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A B S T R A C T   

Dystrophinopaties, e.g., Duchenne muscular dystrophy (DMD), Becker muscular dystrophy and X-linked dilated 
cardiomyopathy are inherited neuromuscular diseases, characterized by progressive muscular degeneration, 
which however associate with a significant impact on general system physiology. The more severe is the pa
thology and its diversified manifestations, the heavier are its effects on organs, systems, and tissues other than 
muscles (skeletal, cardiac and smooth muscles). All dystrophinopaties are characterized by mutations in a single 
gene located on the X chromosome encoding dystrophin (Dp427) and its shorter isoforms, but DMD is the most 
devasting: muscular degenerations manifests within the first 4 years of life, progressively affecting motility and 
other muscular functions, and leads to a fatal outcome between the 20s and 40s. To date, after years of studies on 
both DMD patients and animal models of the disease, it has been clearly demonstrated that a significant per
centage of DMD patients are also afflicted by cognitive, neurological, and autonomic disorders, of varying degree 
of severity. The anatomical correlates underlying neural functional damages are established during embryonic 
development and the early stages of postnatal life, when brain circuits, sensory and motor connections are still 
maturing. The impact of the absence of Dp427 on the development, differentiation, and consolidation of specific 
cerebral circuits (hippocampus, cerebellum, prefrontal cortex, amygdala) is significant, and amplified by the 
frequent lack of one or more of its lower molecular mass isoforms. The most relevant aspect, which characterizes 
DMD-associated neurological disorders, is based on morpho-functional alterations of selective synaptic con
nections within the affected brain areas. This pathological feature correlates neurological conditions of DMD to 
other severe neurological disorders, such as schizophrenia, epilepsy and autistic spectrum disorders, among 
others. This review discusses the organization and the role of the dystrophin-dystroglycan complex in muscles 
and neurons, focusing on the neurological aspect of DMD and on the most relevant morphological and functional 
synaptic alterations, in both central and autonomic nervous systems, described in the pathology and its animal 
models.   

1. Introduction 

Duchenne muscular dystrophy (DMD), Becker muscular dystrophy 
(BMD) and DMD-associated dilated cardiomyopathy (or X-linked dilated 
cardiomyopathy, XLDCM) are a family of neuromuscular diseases 
characterized by common etiology, muscular wasting and several other 
multi-systemic alterations, commonly referred to as dystrophinopathies 
(Muntoni et al., 2003; Goemans and Buyse, 2014; Guiraud et al., 2015; 
Strehle and Straub, 2015; Ohlendieck and Swandulla, 2021; Duan et al., 
2021). These dystrophies result from mutations in the Dmd gene 

encoding dystrophin, a cytoskeletal protein of 427 kDa (Dp427, full- 
length dystrophin) transcribed by three promoters, each active in a 
tissue-specific fashion, located upstream of the gene, and several short 
isoforms, which result from the activation of specific promoters within 
the Dmd gene and/or following alternative splicing (Blake et al., 2002; 
Duan et al., 2021). Common aspect among these three muscular dys
trophies is a progressive muscular degeneration; however, their gravity 
ranges in a large spectrum from mild to severe, which lies as much in the 
age of onset and rapidity of progression, as in how many other tissues 
and organs are affected (Gosar et al., 2021). Major point of 
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discrimination is certainly the number of exons affected along the large 
Dmd gene, considering that two-thirds of the mutations in DMD and 
BMD are deletions of one or many exons. In DMD, deletions cause a 
frameshift, which result in the absence of Dp427 and, in most cases, of 
one or more isoforms, as detailed in the following paragraph (Blake 
et al., 2002; Duan et al., 2021). Deletions in several exons have also been 
described for the XLDCM (reviewed in Nakamura, 2015). 

The Dmd gene is localized on the chromosome Xp21 and because of 
this localization dystrophinopathies dominantly affects males, while 
female are asymptomatic carriers or mildly affected in both severity of 
lesions and age of onset (Grain et al., 2001). However, as introduced 
above, muscles (skeletal, cardiac, and smooth) are not the only tissues to 
be affected. Over the years it has become increasingly clear that 
neuromuscular pathologies are associated with other multi-system 
physiological alterations (Goemans and Buyse, 2014; Strehle and 
Straub, 2015), some of which with such a high recurrence that they 
could be considered real comorbidities (Ohlendieck and Swandulla, 
2021). In this multi-system pathophysiological picture, the nervous 
system emerges as one of the most compromised. From the first pio
neering studies in the sixties (Allen and Rodgin, 1960; Worden and 
Vignos Jr, 1962; Murphy et al., 1964; Dubowitz, 1965; Zellweger and 
Niedermeyer, 1965; Rosman and Kakulas, 1966; Zellweger and Hanson, 
1967; Dubowitz and Crome, 1969; Prosser et al., 1969) increasing evi
dence from patients and natural animals model of dystrophies led to the 
convincement that this type of pathology was also associated with 
mental disabilities of various nature and degree of severity. In the 
following twenty years, giant steps were taken in identifying different 
forms of cognitive impairment (Vignos Jr., 1977; Dubowitz, 1979; Lei
bowitz and Dubowitz, 1981), from intellectual disability (Kozicka et al., 
1971; Robinow, 1976), to early verbal impairment (Marsh and Munsat, 
1974; Karagan and Zellweger, 1978). These results were the first to 
undermine the belief that the neurological alterations observed in 
dystrophic patients were a "side effect" of their health and psychosocial 
conditions (Gowers, 1879; Morrow and Cohen, 1954; Walton and Nat
trass, 1954; Schoelly and Fraser, 1955; Truitt, 1955) and triggered the 
long series of studies that today have defined some of the key mecha
nisms underlying neuronal physiological alterations in muscular 
dystrophies. 

Among these three dystrophinopaties, DMD is the most severe, 
characterized by early onset (diagnosis around 4 years of age), fast 
progression, and early mortality. In addition, DMD is the one presenting 
the highest number of cases with neurological disorders of various types 
and degree. These can go beyond the sphere of cognitive disabilities and 
with manifestations so severe as to retrace clinical aspects of autism 
spectrum disorders, schizophrenia, epilepsy, behavioral instabilities and 
much more (Melo et al., 1993; Pane et al., 2012; Ricotti et al., 2015; 
Astrea et al., 2015; Hendriksen et al., 2018), as it will be detailed below. 
The BMD is a milder form of muscular dystrophy compared to DMD, 
characterized by late onset (around 12 years) and a more benign and 
slower course, with some patients not manifesting symptoms until late 
in life. This pathological evolution resides on the preserved expression of 
a truncated, but functional, form of Dp427. Despite this, BMD patients 
could manifest a certain degree of mental impairment (Emery and 
Skinner, 1976; Zatz et al., 1993; Emery, 2002), although at a lower rate 
compared to DMD. Schizophrenia and attention deficit have been 
described in BMD patients characterized by “in-frame” deletions in the 
Dmd gene (Zatz et al., 1993; Abe et al., 1990; Beggs et al., 1991) and 
absence of the Dp140 isoform in brain has been associated to intellectual 
disability (Bardoni et al., 1999; Bardoni et al., 2000). A significant 
incidence of epilepsy in 7.54% versus 0.5% of the general pediatric 
population (Cowan et al., 1989) has also been described in BMD 
(Goodwin et al., 1997). So far, no neurological disorders have been re
ported as associated to the XLDCM caused by mutations in the Dmd gene. 

Because of its social impact and dramatic diversification of the effects 
on the nervous system, in this review we will focus on the morpho- 
functional aspects underlying many of the cognitive disabilities and 

neurological disorders associated with DMD, taking into consideration 
both central and autonomic nervous systems. From this analysis of the 
literature it emerges, in an increasingly convincing way, how the 
different neurological disabilities associated with DMD derive largely 
from alterations of synaptic connections. These alterations are estab
lished during embryonic development, revealing a neurodevelopmental 
pathological side of DMD. 

1.1. Duchenne muscular dystrophy: the pathology and its genetic 

DMD is a rare, autosomal recessive X-linked neuromuscular diseases, 
affecting 1:5000 born males (Mendell et al., 2012; Ryder et al., 2017; 
Crisafulli et al., 2020) and caused by defective expression of a cortical 
cytoskeletal protein of 427 kDa (Dp427), named dystrophin (Koenig 
et al., 1987; Hoffman et al., 1987; Blake et al., 2002; Mercuri et al., 
2019). The DMD gene encoding Dp427 is the largest described in the 
human genome (2.5 Mb of the Xp21) and one of the first genes to be 
identified by positional cloning (Koenig et al., 1988). Its discovery and 
characterization lead to the identification of other genes, whose muta
tions are causative of different types of muscular dystrophies. Lam
inopathies, titinopathies, dystrophinopathies and dysferlinopathies are 
all neuromuscular diseases, which take their names by the gene hosting 
distinctive mutations (Davies and Nowak, 2006). DMD is a dystro
phinopathy, as the BMD and the XLCM, whose distintive pathological 
phenotypes derive from different mutations occurring on the same gene. 

