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ABSTRACT 

Chemical synaptic transmission requires the regulated release of neurotransmitter 

from synaptic vesicles stored within the presynaptic terminal. Synaptic vesicles release 

their contents by exocytosis, and are subsequently recycled by endocytosis and re

assembly of synaptic vesicle components deposited in the plasma membrane. Previous 

studies have suggested that products of the Drosophila stoned gene regulate this cycling 

of synaptic vesicles (Petrovich et al., 1993; Andrews et al., 1996). Stoned encodes two 

novel proteins, stonedA and stonedB, which possess sequence motifs shared by proteins 

involved in intracellular vesicle traffic. Via analyses of Drosophila larval neuromuscular 

synapses, the work presented here provides the first direct evidence that stoned proteins 

regulate synaptic vesicle cycling. First, stonedA and stonedB are enriched at presynaptic 

terminals, and mutations of stoned decrease presynaptic levels of the stoned proteins. 

Second, all stoned mutations examined here dismpt neurotransmitter release, and cause 

mislocalization of synaptotagmin to the plasma membrane. Though this mislocalization 

suggests defective retrieval of synaptic vesicle components from the plasma membrane, 

the viable EMS-induced stn'̂  and stn'̂  mutations do not decrease the supply of synaptic 

vesicles or alter the assembly of morphologically normal vesicles. Thus, impaired 

neurotransmitter release at stn^ and stn'^ synapses either arises from subtle defects of 

synaptic vesicle recycling, or indicates a role for the stoned proteins in synaptic vesicle 



exocytosis. The mutation severely reduces synaptic transmission, decreases 

synaptic vesicle density and increases synaptic vesicle size. Thus, altered 

neurotransmitter release at synapses certainly arises in part from defects in 

synaptic vesicle endocytosis. Unexpectedly, all three stoned mutants show overgrowth 

of the presynaptic terminal. In the mutant, terminals have a large number of bud

like satellite boutons, also observed in Drosophila overexpressing an ortholog of the 

Amyloid Precursor Protein, a cell surface protein implicated in human Alzheimer's 

Disease. Thus, altered presynaptic structure in stoned mutants might indicate impaired 

endocytosis of cell-cell signaling molecules that regulate synapse growth. Overall, these 

data establish that stoned proteins regulate the trafficking of synaptic vesicles, and 

suggest that stoned proteins additionally regulate cellular trafRcking pathways that 

influence synaptic plasticity. 
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CHAPTER ONE 

INTRODUCTION 

Overview and significance 

The adult human brain contains roughly 10" neurons, interconnected at about 10''̂  

contact sites, the synapses (Kandel et al., 1995). These synapses serve as switches in the 

complex neuronal circuits that ultimately produce cognition and behavior. Structural and 

functional modifications at synapses bring about the changes in cognition and behavior 

that constitute learning (Kelly, 1993), while degeneration of synapses leads to the decline 

in mental function that occurs with aging and certain disease states. Therefore, 

understanding how synapses function can yield valuable insights into precise mechanisms 

of learning, memory, and neurological disorders. 

In the vertebrate nervous system, most synapses rely on chemical signaling. At a 

chemical synapse, a neuron contacts a target ceil via a specialized structure, the 

presynaptic terminal orbouton (Kelly, 1993; Figure 1.1). Chemical synaptic 

transmission involves the secretion of neurotransmitter from the presynaptic terminal -

and its interception by the postsynaptic cell. Neurotransmitter secretion occurs via the 

Ca '̂̂ -regulated exocytosis of neurotransmitter-filled synaptic vesicles stored within the 

presynaptic terminal: In response to voltage-gated Ca^"^ influx at specialized regions of 
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presynaptic plasma membrane - the active zones - synaptic vesicles fuse to the plasma 

membrane, releasing neurotransmitter into the extracellular space. Subsequent to fusion, 

vesicle components must be retrieved from the plasma membrane by endocytosis, and 

recycled to replenish a local supply of vesicles at the synapse (Figure 1.1). 

This exo-endocytic cycling of synaptic vesicles is driven by specialized proteins, 

many of which have not yet been assigned clear roles in the trafficking of synaptic 

vesicles (Sudhof, i995; Femandez-Chacon and Sudhof, 1999). A complete description of 

presynaptic proteins and their roles in neurotransmitter secretion may lead to the 

development of therapies for enhancing synaptic changes that occur during learning 

(Castillo et al., 1997), and attenuating synaptic changes produced by disease and aging 

(Newman et al., 1995). Here, I present new evidence that two novel synaptic proteins in 

the fruit fly Drosophilamelamgaster - stonedA and stonedB - influence neurotransmitter 

release by regulating the cycling of synaptic vesicles. 

Cellular biology of neurotransmitter secretion 

It was once thought that neurotransmitter might be released directly from 

neuronal cytoplasm. The first indication that neurotransmitter is secreted from synaptic 

vesicles arose from pioneering electrophysiological studies by Katz (1969), which 

showed that neurotransmitter is released in discrete packets known as quanta. By 

combining electrophysiology with electron microscopy, later studies established a 
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correlation between the release of quanta and the exocytosis of synaptic vesicles 

(Ceccarelli et al., 1973; Heuser and Reese, 1973; Koenig et al., 1989). It is now firmly 

established that neurotransmitter secretion occurs via synaptic vesicle exocytosis (Betz 

andAngleson, 1998). 

Neurotransmitter secretion shares several features with the constitutive secretion 

of other cell signaling molecules (Kelly, 1993). In both cases, vesicle exocytosis is driven 

by interactions among vesicle-associated and plasma membrane-associated proteins 

(Sollner et al., 1993). Vesicular membrane proteins give vesicles distinct identities; and 

like all proteins, they must be manufactured at rough endoplasmic reticulum and sorted at 

the Golgi complex in the cell body (Bauerfeind and Huttner, 1993; Kelly, 1993). 

Constitutive secretory vesicles and even neurosecretory granules (which contain 

neuropeptides) are produced with a complete set of regulatory proteins - and packaged 

with their cargo - at the Golgi complex. 

For synaptic vesicles, the necessity for rapidly and specifically coupling 

neurotransmitter secretion to a Ca^*^ signal - and reproducing this process with high 

fidelity - creates some important distinctions (Kelly, 1993). In neurons, the cell body can 

be separated from the presynaptic terminal by long distances. To restrict 

neurotransmitter secretion to synaptic active zones, a synaptic vesicle does not receive its 

fiill complement of membrane proteins, or its neurotransmitter cargo, until it reaches the 

synapse (Bauerfeind and Huttner, 1993; Kelly, 1993). At the synapse, it is thought that 
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synaptic vesicle membrane and proteins are sorted within an intermediate membrane 

compartment - the endosome - from which mature synaptic vesicles bud (Bauerfeind and 

Huttner, 1993; Kelly, 1993). Even so, synaptic vesicle exocytosis does occur in 

developing axons; however, these synaptic vesicles can be biochemically distinguished 

from mature synaptic vesicles (Verderio et al., 1999). In any case, synaptic vesicles do 

not contain neurotransmitter until they reach the synapse, where neurotransmitter is 

synthesized by cytosolic enzymes and pumped into vesicles by integral membrane 

transporters (Kelly, 1993; Fernandez-Chacon and Sudhof, 1999). 

In preparation for exocytosis, synaptic vesicles must be translocated to the 

membrane of the active zone, and stabilized there in a process known as docking (Sudhof, 

1995). Docked vesicles appear to require additional "priming" before they are competent 

for fusion, since during prolonged presynaptic activity, the rate of fusion diminishes 

before the number of docked vesicles declines (Sudhof, 1995). Synaptic vesicle fusion is 

tightly coupled to presynaptic activity and Ca^t influx, with a delay of less than one 

millisecond after nerve terminal stimulation (Kelly, 1993; Ryan, 1996; von Gersdorff et 

al., 1998). This short delay is facilitated by a high density of voltage-gated Ca^^ channels 

at active zones, which create "microdomains" where intracellular Ca^*^ concentration may 

reach up to 100-200 ^iM (Matthews, 1996; Zucker, 1996; Bennett, 1997). In the absence 

of a Ca^^ signal, vesicle fusion is actively inhibited (Sudhof and Rizo, 1996), but 

spontaneous vesicle fusions do occur at a low rate (Katz, 1969). Subsequent to fusion. 
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vesicle components must be efficiently recycled from the plasma membrane to ensure that 

the finite supply of vesicles at the synapse is quickly replenished for further rounds of 

neurotransmission. Despite this necessity, endocytosis occurs over a time course that is 

at least three orders of magnitude slower than synaptic vesicle fusion (Ryan et al., 1993; 

Betz and Wu, 1995; Ryan, 1996; Ryan et al., 1996). 

Mechanics of synaptic vesicle cycling 

The mechanics of synaptic vesicle trafficking are only beginning to be clearly 

defined, largely due to the development of sophisticated techniques for tracking synaptic 

vesicle membrane during exo-endocytic cycling (Ryan, 1996; Betz and Angleson, 1998; 

Stimson and Ramaswami, 1998). One technique - which relies on the fact that membrane 

capacitance increases with membrane surface area - uses capacitance measurements of the 

presynaptic terminal to detect synaptic vesicle fusion and endocytosis at the plasma 

membrane (Matthews, 1996a). Another method involves the use of the fluorescent, 

lipophilic FM dyes, which can be internalized into recycling vesicles and subsequently 

released upon exocytosis (Betz et al., 1996). Quantitative fluorescence imaging of dye 

uptake and loss at nerve terminals can thus be used to monitor synaptic vesicle cycling. 

