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1. Potential formation of complexes between the Drosophila 
DGC proteins 
 
The genes encoding the majority of the mammalian DGC proteins are also present in 
conserved form in the Drosophila genome. The Drosophila DGC transcripts are found in a 
variety of tissues and cell types, most predominantly in muscle and CNS and they show 
patterns of tissue-specific mRNA expression similar to that seen of their homologs in mice 
and humans (Chapter 2 of this thesis).  
 
As in mammals, the mRNAs are often co-expressed in particular tissues, suggesting that their 
encoded proteins could form DGC-like complexes there. We have analyzed the Dystrophin 
and Dystrobrevin protein expression patterns and find that they localize to similar domains 
in the muscle and the CNS. Additionally, Dystrobrevin expression disappears in BL7663 
Dystrophin deficient embryos at the muscle attachment sites and in larvae in the ventral 
nerve cord and eye-antennal disc. Analysis of Dystrobrevin expression in the dysDLP2 E6 

mutant, revealed that wild type Dystrobrevin expression at the embryonic muscle attachment 
sites and in the third instar larval eye-antennal disc depends specifically on the presence of 
DLP2. These results indicate that the Drosophila Dystrophin and Dystrobrevin proteins likely 
form a complex similar to that seen in vertebrates. In contrast, Dystrobrevin expression in 
the optic tectum is not altered by the absence of Dystrophin, even though both Dystrobrevin 
and the Dystrophin Dp186 isoform are expressed there, suggesting that Dystrobrevin is 
localized by some other mechanism in that tissue. It will be interesting to see where the 
proteins of the other Drosophila DGC members are expressed and if their localization also 
depends on Dystrophin or Dystrobrevin. Dystrobrevin mutants are not yet available, but 
future analysis of the expression patterns of the other DGC members as well as Dystrophin in 
Dystrobrevin mutants could prove informative. 
 
2. The roles of DLP2 and Dp186 at the synapse  
 
We have generated mutants that lack the muscle specific DLP2 long isoform or the CNS 
specific short isoform Dp186 (Chapter 3 and van der Plas et al., 2006; Chapter 4). Analysis of 
these mutants have revealed apparently similar postsynaptic roles in the regulation of 
presynaptic neurotransmitter release, though their sites of action are at the NMJ and central 
nervous system interneuronal synapses, respectively (Figure 1A). The absence of the 
Dystrophin DLP2 and Dp186 isoforms or reduction of their expression levels results in an 
increased amount of evoked neurotransmitter release, which hyperdepolarizes the muscle or 
the receiving motoneuron. A similar effect is seen in the musculature of Dystrophin deficient 
C. elegans lines (Bessou et al., 1998; Gieseler et al., 2001), although the increased 
neurotransmission in the worm is not a consequence of increased release, but is due to the 
increased sensitivity to acetylcholine and reduced clearing of acetylcholine from the synaptic 
cleft, subsequent to delocalisation of an acetylcholine transporter (Ségalat, 2002; Carre-
Pierrat et al., 2006; Kim et al., 2004). In mice, defects in synaptic transmission are not easily 
determined because aspecific effects caused by the muscle degeneration make clear readings 
technically difficult. However, as we observe at the DLP2-deficient Drosophila NMJ, mEJPs 
are unaffected at the mdx mouse NMJ (Lyons & Slater, 1991).  
 
While the functions of DLP2 and Dp186 appear similar, their protein structures differ with 
respect to the presence of an actin-binding domain. Dp186 lacks an actin-binding domain, 
but performs an apparently similar role in regulation of neurotransmitter release at 
interneuronal synapses as DLP2 at the NMJ. Therefore, the actin-binding domain of DLP2, 
which links the DGC to the actin cytoskeleton, might not be required for this function. Future 
experiments can address this question by testing whether expression of DLP2 without an 
actin-binding domain can rescue the mutant phenotype. The absence of the actin-binding 
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domain in Dystrophin was originally correlated to the muscle degeneration in mice, although 
our results indicate that yet another Dystrophin isoform without an actin-binding domain is 
required for muscle integrity in Drosophila. In view of this, it would seem that the DLP2 
Dystrophin isoform does not have a similar function in muscle as the Dp427 isoform in 
mammals, but that DLP2 function more closely resembles that of Utrophin, which is also 
primarily located at the NMJ (Weir et al., 2002). However, removing Utrophin leads to NMJ 
abnormalities, characterized by a reduction in AChR clustering and synaptic folding, while 
removing DLP2 has a predominantly functional effect in increased vesicle release, which 
correlates with a presynaptic increase in the number of T-bars per active zone. Glutamate 
receptor clustering and postsynaptic ultrastructure remains unchanged in dysDLP2 E6 mutants 
(van der Plas et al., 2006; Chapter 3 of this thesis). 
 
Which proteins interact with DLP2 or Dp186 at the synapse? We have shown that the 
increase in neurotransmitter that results in the absence of DLP2 at the NMJ is dependent on 
the presence of the BMP receptor Wishful thinking (Wit; van der Plas et al., 2006 and 
Chapter 4). However, we also show that the downstream effector, PMad, of the BMP 
signaling pathway is unaltered in DLP2 mutants, suggesting an alternate pathway is involved, 
downstream of Wit. As mentioned in the introduction of this thesis, the BMP pathway could 
play a role in retrograde signaling via a PMad independent route through for instance LIMK1, 
or it can be only a permissive pathway.  
   
A likely candidate for interaction with Dystrophin at the synapse is CaMKII, which has been 
reported to be involved in retrograde signaling (see Introduction). Drosophila larvae 
expressing a dominant-negative CaMKII inhibitor show increases in quantal content 
accompanied by an increase in T-bar numbers (Haghighi et al., 2003), similar to those 
observed in dysDLP2 E6 larvae. However, despite the similarities in phenotypes between larvae 
with reduced levels of CaMKII and the dysDLP2 E6 mutant, we have not yet been able to 
uncover a genetic interaction between dystrophin and CaMKII.  
 
