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ABSTRACT 

Drosophila melanogaster is an excellent model system to identify genes involved in 

synaptic growth and function. In Drosophila, the Serrate (Ser) gene encodes a 

transmembrane protein that is a ligand for Notch receptor. Several previous studies 

implicated a role for Serrate in normal wing development and patterning. In this study, I 

demonstrate that Serrate is required for normal synaptic growth and function. I 

characterized the phenotype of a Serrate mutation (serB936) that was identified by an 

EMS-induced genetic screen aimed at identifying novel genes that play a role in synaptic 

growth and function. Co-localization studies show that Serrate protein is expressed at 

both the pre- and postsynaptic side of larval neuromuscular junctions (NMJs). Mutations 

in ser impair synaptic transmission at larval NMJs. This defect is entirely presynaptic, as 

nerve-evoked excitatory junction potentials (EJP) and quantal content (QC) of 

neurotransmitter release are significantly reduced when compared to wild-type control. 

Further, mutations in ser also alter the growth of the NMJ and the underlying muscle. 

Mutations in ser significantly reduce the size of larval body wall muscles (length and 

surface area) as well as the number and size of synaptic boutons, and the number of 

secondary axonal branches. Ubiquitous or muscle-specific expression of normal Serrate 

in serB936 mutants restores a normal muscle size but not a normal size and structure of 

the innervating NMJ. However, expression of normal Serrate in the motor axon restores 

a normal number of synaptic boutons and secondary branches at serB936 mutant NMJs. 

In addition, it restores normal neurotransmitter release. These data suggest that Serrate 

protein is required presynaptically for normal synaptic growth and function. Interestingly, 

overexpression of Serrate in a wild type background resulted in similar phenotypes than 
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to those of loss-of-function mutants. In conclusion, these data suggest a new functional 

role for Serrate in synaptic growth and function.  
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CHAPTER 1 MOLECULAR MECHANISMS OF SYNAPTIC GROWTH, AN 

INTRODUCTION 

Introduction  

The processes of computing information in the brain are subtle and complex. Their 

accuracy, however, is vital for the fitness and/or survival of the organisms. Especially, 

failure or even subtle changes in synaptic communication and/or wiring can disturb 

neuronal circuits and cause pathological abnormalities that lead to neurological, 

psychiatric, and/or neurodegenerative disorders. Accordingly, it is surprising that the size 

and nature of the changes in synaptic strength involves many, often redundant pathways 

that are nevertheless precisely regulated. The complexity of this regulation is daunting 

and includes tasks that stretch from simple phosphorylation events of single proteins to 

the formation of additional synapses involving coordinated synaptic growth by both the 

pre-and postsynaptic cell. Hence, the large number of different molecular mechanisms 

facilitating synaptic plasticity provides not only a broad number of possibilities to 

accommodate plastic changes but also a protection from various genetic and/or 

environmental insults that could impair brain function. 

An understanding of molecular mechanisms that facilitate and regulate synaptic 

structure and/or function is necessary for detecting, treating, and/or preventing 

neurological and psychiatric disorders caused by defective synaptic pathways, it is 

consequently important to advance our understanding. While considerable progress has 

been made in developing such an understanding, many molecular mechanisms 

governing synaptic structure and/or function are still poorly understood. A major reason 

for our insufficient knowledge is that many of the participating proteins have not yet been 

identified, although, the identification of all involved proteins is an essential first step 



	   14	  

before the molecular intricacies of signal processing in the brain can be comprehensively 

unraveled. 

Synaptic function requires a complex array of molecular mechanisms. 

We usually take things like, for example, walking, talking, and thinking for granted. 

However, these tasks require a complex computation of information by neuronal circuits 

that range from simple reflex circuits containing a few neurons to very complex circuits of 

perhaps hundreds to thousands of neurons involved in sophisticated tasks. Neuronal 

circuits are formed by connecting individual neurons through a vast array of highly 

specialized cell-cell contact sites, called synapses, which facilitate not only the 

transmission of information from one cell to the next but also the computation of 

information.  

Synapses fall into two main types, electrical and chemical synapses. At a 

chemical synapse, the presynaptic axon forms a highly specialized synaptic contact with 

a postsynaptic “receiver” cell that does not lead to continuity at a electrical synapse but 

leaves both cells separated at a set distance of ~20 nm (synaptic cleft). Upon arrival of 

an electrically encoded signal, the presynaptic terminal rapidly secretes a proportional 

amount of neurotransmitter into the synaptic cleft from where the neurotransmitters 

diffuse the short distance to neurotransmitter-specific receptors on the postsynaptic cell.  

Binding of the neurotransmitter to specific receptors generates a postsynaptic electrical 

signal (Katz, 1969). Depending on the nature of the neurotransmitter, this postsynaptic 

signal may be excitatory or inhibitory.  

Synaptic function depends on quantal packages of neurotransmitter that are 

stored in synaptic vesicles within the presynaptic terminal. Signal transmission is 

initiated in the presynaptic cell by a transient increase of intraterminal Ca2+, which enters 
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the presynaptic terminal through voltage-gated Ca2+ channels in response to a nerve 

impulse. The resulting rise in intracellular Ca2+ triggers the fusion of synaptic vesicles 

with the presynaptic membrane, which expels neurotransmitters into the synaptic cleft. 

Hence, voltage-dependent Ca2+ signaling tightly couples nerve activity and vesicle 

fusion, maintaining the temporal fidelity of release to rapidly changing nerve signals on a 

sub-millisecond scale (Katz, 1969, Garner & Kindler 1996, Sudhof, 2004, Sudhof & 

Malenka, 2008).  

Development of the Drosophila larval neuromuscular junction (NMJ): A genetic 

model system to study genes regulating synaptic plasticity. 

The Drosophila larval NMJ is a very attractive model system to study synaptic plasticity 

due to the availability of genetic tools associated with the system, ease of anatomical 

and electrophysiological assays, and a well characterized synaptic ultrastructure (Koh et 

al., 2000). In Drosophila larva, the body wall muscles are comprised of 30 muscles that 

are segmentally repeated in each hemisegment (Gramates and Budnik, 1999; Rheuben, 

et al., 1999). All of these 30 muscles are innervated by type-1 glutamatergic boutons 

(Koh et al., 2000). At NMJs on muscles 6/7, RP5 and RP3 motor neurons form type 1s 

and type 1b boutons, respectively; whereas at 12/13 NMJs besides type I endings, type 

II boutons which are smaller than type I are found (Atwood et al., 1993 Jia et al., 1993 

Anderson et al., 1988; Cantera and Nassel, 1992; Gorczyca et al., 1993; Monastriani et 

al., 1995; Zhong and Pena, 1995). During larval development that spans for three days, 

the volume of the muscles increases ~150-fold with a corresponding increase in the 

number of boutons (~10-fold) at the presynaptic site (Budnik et al., 1996). New synaptic 

boutons are formed continuously to compensate for the increase in muscle size and 

maintain s stable excitation-contraction efficacy of the muscle (Davis et al., 1998). Thus, 
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the presynaptic motor neuron and the postsynaptic muscle must steadily interact during 

larval development to ensure proper synaptic strength (Prokop A et al., 1996, Zito K et 

al., 1999, Bate M., 1999, Gramates and Budnik, 1999, Featherstone et al., 2000). 

Selected mechanisms of synaptic growth of NMJ.  

Cell adhesion molecules (CAM): CAMs are a group of molecules that facilitate both 

synaptic structure and function. At Drosophila larval NMJs, the CAM Fasciclin 1 (FasI) is 

expressed in both axons and terminals of motor neurons innervating the body wall 

muscles. Mutations in FasI impair synaptic structure and function (Zhong et al., 1995) 

suggesting that FasI facilitates normal growth of NMJ. 

Fasciclin II (FasII) is another CAM functionally involved in the control of 

fasciculation, defasciculation, and axon sorting during axon pathfinding during embryonic 

development (Lin et al., 1994). It is also involved in synaptic stabilization and growth 

during postembryonic development. FasII negatively regulates both the number and size 

of presynaptic boutons and the amount of neurotransmitter released in response to 

stimulation (Schuster et al., 1996). Downregulation of FasII expression at larval NMJs is 

necessary and sufficient for the structural changes associated with the increase in 

neuronal activity (Schuster et al., 1996). In general, it was shown that some of the CAMs 

like FasII, FasIII and Connectin are normally downregulated at the end of embryonic 

synaptogenesis (Gramates et al., 1999).  

PS integrins are a class of integrin molecules that are expressed at both pre- and 

postsynaptic sites of Drosophila larval NMJs (Buemer et al., 1999). Mutations in the β-

subunit of the PS integrin gene myospheroid cause alterations in NMJ branching, bouton 

formation, synaptic architecture and synaptic specificity suggesting a role for 

myospheroid in proper NMJ growth (Beumer et al., 1999). A decrease in the number of 
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boutons was noticed in null mutants of Amyloid precursor protein like, APPL (Drosophila 

homolog of APP), whereas overexpression of this gene resulted in drastic increase in 

bouton number and also structural changes of the synapse (Torroja et al., 1999), 

suggesting that AAPL positively regulates NMJ growth and structure. 

Discs-large (dlg) is a postsynaptic density protein, which is expressed at both the 

pre-and postsynaptic site of synaptic boutons. In 1996, Budnik et al. showed that levels 

of DLG in the muscle can affect the size of the subsynaptic reticulum (SSR), a 

postsynaptic specialization that is constituted by invaginations of the muscle plasma 

membrane. Surprisingly, presynaptic expression of DLG rescued both neurotransmitter 

release and SSR structure, whereas postsynaptic expression restored SSR structure but 

failed to restore neurotransmitter release (Budnik et al., 1996). It was suggested that an 

abnormal distribution of K+ channels in dlg mutants may be responsible for the changes 

in electrical activity, and subsequently the amount of glutamate released (Budnik et al., 

1996). DLG regulates synaptic localization of FasII through its C-terminal PDZ 

consensus-binding site (Thomas et al., 1997; Zito et al., 1997). Dissociation of 

phosphorylated DLG from the synaptic complex frees FasII away from the synapse, 

which permits the activity-dependent expansion of the NMJ (Koh et al., 1999). Also 

phosphorylation of DLG by CaMK II provides more evidence for a role in activity-

dependent synaptic plasticity because phosphorylation of DLG by CaMK II alters the 

affinity of DLG to FasII and Shaker-type K+ channels (Koh et al., 2000). DLG localizes at 

the postsynaptic site only after the presynaptic neuron innervates the muscle and 

controls the composition of Glutamate receptor (GluR) subunits on the postsynaptic site 

by selectively stabilizing GluRIIB receptors (Chen & Featherstone, 2005). Par-1 kinase, 

which is a cell polarity gene that is highly expressed at the postsynaptic site of 
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Drosophila NMJs phosphorylates DLG, which is crucial for it’s synaptic targeting (Zhang 

Y et al., 2007).  

Role of morphogens in early embryonic and later nervous system development 

and function. 

“Remarkably cell signaling regulated gene expression in early metazoan development 

relies almost entirely on five pathways, namely, Notch, Transforming growth factor- ß 

(TGF-ß), wingless/WNT, receptor tyrosine kinase and hedgehog”.  (Adapted from Louvi 

& Artvanis-Tsakonas, 2006).  

Studies in both vertebrates and invertebrates have uncovered numerous molecular 

mechanisms facilitating or controlling synaptogenesis and subsequent synaptic 

differentiation. Some of these mechanisms act exclusively at specialized sites, like 

synapses, whereas others are employed repeatedly in diverse cellular processes 

throughout the life of an organism. Several recent studies have identified new synaptic 

roles for molecules that have been well studied for their role in early embryonic 

development (Marques et al., 2005., Packard et al., 2002., Matthew et al., 2005., 

Ataman et al., 2006., Keshishian and Kim 2004, Dudu et al., 2006, Yoshihara et al., 

2005, Davis and Goodman CS 1998., Coyle et al., 2004, Franco et al., 2004, Trotta at 

al., 2004, Sherwood et al., 2004, Ruiz-Canada et al., 2004, Eaton and Davis 2005, 

Packard et al., 2003). In Drosophila, examples of such well-studied molecules with 

defined roles in synaptic development are Wingless (Wg, Wnt family) and Wishful 

thinking (wit, TGF-β family), two well-studied morphogens (Zecca et al., 1996; Cadigan & 

Nusse 1997; Pfeiffer & Vincent , 199; Strigini & Cohen 1999; Gumbiner 1998; Louvi & 

Artvanis-Tsakonas, 2006;  Tabata, 2001; Affolter & Basler, 2007; Cadigan, 2002; 

Kicheva & Gonzalez-Gaitan, 2002).  
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Role of TGF-β  pathway in various cellular processes: 

TGF-β signaling has been implicated in a range of cellular processes such as cell 

proliferation, apoptosis, differentiation, tissue patterning, cell fate decision, axonal 

development and tumorigenesis (Liu et al., 2005; Massague, 2008; Ng, 2008). TGF-β 

ligands exert their signals through a heteromeric receptor protein complex containing 

type I and type II transmembrane serine/threonine kinases. Upon ligand binding, the 

type II receptor phosphorylates and activates the type I receptor, which in turn 

phosphorylates intracellular SMAD proteins. After phosphorylation, SMADs associate 

with a common cofactor (Co-Smad, SMAD4) for translocation into the nucleus to 

regulate the expression of TGF-β target genes (Fig.1.1) (Feng et al., 2005; Massague, 

2008; Moustakas and Heldin, 2009). TGF-β signaling pathways are broadly divided into 

two branches: namely, Activin/ TGF-β and bone morphogenetic protein (BMP)-based 

pathways which are distinguished by the nature of the used SMAD protein transducer. 

The Activin / TGF-β ligands signal predominantly through SMADs 2/3, whereas the BMP 

ligands signal through SMADs 1/5/8 proteins.  

Drosophila TGF-β  pathway members: Among the seven different TGF-β type ligands 

identified in Drosophila, Decapentaplegic (dpp), Screw (Scw) and Glass bottom boat 

(gbb) are part of the BMP family; whereas Activin-B (ActB) and Dawdle (Daw) belong to 

the Activin/ TGF-β family. The other two ligands, Maverick (Mav) and Myoglianin are 

largely diverged and have not been assigned to a particular family (Serpe et al., 2006; 

Parker et al., 2004). Both the BMP and the Activin pathways employ Punt as a common 

type II receptor while the pathway specificity is determined by the associated type I 

receptor (Ruberte et al., 1995). The type I receptors Thickveins (tkv) and Saxaphone 
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(Sax) bind to BMP type ligands and phosphorylate MAD (Mothers against dpp), whereas 

Babo binds Activin-like ligands and signal through SMAD2 (Fig.1.1) (Das et al., 1999). 

Role of TGF-β  pathway in Drosophila embryonic development: In early Drosophila 

development both BMP and Activin/ TGF-β members function as morphogens and 

specify multiple cell fates in a concentration-dependent manner (Neumann, 1997). The 

secreted BMP ligand Dpp binds to a complex of the type I BMP receptors Sax and Tkv 

and the type II receptor Punt, which are expressed in both the ectoderm and the 

underlying mesoderm during early embryonic development. After binding of Dpp to Tkv, 

the phosphorylated Mad binds to Medea, which then translocate together to the nucleus 

to regulate transcription of target genes. Tkv and Dpp act in the establishment of all 

dorsal cell fates, while Sax and Scw specify only a subset of them (Mintzer et al., 2001). 

Sax is crucially required to specify dorsal most cell fate. Gene mutations in the above 

three receptor complex genes display similar embryonic defects as in dpp mutants 

(Wharton et al., 1995).  

Although Sax is expressed more ubiquitously, it is required less ubiquitously than 

Tkv in embryonic development. Tkv and Punt are required for the function of Sax and 

thus Tkv and Punt are considered to be the primary receptors for Dpp signaling (Ruberte 

et al., 1995; Wharton et al., 1995). Dpp, Mad (R-Smad) and Medea (Co-Smad) are 

required for proper dorsal-ventral patterning of the embryonic ectoderm and also for 

subsequent development of adult appendages (Raftery et al., 1995). Mad and Medea 

mutants show similar mutant phenotypes as dpp mutants in Drosophila embryos 

(Raftery et al., 1995).  

Dpp is required for dorsal-ventral polarity in the early embryonic ectoderm. In dpp 

mutants, all cells attain ventral cell fate (Irish & Gelbart 1987; Arora & Nusslein-Volhard, 
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1992, Wharton et al., 1993). Besides patterning of the embryonic ectoderm, Dpp is also 

involved in inductive patterning of embryonic dorsal mesoderm, midgut and foregut 

morphogenesis, establishment of imaginal disc placodes, tracheal cell migration, 

patterning of the optic lobes in the larval brain, formation of morphogenetic furrow during 

eye development, wing vein formation, patterning of egg shell and maintenance of the 

female germ line during adult life (Raftery et al., 1999). After the formation of the dorso-

ventral patterning of the Drosophila embryo, Dpp signaling mediated by Sax receptor 

defines the border of the ventral neurogenic region. The dorsolateral PNS is formed 

within the region of DPP signaling in the dorsal ectoderm (Rusten et al., 2002). 

Role of TGF-ß signaling at Drosophila larval NMJs: A series of Drosophila studies 

characterized the role of TGF-β family members at the synapse. Various mutants of the 

TGF-β pathway have been studied so far at the synapse, including Wishful thinking (wit), 

Saxophone (sax), Mad, Daughters against decapentaplegic (dad), Glass bottom boat 

Figure 1.1: Simplified representation of the biochemical and genetic 
pathways for Dpp signal transduction. Basic elements of the TGF-β pathway 
are represented in the left panel and the corresponding genetic interaction of 
mutations in the Drosophila genes are represented in the right panel.	  
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(gbb), and Thickveins (tkv) (Aberle et al 2002; Marques et al., 2002; McCabe et al., 

2003; Rawson et al., 2003). Other cellular proteins interacting with members of the TGF-

β pathway include Highwire (hiw), which is a ubiquitin ligase, Spinster (spin), a late 

endosomal protein, and Nervous wreck (nwk), a protein with probable endocytotic 

function (Sweeney et al., 2002; Mc Cabe et al, 2004; Coyle et al., 2004). All of the above 

TGF-β pathway genes/proteins are well characterized for their role in early embryonic 

development. The following is a description of their roles in regulating synaptic growth 

and differentiation at Drosophila larval NMJs. 

Wishful thinking (Wit): Wit mutants were identified by two different approaches: The 

first employed a genetic screen to identify genes that regulate NMJ morphology and 

growth (Aberle et al., 2002). Using reverse genetics, Marques et al. (2002) scanned the 

Drosophila genome for homologues of mammalian BMP type II receptors, which resulted 

in identification of the Wit gene. Wit is expressed starting in embryos at stage 12 through 

all larval stages. It is found in all the imaginal discs, brain lobes, ventral ganglia and at 

larval NMJs. Both studies showed that mutations in Wit resulted in pupal lethality, which 

can be rescued by the expression of a Wit transgene in motor neurons but not in 

muscles. Importantly, Wit mutants showed a reduced number of synaptic boutons at 

larval NMJs, a reduced expression of FasII, and a dramatic reduction in evoked and 

spontaneous neurotransmitter release. Ultrastructural analysis of wit mutant NMJs 

revealed a detachment of boutons from the postsynaptic membrane, aberrant 

membrane ruffling and aberrant T-bar like structures, suggesting that Wit function is 

required presynaptically for regulating NMJ growth and synaptic function (Aberle et al., 

2002; Marques et al., 2002).  
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Insightfully, Marques et al. (2002) also showed that Mad protein in the motor 

neurons of null mutant embryos. These data provide evidence for the activation of BMP 

pathway in the post-mitotic neurons and also suggest that the BMP type I receptors, Sax 

and Tkv or both would likely be the partners of Wit receptor (Aberle et al., 2002; 

Marques et al., 2002).  

