxiety tests, the PBS injected WT showed slightly increased anxious phenotype. Also, sense-injected 

mdx52 had more impaired fear conditioning learning. This emphasizes the possible impact of the 

surgery on certain phenotypes reproducibility. 

Following the tcDNA-ex51 treatment, mdx52 mice exhibited partially rescued anxiety phenotype on 

two dedicated tests.  Moreover, during cued fear learning, mdx52 mice behaved similarly to the WT 

group. Regarding the unconditioned fear, the freezing response was significantly reduced, but not 

back to WT level. Overall, this partial rescue demonstrates the possibility to alleviate some of the 

central deficits in DMD. However, these data raise many questions related to the incomplete rescue 

of the phenotypes. Different hypothesis will be discussed in the following parts: 

A. Impact of the muscular dystrophy   

B. Low levels of Dp427 protein rescued  

C. Dp427 only may not rescue all the phenotypes 

D. Late post-natal treatment  
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A. Impact of the muscular dystrophy   

 

This  hypothesis is based on the observation that mdx52 mice present a slightly more severe muscle 

phenotype than mdx mice (Chesshyre et al., 2022). This could be attributed to the genetic background 

as it has been shown to be more severe on the C57Bl/6 genetic background (Beastrom et al., 2011b). 

The muscular dystrophy could have an impact on the fear response, which therefore may not be fully 

restored by central treatment only. Recently, studies questioned the involvement of central and 

peripheral components in mdx stress reactivity (Lindsay et al., 2021; Razzoli et al., 2020). Razzioli 

and colleagues demonstrated that transgenic mdx mice expressing dystrophin or utrophin in skeletal 

muscles display significantly lowered unconditioned fear response. Still, the WT level was not 

reached which already suggests that the origin of the phenotype is not strictly peripheral. Lindsay and 

colleagues reported an activation of the hypothalamic-pituitary-adrenal axis introducing a central 

involvement (Lindsay et al., 2021). In parallel, two studies showed a fully rescued unconditioned fear 

response in mdx mice following a locally central treatment confirming a strong central origin for this 

phenotype (Sekiguchi et al., 2009; Zarrouki et al., 2022b). 

The extent of skeletal muscle involvement in mdx mouse models (including the mdx52 model) is 

relatively mild, in particular before the age of 15 months (Pastoret and Sebille, 1995). In our study, 

the behavioral phenotype is assessed in 3-4 months old mice, when the phenotype is still mild. Yet, 

some specific parameters with higher muscular demand, such as the grip strength test, was previously 

shown to be significantly reduced in mdx52 compared with mdx mice (Chesshyre et al., 2022).  

We therefore assessed whether the absence of mDp427 contributes to the only partial behavioral 

rescue observed in ICV treated mdx52. We demonstrated that the restoration of mDp427 exclusively 

in the periphery using scAAV9-U7Ex51 (Aupy et al., 2020) does not result in rescued unconditioned 

fear response. Moreover, the combined peripheral and central treatment did not further improve the 

fear response rescue compared to the ICV only treatment. These results confirm that brain Dp427 

plays a major role in the genesis of the fear response phenotype.  
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B. Structure-specific Dp427 rescue   

 

The low Dp427 levels restored by the ICV treatment might not be enough for the total rescue of 

behavioral phenotype. Indeed, the discrepancy phenomenon requires even higher skipping levels to 

reach more than 10% of Dp427 restoration. We already assessed various ways to increase the exon 

skipping efficacy in the optimization study. Yet, neither repeated ICV delivery nor repeated ICM 

injections led to increased skipping levels. Even the treatment based on combined ICV and repeated 

ICM showed equivalent levels compared to the single ICV. As the levels obtained by ICV appeared 

insufficient, a more direct local injection of ASO in specific brain structures might provide an 

alternative to address the behavioral rescue dependent of higher Dp427 restoration.  In addition,  this 

local delivery would allow to specifically target structures involved in these behaviors and at higher 

levels than those obtained by CSF circulation.  

Previous studies from our group demonstrated the efficacy of intrahippocampal injections of 

antisense sequences targeting the exon 23 in mdx mice (Vaillend et al., 2010; Dallérac et al., 2011). 

