N
N

N

HAL

open science

Modeling human muscle disease in zebrafish
Jeffrey R. Guyon, Leta S. Steffen, Melanie H. Howell, Timothy J. Pusack,

Chris Lawrence, Louis M. Kunkel

» To cite this version:

Jeffrey R. Guyon, Leta S. Steffen, Melanie H. Howell, Timothy J. Pusack, Chris Lawrence, et al..
Modeling human muscle disease in zebrafish. Biochimica et Biophysica Acta - Molecular Basis of

Disease, 2007, 1772 (2), pp.205. 10.1016/j.bbadis.2006.07.003 . hal-00562724

HAL Id: hal-00562724
https://hal.science/hal-00562724
Submitted on 4 Feb 2011

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00562724
https://hal.archives-ouvertes.fr

Accepted Manuscript BBA

MOLECULAR
BASIS OF

Modeling human muscle disease in zebrafish

Jeffrey R. Guyon, Leta S. Steffen, Melanie H. Howell, Timothy J. Pu-
sack, Chris Lawrence, Louis M. Kunkel

PIl: S0925-4439(06)00127-X

DOI: doi: 10.1016/).bbadis.2006.07.003
Reference: BBADIS 62607

To appear in: BBA - Molecular Basis of Disease

Received date: 30 March 2006
Revised date: 1 July 2006
Accepted date: 5 July 2006

Please cite this article as: Jeffrey R. Guyon, Leta S. Steffen, Melanie H. Howell, Tim-
othy J. Pusack, Chris Lawrence, Louis M. Kunkel, Modeling human muscle disease in
zebrafish, BBA - Molecular Basis of Disease (2006), doi: 10.1016/j.bbadis.2006.07.003

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.


http://dx.doi.org/10.1016/j.bbadis.2006.07.003
http://dx.doi.org/10.1016/j.bbadis.2006.07.003

Biochimica et Biophysica Acta (BBA) - Molecular Basis of Disease
Review articlein special issue" The Muscular Dystrophies: Molecular Basisand

Therapeutic Strategies'

Modeling Human Muscle Disease in Zebr afish
Jeffrey R. Guyon', Leta S. Steffen’, Melanie H. Howell*, Timothy J. Pusack®, Chris

Lawrence’, and Louis M. Kunkel*
YProgram in Genomics and Howard Hughes Medical Institute at Children's Hospital

Boston, Boston, MA 02115

“Brigham and Women's Hospital, One Blackfan Circle, Boston, MA 02115

#Due to space limitations, many references were not included. We sincerely apologize to
the authors whose work was not cited.

Correspondence should be directed to:

Louis M. Kunkel, Ph.D.
Children's Hospital Boston
Enders Bldg, Rm 570

300 Longwood Ave

Boston, MA 02115

Telephone: 1-617-355-7576
kunkel @enders.tch.harvard.edu



Summary

Zebrafish reproduce in large quantities, grow rapidly, and are transparent early in
development. For these reasons, zebrafish have been used extensively to model
vertebrate development and disease. Like mammals, zebrafish express dystrophin and
many of its associated proteins early in development and these proteins have been shown
to be vital for zebrafish muscle stability. In dystrophin-null zebrafish, muscle
degeneration becomes apparent as early as 3 days post-fertilization (dpf) making the
zebrafish an excellent organism for large-scale screens to identify other genesinvolved in
the disease process or drugs capable of correcting the disease phenotype. Being
transparent, developing zebrafish are also an ideal experimental model for monitoring the
fate of labeled transplanted cells. Although zebrafish dystrophy models are not meant to
replace existing mammalian models of disease, experiments requiring large numbers of
animals may be best performed in zebrafish. Results garnered from using this model
could lead to a better understanding of the pathogenesis of the muscular dystrophies and

the potential for future treatment.
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1. Introduction

Muscular dystrophy is a progressive muscle degenerative disease in which the
muscle forms normally, but degenerates faster than it can be repaired. Mutationsin the
dystrophin gene have been shown to cause Duchenne Muscular Dystrophy and the less
severe Becker Muscular Dystrophy, the most common forms of the disease [1].
Interestingly, dystrophin was one of the first human disease genes discovered through
positional cloning [2-4]. The human dystrophin gene encodes a large protein that
localizes to the intracellular portion of the muscle sarcolemmal membrane [5-7]. Further
analysis showed that dystrophin is part of alarge membrane-bound complex called the
dystrophin associated protein complex (DAPC) [8-10]. Mutations in many of the DAPC
proteins have since been shown to cause different forms of muscular dystrophy,
suggesting that this complex isimportant for maintaining muscle integrity [11-15].
Linkage analysis has also been used in human patient samples to show that mutations in
non-DAPC genes can aso cause muscular dystrophy (reviewed in [16]).

Duchenne Muscular Dystrophy (DMD) is an X-linked genetic disorder presenting
in approximately 1 in 3,500 live male births. DMD is caused by mutations in the
dystrophin gene that typically result in the near complete loss of the protein at the
sarcolemmal membrane. Loss of dystrophin expression destabilizes the entire DAPC,
likely weakening the sarcolemmato allow local perforation and calcium influxes, and
potentially disrupting DAPC-associated signaling pathways (reviewed in [17]). DMD
patients first show symptoms between 1 and 5 years of age, beginning with weakening of

the proximal muscles and quickly extending to distal muscles, particularly the legs.



Eventually, the disease affects aimost all voluntary muscles and patients may also present
with cardiac involvement to varying degrees.

The limb-girdle muscular dystrophies show asimilar pattern of affected muscle,
but are inherited in either autosomal dominant (LGMD 1A-G) or autosomal recessive
(LGMD 2A-K) inheritance modes. In addition, LGMDs can vary in age of onset, rate of
progression, and presence of accompanying mental retardation. Several other muscular
dystrophies have been identified, including congenital MDs with frequent central nervous
system involvement and far less progressive weakening, as well as distal myopathies
which show more limited muscle group participation.

Mutations in over 25 genes have been shown to be the underlying basis of many
of the muscular dystrophies (reviewed in [16]). In addition, there remains at least 5
forms of muscular dystrophy for which the causative mutant gene has yet to be identified
suggesting that additional dystrophy genes remain unknown. The known genes encode
proteins which position to four main cellular compartments in muscle cells, including the
nucleus, the Golgi apparatus, the sarcomere, and the sarcolemmal membrane. The fact
that mutations in seemingly unrelated proteins positioned in various cellular
compartments can all cause clinically similar forms of disease suggests that additional
adaptor molecules remain to be identified. Given the likely importance of these adaptor
molecules, it is also possible that mutations in these genes could be lethal in mammals.
For this and other reasons, many laboratories have resorted to using anima models like

zebrafish in which all developmental stages can be easily assayed (reviewed in [18]).



2. Animal modelsfor muscular dystrophy
2.1 Current animal models

There are many well established animal models for muscular dystrophy (reviewed
in[19]). Anima models are frequently used to model human disease because their
environment and reproduction can be controlled, their generation times are typically
short, and they can be easily used to evaluate the effectiveness of potential therapies.
Between different animal species, these advantages can vary widely such that specific
animals are often selected to address specific questions.

While there are many vertebrate models of muscular dystrophy, the most
commonly used is the mdx mouse [20]. This mouse carries a nonsense mutation in exon
23 of the dystrophin gene and is predominantly dystrophin-null [20]. However, exon 23
is prone to skipping and therefore the number of revertant muscle fibersin thismodel can
be a concern. Revertant fibers can successfully circumvent the mutation and express a
modified form of dystrophin. While the mdx mutant mouse was isolated naturally, other

mouse models were isolated as part of agenetic screen [21, 22]. The mdx*®

mouse has a
point mutation in exon 10 affecting splicing and shows fewer revertant fibers than the
mdx mouse [22]. The resulting phenotype in the mdx*®’ mouse is more severe than the

5cv

mdx mouse, potentially making the mdx>" mutant a better model for evaluating the
effectiveness of different therapies.
While the mouse is the most commonly used dystrophy model, dog models of

muscular dystrophy are thought to have a phenotype more similar to that of humans [23].

For example, the muscle in the mdx dystrophin-null mouse undergoes less degeneration



and regeneration than the muscle of dystrophin-null humans or dogs. While there are
obvious limitations for maintaining large animal models, dogs can serve as excellent
models for evaluating specific therapies (reviewed in [24, 25]).

Currently, many potential therapies are evaluated by introducing fluorescently
tagged proteins or cellsinto a diseased animal and then following their fate using
fluorescence to determine if the introduced proteins or cells localize to muscle and
participate in the repair process. While systems are available for monitoring transplanted
cellsin living mouse models, these systems can be relatively expensive and/or difficult to
get resolution high enough to identify single cellsin the host animal. As such, expression
of the introduced protein is often evaluated by euthanizing the animal several months
after the therapeutic intervention and sectioning the muscle to determine whether any of
the muscle fibers are marked as arising from the donor cells. Since the assay isterminal,
the effectiveness of the therapy is evaluated at a single time-point which can make it

difficult to deduce exactly how the transplanted cells produced the resultant phenotype.