Saxaphone (sax) and Thickveins (tkv): Like Wit mutants (Aberle et al., 2002; Marques 

et al., 2002), both Sax and Tkv mutants exhibit a significant decrease in bouton number, 

reduced neurotransmitter release, other synaptic defects and loss of pMAD expression 

in larval motor neurons (McCabe et al., 2003). These studies demonstrated that Sax and 

Wit receptors are functionally required in larval motor neurons for the operation of BMP 

pathway and synaptic growth (Sweeney et al., 2002).  

MAD and MEDEA: Mad and Medea mutants were also shown to display similar 

electrophysiological, morphological and ultrastructural defects at the NMJ synapse of 

Drosophila larvae (McCabe et al., 2003). Characterization of NMJs of Sax and Mad 

mutants revealed that both genes are required for synaptic maturation and modulation. 

Both mutants showed reduction in bouton number and quantal content (Rawson et al., 

2003) suggesting that Sax and Mad are required at the synapse to establish a normally 

functioning synapse.  

Glass bottom boat, gbb: The gbb gene encodes an orthologoues BMP ligand in 

Drosophila that is expressed throughout development with high expression in early 

embryos, pupae and adult males (Wharton et al., 1995). In 2003, McCabe et al. 

observed that mutations in gbb phenocopy many of the defects in Wit mutants, including 

reduction in NMJ size, ultrastructural defects of synaptic boutons, decreased synaptic 
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transmission and elimination of pMad accumulation in motor neurons. In vitro studies 

showed that Gbb can stimulate Mad phosphorylation in cells where Wit is the sole type II 

BMP receptor. These results provide substantial evidence to propose that Gbb acts as a 

ligand of Wit (McCabe et al., 2003). gbb mutant phenotypes were rescued by 

postsynaptic expression of Gbb in the muscle, in contrast to the presynaptic rescue of 

Wit mutants. This demonstrated the retrograde nature of the gbb signal at the larval 

NMJ. Consistently, blocking retrograde transport in the presynaptic neuron by 

overexpression of dominant-negative p150/Glued inhibited BMP signaling at the NMJ. 

Hence, gbb is a retrograde signal originating from the postsynaptic muscle to activate 

receptors in the presynaptic terminal and then being transported to the presynaptic cell 

nucleus by retrograde axonal transport. These experiments provided compelling 

evidence to propose that a muscle Gbb-derived retrograde signal participates in the 

regulation of NMJ development and growth (Fig.1.2) (McCabe et al., 2003). 

Wingless (Wg) and Wnt signaling at larval NMJs. 

Wingless is required for embryonic development and later stages.  

Several molecules involved in early pattern formation also function at later 

developmental stages to specify cell fate and/or positional identity (Chu-LaGraff et al., 

1993). Wingless (Wg), one of the segment polarity genes, is a well-established example 

for its role in early development, neurogenesis and also for synapse differentiation and 

maintenance at the Drosophila larval NMJs. 
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Figure 1.2. TGF-β /BMP signaling at the Drosophila larval NMJ. At Drosophila larval NMJs, 
muscle-derived Gbb-60A ligand binds to the complexed type I (Tkv/Sax) and type II (Wit) BMP 
receptors. After activation by Gbb-60A, type II receptors phosphorylate type I receptors, which in 
turn phosphorylate MAD that then binds to a co-Smad called Medea. Medea is then retrogradely 
transported to the nucleus and, after entering it, drives target gene transcription. The results in 
the expression of several genes involved in cell survival, differentiation, homeostasis and 
plasticity. (Adapted from Sanyal et al., 2004).  
 
Wingless protein and its receptors.  

The Wg protein has an N-terminal hydrophobic region that is characteristic of a signal 

sequence, which facilitates secretion. The protein is rich in conserved cytokine residues 

(Rijsewijk et al., 1987). Employing genetic epistasis experiments with Wg transgene, it 

was proposed that Wg acts through dishevelled and armadillo (Noordermeer et al., 

1994). From a suppressor screen based on an eye phenotype induced by ectopic 
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expression of Wg, mutants of two potentially interacting genes were isolated, armadillo 

(Arm) and pangolin (pan). These were later found to act downstream of Wg signaling 

(Brunner et al., 1997). In the planar cell polarity pathway initiated by Wg signaling, Wg 

signals are mediated by the receptor Frizzled (fz) and transduced by Dishevelled (dsh) 

protein (Axelrod, 1998). Two members of the Frizzled family of seven-pass 

transmembrane receptors, Fz and Frizzled2 (Fz2) were shown to bind Wg and were 

proposed to be candidate receptors for Wg (Chen et al., 1999).  

During the earliest stages of embryonic development, pair-rule genes regulate 

segmentation. Followed by that, each segment is divided into anterior and posterior 

compartments by the action of segment polarity genes. The secretory Wg protein 

establishes different cell fates by acting within the anterior and posterior compartments 

and also in between the compartments (Klingensmith et al., 1994). In the embryo, every 

thoracic and abdominal segment comprises of an anterior denticle band and a posterior 

region of naked cuticle. In Wg mutants, the naked cuticle is totally absent and is 

replaced by a disordered array of denticles. This function of Wg is achieved by the 

influence of Wg protein on neighboring cells. Wg, that is secreted in a segment when 

travels posteriorly regulates the formation of anterior denticle band in the neighboring 

posterior segment and the Wg protein that travels anteriorly regulate the formation of 

naked cuticle in the neighboring anterior segment (Bejsovec et al., 1991), indicating that 

the morphogenic nature of the Wg protein plays a role in determining patterning of 

epidermis in the embryo. Other studies have shown that Wg is also required for a 

multitude of processes like development of head, wing, leg, midgut patterning, growth of 

malphigian tubules and neurogenesis (Klingensmith et al., 1994). 
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Role of Wingless in neurogenesis.  

In Drosophila embryos the process of neurogenesis occurs in three different steps 

namely, 1) formation of neuroblasts from neuroectodermal cell, 2) specification of 

identity of a neuroblast (NB), and 3) elaboration of a neuroblast lineage (Bhat et al., 

1998).  

1) Neuroblast formation: During the first step, the ventral nerve cord (VNC) is formed 

from neuroectoderm by employing lateral inhibition mechanism, which is mediated by 

the Notch pathway. During this process, the cells that acquire neuronal fate through 

lateral inhibition mechanism are called neuroblasts, which delaminate from the 

neuroectodermal epithelium and segregate into the interior of the embryo to form VNC 

(Skeath et al., 2003). 

2) Specification of Neuroblast identity: The segregated neuroblasts behave like stem 

cells and divide asymmetrically to form NBs and ganglion mother cells (GMC). Each 

GMC generates two distinct post-mitotic neurons. The neuroblasts obtain their identity 

depending upon their position in the ventral nerve cord (Doe et al., 2008).  

3) Elaboration of neuroblast lineage: Depending upon the identity of the neuroblast, 

varied number and type of neurons are generated from each neuroblast. Further the 

neuroblasts undergo a series of asymmetric divisions, which confer birth order to various 

neurons formed. Differential gene expression observed in these neurons confers unique 

identity for each cell (Tran et al., 2008).  

Subsets of neurons in each segment of the early central nervous system require 

Wg activity (Chu-LaGraff et al., 1993). Differential activation of huckbein (a predicted 

zinc finger protein, localized to nucleus) protein by secreted Wg and Hedgehog (hh) 
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proteins is observed in some of the cell clusters in the neuroectoderm and also 

neuroblasts. In neuroblasts that give rise to evenskipped (eve) expressing motor 

neurons, huckbein is activated by Wg, whereas in neuroblasts that give rise to serotonin 

expressing cells, huckbein is activated by Hh (McDonald et al., 1997). The neuroblast 

(NB) identity in Drosophila is represented by the position occupied by it in the ventral 

nerve cord. For example, NB 4-2 represents a cell that is in the 4th row and 2nd column. 

Wg is regionally expressed in row 5 cells of neuroectoderm prior to neuroblast 

segregation. From conditional wg mutants, it was found that the adjacent neuroblast 

formation in rows 4 & 6 was affected in these mutants besides the ones that are formed 

from row 5. Loss of Wg function also affects the identity of the NB4-2 neuroblast (Chu-

LaGraff et al., 1993), whereas gain of Wg function results in the duplication of this cell 

lineage (Bhat et al., 1996). Recently, it was found that Wg signaling is essential for the 

expression of cyclin E in sensory organ precursor (SOP) cells. Identification of two 

conserved T cell factor (TCF) binding sites on the enhancer of cyclin E supports this 

observation. In this study, blocking Wg signaling resulted in complete blocking of SOP 

cell proliferation but not formation of SOP cells (Deb et al., 2008), indicating a role for 

Wg in peripheral nervous system development. 

Role of Wg in synaptic growth and differentiation at Drosophila larval NMJs. A 

crucial role for Wg in synaptic differentiation and function at the Drosophila larval NMJ 

has been shown by Packard et al (2002). At Drosophila larval NMJs, Wg protein is 

secreted from presynaptic motor neurons onto the muscle surface. Secreted Wg protein 

binds to the frizzled receptors (DFz2) expressed on the muscle surface (Fig. 1.3). 

Blocking Wg expression in presynaptic motor neurons inhibits the target-dependent 

formation of new synapses. Synaptic boutons developing in the absence of Wg lack 
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presynaptic densities and postsynaptic specializations, like a subsynaptic reticulum. 

Consistently, postsynaptic DLG is abnormally distributed.  In addition, lack of Wg 

induces the formation of a bouton intermediate called ‘ghost bouton’, which lack synaptic 

vesicles and synapses. Increased expression of Wg in the presynaptic terminal results in 

synaptic overgrowth. Accordingly, Wg is required for synapse maturation as well as for 

the coordinated development of pre-and postsynaptic structures (Packard et al., 2002).  

 
Figure 1.3:  Role of WNTs in Drosophila larval NMJ development. Wingless (wg) secreted by 
presynaptic neurons activates Frizzled-2 receptors located both on the presynaptic neuronal 
membrane and muscle membrane. At the presynaptic site Wg activates a divergent canonical 
pathway, which involves activation of Dishevelled (DVL) receptors, inhibition of GSK-3B activation 
that leads to the phosphorylation of microtubule associated protein, Futsch. This results in the 
growth of presynaptic terminals. On the postsynaptic site, Wg mediated activation of Frizzled-2 
receptors results in their nuclear translocation with the aid of GRIP after affective cleavage of the 
receptors. Adapted from (Korkut & Budnik, 2009). 
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Although membrane-bound, Wg is somehow secreted by presynaptic terminals 

to convey a signal to the postsynaptic site (Mathew et al., 2005). Secreted Wg binds to 

Frizzled-2 (DFz2) receptors expressed in the SSR of the postsynaptic muscle. After 

being activated by Wg binding, Frizzled receptors are modified or marked at their C-

terminal end, endocytosed and transported towards to the nucleus. Before entering the 

nucleus, the C-terminal of DFz2 (DFz2-C) is cleaved off the receptor and DFz2-C is 

transduced into the nucleus whereas the N-terminal region of the receptor remains 

outside. Binding of Wg on DFz2 receptors marks DFz2-C fragments in such a way that, 

only marked DFz2-C fragments enter the nucleus, which is mediated by dGRIP 

(Drosophila Glutamate receptor binding protein). dGRIP binds to the c-terminal PDZ 

domain of the DFz2 receptor and is required for the transport of this receptor to the 

nucleus. In the absence of dGRIP, the endocytosed DFz2 receptor is not be able to 

enter the nucleus (Ataman et al., 2006) (Fig. 1.3).  

Recently, Korkut et al., (2009) reported the synaptic function of a type II 

multipass transmembrane protein called Evenness interrupted (evi) / Wntless (Wls) / 

Sprinter (Srt) that serves as a cargo receptor for Wg from the Golgi apparatus to the 

plasma membrane. Evi is required in motor neurons for the transcytosis of Wg across 

the synaptic cleft to reach the muscle membrane where it activates DFz2. 

Postsynaptically expressed Evi facilitates the transport of dGRIP to the muscle 

membrane. The localization of dGRIP to the muscle membrane is required for 

transducing the Wg signal from muscle membrane to the nucleus through DFz2 

receptors (Korkut et al., 2009). 

In 2006, Gogel et al. reported that Wg, by acting in a divergent canonical 

pathway, regulates the presynaptic microtubule cytoskeleton and synaptic differentiation. 
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GSK-3B, which is a downstream kinase in the Wg pathway, was shown to phosphorylate 

MAP1B (microtubule associated protein 1B) that controls the stability of microtubules 

(Gogel et al., 2006). In 2008, Ataman et al. reported the role of Wg in remodeling the 

synapse based on neuronal activity. In this study the authors stimulated the neuronal 

activity by using a high K+ depolarization paradigm and found that acute depolarization 

increases Wg secretion from presynaptic nerve terminals. When the motor nerve 

terminals are subjected to high activity, they also found the formation of ghost boutons 

similar to that in wg mutants,. They further showed that Wg is required for the activity-

dependent synaptic growth through the inhibition of GSK-3β. Neuronal activity increases 

the Fz2-C signal in the muscle nucleus in a Wg-dependent manner. The results from this 

study came up with a divergent canonical Wg pathway operating at the presynaptic site. 

Wg secreted from the presynaptic site activates dFz-2 receptors, which in turn activate 

disheveled (DVL) protein. The activated DVL inhibits GSK-3B that eventually 

phosphorylates Futsch, a microtubule associated protein resulting in stabilization of 

microtubules. Thus, it was concluded that secreted Wg at Drosophila larval NMJ 

synapse is involved in bidirectional signaling activating a divergent canonical pathway in 

presynaptic neurons and the Fz nuclear-import pathway at the postsynaptic site (Ataman 

et al., 2008). 

Role of Drosophila Wnt in axon guidance and target specificity. 

In Drosophila, besides Wg, there are six other Wnt family genes, which are designated 

as dWnts. dWnt-5 protein accumulates on the commissural and longitudinal axon tracts 

of the CNS. Transgenic overexpression of dWnt5 resulted in specific disruption of 

commissural axon tract formation in the CNS (Fradkin et al., 1995). Drosophila Derailed 

(drl) is an atypical receptor tyrosine kinase expressed on axons projecting to the anterior 
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commissure (AC). dWnt-5 serves as a repulsion cue to the AC projection axons by 

serving as an inhibitory ligand to the receptor tyrosine kinase derailed expressed on 

them (Yoshikawa et al., 2003). Thus, Wnts were shown to play a prominent role in 

axonal guidance and repulsion. Differential expression of dWnt4 is reported in two 

neighboring muscles M12 and M13 in Drosophila larvae (Inaki et al., 2007) and is 

specifically enriched in M13. Inhibition of Wnt4, its receptor frizzled, or dishevelled 

results in the formation of ectopic nerve endings of motor neurons MN12s on M13, 

suggesting that dWnt4 functions as a local repulsive cue and prevents mistargeting of 

axons (Inaki et al., 2007). 

Wnt5 serves as a ligand for the Drosophila atypical receptor kinase Derailed at 

the larval NMJ and both Wnt5 and Derailed positively regulate neuromuscular 

development (Liebl et al., 2008). Mutations in Wnt5 result in a reduced number of 

boutons and a reduction of active zones. Pre- but not postsynaptic expression of normal 

Wnt5 in wnt5 mutants rescues the bouton phenotype. Interestingly, the active zone 

phenotype is rescued by both pre- and postsynaptic expression, which may suggest a 

retrograde function for Wnt5 at this synapse. Drl is expressed at the NMJ and drl 

mutations decrease the number of synaptic boutons at the NMJ. Presynaptic expression 

of Wnt5 in drl mutants suppressed the drl bouton phenotype. Thus. Wnt5 plays a role in 

bidirectional signaling at Drosophila larval NMJs (Liebl et al., 2008). 

Function of Wnts in vertebrates. 

Wnts are vertebrate homologues of Drosophila Wg. The Wnt family constitutes a diverse 

array of glycoproteins that direct cell proliferation, cell polarity, and cell fate 

determination during embryonic development and tissue homeostasis (Logan et al., 
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2004). Wnt proteins signal through a canonical Wnt/ß-catenin pathway and a number of 

non-canonical signaling pathways.  

In the canonical pathway, Wnt binds to the Frizzled (Fz) receptor, which causes 

the recruitment of dishevelled to the receptor complex, and results in the activation and 

recruitment of the Axin complex. These events result in inhibition of ß-catenin 

phosphorylation, leading to accumulation of cytosolic ß-catenin. Stabilized ß-catenin 

then translocates into the nucleus and forms complexes with T cell factor 

(TCF)/lymphoid enhancing factor (LEF) family of DNA binding proteins to activate 

transcription of Wnt target genes (MacDonald et al., 2009). In the absence of Wnt, ß-

catenin is constitutively degraded by the action of a complex of three proteins namely, 

Axin, Adenomatous Polyposis Coli (APC) and Glycogen-Synthase Kinase 3 (GSK3). 

Phosphorylation of ß-catenin by GSK3 leads to proteasome-mediated degradation of ß-

catenin, leading to its reduced cytosolic levels and nuclear accumulation.  

Role of Wnt family proteins in nervous system development and function. 

Evidence from recent studies suggests a role for Wnts in synaptic function in the adult 

brain (Salinas et al., 2008). Studies in vertebrate spinal cord showed that Wnt signaling 

guides the growth of axons along the A-P axis of the spinal cord (Imondi et al., 2003). 

Dendritic growth and branching are the crucial components for the formation of 

functional neuronal circuits. Both canonical and non-canonical Wnt signaling pathways 

play a role in the regulation of dendritic growth and morphology.  

Wnt7b, which is expressed during dendritogenesis in hippocampal neurons 

enhances the length and branching of the dendrites (Rosso et al., 2005; Yu et al., 2003). 

In a non-canonical Wnt pathway, Wnt7b and Dvl activate Rac (a Rho-GTPase), which in 

turn increases dendritic development (Rosso et al., 2005). Constitutively active β-catenin 
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was shown to increase dendritic arborisation in hippocampal neurons (Yu et al., 2003). 

In 2006, Wayman et al. showed that, entry of Ca2+ through NMDA receptors triggered by 

synaptic activity results in the activation of the enzyme CaMKK (Calmodulin-dependent 

protein kinase kinase). Activated CaMKK further activates MAPK and CREB pathways, 

finally resulting in the CREB-dependent transcription of Wnt-2 (Wayman et al., 2006). 

Several findings suggest that Wnt signaling induces changes in microtubule 

stability and organization by directly signaling to microtubules (MacDonald et al., 2009). 

Wnt-mediated changes in GSK3 change the level of MAP1B phosphorylation, which is a 

microtubule-associated protein that regulates microtubule dynamics (Goold et al., 1999; 

Tint et al., 2005). A role of Wnt signaling in synaptogenesis was demonstrated clearly for 

the first time at the mossy fiber-granule cell synapse. Gain-of-function studies in this 

system showed that Wnt7a secreted from granule cells retrogradely induces a significant 

increase in presynaptic synapsin1 clustering in mossy fiber axons (Hall et al., 2000). 

This study and another similar study (Ahmad-Annuar et al., 2006) suggest that Wnt7a 

can act as a retrograde signal during synaptogenesis. The findings that, in cultured 

neurons, Wnt signaling rapidly enhances the number and size of synaptic vesicle 

recycling sites and Wnt deficiency affects the distribution and localization of synaptic 

proteins without affecting their expression levels, emphasize the role of Wnt signaling in 

the process of synaptic assembly (Ahmad-Annuar et al., 2006). 

Multiple roles of Notch in metazoan growth and development. 

Notch, a cell surface receptor, has a prominent role in early embryonic development and 

neuronal differentiation (Doe & Goodman, 1985; Technau & Campos-Ortega, 1986; 

Johansen et al., 1989; Kid et al 1989). However, a role of Notch in synaptic growth and 

differentiation is not well documented yet, except for one study, which showed that 
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Notch is involved in the growth of NMJs of Drosophila larvae (Haussmann et al., 2008). 

Here, I am going to briefly discuss the role of TGF-β, Wg and Notch pathways in the 

early embryonic development and their roles in the nervous system development and 

function. 