The genetics of DMD is diversified, as the abolition of Dp427 
expression may depend on frameshifting mutations, as deletions (60- 
70%), duplications (5-15%) and point mutations (20%), as well as 
nonsense mutations (Mendell et al., 2012), modulated by epigenetic 
mechanisms (e.g., histone acetylation) (García-Rodríguez et al., 2020). 
The result is the lack of synthesis of the full-length dystrophin, which in 
skeletal muscles determines a progressive and lethal degeneration. First 
symptoms of the pathology manifest between the ages of 2-4 years and 
include gross motor delay, unsteadiness with frequent falls, waddling 
gait, difficulty in rising from the ground, climbing stairs and running 
(Ryder et al., 2017). Muscle damage progresses to the point where the 
young patient is wheelchair-bound by the age of 12. In several cases, 
language, or general developmental delay, have also been described 
(Gowers, 1879; Dubowitz, 1978; Jennekens et al., 1991; Emery, 1993; 
Emery, 2002). Other muscles, as diaphragmatic and intercostal respi
ratory muscles, smooth muscles and cardiomyocytes are also affected by 
the pathology, although with a later onset and a slower progression of 
symptoms compared to skeletal muscles. Degeneration of these muscles 
will determine progressive respiratory impairment, gastrointestinal 
disturbances and DMD-associated dilated cardiomyopathy. Patients die 
young because of respiratory and/or cardiac failure; however, with the 
introduction of new and improved therapies, and a lot of effort spent in 
care giving and management of the patients, life expectancy has raised 
from 20s to 40s (Kieny et al., 2013). 

As previously mentioned, women are carriers of the disease, as they 
bear DMD mutations only on one X chromosomes, and for the most part 
are asymptomatic. However, milder forms of dystrophy, like the BMD, 
are rarely observed and even more rarely (less than 1 over a million) are 
the women severely affected (Lim et al., 2020). In these cases, DMD is 
either associated to the Turner syndrome, or induced by processes of 
translocations involving the DMD gene, or by mutations of both alleles 
(Ishizaki et al., 2018). More in depth details on the DMD epidemiology, 
genetics and muscular pathophysiology are reported in recent reviews 
(Duan et al., 2021). 

1.2. Duchenne muscular dystrophy: the gene, the protein product and the 
dystrophin-dystroglycan complex 

Dp427 transcription on the DMD gene is driven by three promoters, 
which are functionally active in different types of cells: the M promoter, 
active in skeletal and cardiac muscles, the P promoter, active in the 

M.E.D. Stefano et al.                                                                                                                                                                                                                           



Neurobiology of Disease 168 (2022) 105718

3

cerebellar Purkinje cells, and the B promoter, active in hippocampus and 
cortex (Sadoulet-Puccio and Kunkel, 1996; Blake et al., 2002; Muntoni 
et al., 2003; Ohlendieck and Swandulla, 2021) (Fig. 1). The protein 
products of the three promoters differs only for a few amino acids at the 
N-terminus, which contains a 5’ untranslated region and the first coding 
exon and are functionally similar. The same gene also encodes several N- 
truncated dystrophin isoforms, named accordingly to their molecular 
mass (Dp260, Dp140, Dp116, Dp71 and Dp40), transcribed from 
different internal promoters located in the introns upstream of exons 30 
and/or by alternative splicing (Blake et al., 1999, 2002; Ohlendieck and 
Swandulla, 2021). Dystrophin isoforms are usually undetected in adult 
skeletal muscles, but are expressed in various cell types, as selective 
populations of brain (Dp140; Dp71; Dp45) (Lidov et al., 1995; Naidoo 
and Anthony, 2020; Romo-Yáñez et al., 2020), retina (Dp260, Dp140; 
Dp71) (Ueda et al., 2000; Wersinger et al., 2011; Omori et al., 2012a, 
2012b) and autonomic (Lombardi et al., 2017) neurons, Schwann cells 
(Dp116) (Matsuo et al., 2017; Mahyoob Rani et al., 2019), kidneys 
(Dp140) (Lidov and Kunkel, 1998) and other tissues (Ohlendieck and 
Swandulla, 2021). 

Dp427 belongs to the α-actinin-β-spectrin family of proteins [dys
trophin, utrophin, dystrophin-related protein 2, α- and β-dystrobrevin 
(DB)], characterized by a long central rod domain of spectrin-like re
peats, an N-terminus containing F actin-binding sites and a C-terminal 
region containing three large domains: the WW domain, the EF/ZZ 
domain within a cysteine-rich domain, and the coiled coil (CC) domain 
at the C-terminus (Blake et al., 2002; Ohlendieck and Swandulla, 2021) 
(Fig. 2). In skeletal muscles, Dp427 is the only dystrophin isoform 
expressed and, when evidenced by immunohistochemistry, it typically 
decorates the entire sarcolemma (Davies and Nowak, 2006). Here full- 
length dystrophin strictly associates, through its C-terminus, to a large 
glycoprotein complex (the dystrophin glycoprotein complex, DGC), 

characterized by a central protein doublet formed by the extracellular 
α-dystroglycan (α-DG, 120 kDa) and the transmembrane β-dystroglycan 
(β-DG, 43 kDa), and by several other transmembrane (α,β,γ,δ sarcogly
cans, sarcopsan) and intracellular (α1,β1 syntrophins, α-DB) structural 
proteins. More specifically, Dp427 binds to the last 15 amino acids of the 
β-DG C-terminus through its Cys-rich domain, and to the cortical actin 
cytoskeleton through its N-terminus domain and part of the rod domain 
(Fig. 3A). Through this domain, it also binds to intermediate filaments 
and microtubules, assuming a role of important cytolinker (Prins et al., 
2009). The extracellular portion of β-DG covalently bind to α-DG, that in 
turn forms multiple, calcium-dependent bonds with extracellular matrix 
proteins as laminin, agrin, and perlecan with variable affinities. In 
addition, the C-terminus domain of dystrophin binds to syntrophins and 
α-DB. Altogether, these interactions form a structural bridge between 
the actin cytoskeleton and the extracellular matrix, whose function is to 
protect the sarcolemma from tearing forces of contraction and relaxa
tion. In addition, this central core of the DGC associates to several other 
cytoplasmic proteins (syncoilin, desmin, dysferlin, affixin, dysbindin) 
deputed to the linkage between the complex, sarcomeres and other 
transmembrane/signaling proteins, like integrins (Blake et al., 2002; 
Davies and Nowak, 2006). In dystrophin-deficient muscles, the DGC is 
no longer properly stabilized and disassembles, causing progressive 
ruptures to the plasma membrane (“delta lesions”), entry of calcium 
ions, with consequent metabolic alterations and activation of calcium- 
dependent calpain proteases and phospholipase A2, and ultimately 
muscle necrosis (Turner et al., 1988; Ervasti et al., 1990; Millay et al., 
2008). This “sub-sarcolemmal hypothesis” is so far the most accredited, 
which however does not exclude other concomitant events, as muscle 
functional ischemia (Sander et al., 2000) and free radical damages (Prins 
et al., 2009; Prosser et al., 2011; Khairallah et al., 2012). Nonetheless, 
the DGC has not just a structural function, since it also binds to many 

Fig. 1. The DMD gene an X-linked recessive inheritance. Schematic representation of the DMD gene, localized on the X chromosome (locus Xp21.2) showing the 
positions of the seven promoters driving the expression of: three full-length dystrophin (Dp427) isoforms (specifically active in brain, muscles and cerebellar Purkinje 
cells), Dp260, Dp140, Dp116, Dp71 and Dp40. Preferential tissues of expression for each isoform are indicated. 
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diversified signaling molecules, such as caveolin 3 (Cav3), growth factor 
receptor-bound protein 2 (Grb2), insulin receptor, ErbB4 receptor 
tyrosine kinase, stress-activated protein kinase-3 (SAPK), and various 
other kinases and enzymes, like the neuronal nitric oxide synthase 
(nNOS) (Fig. 3A). Several crucial ionic channels as the voltage-gated 
Na+ channels (Nav), the inward rectifier K+ channels (irK) and the 
voltage-sensing L-type Ca2+ channels (Cav) are also connected and 
stabilized into the plasma membrane by the DGC (Yang et al., 1995; 
Davies and Nowak, 2006; Friedrich et al., 2008; Sabourin et al., 2009; 
Leyva-Leyva et al., 2018). Delocalization of nNOS following DGC 
destruction, implies reduction in NO synthesis, with consequent 
decrease in protein nitrosylation and NO-mediated intracellular 
signaling; this intracellular path is one the most accredited causes for the 
functional implications associated to dystrophin-deficient muscle 
degeneration (Davies and Nowak, 2006; Duan et al., 2021). 

