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Abstract

Mitochondria are dynamic organelles that change their architecture in normal physiological 

conditions. Mutations in genes that control mitochondrial fission or fusion, such as dynamin-

related protein (Drp1), Mitofusins 1 (Mfn1) and 2 (Mfn2), and Optic atrophy 1 (Opa1), result in 

neuropathies or neurodegenerative diseases. It is increasingly clear that altered mitochondrial 

dynamics also underlie the pathology of other degenerative diseases, including Parkinson’s 

disease (PD). Thus, understanding mitochondrial distribution, shape, and dynamics in all cell 

types is a prerequisite for developing and defining treatment regimens that may differentially 

affect tissues. The majority of Drosophila genes implicated in mitochondrial dynamics have been 

studied in the adult indirect flight muscle (IFM). Here, we discuss the utility of Drosophila third 

instar larvae (L3) as an alternative model to analyze and quantify mitochondrial behaviors. 

Advantages include large muscle cell size, a stereotyped arrangement of mitochondria that is 

conserved in mammalian muscles, and the ability to analyze muscle-specific gene function in 

mutants that are lethal prior to adult stages. In particular, we highlight methods for sample 

preparation and analysis of mitochondrial morphological features.
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1. Introduction

Mitochondria have a long and storied history. The first observations that describe these 

intracellular organelles date back to the beginning of the1840s (Aubert, 1852; Butschli, 

1871; Flemming, 1882; Henle, 1841; Kolliker, 1856, 1888). For over 150 years, the field of 

‘mitochondriology’ has focused on multiple facets of mitochondrial composition and 

function. Only since the 1970s has the focus to mitochondrial fission/fusion and biogenesis 
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shed new light on the role of these powerhouse organelles in biology (Ernster and Schatz, 

1981). Most of the adenosine triphosphate (ATP) within cells is generated by mitochondria, 

and muscle cells in particular, require abundant amounts of ATP to carry out mechanically 

and energetically demanding functions, including muscle contraction, ion transport, protein 

synthesis, and other general metabolic roles (Nunnari and Suomalainen, 2012). The diversity 

in mitochondrial morphology, which varies widely in size from small, individual 

mitochondrion to highly interconnected, tubular networks, is influenced by regulated fission 

and fusion events that are collectively referred to as ‘mitochondrial dynamics.’ Multiple 

factors influence the ability of cells to rapidly adapt to intracellular or extracellular cues to 

regulate mitochondrial morphology, including cell type, organism, and environmental 

stressors (Rafelski, 2013).

1.2 The delicate balance between fission and fusion determines mitochondrial fate

The opposing processes of fission and fusion determine the architecture of the mitochondrial 

network within cells and influence the balance between organelle life and death. Fusion 

events are thought to bolster fitness, permitting normal and slightly damaged organelles to 

intermingle mitochondrial DNA (mtDNA), membrane components, and metabolic enzymes 

(see Twig, et al., 2011). While many of the signals that promote organelle fusion are not yet 

defined, it is clear that polarized mitochondria with normal or slightly reduced inner 

membrane potentials (ΔΨm) are competent to fuse with other mitochondria (Legros et al., 

2002; Mattenberger et al., 2003). Recent findings also suggest that fusion mechanisms are 

maintained in mitochondria undergoing macroautophagy, thus enabling a constant supply of 

ATP during nutrient starvation (Gomes et al., 2011; Rambold et al., 2011).

Healthy mitochondria also undergo fission, for example, to segregate mitochondria into 

daughter cells during cell division (Mishra and Chan, 2014). In contrast, potentially 

dysfunctional mitochondria that have decreased or complete loss of ΔΨm, cannot fuse with 

other mitochondria and are fated to undergo fission, resulting in fragmented, depolarized 

mitochondria (Ishihara et al., 2003; Legros et al., 2002; Malka et al., 2005). This feature 

ensures that healthy mitochondria do not fuse with damaged organelles. Typically, these 

smaller, depolarized mitochondria are selectively targeted for mitophagy, a selective 

autophagic process that eliminates damaged mitochondria (Gomes and Scorrano, 2013; 

Shirihai et al., 2015; Tanaka et al., 2010; Twig and Shirihai, 2011).