The neurogenic genes Notch, Delta, Enhancer of Split, mastermind, bigbrain and 

neuralised control cell fate and are critically required for the development of the nervous 

system (Lehman 1983; Jurgens et al., 1984; Nusslein-Volhard et al., 1984; Wieschaus et 

al, 1984). Notch was initially studied for its role in cell fate determination and wing 

development in Drosophila (Welshons, 1965 and 1971). Later studies have shown that 

Notch signaling is required for the development of many tissues. To date, it appears that 

there is not a single tissue that does not require Notch function (Welshons, 1965; Hartley 

et al., 1987; Johansen et al., 1989; Markopoulo & Artavanis-Tsakonas, 1989; Fleming et 

al., 1997)  

The Notch receptor and its ligands. Notch is a large single-pass transmembrane 

protein with an extracellular domain consisting of 29-36 tandem epidermal growth factor 

(EGF)-like repeats and an intracellular domain (Wharton et al., 1985). While Drosophila 

possesses only one Notch receptor, C. elegans has two redundant ones and mammals 

have four receptors named Notch1-4 (Kopan et al., 2009). In Drosophila, Notch encodes 

a 300 kD glycosylated surface protein. During embryonic development of Drosophila, 

Notch protein is expressed throughout the embryo and is strongly localized within the 

developing nervous system at later stages (Johansen et al., 1989). In Drosophila, the 

cell surface proteins Delta (dI) and Serrate (ser) are the major ligands of the Notch 

receptor; whereas in mammals five ligands namely, Delta-like (DLL) 1, 3 and 4, Jagged 
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1 (JAG1, human homologue of Serrate) and Jagged 2 (JAG2) have been reported 

(Baron et al., 2003; Schweisguth et al., 2004).   

Activation of the Notch receptor by binding of Delta and/or Ser leads to 

proteolytic cleavage of the Notch receptor at the S2 and S3 cleavage sites by the TNF-α 

converting enzyme (TACE) and the presenilin-γ-secretase complex, respectively 

(reviewed in Selkoe & Wolfe, 2007; Deuss et 2008). S3 cleavage releases the 

intracellular domain of Notch (NICD) from the membrane, which then translocates to the 

nucleus to interact with a DNA-binding protein called CSL (for CBF1 in humans, 

Suppressor of hairless Su(H) in Drosophila, Lag-1 in C.elegans) and regulate the 

expression of target genes (Fleming et al., 1997; Le Borgne et al., 2006; D’Souza et al., 

2008).  

A recent study that analyzed the direct targets of the activated Notch pathway in 

Drosophila DmD8 cells revealed that the majority of Notch targets are acting during 

cellular development and cell differentiation. These include genes driving cell fate 

commitment, cellular morphogenesis [unc-5, cornetto, (corn)], signal transduction, and 

cell proliferation [string (stg, the Drosophila homolog of cdc25, and diminutive (dm, the 

Drosophila homolog of myc] (Krejci et al., 2009). Interestingly, Notch target genes are 

part of epidermal growth receptor (EGFR) signaling (Egfr, Argos (argos), and edl), Notch 

signaling [bigbrain (bib), Delta, Notch, and numb), Wnt signaling (naked, nkd), and BMP 

signaling (brinker). Mutations in components of the Notch signaling pathway are 

associated with the pathogenesis of several human diseases such as Alagille Syndrome, 

Spondylocostal Dysostosis, familial aortic valve disease, cerebral autosomal dominant 

arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), and cancer 

(Kopan et al., 2009). 
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Role of wingless and Notch in wing development in Drosophila. In Drosophila, a 

small group of cells (~20) are set aside from the epidermis and develop into the wing 

imaginal disc during embryogenesis, which start to differentiate during larval stages 

(Cohen, 1993). While there are several mutants in which the wing does not develop 

properly, extreme phenotypes are observed in wg mutants (Couso et al., 1993). The two 

major functions of Wg in wing development are conferring ‘wing fate’ to a group of 

epidermal cells and organizing the growth and patterning at the dorsal-ventral boundary 

(d/v) of the wing (Diaz-Benjumea and Cohen, 1995; Neumann and Cohen, 1996).  

In Drosophila wing imaginal discs, Notch activation is critically required at the d/v 

boundary for normal growth of the wing (Shellenbarger and Mohler, 1978).  Ectopic 

expression of Notch results in ectopic wing margin structures (Speicher et al., 1994; Kim 

et. al., 1995; Diaz-Benjumea and Cohen, 1995; de Celis et al., 1996; Doherty et al., 

1996). Cells in the dorsal compartment express Fringe and Serrate. Serrate activates 

Notch in ventral cells thus giving rise to a dorsal-to-ventral signal (Couso et al., 1995; 

Diaz-Benjumea and Cohen, 1995; Kim et al., 1995; de Celis et al., 1996). Even though 

Delta is expressed in both compartments, it is principally required in ventral cells to give 

rise to a ventral-to-dorsal signal (Doherty et al., 1996; de Celis et al., 1996) (Fig. 1.4). 

Serrate and Delta show cell-autonomous dominant-negative effects on Notch in a 

negative feed-back loop, which helps in the suppression of high levels of Notch 

activation. Notch activity mediated by means of its two target genes, wg and cut, 

regulates the transcription of the Delta and Serrate genes. These properties aid the 

formation of a negative feed-back loop that helps to maintain the d/v boundary in the 

imaginal disc during patterning of the wing epithelium (de Celis et al., 1997).  
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Dorsal   Ventral 

Figure 1.4. Specification of wing dorsal-ventral boundary: In early third instar larval wing 
discs (top) Serrate (purple) in the dorsal cells activate Notch (green) in the ventral cells and Delta 
(black) in the ventral cells activate Notch in the dorsal cells. This results in the accumulation of 
Wg, and the combined activity of Wg and N maintain Serrate (Ser) and Delta (Dl) expression at 
the d/v boundary. Later when Cut is expressed after prolonged activation of N, it represses the 
expression Delta & Ser. Wg by its presence in the boundary cells promotes the expression of 
Delta & Ser in the flanking cells. In turn both of these notch ligands inhibit N (Red) activation. As a 
consequence of N signaling, N accumulates at the d/v boundary and maintains asymmetry 
between the signal sending cell and signal receiving cell. (Adapted from de Celis & Bray, 1997). 
 
Lateral Inhibition: A prominent role of Notch in early neuroblast differentiation  

Cell-cell interactions play a critical role in determining cell fate, like for example, the fate 

of proneural precursor cells (Doe & Goodman, 1985; Technau & Campos-Ortega, 1986; 

Johansen et al., 1989; Kid et al 1989). During the first step, the VNC is formed from 

neuroectoderm. Initially, all the developmentally equipotent precursor cells of the 

neuroectoderm compete to obtain a neural fate by the expression of proneural genes 

(achaete/scute complex, ac/sc).  Amongst these neuroectodermal precursor cells, the 

cell that first expresses higher levels of ac/sc acquires neural fate and inhibits 

neighboring cells from acquiring neural fate. This classical phenomenon is known as 

lateral inhibition in which Notch-Delta interactions play a major role (Poulson 1950; 
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Hartenstein & Campos-Ortega 1984; Doe & Goodman 1985; Goriely et al., 1991; 

Heitzler & Simpson 1991; 1993).  

In the cell that acquires a neural fate, ac/sc complex genes promote the 

expression of Delta, which then binds to and activates the Notch receptor in neighboring 

cells (Skeath & Carroll, 1992). Activation of Notch in neighboring cells results in 

transcription of the genes of the Enhancer of Split complex (E(spl)-C), which consists of 

the genes mδ, mγ, mβ, m3, m5, m7 and m8 (Delidakis et al., 1991; Delidakis and 

Artavanis-Tsakonas, 1992; Knust et al., 1992; Schrons et al., 1992; Campos-Ortega, 

1993). E(spl)-C genes encode transcriptional repressors that regulate the expression of 

ac/sc complex genes. Thus, the Delta signal is amplified and laterally transmitted to 

neighboring cells in the equivalence group conferring epidermal fate to all the cells in 

which ac/sc is repressed (Heitzler & Simpson, 1991). 

The cells that acquire neuronal fate are called neuroblasts (NB), which 

delaminate from the neuroectodermal epithelium and segregate into the interior of the 

embryo (Skeath et al., 2003). Mutations in the Notch gene (nulls) lead to hypertrophy of 

both CNS and PNS in Drosophila embryos due to the attainment of neuronal cell fate by 

excess number of neuroectodermal cells during the process of neuroblast delamination 

(Poulson et al., 1937; Lehman, 1983). Hypertrophy is also manifested in Delta mutants 

(Alton et al., 1988). Besides Drosophila, the roles of Notch signaling have been well 

documented in vertebrates, where it facilitates neuronal and glial differentiation, growth 

of neurites in postmitotic neurons, synaptic plasticity and learning & memory (Louvi et 

al., 2006).  
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Figure 1.5. Notch signaling determines cell fate in vertebrate nervous system 
development. Notch signaling inhibits the formation of neurons from neuronal progenitor cells 
whereas it promotes formation of astrocytes from glial progenitor cells. Intricately, Notch inhibits 
the differentiation of oligodendrocytes from its precursor cells generated from glial progenitors. 
(Adapted from Louvi & Artavanis-Tsakonas, 2006). 
 

Notch signaling in the formation of neuronal identity 

Expression of constitutively activated forms of Notch (NICD) in the developing eye of 

Drosophila (Fortini et al., 1993) or the retina of Xenopus (Dorsky et al., 1995) inhibits 

neuronal cell fate. Depending on the cellular context, Notch signaling plays various roles 

in the development of the vertebrate nervous system (Fig. 1.5). In Drosophila, after NB 

delamination, NBs rapidly lose the expression of proneural genes. At this stage, Notch 

signaling promotes self-renewal of NBs. Reducing Notch activity reduces the amount of 

central brain NB but has no effect on thoracic NBs (Almeida et al., 2005; Wang et al., 

2007).  
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In Drosophila, the terminally differentiated neurons are identified by using the 

Raw Prawn (RP) nomenclature (Landgraf M et al., 1997). For example, the neurons that 

innervate muscle 6/7 are designated as RP3 & RP5. To exemplify the process of NB 

differentiation, I am describing the NB 3-1 cell lineage in some detail.  

The neuroblast NB3-1 generates the motor neurons RP1, RP4, RP3 and RP5 

(Bossing et al., 1996; Landgraf et al., 1997; Schmid et al., 1999). The ganglion mother 

cell (GMC) that is formed after the first division of the NB3-1, gives rise to two cells 

namely, RP1 & RP1-sib. The GMC that is formed during the second division of NB3-1 

gives rise to RP4 and RP4-sib and then after third division RP3 and RP3-sib are formed 

followed by the fourth division resulting in the formation of RP5 & RP5-sib. In the NB 

divisions following the fourth one, interneurons are produced (Tran et al., 2008).  

Notch signaling plays a crucial role in the NB3-1lineage during the formation of 

RP neurons and their sibs from GMCs (Tran et al., 2008). GMCs divide asymmetrically 

giving rise to cells that express Numb (a ubiquitin ligase that downregulates Notch) and 

cells with no Numb protein. Numb and Prospero are the two proteins that are localized to 

basal cortex of NBs, partitioned into GMCs and determine the cell fate. Miranda is a 

scaffolding protein that helps localize Prospero and Staufen to the basal cortex (Schuldt 

et al., 1998, Skeath & Doe 1998). After asymmetric GMC division, the cells that receive 

Numb acquire the RP fate and cells that do not get Numb get RP-sib fate. Notch 

indirectly plays a role in this process. Numb protein expressed in RP cells suppresses 

Notch expression; whereas Notch is freely expressed in cells where Numb is not 

expressed. Therefore, suppression of Notch is crucial in the formation of proper number 

of RP neurons (Tran et al., 2008). 
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Notch signaling in neuronal differentiation: Another example for Notch’s role in 

neuronal differentiation is the cell-fate decision of sensory organs of the peripheral 

nervous system. In this process, two non-equipotent neighboring cells expressing 

different ligands of Notch communicate with the Notch receptor, and differentiate into 

cells with different fates (Frise et al., 1996). During the first division of the sensory organ 

precursor (SOP), cell division produces two cells (IIa & IIb), which subsequently give rise 

to a pair of hair-and-socket cells and a pair of neuron-and-sheath cells. Each division 

depends on the presence of Numb and Notch signaling. Numb is expressed in SOPs 

and segregates asymmetrically after each division, so that only one of the two daughter 

cells get Numb protein. Cells that receive Numb suppress Notch activity and obtain 

neuronal and hair cell fates, whereas those that do not will adopt sheath and socket cell 

fate (Spana et al., 1995; Frise et al., 1996). 

Notch signaling in Neurogenesis: The first observations about the nuclear localization 

of Notch in vertebrates came from the study of differentiated post-mitotic neurons in the 

rat retina (Ahmad et al., 1995). To date, many terminally differentiated neurons have 

been found to express Notch signaling elements. Nuclear localization of Notch-1 and 2 is 

detected in almost all cortical neurons (Berezovska et al., 1998; Redmond et al., 2000; 

Sestan et al., 1999). In vitro cell culture studies have shown that altering Notch 

expression either pharmacologically or through genetic methods can alter neurite 

morphology (Sestan et al., 1999; Berezovska et al., 1998; Redmond et al., 2000). Notch 

was found to inhibit neurite outgrowth in mouse post mitotic primary neocortex 

hippocampal neurons (Berezovska et al., 1999) whereas rat neurons expressing 

constitutively active forms of Notch were found to have shorter dendrites with more 

branches (Redmond et al., 2000). Due to the influence of Notch on neurite morphology, 
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it is speculated that Notch might have a role in the regulation of the actin cytoskeleton 

during neurite growth (Louvi et al., 2006). In Drosophila, expression of Notch protein in 

the nervous system was first observed in embryonic and larval stages using 3 antibodies 

raised against three different epitopes of the Notch protein. It was found that within the 

blastoderm, Notch is strongly expressed in the germ band layer where neuroblast 

delamination occurs. In 3rd instar larvae, Notch is widely expressed in imaginal discs and 

the CNS (Johansen et al., 1989).  

Notch signaling is required for the formation of long-term memory.  

In Drosophila, the role of Notch in long-term memory (LTM) formation was first studied 

by Presente et al in 2004. By using a temperature-sensitive Notch allele (Nts2) and 

RNAi-mediated inhibition of Notch expression in the mushroom bodies (MB), Presente et 

al. (2004) studied both olfactory conditioning behavior and courtship behavior in Notch 

mutants. From both experimental approaches, they concluded that Notch dysfunction in 

the CNS impairs LTM. In another study, Ge et al. (2004) used Pavlovian conditioning 

that pairs an odor with an electrical shock to study the effects of Notch signaling on the 

synaptic plasticity of adult fly behavior. Using the temperature-sensitive Notch allele, Nts2  

and a mutant expressing a dominant-negative form of Notch, they found that alterations 

in Notch activity did not affect learning and short term memory (STM) in adult flies. 

However, anesthesia resistant memory (ARM) and LTM were both diminished. They 

also found that overexpression of Notch resulted in the facilitation of both ARM and LTM 

(Ge et al., 2004). Hence, Notch is required for the normal formation of long-term memory 

in flies.  

Further studies have reported requirement of Notch activity for activity-dependent 

synaptic plasticity at Drosophila larval NMJs. De Bivort et al. (2009) used both, an 
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increase in the chronic growth temperature (18oC-28oC) and hyperexcitable eag-Sh 

double mutants to simulate increased neuronal activity in temperature-sensitive Notch 

alleles (Nts1 & Nts2). In both alleles, activity-dependent growth of larval NMJs was 

impaired. In addition, three different transgenic Notch mutants (dominant-negative 

expression, overexpression and constitutive expression of Notch) showed a reduction in 

activity-dependent growth of larval NMJs. These experiments suggest that Notch is 

required for the fine-tuning of activity-dependent synaptic growth at larval NMJs (de 

Bivort et al., 2009).  

The same group studied synaptic plasticity of another member in the Notch 

pathway, Su(H), which acts downstream of Notch. Su(H) is a transcriptional activator of 

the E(spl) complex that encodes various transcriptional repressors. Adult flies 

heterozygous for Su(H) null allele (Su(H)/+) show defects in LTM whereas there were no 

changes in learning, STM and ARM. Transgenic expression of normal, wild type Su(H) in 

mushroom bodies rescued the LTM defect in the mutants while overexpression of Su(H) 

in wild type resulted in defective LTM (Song et al., 2009). Taken together, these studies 

suggest a role for Notch in activity-dependent synaptic plasticity. 

Notch and Presenilin. 

Presenilin (Psn) is an integral membrane protein that is part of the γ-secretase complex, 

which cleaves single-pass transmembrane proteins like Notch, Amyloid precursor 

protein (APP), Delta, Jagged and N & E-cadherins (Parks et al., 2007). Familial 

Alzheimer’s disease (FAD), which accounts for 5% of all Alzheimer’s cases, has been 

linked to mutations in presenilin-1 (PS-1), presenilin-2 (PS-2) and APP genes (Rogaeva 

et al., 2002). In Drosophila, Psn is expressed in the cell bodies of motor neurons in the 

ventral nerve cord (Ye and Fortini, 1998, Nowotny et al., 2000). Loss-of-function 
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mutations in Drosophila psn exhibit lethal Notch-like phenotypes. The first evidence for 

role of psn in learning and memory came from larval studies using both olfactory and 

visual learning assays (Knight et al., 2007). In psn mutant larvae, associative learning is 

impaired and basal neurotransmitter release is elevated while both paired-pulse 

facilitation and post-tetanic potentiation of neurotransmitter release are unaltered (Knight 

et al., 2007).  

Mice heterozygous for a Notch1 null mutation display deficits in spatial learning in 

the hidden-platform version of the water maze test in LTM while STM is normal (Costa et 

al., 2003). The mouse genome contains two genes of presenilin, PS-1 and PS-2. Mice 

lacking PS-1 in postnatal brain neurons display mild spatial learning impairments (yu et 

al., 2001), whereas conditional mutant mice that lack both PS-1 & PS-2 in the brain 

display deficits in both memory and synaptic plasticity. These double mutant mice exhibit 

long-term but not short-term memory deficits in Pavlovian conditioning (Saura et al., 

2004). 

Serrate and its role in embryonic development. 

The Drosophila Serrate (ser) gene encodes a single pass integral membrane protein. 

The extracellular region of Serrate protein consists of a signal peptide sequence, a DSL 

domain, a domain organized in a tandem array of 14 epidermal growth factor (EGF)-like 

repeats (Fig. 1.6) (Fleming et al., 1990; Thomas et al., 1991). The DSL domain, which is 

characteristic of Notch ligands, mediates the interaction with the Notch receptor. The 

DSL domain is both necessary and sufficient to bind to a region in the extracellular side 

of the Notch receptor (Fleming et al., 1997). The C-terminal intracellular domain of 

Serrate is relatively short and undergoes ADAM (a disintigrin & metalloprotease) 
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cleavage, like Notch and Delta (Sapir et al., 2005). In Xenopus, experimental evidence 

exists for a nuclear accumulation of the Serrate intracellular domain (Kiyota et al., 2004).  

Serrate is expressed in a complex pattern during early embryonic and larval 

development. It is expressed in the fore- and hind-gut, epidermis, tracheal system, 

salivary glands, CNS, spiracles and anal pads (Fleming et al., 1990; Thomas et al., 

1991; Speicher et al., 1994). Serrate protein is also expressed in the wing, leg and 

eye/antennal imaginal discs during larval development (Couso et al., 1995; Thomas et 

al., 1991). Loss-of-function mutations in the Ser gene result in recessive lethality at the 

late embryo or early larval stage. Homozygous mutant larvae exhibit anterior defects in 

tracheal structures (spiracles), mouth-hook development and denticle patterning. 

