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BACKGROUND

For decades, the Drosophila larval neuromuscular junction (NMJ) has been a go-to model for synaptic
development. This simple, accessible system is composed of a repeating pattern of 33 distinct neurons
that stereotypically innervate 30 muscles. Fundamental mechanisms that underlie diverse aspects of
axon pathfinding, synaptic form, and function have been uncovered at the NMJ, and new pathways
continue to be uncovered. These discoveries are fueled by the ease of dissections and an extensive array
of techniques. Chief among these techniques are various microscopy approaches, including super-
resolution and electron microscopy. Functionally, the Drosophila NM]J is glutamatergic, similar to the
vertebrate central synapses, making it a great model to study normal development and neurological
diseases. Here we provide a brief overview of the larval neuromuscular system, highlighting the
connectivity patterns, development, and some of the mechanisms underlying these processes.

Synapses allow for the transmission of information in circuits and underlie all aspects of behavior. At
chemical synapses, neurotransmitters released by the presynaptic terminal engage postsynaptic recep-
tors to transduce an electrical signal, and this process is faithfully repeated at synapses across the
nervous system. The repertoire of neurotransmitters and corresponding receptors is extensive and
varies across different regions of the nervous system. For example, in vertebrates, the most common
excitatory neurotransmitter in the central nervous system is glutamate, whereas acetylcholine is used at
the neuromuscular system. Typically, presynaptic cells are neurons, and postsynaptic partners can be
other neurons or nonneuronal cells, including muscles.

Investigations of neuromuscular junctions (NM]Js)—the synapses formed between motor neurons
and muscles—have provided significant insights into mechanisms that underlie axon guidance, syn-
aptic partner recognition, synaptogenesis, synaptic maturation and maintenance, plasticity, and
homeostasis (for reviews, see Wu et al. 2010; Shi et al. 2012; Slater 2017; Burden et al. 2018;
Aponte-Santiago and Littleton 2020; Frank et al. 2020; Goel et al. 2020). The driving force of the
vertebrate NMJ is the neurotransmitter acetylcholine and juxtaposed acetylcholine receptors (AchRs)
on the muscle. Before formation of the vertebrate NMJ, AchRs are clustered at the central region of the
muscle in a process termed prepatterning. Upon contact by a motor neuron terminal, anterograde and
retrograde signaling instructs synapse stabilization and maturation. Motor neuron activity is impor-
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tant for maintenance of NMJs (Burgess 2006). To drive muscle contractions, patterned electrical
activity in a motor neuron instructs the release of acetylcholine from its terminals, which binds to and
activates nearby AchRs. The density of AchRs is enriched in a highly folded postsynaptic membrane to
enhance the local depolarization and probability of muscle contraction (for excellent reviews on
vertebrate NMJ development, see Sanes and Lichtman 1999; Wu et al. 2010; Shi et al. 2012;
Burden et al. 2018). Although the vertebrate NMJ has revealed important molecules for formation,
development, and maturation of cholinergic synapses, other synapse models have contributed to our
understanding of vertebrate excitatory glutamatergic synapses.

In a serendipitous twist of fate, the main excitatory neurotransmitter in crustacean and insect
NMJs is glutamate rather than acetylcholine, thus providing an easily accessible model for glutama-
tergic synapses. The postsynapse contains ionotropic glutamate receptors (GluRs) and the necessary
scaffolding and signaling molecules (Kim et al. 2012; Ramos et al. 2015). Strikingly, these NMJ GluRs
are homologous to the o-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)-type
GluRs in the vertebrate brain. Early anatomists and physiologists turned to crustaceans and later to
insects because of the ease of maintaining them in the laboratory and access to neuromuscular
preparations. In the late 1800s, Thomas Huxley’s book entitled The Crayfish (Huxley 1880) promoted
the use of crustaceans for research by describing crayfish anatomy and physiology. Other scientists,
including Charles Richet, were already examining crayfish NMJs to understand the physiology of the
opener muscle, which is responsible for opening the claw (Richet 1879), and this work continued
throughout the early 1900s (Bazemore et al. 1956; Atwood 1967; Sherman and Atwood 1971; Florey
1991; Cooper and Cooper 2009).

