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The actin-severing protein cofilin plays pivotal roles in actin cytoskeletal 

dynamics. Previously, our lab has shown that muscle-specific knockdown of 

Drosophila cofilin (DmCFL) leads to a progressive decline in larval muscle 

structure and function due to defective addition and maintenance of sarcomeres 

during growth. A similar deterioration is seen in the muscle disorder nemaline 

myopathy (NM) resulting from cofilin mutations. Given the importance of actin 

throughout the cell, I hypothesized that DmCFL knockdown would impact other 

aspects of muscle development. Consequently, I conducted an RNA 

sequencing analysis, which showed upregulation of genes associated with the 

neuromuscular junction (NMJ). The NMJ is the site of communication between 

the presynaptic motor neuron and postsynaptic muscle membrane. In this work, 

I found that DmCFL is enriched at the postsynaptic compartment, and its loss 

precipitates disorganization of F-actin prior to sarcomeric defects seen in the 

DmCFL KD model. Surprisingly, I did not observe significant changes in gross 

presynaptic Bruchpilot active zones or overall postsynaptic glutamate receptor 

levels. There is, however, a reduction and mislocalization of GluRIIA-containing 

glutamate receptors in DmCFL KD, resulting in a pronounced impairment in 

neurotransmission strength. These findings expand our understanding of 

cofilin’s roles in muscle to include NMJ structural development and suggest that 

NMJ defects may contribute to NM pathophysiology. 
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CHAPTER 1: 

INTRODUCTION 

 

I. OVERVIEW 

 

Proper skeletal muscle function is critical for daily life, as muscle contraction 

and relaxation are required for movement, posture, respiration, and energy 

metabolism. Coordinated muscle contraction and relaxation are required for 

gross and fine motor functions. Myopathies, or diseases that affect skeletal 

muscle, have serious negative impacts on these functions and, as such, quality 

of life. To identify the molecular underpinnings of these myopathies and find new 

ways to treat, we turn to model organisms.  

 

In a screen for regulators of muscle development, our lab identified twinstar (tsr) 

also known as Drosophila cofilin (DmCFL), as important for proper muscle 

formation, patterning, and maintenance. DmCFL is the Drosophila homolog of 

Cofilin-2 (CFL2), which encodes an actin-severing protein known to work at the 

muscle sarcomere, and mutations in this gene have been linked to nemaline 

myopathy (NM). NM is a skeletal muscle disorder that results in muscle 

weakness and is characterized by actin accumulations throughout the muscle 

which can be appreciated on histopathology. Previous work in our lab found that 

manipulating DmCFL levels specifically in muscle led to defective sarcomeric 

addition, resulting in a progressive loss of muscle cell integrity that mimics the 

degeneration in human NM. 
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The overarching purpose of my thesis work has been to expand our 

understanding of cofilin’s role in muscle biology which may, in turn, provide new 

insights to the mechanism of NM. By mining an RNA sequencing data set, I 

compared gene expression changes seen in DmCFL knockdown larvae relative 

to control. This analysis highlighted changes in pathways related to the 

neuromuscular junction (NMJ), the site where the muscle receives signals from 

the motor neuron to contract. I confirmed the localization of DmCFL protein at 

the muscle-side of the NMJ (i.e. postsynapse) and observed a striking 

progressive actin accumulation phenotype at the NMJ when DmCFL is reduced 

in muscle. DmCFL KD produced structural and functional postsynaptic NMJ 

changes, which I found is related to changes in glutamate receptor GluRIIA 

subunit levels. This work furthers our understanding of cofilin in a disease model 

and what we know about actin at the NMJ. 

 

Below, I introduce as context a comparison of vertebrate and Drosophila muscle 

and NMJ development. Additionally, I discuss the biochemical functions of actin 

and cofilin in addition to the results of affecting these in muscle. Finally, I include 

a more detailed description of the larval DmCFL knockdown model. 

 

II. VERTEBRATE SKELETAL MUSCLE BIOLOGY AND PATHOLOGY 

 

A. Muscle structure 

 

Vertebrate muscle has marked complexity in order to produce maximum force 

for contraction (Figure 1.1). Skeletal muscle attaches to bone as an anchor point 

via its tendon. The muscle comprises various grouped fascicles held together 
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by the elastic epimysium. Each fascicle is made up of a bundle of muscle fibers 

(i.e. myofibers) ensheathed by the perimysium connective tissue. The fascicles 

also contain branches of the vascular and nervous systems. Each myofiber 

contains interconnected arrays of myofibrils, which are longitudinal chains of 

sarcomeres.  

 
 

 
Figure 1.1: Layers of vertebrate skeletal muscle complexity. 

Reproduced with permission from (Gotti et al., 2020). 
 
 

The sarcomere is the smallest contractile unit, whose contraction is a result of 

coordinated motion of the myosin thick filament along the actin thin filament 

(Figure 1.2). The Z-disc (also known as Z-disk or Z-band) binds to the muscle 

membrane at the costamere and serves as the border of the sarcomere since it 

is the anchor point for the thin filament. The thin filaments comprise F-actin 

filaments and actin-binding proteins necessary for anchoring and maintaining 

the filament’s length. The barbed ends of the actin filament interact with the 

proteins at the Z-disc, while the pointed end faces the M-line and is the site of 
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both polymerization and depolymerization of the filament. The thick filament 

contains the myosin motors that bind the actin thin filament. Through their 

calcium-regulated powerstroke, myosins pull the filament toward the M-line at 

the middle of the sarcomere in a process called the “cross-bridge cycle” 

described by Huxley as the sliding model (A. F. Huxley & Niedergerke, 1954; A. 

F. Huxley, 1957; H. Huxley & Hanson, 1954). The shortening of the sarcomeres 

in the longitudinal direction leads to a pulling of the cell membrane by the Z-

disc’s attachment to the costamere, causing the entire muscle cell to shorten 

and contract. 

 

 
Figure 1.2: The sarcomere is the smallest contractile unit of 
muscle. (A) Electron micrograph of sarcomere. Z = Z-disc; M = M-

line. Reproduced with permission (Henderson et al., 2017). (B) 
Schematic of single sarcomere, showing various proteins that 

comprise the Z-disc, thin filament, and thick filament. Reproduced 
with permission (Mukund & Subramaniam, 2020). 
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Myofibers belong to one of two classes: slow-twitch (Type I) or fast-twitch (Type 

II), which is further subdivided into Types IIA, IIB, and IIX. Fiber type is 

determined by several properties, including contraction time, speed of fatigue, 

metabolic profile, and myosin heavy chain expression [reviewed in (Talbot & 

Maves, 2016)]. Type I fibers are slow to fatigue and contract, and thus generate 

a low level of force over a longer period of time. To maintain this long period of 

activation, Type I fibers are highly vascularized and rely on oxidative metabolism 

requiring a high concentration of mitochondria. Meanwhile, Type II fibers 

contract and fatigue quickly, often relying on glycolytic metabolism, although 

Type IIA fibers may be oxidative. In humans, the balance of slow-twitch and fast-

twitch fibers within a muscle varies by location of and demands on the muscle 

group. Some muscle diseases show biased deterioration of muscle fiber type. 

For example, Duchenne muscular dystrophy first targets Type II fibers while 

muscle inactivity tends to lead to Type I fiber atrophy. In nemaline myopathy, 

there is a disproportion in fiber types only when some genes are mutated. 

 

B. Excitation-contraction coupling 

 

The neural impulse that instructs muscles to contract originates at the motor 

cortex of the brain (Figure 1.3). The signal travels along upper motor neurons 

as they travel through the cerebral cortex, the brainstem, and the corticospinal 

tract of the spinal cord. The action potential is then propagated to the periphery 

by the lower motor neurons that branch off the spinal cord.  

 

The lower motor neurons synapse with the muscle fibers, and this pairing is 

known as the motor unit (Zuccaro et al., 2021). Alpha-motor neurons innervate 
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the outer extrafusal fibers of the muscle which drive muscle contraction; different 

types of alpha-motor neurons innervate the slow- and fast-twitch fibers. 

Meanwhile, gamma-motor neurons play a regulatory role, as they synapse onto 

the intrafusal of the muscle spindle located in the interior of the muscle. The 

muscle spindle is sensitive to muscle stretch and tension in order to compensate 

for muscle length in order to maintain muscle tone over time (Wilkinson, 2021). 

In addition, the spindle is also sensitive to sensory information that is used for 

proprioception (Wilkinson, 2021).  

 
 

 
Figure 1.3: Motor system communication pathway. Schematic of 
central and peripheral motor system. MN = motor neuron, UMN = 

upper motor neuron, LMN = lower motor neuron. Reproduced with 
permission (Zuccaro et al., 2021). 

 

 

Ultimately, communication between the motor neuron and the muscle leads to 

a process called excitation-contraction coupling [ECC; reviewed in (Shishmarev, 

2020) and (Bolaños & Calderón, 2022)]. The site of ECC is at the 

neuromuscular junction (NMJ; Figure 1.4). The NMJ is a specialized synapse 
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where the motor neuron axon terminal is the presynaptic side (i.e. bouton) while 

the muscle is the postsynaptic side [reviewed in (Slater, 2015). In ECC, an 

electrical signal (i.e. neuron action potential) is transduced into a chemical 

signal (i.e. neurotransmitter release and binding) and then back to an electrical 

signal (i.e. muscle action potential) at the NMJ. Acetylcholine (Ach) is the 

principal excitatory neurotransmitter released at the vertebrate NMJ and its 

binding to nicotinic acetylcholine receptors (AchR) on the muscle triggers the 

downstream contraction cascade (Figure 1.5).  

 

The presynaptic motor axon bouton is responsible for release of 

neurotransmitter. Ach is stored in various pools of synaptic vesicles: a readily-

releasable pool, a storage reserve pool, and a recycling pool (Denker & Rizzoli, 

2010). The actin cytoskeleton is critical for the formation and stabilization of the 

presynaptic bouton and forms a scaffold that traffics the synaptic vesicles (J. C. 

Nelson et al., 2013). The active zone is the site where synaptic vesicles dock 

and are released at the bouton. Vesicle docking and Ach release by exocytosis 

rely on SNARE proteins, syntaxin-1, and synaptotagmin in a calcium-dependent 

process (C.‑T. Wang et al., 2006). Inactivation of Ach signal within the synaptic 

cleft occurs after the neurotransmitter is hydrolyzed by acetylcholinesterase 

(AchE); Ach is then recycled back into the presynapse (Soreq & Seidman, 

2001). 
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Figure 1.4: NMJ comprises motor neuron and muscle 

membrane. Left: Electron micrograph of the NMJ synapse. Right: 
same electron micrograph with structures highlighted. Red highlight 
= muscle postsynaptic side. Yellow highlight = motor neuron 

presynaptic side. Reproduced with permission (Fahim et al., 2000). 

 

The muscle membrane is termed the sarcolemma, and, in the vertebrate, the 

postsynaptic sarcolemma that is in contact with the motor neuron is called the 

motor end plate. The sarcolemma below the bouton has various invaginations 

known as junctional folds (Figure 1.4). Components critical for ECC have 

special localizations at the junctional folds: at the crest are the clustered AchR 

and at the troughs are voltage-gated sodium channels (Fertuck & Salpeter, 

1974; Martin, 1994).  

 

The contraction cascade (Figure 1.5) is triggered by Ach binding to AchR, which 

as a ligand-gated cation channel allows sodium (and sometimes potassium, 

calcium, and magnesium) ions to enter the muscle cell. The change in the 

membrane potential leads to an activation of voltage-gated sodium channels 

(NaV1s) to further depolarize the end plate potential (Bailey et al., 2003). The 

change triggers an action potential along the sarcolemma including the 

invaginations known as the T-tubules, causing another cascade of ion-driven 
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events (Rebbeck et al., 2014). Voltage-gated dihydropyridine receptors (DHPR) 

on the T-tubules let in calcium that then activate the ryanodine receptors (RYR) 

and STAC3 embedded in the terminal cisternae of the sarcoplasmic reticulum, 

where pools of calcium are stored (B. R. Nelson et al., 2013; Rebbeck et al., 

2014). Calcium is dumped from the sarcoplasmic reticulum into the sarcoplasm 

(muscle cytoplasm) and taken up again by the SR/ER calcium ATPase (SERCA; 

B. R. Nelson et al., 2013; Rebbeck et al., 2014). The calcium binds to troponin 

which allows for access of the myosin-binding site on the actin filament and the 

formation of the cross-bridge between actin and myosin, which is needed for 

sarcomeric contraction. 

 
 

 
Figure 1.5: Excitation-contraction coupling. Binding of 

acetylcholine to its receptor on the muscle membrane triggers influx of 
cations (e.g. Na+) which depolarizes the muscle membrane, producing 

an action potential with downstream ion channel activation on the T 
tubule and sarcoplasmic reticulum (SR) and finally contraction. 
Reproduced with permission (Kuo & Ehrlich, 2015). 
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C. Muscle development 

 

Vertebrate skeletal muscle development requires a complex coordination of 

gene expression transitions and cell-cell interactions. During the embryonic 

stage, different parts of the mesoderm germ layer give rise to the various muscle 

groups. Truck and limb muscle originate from paraxial mesoderm while head 

and neck muscles develop from pharyngeal mesoderm (Figure 1.6). The 

paraxial mesoderm lies lateral to on each side of the neural tube and is specified 

by Wnt and FGF signaling. The somites—transient structures that become the 

axial skeleton and skeletal muscle—form through a cycle of overlapping 

signaling pathways [reviewed in (Musumeci et al., 2015) and (Aulehla & 

Pourquié, 2006)]. The somites then subdivide into the dermomyotome in 

response to Wnt activation and BMP4 inhibition by Shh (Marcelle et al., 1997).  

 

Next, myotome precursors from the hypaxial lateral dermomyotome migrate 

more ventrally, as they express the transcription factor PAX3 and later PAX7 

(Figure 1.6B; Kassar‑Duchossoy et al., 2005; Relaix et al., 2005; Tajbakhsh & 

Cossu, 1997). PAX3 and PAX7 also play a role in making the skeletal muscle 

resident stem cells, called muscle satellite cells, later in development [reviewed 

in (Buckingham, 2007)]. The activation of bHLH transcription factors triggers the 

formation of the myoblasts, the muscle progenitor cells (Andrikou & Arnone, 

2015). The myogenic regulatory factors (Mrfs) Myf5 and MyoD are the 

determining factors in specifying myotome cells into myoblasts (Gerhart et al., 

2006; Ott et al., 1991; Rudnicki et al., 1993; Tajbakhsh et al., 1997). Further 

differentiation of myoblasts is driven by MRF4 and myogenin, which are needed 
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along with MEF2 factors to eventually become myocytes (Hasty et al., 1993; 

Kassar‑Duchossoy et al., 2004; Nabeshima et al., 1993; Venuti et al., 1995). 

 

Myotubes form during embryogenesis by the fusion of myocytes and 

differentiate during primary myogenesis, resulting in multinucleate syncytial cell. 

Myotubes assemble a foundation upon which the adult skeletal muscle will be 

built. A three-step model has been proposed for myoblast fusion that 

incorporates evidence from Drosophila, zebrafish, and mouse studies [reviewed 

in (Kim et al., 2015)]. The first step is recognition between myocytes via cell 

adhesion molecules, then when cell membranes are proximal there is invasion 

and resistance experienced by the myocytes due to changes in the cortical 

cytoskeleton. Finally, work in vitro suggests that the destabilization of the lipid 

membrane as a necessary step. Fusion has been shown to require the multi -

pass transmembrane protein Myomaker and the single-pass transmembrane 

protein Myomerger (also known as Myomixer and Minion), which are expressed 

during embryogenesis and needed later for postnatal growth (Bi et al., 2017; 

Cramer et al., 2020; Millay et al., 2013).  

 

The vertebrate muscle forms during secondary myogenesis in the fetus by a 

process where more myotubes are added to the scaffold set by the primary 

myotubes. The growth and increase in muscle mass during this period is kept 

in check by myostatin (Tobin & Celeste, 2005). It is at this stage when the 

myotendinous junctions (where muscle attaches to tendon) and the 

neuromuscular junctions form. Postnatal maturation and growth occurs by 

hypertrophy by the addition of satellite cells (i.e. muscle stem cells); in mice, this 
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process only occurs up until P21, after which there is no further nuclear addition 

(White et al., 2010). 

 

 
Figure 1.6. Vertebrate trunk muscle differentiation. (A) Schematic 
of the steps of primary and secondary myogenesis. Primary myotome 

myoblasts (left, yellow) develop into primary fibers (middle, yellow). 
Secondary fibers (red, right) are added during secondary myogenesis 

from myogenic progenitors onto the foundation of the primary fibers. 
Reproduced with permission (Chal & Pourquié, 2017). (B) Diagram of 
expression pattern over muscle development. Reproduced with 

permission (Chal & Pourquié, 2017). 
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D. Neuromuscular disorders 

 

Neuromuscular disorders are conditions that affect the peripheral nervous 

system or muscle. Defects could happen at any point along the motor path: 

upper motor neuron, lower motor neuron, neuromuscular junction, or muscle. 

They can be inherited or acquired, including injury, cancer, aging, inflammation, 

autoimmune, medication, or critical illness. Here, I will focus on inherited 

conditions known to affect the muscle. 

 

Inherited myopathies fall under four overarching categories: (1) congenital 

genetic myopathies; (2) mitochondrial myopathies; (3) metabolic myopathies; 

and (4) muscular dystrophies. Congenital myopathies have an overall 

prevalence of 1.62 per 100,000 and 2.76 per 100,000 in the child population 

(Huang et al., 2021). The categories of congenital myopathies are core, 

nemaline, centronuclear, fiber type disproportion, and myosin storage [reviewed 

in (Claeys, 2020)]. Mitochondrial myopathies are caused by defects in oxidative 

phosphorylation and are progressive [reviewed in (Ahmed et al., 2018)]. 

Disruptions in metabolic enzymes that breakdown carbohydrates, lipids, and 

lysosomes (i.e. inborn errors of metabolism) are termed metabolic myopathies 

(Finsterer, 2020). Lastly, Duchenne and Becker muscular dystrophies are 

degenerative muscle disorders (Mercuri et al., 2019). 

 

Clinical workup for inherited myopathies often happens during the neonatal or 

early childhood period since symptoms typically develop early (Fardeau & 

Desguerre, 2013; McDonald, 2012; Morrison, 2016). The patient history should 

cover the distribution and course of weakness, onset of symptoms, 
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developmental milestones, cardiopulmonary symptoms, functional difficulties, 

and family history of muscle disorders. On the physical exam, muscle tone, 

strength, reflexes, sensation, and cranial nerves should be checked. Several 

laboratory tests could be useful in diagnosing myopathies: enzymes (e.g. 

transaminases, aldolase, and creatine kinase), neostigmine, and autoantibody 

testing. Imaging like ultrasound and MRI could be helpful in monitoring disease 

progression. Electrodiagnostics are critical to understanding whether disease 

originates from defects at the peripheral nerves, NMJ or muscle. Nerve 

conduction studies (NCS) focus on the amplitude and velocity of the response 

in the motor neuron after stimulation. Electromyogram (EMG) studies record 

muscle electrical activity; oftentimes EMG in myopathy shows small voluntary 

motor units and increased recruitment. Various modalities—histology, 

immunohistochemistry, electron microscopy—can be used to visualize various 

characteristics on tissue from muscle biopsy. Next-generation sequencing can 

be another useful tool if the clinical algorithm does not yield an obvious 

diagnosis. 

 

III. NEMALINE MYOPATHY 

 

A. Etiology 

 

Nemaline myopathy (NM), a skeletal muscle disorder and histopathologic 

diagnosis, affects 0.22 per 100,000 children and has an all age prevalence of 

0.20 per 100,000 (Huang et al., 2021). Its hallmarks include muscle 

weakness—often progressive—and the presence of rods, dubbed nemaline 

rods or bodies (further described below in diagnosis section) on histopathology. 
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NM was first described in 1963 in two different case reports of an infant and a  

child with hypotonia and delayed motor milestones; both had dense 

“myogranules” of thread-like form throughout the muscle fiber on biopsy 

examination (Conen et al., 1963; Shy et al., 1963). A few years later, a case 

report of two teenagers with similar features was published (Gonatas et al., 

1966). 

 

NM is mostly considered as a congenital disorder; however, there is an immune-

related acquired form that develops in adults called sporadic late-onset NM 

(Nicolau & Milone, 2023). Twelve genes causative of the congenital form have 

been identified, most of which are related to the sarcomere (Figure 1.7; further 

discussed below in diagnosis section). 