Halteres and wings were found to be missing in few homozygous mutant escapers that 

pupariate (pharate adults) (Speicher et al., 1994; Thomas et al., 1995). The two 

available dominant Ser mutant alleles, Beaded (Bd) and SerrateD (SerD) manifest 

characteristic wing margin defects in adults. Bd encodes a dominant-negative form of 

Serrate protein, which is capable of competing with wild type protein in activating Notch 

receptor. Homozygous Bd mutants are lethal and show similar characteristics as that of 

recessive alleles (Hukriede et al., 1997). 

Homozygous SerD larvae can survive to adulthood. Both homozygous and 

heterozygous adult flies show wing margin nicking or a serrated wing phenotype 

(stronger in homozygotes). SerD is the result of an insertion of a transposable element, 

‘Tirant’, into the 3’ untranslated region (UTR) of the Ser messenger RNA. It has been 

demonstrated that the Tirant insertion increases the stability of Ser mRNA, resulting in 

high levels of Serrate protein (Fleming et al., 1990; Thomas et al., 1995). Due to the 

dominant-negative effects on Notch function that are caused by high levels of Notch 
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ligands, the increased levels of Serrate protein in SerD inhibit the function of Notch at the 

wing margin (Klein et al., 1997; Micchelli et al., 1997).  

Cis-inhibitory role of Serrate. 

 Several lines of evidence suggest that Serrate mediates both trans-activation and cis-

inhibition of the Notch receptor (Klein et al., 1997; Micchelli et al., 1997). Experiments in 

which the C-terminal portion of was removed showed that membrane-bound and 

secreted forms of Serrate can antagonize Notch signaling. Mutants in which secreted 

forms of Serrate are expressed mimic the loss-of-function Notch phenotype (Hukriede et 

al., 1997; Sun et al., 1996; Sun et al., 1997). In addition, ubiquitination of Notch ligands 

(Delta & Serrate) plays a major role in the regulation of ligand signaling activity and cell-

surface expression (Bray et al., 2006). The intracellular domain of Serrate contains 

several lysine residues that serve as potential sites for the action of E3 ligases. Two E3 

ligases mindbomb (mib) and neuralised (neu) are involved in the ubiquitination of 

Serrate (Lai et al, 2001, 2005; Pavlopoulos et al, 2001; Itoh et al, 2003; Koo et al, 2005; 

Le Borgne et al, 2005).  

An inhibitory interaction between Serrate and Notch that takes place at the cell 

surface was named as Cis-inhibition of Serrate on Notch receptor activity (Micchelli et al 

1997). Cis-inhibitory role of Serrate on Notch activity is compromised when an 

endoplasmic reticulum (ER) retention signal is added to Serrate, or when the expression 

of Neuralized is increased. These data suggest that cis-inhibitory interactions occur at 

the cell surface level and give more evidence for the mechanism (Glittenberg et al., 

2006).  

Since most of the available recessive alleles of Ser gene are embryonic or early 

larval lethals, a potential role of Serrate in 3rd instar larval nervous system development 
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and function is not well studied. Thomas et al. (1991) first observed Serrate expression 

in the ventral nerve cord of Drosophila embryos and reported various abnormalities in 

CNS development in Ser embryonic lethal mutants. Expression of Serrate is restricted to 

two or three commissural interneurons per hemisegment in stage 15 embryos (Thomas 

et al., 2007). Each interneuron in which Serrate is expressed extends an axon through 

either the anterior or posterior commissure, which then projects anteriorly within the 

longitudinal connectives. However, the role of Serrate for nervous system function is still 

largely unknown. 

Role of Serrate in vertebrate nervous system development and function. 

During Xenopus embryonic development, X-Serrate-1 and X-Delta-1 play 

complementary roles in primary neurogenesis (Kiyota et al., 2001). Overexpression of X-

Serrate-1 inhibits primary neurogenesis and intracellular deletion of X-Serrate-1 

increases the number of primary neurons, suggesting that X-Serrate-1 regulates 

neurogenesis. The intracellular domain of X-Serrate (XSICD) is cleaved off from full 

length X-Serrate-1 and accumulates in the nucleus of neuroectodermal cells during 

embryonic development (Kiyota et al., 2004). X-Serrate regulates Notch activity in two 

different directions: It trans-activates Notch receptors in neighboring cells and cis-inhibits 

Notch in the same cell (Kiyota et al., 2004). Studies with human JAG1 further support 

these observations. In humans (RKE cells), the C-terminus of JAG1 encodes a putative 

PDZ (PSD-95/Dlg/Zo-1) ligand. This PDZ domain shares a consensus motif with 

Neurexin 1, 2 and 3 that interact with group 2 type of PDZ domain containing proteins 

(Hock et al., 1998). Ascano et al. (2003) showed that mutations in the PDZ domain of 

JAG1 does not affect its ability to activate Notch signaling in neighboring cells but 

inhibits the expression of JAG1 target genes in the same cell.  
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C-Serrate-1 is a chicken homologue of Drosophila Serrate. During development, 

C-Serrate-1 is expressed in the CNS besides its expression in cranial placodes, nephric 

epithelium, vascular system and distal limb-bud mesenchyme (Myat et al., 1996). For the 

majority of these sites, expression of C-Serrate-1 is associated with the expression of C-

Notch-1 and C-Delta-1. In the ventricular zone of the hindbrain and spinal cord the 

above three genes are expressed throughout neurogenesis. Within the ventricular zone, 

C-Serrate-1 and C-Delta-1 expression was observed in complementary subsets of post-

mitotic neurons (Myat et al., 1996). C-Serrate-1 and Lunatic fringe (L-fng) are 

differentially expressed in the Otic cup during the development of the chick inner ear. 

Moreover, existence of a sensory-competent region was proposed in the rudimentary 

otocyst based upon the combined expression of Bmp4, C-Serrate-1 and L-fng genes 

(Cole et al., 2000). By exploiting the mechanism of lateral inhibition, Notch, Delta1 and 

Serrate2 regulate the choice between hair cell and supporting-cell fates within sensory 

patches (Adam et al., 1998). During the formation of sensory patches in the inner ear, 

Serrate1 activates Notch, which then drives the expression of Sox2 and Bmp4 as well as 

the expression of Serrate1 resulting in a positive feed-back loop. This feed-back loop 

maintains Notch activation and prolongs the prosensory state, leading to the normal 

development of sensory patches (Daudet et al., 2007).  

Mouse and humans have two Serrate homologues namely, Jagged1 (JAG1) and 

Jagged 2 (JAG2). Delta1, JAG1 and JAG2 serve as ligands for Notch 1-3 receptors 

(Shimizu et al., 2000) (Fig. 1.6). In JAG1 knock-out mice, the homozygotes die from 

during early embryogenesis manifesting defects in remodeling of the embryonic and yolk 

sac vasculature (Xue et al., 1999). Similar to the Drosophila sensory organ development  
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Fig. 1.6. Conservation of various domains in Notch (DSL family) ligands.  EGF: Epidermal 
growth factor CR:Cysteine rich regions, TM: Transmembrane domain, NT: N-terminal region, 
PDZL: PDZ ligand motif. Structures are based on the protein sequences of the respective 
proteins from GenBank. (Adapted from D'Souza B et al. 2008) 
 

mentioned earlier, lateral inhibition also mediates the formation of sensory organs during 

mouse inner ear development (Morrison et al., 1999). In mammals, six different sensory 

regions in the inner ear are essential for hearing and balance function. Each sensory 

region is made up of two types of cells namely, hair cells (which are sensory cells) and 

their supporting cells (Adam et al., 1998).  

Lateral inhibition mediated by Notch signaling plays a crucial role in the 

differentiation of hair cells and their supporting cells from common progenitor cells called 

sensory precursors. JAG1 is expressed in all the prosensory regions of the inner ear and 

required for the normal development of all the six sensory regions (Adam et al., 1998; 

Morrison et al., 1999; Kiernan et al., 2006). In the absence of JAG1, some of the sensory 

patches are completely missing whereas others are small and devoid of certain cell 

types (Kiernan et al., 2006). JAG2 and Delta like 1 (DLL1) are also expressed in nascent 
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hair cells of sensory patches where they act synergistically in the development of hair 

cells (Kiernan et al., 2005). DLL1 and 3 and jagged1 and 2, show distinct expression 

patterns in both adult and embryonic mouse brain. The expression of these ligands 

overlaps with expression of Notch1 (Stump et al., 2002).  

The PDZ domain of vertebrate Serrate homologues.  

All of the known vertebrate DSL ligands, except DLL3 and JAG2, have PDZ-binding 

motifs at their extreme C-termini (Pintar et al., 2007). These PDZ-domains facilitate 

interactions with PDZ-containing scaffold/adaptor proteins and are required for cell 

adhesion, migration and oncogenic transformation (D'Souza et al., 2008). The PDZ 

domain of Delta1 is necessary for the accumulation of DLG1 at sites of cell-cell contacts 

in 3T3 cells (Six et al., 2004). However, in the same study they showed that Jagged 1, 

which also has a PDZ domain in its C-terminus did not interact with DLG1 suggesting 

that the PDZ domains of DSL ligands interact with DLG1 in a cell specific manner. 

Alagille Syndrome (AGS) 

Alagille syndrome is an autosomal dominant disease (Elmslie et al., 1994) that occurs at 

a frequency of about 1 in 70000 live births. Clinically, the disease is characterized by 

cholestasis, vertebral deformity, heart malformations, peculiar facial appearance, 

variable ocular defects such as posterior embryotoxon, and myelinated retinal nerve 

fibers (Voykov et al., 2009). However, the genetic basis of this disease remains poorly 

understood.  

Fluorescent in situ hybridization (FISH) studies identified a candidate 250 kb 

region on chromosome 20, and subsequently identified genetic mutations in the Jagged 

1 (JAG1) gene (Oda et al., 1997). Genetic mutation analysis revealed frame-shift 

mutations, and mRNA splice donor mutations. It has been shown that a splice site 



	   52	  

mutant allele abolished mRNA expression of JAG1. Based on these observations, it was 

suggested that haploinsufficiency of JAG1 may contribute to the pathogenesis of AGS 

(Oda et al., 1997).  

Further studies identified several novel mutations in the human JAG1 gene (El-

Rassy et al., 2008). Ropke et al. (2002) identified 36 novel mutations that included 

deletions, insertions, missense, nonsense and splice site mutations. All these mutations 

were mapped to the extracellular region of JAG1. Most of these mutations were mapped 

to the DSL domain, which is important for binding of JAG1 to Notch1. A recent study 

reported the occurrence of JAG1 mutations in 94% of patients clinically diagnosed with 

AGS (Warthen et al., 2007).  

In addition to its role in embryonic development and in AGS, JAG1 plays a role in 

the central nervous system. Inactivation of JAG1 in the cerebellar primordium resulted in 

aberrant migration of granule cells and ectopic differentiation in the external germinal 

layer and molecular layer of the early postnatal cerebellum (Weller et al., 2006), 

indicating a role for JAG1 in cell fate specification. A missense mutation in the first EGF-

like repeat of the JAG1 gene (C234Y) was reported in patients with autosomal 

dominantly inherited hearing loss (Le Caignec et al., 2002). 
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CHAPTER  2 ANALYSIS OF SERRATE FUNCTION AT LARVAL NMJS OF 

DROSOPHILA 

Introduction  

Progress in understanding the biochemical basis of synaptic transmission has been 

accelerated in the past years, fueled by the recognition that signaling specificity results 

from the formation of protein complexes and microdomains that respond locally and 

discretely to signals from the membrane surface (Jahn et al., 2003; Rossi et al., 2004; Li 

et al., 2003; Prescott et al., 2005; Salinas et al., 2005; Ghijsen et al., 2005; Galli et al., 

2004; Burnashev et al., 2005; Sudhof et al., 2004; Kennedy et al., 2005; Kennedy et al., 

2000). A number of such synaptic “signaling machines” have now been identified, but it 

is also clear that many more remain to be characterized. 

To gain a comprehensive molecular understanding of synaptic signal processing, 

we face three major challenges (Kennedy et al., 2000): The first is to systematically 

identify all of the protein components and their respective signaling pathways. The 

second is to understand to what extent the presence and organization of individual 

signaling machineries varies among different synapses. The third is to understand how 

different pathways interact with and feedback on each other to maintain homeostasis 

while processing, integrating, and storing rapidly changing information. 

To identify new synaptically important proteins, we performed a forward genetic 

screen whose overall strategy is diagrammed in Fig. 2.1. To bypass the inefficiency of 

lethal F3-screening methods, we took advantage of the EGUF/Hid method (Stowers and 

Schwartz, 1999), which produces genetically mosaic flies in which only the eye is 

exclusively composed of cells homozygous for the mutation. Mutations can affect the 

eye either structurally, causing abnormal eye morphology or functionally, causing 
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blindness. Since “blindness” is caused either by a loss of phototransduction, nerve 

excitation, or synaptic function, we initially screened mutagenized mosaic flies for 

blindness by assaying their phototactic behavioral response. In a 2nd round, the resulting 

collection of “blind” mutants is then screened for mutations that affect synaptic function. 

After establishing a synaptic role for the mutated protein, the mutation of interest is 

mapped with high resolution and then molecularly identified. The last step of the screen 

is to confirm that the molecularly identified mutation is indeed responsible for the 

observed synaptic defects by genetic “rescue” experiments. The last step of the screen 

is to confirm that the molecularly identified mutation is indeed responsible for the 

observed synaptic defects by genetic “rescue” experiments. 

By using the EGUF/Hid method (Stowers and Schwarz, 1999), Xiufang Guo 

isolated a large number of mutants that showed an impairment of synaptic transmission. 

The mitochondrial transport mutant dMiroB682 is one example of the mutations isolated 

from this screen (Guo et al., 2005), which was aimed at specifically isolating genes that 

are located on chromosome 3R of Drosophila. 
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Figure 2.1. Strategy for genetically identifying genes/proteins that are required for synaptic 

function. 
 

To induce point mutations and/or small deletions, isogenic homozygous male 

FRT82B flies were mutagenized with ethylmethane sulfonate (EMS). A total of 13,000 

F1-offspring were recovered and tested in batches (60 flies) for their ability to positively 

phototaxis by using a “counter-current apparatus” (Benzer, 1967). F1-flies that failed to 

move toward the light were classified as “blind” and individually backcrossed. The 

resulting F2-generation was retested to insure inheritance of the visual defect. Non-

phototactic F2 progeny were crossed out to a balancer chromosome to establish a 

genetically stable mutant strain. Once established, the strain was subjected to a final 

phototaxis test. 

After one individual test and two population phototaxis tests, 174 mutant strains 

were finally recovered. Extraneous mutations, such as those affecting locomotion or 

higher order visual centers were not picked up in this screen, because only the eyes 

were homozygous for the mutation. Since blindness can be caused by either functional 

or structural defects of the eye, we examined the recovered mutant strains for their eye 

morphology and sub-classified them by phototactic behavior and eye morphology. This 

analysis identified 71 blind strains with abnormal external eye morphology (A group) and 

103 blind strains with normal eye morphology (B group). The lethality of the recovered 

mutant strains was used as an easy phenotypic indicator for the genetic 

complementation analysis. The 103 lethal or semi-lethal mutant strains from the B group 

were crossed to one another in all possible combinations to identify their allelic 

relationships. Results of this analysis indicate that the 103 mutations fall into maximal 89 

individual complementation groups. Of these, only 15 groups contain more than one 
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mutant allele. The large fraction of complementation groups with only one single allele 

indicates that the genetic screen was by far not saturated, meaning that we did not 

mutate every gene that is critically required for phototaxis within the targeted 

chromosome region 3R. 

 

Materials and Methods 

Fly Stocks. 

Flies were raised on standard medium (http://flystocks.bio.indiana.edu/bloomfood.htm) 

with dry yeast at 20-250C. Strains containing overlapping deletions for the 3rd 

chromosome were obtained from the Bloomington Stock Center and Exelexis collection 

at Harvard University. These include the deletions Df(3R)D605, Df(3R) ED6255, Df(3R) 

ED6265, Df(3R) ED6237 and Df(3R) ED6242 from Bloomington and Exel 6208 and Exel 

6206 from Harvard. Several deletions Df(3R) IR16, Df(3R) IR7, Df(3R) Sq219ste, Df(3R) 

PSQ12e, Df(3R) PSQ14e and mutant alleles pll(25), pll(rm8) and woc-rg1 covering 97E-

98A region were obtained from Steve Wasserman’s lab at UCSD (Shelton & Wasserman 

1993). The Serrate alleles SerRx82, SerRx106 (Thomas et al., 1991), SerRx119, and the UAS-

Ser line UAS-Ser 5603.1 were obtained from Elizabeth Knust’s lab from Germany 

(Speicher et al., 1994). The Serrate alleles Serrev2-3, Serrev2-11, Serrev6-1, (Fleming et al., 

1990) and SerD (Lidsley and Grell, 1968) were obtained from Robert Fleming’s lab at 

Trinity college, Hartford, Connecticut. All P-element insertion lines used for male 

recombination mapping and meiotic recombination mapping (Table 2.1) were identified 

by the Gene Disruption Project of the Berkeley Drosophila Genome Project (Bellen et al., 

2004) http://flypush.imgen.bcm.tmc.du/pscreen/) and obtained through the Bloomington 

Stock Center or H. Bellen (Baylor College of Medicine, Houston, TX). The Notch allele 
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wand1 (Lidsley and Grell, 1968) was obtained from Artvanis-Tsakonas lab, Harvard 

University and the strain UAS-Nact  (Doherty et al., 1996) was obtained from Utpal 

Benarjee’s lab at UCLA. 

Deficiency mapping: Initial deficiency mapping with available deficiencies (Bloomington 

stock center) limited the locus of B936 to the deficiency Df(3R)D605 (Xiufang Guo, 

unpublished). While the mapping interval was being progressively unraveled by meiotic 

recombination mapping, we obtained available lethal alleles of the previously identified 

genes of the region and also available deficiencies that have break points in the 

neighborhood of the unraveled region. Complementation analysis was done by crossing 

B936 mutant female flies to male flies of various overlapping deficiencies (see above) 

spanning 97D-98B region. 

Genetic mapping by site-specific male recombination: Site-specific male 

recombination mapping (Chen et al., 1998) was employed for fine mapping of the B936 

mutant locus. The B936 mutant chromosome was marked with genetic markers that are 

located on the left side (hairy (h) and curled (cu)) or right tip (claret (ca)) of the 3rd 

chromosome by meiotic recombination between the chromosomes FRT82B, B936, 

ry506 and ru h th st cu sr e Pr ca.  
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Bloomington 
number 

Cytologic 
position 

Molecular 
position, bp 

KG05402 14442 97E3 22,882,466 
KG02314 13205 97E8 22,927,686 
KG02266 13198 97F1 22,966,755 
KG01739 14165 97F3 23,053,223 
EY07362 16818 97F4 23,060,631 
EY04289 16598 97F4 23,079,136 
KG05801 14122 97F6 23,096,893 
 EY10964 20235 97F1 23,096,895 
KG00908 Baylor 97F6 23,096,972 
EY03329 15433 97F6 23,115,145 
EY02871 15608 98A6 23,458,097 
Table 2.1. P element insertions used for male site-specific and meiotic recombination 
mapping. 

 

The marked B936 mutant chromosome was then crossed into a transposase-

providing (yw, [∆2-3]) genetic background. For mapping, the strain yw P[∆2-3]; cu h 

FRT82B B936 ca was crossed to the desired P-insertion line (ru+ h+ cu+ P ca+; letter P 

represents P insertion, Table 2.1). Male F1-progenies were crossed to w; ruhcuca 

females. For each chosen P element ~1000-2000 progeny were scored for 

recombinants, which either expressed ru- h-, or a ca- phenotype. Non-recombinant 

progeny expressed either all three (ru, h, ca) or none of the recessive markers. 

Recombinants were then tested for the presence or absence of the B936 mutation by 

complementation tests and to confirming a site-specific recombination event back-

crossed to w; ruhcuca. 

Meiotic recombination using P elements.   