Finally, endocytosis can be reversibly blocked during presynaptic stimulation, and 

reformation of exocytosed synaptic vesicles can be monitored - by electron microscopy 

or uptake of FM dyes - during recovery from the block. Reversible block of endocytosis 
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can be achieved in Drosophila using temperature- sensitive mutations that disrupt the 

shibire gene product (Koenig & Ikeda, 1989; Ramaswami et al., 1994; Kuromi and 

Kidokoro, 1998), which is essential for vesicle retrieval fhjm the plasma membrane (see 

Molecular biology of synaptic vesicle cycling, below). 

Synaptic vesicle pools, translocation, and docking 

A combination of these techniques has been used to demonstrate conclusively that 

the supply of synaptic vesicles at the synapse is divided into a "readily releasable pool" 

and a "reserve pool" (Zucker, 1996). The readily releasable pool comprises synaptic 

vesicles docked at active zones while the reserve pool comprises distally located synaptic 

vesicles which must translocate to active zones (Kelly, 1993; Zucker, 1996). At a variety 

of synapses, electron microscopy - and more recently, optical imaging using FMl-43 -

have provided evidence for such topographically distinct synaptic vesicle pools (Kelly, 

1993; von GersdorfF et al., 1996; Kuromi and Kidokoro, 1998; Murthy and Stevens, 

1999). Furthermore, electrophysiological recordings have shown that postsynaptic 

responses to prolonged presynaptic activity often have a fast component and a slow 

component; such biphasic responses may represent presynaptic exocytosis of the readily 

releasable pool and subsequent recruitment of the reserve pool (Zucker, 1996; 

von Gersdorff, et al., 1998). 
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By simultaneous recordings of postsynaptic responses and presynaptic 

capacitance changes at active goldfish retinal synapses, it has been shown that the two 

phases of postsynaptic response do indeed correspond to two phases of synaptic vesicle 

exocytosis (von Gersdorff et al., 1998). Occurrence of the slower, second phase of 

exocytosis is influenced by the duration of presynaptic Ca^^ influx, suggesting that Ca^"*" 

may be required for mobilization of vesicles from the reserve pool (von Gersdorfif et al., 

1998). The reserve pool is primarily recruited upon depletion of the readily releasable 

pool, according to a study of topographically distinct synaptic vesicle pools in 

Drosophila presynaptic terminals (Kuromi and Kidokoro, 1998). In this study, the 

authors produced synaptic vesicle depletion by using shibire temperature sensit ive (shf^)  

mutations to reversibly arrest synaptic vesicle recycling. At permissive temperatures for 

shibire function, they showed, stimulation of shf^ presynaptic terminals in the presence 

of FM1-43 stained only a peripherally located readily releasable pool. Staining of a more 

centrally located reserve pool required first inducing synaptic vesicle depletion by 

stimulation at restrictive temperature, then allowing recovery at permissive temperature 

in the presence of the FMl-43. Taken together, these studies suggest that mobilization 

and docking of synaptic vesicles from the reserve pool re-fills the readily releasable pool 

when synaptic vesicle fusion exceeds the rate of synaptic vesicle recycling (Zucker, 1996; 

von Gersdorff et al., 1998). 
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Fusion and recycling 

The mechanics of synaptic vesicle fusion and recycling are an intense area of 

study and debate (De Camilli and Takei, 1996; Stimson and Ramaswami, 1998). 

According to the classical model proposed by Heuser and Reese (1973), a synaptic 

vesicle completely collapses into the plasma membrane during fusion, and its components 

must be retrieved by the budding and fission of a new vesicle from the plasma membrane 

(Figure 1.2). This vesicle then fuses with an endosomal compartment, where it is 

remodeled into a mature synaptic vesicle by sorting of its components, and a final 

budding step. This model was originally proposed on the basis of electron microscopic 

studies of neuromuscular synapses in frog and in fruit fly (Heuser and Reese, 1973; 

Koenig and Ikeda, 1989). These studies showed that intense presynaptic activity 

produces invaginations of plasma membrane, thought to be vesicles in an arrested state 

between fusion and endocytosis. Furthermore, these studies showed that after intense 

stimulation, endosomal structures accumulate in the presynaptic terminal (Heuser and 

Reese, 1973; Koenig and Ikeda, 1989), and endocytic tracers in the extracellular medium 

can be sequestered into endosomes (Heuser and Reese, 1973). Thus, there is strong 

evidence that synaptic vesicles undergo complete fusion, and must then re-generate de 

novo by budding from the plasma membrane. 

A requirement for a second round of fusion and budding at an endosomal 

compartment, however, is not clear. A variation of the complete fiision model asserts 
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that synaptic vesicles can be regenerated directly by budding and fission fi-om the plasma 

membrane (Ceccarelli et al., 1973; De Camilli and Takei, 1996; Figure 1.2). In support of 

this, when the endocytic machinery is blocked in synaptosomes (cultured fiagments of 

synapses), electron microscopy reveals elongated invaginations capped by vesicles 

anested in a pre-fission state (Takei et al., 1995; Takei et al., 1996). Studies utilizing 

FMl-43 also argue against a requirement for an endosomal intermediate. Uptake and 

release of FMl-43 at presynaptic terminals has been used to demonstrate the release of 

neurotransmitter in discrete quanta (Ryan et al., 1997). The mean size of quanta is the 

same whether the complete supply or only a fraction of synaptic vesicles is loaded with 

FMl-43, indicating that FMl-43 labeling of an individual synaptic vesicle is not diluted 

during endocytosis and recycling (Murthy and Stevens, 1998). This result argues against 

passage of synaptic vesicles through an endosomal sorting compartment, where diffusion 

would dilute the FMl-43 internalized within endocytosed vesicles. Thus, synaptic 

vesicle recycling might not involve endosomes, and putative recycling endosomes 

observed by electron microscopy might actually represent extensive plasma membrane 

invaginations that have been cropped off during specimen preparation (De Camilli and 

Takei, 1996; Takei et al., 1996). 

A completely distinct model of exo-endo cycling, known as "kiss and run" (Figure 

1.2), proposes that synaptic vesicles do not undergo complete fusion to the plasma 

membrane, but form a transient fusion pore that stays open for a few seconds (Zucker, 



24 

1996; Stimson and Ramaswami, 1998). By its very nature, such a fusion mechanism 

would be elusive, so compelling evidence for kiss and run has come mostly from very 

sophisticated studies that make use of the FM dyes. Because the FM dyes are lipophilic, 

their rate of release from synaptic vesicles is largely dependent on their rate of 

dissociation from membrane (Betz et al., 1996; Klingauf et al., 1998). With certain 

stimulation parameters (Klingauf et al., 1998) or pharmacological treatments (Henkel and 

Betz, 1995), synaptic vesicles loaded with FMl-43 will release neurotransmitter but not 

FMl-43, indicating that neurotransmitter release can occur during transient vesicle fusion 

that is faster than the rate of dye dissociation (a few seconds). Thus, synaptic vesicle 

fusion might not always involve complete collapse of the synaptic vesicle into the plasma 

membrane. 

The results of these studies suggest the existence of at least two, and possibly 

more, distinct pathways for recycling of synaptic vesicles from plasma membrane 

(Stimson and Ramaswami, 1998). Some studies have provided evidence for alternate 

recycling pathways - one fast and one slow - within a single presynaptic terminal. 

Capacitance measurements of goldfish retinal bipolar cell terminals have shown that rate 

of synaptic vesicle endocytosis is influenced by the duration of presynaptic activity (von 

Gersdorff and Matthews, 1994). In these experiments, the rate of capacitance recovery 

following exocytosis was used to estimate the rate of endocytosis. With brief 

stimulation, a fast endocytic pathway with a time constant of 2 seconds was observed. 
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while with prolonged stimulation, a slow endocytic pathway with a time constant of 30 

seconds was observed. In Drosophila presynaptic terminals, there is evidence that these 

fast and slow pathways reflect distinct recycling mechanisms - one involving vesicle 

reformation directly from plasma membrane and one involving vesicle regeneration via 

endosomal sorting (Koenig and Ikeda, 1996). In mutant terminals recovering from 

synaptic vesicle depletion, synaptic vesicles begin to appear at active zones - in the 

absence of endosomes - in about one minute. At later time points, endosomes appear 

along membrane peripheral to active zones, and by 10 to 20 minutes, these endosomes are 

replaced by synaptic vesicles. Synaptic vesicles generated by the fast recycling pathway 

may constitute the readily releasable pool, while synaptic vesicles generated by the slow 

pathway may constitute the reserve pool (Koem'g and Ikeda, 1999). Regardless, these 

studies show that multiple mechanisms of exo-endocytic cycling can coexist within a 

single presynaptic terminal. 

Molecular biology of neurotransmitter secretion 

The exo-endocytic cycling of synaptic vesicles is mediated by complex 

interactions among vesicle-associated proteins, plasma membrane-associated proteins, and 

cytosolic proteins (Sudhof, 1995). While some of these proteins are conserved for 

constitutive secretion by non-neuronal cells, many of the proteins that regulate synaptic 

vesicle cycling are neuron-specific isoforms, and still others are completely unique to 
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neurons (Morris and Schmid, 1995; Fernandez-Chacon and Sudhof, 1999). These 

proteins comprise a specialized workforce that supports the highly regulated, highly 

e£Gcient vesicle trafficking events required for neurotransmission. Below, I highlight the 

best studied proteins in this workforce. 

Biogenesis and transport to the synapse 

The manufacture of synaptic vesicles (and constitutive secretory vesicles) is 

partially mediated by coat proteins, such as clathrin. These proteins form coats around 

nascent vesicles to block fusion with inappropriate membranes, and possibly to provide 

the mechanical force for vesicle formation (Bauerfeind and Huttner, 1993; Robinson, 

1997). Coat formation is facilitated by proteins called adaptors, which bind to coat 

proteins and vesicle membrane proteins. At the Golgi complex, the adaptor 

heterotetramer AP-1 promotes clathrin coat formation (Robinson, 1997). Like other 

organelles, synaptic vesicles are thought to be transported to the synapse along 

microtubule-based tracks, via the ATP-dependent action of motor proteins (Hall & 

Hedgecock, 1991; Gho et al., 1992). 