In that study, the antisense sequence was carried by the AAV-U7 vector and the Dp427 restoration 

reached up to 25% in the hippocampus. One of the main disadvantage of the AAV seemed to be its 

limited diffusion since efficient transduction only occurred near the injection site. This particular 

property could be used to limit the rescue to the specific structures targeted.  

Further investigations using local delivery of AAV-U7 targeting exon 51 would be interesting as they 

may provide higher Dp427 rescue per structure. This would allow the determination of the minimal 

quantity of Dp427 required in these structures to rescue the phenotype. Moreover, this might help to 

identify structures that require higher levels of dystrophin to properly achieve their function and thus 

result in a rescued phenotype. For example, we could investigate specific intra-amygdala injections, 

a structure that holds a great interest as it is centrally involved in emotional behaviors. 

Identifying these parameters are of great interest for further systemic therapeutic approaches that aim 

to reach the CNS. Indeed, if the minimum amount of dystrophin rescue is not reached in specific 

structures (to be determined), then no phenotype rescue could be obtained. 
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  C. Rescue of other central dystrophins 

 

Skipping the exon 51 allows the rescue of Dp427 in the brain but also the rescue of Dp260 in the 

retina. In fact, we assessed the possibility of retinal rescue following an ICV delivery, but we did not 

manage to detect any skipping in the retina even at high doses. Previous studies  demonstrated the 

feasibility and efficacy of intravitreal treatments to rescue Dp71 (Vacca et al., 2016; Barboni et al., 

2020). This approach might be investigated for the rescue of Dp427 and Dp260 in the retina and 

assess its ability to alleviate visual alterations resulting from Dp260 loss. Indeed, DMD typically 

affects ERGs (Fitzgerald et al., 1994; Pillers et al., 1993) and visual perception is also disturbed in 

DMD patients (Costa et al., 2007, 2011; Barboni et al., 2021). In addition, more severe cases of retinal 

alterations, such as proliferative retinopathy, have been reported in DMD patients (Fagan et al., 2012; 

Hahn et al., 2013; Park et al., 2019; Kecik et al., 2021). Moreover, mutations affecting Dp427 may 

induce disturbed retinal homeostasis with increasing age and therefore be prone to develop excessive 

retinal neovascular changes in response to hypoxic stress (Bucher et al., 2019). Thus, retinopathies 

are likely to become more frequent as life expectancy increases in this population.  

 

Nevertheless, as mentioned previously, since the first methionine initiation codon of Dp140 is located 

in exon 51 (Lidov et al., 1995), the skipping of exon 51 cannot lead to Dp140 rescue. This may explain 

why the phenotype is not fully rescued but just milder following partial Dp427 rescue in mdx52 mice. 

Indeed, the loss of multiple dystrophins is shown to be associated with a more severe emotional 

phenotype (Maresh et al., 2023). This strongly suggests a role of Dp140 in these deficits. Further 

investigations are required to determine whether the additional restoration of Dp140 would lead to a 

more complete behavioral rescue. Skipping the exon 53 also allows to reframe the DMD transcript in 

mdx52 mice, while keeping exon 51. Thus, exon 53 skipping approach could in theory restore both 

Dp427 and Dp140. Preliminary studies are conducted by our group in order to achieve exon 53 

skipping using tcDNA-ASOs. Multiple ASOs targeting different sequences in the exon 53 were tested 

in vitro in mdx52 myoblasts and the results revealed unexpected challenges. Indeed, in contrast with 

human exon 53, efficient skipping of mouse exon 53 required a combination of ASOs targeting 

different sequences within the exon 53. Based on these results, preliminary ICV injections of a 

combination of 3 tcDNA-ASO targeting exon 53 were conducted in small groups of mdx52 mice. 

RT-PCR results revealed exon 53 levels ranging from 10 to 20% which are already slightly lower 

than those reached by tcDNA-ex51 (20-40%). Difficulties to skip the mouse exon 53 were also 
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reported in the literature. Hashimoto and colleagues recently reported PMO-mediated exon 53 

skipping treatment via ICV delivery in mdx52 mice. However, their therapeutic approach only aimed 

to partially skip the exon 53. Moreover, despite a particularly high dose of PMO injected (8 repeated 

doses of 900µg), the amount of Dp140 rescued ranged between 8 and 10% depending on the brain 

structure. To further assess the efficacy of Dp140 rescue, the authors actually had to inject the Dp140 

mRNA in the basolateral amygdala to ensure higher levels of Dp140 (Hashimoto et al., 2022). In our 

group, ICV injections of the optimal combination of tcDNA ASOs are currently ongoing in large 

groups of animals to further assess the impact of Dp427 and Dp140 rescue on the emotional 

phenotype. 