 

 
Figure 1.7: Sarcomeric proteins affected in NM. Diagram of a 

magnified view of sarcomere. Proteins labeled have been implicated 
in NM. Adapted from (Christophers et al., 2022). 
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B. Symptomatology and disease course 

 

Initial classification of NM was categorized by causative mutation during a 

workshop by the European Neuromuscular Center in 1999 (C 

Wallgren‑Pettersson & Laing, 2000). Modern classification of NM has 

designated seven categories for the disease based on onset, clinical features, 

and causative genes, since NM is now understood to be phenotypically 

heterogenous (Table 1.1; Laitila & Wallgren‑Pettersson, 2021). In its most 

severe form, NM severely affects the fetus during intrauterine development, 

potentially leading to early death or symptoms in the neonatal period. Typical 

and mild NM become apparent in the neonatal and childhood periods, 

respectively. Other subtypes are less common or present in a particular 

community. In a review of pediatric clinical case reports from 2010 to 2020, we 

found that half of patients showed signs of disease during the fetal or neonatal 

period and 55% die before age 1 (Table 1.2; Christophers et al., 2022).  

 

As a myopathy, NM patients typically present with muscle weakness in different 

muscle groups although this may cause symptoms in other organ systems 

(summarized in Table 1.2). The disease course is progressive. Early signs 

include neonatal hypotonia, delayed motor development, and respiratory 

difficulty. Children may go on to develop respiratory insufficiency, 

kyphoscoliosis, elongated facies with gaped mouth, and joint contractures.  
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Table 1.1: Classification of genetic NM. Adapted from (Laitila & 
Wallgren‑Pettersson, 2021). 

 

 
 
 

C. Diagnosis 

 

Patient history, physical exam findings, and detailed family history are crucial in 

understanding the pattern of disease. Absence of altered laboratory findings 

such creatine kinase may also be a sign to consider myopathies like NM. EMG 

may show myopathic pattern early in childhood, though neuropathic changes 

have been noted in NM patients who are older than nine-years of age (C 

Wallgren‑Pettersson et al., 1989). 
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Table 1.2: NM symptomatology described in pediatric NM case reports. 
Adapted from (Christophers et al., 2022). 

 n (%) Associated genes 

Age at first reported signs   
Fetal 31 (31) ACTA1, KLHL40, LMOD3, 

NEB1, RYR1, TNNT3, TNNT1 
Birth 38 (38) ACTA1, CFL2, KLHL40, 

MYO18B, NEB1, TNNT1, 
TPM2 

Infancy (<1 year) 13 (13) CFL2, LMOD3, NEB1, TNNT1 

1-13 years 13 (13) ACTA1, CFL2, NEB 
Early signs   

Decreased fetal movements 9 (9) ACTA1, KLHL40 
Locked-in state 1 (1) KLHL40 
Polyhydramnios 14 (14) ACTA1, KLHL40, LMOD3, 

NEB1, RYR1 
Neonatal hypotonia 64 (64) ACTA1, CFL2, KLHL40, 

LMOD3, MYO18B, NEB1, 
RYR1, TNNT1, TNNT3  

Delayed motor development 29 (29) ACTA1, CFL2, KLHL40, 
LMOD3, NEB1, RYR1, TNNT1, 
TPM2  

Abnormal gait/frequent falls 10 (10) ACTA1, CFL2, KLHL40, 
LMOD3, NEB1, TPM2 

 Muscle weakness   
          Unspecified   22 (22) ACTA1, CFL2, KLHL40, 

LMOD3, NEB1, TNNT1 
          Axial and proximal   31 (31) ACTA1, CFL2, KLHL40, LMOD3, 

MYO18B, NEB1, TNNT1, 
TNNT3, TPM2  

         Distal   23 (23) ACTA1, CFL2, KLHL40, 
LMOD3, MYO18B, NEB1, 
TNNT1 

         Tremor   7 (7) TNNT1 
Feeding difficulty 16 (16) ACTA1, CFL2, KLHL40, 

MYO18B, NEB1, TNNT3 
Early respiratory difficulty 36 (36) ACTA1, CFL2, KLHL40, 

LMOD3, NEB1, RYR1 
Spinal curvature 37 (37) ACTA1, CFL2, LMOD3, NEB1, 

RYR1, TNNT1, TNNT3 
      Scoliosis 15 (15) ACTA1, CFL2, LMOD3, NEB1, 

RYR1, TNNT1, TNNT3 
      Kyphosis 11 (11) ACTA1, CFL2, LMOD3, 

TNNT1 
      Rigid spine 5 (5) ACTA1, LMOD3, NEB1, 

TNNT1  
      Lordosis 5 (5) ACTA1, CFL2, LMOD3, NEB1 
Facial Involvement 55 (55)  

Facial weakness 29 (53) ACTA1, CFL2, NEB1, RYR1, 
TNNT3, TPM2  

Ptosis 6 (11) KLHL40, LMOD3, NEB1, 
TPM2  

Ophthalmoplegia 1 (2) RYR1 
Facial dysmorphias 29 (53)  
High-arched palate 23 (42) ACTA1, CFL2, LMOD3, 

MYO18B, NEB1, RYR1, 
TNNT1, TNNT3, TPM2 

Micrognathia 4 (7) ACTA1, NEB1 
Cleft palate/lip 2 (4) KLHL40 
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Table 1.2 (cont.) 
 
Myopathic facies 9 (16) ACTA1, KLHL40, LMOD3, 

TNNT1 
Elongated face 7 (13) ACTA1, NEB, RYR1 
Macrocephaly 2 (4) NEB 

Dysmorphic features 3 (5) NEB 

Thoracic deformities   
Pectus excavatum 2 (2) ACTA1, MYO18B 
Pectus carinatum 5 (5) TNNT1 
Respiratory 57 (56) ACTA1, CFL2, KLHL40, 

MYO18B, NEB1, RYR1, 
TNNT1 

Tracheotomy 15 (27) ACTA1, NEB1, RYR1, TNNT1 
Mechanical ventilation 30 (54) ACTA1, LMOD3, NEB1, 

TNNT1, RYR1 

Respiratory insufficiency 6 (11) ACTA1, CFL2, NEB1 
Sleep apnea 2 (4) NEB1 

Pleural effusion, chylothorax 3 (5) ACTA1, KLHL40 
Cardiac 13 (13)  
Hypertrophy 2 (15) MYO18B 
Ventricular dilatation 4 (31) ACTA1, MYO18B, TNNT1 
Sudden cardiac arrest 2 (15) NEB1 
Atrioseptal defect 2 (15) LMOD3 
Cardiomegaly 1 (8)  
Bradycardia 1 (8) RYR1 
Transient supraventricular tachycardia 1 (8) MYO18B 

Joints/Skeletal 39 (39)  
Contractures 21 (54) ACTA1, CFL2, KLHL40, 

LMOD3, NEB1, RYR1, TNNT1 
Arthrogryposis 10 (26) ACTA1, LMOD3, NEB1 
Club feet 7 (18) KLHL40, LMOD3, NEB1, 

TNNT1  
Fractures 3 (8) KLHL40 
Hip hyperlaxity 3 (8) KLHL40, NEB1, TNNT3 
Gastrointestinal involvement 3 (3) ACTA1, TNNT1 

Neurological   
Intellectual disability 1 (1) NEB1 
Decreased white matter 3 (3) ACTA1 

Wheelchair bound 7 (7) ACTA1, CFL2, KLHL40, NEB1 
Death 36 (36)  

0-1 month 5 (14) ACTA1, NEB1 
1-6 months 12 (33) ACTA1, KLHL40, LMOD3, 

MYO18B, NEB1, RYR1 
6 months – 1 year 3 (8) ACTA1, KLHL40, NEB1, 

TNNT3,  
1-5 years 7 (19) KLHL40, NEB1, TNNT1 
5-10 years 5 (14) ACTA1, NEB1, TNNT1 
>10 years 5 (14) NEB1, TNNT1 

Cause of death   
Sepsis 3 (8) ACTA1, KLHL40, MYO18B 
Respiratory insufficiency 3 (8) ACTA1, TNNT3 
Cardiopulmonary arrest 3 (8) ACTA1, KLHL40, RYR1 
Infection 2 (6) KLHL40, LMOD3,  
Hypoxic-ischemic brain injury 1 (3)  

Terminated Pregnancy 4 (4) KLHL40, LMOD3 
Pathology features 65 (64)  

Cytoplasmic nemaline rods 49 (75)  
Intranuclear rods 5 (8) ACTA1 
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Table 1.2 (cont.) 
 

  

Fiber size variation 26 (40) ACTA1, CFL2, LMOD3, 
MYO18B, NEB1, TNNT1 

Internalized nuclei 6 (9) ACTA1, CFL2, MYO18B, 
TNNT1 

Increased fibrous connective tissue 18 (28) ACTA1, CFL2, TNNT1, TNNT3 
Inflammatory cell infiltration 3 (5) ACTA1, TNNT1 
Atrophic fibers 8 (12) ACTA1, MYO18B, TNNT3 
Fingerprint bodies 1 (2) LMOD3 
Rods surrounded by halos 1 (2) LMOD3 

Mitochondrial aggregates 1 (2) NEB1 
Myofibrillar degradation 3 (5) ACTA1, CFL2, KLHL40 

 

Muscle biopsy and sequencing provide the most evidence of NM as the cause 

of muscle weakness. Muscle biopsy can be examined several ways to visualize 

pathologic features (Figure 1.8, Table 1.2). The electron-dense aggregates 

termed nemaline rods/bodies are clear on electron microscopy (Figure 1.8A-B), 

and in some cases there may be actin thin filament disorganization (Figure 

1.8C). On histology, there may be inclusions seen with Gömöri Trichrome or 

NADH stains, connective and adipose tissue expansion on hematoxylin and 

eosin stain, fetal or altered proportions of myosin, and focal inclusions positive 

for actin, alpha-actinin and myotilin (Figure 1.8D). 

 

The increased accessibility of sequencing allows for greater understanding of 

causative genes (Herman et al., 2021). NM is often seen as a disease of the 

sarcomere, as mutations in the 12 identified causative genes affect the 

sarcomere (Table 1.2; Figure 1.7; Christophers et al., 2022; Moreau‑Le Lan et 

al., 2018). Skeletal alpha-actin 1 (ACTA1), cofilin (CFL2), leiomodin 3 (LMOD3), 

nebulin (NEB1), and kelch repeat and BTB domain containing protein 13 

(KBTBD13) are proteins that comprise the actin thin filament (Agrawal et al., 

2007; Berkenstadt et al., 2018; Pelin et al., 1997; Sambuughin et al., 2010; 

Schröder et al., 2004; Carina Wallgren‑Pettersson et al., 2002). The other 
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affected proteins are structural or ECC regulatory proteins: myosin 18B 

(MYO18B), myopalladin (MYPN), ryanodine receptor 1 (RYR1), slow skeletal 

muscle troponin T (TNNT1), fast skeletal muscle troponin T (TNNT3), and slow 

muscle alpha-tropomyosin (TPM2, TPM3; Gommans et al., 2003; Johnston et 

al., 2000; J. J.‑C. Lin et al., 2008; Malfatti et al., 2015; von der Hagen et al., 

2008). Lastly, mutations in Kelch-like family member proteins, KLHL40 and 

KLHL41, disrupt protein turnover (Ravenscroft et al., 2013). 

 

 
 
Figure 1.8: Nemaline rods on histology and EM. (A) Electron 

micrograph showing rod-like fibers within and adjacent to myofibrils. 
Reproduced with permissions from (Gonatas et al., 1966), Copyright 
Massachusetts Medical Society. (B,C) Electron micrographs of 

variable NM rod sizes and small rods and thin actin filament 
disorganization (highlighted by asterisks). Adapted from (Sewry et 

al., 2019). (D) Representative examples of various pathological 
features in NM by histology and immunohistochemistry. Adapted 
from (Laitila & Wallgren‑Pettersson, 2021). 
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D. Treatment and clinical considerations 

 

Currently, there is no cure for NM and, thus, treatment focuses on improving 

quality of life. As part of multidisciplinary care, monitoring respiratory function 

and musculoskeletal symptoms is imperative (Carina Wallgren‑Pettersson et 

al., 2004; C. H. Wang et al., 2012). This will require a multifaceted approach by 

physical, occupational and speech therapists in addition to medical clinicians 

(Cervera‑Mérida et al., 2020). Respiratory muscle training may be helpful in 

improving function (Smith et al., 2011). Respiratory function must also be 

monitored in any instances where anesthesia is administered (Oliveira et al., 

2018; Tran & Smith, 2017; Tran & Chhibber, 2016). Using MRI may improve the 

selection of region to biopsy (Ennis et al., 2015; Quijano‑Roy & Carlier, 2014). 

There is limited evidence that the pharmacologic agents L-tyrosine and 

acetylcholinesterase inhibitor pyridostigmine are helpful for NM patients; 

however, these benefits have not been recapitulated in zebrafish and mouse 

NM model (Messineo et al., 2018; Natera‑de Benito et al., 2016; M.-A. T. 

Nguyen et al., 2011; Sahin et al., 2019; Sztal et al., 2018). Some have also 

suggested that pharmacologically targeting thin filament interactions and 

promoting muscle growth should be future directions of study in NM (Jungbluth 

et al., 2017). Further study into the mechanisms of disease for NM has the 

potential for inspiring novel NM treatments. 

 

 
IV. ACTIN 

 

Actin is a ubiquitous protein responsible for a myriad of roles throughout the cell: 

structural integrity, cell migration, force generation, trafficking, and gene 
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expression. Monomeric G-actin (also known as its globular form) has four 

subdomains that bind to ATP/ADP in the protein interior. F-actin, the filamentous 

polymer, is a helix of two strands of G-actin monomers (H. E. Huxley, 1963). The 

barbed end of the actin filament has ATP bound while the pointed end has ADP 

bound. Filament formation in physiologic conditions involves elongation from a 

seed of monomers (actin nucleus). Since the addition of ATP-bound actin is 

faster at the barbed end than the pointed end the filament tends to grow on its 

barbed end while monomers are depolymerized on the pointed end; this 

process is termed treadmilling. Polymerization can exert force, which is a 

strategy used by the cell for migration. There have been six actin isoforms 

identified in vertebrates (Figure 1.9), originally described by their expression 

pattern in skeletal muscle (αsk and αca), smooth muscle (αsm and γsm), or in the 

cell cytoplasm (βcyto and γcyto; Vandekerckhove & Weber, 1978). Muscle actins 

incorporate into the sarcomere, but non-sarcomeric γ-actin networks are 

involved in other cell tasks, such as anchoring to the membrane, localization of 

organelles and structure of the Z-disc (Craig & Pardo, 1983; Nakata et al., 2001; 

Papponen et al., 2009; Rybakova et al., 2000). Beta-actin is the only isoform 

required for cell viability, according to studies in mouse cells (Bunnell  et al., 

2011). There is a transition in the muscle cell from smooth muscle to cardiac to 

skeletal muscle actin isoforms expression over time. Mutations in actin genes 

can cause nemaline myopathy (ACTA1), familial thoracic aortic aneurysms 

(ACTA2), hypertrophic and dilated forms of cardiomyopathy (ACTC1), 

Baraitser-Winter syndrome (ACTB, ACTG1), deafness (ACTG1), and 

megacystis microcolon-intestinal hyperperistalsis syndrome (ACTG2; Parker et 

al., 2020).  
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Figure 1.9: Actin isoforms. Phylogenetic tree of human and 

Drosophila actin isoforms and differences in their amino acid 
sequences.  

 

Other organisms, such as Drosophila, also have multiple actin isoforms (Figure 

1.9) considered to be cytoplasmic (Act 5C, Act42A), embryonic/larval muscle 

(Act57B, Act87E), and adult muscle (Act88F, Act79B; Röper et al., 2005; 

Wagner et al., 2002). However, there is evidence that these actins may be 

present in all cells but at varying levels, and that they all incorporate into 

structures, like the sarcomere to a certain extent (Röper et al., 2005). 

Additionally, there is some compensation between the various isoforms 

(Wagner et al., 2002). 

 

Actin dynamics are regulated by post-translational modifications (PTMs) and 

complex interactions with actin-binding proteins (ABPs). Actin PTMs have 

effects on actin structure, interaction with ABPs and cell activity, including cell 

division, movement, and entry into nucleus [reviewed in (Varland et al., 2019)]. 

For example, arthrin—first discovered in insect flight muscle—is actin with 

ubiquitin modifications at regularly spaced intervals along the thin filament which 

is thought to be important for contraction (Bullard et al., 1985). Acetylation on 

actin has also been reported to be important for organization of the thin filament 

of the Drosophila indirect flight muscle (Viswanathan et al., 2015).  
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ABPs (Figure 1.10) interact with actin to complete a variety of functions: 

sequestering monomers, maintaining structural networks, nucleation, and 

growth of the filament, severing, transport and force [reviewed in (Pollard, 

2016)]. Actin structures throughout the cell require capping proteins (e.g. Cap, 

tropomodulin), cross-linking proteins (e.g. fimbrin, filamin, actinin, spectrin), 

filament binding (e.g. tropomyosin), and anchors (e.g. dystrophin, talin, 

vinculin). Profilin binds to ATP-actin and prevents elongation at the pointed end. 

The Arp2/3 complex and proteins with WH2 domains nucleate and elongate the 

actin filament. Formins are also actin nucleators. The ADF/Cofilin (described 

further below) and gelsolin protein families are responsible for severing the 

filament, which is necessary for proper G-actin/F-actin dynamics. Lastly, myosin 

motors and polymerization of the filament contribute to force production and 

transport within the cell. 

 

 

 
Figure 1.10: Actin binding proteins throughout the cell. 

Adapted from (Ruggiero & Lalli, 2021). 
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V. COFILIN 

 

A. Biochemistry 

 

The cofilin/actin depolymerizing factor (ADF) family is responsible for various 

context-dependent actions in actin dynamics, including filament severing and 

stabilization (Figure 1.11A). Cofilin interacts with both actin monomers and 

filaments as it has binding sites for G/F-actin and F-actin (Figure 1.11B). When 

bound to a filament, cofilin induces a conformation change at two longitudinally 

adjacent subunits which enhances torque on the helix of the filament resulting 

in a break (McGough et al., 1997; Wioland et al., 2019). Recent work suggests 

that the severing happens at the most vulnerable point in between bare and 

cofilin-bound segments of the filament (Huehn et al., 2020). In vitro experiments 

with optical tweezers have shown that actin filament tension may slow down 

severing by cofilin (Hayakawa et al., 2011). Cofilin concentration relative to actin 

and other ABPs—which can vary throughout the cell—determines cofilin’s 

function (Andrianantoandro & Pollard, 2006). At low cofilin concentrations, rapid 

filament severing by the protein is favored (Figure 1.11C). Remaining fragments 

can then be nucleated or participate in nucleotide exchange and recycling onto 

the filament. Meanwhile, at high concentrations, cofilin saturates sites along the 

filament. This, in turn, reversibly stabilizes portions and reduce the likelihood of 

severing because there is a less strained interface (Figure 1.11D). The 

stabilized portions can be removed from the filament and processed in one of 

three ways: fully depolymerized, grown from the barbed ends, or bundled into 

rods. These cofilin-actin rods are not the same as the nemaline rods or bodies 

seen in NM, which are composed of actin and sarcomeric proteins. Cofilin also 
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has a nuclear localization signal, as it also chaperones actin monomers into the 

nucleus (Dopie et al., 2015). 

 

 

 
Figure 1.11: Human cofilin protein. (A) Amino acid sequence of 
human Cofilin-1, Cofilin-2, and Destrin/Actin-depolymerizing factor 
(ADF). (B) Protein structure of human Cofilin-2 showing domains. 

Adapted from (Zheng et al., 2016). (C,D) Cofilin’s function depends 
on its concentration, where its main function at low concentrations 

(C) it persistently severs filaments while at high concentrations (D) it 
both stabilizes and severs the filament. Adapted from (Bamburg & 
Bernstein, 2010). 
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Cofilin is regulated by PTMs, PIP2 binding, and presence of other ABPs 

[reviewed in (Ohashi, 2015; Van Troys et al., 2008)]. Phosphorylation at Ser3 by 

LIM kinase (LIMK) or Testicular Protein Kinase (TESK) inactivates cofilin (Scott 

& Olson, 2007; Toshima et al., 2001). Cofilin can be dephosphorylated—thus 

reactivated—by the phosphatases Slingshot (SSH) and chronophin (Gohla et 

al., 2005; Niwa et al., 2002; Ohta et al., 2003). Phosphorylation state may also 

influence the subcellular localization of cofilin (Nagaoka et al., 1996). ABPs like 

AIP and tropomyosin can enhance or block ADF/cofilin function, respectively 

(Bernstein & Bamburg, 1982; Shoichiro Ono, 2003). Binding of PIP2 has also 

been proposed to inhibit the interaction of cofilin and actin because its binding 

site lies between the two cofilin actin-binding domains (Hosoda et al., 2007). 

