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The etiology of chicken muscular dystrophy is the synthesis of aberrant WWP1 protein made by a missense
mutation of WWP1 gene. The B-dystroglycan that confers stability to sarcolemma was identified by Cho et al. as a
substrate of WWP protein, which induces the next molecular collapse. The dystrophin-glycoprotein complex (DGC)
is a core protein of costamere that is an essential part of force transduction and protects the muscle fibers from
contraction-induced damage. Caveolin-3 (Cav-3) and dystrophin bind competitively to the same site of -
dystroglycan, and excessive Cav-3 on sarcolemma will block the interaction of dystrophin with B-dystroglycan,
which is another reason for the disruption of the DGC. It is known that fast-twitch glycolytic fibers are more
sensitive and vulnerable to contraction-induced small tears than slow-twitch oxidative fibers under a variety of
diseased conditions. Accordingly, the fast glycolytic aW fibers must be easy with rapid damage of sarcolemma

corruption seen in chicken muscular dystrophy, but the slow oxidative fibers are able to escape from these

damages.
caveolin-3 chicken muscular dystrophy WWP1 beta-dystroglycan stretching
fiber types combined transplantation myotube formation mitochondria

| 1. Introduction

In 1954, an animal model with inherited muscular dystrophy was found in a commercial flock of New Hampshire
chickens. The poultry farmers brought affected birds to the department of poultry science (later changed to avian
science) at the University of California at Davis. Drs. Asmundson and Julian, in the school of veterinary medicine,

examined them clinically and pathologically. The early results were reported by Asmundson and Julian &,

Fertilized eggs from this source were used to establish a line homozygous for the abnormality. The most consistent
clinical symptom was caused by the disfunction of the fast-twitch muscles with a predominance of fast-twitch aw
and fast-twitch aR fibers [&, which correspond to the Type IIB and Type IIA fibers in mammalian muscles,
respectively Bl. Pectoralis muscle (M. pectoralis superficialis) from breast part, PLD muscle (M. posterior latissimus
dorsi) from the dorsal part and biceps muscle (M. biceps brachii) and patagialis muscle (M. tensor patagiii longus)
from the fore arm and the patagium of the upper arm, respectively, are examples of chicken fast-twitch muscles
which revealed severe pathological changes after hatching (Figure 1b,c). Among fast-twitch muscles, pectoralis
muscle was the earliest and most severely affected soon after 2—3 weeks ex ovo. Chickens flap their wings using
these muscles for flying up and right themselves instantly from the spine position when placed on their back 4.

Birds that could rise five times are assigned a score of 6 and considered normal. As the disease progresses, they
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fail to rise due to the inability to move breast and wing muscles. This movement performance is designated as flip

test or exhaustion test to evaluate the disease progression and pharmaceutical effect (Figure 1a).

Figure 1. Chickens with muscular dystrophy (line 413) cannot right themselves from the spine position when they
placed on their back while normal birds stand up instantly from this position (a). The pectoralis muscles from
normal (b) and dystrophic (¢) chickens at seven months are stained with Sirius Red. Normal pectoral muscle fibers
(line 412) have polygonal contour and yellow cytoplasm outlined basal lamina by bright red line. They are wrapped
by reddish connective tissue. Dystrophic pectoralis muscles are earliest and most severely affected, which are
characterized by a marked variation in size with a proliferation of intracellular nuclei, necrotic phagocytosis (arrow),
multivesicular fibers (arrow head) and fibrosis with lipid droplets. Note that dystrophic fibers lead to develop thicker
endomysium layer compared to age matched wild-type ones. Bars in (b) and (c) indicate 80 and 100 pm,

respectively.