Lack of Dp427 in DMD is also responsible for several pre- and post- 
synaptic pathophysiological alterations described at the neuromus
cular junction (NMJ), although the controversy on whether these al
terations followed muscle degeneration or were a direct consequence of 
the loss of Dp427 have been going on for decades. In mature mammalian 
NMJs, Dp427 is abundantly revealed at the troughs of the postsynaptic 
membrane, in colocalization with the Nav herein stabilized (Wood and 
Slater, 1998). Utrophin, a homologous of dystrophin binding to the same 
glycoprotein complex and expressed earlier during development, is 
instead localized at the crests of the junctional folds, where it is impli
cated, along with other proteins, in the clustering of the post-synaptic 
nicotinic acetylcholine receptors (nAChRs) (for review see Pilgram 
et al., 2010). Morphologically, NMJs of DMD patients and animal 
models of the disease have reduced postsynaptic fold size and are 
characteristically fragmented (Jerusalem et al., 1974; Harriman, 1976; 
Sakakibara et al., 1977; Lyons and Slater, 1991; Kong and Anderson, 
1999). These alterations are successfully reduced in minidystrophin 
(minidysGFP) transgenic mdx mice (Banks et al., 2009), suggesting a 
major role for Dp427 in synaptic fold maturation and Nav stabilization, 
with a stronger influence on NMJ organization deputed to the lateral 
muscle cytoskeleton (Banks et al., 2009). Despite these evident struc
tural alterations, nAChRs in dystrophic muscles do not spread in the 
extra-junctional area. However, in vitro experiments reported reduction 
in both spontaneous and agrin-induced nAChR clustering, with a 72% 

specific reduction in the number of large (> 10 μm2) receptor clusters in 
mdx mouse-derived myotubes compared to wild type (Kong and 
Anderson, 1999). This has suggested that Dp427 is not essential for 
initiating receptor clustering, but rather for the organization of small 
clusters into larger ones. Differences in the pattern of innervation during 
development, consisting in the progressive elimination of early out
numbered NMJs, are also observed, with mdx mouse fibers acquiring 
single innervation earlier than wild type mice (Minatel et al., 2003). The 
presynaptic element of a dystrophic NMJ is also affected, characterized 
by an age-dependent increase in nerve terminal branching, which 
however could be possibly influenced by the described postsynaptic 
fragmentation (Pratt et al., 2015). From a functional perspective, early 
electrophysiological studies reported no significant differences in the 
amplitude and frequency of miniature end-plate potentials (mEPP), or in 
the amplitude of evoked endplate potentials (EPP), or in neurotrans
mitter quantal release, with discrepancies on data related to the resting 
membrane potential (Sakakibara et al., 1977; Nagel et al., 1990; Lyons 
and Slater, 1991). However, more recent studies on mdx mice demon
strated a reduction in both mEPP and EPP amplitudes, as well as a 
depression of the safety factor, and an increase in EPP rise and quantal 
content (van der Pijl et al., 2016, 2018). Taken together, these data 
demonstrate a pivotal role of Dp427 in both synaptic maturation and 
neurotransmission at the NMJ. A detailed review on NMJ alterations 
induced by the lack of Dp427 in dystrophic muscles can be found in Ng 
and Ljubicic (2020). 

Dystrophin isoforms expressed by other cell types differ from Dp427 
and from each other in the length of the rod domain but preserve both 
actin-binding properties and the C-terminal region, through which they 
connect to the DGC and to other cytoskeletal and signaling molecules. 
Dystrophin short isoforms and DGC form fully functional complexes, 
which acquire diversified physiological activities depending on the cell 
type in which they are expressed. A more focused description of the 
dystrophin-DGC structural and functional characteristics in neurons and 
glia will be addressed in sections 2.3 and 2.4. 

1.3. Duchenne muscular dystrophy: neurological alterations and their 
anatomical, morphological and functional correlates 

As introduced above, after decades of denial of the possibility of 

Fig. 2. Dystrophin and its isoforms. Dystrophin isoforms have similar modular organization consisting of: the N-terminus (NT), which contain actin-binding sites; the 
long central rod domain formed by β-spectrin-like repats and proline-rich hinge regions (H1-H4), and that is predicted to form triple-helical coiled-coils; the WW 
domain (WW), the ZZ domain (EF/ZZ), located in the cysteine-rich region (CR) and the coiled-coil domain (CC) in the C terminus (CT). Through this protein domains, 
the C-terminal region bind to some of the components of the dystrophin-associated protein complex. The Dp427 and the short isoforms differ in the length of the 
rod domain. 
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cognitive impairment associated with DMD since Duchenne’s discovery 
of the pathology in 1868, an extraordinary amount of clinical research 
has clearly brought into the light this obscure aspect of muscular dys
trophy. First indications of a pathological implication of the brain in 
DMD came with the observation that average intelligence quotient (IQ) 
distribution of the DMD population is shifted by one standard deviation 
below the normal range scored in age-matched healthy subjects, leading 
to 30% of patients below 70 (Allen and Rodgin, 1960; Worden and 
Vignos Jr, 1962; Dubowitz, 1965, 1979; Zellweger and Niedermeyer, 
1965; Rosman and Kakulas, 1966; Zellweger and Hanson, 1967; Bresolin 
et al., 1994; Felisari et al., 2000; Nardes et al., 2012); nevertheless, 
variability remains substantial among subjects, with a different impact 
on verbal and performance IQ (Prosser et al., 1969; Sollee et al., 1985). 
Throughout the years, an increasing number of investigations demon
strated the association of DMD with diverse forms of authentic neuro
logical disorders (Mehler, 2000; Anderson et al., 2002; Cyrulnik and 

Hinton, 2008; Hinton et al., 2009; Waite et al., 2009; Snow et al., 2013; 
Piccini et al., 2014; Hendriksen et al., 2015; Hendriksen et al., 2018; 
Darmahkasih et al., 2020). Among these, important neurological con
ditions as epilepsy (Goodwin et al., 1997; Pane et al., 2013; Etemadifar 
and Molaei, 2004; Hendriksen et al., 2018) and several social (Hinton 
et al., 2006; Cyrulnik et al., 2008), neuropsychiatric (e.g., obsessive- 
compulsive behavior; attention deficit; autism spectrum disorders, 
schizophrenia) (Melo et al., 1993; Hinton et al., 2009; Pane et al., 2012; 
Parisi et al., 2018), behavioral (e.g., hyperactivity disorder) (Ricotti 
et al., 2016), cognitive (e.g., memory alteration; deficits in language 
abilities, visuospatial learning, reading, mathematics and spelling; 
impaired working memory) (Karagan et al., 1980; Dorman et al., 1988; 
Billard et al., 1998; Cyrulnik et al., 2007, 2008; Rae and O’Malley, 2016; 
Thangarajh et al., 2020) and emotional disturbances (Ricotti et al., 
2016) have been characterized. The first demonstration that these 
neurological outcomes were indeed the product of DMD-specific organic 

Fig. 3. Dystrophin and the dystrophin-dystroglycan associated complex in muscles (A) and neurons (B). Dp427 binds to the actin cytoskeleton through its N-terminus 
domain, and to several proteins of the complex through its C-terminus domain. For sake of clarity, only the principal structural and signaling components of the 
muscular and neuronal complexes are depicted. The molecular composition between the two complexes varies, with a major difference relying on the extracellular 
binding partner of α-dystroglycan, which is the laminin of the extracellular matrix in muscle, and the presynaptic protein neurexin in the nervous system. Na+

channels (muscles and neurons), nicotinic acetylcholine receptors (nAChRs) (neurons) and GABAA receptors (neurons), stabilized by the dystrophin-dystroglycan 
complex, are also shown. Except for Na+ channels, the linkage between neurotransmitter receptors and the dystrophin-dystroglycan complex is mediated by 
different scaffolding proteins that have not been represented. 
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and genetic phenotypes, and not of the so-called “external factors”, came 
from an accurate study by Billard and colleagues (Billard et al., 1992), 
who analyzed adolescent boys (12-16 years) affected by DMD (24 pa
tients) and by spinal muscular atrophy (SMA) (17 patients), a neuro
muscular disease similar to DMD in the severity and progression of 
motor impairment. To avoid bias in the study, young patients came from 
the same French region, and were matched for socio-economic condi
tions, motor handicap and living conditions (resident in a center or 
living at home). The battery of neurophysiological test administered 
revealed a significant impairment in DMD, compared to SMA patients, of 
learning abilities, such as verbal and performance intelligence, reading 
abilities, solving arithmetic problems, word definition, reading abilities, 
sentence comprehension, auditory selective attention and some memory 
abilities. Other parameters, as visuospatial skills were instead similar 
between the two groups, also strongly suggesting that specific brain 
regions were affected in DMD. To date, it is known that almost all 
neurological alterations span through a range of severity depending on 
the type and location of mutations within the Dmd gene (Bushby, 1992; 
Lenk et al., 1993; Pane et al., 2012; Ricotti et al., 2016; Doorenweerd 
et al., 2017), and therefore on the number and type of dystrophin iso
forms that are affected, with the most severe phenotypes rarer than the 
others (Mehler, 2000; Snow et al., 2013). Based on this large amount of 
clinical literature data, the concept of a true “DMD neuropsychiatric 
syndrome” has been proposed (Ricotti et al., 2016). 