Translocation and docking 

At the synapse, it is thought that some synaptic vesicles are stabilized in reserve 

pools by attachment to the presynaptic cytoskeleton, and that they must dissociate firom 
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the cytoskeleton to join the readily releasable pool (Kelly, 1993; Greengard et al., 1993; 

Kuromi and Kidokoro, 1998). Synapsins, a family of proteins that bind with high 

afOnity to synaptic vesicles and to actin, might anchor synaptic vesicles to the 

cytoskeleton (Hilfiker et al., 1999). Ca '̂̂ -dependent phosphorylation of synapsin 

decreases synapsin's affinity for actin, while dephosphorylated synapsin decreases the 

number of synaptic vesicles available for release (Hilfiker et al., 1999). Yet, loss of 

synapsin fimction decreases the number of synaptic vesicles in the reserve pool and 

impairs sustained neurotransmission. Thus, it appears that synapsin maintains the 

reserve pool, and that Ca~^-triggered phosphorylation of synapsin frees reserve synaptic 

vesicles for mobilization to the readily releasable pool docked at the plasma membrane 

(Hilfiker etal., 1999). 

Docking of synaptic vesicles probably involves interaction between v-SNAREs 

and t-SNAR£s, integral membrane proteins of the synaptic vesicle membrane and the 

target plasma membrane (Matthews, 1996b). SNAREs encompass a large family of 

proteins which regulate ubiquitous vesicle trafficking events (Sollner et al., 1993; Hanson 

et al., 1997). At the presynaptic terminal, the v-SNARE synaptobrevinA/^AMP, and the 

t-SNAREs syntaxin and SNAP-25 form a ternary complex known to be essential for 

Ca '̂̂ -evoked synaptic vesicle fiision (see Fusion, below). While formation of this 

complex was once thought to imderlie synaptic vesicle docking (Kelly, 1993), genetic 

deletion of synaptobrevin or syntaxin does not affect the number of docked synaptic 
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vesicles in Drosophila presynaptic terminals (Broadie et al., 1995). Thus, docking may 

be facilitated by protein-protein interactions that are redundant with - or entirely distinct 

from - SNARE interactions. 

Fusion 

While the role of SNAREs in docking remains unclear, their role in synaptic 

vesicle fusion has been unequivocally demonstrated. Botulinum and tetanus toxins, which 

block neurotransmission, are known to act by selectively cleaving the synapse-associated 

SNAREs - synaptobrevin, syntaxin, and SNAP-25 (Hanson et al., 1997; 

Femandez-Chacon and Sudhof, 1999). When either synaptobrevin or syntaxin is 

genetically deleted, Ca~'̂ -evoked synaptic vesicle fusion is eliminated (Keshishian et al., 

1996; Femandez-Chacon and Sudhof, 1999), and even spontaneous fusions are greatly 

attenuated (Deitcher et al., 1998; Femandez-Chacon and Sudhof, 1999). Binding of the v-

SNARE synaptobrevin to the t-SNAREs syntaxin and SNAP-25 produces a complex that 

is energetically more stable than the structure of any of the individual SNAREs (Jahn and 

Hanson, 1998). Thus, formation of this complex might drive early steps in synaptic 

vesicle fusion by overcoming the energy required for merging the stable lipid bilayers of 

the synaptic vesicle and the plasma membrane (Jahn and Hanson, 1998). 

Assembly of intermembrane SNARE complexes is regulated by the ATPase, NSF 

(N-ethyl-maleimide-sensitive fusion protein), which is known to influence a variety of 
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ubiquitous vesicle fusion events (Sollner et al., 1993; Jahn and Hanson, 1998). At 

synapses where NSF function is impaired, the level (Kawasaki et al., 1998) and kinetics 

of neurotransmitter release are altered in a way that suggests asynchronous synaptic 

vesicle fusion (Schweizer et al., 1998). These studies confirm the importance of the 

SNARE complex in synaptic vesicle fusion, and have led to suggestions that NSF may be 

involved in priming docked synaptic vesicles for synchronous fusion in response to 

influx (Schweizer et al., 1998). 

Ca~^ influx at the active zone triggers synaptic vesicle fusion within 0.2 to 0.5 

milliseconds (Bennett, 1997), and in the absence of Ca^^ the fusion rate for an individual 

synaptic vesicle is as low as once per eight minutes (Murthy and Stevens, 1999). What is 

the molecular mechanism that allows such tight coupling between Ca '̂*' and 

neurotransmitter release? The dependency of neurotransmitter release on extracellular 

Ca^"^ suggests the existence of a low affinity Ca^^ sensor - or sensors - that cooperatively 

bind three to four Ca^^ ions (Bennett, 1997). 

Synaptotagmin (syt), an integral membrane protein of synaptic vesicles, has 

structural and functional properties that suggest it acts as the primary sensor for 

synaptic vesicle fusion (Sudhof and Rizo, 1996). Syt binds Ca^^ at afBnities that 

correlate with the Ca^^ dependence of neurotransmitter release. This Ca^^ binding 

regulates interaction of syt with membrane phospholipids and the t-SNARE syntaxin, 

suggesting molecular sites where syt can directly regulate fusion (Sudhof and Rizo, 1996). 
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Loss of syt function attenuates evoked, Ca^^-dependent neurotransmitter release, and can 

augment the frequency of spontaneous, Ca^^-independent neurotransmitter release 

(Littleton et al., 1993; DiAntonio and Schwarz, 1994; Geppert et al., 1994). These 

observations have led to a model whereby syt acts as a Ca '̂*^-sensitive fusion clamp that 

promotes evoked synaptic vesicle fusion, but inhibits spontaneous synaptic vesicle 

fusion (Sudhof and Rizo, 1996). 

Nonetheless, there appear to be additional mechanisms that couple Ca^^ influx to 

synaptic vesicle fusion, including binding of syntaxin and SNAP-25 to channels -

which probably positions the fusion apparatus at the epicenter of Ca^"^ microdomains 

(Zucker, 1996). The cysteine string protein (csp), which attaches to synaptic vesicles by 

a fatty acid modification, might also facilitate Ca^"^ regulation of synaptic vesicle fusion 

(Sudhof, 1999). InXenopus oocytes, heterologous expression of csp appears to promote 

assembly of Ca^^ channels, and in Drosophila, csp mutants show decreases in 

presynaptic Ca"* entry and Ca '̂̂ -dependent neurotransmission (Umbach et al., 1994; 

Umbach et al., 1998). It is thus possible that csp directs the assembly of Ca '̂*^ channels at 

active zones (Sudhof, 1999). 

Endocytosis and recycling 

Subsequent to fusion, synaptic vesicle components must be retrieved from the 

plasma membrane. Complete vesicle collapse into the plasma membrane requires the 
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budding of endocytic vesicles (Figure 1.3). An initial step in this budding is the formation 

of coated invaginations of the plasma membrane (Stimson and Ramaswami, 1998). These 

coats, which contain clathrin and adaptor proteins, appear to provide structural integriQ^ 

to budding vesicles and thus restrict the size of vesicles (Ye and Lafer, 1995; Zhang et al., 

1998; Nonet et al., 1999). Given these important regulatory fimctions, it is not surprising 

that clathrin and adaptors have ubiquitous roles in facilitating vesicle biogenesis (see 

above) and receptor-mediated endocytosis, the process by which transmembrane 

receptors are internalized for nutrient uptake or for downregulation (Robinson, 1994). 

Adaptors catalyze the assembly of clathrin (and possibly other coat proteins) into 

cage-like structures, which form the backbone of vesicle coats (Figure 1.3). In addition, 

adaptors appear to link these coats to nascent vesicles by binding both clathrin and 

vesicle membrane proteins (Robinson, 1997; Figure 1.3). The adaptor heterotetramer 

AP-2, distinct from the AP-1 heterotetramer at the Golgi complex, mediates coating at 

plasma membranes (De Camilli and Takei, 1996; Robinson, 1997). At the presynaptic 

plasma membrane, in vitro studies suggest that AP-2 binds syt, providing a possible 

retrieval mechanism for syt and associated synaptic vesicle proteins (Zhang et al., 1994; 

De Camilli and Takei, 1996). Additional, more specialized adaptors may facilitate rapid 

synaptic vesicle endocytosis (Morris and Schmid, 1995); for example, the neuron-specific 

adaptor API80 appears to selectively mediate endocytic retrieval of synaptobrevin 

(Nonet et al., 1999). 
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Nascent endocytic vesicles are pinched o£f of the plasma membrane by a 

mechanism requiring dynamin, a GTPase encoded by the shibire gene in Drosophila 

(Stimson and Ramaswami, 1998). Drosophila sh^ mutations, which cause temperature-

sensitive defects in dynamin function, produce temperature-sensitive arrest of 

endocytosis (van der Bliek and Meyerowitz, 1991). In shf^ mutant flies, block of 

endocytosis can lead to synaptic vesicle depletion within minutes of exposure to high 

temperatures (Koenig et al., 1983). Behaviorally, synaptic vesicle depletion causes 

paralysis. At the cellular level, it is accompanied by the accumulation of collared pits, 

electron-dense invaginations of plasma membrane which appear to be nascent vesicles 

arrested in a pre-fission state (Kosaka and Ikeda, 1983). In manunalian synaptosomes, 

collared pits can be produced by treatment vath non-hydrolyzable GTP analogues that 

inhibit dynamin's GTPase activity (Takei et al., 1995). Because dynamin is enriched at 

these collared pits, it is thought that dynamin might form rings which tighten around the 

necks of nascent vesicles to cause fission (De Camilli and Takei, 1996). 