On the other hand, the mixed-fiber type muscles include, in addition to the fast-twitch fibers, the slow-twitch R
fibers or few slow-tonic o’ and B’ fibers. They localize mostly in the leg, neck and dorsal positions, and they are
capable of retaining relatively normal state for months after hatching. The twitch fibers of chicken have a single
motor end plate, whereas slow-twitch BR and slow-tonic fibers are multiply innervated B¢, The complexus muscle
(M. complexus) from the neck is a mixed type, which contains, among the majority of fast-twitch fibers, a few slow-
twitch BR or slow-tonic o’ or ' fibers. The former corresponds to Type | fibers and the latter belongs to Type IlIA or

I1IB fibers in mammals, respectively (Table 1) Bl

Table 1. Classification of different fiber types in chicken muscle. The twitch muscle fibers with high myofibrillar
adenosine triphosphatase (ATPase) after alkaline preincubation and low activity after acid preincubation are called
o fibers. They are divided further into two subtypes, aW fibers with low oxidative activity and aR fibers with high
oxidative activity (succinic dehydrogenase, SDH) or nicotinamide adenine dinucleotide tetrazolium reductase
(NADH-TR). The fibers with the reverse ATPase and high oxidative activity are called BR fibers. The tonic muscle is
also heterogeneous in fiber types with respect to ATPase activity, which do not reverse in myofibrillar ATPase
pattern when exposed to acidic or alkaline preincubation. The 3’ fibers with more intense reaction tend to locate
centrally among groups of lighter-staining o’ fibers in a similar way in twitch muscles, which consist of BR fibers
located centrally within groups of a fibers. The classification in mammals was made by Brook and Keizer [&. The

multiple innervation of BR fibers in twitch muscles was reported for the first time by Ashmore et al. (1978) &I,
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Muscle Fiber Types Twitch Fibers Tonic Fibers
Ashmore and Doerr (1971) 2 aw aR BR o B’
Brooke and Kaiser (1970) & IB IIA | [I|A 1B

Histochemical criteria

ATPase (pH 10) ° ° o ° °
ATPase (pH 4.1) o o ° © °
SDH or NADH-TR o ©) ° © °

Phosphorylase ° © o © ©
Innervation pattern Focal Focal Multiple Multiple Multiple

The ALD muscle (M. anterior latissimus dorsi) from the dorsal anterior position contains almost entirely slow-tonic
fibers and responds to denervation with marked hypertrophy, but its tension developed in response to the
application of K*-rich solutions is reduced by about 50% &. The sartorius, adductor and iliofibularis muscles from
the leg are mixed-type composed of five types of fibers, aW, aR, BR and two types of slow-tonic fibers. In contract,

posterior iliotibialis muscle contains predominantly fast-twitch fibers (2,

In the cross section of normal pectoralis muscles, many polygonal muscle fibers are bundled together and wrapped
in a thin layer of connective tissue covering. Most of the muscle nuclei are located at the periphery of each fiber
(Figure 1b). A marked pathological change in dystrophic pectoralis muscles are: a hypertrophy of muscle mass with
fiber size variation, a proliferation of myofiber nuclei and satellite cells, cytoplasmic vacuolization, necrotic
destruction of muscle fibers and the presence of ring fibers and fibrosis with fatty infiltration where muscle fibers

are replaced by connective tissue LH2ISIA4IILS] (Figure 1c).

The inheritance pattern was initially thought as an autosomal recessive mode designated as abnormal muscle
(am/am) for homozygotes [ However, because dystrophic phenotypes are often seen in heterozygous
muscles, they came to be identified as a co-dominant inheritance designated a gene symbol AM/AM W1SIAT],
Chicken muscular dystrophy is transmitted by a single gene, but the phenotype is modified by other background
genes OIS One of several lines of dystrophic New Hampshire chickens, line 413, was introduced with

normal line 412 from the University of California at Davis to Japan in 1976 (17,

A traditional approach to the gene function sets about a phenotype analysis approach to a gene that encodes the
phenotype. Before 1980, until advances in DNA technology based on the positional cloning and reverse genetics,
very few human genes had been identified as disease loci. Despite the accumulation of experimental data obtained

by these studies, the etiology of Duchenne muscular dystrophy has been unidentified for many years.
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The reverse genetic approach clarifies abnormal cellular functions and various disease phenotypes from gene
mutation. For example, the genetic analysis and positional cloning revealed a dystrophin gene mutation
responsible for the Duchenne muscular dystrophy in 1987 29 The positional cloning for the genetic screenings
opened new avenues to identify the gene mutation responsible for the chicken muscular dystrophy. Matsumoto et
al. (2008) identified a WWP1 gene mutation that led to an arg441-to-glu (R441Q) substitution in chickens with
inherited muscular dystrophy 21, The WW domain containing E3 ubiquitin protein ligase 1 (WWP1) is one of the

ubiquitin ligases which play an important role in ubiquitin-proteasome pathway.