 

 

D. Postnatal treatment of genetic neurodevelopmental disease  

 

Duchenne muscular dystrophy is a neurodevelopmental disease (NDD); indeed, dystrophin protein is 

normally expressed in the brain during the development. It is therefore possible to hypothesize that 

its absence during this period might not be fully reversible and thus postnatal restoration (i.e. after 

the developmental stages) may be too late to achieve a full restoration of central deficits. Several 

studies though, reported that treating the disrupted molecular and cellular mechanisms specifically in 

adults can compensate for or even correct specific developmental pathologies and result in real 

improvements in cognitive function (Ehninger et al., 2008). 

In our study, animals were treated at 6-8 weeks old, which is equivalent to young human adults 

(adolescents), in which the brain development is almost achieved. Thus, earlier treatment (P1-2), 

during postnatal brain development, should be tested to assess the reversibility of the phenotype while 

managed earlier. Indeed, important regions of the brain including hippocampus, amygdala, nucleus 

accumbens, prefrontal, frontal, orbital cortex are restructured during adolescence (Giedd et al., 1996; 

Sowell et al., 1999; Stiles and Jernigan, 2010). Structures such as the amygdala, the hippocampus and 

the prefrontal cortex are known to be involved in emotional behaviors expression and control. The 

early rescue of dystrophin in these structures may lessen the severity of the phenotype and allow a 

higher rescue. 

Moreover, such findings could pave the way to possible early post-natal or pre-natal treatment, as it 

may even prevent the emergence of some deficits. In fact, this hold a great translational potential as 

DMD might be detected via prenatal diagnosis and genotyping, hence providing the mutations profile.  
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III.2. Exon 51 skipping and Dp427 restoration discrepancy  

 

We reported efficient exon 51 skipping up to 10-30% across the different brain regions namely, 

cortex, hippocampus, amygdala and cerebellum. This led to Dp427 protein levels of only 3% to 10%, 

while our team previously demonstrated that a similar treatment with a tcDNA targeting exon 23 

restored up to 25% of Dp427 in the hippocampus of mdx mice (Zarrouki et al., 2022b). This 

discrepancy in dystrophin restoration between mdx and mdx52 mice has previously been reported in 

brain and skeletal muscles (Aupy et al., 2020). This phenomenon does not appear to be due to variable 

skipping efficacy between exon 23 and 51 which are relatively similar (20-30%). Instead, it was 

suggested that it may be due to differences in the Dmd mRNA levels between mdx and mdx52 models, 

given that the DMD gene is subjected to transcript imbalance limiting the amount of transcripts 

available in particular in the 3’ region (Spitali et al., 2013; García-Rodríguez et al., 2020). This 

represents a main challenge to achieve efficient dystrophin rescue by exon skipping approaches 

because Dmd transcripts levels available for correction are lower than in the WT. A recent study 

conducted by our group reported that increasing histone acetylation using histone deacetylase 

inhibitors (HDACi) could help to correct the transcript imbalance. Indeed, the study showed in mdx 

mice that ASO treatment induced significantly higher Dp427 rescue while combined with HDACi 

compared to ASO alone (Bizot et al., 2022). These findings further support the imbalance hypothesis 

and provide insights on therapeutic strategies to overcome this limitation. The potential of this 

approach to increase the protein rescue could be interesting to assess in mdx52 mice.  