For meiotic recombination mapping (Zhai et al., 2003), the B936 mutant chromosomes 

were crossed with seven P elements (KG2314, KG2266, KG01739, EY07362, EY04289, 
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KG05809, and EY03329) and F1 females heterozygous for the B936 chromosome and P 

element were scored. These females were crossed to heterozygous male B936 flies that 

contain the gene ‘hid’ controlled by a heat shock promoter in the balancer chromosome. 

The crosses were subjected to heat shock on the 5th day, which kills all progeny that 

contain the ‘hid’ balancer chromosome. 

Recombination occurs in F1 females and the recombinants were scored in F2 

progeny. Meiotic recombination distance (RD) in centimorgans (cM) was determined 

between the mutation and an individual P insertion under consideration. From these 

RDs, projected molecular distances (PMD) and projected molecular position (PMP) 

interval of the mutation was calculated using the equation shown in Fig. 2.2. To achieve 

an accuracy of < 0.1 cM which corresponds to an average interval of <50 kb (~25 

Mb/~55 cM per chromosome arm) we scored at least 20,000 F2 progeny from each P 

insertion cross.  

 
Figure 2.2. Calculation of molecular mapping positions. PMP, projected molecular position; 
PMD, projected molecular distance in base pairs (bp); RD, recombination distance in cM. 
 
Molecular identification of EMS-induced mutations. 

After genetically mapping the B936 mutation to the Serrate gene, the molecular changes 

were identified by sequencing the entire genomic region of the Serrate (24 kb) in B936 



	   60	  

and FRT82B (chromosome used to generate B936). DNA covering the genomic region 

of Serrate was PCR amplified by 27 overlapping stretches of 1000-1200 kb. Each stretch 

was sequenced twice to exclude artifacts. Genomic PCR products were sequenced on a 

3730xL DNA Analyzer (Applied Biosystems, Foster City, CA). For sequencing, primers 

were designed to cover every 800 bp along the entire 24 kb stretch of the Serrate 

genomic region in question. Both strands of amplified genomic PCR products were 

sequenced. DNA sequence data were analyzed by using MacVector software (Accelrys) 

and AssembleLIGN software (Oxford Molecular Group). The polymorphisms that were 

different between FRT82B and B936 sequences but not between the published Serrate 

gene (Fly base) and B936 were considered to be the potential candidates for the B936 

mutation. 

Recombining UAS-Ser into SerB936 background.  

In order to conduct rescue studies, the UAS-Ser transgene (3rd chromosome) was 

recombined with the SerB936 mutant chromosome by crossing w-; UAS-Ser flies with w-; 

SerB936 and scoring for meiotic recombinants following w+ (red) marker of the UAS 

construct. The Gal4 drivers, 24B-Gal4 and Act-5C-Gal4, which are also on the 3rd 

chromosome were similarly recombined onto the SerB936 mutant chromosome. At least 

two of the recombinants are being maintained in each case. The other two Gal-4 drivers 

used in this work are elav-Gal4 and OK6-Gal4. Since they are on different 

chromosomes, they were just crossed to obtain both the drivers in a SerB936 background. 

Generation of SerB936  mutant strains carrying a UAS-Notchintra transgene.  

The constitutively active UAS-Notch intracellular domain (UAS-Nintra) transgene is 

inserted on the 2nd chromosome. Using standard crosses and marked chromosomes, 
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the UAS-Notchintra flies were crossed into the w-; SerB936/TM6TBSb background to 

generate the strain  UAS-Nintra; SerB936/TM6TBSb.  

Larval Dissections. 

To expose larval body wall muscles and the nervous system, climbing third instar 

Drosophila larvae were dissected as described previously (Ranjan et al., 1998). Briefly, 

all dissections were performed in Ca2+-free HL-3 solution (Stewart et al., 1994). Larval 

muscles were identified as described by Johansen et al. (1989). 

Immunostainings. 

After dissection, 3rd instar larvae were fixed with 4% paraformaldehyde pH 7.8 for 1 h at 

room temperature, washed twice with phosphate-buffered saline (PBS pH 7.8) 

containing 0.2% Triton X-100 (PBST) for 10 min, and blocked with PBST containing 1% 

bovine serum albumin (BSA) and 5% normal goat serum (PBTB) for 30 min. The larvae 

were then incubated with primary antibody in PBTB overnight at 40C, washed three 

times with PBST for 10 min each, and incubated with secondary antibody in PBTB for 1-

2 hrs at room temperature, washed three times with PBST for 10 min each, and imaged 

by Olympus confocal microscope. The following antibodies were used in this study: 

mouse anti-CSP (1:100, ab 49), goat anti-HRP Cy3-conjugated (1:300-400; Jackson 

Laboratories, West Grove, PA), mouse anti-DLG (1:250; DSHB), goat anti-Ser-C 

(1.6:100; Santa Cruz), Donkey anti-goat-Alexa488-conjugated (1:200, Molecular 

Probes), rabbit anti-mouse Cy3-conjugated antibody (1:200, Molecular Probes).  

 NMJ morphological parameter analysis procedure. 

Confocal images of 3rd instar larval NMJs (6/7 and 12/13) that were double 

immunostained for CSP and HRP as well as Confocal “pseudo” Nomarski images were 

used to measure the following morphological features using Image J software: 
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1. NMJ length (NMJL): NMJ length (µm) is measured from the two most distant tips of 

the NMJ using confocal images of HRP stained NMJs. 2. Muscle length (ML): Muscle 

length is measured from Nomarski images of muscles 6/7 and 12/13. 3. Total number 

of boutons (1s and 1b): Boutons were identified as swellings on the axon that were 

also immunopositive for CSP and counted along the entire length and on branches of 

the NMJ. 4. Number of secondary axon branches (20 branch #): Ramifications with 

two or more boutons from the primary branch (axon) are counted as one secondary 

branch. 5. Muscle Surface Area (MSA): MSA is calculated for both muscle 6 and 

muscle 7 independently using the formula for surface area of a cylinder: MSA = 2πrh, 

where r = width of the muscle, and h = length of the muscle. The length of muscle 6 (M6) 

and 7 (M7) is the same per hemisegment. In contrast, the width of muscle 6 is always 

greater than that of muscle 7. Both, the surface areas of muscle 6 and 7 are added to 

calculate the total MSA: total MSA = 2πrh (M6) + 2πrh (M7) = (M6+M7) x104 µm2. 6. 

NMJ length/Muscle length x 100: Length of individual NMJ (NMJL) is normalized to 

their respective muscle lengths. 7. NMJL/MSA: NMJ length is also normalized to the 

combined 6 and 7 MSA. 8. ML/NMJL x 10 = Muscle length is normalized to its 

respective NMJL for each individual NMJ. 9. Bouton number/NMJL: Number of 

boutons is normalized to NMJL using the formula: Bouton number/NMJL x 100. 10. 

Bouton number/ML: Number of boutons is normalized to muscle length using the 

formula: Bouton number/ML x 100 

Electrophysiology.  

Intracellular whole-cell recordings of miniature excitatory junction potentials (mEJPs) and 

evoked excitatory junction potentials (EJPs) were performed with a single microelectrode 

filled with 3 M KCl (20-40 MΩ) at room temperature, essentially as described earlier 
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(Dawson-Scully et al., 2000).  All recordings were made from muscle 6, segment A3 of 

climbing third instar larvae in HL-3 medium supplemented with 1 mM Ca2+ except 

specified. Larvae were selected for data acquisition only when the resting potential of the 

muscle was between -55 to -75 mV. EJPs were evoked by stimulating the cut nerve and 

were the combined responses of two glutamatergic axons innervating muscle 6 (Kurdyak 

et al., 1994). To elicit a postsynaptic response, the segmental nerve was stimulated (0.1 

ms pulse duration) at 2.5 times the stimulus amplitude required for a threshold response. 

Voltage signals were amplified with an Axopatch 1D amplifier (Axon Instruments, Foster 

City, CA), filtered at 1 kHz, and digitized at 5 kHz directly to disk with a Digidata 1200 

interface and pClamp 6.0 software (Axon Instruments). Evoked responses were 

analyzed with pClamp 6.0 software. Means were obtained by averaging 15 responses 

per cell. Spontaneous release amplitude and frequency as well as EJPs elicited at high 

frequency were analyzed using the Mini Analysis Program (Synaptosoft Inc., Leonia, 

NJ). 

Statistical Analysis of NMJ parameters. 

Averages from 6-9 larvae were analyzed for statistical significance by Student’s t-Test or 

one-way ANOVA testing using Prism Software (Graphpad Software, 2007). Bonferroni 

multiple comparisons test was used for post-hoc analysis. N indicates number of larvae 

imaged. P values of <0.05, <0.01, and <0.001 were indicated with one, two, and three 

asterisks (*), respectively. All values were shown as mean ± SD. 

 

Results 

B936 mutants impair neurotransmitter release.  
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Mutations of the B936 complementation group (alleles: B936, A607 (lost)) are 

homozygous lethal. Homozygous larvae fail to pupate and die at the end of the 3rd instar 

larval stage. By using current clamp recordings, spontaneously occurring miniature 

excitatory junction potentials (mEJPs) and nerve-evoked EJPs were recorded from 

muscle 6, as described earlier (Bronk et al., 2001; Dawson-Scully et al., 2000). The 

average amplitude of spontaneously occurring mEJPs was normal in B936 mutants, 

whereas an insignificant increase in mEJP frequency was observed (Fig. 2.3A-B). 

However, at 0.2 Hz stimulation, nerve-evoked EJP amplitudes at homozygous B936 

mutant larval NMJs were significantly reduced from control by ~27% (p < 0.01, Fig. 

2.3C). Together, these results suggest a presynaptic impairment of either nerve 

excitability or neurotransmitter release.  

In addition, B936 mutant NMJs showed a significant facilitation of EJP 

amplitudes during the entire 5 minute period of 10 Hz stimulation (Fig. 2.4A). The 

facilitation reaches peak values of up to 150% over the first response (Fig. 2.4B). This 

suggests an altered probability of neurotransmitter release due to changes in Ca2+ entry, 

Ca2+ signaling and/or Ca2+ clearance. 

 
Figure 2.3. The B936 mutation impairs evoked neurotransmitter release at larval NMJs 6/7. 
Both mEJP and EJP were recorded from muscle 6 of 3rd instar larvae in HL-3 solution containing 
1mM Ca2+. A) Mean mEJP amplitudes recorded from control and B936 mutant 3rd instar larvae. 
No significant differences were observed.  Mean mEJP frequency recorded from control and 
B936 mutants. Mutant larvae had a higher mEJP frequency compared to control, which is not 
statistically significant. C) Evoked EJP amplitudes (0.2 Hz) recorded from 2nd (L2) and 3rd (L3) 
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instar larvae of control, homozygous and heterozygous (over deficiency Df(3R)IR16) B936 larvae. 
Significant differences are indicated by asterisks (* p<0.05, ** p<0.01. Student t-test). 
 

Second site mutations on the B936 mutant chromosome that could cause the 

loss of synaptic transmission could be minimized by examining transheterozygous 

deletions uncovering the B936 locus (Df(3R)IR16, see below). Most trans-heterozygous 

B936/Df(3R)IR16 larvae die during 1st and 2nd larval instar stages but some reach the 3rd 

instar larval stage, suggesting that the B936 allele is a hypomorph but not a null. 

Recordings from trans-heterozygous larvae (B936/Df(3R)IR16, Fig. 2C) showed 

physiological phenotypes similar to that of homozygous B936 mutants, suggesting that 

the B936 phenotype results from a mutation within the Df(3R)IR16 deficiency region. 

This led us to molecularly identify the gene that is mutated by the B936 mutation.    

	  
 
 
Figure 2.4. The B936 larval NMJs show facilitation upon high frequency stimulation. EJP 
amplitudes were recorded from control and B936 mutant 3rd instar larval NMJs (6/7) during 10 Hz 
stimulation for 5 minutes. Normalized EJP amplitudes were obtained by dividing mean amplitudes 
for each time point by the first EJP amplitude at the beginning of the 5 minutes stimulation train 
A)	  B936 larvae showed a gradually increasing facilitation of EJP amplitudes for the first 3 minutes 
of stimulation, after which a plateau was sustained, while control showed a rapid and immediate 
depression of EJP amplitudes.	  B) EJP amplitudes for both B936 and control larvae normalized to 
their respective first responses. B936 mutants showed a facilitation of EJP amplitudes by ~150%. 
In contrast, control amplitudes were depressed to ~60% during the same stimulation period.	  
 
Genetic mapping of the mutation B936 identifies the serrate (Ser) locus.  
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Homozygous B936 mutants are lethal. Most homozygous larvae die by the end of the 3rd 

instar larval stage. A few survivors pupate but die during early pupal stages. Using a 

combination of male site-specific (Chen, 1998) and deficiency mapping, I initially 

mapped the B936 locus to an interval 97E5 – 97E10 on chromosome 3R containing 15 

genes and less than ~130 kilobases (kb) (Fig. 2.5). As we encountered problems with 

male site-specific recombination method, we switched over to meiotic recombination 

mapping and used the same P element insertions for fine mapping. Seven P elements 

(KG2314, KG2266, KG01739, EY07362, EY04289, KG05809, and EY03329) were 

selected that spanned the large genomic region covered by the deficiency Df(3R)D605 

(97E1-98A) and used to narrow down the mapping region to 49 kb (Fig. 2.6) (please see 

materials and methods for more details of the mapping procedure).  

 
Figure 2.5: Genetic mapping of the B936 mutation to the Ser (CG6127) gene. The B936 
mutation was mapped by deficiency mapping with cytologically defined deficiencies and male 
site-specific recombination mapping using defined P element insertions. Shown is the 
chromosomal interval 97E-F of chromosome arm 3R. The scale represents the molecular 
distance in kb. Horizontal thick black lines above the scale represent deficiencies spanning this 
region. Grey boxes at the end of the deficiencies represent molecularly undefined deletion 
breakpoint, whereas double slashes indicate extension of the deficiencies beyond the illustration. 
Hollow boxes below the scale represent annotated genes in that region, whereas triangles 
represent P element insertions used for male site-specific recombination mapping. Viability (+) or 
lethality of B936 over a deletion allele is indicated. The deficiencies Df(3R)PSQ14, Df(3R)ED6237 
and Exel Df(3R)6208 failed to complement B936 mutation, whereas deficiencies Exel Df(3R)6206 
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and Df(3R)Sq219 complemented B936. The region between the dotted vertical lines represent 
the mapping interval obtained from deficiency mapping (~130 kb). Black arrows above the P 
elements show the direction of mapping obtained by male site-specific recombination. All boxed 
Ser alleles fail to complement the lethality of B936 mutation. 
 

After mapping the mutation B936 to a region of 47 kb, I used genetic 

complementation tests with the available lethal alleles of this region to exclude or 

confirm genes that might harbor the B936 mutation. All the available mutant alleles 

(pll[rm8] (pelle), pll[25], woc-rg1) (without children) tested complemented the B936 

mutation except for a mutant allele (SerRX82) of the Ser gene. To further confirm these 

observations, I obtained additional, previously characterized, Ser alleles (Table 2.2), and 

tested them for complementation with the B936 allele. All examined Ser alleles, SerRX119, 

SerRX106, SerRX82, Serrev6-1, Serrev3, and Serrev2-11 failed to complement the larval lethality 

of B936 (Table 2.2), suggesting that the B936 mutation is an allele of the Ser gene 

(SerB936). 

 
 

Figure 2.6. Meiotic recombination mapping using molecularly defined P element 
transposons. The triangles with stalks over the genomic scale indicate the positions of the 
indicated P insertions used for mapping. Genomic scale indicates the molecular position 
(kilobases) of the P insertions in the 97 E-F region of the chromosome 3R. Black filled rectangles 
under the genomic scale represent the candidate genes in the 97 E-F region. Numbers over P 
elements indicate the number of recombinants obtained over the total number of progeny scored 
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from the recombination (F2) cross. Asterisks represent the projected molecular position (PMP) 
calculated between two P elements under consideration based on their RDs. PMP interval 
represents the range of PMPs obtained for each pair of P elements considered as represented. 
Dotted vertical lines represent the range of the mapping (PMP) interval obtained from this 
method. Hollow long box at the bottom of the figure represents the deficiency Df(3R)Sq219 which 
complements B936- and lethal over pelle- and breaks in the CG18766 gene region (Fig.4). 
 
 
 
 B936 SerRx82 SerRx106 SerRx119 Serrev3 Serrev6-1 Serrev2-

11 
Df 823 Exel 

6208 
B936 __         

SerRx82 __ __        

SerRx106 __ __ __       

SerRx119 __ __ __ __      

Serrev3 __ __ __ __ __     

Serrev6-1 __ __ __ __ __ __    

Serrev2-11 __ __ __ __ __ __ __   

Df 823 __ __ __ __ __ __ __ __  

Exel 
6208 

__ __ __ __ __ __ __ __ __ 

Table 2.2. Complementation analysis of B936 with Ser alleles and relevant deficiencies 
spanning the Ser gene. (__) symbol indicates failure of complementation. 
 

The SerB936 allele contains three independent missense mutations in Ser. 

The Drosophila ser gene spans 22 kb containing 14 exons that encode a cell-surface 

protein with 1404 amino acids. The Serrate protein consists of a signal peptide 

sequence, a DSL domain, which is a characteristic of Notch ligands (Fleming et al. 

1990), 14 tandem EGF like repeat domains and a single pass transmembrane (TM) 

domain. To determine the molecular nature of the B936 mutation, I have sequenced the 

24 kb genomic region covering the entire ser gene including a 1000 bp flanking region 

using genomic DNA isolated from homozygous SerB936 and FRT82B (control) larvae. 

FRT82B is the fly strain that was used for the EMS mutagenesis generating the B936 

mutant strain. Therefore, genomic DNA sequence of the ser gene from FRT82B control 

larvae helps to identify gene mutations in the ser gene from SerB936 larvae. All the three 
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mutations were different from both the published [2008 March (FB2008_03 Dmel 

Release 5.6)] genome of Drosophila (Celinker et al. 2002) and the FRT82B control. DNA 

sequencing analyses revealed three different point mutations in the coding region of the 

ser gene of B936 mutants: the first point mutation (G to C) is found in exon 1, a second 

(G to A) in exon 6, and a third (G to T) in exon 13 (Fig. 2.7). 

Figure 2.7: Three independent mutations are found in the Serrate gene of the B936 allele.  
Genomic sequencing of the 24 kb ser gene in the control strain FRT82B (FRT_contig) and B936 
(B936_contig) larvae revealed three point mutations (highlighted in grey).  The shown sequences 
were assembled with Mac Vector software. “Ser_gene_24Kb” represents the published genomic 
sequence of the ser gene (Fly base). 
 

All three point mutations in the Ser gene of B936 alter the predicted amino acid 

sequence: Exon 1 G-C ⇒ Ala23Pro; Exon 6 G-A ⇒ Gly324Ser; Exon 13 G-T ⇒ 

Val1126Leu. The three point mutations affect the Serrate protein in various ways: The 

A23P mutation resides in the leader sequence of the Serrate protein, the G324S 

mutation is located in the first EGF-like repeat and the V1126L mutation is located 

between the last EGF-like repeat and the transmembrane domain (Fig. 2.8). Currently, it 

is not clear which mutations are responsible for the observed phenotype, which could 
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caused by any combination of these mutations. The mutation A23P in the leader 

sequence of Serrate could impair targeting of the protein to the membrane. The mutation 

G324S in the first EGF-like repeat could affect the binding of Serrate to the Notch 

receptor.  Since the V1126L mutation is not located in a domain forming region of the 

Serrate protein, we cannot predict the functional consequences of the V1126L mutation 

on the Serrate protein.  

 

 
Figure 2.8: Amino acid changes and the structure of Serrate protein. Shown are and the 
protein domains and EMS-induced point mutations in the predicted Ser protein of the SerB936 

allele. The identified three missense mutations cause three amino acid substitutions, A23P, 
G324S, V1126L (indicated in parentheses). The numbers under each protein domains indicate 
amino acid position. Red arrows point to the localization of the three amino acid substitutions. 
 