In the 1970s, Lily and Yuh Nung Jan (Jan and Jan 1976) introduced the Drosophila NM]J as a viable
system with which to examine glutamate synapse morphology and physiology. In the following
decades, the laboratories of Atwood, Bate, Bellen, Budnik, Davis, DiAntonio, Ganetzky, Goodman,
Keshishian, Littleton, Stewart, Whitington, Wu, Zinn, and many others bolstered the use of the fly
NM] to examine all aspects of synapse biology and function. Importantly, this research has positioned
the Drosophila NM]J as a powerful model for vertebrate excitatory synapses, as many of the vertebrate
synaptic molecules have fly homologs.

NEUROMUSCULAR CIRCUIT DEVELOPMENT

The Drosophila larval neuromuscular circuit is established during embryonic development by corre-
sponding motor neurons and muscles. Embryonic myogenesis generates a stereotyped set of muscles
that perdure and expand significantly during larval development. Each muscle is formed by a special
class of myoblasts called muscle founder cells (FCs) that individually recognize and fuse with specific
subsets of neighboring fusion-competent myoblasts (FCMs) to form myotubes (Bate 1990; Dohr-
mann et al. 1990; Bourgouin et al. 1992; Bate et al. 1993; Bate and Rushton 1993). Recognition is
governed by two pairs of immunoglobulin domain-containing transmembrane receptors: Dumb-
founded/Roughest in FCs and Sticks and Stones/Hibris in FCMs (Nose et al. 1998; Bour et al. 2000
Artero et al. 2001; Duan et al. 2001; Striinkelnberg et al. 2001; Richardson et al. 2008; Ciglar et al.
2014). Receptor interactions signal bidirectionally to induce actin rearrangements and ultimately
fusion. The specific FC determines the identity of the muscle cell and ultimately the recognition of
appropriate presynaptic motor neuron partners (Rushton et al. 1995). At the end of embryonic
development and upon entering the larval stage, muscles transition to a phase of drastic growth
regulated by hormone signaling and the downstream dMyc effector (Demontis and Perrimon
2009; Kim and O’Connor 2021).

Drosophila larval motor neurons are generated in the embryonic ventral nerve cord (VNC)
through division of progenitor cells called neuroblasts (Landgraf and Thor 2006; Meng and Heckscher
2021). Every neuroblast lineage has been mapped so that the identity and origin of most motor
neurons are known (Landgraf et al. 1997; Schmid et al. 1999). Axons from embryonic motor
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neurons exit the VNC in three nerve bundles: intersegmental (ISN), segmental (SN), or transverse
(TN). Before innervating their respective muscles, the SN branches into SNa and SNc, and the ISN
branches into ISN, ISND, and ISNd at defined locations (Thomas et al. 1984; Canal and Ferruas 1986;
Keshishian and Chiba 1993). The SN targets external muscles, and the ISN targets internal muscles. In
the embryo, most laboratories visualize these nerves with anti-Fasciclin II (Fas2) staining (Fig. 1;
Vactor et al. 1993). The pathways taken by motor axons are genetically programmed and have been
extensively examined (Landgraf et al. 1997; Chisholm and Tessier-Lavigne 1999; Jeong 2021). After
the ISN and SN bifurcate into smaller branches, motor axon filopodia explore the local region to
faithfully recognize appropriate muscle targets.

Like vertebrate central and peripheral circuits (Katz and Shatz 1996; Hua and Smith 2004; Ya-
mamoto and Lépez-Bendito 2012; Doll and Broadie 2014; Koropouli and Kolodkin 2014; Arroyo and
Feller 2016; Pan and Monje 2020), fly axons initially form exuberant contacts across many potential
synaptic partners, and as development progresses, inappropriate contacts are pruned to reveal the
mature wiring map (Halpern et al. 1991; Sink and Whitington 1991; Vonhoff and Keshishian 2017a).
In the embryonic neuromuscular circuit, electrical activity is required for this refinement, as sup-
pression of activity in motor neurons impedes elimination of incorrect synapses (Jarecki and Keshish-
ian 1995; Carrillo et al. 2010). As with most activity-dependent processes, Ca>* and its downstream
effectors are key components. NMJ refinement requires the voltage-gated Ca** channel Cacophony
(Cac) and several downstream signaling pathways, including the Ca**/calmodulin-dependent serine/
threonine kinase IT (CaMKII) (Carrillo et al. 2010) and the Ca**-dependent adenylyl cyclase Rutabaga
(Vonhoff and Keshishian 2017b). Withdrawal of inappropriate contacts requires presynaptic Sem-
aphorin 2a (Sema2a) signaling, and activity/Ca** may modulate the Sema2a/Plexin B chemorepulsion
pathway (Carrillo et al. 2010).