In the scope of increasing dystrophin restoration and thus possibly higher behavioral rescue, we tested 

an alternative tool, the AAV-U7 targeting the exon 51 (Annex II). Mdx52 mice were injected 

intracerebroventricularly with 2 E+12 vg of scAAV9-U7ex51 and then underwent the same battery 

of behavioral tests (anxiety, unconditioned fear and associative fear learning and memory). In contrast 

with tcDNA ICV treatment, the AAV-treated mice showed no improvement in all the behavioral 

outcomes Consistently with previous studies, the distribution was found to be very limited as 

compared to ASOs injected via ICV delivery and higher intra-group variability was observed in the 

AAV-treated animals. Also, the dystrophin protein rescue was overall lower and  in particular in the 

cerebellum. These data suggest that a minimal percent of Dp427 rescue in the cerebellum may be 

necessary to achieve some behavioral improvement. Studies have shown the cerebellum to be 

connected with fear and anxiety-related areas, such as the amygdala (Farley et al., 2016). 

Neuroimaging study of anxious patients revealed differential activation of the cerebellum is 

frequently found in many studies (Etkin et al., 2009; Talati et al., 2015).  Also, fMRI in humans have 
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showed cerebellar involvement in the processing of various aversive stimuli and associated learning, 

including fear conditioning (Ernst et al., 2019; Faul et al., 2020). In rodents, studies revealed that 

functional integrity of cerebellar lobules was necessary for consolidating fear memories in a fear 

conditioning task (Sacchetti et al., 2002, 2007). Also  Otsuka et al., reported that mice with altered 

parallel fiber (PF)-Purkinje cell (PC) synapses in the cerebellum displayed an impaired acquisition of 

fear memory (Otsuka et al., 2016). Overall, our results further suggest the potential importance of the 

cerebellum in fear related behaviors in DMD. 

Another finding to be discussed is the absence of protein re-expression in the spinal cord despite 

detection of exon 51 skipping. This may be explained by the very low expression of Dp427 in the 

WT spinal cord (De Stefano et al., 1997; Masaki et al., 2001). A recent study from our group reported 

a physiological expression 3–4 times lower in the spinal cord compared to the cortex. The role of 

Dp427 in the spinal cord is still unclear. In this particular study, specific investigations on the 

GABAAR and their subunits composition showed abnormal expression in mdx mice. An increased 

expression of α3 and α6 subunits as well as decreased α4 subunit were reported (Zarrouki et al., 

2022a). These findings step further the role of Dp427 in GABAergic system in the spinal cord.  

 

 

III.3. Dystrophin associated protein complexes and GABAergic system  

 

Another point is the GABAAR restoration and thus the GABAergic functioning dependent on synaptic 

Dp427. Complementary investigations are necessary to determine the impact of Dp427 rescue on its 

associated proteins and mechanisms. Indeed, dystrophins interact with numerous partners forming 

the dystrophin associated protein complexes (DGC). DGC seem to play a role on GABAA receptors 

clustering regulation and the molecular composition in the synaptic and extra synaptic domains 

(Fritschy et al., 2003; Zarrouki et al., 2022a). In fact, a determinant contribution for receptor 

localization is assigned to the postsynaptic dystroglycan (DG). The lack of DG is associated with 

reduction of GABAAR and other postsynaptic proteins in cerebellar Purkinje cells, with consequent 

severe GABAergic denervation and motor learning disability (Briatore et al., 2020).  A central role 

of DG and α-DG glycosylation in regulating GABAergic synaptic plasticity homeostasis has also 

been reported in hippocampal neurons (Pribiag et al., 2014; Früh et al., 2016). In addition, the 

glycosylated α-DG have been reported to play a role in the regulation of GABAARs expression and 

GABAergic neurotransmission in the ventral hippocampus. Moreover, this was shown to be involved 

in the pathophysiological process of depressive-like behaviors induced by chronic social defeat stress 
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(Xie et al., 2022). Other DGC proteins such as the dystrobrevins are also involved in the clustering 

of GABAARs in cerebellar Purkinje cells. Similarly to dystrophin, loss of both β- and α-dystrobrevin 

disrupt GABAAR clustering in Purkinje cells (Blake et al., 1999; Grady et al., 2006). Investigations 

are required on DGCs composition at the synaptic level and its proper function on GABA-R subunits 

composition, clustering and synaptic localization following dystrophin rescue. This could further 

clarify the impact of Dp427 rescue at the molecular level and determine whether the partial rescue is 

due to partial GABAergic system restoration.  