Several other proteins participate in the formation and fission of endocytic 

vesicles (Stimson and Ramaswami, 1998). Inhibition of the dynamin-binding protein 

amphiphysin produces endocytic pits that lack dynamin collars, indicating that 

amphiphysin might recruit dynamin to nascent vesicles (Shupliakov et al., 1997). EpslS, 

a protein that binds to a subunit of AP-2 (a-adaptin), may help recruit adaptors, clathrin, 

and other proteins to the presynaptic plasma membrane as an initial step for endocytosis 



33 

(Tebar et al., 1996; van Delft et al., 1997; Owen et al., 1999). Amphiphysin and Epsl5 

both bind to synaptojanin, a neuronal inositol-S-phosphatase (McPherson et al., 1996; 

Haffiier et al., 1997; Salcini et al., 1997). Although synaptojanin's function is not 

understood, it is one of many molecules that support a connection between endocytosis 

and phosphoinositide metabolism (De Camilli and Takei, 1996). 

Identification of new molecules that regulate neurotransmitter secretion 

Studies of Drosophila provide a powerful way for identifying and characterizing 

novel proteins that regulate neurotransmitter release. In Drosophila, genetic mutation -

and assessment of the mutation's outcome, or phenotype - can be used to address a 

protein's fimction in vivo. The utility of this genetic approach is illustrated by the 

scientific history of dynamin, which was originally isolated based on its ability to bind 

microtubules (Wamock and Schmid, 1996). Although this interaction appears to have no 

functional relevance, early investigators suspected that dynamin was a motor protein 

(Vallee, 1992). Ultimately, however, phenotypic and molecular analyses of Drosophila 

sht^ mutants showed that dynamin's true fimction is to catalyze vesicle fission during 

endocytosis. Likewise, the role of csp in synaptic vesicle cycling has been addressed 

almost exclusively in studies of Drosophila mutants (Femandez-Chacon and Sudhof, 

1999). 
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Phenotypic analyses of synapse function in Drosophila have been facilitated by a 

set of relatively simple neuromuscular synapses within the Drosophila third instar larva. 

These synapses - collectively referred to as the larval neuromuscular junction (NMJ) - are 

formed by two identified motor neurons, RP3 and 6/7 onto a pair of longitudinal muscle 

fibers within the larval body wall, muscles 6 and 7 (Keshishian et al., 1996). Because 

these synapses are peripherally located, they are easily accessible for experimental 

manipulations. Furthermore, because the identities of the presynaptic and postsynaptic 

cells of these synapses are known and are invariant, a uniquely precise analysis of 

synapse function and structure is possible. Physiological and morphological analyses of 

the Drosophila larval NMJ have elucidated the roles of SNAREs, syt, csp, dynamin, and 

many other presynaptic proteins in the synaptic vesicle cycle (Keshishian et al., 1996; 

Stimson and Ramaswami, 1998). 

Stoned: a possible role in neurotransmitter secretion 

Studies of the Drosophila stoned gene represent yet another potential contribution 

to the current picture of synaptic vesicle cycling. Unique among eukaryotic genes, the 

stoned gene encodes a dicistronic mRNA containing two open reading firames (ORFs); the 

5' ORF produces a protein called stonedA, while the 3' ORF produces a structurally 

unrelated protein, stonedB (Andrews et al., 1996). Though true orthologs of stonedA and 

stonedB have yet to be identified in other organisms, genes related to stonedB have been 
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identified in the nematode C. elegans (C27H6.1; J. Rand, unpublished) and in humans 

(Upadhyaya, et al., 1999). While stonedA has no extensive homology to known proteins, 

stonedB shares molecular features with proteins implicated in synaptic vesicle cycling. 

The C-terminal region of stonedB exhibits 42% identity to a family ^-adaptins, which are 

small subunits of the AP-2 adaptor (Andrews et al., 1996). In addition, the N-tenninal 

end of StonedB contains seven repeats of the NPF motif, a three amino acid repeat 

recently identified as a binding site for Bps 15 (Salcini et al., 1997). Thus, the structural 

features of stonedB suggest that it has some role in vesicle traf^cking, perhaps in 

endocytosis. 

Studies of the viable, hypomorphic stoned mutants, stn  ̂and stif, suggest that 

stoned proteins might regulate vesicle trafficking at synapses. These mutants exhibit 

behavioral defects - most notably, sluggishness and uncoordinated movement - which 

appear to reflect defects in nervous system fimction (Petrovich et al., 1993). 

Furthermore, electroretinogram (ERG) recordings have revealed impaired synaptic 

function within the visual system of stri^ and stn^ mutants (Petrovich et al., 1993). The 

on-off transients of the ERG, thought to represent synaptic transmission between the 

photoreceptor layer and the lamina, are enhanced in stri^ mutants (Kelly, 1983) and 

eliminated in stn^ mutants (Homyk and Pye, 1989). These observations provide indirect 

evidence that stoned proteins influence synapse function. 
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Genetic interactions between stoned and shi mutations add more substantive 

evidence that stoned regulates synaptic vesicle trafficking. Flies doubly mutant for stn^ 

and shf^^ are inviable (Petrovich et al., 1993). Moreover, stn^- shf^ double mutants 

which survive to adulthood undergo temperature-sensitive paralysis at lower 

temperatures than shf^ mutants alone (M. Ramaswami and K.S. Krishnan, personal 

conmiimicaticn). Thus, disruption of stoned function appears to enhance the synaptic 

vesicle recycling defects of shi mutants. Taken together with the molecular features of 

stonedB, these genetic studies suggest that stoned proteins regulate synaptic vesicle 

trafficking, possibly synaptic vesicle endocytosis (De Camilli, 1996; Stimson and 

Ramaswami, 1998). 

Despite the provocative findings of these studies, none of them directly establish 

that stoned proteins regulate presynaptic function. To directly investigate the possible 

presynaptic fimctions of stonedA and stonedB, I have examined the effects of stoned 

mutations on the physiology and morphology of the Drosophila larval NMJ. Because 

molecular mechanisms of presynaptic function are remarkably conserved among 

vertebrates and invertebrates (Keshishian et al., 1996; Femanadez-Chacon and Sudhof, 

1999), this study contributes to an overall understanding of presynaptic function. 
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Figure 1.1 Schematic of synaptic vesicle cycling within a presynaptic terminal. 

r 
recycling docking 

J fusion 



38 

Figure 1.2 Three models of synaptic vesicle cycling. Recycled synaptic vesicles (vesicle 

in center) are potentially generated by at least three distinct mechanisms (large arrows -

start here and follow backwards for complete pathway). Model 1 is the classical model, 

in which vesicles are regenerated by sorting and budding at an endosomal intermediate 

following internalization and budding at the plasma membrane. Model 2 proposes that 

vesicle recycling does not require an endosomal intermediate; instead, vesicles form 

directly by budding from plasma membrane. Model 3, known as "kiss and run," asserts 

that vesicles never truly lose their identity because they do not undergo complete collapse 

into the plasma membrane during fusion. In models 2 and 3, vesicle coats such as clathrin 

provide mechanical force for budding, and prevent fusion with inappropriate membranes. 
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Figure 1.3 Role of adaptors in synaptic vesicle cycling. Adaptors bind to the 

cytoplasmic tails of synaptic vesicle proteins deposited in the plasma membrane during 

exocytosis. This binding promotes (a) retrieval of synaptic vesicle proteins and (b) 

assembly of vesicle coats containing clathrin and/or other coat proteins. Adaptors thus 

facilitate the assembly of synaptic vesicles that have an appropriate biochemical 

composition and structure. Coated vesicles bud and pinch off from the plasma 

membrane, and must be uncoated prior to exocytosis. 

1 

adaptor (AP2) clathrin synaptotagmin 
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CHAPTER TWO 

A PRODUCT OF THE DROSOPHILA STONED LOCUS REGULATES 

NEUROTRANSMITTER RELEASE 

Abstract 

The Drosophila stoned locus encodes two novel gene products termed stonedA 

and stonedB, which possess sequence motifs shared by proteins involved in intracellular 

vesicle traffic. A specific requirement for stoned (stn) in the synaptic vesicle cycle has 

been suggested by synthetic genetic interactions between stoned and shibire (shi), a gene 

essential for synaptic vesicle recycling (Petrovich et al., 1993). A synaptic role of stoned 

gene products also is suggested by altered synaptic transients in electroretinograms 

recorded from stoned mutant eyes (Petrovich et al., 1993). We show here that the 

StonedA protein is highly enriched at Drosophila nerve terminals. Mutant alleles that 

affect StonedA disrupt the normal regulation of synaptic vesicle exocytosis at 

neuromuscular synapses of Drosophila. Spontaneous neurotransmitter release is 

dramatically enhanced and evoked release is substantially reduced in such stoned mutants. 

Ultrastructural studies reveal no evidence of major disorganization at stoned mutant nerve 

terminals. Thus, our data indicate a direct role for stonedA in regulating synaptic vesicle 
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exocytosis. However, genetic and morphological observations suggest additional, subtle 

effects of stoned mutations on synaptic vesicle recycling. Remarkably, almost all 

phenotypes of stoned mutants are similar to those previously described for mutants of 

syt, a protein postulated to regulate both exocytosis and recycling of synaptic vesicles. 