After synaptic refinement, the remaining axon terminal contacts will develop into presynaptic
terminal swellings called boutons that contain active zones—the sites where neurotransmitter vesicles
accumulate and are released. After contacts are established, Ca®* channels (Kittel et al. 2006; Liu et al.
2011; Graf et al. 2012), neurotransmitter vesicles (Winther et al. 2015), and the machinery for vesicle
release and recycling (Broadie et al. 1995; Aravamudan et al. 1999; Vilinsky et al. 2002) are presyn-
aptically clustered. Simultaneously, scaffolding proteins such as Discs large (Dlg; an ortholog of the
vertebrate PSD-95), GluRs, and signaling messengers accumulate at the postsynaptic site (Mathew
et al. 2005; Yoshihara et al. 2005; Liebl et al. 2008). Although prepatterning of postsynaptic molecules
has not been extensively examined at the Drosophila NM]J, the cell adhesion molecule Fasciclin 3
(Fas3) was observed at NMJ sites independent of innervation (Broadie and Bate 1993), similar to the
localization of vertebrate muscle AchRs (Wu et al. 2010; Shi et al. 2012; Slater 2017; Burden et al.
2018). The persistence of Fas3 at synaptic sites, however, is lost if innervation does not occur,

FIGURE 1. Embryonic axons exploring muscle area. Stage 16
embryo depicting muscles labeled with phalloidin (blue) and
peripheral nerves (green). Anti-Fas2 staining clearly high-
lights the motor nerves; depicted here are intersegmental
nerve b (ISNb) and segmental nerve a (SNa). Scale bar, 10 pm.
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suggesting that motor neuron synapses are required to maintain Fas3. Fas3 is only expressed in two
ventral longitudinal muscles (Broadie and Bate 1993; Kose et al. 1997), so whether other muscles have

similar prepatterning molecules has yet to be determined. Interestingly, the NMJ at each muscle
appears in a spatially restricted area, suggesting that genetic mechanisms instruct these boundaries.

NEUROMUSCULAR CIRCUIT MAP

A significant advantage of studying synaptic development in the Drosophila larval neuromuscular
circuit is the simplicity of the circuit architecture. Unlike the dense neuropil in the central nervous
system, where synaptic connections are difficult to identify, the neuromuscular innervation pattern
forms a stereotyped, genetically encoded circuit in which individual synapses can be readily identified
and imaged. Even in this “simple” circuit, we lack a complete understanding of the molecular
mechanisms that govern synaptic wiring. In each hemisegment of this circuit, developmental pro-
grams must instruct 33 motor neurons in the embryonic VNC to extend their axonal projections to
the periphery, where they must decide which of the 30 muscle fibers to innervate. This program is
repeated across 16 abdominal hemisegments (eight bilaterally symmetrical segments) and similarly at
six thoracic hemisegments (Fig. 2). It is important to note that, even within the abdominal segments,
there are some differences in the muscle patterns in the more anterior and posterior segments. For
example, in the first abdominal segment, A1, there are 29 muscles due to the absence of muscles 6 and
7, and the addition of muscle 31.