2. Caveolin-3: Another Causative Process of Muscular
Dystrophy

Caveolae are flask-shaped vesicular invaginations of plasma membrane which are known to regulate endocytosis,
exocytosis, cholesterol homeostasis, signal transduction and mechanoprotection 22, Caveolin-3 (Cav-3) is the
structural protein component of caveolae in skeletal and cardiac muscle cells 22824 and promotes proper clustering
of AChRs but diffuses the distribution of AChRs in myotubes deficient Cav-3 [24l23] Although Cav-3 is
predominantly associated with sarcolemma of mature muscles, it distributes with the transverse tubule (T-tubule)
system in differentiating myotubes 28271 The T-tubules of Cav-3 null mice are dilated and run in irregular
directions, suggesting that Cav-3 is involved in the organization of T-tubules but not essential for their formation (28!,
Cav-3 deficiency induces a muscular dystrophic phenotype (Rippling disease) 22 while its overexpression does
harm to muscle tissue BABLE2 Cay-3 overexpressing transgenic mice revealed severely affected symptoms with
an increase in the number of sarcolemmal caveolae, which is one of the Duchenne muscular dystrophy traits in

humans, and the downregulation of dystrophin and B-dystroglycan protein expression (211,

Moreover, these mice show elevated blood serum creatine kinase (CK) levels and are consistent with the marked
elevation of this enzyme in chicken muscular dystrophy 231, In addition, serum pyruvate kinase (PK) activities in
dystrophic chickens were approximately 30-fold higher than those in normal chickens, while a seven-fold elevation
was detected in serum CK activity at 37 days of age (Table 2) 17, |t is thought that the rise of serum CK and PK
causes lysis or necrosis of muscle fibers, with subsequent release of these enzymes into the blood 8. The
caveolae function in buffering and resealing mechanical stresses at the plasma membrane, including sarcolemma
and T-tubules system [B4l, The freeze-fracture morphology of sarcolemma in soleus muscle in Cav-3 —/—, Cav-3 +/—
and Cav-3 +/+ wild-type mice revealed that caveolae were abundant in wild-type mice, less frequent in
heterozygous Cav-3 +/- mice and scarce in Cav-3 —/— mice 29, The pectoralis muscles were investigated in
normal and dystrophic chickens at embryo, early post-hatching and adult stages 32, The average densities of
caveolae are higher (30 /um?) in adult dystrophic fibers than those (17 /um?) in age-matched normal fibers. The
distribution pattern of caveolae in dystrophic fibers is random arrangement compared to rectangular one in normal
fibers. These abnormalities were already obvious at seven days after hatching before the appearance of clinical
symptoms. In contrast, the sarcolemma of slow tonic ALD fibers have randomly dispersed caveolae whose
appearance and distribution are unaffected throughout the life by this myopathy B8, Matsumoto et al. (2010)

reported the expression of Cav-3 and other caveolae-related proteins in adult normal and dystrophic chickens
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(Figure 2a). Western blotting and semi-quantitative RT-PCR analysis revealed that Cav-3 is higher only in affected
fast-twitch muscles of dystrophic chickens and the amount of caveolin-3 protein is regulated in posttranslational

modification, since no significant increase is observed at the mRNA level (Figure 2b).

a)

PS ALD ; H

cav-3

B -actin

31 33 35 (cycles)

Figure 2. Expression of caveolin-3 (Cav-3) at protein and mRNA level. (a) Expression of Cav-3 in M. pectoralis
superficialis (PS), M. anterior latissimus dorsi (ALD) and heart (H) was analyzed by Western blotting. Note that PS
expressed higher amount of Cav-3 protein (7.12 £ 3.31-fold) in dystrophic chickens (D), while the expression in
ALD and H was undetectable as in normal chickens (N). (b) The semi-quantitative RT-PCR analysis indicated that
its MRNA expression was at the similar level between dystrophic (D) and normal (N) pectoralis muscle. Adopted
from Matsumoto et al. 2010 2],

Table 2. Blood serum pyruvate kinase (PK) and creatine phosphokinase (CPK) activities in normal, dystrophic and

heterozygous carrier chicks 2.