2.2 Advantages and disadvantages using zebr afish models of disease

Some of the obvious advantages for using zebrafish as a disease model include its
small size (about 1.5 inches full grown), rapid ex-utero development, optical clarity of the
embryos and early larvae, high reproductive capacity (a single female may produce to
300 eggs once every 5-7 days), and short generation time (3 months). In addition, there
is strong similarity between the zebrafish and human genomes with significant degrees of
synteny between conserved genes [26] (see also

http://www.sanger.ac.uk/Projects/D_rerio/ and http://genome.ucsc.edu/cgi-



bin/hgGateway). For example, orthologous genes in both organisms have been shown to
regulate similar developmental processes such as T cell development (reviewed in [27]).
All of these traits make the zebrafish an excellent model for vertebrate devel opment, and
for performing genetic screens requiring large numbers of animals (reviewed in [28]). In
addition, zebrafish are ideally suited for performing real-time analysis to assay the fate of
transplanted cells. Cellslabeled with GFP can be transplanted into transparent early
zebrafish embryos and the fate of the transplanted cells can be monitored real-time
without harm to the animal (see section 5.4).

While zebrafish can be an ideal model for vertebrate development (perspectivein
[29]), there are some intrinsic disadvantages to the system. Because zebrafish are
evolutionarily more distant from humans than mammalian dystrophy models, findings
from fish experiments will likely have to be replicated in mammals before being directly
correlated to human therapy. However, the fact that zebrafish express many of the same
dystrophy associated proteins as humans and that mutations in these proteins can cause
phenotypes similar to that seen in human patients suggests that findings from fish
experiments are likely to be transferable to mammals (see below).

Whileitisrelatively easy to generate transgenic fish, it has been problematic to
generate zebrafish with specific mutations; although, procedures for performing
homol ogous recombination in zebrafish ES cells have recently been reported [30]. In
addition, the zebrafish genome underwent an additional duplication event after the fish
and mammalian lineages diverged [31, 32] such that, in some instances, the zebrafish can
be polyploid for specific genes. Since many zebrafish mutants have been genetically

isolated over the last 20 years using traditional diploid screens, it isthought that many of



the duplicated genes have either been inactivated or have divided function between the
duplicated genes. Other disadvantages include alimited number of cross-reacting
antibodies and the modest costs associated with starting a zebrafish facility. Despite
these limitations, the advantages for establishing zebrafish models of human disease can
far outweigh the costs such that the simultaneous use of both fish and mouse models

would be faster and more economical than relying solely on mammalian models.

3. Zebrafish muscle development
3.1 Early Muscle Development

Over the years, zebrafish have been used as an outstanding developmental model.
With regards to muscle, zebrafish have been utilized to distinguish which progenitor cells
are destined to differentiate into different muscle fiber types since fast and slow muscle
fibers position to different parts of the developing fish. Fish slow muscle is generally
found just underneath the skin whereas the fast muscle islocated more internaly [33, 34].
In mammals, slow and fast muscle fibers are intermingled. 1n both fish and mammals,
fast muscle fibers function anaerobically and are used for short powerful bursts whereas
slow muscle fibers function aerobically and are used for sustained activity.

During zebrafish development, slow muscle originates from adaxial cells which
migrate from the presomitic mesoderm through the devel oping myotome (reviewed in
[35-37]). Adaxia cells have been shown to express early myogenic markers like myoD
[38] and myf5 [39], and their migration through the myotome has been shown to be
dependant on the expression of M- and N-cadherin [40]. Adaxial cells were named due

to their initial location near the axial mesodermal cells that |ater derive the notochord.



The position of the adaxial cells suggested that hedgehog factors, which are notochord
derived signaling factors, could direct the fate of adaxia cells (reviewed in [41]). The
analysis of the zebrafish mutant sonic-you showed that mutations in the sonic hedgehog
signaling pathway could adversely effect muscle development [42]. In slow muscle
omitted (smu) mutants, the smoothened protein was found to be critical for hedgehog
signaling and the development of slow muscle [43, 44]. Interestingly, the differentiation
of certain fast muscle fibersin zebrafish has aso been shown to be indirectly regulated
by the same hedgehog signaling pathways. Henry at €l. recently showed that migrating
cells transiting the myotome to generate the superficial slow muscle induce awave of fast
fiber differentiation in the cells through which they migrate [45]. Fast muscle

differentiation has also been shown to be driven by Fgf8 expression [46].

3.2 Muscle development in adult zebrafish.

While many developmenta pathways are well established in mammals, lessis
known about adult muscle devel opment and maintenance. It has been established that
satellite cells are the main muscle precursor cell in adults. Muscle satellite cells are
committed mononuclear muscle precursors that position to the inside of the basal lamina
in adult muscle tissue [47]. When signaled, they can divide to generate cells capabl e of
contributing to myofiber repair (reviewed in [48]). Experimentsin mice and chicks have
shown that adult muscle satellite cells are originally derived from the dermomyotome of
the developing embryo [49, 50]. Specifically, skeletal muscle satellite cellsin the limb
[50] and trunk [51] have been shown to develop from Pax3 expressing cells. Pax3isa

paralogue of Pax7, an early marker of muscle satellite cells[52, 53]. In adult muscle, itis



possible that satellite cells could also originate from other less committed cells within
muscle [54, 55] or blood [56, 57]. There are significant therapeutic ramifications
associated with the positive identification of these cells as they could theoretically be
modified and transplanted into patients for cell therapy to treat muscular dystrophy.
Whileit is unknown exactly how muscle regenerates in adult zebrafish, satellite
cells have been identified in other fish species, including Atlantic salmon [58, 59].
Although salmon are clearly different than zebrafish, the identification of c-met (a
satellite cell marker) positive mononuclear cells within muscle suggests that muscle
development in other fish islikely to be conserved [58]. Unlike mammals, zebrafish
retain their somitic structure throughout devel opment and each muscle fiber stretches
from one myosepta to the next. This difference suggests that satellite cellsin zebrafish
could position anywhere in the somite and still enable fusion-competent cells access to
existing myofibers. Asin mammals, zebrafish blastulae or adult muscle mononuclear
cell cultures can differentiate into myofibersin culture indicating the presence of muscle
precursor cells ([60], Kunkel, unpublished data). Like mammals, fully developed
zebrafish muscle fibers are multinucleated, although muscle striation can occur in certain

muscle fibers before fusion in developing zebrafish [61, 62].

4. Muscular dystrophy in zebrafish
4.1 Isolation of zebrafish muscle mutants

One of the early zebrafish mutational screens was published in 1990 and
described the isolation of the muscle mutant fub-1 (fibrils unbundled) [63]. Gammaray

irradiation was used as the mutagen and, in a screen of 225 fish, two different fub-1
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alleleswere identified. This mutant showed disorganized muscle fibers early in
development [64], although the causative mutation has yet to be identified.

In 1996, as part of alarge genetic screening effort in Tuebingen, Germany, almost
3,000 zebrafish mutant families were screened and grouped into various categories [65].
One of the categories included 166 motility mutants which were further subgrouped into
14 phenotypically distinct groups [66, 67]. From this categorization, 4 unique alleles and
5 unresolved aleles were found to exhibit normal muscle at 2 dpf, but decreased muscle
organization by 5 dpf [67]. Muscle disorganization was assayed using birefringence (Fig.
1A), atechnique used in theinitial characterization of muscle [68]. Birefringenceisa
phenomenon in which the highly ordered somitic muscle has the unique property of being
ableto rotate polarized light. This can be easily monitored by placing muscle (or awhole
fish) between two polarizing filters and aligning the filters until only the rotated light is
visible. Using this assay, adecrease in the amount of rotated light could be indicative of
the loss of the sarcomeric structure within muscle whereas dark patches in the muscle

could be indicative of muscle tearing or muscle fiber disorganization.

4.2 Using zebrafish to under stand the pathogenesis of muscular dystrophy

Since the muscle in one particular Tuebingen subgroup of fish appeared to
develop normally and then degenerate, these mutants were labeled as potentially
dystrophic [67]. It was not until 2003 that the first of these dystrophic mutants was
characterized [69]. By mapping the mutation and using a candidate gene approach,
Bassett et al. found that the sapje mutant contained a nonsense mutation in exon 4 of the

zebrafish dystrophin gene [69]. They demonstrated that the muscle in the sapje fish was
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degenerating due to the failure of the somitic muscle attachments at the embryonic
myotendinous junctions [70].