 

In vertebrates, the family comprises ADF/destrin, cofilin-1 (i.e. non-muscle 

cofilin or nm-cofilin), and cofilin-2 (i.e. muscle cofilin or m-cofilin; Nakashima et 

al., 2005). These proteins each have their own biochemical profile in vitro; they 

do not have a preference for a particular actin subtype but ADF is more efficient 

and cofilin-2 has a higher affinity for ATP-actin monomers (Vartiainen et al., 

2002). Additionally, mouse cofilin-2 binds more readily to F-actin than cofilin-1 

(Nakashima et al., 2005).  

 

Cofilin expression in muscle shifts during development: cofilin-1 predominates 

until the postnatal period where cofilin-2 becomes the main isoform in mature 

skeletal muscle (Abe et al., 1989; K Mohri et al., 2000). However, there is 

evidence that cofilin-1 is involved in muscle because it assists in sarcomere 

integrity in the context of mutation in the LMNA gene that results in Emery-

Dreifuss muscular dystrophy (Vignier et al., 2021). Cofilin-2 is important for 
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skeletal muscle development, maintenance, regeneration and maintaining thin 

filament length (Agrawal et al., 2012; Gurniak et al., 2014; Kremneva et al., 

2014; S Ono et al., 1994; Thirion et al., 2001). Cofilin-2 expression is increased 

when muscle is damaged by injury or dystrophin-deficiency (i.e. model of 

Duchenne muscular dystrophy) presumably due to muscle regeneration in 

these models (Thirion et al., 2001).  

 

B. Affecting cofilin-2 in humans and models 

 

Unsurprisingly, affecting cofilin has great impact on muscle structure and 

function. Mutations in the CFL2 gene lead to truncation, misfolding, and 

degradation of the protein, resulting in human NM. Patients experience the 

muscle weakness and other symptoms typical of NM, but at variable severity 

(summarized in Table 1.3). CFL2 NM is discussed in more detail in Chapter 2. 

 

Muscle tissue culture and animal models affecting cofilin exhibit similar muscle 

deterioration changes. Primary myoblasts can be cultured from Cof2 null mice, 

suggesting that CFL2 is not necessary for myoblast fusion that leads to myotube 

formation (Gurniak et al., 2014). Suppression of cofilin by morpholino causes 

actin aggregate formation only during the formation of myotubes and not once 

myotubes have formed in cultured muscle cells (Miyauchi‑Nomura et al., 2012). 

In C2C12 myoblasts, CFL2 is needed for myogenic differentiation into 

myotubes, and miR-141-3p regulates the amount of CFL2 impacting this 

process (M. T. Nguyen & Lee, 2022; M. T. Nguyen et al., 2020). CFL2 may also 

play a role in regulating the expression of the various myosin heavy chain 

isoforms during differentiation (Zhu et al., 2018). 
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Cfl2 null mice are born with normal sarcomeres at birth but show sarcomeric 

aggregates similar to nemaline rods by P7; these mice die by P8 (Agrawal  et 

al., 2012). This suggests that cofilin-2 is not necessary for initial 

myofibrillogenesis but rather for muscle maintenance. Cofilin-2 deficiency mice 

show transcriptomic changes that point to alterations in cell cycle regulation and 

proliferation (Morton et al., 2015). Muscle-specific knockout and post-natal 

excision of Cfl2 resulted in small mouse pups with growth retardation with 

sarcomeric degeneration on muscle biopsy histological examination (Agrawal  

et al., 2012). Mice with a conditional knockout of Cfl2 die between P10 and P12 

and also have protein aggregates in muscle (Gurniak et al., 2014). These Cfl2 

conditional knockout mice also show alterations of Extrasarcomeric actin 

(Gurniak et al., 2014). Chimeric mice with both Cfl2 knockout and wild type 

muscle fibers are born small and develop scoliosis (Kurato Mohri et al., 2019). 

The knockout fibers still degenerate by the second week of life despite being 

surrounded by normal fibers (Kurato Mohri et al., 2019). Introduction of the 

A35T mutation—known to be pathogenic in human NM—into mice also leads to 

myopathy, premature death at P9, and actin accumulation in muscle throughout 

the cell that was separate from rods near the sarcomere (Rosen et al., 2020).  

 

Affecting the cofilin isoform UNC-60B in C. elegans triggers actin aggregate 

formation in body wall muscle, since it is required to incorporate actin into 

developing myofibrils (K. Ono et al., 2003; Shoichiro Ono et al., 1999). Mutants 

for unc60 had muscle function defects that correlated with the severity of the 

actin disorganization phenotype (Shoichiro Ono et al., 1999). Additionally, our 

lab has previously characterized the muscle disruption seen in Drosophila 

model where levels of twinstar (Drosophila cofilin, DmCFL) are reduced using 
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RNA interference (RNAi). More details about this model are discussed in a 

subsequent section. 

 

VI. DROSOPHILA MUSCULATURE 

 

A. Embryonic and larval muscle development 

 

There are four developmental periods in the Drosophila life cycle: 

embryogenesis, larval growth, metamorphosis, and adult (Figure 1.12A). At 

25ºC, embryogenesis occurs during the first day after egg laying in 17 

stereotyped stages. Larval development has three stages (instars). The first two 

instars (L1 and L2) each take one day, while the final instar (L3) takes two days. 

At the culmination of L3, the larva wanders to a site where it will form a pupa, 

within which it will metamorphose into an adult fly over the span of five days.  

 

Drosophila and vertebrate skeletal muscle have similar organizations, although 

each muscle in Drosophila is equivalent to one cell rather than the additional 

layers of bundling seen in vertebrates. In both, each multinucleated muscle cell 

is composed of various myofibrils that are made up of concatenated 

sarcomeres. Human and adult Drosophila sarcomeres are also of similar length 

at about 3 μm and contain similar components (X. Chen et al., 2016; Reedy & 

Beall, 1993). Therefore, Drosophila is a useful model for studying general 

principles of muscle development. The below discussion focuses on embryonic 

and larval muscle development; more details about secondary myogenesis in 

adults is reviewed in (Laurichesse & Soler, 2020). 
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Figure 1.12: Drosophila life cycle and muscle. (A) Ten-day 
Drosophila life cycle at 25ºC. Larval instar stages are labeled in red. 
Adapted from (C. Ong et al., 2015). (B) Drosophila larva expressing 

protein trap tropomyosin::GFP to visualize muscles in thoracic (T1-
3) and abdominal (A1-8) hemisegments, in addition to a 

magnification of a hemisegment viewed (Schulman et al., 2015) from 
the exterior. Adapted from (Schulman et al., 2015). (C) Diagram of 
abdominal hemisegment muscles from external (left) and internal 

(right) views. Muscle naming follows the following convention: dorsal 
muscles (DA), dorsolateral (DO/DT/LL), lateral (LT/LO/SBM), and 

ventral (VA/VL/VO/VT). Number in parentheses indicates the 
alternate numbering system for Drosophila muscle. VL3 and VL4 
muscles (also known as muscles 6 and 7) which are used in this 

study are indicated in red. Adapted from (Schulman et al., 2015). 
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Muscle is established during embryogenesis and grows during larval instars ; it 

then has to be reformed post-histolysis for adult flies [steps of myogenesis and 

strategies for studying them are reviewed in (Dubey et al., 2020) and (Bothe & 

Baylies, 2016)]. On the left and right sides of the embryo, there are 12 repeating 

abdominal hemisegments containing about 30 muscles that are attached in 

various orientations to allow for different angles of contraction (Figure 1.12B-C; 

Bate, 1990). In this study, we focus on ventral longitudinal (VL) muscles 3 (i.e. 

VL3 or muscle 6) and 4 (i.e. VL4 or muscle 7). Embryonic myogenesis is similar 

to vertebrate muscle development where muscle progenitors need to be 

specified, post-mitotic myocytes fuse, and muscle cells mature.  

 

Drosophila somatic muscle develops from mesoderm (Figure 1.13A), which is 

specified by expression of twist, which activates gene expression of the 

myogenic differentiation factor Mef2, and lethal of scute (l'sc), which activates 

founder cell transcription factors (Baylies & Bate, 1996; Carmena et al., 1995; 

Sandmann et al., 2007). Our lab identified proteins that interacted with Twist 

during early muscle development, including Twinstar (DmCFL; further 

discussed in a subsequent section; Balakrishnan, Howard, et al., 2021). Muscle 

progenitors with high l'sc expression are designated as cardiac and somatic 

muscle by external signaling pathways and the proper expression of 

combinations of muscle identity genes, including even-skipped (eve), ladybird 

(lb) and msh, amongst others (Baylies et al., 1995; Carmena et al., 1995; Jagla 

et al., 2002). Twist expression is subsequently maintained in progenitor cells 

that become latent adult muscle precursors (i.e. AMPs), while the remaining 

progenitors—known as founder cells—are further differentiated by the pattern 

of expressed transcription factors [reviewed in (Figeac et al., 2007; Junion & 
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Jagla, 2022)]. Meanwhile, fusion competent myoblasts (FCMs) have low l'sc 

expression (Carmena et al., 1995).  

 

 
Figure 1.13: Drosophila myogenesis and muscle growth. (A) 

Schematic of embryonic/larval (primary) and adult (secondary) 
myogenesis in Drosophila. Adapted from (Poliacikova et al., 2021). 

(B) Representative images of larvae of different developmental instar 
stages. Adapted from (Zwart et al., 2013). (C) Graph quantifying the 
increased fold change in VL3/4 muscle area, nuclear area, and 

nuclear DNA content over the five days of larval development. 
Adapted from (Demontis & Perrimon, 2009). 

 

Each founder cell is the starting cell for what will become a muscle fiber. During 

stages 12 and 15, myotubes form by the fusion of founder cells and FCMs 

[reviewed in (Deng et al., 2017)]. These cells are multinucleate and their gene 

expression becomes coordinated based on their muscle identity (Bataillé et al., 

2017). The myotubes must then attach to the tendon cells which anchor them 

within the hemisegment organization pattern (Schweitzer et al., 2010; Soler et 

al., 2016). Innervation by the motor neuron happens post-fusion (described 
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more fully in next section). Multiple nuclei determine their positions via the 

activity of microtubules, microtubule motor proteins, and microtubule-

associated proteins, while myofibrils must assemble in the muscle cytoplasm, 

although the mechanism of myofibrillogenesis remains elusive (Dlugosz et al., 

1984; Folker et al., 2012; Holtzer et al., 1997; Lemke & Schnorrer, 2017; 

Schulman et al., 2014). 

 

As the embryo hatches into the larva, muscle growth continues exponentially 

over five days (Figure 1.13B-C) to meet the increased functional and energetic 

demands at this stage (Demontis & Perrimon, 2009). Insulin/FOXO and dMyc 

are critical for muscle growth and the increase in DNA content (by 

endoreplication) necessary to supply the muscle with gene products (Demontis 

& Perrimon, 2009). Larvae are an ideal model for postnatal muscle development 

because each muscle is one cell and they are easily accessible and visualized 

both live and by dissection (Figure 1.14A; Balakrishnan, Sisso, et al., 2021; 

Brent et al., 2009; Ramachandran & Budnik, 2010). In particular, the ventral 

longitudinal (VL) muscles are a commonly studied muscle group given their 

position and orientation. 

 

B. Neuromuscular junction 

 

As described in the previous section on excitation-contraction coupling (section 

IIB), muscle contraction is triggered by signals from brain via the motor neuron. 

The first twitches in the embryo originate from the muscle as they are not 

innervated until much later in embryonic development (stages 13-15) and are 

not mature until end of embryonic and early larval development (Crisp et al., 
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2008). Coordinated contractions are not seen until the end of embryonic 

development (Crisp et al., 2008). Just as the organization of the embryonic 

musculature is stereotyped, the 36 motor neurons (Figure 1.14B-D) also have 

expected body wall muscle partners that they innervate in a stereotypical 

manner (Landgraf et al., 1997).  

 

 

 
Figure 1.14: Drosophila larval motor system. (A) L3 larval fillet 
prep exposing internal body wall muscles, labeled with phalloidin (F-
actin, red). Labels identify abdominal hemisegments and white box 

outlines an individual hemisegment. Adapted from (Sun et al., 2023). 
(B) L3 larval fillet prep with central nervous system expressing GFP 

(gray). Red box outlines an individual hemisegment. VNC = ventral 
nerve cord. Adapted from (Menon et al., 2013). (C) Magnification of 
muscles in a single hemisegment with motor neurons expression 

GFP (gray). Intersegmental nerve b (ISNb) outlined in blue. Blue box 
identifies VL3/4 muscles. Adapted from (Menon et al., 2013). (D) 

Diagram of connectivity and myotopic map. Highlighted in blue are 
the VNC nuclei and ISNb motor neuron that innervate VL3/4 
muscles. Adapted from (Kohsaka et al., 2012). 

 

Motor neurons leave the ventral nerve cord in two bundles, known as the 

segmental nerves (SN) and intersegmental nerves (ISN). These motor neurons 

require proper development of the mesoderm for their own continued 

development (Landgraf et al., 1999). There are attractive (e.g. Netrin B, 

Connectin, Capricious, FasII, FasIII) and repulsive (e.g. Sema-IIA, Toll) cues for 
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axon contact with the muscle (Nicholson & Keshishian, 2006). For example, the 

adhesion protein FasIII is expressed in a time-dependent manner as the growth 

cone of the motor neuron is extending and eventually contacting the muscle 

(Halpern et al., 1991). The growth cone becomes a motor neuron terminal onto 

the muscle after a transition point where pre-varicosities which contain early 

presynaptic components form (Yoshihara et al., 1997). The NMJ grows in 

coordination with the muscle during larval development [reviewed in (Atwood et 

al., 1993; Menon et al., 2013)]. 

 

Boutons are the individual contact points of the motor axon terminal onto the 

muscle (Figure 1.15A). Live imaging revealed that new boutons bud from 

existing boutons as muscle grows (Zito et al., 1999). There are different types 

of boutons with type I being described as more prominent (innervating ventral 

longitudinal muscles VL3 and 4) and type II and type III having smaller boutons 

(innervating VL1 and 2). Type I boutons are subdivided into Type Ib (big) and 

Type Is (small; Hoang & Chiba, 2001). Additionally, the postsynapse of Type II 

and III boutons does not have specialized muscle membrane at the NMJ and 

rely on the neurotransmitter octopamine (Prokop, 2006; Ruiz‑Cañada & Budnik, 

2006). 
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Figure 1.15: Drosophila larval NMJ synapse. (A) Diagram of (left) 

VL3 and VL4 muscle pair innervated by branches of the same motor 
neuron projection (cyan). Middle: magnification of individual boutons 

showing the size difference between type I large (Ib) and small (Is) 
boutons in addition to the postsynaptic muscle membrane (i.e. 
subsynaptic reticulum, SSR). Right: Magnification shows orthogonal 

view of the synapse between a single bouton and the postsynapse. 
(B) Schematic of the presynaptic and postsynaptic components of 

the NMJ synapse at a single bouton. Based on (Chou et al., 2020; 
Koper et al., 2012; S. J. H. Wang et al., 2014). 
 

While the vertebrate NMJ is a cholinergic synapse, the Drosophila NMJ is a 

glutamatergic synapse which has been well studied (Johansen et al., 1989). 

Synapse components are diagramed in Figure 1.15B. The synapse is similar to 

that of the vertebrate where at the presynapse there is an active zone (often 

visualized using antibodies directed at the protein Bruchpilot, Brp) where 

synaptic vesicles bind and release neurotransmitter. The region of the muscle 
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side that contains all components is called the postsynaptic density (PSD), 

which in the case of the Drosophila NMJ is the muscle’s postsynaptic membrane 

known as the subsynaptic reticulum (SSR). Several structural proteins are 

present at and maintain the SSR, including Discs-large (Dlg), Spectrin, 

Adducin/hu-li-tai shao (Hts), Neuroligin (Nlg), Fasciclin (Fas2; Banovic et al., 

2010; K. Chen & Featherstone, 2005; Kohsaka et al., 2007; Pielage et al., 

2006; S. J. H. Wang et al., 2014). Glutamate receptors (GluRs) on the 

postsynaptic side are heterotetramers composed of essential subunits GluRIIC, 

D, and E with either GluRIIA or B (David E Featherstone et al., 2005; Marrus et 

al., 2004; Petersen et al., 1997; Qin et al., 2005). GluRs are ionotropic 

receptors that allow calcium entry into the muscle and are similar to vertebrate 

non-NMDA GluRs (Schuster et al., 1991). GluRIIA-B subunit composition 

depends on postsynaptic density maturity and presynaptic glutamate release 

(Schmid et al., 2008).  

 

Neurotransmission at the larval NMJ relies on levels of glutamate and activation 

of GluRs. NMJ activity recordings are taken using the two-electrode voltage 

clamping (TEVC) technique (Figure 1.16), where the motor neuron is stimulated 

by a suction electrode and the resulting excitatory current in the muscle is 

recorded (Zhang & Stewart, 2010). The excitatory junctional current (EJC) or 

potential (EJP) is the response in the muscle when the motor neuron is 

stimulated. The miniature extra-junctional potentials (mEJP) or currents (mEJC) 

are the activity of the muscle spontaneously. Meanwhile, the quantal content or 

size is the activity recorded in the muscle after spontaneous release and binding 

of the contents of a single vesicle. Studies of muscle activity have shown that 

EJC and mEJP amplitude are linked to quantal content (DiAntonio et al., 1999). 
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Levels of GluRIIA and B are thought to be proportional. Overexpression of 

GluRIIA leads to increased EJC while GluRIIA mutants have reduced EJC, 

suggesting that GluRIIA-containing glutamate receptors contribute most to the 

EJC activity at the NMJ (Sigrist et al., 2002).  

 

 
Figure 1.16: Two-electrode voltage clamping (TEVC). Diagram of technique 

for recording muscle electrophysiologic activity. Made using Biorender. 
 

C. Drosophila cofilin (DmCFL) knockdown (KD) model 

 

Our lab conducted a yeast-based double interaction screen to find Twist-

interacting proteins, since Twist is expressed in the mesodermal and muscle 

progenitor lineage (Balakrishnan, Howard, et al., 2021). Through this screen, 37 

genes were found to interact with Twist at the Dmef2 or tinman enhancers. 

DmCFL (i.e. twinstar) was identified in this screen as interacting with the C-

terminus of Twist. DmCFL, a severing protein, was first identified as being 

involved in cytokinesis: it is required for both mitosis in the larval neuroblast and 

for meiosis in the larval testis (Gunsalus et al., 1995). DmCFL is homologous to 

C. elegans UNC-60A/B and vertebrate cofilins (Shukla et al., 2018). Disrupting 



 

 

42 

DmCFL results in cytoplasmic actin accumulation and impairs planar cell 

polarity (Blair et al., 2006; Gunsalus et al., 1995). 

 

DmCFL homozygous mutants showed severely disrupted embryonic muscle 

development (Balakrishnan, Howard, et al., 2021). These DmCFL mutants are 

not viable, and thus our lab employed an RNAi strategy to knockdown DmCFL 

RNA levels specifically in body wall muscle (Balakrishnan et al., 2020). This 

model and observed phenotypes are discussed in a more detailed manner in 

the introduction to Chapter 2. Briefly, DmCFL knockdown (KD) larvae properly 

hatch and survive to the end of larval development when the RNAi construct is 

driven by the muscle Mhc-Gal4 promoter. By L3, many of the muscles have 

deteriorated significantly in a progressive manner with functional consequences 

on larval locomotion. Some muscles retain proper sarcomeric integrity 

(designated class 1). Actin accumulates are seen at the fiber ends in class 2 

muscles, while actin aggregates are found throughout the cytoplasm of the 

muscle cell in class 3. Interestingly, both class 1 and 2 muscles have fewer and 

longer sarcomeres than control muscles. Affecting the proteasome or increased 

expression of Drosophila and human cofilin isoforms can improve the muscle 

deterioration phenotype (Balakrishnan et al., 2020). 