We propose a model in which stonedA functions together with syt to regulate synaptic 

vesicle cycling 

Introduction 

Chemical synaptic transmission requires the release of neurotransmitter via the 

fusion of transmitter-filled synaptic vesicles to the presynaptic plasma membrane 

(reviewed by Sudhof, 1995; Matthews, 1996). Although spontaneous synaptic vesicle 

fusions occur at a low rate in the absence of extracellular Ca^"^ (Katz, 1969), stimulus-

evoked vesicle fusion depends on influx of extracellular Ca^"^ into the presynaptic terminal 

(Zucker, 1996). Ca^^ is known to trigger synaptic vesicle fusion by altering dynamic 

interactions between vesicle-associated proteins and plasma membrane-associated 

proteins (Sudhof, 1995; Hanson et al., 1997). The synaptic vesicle protein 

synaptotagmin (syt) is believed to act as a Ca'*^ sensor which not only inhibits 

spontaneous Ca '̂̂ -independent vesicle fusion, but also promotes Ca^^-evoked exocytosis 

(DiAntonio, 1993; Littleton, 1993; Littleton, 1994; DiAntonio, 1994; Geppert, 1994; 

Sudhof and Rizo, 1996). 
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Subsequent to fusion, synaptic vesicle proteins deposited in plasma membrane are 

retrieved by endocytosis, and recycled into new synaptic vesicles (Kelly, 1993; Cremona 

and De Camilli, 1997). The budding of endocytic vesicles from presynaptic membrane 

appears to involve clathrin and several associated proteins, including the adaptor complex 

AP-2 (Robinson, 1997; De Camilli and Takei, 1996). Fission of budding vesicles from the 

plasma membrane occurs by a mechanism requiring the GTPase dynamin, which is altered 

in Drosophila shi'^ mutants that show a conditional block in synaptic vesicle endocytosis 

(Kosaka, 1983; van der Bliek and Meyerowtiz, 1991; De Camilli and Takei, 1996; 

Wamock and Schmid, 1996; Grant et al., 1998). Despite this emerging outline of 

molecular mechanisms that underlie synaptic vesicle cycling (reviewed by Cremona and 

De Camilli, 1997), it is likely that several molecules that participate in the process remain 

to be identified and studied. 

Classical genetic studies provide one avenue for the characterization of such gene 

products. Previous studies of Drosophila stoned mutants have suggested that stoned gene 

products serve important neuronal functions. The mutants stn^ and stn'̂  exhibit 

behavioral defects, most notably they are sluggish and uncoordinated, suggesting defects 

of nervous system fimction (Petrovich et al., 1993). Transients of the electroretinogram 

(ERG), which are believed to represent synaptic transmission between the photoreceptor 

layer and the lamina within the fly visual system, are altered in stn^ (Kelly, 1983) and in 

stn^ mutants (Homyk and Pye, 1989), suggesting defects in synapse development or 
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function. Genetic interactions between stoned and shibire mutations may indicate a more 

specific neuronal function for stoned. The stn^ mutation produces synthetic lethality 

when combined with shf^\ suggesting a possible role for stoned gene products in synaptic 

vesicle recycling (Petrovich et al., 1993). 

Such a role for stoned in endocytosis is further indicated by a detailed analysis of 

the sequence of stoned (Andrews et al., 1996; Figure 2.7). The stoned gene gives rise to a 

dicistronic mRNA which encodes two structurally unrelated proteins, stonedA and 

stonedB, from separate open reading frames (Andrews et al., 1996). Both proteins 

possess sequence motifs found in proteins known or suspected to regulate endocytic 

vesicle traffic (Figure 2.7). StonedB contains a C-terminal region with 42% identic to a 

family of adaptor subunit proteins (Andrews et al., 1996), and an N-terminal region with 

seven repeats of the trimer NPF, recently identified as a consensus binding motif for the 

clathrin and adaptor-associated protein EpslS (Benmerah et al., 1996; Salcini et al., 1997). 

More sequence analysis presented here (Figure 2.7) shows that stonedA also contains 

sequence motifs characteristic of molecules involved in endocytosis. Taken together with 

the genetic interaction between stn'̂  and shi'̂ ^, the structural features of stonedA and 

StonedB suggest that both proteins have presynaptic functions, possibly in clathrin-

mediated endocytosis (Andrews et al., 1996; Cremona and De Camilli, 1997). 

To investigate directly the potential synaptic functions of the stoned gene 

products, we examined the effects of stoned mutations on the function and morphology of 
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synapses on muscles 6 and 7 of the Drosophila third instar larval body wall (Jan and Jan, 

1976; Atwood et al., 1993; Kurdyak et al., 1994). Via combined physiological and 

morphological analyses of stri^ and stn^ synapses, we show that stoned mutations appear 

to have direct effects on the regulation of neurotransmitter release. Our results also 

suggest additional subtle effects of stoned mutations on synaptic vesicle recycling and 

synapse plasticity. During the course of this study, it was discovered that stn^ and stn^ 

both carry missense mutations within the first ORF of stoned, causing single amino acid 

substitutions within stonedA (A.M. Phillips and M. Smith, unpublished observations). 

Thus, our phenotypic characterization of stn^ and stn' mutants provides direct evidence 

that a stoned gene product, specifically stonedA, acts as a novel regulator of 

neurotransmitter release. 

Materials and methods 

Drosophila culture 

Flies were raised in vials on instant fly food (Carolina Biological Supply), or on 

medium consisting of instant fly food, agar, and oatmeal (Condie and Brower, 1989), 

supplemented with yeast. All stocks were maintained at 20 - 21° C under uncrowded 

conditions. 
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Drosophila strains and genetics 

Two different wild-type Oregon-R stocks were used, one deriving from Seymour 

Benzer's lab (Caltech) and one from Danny Brower's lab (University of Arizona). Stoned 

mutants, stn^, stn^, and str^^^ v/ere from Len Kelly's laboratory. The stoned 

lethal alleles and sw'*"' are caused by transposon insertions within the stonedA 

and stonedB open reading frames, respectively (Andrews et al., 1996). While 

was isolated in a wild-Q^pe background, the strf^^^ allele was isolated on a complex 

chromosome carrying multiple inversions (Zusman et al., 1985); this complex background 

may cause phenotypes unlinked to stoned. The failure of and to 

complement each other suggests that each may impair translation of both stonedA and 

StonedB proteins via a combination of mRNA truncation, and/or polarity effects 

(Andrews et al., 1996). 

To map stn^^ and stn'̂  physiological phenotypes to the stoned locus, these 

phenotypes were first mapped to the X chromosome by setting up reciprocal crosses 

between Oregon-R and stn^ or stn^. Subsequently, we ascertained that the stoned 

phenotypes were rescued by a duplication of stoned and uncovered by and 

sfn''"', as well as a deficiency for stoned. The duplication Dp(l, Y) y^Ymaf, which 

consists of a proximal piece of the X chromosome including stoned attached to the Y 

chromosome, was from Len Kelly's laboratory (U. Melbourne) or from the TIFR, 

Bombay stock collection. The deficiency stock Df(l)HM430j which covers X 
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chromosome region 20 between unci and l(l)20Cb, was a generous gift of Maurice Keman 

(SUNY, Stonybrook). Df(l)HM430, and were maintained in stocks over 

balancers (e.g., FM6) or overy*Ymat. Because Df(l)HM430 and could be 

maintained o\ety*Ymaf, flies of the genotypes stn^ / , stn" / 

Dffstn), stn^ /Df(stn), snf /y^Ymat and stri^ /y^Ymat could be generated easily from 

crosses similar to those shown below. 

/y^Ymat x stn^/stn^ 

\ 
stn'^ / + stn^ /y^Ymat 

OR 

Df(l)HM430 /y^Ymat x stn'^/stn'^ 

\ 
/ Df(l)HM430 + /y*Ymar 

We controlled extensively for genetic background effects. In larvae of the 

genotype stoned''^'^^ /y^Ymat, the duplication was derived from one of two different 

parental stocks /y*Ymat or Cf(l)HM430 /y^Ymat), Regardless of parental 

origin, yTmar always complemented stoned"^^ phenotypes, except where noted in the 
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text, j/w™' /y^Ymat males were usually inviable and, in our hands, survivors were 

typically sterile. Therefore, was maintained over FM6(T8-lacz), which drives the 

expression of b-galactosidase from the asense promoter. Female progeny from the cross 

stoned''^^^ /Yx /FM6(T8-lacz) were selected for electrophysiology, and 

subsequently processed for b-galactosidase activity to score the genotype. Briefly, larval 

CNSs were dissected away and fixed for three minutes in 3% glutaraldehyde in PBS. 

Fixed CNSs were incubated for 2 1/2 hours at 37° C in staining solution containing 10 

mM PO4 buffer (pH 7.2), 150 mM NaCl, 1 mM MgCl2, 3 mM K4[FeII(Cn)6], 3 mM 

K3[FeIII(Cn)6], and 0.2% Triton-X 100. Just prior to incubation, 1/50 volume of freshly 

prepared 10% X-gal in DMSO was added to staining solution pre-heated to 65* C. 

Absence of characteristic blue staining within the CNS was used to identify larvae of the 

genotype stoned"^ '̂ / stn^ '̂. 

Larval neuromuscular preparations 

For electrophysiology and microscopy of larval NMJs, larvae were selected from 

the stocks, and dissected to expose the larval body wall muscles, as described previously 

(Estes et al., 1996). All experiments were performed on muscles 6 and 7 within the third 

abdominal segment (A3), with the exception of EM and stonedA immunohistochemistry 

studies, where A2 was included. Muscles 6 and 7 are innervated by a pair of identified 

motor neurons with well-characterized physiological and morphological properties (Jan 



and Jan, 1976; Atwood et al., 1993; Kurdyak et al., 1994). The motor neurons have 

distinct firing thresholds and generate a compound response in muscle when they fire 

simultaneously. During dissections and electrophysiological experiments, larvae were 

immersed in "HL3" saline (Stewart et al., 1994), which contains 70 mM NaCl, 5 mM 

KCl, 1.5 mM CaCU, 20 mM MgCla, 10 mM NaHCOs, 5 mM trehalose, 115 mM 

sucrose, and 5 mM HEPES (pH 7.3). Of those available, the HL3 saline recipe produces 

an ionic composition and osmolarity most similar to that of Drosophila hemolymph 

(Stewart et al., 1994). To prevent muscle contraction that could potentially damage the 

preparation during dissection, larvae were dissected in low-Ca^**^ saline or in Ca '̂̂ -free 

saline, in which the CaClj was replaced by 1.5 mM MgCla, and 0.5 mM EGTA. These 

treatments did not have any distinguishable effects on the electrophysiological properties 

of the NMJ. 