Synaptotagmin 4 (Syt4), which is present on postsynaptic vesicles, might function as a Ca2+ 
sensor for release of the retrograde signal, but is a less likely candidate for an interaction with 
Dystrophin since Syt4 mutants show defects in NMJ formation (Yoshihara et al., 2005), 
which are not seen in dysDLP2 E6 mutants. Since Syt4 is a component of exocytotic vesicles in 
the muscle, it is not likely to be a part of the retrograde signal in itself, but could be part of the 
exocytotic machinery required to release the retrograde signal. Lack of Syt4 may therefore 
not only impede the retrograde signal, but also the release of proteins important for 
maintenance of the synapse, e.g. Gbb or other trophic factors.  
 
The mammalian DGC has been shown to bind nNOS via the Syntrophin PDZ domain 
(Brenman et al., 1996). Mice bearing mutations in Dystrobrevin or Syntrophin, which have 
displaced nNOS, or nNOS mutants themselves show a reduction in AChR clustering and 
synaptic folding, indicating possible roles for nNOS in NMJ maturation (Grady et al., 2000; 
Adams et al., 2000). It is likely that nNOS also binds to the DGC in Drosophila via the PDZ 
domain in Syntrophin, but this remains to be investigated. nNOS creates NO, which has been 
shown to induce vesicle release via cGMP in Drosophila (Wildemann & Bicker, 1999a; 
Wildemann & Bicker, 1999b) and, since it easily diffuses between different tissues, is a 
candidate retrograde signal.  
 
What proteins are targeted at the presynaptic side of the synapse? Bruchpilot, which shows 
homology to human active zone protein ELKS/CAST/ERC, is likely to be involved, since it is a 
component of T-bars (Wagh et al., 2006; Kittel et al., 2006). An increase in T-bar number 
likely requires an increase in Bruchpilot expression. It is possible that the increase in T-bars 
in itself is sufficient to cause the increase in the probability of release seen in Dystrophin 
mutants. Having more active release sites would facilitate an increase in the total number of 
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vesicles released at the same time. Ongoing experiments are directed at evaluating whether or 
not quantal content and T-bar numbers increase at the DLP2- and Brp-deficient double 
mutant NMJ. We cannot rule out the possibility of other changes in the release mechanism at 
these synapses, such as vesicle recruitment to the membrane or the exocytotic machinery, 
although the change would have to be [Ca2+] independent (see Chapter 3, Fig. 5A).  
 
It is tantalizing to link the defect in neurotransmitter release regulation in Dystrophin 
mutants to the mental retardation that is found in approximately one third of the DMD 
patients (average IQ is 85; Anderson et al., 2002). In both mice and flies, mutations affecting 
proteins involved in synaptic function are often found to have defects in memory or other 
cognitive functions such as spatial recognition. Mental retardation in DMD patients has been 
linked to mutations in the carboxyterminal domain of the protein (Anderson et al., 2002; 
Moizard et al., 2000), indicating the possible involvement of one or more of the shorter 
Dystrophin isoforms, which are predominantly expressed in brain tissues. Lack of Dystrophin 
also leads to morphological defects in brains of Dystrophin deficient mice, defects in passive 
avoidance behaviour and impaired short term memory (Anderson et al., 2002). The 
behavioral consequences of increased levels of neurotransmitter release at interneuronal 
synapses in the Drosophila Dp186 mutant CNS have yet to be analyzed. Other roles for 
Dp186 may be uncovered in the eye, since Dp186 protein is expressed in the optic tectum and 
in the ommatidium, the repeating functional unit of the compound eye. DMD patients show 
EEG abnormalities and an increased prevalence of red-green color vision impairment, 
indicating likely roles for human Dystrophin isoforms in synaptic connectivity within the 
ocular system (Anderson et al., 2002; Costa et al., 2007). 
 
3. Roles of Dp117 and Dystrobrevin in muscle degeneration, 
survival and wing formation  
 
In this thesis, it is shown that absence of the Dystrophin Dp117 isoform, as well as absence of 
Dystrobrevin, has effects on the integrity of the third larval instar body wall musculature 
(Figure 1B; Chapters 5 and 6 of this thesis). Recently, a role for Dystrophin and Dystroglycan 
in maintaining the aging adult fly musculature has been reported (Shcherbata et al., 2007), 
but no distinction was made in this study between the different isoforms. It is as yet not clear 
what molecular mechanism causes muscle degeneration in these larvae and flies from both 
studies. 
  
Based on studies of DMD patients and mice bearing mutations in the genes encoding some of 
the DGC proteins, several models of DGC function in striated muscle have been proposed (for 
review see Petrof et al., 2002; Deconinck & Dan, 2007). I will here discuss the following 
models, 1) a mechanical/structural role, 2) a role in Ca2+ homeostasis, 3) a role in NO 
regulation, and 4) a role as a scaffold for signaling pathways. 
 
3.1 A mechanical/structural role 
Since the DGC links the extracellular matrix (ECM) to the actin cytoskeleton, the most 
obvious potential function for the DGC is stabilization of the sarcolemma during contraction 
and preventing it from rupturing. This is supported by the many studies that show that 
activity of the muscle in DMD patients and mdx mice accelerates the dystrophic phenotype. 
The presence of an actin-binding domain in Dystrophin has been shown to be essential for 
protection against muscle degeneration in mice (Judge et al., 2006). However, reports of 
muscle degeneration in mice lacking Dystrobrevin (Grady et al., 1999) or Sarcospan (Peter et 
al., 2007) demonstrate that muscle degeneration still occurs in the presence of 
sarcolemmally-localized Dystrophin with a functional actin-binding domain and when 
sarcolemmal integrity is still intact. This suggests that the actin-binding domain in mammals 
might very well be important for sarcolemmal integrity, but that the muscle degeneration is 
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not necessarily caused by membrane rupture or leakage. Membrane damage and muscle 
degeneration may therefore be contemporaneous unlinked effects. Membrane damage arising 
from the disruption of the ECM-cytoskeleton link in the absence of Dystrophin may aggravate 
the dystrophy.  
 