Beyond GABAergic function, loss of Dp427 has also been associated with alterations in cholinergic 

nicotinic transmission in the hippocampus (Ghedini et al., 2012; Parames et al., 2014; Cohen et al., 

2015). This may reflect an adaptation of the hippocampal circuit to GABAergic alterations, these 

circuits being strongly interacting (Albuquerque et al., 2009). The impact of Dp427 rescue on this 

circuit also needs to be evaluated. 
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Conclusion and wide perspectives  

While great progress have been made regarding the muscular phenotype of DMD over the past few 

decades, the understanding of the neurological aspect has, however, been less extended and  thus its 

care  is still delayed. Notably, the complexity of the central facet of the pathology is a hinder and still 

needs to be clarified.  

In DMD, both central and peripheral alterations are due to mutations in the DMD gene. This suggests 

that therapeutic approaches targeting the origin of the pathology might be applicable for both aspects. 

Yet, the central expression of the DMD gene is more complex due to multiple gene products in the 

CNS. Also, the accessibility of CNS is more difficult because of the BBB. Thus, peripheral treatment 

approaches require adaptation to be used for central deficits. 

Overall, this thesis work stepped further the understanding of the neurological aspect of DMD. We 

validated the mdx52 as a good mouse model with reliable outcomes including more severe deficits 

which suggest the involvement of shorter brain dystrophin (Dp140). Future studies using this model 

could find out more about this Dp140 function. Indeed, new deficits (Dp140-dependent) not found in 

mice lacking only Dp427 might be evidenced. Moreover, this mouse model appears adequate to 

determine the ideal therapeutic conditions and to assess the treatment of neurological alterations. 

Thus, the observation of only partial effects of therapies on certain outcomes suggests that sole Dp427 

rescue is insufficient to compensate the deficits supporting the role of Dp140. In addition, this work 

provided insights on the possible postnatal reversibility of neurodevelopmental alterations in DMD.  

The local central treatment is a first step to further establish a combined treatment for central and 

peripheral aspects of the pathology. This would be a life changing progress in DMD management. 

Another progress would be the possibility to fully rescue the central alterations or prevent their 

appearance. The earlier the therapeutic intervention is, the higher the chances to properly manage the 

disease is. Early post-natal treatment or even pre-natal treatment represent promising perspectives.  

Alternative therapeutic approaches could also be evaluated. Indeed, the loss of brain Dp427 leads to 

altered GABAergic transmission and pharmacological agents could compensate it. In addition, 

elucidating the molecular and cellular modifications in DMD might provide novel pharmacological 

targets to investigate.  
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More is still to be elucidated in DMD neurological aspects and underlying mechanisms to possibly 

expand therapeutic management of the disease to the central alterations. Further studies could help 

the understanding of other central deficits that appears to be worsen by Dp140 loss. Detailed 

complementary studies could thus investigate the working memory processes and the social 

alterations. Additional studies are also to be conducted to better understand and maybe manage the 

associated disorders found in DMD such as autistic spectrum disorders or ADHD. This might also 

provide insights for these pathologies and their treatment even when not associated with DMD. 

In parallel with molecular and pharmacological therapies it is important to consider a non-

pharmacological management for the central deficits in DMD. Hinton and Fee demonstrated the 

importance of resilience in DMD, through the familial and environmental support to improve patients 

quality of life (Fee and Hinton, 2011). An appropriate support of patients including everyday mental 

assistance can have a great potential and might emphasize the pharmacological treatment. 
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I. Scientific publications  

1. Altered  visual processing in the mdx52 mouse model of Duchenne muscular 

dystrophy  
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2. RNA splicing modulation: Therapeutic progress and perspectives  
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II. AAV-U7 targeting the exon 51 for behavioral rescue  
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Figure 27. Effect of AAV-mediated partial restoration of Dp427 on mdx52 mice emotional 

reactivity. 8 weeks-old mice underwent ICV injections: mdx52 (n=15) received 2E+12 vg of 

scAAV9-U7ex51, mdx52 control (n= 8) received scAAV9-U7scramble and the WT (n= 15) saline. 