Earlier work showed by immunohistochemistry that zebrafish express dystrophin
at the sarcolemmal membrane in adult zebrafish [71, 72]. Bolanos-Jimenez et al. used in
situ hybridization to localize dystrophin expression in developing embryos to the
transverse myosepta [ 73] and mapped the dystrophin gene to linkage group 1 [74]. Using
short interfering RNA mediated gene targeting, Dodd et al. inhibited dystrophin
expression and showed that the devel oping embryos had disorganized sarcomeres and
body defects[75]. When morpholinos were used to inhibit dystrophin translation in
devel oping embryos, the zebrafish were inactive at 5 dpf and a fraction of them were bent
[71]. Western blot and immunohistochemistry analysis of the dystrophin morphants
confirmed that dystrophin was down-regulated, as were other members of the dystrophin
associated protein complex [71]. Thisissimilar to what happens in mammals with
mutations in dystrophin [76] and suggests that the biochemistry of the zebrafish
dystrophin associated protein complex is similar to that of humans. In addition, when d-
sarcoglycan (amember of the muscle DAPC) was down-regulated in early embryos, the
sarcoglycan subcomplex was destabilized, but dystrophin expression was normal [77].
Again, thisis exactly as occursis patients with Limb-Girdle Muscle Dystrophy type 2F
due to mutations in d-sarcoglycan [14] suggesting that the overall biochemical nature of
the complex is conserved.

When the dystrophin morphant was compared to the sapje mutant, both fish were
found to be inactive with somitic lesions [69], most had a delay in swim bladder inflation

(Fig. 1B), and many were temporarily bent (Fig. 1B). In contrast to the sapje mutant, the
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dystrophin morphants showed a weaker birefringence phenotype [69]; however, this may
be because the effectiveness of the morpholino was near itslimit at 5 dpf when the
defects in birefringence were most apparent in the sapje mutant.

Dystroglycan was one of the first members of the dystrophin associated protein
complex that was investigated in zebrafish [78]. When dystroglycan was down-
regulated using morpholinos to inhibit translation of the protein, the morphant embryos
were developmentally delayed, had a hooked tail, and showed compromised muscle
integrity [78]. While dystroglycan-null mice die during development due to defectsin
the basement membrane at the time of implantation [79], zebrafish devel op outside the
mother and therefore dystroglycan-null fish developed and provided novel insight into
dystroglycan'srole in vertebrate muscle development. Morpholino experiments have also
been used to down-regulate d-sarcoglycan, laminin a2, and caveolin-3 [77, 80-82], all
genes in which mutations in the mammalian orthologue have been linked to muscular
dystrophy. In all instances, down-regulation of these proteins early in development
results in fish with decreased muscle organization [77, 80-82].

Interestingly, zebrafish that lack proteins associated with muscular dystrophy
show a phenotype relatively earlier in development than humans. For example, the sapje
mutant shows muscle degeneration as early as 3 dpf [67] whereas Duchenne patients
normally do not normally show symptoms of disease until they are 3-4 yearsold. This
can be explained since utrophin, a dystrophin homologue than can substitute for
dystrophin early in mammalian development [83], is not expressed in early zebrafish

muscle fiber ends like dystrophin [84]. Assuch, it islikely that zebrafish lacking
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functional dystrophin will show a severe phenotype more similar to mice lacking both
dystrophin and utrophin [85].

As mentioned previously, a number of dystrophic fish wereisolated as part of the
first Tuebingen screen [67]. To date, only one of them has been characterized and this
fish was shown to have a mutation in dystrophin [84]. The characterization of this family
of mutants and mutants isolated from other genetic screens will be very useful to uncover
additional genesinvolved in the pathogenesis of muscular dystrophy. In addition to
identifying additional dystrophy associated genes, dystrophic zebrafish mutants can also

be used to evaluate future therapies.

5. Using zebr afish to evaluate therapies for muscular dystrophy
5.1 Background

While significant inroads are being made to treat muscular dystrophy, there are
currently no curative treatment options for those afflicted with the disease. At thistime,
patients diagnosed with muscular dystrophy are treated with various catabolic steroids
such as prednisone and deflazacort [86]. Although the mechanism(s) by which these
drugs work is not completely clear, studies have shown that these glucocorticoids might
mitigate symptoms associated with muscle degeneration, stimulate muscle repair, and/or
inhibit muscle degeneration [87-89]. Other treatments currently being tested or
considered, include gentamycin treatment (which encourages read-through of nonsense
mutations) [90], myostatin down-regulation (encourage muscle development by down-
regulating myostatin) [91, 92], and drug therapy using catabolic steroids (like prednisone)

or anabolic steroids (like oxandrolone) [93-95].
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Aswith many genetic disorders, there are two main ways to potentially treat the
muscular dystrophies. First, drug therapy can be used to either mitigate the symptoms of
disease (indirect) or supply the missing chemical that the cell needs (direct). Second,
protein therapy can be used to supply the missing gene or protein using either various
DNA vectors (gene therapy) or by transplanting whole cells (cell therapy). All therapies
have the potential to correct the symptoms of disease although each hasits inherent
disadvantages. For example, it can be difficult to identify potential drugs from libraries
of millions of different chemicals. Currently, drugs are often identified based on positive
effects found for one specific cell population, but these same drugs can often have
deleterious effects on other "non-target” cells. Gene therapy can be associated with both
an adverse immune response to the foreign delivery vectors and also the inherent
problems associated with random genome integration events (reviewed in [96]). Cell
therapy can be used to circumvent both the immune and integration problems associated
with gene therapy, yet tests in dystrophic mice have found it difficult to deliver

therapeutic levels of protein to the diseased cells ([97, 98], reviewed in [99]).

5.2 Drug screensin zebrafish

As drug discovery using mammals can be very expensive, mammalian disease
models are normally only used to test limited numbers of compounds, typically those that
are first screened using cell culture. Whileit is more efficient to test larger numbers of
compoundsin cell culture, thisisan artificial environment in which the cells may
respond very differently than in aliving organism. These problems can be circumvented

in zebrafish as they are small and reproduce in large enough numbers such that they can
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be efficiently used to assay for therapeutic changes in the context of aliving disease
model. To illustrate, the muscle degeneration phenotype in the dystrophin-null sapje
mutant zebrafish is transmitted in a recessive manner such that 25 percent of the offspring
become dystrophic after 3 dpf. Assuch, inaclutch of 300 offspring, 75 would show
phenotype. By crossing many fish, it is possible to quickly produce large numbers of
mutant offspring that can then be arrayed on plates and exposed to different chemicalsin
their water. Chemicals which diffuse into the dystrophic mutant and mitigate the
symptoms of disease would be considered for potential treatments.

To date, anumber of chemical/drug screens have been published using zebrafish
embryos (reviewed in [100]). These screens have demonstrated the ability to isolate
small molecules capable of altering wildtype embryonic zebrafish development of several
organ systems, including the central nervous system, cardiovascular system, eye, and ear.
The most recent two screens, however, use zebrafish mutants modeling human diseases
to identify chemical suppressors of disease phenotypes. Peterson et a. employed the
hey2 gene mutant, gridlock (grl) which presents with aorta malformations similar to
human aortic coarctation [101]. Exposure of mutant embryos to dissolved chemical
compounds in 96-well plates identified a class of chemicals that upregulates the
angiogenic gene VEGF, suppressing the grl phenotype. Stern et al. recently showed the
suppression of a cell-cycle mutant, crash&burn (crb) which carries abymb mutation
[102]. Roughly 16,000 chemical compounds were screened in 16 weeks using crb
mutants, allowing for the identification of anovel cell-cycle regulating drug. These
results demonstrate the feasibility of chemical screens to ameliorate disease phenotypes

using zebrafish models.
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In mammals, mutations that affect splicing, translation, or transcription have al
been shown to cause different forms of muscular dystrophy. Therefore, different drugs
may have different effects based on the origin of the causative mutation. Establishing
representative zebrafish models that have muscular dystrophy due to mutationsin
different genesistherefore just asimportant as establishing zebrafish models with
different mutations in the same gene. Thisis similar to having multiple mouse models
with different mutationsin dystrophin (see discussion regarding mdx versus mdx*®"

mouse models). Established zebrafish disease models would then be ideally suited for

use in chemical screensto select drug candidates capable of correcting the phenotype.

5.3 Genetherapy approachesfor treating muscular dystrophy
Gene therapy holds significant promise for treating people with genetic disorders

like muscular dystrophy. The goal would be to introduce a corrective gene into muscle to
either address the cause or treat the symptoms of disease. While gene therapy holds
great promise, there are anumber of technical issues that are still being addressed. For
instance, current limitations include the insertion size limit of the delivery vector, the
immune response associated with the delivery vector and/or the newly expressed wild-
type gene, random integration events for certain vectors that could disrupt the expression
of normal genes, and the vast numbers of skeletal, smooth, and cardiac muscle cells that
would have to be "corrected".