Electrophysiology 

All electrophysiological recordings were made from muscle 6, with the larval 

preparation immersed in a low volume of the HL3 saline described above. Temperature 

of the saline was 19-21° C, and was often checked using a thermocouple microprobe 

(type IT-21, Physitemp, Clifton, NJ). Where noted in the text, Ca^"^ concentration was 

sometimes reduced to subphysiological levels by replacing CaCl2 with MgCli- In all 

preparations, the CNS was gently cut away to prevent endogenous motor activity. 
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Motor nerves were stimulated with glass-tipped suction electrodes. For recordings of 

EIPs and EJCs, an isolated pulse stimulator (A-M Systems, Everett, WA) was used to 

deliver 1 ms pulses at a firequency of 1 Hz and at an intensity approximately 1.5x that 

required to elicit the compound response. All recordings were acquired using an 

Axoclamp2B amplifier in conjunction with PClamp 6 software (Axon Instruments, Foster 

City, CA). Recording electrodes were pulled from thick-walled borosilicate capillary 

tubes (FHC, Bowdoinham, ME) using a Sutter Instruments (Novato, CA) electrode 

puller. For intracellular recordings, electrodes were back-filled with 2M KAc, yielding 

resistances of 25 - 40 MW. For two-electrode voltage clamp (TEVC) experiments, the 

recording electrode was back-filled with 3M KCl; the tip of the current-passing electrode 

was filled with 2M Kcitrate and the remainder was back-filled with 3M KCl. Resistances 

of recording and current-passing electrodes were 10 - 20 MW and 15 - 35 MW, 

respectively. After impalement with both electrodes, the resting membrane potential of 

muscle 6 was usually around -50 mV, but was always clamped to -70 mV. Input 

resistance was determined by delivering a 20 mV hyperpolarizing pulse from the -70 mV 

holding potential. The EJC or EJP amplitude for each preparation was determined from 

an average of ten consecutive evoked responses. During TEVC, clamp conditions were 

optimized so that deviation from the holding potential upon stimulation was less than 5 

mV. EJCs were low-pass filtered at 1 kHz. Although the frequencies of mejcs and mejps 

appeared similar, mejp recordings were much cleaner, and were therefore used to quantify 
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mini frequencies. For each preparation, the number of mejps occurring within ten 

consecutive seconds was used to determine mini frequency. Although the reported mini 

fi%quencies were recorded in physiological saline (Ca^^ =1.5 mM), reducing extracellular 

Ca^^ concentration did not appear to affect mini frequency significantly (data not shown). 

Confocal microscopy 

Dissected larvae (see above) were processed by previously described 

immunohistochemical procedures (Estes et al., 1996). Briefly, each was fixed in 3.5% 

paraformaldehyde prepared in PBS containing 0.5 mM EGTA and 0.2 mM MgCl2. 

After washing in PBS, the larval preparation was blocked in 2% BSA and 5% goat serum 

in PBS containing 0.15% Triton X-100 (TBS). The preparation was then incubated for 

two hours in primary antibody at an appropriate dilution (see below), followed by a one 

hour incubation in fluorescent secondary antibody at a final dilution of 1/200. The 

preparation was mounted in 0.1% paraphenylene diamine (Sigma) in 95% glycerol, and 

viewed. Rabbit anti-syt (DSYT-2) antibody was a generous gift from Troy Littleton and 

Hugo Bellen (Baylor College of Medicine), and was used at a final dilution of 1/200. 

Mouse anti-csp antibody (mAb49), kindly provided by Erich Buchner (Universitat 

Wurzburg) and Konrad Zinsmaier (University of Pennsylvania School of Medicine), was 

used at a final dilution of 1/50. Rabbit anti-stonedA antiserum was generated against a 

stonedA-MBP fusion protein and was used at a final dilution of 1/1000. A Texas Red-
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conjugated goat-anti-rabbit antibody (IG^, Costa Mesa, CA) was used to visualize syt 

and StonedA, and an FITC-conjugated goat-anti-mouse antibody (ICN) was used to 

visualize csp. A Bio-Rad 600 laser-scanning confocal microscope and COMOS software 

(Bio-Rad, Richmond, CA) were used for all image analyses. For syt and stonedA single-

label experiments, the YHS filter supplied by Bio-Rad was used. For syt / csp double-

label experiments, the K1/K2 filter was used. For examination of bouton morphology, 

I mm optical sections were collected using a 60x objective. For examination of syt and 

csp distribution within boutons, Inrni sections were collected using 60x power at 5x 

zoom. Images of anti-stonedA staining were taken at 60X power, Ix zoom. 

Electron microscopy 

Each larval preparation was processed as described previously (Estes et al., 1996). 

Briefly, the dissected larva was incubated in Trump's fixative overnight at 4' C. The 

preparation was then washed in 100 mM cacodylate bufTer containing 264 mM sucrose. 

The preparation was postfixed with 1% OSO4 in 100 mM cacodylate buffer for 2 hours, 

dehydrated in an ethanol series, and embedded in Epon/Aradite (Embed 812, Electron 

Microscopy Sciences, Fort Washington, PA). Grids were poststained with 2% uranyl 

acetate and 1% lead citrate, and examined under a Jeol 1200EX electron microscope. 

Only Type I boutons on muscle 6 or 7 within A2 and A3 were selected for analysis. 

Synaptic vesicle content was determined by manual measurements firom only those 
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bouton cross-sections which contained one or more active zones, and in which 

subsynaptic reticulum was evident. 

Statistics 

Numerical data reported in the text are mean +/- sem. P-values reported in the text 

were determined by student's t-test. 

Results 

StonedA immunoreactivity is present at presynaptic terminals and is reduced in stn' 

mutants 

Given the genetic and molecular evidence that stonedA may be involved in 

synaptic functions, we sought evidence for the presence of stonedA at Drosophila 

synapses. Using an anti-stonedA antiserum (raised against an MBP-fiision to residues 27 

to 350 of StonedA), we observed strong inmiimoreactivity within motor terminals of 

wild-type larvae (Figure 2.1). The staining was completely eliminated by pre-incubation 

of the antisenmi with a stonedA-GST fusion protein, indicating that the antiserum 

recognizes an epitope present on stonedA (data not shown). StonedA immunoreactivity 

within boutons is not due to cross-reacting epitopes, because it is substantially altered in 

stoned mutants. Although stonedA inmiunoreactivity is at nearly wild-type levels in 

str^ boutons, it is barely detectable in stn'^ mutant motor terminals (Figure 2.1). The 
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altered stonedA immunoreactivity within stn'^ boutons probably indicates a reduction of 

stonedA protein levels at nerve terminals, rather than an altered epitope, because the 

presimiptive strf mutation lies considerably C-terminal to the region of stonedA used to 

raise the antiserum. Most importantly, the presence of stonedA at nerve terminals 

suggests a presynaptic function for the protein. 

In addition to stonedA immunoreactivity at presynaptic boutons, we also 

observed a characteristic striated pattem of staining in body wall muscle. While this 

could be competed out by preincubation of the serum with stonedA fusion protein, the 

muscle staining was not significantly affected by the stn" mutation. Thus, we are unable 

to determine if stonedA immunoreactivity in muscles truly represents muscle expression 

(and potential function) of stonedA, or a conserved epitope in a different protein. 

However, our data unambiguously show that stonedA protein is concentrated at motor 

nerve terminals. 

stoned mutations alter mejp frequency and EJP amplitude 

To investigate the role of stonedA in synaptic transmission, we used 

electrophysiology to assess synaptic function at stn^^ and stn^ mutant NMJs compared 

to wild-Q^ controls. From current clamp recordings of miniature excitatory junctional 

potentials (mejps) as well as two-electrode voltage clamp recordings of currents (mejcs), 

we found a roughly 3-fold enhancement in the fiequency of spontaneous miniature events 
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(minis) at stn'^^ and s/w® NMJs relative to wild-type NMJs (Figure 2.2A, Table 2.1). 

Mini frequencies were 4.8 +/- 0.4/sec in wild type, 14.1 +/- 0.6/sec in stn^^ (p = 1.5 x 10" 

I'), and 14.2 +/- 0.8/sec instn^ (p = 2.6 x lO"*). The elevated mini frequency of sm^ and 

sttf mutants indicates a relatively high rate of spontaneous synaptic vesicle fusion events 

at stn^ and strf motor terminals. This phenotype could result from weakened regulation 

of synaptic vesicle exocytosis. 