Numerous proteins located in the outer (OMM) or inner (IMM) mitochondrial membranes 

are required for mammalian mitochondrial fission or fusion. The predominant regulator of 

mitochondrial fission is dynamin-related protein 1 (Drp1). Drp1 is an evolutionarily 

conserved GTPase that shares structural similarity to dynamin and is located predominantly 

in the cytoplasm (Bleazard et al., 1999; Smirnova et al., 2001). Upon signals that induce 

fission, Drp1 translocates to mitochondria, oligomerizes to form rings around the OMM that 

eventually results in the division into two separate organelles (Ingerman et al., 2005; 

Smirnova et al., 2001). Core proteins essential for mitochondrial fusion include the 

dynamin-like GTPase OMM components Mitofusin 1 (Mfn1) and 2 (Mfn 2), and the IMM 

protein Optic atrophy 1 (Opa1). The biological importance of these proteins is highlighted 

by human diseases resulting from mutations in these fission/fusion genes. Mutation in Drp1 
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lead to markedly elongated, tubular mitochondria and microcephaly that results in infant 

death (Waterham et al., 2007). Mutations in Mfn2 are associated with Charcot-Marie-Tooth 

Type 2A (CMT2A) neuropathy and dominant optic atrophy (DOA) is caused by lesions in 

Opa1 (Alexander et al., 2000; Delettre et al., 2000; Klein et al., 2011; Züchner et al., 2004).

Aside from mutations in the fission/fusion genes that result in the neuropathies mentioned 

above, alterations in other genes that influence mitochondrial dynamics are associated with 

neurodegenerative disorders, cardiometabolic diseases, and cancer (Archer, 2013; Chen and 

Chan, 2009; Liesa et al., 2009; Shirihai et al., 2015). Prevalent diseases linked to defects in 

mitochondrial behavior are Alzhemier’s disease and PD. Patients with PD, the second most 

common neurodegenerative disease, undergo a progressive loss of the dopaminergic neurons 

in the substantia nigra and symptoms include tremors, bradykinesia, postural instability, and 

rigidity (Postuma et al., 2015; Riekkinen et al., 1975). The majority of PD cases are 

sporadic, while approximately 10% of familial PD cases are caused by mutations in genes 

that encode for parkin, PTEN-induced kinase (PINK1), leucine-rich repeat kinase 2 

(LRRK2), α-synuclein, and DJ-1 (Bentivoglio et al., 2001; Bonifati et al., 2003; Kitada et al., 

1998; Polymeropoulos et al., 1997; Valente et al., 2001; van Duijn et al., 2001; Zimprich et 

al., 2004). While a number of recent excellent reviews discuss abnormal mitochondrial 

homeostasis as a key aspect in PD progression (Archer, 2013; Chen and Chan, 2009; Liesa 

et al., 2009; Shirihai et al., 2015), here we will discuss how the mitochondrial fission/fusion 

genes Drp1 and Mfn are linked to PD.

Mouse models of parkin and PINK1 deficiencies have subtle phenotypes that fail to 

adequately reproduce the common features observed in PD patients, whereas the 

corresponding mutants in flies show severe mitochondrial defects, predominantly in the 

adult flight muscle. PINK1 or parkin mutant flies display the same reduced lifespan, 

locomotor defects, and degenerative flight muscle with enlarged mitochondria and internal 

disrupted cristae (Clark et al., 2006; Greene et al., 2003; Park et al., 2006; Pesah et al., 2004; 

Yang et al., 2006). This swollen mitochondrial phenotype prompted studies to examine if 

PINK1 and parkin influence mitochondrial morphology using the fly model. Indeed, excess 

Drp1 or genetic loss of Opa1 or Marf (a fly homolog of Mfn 1 and Mfn 2), ameliorated the 

mitochondrial morphology and associated pathological phenotypes present in PINK1 or 

parkin mutants (Deng et al., 2008; Poole et al., 2008; Yang et al., 2008). Parkin is an E3-

ubiquitin ligase that targets multiple substrates for degradation, one of which is Mfn. 

Consistent with this, loss of fly Parkin results in increased fusion events, presumably due to 

the accumulation of Mfn protein levels (Poole et al., 2010; Shiba-Fukushima et al., 2014; 

Ziviani et al., 2010). In mammalian cell culture experiments, loss of Parkin or PINK1 also 

results in increased Mfn protein levels (Gegg et al., 2010; Rakovic et al., 2011; Tanaka et 

al., 2010). Drp1 has also been shown to be a substrate for Parkin ubiquitination and protein 

degradation (Wang et al., 2011), although further studies are necessary to confirm these 

findings in vivo.

1.3 Examination of mitochondrial morphology in muscle tissue

Characterization of new mutants that may alter mitochondrial structure or function in muscle 

tissue requires a reliable method for quantitating organelle geometry. Computerized methods 
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have been developed to rapidly assess mitochondrial dynamics in mammalian cell culture 

models (Chevrollier et al., 2012; Koopman et al., 2006; Leonard et al., 2015; Lihavainen et 

al., 2012; Peng et al., 2011; Reis et al., 2012). These methods have clear advantages, 

including automated fluorescence microscopy followed by high throughput computational 

binning of mitochondria into distinct morphological subclasses. However, this technology is 

not available to all research labs and is not ideal for in vivo studies. To address the 

significance of mitochondrial morphology in tissue, 3-dimensional (3-D) reconstructions 