Enzyme Age (Days) Normal P (mU/mL) Dystrophy P (mU/ImL) Heterozygote ° (mU/mL)

37 401 + 111(8) 12,430 + 6,269(4) © 630 + 209(5)
PK 70-86 405 + 73(4) 10,773 £ 6,800(7) © 1,213 + 552(10) ¢
475 229 + 33(7) 8,940 + 4,032(5) © 516 + 138(7) ¢
CPK 37 141 + 55(8) 1,071 + 812(4) © 180 + 31(5)
70-86 164 + 41(4) 1,146 + 599(7) © 183 * (10)
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Enzyme Age (Days) Normal® (mU/mL) Dystrophy ? (mU/mL) Heterozygote ? (mU/mL)

475 30 + 9(7) 986 + 586(5) ° 46 +10(7) ©

Cav-3 and dystrophin bind to the same site of B-dystroglycan and interact competitively with B-dystroglycan ETAT
was reported that WWP1, which is a primary causative protein of chicken muscular dystrophy, also requires its site
in B-dystroglycan. Cav-3 and dystrophin compete against WWP1 as well to negatively affect WWP1-mediated [3-
dystroglycan degradation (8], Accordingly, these results explain why the overexpression of Cav-3 induces the
destabilization and degradation of the DGC complex, leading to major defects in membrane integrity and

intracellular myofibril alignments.

As mentioned above, caveolae play a role in buffering mechanical stress at the plasma membrane, since muscle
fibers are repeatedly experiencing mechanical stress at the plasma membrane, which must be able to rapidly
repair wounds. The failure to repair causes the degenerative changes in Z-band and myofibrils in embryonic
pectoralis muscle fibers 29 McLean et al. (1986) also found extensive changes in patterning of sarcolemmal
caveolae of chicken dystrophic PLD muscle, but the patterning of normal fibers is arranged in striking bands over
the myofibrillar I-bands B8 These morphological changes in caveolae structure and distribution are already
detected in dystrophic pectoralis fibers as early as seven days after hatching [35] Together, results indicate that the

overexpression of Cav-3 protein is involved in another causative process of chicken muscular dystrophy.

The primary cause of chicken muscular dystrophy is due to an aberrant WWP1 protein which targets (-
dystroglycan as substrate. The [(-dystroglycan is a core molecule of the DGC and guarantees stability to
sarcolemma 9. Loss of B-dystroglycan in dystrophic fast-twitch fibers are vulnerable to contraction-induced
wounding and are likely to undergo repeated cycles of injury and repair. Caveolae provide reserve force of
expandable membrane when tension is added. Stretching of muscle caused a loss of caveolae, apparently by their
flattening 4l and a similar effect, “unfolding” of caveolae, was proposed in endothelial cells upon changes in
capillary volume 421 caveolae were shown to flatten in response to changes in membrane tension, both upon cell
swelling or with stretch. This process was energy-independent and caused release of cavins from the caveolae,

raising the possibility that cavins may act as cytosolic signals for changes in membrane tension [43]

Feit et al. (1985 and 1989) measured both tension and stiffness as a function of muscle length under relaxing
conditions on isolated small bundles of chemically skinned pectoralis myofibers from normal and dystrophic
chickens aged between 45 and 55 days. They indicated that dystrophic pectoralis muscles show increased
proportions of high-molecular-weight collagen, suggestive of increased cross-linking and are stiffer than normal

muscles, and develop more tension for the same amount of stretch 44145]

Fujii, Murota and Tanzer (1983) found an increase in amount of total collagen with an increased proportion of Type
Il collagen in muscle as early as 13 days following progressive deterioration to 19 days of embryos. This suggests
the production of more immature collagen fibers compared to normal ones. The stiffness is mediated by such

altered form of collagen which is collagenase-resistant by virtue of excessive crosslinking [46]  Moreover, an
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ultrastructural study of the tendon in embryonic gastrocnemius muscles showed significant alterations in

developing myotendinous junction from dystrophic chickens as early as 13 days of embryos 47,