 

VIII. SUMMARY 

 

Drosophila melanogaster is a useful model for human muscle disease, as many 

questions remain about muscle development and maintenance. While NM is 

often described as a disease of the sarcomere, we wanted to know if there were 

non-sarcomeric effects of muscle DmCFL KD. To address this, I analyzed RNA 
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sequencing data and identified changes in NMJ-related genes. I hypothesized 

that actin would be disrupted at the postsynapse, and that this would affect 

postsynaptic integrity. I characterized DmCFL and actin at the NMJ (Chapter 2) 

and the structural and functional consequences in the context of DmCFL KD 

(Chapter 3). These findings have implications for understanding NM disease 

mechanisms and for devising new clinical care strategies for these patients. 
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CHAPTER 2: 

COFILIN REGULATES ACTIN AT THE MUSCLE POSTSYNAPSE 

 

I. INTRODUCTION 

 

Nemaline myopathy (NM) is a skeletal muscle disorder that has been linked to 

12 actin- and sarcomere-related genes (Christophers et al., 2022; Sewry et al., 

2019). One such gene is CFL2, which encodes the actin-severing protein cofilin-

2. Cofilin is a member of the actin depolymerizing factor (ADF)/cofilin family. 

These proteins are involved in severing actin filaments and preventing monomer 

exchange, in turn regulating actin filament length (Galkin et al., 2011; Hayden et 

al., 1993). Cofilin-2 is the predominant isoform in mature skeletal muscle, as the 

expression of cofilin-1 decreases in early postnatal muscle (K Mohri et al., 

2000). Previous work has established the role of cofilin-2 in skeletal muscle 

development, maintenance, and regeneration (Agrawal et al., 2012; Gurniak et 

al., 2014; Kremneva et al., 2014; S Ono et al., 1994; Thirion et al., 2001). 

 

NM patients with CFL2 mutations share the hallmark features of the disease: 

muscle weakness and nemaline bodies (also known as nemaline rods) seen in 

muscle biopsies. Such nemaline bodies can be appreciated by histological 

staining (such as Gömöri Trichrome, Figure 2.1A) and electron microscopy 

(Figure 2.1B). In addition to nemaline bodies emanating from the sarcomere, 

electron micrographs of CFL2 patient tissue show disorganization of 

cytoplasmic actin (Figure 2.1B). CFL2 mutations cause variable disease 

severity at birth. Some patients present with delayed motor milestones—such 

as walking—that then further progresses to a decline in muscle function in the 
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teenage years (Agrawal et al., 2007; Ockeloen et al., 2012). Other patients 

require immediate respiratory ventilatory assistance during the neonatal period 

due to apnea (Fattori et al., 2018; R. W. Ong et al., 2014). In its most severe 

form, CFL2 NM can lead to premature death within the first year of life (Fattori  

et al., 2018; R. W. Ong et al., 2014).  

 

 
Figure 2.1: Human CFL2 nemaline myopathy genetics and 

histopathology. (A) Gomori Trichrome staining of muscle biopsy 
from CFL2 NM patient. Red shading shows the area of a single 

myofiber. Arrowheads point to nemaline bodies within muscle fibers. 
Scale bar = 50 μm. Adapted from (Ockeloen et al., 2012).  (B) 
Electron micrographs of muscle biopsy from CFL2 NM patient. 

Arrowheads indicate areas of sarcomeric dissolution, bracket shows 
the span of one sarcomere, and arrows point to areas of cytoplasmic 

actin thin filament disorganization. Adapted from (Fattori et al., 
2018). (C) Three-dimensional protein structure of human cofilin-2 
with amino acids affected by NM mutations labeled. Generated using 

AlphaFold. (D) In vitro ADP-actin monomer nucleotide exchange rate 
of human CFL2WT and CFL2V7M at various increasing concentrations. 

Adapted from (Balakrishnan et al., 2020). (E) Actin filament severing 
activity of human CFL2WT and CFL2V7M in vitro over time. Adapted 
from (Balakrishnan et al., 2020). 

 

Several CFL2 mutations have been identified in NM patients (illustrated in 

Figure 2.1C). The first mutation (A35T) was identified near the protein’s nuclear 
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localization signal, and it is thought to affect protein misfolding or tertiary 

structure destabilization (Agrawal et al., 2007). A four base pair deletion in this 

region (Lys34Glnfs*6) has also been found and is thought to lead to more 

severe disease because it is a null mutation (R. W. Ong et al., 2014). The V7M 

mutation is located near the phosphorylation site at Ser3, and the authors of the 

study hypothesize that the mutation could lead to a truncation of the amino acids 

at the N-terminus (Ockeloen et al., 2012). Cofilin harboring the V7M mutation 

produces a protein that is inefficient in nucleotide exchange and filament 

severing (Figure 2.1D,E; Balakrishnan et al., 2020). Most recently, mutations 

have been identified D86N, D79Y, and S94L; the latter two were present in a 

case of compound heterozygosity (Fattori et al., 2018).  

 
 

In Drosophila, Twinstar (also known as DmCFL) is the only cofilin isoform with 

37% sequence homology to the vertebrate cofilin-2 protein (Figure 2.2A). 

Previous work in our lab has shown that Twinstar is expressed throughout 

muscle development and that homozygotes of hypomorph or null mutations lead 

to missing or improperly attached muscles in the embryo (Figure 2.2B,C).  
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Figure 2.2: Drosophila cofilin (DmCFL) and its orthologues. (A) 

Protein alignment for cofilin-2 orthologues. Highlight indicates amino 
acid residue similarity. (B) DmCFL protein structure generated using 
AlphaFold. (C) Live imaging of stage 16 embryo with body wall muscle 

labeled by moesin::mCherry and endogenous DmCFL::GFP. Scale bar 
= 50 μm. Adapted from (Balakrishnan et al., 2020). (D) Fixed tissue 

imaging of stage 16 tsr mutant embryos stained with anti-Myosin 
heavy chain to show body wall muscles, some of which were missing 
(arrows) or misattached (arrowheads). Scale bar = 50 μm. Adapted 

from (Balakrishnan et al., 2020). 
 

Given that these mutations when homozygous are not viable, our lab has used 

an RNA interference (RNAi) strategy to reduce levels of DmCFL (DmCFL 

knockdown) in muscle by using the Gal4/UAS system, specifically the muscle-

specific promoter (Mhc-Gal4) to drive an RNAi (UAS-tsr RNAi) construct 

targeting a 21 base pair region of the twinstar gene (Figure 2.3A; Balakrishnan 

et al., 2020; Brand & Perrimon, 1993). DmCFL KD larvae show progressive 

muscle deterioration with three clear phenotypes that can be classified (Figure 

2.3B). Class 1 muscles sarcomeric organization is intact. Class 2 muscles show 

an accumulation of F-actin at the cell poles, although there sarcomeric structure 
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is retained throughout the cell, suggesting it is a transition stage. Class 3 

muscles have lost structural integrity and contain accumulations of actin 

throughout the cytoplasm in addition to the cell poles. By late third instar stage, 

all three classes are present, although the majority are class 3 (53.1%; Figure 

2.3C). A similar progressive deterioration and actin accumulation was seen in 

C. elegans mutant for UNC60B, the cofilin homolog (K. Ono et al., 2003; 

Shoichiro Ono et al., 1999). The deterioration phenotype could be mostly 

rescued by introducing wild type DmCFL or the human versions of cofilin-1 and 

cofilin-2; however, expression of the mutant DmCFLV7M or human CFL2V7M 

version provided only partial rescue (Figure 2.3D). The accumulations seen 

throughout the muscle cell in class 3 are ubiquitinated, suggesting that the 

ubiquitin-proteasome system is not efficiently clearing these debris. In fact, 

increasing activity of the proteasome improves the phenotype (Figure 2.3E). 

 

Here, I used transcriptomic analysis to expand the avenues of inquiry into the 

DmCFL KD model, which led us to look at the neuromuscular junction (NMJ). 

The NMJ is the specialized synapse between the presynaptic motor neuron and 

postsynaptic muscle that is critical for communication about muscle contraction. 

I found that cofilin is present at the postsynapse and that KD reduces its levels 

in this region. In tandem, disorganization of actin is seen at postsynapse as the 

overall muscle deteriorates. These findings suggest that cofilin plays an 

important role in maintenance of postsynaptic actin structure. 
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Figure 2.3: Characterization of DmCFL KD model. (A) Schematic 
depicting DmCFL gene locus and indicating site targeted by the 

UAS-tsr RNAi construct (purple bar). (B) Representative images of 
VL3 muscle in control and DmCFL KD larvae labeled with anti-Zasp 
(Z disc) and phalloidin (F-actin). Examples of the three phenotypic 

classes present in DmCFL KD are shown. Scale bar = 25 μm. (C) 
Quantification of muscle class proportions seen in DmCFL KD larvae 

of each larval stage. (D) Quantification of muscle class proportions 
seen in third instar control and DmCFL KD larvae compared to larvae 
expressing human cofilin protein (CFL1WT, CFL2WT, or mutant 

CFL2V7M) in combination with the DmCFL RNAi. (E) Quantification of 
muscle class proportions seen in third instar control and DmCFL KD 

larvae compared to larvae with increased proteasomal activity due 
to overexpression of DmPI31. Figure adapted from (Balakrishnan et 
al., 2020). 

 
 

 
II. RESULTS 

 

A. Muscle deterioration phenotype is variable in DmCFL KD larval muscles 

 

Since the DmCFL KD phenotype is progressive, in this study, I wanted to 

examine larvae at mature larval muscle. I considered wandering larvae, which 

are at the latest stage of their development at five days post-egg laying and 
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preparing for pupation. I confirmed that at the wandering stage DmCFL KD 

larvae had decreased DmCFL RNA (27.9% of control level) by qPCR and 

reduced DmCFL protein (38.2% of control level) and inactive p-DmCFL protein 

(33.2% of control level) by western blot (Figure 2.4A-C, experiment done in 

collaboration with David Soffar, Baylies lab). For these experiments, I used 

antibodies against DmCFL and p-DmCFL from the Tadashi Uemura lab, which 

had not previously been used to study muscle. The reduction seen by western 

blot is comparable to the DmCFL protein reduction seen in previous studies 

probing for a fluorescently-tagged DmCFL (Balakrishnan et al., 2020).  
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Figure 2.4: Cofilin is expressed in sarcomeres and reduced in 

DmCFL KD. (A) Relative level of DmCFL RNA in muscle-enriched 
preparations of wandering DmCFL KD larvae relative to control by 

quantitative PCR (0.279 ± 0.142; N = 3 replicates, n = 5-10 larvae). 
(B) DmCFL and p-DmCFL protein levels in control and DmCFL KD 
wandering larvae by western blot (N = 3 replicates, n = 5-10 larvae). 

Experiment done in collaboration with David Soffar. (C) 
Quantification of DmCFL (DmCFL KD mean 0.382 ± 0.197) and p-

DmCFL (DmCFL KD 0.3321 ± 0.128) protein normalized to 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a loading 
control in control and DmCFL KD larvae. (D) Sum slices projection 

of VL3-VL4 muscle pair in live larva expressing GFP-tagged DmCFL. 
Scale bar = 50 μm. (E) Magnified confocal image showing 

DmCFL::GFP expression at live larval muscle sarcomere. Scale bar 
= 25 μm. (F) Magnified confocal image showing DmCFL::GFP 
expression at live larval muscle sarcomere. Scale bar = 25 μm. (G) 

Structured illumination microscopy (SIM) images of sarcomeres in 
control and DmCFL KD larval muscles stained with phalloidin (red) 

and anti-DmCFL (cyan, lower panel in gray) by Scale bar = 5 μm. (H) 
Representative confocal images of VL3-VL4 muscle pairs of 
wandering control and DmCFL KD larvae labeled with phalloidin 

(red) and anti-Dlg (cyan). DmCFL KD images illustrate how VL3 and 
VL4 in same pair can be of different classes. Scale bar = 100 μm. (I) 

Quantification of VL3-VL4 muscle pair classes in DmCFL KD larvae 
grouped by combination of classes (n = 45 larvae, 270 muscle pairs). 
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Using live imaging of control larvae expressing the DmCFL::GFP protein trap, I 

confirmed that DmCFL localizes to the Z disc and H zone (Figure 2.4D-F). A 

similar sarcomeric localization pattern for DmCFL can be appreciated using 

structured illumination microscopy (SIM) of fixed control and DmCFL KD larval 

muscles using antibodies directed to DmCFL (Figure 2.4G). Some DmCFL still 

localizes to the sarcomere in DmCFL KD muscles (Figure 2.4G).  

 

Ventral longitudinal muscles 3 and 4 (VL3 and VL4) are often used in Drosophila 

larval muscle studies. These muscles are easily accessible upon flat-prep 

dissection, run parallel to each other, and are innervated by the same motor 

neuron branch. Interestingly, since all muscle classes are present in late DmCFL 

KD larvae, I found that muscles VL3 and VL4 can be of different classes (Figure 

2.4H,I). This suggests that muscles in DmCFL KD larvae do not deteriorate at 

the same rate. For all experiments, I considered both VL3 and VL4 in one 

hemisegment as a pair, which required grouping the various class combinations 

of these muscles. For example, group 1 pairs were those in which both VL3 and 

VL4 were class 1. Meanwhile, group 3 pairs had at least one class 3 muscle, 

which could be VL3, VL4 or both. The majority (77%) of the muscle pairs in 

wandering DmCFL KD larvae were categorized as group 3, with predominantly 

pairs where both muscles were class 3 (62%, Figure 2.4I). Only 16% of pairs fit 

into group 1 at this timepoint.  
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B. RNA sequencing (RNAseq) reveals transcriptional changes related to 

the neuromuscular junction 

 

Transcriptomic comparison of control and DmCFL KD larvae was done to open 

new avenues of inquiry about the DmCFL KD model. Third-instar larvae were 

dissected to produce muscle-enriched preparations; the RNA extracted from 

these larval fillets was submitted for bulk sequencing (Figure 2.5A). I used the 

DESeq2 pipeline to do differential expression analysis on genes with a minimum 

two-fold change difference.  

 

This analysis identified 1417 differentially-expressed genes in DmCFL KD 

larvae compared to control (Figure 2.5B-F). The heat map illustrating the Z 

score (i.e. number of standard deviations that a data point is from the mean 

expression) of each gene shows a clear clustering of up- and down-regulated 

genes with little dispersion (Figure 2.5F). Decreased expression was found for 

558 genes, including DmCFL (Figure 2.5D). MA plot visualization shows how 

DmCFL is highly expressed in muscle and is decreased by log2 fold change of 

2.3 in DmCFL KD samples (Figure 2.5E).  
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Figure 2.5: Transcriptomic analysis identifies changes at the 

neuromuscular junction (NMJ) in DmCFL KD muscles.  
(A) Bulk RNA sequencing (RNAseq) was performed on muscle-
enriched preparations from third-instar control and DmCFL KD larvae 

(N = 3 replicates, each with n = 7-10 larvae per genotype. Diagram 
made using Biorender). Procedure was conducted by Mridula 

Balakrishnan. (B) Volcano plot representing the significantly (FDR 
0.05) differentially-expressed genes by their fold change in DmCFL KD 
compared to control larvae (red = increased, blue = decreased). 

DmCFL is highlighted on the graph. (C) Principle component analysis 
(PCA) plot showing the samples by two dimensions of the differentially-

expressed genes. (D) Plot showing expression of DmCFL (twinstar) in 
control and DmCFL KD samples by RNAseq. (E) MA plot visually 
representing the log fold change versus average expression of 

differentially-expressed genes (blue = downregulated, red = 
upregulated) between control and DmCFL KD larvae. (F) Heat map 

displaying the Z-score of each gene (green = downregulated, magenta 
= upregulated) to show differential gene expression between control 
and DmCFL KD larvae. (G) Top significantly downregulated pathways 

identified as decreased by two-fold change (FDR = 0.05) using gene 
ontology (GO) biological processes (BP) gene sets. (H) Top 

significantly upregulated pathways identified as increased by two-fold 
change (FDR = 0.05) using gene ontology (GO) biological processes 
(BP) gene sets. (I) Gene expression fold change of selected genes 

related to the neuromuscular junction. 
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Gene set enrichment analysis (GSEA) using gene ontology (GO) biological 

processes (BP) gene sets revealed changes in the proteasomal degradation 

pathway, which was also seen in overrepresentation analysis (ORA) using the 

same gene set (Table 2.1, Figure 2.5G). These findings are aligned with the 

improvement seen in previous work where proteasomal activation improved the 

deterioration phenotype in DmCFL KD larvae (Balakrishnan et al., 2020).  

 

Differential expression analysis identified 850 genes with increased expression 

in DmCFL KD. GSEA and ORA highlighted synaptic signaling pathways, such 

as excitatory postsynaptic potential (Table 2.1, Figure 2.5H). The muscle forms 

a synapse with the motor neuron known as the neuromuscular junction (NMJ), 

where stimulus from the motor neuron leads to a cascade resulting in muscle 

contraction. The motor neuron is the presynaptic side that releases 

neurotransmitter, while the muscle subsynaptic reticulum membrane is the 

postsynaptic side that receives the neurotransmitter stimulus. Various genes 

associated with the NMJ showed increased expression by RNAseq (Figure 

2.5I). These findings motivated me to further examine the NMJ in DmCFL KD 

larvae to investigate if there were any neuromuscular structural and/or 

functional alterations in this model. 

 

C. Measuring levels of postsynaptic components 

 

To visualize the NMJ, horseradish peroxidase (HRP) and Discs-large (Dlg) are 

typically used as markers (Figure 2.6A): anti-HRP labels the motor neuron 

presynaptic membrane (Jan & Jan, 1982) and anti-Dlg labels the structural 

protein at the muscle postsynaptic membrane (Lahey et al., 1994). 
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Table 2.1. Top affected pathways by DESeq2. 
NES = normalized enrichment score. 
 
Direction Gene Ontology: Biological Processes NES Genes Adj P value 

Down Puparial adhesion -0.975 7 9.20E-05 

Multicellular organism adhesion -0.975 7 9.20E-05 

Multicellular organism adhesion to substrate -0.975 7 9.20E-05 

Proteasomal ubiquitin-independent protein catabolic 
process 

-0.825 22 9.50E-04 

Chitin-based cuticle development -0.625 131 3.40E-08 

Up 

  

G protein-coupled receptor signaling pathway coupled to 

cyclic nucleotide second messenger 

0.9134 9 3.70E-03 

Serotonin receptor signaling pathway 0.9134 9 3.70E-03 

G protein-coupled serotonin receptor signaling pathway 0.9134 9 3.70E-03 

Excitatory postsynaptic potential 0.8107 17 1.70E-02 

Chemical synaptic transmission postsynaptic 0.8107 17 1.70E-02 

Neuropeptide signaling pathway 0.7769 71 2.90E-10 

Response to monoamine 0.7477 22 4.00E-02 

Cellular response to monoamine stimulus 0.7477 22 4.00E-02 

Response to catecholamine 0.7477 22 4.00E-02 

Cellular response to catecholamine stimulus 0.7477 22 4.00E-02 

Response to dopamine 0.7477 22 4.00E-02 

Cellular response to dopamine 0.7477 22 4.00E-02 

Regulation of neurotransmitter secretion 0.7252 28 2.20E-02 

Regulation of neurotransmitter transport 0.7252 28 2.20E-02 

Regulation of postsynaptic membrane potential 0.7221 26 4.30E-02 

Regulation of membrane potential 0.7073 79 3.30E-07 

Organic hydroxy compound transport 0.674 34 4.60E-02 

Adenylate cyclase-activating G protein-coupled receptor 
signaling pathway 

0.662 41 2.20E-02 

Adenylate cyclase-modulating G protein-coupled receptor 

signaling pathway 

0.6544 61 2.10E-03 

G protein-coupled receptor signaling pathway 0.6469 203 4.60E-12 

Larval behavior 0.6427 52 9.50E-03 

Courtship behavior 0.6243 64 5.60E-03 

Male courtship behavior 0.6219 52 2.60E-02 

Learning 0.6112 63 1.20E-02 

Male mating behavior 0.6061 59 2.20E-02 
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For this study, I was interested in examining changes in the postsynaptic 

compartment of DmCFL KD muscles. Given the three-dimensional alterations 

in class 3 DmCFL KD muscles (Figure 2.6B), limiting the quantification of protein 

intensities in the muscle postsynaptic compartment without including signal from 

the sarcomere is challenging. Therefore, I used a three-dimensional analysis 

approach to restrict the volume in which fluorescence intensity of the stained 

proteins of interest were be measured. After measuring the intensities of the 

HRP- and F-actin signals in the Z dimension using an orthogonal view (Figure 

2.6C), I found that setting a conservative threshold of 0.5 μm away from the 

HRP signal would exclude the brightest F-actin signal (assumed to be 

sarcomeric actin). Therefore, I defined the postsynaptic volume as being within 

0.5 μm of HRP. 