using either confocal microscopy or electron microscopy provide evidence that the 

subsarcolemmal (SS) and intermyofibrillar (IMF) mitochondrial membranes physically 

interact in mouse and human skeletal muscle (Dahl et al., 2015; Picard et al., 2013). A recent 

paper extends these studies using quantitative 2-D transmission electron microscopy (TEM) 

to show that fusion indexes (Mfn2:Drp1 ratio) increase in aged muscle, possibly related to 

changes in mitochondrial morphology that contribute to mitochondrial dysfunction and 

sarcopenia (Leduc-Gaudet et al., 2015). The balance between fission and fusion seems to 

shift in favor of fission as myofibers differentiate. Elongated and interconnected 

mitochondria in myoblasts become more fragmented during myotube differentiation in the 

cardiomyocyte cell line H9c2 (Yi et al., 2012). Similarly, subsarcolemmal and longitudinal 

clusters of mitochondria are present in fast twitch muscles from young mice and become 

progressively smaller, rounder, and more abundant as myofibers age (Boncompagni et al., 

2009). The mitochondria also undergo a positional shift and become restricted to I-bands as 

muscle maturation proceeds. Accordingly, there is a decrease in mitochondrial fission/fusion 

events (Eisner et al., 2014).

Mouse knockouts in the fission/fusion genes all result in embryonic lethality and 

mitochondrial abnormalities (Alavi et al., 2007; Chen et al., 2003; Davies et al., 2007; 

Ishihara et al., 2009; Wakabayashi et al., 2009). To examine the functional significance of 

these genes in striated tissues, conditional inactivation of Drp1, Mfn1, and Mfn2 have been 

performed. Mice deficient for Drp1 in both cardiac and skeletal tissue [muscle-specific 

(MS)-Drp1-KO] exhibit neonatal lethality due to dilated cardiomyopathy (Ishihara et al., 

2015). Ultrastructural studies show enlarged mitochondria in heart tissue, but no observable 

abnormalities in skeletal muscle. It is possible that the early lethality of the MS-Drp1-KO 

pups precluded analysis of morphological defects that could accumulate with increase 

lifespan. Mice depleted for both Mfn1 and Mfn2 in fast-twitch skeletal muscle are smaller 

than their single KO counterparts, die at 6–8 weeks of age, and display fragmented 

mitochondria indicative of fusion defects (Chen et al., 2010). The high concentration of 

spherical mitochondria in the interfibrillar space also alters myofibril alignment. A 

haploinsufficient mouse model for the Opa1 gene (Opa1+/−) leads to increased 

mitochondrial size with abnormal cristae in both cardiac and skeletal tissue (Caffin et al., 

2013; Piquereau et al., 2012). Thus, it is well-established that altering mitochondrial 

dynamics in contractile tissue has severe consequences for the organism.

2. Mitochondria in Drosophila muscle tissue

Drosophila has emerged as an excellent model to study mitochondrial dynamics. First, there 

are a variety of methods to create loss-of-function alleles or abrogate gene function using 

RNAi. In addition, the ‘simpler’ genome of the fly allows for the analysis of gene function 
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without functional redundancy; two Mfn genes in mammals are replaced by Marf in 

Drosophila (note that another homolog of Mfn, called fuzzy onions, is testes-specific). 

Finally, numerous genes that affect either mitochondrial structure and/or function have 

already been characterized in Drosophila muscle tissue, providing a framework for the 

characterization of new genes that affect mitochondrial morphology.

A number of studies have successfully utilized Drosophila tissues to analyze the dynamic 

nature of mitochondria fission and fusion. Schneider 2 (S2) cells, a commonly used 

Drosophila cell line, are relatively small cells (diameter of ~15–20 μm) that can be grown as 

a semi-adherent monolayer or in suspension (Rogers and Rogers, 2008). Plating these cells 

on coverslips coated with concanavalin A (ConA) allows the cells to spread out for the 

visualization of cytosolic organelles or proteins. The tubular network of mitochondria is 

easily seen using this approach (Fig. 1A). A closely related cell line, called S2 receptor plus 

(S2R+) do not require ConA treatment, but can directly adhere to glass coverslips 

(Yanagawa et al., 1998). Both of these cell lines are amenable to gene inhibition using RNAi 

and have proven useful in identifying key regulators that alter the mitochondrial fission/

fusion balance (Lutz et al., 2009; Pogson et al., 2014; Ziviani et al., 2010). S2 cells were 

originally derived from late embryonic stage Drosophila embryos (Schneider, 1972) and 

exhibit behaviors characteristic of phagocytic hemocytes (Rämet et al., 2002). Thus, 

examination of additional cell types is imperative to define specific mitochondrial behaviors 

and to understand how mitochondria are influenced in vivo by other tissues. Here we focus 

on Drosophila muscle tissue, where increased energy consumption requires mitochondria as 

a powerhouse for ATP production.