Further evidence for the possibly unlinked, but additive effects of sarcolemmal damage and 
muscle degeneration comes from transgenic expression of either the Dp260 or Dp116 
Dystrophin isoforms in the muscles of mdx mice. Warner et al. (2002) examined the effects 
of ectopic expression in mdx muscles of the Dp260 Dystrophin isoform, which lacks the N-
terminal actin-binding domain, but retains the spectrin repeat actin-binding domain. They 
show that Dp260 does not prevent the muscle degeneration, but does rescue the sarcolemmal 
damage, supporting the theory that membrane disruption and the absence of an actin-
binding domain is not required for the onset of muscular dystrophy. Judge et al. (2006) 
attempted to rescue the muscle degeneration in mdx mice by expressing the non-muscle 
isoform Dp116, which lacks both actin-binding domains, and found that muscle degeneration 
is more severe than in mdx muscle and sarcolemmal damage is still present, suggesting that 
the actin-binding domain is required for membrane stability. 
  
Our results on the recently identified Dp117 Dystrophin isoform in Drosophila are consistent 
with the theory that sarcolemmal disruption is not required for the onset of muscular 
dystrophy. Reduction of pan-Dystrophin causes activity and/or time-dependent muscle 
degeneration in both larvae and adults without apparent effects on sarcolemmal integrity 
(Chapter 5 of this thesis). These results suggest that membrane damage due to disruption of 
the link between the actin cytoskeleton and the ECM does not necessarily underlie muscle 
degeneration. 
 
Another mechanical/structural explanation for why muscle degeneration occurs in the 
absence of Dystrophin is the impairment of the structural link between the costameres and 
the DGC. The absence of Dystrophin results in a disorganized costameric lattice and 
disruption of sarcolemmal integrity (Cohn & Campbell, 2000; Blake et al., 2002). Both 
Dystrophin and Dystrobrevin have been shown to bind to proteins associated with 
costameres, such as γ-actin, synemin and syncoilin, thereby linking the sarcolemma to the 
costameres surrounding the Z-disk.  
 
Since Dystrobrevin null mice display muscle degeneration with an intact sarcolemma, the 
hypothesis was originally proposed that Dystrobrevin assumes a signaling role in the onset of 
muscular dystrophy (Ervasti, 2003). However, defects in cell signaling in the absence of 
Dystrobrevin have not yet been detected. Dystrobrevin has been found to bind a number of 
intermediate filament proteins, such as syncoilin and synemin (Mizuno et al., 2001; Poon et 
al., 2002), which in turn bind to desmin. Desmin has been shown to constitute one of the 
links between the Z-disk and the sarcolemma (Ervasti, 2003). Loss of desmin leads to a weak 
muscle phenotype with impaired lateral force transmission. Although membrane integrity 
has not been closely examined in desmin mutant muscles, the absence of force drop with 
eccentric contraction suggests that their sarcolemma remains largely intact (Ervasti, 2003). 
Therefore, disruption of the link between the costameres and the sarcolemma results in 
impaired sarcolemmal function. This disruption could lead to the onset of muscle 
degeneration. Dystrobrevin, similar to desmin, may have a role in lateral force transmission 
by coupling the intermediate filament cytoskeleton to the DGC. Dystrobrevin thus possibly 
serves a mechanical or structural function in the link between the Z-disk and the sarcolemma.  
Similarly to the mdx and dystrobrevin mutant mice, muscle degeneration in Drosophila 
larvae with reduced expression of Dystrophin Dp117 is accompanied by a disruption of the 
sarcomeric Z-band (Chapter 5 of this thesis; van der Plas et al., 2007). The sarcomeric 
structure of larval muscles with reduced Dystrobrevin expression has not yet been closely 
examined, but is likely disrupted as well.  
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Figure 1: A summary model for the different functions of Dystrophin isoforms in Drosophila melanogaster. (A) 
A model for the function of DLP2 and Dp186 at the synapse. The DGC most likely anchors proteins (CaMKII or a 
CaMKII activating protein) at the sarcolemma, which respond to low Ca2+ levels in the cytosol resulting in CaMKII 
deactivation. This can lead to 1) inhibition of the BMP pathway by decreasing the amount of Gbb released, or 2) 
the release of another unknown factor which is taken up by the presynaptic side, or alternatively 3) nNOS is 
activated and produces NO, which causes the production of cGMP in the presynaptic side. Improper activation or 
deactivation of one or a combination of these pathways results in increased vesicle release in the absence of 
Dystrophin. (B) A hypothetical model for the possible functions of Dp117 and Dystrobrevin in survival, muscle 
maintenance and wing formation. Absence of the DGC could lead to activation of apoptotic pathways, such as the 
JNK pathway, or it could lead to a growth defect via PI3K/Akt members of the insulin pathway. Other hypotheses 
for how muscle degeneration begins, include the disruption of Ca2+ homeostasis in the absence of the DGC or the 
elimination of a mechanical link between the sarcolemma and the sarcomeres via the costameric lattice.  
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It is not yet known how disruption of the sarcomeres leads to muscle degeneration. The 
mechanism leading to degeneration in dystrophin or dystrobrevin mutant muscles could be 
similar to that seen in patients with Limb girdle muscular dystrophy type 2A (LGMD2A), 
which is caused by mutations in calpain-3 leading to disruption of the sarcomeres. It is 
possible that eliminating the link between the sarcolemma and the costameric lattice results 
in destabilization of the sarcomeres due to calpain delocalization or deactivation (reviewed in 
Duguez et al., 2006; Spence et al., 2002). Calpain expression in affected muscles of larvae 
with reduced levels of Dp117 or Dystrobrevin has not yet been determined. 
 