The localization of Dp427 and its isoforms in brain, retina and pe
ripheral neurons has benefitted from the use of the mdx mouse, a 
valuable rodent model for DMD. mdx mice carry a natural point muta
tion in the exon 23 of the DMD gene, which abolishes the expression of 
Dp427 in both male and females but preserves the expression of its short 
isoforms. This model is, therefore, particularly useful for investigating 
the specific role of the full-length dystrophin isoform on cognitive and 
behavioral alterations. Immunohistochemical and/or biochemical 
studies have shown the expression of Dp427 in specific neuronal pop
ulations of cerebral cortex (Lidov et al., 1990, 1993), hippocampus (Kim 
et al., 1992; Lidov et al., 1993; Anderson et al., 2002), amygdala 
(Sekiguchi et al., 2009; Doorenweerd et al., 2017), cerebellum (i.e., 
Purkinje cells) (Huard and Tremblay, 1992; Lidov et al., 1993; Briatore 
et al., 2020) and retina (Wersinger et al., 2011; Persiconi et al., 2020) as 
well as in autonomic sympathetic ganglia (i.e., superior cervical gan
glion) (De Stefano et al., 1997; Lombardi et al., 2017). Localization in 
central neurons was also confirmed by autoptic studies on human brains, 
demonstrating that Dp427 was absent from cerebral and cerebellar 
neurons of DMD patients when compared to control brains (Uchino 
et al., 1994a, 1994b; Kim et al., 1995). 

Lack of dystrophin in mdx mice is responsible for several behavioral 
and neurophysiological alterations, such as reduced sensitivity to 
nicotine-induced enhanced memory (Coccurello et al., 2002), impaired 
long-term spatial and recognition memory, and enhanced CA1 hippo
campal long-term potentiation (Vaillend et al., 2004), impairment of 
both acquisition and long-term retention of cued and trace fear mem
ories, and reduced path efficiency in the Morris water maze spatial 
learning (Chaussenot et al., 2015). In addition, mdx mice are charac
terized by alterations associated to posttraumatic disorders, such as 
altered social behavior and ultrasonic communication, which are traits 
typical of autism spectrum disorders (Miranda et al., 2015), increased 
anxiety and altered fear memories (Vaillend and Chaussenot, 2017; 
Comim et al., 2019), deficits on the habituation, aversive, and object 
recognition memory, and depression-like behavior (Comim et al., 2019). 
However, behavioral and neurological manifestations in mdx mice are 
milder than in DMD patients and in mdx3cv mice, a mdx mouse variant, 
which carries a point mutation within intron 65 of the Dmd gene and 
lacks the expression of all short dystrophin isoforms (Im et al., 1996; 
Willmann et al., 2009). 

Differently from muscular degeneration, behavioral and neurolog
ical complications associated to DMD are not progressive, indicating 
that the underlying neuroanatomical, molecular, and functional 

alterations arise at fetal stages and at birth, thus strictly related to 
neurodevelopment. 

The lack of Dp427 alone affects development (Sbriccoli et al., 1995; 
Carretta et al., 2001; De Stefano et al., 2005; Licursi et al., 2012; Lom
bardi et al., 2017; Persiconi et al., 2020), connectivity (Vaillend et al., 
1999a, 1999b; Del Signore et al., 2002; Anderson et al., 2003; Vaillend 
and Billard, 2002; Vaillend et al., 2004; Briatore et al., 2020;), and 
physiology (i.e. cognition, behavior, stress response) (Mehler et al., 
1992; Mehler and Kessler, 1998; Vaillend et al., 1999a, 1999b; Anderson 
et al., 2002; Coccurello et al., 2002; Vaillend et al., 2002; Vaillend et al., 
2004; Di Angelantonio et al., 2011; Fragapane et al., 2020; Comim et al., 
2019; Caudal et al., 2020) of selected autonomic and central neurons. 
Particularly affected are neural circuits involved in the processing of fear 
response, as lack of full-length dystrophin in mdx mice significantly 
enhances fearfulness associated to mild stress and induces delayed fear 
learning and memory (Goyenvalle et al., 2015; Razzoli et al., 2020; 
Sekiguchi et al., 2009; Vaillend and Chaussenot, 2017). 

A neurological disorder quite frequent in DMD patients, which could 
arise from the lack of the sole Dp427, is epilepsy (focal epilepsy, 
generalized tonic-clonic seizure and absence epilepsy). According to the 
size of the cohorts of subjects examined and the type of tests adminis
tered, 6.3% to 12.3% of DMD patients are also affected by epilepsy 
(Etemadifar and Molaei, 2004; Pane et al., 2013; Hendriksen et al., 
2015; Hendriksen et al., 2018) compared to general pediatric population 
(0.5%-1%) (Cowan et al., 1989). Of these, 3.7% carry mutations up
stream exon 31, therefore lacking only Dp427, another 7.5% of patients 
carry mutations between exons 31 and 61 (which could affect both 
Dp427 and Dp140), and none of them show mutations downstream exon 
63, which potentially affect all dystrophin isoforms (Hendriksen et al., 
2015). An association between DMD and West syndrome has also been 
reported in three patients (Cardas et al., 2017; Peña-Padilla et al., 2021), 
including this syndrome in the neuropsychiatric spectrum of DMD. This 
would rely on a large deletion involving both Dmd (Xp21.2) and Arx 
(Xp22.13) genes, where Arx mutations associate to severe epileptic en
cephalopathies, including West syndrome (Kato et al., 2004). The main 
cause for this prevalent association between DMD and epilepsy is indi
cated in a significant unbalanced excitatory versus inhibitory activity of 
those brain areas (cortex, hippocampus, cerebellum), in which the 
inhibitory synapses containing GABAA receptors are structurally and 
functionally stabilized by the specific association of Dp427-DGC and 
proteins accessory to the complex. This specific synaptic unbalance will 
be discussed in section 2.4. However, irrespective of whether DMD pa
tients lack Dp427 or both Dp427/Dp140, they all are at high risk in 
developing comorbidities with attention deficit hyperactivity disorders, 
obsessive-compulsive disorders and sleep disorders, compared with non- 
epileptic DMD patients (Hendriksen et al., 2018). 

As previously said, large part of the studies on both DMD patients 
and animal models indicate an important role in neurological and 
neuropsychiatric aspects of the pathology of short dystrophin isoforms, 
with a special focus on Dp71 and Dp140. Dp71 is the most abundant 
dystrophin isoform expressed in the mature brain by both neurons and 
glia (Lederfein et al., 1992; Jung et al., 1993; Tadayoni et al., 2012). 
Because of this widespread distribution, its functional roles are quite 
diversified, indicating the lack of this isoform as an aggravating, or 
totally responsible, factor for important neurological impairments. 
Absence of Dp71 in patients and animal models (Dp71-null mice) is 
linked to intellectual disability (Daoud et al., 2009a; de Brouwer et al., 
2014; Naidoo and Anthony, 2020), spatial learning deficits (Daoud 
et al., 2009a), and alterations of prefrontal cortex excitation-inhibition 
balance and executive functions (Chaussenot et al., 2019). Several 
studies on the Dp71-null mouse model have indicated in the lack of post- 
synaptic Dp71 the major cause in several neurological disturbances, as it 
will be discussed in the following section. 