 

I leveraged Imaris software for subsequent analyses of the postsynaptic region, 

as it allows for the creation of a three-dimensional volume created from the 

fluorescent signal in an image. First, I created a volume of the HRP-positive 

signal (i.e. motor neuron) shared between a VL3 and VL4 muscle pair (Figure 

2.6D). Then, I created a second volume that started at the surface edge of the 

HRP volume and then was expanded by 0.5 μm away from the surface (Figure 

2.6E,F); the postsynaptic region was defined as this expanded volume. 

Fluorescence intensities were then measured within the postsynaptic region 

and normalized to the expanded volume. 
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Figure 2.6: Measuring levels of postsynaptic proteins in three-

dimensions. (A) Left: Confocal images of NMJ labeled by 
postsynaptic membrane anti-Dlg (red) and presynaptic membrane 

labeled by anti-HRP (cyan). Right: Dlg channel alone (grayscale). 
Scale bar = 10 μm. (B) Three-dimensional representation of a muscle 
pair where VL3 is Class 3 and VL4 is Class 1 labeled by phalloidin 

(red) and anti-HRP (cyan). Generated using Imaris software. Scale bar 
= 10 μm. (C) Confocal image of an individual bouton from control 

muscle labeled with HRP (cyan) and the underlying muscle actin 
labeled with phalloidin (red), resliced to show XZ dimensions. Plot of 
mean intensity for HRP and actin signal across individual boutons in 

the Z dimension. Cutoff of 0.5 μm from the HRP signal was used for 
all intensity measurements of the postsynaptic region. Plot shows the 

average of 15 individual boutons in Mhc-mCherry RNAi larva. (D) 
Three-dimensional representation of a confocal Z stack of a control 
muscle pair labeled with phalloidin (red) and a surface generated from 

HRP-positive signal (cyan). Generation of surfaces and quantification 
of intensity was done using Imaris version 10.0.0. Scale bar = 10 μm. 

(E) Three-dimensional expanded surface (red outline) generated a 
distance of 0.5 μm from the HRP surface (cyan). Postsynaptic intensity 
of proteins was measured within this expanded volume. Mean intensity 

was defined as the sum of the sum intensity within the expanded 
surface then divided by the volume of the expanded surface. Scale bar 

= 10 μm. (F) Magnification of area shown in C. Arrow indicates 
postsynaptic domain. Scale bar = 2 μm. (G) Three-dimensional 
representation of a confocal Z stack of muscle pair labeled with cofilin 

(yellow) and expanded surface generated in prior steps (red). (H) 
Magnification of area shown in E. Arrow indicates postsynaptic 

domain. Scale bar = 2 μm. 
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D. Cofilin localizes to the postsynapse and is reduced in DmCFL KD 

 

I sought to visualize cofilin at the postsynaptic region, for which I imaged both 

live and fixed samples. Using the DmCFL::GFP protein trap, I found that cofilin 

localizes to the postsynaptic region in live muscle preparations in addition to the 

staining seen at the sarcomere (Figure 2.7A). Bright rings of fluorescently-

tagged cofilin protein organize in a similar pattern to Dlg. In fixed tissue cofilin 

is present throughout the muscle, including at the postsynapse and the levels 

are reduced in DmCFL KD muscles (Figure 2.7B). The postsynaptic localization 

of DmCFL in fixed tissue was better visualized using SIM (Figure 2.7C).  

 

To measure the levels of DmCFL at the postsynapse, I employed the previously 

described method using Imaris. This analysis revealed that postsynaptic 

DmCFL is significantly reduced by 30.8% in KD muscles compared to control 

(Figure 2.7D). Similarly, in the KD, the levels of the inactive phosphorylated form 

of DmCFL (p-DmCFL) are reduced postsynaptically by 51.6% (Figure 2.7E-F). 

 

 



 

 

63 

 
 
Figure 2.7: DmCFL localizes to the postsynapse and is reduced 
in KD. (A) Two representative confocal images of DmCFL protein at 

the postsynapse of the NMJ in live larvae expressing the protein trap 
DmCFL::GFP. Arrowheads indicate DmCFL at postsynaptic 

surrounding individual boutons. Scale bar = 20 μm. (B) Confocal 
images (top) of larval NMJ in control (left) and DmCFL KD (right) 
muscles labeled with anti-DmCFL (red) and anti-HRP (cyan). 

Bottom: DmCFL channel alone (grayscale). Scale bar = 25 μm. (C) 
SIM images (top) of NMJ boutons at the larval NMJ in control (left) 

and DmCFL KD (right) muscles labeled with anti-DmCFL (red) and 
anti-HRP (cyan). Bottom: DmCFL single channel (grayscale). Arrows 
indicate DmCFL at postsynaptic surrounding individual boutons. 

Scale bar = 10 μm. (D) Quantification of mean postsynaptic DmCFL 
intensity normalized to control (control 1 ± 0.365, n = 11 NMJs; 

overall DmCFL KD 0.692 ± 0.217, n = 19 NMJs). (E) Confocal 
images (top) of larval NMJ in control (left) and DmCFL KD (right) 
muscles labeled with p-DmCFL (red) and anti-HRP (cyan). Specific 

DmCFL KD classes noted. Bottom: p-DmCFL channel alone 
(grayscale). Scale bar = 25 μm. (F) Quantification of mean 

postsynaptic p-DmCFL intensity at postsynapse normalized to 
control (control 1 ± 0.433, n = 24 NMJs; overall DmCFL KD 0.484 ± 
0.245, n = 22 NMJs). Quantifications show mean ± SD and statistics 

calculated by ANOVA (* p < 0.05, ** p < 0.01, **** p ≤ 0.0001). 
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E. Actin and actin-binding proteins are disorganized at the postsynapse 

in the context of DmCFL KD 

 

Since filamentous actin associated with the sarcomeres becomes disorganized 

as DmCFL KD muscles deteriorate, I was interested in examining actin in the 

postsynaptic domain. In class 3 muscles there was clear actin disorganization 

at the entire NMJ, while only some boutons in class 2 muscles were surrounded 

by actin accumulations, suggesting progressive deterioration of postsynaptic 

actin organization (Figure 2.8A, arrowheads). The actin enveloping the boutons 

was especially obvious when looking at individual slices. The actin 

accumulations in this region were only seen in the more affected muscles, 

regardless of the class of the adjacent muscle in the pair. For example, a class 

3 VL3 muscle had actin accumulations throughout the NMJ even if the paired 

VL4 muscle in that hemisegment was class 1. Additionally, in class 3 muscles, 

postsynaptic actin tended to be pulled away toward the motor neuron (Figure 

2.8B). Using the three-dimensional quantification method, I found that actin 

intensity was increased at the postsynapse in all three DmCFL KD muscle 

classes compared to control, but increasingly so in class 2 and 3 muscles 

(Figure 2.8C). 
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Figure 2.8: Actin are disorganized at the postsynapse in DmCFL 
KD Class 2 and 3 muscles. (A) Confocal images (top) of larval NMJ 

in control (left) and DmCFL KD (right) muscles labeled with phalloidin 
(F-actin, red) and anti-HRP (cyan). Bottom: F-Actin single channel 

(grayscale). Arrowheads indicate accumulation of actin surrounding 
the boutons in DmCFL KD which is absent in control. Scale bar = 20 
μm. Magnification of boxed area. Scale bar = 10 μm. (B) SIM images 

(top) of larval NMJ in control (left) and DmCFL KD (right) muscles 
labeled with phalloidin (red) and anti-HRP (cyan). Specific muscle 

classes noted in DmCFL KD. Scale bar = 25 μm. (C) SIM images (top) 
of larval NMJ in control (left) and DmCFL KD (right) muscles of 
different classes labeled with anti-Tmod (red) and anti-HRP (cyan). 

Bottom: Tmod single channel (grayscale). Scale bar = 20 μm. 
Magnification shown below with scale bar = 5 μm. Quantifications 

show mean ± SD and statistics calculated by ANOVA (* p < 0.05, ** p 
< 0.01, **** p ≤ 0.0001). 
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To visualize actin near the postsynapse using transmission electron microscopy 

(TEM), I developed a novel strategy to visualize this by TEM (done in 

collaboration with Victoria von Saucken, Baylies lab). Typically, the subsynaptic 

reticulum (SSR), the specialized postsynaptic membrane, is visualized by 

dissecting the muscle at a plane parallel to the muscle surface (coronal or frontal 

plane). This approach reveals the SSR folds that surround the boutons. 

However, this perspective does not adequately show the postsynaptic domain 

below the SSR within the muscle. Therefore, we devised a protocol to (1) trim 

the flat larval fillet to the edge of the ventral longitudinal muscles and then (2) 

orient the blade in a longitudinal direction in order to dissect the larva in a sagittal 

direction, resulting in the sagittal surface would be exposed (diagram in Figure 

2.9A). We sectioned the samples until we reached muscles that were oriented 

in a parallel direction to the body length (Figure 2.9B). At individual boutons, we 

could visualize the underlying muscle, and I found that the synaptic cleft—the 

space between the bouton and the SSR—was collapsed in DmCFL KD muscles 

(Figure 2.9C). At the control NMJ, the actin filaments were organized parallel to 

each other. In contrast, the actin was disorganized at the postsynapse and 

throughout the muscle in DmCFL KD organisms. 
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Figure 2.9: Ultrastucture at NMJ shows disorganized actin in 

DmCFL KD. (A) Diagram of electron microscopy strategy where larvae 
were dissected in a sagittal direction. (B) Representative sections 

stained with Toluidine Blue. Arrows indicate ventral longitudinal 
muscles. (C) NMJ electron micrographs (sagittal sections) in control 
(left) and DmCFL KD (middle). Presynaptic boutons (pseudocolor in 

yellow) with muscle interface (arrowheads) and actin filaments 
(arrows).  Right: disorganized actin filaments (arrows) throughout 

cytoplasm in DmCFL KD muscle. Scale bar = 1 μm. Experiment was 
done in collaboration with Victoria von Saucken. 
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To better understand how the filamentous actin was affected at the postsynapse, 

I examined localization of two actin-binding proteins: tropomodulin (Tmod) and 

alpha-Spectrin in this region. Tmod is known to cap actin filaments and, in the 

DmCFL KD model, it has been reported that its levels are reduced at the 

sarcomere but increased at the cell poles in deteriorated muscles (Balakrishnan 

et al., 2020). I found that Tmod is highly expressed at the postsynapse (Figure 

2.10A). The postsynaptic levels of Tmod are greatly reduced, qualitatively, in 

DmCFL KD muscles of all classes (Figure 2.10A). Alpha-spectrin is also present 

at the postsynapse and plays a role in the membrane’s integrity (Pielage et al., 

2006). Similar to Tmod, levels of alpha-Spectrin are visibly reduced surrounding 

the boutons in DmCFL KD compared to control (Figure 2.10B). 
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Figure 2.10: Postsynaptic localization of actin-binding proteins 
Tmod and alpha-spectrin is disrupted in DmCFL KD. (A) SIM 

images (top) of larval NMJ in control (left) and DmCFL KD (right) 
muscles of different classes labeled with anti-Tmod (red) and anti-HRP 
(cyan). Bottom: Tmod single channel (grayscale). Scale bar = 20 μm. 

Magnification shown below with scale bar = 5 μm. (B) Confocal images 
(top) of larval NMJ in control (left) and DmCFL KD (right) muscles of 

different classes labeled with anti-alpha-spectrin (red) and anti-HRP 
(cyan). Bottom: Alpha-spectrin single channel (grayscale). Scale bar = 
10 μm. 
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III. DISCUSSION 

 

A. Transcriptional changes as a result of DmCFL KD 

 

Previous work from our lab showed that DmCFL is critical for sarcomeric 

addition and maintenance in larval muscle. In this work, we used RNA 

sequencing to further understand the consequences of altering muscle DmCFL 

levels. The transcriptional profile of the DmCFL KD larvae confirmed a reduction 

in pathways related to proteolysis and revealed that there may be an additional 

role of DmCFL at the NMJ. This was a novel finding considering studies of 

transcriptional changes by microarray in Cfl2 deficient mice describe significant 

changes in cell cycle and growth pathways (Morton et al., 2015). Many of the 

transcriptional changes were genes involved in NMJ signaling found on both the 

pre- and postsynaptic sides. This finding prompted me to examine the NMJ, 

and, indeed, I detected defects at the postsynapse. 

 

The first group of genes identified as differentially-expressed are involved in the 

structure of the NMJ and maintenance of the synaptic cleft. Neuroligins and 

neurexins are cell adhesion partners present on each side of the synaptic 

membrane and are important for synapse assembly, and the organization of the 

active zone and glutamate receptors (Banerjee et al., 2017; K. Chen et al., 

2010; Li et al., 2007). DNlg1 has a known association with the WAVE regulatory 

complex (WRC), while DNlg2 has been proposed to be involved in the cycle of 

inactive to active cofilin states in muscle; both mechanisms affect postsynaptic 

actin organization (Sun et al., 2023; Xing et al., 2018). In the Drosophila brain, 

the secreted proteins Hig-anchoring scaffold protein (Hasp) and hikaru genki 
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(Hig) are located within the cholinergic synaptic cleft but their distribution is 

segregated (Nakayama et al., 2014, 2016). Hig is necessary for proper 

distribution of nicotinic acetylcholine receptors in neurons (Nakayama et al., 

2014). 

 

Other genes with increased expression in DmCFL KD encode proteins reported 

to affect motor axon and bouton development. Appropriate levels of the 

transmembrane glycoprotein APPL, the Drosophila homolog to β-amyloid 

precursor protein (APP), are important for determining bouton number (Torroja 

et al., 1999). Castor is a transcription factor involved in the cascade that 

patterns neural progenitors (Doe, 2017; Kambadur et al., 1998). At the NMJ, the 

timing of Cas expression is critical for bouton number (Meng et al., 2020). 

Derailed receptor is activated by WNT signaling for proper bouton number (Liebl 

et al., 2008). Futsch is part of the bouton division process by forming loops with 

microtubules presynaptically (Roos et al., 2000). Nervous wreck (Nwk) is 

involved in growth of the NMJ, and its loss leads to motor neuron overgrowth 

(Coyle et al., 2004). Scratch (Scrt) mutants form motor neuron axons but do not 

make proper contact with the muscle to form an NMJ; mutants also have altered 

levels of glutamate receptor mRNA throughout embryogenesis (Ganesan et al., 

2011). 

 

Finally, some of the genes are related to neurotransmitter release and 

neuromodulation of the electrical activity at the NMJ. Brp is involved in the 

docking and release of the vesicle; however, despite the significant upregulation 

of this gene, the protein levels at the NMJ is not increased in DmCFL KD (Wagh 

et al., 2006). A subset of the genes relate to exocytosis of the vesicle, such as 
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the SNARE protein synaptobrevin and SNAP-25,  (Broadie et al., 1995; 

Megighian et al., 2010). Vglut and Vmat are related to the packaging of 

glutamate neurotransmitter into secretory vesicles (Daniels et al., 2004; Simon 

et al., 2009). NMJ activity is modulated by the FMRFamide peptide and glutamic 

acid decarboxylase (Gad; D E Featherstone et al., 2000; Hewes et al., 1998). 

Expression of several ion channel genes were altered which affect vesicle 

release or excitatory response of the muscle: potassium (i.e. eag, qvr, shal), 

calcium (frq), sodium (para), and chloride (tty; Bergquist et al., 2010; Ganetzky 

& Wu, 1983; Ganetzky, 1984; Humphreys et al., 1996; Kaplan & Trout, 1969; 

Romero‑Pozuelo et al., 2007; Suzuki, 2006).  

 

The broad range of NMJ-related genes increased in the context of DmCFL KD 

suggests that maintenance of the postsynapse is critical for proper function. 

Some of the genes encode proteins thought to localize to the presynapse, which 

opens the question about whether the motor neuron is attempting to 

compensate for the defects at the postsynapse; we were unable to further 

examine this possibility since these larvae were at the latest stage of 

development before pupation. Future studies can consider further 

characterizing the presence of this proteins presumed to be at the presynapse 

to determine whether the changes in gene expression correspond to increase 

in protein levels or not, such as was the case with Brp.  

 

B. Cofilin is present at various locations in larval muscle 

 

In this work, I show that, in addition to being present at the sarcomere, DmCFL 

localizes at the postsynapse of the NMJ in live and fixed samples. This NMJ 
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pattern is similar to the NMJ localization described of other actin-binding 

proteins, including  α-Spectrin, Twinfilin, and Coracle (K. Chen et al., 2005; 

Pielage et al., 2006; Song et al., 2022; D. Wang et al., 2010).  

 

To measure protein levels at the postsynapse, I developed an innovative 

approach to quantify intensity in three-dimensions. This approach can be 

adapted to examine other postsynaptic proteins in future studies. I found that 

the levels of DmCFL are significantly reduced at the postsynapse in DmCFL KD 

muscles. Similarly, there is less inactive p-DmCFL protein at the DmCFL KD 

postsynapse, which could suggest that there is an attempt to have as much 

DmCFL in its active state as possible in this region even if total DmCFL is 

reduced. A muscle biopsy of an NM patient harboring a CFL2 mutation also 

showed that phosphorylated cofilin-2 is absent (Agrawal et al., 2007).  

 

One study implicates Nlg2 as one of the players influencing the levels of active 

and inactive postsynaptic cofilin pools; however, it is unclear whether another 

pathway also modulates the proportion of active cofilin, as overexpression of 

either active and inactive cofilin in dnlg2 mutants causes an increase in actin at 

the NMJ (Sun et al., 2023). Future studies can examine the activity of LIM 

kinase (LIMK) and the phosphatase Slingshot (Ssh) which are responsible for 

cofilin phosphorylation dynamics to better understand if and how these proteins 

work postsynaptically. Additionally, the mechanism for targeting DmCFL to the 

postsynapse remains to be elucidated. 
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C. Postsynaptic actin organization and functions 

 

The DmCFL KD model shows a progressive, yet uncoordinated, muscle 

deterioration phenotype. DmCFL KD VL3 and VL4 muscles in a hemisegment 

do not deteriorate at the same rate despite being innervated by the same motor 

neuron and having similar body function, producing the various groups 

described in this work. These findings are consistent with the progressive 

decline in structure and function found in CFL2 NM patients and other mutant 

cofilin animal models. Interestingly, even in chimeric mice where only some 

muscle fibers harbor Cfl2 mutations, the mutant fibers deteriorate, indicating 

that health of surrounding cells does not impact muscle disease progression 

(Kurato Mohri et al., 2019). In the fly model, I found that the state of one ventral 

longitudinal muscle in the pair is independent of the extent of deterioration of 

the neighboring muscles, although by the wandering stage most pairs are group 

3. While technically challenging, live imaging of DmCFL KD muscles would 

provide key insight into the points of transition and timing of deterioration in a 

single muscle. A better understanding of class 1 muscles would provide 

information as to how normal these muscles are throughout development and 

how to develop interventions to retain organization. 

 

Six actin isoforms with myriad roles have been identified in vertebrates and 

Drosophila. In flies, the different isoforms are expressed during particular 

developmental stages and in specific tissues (Fyrberg et al., 1981, 1983; Röper 

et al., 2005; Wagner et al., 2002). While the actins are typically categorized as 

cytoplasmic or muscle actins, there is evidence that all of the various isoforms 

are present at the sarcomere in larval muscles (Röper et al., 2005). Röper and 
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colleagues speculate that the formation and localization of particular actin 

structures within the cell may be driven by actin-binding proteins with different 

affinities (Röper et al., 2005). Vertebrate non-sarcomeric γ-actin present in 

skeletal muscle is responsible for muscle maintenance and for anchoring 

myofibrils and organelles in addition to being a component of the Z-disc 

(Belyantseva et al., 2009; Craig & Pardo, 1983; Gokhin & Fowler, 2011; Nakata 

et al., 2001; Papponen et al., 2009; Pardo et al., 1983; Rybakova et al., 2000; 

Sonnemann et al., 2006). Gamma-actin (γcyto) is only needed for proper 

maintenance of the cytoskeleton in muscle but not its development; its absence 

however, does lead to myopathy (Belyantseva et al., 2009; Sonnemann et al., 

2006). Interestingly, human cofilin has a higher Hill coefficient for binding βγ-

actin filaments than muscle actin in vitro, suggesting greater positive 

cooperativity in the binding of cofilin to cytoplasmic actin (De La Cruz, 2005). 