Larval motor neurons are grouped into three types—I, II, and III—and type I neurons are further
divided into types Ib (big) and Is (small) (Atwood et al. 1993; Jia et al. 1993; Lnenicka and Keshishian
2000; Choi et al. 2004; He et al. 2009). The motor neuron types differ in many key characteristics that
support their excitatory or neuromodulatory roles. Type I motor neuron synapses provide the major
glutamatergic excitatory drive and are surrounded by complex, membranous folds known as the
subsynaptic reticulum (SSR). Dlg labels the SSR and provides a convenient marker to differentiate
Ib and Is NMJs because the SSR is significantly thicker around Ib boutons (Guan et al. 1996; see Fig. 2
in Protocol: Immunohistochemistry and Morphometric Analysis of Drosophila Larval Body Wall
Neuromuscular Junction Preparations [Ashley and Carrillo 2024b]). Type Ib motor neurons inner-
vate single muscles with a few exceptions: (1) the Ib neuron that innervates both muscles 6 and 7
(MN6/7-1b; also called RP3 in the embryo), (2) the Ib motor neurons that target several lateral
transverse muscles, and (3) two Ib motor neurons that innervate muscles 15, 16, and 17 (Hoang
and Chiba 2001). Is motor neurons innervate groups of muscles: The ventral common exciter (vCE;
also called RP5 in the embryo and MNISNb/d-Is in the larva) targets the ventral muscles, and the
dorsal common exciter (dCE; also called RP2 in the embryo and MNISN-Is in the larva) targets the
dorsal muscle group (Takizawa et al. 2007). A third Is motor neuron has been reported to innervate
the lateral transverse muscles (Hoang and Chiba 2001), but we did not observe Is innervation of these
muscles in our studies (Wang et al. 2021, 2022).

Unlike those of crustaceans, Drosophila muscles do not receive inhibitory input in addition to
excitatory glutamatergic input (Atwood 1967; Wolf and Lang 1994; Cooper and Cooper 2009; Pfliiger
and Duch 2011). Instead, muscles are coinnervated by neuromodulatory neurons: type II and type I1I
(Gorczyca et al. 1993; Stocker et al. 2018). Unlike type Ib motor neurons that contain glutamate-filled
clear vesicles, type II motor neurons are aminergic and contain dense core vesicles filled with octo-
pamine (Monastirioti et al. 1995, 1996; Monastirioti 1999; Stocker et al. 2018), analogous to adren-
aline in vertebrates. Type II boutons are also smaller than type I boutons (1-2 um vs. 2-5 pm,
respectively). Type II motor neurons—dorsal unpaired median neurons and ventral unpaired
median neurons—in the VNC send bilaterally symmetrical axons into the body wall, where they
innervate groups of muscles. Type II boutons are only sparsely labeled with the active zone scaffolding
protein BRP (Koon and Budnik 2012), in contrast to the accumulation of BRP at type I boutons.
Autocrine signaling, mediated by the OctB2R receptor, promotes the elaboration of new type II

4 Advanced Online Article. Cite this introduction as Cold Spring Harb Protoc; doi:10.1101/pdb.top108449


http://cshprotocols.cshlp.org/
http://www.cshlpress.com

www.cshprotocols.org

m Cold Spring Harbor Protocols

PROTOCOLS

Voo’

Downloaded from http://cshprotocols.cship.org/ at UNIV OF CHICAGO LIBRARY on January 4, 2025 - Published by
Cold Spring Harbor Laboratory Press

Larval Neuromuscular Junction Overview

FIGURE 2. Third-instar larval body wall fillet. (A,B) Larval body wall fillet highlighting muscles (phalloidin; blue),
ventral common exciter (vCE) and dorsal common exciter (dCE) motor neurons (anti-GFP staining; green), and
neuromuscular junctions (NMJs; anti-Dlg staining; red). (A) Low-magnification tiled image. (B) High-magnification
tiled image. Scale bars: A, 250 um; B, 50 pm.

endings (Koon et al. 2011) that is required for an increase in locomotion upon starvation. Another
receptor, OctB1R, counteracts the positive effects and inhibits synaptic growth of both type IT and type
I motor terminals (Koon and Budnik 2012). The remaining type of neuromodulatory motor neuron is
the peptidergic type III neuron, which innervates muscle 12. Type III boutons are 2—5 pm in diameter
and contain dense core vesicles and Drosophila insulin-like peptide (Dilp) (Gorczyca et al. 1993; Wong
etal. 2012). These neurons, however, are not widely studied, and thus much less is known about their
function compared to the other motor neuron types.

MOTOR NEURON-MUSCLE RECOGNITION

The matching of motor neurons and their muscle targets must be highly specific, as patterned
recruitment of muscles drives all motor behaviors. A number of mutant screens for alterations in
NMJ morphology or patterning in the larval neuromuscular system have been performed (Nose et al.
1992; Vactor et al. 1993). Loss-of-function (LOF) mutants in a small subset of genes cause motor
axons to fail to arborize onto any muscle fibers, resulting in large-scale alterations in innervation
patterns. However, many of these phenotypes are due to perturbations in axon pathfinding (e.g.,
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Beaten Path) (Fambrough and Goodman 1996; Pipes et al. 2001) rather than synaptic partner match-
ing; thus, it is important to carefully examine when during circuit assembly the phenotype arises.