Nevertheless, abundant and specific expression of Dp71 in cells other 
than neurons, and sites other than synapses, depicts multifaceted func
tions of this isoform in brain physiology. Dp71 is particularly enriched at 
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the endfeet of perivascular brain astrocytes, retinal Müller cells and 
cerebellar Bergman glia, where it stabilizes the water channel 
aquaporine-4 (AQP4) (Nagelhus et al., 1999; Fort et al., 2008; Belmaati 
Cherkaoui et al., 2021) and the inward rectifier K+ channel Kir4.1 
(Nagelhus et al., 1999; Connors et al., 2004; Fort et al., 2008) (Fig. 4), 
implicated in osmoregulation and potassium buffering, respectively. In 
these cells, Dp71 would form a complex with β-dDG and α1-syntrophin 
at GM1-cholesterol-enriched plasma membrane domains; however, in 
other regions, Dp71 could be substituted by Dp427 or utrophin (Connors 
et al., 2004; Fort et al., 2008; Belmaati Cherkaoui et al., 2021), high
lighting the peculiar heterogeneity that characterizes the gliovascular 
units. It has been demonstrated that the lack of Dp71 at the endfeet of 
pericapillary astrocytes induces a drastic reduction (70%) of AQP4 ag
gregates in both cerebellum and hippocampus, along with a partial 
diminution of β-DG and complete loss of α1-syntrophin (Belmaati 
Cherkaoui et al., 2021). The decline of functional water channels im
pairs water exit from astrocyte, inducing cellular swelling, impairment 
of proper perivascular drainage of ions and neuro-gliovascular 
dysfunction (Frigeri et al., 2001; Nicchia et al., 2004; Anderson et al., 
2012; Binder et al., 2012) (Fig. 5). Furthermore, loss of Dp71 prejudices 
K+ buffering through the Kir4.1 channels (Connors et al., 2004) (Fig. 5), 
although abnormal accumulation of extracellular K+ may also depend 
on the described alteration in water homeostasis by astrocytes. Unbal
anced water and K+ homeostasis, along with Dp71-dependent 
enhancement of the glutamatergic transmission (described in section 
2.4), have been proposed as potential mechanisms contributing to dys
regulation of the excitation/inhibition ratio towards neuronal over
excitation (Binder et al., 2012; Helleringer et al., 2018) and consequent 
increased risk of developing epilepsy and cognitive impairment (Eid 
et al., 2005; Binder et al., 2012; Hendriksen et al., 2015). Following the 
demonstration of different splice variants (14 in total) with diversified 
subcellular localizations (e.g. neurites, growth cones, plasma mem
brane, nucleus), several other roles have been attributed to Dp71 (e.g. 
neurite growth and differentiation, cell adhesion, organization of 
excitatory synapses, nuclear scaffolding and DNA repair), as excellently 
reviewed by Naidoo and Anthony (Naidoo and Anthony, 2020), thus 
confirming its importance in both neurodevelopment and mature ner
vous system. 

Similar to Dp71, loss of the Dp140 isoform, the most expressed 
dystrophin isoform in the fetal human and mouse brain (Lidov et al., 

1995; Morris et al., 1995; Doorenweerd et al., 2017), has been associ
ated to severe forms of cognitive impairment in both DMD (Billard et al., 
1992; Bardoni et al., 2000; Felisari et al., 2000; Ricotti et al., 2016; Tyagi 
et al., 2020; Battini et al., 2021) and BMD (Chamova et al., 2013). 
However, although about 63% of DMD patients have mutation in the 
central part of the Dmd gene, experiencing loss of both Dp427 and 
Dp140, the neurodevelopmental consequences of the lack of Dp140 are 
still under investigation. Several studies report on its localization in 
vascular elements and glia, among which oligodendrocytes (Lidov et al., 
1995; Aranmolate et al., 2017; Caudal et al., 2020), and on its putative 
role in neuronal differentiation, axonal growth, dendritic development 
and myelinogenesis (Aranmolate et al., 2017; Doorenweerd et al., 
2017). Recently, a work on mdx52 mice (Saoudi et al., 2021), a mouse 
model with a deletion in exon 52 of the Dmd gene and deficient in both 
Dp427 and Dp140 (Araki et al., 1997), has demonstrated that these mice 
are more impaired in learning a Pavlovian association of conditioned- 
unconditioned stimuli during fear conditioning and have higher 
disturbance of emotional behavior compared to mdx mice. Despite 
further investigation is needed to explore the morpho-physiological 
counterpart of this phenotype, the mdx52 mouse represents a good 
preclinical animal model to explore more in depth the role of Dp140 in 
DMD-related cognitive impairment. 

Particular mention also deserves Dp40, the smallest and the last of 
the dystrophin isoforms to have been described, a NH2-terminal partial 
product of Dp71 produced from alternative splicing, which lacks the 
characteristic C-terminal region (Tinsley et al., 1993). It is, therefore, 
presumed that most of the DMD patients with mutations in exon 63–69, 
characterized by severe intellectual disability, are deprived of both 
Dp71 and Dp40 (Daoud et al., 2009b). The raise of specific antibodies 
directed against Dp40 (Tozawa et al., 2012; Fujimoto et al., 2014), 
allowed to demonstrate that this isoform is expressed early in neonatal 
stages and throughout adulthood (Fujimoto et al., 2014). Furthermore, 
by combining biochemical (cell fractionation, affinity chromatography, 
immunoprecipitation) and immunocytochemical analyses on brain ly
sates and primary hippocampal neuron cultures, respectively, Dp40 was 
demonstrated to associate with presynaptic proteins like syntaxin1A, 
SNAP25 and CAMK II (calcium calmodulin kinase II), suggesting a role 
in vesicle exocytosis (Tozawa et al., 2012). However, further biochem
ical analyses, specifically conducted on cultured hippocampal neurons, 
demonstrated a prevalent somatodendritic and nuclear localization of 

Fig. 4. Presumptive model for AQP4 and Kir4.1 stabilization by the Dp71-dystroglycan association in brain perivascular astrocytes. Dp71 is connected to the actin 
cytoskeleton and associates with α-syntrophin (α-syn) and β-dystroglycan, which in turn bids to the extracellular α-dystroglycan. This, by binding laminin in the 
extracellular matrix (ECM) stabilizes the entire complex. Kir4.1 and AQP4 link directly to α-syn within a same complex. 
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Dp40, and subsequent high-resolution confocal analyses showed its 
prominent aggregation at excitatory postsynaptic sites within dendritic 
spines, in co-localization with the PSD95 (Fujimoto et al., 2014). Based 
on these new data, the idea that Dp40 could be implicated in the post- 
synaptic glutamatergic transmission at hippocampal synapses has been 
advocated. As a matter of fact, alterations in the synaptic organization, 
maturation and plasticity described in the CA1 hippocampal neurons of 
Dp71-null mice (Miranda et al., 2011), may be in part due to the 
concomitant lack of Dp40. The intriguing aspect to be further investi
gated remains the postsynaptic protein complex to which Dp40 would 
associate, since it lacks the dystrophin C-terminal domain of linkage to 
the DGC (Tinsley et al., 1993; Tozawa et al., 2012; Fujimoto et al., 
2014). 

The neuroanatomical correlation to physiological and behavioral 
disorders in DMD, and neuromuscular diseases in general, relies on 
numerous clinical observations obtained by means of several imaging 
methods (e.g., cranial computed tomography, magnetic resonance im
aging, single photon emission computed tomography, positron emission 
tomography ultrasound (refs. in Angelini and Pinzan, 2019). Overall, 
gross brain abnormalities were mainly found within the white matter, 
suggesting axonal disorganization (Preethish-Kumar et al., 2020), along 
with reduced grey matter volume and cerebral perfusion (Doorenweerd 
et al., 2014). These alterations were more evident in patients with DMD 
who lacked Dp140 than in patients who retained Dp140 expression 
(Doorenweerd et al., 2014). Microscopic analyses on post-mortem 
brains also revealed loss of cerebellar Purkinje cells, reduction of den
dritic length in the visual cortex, reduced branching of apical and basal 
dendrites of pyramidal neurons (Jagadha and Becker, 1988), and aber
rant neuroblast migration and orientation (Jagadha and Becker, 1988; 
Mehler and Kessler, 1998; Hatten, 1999). 

In mdx mice, a gross and consistent anatomical disorganization is not 
readily apparent; however, the increased level of resolution of the 
anatomical-morphological analyses used has allowed to highlight 
several cellular and sub-cellular alterations of those neuronal pop
ulations in cerebral (hippocampus, cortex), cerebellar and autonomic 
districts that express Dp427 in wild type animals. Among the most 
striking features reported are a decrease in the density of CA1 

hippocampal neurons (Miranda et al., 2016), and the significant loss of 
cortico-spinal (Sbriccoli et al., 1995), rubro-spinal (Carretta et al., 2001) 
and sympathetic neurons of the superior cervical ganglion (De Stefano 
et al., 2005). In addition, a reduction in the number of calretinin- 
expressing retinal ganglion cells in adult mdx mice compared to wild 
type, and a significant but transient dysregulation in the number of 
GABAergic amacrine cells during early post-natal retinogenesis have 
been also reported (Persiconi et al., 2020). Furthermore, lack of Dp427 
severely affects adult neurogenesis in the dentate gyrus of the hippo
campus, promoting cell proliferation and suppressing neuronal differ
entiation (Deng et al., 2009). Nevertheless, among all alterations 
highlighted, the most relevant pathological aspect involves the synaptic 
organization, as it will be discussed in the following section. 