Muscle formation occurs at two distinct stages in the Drosophila lifecycle (Weitkunat and 

Schnorrer, 2014). Muscles required for larval locomotion form through multiple rounds of 

myoblast fusion events in embryogenesis during stages 12–16 [7.5–16.5 h after egg laying 

(AEL)] (Abmayr et al., 2008; Haralalka and Abmayr, 2010; Schejter and Baylies, 2010). As 

shown in Fig. 1B, the mitochondria, stained with an antibody generated against 

mitochondrial Complex V (α-ATPase 5 α; Mitosciences), are evenly dispersed throughout 

the myoplasm. However, the relatively small size of these multinucleated, embryonic 

muscles are not ideal for a detailed subcellular examination of mitochondrial structure (Fig. 

1B′). The assembly of the contractile apparatus and onset of muscle contraction near the end 

of embryogenesis allow for hatching into the first of three larval instar stages. All three 

larval instar stages undergo a rapid increase in organismal mass, mainly due to an increase 

in the size of polyploid cells, such as muscles, which retain the same general muscle 

patterning acquired during embryonic development. Thus, at the wandering third instar 

stage, each individual muscle cell is at its largest size and volume. The mitochondria in 

larval muscles are abundantly distributed along the length of the myofibers (Fig. 1C) and 

appear tubular in appearance when viewed at high magnification (Fig. 1C′).

The second phase of muscle development occurs in the pupal stage, where remodeling of 

existing larval scaffolds combined with de novo muscle biogenesis result in adult muscles 

required for flight, jumping, and mating (Weitkunat and Schnorrer, 2014). The IFMs of the 

adult thorax exhibit high metabolic activity and accordingly, are loaded with mitochondria 

(Fig. 1D). The observation that loss of parkin or PINK1 function results in abnormal 
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mitochondrial morphology followed by degenerating IFMs (Clark et al., 2006; Greene et al., 

2003; Park et al., 2006; Yang et al., 2006) has intensified the search for additional genes that 

influence mitochondrial structure and/or function in muscle tissue. While the IFMs are 

widely used as a model to study genes implicated in PD, mitochondria in WT muscles are 

typically round and analysis of mitochondrial shape is limited by the close apposition of the 

myofibrils and mitochondria (Fig. 1D′).

In our analysis of genes that affect mitochondrial structure and/or function, we and others 

have turned to the larger, L3 contractile muscles (Fig. 1C) as a paradigm to analyze genes 

that control mitochondrial dynamics (Debattisti et al., 2014) and to examine genes that are 

implicated in PD (Vos et al., 2012; Wang et al., 2015). Here we discuss approaches to assess 

the geometry of the mitochondrial network and to monitor the subcellular localization and 

dynamics of mitochondria in either fixed tissue followed by microscopy or live imaging of 

fluorescently-tagged proteins in Drosophila larval tissue.

2.1 Mitochondria distribution, or positioning

Mammalian skeletal muscle possesses an unequal distribution of mitochondria throughout 

muscle fibers. The SS mitochondria are clustered between the sarcolemma and myofibrils 

and the IMF mitochondria are scattered between myofibrils, but in tight register with the I-

band, the region that surrounds the Z-line (Miledi and Slater, 1968; Müller, 1976; Picard et 

al., 2013). This asymmetric spatial organization is also mirrored in Drosophila L3 muscles 

when viewed by transmission electron microscopy (TEM) (Figs. 2A–C). A population of 

mitochondria accumulate in the SS space (Fig. 2B), while other mitochondria cluster 

between adjacent myofibrils (Fig. 2C). While TEM is excellent to examine the overall 

structure of an individual mitochondrion, this technique is neither cost nor time efficient to 

adequately address the spatial organization or abundance of mitochondria in multiple genetic 

backgrounds. Standard immunostaining techniques followed by confocal microscopy show a 

similar mitochondrial distribution with substantial clustering of mitochondria around 

myonuclei at the surface of the muscle and a tight association of mitochondria along the Z-

line (arrowheads) in each sarcomeric unit (Fig. 2D–E). High magnification confocal images 

reveal an interconnected, tubular network for the SS mitochondria (Fig. 2F), while pairs of 

mitochondria align along the Z-line internally within muscle cells (Fig. 2F′).

2.2 Visualization and analysis of individual mitochondrion shape

Live dissection of larvae that express green fluorescent protein (GFP) fused to a 

mitochondrial import signal (mito-GFP) in the muscle using the GAL4/UAS system (Brand 

and Perrimon, 1993) show long, tubular mitochondria near the muscle surface and an 

internal accumulation of elongated mitochondria consistent with I-band localization (Fig. 