Several studies have identified local molecules that contribute to the invariant NMJ map. These
studies, like most fly NMJ research, have mainly focused on two pairs of neighboring muscles: m6/7
and m13/12. Synaptic partner-matching molecules include both secreted and membrane-bound
proteins. Netrin-B, for example, is a local attractive cue secreted by muscles 6/7 and attracts the
RP3 neuron (MNG6/7-1b) through the Frazzled receptor (Mitchell et al. 1996; Winberg et al. 1998).
Most cell surface proteins required for recognition fall into the leucine-rich repeat family or the
immunoglobulin superfamily (IgSF). Fas3 is an IgSF protein normally expressed in muscles 6/7
and RP3, and ectopic expression of Fas3 in nontarget muscles results in RP3 innervating these
muscles, suggesting that Fas3 is a homophilic recognition molecule (Chiba et al. 1995). In the early
1990s, the Goodman laboratory uncovered Connectin (Con) as a putative homophilic recognition
molecule, and gain-of-function (GOF) studies, similar to Fas3 studies, revealed that Con can rewire
neuromuscular connections (Nose et al. 1992, 1994). Capricious (Shishido et al. 1998; Taniguchi et al.
2000; Kohsaka and Nose 2009), Tartan (Kurusu et al. 2008), Toll (Rose et al. 1997; Ritzenthaler and
Chiba 2003), Teneurin (Mosca et al. 2012; DePew et al. 2019), Hattifattener (Kurusu et al. 2008),
Convoluted (Kurusu et al. 2008), and others (Nose 2012) have also been implicated in synaptic
partner matching in the neuromuscular circuit. However, LOF mutations in any of these genes
produce only low-penetrance targeting defects, suggesting partially redundant targeting cues.

To uncover novel interactions between cell surface proteins, the Garcia laboratory developed the
extracellular interaction assay and tested 202 proteins bearing leucine-rich repeat, IgSF, and Fibro-
nectin type III domains. In collaboration with the Zinn laboratory, they identified 83 novel interac-
tions, including those between two subfamilies of the IgSF: defective proboscis response (Dpr) proteins
and Dpr-interacting proteins (DIPs) (Ozkan et al. 2013; Carrillo et al. 2015; also see Protocol: Labeling
of Cell Surface Proteins at the Drosophila Larval Neuromuscular Junction Using Binding Partner
Peptides [Ashley and Carrillo 2024c]). The 21 Dprs and the 11 DIPs interact heterophilically, and a
small subset can also interact homophilically (Ozkan et al. 2013; Carrillo et al. 2015; Cosmanescu et al.
2018; Cheng et al. 2019). Dprs and DIPs were found to be expressed throughout the fly visual circuit,
and intriguingly, many Dpr—DIP interactors were found in respective synaptic partners (Ozkan et al.
2013; Carrillo et al. 2015; Tan et al. 2015; Cosmanescu et al. 2018; Xu et al. 2018), suggesting that these
proteins may be part of the synaptic recognition code. Indeed, several laboratories used LOF and GOF
studies to demonstrate a role for Dprs and DIPs in wiring subsets of photoreceptors and medulla
neurons (Carrillo et al. 2015; Cosmanescu et al. 2018; Xu et al. 2018; Courgeon and Desplan 2019; Xu
etal. 2019). Recently, we began to examine the function of these IgSF proteins in the embryonic/larval
neuromuscular circuit. We observed expression of several dpr and DIP genes in motor neurons and
muscles (Carrillo et al. 2015; Ashley et al. 2019) and recently found that each motor neuron expresses a
unique subset of dpr and DIP genes (Wang et al. 2022). For example, DIP-o. is expressed in two type Is
motor neurons (VCE and dCE), and the gene for one of its binding partners, dpr10, is expressed in
muscles. Surprisingly, loss of DIP-o. or dprl0 results in the highly penetrant loss of innervation of
specific muscles including muscle 4 and, to a lesser extent, muscle 3 (Ashley et al. 2019). Whether other
Dprs and DIPs are required for neuromuscular assembly has yet to be determined. Overall, these
studies suggest that homophilic and heterophilic interactions between cell surface proteins instruct
motor neuron—muscle synaptic partner matching, and likely, multiple attractive and repulsive cues act
in combination to map neuromuscular circuits (Winberg et al. 1998; Nose 2012).