Several biochemical and metabolic modifications have also been 
described in DMD patients. Glucose hypometabolism, (Bresolin et al., 
1994), altered bioenergetics (Tracey et al., 1995), elevated levels of 
choline-containing compounds (Kato et al., 1997; Rae et al., 1998) have 
been the first alterations described in humans. Similarly, studies on mdx 
mice, have demonstrated different biochemical and metabolic alter
ations compared to wild type mice. Among these are: decreased levels of 
brain glucose transporters, specifically in hippocampus and cerebellum, 
which could be linked to glucose hypometabolism (Rae et al., 2002; 
Wallis et al., 2004); reduced lipid and protein peroxidation, reduced 
catalase activity and increased superoxide dismutase activity in different 
brain regions (e.g., hippocampus, striatum, cortex and cerebellum), 
which have been proposed as a protective mechanism against increased 
oxidative stress (Comim et al., 2009a); dysregulation in intracellular 
Ca2+ levels in hippocampal and cortical neurons (Lopez et al., 2018); 
alterations of energetic metabolism (Tuon et al., 2010); reduction of 
acetylcholinesterase activity (Comim et al., 2011); alteration of Krebs 
cycle enzymes’ activity (Comim et al., 2016) and reduced striatal levels 
of brain derived neurotrophic factor (BDNF) (Comim et al., 2009b), 
which could in part be responsible for reduced memory storage. 

In line with the development-associated alterations induced in the 
nervous system by the absence of Dp427, are several observations on the 
superior cervical ganglion and its peripheral net of innervation within 
muscular (iris, ciliary body, heart) and non-muscular (submandibular 

Fig. 5. Altered water homeostasis and K+ buffering in perivascular astrocytes lacking Dp71. On the left side of the drawing, is depicted a perivascular astrocyte in 
normal conditions, in which AQP4 and Kir4.1 channels are stabilized by the Dp71-dystroglycan complex. This arrangement allows water homeostasis and K+

buffering, also protecting brain blood vessels from damage. In a DMD brain (right side), disarrangement of the AQP4 and Kir4.1 channel complexes in astrocytes 
impairs both water homeostasis, impeding water outflow with consequent cell swelling, and K+ ion buffering, which accumulates in the extracellular fluids 
contributing to neuronal hyperexcitation. Blood vessel permeability is also altered. 
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glands) targets. Loss of ganglionic neurons (De Stefano et al., 2005), 
impaired axonal growth and cytoskeletal dynamics in vitro (Lombardi 
et al., 2017), reduced axon defasciculation and terminal sprouting in vivo 
(De Stefano et al., 2005), alterations in the relative levels of components 
of the NGF signaling complex (Lombardi et al., 2008), impaired axon 
regeneration both in vitro and in vivo (Lombardi et al., 2017), and 
modulation of the expression of genes involved in neuron survival and 
differentiation (Licursi et al., 2012) have been demonstrated in early 
post-natal and adult mdx mice compared to wild type. Altogether, these 
data indicate a fundamental role of Dp427 and its complex in autonomic 
neuron survival, axon growth and regeneration, as well as peripheral 
target innervation. 

1.4. Duchenne muscular dystrophy: how synaptic alterations correlate 
with dystrophin-associated neurodevelopmental disorders 

The dystrophin-DGC preserves the same relevant function in nervous 
systems (in both neurons and glia) as in muscles. However, specific 
dissimilarities have been highlighted, in terms of type of proteins, or
ganization, cytolinkers and localization, which herein personalize the 
role of this complex. The first relevant difference is the presence, in the 
nervous system, of the dystrophin short isoforms, which are absent in 
muscles. Overall, brain Dp427 account for the 10% of the protein 
product expressed in skeletal muscles (Anderson et al., 2012), never
theless its absence has a deep impact on the neurobiology of DMD, as 
evinced in the previous section. The remnant of the protein products of 
the DMD gene is represented by the short dystrophin isoforms, specif
ically distributed among the neural cell types. In general, Dp427 is 
mostly expressed in brain, retina and autonomic neurons, but also found 
in non-neuronal cells, as oligodendrocyte (Blake and Kröger, 2000; 
Aranmolate et al., 2017); Dp260 is the predominant, but not exclusive, 
form in retinal neurons (Wersinger et al., 2011); Dp140 is mainly found 
in microvascular glial cells (Blake and Kröger, 2000), but also in oli
godendrocytes (Aranmolate et al., 2017); Dp116 is characteristic of the 
peripheral myelinating Schwann cells (Imamura et al., 2000; Hnia et al., 
2006; Cai et al., 2007; Matsuo et al., 2017), and the Dp71 is the most 
abundant isoform, significantly expressed at all life stages since em
bryonic development and ubiquitously distributed in neurons and glial 
cells of the central and peripheral nervous systems (De Stefano et al., 
1997; Austin et al., 2000; Persiconi et al., 2020; reviewed in Door
enweerd, 2020). For this reason, Dp71 is, along with Dp427, the best 
studied isoform, and the main suspect for a large part of the neuro
pathological alterations associated with DMD (Naidoo and Anthony, 
2020). All isoforms bind to the DGC (Blake and Kröger, 2000; Perronnet 
and Vaillend, 2010), except for the small Dp40 that, as previously said, 
lacks the dystrophin C-terminal domain (Tinsley et al., 1993). However, 
the DGC in the nervous system, although preserved in its basic structure, 
shows differences in its molecular composition, and in the interaction 
with transmembrane and intracellular signaling/scaffolding proteins, as 
well as with extracellular binding partners (Blake et al., 1999; Blake and 
Kröger, 2000; Perronnet and Vaillend, 2010). 

In neurons as in glial cells, the DGC maintains the central structural 
and functional core of the β-DG/α-DG couple, but some of the other 
molecules can differ from those in muscles (Fig. 3B). In particular, 
except for the ε and ζ sarcoglycan, which have been described in brain 
(Zimprich et al., 2001; Shiga et al., 2006), the presence of the other four 
member of the family (α, β, γ, δ) has not been confirmed. In addition, 
α-DB is expressed in glial cells, but is replaced by β-DB in neurons (Blake 
et al., 1998), in which also the muscular Cav3 is substituted by Cav1 
(Waite et al., 2009). α-and β-DB are encoded on different genes, and both 
bind directly to all dystrophin isoforms, through coiled-coil interactions, 
and to syntrophins (Blake et al., 1999). However, while α-DB in glial 
cells (e.g., perivascular astrocytes) binds to Dp71, neuronal β-DB asso
ciates to Dp427 (and other dystrophin isoforms), a complex highly 
enriched in post-synaptic densities (PSDs) of numerous central synapses 
(Blake et al., 1999), where dystrophin isoforms are stabilized through 

their WW domain (Sakamoto et al., 2008). Since the first description by 
Blake and colleagues, a significant amount of literature has described 
the Dp427-DGC as crucial postsynaptic component of specific cerebellar, 
hippocampal and cortical synapses. This localization establishes a strong 
structural and functional link between the molecular complex and the 
neural circuit functionality, by modulating synaptic activity, excit
ability, plasticity and signaling cascades (Perronnet and Vaillend, 2010; 
Hendriksen et al., 2015). 