3.2 Ca2+ homeostasis 
A second potentially important mechanism in the onset of muscular dystrophy is disruption 
of Ca2+ homeostasis (Alderton & Steinhardt, 2000; Deconinck & Dan, 2007). Internal Ca2+ 
levels are increased in Dystrophic muscle due to sarcolemmal damage linked to muscle 
activity and abnormally active calcium leak channels. The elevated Ca2+ levels result in 
calcium-dependent proteolysis through activation of calpain. It is hypothesized that 
Dystrophin, through the DGC, assembles signaling pathways involved in Ca2+ homeostasis, or 
that the DGC regulates the cytoskeleton, which in turn regulates the activity of ion channels 
in the sarcolemma as well as the sarcoplasmic reticulum. However, reports are contradictory 
and the use of myotubes versus muscle fibers as well as the particular fiber type and activity 
of the muscle influence experimental outcomes (see Constantin et al., 2006 for review).  
 
Inactivity of the muscle seems to slow down the degeneration process as determined from 
studies of hind-limb immobilization in mdx mice and one Becker Muscular Dystrophy patient 
with spina bifida (Kimura et al., 2006; Mokhtarian et al., 1999). The activity-dependent 
degeneration in mdx muscles suggests that membrane damage causes increased Ca2+ levels, 
and possibly suggests an involvement of mechanosensitive membrane channels (Deconinck & 
Dan, 2007). Channels whose mutations are correlated with the inappropriate entry of Ca2+ 
include the stress-activated-channels (SACs) (Yeung et al., 2005) and store-operated-
channels (SOCs) (Pan et al., 2002). In C. elegans, the lack of Dystrophin protein alone is not 
sufficient to cause muscle degeneration. However, double mutants for Dystrophin and the 
Egl-19 Ca2+ channel do display muscle degeneration, indicating that Ca2+ homeostasis plays a 
crucial role in the onset of muscle degeneration in worms (Mariol and Ségalat, 2001).  
In addition to the increase in Ca2+ due to leakage, it is shown that mdx-fibers have a reduced 
capability to buffer Ca2+ levels due to decreased expression of sarcalumenin (Dowling et al., 
2004). Mitochondria also play roles in Ca2+ homeostasis in the muscle. Ca2+ level peaks in the 
cytosol are sensed and amplified in mitochondria (Robert et al., 2001). In mdx muscle, this 
mitochondrial response was found to be increased, which may possibly trigger the apoptotic 
mechanisms that precede necrosis of the degenerating muscle (Gailly, 2002). 
 
Electrophysiological analysis of dystrophic muscle fibers has given insight into the 
mechanism of muscle degeneration. Drastic changes in the resting potentials of Dystrophin-
deficient skeletal muscle fibers, which might be expected if Dystrophin deficiency influences 
the gating of channels active at rest, were not observed (Allard, 2006). The outcomes of 
experiments that test membrane leakage at resting potentials and excitability of mdx fibers 
are mostly conflicting. The only apparent difference in channel function at the sarcolemma 
between normal and mdx muscles seems to be the increased open probability of sarcolemmal 
cation channels active during muscle rest (Allard, 2006). 
 
As shown from the studies mentioned above, much is still uncertain pertaining to the 
involvement of Ca2+ in the onset of muscular dystrophy. In order to further characterize the 
possible involvement of Ca2+, we are currently exploring options for elucidating the role of 
Ca2+ in muscle degeneration in third instar larvae with reduced expression levels of Dp117 
and/or Dystrobrevin. The internal Ca2+ levels have not yet been investigated for muscles with 
reduced expression of Dp117 or Dystrobrevin. The intact sarcolemma in affected muscles in 

 
 

Chapter 7

152



 
 

these larvae excludes the possibility of increased Ca2+ levels due to membrane ruptures. Thus 
if internal Ca2+ levels are found to be different from wild type, the change would likely be 
caused by increased Ca2+ entry through Ca2+ channels in either the sarcolemma (eg. Ca α1D) 
or the sarcomeric reticulum (eg. the ryanodine receptor), or alternatively, by reduced clearing 
of cytosolic Ca2+ (eg. into the sarcomeric reticulum by SERCA).  
 
3.3 NO regulation 
A third theory for the mechanism of muscle degeneration involves the direct or indirect 
misregulation of NO in dystrophic muscle. NO has been reported to play a role in the onset of 
muscle degeneration in mdx mice (Wehling et al., 2001; Tidball et al., 1999; Chaubourt et al., 
2002). NO may function as a protection against muscle degeneration in muscle, since NO can 
function as a vasodilator, protecting muscles from hypoxia. The neuronal NOS isoform, 
nNOS, is displaced from the sarcolemma of cardiac muscle cells in the absence of Dystrophin, 
which likely precludes the production of NO and results in hypoxic muscle damage. In 
skeletal muscle, the function of NO may be more complex. Delocalization of nNOS from the 
sarcolemma is hypothesized to cause the inappropriate formation of free radicals, which 
damage the muscle cell. Although restoration of NO levels to normal in mdx muscle 
ameliorates degeneration (Wehling et al., 2001), this may be due to the secondary effects of 
NO, e.g. increased expression levels of the costameric proteins talin and vinculin, as well as 
Utrophin (Tidball et al., 1999; Chaubourt et al., 2002). We have yet to investigate the role of 
NO in the onset of muscle degeneration in third instar larvae with reduced expression levels 
of Dp117 or Dystrobrevin. 
 
3.4 Scaffold for signaling pathways 
A fourth hypothesis concerning the onset of muscle degeneration in the absence of 
Dystrophin is that Dystrophin with the other DGC proteins forms a scaffold for signaling 
pathways. Absence of Dystrophin disrupts the formation of this scaffold, resulting in 
misregulation of signaling pathways leading to e.g. apoptosis, which is thought to precede the 
necrosis in mdx muscle (Sandri et al., 1998; Tidball et al., 1995) or other defects. Defects in 
signaling pathways could underlie the lethality and muscle degeneration we have described in 
larvae with decreased Dp117 expression.  
 