3A). An alternative technique that circumvents recombination of the UAS-mito-GFP 

organelle marker into mutant backgrounds is immunostaining with a mitochondrial-specific 

antibody. Live dissections, followed by fixation and tissue staining with an antibody against 

the ATPase/Complex V subunit (Fig. 3B) preserves the mitochondrial morphology observed 

in live preparations with mito-GFP (Fig. 3A). Dissection buffers and fixation conditions are 

an important consideration when preparing tissue for mitochondrial immunolocalization 

studies. Dissection of live larvae in HL3 buffer retains normal mitochondrial morphology 
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(Fig. 3B), while performing these same larval fillets in relaxing buffer (Molnár et al., 2014; 

Vogler and Ocorr, 2009) alters both the shape and distribution of mitochondria (Fig. 3C). 

Moreover, heat-killing L3 individuals for immobilization prior to dissection is a common 

method in standard immunostaining protocols (Galko and Krasnow, 2004; Weaver and 

White, 1995; Yin et al., 2007). However, this can only be used for certain antigens and is not 

suitable for studying mitochondrial morphology. The mitochondria in heat-killed larvae lose 

their elongated shape and instead form ring-like structures (Fig. 3D).

The large size of larval muscle cells makes them amenable to visualize the shape of single 

mitochondrion. The SS mitochondria, in relatively the same plane as the nuclei, are easier to 

quantify compared to the IFM mitochondria that appear more compact within sarcomeres. 

The majority of WT mitochondria are long and tubular (Fig. 4A,A′) and assume a 

fragmented appearance upon RNAi knockdown of the fusion gene marf (Fig. 4B,B′). In 

contrast, loss of Drp1 levels leads to longer, interconnected tubules (Fig. 4C,C′). These 

qualitative observations can be reproducibly measured for the comparison of mitochondrial 

networks amongst different genetic backgrounds. Two measurements are especially 

informative when classifying mitochondrial attributes: mitochondria size distribution and 

aspect ratio. Mitochondrial size measures the area encompassed by an individual 

mitochondrion and the aspect ratio is a determinant of the length/width proportion. The 

average mitochondrial area (Fig. 4D) and average mitochondrial aspect ratios (Fig. 4F) are 

decreased upon loss of marf and increased in a drp1 mutant background. As mitochondria 

are dynamic, a snapshot at any one time reveals variability in the ranges of both 

mitochondrial area (Fig. 4E) and the mitochondrial aspect ratio (Fig. 4G); inhibition of 

fusion by knockdown of marf skews nearly all mitochondria towards circular organelles, 

while decreasing fission shows a range of areas and sizes, all larger than controls. These 

approaches provide a reliable quantitative method for characterizing new mutants that alter 

mitochondrial fission or fusion.

2.3 Measurement of mitochondrial ΔΨm

Often increased fission preceeds autophagy in muscle tissue. However, it cannot be assumed 

that all smaller mitochondria are destined for destruction. Use of a probe that monitors inner 

mitochondrial ΔΨm can be used as a readout for mitochondrial health. JC-1 is a cationic 

fluorescent dye whose accumulation is potential-dependent (Chazotte, 2011). The 

monomeric form of JC-1 emits at ~529 nm (green) and accumulates proportionally with the 

strength of the membrane potential. Further accumulation of the dye at higher concentrations 

or potentials forms red fluorescent aggregates with an emission maximum of ~590 nm (red). 

Thus, measurement of the relative red:green fluorescence signals is a reliable indicator of 

ΔΨm and overall viability. Quantitative analysis of JC-1 stained larval muscle reveals a 

steady state ratio of red (high ΔΨm):green (low ΔΨm) in mef2-GAL4 control muscle tissue 

(Fig. 5A) and a decrease upon RNAi knockdown of drp1 (Fig. 5B,F). Consistent with 

previous reports, loss of marf (Fig. 4B, 5C), parkin (Fig. 5D), or PINK1 (Fig. 5E), also 

result in altered mitochondrial morphology (Vos et al., 2012; Wang et al., 2015), but does 

not affect mitochondrial ΔΨm in larval tissue (Fig. 5F). We confirmed the functionality of 

JC-1 as a probe by analyzing the same genotypes in adult muscle tissue. Aside from loss of 
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Drp1 (Fig. 5H), marf, parkin, and PINK1 mutants all exhibited decreased red:green 

fluorescence ratios indicative of decreased ΔΨm (Figs. 5I–L).

2.4 Analysis of mitochondrial dynamics

Immunostaining of mitochondria in fixed tissue provides limited information concerning the 

mitochondrial balance between fission and fusion. Imaging of mitochondria in live muscle 

tissue provides a method to analyze the dynamics, velocity, and directionality of 

mitochondrial movement. The dark exoskeleton of the adult cuticle does not easily allow for 

imaging of mitochondrial dynamics in the IFMs. Thus, we modified a method for imaging 

through the translucent cuticle of L3 animals to directly monitor mitochondrial movement in 

the musculature (Brechbiel and Gavis, 2008; Miller et al., 2005; Nienhaus et al., 2012). 