Following the first demonstrations of Dp427 localization at post
synaptic sites of central neurons (Lidov et al., 1990: Kim et al., 1992), 
Knuesel and collaborators showed that lack of Dp427 in the mdx mouse 
animal model induces a marked reduction in the number of postsynaptic 
clusters of α1- and α2-containing GABAA receptors on cerebellar (Pur
kinje cells) and hippocampal neurons, respectively (Knuesel et al., 
1999). These results demonstrated a role for dystrophin in the clustering 
and/or stabilization of these specific receptors in a subset of central 
neurons, opening the question on whether this alteration could underlie 
the cognitive defects and neurological disturbances already described in 
DMD patients. A 40 to 70% reduction of GABAergic receptor clusters in 
mdx mouse postsynaptic densities, which were demonstrated to localize 
dystrophin in wild type mice, was confirmed in successive studies on 
cerebellum, hippocampus and amygdala (Knuesel et al., 2001; Brunig 
et al., 2002; Sekiguchi et al., 2009; Vaillend et al., 2010; Anderson et al., 
2012), arguing in favor of a dysfunctional synaptic inhibition in these 
brain areas (Anderson et al., 2003; Perronnet and Vaillend, 2010), and 
unbalanced excitatory/inhibitory homeostasis, which underlie epileptic 
behaviors (Knuesel et al., 2001; Fritschy, 2008; Hendriksen et al., 2015). 
In addition, whole cell patch-clamp recording of spontaneous miniature 
inhibitory post-synaptic currents (mIPSCs) in Purkinje cells from cere
bellar slices of mdx mice demonstrated a significant reduction in the 
number of synaptic GABAA receptors compared to wild type littermates. 
Remnant receptors, however, were functionally intact, as they retained 
normal channel unitary conductance, and both rise and decay of the 
mIPSCs (Kueh et al., 2011). Interestingly, the use of gaboxadol, a partial 
agonist of α1β2γ2 receptor and selective agonist of extra synaptic GABAA 
receptors, further demonstrated a concomitant increase of GABA extra 
synaptic receptors, according to previous data reporting on unchanged 
gene expression and protein levels of the GABAA α1 subunit in mdx 
mouse cerebellum compared to wild type (Wallis et al., 2004; Kueh 
et al., 2008). These data all reaffirmed a main role of Dp427 in receptor 
clustering, but not in receptor assembly or activity (Vaillend et al., 2010; 
Kueh et al., 2011). 

Further studies on the CA1 region of the hippocampus demonstrated 
that Dp427 at specific GABAA-containing inhibitory synapses is also 
important for the maintenance of the entire molecular machinery that 
determines the precise spatial-temporal pattern of GABAergic synaptic 
transmission, as absence of dystrophin in mdx mice induces a significant 
rearrangement of both the pre- and postsynaptic proteins of inhibitory 
synapses, as well as axon terminal proteins of specific GABAergic in
terneurons (Krasowska et al., 2014). Among these are the adhesion 
molecule neuroligin 2, which by binding the presynaptic neurexin is 
required for proper inhibitory synapse maturation (Varoqueaux et al., 
2004), and the presynaptic GABA transporter (Krasowska et al., 2014). 
These molecular and structural alterations in the CA1 hippocampal re
gion determine a rearrangement of the inhibitory synaptic inputs, which 
could be responsible for an imbalanced circuital activity within the 
hippocampus with consequent enhanced long-term plasticity (Dallérac 
et al., 2011; Vaillend and Billard, 2002; Vaillend et al., 1999a, 1999b) 
and impaired spatial memory (Vaillend et al., 1998; Vaillend et al., 
2004). Importantly, GABAergic efficacy of mdx mouse hippocampal 
interneurons could be improved, both in vitro and in vivo, by activation 
of the non-canonical Wnt-5 signaling pathway, which specifically in
creases the number of inhibitory synapses and the amount of post
synaptic GABAA receptors. The functional correlations of these 
structural modifications were a significant increase in the amplitude of 
evoked IPSCs, in the frequency of spontaneous mIPSCs and in 
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hippocampal GABAergic efficacy, without affecting the probability of 
presynaptic GABA release (Fuenzalida et al., 2016). 

Not all research groups working on GABAergic dysfunction in DMD 
evidenced differences in spatial learning or hippocampal LTP between 
wild type and mdx mice (Sesay et al., 1996; Bianchi et al., 2020), 
possibly because different protocols of LTP-inducing conditions. 
Nevertheless, a work conducted on the DBA/2J-mdx mouse model of 
DMD (generated backcrossing classical Bl/10-mdx mouse line onto a 
DBA/2J genetic background) demonstrated for the first time intrinsic 
alterations in the membrane excitability of CA1 hippocampal pyramidal 
cells, residing in a significant increase in the medium component of 
after-hyperpolarization (mAHP) (Bianchi et al., 2020). Longer mAHP, 
which determines the refractory period after an action potential, may 
result in reduced excitability of neural networks and, in turn, be an 
additional element accounting for the cognitive impairment paralleling 
dystrophin deficiency. Since AHP is operated through voltage gated 
channels (Kv), as the inward rectifier (Kir), and since lack of dystrophin 
via syntrophin (Willis et al., 2015) has been indicated as responsible for 
several changes in Kir conductance in cardiomyocytes (Rubi et al., 
2017), a role for Dp427-syntrophin in docking neuronal Kv has been 
proposed (Bianchi et al., 2020). 

If from the one hand Dp427 is important for proper GABAA receptor 
clustering at synapses, on the other hand a determinant contribution for 
receptor localization is advocated to the postsynaptic DG. Lack of DG in 
conditional knockout (KO) mice determines reduction of GABAA re
ceptors and of other postsynaptic proteins, as neuroligin2 and S-SCAM, 
in cerebellar Purkinje cells, with consequent severe GABAergic dener
vation and motor learning disability (Briatore et al., 2020). Interest
ingly, results on postsynaptic receptor expression in mdx versus DG-KO 
mice further indicate α-DG as a major GABAergic synaptic organizer, 
carving out an important role for this extracellular component of the 
DGC in the stabilization of cerebellar GABAergic synapses (Briatore 
et al., 2020) (Fig. 6). A central role of DG and α -DG glycosylation in 
regulating GABAergic synaptic plasticity homeostasis has been also re
ported in hippocampal neurons, both in vitro (Pribiag et al., 2014) and in 
vivo (Früh et al., 2016). Impairment of DG protein synthesis, specific 
knock down of DG expression and reduced α-DG glycosylation in vitro 
blocks the homeostatic scaling up of GABAergic synapses (Pribiag et al., 
2014), determinant in the regulation of brain functions, which relies on 

the reciprocal regulation of GABAergic (inhibitory) and glutamatergic 
(excitatory) signaling (Turrigiano, 2012). Similarly, conditional dele
tion of Dag1, which encodes dystroglycan, in pyramidal cells causes loss 
of a subset of specific basket cell terminals (cholecystokinin-positive 
basket neurons) in both hippocampus and cortex, with a reduction in the 
frequency of pyramidal cell inhibitory activity (Früh et al., 2016). These 
studies highlight the strict and reciprocal dependence between post
synaptic dystrophin and DG, at both structural and functional levels, so 
that the absence of either dystrophin or DG, or their functional muta
tions, result in muscular dystrophies with severe cognitive deficits and 
epilepsy (Godfrey et al., 2011; Pane et al., 2013). Recent works also 
demonstrated that alteration or absence of other specific components of 
the GABAergic postsynaptic DGC, as the inhibitory synaptic protein 1 
(InSyn1), alter DGC and GABAA receptor organization, with consequent 
increase in neuronal excitation evidenced by perturbation of neuronal 
bursting in vitro, and defective memory retrieval in hippocampus- 
dependent cognitive tasks in vivo in InSyn1 null mice (Uezu et al., 2019). 

Successive studies on the hippocampus showed, by histological an
alyses, an increase in the density of axodendritic symmetric inhibitory 
synapses and morphometric larger PSDs at the perforated excitatory 
synapses. These modifications suggested on the one hand a compensa
tory effect due to the reduction of GABAA receptor clustering, and on the 
other a rearrangement of excitatory synapses induced by increased 
excitation (Miranda et al., 2009). Reduction of GABAergic inhibitory 
activity in dystrophin-deficient mdx mice also results in the enhance
ment of the short-term potentiation and of the early phase of LTP driven 
by NMDA glutamatergic receptors (Vaillend et al., 1998; Vaillend et al., 
1999a, 1999b; Vaillend and Billard, 2002). Hippocampal long-term 
depression (LTD), based on the activation of these same ionotropic re
ceptors, is also impaired, as recorded after low-frequency stimulation of 
the Schaffer-commissural projections to CA1 neurons in mdx mice 
(Vaillend and Billard, 2002). Rescue of the dystrophin-like protein by 
exon skipping in vivo restores GABAA-receptor clustering in hippocampal 
neurons (Vaillend et al., 2010) and normalizes synaptic plasticity 
(Dallérac et al., 2011). More recently, GABAergic dysfunction in Dp427- 
lacking mice has been functionally associated to increased anxiety and 
altered fear memories following a mild acute stress. This also affects the 
motor outcome (e.g., long-lasting motor inhibition), shedding a light on 
a possible relation between the role of Dp427 at inhibitory synapses and 