We show that 2xRNAi-Dp117-24B larvae stop feeding between second and third larval instar 
stage and that they are transparent due to an apparent lack of fat bodies. It is unclear why 
they stop feeding and whether this is a direct cause for or a result of the subsequent lethality, 
since onset of necrosis in the intestinal tract could induce the larvae to stop feeding. The 
2xRNAi-Dp117-24B larvae resemble those mutant for the Drosophila class IA PI3-kinase, 
Dp110 (Weinkove et al., 1999). PI3K is involved in the insulin signaling pathway, which 
regulates cell growth as well as cell number (for review see Edgar, 2006). Dystrophin has 
been linked to Akt signaling in the hypertrophic response in DMD and LGMD muscles (Peter 
& Crosbie, 2006) as well as in the mechanisms underlying cachexia, skeletal muscle atrophy, 
which is a common feature of cancer (Acharyya et al., 2005). In Drosophila, Shcherbata et al. 
(2007) recently proposed a link between Dystroglycan and the insulin receptor pathway in 
axon guidance in the Drosophila brain. Furthermore, overexpression of insulin signaling 
pathway members dS6K and dAkt results in curved up wings due to a difference in cell size 
between the dorsal and ventral wing blade (Rintelen, 2001). A curved up wing phenotype also 
results from reduced expression of all Dystrophin isoforms or Dp117 alone (Chapter 6) and 
may therefore reflect underlying cell growth deficits similar as in dS6K and dAkt wings.  
 
A curved up wing phenotype could alternatively be caused by differences in cell number 
between the dorsal and the ventral wing blade. Cell number can be regulated by the BMP 
homolog Dpp. Dpp deficient cells are excluded from the wing blade, but do not die, and show 
activitation of the JNK pathway, which can lead to apoptosis (Gibson & Perrimon, 2005; 
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Shen & Dahmann, 2005; Adachi-Yamada et al., 1999). As yet, we have no indication of 
apoptosis taking place when expression levels of Dp117 are reduced. 
Additionally, DLP2 mutant wings show a failure of the posterior and anterior cross veins to 
properly form. Such defects are also seen in mutants for crossveinless-2 (cv-2), which was 
recently shown to be a regulating protein of Dpp (Conley et al., 2000). It is possible that, like 
cv-2, Dystrophin plays a role in maintaining or regulating BMP signaling.  
 
Studies in both mice and Drosophila indicate a link between the DGC and the Egfr signaling 
pathway or its downstream target, ERK-MAP (extracellular signal-regulated kinase-mitogen-
activated protein). γ-Sarcoglycan deficiency in mice seems to activate ERK (Barton, 2006). 
Similarly, reduction of β-Sarcoglycan expression levels induces Egfr signaling activation in 
the Drosophila eye (Hashimoto & Yamaguchi, 2006). In mice, Dystroglycan interacts with 
several components of the ERK-MAP kinase cascade and modulates ERK activity in response 
to the binding of integrin to laminin (Spence et al., 2004). In the Drosophila oocyte, Egfr 
signaling downregulates Dystroglycan levels for proper localization of posterior polarity 
(Poulton & Deng, 2006). Thus, several members of the Drosophila DGC have been shown to 
interact with the Egfr signaling pathway or one of its downstream effectors, ERK. However, it 
is not known if this pathway is involved in muscle degeneration.  
 
It is difficult to separate the principal cause of muscular dystrophy from the secondary effects 
that arise once the muscle is damaged. At this point it is therefore unclear which of the above 
named complications first arises in the disease process. Furthermore, it is possible that 
several or even all of these mechanisms act together. Analysis of early effects in the disease 
progression could help distinguish between the possible mechanisms for muscle 
degeneration. With our work on the function of Dystrophin in the development of 
Drosophila, we have uncovered novel Dystrophin functions in the retrograde regulation of 
neurotransmitter release at the synapse. Furthermore, we have shown that Dystrophin in the 
fruit fly is important for survival during development, as well as for the survival of individual 
muscle cells. By taking advantage of the amenability of Drosophila for genetic analysis and its 
rapid lifecycle, these phenotypes will be used in genetic screens to further discover other 
molecules involved in these processes and thereby increase the understanding of the 
pathogenesis of muscular dystrophies.  
 
4. References 
 
Acharyya, S., Butchbach, M. E., Sahenk, Z., Wang, H., Saji, M., Carathers, M., Ringel, M. D., 

Skipworth, R. J., Fearon, K. C., Hollingsworth, M. A., Muscarella, P., Burghes, A. H., 
Rafael-Fortney, J. A., and Guttridge, D. C. (2005). Dystrophin glycoprotein complex dysfunction: a 
regulatory link between muscular dystrophy and cancer cachexia. Cancer Cell 8, 421-432. 

Adachi-Yamada, T., Fujimura-Kamada, K., Nishida, Y., and Matsumoto, K. (1999). Distortion of 
proximodistal information causes JNK-dependent apoptosis in Drosophila wing. Nature 400, 166-169. 

Adams, M. E., Kramarcy, N., Krall, S. P., Rossi, S. G., Rotundo, R. L., Sealock, R., and Froehner, S. 
C. (2000). Absence of alpha-syntrophin leads to structurally aberrant neuromuscular synapses deficient 
in utrophin. J Cell Biol. 150, 1385-1398. 

Alderton, J. M. and Steinhardt, R. A. (2000). How Calcium Influx through Calcium Leak Channels Is 
Responsible for the Elevated Levels of Calcium-dependent Proteolysis in Dystrophic Myotubes. Trends in 
Cardiovascular Medicine 10, 268-272. 

Allard, B. (2006). Sarcolemmal ion channels in dystrophin-deficient skeletal muscle fibres. J Muscle Res.Cell 
Motil. 27, 367-373. 