(A) Number of entries and time spent in the open arms of the elevated plus maze, expressed as % of 

total. (B) Number of entries and time spent in the lit box (s) in the light/dark choice test. Results are 

means ± SEM, *p<0.05 and **p<0.01, Kruskal-Wallis test followed by Dunn’s post-hoc tests. (C) 

Unconditioned fear expressed as percent time spent in tonic immobility and total distance travelled 

during a 5-min period of observation following a brief scruff restraint (15 s) (means ± SEM, **p<0.01 

and ***p<0.005; one-way ANOVA followed by Sidak post-hoc tests. (D) Auditory-cued fear 

conditioning. Performance during conditioning (Fear learning) and memory retention sessions (Fear 

retention at a 24h post-conditioning delay) is expressed as the percent time spent freezing during 

presentation of the conditioned stimulus (tone, 30 s), which was repeated five times during 

conditioning (CS 1-5; each was an 80 dB tone lasting 30s, followed by a footshock) and repeated four 

times (CS1-4) during the retention session performed 24h later in a new context (tone delivered alone; 

no footshock). Results are means ± SEM, **p<0.01 and ****p<0.001 analyzed by Two-way 

ANOVAs. (E)  The molecular rescue expressed by the percent of exon 51 skipping (left) and percent 

of Dp427 protein restoration in the cerebellum (CBL), the hippocampus (HIPPO), the cortex (CX) 

and the spinal cord (SC). Results are means ± SEM. 
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III. Thesis summary (French)  

La DMD est une maladie génétique récessive liée à l’X qui touche 1/5000 jeunes garçons. Chez les 

patients DMD, les différents profils de mutations conduisent à une altération progressive des muscles 

squelettiques, tandis que les troubles neurocognitifs, sensoriels et neuropsychiatriques, présentent une 

variabilité liée à la position de la mutation dans le gène DMD. Ces mutations empêchent l’expression 

des Dystrophines (Dp), protéines associées à la membrane dans différents tissus notamment le muscle 

squelettique et le système nerveux central (SNC). Le modèle étudié dans ce projet, la souris mdx52, 

porte une délétion de l’exon 52, un profil de mutation dans une région du gène fréquemment altérée 

chez les patients (63%). Cette délétion conduit à une perte d’expression de plusieurs dystrophines du 

SNC (Dp427, Dp260, Dp140). Ce profil de mutation est associé à des altérations centrales sévères 

chez les patients. De façon intéressante, ce modèle est éligible à des approches thérapeutiques par 

saut d’exon. Mon projet de thèse s’est organisé autour de trois axes principaux :  

1. La caractérisation du phénotype comportemental de la souris mdx52 en comparaison d’un 

modèle classique et connu, la souris mdx uniquement déficiente en Dp427. 

Une étude des troubles émotionnels utilisant une batterie de tests nous a permis de mettre en évidence 

chez la souris mdx52 une réactivité émotionnelle plus marquée que chez la souris mdx. Ceci confirme 

la relation entre le génotype et le phénotype observée chez les patients.  

D’autre part, les altérations cognitives impliquant différents types de mémoire de reconnaissance dans 

le model mdx52 ont également fait l’objet d’une seconde étude.  

 

2. L’optimisation de l’approche de saut d’exon thérapeutique par administration 

d’oligonucléotides antisens de type tricyclo-DNA (tcDNA) pour corriger l’ARNm de la 

Dp427 

Afin de restaurer des niveaux optimaux de Dp427 cérébrale, nous avons tout d’abord optimisé les 

conditions d’administration de tcDNA ciblant l’exon 51. Dans ce contexte, j’ai comparé des 

monoinjections intra-cérébro-ventriculaires de tcDNA à des injections répétées (via l’insertion d’une 

canule) ou à une infusion lente via l’implantation de mini-pompes osmotiques. La biodistribution des 

tcDNAs, les niveaux de saut d’exon obtenus (RT-qPCR) et les niveaux de protéine restaurée (WB, 

IF) dans différentes structures cérébrales ont été analysés.  