Crawling L3 larvae expressing UAS-mito-GFP under control of the mef2-GAL4 promoter 

(Fig. 6A) were placed on a microscope slide and covered with a 15–25% choroform:water 

solution for approximately 5 minutes to inhibit muscle contractions. The excess 

chloroform:water mixture was removed and a coverslip was placed on top of the larvae 

before image acquisition (Fig. 6B). Slight pressure against the edge of the coverslip allowed 

the larvae to roll for selection of the muscles to be imaged.

Analysis of individual mitochondria in series of x-y maximum projections at the indicated 

time points revealed a long, tubular mitochondrion splitting into two organelles (Fig. 6C, C

′). Kymographs were generated and plotted as an x-time (t) scan to follow division of this 

mitochondrion over time. The x-axis represents the selected line of interest (blue dotted line 

in Fig. 6C) and the y-axis represents time. The resulting x-t image (Fig. 6C″) depicts the 

fission event in Fig. 6C′ and illustrates the relative displacement per time interval by tracing 

the angle of moving organelle after Kymograph analysis (yellow line). This type of analysis 

in multiple mitochondria revealed that tubular, elongated mitochondria appeared more 

dynamic than circular mitochondria (Fig. 6D).

3. Conclusion and future perspectives

The majority of Drosophila studies that focus on mitochondrial morphology have used S2 

cells or the adult IFMs. In this article, we highlight the advantages of using the L3 

musculature as a model for mitochondrial dynamics. First, L3 muscles are relatively large 

with multiple small nuclei, allowing for the easy visualization of mitochondria throughout 

the myoplasm. As muscle requires high mitochondrial ATP production, these tissues also 

tend to be sensitive to defects in mitochondrial structure and/or function. This feature, 

combined with the ability to easily manipulate gene function in the fly model, provide a 

platform for the identification and characterization of new genes essential in mitochondrial 

dynamics. Specifically, alterations in the elongated, tubular morphology of mitochondria in 

L3 muscles can be reproducibly quantified for changes in fission and/or fusion events, as 

illustrated by our analysis of marf and drp1 loss-of-function muscles. Moreover, live 

imaging through the larval cuticle allows for the analysis of mitochondrial dynamics over 

time. Finally, the conservation of muscle-specific mitochondrial distribution between 

Drosophila and mammals makes the fly an attractive genetic model to easily manipulate 

gene function, providing a platform for the identification and characterization of new genes 

essential in mitochondrial dynamics and human disease.
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Drosophila larvae increase over ~200-fold in body mass from the L1 to the L3 stage. This 

dramatic growth is thought to be dependent on aerobic glycolysis rather than oxidative 

phosphorylation (Sen et al., 2013; Tennessen et al., 2011). Thus, while the L3 musculature 

appears to be a unique model for studying mitochondrial dynamics, it may not be suitable 

for all aspects of mitochondrial function as the mode of metabolism differs from adult 

muscle. This idea is supported by our observation that loss of marf, while altering 

mitochondrial morphology, does not alter mitochondrial ΔΨm in larval muscle tissue, but is 

reduced upon loss of Mfn/Marf levels in adult muscle (Fig. 5) and in other tissues (Bhandari 

et al., 2015; Chen et al., 2003; Song et al., 2015). We also noted that the overall ΔΨm 

appears lower in larval muscle than adult muscle and may not be as sensitive to changes 

upon loss of Marf, Parkin, and PINK1.

Several recent papers have examined the L3 musculature in marf, parkin, and PINK1 

mutants to further understand the role of these proteins in maintaining mitochondrial 

morphology. In marf RNAi larval muscle, mitochondria are fragmented and cluster around 

the nuclei (Debattisti et al., 2014). Vos, et al., found that Vitamin K2 rescues PINK1 

enlarged mitochondrial phenotypes (Vos et al., 2012). We also found abnormal, clustered 

mitochondrial phenotypes upon RNAi knockdown of marf and parkin in larval muscles 

(Wang et al., 2015) and we are currently using the larval musculature to identify new genes 

that genetically interact with parkin (Wang, et al., submitted). Of note, a recent paper 

highlights an additional feature of the Drosophila L3 musculature as a model in mapping the 

mitochondrial matrix proteome using an engineered ascorbate peroxidase (APEX) assay 

followed by mass spectrometry (Chen et al., 2015).