Anderson, J. L., Head, S. I., Rae, C., and Morley, J. W.  (2002). Brain function in Duchenne muscular 
dystrophy. Brain 125, 4-13. 

Barton, E. R. (2006). Impact of sarcoglycan complex on mechanical signal transduction in murine skeletal 
muscle. Am.J Physiol Cell Physiol 290, C411-C419. 

Bessou, C., Giugia, J. B., Franks, C. J., Holden-Dye, L., and Ségalat, L. (1998). Mutations in the 
Caenorhabditis elegans dystrophin-like gene dys-1 lead to hyperactivity and suggest a link with 
cholinergic transmission. Neurogenetics. 2, 61-72. 

Blake, D. J., Weir, A., Newey, S. E., and Davies, K. E. (2002). Function and genetics of dystrophin and 
dystrophin-related proteins in muscle. Physiol Rev. 82, 291-329. 

 
 

Chapter 7

154



 
 

Brenman, J. E., Chao, D. S., Gee, S. H., McGee, A. W., Craven, S. E., Santillano, D. R., Wu, Z., 
Huang, F., Xia, H., Peters, M. F., Froehner, S. C., and Bredt, D. S. (1996). Interaction of nitric 
oxide synthase with the postsynaptic density protein PSD-95 and alpha1-syntrophin mediated by PDZ 
domains. Cell 84, 757-767. 

Carre-Pierrat, M., Grisoni, K., Gieseler, K., Mariol, M. C., Martin, E., Jospin, M., Allard, B., and 
Ségalat, L. (2006). The SLO-1 BK channel of Caenorhabditis elegans is critical for muscle function and 
is involved in dystrophin-dependent muscle dystrophy. J.Mol.Biol. 358, 387-395. 

Chaubourt, E., Voisin, V., Fossier, P., Baux, G., Israel, M., and De La Porte, S. (2002). Muscular nitric 
oxide synthase (muNOS) and utrophin. Journal of Physiology-Paris 96, 43-52. 

Cohn, R. D. and Campbell, K. P. (2000). Molecular basis of muscular dystrophies. Muscle Nerve 23, 1456-
1471. 

Conley, C. A., Silburn, R., Singer, M. A., Ralston, A., Rohwer-Nutter, D., Olson, D. J., Gelbart, W., 
and Blair, S. S. (2000). Crossveinless 2 contains cysteine-rich domains and is required for high levels 
of BMP-like activity during the formation of the cross veins in Drosophila.  Development 127, 3947-3959. 

Constantin, B., Sebille, S., and Cognard, C. (2006). New insights in the regulation of calcium transfers by 
muscle dystrophin-based cytoskeleton: implications in DMD. J Muscle Res.Cell Motil. 27, 375-386. 

Costa, M. F., Oliveira, A. G., Feitosa-Santana, C., Zatz, M., and Ventura, D. F. (2007). Red-green color 
vision impairment in duchenne muscular dystrophy. Am.J Hum.Genet. 80, 1064-1075. 

Deconinck, N. and Dan, B. (2007). Pathophysiology of Duchenne Muscular Dystrophy: Current Hypotheses. 
Pediatric Neurology 36, 1-7. 

Dowling, P., Doran, P., and Ohlendieck, K. (2004). Drastic reduction of sarcalumenin in Dp427 (dystrophin 
of 427 kDa)-deficient fibres indicates that abnormal calcium handling plays a key role in muscular 
dystrophy. Biochem.J 379, 479-488. 

Duguez, S., Bartoli, M., and Richard, I. (2006). Calpain 3: a key regulator of the sarcomere? FEBS J 273, 
3427-3436. 

Edgar, B. A. (2006). How flies get their size: genetics meets physiology. Nat.Rev.Genet. 7, 907-916. 
Ervasti, J. M. (2003). Costameres: the Achilles' heel of Herculean muscle. J Biol.Chem. 278, 13591-13594. 
Gailly, P. (2002). New aspects of calcium signaling in skeletal muscle cells: implications in Duchenne muscular 

dystrophy. Biochim.Biophys.Acta 1600, 38-44. 
Gibson, M. C. and Perrimon, N. (2005). Extrusion and death of DPP/BMP-compromised epithelial cells in 

the developing Drosophila wing. Science 307, 1785-1789. 
Gieseler, K., Mariol, M. C., Bessou, C., Migaud, M., Franks, C. J., Holden-Dye, L., and Ségalat, L. 

(2001). Molecular, genetic and physiological characterisation of dystrobrevin-like (dyb-1) mutants of 
Caenorhabditis elegans. J.Mol.Biol. 307, 107-117. 

Grady, R. M., Grange, R. W., Lau, K. S., Maimone, M. M., Nichol, M. C., Stull, J. T., and Sanes, J. R. 
(1999). Role for alpha-dystrobrevin in the pathogenesis of dystrophin-dependent muscular dystrophies. 
Nat.Cell Biol. 1, 215-220. 

Grady, R. M., Zhou, H., Cunningham, J. M., Henry, M. D., Campbell, K. P., and Sanes, J. R. (2000). 
Maturation and maintenance of the neuromuscular synapse: genetic evidence for roles of the dystrophin-
-glycoprotein complex. Neuron 25, 279-293. 

Haghighi, A. P., McCabe, B. D., Fetter, R. D., Palmer, J. E., Hom, S., and Goodman, C. S. (2003). 
Retrograde control of synaptic transmission by postsynaptic CaMKII at the Drosophila neuromuscular 
junction. Neuron 39, 255-267. 

Hashimoto, R. and Yamaguchi, M. (2006). Genetic link between beta-sarcoglycan and the Egfr signaling 
pathway. Biochem.Biophys.Res.Commun. 348, 212-221. 

Judge, L. M., Haraguchiln, M., and Chamberlain, J. S. (2006). Dissecting the signaling and mechanical 
functions of the dystrophin-glycoprotein complex. J.Cell Sci. 119, 1537-1546. 