D’autre part, j’ai aussi comparé l’ICV à l’injection d’une seule dose ou de trois doses répétées de 

tcDNA dans la cisterna magna (ICM),. La combinaison d’une ICM et d’une ICV a également été 
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testée. La biodistribution et les taux de saut d’exon 51 (RT-qPCR) détectés dans les différentes 

structures à la suite des ICMs de TcDNA (simples, répétées ou encore combinées à l’ICV) ont été 

comparés à des injections similaires d’une autre chimie d’oligonucléotides antisens : les PMO, ayant 

reçu une autorisation de mise sur le marché pour le traitement de la DMD et actuellement utilisés par 

nos collaborateurs. Cette étude a permis de mettre en évidence l’ICV comme étant le mode d’injection 

idéal pour les tcDNA. 

Nous avons validé une fenêtre d’efficacité post-ICV du traitement dans le but de réaliser les tests de 

comportement. Pour cela, la cinétique des niveaux de saut d’exon 51 et de restauration de Dp427 à 

différents délais (3, 7 et 11 semaines) post-ICV a été étudiée. L’ensemble de ces travaux suggère 

qu’une seule injection ICV est la procédure la mieux tolérée et la plus efficace permettant de restaurer 

une expression partielle de Dp427 dans plusieurs structures cérébrales, stable entre 7 et 11 semaines 

post-injection. 

 

3. L’application de cette thérapie et l’analyse de son efficacité à compenser les déficits 

comportementaux des souris mdx52 suite à des injections ICV 

En utilisant les conditions optimales déterminées dans l’axe 2, des mdx52 ont été traitées par ICV 

afin d’évaluer l’impact d’une restauration partielle de Dp427 sur la réactivité émotionnelle 

caractéristique de ce modèle. Les tests comportementaux utilisés sont ceux dans lesquels il a été 

démontré dans l’axe 1 que les souris mdx52 présentent des déficits (tests d’anxiété: labyrinthe en 

croix surélevé, test de choix clair/obscur; peur conditionnée à un son ; peur inconditionnée induite 

par un léger stress).  

Les résultats montrent un effet encourageant de la thérapie: une restauration de l’anxiété dans le 

labyrinthe en croix surélevé, mais aussi de l’acquisition et de la mémoire d’une peur conditionnée, 

ainsi qu’une amélioration significative de la réponse de peur inconditionnée. Un traitement 

systémique combiné au traitement local par ICV a également été étudié. Ceci a montré qu’une 

restauration du phénotype musculaire ne semble pas augmenter l’efficacité du traitement par ICV, ce 

qui confirme que ce phénotype a une origine essentiellement centrale. La biodistribution (hybridation 

in situ et lysats), les taux de saut d’exon 51 (BaseScope et qPCR) et les taux de restauration protéique 

(IF et WB) ont été analysés suite aux études comportementales. La restauration comportementale a 

été induite par une réexpression de seulement de 5-10% de Dp427 dans plusieurs structures 

cérébrales. 
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Titre :  Neurobiologie des atteintes centrales et saut d'exon thérapeutique dans un modèle murin de 

dystrophie musculaire de Duchenne 

 

Mots clés : DMD, Neurobiologie, Saut d'exon, Déficience intellectuelle, Trouble neurodéveloppemental 

 

Résumé :  

 

La dystrophie musculaire de Duchenne (DMD) est un syndrome neuromusculaire associé à des troubles 

comportementaux et cognitifs pouvant entraîner une déficience intellectuelle et des troubles 

neuropsychiatriques (TSA, TDAH, TOC). La nature et la gravité des dysfonctionnements cognitifs et des 

altérations centrales dépendent de la position des mutations au sein du gène DMD. En effet, cela peut affecter 

différemment l'expression de plusieurs dystrophines cérébrales codées à partir de promoteurs internes, qui ont 

des fonctions diverses dans divers types de cellules au cours du développement et dans le cerveau adulte.Ce 

travail de recherche multidisciplinaire et collaboratif fait partie du projet financé par l'Europe BIND 

(Behavioural Involvement In Dystrophinopathies). La première partie visait à clarifier les relations génotype-

phénotype des anomalies centrales dans cette maladie ainsi que leurs bases moléculaires et neuroanatomiques. 

La deuxième partie visait à développer des approches thérapeutiques précliniques de saut d'exon pour corriger 

le gène dmd et restaurer l'expression des dystrophines cérébrales fonctionnelles dans un modèle murin de DMD. 