So why is the architecture of the mitochondrial network important in contractile muscle 

tissue? Aside from PD, dysfunctional mitochondria result in a heterogeneous group of 

disorders categorized as mitochondrial diseases that affect various numerous tissues in the 

body. Peripheral nerves, the cerebrum, and skeletal muscle are most commonly affected, 

possibly because these tissues tend to require more energy than other tissues (Finsterer, 

2007). Loss of mitochondrial function is also thought to be a primary factor in the 

progressive decline in muscle mass and muscle strength (sarcopenia). Oxygen consumption 

and mitochondrial protein content decrease with age, in addition to an increase in oxidative 

stress and mitochondria-mediated apoptosis (Johnson et al., 2013; Peterson et al., 2012). 

Thus, a broad understanding of mechanisms that underpin mitochondrial structure and 

function will not only provide insight into mitochondrial-specific diseases, but also other 

diseases and ailments that suffer from altered mitochondrial states.
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Abbreviations

ATP adenosine triphosphate

AEL after egg laying

CMT2A Charcot-Marie-Tooth Type 2A

ConA concanavalin A

Drp1 dynamin-related protein

DOA dominant optic atrophy

GFP green fluorescent protein

IFM indirect flight muscle

IMF intermyofibrillar

IMM inner mitochondrial membrane

LRRK2 leucine-rich repeat kinase 2

L3 third instar larvae

ΔΨm mitochondrial membrane potential

mtDNA mitochondrial DNA

Mfn1 Mitofusin 1

Mfn2 Mitofusin 2

Opa1 Optic atrophy 1

OMM outer mitochondrial membrane

PD Parkinson’s disease

PINK1 PTEN-induced kinase

S2 Schneider 2 cells

S2R+ S2 receptor plus cells

SS subsarcolemmal

TEM transmission electron microscopy

3-D 3-dimensional
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Highlights

• Altered mitochondrial dynamics underlie the pathology of degenerative disease.

• The Drosophila larval musculature is a good model to study mitochondrial 

behavior.

• Mitochondrial muscle organization is conserved between fly and mammalian 

muscles.

• Mitochondrial dynamics can be imaged and quantified in larval muscle tissue.
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Figure 1. Mitochondrial distribution in Drosophila muscle tissues
(A–D′) Confocal micrographs of mitochondria immunostained with an antibody against the 

IMM ATP synthase complex (green) in the indicated cell types. Nuclei are stained with 

DAPI (blue). (A) An assortment of mitochondrial shapes are observed in S2 cells plated on 

ConA. (B, B′) Mitochondria are abundant and uniformly distributed in embryonic muscle 

tissue (B). High magnification of the ventral longitudinal muscles 1–4 (also designated 6, 7, 

12, and 13) shows an overall ubiquitous mitochondrial distribution with a slight 

accumulation at the myofiber ends (B′). (C, C′) In the contractile muscles of third instar 

larvae, ventral longitudinal muscles 1 and 2 (12 and 13) accumulate around nuclei and adopt 

an overall striated appearance (C). Tubular mitochondria can be viewed at the surface of the 

muscle (C′). Mitochondria appear homogeneous in the adult thoracic flight muscle (D) and 

adopt a round appearance at higher magnification (D′). All images were acquired using a 

Zeiss 700 confocal microscope and processed using ImageJ and Adobe Photoshop software. 

Scale bars are indicated.
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Figure 2. Mitochondrial positioning in larval muscles
(A–C) TEM images of L3 muscles. (A) Mitochondria are loosely organized in the 

subsarcolemmal space (bracket labeled B) and appear closer together between the myofibrils 

(bracket labeled C). Panels B and C are higher magnification images corresponding to the 

regions bracketed in A. (D, D′) Confocal micrographs of a lateral view of L3 muscle stained 

with anti-ATPase 5α to label mitochondria (green), sarcomeric actin (red) and nuclei (blue). 

(E) Schematic illustration of mitochondrial distribution in a Drosophila L3 muscle cell. (F, F

′) Anti-ATPase 5α immunostaining of mitochondria (green) in the subsarcolemmal plane (F) 

or within the myofibers (F′). Scale bars are indicated.

Wang et al. Page 19

Mitochondrion. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Comparison of dissection methods to ensure proper mitochondrial morphology
(A–D) SS (top panels) and IMF (bottom panels) mitochondria in L3 muscle tissue in mef2-

GAL4>mito-GFP (A) or WT larvae (B–D). (A, B) Live dissection of larvae in hemolymph-

like (HL3) buffer (70 mM NaCl; 5 mM KCl; 1.5 mM CaCl2; 20 mM MgCl2; 10 mM 

NaHCO3; 5 mM trehalose; 115 mM sucrose; 5 mM HEPES; pH = 7.2) followed by fixation 

in 4% formaldehyde with GFP-tagged mitochondria under control of the muscle-specific 

mef2-GAL4 driver (A) or immunostaining with an anti-ATPase 5α antibody in WT larvae 

(B) both show longer, tubular mitochondria. (C) Performing larval fillets in relaxing solution 

(20 mM phosphate buffer, pH = 7.0; 5 mM MgCl2, 5 mM EGTA, 5 mM ATP), a common 

buffer used in muscle biology, altered the mitochondrial morphology and positioning. (D) 

Larvae were heat-killed in 65°C water, put on ice for 5 min, filleted and fixed in 4% 

formaldehyde prior to immunostaining with anti-ATPase 5α. The mitochondria form ring-

like structures that differ in morphology from live dissected larvae. Scale bars are indicated.
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Figure 4. Quantitation of mitochondrial shape
(A–C′) Immunofluorescent images of the SS mitochondria (magenta) surrounding a single 

nuclei (blue) in L3 muscles. Individual organelles are outlined in yellow (A′-C′). (A, A′) 

Mitochondria in WT muscles exhibit a variety of shapes, being predominantly tubular. 