Kim, H., Rogers, M. J., Richmond, J. E., and McIntire, S. L. (2004). SNF-6 is an acetylcholine 
transporter interacting with the dystrophin complex in Caenorhabditis elegans. Nature 430, 891-896. 

Kimura, S., Ikezawa, M., Nomura, K., Ito, K., Ozasa, S., Ueno, H., Yoshioka, K., Yano, S., 
Yamashita, T., Matuskura, M., and Miike, T. (2006). Immobility reduces muscle fiber necrosis in 
dystrophin deficient muscular dystrophy. Brain and Development 28, 473-476. 

Kittel, R. J., Wichmann, C., Rasse, T. M., Fouquet, W., Schmidt, M., Schmid, A., Wagh, D. A., 
Pawlu, C., Kellner, R. R., Willig, K. I., Hell, S. W., Buchner, E., Heckmann, M., and Sigrist, 
S. J. (2006). Bruchpilot promotes active zone assembly, Ca2+ channel clustering, and vesicle release. 
Science 312, 1051-1054. 

Lyons, P. R. and Slater, C. R. (1991). Structure and function of the neuromuscular junction in young adult 
mdx mice. J.Neurocytol. 20, 969-981. 

Mariol, M. C. and Ségalat, L. (2001). Muscular degeneration in the absence of dystrophin is a calcium-
dependent process. Curr.Biol. 11, 1691-1694. 

Mizuno, Y., Thompson, T. G., Guyon, J. R., Lidov, H. G., Brosius, M., Imamura, M., Ozawa, E., 
Watkins, S. C., and Kunkel, L. M. (2001). Desmuslin, an intermediate filament protein that interacts 
with alpha -dystrobrevin and desmin. Proc.Natl.Acad.Sci U.S.A 98, 6156-6161. 

Moizard, M. P., Toutain, A., Fournier, D., Berret, F., Raynaud, M., Billard, C., Andres, C., and 
Moraine, C. (2000). Severe cognitive impairment in DMD: obvious clinical indication for Dp71 isoform 
point mutation screening. European Journal of Human Genetics 8, 552-556. 

 
 

General discussion

155



 
 

Mokhtarian, A., Lefaucheur, J. P., Even, P. C., and Sebille, A. (1999). Hindlimb immobilization applied 
to 21-day-old mdx mice prevents the occurrence of muscle degeneration. Journal of Applied Physiology 
86, 924-931. 

Pan, Z., Yang, D., Nagaraj, R. Y., Nosek, T. A., Nishi, M., Takeshima, H., Cheng, H., and Ma, J. 
(2002). Dysfunction of store-operated calcium channel in muscle cells lacking mg29. Nat.Cell Biol. 4, 
379-383. 

Peter, A. K. and Crosbie, R. H. (2006). Hypertrophic response of Duchenne and limb-girdle muscular 
dystrophies is associated with activation of Akt pathway. Exp.Cell Res. 312, 2580-2591. 

Peter, A. K., Miller, G., and Crosbie, R. H. (2007). Disrupted mechanical stability of the dystrophin-
glycoprotein complex causes severe muscular dystrophy in sarcospan transgenic mice. Journal of Cell 
Science 120, 996-1008. 

Petrof, B. J. (2002). Molecular pathophysiology of myofiber injury in deficiencies of the dystrophin-glycoprotein 
complex. American Journal of Physical Medicine and Rehabilitation 81, S162-S174. 

Poon, E., Howman, E. V., Newey, S. E., and Davies, K. E.  (2002). Association of syncoilin and desmin: 
linking intermediate filament proteins to the dystrophin-associated protein complex. J Biol.Chem. 277, 
3433-3439. 

Poulton, J. S. and Deng, W. M. (2006). Dystroglycan down-regulation links EGF receptor signaling and 
anterior-posterior polarity formation in the Drosophila oocyte. Proc.Natl.Acad.Sci U.S.A 103, 12775-
12780. 

Rintelen, F., Stocker, H., Thomas, G., and Hafen, E. (2001). PDK1 regulates growth through Akt and S6K 
in Drosophila. Proc.Natl.Acad.Sci U.S.A 98, 15020-15025. 

Robert, V., Massimino, M. L., Tosello, V., Marsault, R., Cantini, M., Sorrentino, V., and Pozzan, T. 
(2001). Alteration in calcium handling at the subcellular level in mdx myotubes. J Biol.Chem. 276, 4647-
4651. 

Sandri, M., Massimino, M. L., Cantini, M., Giurisato, E., Sandri, C., Arslan, P., and Carraro, U. 
(1998). Dystrophin deficient myotubes undergo apoptosis in mouse primary muscle cell culture after 
DNA damage. Neurosci.Lett. 252, 123-126. 

Ségalat, L. (2002). Dystrophin and functionally related proteins in the nematode Caenorhabditis elegans. 
Neuromuscular Disorders 12, S105-S109. 

Shcherbata, H. R., Yatsenko, A. S., Patterson, L., Sood, V. D., Nudel, U., Yaffe, D., Baker, D., and 
Ruohola-Baker, H. (2007). Dissecting muscle and neuronal disorders in a Drosophila model of 
muscular dystrophy. EMBO J 26, 481-493. 

Shen, J. and Dahmann, C. (2005). Extrusion of cells with inappropriate Dpp signaling from Drosophila wing 
disc epithelia.  Science 307, 1789-1790. 

Spence, H. J., Chen, Y. J., and Winder, S. J. (2002). Muscular dystrophies, the cytoskeleton and cell 
adhesion. Bioessays 24, 542-552. 

Spence, H. J., Dhillon, A. S., James, M., and Winder, S. J. (2004). Dystroglycan, a scaffold for the ERK-
MAP kinase cascade. EMBO Rep. 5, 484-489. 

Tidball, J. G., Albrecht, D. E., Lokensgard, B. E., and Spencer, M. J. (1995). Apoptosis precedes necrosis 
of dystrophin-deficient muscle. Journal of Cell Science 108 ( Pt 6), 2197-2204. 