Gene therapy can either be direct (addressing the cause of disease) or indirect
(addressing the symptoms of disease). While zebrafish have not yet specifically been
used to investigate gene therapy approaches to treat muscular dystrophy, there are a

number of potential strategies that could be helpful using zebrafish as disease models.
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For instance, dystrophin is alarge gene and extensive work has been donein mice to
identify a smaller form of the gene that could fit into viral delivery vectors[103, 104].
Thiswork could be continued in zebrafish mutants or morphants to either (1) further
delimit the functional size of large genes like dystrophin or (2) to perform domain
analysisto study protein function. Similarly, zebrafish can be used to discover whether
DNA anomaliesidentified in humans are disease causative or simply random
polymorphisms. In all cases, these experiments can be performed by injecting specific
morphants or mutants with mRNA constructs (human or zebrafish) in an attempt to
rescue the early fish dystrophic phenotype. This approach has been used recently to
confirm that a mutation in TRIM 32 was causative for Bardet—Biedl syndrome [105]. In
thisinstance, human TRIM32 mRNA with a known Bardet—Biedl syndrome causing
mutation failed to complement TRIM 32 morphants which showed a disruption in the
Kupffer's vesicle and a delay of intracellular transport. Importantly, a control human
MRNA co-injected in a separate experiment could rescue the phenotype [105].

In arecent review, Engvall and Wewer described the utility of modifying the
expression of booster genes for treating muscular dystrophy [106]. These are genes that
are not mutated in patients with muscular dystrophy but whose expression can address
the symptoms of disease. For example, integrin a7b1 and the DAPC are the two major
cell adhesion complexes found in muscle [107]. In patients with Duchenne Muscular
Dystrophy, the DAPC islost and it has been hypothesized that upregulating the integrin
a7bl complex could help stabilize the muscle cell membrane. In testing this hypothesis,
Burkin et al. showed that over-expression of integrin a7 in mdx/utr deficient mice helps
prolong the lifespan and ameliorates their dystrophy symptoms [107, 108]. Dueto the
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ease of making transgenic zebrafish or of transiently expressing the protein using mRNA
injection, zebrafish are an ideal platform for testing hypotheses for treating muscular
dystrophy via altered expression of booster genes.

While over-expressing integrin a7, GalNAc transferase, NOS, Adam12, and
calpastatin have been shown to mitigate dystrophy symptomsin mice (reviewed in
[106]), down-regulation of negative regulators of muscle differentiation like myostatin
can have the same effect (reviewed in [109]). Myostatin is a secreted factor with
sequence similarity to the transforming growth factor-beta subfamily of proteins.
Mutations in myostatin in mice and cattle cause these animals to have increased muscle
mass [110, 111], although this can also be associated with negative health effects such as
increased mortality [112]. Down-regulation of myostatin in the mdx mouse can help
mitigate the symptoms of muscular dystrophy [91, 92] suggesting that decreased
expression of myostatin might be a viable therapy to treat people with muscle disease,
especially those in which muscle degeneration is a secondary effect. Zebrafish also
express myostatin and may have two different forms of the gene [113, 114]. Using
zebrafish models, it should be possible to down-regulate one or both forms of the genein
an attempt to rescue phenotype in sapje or one of the other dystrophic mutants. By
performing these experiments in an animal model, it is possible to assay effects (positive

or negative) of gene expression in all tissues.

5.4 Evaluating cell therapy in zebrafish models
Muscle is a normally regenerating tissue with satellite cells providing an

immediate precursor cell population. Upon activation, satellite cells are able to divide
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and expand both in vitro and in vivo, giving rise to later stage precursors and new muscle
myofibers (reviewed in [115]). Following the cloning of the dystrophin gene, a cell-
based approach was proposed for delivery of normal dystrophin to diseased muscle [116,
117]. Culture-expanded myogenic cells derived from normal muscle were shown to fuse
into mdx mouse muscle and produce normal dystrophin [116, 118]. Theseinitialy
promising mouse studies led to human trials in Duchenne Muscular Dystrophy patients
(reviewed in [119]). Unlike the mouse studies though, the human experiments showed
little, if any, donor-derived dystrophin expression. Thisled in the late 1990sto a
rethinking of how the cells should be isolated, expanded and delivered to correct the
symptoms of disease.

It has become clear that there exist cells within muscle likely to be more primitive
than satellite cells [98, 120-122]. These putative muscle stem cells have been purified
from mouse skeletal muscle using different methods and techniques, including pre-
plating [117, 122, 123], cell sorting [55, 98, 120, 124, 125] and fractionation based on
specific antigens [126]. Although progenitor cells can be enriched using the above
purifications, selected cell populations are still heterogeneous suggesting that additional
purifications could help further enrich for cells with muscle engraftment capability.

Zebrafish are well suited for testing cell transplantation potentials at any
developmental stage. Early in development, the animals are optically clear, allowing for
tracking the fate of transplanted fluorescently labeled cells[127]. Later in development,
as the fish become more pigmented, they become less transparent and develop afully
functional immune system. In this case, pigment mutants which retain their optical

clarity throughout development can be used to facilitate in vivo tracking of fluorescently
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labeled transplanted cells at all development stages. In addition, the immune system can
be suppressed through temporary exposure to irradiation. If necessary, Traver et al, has
also shown that the immune system can be reconstituted in lethally irradiated zebrafish
by transplanting hematopoitic cells [128], almost exactly asin mice.

Procedures for cell transplantation at all stages of zebrafish development are well-
established (reviewed in [129]). Since zebrafish can be grown and irradiated in large
numbers, it is possible to prepare large numbers of animals for analysis very quickly. In
addition, since zebrafish are smaller than mice, it is possible to transplant smaller
quantities of cellsfor analysis. While any labeled cell can be used, transgenic zebrafish
expressing GFP under different promoters have been created [130]. Zebrafish muscle
cells can be fractionated and injected into hosts to assay their ability to engraft into
muscle. Using this assay, cells can be sequentially fractionated using many sorting
methods such as rhodamine 123 staining, alcohol dehydrogenase fractionation, forward
and side scatter FACS analysis and preplating before assaying for muscle engraftment
potential. Purified muscle progenitor cells can then be characterized by available
microarray probe sets to identify cell-specific markers that can then be used to isolate
similar cell populations from mammals.

To assay muscle engraftment potential in zebrafish, cells can be efficiently
transplanted directly into dechorinated blastulae (500 cell stage), injected directly into the
circulation of a 48 hours post-fertilization (hpf) embryo, or injected into the muscle of an
adult zebrafish (reviewed in [129]). In each case, 100 transplantations can be easily
performed in an afternoon. After transplantation, the fate of the injected GFP+ cells can

be assayed by anesthesizing the hosts and monitoring cell fate under a fluorescent
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dissecting scope. After analysis, the fish can be revived by placing the fish back into
fishwater and reanalyzed at alater date. In our experience, muscle engraftment can be
assayed as early as 3-4 days after transplantation, although 2 weeksis more optimal
(Kunkel laboratory, unpublished data). These advantages make the zebrafish an ideal

model to screen cell populations for muscle engraftment potential.

6. Conclusion

Muscular dystrophies are a group of genetic diseases that vary significantly in age
of onset, severity of the disease, rate of progression, modes of inheritance, and pattern of
affected muscle. More than 25 human genes have been identified that when mutated,
lead to various dystrophies; however, the underlying pathways that result in shared
dystrophic muscle pathology are not completely understood. Studies suggest that the
small vertebrate zebrafish Danio rerio have muscle structure and development similar to
that of mammals, and that the majority of muscle-related genes tested are present in
zebrafish. Genetic screensin zebrafish have already provided a model for the most
common human dystrophy, DMD. We propose that additional dystrophic mutants will
provide models for other dystrophies, or may uncover additional dystrophy-associated
genes that will further our understanding of the pathology of muscular dystrophy. In
addition, the use of zebrafish will allow usto analyze severa different therapeutic
methods on atime scale not possible in mammals. The ability to easily transplant labeled
cellsinto zebrafish and analyze the results will enable rapid screening of many cell
populations to help identify cells with the greatest engraftment potential for cell-based

therapy. While the activity of analogous cell populations will have to be verified in mice,
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the screening capabilities of zebrafish make the fish an attractive model. The ability to
quickly generate large numbers of tiny dystrophic zebrafish also makes this animal ideal
for screening chemical libraries to identify new pharmacological agents for the treatment
of dystrophy. While the fish will never completely replace other animal models of
muscular dystrophy, the many advantages of the zebrafish model make it an effective
complement to established mammalian systems helping to provide further insight into

specific questions related to muscular dystrophy.
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B. w/ i Wildtype
Sl """ sapje

Figure 1. Sapje mutants show decreased birefringence, inactivity and bending at 7 dpf.
(A) Asreported previoudy [84], the zebrafish dystrophin-null mutant (sapje) shows
patchy skeletal muscle birefringence. Birefringence is assayed by placing the zebrafish
between two polarizing filters rotated 90 degrees relative to each other and measuring the
light rotated by the muscle. (B) 7 dpf sapje mutants are relatively inactive, have an un-
inflated their swim bladder, and adopt an energy efficient bent conformation on the
bottom of the Petri dish. The location of the swim bladder isindicated with an arrow.