The authors of the prior study hypothesize that cofilin’s binding may trigger 

different conformational changes in the actin filament depending on the isoform 

comprised (De La Cruz, 2005). Additionally, actin is present at the vertebrate 

neuromuscular junction, starting in early development before formation of the 

junctional folds (Hall et al., 1981).  In adult muscle, there is an organized 

subsarcolemmal network of cytoplasmic actin  (Berthier & Blaineau, 1997). One 

study showed that the actin-binding proteins vinculin, alpha-actinin, and filamin 

are present at the NMJ in rat, mouse, chick, and Xenopus muscle samples (Bloch & 

Hall, 1983). Additionally, in vertebrates, actin podosomes are critical for shaping 

the complex organization of postsynaptic proteins (reviewed in Bernadzki et al., 

2014). 
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At the postsynaptic region, I showed that actin becomes disorganized in an 

uncoordinated fashion in DmCFL KD over time, which consistent with a 

decrease in DmCFL severing activity due to reduced DmCFL at this site. The 

actin accumulated in halos or swirls surrounding the boutons at the NMJ. The 

phenotype is similar to the filamentous actin structures reported in mutants for 

the Act57B actin isoform and for the actin-binding protein Twinfilin, which also 

surround portions of the NMJ (Blunk et al., 2014; D. Wang et al., 2010). Work in 

the Cfl2 knockout mouse model has shown that there is a greater increase in F-

actin than G-actin seen in knockout muscles (Agrawal et al., 2012). More 

detailed study of the actin isoforms using fluorescently-tagged proteins may 

provide more insight into whether the actin accumulations—both throughout the 

muscle and at the NMJ—seen in DmCFL KD are preferentially comprised of 

one or more of the isoforms. 

 

One study shows that larvae heterozygous for a null cofilin allele have an 

increase in postsynaptic G-actin (Sun et al., 2023). While cofilin is an actin-

severing protein, it also inhibits nucleotide exchange and inhibits actin 

polymerization (Brieher, 2013). These functions are influenced by the structural 

conformation of the protein (Tanaka et al., 2018). In addition, work examining 

the various mouse ADF/cofilins showed that muscle cofilin-2 has weaker F-actin 

severing efficiency and higher affinity for monomers than ADF and cofilin-1 in 

vitro (Vartiainen et al., 2002). In Drosophila, DmCFL has high affinity for ADP-

G-actin and weak inhibitor of actin polymerization (Shukla et al., 2018). Thus, its 

reduction in DmCFL KD muscles may allow for more available G-actin 

monomers and more actin polymerization. Additionally, cofilin severing can lead 

to shorter actin filaments (not just monomers), so it is possible that the 
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accumulated filaments observed the postsynapse are of shorter length than 

typical at this locale. The increase in actin filaments in the postsynaptic region 

may also make access more difficult for the limited cofilin protein present. The 

presence of other actin-severing proteins (such as gelsolin) and proteins 

responsible for cofilin’s activation (Slingshot, chronophin) and inactivation 

(LIMK) at the postsynapse should also be explored. 

 

The postsynaptic actin disorganization seen in DmCFL KD is greatest in class 

3 muscles where the actin filaments become distorted around the boutons. Actin 

at the postsynapse in class 2 muscles is disorganized only at certain boutons of 

individual branches of the NMJ. The actin swirls seen in class 2 preceded the 

sarcomeric defects, which suggests that actin in this region does not come from 

nor is exclusively from the sarcomere. Additionally, the levels of other actin-

interacting proteins—Tmod and α-Spectrin—are reduced at the postsynapse. 

Our lab’s previous work illustrated that Tmod is sequestered away to the 

growing poles of the DmCFL KD muscle cell as it deteriorates, which may 

explain reduced Tmod in other parts of the cell such as the NMJ (Balakrishnan 

et al., 2020). However, the level of Tmod is reduced even in class 1 muscles 

where there is no Tmod accumulation at the muscle ends, suggesting that 

sequestration is likely not the only reason. Another possibility is that the 

accumulated filaments have altered structural organization, making access for 

these actin-binding proteins more difficult. It is possible that these 

accumulations are similar to nemaline bodies seen in human NM; our lab has 

previously shown that the actin accumulations in the cytoplasm also contain 

sarcomeric proteins like alpha-actinin and kettin (Balakrishnan et al., 2020). 
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Lastly, the findings of this study have several implications for understanding NM. 

Muscle biopsies from CFL2 NM patients have shown cytoplasmic 

disorganization of actin filaments, but these have not been deeply studied 

(Fattori et al., 2018; Sewry et al., 2019). I found by TEM that there are 

disorganized filaments near the postsynapse in DmCFL KD, although they are 

not as dense as those seen emanating from the sarcomere. One possibility is 

that they do not contain sarcomeric alpha-actinin like pathognomonic NM bodies 

emanating from the Z-disc, though this requires direct testing. The collapse of 

the synaptic cleft seen by electron microcopy should motivate future studies into 

how the disrupted actin may affect structural proteins between the pre- and 

postsynapse. 

 
 

Altogether, the data described in this chapter identify the localization of DmCFL 

at the postsynapse and progressive deterioration of postsynaptic actin 

organization in DmCFL KD muscles. Next, I sought to look at composition and 

function of the NMJ synapse. 
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CHAPTER 3: 

DmCFL IS IMPORTANT FOR POSTSYNAPTIC MEMBRANE 

MAINTENANCE AND COMPOSITION 

 

I. INTRODUCTION 

 

Few reports about NM discuss the neuromuscular junction. Some early case 

reports about NM patients show the NMJ in electron micrographs of muscle 

biopsies (Figure 3.1). However, the disease causative mutations for these 

patients are unknown. Heffernan et al. describe focal dilatations of some of the 

synaptic clefts (Heffernan et al., 1968). There is also evidence from one case 

that the motor end plates are disrupted by nearby fibrous tissue in NM; however, 

there was no correlation between the distance from the motor end plate and the 

number of nemaline rods counted (Fukuhara et al., 1978). One recent paper 

about ACTA1 NM patients described reduced postsynaptic folds in two biopsies 

examined (Labasse et al., 2022). Functionally, it is unclear whether there is a 

superimposed NMJ transmission defect in addition to the typical myopathic 

pattern seen on electromyogram (EMG) in NM. A longitudinal study showed that 

after age nine some NM patients had neuropathic findings when their distal 

muscles were tested by EMG, possibly indicating that there is motor unit 

degeneration or reinnervation by neighboring units (C Wallgren‑Pettersson et 

al., 1989).  
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Figure 3.1: NM patient neuromuscular junction histology and 
ultrastructure. (A) Electron micrograph of NMJ with poorly developed, 
shortened or absent synaptic clefts (arrows) in NM muscle biopsy. 

Adapted from Fukuhara et al., 1978. (B) NM muscle sample stained 
with Toluidine blue showing fibrous tissue (arrow) near motor end-plate 

(arrowhead). Adapted from Fukuhara et al., 1978. (C) Reduced 
postsynaptic folds (arrows) seen in electron micrograph of ACTA1 NM 
muscle biopsy. Adapted from Labasse et al., 2022. 

 

The Drosophila larval NMJ is a useful model for understanding whether there 

are structural and functional changes as a result of NM mutations. Signals to 

contract originate in the larva’s brain, travel through the ventral nerve cord, and 

propagate along the motor neuron axon that synapses onto the muscle. The 

postsynaptic side of the muscle membrane (i.e. subsynaptic reticulum, SSR) is 

specialized as it contains the components necessary to maintain the synapse 

and carry out the various steps of excitation-contraction coupling.  
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Postsynaptic actin and some of its binding partners have been shown to be 

important for proper development of the larval NMJ (Table 3.1). Loss or gain of 

filamentous actin in these fly models can have detrimental effects on NMJ 

structure and function. Myopodia are actin-rich structures extending from the 

muscle membrane that assist in synaptic establishment by making contact with 

the motor axon growth cone and stabilizing the new points of contact 

(Ritzenthaler & Chiba, 2003). Bouton number was decreased when α-spectrin 

or nrx/nlg were knocked down or mutated (Pielage et al., 2006; Xing et al., 

2018). Act57B and twinfilin mutants showed altered organization or increased 

levels of postsynaptic actin, respectively (Blunk et al., 2014; D. Wang et al., 

2010). On the other hand, reducing Neurexin/Nlg1 or Nlg2 led to decreased 

postsynaptic actin (Sun et al., 2023; Xing et al., 2018). In some actin-binding 

protein manipulations, the number or spacing of active zones were increased 

(Blunk et al., 2014; G. Lee & Schwarz, 2016; Pielage et al., 2006; Xing et al., 

2018). Affecting Act57B, α-Spectrin, Neurexin/Nlg1, Filamin, or Dynamin altered 

the complexity of the SSR membrane (Blunk et al., 2014; G. Lee & Schwarz, 

2016; S.‑S. Lin et al., 2020; Pielage et al., 2006; Xing et al., 2018). The levels of 

GluRIIA were decreased or the fields of GluRIIA-containing receptors were 

expanded in α-spectrin, coracle, twinfilin, filamin mutant or knockdown models 

(Blunk et al., 2014; K. Chen et al., 2005; G. Lee & Schwarz, 2016; D. Wang et 

al., 2010).  

 

In vertebrates, postsynaptic actin within podosomes is important for expanding 

the postsynaptic density into a more complex shape (reviewed in Bernadzki  et 

al., 2014). The vertebrate postsynapse is often visualized by staining for 

acetylcholine receptors (AchR; Figure 3.2A-B), and the organization of the 
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receptor fields takes on a ‘pretzel’ shape later in development (Proszynski et al., 

2009). An in vitro study using the Xenopus NMJ showed that the balance of 

active and inactive cofilin (Figure 3.2C) combined with a dynamic actin network 

were important in the proper addition of AChR to the membrane (C. W. Lee et 

al., 2009). 

 
 

 
Figure 3.2: Actin podosomes in acetylcholine receptor (AchR) 

clustering. (A) Podosomes containing F-actin (green) are involved in 
the maturation of AchR (red) clusters in C2C12 myotubes over time. 

Scale bar = 5 μm. Adapted from (Bernadzki et al., 2014). (B) AchR 
plaques (top, 3 days post-fusion) are perforated by actin-rich 
podosomes over time (middle panel shows 4 days post-fusion, bottom 

panel shows 5 days post-fusion). Scale bar = 5 μm. Adapted from 
(Proszynski et al., 2009). (C) ADF/Cofilin (green) localizes within AchR 

clusters (red) that assemble spontaneously as seen in both fixed and 
live Xenopus aneural muscle cell culture. Adapted from (C. W. Lee et 
al., 2009).  
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To further examine the effects of reduced postsynaptic cofilin and altered 

postsynaptic actin organization in DmCFL KD muscles, I examined the 

morphology and composition of the pre- and postsynapse. While presynaptic 

development is unaffected, postsynaptic organization progressively 

deteriorates at the KD NMJ. Additionally, the active zone protein Brp and 

corresponding postsynaptic glutamate receptors (GluR) are appropriately 

present at the DmCFL KD presynapse and postsynapse, respectively. Finally, 

DmCFL KD results in the reduced presence of the GluRIIA subunit, which led to 

a functional decrease on neurotransmission. These data indicate that proper 

cofilin localization and actin organization at the postsynapse are required for 

appropriate postsynaptic structure, GluRIIA presence, and neurotransmission. 

 

II. RESULTS 

 

A. General presynaptic morphology is not affected by muscle DmCFL KD

  

First, I sought to visualize the NMJ in both control and DmCFL KD larvae via 

immunofluorescence. Muscles in all segments in the DmCFL KD larvae were 

properly innervated by motor neurons (labeled with anti-HRP) regardless of their 

deterioration class (Figure 3.3A). VL3-VL4 muscle pairs of all groups were 

appropriately innervated by the shared branch of ISNb, suggesting that 

axonogenesis and motor neuron pathfinding to the muscle are unaffected, 

despite the reduced expression of DmCFL in the muscle throughout the entire 

developmental period (Figure 3.3B). The complexity of the motor axons is also 

unaffected: there are multiple branches that synapse onto VL3 and VL4. 

Additionally, the motor neuron branches cover the same span along the length 
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of the muscle pair in DmCFL KD as control regardless of VL3-VL4 group or 

segment (Figure 3.3C). Given that affecting some actin-binding proteins in larval 

muscle leads to a decrease in boutons, I counted the number of boutons 

synapsing onto each muscle pair. I found that there is no difference in the 

number of boutons between DmCFL KD and control muscles (Figure 3.3D). 

There were no ghost (immature boutons lacking a corresponding SSR), footprint 

(presynaptic retractions that have SSR but no HRP+ bouton), or satellite 

boutons (small boutons that bud from a parent bouton on a terminal arbor).  

 

B. Reduction of DmCFL in muscle leads to deterioration of the SSR 

 

Since the DmCFL KD model is a muscle-specific manipulation, I sought to 

examine the SSR more closely in these muscles. All DmCFL KD muscles had 

the structural protein Dlg at the SSR, and Dlg signal was found at the contact 

point of the boutons (Figure 3.4A). To quantify the SSR area, I measured the 

Dlg-positive area relative to the combined muscle cell area. This measurement 

could only be done for group 1 and group 2 pairs because the muscle area 

cannot be reliably measured in class 3 muscles due to their distorted shape that 

is not rectangular on a Z projection. The SSR area was unchanged in group 1 

and 2 pairs compared to control, indicating that the minimal disorganization in 

class 2 muscles was not enough to alter the mean SSR coverage overall (Figure 

3.4B). However, there were changes in SSR morphology in class 2 and 3 

muscles.  
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Figure 3.3: Motor neuron properly innervates DmCFL KD 

muscles. (A) Confocal images of larval muscles in control and DmCFL 
KD muscles labeled with phalloidin (red) and anti-HRP (cyan). Scale 

bar = 200 μm. (B) Confocal images of larval NMJ in control and 
DmCFL KD muscles labeled with anti-Dlg (red) and anti-HRP (cyan). 
Scale bar = 25 μm. (C) Quantification of NMJ span (NMJ length 

normalized to cell length) reported as percent of muscle length (control 
28.35 ± 7.87%, n = 21 NMJs; DmCFL KD 32.84 ± 8.51%, n = 17 

NMJs). (D) Quantification of total Ib (large) bouton number (control 33 
± 11, n = 21 NMJs; DmCFL KD 34 ± 12, n = 17 NMJs). Quantifications 
show mean ± SD and student’s t test result (ns = p > 0.05). 

 

Firstly, as seen in the control NMJ, class 1 muscles had Dlg signal closely 

surrounding the boutons. However, in class 2 muscles, the Dlg pattern was more 

diffuse yet still surrounding the boutons. Meanwhile, in class 3 muscles, Dlg was 
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even more expanded away from the boutons. The change in the Dlg pattern in 

class 2 and 3 compared to control and class 1 muscles suggests a progressive 

deterioration in postsynaptic structure. I quantified this change by drawing line 

scans across the diameter of single boutons to record the intensity of Dlg 

compared HRP signal at each position. This analysis showed that there were 

two intense Dlg peaks on either side of the HRP peak in control and DmCFL KD 

class 1, which is consistent with Dlg surrounding the bouton (Figure 3.4C). In 

class 3 boutons, the Dlg intensity plateaued along the diameter irrespective of 

the HRP peak. The range of disruption in Dlg organization over the three classes 

shows that postsynaptic structural integrity deteriorates progressively, much like 

defects seen in postsynaptic F-actin and the sarcomeres in the DmCFL KD 

model. 
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Figure 3.4: The organization of the SSR progressively 

deteriorates at DmCFL KD NMJ. (A)  Confocal images of larval 
boutons in control and DmCFL KD (class 1, class 2 and class 3 

muscles labeled with anti-Dlg (red) and anti-HRP (cyan). Scale bar = 
10 μm. Bottom panels show individual boutons (merge and individual 
channels). Scale bar = 1 μm. (B) Quantification of subsynaptic 

reticulum (SSR) area, defined as Dlg-positive area normalized to cell 
area (control 1.10 ± 0.30, n = 21 NMJs; DmCFL KD 1.13 ± 0.38, n = 

17 NMJs). Quantifications show mean ± SD with significance 
calculated by student’s t test (ns = not significant, p > 0.05). (C) Line 
graph of Dlg (red) and HRP (cyan) intensity across the span across a 

single bouton (example span shown by white bar in part A) in control 
and DmCFL KD class 1 and 3 NMJs. Intensity was normalized to the 

average intensity of signal.  
 
 

 
C. Cofilin is not necessary for presynaptic Brp and postsynaptic GluRIIC 

at the NMJ 

 

Signaling at the NMJ relies on neurotransmitter release from the presynapse 

and its binding to receptors on the postsynapse. To better understand whether 

there were consequences at the active zone due to muscle DmCFL KD, I 
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examined the levels of the structural protein Brp (Figure 3.5A). Brp RNA 

expression was increased by over three-fold in DmCFL KD compared to control, 

according to RNA sequencing differential gene expression analysis (Figure 

2.5I). Visually, arrangement of Brp protein at the presynapse in DmCFL KD is 

not expanded and retains the typical punctate pattern. Intensity of Brp protein 

was unchanged with DmCFL KD regardless of muscle pair group (Figure 3.5B). 

 

The RNAseq analysis also identified terms related to postsynaptic potential, 

which motivated an analysis of GluRs on the muscle membrane. I focused first 

on GluRIIC since this subunit is present in all GluRs. Similar to Brp, GluRIIC 

pattern was punctate and not expanded in KD muscles (Figure 3.5A). There 

was no change in the levels of GluRIIC at the postsynapse in DmCFL KD 

compared to control (Figure 3.5C). The overlap between Brp and GluRIIC was 

appropriate, and there were no obvious areas of unapposed active zones (i.e. 

Brp puncta with no GluRIIC overlap and vice versa). 
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Figure 3.5: Presynaptic Brp and postsynaptic GluRIIC unchanged 
with DmCFL KD. (A) Confocal images of control and DmCFL KD 

labeled with presynaptic anti-Brp (red) and postsynaptic anti-GluRIIC 
(cyan). Right has magnification of boxed areas, with each stain shown 

separately. Scale bar = 25 μm, magnification scale bar = 10 μm. (B) 
Quantification of mean Brp intensity normalized to control (control 1 ± 
0.14, n = 8 NMJs; DmCFL KD 0.87 ± 0.26, n = 19 NMJs of all groups). 

(C) Quantification of mean GluRIIC intensity normalized to control 
(control 1 ± 0.35, n = 9 NMJs; DmCFL KD 0.92 ± 0.13, n = 8 NMJs of 

all groups). Quantifications show mean ± SD with significance 
calculated by student’s t test (ns = not significant, p > 0.05). 

 

D. GluRIIA subunit presence at the postsynapse depends on cofilin 

 

Although the levels of total GluR are unaffected in DmCFL KD, there was the 

possibility that there was a change in the other subunits of the GluR tetramer 

which are more variable. I examined the GluRIIA subunit since the disruption of 

some other actin-binding proteins (e.g. Spectrin, Coracle, Twinfilin, Filamin) is 
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associated with a disruption or decrease of this subunit  (K. Chen et al., 2005; 

G. Lee & Schwarz, 2016; Pielage et al., 2006; Song et al., 2022; D. Wang et al., 

2010). Additionally, one screen identified that various cytoskeleton-related 

genes specifically affect GluRIIA subunit levels detected by 

immunofluorescence (Liebl & Featherstone, 2005). To test the hypothesis that 

reducing DmCFL would affect GluRIIA at the postsynapse, I quantified GluRIIA 

fluorescence intensity and found that GluRIIA intensity was reduced in KD 

muscles compared to control (Figure 3.6A-B). This reduction was only seen in 

group 2 and 3 muscle pairs (Figure 3.6B). In other words, VL3-VL4 pairs where 

both muscles were class 1 had comparable GluRIIA levels as control while pairs 

with at least one class 2 or 3 muscle had decreased levels.  