Then, it is of interest to elucidate what happen if dystrophic muscles with considerable amount of Type Il collagen
fibers in extracellular space and deteriorated myofibrils in immature myotubes, are added the tension to some
extent for various periods? The stretch-induced growth in chicken wing patagialis muscles were conducted by
Ashmore’s group during three years after 1980. The patagialis muscles, one of the fast twitch muscles, were
extended at six weeks of age for 1-5 weeks. The passive stretch is a powerful inducer of muscle growth and the
sift of fiber types from aW to aR fibers as the percent of aR fibers had increased from 11% in the control to 43% in
the stretched muscles #8491 |t was also confirmed in rat and rabbit that a chronic increase in tension as a result of
stretch applied by the lengthening procedure is a potent stimulus for fast-to-slow myosin transformation and for

muscle hypertrophy 22511,

The patagialis muscles of normal and dystrophic chickens at seven days ex ovo were stretched for six weeks 2],
The stretched dystrophic muscles increased in weight, muscle mass cross-sectional area and fiber cross-sectional
area, revealing a protective effect of stretch against the progressive pathology of muscular dystrophy. Stretched
dystrophic muscles contained a higher rate of slow-twitch oR fibers than normal stretched muscles. The dystrophic
fibers showed a more striking hypertrophy and have a larger number of mitochondria with intense SDH activity than
those in age-matched normal muscles, so that they were a more uniform oxidative fiber profile compared with

normal fibers stretched.

As mentioned earlier, the combined transplantation of both normal and dystrophic muscle fragments produces a
single hybrid myofiber in which normal and dystrophic nuclei coexist. The regenerating fibers indicate regional
differences in oxidative enzyme and growth rate along their length 23, These results were supported by the
histochemical reaction of SDH activity in longitudinal sections of combined transplantation. Although it is not clear
whether the fiber hypertrophy and mitochondrial SDH activity in cytoplasm are programmed genetically, or occur as
a secondary compensatory response, it appears that either of these changes is characteristic of stretched and
transplanted muscles. It has been suggested that mitochondria from dystrophic pectoralis muscles have not only
significantly higher concentration but also higher basal activity stabilizing to greater degree than normal pectoralis

muscle 241,

From these points of view, it was revealed that B-dystroglycan ubiquitinated by excessive afferent WWP1 causes
an accumulation of caveolin, stiffness and tension due to extracellular space with immature collagens and distorted
myofibrils in dystrophic muscles beginning from in ovo stages. In addition, Lee et al. (2013) reported in a C,C,
cells in vitro study that WWP1 protein interacts with AMP-activated protein kinase (AMPK) and downregulates its
expression through ubiquitin ligase activity in skeletal muscle 2!, The AMPK is a sensor of cellular energy change,
maintains the energy balance by decreasing the ATP-consuming processes and associates with increased
mitochondrial enzyme content and mitochondrial biogenesis in rat skeletal muscle B854, The immunoactivity of
WWP1 antibody to sarcolemma in dystrophic pectoralis fibers is weaker than in control pectoralis fibers, whereas

dystrophic fibers contain mitochondrial signals distributed much more densely compared to those of normal
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pectoralis muscles B8, This result might be associated with increased mitochondria and their higher enzyme

activity in dystrophic fibers compared to those in normal fibers. It is necessary to prove whether abnormally

ubiquitinated AMPK and related proteins in dystrophic chickens would increase necessary protein levels via a fiber

type shift, resulting in more slow, oxidative fibers that are much more resistant to contraction-induced damage.

In 2005, the hypoglycosylation and laminin-binding of defective a-dystroglycan were implicated to trigger the onset

of chicken muscular dystrophy B2, However, there were no proteins associated to glycosylation in the AM region

on chicken chromosome 2qg and aberrant glycosylation does not appear to be caused by its direct interaction with

mutated WWP1 protein. The short sugar chain of a-dystroglycan in dystrophic muscles might be an early phase of

the secondary result of the pathological changes following deregulation of B-dystroglycan on sarcolemma.
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