Fig. 6. Changes of the postsynaptic organization of GABAA-containing inhibitory synapses on the cerebellar Purkinje cells following removal of either Dp427 or 
dystroglycan (DG-KO). In wild type (WT) mice, GABAA receptors are clustered within the postsynaptic specialization by binding directly to a submembranous lattice 
of gephyrin, connected to the Dp427-dystroglycan complex. Synapse stabilization depends on the linkage between the presynaptic protein neurexin and both the 
postsynaptic proteins neuroligin 2 and α-dystroglycan. Neurexin and β-dystroglycan are linked to each other by S-SCAM. In mdx mice, the absence of Dp427 de
stabilizes dystroglycan and the complex of associated proteins, with a significant reduction of GABAA receptors within the postsynaptic membrane. Other proteins, as 
α-dystroglycan, neuroligin. S-CAM and neurexin remain largely unaffected. Lack of DG in conditional Purkinje cell knockout mice determines disruption of 
GABAergic synapses and complete loss of GABAA receptors. 
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emotional aspects (Vaillend and Chaussenot, 2017). 
A series of interesting studies on Drosophila melanogaster, suggested a 

new role for dystrophin isoforms as retrograde trans-synaptic regulators 
of neurotransmitter exocytosis at several synapses, including the gluta
matergic ones (Bogdanik et al., 2008; Fradkin et al., 2008; van der Plas 
et al., 2006; Wairkar et al., 2008). This idea stemmed from increasing 
evidence on the strict relationship between pre- (β-neurexin) and post
synaptic (PSD95 and neuregulin) scaffolding proteins in rodent hippo
campal glutamatergic synapses, which would retrogradely contribute to 
the control of presynaptic release probability (Futai et al., 2007). At 
Dp427- or Dp71-containing PSDs, synaptic stabilization is fully operated 
by the postsynaptic α-DG of the DGC and the presynaptic neurexins 
(Sugita et al., 2001; Pilgram et al., 2010). The main difference between 
the two isoforms is the synaptic localization, as Dp427 is classically 
associated to GABAergic inhibitory synapses, while Dp71 is localized at 
selected hippocampal excitatory synapses, where it modulates the 
clustering of glutamate receptors (Blake et al., 1999; Daoud et al., 
2009a) (Fig. 7). Lack of this short isoform, indeed, induces significant 
synaptic alterations. In particular, in the cerebellum of Dp71-null mice, 
one of the most affected areas also in mdx mice and DMD patients 
(Cyrulnik and Hinton, 2008), the excitatory transmission at the gluta
matergic synapses that inferior olivary neurons form on cerebellar 
Purkinje cells, is significantly enhanced, involving both AMPA and 
NMDA receptor activity (Helleringer et al., 2018). This is in accord to 
what previously observed by the same authors in the hippocampus of the 
Dp71-null animal model (Daud et al., 2009b). Cerebellar functional 
unbalance is associated with altered strategies in goal-oriented naviga
tion, which stems from impaired synaptic plasticity and clustering of the 
PSD-95 (postsynaptic density protein), and suggests a direct involve
ment of Dp71 in the molecular organization of glutamatergic post
synaptic densities and stabilization of NMDA receptors (Daoud et al., 
2009a, 2009b; Helleringer et al., 2018). 

A serendipitous ultrastructural analysis of CA1 hippocampal axo
spinous non-perforated excitatory synapses in mice lacking either 
Dp427 or Dp71, highlighted significant alterations in the density and 
size of different pools of synaptic vesicles and in the synaptic cleft width, 
with evident differences between the two genotypes. Although the 
specific causative mechanisms suggested were different for the two 
isoforms (considering their typical synaptic localization) these studies 
demonstrated for the first time that the loss of either Dp427 or Dp71 
impacts on the presynaptic organization of central glutamatergic syn
apses (Miranda et al., 2011). Corroborating a more direct role of dys
trophin isoforms on the presynaptic functions are also several 

immunohistochemical and ultrastructural studies on the retina of 
different species, including human, showing expression of dystrophin 
(most probably Dp260) and DGC components in both pre- and post
synaptic compartments of the ribbon synapses between photoreceptors 
and ON bipolar cells in the outer plexiform layer (Drenckhahn et al., 
1996; Schmitz and Drenckhahn, 1997; Ueda et al., 1997a, 1997b; 
Koulen et al., 1998; Blake et al., 1999; Jastrow et al., 2006; Omori et al., 
2012a, 2012b). The presence of dystrophin-DGC in both synaptic com
partments would be determinant for proper synaptic formation (Sato 
et al., 2008; Omori et al., 2012a, 2012b). As a matter of fact, DMD pa
tients and animal models of the disease (mdx, mdx3cv) can exhibit several 
visual defects, with different degrees of severity depending on the 
gravity of the phenotype, which may rely on dysfunctions of ribbon 
synapse transmission (Stockton and Slaughter, 1989; Fitzgerald et al., 
1994; Barboni et al., 2013; Barboni et al., 2016). 

Related to the impact that lack of dystrophin may have on the pre
synaptic terminal activity is the demonstration that synaptosome prep
arations form the cerebellum of mdx mice showed a reduction (47%) in 
[3H]-GABA release induced by nicotine application and an increase 
(44%) in [3H]-GABA uptake compared to wild type (Pereira da Silva 
et al., 2018). High K+ depolarization did not exert the same effect, as 
well as no changes were seen in synaptosomes deriving from cortex or 
hippocampus (Pereira da Silva et al., 2018). According to the literature, 
nAChR activity increases GABA release in the hippocampus and other 
brain areas (McClure-Begley et al., 2009; Zappettini et al., 2011), and 1 
year old mdx mice are characterized by reduced levels of hippocampal 
α7 and β2 subunit-containing nAChRs, compared to control (Ghedini 
et al., 2012). Therefore, it has been hypothesized that lack of Dp427, by 
inducing disassembly of the DGC and alteration of the post-synaptic 
membrane, would indirectly determine dysfunctional GABA release 
modulated by presynaptic heteromeric nAChR (possibly containing α4, 
α5, α7, β2 and/or β4 subunits), and this could be considered as a pre
synaptic mechanisms adjusting GABAergic synaptic transmission 
following reduced GABAA receptivity (Pereira da Silva et al., 2018). 
Notably, mdx mice have also been demonstrated to be less responsive 
than wild type to nicotine administrations in a post-training nicotine 
challenge during a passive avoidance test, further highlighting func
tional changes in central nAChR of dystrophic mice (Coccurello et al., 
2002). 

Synaptic alterations have also been described for the autonomic 
neurons of the sympathetic superior cervical ganglion. This class of 
peripheral neurons expresses Dp427, other short dystrophin isoforms 
(Dp260, Dp71) (De Stefano et al., 1997), α-DG and β-DG (Zaccaria et al., 
1998, 2000). Dystrophin and DGs immunolabeling is associated with 
several cell organelles and specific plasma membrane domains of 
neuronal cell body and axon, as well as within numerous PSDs of the 
cholinergic synapses that preganglionic neurons establish on the sym
pathetic neurons. Here the Dp427-DGC is involved in the physical sta
bilization of pre- and postsynaptic partners (Zaccaria et al., 1998) as 
well as of postsynaptic clusters of nAChR formed by α3,β2/β4 subunit 
association (Zaccaria et al., 2000), as demonstrated by using the mdx 
mouse model. Fast intraganglionic synaptic transmission through this 
specific class of nAChRs, is also affected (Di Angelantonio et al., 2011). 
Although underestimated, autonomic alterations would be another 
serious issue to consider in the DMD pathology, involving several 
physiological aspects, from the motor response to different stimuli, to 
the modulation of hypothalamus-pituitary-adrenal axis activity associ
ated to stress responses. 

2. Conclusions 

Among the three dystrophinopaties, characterized by the presence of 
mutations in the gene encoding Dp427 and its short isoforms, DMD is the 
most detrimental, identified by early onset and fast progression of 
muscular degeneration. Cognitive and neurological disorders are typi
cally associated to the pathology, although for many years they had been 

Fig. 7. Proposed role of Dp71 in NMDA receptor clustering. In selected hip
pocampal excitatory synapses, Dp71 has been proposed as responsible for the 
organization of NMDA receptors in the postsynaptic specialization. Its exact 
location and link with the PSD95, however, have not yet been clarified. 
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considered as secondary complications subordinated to progressive 
muscular paralysis. The neurological aspect of DMD has its roots in the 
neurodevelopment and relies on the lack of Dp427, possibly together 
with one or more short dystrophin isoforms, from selected neuronal 
population. There is no cure for DMD, however anti-inflammatory 
treatments associated to specific pharmacological therapies and 
diverse gene therapies, aiming at restoring dystrophin production 
(Reinig et al., 2017; Iftikhar et al., 2021; Abreu and Waldrop, 2020), are 
having success in extending life prospects. Nonetheless, this could 
increasingly aggravate the problem of an impact of the neurological trait 
of DMD on the quality of life of patients. Disassembly and/or weakening 
of selected synaptic connections caused by the absence of Dp427, or of 
some other synaptic isoforms, impair the physiology of important brain 
(hippocampal, cortical, cerebellar) and autonomic circuits, and could 
represent one of future therapeutical targets for DMD. 
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