24



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

E.P. Hoffman, K.H. Fischbeck, R.H. Brown, M. Johnson, R. Medori, J.D. Loike,
J.B. Harris, R. Waterston, M. Brooke, L. Specht, et al., Characterization of
dystrophin in muscle-biopsy specimens from patients with Duchenne's or Becker's
muscular dystrophy, N. Engl. J. Med. 318 (1988) 1363-68.

A.P. Monaco, R.L. Neve, C. Colletti-Feener, C.J. Bertelson, D.M. Kurnit, L.M.
Kunkel, Isolation of candidate cDNASs for portions of the Duchenne muscular
dystrophy gene, Nature 323 (1986) 646-50.

A.H. Burghes, C. Logan, X. Hu, B. Belfall, R.G. Worton, P.N. Ray, A cDNA
clone from the Duchenne/Becker muscular dystrophy gene, Nature 328 (1987)
434-7.

E.P. Hoffman, J. R. H. Brown, L.M. Kunkel, Dystrophin: the protein product of
the Duchenne muscular dystrophy locus, Cell 51 (1987) 919-28.

K. Arahata, S. Ishiura, T. Ishiguro, T. Tsukahara, Y. Suhara, C. Eguchi, T.
Ishihara, 1. Nonaka, E. Ozawa, H. Sugita, Immunostaining of skeletal and cardiac
muscle surface membrane with antibody against Duchenne muscular dystrophy
peptide, Nature 333 (1988) 861-3.

E. Bonilla, C.E. Samitt, A.F. Miranda, A.P. Hays, G. Salviati, S. DiMauro, L.M.
Kunkel, E.P. Hoffman, L.P. Rowland, Duchenne muscular dystrophy: deficiency
of dystrophin at the muscle cell surface, Cell 54 (1988) 447-52.

E.E. Zubrzycka-Gaarn, D.E. Bulman, G. Karpati, A.H. Burghes, B. Belfal, H.J.
Klamut, J. Talbot, R.S. Hodges, P.N. Ray, R.G. Worton, The Duchenne muscular
dystrophy gene product islocalized in sarcolemma of human skeletal muscle,
Nature 333 (1988) 466-9.

JM. Ervasti, K. Ohlendieck, S.D. Kahl, M.G. Gaver, K.P. Campbell, Deficiency
of aglycoprotein component of the dystrophin complex in dystrophic muscle,
Nature 345 (1990) 315-9.

M. Y oshida, E. Ozawa, Glycoprotein complex anchoring dystrophin to
sarcolemma, J Biochem (Tokyo) 108 (1990) 748-52.

JM. Ervasti, S.D. Kahl, K.P. Campbell, Purification of dystrophin from skeletal
muscle, JBiol Chem 266 (1991) 9161-5.

K. Araishi, T. Sasaoka, M. Imamura, S. Noguchi, H. Hama, E. Wakabayashi, M.
Yoshida, T. Hori, E. Ozawa, Loss of the sarcoglycan complex and sarcospan
leads to muscular dystrophy in beta-sarcoglycan-deficient mice, Hum. Mol.
Genet. 8 (1999) 1589-98.

C.G. Bonnemann, R. Madi, S. Noguchi, Y. Mizuno, M. Y oshida, E. Gussoni,
E.M. McNally, D.J. Duggan, C. Angelini, E.P. Hoffman, Beta-sarcoglycan
mutations cause autosomal recessive muscular dystrophy with loss of the
sarcoglycan complex, Nat. Genet. 11 (1995) 266-73.

L.E. Lim, F. Duclos, O. Broux, N. Bourg, Y. Sunada, V. Allamand, J. Meyer, I.
Richard, C. Moomaw, C. Slaughter, et al., Beta-sarcoglycan: characterization and
role in limb-girdle muscular dystrophy linked to 412, Nat. Genet. 11 (1995) 257-
65.

V. Nigro, E.d.S. Moreira, G. Piluso, M. Vainzof, A. Belsito, L. Politano, A.A.
Puca, M.R. Passos-Bueno, M. Zatz, Autosomal recessive limb-girdle muscular

25



[15]

[16]
[17]
[18]
[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]
[28]
[29]
[30]

[31]

dystrophy (LGMD2F) is caused by a mutation in the delta-sarcoglycan gene, Nat.
Genet. 14 (1996) 195-8.

S. Noguchi, E.M. McNally, K.B. Othmane, Y. Hagiwara, Y. Mizuno, M.

Y oshida, H. Yamamoto, C.G. Bonnemann, E. Gussoni, P.H. Denton, et al.,
Mutations in the dystrophin-associated protein gamma-sarcoglycan in
chromosome 13 muscular dystrophy, Science 270 (1995) 819-22.

I. Dalkilic, L.M. Kunkel, Muscular dystrophies. genes to pathogenesis, Curr Opin
Genet Dev 13 (2003) 231-8.

C.L. Batchelor, S.J. Winder, Sparks, signals and shock absorbers: how dystrophin
loss causes muscular dystrophy, Trends Cell Biol 16 (2006) 198-205.

K. Dooley, L.I. Zon, Zebrafish: amodel system for the study of human disease,
Curr. Opin. Genet. Dev. 10 (2000) 252-6.

J.F. Watchko, T.L.O. Day, E.P. Hoffman, Functional characteristics of dystrophic
skeletal muscle: insights from animal models, J. Appl. Physiol. 93 (2002) 407-17.
P. Sicinski, Y. Geng, A.S. Ryder-Cook, E.A. Barnard, M.G. Darlison, P.J.
Barnard, The molecular basis of muscular dystrophy in the mdx mouse: a point
mutation, Science 244 (1989) 1578-80.

V.M. Chapman, D.M. Miller, D. Armstrong, C.T. Caskey, Recovery of induce
mutations for X chromosome-linked muscular dystrophy in mice, Proc Nat Acad
Sci USA 86 (1989) 1292-6.

W.B. Im, S.F. Phelps, E.H. Copen, E.G. Adams, J.L. Slightom, J.S. Chamberlain,
Differential expression of dystrophin isoforms in strains of mdx mice with
different mutations, Hum Mol Genet 5 (1996) 1149-53.

B.A. Vdentine, B.J. Cooper, A. de Lahunta, R. O'Quinn, J.T. Blue, Canine X-
linked muscular dystrophy. An animal model of Duchenne muscular dystrophy:
clinical studies, JNeurol Sci 88 (1988) 69-81.

D. Shelton, E. Engvall, Canine and feline models of human inherited muscle
diseases, Neuromuscular Disorders 15 (2005) 127-38.

C.A. Cadllins, J.E. Morgan, Duchenne's muscular dystrophy: animal models used
to investigate pathogenesis and devel op therapeutic strategies, Int J Exp Pathol 84
(2003) 165-72.

I.G. Woads, P.D. Kdly, F. Chu, P. Ngo-Hazelett, Y.L. Yan, H. Huang, J.H.
Postlethwait, W.S. Talbot, A comparative map of the zebrafish genome, Genome
Res 10 (2000) 1903-14.

D.M. Langenau, L.I. Zon, The zebrafish: anew model of T-cell and thymic
development, Nat Rev Immunol 5 (2005) 307-17.

E.E. Patton, L.I. Zon, The art and design of genetic screens: zebrafish, Nat Rev
Genet 2 (2001) 956-66.

M.C. Fishman, Genomics. Zebrafish--the canonical vertebrate, Science 294
(2001) 1290-1.

L. Fan, J. Moon, J. Crodian, P. Collodi, Homologous Recombination in Zebrafish
ES Cédlls, Transgenic Res 15 (2006) 21-30.

J.H. Postlethwait, Y.L. Yan, M.A. Gates, S. Horne, A. Amores, A. Brownlie, A.
Donovan, E.S. Egan, A. Force, Z. Gong, C. Goutel, A. Fritz, R. Kelsh, E. Knapik,
E. Liao, B. Paw, D. Ransom, A. Singer, M. Thomson, T.S. Abduljabbar, P.
Yelick, D. Beier, J.S. Joly, D. Larhammar, F. Rosa, M. Westerfield, L.1. Zon, S.L.