In addition to altered spontaneous synaptic activity, postsynaptic responses 

evoked by motor nerve stimulation were substantially altered in but not stn^, 

mutants (Figure 2.2B, Table 2.2). In physiological saline (Ca^"^ =1.5 mM), the peak 

amplitudes of excitatory junctional potentials (EJPs) in wild type (39.2 +/- 2.4 mV) and 

stn^ (41.2 +/- 2.1 mV) were similar, while stn'^ EJPs were much smaller (20.1 +/- 2.4 mV) 

than wild type (p = 3.5 x 10*^). To directly monitor the muscle's response to 

neurotransmitter secretion, we eliminated voltage-activated components of the evoked 

response as well as non-linear summation of quantal events by clampuig wild-type and 

stn" muscle fibers at -70mV and recording excitatory junctional currents (EJCs). EJC 

measurements revealed the true extent of defects in stn'' evoked responses: the EJC 

amplitude of stn'^ (17.4 +/- 3.6 nA) was only 15% that of wild type (132.3 +/- 13.8 nA, p 

= 5.7 X 10"^) (Figure 2.2B). As input resistances of stif and wild-type muscles were 

comparable (wild type = 3.9 +/- 0.5 MW, stn'^ = 5.1 +/- 0.75 MW), this difference 

clearly arises from defective synaptic transmission at stn^ NMJs rather than more general 
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defects in strf muscles. The stn  ̂allele appeared almost wild-type in EJC amplitude, 

suggesting that the stri^^ mutation affects a domain of stonedA more essential for 

regulating spontaneous, rather than evoked, synaptic transmission. At room temperature 

and in the EJC assay, stri^ behaves like a weak allele of stoned. This is consistent with 

our observation that stonedA inmiunoreactivity is clearly reduced in stn ,̂ but not strf ,̂ 

mutants. Although originally isolated in a screen for mutants paralyzed at 29°, in reality, 

the behavioral phenotype of stn^ mutants (sluggishness and uncoordination) shows 

minimal temperature-sensitivity. Consistent with observations on the behavior of stn^ 

mutants, there is little effect of elevated temperature (30°C) on the electrophysiological 

phenotypes we observe (data not shown). In summary, our physiological analysis 

indicates that stoned mutations not only elevate the frequency of spontaneous synaptic 

vesicle fusions, but also decrease evoked synaptic transmission, phenotypes consistent 

with a role for stonedA in the regulation of neurotransmitter release. 

We confirmed that the electrophysiological defects in stri^ and stn'^ larvae derive 

from mutations in the stoned locus by ensuring that these phenotypes were uncovered by 

lethal genetic lesions of stoned, and complemented by duplications of stoned. For 

uncovering stoned phenotypes, we utilized the deficiency Df(l)HM430, which deletes the 

region of the X chromosome containing stoned (region 20B), and two homozygous lethal 

alleles of stoned, and str^^K The duplication Dp(l, Y) y"Ymat is a modified Y 

chromosome carrying region 20 of the X chromosome which includes the stoned locus; for 
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simplicity, we refer to this duplication as y^Ymat. As shown in Tables 2.1 and 2.2, the 

electrophysiological phenotypes of stn'̂  and s/n' were uncovered by Df(l)HM430, stn^ '̂ 

and stn^^\ and complemented by y^Ymat. All phenotypes we observed were 

recessive: EJPs and mejps in stn^/^, ir/wV+ Df(l)HM430/+, and +/ 

y*Ymat were similar to wild type. Thus, all stn^ and stn^ phenotypes map to the stoned 

locus (Tables 2.1,2.2). 

Interestingly, stn'̂ ^ fails to fully complement the reduced EJP phenotype of stn  ̂

although stn^ homozygotes do not show detectable reductions in EJP amplitude. This 

observation further suggests that stn^', in terms of the EJP phenotype, is a weak, 

partially expressive allele of stoned (Tables 2.1, 2.2). Overall, our complementation 

studies show that the synaptic transmission defects of stn^ and stn" map specifically to 

the stoned locus. The recessive nature of the phenotypes suggests that the synaptic 

defects derive from loss of function or expression of stonedA. 

Enhanced transmission variability, increased transmission failure, and decreased quantal 

content indicate that strf impairs evoked neurotransmitter release 

Although the enhanced mini fi%quencies of stri^ and stn^ point to a presynaptic 

function for stonedA, the decrement in evoked response at stn'^ NMJs could theoretically 

be a consequence of either presynaptic or postsynaptic defects. We found that EJP 

amplitudes were twice as variable in individual stn^ larvae compared to individual wild-
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type larvae (p = 0.002) (Figure 2.3A). Because the number of neurotransmitter receptors 

and ion channels on postsynaptic membrane should not show stochastic variation, the 

enhanced EJP variability most likely reflects variability in the number of neurotransmitter 

quanta released upon stimulation of stn^ motor terminals. This suggests that sttf mutants 

do not suffer a simple block in postsynaptic responsiveness to neurotransmitter. The 

enhanced EJP variability of stn'^ mutants was not complemented by y^Ymar. 

Nonetheless, EJP variability was low in stn'/+ heterozygotes, and was exacerbated by 

stn^^\ and Df(l)HM420 (Figure 2.3A). Thus, loss of stonedA function may 

reduce the tight coupling between neurotransmitter release and voltage-dependent Ca'"^ 

entry at nerve terminals. 

Further evidence for defects in evoked neurotransmitter release at strf NMJs is 

provided by failure-frequency analysis (Figure 2.3B). We reduced extracellular to 

0.3 mM, a level where quantal variation in EJPs can be observed in wild type. We then 

compared how often synaptic transmission failed at stn'^ and control NMJs subjected to 

repetitive stimulation. Under these conditions, nerve stimulation failed to evoke a 

postsynaptic response nearly 50% of the time at strf NMJs, while failure occurred only 

16% of the time at wild-type NMJs (p = 0.003) (Figure 2.3B). The failure frequency of 

stnVstn^^'^^^ NMJs was not significantly different than that of jm® NMJs, and the failure 

frequency of stnVy^Ymat NMJs was not significantly different than that of wild-type 

NMJs (Figure 2.3B). The enhanced rate of transmission failure at stri^ NMJs under low 
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conditions strongly suggests an impairment of Ca^'^-dependent neurotransmitter 

release from stif presynaptic terminals. 

To assess the magnitude to which Ca^^-dependent neurotransmitter release is 

impaired in snf mutants, we determined quantal content, a direct estimate of the number 

of synaptic vesicles fusing during a single evoked event. Because EJCs and mejcs 

represent linear responses of the muscle to neurotransmitter, we calculated mean quantal 

content (m) for wild type and stn'^ from the mean peak amplitudes of EJCs and mejcs (m 

= EJC/mejc) at 1.5 mM Ca^*. Mean quantal content at stif NMJs (m = 26.6 +/- 5.6) 

was 5-fold smaller than that at wild-type NMJs (m = 127.8 +/-11.2, p = 2.2 x 10-5) 

(Figure 2.3C). An interesting observation is that, when compared to wild-type mejcs (1.0 

+/- 0.07 nA), stn^ mejcs (0.8 +/- 0.05 nA, p = 0.03) and mejcs (0.6 +/- 0.03 nA, p = 

5x10"^) were consistently smaller in amplitude. The reduced quantal size in stn'^ and 

stif mutants raises the possibility that muscle-derived stonedA, whose presence is 

hinted at by immunocytochemistry (Figure 2.1), in some way regulates postsynaptic 

sensitivity to neurotransmitter. It is equally plausible that alterations in presynaptic 

StonedA affect either the amount of neurotransmitter packaged within synaptic vesicles, 

or change postsynaptic responsiveness via a homeostatic mechanism. While further 

experiments are required to investigate these possibilities, reduced quantal content at stn'^ 

NMJs unequivocally indicates that mutations of stonedA affect neurotransmitter release. 

We next sought to determine if this reduction in Ca^'^-dependent neurotransmitter 
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release at strf NMJs represents a static uncoupling of neurotransmitter release from 

presynaptic entry, or a change in the dynamic Ca^^ sensitivity of the release 

machinery, as observed in some syt mutants (Littleton, et al. 1993). An estimate of Ca^^ 

sensitivity can be obtained from the slope of a log-log plot of extracellular 

concentration vs. peak EJC amplitude. We thus recorded EJCs at 0.3 mM, 0.5 mM, 0.7 

mM extracellular Ca^^, a concentration range unlikely to saturate the release machinery 

(Figure 2.4). We found that the log-log relationships between extracellular [Ca^*^ and EJC 

amplitude were comparable for wild type, 5m®, and stri^ (Figure 2.4). Thus, while Ca^^-

dependent neurotransmitter release is impaired at stn^ NMJs, the sensitivity of 

neurotransmitter release to relative Csr* levels is unaltered. 

Subtle alterations in presynaptic morphology cannot explain the physiological phenotypes 

of stoned mutants 

The electrophysiological phenotypes of stn^ and stn'^ mutants demonstrate that 

stonedA is required for normal levels of spontaneous and evoked synaptic activity at the 

third instar larval NMJ. To exclude the possibility that these phenotypes arise from 

gross disorganization of synapses, we examined stoned nerve terminals by electron 

microscopy. We examined general synapse ultrastructure, and quantified the number, 

density and size of synaptic vesicles in wild-type, stn^ and stn'^ boutons (Figure 2.5 A, B, 

C). The fractional area occupied by vesicles was not significantly different among wild-
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type, stn^, and s/w' boutons, although there was a trend toward wider synaptic vesicle 

distribution within stn'^ and strf boutons (Figure 2.5D). We found that wild-type and 

stn^ boutons had roughly equivalent synaptic vesicle densities, while stn^ boutons had a 

small but significant increase in synaptic vesicle density (p = 0.009) (Figure 2.5D). 

Syn^tic vesicles themselves were indistinguishable between wild type (diameter = 34.0 

+/- 0.47 nm) and stoned mutants (32.8 +/- 0.51 nm in stn^, 34.2 +/- 0.51 run in stn% 

Thus, we observed no major ultrastructural changes in stoned mutant motor terminals; 

specifically, there was no depletion of morphologically defined synaptic vesicles and no 

gross abnormalities that could form the basis for the electrophysiological defects of stoned 

mutants. 