Mutations in Ser impair the morphology of larval NMJs on muscles 6/7.   

The larval NMJ on muscles 6/7 is formed by two innervating axons giving raise to two 

structurally and functionally different nerve terminals, type 1s and 1b (Atwood et al., 

1993; Landgraff et al., 1997). During larval development (1st-3rd instar larval stage), the 

size of the NMJ is constantly increased to sustain the increasing excitation demands of 

the steadily growing muscle. This coordinated growth results in a constant excitation of 

the muscle (same size of EJP) but requires a steady increase in the number of synaptic 

boutons (Schuster et al., 1996a; Lneincka and Keshishian, 2000).  

To examine the potential role of Ser for neuromuscular growth, I performed a 

structural analysis of larval NMJs on muscle 6/7. Besides SerB936, I examined two other 
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alleles, SerRX119, which is a 3rd instar larval lethal  (Spelcher et al., 1994), and SerD, 

which is a dominant allele causing notches in the adult wing (Thomas et al., 1995). In 

addition, I examined the phenotypes of a genomic deletion that uncovers the ser locus, 

Df(3R)Exel6208 (embryonic lethal), when heterozygous over B936 (SerB936 Df(3R)/Exel 

6208). 3rd instar larval NMJs were immunostained with antibodies against CSP and 

HRP to visualize synaptic vesicles and presynaptic neuronal membranes, respectively.  

Immunostainings of Serrate mutant NMJs revealed a prominent increase in the 

size and shape of synaptic boutons (elongated boutons) but also a dramatic reduction in 

the number of synaptic  boutons and a reduction in the length of NMJs, especially in the 

SerB936 allele (Fig. 2.9). Similar overall phenotypes were observed in SerB936/Exel6208 

and SerRX119. At SerB936 mutant NMJs, it was not possible to clearly distinguish between 

type 1s and 1b boutons. However, at mutant NMJs of homozygous SerD larvae, type 1s 

and 1b boutons were clearly distinguishable. 
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Figure 2.9. Confocal images of NMJ defects in various Ser alleles. Confocal images showing 
NMJs on muscle 6/7 of 3rd instar larvae in various Ser alleles. NMJs are visualized by staining 
with anti-CSP (red) and anti-HRP (green) antibodies. The images presented here display the 
merged staining of CSP and HRP. Scale bar 20 µm. 
 

To accurately describe the structural phenotype of serrate mutant NMJs and the 

underlying muscles, I used the following parameters for quantification: muscle length 

(ML, µm), muscle surface area (MSA, µm2), NMJ length (NMJL, µm), number of synaptic 

boutons, and number of secondary axon branches. The length of the NMJ, bouton 

number and branch number were normalized to the muscle surface area to account for 

the coordinated and proportional growth of the NMJ and the underlying muscle. 
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Figure 2.10. Reduction in muscle surface area and NMJ length in different Ser alleles. 
Muscle length (A), muscle surface area (B), NMJ length (C) and NMJL/MSA (D) are quantified at 
muscle 6/7 NMJs in the control and in various Ser alleles (n= 12 -18 NMJs) and the data are 
presented as mean ± SD. Statistical significance between different genotypes was determined 
using one-way ANOVA. Statistical significant differences to control are indicated: *p<0.05; 
**p<0.01; ***p<0.001.	  
 

Mutations in Serrate reduce the size of larval body wall muscles.   

Ser mutations affected larval body wall muscles, as the size of the muscle (surface area) 

was significantly reduced for most of the examined allelic combinations of Ser, including 

SerB936/+ (n=8, p<0.05), SerB936 (n=12, p<0.001), SerB936/SerRX119 (n=10, p<0.01), SerD/+ 

(n=12, p<0.05), and SerD (n=12, p<0.05) (Fig. 2.10B). In comparison to control, 

homozygous SerB936 and SerRX119 mutant muscles were also significantly shorter 

(Control: 394.3 ± 41.61, n=18; SerB936: 351.8 ± 55.20, n=12, p<0.05; SerRX119: 320.2 ± 
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9.6, n=9, p<0.01, one-way ANOVA) (Fig. 2.10A). This suggests that Serrate is required 

for the growth of the larval muscle.  

 
Figure 2.11. Total number of boutons is significantly decreased in various Ser alleles. (A) 
Confocal images of 3rd  instar larvae of wild type and various Ser alleles were immunostained for 
CSP and HRP. Total bouton number was counted based on CSP staining and the ratios are 
presented as mean ± SD. Total number of boutons were normalized to NMJ length (B) and 
muscle surface area (C). (*) Statistical comparisons to the control; filled squares indicate 
statistical comparison to SerB936. *p<0.05; **p<0.01; ***p<0.001. 
 
Serrate mutant NMJs exhibit a reduced number of synaptic boutons. As it is very 

difficult to discern type 1s and 1b boutons in some serrate mutant alleles, I quantified 

only the total number of synaptic boutons from confocal images of NMJs that were 



	   75	  

immunostained for the synaptic vesicle protein CSP and the neuronal marker HRP.  

After normalizing the data to muscle surface area or NMJ length (Fig. 2.11A-C), all of 

the examined homozygous serrate alleles exhibited a significantly reduced number of 

synaptic boutons at larval NMJs 6/7. The number of synaptic boutons at homozygous 

SerB936 NMJs was reduced to 42% of control (Control: 97.06 ± 16.1, n=18; SerB936: 41.25 

± 11.73, n=12, p<0.001; one-way ANOVA, Fig. 2.11A). A similar reduction was seen at 

homozygous SerRX119 (53.33 ± 15.95, n=9, p<0.001), homozygous SerD (58.58 ± 11.87, 

n=12, p<0.001), SerB936/Exel6208 (57.13 ± 13.48, n=16, p<0.001) and SerB936/ SerRX119 

(56.10 ± 17.26, n=10, p<0.001, Fig. 2.11A) NMJs. However, all of the examined 

heterozygote serrate alleles showed normal numbers of synaptic boutons (Fig. 2.11A), 

suggesting that all alleles are fully recessive.  
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Serrate mutant NMJs exhibit a reduced number of secondary axonal branches. 

The absolute and normalized number of secondary branches at larval NMJs on muscle 

6/7 was significantly reduced in all of the examined Ser mutant alleles (Control: 10.56 ± 

1.13, n=9; SerB936: 2.0 ± 1.279, n=12, p<0.001; SerRX119: 3.556 ± 1.333, n=9, p<0.001), 

SerB936/Exel6208 (3.938 ± 1.652, n=16, p<0.001) and SerB936/ SerRX119 (4.333 ± 1.966, 

n=6, p<0.001, one-way ANOVA, Fig. 2.12A and 2.12C), except for the SerD allele in 

which only the normalized branch number/NMJL was significantly reduced (Fig. 2.12B, 

n=12, p<0.05). Notably, the two examined heterozygous combinations SerB936/+ and 

Figure 2.12. Serrate mutants exhibit 
defects in NMJ secondary branch 
number. (A) NMJ branches at muscle 
6/7 NMJs were quantified in the wild type 
and in various Ser alleles (n= 6-12 
larvae). NMJ branch numbers were 
normalized independently to NMJL (B) 
and MSA (C). *p<0.05; **p<0.01; 
***p<0.001. (*) Statistical comparisons to 
the control; filled squares indicate 
statistical comparison to SerB936. 
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SerRx119/+ also showed a reduced number of branches (SerB936/+: 5.875 ± 1.356, n=8, 

p<0.001;  SerRx119/+: 5.833 ± 1.697, Fig. 2.12A) . Together with the reduced number of 

synaptic boutons (Fig. 2.11A), these data indicate Serrate function is required for normal 

growth of NMJs 6/7. In addition, the data suggest that neuromuscular growth may be 

rather sensitive to the amount of Serrate protein, as some of the synaptic phenotypes 

were also observed in heterozygous Ser+/- alleles. A summary of NMJ defects observed 

in various Ser alleles and allelic combinations compared to wild-type controls is 

presented in Table 2.3. 

 
NMJ 
parameter 

SerB936/+ SerB936 SerB936/ 
Exel6208 

SerB936/ 

SerRx119 
SerRx119/+ SerRx119 SerD/+ SerD 

NMJ length ns *** ns ns ns ns ns ns 
Muscle length ns * ns ns ns ** ns ns 
MSA * *** ns ** ns ns * * 
Bouton # ns *** *** *** ns *** ns *** 
NMJL/ML ns ns ns ns ns ns ns ns 
NMJL/MSA ns ns ns ns ns ns ns ns 
Bouton#/NMJL ns *** *** *** ns *** ns *** 
Bouton#/MSA ns *** *** ** ns *** ns ns 
Branch # *** *** *** *** *** *** ** ns 
Branch 
#/NMJL 

*** *** *** *** *** *** ** * 

Branch #/MSA ns *** *** * * *** ns ns 
Table 2.3. Summary of observed defects at NMJ 6/7 of various combinations of Ser alleles. 
(*) denotes statistical significance of various Ser alleles and allelic combinations compared to 
wild-type control. *p<0.05; **p<0.01; ***p<0.001. 
 
Serrate is expressed at NMJs pre- and postsynaptically. 

The structural analysis of serrate mutant NMJs suggests a role for Serrate protein in 

maintaining synaptic growth during the expansion of the larval NMJ. To determine 

whether Serrate is indeed localized to NMJs, I examined Serrate protein expression at 

NMJs of muscles 6/7 and 12/13 by using an anti-Serrate antibodies that was raised 

against a C-terminal peptide of Serrate, (Ser-C antibody, Santa Cruz Biotechnology, 

CA).  
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NMJs of control, homozygous SerB936, and SerD larvae were immunostained with 

anti-Ser-C and anti-HRP (marks neuronal membranes) antibodies under similar 

conditions (Fig. 2.13). Confocal images showed that Serrate is expressed in both the 

presynaptic motor axon and the postsynaptic muscle. Serrate immunostaining 

colocalized with HRP, indicating that Serrate is expressed in the presynaptic neuronal 

membrane. Notably, Serrate expression was increased at larval NMJs of homozygous 

SerD larvae (Fig. 2.13).  

 
Figure 2.13. Serrate protein is expressed at third instar larval NMJs. Confocal images of 3rd 
instar larval NMJs of control (w1118), homozygous SerB936 and SerD alleles that were 
immunostained with anti-Ser-C (C-terminal; green) and anti-HRP (red) antibodies. Scale bar: 10 
µm (panels A-C); 5 µm (insets). Serrate is localized at both pre-and postsynaptic sites of the 
NMJs in both wild-type and mutants NMJs. In each panel, first column represents immunostaining 
with anti-Ser-C antibody; second column represents anti-HRP staining and the third one 
represent the merged images of anti-Ser-C and anti-HRP stainings. Serrate protein is also found 
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in muscles nuclei of all three genotypes. At the NMJ, Serrate is found predominantly in the 
muscle. Moreover the intensity of Serrate staining in control and SerD is higher at type 1b boutons 
compared to type 1s boutons (arrows). In B936, since there is no clear distinction between type 
1b and 1s boutons, no difference in Serrate expression can be discerned. 
 

Larval NMJs were also immunostained with anti-Ser-C and anti-CSP antibodies. 

Cysteine string protein (CSP) is expressed on synaptic vesicles, which are enriched in 

axon terminals/synaptic boutons. Fig. 2.14 shows confocal images of control and SerB936 

NMJs 6/7 that were stained for Serrate and CSP. In both control and SerB936, Serrate 

and CSP showed distinct localization patterns. Co-localization of Serrate with HRP, but 

not with CSP staining, suggest that Serrate is expressed in the membranes of 

presynaptic terminals. Interestingly, Serrate was also enriched at the postsynaptic side 

of the larval NMJS, presumably in the subsynaptic reticulum, which surrounds the 

presynaptic bouton (Fig. 2.13).    

To further confirm the strong postsynaptic expression of Serrate, I examined a 

potential co-localization of Serrate with discs-large (DLG), a postsynaptic density (PSD) 

protein that is localized to the subsynaptic reticulum of the muscle surrounding type 1b 

boutons and to a lesser extent type 1s boutons. Double stainings of control and SerB936 

mutant NMJs on muscle 6/7 showed co-localization of Serrate with DLG (Fig. 2.14). 

Hence, we conclude that postsynaptic Serrate protein is expressed together with DLG in 

the postsynaptic SSR.  

Notably, a differential expression of Serrate was observed between type 1b and 

1s boutons. Intense postsynaptic expression was seen at type 1b boutons but little or no 

expression was observed at type 1s boutons. A similar trend was seen at NMJs of 

muscle 12/13 (Figs. 2.14 and 2.15).  

Ser-C immunostainings of SerB936 mutant larvae confirmed Serrate protein 

expression in SerB936 mutants. Since Serrate protein in B936 mutants is localized to the 
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neuronal and muscle membrane, it is likely that the A23P mutation in the leader 

sequence does not alter membrane targeting of Serrate protein. These data also 

suggest that the observed defects in NMJ growth and function of B936 mutants are not 

due to either a loss or improper localization of the Serrate protein. As Serrate functions 

mainly by binding to the Notch receptor, it is possible that the amino acid substitution of 

glycine for serine (G324S) in the first EGF-like repeat may disrupt the binding of Serrate 

protein to the Notch receptor in B936 mutants.  

 
Figure 2.14. Relative localization of Serrate compared with specific presynaptic and 
postsynaptic markers. (Top Panel) represents immunostainings of larval NMJs using anti-Ser-C 
(green) and anti-CSP (presynaptic marker, red) antibodies in w1118 and SerB936 mutant larvae. 
Half of the entire NMJs are clipped for better resolution. Serrate and CSP proteins localized 
distinctly at presynaptic neuronal membranes. (Bottom Panel) Larval NMJs were immunostained 
with anti-Ser-C (green) and anti-DLG (postsynaptic marker, red) antibodies. Notice the differential 
staining of DLG Ab with respect to 1s and 1b boutons in w1118, whereas such clear distinction is 
missing in SerB936 NMJs. Also notice a reduction in Serrate staining in 1s boutons compared to 1b 
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boutons in w1118 NMJs. In both w1118 and SerB936 NMJs Serrate is clearly colocalized with 
DLG. Scale bar: 10 µm (panels A and B); 5 µm (insets). 
 

To confirm the specificity of the Ser-C antibody, a UAS-Ser transgene was 

expressed specifically in wild type muscles using the muscle-specific 24B-Gal4 driver. 

Wild type larvae and larvae overexpressing Serrate in muscles were immunostained for 

Serrate and DLG. A significant accumulation of Serrate protein at NMJs was observed 

when Serrate was overexpressed in the muscle (Fig. 2.15). Accumulation of Serrate was 

found specifically in a region surrounding synaptic boutons that colocalized with the 

postsynaptic marker DLG. Much less accumulation of overexpressed Serrate was seen 

in the remaining muscle. These results provide evidence for a neuromuscular 

localization of Serrate protein and confirm the specificity of the Ser-C antibody. 

 
Figure 2.15. Muscle-specific overexpression of Serrate results in accumulation of Serrate 
protein at NMJs. Shown are confocal images of NMJs on muscle 12/13 of third instar larvae 
stained with anti-Ser-C and anti-DLG Abs. Serrate (UAS-Ser) was overexpressed in the muscle 
with the 24B-Gal4 driver. Clear distinction between type 1s and 1b boutons is seen at both control 
and mutant NMJs, and the expression of Serrate is different between type 1s and 1b boutons. 
Notice the accumulation of Serrate protein at NMJs. No difference in DLG staining intensity is 
seen between control and larvae overexpressing Serrate. Scale bar is 20 µm.  
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Pre- but not postsynaptic expression of Serrate is required for normal growth of 

NMJs on muscles 6/7. 

The analysis of Serrate protein expression and the phenotypic effects of Ser mutations 

on muscle size and neuromuscular structure indicates that Serrate may act pre- and/or 

postsynaptically. To resolve this issue, I expressed normal Serrate protein either in the 

presynaptic motor neuron or the postsynaptic muscle of homozygous SerB936 larvae. The 

panneuronal elav-Gal4 driver (Budnik et al., 1996) and the motor neuron-specific OK6-

Gal4 driver were used for neuronal expression, the actin5C-Gal4 driver for ubiquitous 

expression in neurons and muscles, and the 24B-Gal4 driver for muscle-specific 

expression.  

Control larvae, homozygous SerB936, and SerB936 mutant NMJ larvae expressing 

wild-type Serrate were double immunostained for CSP and HRP (Fig. 2.16A). Driving 

the UAS-Ser transgene with the neuron-specific elav-Gal4 and OK6-Gal4 drivers in a 

homozygous SerB936 mutant background completely restored the morphological defects 

of SerB936 mutant NMJs (Fig. 2.16A), including the length of SerB936 mutant NMJs, the 

abnormally elongated boutons, the number of branches (Control: 10.56 ± 1.13, n=9; 

SerB936: 2.0 ± 1.279, n=12, p<0.001; elav-Gal4: 8.667 ± 2.015, n=12, p<0.001; OK6-

Gal4: 10.5 ± 2.507, n=8, p<0.001, Fig. 2.16B, Table 2.4), and the number of synaptic 

boutons (Control: 97.06 ± 16.1, n=18; SerB936: 41.25 ± 11.73, n=12, p<0.001; elav-Gal4: 

86.92 ± 23.04, n=12, p<0.01; OK6-Gal4: 95.25 ± 11.76, n=8, p<0.001 Fig. 2.16C, Table 

2.4). Hence, presynaptically localized Serrate is required to maintain a normal number of 

boutons and branches at larval NMJs 6/7. 
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Figure 2.16A. Presynaptic expression of Serrate is critically required for development of 
NMJs 6/7. Ser transgene (UAS-Ser) is overexpressed under the control of ubiquitous (Act5C-
Gal4), muscle specific (24B-Gal4) and motor neuron specific (OK6-Gal4) drivers in SerB936 
mutants. Expression of Ser transgene at the presynaptic site rescued the mutant phenotype of 
SerB936, whereas ubiquitous and muscle expression could not rescue the mutant phenotype. 
Notice the persistence of increased bouton size and reduced number of secondary neuronal 
branches with ubiquitous and muscle-specific Ser overexpression, while the NMJ resembles wild 
type when Ser is overexpressed in motor neurons. Scale bar is 20 µm. 
 

Ubiquitous expression of normal Serrate protein in SerB936 mutants restored a 

normal length of the NMJ and the muscle but failed to restore defects in neuromuscular 

structure (Fig. 2.16A and Table 2.4). This is to some degree inconsistent with the 

rescue of synaptic phenotypes by neuronal expression of Serrate. A likely possibility 

may be the weak expression of the actin5C promoter.  
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Figure 2.16B-C: Presynaptic expression of Serrate in SerB936 mutants rescued the branch # 
per MSA and boutons per MSA phenotypes. Branch #/MSA phenotypes of SerB936 are 
rescued only by neuronal and motor neuronal expression of Ser transgene whereas they 
resembled SerB936 when the transgene is expressed by ubiquitous and muscle specific drivers 
(fig. 16B). The bouton #/MSA phenotypes observed in SerB936 mutants are rescued by the 
transgenic expression of Ser driven by neuronal and motor neuronal specific Gal-4 drivers only 
but not by ubiquitous and muscle specific drivers (fig. 16C). (*) Statistical comparisons to the wild 
type control; Red asterisks indicate statistical comparison to SerB936. *p<0.05; **p<0.01; 
***p<0.001, One-way ANOVA. 
 
 Postsynaptic expression of the Ser transgene in muscles of SerB936 mutant larvae 

fully restored the reduced the length of the muscle (control: 394.3 ± 41.61, n=17; SerB936: 
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339.4 ± 39.62, n=12, p<0.001; 24B-Gal4: 428.7 ± 75.75, n=12, p<0.001; Table 2.4) and 

the surface area SerB936 mutant muscles (control: 50.86 ± 8.832, n=18; SerB936: 38.64 ± 

4.430, n=12, p<0.01; 24B-Gal4: 52.7 ± 9.812, n=12, p<0.001; one way ANOVA, Table 

2.4). However, postsynaptic expression had no effect on the reduced number of synaptic 

boutons and secondary branches of SerB936 mutant NMJs. Hence, postsynaptically 

localized Serrate is required to maintain normal muscle growth during larval stages 1-3 

but not for a normal growth of NMJs. 