26



[32]

[33]
[34]
[35]
[36]

[37]
[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Johnson, W.S. Tabot, Vertebrate genome evolution and the zebrafish gene map,
Nat Genet 18 (1998) 345-9.

A. Amores, A. Force, Y.L. Yan, L. Joly, C. Amemiya, A. Fritz, RK. Ho, J.
Langeland, V. Prince, Y.L. Wang, M. Westerfield, M. Ekker, J.H. Postlethwait,
Zebrafish hox clusters and vertebrate genome evolution, Science 282 (1998)
1711-4.

S.H. Devoto, E. Melancon, J.S. Eisen, M. Westerfield, Identification of separate
slow and fast muscle precursor cellsin vivo, prior to somite formation,
Development 122 (1996) 3371-80.

Q. Bone, Locomotor muscle, Vol. 7, Academic Press, New Y ork, 1978.

G. Hollway, P. Currie, Vertebrate myotome development, Birth Defects Res C
Embryo Today 75 (2005) 172-9.

S.M. Hughes, Muscle differentiation: a gene for slow muscle? Curr Biol 14
(2004) R156-7.

G.E. Hollway, P.D. Currie, Myotome meanderings. Cellular morphogenesis and
the making of muscle, EMBO Rep 4 (2003) 855-60.

E.S. Weinberg, M.L. Allende, C.S. Kelly, A. Abdelhamid, T. Murakami, P.
Andermann, O.G. Doerre, D.J. Grunwald, B. Riggleman, Developmental
regulation of zebrafish MyoD in wild-type no tail and spadetail embryos,
Development 122 (1996) 271-80.

O. Coutelle, C.S. Blagden, R. Hampson, C. Halai, P.W. Rigby, SM. Hughes,
Hedgehog signalling is required for maintenance of myf5 and myoD expression
and timely terminal differentiation in zebrafish adaxial myogenesis, Dev. Biol.
236 (2001) 136-50.

F. Cortes, D. Daggett, R.J. Bryson-Richardson, C. Neyt, J. Maule, P. Gautier,
G.E. Hollway, D. Keenan, P.D. Currie, Cadherin-mediated differential cell
adhesion controls slow muscle cell migration in the devel oping zebrafish
myotome, Dev. Cell 5 (2003) 865-76.

P.W. Ingham, H.R. Kim, Hedgehog signalling and the specification of muscle cell
identity in the zebrafish embryo, Exp Cell Res 306 (2005) 336-42.

H.E. Schauerte, F.J.v. Eeden, C. Fricke, J. Odenthal, U. Strahle, P. Haffter, Sonic
hedgehog is not required for the induction of medial floor plate cellsin the
zebrafish, Development 125 (1998) 2983-93.

W. Chen, S. Burgess, N. Hopkins, Analysis of the zebrafish smoothened mutant
reveals conserved and divergent functions of hedgehog activity, Development 128
(2001) 2385-96.

M.J. Barresi, H. L. Stickney, S.H. Devoto, The zebrafish slow-muscle-omitted
gene product is required for Hedgehog signal transduction and the development of
slow muscle identity., Development 127 (2000) 363-71.

C.A. Henry, S.L. Amacher, Zebrafish slow muscle cell migration induces awave
of fast muscle morphogenesis, Dev. Cell 7 (2004) 917-23.

J.A. Groves, C.L. Hammond, S.M. Hughes, Fgf8 drives myogenic progression of
anovel lateral fast muscle fibre population in zebrafish, Development 132 (2005)
4211-22.

A. Mauro, Satellite cell of skeletal muscle fibers, J Biophys Biochem Cytol 9
(1961) 493-5.

27



[48]

[49]

[50]

[51]
[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

J. Dhawan, T.A. Rando, Stem cellsin postnatal myogenesis. molecular
mechanisms of satellite cell quiescence, activation and replenishment, Trends Cell
Biol 15 (2005) 666-73.

J. Gros, M. Manceau, V. Thome, C. Marcelle, A common somitic origin for
embryonic muscle progenitors and satellite cells, Nature 435 (2005) 954-8.

J. Schienda, K.A. Engleka, S. Jun, M.S. Hansen, JA. Epstein, C.J. Tabin, L.M.
Kunkel, G. Kardon, Somitic origin of l[imb muscle satellite and side population
cells, Proc Natl Acad Sci U S A 103 (2006) 945-50.

F. Relaix, D. Rocancourt, A. Mansouri, M. Buckingham, A Pax3/Pax7-dependent
population of skeletal muscle progenitor cells, Nature 435 (2005) 948-53.

S. Oustanina, G. Hause, T. Braun, Pax7 directs postnatal renewal and propagation
of myogenic satellite cells but not their specification, Embo J 23 (2004) 3430-9.
P. Seale, L.A. Sabourin, A. Girgis-Gabardo, A. Mansouri, P. Gruss, M.A.
Rudnicki, Pax7 is required for the specification of myogenic satellite cells, Cell
102 (2000) 777-86.

J. Rantanen, T. Hurme, R. Lukka, J. Heino, H. Kalimo, Satellite cell proliferation
and the expression of myogenin and desmin in regenerating skeletal muscle:
evidence for two different populations of satellite cells, Lab Invest 72 (1995) 341-
7.

T. Tamaki, A. Akatsuka, K. Ando, Y. Nakamura, H. Matsuzawa, T. Hotta, R.R.
Roy, V.R. Edgerton, Identification of myogenic-endothelial progenitor cellsin the
interstitial spaces of skeletal muscle, J Cell Biol 157 (2002) 571-7.

G. Ferrari, G. Cusdlla-De Angelis, M. Coletta, E. Paolucci, A. Stornaiuolo, G.
Cossu, F. Mavilio, Muscle regeneration by bone marrow-derived myogenic
progenitors, Science 279 (1998) 1528-30.

M.A. LaBarge, H.M. Blau, Biological progression from adult bone marrow to
mononucleate muscle stem cell to multinucleate muscle fiber in response to
injury, Cell 111 (2002) 589-601.

I.A. Johnston, H.A. McLay, M. Abercromby, D. Robins, Phenotypic plasticity of
early myogenesis and satellite cell numbersin atlantic salmon spawning in upland
and lowland tributaries of ariver system, J Exp Biol 203 (2000) 2539-52.

T.W. Matschak, N.C. Stickland, The growth of Atlantic salmon (Salmo salar L.)
myosatellite cellsin culture at two different temperatures, Experientia 51 (1995)
260-6.

W. Norris, C. Neyt, P.W. Ingham, P.D. Currie, Slow muscle induction by
Hedgehog signalling in vitro, J Cell Sci 113 (Pt 15) (2000) 2695-703.

M.L. Costa, R.C. Escaleira, V.B. Rodrigues, M. Manasfi, C.S. Mermelstein, Some
distinctive features of zebrafish myogenesis based on unexpected distributions of
the muscle cytoskeletal proteins actin, myosin, desmin, apha-actinin, troponin
and titin, Mech Dev 116 (2002) 95-104.

S. Roy, C. Wolff, P.W. Ingham, The u-boot mutation identifies a Hedgehog-
regulated myogenic switch for fiber-type diversification in the zebrafish embryo,
Genes Dev 15 (2001) 1563-76.

A.L. Felsenfeld, C. Waker, M. Westerfield, C. Kimmel, G. Streisinger, Mutations
affecting skeletal muscle myofibril structure in the zebrafish, Development 108
(1990) 443-59.

28



[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

A.L. Felsenfeld, M. Curry, C.B. Kimmel, The fub-1 mutation blocks initial
myofibril formation in zebrafish muscle pioneer cells, Dev Biol 148 (1991) 23-30.
P. Haffter, M. Granato, M. Brand, M.C. Mullins, M. Hammerschmidt, D.A. Kane,
J. Odenthal, F.J. van Eeden, Y .J. Jiang, C.P. Heisenberg, R.N. Kelsh, M.
Furutani-Seiki, E. Vogelsang, D. Beuchle, U. Schach, C. Fabian, C. Nusslein-
Volhard, The identification of genes with unique and essential functionsin the
development of the zebrafish, Danio rerio, Development 123 (1996) 1-36.

F.J.v. Eeden, M. Granato, U. Schach, M. Brand, M. Furutani-Seiki, P. Haffter, M.
Hammerschmidt, C.P. Heisenberg, Y .J. Jiang, D.A. Kane, R.N. Kelsh, M.C.
Mullins, J. Odenthal, R.M. Warga, M.L. Allende, E.S. Weinberg, C. Nussein-
Volhard, Mutations affecting somite formation and patterning in the zebrafish,
Danio rerio, Development 123 (1996) 153-64.