 

Interestingly, SIM imaging showed that, in Class 2 or 3 muscles, there are 

GluRIIA-containing receptors that are no longer tightly associated with the SSR 

surrounding the boutons (Figure 3.6C). However, this was not seen in every 

bouton of class 2 and 3 muscles. GluRIIA is thought to be anchored to the actin 

cytoskeleton by the 4.1 protein Coracle  (K. Chen et al., 2005; Gardiol & St 

Johnston, 2014; Song et al., 2022). Consistent with the Coracle regulatory 

mechanism, there is reduced Coracle at the postsynapse in class 2 and 3 

muscles but not class 1 DmCFL KD muscles (Figure 3.6D). 
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Figure 3.6: DmCFL KD reduced NMJ GluRIIA levels and 

neurotransmission. (A) Confocal images of control and DmCFL KD 
NMJs labeled with anti-GluRIIA (red) and anti-HRP (cyan). Scale bar 

= 25 μm. Right shows magnification of boxed areas of GluRIIA channel 
alone (grayscale). Scale bar = 10 μm. (B) Quantification of mean 
GluRIIA intensity normalized to control by DmCFL KD muscle group 

(control 1 ± 0.36, n = 10 NMJs; DmCFL KD 0.66 ± 0.45, n = 19 NMJs). 
(C) SIM images of boutons labeled with anti-GluRIIA (red) and HRP 

(cyan). Arrowheads indicate GluRIIA fields that do not overlap with 
HRP. Scale bar = 5 μm. (D) SIM images labeled with anti-Coracle (red) 
and anti-HRP (cyan) in control (left) and DmCFL KD (right) muscle 

classes. Coracle single channel (grayscale) is shown below. Scale bar 
= 5 μm. (E) Example evoked excitatory junctional current (EJC) traces 

showing ten consecutive evoked traces at 0.2 Hz. Experiment was 
done by Shannon Leahy, Vanderbilt University. (F) Quantification of 
EJC amplitude from individual NMJs (control 184.4 ± 55.52 nA, n = 11 

NMJs; DmCFL KD 104.4 ± 034.37 nA, n = 13 NMJs). Quantifications 
show mean ± SD and statistics calculated by ANOVA (* p < 0.05, ** p 

< 0.01). 
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E. Neurotransmission is affected by muscle cofilin reduction 

 

Postsynaptic neurotransmission strength is linked to the levels of GluRIIA-

containing receptors; NMJs with reduced GluRIIA have decreased excitatory 

junctional currents in response to stimulation (DiAntonio et al., 1999; Petersen 

et al., 1997). Our collaborators at Vanderbilt University (Shannon Leahy and 

Kendal Broadie, PhD) conducted a two-electrode voltage-clamp (TEVC) 

experiment to record glutamate release and GluR activation (Leahy et al., 

2023). As illustrated in Figure 1.16, TEVC is done by stimulating the motor 

neuron with a suction electrode at voltages that are suprathreshold (0.2 Hz). 

The resulting evoked excitatory junction current (EJC) in the VL3 muscle is 

recorded and averaged to give the mean neurotransmission strength. For this 

experiment, a mix of the VL3-VL4 pair groups were tested in a blinded 

configuration. In DmCFL KD muscles, the EJC amplitude is reduced compared 

to control (Figure 3.6E-F). This reduction indicates decreased 

neurotransmission in the context of DmCFL KD. 

 

 
III. DISCUSSION 

 

Given the results of the RNA sequencing results pointing to changes at the NMJ, 

I characterized NMJ morphology and function in the DmCFL KD model. To do 

this, I examined structure and signaling components on both the presynaptic 

and the postsynaptic sides of the NMJ.  

 

  



 

 

96 

A. Disrupting postsynaptic DmCFL does not alter presynaptic 

development 

 

The motor neuron properly innervates DmCFL KD muscles over a consistent 

span by the end of larval development. In Drosophila embryos, myopodia 

containing actin filaments are involved in stabilizing initial contact between the 

motor neuron and the postsynaptic membrane (Ritzenthaler & Chiba, 2003). 

The fact that the motor neuron appropriately contacts DmCFL KD muscles 

supports that there is proper development of the NMJ in embryogenesis and 

early larval development. A major benefit of studying the Drosophila NMJ is that 

all contacts between the motor neuron and muscle can be visualized. In 

vertebrates, the motor neuron penetrates into the muscle and contacts each 

myofiber at a different motor end plate, making it challenging to view depending 

on the location sampled in the muscle.  

 

Actin-binding spectrin knockdown or nrx/nlg mutants have fewer boutons 

(Pielage et al., 2006; Xing et al., 2018). Meanwhile, bouton number is 

unchanged in other Drosophila models where actin or actin-binding proteins, 

including Act57B, Coracle, Twinfilin, Filamin, Dynamin and Dystrophin are 

affected (Blunk et al., 2014; K. Chen et al., 2005; G. Lee & Schwarz, 2016; 

S.‑S. Lin et al., 2020; van der Plas et al., 2006; D. Wang et al., 2010). DmCFL 

KD muscles have the same number of boutons as control; additionally, all are 

true boutons as I found no satellite, footprint, or ghost boutons. This finding, 

combined with the results of the other actin-binding protein models, suggests 

that in some instances the motor neuron grows properly and establishes new 

boutons, regardless of postsynaptic actin disorganization. One possibility is that 
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affecting actin-binding proteins that are involved in actin dynamics more 

generally—rather than Spectrin and Nrx/Nlg which are NMJ structural 

proteins—would cause less disruption to the initial bouton formation process. It 

is also interesting that despite the decreased levels of Spectrin in DmCFL KD 

(Figure 2.10) there is not a similar phenotype to what has been reported in 

spectrin KD. Another possibility is that the use of mutants in these other studies 

may affect more than the muscle or cause a more severe phenotype than 

knocking down via RNAi. 

 

The RNA sequencing analysis identified various differentially-expressed genes 

that encode for proteins reported to localize to the motor neuron. However, 

reducing DmCFL in muscle did not affect the amount of presynaptic active 

zones, despite an increase in Brp RNA expression suggested by sequencing. 

Other affected genes are associated with ion channels responsible for the 

neuron’s own membrane potential which is critical for propagation of its action 

potential (e.g. eag, frq1/2, para, shal) and neurotransmitter release (e.g. vglut). 

The change in vglut might suggest an attempt to have more vesicles to package 

more glutamate for eventual release. It is possible that the alterations detected 

by RNA sequencing indicate that the motor neuron is starting the process of 

compensating for the defects seen in class 3 muscles by the wandering stage, 

but there is not enough time prior to pupation to lead to changes at the protein 

level or in their function. Proteomics would be informative to address this 

question. 
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B. Muscle postsynaptic membrane components become progressively 

disorganized in DmCFL KD 

 

As shown in Chapter 2, levels of the SSR actin-binding protein alpha-Spectrin 

levels are reduced at the DmCFL KD NMJ in all muscle classes, despite actin 

being increased at the postsynapse in class 2 and 3 muscles. Postsynaptic 

structural protein Dlg is present in DmCFL KD. However, Dlg becomes 

progressively disorganized over the various muscle classes, meaning there is 

enough DmCFL for initial formation and organization of the SSR but not for its 

maintenance over larval development. While Dlg does not bind to actin, it does 

form a complex with the actin-binding proteins Adducin/Hts and Spectrin (S. J. 

H. Wang et al., 2014). Thus, Dlg disorganization in class 3 muscles is likely due 

to an effect on this complex, rather than a direct effect of postsynaptic actin 

accumulation on Dlg. There are examples from the other actin-binding protein 

models where Spectrin and Dlg are affected in different ways or not at all. In 

Act57B mutants, spectrin KD, nrx/nlg mutants, and filamin mutants Dlg is diffuse 

and less complex (Blunk et al., 2014; G. Lee & Schwarz, 2016; Pielage et al., 

2006; Xing et al., 2018). Spectrin organization is affected in nrx/nlg mutants and 

dynamin mutants (S.‑S. Lin et al., 2020; Xing et al., 2018). 

 

There have been no reports of obvious NMJ structural defects in mouse cofilin 

models (Agrawal et al., 2012; Gurniak et al., 2014). Oftentimes the vertebrate 

postsynapse is visualized by staining for AchR and no other membrane 

components. It is possible that subtle changes membrane structure may not be 

appreciated by AchR staining. TEM images from NM patient biopsies have 

shown alterations at the postsynapse, including collapsed or dilated primary and 
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secondary synaptic clefts (Fukuhara et al., 1978; Heffernan et al., 1968; Karpati 

et al., 1971). Similarly, we found examples of collapsed synaptic clefts by TEM 

at the DmCFL KD NMJ (Figure 2.9). Collectively, the presented data imply that 

the preservation of a specific quantity and/or dynamic condition of postsynaptic 

actin is significant in upholding SSR structural integrity. Consequently, the 

increased postsynaptic actin resulting from reduced cofilin induces a gradual 

disorganization. 

 

C. Neurotransmission reduction in DmCFL KD is linked to reduced 

GluRIIA levels  

 

In this study, I found that total active zone and GluR levels are unchanged in 

DmCFL KD compared to control. The unaltered GluR levels in DmCFL KD is 

consistent with the fact that no gross changes in AchR have been reported in 

mouse models. At the DmCFL KD NMJ, the intensity of one particular subunit, 

GluRIIA, was reduced only in group 2 and 3 muscle pairs; there was decreased 

neurotransmission in DmCFL KD muscles consistent with GluRIIA reduction. 

The fact that group 1 muscles do not have decreased GluRIIA levels suggests 

that this is another progressive phenotype in DmCFL KD. GluRIIA-containing 

receptor levels are sensitive to actin manipulations or mutations: in several actin 

and actin-binding protein manipulations GluRIIA levels or cluster sizes are 

reduced even if there is no change in GluRIIB (K. Chen et al., 2005; G. Lee & 

Schwarz, 2016; Pielage et al., 2006; D. Wang et al., 2010). Thus, actin plays an 

important role in maintaining GluRIIA levels at the postsynapse. 
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One explanation for why GluRIIA levels are reduced in more deteriorated KD 

muscles is that actin dynamics are critical for addition of receptors to the surface 

and for their recycling. AMPA receptors (AMPARs) are the ionotropic glutamate 

receptors found in the vertebrate central nervous system. There is evidence in 

vertebrate that long-term potentiation may contribute to alternating ADF/cofilin 

phosphorylation states, where cofilin activation led to AMPAR addition (Gu et 

al., 2010). Treatment with latrunculin A leads to decreased GluRIIA cluster size 

in Drosophila and causes GluR1 addition in hippocampal neurons (K. Chen et 

al., 2005; Gu et al., 2010). Meanwhile, treatment with jasplakinolide to inhibit 

depolymerization also blocks addition of GluR1 in hippocampal neurons (Gu et 

al., 2010). Additionally, actin is important for endocytosis of AMPARs (Zhou et 

al., 2001). Together, these findings indicate that proper GluR addition relies on 

being able to polymerize and depolymerize actin dynamically. The buildup of 

actin at the postsynapse in DmCFL KD, thus, may be affecting appropriate 

addition of GluRIIA receptors to the postsynapse, which may also explain why 

some GluRIIA was not perfectly apposed to the bouton. Live imaging has shown 

that turnover of GluRIIA-containing receptors is generally slow, taking hours 

when other postsynaptic proteins turnover in minutes (Rasse et al., 2005). 

GluRIIA-containing receptors are brought from across the membrane, not just 

near the NMJ, which means that transport of these receptors from the any part 

of the surrounding membrane to the postsynapse may be inhibited in DmCFL 

KD; one hypothesis is that the buildup of actin in this region physically prevents 

transport of these extra-synaptic receptors to the postsynapse (Rasse et al., 

2005). However, extra-synaptic receptors may not be easily visualized since 

they are not clustered. Live imaging as done in (Rasse et al., 2005) will be a 

useful tool for future experiments to visualize the entry and exit of GluRIIA-
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containing receptors at the DmCFL KD postsynapse as the muscle deteriorates. 

Additionally, the disruption of Coracle in class 2 and 3 muscles suggests that 

either there is less Coracle due to decreased GluRIIA-containing receptors at 

the NMJ or that anchoring of GluRIIA receptors to the actin cytoskeleton via 

coracle is affected. It is unclear, however, why the altered localization of 

GluRIIA-containing receptors is progressive (seen in class 2 and class 3) when 

Coracle levels appear to also be reduced in class 1 muscles relative to control. 

Driving localization of DmCFL to the postsynapse in the context of DmCFL KD 

would be especially informative to understand whether this would rescue the 

actin, structural, and neurotransmission defects. This could be done by creating 

a construct that adds a localization sequence from a protein known to localize 

to the postsynapse (e.g. Shaker ion channel or Fasciclin II cell adhesion 

molecule); however, it is possible that this may interfere with cofilin’s functional 

sites or its ability to closely associate with the actin filament or monomers 

although the sequences are short at six amino acids (Zito et al., 1997). 

 

My findings discussed in this chapter identify a role for cofilin and its regulation 

of actin in maintaining postsynaptic structure and composition. These 

experiments provide evidence that there are functional changes at the muscle 

postsynapse in DmCFL KD muscles that result from decrease and 

disorganization of components such as GluRIIA and Coracle.  
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CHAPTER 4: 

CONCLUSIONS 
 

The findings in this study suggest that alterations at the NMJ, particularly in the 

postsynaptic region, are part of the degradation that results from reducing 

muscle cofilin levels by RNAi KD. Perturbing non-sarcomeric actin dynamics 

may impact other muscle functions and, in turn, contribute to the advancement 

of muscular deterioration observed in neuromuscular disorders, such as NM. 

My work opens novel avenues for understanding the mechanism of disease and 

potentially new treatment possibilities while also opening questions about other 

roles of cofilin in the muscle. 

 
 

I. FUTURE STUDY DIRECTIONS FOR THE DMCFL KD MODEL 
 

A. Actin and cofilin at the NMJ 

 

In previous and the current work, we identify that there are effects at the 

sarcomere and postsynapse when DmCFL is reduced in the muscle. However, 

the direct mechanism by which cofilin regulates postsynaptic composition and 

neurotransmission must be further examined. Rescue experiments would 

provide insight as to whether the NMJ deterioration phenotypes can be 

improved simply by increasing DmCFL levels in the muscle as was found with 

the sarcomeric alterations. In addition, we do not know what recruits cofilin to 

the postsynapse. It is possible that simply increasing the amount of DmCFL in 

the cytoplasm would not be enough to localize more protein at the postsynapse 

and ameliorate the defects seen at the KD NMJ. Further examining LIMK and 

Ssh—known regulators of cofilin’s activation state—at the postsynapse would 
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be informative as the postsynaptic defects may be overcome by having more 

DmCFL in its active form. Transcriptional analysis of Cfl2 null mouse muscle 

found that there is increased expression of Ssh2, suggesting that this slingshot 

phosphatase is upregulated in muscle to activate the reduced cofilin present in 

the muscle (Morton et al., 2015). Answers to these questions will be critical for 

understanding why the postsynaptic actin organization at this region is sensitive 

to levels of cofilin. 

 

Another open question is whether the reduced levels of structural proteins, 

ABPs, and GluRIIA-containing receptors in DmCFL KD is due to improper 

trafficking as a result of affecting the cytoplasmic actin network. It is unknown if 

F-actin—which would then need to be properly severed by cofilin—is needed 

for transport of postsynaptic membrane components (e.g. GluRs, structural 

proteins) to the Drosophila larval postsynapse. Cofilin has been linked to 

trafficking proteins to the vertebrate muscle membrane in other contexts. For 

example, work in rat cultured myoblasts found that proper cofilin severing is 

critical for trafficking of the GLUT4 glucose transporter to the membrane along 

actin microfilaments (Chiu et al., 2010). Additionally, it remains to be seen 

whether the levels of G-actin at the postsynapse are impacted by DmCFL KD, 

given that DmCFL also interacts with monomeric actin. Lastly, it is unknown 

whether other actin-interacting proteins with severing activity like Twinfilin and 

Flightless I (FliI) could compensate for the DmCFL KD defects. Overexpression 

of these proteins would be informative because if they ameliorate the 

phenotype, as it would provide further evidence that it is the severing function 

of cofilin that is critical for maintaining the postsynapse. 
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B. Extra-sarcomeric actin at other muscle subcellular compartments  

 

Actin plays many roles throughout the muscle cell, including at the sarcomere, 

costamere, T-tubule, nucleus, and, as shown in this work, at the postsynapse 

(Kee et al., 2009).  

 

Cortical actin and membrane integrity 

 

Given that we find disruption of postsynaptic structure in DmCFL KD, future 

studies should focus on whether destabilizing actin in this model also causes 

defects in overall muscle membrane integrity (i.e. sarcolemma, T-tubules), 

anchoring of the Z-discs to the membrane (i.e. costamere), and structure of the 

sarcoplasmic reticulum. It is possible that disturbing the organization of the 

overall muscle membrane would contribute to some of the structural defects 

seen at the postsynaptic membrane. Investigating proteins that link the 

cytoplasmic actin network with the extracellular matrix (e.g. integrins, 

dystrophin-glycoprotein complex) would be informative. 

 

Nuclear actin 

 

Actin is present not only in the cytoplasm along the inner surface of the cell 

membrane (cortical actin) but also surrounding and inside of the nucleus.  

Perinuclear actin secures the nucleus in a cage-like structure comprised of 

transmembrane actin-associated nuclear lines (Luxton et al., 2011). The nuclei 

in certain types of NM and NM models have been noted to be mispositioned, 
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are rounded and have altered envelopes (Berger et al., 2014; Ross et al., 

2019). Additionally, nuclei in NM are sometimes internalized with rods encircling 

them when visualized by electron microscopy (Tan et al., 1999; Yin et al., 2021). 

Previous work in our lab has shown that reducing levels of the actin-capping 

protein Tmod by RNAi has striking effects on nuclear shape and positioning 

(Zapater I Morales et al., 2023). 

 

First discovered in Drosophila, actin can travel into the nucleus via a specific 

import pathway (through importin 9), but only when bound to cofilin (Dopie et 

al., 2012). The intranuclear cytoskeleton plays several roles in response to 

external stimuli like cell stretching, mitotic exit, and infection, in addition to being 

involved in transcriptional regulation and DNA repair by various mechanisms 

(Caridi et al., 2019; Chuang et al., 2006; Dundr et al., 2007). Mechanosignaling 

from the cytoplasmic cytoskeleton provides cues for nuclear rigidity and 

chromosome organization within the nucleus (Mazumder et al., 2008). Work in 

our lab has found cofilin expressed in the nuclei of embryonic fly muscles 

(Balakrishnan, Howard, et al., 2021). An RNAi screen in Drosophila cells found 

several cofilin regulators in the nucleus (Dopie et al., 2015). Muscle biopsy in 

two NM patients showed a dense nucleolus yet dispersed chromatin (Karpati et 

al., 1971). The cell cycle was dysregulated in the muscles of a Cfl2 mouse 

model where the negative regulator p21 was overexpressed (Morton et al., 

2015). These data suggest that a proper intranuclear cytoskeletal network is 

needed to preserve chromatin organization in addition to DNA replication, which 

in the mammal is necessary for muscle regeneration, but may manifest as 

endoreplication in Drosophila. Our lab previously has described different 

nuclear parameters that could be evaluated in the DmCFL KD larval muscles, 
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including shape, ploidy, and cell cycle properties (Windner et al., 2019). Assay 

for transposase-accessible chromatin with sequencing (ATAC-Seq) analysis 

would also open avenues of inquiry into chromatin and gene expression 

changes. 

 

C. Testing the effect of growth and exercise using the fly model 

 

One mouse NM study show that exercise does not exacerbate nemaline rod 

formation and anecdotes suggest that human patients benefit from low-intensity 

exercise (Ilkovski et al., 2001; Nair‑Shalliker et al., 2004). Speech exercises in 

NM patients can increase tongue strength and speech intelligibility, while 

respiratory exercises post-surgery can improve function (Cervera‑Mérida et al., 

2020; Smith et al., 2011). A question remains about what the appropriate 

balance of activity is for maintaining or building strength without exacerbating 

NM disease via potentially stressful hypertrophy.  

 

DmCFL KD larvae to have significantly reduced crawling velocity after L2 that 

is linked to proportion of muscle classes. Larvae use their body wall muscles to 

crawl and burrow into their food. Exercise in Drosophila larva increases muscle 

excitation (Sigrist et al., 2003). One strategy to promote exercise in larvae is to 

place them into food of varying stiffness. A preliminary protocol (designed by 

Brooke Bergeron in our lab) for preparing fly food of various stiffnesses involves 

altering the proportion of agar included (Table 4.1). Downstream analyses could 

include functional assays (e.g. crawling assay) or live imaging. Preliminary 

results on wildtype larvae show that wandering larvae reared in less stiff food 
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for four days show a decreased time to roll over yet spend more time at rest 

when placed on an apple juice plate. 