 
NMJ parameter Actin-5C-Gal4 

(ubiquitous) 
24B-Gal4 
(muscle) 

elav-Gal4 
(neuronal) 

OK6-Gal4 
(motor neuron) 

NMJ length ** ns ns ns 
Muscle length ** *** *** ns 
MSA *** *** *** ns 
Bouton # ns ns *** *** 
NMJL/ML ns ns ns ns 
NMJL/MSA ns ns ns ns 
Bouton#/NMJL ns ns ** *** 
Bouton#/MSA ns ns ns *** 
Branch # ns ns *** *** 
Branch #/NMJL ns ns *** *** 
Branch #/MSA ns ns *** *** 
Table 2.4. Comparison of quantified NMJ parameters of 6/7 SerB936 larval NMJs expressing 
UAS-Ser transgene in cell-type specific manner in SerB936 background. 
 
Presynaptic expression of normal Serrate in SerB936 mutants restores normal 

evoked neurotransmitter release. 

Next, we investigated to what degree the defect in synaptic growth in the examined Ser 

mutant alleles affects synaptic transmission. Electrophysiological recordings were 

performed in wild type control, SerB936/+, SerB936, SerB936/Exel 6208, and SerD mutant 

larvae (Fig. 2.17). Consistent with our earlier observations, SerB936 mutants showed 

significantly reduced evoked (0.2 Hz) EJP amplitudes (mV) compared to controls 

(control, 35.66 ± 2.175, n=9; SerB936, 21.55 ± 8.827, n=6, p<0.01, one-way ANOVA, 
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Figs. 2.17 A and C). No difference in resting membrane potential was seen among 

control and all other examined mutant genotypes (Fig. 2.17 B). There was no significant 

difference in spontaneous mEJP amplitudes between SerB936 mutants and controls (Fig. 

2.18A and B), which suggests an unaltered function of postsynaptic glutamate 

receptors. 

Quantal content of neurotransmitter release (e.g., the number of vesicles 

released per stimulus) is determined by the ratio of EJP/mEJP amplitudes. As shown in 

Fig. 2.17D, quantal content was significantly decreased by >2-fold in SerB936 compared 

to control (control, 88.39 ± 20.45, n=9; SerB936, 38.5 ± 20.52, n=6, p<0.05, one-way 

ANOVA). Together, these results suggest a defect in evoked neurotransmitter release. 

In SerB936/Exel 6208 (n=6) and SerD (n=3) alleles, the reduction in EJP amplitudes did 

not reach significant levels when compared to control. One likely possibility for this 

inconsistency is the smaller sample size.  

An increase in the frequency of spontaneous release was observed in SerB936/+ 

and SerB936 mutants compared to controls (Control, 1.089 ± 0.3462, n=11; SerB936/+, 

3.053 ± 1.116, n=10, p<0.05; SerB936, 3.933 ± 2.717, n=6, p<0.01, one-way ANOVA, Fig. 

2.18C). The nature of this defect is unclear but since the number of synaptic boutons is 

reduced in Ser mutants, it may reflect slightly elevated Ca2+ resting levels in the 

presynaptic terminal. 
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Figure 2.17: Presynaptic expression of Serrate restored normal evoked EJP amplitudes 
and quantal content in SerB936 mutants. Evoked EJP amplitudes were recorded from 3rd instar 
larval 6/7 NMJs in 1 mM Ca2+ concentration at 0.2 Hz stimulation. A) Typical traces of EJPs 
obtained at 0.2 Hz stimulation recorded from control, SerB936 and motor neuronal rescue lines. B) 

no differences in resting membrane potential were observed between control and other 
genotypes tested. C) Average EJP amplitudes were obtained from 15 consecutive stimulations at 
0.2 Hz stimulation from each larva. At least 6 larvae were analyzed for each line except for SerD 
(n=3). Black asterisks (*) represent significant differences when compared to control while red 
asterisks (*) represent significant differences when compared to SerB936. Notice that average EJP 
amplitude of SerB936 is significantly different from control and motor neuronal rescue is 
significantly different form SerB936. D) Quantal content is significantly different in SerB936 compared 
to control while it is restored in motor neuronal rescue (one way ANOVA, *p<0.05, **p<0.01, 
***p<0.001). 
 

The reduced evoked EJP amplitudes of in SerB936 mutant NMJs are consistent 

with the observed reduction in branch and bouton number (Figs. 2.9-2.12). This 

suggests that the morphological defects of SerB936 mutant NMJs are likely the underlying 

cause for the physiological defect.  

Both reduced EJP amplitudes and quantal content were rescued when a wild 

type UAS-Ser transgene was expressed in SerB936 mutants with the motor neuron-

specific OK6-Gal4 driver (EJP amplitudes: control, 35.66 ± 2.175, n=9; SerB936, 21.55 ± 
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8.827, n=6, p<0.01, OK6-Gal4, 37.47 ± 9.422, n=7, p<0.01, one-way ANOVA, Figs. 2.17 

A and C; QC: Control, 88.39 ± 20.45, n=9; SerB936, 38.5 ± 20.52, n=6, p<0.05; OK6-

Gal4, 110.7 ± 47.78, n=7, p<0.001, one-way ANOVA, Fig. 2.17D). These data suggest 

that Serrate is presynaptically required for normal 

synaptic function. The effects of ubiquitous or muscle-

specific expression of the UAS-Ser transgene in 

SerB936 mutants on physiological defects were not 

tested. Although the motor neuron-specific expression 

of the UAS-Ser transgene did reduce the increased 

frequency of mEJPs observed in SerB936 mutants, it did 

not reach statistical significance compared to controls 

(control, 1.089 ± 0.3462, n=11; SerB936, 3.933 ± 2.717, 

n=6, p<0.01; OK6-Gal4, 2.342 ± 1.272, n=6, not 

significant, one-way ANOVA, Fig. 2.18C).  

	  
Figure 2.18. SerB936 mutant NMJs exhibit a significant 
increase in spontaneous neurotransmitter release. A) 
representative traces of mEJPs recorded from control, 
SerB936, and motor neuron rescue of Serrate in SerB936 
background. B) mean mEJP amplitudes for control, SerB936, 
rescue and other genotypes indicated are shown. No 
significant differences were found among genotypes tested. 
C) mean EJP frequencies for control, SerB936, rescue and 

other genotypes indicated are shown. Significant increase in mini frequency was observed in both 
homozygous SerB936 and heterozygous SerB936 mutants. Mini frequency phenotype was not 
restored by motor neuron specific expression of UAS-Ser gene in SerB936 background. 
 
Serrate overexpression inhibits synaptic growth of larval NMJs on muscle 6/7. 

Effects of cell-specific overexpression can help to deduce the functional role of Serrate 

for the regulation of synaptic growth. To address this issue, I crossed the UAS-Ser 
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transgenic strain with strains containing the actin-5C-Gal4, 24B-Gal4, and OK6-Gal4 

drivers (Fig. 2.19). In the Table 4, I summarize the statistical analysis of the measured 

parameters. 

  
Figure 2.19. Overexpression of Serrate resulted in reduced number of synaptic boutons 
and secondary branches at 6/7 NMJs. The above images represent 6/7 NMJs of larvae in 
which UAS-Ser transgene is expressed using ubiquitous (Act5c-Gal4), muscle specific (24B-
Gal4) and motor neuron specific (OK6-Gal4) Gal4 drivers. In N-OE-OK6 and N-OE-OK6-B936 
represent the NMJs of larvae in which UAS-Nintra is overexpressed using OK6-Gal4 driver in wild 
type and SerB936 mutant backgrounds respectively. Notice an increase in bouton sizes when 
Serrate is overexpressed with Act5C-Gal4, 24B-Gal4 drivers. Also increase in bouton size is 
observed in N-OE-OK6-B936 when UAS-Nintra is expressed in SerB936 background. 
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Neuronal, muscular, or ubiquitous Serrate overexpression had no significant effects on 

muscle length, muscle surface area, or neuromuscular length (Figs. 2.19 and 2.20). 

However, Serrate overexpression significantly reduced the number of secondary axonal 

branches and synaptic boutons (number of branches: control, 10.56 ± 1.130, n=9; 

SerB936, 2.0 ± 1.279, n=12, p<0.001; Ser-OE-Act5C-Gal4, 3.25 ± 2.188, n=8, p<0.001; 

Ser-OE-24B-Gal4, 3.25 ± 1.545, n=12, p<0.001; Ser-OE-OK6-Gal4, 3.857 ± 1.46, n=14, 

p<0.001, one-way ANOVA, Figs. 2.19 and 2.21A; number of boutons: (control, 97.06 ± 

16.10, n=18; SerB936, 41.25 ± 11.73, n=12, p<0.001; Ser-OE-Act5C-Gal4, 46.63 ± 10.56, 

n=8, p<0.001; Ser-OE-24B-Gal4, 43.33 ± 

9.129, n=12, p<0.001; Ser-OE-OK6-Gal4, 

70.38 ± 20.95, n=13, p<0.001 (Figs. 2.19 and 

2.21B). 

 
  
 
 
 
 
 
Figure 2.20. Overexpression of Serrate has no 
effects on muscle length, muscle surface area 
and NMJ length. UAS-Ser transgene was 
overexpressed in wild type background ubiquitously 
(Act5C-Gal4), or in muscles (24B-Gal4) or in motor 
neurons (OK6-Gal4). Except for SerB936 none of the 
OE mutants showed significant differences in 
muscle length (A), muscle surface area (B), and 
NMJ length (C). 
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The overexpression data indicate that, although only presynaptic Serrate is 

required for normal neuromuscular growth, postsynaptic Serrate can also affect synaptic 

growth. Accordingly, it seems possible that that presynaptic Serrate may require a 

feedback loop that includes postsynaptic Serrate signaling. 

 
Figure 2.21: Overexpression of Serrate significantly reduces the number of axonal 
branches and synaptic boutons at larval NMJs. A UAS-Ser transgene was expressed in wild 
type ubiquitously (Act5C-Gal4), in muscles (24B-Gal4), or in motor neurons (OK6-Gal4). Note 
that Serrate overexpression reduced the number of axonal branches (A) and the number of 
synaptic boutons (B). Total number of boutons and branches were counted from the confocal 
images of 3rd instar larvae (fig. 18) and were normalized to muscle surface area. (*) Statistical 
comparisons to the control; *p<0.05; **p<0.01; ***p<0.001. 
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Mutations in Serrate alter the size of synaptic boutons. 

Compared to wild type controls, the size of synaptic boutons at homozygous SerB936 

mutant NMJs 6/7 is significantly increased (control, 3.321 ± 0.5532, n=11; SerB936, 8.03 ± 

1.97, n=9, p<0.001, one-way ANOVA; Fig. 2.22). However, in heterozygous SerB936 

mutant larvae or a transheterozygous combination of B936 over a deletion allele, the 

size of synaptic boutons appears normal, suggesting that SerB936 may be a recessive 

gain-of-function allele for this specific phenotype. Consistently, expression of normal 

Serrate in homozygous SerB936 motor neurons restored a normal boutons size. 

Ubiquitous or muscle-specific expression of normal Serrate had no effect on the 

increased bouton size of SerB936 mutant NMJs (control, 3.321 ± 0.5532, n=11; SerB936, 

8.03 ± 1.97, n=9, p<0.001, Ser-Act5C-Gal4, 7.039 ± 1.207, n=10, p<0.001; Ser-24B-

Gal4, 9.119 ± 2.635, n=6, p<0.001; Ser-OK6-Gal4, 3.493 ± 1.093, n=8, not significant 

from control, one-way ANOVA, Fig. 2.22). Hence, it appears that only presynaptic B936 

mutant protein causes the increase in bouton size. However, since simple 

overexpression of normal Serrate protein in otherwise wild type motor neurons had no 

effect (control, 3.321 ± 0.5532, n=11; SerB936, 8.03 ± 1.97, n=9, p<0.001 Ser-OE-OK6-

Gal4, 4.286 ± 0.6949, n=9, not significant from control, one-way ANOVA, Fig. 2.22), the 

SerB936-induced mutation cannot be simply explained by a higher protein activity. 
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NMJ 
Parameter 

Actin-5C-
Gal4 
(ubiquitous)  

24B-Gal4  
(muscle) 

OK6-Gal4  
(motor 
neuron) 

NMJ length ns ns ns 
Muscle length ns ns ns 
MSA ns ns ns 
Bouton # *** *** *** 
NMJL/ML ns ns ns 
NMJL/MSA ns ns ns 
Bouton#/NMJL *** *** * 
Bouton#/MSA *** *** * 
Branch # *** *** *** 
Branch #/NMJL *** *** *** 
Branch #/MSA *** *** *** 

Table 2.5: Comparison of effects on NMJs and muscles by Serrate overexpression. * 
represent statistical significance compared to control. 
 

Surprisingly, overexpression of normal Serrate protein in muscles or ubiquitous 

overexpression significantly increased the size of boutons (Control, 3.321 ± 0.5532, 

n=11; SerB936, 8.03 ± 1.97, n=9, p<0.001, Ser-OE-Act5C-Gal4, 6.661 ± 1.262, n=8, 

p<0.001; Ser-OE-24B-Gal4, 6.319 ± 1.733, n=6, p<0.001, one-way ANOVA, Fig. 2.22). 

This effect is much in contrast to the lack of an effect of neuronal overexpression. One 

possible explanation is that postsynaptic Serrate is part of a feedback loop that at least 

partially controls presynaptic Serrate signaling, as it was already indicated by 

postsynaptic Serrate overexpression effects on the number of boutons and secondary 

branches (Fig. 2.21).   

Mutations in Ser show opposite effects on synaptic growth  at NMJs of muscle 6/7 

versus and 12/13. 
In previous experiments, I have shown that Ser mutations causes synaptic undergrowth 

at the larval NMJ of muscles 6/7 (Figs. 2.9 - 2.12). Since this defect is seen in a number 

of mutant combinations and can be rescued, it is clear that Serrate activity upregulates 

synaptic growth at these NMJs. However, at the neighboring muscle pair 12/13, SerB936 
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increases the number of both type 1s and 1b boutons (Control, 69.33 ± 11.0, n=9; 

SerB936, 98.75 ± 20.26, n=8, p<0.001, Fig. 2.23 A and B). Consistently, this effects is 

also seen in heterozygous SerB936/Serrev6-1 and homozygous SerD larvae. Hence, it is 

becoming clear that the synaptic role of Serrate is much more complex than originally 

assumed. 

 

 

Notch mutations significantly increase the number of boutons at NMJs 12/13. 

Since Serrate protein is known to exert its functional effects by activating the Notch 

receptor, we wondered if mutations in Notch exhibit phenotypes that are similar to those 

of Serrate mutations. A recessive Notch allele, notchoid (wand1), with reduced Notch 

activity was used for these experiments (Hing et al., 1994; Royet et al., 1998). Indeed, 

we observed a dramatic synaptic overgrowth in wand1 mutants. The number of synaptic 

boutons at NMJs 12/13 was significantly  increased by >2-fold in wand1 mutants (Figs. 

2.23 A and B). A similar synaptic overgrowth was also observed in heterozygous 

wand1/+; SerB936/+ double mutants, indicating that mutations in Serrate and Notch 

genetically interact.   

Figure 2.22. Increased size of 
boutons in SerB936 and after 
muscular overexpression. Size of 
boutons was measured from 
confocal images (fig. 9) for the 
indicated Ser alleles. Statistical 
differences to control are indicated 
by asterisks. Red asterisks indicate 
statistical significance compared to 
SerB936 (*p<0.05, **p<0.01, 
***p<0.001, one-way ANOVA). Error 
bars represent mean ± SD.	  
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Figure 2.23. Confocal images of Serrate and Notch mutants showing overgrowth of muscle 
12/13 larval NMJs. A) Notice the overall increase in the NMJ branches and boutons in the above 
Serrate alleles and allelic combinations. Notice an extra increase in the growth of Notch mutant 
(wand1) and heterozygous Notch-Serrate (wand1xSerB936) double mutant. B) Both SerB936 and 
Notch mutant wand1 showed a significant increase in the total number of type 1s and 1b boutons 
at 12/13 NMJs compared to control. Error bars represent mean ± SD.	  (*p<0.05; **p<0.01; 
***p<0.001, One-way ANOVA).  

 

We further quantified the total number of synaptic boutons of the NMJ at muscle 

12/13 in control, SerB936, wand1, and in wand1/SerB936 double heterozygote mutants (Fig. 

2.23B). Compared to controls, the number of synaptic boutons is significantly increased 

by 1.43 fold and >2-fold in SerB936 and in wand1 mutants, respectively (Control, 69.33 ± 

11.0, n=9; SerB936, 98.75 ± 20.26, n=8, p<0.05, wand1, 154.6 ± 10.8, n=8, p<0.001, one-

way ANOVA, Fig. 2.23B). The bouton number was also significantly increased in 

wand1/SerB936 double heterozygote mutants (Control, 69.33 ± 11.0, n=9; wand1/SerB936, 

104.7 ± 32.40, n=7, p<0.01) (Fig. 2.23B). 
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Discussion 

The Drosophila NMJ provides a useful model system and opportunity to identify gene(s) 

that facilitate normal synaptic growth and function. This system also allows a 

comprehensive analysis of the functional role of a protein of interest. Using this model 

system, many genes required for synaptic growth and function have been identified . 

Prominent examples of such genes are wingless (wg), derailed (drl), glass bottom boat 

(gbb), p90 ribosomal S6 kinase (rsk), wishful thinking (wit), highwire (hiw), Shaggy (sgg) 

and β1,4-N-Acetylgalactosaminyltransferase-A (β4GalNAcTA) have been identified 

(Miech et al., 2008; Leibl et al., 2008; McCabe et al., 2003, 2004; Fischer et al., 2008; 

Aberle et al., 2002; Wu et al., 2005; Franco et al., 2004; Haines and Stewart, 2007).  

In an effort to identify novel genes involved in synaptic transmission, we identified 

the Drosophila mutant B936, which exhibits impaired evoked neurotransmitter release. 

Here, I show that the B936 mutation affects the Serrate protein, which is well conserved 

from flies to humans. Serrate is a cell-surface protein with 14 EGF-family like repeats, 

and one of the known ligands of the Notch receptor (Fleming et al., 1997; D’Souza et al., 

2008). Serrate has been known for some time to play a critical role in early and late 

development (Fleming et al., 1997). Here, I show that Serrate is also required for the 

growth and function of NMJs. 

Serrate is required for neuromuscular growth and function. 

Several pieces of evidence support the conclusion that the Serrate controls 

neuromuscular growth to maintain normal synaptic transmission at larval NMJs of 

Drosophila. Mutations in Ser resulted in presynaptic structural defects at 3rd instar larval 

NMJs on muscle 6/7, such as a decreased number of synaptic boutons and axonal 

branches, but also postsynaptic defects such as reduced muscle length and muscle 
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surface area. The synaptic undergrowth of Ser mutant NMJs is likely responsible for the 

defects in depolarization-dependent neurotransmitter release. 

Consistent with the structural and physiological defects observed in Ser mutants, 

Serrate protein is expressed in both neurons and muscles and highly enriched at larval 

NMJs. Cell-type specific rescue experiments with normal Serrate protein showed that 

Serrate function is required in motor neurons to maintain normal synaptic growth at 

larval NMJs on muscle 6/7. Overexpression of Serrate also caused synaptic 

undergrowth at larval 6/7 NMJs, and provided evidence that pre- and postsynaptic 

Serrate protein may be part of feedback loop (see below). Taken together, my data 

provide evidence that Serrate plays a role in synaptic growth. 

To examine the role of Serrate on NMJ growth at muscle 6/7 of third instar 

larvae, I relied not only on the B936 allele, as it contains 3 different mutations in the 

protein sequence of Serrate that are not necessarily causing a loss of Serrate function. 