M. Granato, F.J.v. Eeden, U. Schach, T. Trowe, M. Brand, M. Furutani-Seiki, P.
Haffter, M. Hammerschmidt, C.P. Heisenberg, Y .J. Jiang, D.A. Kane, R.N. Kelsh,
M.C. Mullins, J. Odenthal, C. Nusslein-Volhard, Genes controlling and mediating
locomotion behavior of the zebrafish embryo and larva, Development 123 (1996)
399-413.

G. Schapira, J.C. Dreyfus, M. Joly, Changesin the flow birefringence of myosin
as aresult of muscular atrophy, Nature 170 (1952) 494-5.

D.l. Bassett, R.J. Bryson-Richardson, D.F. Daggett, P. Gautier, D.G. Kennan,
P.D. Currie, Dystrophin is required for the formation of stable muscle attachments
in the zebrafish embryo, Development 130 (2003) 5851-60.

D. Bassett, P.D. Currie, Identification of a zebrafish model of muscular
dystrophy, Clin Exp Pharmacol Physiol 31 (2004) 537-40.

JR. Guyon, A.N. Mosley, Y. Zhou, A.J. Davidson, X. Sheng, K. Chiang, K.F.O.
Brien, JM. Valinski, L.I. Zon, L.M. Kunkel, The dystrophin associated protein
complex in zebrafish, Hum. Mol. Genet. 12 (2003) 601-15.

S.P. Chambers, A. Dodd, R. Overdll, T. Sirey, L.T. Lam, G.E. Morris, D.R. Love,
Dystrophin in adult zebrafish muscle, Biochem. Biophys. Res. Commun. 286
(2001) 478-83.

F. Bolanos-Jimenez, A. Bordais, M. Behra, U. Strahle, J. Sahel, A. Rendon,
Dystrophin and Dp71, two products of the DMD gene, show a different pattern of
expression during embryonic development in zebrafish, Mech. Dev. 102 (2001)
239-41.

F. Bolanos-Jimenez, A. Bordais, M. Behra, U. Strahle, D. Mornet, J. Sahel, A.
Rendon, Molecular cloning and characterization of dystrophin and Dp71, two
products of the Duchenne Muscular Dystrophy gene, in zebrafish, Gene 274
(2001) 217-26.

A. Dodd, S.P. Chambers, D.R. Love, Short interfering RNA-mediated gene
targeting in the zebrafish, FEBS Lett 561 (2004) 89-93.

C. Di Blas, L. Morandi, R. Barresi, F. Blasevich, F. Cornelio, M. Mora,
Dystrophin-associated protein abnormalities in dystrophin-deficient muscle fibers
from symptomatic and asymptomatic Duchenne/Becker muscular dystrophy
carriers, Acta Neuropathol (Berl) 92 (1996) 369-77.

29



[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

JR. Guyon, A.N. Modley, S.J. Jun, F. Montanaro, L.S. Steffen, Y. Zhou, V.
Nigro, L.I. Zon, L.M. Kunkel, Delta-sarcoglycan is required for early zebrafish
muscle organization, Exp Cell Res 304 (2005) 105-15.

M.J. Parsons, I. Campos, E.M. Hirst, D.L. Stemple, Removal of dystroglycan
causes severe muscular dystrophy in zebrafish embryos, Development 129 (2002)
3505-12.

R.A. Williamson, M.D. Henry, K.J. Daniels, R.F. Hrstka, J.C. Lee, Y. Sunada, O.
Ibraghimov-Beskrovnaya, K.P. Campbell, Dystroglycan is essential for early
embryonic development: disruption of Reichert's membrane in Dagl-null mice,
Hum Mol Genet 6 (1997) 831-41.

S.J. Nixon, J. Wegner, C. Ferguson, P.F. Mery, J.F. Hancock, P.D. Currie, B.
Key, M. Westerfield, R.G. Parton, Zebrafish as amodel for caveolin-associated
muscle disease; caveolin-3 isrequired for myofibril organization and muscle cell
patterning, Hum Mol Genet 14 (2005) 1727-43.

S.M. Pollard, M.J. Parsons, M. Kamel, R.N. Kettleborough, K.A. Thomas, V.N.
Pham, M .K. Bae, A. Scott, B.M. Weinstein, D.L. Stemple, Essential and
overlapping roles for laminin alpha chains in notochord and blood vessel
formation, Dev Biol 289 (2006) 64-76.

L. Cheng, X.F. Guo, X.Y. Yang, M. Chong, J. Cheng, G. Li, Y.H. Gui, D.R. Lu,
Delta-sarcoglycan is necessary for early heart and muscle development in
zebrafish, Biochem Biophys Res Commun 344 (2006) 1290-9.

K. Matsumura, J.M. Ervasti, K. Ohlendieck, S.D. Kahl, K.P. Campbell,
Association of dystrophin-related protein with dystrophin-associated proteinsin
madx mouse muscle, Nature 360 (1992) 588-91.

D.l. Bassett, R.J. Bryson-Richardson, D.F. Daggett, P. Gautier, D.G. Keenan,
P.D. Currie, Dystrophin is required for the formation of stable muscle attachments
in the zebrafish embryo, Development 130 (2003) 5851-60.

R.M. Grady, H. Teng, M.C. Nichal, J.C. Cunningham, R.S. Wilkinson, J.R.
Sanes, Skeletal and cardiac myopathies in mice lacking utrophin and dystrophin: a
model for Duchenne muscular dystrophy, Cell 90 (1997) 729-38.

G.M. Fenichel, J.M. Florence, A. Pestronk, J.R. Mendell, R.T. Moxley, 3rd, R.C.
Griggs, M.H. Brooke, J.P. Miller, J. Robison, W. King, et a., Long-term benefit
from prednisone therapy in Duchenne muscular dystrophy, Neurology 41 (1991)
1874-7.

Z.Rifa, S. Welle, R.T. Moxley, 3rd, M. Lorenson, R.C. Griggs, Effect of
prednisone on protein metabolism in Duchenne dystrophy, Am J Physiol 268
(1995) E67-74.

J.E. Anderson, M. Weber, C. Vargas, Deflazacort increases laminin expression
and myogenic repair, and induces early persistent functional gain in mdx mouse
muscular dystrophy, Cell Transplant 9 (2000) 551-64.

J.T. Kissdl, K.L. Burrow, K.W. Rammohan, J.R. Mendell, Mononuclear cell
analysis of muscle biopsies in prednisone-treated and untreated Duchenne
muscular dystrophy. CIDD Study Group, Neurology 41 (1991) 667-72.

E.R. Barton-Davis, L. Cordier, D.I. Shoturma, S.E. Leland, H.L. Sweeney,
Aminoglycoside antibiotics restore dystrophin function to skeletal muscles of
mdx mice, J Clin Invest 104 (1999) 375-81.

30



[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]
[100]

[101]

[102]

[103]

[104]

[105]

S. Bogdanovich, T.O. Krag, E.R. Barton, L.D. Morris, L.A. Whittemore, R.S.
Ahima, T.S. Khurana, Functional improvement of dystrophic muscle by
Myostatin blockade, Nature 420 (2002) 418-21.

K.R. Wagner, A.C. McPherron, N. Winik, S.J. Lee, Loss of Myostatin attenuates
severity of muscular dystrophy in mdx mice, Ann Neurol 52 (2002) 832-6.

G.M. Fenichel, R.C. Griggs, J. Kissdl, T.l. Kramer, JR. Mendell, R.T. Moxley, A.
Pestronk, K. Sheng, J. Florence, W.M. King, S. Pandya, V.D. Robison, H. Wang,
A randomized efficacy and safety trial of oxandrolonein the treatment of
Duchenne dystrophy, Neurology 56 (2001) 1075-9.

G. Fenichel, A. Pestronk, J. Florence, V. Robison, V. Hemelt, A beneficial effect
of oxandrolone in the treatment of Duchenne muscular dystrophy: a pilot study,
Neurology 48 (1997) 1225-6.

M.J. Krahn, J.E. Anderson, Anabolic steroid treatment increases myofiber
damage in mdx mouse muscular dystrophy, JNeurol Sci 125 (1994) 138-46.

M. Ali, N.R. Lemoine, C.J. Ring, The use of DNA viruses as vectors for gene
therapy, Gene Ther 1 (1994) 367-84.

E. Bachrach, S. Li, A.L. Perez, J. Schienda, K. Liadaki, J. Volinski, A. Flint, J.
Chamberlain, L.M. Kunkel, Systemic delivery of human microdystrophin to
regenerating mouse dystrophic muscle by muscle progenitor cells, Proc Natl Acad
Sci U SA 101 (2004) 3581-6.