 
Table 4.1: Fly food recipes for varying stiffnesses (makes 200 mL) 
 
Ingredient Less stiff Standard More stiff 

Water 0.17 L 0.17 L 0.17 L 
Cornmeal 9.9 g 9.9 g 9.9 g 

Molasses 10.6 mL 10.6 mL 10.6 mL 
Yeast 4.16 g 4.16 g 4.16 g 

Tegacept 3.84 3.84 3.84 

Propionic acid 1.28 1.28 1.28 
Agar  0.4 1.5 2.4 

 

Another consideration for pediatric muscle degenerative disease is growth rate. 

Height and weight growth varies across childhood and adolescence, where it is 

high over the first few months of life then decelerates until the child reaches 

puberty where it increases again. Drosophila larvae experience an exponential 

growth rate with some muscles growing 40-fold over a five day period (Demontis 

& Perrimon, 2009). Hence, this model provides an interesting opportunity to 

systematically examine the impact of increased growth. Additionally, further 

pushing the system by upregulating growth through manipulation of  the insulin 

pathway may reveal whether increased demand to grow exacerbates the 

deterioration phenotype (Demontis & Perrimon, 2009).  

 

D. Adult DmCFL model 

 

Further study of DmCFL’s role in adult muscle would provide additional 

information about muscle formation during pupation, sarcomere development 

and muscle maintenance. A study from our lab found that the actin-severing 

protein Flightless I (FliI), a gelsolin family member, is critical in the early days of 

adulthood to regulate sarcomere size (Deng et al., 2021). Additionally, an adult 



 

 

108 

model affecting DmCFL would provide a new context in which to understand 

progression of disease as the flies age, since the study would not be restricted 

to five days of larval development. Several muscle function assays could be 

employed when studying the different muscle groups, including climbing (leg 

muscles), flight (direct and indirect flight muscles), and jump (jump muscles) 

assays. Logistically, one would need to use an inducible system to avoid the 

death seen in DmCFL KD RNAi prior to pupation. The temperature-sensitive 

Tubulin-Gal80 system could be used to repress Gal4 expression of the RNAi 

until the rearing temperature is increased (T. Lee & Luo, 1999). However, 

temperature change affects developmental rate and aging, which may confound 

the effects on muscle. Other more recent techniques—such as the optogenetic 

Shine-Gal4 tool—could also be used to activate the UAS without affecting 

temperature (di Pietro et al., 2021). Further studies of the NMJ could also be 

done in adult flies, as there are various innervation patterns for each of the adult 

muscle groups (Fernandes & Keshishian, 1999).  

 

II. IMPLICATIONS FOR NEMALINE MYOPATHY  
 

A. NMJ studies in other NM models 

 

Occasional case reports from NM patient biopsies mention altered NMJ 

structural phenotypes (Fukuhara et al., 1978; Heffernan et al., 1968). However, 

the NMJ has not been reported to be deeply studied in NM animal models. 

There is mention of normal innervation seen in one Cfl2 null mouse model when 

visualizing the presence of neurofilament in the motor neuron and acetylcholine 

receptor (Agrawal et al., 2012). The findings from my work should encourage 

further inquiry into alterations, both structural and functional, at the postsynapse 
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in NM. This could include examining postsynaptic proteins at the NMJ and 

acetylcholine receptor subunit composition since those bear the most similarity 

to the changes at the postsynapse seen in my work. One complication, however, 

is that the Cfl2 mouse models have a short lifespan, dying at around postnatal 

day 9. Additionally, additional neuromuscular functional studies would be helpful 

to understand the electrophysiological profile more deeply in these models. The 

same inquiries could be made of NM animal models with mutations in other 

genes.  

 

B. NM diagnosis and disease monitoring 

 

It remains an open question whether the findings in this study are more 

generalizable to other NM causative mutations. The increased accessibility of 

sequencing as a part of diagnostics will make it possible to link the phenotypic 

changes observed in NM patients to causative mutations. The likelihood that 

diagnostic biopsies would include the NMJ are low.  

 

More detailed neuromuscular studies—including nerve conduction studies and 

EMG studies—of NM patients would be helpful in determining functional 

changes, especially over time. NM patients typically have a myopathic pattern 

with low amplitudes on EMG studies. This finding seems to change over time: 

one longitudinal study found that after age nine, EMG of distal muscles began 

to show neuropathic changes in addition to myopathic changes (C 

Wallgren‑Pettersson et al., 1989). This could be explained by the addition of 

degenerative changes to the motor units on top of the original myopathic 

changes reported. One case report speculated that the formation of rods in the 
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extrafusal muscle fibers was linked to improper innervation (Karpati et al., 

1971). Therefore, it would be informative to have serial neuromuscular 

functional studies done over the lifespan of NM patients (especially in childhood) 

to try to correlate function test results with symptoms reported. 

 

Modulating NMJ activity may be a treatment option in NM. Pyridostigmine, an 

acetylcholinesterase inhibitor, was reported in one case to improve ventilation, 

amount of spontaneous movement, and motor development over a period of 

two years (Natera‑de Benito et al., 2016). The increased presence of 

acetylcholine in the synaptic cleft may have increased the probability of receptor 

binding and thus better neurotransmission. However, the patient in this case 

report had mutations in a gene not associated with NM in addition to the KLHL40 

NM-related mutation, so it is unclear whether this strategy would help NM 

patients with mutations in other genes. Although the fly NMJ is a glutamatergic 

synapse rather than cholinergic, it still provides a convenient model for testing 

whether targeting certain parts of the ECC pathway would improve disease. 

 

The findings of this study on the DmCFL KD model should encourage further 

study into the role of the NMJ in NM. Drosophila studies can continue to be 

helpful in pursuing the many open avenues of study related to NM disease 

progression and potential therapeutics.  
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CHAPTER 5: 

METHODS 

 

I. Drosophila husbandry, stocks, and crosses 

 

All stocks and crosses were raised on standard cornmeal at 25°C on a 12-hour 

light/12-hour dark light cycle under humidity control. All experiments were done 

in wandering L3 larvae of both sexes reared at 25°C. DmCFL was knocked 

down specifically in muscle, as done in our previous study (Balakrishnan et al., 

2020), by leveraging the Gal4-UAS system (Brand & Perrimon, 1993). The 

muscle-specific driver Mhc-Gal4 (BDSC #67044) was used to drive UAS-

mCherry RNAi (for control, BDSC #35785) or UAS-tsr TRiP RNAi (for DmCFL 

knockdown, BDSC #65055) generated by the Transgenic RNAi Project (TRiP; 

Perkins et al., 2015). Live imaging experiments were done with larvae 

expressing tsr::GFP (ZCL2393, Kyoto Stock Center DGRC #110875) generated 

by the FlyTrap: GFP Protein Trap Database (Morin et al., 2001). 

 

II. RNA-sequencing analysis 

 

RNA-sequencing of control and DmCFL KD larvae as described previously 

(Zapater I Morales et al., 2023). Eight to ten late third instar larvae of each 

genotype were dissected in triplicate. 

 

Read counts data were assessed and plotted with the integrated Differential 

Expression and Pathway analysis (iDEP) web application (versions 0.96 and 

1.1; Ge et al., 2018). DESeq2 analysis was performed with the following 

parameters: false discovery rate of 0.05 and minimum two-fold change (Love et 
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al., 2014). Overrepresentation analysis was done using the Gene Set 

Enrichment Analysis (GSEA) method to identify the top 20 enriched pathways 

defined by Gene Ontology (GO) Biological Processes (BP) gene sets when 

considering the top 2000 genes at a false discovery rate of 0.05.  

 

III. Western blot 

 

Five to ten wandering late third-instar larvae were dissected in HL3.1 buffer as 

has been previously described in (Brent et al., 2009) to produce muscle-

enriched preparations, which were then lysed in larval lysis buffer (50 mM 

HEPES [pH 7.5], 150 mM NaCl, 0.5% NP40, 0.1% SDS) supplemented with 

cOmplete mini protease inhibitor cocktail (Roche, #11836153001) and 

PhosSTOP phosphatase inhibitor cocktail (Roche, #4906837001). Ten 

micrograms from control and DmCFL KD lysates were run on a 12.5% 

polyacrylamide gel, then transferred to a nitrocellulose membrane (Thermo 

Fisher Scientific, PI88018). Blocking was done in 5% milk or 5% bovine serum 

albumin (BSA) in TBST (Tris-buffered saline + 0.1% Tween) for 1 hour at room 

temperature. Primary antibody staining was performed in Stamina Antibody 

Dilution Buffer (KindleBiosciences, R2004) overnight at room temperature using 

1:1000 for rabbit anti-Twinstar (DmCFL, gift from Tadashi Uemura); 1:1000 for 

rabbit anti-phospho-Twinstar (p-DmCFL, gift from Tadashi Uemura); and 1:1000 

for mouse anti-GAPDH (Abcam, #ab9484). Secondary antibody incubation was 

performed in 5% milk for 1 hour at room temperature using 1:5000 for anti -

rabbit-HRP (Jackson Immunoresearch, 711-035-152) or anti-mouse-HRP 

(Jackson Immunoresearch, 715-035-151). Blot was imaged using the 

KwikQuant Imager (Kindle Biosciences, D1001) using 1-Shot Digital-ECL 
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(Kindle Biosciences, R1003) and intensities were quantified using FIJI Gel 

Analyzer tool (NIH). Protein expression was normalized to GAPDH loading 

control within each sample and repeated in triplicate. 

 

IV. Quantitative polymerase chain reaction (q-PCR)  

 

Total RNA was extracted from ten late third-instar wandering larvae muscle-

enriched preparations (dissected as described in western blot methods) using 

TRIzol reagent (ThermoFisher #15596026) and was subsequently cleaned 

using the TURBO DNA-free Kit (Ambion, AM1907). Reverse transcription was 

done to synthesize cDNA using the SuperScript III First-Strand Synthesis 

System for RT-PCR (Invitrogen #18080-051) kit. PCR reactions were run on the 

CFX Opus 96 Real-Time PCR System using SYBR Select Master Mix for CFX 

(Applied Biosystems #4472937) in biological and technical triplicate. Primers 

used for tsr: (forward) GCTCTCAAGAAGTCGCTCGT; (reverse) 

GCAATGCACAGTGCTCGTAC. The delta-delta Ct method was used to 

calculate fold changes with Rpl32 as the normalization control. Reported values 

represent the log2 fold change of the gene in DmCFL KD compared to 

expression in control samples. 

 

V. Dissection and immunostaining 

 

Third-instar larvae at the wandering stage were dissected as previously 

described in (Azevedo et al., 2016; Brent et al., 2009) to expose the body wall 

muscles. Fixation was done using 4% paraformaldehyde in HL3.1 buffer for 15 

minutes at room temperature for all antibodies except GluRIIA for which Bouin’s 

fixative was used for 5 min at room temperature. Samples were blocked in BSA-
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PBT (PBS supplemented with 0.1% BSA and 0.3% Triton X-100) for 30 minutes 

at room temperature, then incubated with primary antibody overnight at 4°C and 

subsequently washed in BSA-PBT. Samples were then incubated with Alexa 

Fluor-conjugated secondary antibodies, phalloidin and goat Alexa-647 

conjugated horseradish peroxidase (HRP; Jackson Immunoresearch cat no. 

123-605-021) at a concentration of 1:400. Alexa Fluor 555 conjugates 

secondary antibodies were used for all intensity quantifications. Final washes 

were done in PBT prior to mounting in Prolong Gold (Invitrogen, P36930). All 

slides were cured for at least 24 hours at room temperature prior to imaging.  

 

Primary antibodies used in this study include rabbit anti-tsr (DmCFL, 

concentration 1:500, gift from Tadashi Uemura (Niwa et al., 2002) against C-

terminal peptide CREAVEEKLRATDRQ; rabbit anti-p-Cofilin (concentration 

1:500, gift from Tadashi Uemura) against N-terminal peptide (acetyl-A(pS) 

GVTVSDC ; mouse anti-Discs large (concentration 1:100, DSHB 4F3); mouse 

anti-Bruchpilot (concentration 1:250, DSHB nc82); rabbit anti-GluRIIC 

(concentration 1:1000, gift from Aaron DiAntonio); mouse anti-GluRIIA 

(concentration 1:100, DSHB 8B4D2, MH2B); rat anti-Tmod (concentration 

1:200, gift from Velia Fowler); guinea pig anti-Coracle (concentration: 1:1500, 

gift from Richard Fehon); and mouse anti-alpha-spectrin (concentration: 1:50, 

DSHB 3A9). 

 

VI. Confocal imaging 

 

All samples for comparison were imaged with the same settings between 

genotypes. Pairs of ventral longitudinal muscles 3 and 4 (muscles 6 and 7) from 
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abdominal hemisegments 2-4 were imaged for all experiments. For DmCFL KD, 

muscle pairs were only imaged if one muscle was class 1 or 2. Z stack images 

were acquired using an upright Leica Stellaris 5 laser-scanning confocal 

microscope with dry HC PL Apo 20X/0.75 CS2, oil HC PL Apo 63X/1.40 CS2, 

or oil HC PL Apo 100X/1.40 CS2 objectives and HyD S detector (Leica 

Microsystems). Images were acquired sequentially by stack scanning 

bidirectionally at 400 Hz, with a pixel size of 283.95 nm x 283.95 nm and an 

area size of 2048 x 1024 pixels in Leica LASX software and saved as LIF files. 

For all images the pinhole size was 92.53 µm, calculated at 1 A.U. for 561 nm 

emission. Images were acquired with step sizes of 1 μm (for 20X) or 0.5 μm (for 

63X or 100X). For all images for postsynaptic intensity, Z-stack was determined 

using the HRP channel with the start before and the end 1 μm below the last 

appreciable HRP signal. FIJI was used to create sum slices or maximum 

intensity Z projections (NIH). 

 

VII. Live sample imaging 

 

Live samples were imaged using a Leica Stellaris 5 laser-scanning confocal 

microscope with a water HC FLUOTAR L VISIR 25X/0.95 objective and HyD S 

detector (Leica Microsystems). Larvae were dissected and pinned to expose 

ventral muscles and imaged live in ambient temperature while the larvae were 

maintained in ice-cold HL3.1 buffer. Images were acquired sequentially by stack 

scanning bidirectionally at 400 Hz, with a pixel size of 283.95 nm x 283.95 nm 

and an area size of 2048 x 1024 pixels in Leica LASX software and saved as 

LIF files. For all images the pinhole size was 92.53 µm, calculated at 1 A.U. for 
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561 nm emission. Z-stacks were taken using a 1 μm step size and sum slices Z 

projections were created using FIJI (NIH). 

 

VIII. Structured illumination microscopy (SIM) imaging 

 

All samples were imaged with the same settings on a Zeiss Elyra 7 with Lattice 

SIM2 confocal microscope with a Plan-Apochromat 63X/1.4 Oil DIC M27 

objective. Images were acquired sequentially by stack with a pixel size of 0.06 

µm x 0.06 µm and an area size of 80.1 µm by 80.1 µm in ZEN Black software 

and saved as CZI files. Images were taken with 13 phases and reconstructed 

using ZEN Black software at the “strong” sharpness setting (Zeiss). The Z 

stacks were acquired at a step size of 0.329 μm and sum slices Z-projections 

were made using FIJI (NIH). 

 

IX. Three-dimensional NMJ intensity analyses 

 

Postsynaptic intensity measurements were done using Imaris 10.0 (Bitplane). A 

three-dimensional surface for the HRP source channel was generated for each 

Z stack image with a surface detail grain level of 0.18 μm, smoothing enabled, 

and auto-thresholding (Figure 2.6). Small surfaces that were not part of the NMJ 

were removed. For Brp quantification, the sum of the sum intensity of the Brp 

channel was normalized to the total HRP volume and compared between 

genotypes. For DmCFL, p-DmCFL, GluRIIC, GluRIIA intensity measurements, 

an expanded volume was used. A mask was created from the HRP surface 

using the Distance Transform setting. A second surface was made using the 

distance transform mask, with a surface detail level of 0.18 and a manual 

threshold of 0 to 0.5 to limit the surface to a shell extending from the edge of the 
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HRP surface to 0.5 μm away. The sum of the sum intensity within this expanded 

surface was normalized to the expanded volume. 

 

X. NMJ morphology measurements 

 

The Dlg channel was used to quantify NMJ morphology in FIJI (NIH). The 

number of boutons in a Z-stack image was manually counted using the Cell 

Counter plugin. NMJ span was measured by drawing a line parallel to the length 

of the NMJ and normalizing to the length of muscle VL3 (6) or VL4 (7) based on 

whichever was longer. Cell length was determined by drawing a polygon around 

the phalloidin-positive shape of each muscle cell and then using the “length” 

measurement. SSR area was defined as Dlg-positive area normalized to total 

summed cell areas of muscle 6 and 7. Dlg-positive area was measured by 

creating a binary mask of the Dlg channel using the Yen thresholding method 

and recording the area. Cell area was determined by drawing a polygon around 

the phalloidin-positive shape of each muscle cell and then using the “length” 

measurement.  

 

Dlg/HRP intensity surrounding individual boutons was done by (1) drawing a 

line along the diameter of a bouton; (2) recording the Dlg and HRP intensities 

along the length of the line; (3) normalizing length values to the total length; and 

(4) normalizing the Dlg and HRP intensities to the average intensities of that 

marker in that bouton. 
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XI. Electron microscopy 

 

Wandering L3 larvae were dissected as described above and fixed overnight in 

2.5% glutaraldehyde at 4°C. Larval filets were trimmed to remove the head and 

tail and to retain the ventral body wall muscles on both sides. Samples were 

washed three times in 0.1M sodium cacodylate buffer and then post-fixed in 1% 

osmium tetroxide for 1 hour at room temperature on a rotator. Next, samples 

were washed three times in 0.1M sodium cacodylate buffer for 10 minutes each 

wash at room temperature. A dehydration series in ethanol was conducted for 

10 minutes at room temperature in each of the following: 30, 50, 70, 85, 95, 100, 

and 100% ethanol. Infiltration was done in four steps: first in a solution of 1:1 

acetonitrile and 100% ethanol for 10 minutes at room temperature followed by 

infiltration in only acetonitrile for 10 minutes at room temperature. Samples were 

incubated in a 1:1 mixture of acetonitrile and Embed-812 resin for 30 minutes 

at room temperature, and then incubated in only Embed-812 resin overnight. In 

a semi-hardened resin block, larvae were oriented so that the longitudinal edge 

was along the cutting face of the block. The block was polymerized for 48 hours 

at 60°C. Thick sagittal sections of 5-10 μm were taken and stained with Toluidine 

Blue until muscles that were oriented in a longitudinal direction were identified 

(Figure 2.9). A Leica Ultracut UCT ultramicrotome with diamond knife was used 

to take 70 nm ultrathin sections which were then collected on 3 mm diameter 

mesh copper grids. Images of individual boutons and the underlying muscle 

were taken on a JEOL JEM-1400 transmission electron microscope at 100 kV.  
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XII. Two-electrode voltage-clamp (TEVC) electrophysiology 

 

TEVC recordings were done on dissected wandering third instars as previously 

reported (Leahy et al., 2023). Briefly, all recording were done at 18oC in 

physiological saline (in mM): 128 NaCl, 2 KCl, 4 MgCl2, 1.0 CaCl2, 70 sucrose, 

and 5 HEPES (pH 7.2). Longitudinally dissected larvae had internal organs 

removed and peripheral motor nerves cut at the ventral nerve cord (VNC) base. 

The body walls were glued down (Vetbond, 3M). The preparation was imaged 

with a 40X water-immersion objective on a Zeiss Axioskop microscope. Ventral 

longitudinal muscle 6 in abdominal segments 3 or 4 was impaled with two 

intracellular electrodes (1 mm outer diameter borosilicate capillaries; World 

Precision Instruments, 1B100F-4) of ∼15 MΩ resistance (3M KCl). The muscle 

was voltage clamped at −60 mV using an Axoclamp-2B amplifier (Axon 

Instruments), and the motor nerve stimulated with a fire-polished glass suction 

electrode using 0.5 ms suprathreshold voltage stimuli at 0.2 Hz from a Grass 

S88 stimulator. Nerve stimulation–evoked excitatory junction current (EJC) 

recordings were filtered at 2 kHz. To quantify EJC amplitude, 10 consecutive 

traces were averaged, and the average peak value recorded. Clampex 9.0 was 

used for all data acquisition, and Clampfit 10.7 was used for all data analyses 

(Axon Instruments). 

 
XIII. Statistical analysis 

 

Pairwise comparisons between groups were performed using a two-tailed 

student’s t test with an alpha of 0.05 using R statistical software (R Core Team, 

2021). Plots were generated using the ggplot2 R package (Wickham, 2009, 

2016). Figures report the mean ± standard deviation in addition to sample size 
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