 

 Mon projet de thèse a porté sur l'étude d'une souris transgénique (mdx52) porteuse d'une mutation dans une 

région "hot spot" du gène présentant fréquemment des délétions chez les patients DMD (63%). Des mutations 

dans cette région entraînent la perte de plusieurs dystrophines centrales (Dp427, Dp260 et Dp140) et sont 

associées à des troubles neurologiques sévères. En utilisant de multiples paradigmes comportementaux, nous 

avons montré de sévères altérations des réponses émotionnelles et de la peur conditionnée, ainsi que des déficits 

sensoriels et de mémoire de reconnaissance plus modérés. Ceci consolide nos connaissances des relations 

génotype-phénotype et valide la souris mdx52 en tant que modèle fiable pour les études précliniques. De plus, 

la région "hot spot" du gène DMD est éligible aux approches correctives de saut d'exon. Notre équipe a 

développé des outils moléculaires de pointe (oligonucléotides antisens ‘tcDNA’ et vecteurs viraux ‘AAV-U7’) 

pour étudier le saut d'exon thérapeutique dans le modèle murin mdx52. Les approches de saut d'exon ont déjà 

démontré leur efficacité pour le traitement de la dystrophie musculaire. Dans la deuxième partie de ce travail, 

nous avons abordé l'applicabilité de ces outils au système nerveux central (SNC) et déterminé les conditions 

thérapeutiques adéquates via des injections locales dans le SNC. Nous avons ensuite démontré que ce saut 

d'exon induit une réexpression partielle de Dp427 qui atténue les troubles émotionnels et améliore les 

performances de peur conditionnée chez cette souris. 

 

Ces résultats prometteurs ouvrent la voie à de futures études visant à mieux comprendre les troubles centraux 

dans la DMD et à améliorer leur prise en charge thérapeutiques. 
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Title: Neurobiology of central defects and therapeutic exon skipping in a mouse model of Duchenne 

muscular dystrophy 
 

Keywords: DMD, Neurobiology, Exon skipping, Intellectual disability, Neurodevelopmental disorder 

 

Abstract:  

 

Duchenne muscular dystrophy (DMD) is a neuromuscular disease associated with behavioral and cognitive 

disturbances that can lead to intellectual disability and neuropsychiatric disorders (ASD, ADHD, OCDs). The 

nature and severity of cognitive dysfunctions and central alterations depend on the position of the mutations 

within the DMD gene. Indeed, this may differentially affect the expression of several brain dystrophins 

encoded from internal promoters, which have diverse functions in various cell types during development and 

in the adult brain.This multidisciplinary and collaborative research work is part of the European funded project 

BIND (Behavioural Involvement In Dystrophinopathies). The first part aimed to clarify the genotype-

phenotype relationships of central defects in this disease as well as their molecular and neuroanatomical bases. 

The second part aimed to develop preclinical therapeutic exon skipping approaches to correct the dmd gene 

and restore the expression of functional brain dystrophins in a mouse model of DMD.  

 

My thesis project focused on the study of a transgenic mouse (mdx52) carrying a mutation in a "hot spot" 

region of the gene frequently presenting deletions in DMD patients (63%). Mutations in this region lead to 

the loss of several central dystrophins (Dp427, Dp260 and Dp140) and are associated with severe brain 

disorders. Using multiple behavioral paradigms, we showed severe defects in emotional behavior and fear 

learning, as well as moderate sensory and recognition memory deficits in this model. This strengthens our 

knowledge of the genotype-phenotype relationships and validates mdx52 as a reliable model for preclinical 

studies. Moreover, the "hot spot"  region of the DMD gene is eligible for corrective exon skipping approaches. 

Our team developed state-of-the-art molecular tools (“tcDNA” antisense oligonucleotides and “AAV-U7” 

viral vectors) to study therapeutic exon skipping in the mdx52 mouse model. Exon skipping approaches are 

already effective in treating the muscular dystrophy. In the second part of this work, we addressed the 

applicability of these tools to central nervous system (CNS) and determined the adequate therapeutic 

conditions using local injections to the CNS. We then demonstrated that the exon skipping induces partial 

Dp427 re-expression and alleviates emotional and fear learning deficits in this mouse.  

 

These promising results pave the way for future studies aimed at better understanding the central disorders in 

DMD and improving their therapeutic management. 

 