NM]J ELABORATION DURING LARVAL DEVELOPMENT

The initiation of bouton/synapse formation marks a critical transition from the signaling that guides
the stereotyped patterns of motor neuron—muscle connections in the embryo to the differentiative
program that stabilizes and elaborates the synaptic connections on each muscle in the larva. Although
the connectivity map of the neuromuscular circuit is preserved during larval development, a major
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challenge encountered is that of maintaining synaptic efficacy as the animal grows: The muscle
expands 100-fold in surface area, and the motor neuron terminal arbors must expand to maintain
adequate signaling. Morphologically, to expand synaptic connections and complexity, NM]Js elaborate
by adding and retracting boutons. A foundational study by Karen Zito and colleagues used chimeric
green fluorescent proteins tagged to the postsynaptic membrane for time-lapse imaging of postsyn-
aptic structures that outline boutons (Zito et al. 1999). These studies revealed that new bouton
formation occurs either between pre-existing boutons or at the end of an NM]J branch. These increases
in bouton number can be observed by dissecting late embryos and late-stage larvae (see Protocol:
Drosophila Late Embryonic through Late Larval Stage Body Wall Dissection: Dissection Tools and
Techniques [Ashley and Carrillo 2024a] and Protocol: Immunohistochemistry and Morphometric
Analysis of Drosophila Larval Body Wall Neuromuscular Junction Preparations [Ashley and Carrillo
2024b]). More recent studies showed that the NM]J can respond morphologically to acute changes in
activity (Eaton et al. 2002; Yoshihara et al. 2005; Ataman et al. 2008), and NMJs continually grow if the
life span of the larva is extended (Miller et al. 2012).

A plethora of genetic and biochemical studies have examined the signaling mechanisms that
promote or inhibit NMJ growth. For example, muscles release the BMP ligand Glass bottom boat
(Gbb), which activates the presynaptic receptor Wishful Thinking (Wit), resulting in phosphorylation
of Mad (pMad) and translocation to the nucleus to change expression of a subset of genes (Aberle et al.
2002; Marqués et al. 2002; McCabe et al. 2003; Rawson et al. 2003; Ball et al. 2010; Berke et al. 2013).
Another signaling pathway relies on the release of Wingless (Wg) from motor neurons and glia and
binding to its receptor, DFrizzled2 (DFz2), thus triggering postsynaptic RNA localization (Packard et al.
2002; Mathew et al. 2005; Ataman et al. 2008; Mosca and Schwarz 2010; Speese et al. 2012; Kerr et al.
2014). Recently, the Mosca laboratory discovered that cleavage of DFz2 by presenilin is required for
NMJ development (Restrepo et al. 2022). The interactions between DFz2 and presenilin was
confirmed by proximity ligation assay (see Protocol: Using the Proximity Ligation Assay to Visualize
Colocalization of Proteins at the Drosophila Larval Neuromuscular Junction [Ashley and Carrillo
2024d]). We direct readers to several excellent reviews that describe the signaling pathways underlying
NM]J elaboration during larval development (Keshishian and Kim 2004; Menon et al. 2013; Chou et al.
2020).

Recently, our laboratory and others discovered that motor neuron elaboration can also be mod-
ified when neighboring motor neurons die; we ablated Is motor neurons and observed NM]J expan-
sion at the adjacent Ib motor neurons (Aponte-Santiago and Littleton 2020; Wang et al. 2021, 2023;
Han et al. 2022). These studies suggest that motor neuron morphology is highly dynamic not only
during normal development but also when confronted with perturbations in the surrounding envi-
ronment. The methods to ablate motor neurons and other cells are introduced in Protocol: Cell
Ablation Techniques for the Larval Drosophila Neuromuscular Junction (Ashley and Carrillo 2024e).

The Drosophila NM]J is used by many laboratories across the world and continues to shed light on
fundamental programs underlying synaptic development and function. The fortuitous utilization of
glutamate at these synapses provides a powerful model system for excitatory vertebrate synapses, and
certainly many exciting new discoveries await to be uncovered.
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