Knockdown of the fusion gene marf results in small, circular mitochondria (B, B′), while 

longer organelles are present upon loss of the fission gene drp1 (C,C′). (D–G) Quantitation 

of mitochondrial area illustrated by dotted black lines (shown in A′-C′) and the aspect ratio 

(mitochondrial length/width as shown in A′-C′). Representative images of mitochondrial 

immunostaining were taken at 63×/1.6× zoom (0.34 μm/step) around one nucleus from 

muscle 6 or 7. ImageJ was used to stack all images from the sarcolemmal surface and for 

subsequent mitochondrial morphology analysis. For quantification of mitochondrial area, 

individual mitochondrion were outlined using the freehand selection tool and the area 

(pixels2) was calculated using the measure function. The area was converted to μm2 based 

upon the magnification used for image acquisition (1 pixel2 = 0.0036 μm2). To calculate the 

aspect ratios, the freehand selection tool and measure function were used to determine the 

distance of the major [length (l)] and minor [width (w)] axes. The raw data was transferred 

into Microsoft Excel to calculate the aspect ratio (l/w). Computed values were imported into 

Prism5 and one-way ANOVA was used for statistical analysis (mean = +/− SEM). n = 180 

individual mitochondrion for each genotype. (D, E) The average area of a mitochondria is 
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decreased in marf RNAi and increased in drp1 mutant muscles. (F, G) This same trend is 

apparent for measurements of the mitochondrial aspect ratio. Scale bars are indicated.
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Figure 5. Measuring mitochondrial ΔΨm
(A–E, G–K) JC-1 staining of the mitochondria in larval muscles (A–E) or the adult 

musculature (G–K) in the indicated genotypes. Individual mitochondrion are outlined 

(dotted lines). (F,L) Quantitative measurements of the red (high ΔΨm):green (low ΔΨm) 

ratio in larvae or adult muscles. Live dissections of larvae or bisections of the adult thorax 

were performed in HL3 buffer and JC-1 (in HL3 buffer) was added at 1:800 dilution for 10 

min at 25° C. Samples were washed twice and mounted for imaging. Fluorescence 

micrographs were taken at excitation wavelengths of 488 and 555 nm. The raw data was 

transferred into Microsoft Excel to calculate the red:green fluorescence ratios. Computed 

values were imported into Prism5 and a student-test was used for statistical analysis (mean = 

+/− SEM). n = 6 for each genotype. (n.s., not significant, * P<0.05, **P<0.01) Scale bars 

are indicated.
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Figure 6. Live imaging of mitochondria in Drosophila larval muscles
(A) Low magnification image of mef2-GAL4>mito-GFP larvae to visualize all muscles that 

express fluorescently-tagged mitochondria. (B) Larvae were immobilized in a 15–25% 

chloroform:water solution for 5 minutes and mounted on a glass slide for immediate 

imaging through the cuticle using a 63× oil lens. A Z-stack series (0.38 μm/interval) was 

acquired every 30 s for 4.5 minutes. Images were processed in Image J using the StackReg 

and PoorMan3Dreg plugins. (C) Projection of Z-stack images of dorsal oblique 4 (also 

called muscle 19) collected at t = 0 seconds (s). (C′) The boxed region in C at the indicated 

time points reveal both dynamic movement and fission events (arrowheads) of GFP-labeled 

mitochondria. (C″) Kymograph analysis of mitochondrial dynamics and motility along the 

linear ROI in C (blue dotted line). The x-axis in the kymograph illustrates the distance along 

the blue dotted line. Fission events are observed over time (y-axis, arrows) and shown in the 

XY plane in C′. The angle of the lines drawn along the contrast edge of the indicated 

mitochondria (yellow line) are proportional to the velocity. (F) In general, the circular 

mitochondria move less than tubular mitochondria in Drosophila skeletal muscle. 

Kymographs and relative velocities were generated using the Multiple Kymograph plugin 

and Velocity tsp macro in Image J. The raw data was imported into Graphpad Prism for the 

generation of graphs and a student-test was used for statistical analysis (mean = +/− SEM). 

Scale bars are indicated.
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