Thus, I also examined the Ser alleles SerD and SerRX119. The allele SerD is likely a 

dominant gain-of-function mutation, whereas SerRX119 is a hypomorphic allele (Speicher 

et al., 1994; Thomas et al., 1995). SerRX119 allele was generated and identified through a 

screen for revertants of the SerD dominant wing phenotype by subjecting SerD flies to x-

ray mutagenesis (Thomas et al., 1995). Homozygous SerD and SerRX119 mutants 

exhibited structural defects at NMJs of muscle 6/7 that were mostly similar to those of 

homozygous SerB936 mutant larvae. The only exception has been the increased size of 

synaptic boutons at SerB936 mutant NMJs. Therefore, the observed structural defects of 

larval NMJs of muscle 6/7 are unlikely the consequence of atypical properties of an 

individual allele but represent a functional requirement of Serrate to maintain synaptic 

growth at larval NMJs. 
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SerB936 mutants exhibit a significant decrease in the number of synaptic boutons 

with a corresponding increase in bouton size at larval 6/7 NMJs. Similar phenotypes 

have been observed in loss-of-function mutants of dVAP-33A (VAMP-associated 

protein) and Futsch (Pennetta et al., 2002; Hummel et al., 2000; Roos et al., 2000). 

Futsch encodes a microtubule-associated protein (Hummel et al., 2000). Mutations in 

Drosophila Futsch disrupt the localization and organization of synaptic microtubules, 

causing a reduced bouton number and abnormal bouton size (Roos et al., 2000). Loss of 

dVAP-33 function decreased the number of synaptic boutons number and increased 

bouton size at NMJs of Drosophila (Pennetta et al., 2002). dVAP-33 mutants also 

disrupted the organization of the synaptic microtubule cytoskeleton. These studies 

indicate that stabilizing or destabilizing synaptic microtubule organization plays a major 

role in regulating the number and size of synaptic boutons. Further studies are needed 

to investigate whether microtubule-based mechanisms underlie the altered synaptic 

bouton number and size in SerB936 mutants.  

Most phenotypes of the examined Ser mutations like alterations in muscle size or 

synaptic growth (number of synaptic boutons) were clearly recessive. However, two 

synaptic phenotypes, the decreased number of axonal branches and the size of synaptic 

boutons was not. While the latter case is likely due to the specific nature of the B936 

mutant Serrate protein, the nature of the axonal branch phenotype is different, as it was 

also evident in heterozygous alleles (Fig. 2.12). This indicates that Serrate-mediated 

induction of new branches is sensitive to gene doses.  

The altered structure of larval NMJs 6/7 in serrate mutants is associated with an 

abnormal synaptic physiology. SerB936 mutants exhibit significant reduction in evoked 

EJP amplitudes and an increased frequency of spontaneous mEJPs. Reduction in EJP 



	   99	  

amplitudes in SerB936 mutants may also reflect impairments in vesicular neurotransmitter 

loading or postsynaptic receptor function (Ly et al., 2008). However, mEJP amplitudes 

were found to be normal in SerB936 mutants, indicating that glutamate receptor function is 

unaltered on the postsynaptic site and also the amount of transmitter released per 

vesicle is normal. Hence, the reduced amplitudes of nerve-evoked EJPs stimulated at 

low frequency (0.2 Hz) together with the reduced quantal content (QC) of SerB936 

mutants indicate that evoked neurotransmitter release is impaired.  

Reduced evoked neurotransmitter release can be caused by a decreased 

number of synaptic boutons, which in turn may lead to a reduction in the number of 

synaptic release sites (Aberle et al., 2002; McCabe et al., 2003; Liebl et al., 2007). Our 

results are consistent with the idea that a reduced number of synaptic boutons causes 

impaired neurotransmitter release at Ser mutant NMJs.  

We observed a 3-fold increase in the frequency of spontaneous neurotransmitter 

release at SerB936 mutant NMJs. This is unlikely due to an increase in release sites since 

the number of synaptic boutons is reduced in the mutants. 

Serrate is required presynaptically for synaptic growth and function. 

The structural defects of Ser mutant NMJs are consistent with the significant 

accumulation of Serrate protein at larval NMJs. Using Serrate C-terminal antibodies and 

immunostainings, Serrate is detectable in the presynaptic membrane of synaptic 

boutons, in the postsynaptic SSR surrounding the presynaptic bouton, and in the cytosol 

and nucleus of the postsynaptic muscle. Since Serrate protein apparently accumulates 

in membranes of B936 mutant NMJs in relatively normal amounts, it is unlikely that the 

mutation A23P in the leader sequence or any of the other two mutations cause an 

abnormal localization of the protein at NMJs. Judging the obtained genetic evidence 



	   100	  

suggests that the SerB936 allele is likely a hypomorph causing mostly severe loss of 

function phenotypes. 

SerD is likely a dominant gain of function allele of the Drosophila Serrate gene. 

SerD allele is associated with an insertion of the transposable element ‘Tirant’ in the 3’-

untranslated region of the Ser gene, which appears to stabilize Ser mRNA and increase 

Serrate protein levels in wing imaginal discs (Thomas et al., 1995). This is consistent 

with the increased expression of Serrate protein at SerD mutant larval NMJs (Fig. 2.13). 

Since overexpression of Serrate in neurons or muscles causes much stronger 

phenotypes than SerD, it is likely a relatively weak allele with one caveat: neuronal and 

muscular overexpression alters Serrate protein levels only at one side of the synapse 

while SerD likely alters expression in both cells. This difference could also account for the 

difference. 

Our cell-type specific rescue experiments demonstrated that presynaptic Serrate 

function is sufficient to completely rescue both pre-and postsynaptic defects of SerB936 

mutant NMJs. Presynaptic expression of normal Serrate in a SerB936 mutant background 

restored normal synaptic growth (number and size of synaptic boutons, and number of 

axonal branches) as well as a normal size of the postsynaptic muscle. These results 

suggest that expression of Serrate in the motor neuron is required for proper growth of 

the NMJ.  

Serrate’s role in regulating synaptic growth depends on the synaptic context. 

One critical phenotypic observation has been that the SerB936 has opposite effects on 

synaptic growth at NMJs of muscles 6/7 versus muscles 12/13. In contrast to the 

synaptic undergrowth at NMJ on muscles 6/7, SerB936 increased the number of synaptic 

boutons at NMJs on muscle 12/13 (Figs. 2.9, 11, 23 A and B). This suggests that 
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Serrate may positively regulate synaptic growth at NMJ 6/7, and negatively at NMJs 

12/13. The opposing effects of Serrate on synaptic growth may seem paradoxical but 

could be due to an intricate feature of the typically complex Notch signaling and 

feedback pathways of various systems. Consistently, loss of Notch also lead to synaptic 

overgrowth at the NMJs on muscles 12/13.  

The Nnd1 (notchoid) allele contains a 41 nucleotide long deletion at the 3’-end of 

the 8th exon within the intracellular domain. In addition, it contains an insertion of 3 bases 

between Q2567 and Q2568 encoding an additional Q residue (Lyman and Young, 

1993).. Nnd1 causes scalloping of the wing in Drosophila, which is due to reduced 

wingless activity in the wing margin (Hing et al., 1994; Royet et al., 1998). As Notch 

activity is required to induce wingless activity at the wing margin (Couso et al., 1995), the 

effect of notchoid alleles on wing phenotype appears to be due to reduction of Notch 

activity (Royet et al., 1998). In our study, similar to SerB936 mutants, Nnd1 mutants showed 

a significantly increased number of synaptic boutons at larval NMJs 12/13 (Figs. 2.23 A 

and B). Consistently, the number of synaptic boutons at muscle 13 is also significantly 

increased when Notch expression is downregulated by RNA interference (RNAi), 

whereas Notch overexpression significantly reduced bouton number (Haussmann et al., 

2008). Based on these observations, it may be argued that reduced Notch activity may 

be the primary mechanism for the increased bouton growth at NMJs 12/13 in SerB936 

mutants.  

How may B936 mutant Serrate protein affect neuromuscular growth at larval 

NMJs? 

Serrate functions primarily by binding to the Notch receptor of a neighboring cell. Binding 

of Serrate to the Notch receptor rapidly induces proteolytic cleavage of the Notch 
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intracellular domain (NICD), which then translocates into the nucleus and regulates gene 

expression of various targets (Fleming et al., 1997; Kidd et al., 1998; Shimizu et al., 

2000). Our experimental data suggest that the structural and physiological defects at 

muscle 6/7 NMJs of SerB936 mutants are attributable to a loss of Serrate function. SerB936 

mutants express a triple mutant Serrate protein in both neurons and muscles (Figs. 2.7 

and 8).  

Our sequence analysis of SerB936 revealed 3 amino acid substitutions (Fig. 2.8). 

The mutation A23P is present in the signal peptide sequence, G324S is located in the 

first EGF-like repeat, and V1126L is present between the last EGF-like repeat and the 

TM region. To determine the functional consequences of these missense mutations on 

Serrate function in B936 mutants, several possibilities are considered: Firstly, it is 

possible that mutant SerB936 may exhibit defective intracellular transport, and may not be 

expressed on the cell surface and fail to activate Notch receptor (Morrissette et al., 

2001). This is clearly not the case, as we observed localization of Serrate protein in 

neuronal membranes as well as in muscles of both wild-type control and SerB936 mutant 

NMJs (Figs. 2.13 and 14). Therefore, it is unlikely that the A23P mutation in the leader 

sequence or any of the other two mutations cause an abnormal localization of Serrate 

protein at NMJs.  

Previous studies have suggested that EGF-like repeats in the extracellular region 

of the Drosophila Serrate protein may mediate protein-protein interactions (Thomas et 

al., 1991). In vitro cell binding and solid-phase binding assays with mouse Jagged 1 

protein have shown that while the Delta/Serrate/LAG-2 (DSL) domain is the minimal 

binding unit required for binding the Notch 2 receptor, the binding is markedly enhanced 

by the presence of the first and second EGF-like repeats (Shimizu et al., 1999). This 
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suggests that the DSL domain and the two EGF like repeats of Jagged1 are critical for 

binding to the Notch2 receptor. B936 mutant Serrate contains a G324S substitution in 

the first EGF-like repeat. In vitro studies with synthetic EGF peptides have shown that 

substitution of glycine with serine decrease the thermal stability of the peptide and 

delays protein folding (Gauba and Hartgerink, 2008; Makareeva et al., 2008). Hence, 

G324S could destabilize Notch binding. 

Human JAG1 is the homolog of Drosophila Serrate. Missense mutations in EGF-

like repeats of human JAG1 have been reported in the patients with Alagille syndrome 

(Morissette et al., 2001; Le Caignec et al., 2002). These mutant JAG1 proteins are 

properly targeted to the plasma membrane, but fail to activate Notch signaling (Ponio et 

al., 2007). Guarnaccia et al. (2009) showed that G/S substitution in the second EGF-like 

repeat of human JAG1 impairs the correct folding of JAG1 protein in vitro. Missense 

mutations in first EGF-like repeat of human JAG1 have serious pathological 

consequences. Le Caignec et al. (2002) reported that six of seven individuals with mild-

to-severe combined hearing loss carry a C234Y mutation in the first EGF-like repeat of 

human JAG1 gene. 

Further studies using expression of UAS-Ser transgenes containing each 

individual missense mutation may provide further insight into the true nature of the B936 

triple mutation. A better characterization of its effects on activation of Notch signaling 

pathway will help to better understand the functional role of Serrate for synaptic growth. 

Gain and loss of Serrate function have similar effects on synaptic growth. 

Gain-of-function mutations in Serrate can provide important insight by potentially 

uncovering redundant roles. Overexpression of Serrate protein in motor neurons did not 

affect the overall length of NMJs and size of muscles. Instead, Serrate overexpression in 
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motor neurons significantly decreased the number of synaptic boutons and axonal 

branches of NMJs and the phenotypes were qualitatively similar to those observed in 

SerB936 mutants.  

Similar observations have been reported with Drosophila hangover (hang), a 

nuclear zinc finger protein. Both loss-of-function hang mutants and overexpression of 

hangover significantly increased the total number of synaptic boutons (Schwenkert et al., 

2008), suggesting that hangover regulates bouton number only within a certain range of 

protein concentration, rather than being just an instructive signal for the suppression of 

bouton proliferation. Therefore, altered dosage of Serrate protein may be responsible for 

these effects.  

Previous studies have shown that Serrate overexpression in Drosophila wings 

represses the endogenous expression of wingless and Cut (wg and cut), downstream 

genes in the Notch signaling pathway (Thomas et al., 1995). These studies suggest that 

Serrate overexpression could reduce the formation of the active complex by 

sequestering the functional Notch receptor, and further prevent its interaction with its 

other ligand delta (Thomas et al., 1995; Jonsson and Knust, 1996). Further studies 

examining expression of downstream genes of Notch signaling pathway such as 

wingless at 6/7 NMJs in Ser overexpressed lines may shed light in understanding the 

underlying mechanisms.  

Muscle specific overexpression of Serrate inhibits presynaptic growth. 

Overexpression studies demonstrated that growth of the synaptic bouton can also be 

influenced by postsynaptically overexpressed Serrate. In Fig. 2.21, I showed that 

overexpression of Serrate in muscles significantly affected presynaptic growth as evident 

from a reduced number of synaptic boutons, increased size of the boutons and reduced 
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number of axonal branches at NMJ 6/7. In Fig. 2.14, I showed that when UAS-Ser 

transgene is overexpressed with the muscle specific 24B-Gal4 driver, Serrate 

expression was concentrated specifically in the SSR surrounding synaptic boutons. 

Hence, these data suggest that a muscle-derived Serrate signal must affect presynaptic 

growth. This could include cis signaling modulating Notch in the postsynaptic muscle or 

trans-signaling affecting presynaptic Notch. 

Relevance to human Allagille Syndrome 

Allagille Syndrome (AGS) is an inherited autosomal dominant disease. Several studies 

have shown that AGS is caused by genetic mutations in the Jagged 1 (JAG1) gene, the 

human homolog of Drosophila Serrate (Ropke et al., 2002; Warthen et al., 2007; El-

Rassy et al., 2008). It has been shown that heterozygous JAG1 deletions occur in 5% of 

AGS patients (Oda et al., 1997). Analysis of different JAG1 gene mutations revealed that 

some JAG1 mutant proteins accumulate intracellularly and fail to reach the cell surface 

(Lu et al., 2003). In addition, JAG1 truncated mRNAs undergo nonsense-mediated RNA 

decay (Boyer et al., 2005). Therefore, it has been proposed that haploinsufficiency of 

human JAG1 protein may be the primary molecular mechanism for the pathogenesis of 

AGS (Krantz et al., 1998; Crosnier et al., 1999). However, recent studies demonstrate 

that some mutant JAG1 proteins act in a dominant-negative fashion and inhibit activation 

of Notch signaling (Ponio et al., 2007).  

Overall, the cellular abnormalities associated with different JAG1 mutations and 

the molecular mechanisms by which JAG1 mutations lead to the pathogenesis of AGS 

are poorly understood. Therefore, investigating the effects of genetic mutations in the fly 

Ser gene and their associated cellular abnormalities may provide a better understanding 

of the possible pathogeneses of AGS. Our studies using Drosophila as a model system 
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show that loss of Serrate function affects both synaptic growth and function. In addition, 

we showed that haploinsufficiency of Serrate can significantly affect axonal branching.    

 In summary, my studies demonstrate a novel, although expected, synaptic role of 

Serrate. Further studies will be needed to dissect the molecular mechanisms by which 

Serrate can differentially affect synaptic growth. Based on our experimental data,  

defective synaptic growth and function in human patients with JAG1 mutations could be 

one underlying mechanism in the pathogenesis of Alagille syndrome.     
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CHAPTER 3 SUMMARY AND OUTLOOK 

An understanding of molecular mechanisms that facilitate and regulate synaptic 

structure and/or function is necessary for detecting, treating, and/or preventing 

neurological and psychiatric disorders caused by defective synaptic pathways. The 

Drosophila larval NMJ is a very attractive model system to study synaptic plasticity due 

to the availability of genetic tools associated with the system, ease of anatomical and 

electrophysiological assays, and a well characterized synaptic ultrastructure. In this 

study, I have shown that Drosophila Serrate is required for normal synaptic growth and 

function.  

The major findings of this study are summarized below: 

1. Serrate protein is expressed in pre-  and postsynaptic (muscle) membranes of 

NMJs at muscles 6/7 and 12/13.  

2. Mutations in Serrate impair evoked neurotransmitter release, as revealed by 

significantly decreased nerve evoked EJPs and quantal content in SerB936 

mutants. 

3. Gross morphology of NMJs on muscle 6/7 and 12/13 is significantly affected by 

mutations in Serrate. The number of synaptic boutons and axonal branches is 

significantly decreased at NMJs on muscle 6/7 in third instar larvae of SerB936 

mutants. However, bouton size is increased in these mutants compared to their 

controls. The opposite is the case at NMJs on muscle 12/13. The number of 

synaptic boutons is significantly increased, suggesting that Serrate’s synaptic 

role depends on the synaptic context or synapse type. 

4. Mutations in Serrate impair the size of larval body wall muscles. 
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5. Presynaptic expression of normal Serrate in SerB936 mutants is sufficient to 

rescue all morphological  and functional defects of NMJs, indicating that Serrate 

is required in the presynaptic cell, here the motor neuron. 

6. Effects of presynaptic Serrate overexpression (gain of function) on 

neuromuscular structure are similar to those seen in loss of function mutants. 

7. Postsynaptic overexpression of Serrate protein affects the number and size of 

boutons and number of axonal branches, suggesting a pre- and postsynaptic role 

for Serrate.    

8. Similar to Serrate mutations, mutations in Notch, the presumptive receptor,  

cause synaptic undergrowth  at the NMJ 6/7 and synaptic overgrowth at NMJ 

12/13. These data indicate that Notch may act downstream of Serrate.     

 

Future directions: 

1. Determine the mutations in the Ser gene that are responsible for the altered 

NMJ growth and function in B936 mutants. 

In this study, I have shown a presynaptic role for Serrate for normal growth and function 

of NMJs in Drosophila. Our studies revealed three point mutations in the Serrate protein 

of the B936 allele.  The first mutation affects the N-terminal signal peptide, the second 

the first EGF-like repeat, and the third an uncharacterized region distal to the last EGF-

like repeat of the Serrate protein. Studies of using Serrate proteins with each individual 

mutation will provide insight into the mechanisms of Serrate-mediate signaling. 	  

2. Determine whether Serrate activates the Notch signaling pathway at NMJs? 
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Serrate protein is one of the 2 known ligands of the Notch receptor in Drosophila. Our 

expression studies showed that Serrate is expressed at the NMJ pre- and 

postsynaptically. Our studies also show that mutations Serrate and Notch cause 

qualititatively similar synaptic growth defects at NMJs, raising the possibility that Serrate 

signals through Notch. To test this further one might examine whether pre- or 

postsynaptic overexpression of Notch can suppress Serrate mutant phenotypes. 

Alternatively, one might test whether the defects of Serrate overexpression are 

suppressed by partial loss of Notch function. 

Alternatively, a constitutively active intracellular fragment of the Notch receptor 

(Ni) can be overexpressed pre- or postsynaptically in B936 mutants. Previous studies 

have shown induction of downstream target genes (wg, ct, and E(spl)) in UAS-Ni 

expressing clones of the Drosophila wing (de Celis and Bray, 1997).  

3. What are the targets of presumptive Serrate-Notch signaling pathway at NMJs?  

Previous studies have shown that expression of Wg and Cut genes is repressed in 

Serrate overexpressing cells but not in the neighboring cells (Fiuza et al., 2010; de Celis 

and Bray, 1997). Thus, Wg signaling could be increased at Serrate mutant NMJs. 

Genetics studies similar to those described for the Serrate-Notch interaction may be 

used to determine whether Wg acts downstream of Serrate.  
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