E. Gussoni, Y. Soneoka, C.D. Strickland, E.A. Buzney, M.K. Khan, A.F. Hint,
L.M. Kunkel, R.C. Mulligan, Dystrophin expression in the mdx mouse restored
by stem cell transplantation, Nature 401 (1999) 390-4.

R.L. Sohn, E. Gussoni, Stem cell therapy for muscular dystrophy, Expert Opin
Biol Ther 4 (2004) 1-9.

J. den Hertog, Chemical genetics. Drug screensin Zebrafish, Biosci Rep 25
(2005) 289-97.

R.T. Peterson, S.Y. Shaw, T.A. Peterson, D.J. Milan, T.P. Zhong, S.L. Schreiber,
C.A. MacRae, M.C. Fishman, Chemical suppression of a genetic mutation in a
zebrafish model of aortic coarctation, Nat Biotechnol 22 (2004) 595-9.

H.M. Stern, R.D. Murphey, J.L. Shepard, J.F. Amatruda, C.T. Straub, K.L. Pfaff,
G. Weber, JA. Tdlarico, R.W. King, L.I. Zon, Small moleculesthat delay S
phase suppress a zebrafish bmyb mutant, Nat Chem Biol 1 (2005) 366-70.

M. Liu, Y. Yue, S.Q. Harper, RW. Grange, J.S. Chamberlain, D. Duan, Adeno-
associated virus-mediated microdystrophin expression protects young madx
muscle from contraction-induced injury, Mol Ther 11 (2005) 245-56.

Y. Yue Z. Li, S.Q. Harper, R.L. Davisson, J.S. Chamberlain, D. Duan,
Microdystrophin gene therapy of cardiomyopathy restores dystrophin-
glycoprotein complex and improves sarcolemma integrity in the mdx mouse
heart, Circulation 108 (2003) 1626-32.

A.P. Chiang, J.S. Beck, H.J. Yen, M K. Tayeh, T.E. Scheetz, R.E. Swiderski,
D.Y. Nishimura, T.A. Braun, K.Y. Kim, J. Huang, K. Elbedour, R. Carmi, D.C.
Slusarski, T.L. Casavant, E.M. Stone, V.C. Sheffield, Homozygosity mapping
with SNP arrays identifies TRIM 32, an E3 ubiquitin ligase, as a Bardet-Biedl
syndrome gene (BBS11), Proc Natl Acad Sci U S A 103 (2006) 6287-92.

31



[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

E. Engvall, U.M. Wewer, The new frontier in muscular dystrophy research:
booster genes, Faseb J 17 (2003) 1579-84.

D.J. Burkin, G.Q. Wallace, K.J. Nicol, D.J. Kaufman, S.J. Kaufman, Enhanced
expression of the alpha 7 beta 1 integrin reduces muscular dystrophy and restores
viability in dystrophic mice, J Cell Biol 152 (2001) 1207-18.

D.J. Burkin, G.Q. Wallace, D.J. Milner, E.J. Chaney, JA. Mulligan, S.J.
Kaufman, Transgenic expression of a7b1 integrin maintains muscle integrity,
increases regenerative capacity, promotes hypertrophy, and reduces
cardiomyopathy in dystrophic mice, Am J Pathol 166 (2005) 253-63.

J.F. Tobin, A.J. Celeste, Myostatin, a negative regulator of muscle mass:
implications for muscle degenerative diseases, Curr Opin Pharmacol 5 (2005)
328-32.

L. Grobet, L.J. Martin, D. Poncelet, D. Pirottin, B. Brouwers, J. Riquet, A.
Schoeberlein, S. Dunner, F. Menissier, J. Massabanda, R. Fries, R. Hanset, M.
Georges, A deletion in the bovine Myostatin gene causes the double-muscled
phenotype in cattle, Nat Genet 17 (1997) 71-4.

R. Kambadur, M. Sharma, T.P. Smith, J.J. Bass, Mutationsin Myostatin (GDF8)
in double-muscled Belgian Blue and Piedmontese cattle, Genome Res 7 (1997)
910-6.

E. Casas, G.L. Bennett, T.P. Smith, L.V. Cundiff, Association of myostatin on
early calf mortality, growth, and carcass composition traits in crossbred cattle, J
Anim Sci 82 (2004) 2913-8.

P.R. Biga, S.B. Roberts, D.B. lliev, L.A. McCauley, J.S. Moon, P. Collodi, F.W.
Goetz, The isolation characterization and expression of anovel GDF11 gene and
a second myostatin form in zebrafish, Danio rerio, Comp Biochem Physiol B
Biochem Mol Biol. 141 (2005) 218-30.

T. Kerr, E.H. Roason, B.D. Rodgers, Phylogenetic analysis of the myostatin gene
sub-family and the differential expression of a novel member in zebrafish, Evol
Dev. 7 (2005) 390-400.

M.H. Parker, P. Seale, M.A. Rudnicki, Looking back to the embryo: defining
transcriptional networksin adult myogenesis, Nat Rev Genet 4 (2003) 497-507.
T.A. Partridge, J.E. Morgan, G.R. Coulton, E.P. Hoffman, L.M. Kunkel,
Conversion of mdx myofibres from dystrophin-negative to -positive by injection
of normal myoblasts, Nature 337 (1989) 176-9.

Z. Qu, L. Balkir, J.C. van Deutekom, P.D. Robbins, R. Pruchnic, J. Huard,
Development of approaches to improve cell survival in myoblast transfer therapy,
JCdll Biol 142 (1998) 1257-67.

G. Karpati, Y. Pouliot, E. Zubrzycka-Gaarn, S. Carpenter, P.N. Ray, R.G.
Worton, P. Holland, Dystrophin is expressed in madx skeletal muscle fibers after
normal myoblast implantation, Am J Pathol 135 (1989) 27-32.

G.M. Smythe, S.I. Hodgetts, M.D. Grounds, Problems and solutions in myoblast
transfer therapy, J Cell Mol Med 5 (2001) 33-47.

K.A. Jackson, T. Mi, M.A. Goodell, Hematopoietic potential of stem cells
isolated from murine skeletal muscle, Proc Natl Acad Sci U S A 96 (1999) 14482-
6.

32



[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

P. Seale, M.A. Rudnicki, A new look at the origin, function, and "stem-cell"
status of muscle satellite cells, Dev Biol 218 (2000) 115-24.

Z. Qu-Petersen, B. Deasy, R. Jankowski, M. Ikezawa, J. Cummins, R. Pruchnic, J.
Mytinger, B. Cao, C. Gates, A. Wernig, J. Huard, Identification of a novel
population of muscle stem cellsin mice: potential for muscle regeneration, J Cell
Biol 157 (2002) 851-64.

B. Cao, B. Zheng, R.J. Jankowski, S. Kimura, M. Ikezawa, B. Deasy, J.
Cummins, M. Epperly, Z. Qu-Petersen, J. Huard, Muscle stem cells differentiate
into haematopoietic lineages but retain myogenic potential, Nat Cell Biol 5 (2003)
640-6.

A. Asakura, P. Seale, A. Girgis-Gabardo, M.A. Rudnicki, Myogenic specification
of side population cellsin skeletal muscle, J Cell Biol 159 (2002) 123-34.

S.L. McKinney-Freeman, K.A. Jackson, F.D. Camargo, G. Ferrari, F. Mavilio,
M.A. Goodell, Muscle-derived hematopoietic stem cells are hematopoietic in
origin, Proc Natl Acad Sci U S A 99 (2002) 1341-6.

Y. Torrente, J.P. Tremblay, F. Pisati, M. Bélicchi, B. Rossi, M. Sironi, F.
Fortunato, M. El Fahime, M.G. D'Angelo, N.J. Caron, G. Constantin, D. Paulin,
G. Scarlato, N. Bresolin, Intraarterial injection of muscle-derived CD34(+)Sca-
1(+) stem cells restores dystrophin in mdx mice, J Cell Biol 152 (2001) 335-48.
D. Traver, B.H. Paw, K.D. Poss, W.T. Penberthy, S. Lin, L.I. Zon,
Transplantation and in vivo imaging of multilineage engraftment in zebrafish
bloodless mutants, Nat Immunol 4 (2003) 1238-46.

D. Traver, A. Winzeler, H.M. Stern, E.A. Mayhall, D.M. Langenau, J.L. Kutok,
A.T.Look, L.I. Zon, Effects of lethal irradiation in zebrafish and rescue by
hematopoietic cell transplantation, Blood 104 (2004) 1298-305.

D. Traver, Cellular dissection of zebrafish hematopoiesis, Methods Cell Biol 76
(2004) 127-49.

S. Higashijima, H. Okamoto, N. Ueno, Y. Hotta, G. Eguchi, High-frequency
generation of transgenic zebrafish which reliably express GFP in whole muscles
or the whole body by using promoters of zebrafish origin, Dev Biol 192 (1997)
289-99.

33