Tidball, J. G., Spencer, M. J., Wehling, M., and Lavergne, E. (1999). Nitric-oxide Synthase Is a 
Mechanical Signal Transducer That Modulates Talin and Vinculin Expression. Journal of Biological 
Chemistry 274, 33155-33160. 

van der Plas, M. C., Pilgram, G. S., Plomp, J. J., de Jong, A., Fradkin, L. G., and Noordermeer, J. N. 
(2006). Dystrophin is required for appropriate retrograde control of neurotransmitter release at the 
Drosophila neuromuscular junction. Journal of Neuroscience 26, 333-344. 

van der Plas, M. C., Pilgram, G. S. K., de Jong, A., Bansraj, M. R. K. S., Fradkin, L. G., and 
Noordermeer, J. N. (2007). Drosophila Dystrophin is required for integrity of the musculature. 
Mechanisms of Development 124, 617-630. 

Wagh, D. A., Rasse, T. M., Asan, E., Hofbauer, A., Schwenkert, I., Durrbeck, H., Buchner, S., 
Dabauvalle, M. C., Schmidt, M., Qin, G., Wichmann, C., Kittel, R., Sigrist, S. J., and 
Buchner, E. (2006). Bruchpilot, a protein with homology to ELKS/CAST, is required for structural 
integrity and function of synaptic active zones in Drosophila. Neuron 49, 833-844. 

Warner, L. E., DelloRusso, C., Crawford, R. W., Rybakova, I. N., Patel, J. R., Ervasti, J. M., and 
Chamberlain, J. S. (2002). Expression of Dp260 in muscle tethers the actin cytoskeleton to the 
dystrophin-glycoprotein complex and partially prevents dystrophy. Human Molecular Genetics 11, 1095-
1105. 

Wehling, M., Spencer, M. J., and Tidball, J. G. (2001). A nitric oxide synthase transgene ameliorates 
muscular dystrophy in mdx mice. The Journal of Cell Biology 155, 123-132. 

Weinkove, D., Neufeld, T. P., Twardzik, T., Waterfield, M. D., and Leevers, S. J. (1999). Regulation of 
imaginal disc cell size, cell number and organ size by Drosophila class I(A) phosphoinositide 3-kinase 
and its adaptor. Curr.Biol. 9, 1019-1029. 

Weir, A. P., Burton, E. A., Harrod, G., and Davies, K. E. (2002). A- and B-utrophin have different 
expression patterns and are differentially up-regulated in mdx muscle. J Biol.Chem. 277, 45285-45290. 

Wildemann, B. and Bicker, G. (1999). Developmental expression of nitric oxide/cyclic GMP synthesizing cells 
in the nervous system of Drosophila melanogaster. J.Neurobiol. 38, 1-15. 

 
 

Chapter 7

156



 
 

Wildemann, B. and Bicker, G. (1999). Nitric oxide and cyclic GMP induce vesicle release at Drosophila 
neuromuscular junction. J.Neurobiol. 39, 337-346. 

Yeung, E. W., Whitehead, N. P., Suchyna, T. M., Gottlieb, P. A., Sachs, F., and Allen, D. G. (2005). 
Effects of stretch-activated channel blockers on [Ca2+]i and muscle damage in the mdx mouse. J Physiol 
562, 367-380. 

Yoshihara, M., Adolfsen, B., Galle, K. T., and Littleton, J. T. (2005). Retrograde signaling by Syt 4 
induces presynaptic release and synapse-specific growth. Science 310, 858-863. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

General discussion

157



 


	thesis grey final without title pages and footers.pdf
	thesis grey final without title pages and footers.pdf
	Chapter 2_DGC for pdf.pdf
	Chapter 2_DGC for pdf.pdf
	  
	 Embryonic expression patterns of the Drosophila dystrophin-associated glycoprotein complex orthologs 
	Abstract 
	1. Results and discussion 
	2. Experimental procedures 
	2.1. Genetic stocks 
	2.2. RNA in situ analysis and immunohistochemistry 

	3. Acknowledgements 
	4. References 


	Chapter 5; Dp117 for pdf.pdf
	  
	 Drosophila Dystrophin is Required for Integrity of the Musculature 
	Abstract 
	1. Introduction 
	2. Experimental Procedures 
	2.1 Drosophila lines 
	2.2 Sequence analysis of the Dp117 dystrophin Isoform 
	2.3 Generation of transgenic RNA-interference lines 
	2.4 Semi-quantitative RT-PCR analyses 
	2.5 RNA in situ hybridization, Immunohistochemistry and TUNEL assay 
	2.6 Analyses of muscle phenotypes and pupal lethality 
	2.7 Food ingestion/elimination assay 
	2.8 Embedding of embryos, larvae and thoraces for light and 
	transmission electron microscopy 

	3. Results 
	3.1 Reduction of pan-Dystrophin expression levels results in muscle degeneration 
	3.2 The Dp117 dystrophin isoform is expressed in the embryonic and larval musculature 
	3.3 Dp117 is required for survival and integrity of the larval musculature 
	3.4 Dystrophin-deficient muscles display disorganized myofilaments and signs of necrosis 
	3.5 Dystrophin-deficient pupae undergo myogenesis normally, but adult flies exhibit progressive muscle degeneration at time of eclosion 

	4. Discussion 
	5. Acknowledgements 
	6. References 
	7. Supplemental data

	Chapter 7_ general discussion for pdf plus blank.pdf
	Chapter 7_ general discussion for pdf.pdf
	  
	 1. Potential formation of complexes between the Drosophila DGC proteins
	2. The roles of DLP2 and Dp186 at the synapse 
	3. Roles of Dp117 and Dystrobrevin in muscle degeneration, survival and wing formation 
	3.1 A mechanical/structural role
	3.2 Ca2+ homeostasis
	3.3 NO regulation
	3.4 Scaffold for signaling pathways

	4. References