We further counted the number of synaptic contact sites (boutons) over larval 

muscles 6 and 7. An increased number of synaptic sites could, in principle, produce the 

enhanced mini frequencies of stoned mutants; likewise, a decreased number of synaptic 

sites could give rise to the small evoked response of stn' mutants. To gain insight into 

potential origins of these phenotypes, we used an antibody to syt to visualize and 

examine neuromuscular synapses of wild-type, stn'^ and NMJs (2.6A, B, C). We 

found that the number of boutons per arbor was slightly, but significantly increased at 

both stn^^ and NMJs (83.3 +/- 4.6, p = 0.04; 96.2 +/- 3.5, p = 9.8 x 10'^) compared 

to wild type (70.6 +/- 3.8) (Figure 2.6D). Although these differences raise interesting 

questions, the increase in bouton number cannot explain the decrease in evoked synaptic 
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transmission at stn'^ NMJs. Furthermore, these differences represent only 18% and 36% 

increases in bouton number at stn^ and stn" NMJs, respectively, and cannot account for 

the ~300% increase in mini frequency at stn^ and strf NMJs. Thus, the physiological 

phenotypes of stn^ and mutants most likely arise from defective regulation of 

synaptic vesicle fusion within individual boutons. 

Unexpectedly, during our light microscopic analyses of stn^ and stif NMJs, we 

observed distinct alterations in the presynaptic localization of the synaptic vesicle 

protem syt at stif terminals. These alterations were difficult to quantify, but in "blind" 

tests, we were able to distinguish between wild-type and stn^ preparations stained with 

anti-syt antibodies with close to 100% accuracy. As shown previously (Estes et al., 

1996), the distribution of syt within wild-type presynaptic boutons reflects the expected 

locations of synaptic vesicle pools - syt is highly concentrated within boutons, but 

excluded from intervening axonal regions (Figure 2.6E, and data not shown). There also 

are small regions within boutons which are devoid of syt. 

In general, stn" mutants appeared to show an increase in syt immunoreactivity at 

the bouton periphery (Figure 2.6G). In addition, we frequently observed syt 

immunoreactivity^ in axonal regions connecting boutons (Figure 2.6G). Alterations in stn^ 

boutons were more subtle, and some stn^ preparations were not easily distinguished 

from wild type (Figure 2.6F). These altered patterns of syt immunoreactivity in stoned 

boutons could suggest that syt is not efficiently recycled from the plasma membrane and 
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consequently diffuses laterally through the membrane. However, no synaptic vesicle 

depletion or major morphological alterations are apparent in nerve terminals viewed 

under the electron microscope. Possible interpretations of the morphological alterations 

we observe under the light microscope are considered in the discussion. 

Discussion 

The stoned gene was first associated with nervous system function when the 

mutants stn^ and stn^ were isolated based on obvious behavioral abnormalities (Grigliatti 

et al., 1973; Homyk, 1977; Homyk and Sheppard, 1977). Subsequent genetic and 

phenotypic studies provided indirect evidence that stoned gene products might be 

required for synaptic transmission (Petrovich et al., 1993; Andrews et al., 1996). In this 

paper, we demonstrate that a product of the stoned gene is present at presynaptic 

terminals and is involved in the regulation of neurotransmitter release. Thus, our analysis 

provides the first direct evidence that a stoned gene product regulates presynaptic 

functions. 

Genetic and phenotypic analysis of stoned 

The Drosophila stoned locus is extremely unusual in its organization: a single 

dicistronic transcript from the gene encodes two structurally unrelated polypeptides 

termed stonedA and stonedB (Andrews et al., 1996; see Figure 2.7). Thus, unlike most 
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genetic loci, single mutational events could cause phenotypes that result from defects in 

both molecules. This is likely the case for the lethal alleles of stoned used in this study 

(Andrews et al., 1996). However, the viable alleles of stoned, stn^^ and stn", have recently 

been shown to carry missense mutations that alter the stonedA product (A.M. Phillips 

and M. Smith, unpublished observations). Although complex effects of these single base 

substitutions on transcript stability, or on translation rates of the second cistron, caimot 

be completely excluded, it is likely that these missense mutations affect activity of only 

the StonedA protein. StonedA is enriched at nerve terminals, where its levels are 

substantially reduced in stif mutants (Figure 2.1). Thus, it is likely that the neurological 

phenotypes of stn*^ and stif mutants result from altered stonedA function. 

Our analyses of stn  ̂and stn" mutants and other allelic combinations that survive 

to the third larval instar show that several properties of neurotransmitter release are 

altered by disruption of stonedA. Mutant stn" and stn^ larvae exhibit similar rates of 

spontaneous neurotransmitter release that are elevated ~3 fold over wild type (Figure 

2.2A, Table 2.1). The quantal content of the evoked response is significantly reduced in 

stif mutants (Figure 2.3C), a phenotype that is not complemented by stn'^, although 

stn^ homozygotes do not themselves show perceptible defects in evoked transmitter 

release (Table 2.2, Figure 2.2B). In addition to reduced quantal content, mutations 

cause reduced fidelity in neurotransmission (Figure 2.3 A, B). All phenotypes of stnf^ar 

stn^ homozygotes described above are uncovered by deficiencies or lethal alleles of 
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stoned and complemented by a small chromosomal duplication that includes the stoned 

locus (Tables 2.1,2.2): thus, these defects are caused by mutations va stoned. 

Although stonedA may have additional, as yet unknown fimctions in other 

tissues, our electrophysiological studies suggest that an important flmction of stonedA is 

to regulate presynaptic release of neurotransmitter. However, these studies alone do not 

exclude the possibility that fimctional defects in stoned mutants arise from a primary 

defect in, for instance, synapse development or organization. To address this issue, we 

examined stoned synapses by electron microscopy (EM). Our analysis did not reveal any 

ultrastructural defects that could account for the physiological defects we observed at 

stoned synapses. Thus, the data suggest that altered regulation of synaptic vesicle fusion 

is the primary defect in stoned mutants. An alternative that we have not excluded in our 

studies is that a subset of synaptic vesicle membrane proteins, required for function but 

not assembly of synaptic vesicles, is not recycled correctly in stoned mutants. In this 

scenario, altered regulation of transmitter release observed in stoned mutants could arise 

from a primary defect in an unprecedented, novel pathway for recycling of specific 

membrane component(s) of synaptic vesicles. Below, we discuss and try to reconcile 

these two alternative roles that stonedA may play in synaptic vesicle cycling. 

StonedA as part of the -sensitive jusion clamp 

The elevated rate of spontaneous neurotransmitter release from stn^ and stn^ 
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motor terminals suggests that in wild-type synapses stonedA function limits the rate of 

Ca~'^-independent synaptic vesicle fusions. Furthermore, the reduction in evoked 

neurotransmitter release from stn'' motor terminals suggests that stonedA normally 

promotes Ca^^-dependent synaptic vesicle fusions. Such a dual role in regulating 

synaptic vesicle exocytosis has been previously postulated for syt, a synaptic vesicle 

membrane protein with two calcium-binding C2 domains (Popov and Poo, 1993). 

Mutations of syt in Drosophila give rise to phenotypes strikingly similar to those of 

stoned mutants (Littleton et al., 1993; Littleton et al., 1994; DiAntonio and Schwarz, 

1994). Like jm' mutants, Drosophila syt mutants exhibit a ~3-fold enhanced rate of 

spontaneous neurotransmitter release and a severe reduction in evoked neurotransmitter 

release. These observations led to the proposal that syt acts as a Ca^^-sensitive fusion 

clamp which inhibits synaptic vesicle fusion in the absence of Ca~^, but facilitates 

synaptic vesicle fusion in response to presynaptic Ca^^ entry. Such a role for syt is 

supported by a nimiber of biochemical studies (reviewed by Sudhof and Rizo, 1996; 

Bennett, 1997). 

The biochemical properties of stonedA are not as well characterized as those of 

syt, and so the detailed mechanisms by which it may regulate transmitter release remain 

to be discovered. Unlike the case for syt, there is no evidence that stonedA is capable of 

sensing and responding to cytosolic Ca^*^ levels. First, while stonedA contains clusters of 

acidic residues (Figure 2.7), it does not contain C2 domains or any other consensus 
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binding domains. Second, although synaptic vesicle fusion in strf mutants is partially 

imcoupled from Ca^% evoked neurotransmitter release in the mutant remains sensitive to 

Ca-* (Figure 2.4). A recent observation that recombinant stonedA can bind to 

recombinant syt in vitro (A.M. Phillips, unpublished results) opens the possibility that 

StonedA interacts with syt to regulate synaptic vesicle fusion in a Ca^'^-dependent 

manner. 

A possible role for stonedA in synaptic vesicle recycling 

Genetic interactions between stri^ and led to the suggestion that a stoned 

product might regulate synaptic vesicle recycling (Petrovich et al., 1993). Our recent 

analysis of the stonedA sequence shows that its C-terminal region contains four DPF 

repeats (Figure 2.7), which define a C-terminal domain of EpslS, a protein believed to be 

involved in membrane internalization (Benmerah et al., 1996). A functional role for the 

DPF motif is suggested by a recent study which demonstrates that binding of human 

EpslS to the a-adaptin subunit of AP-2 is mediated by a portion of EpslS that contains 

four of these DPF repeats (Benmerah et al., 1996). It may be significant that stonedB 

contains EpslS-binding domains that could potentially interact with the EpslS-like 

sequences of stonedA. 

When we screened protein databases for other polypeptides with DPF repeats, 

we discovered a rather selective enrichment of two or more closely spaced DPFs in 
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several presynaptic proteins including EpslS, the clathrin-uncoating cofactor auxilin 

(Ungewickell et al., 1995; accession no. S68983, three DPFs), and the clathrin-assembly 

protein API80 (Ahle and Ungewickell, 1986; accession no. S36327, two DPFs). Other 

proteins containing DPF repeats are heat-shock proteins, the FMRFamide-related 

neuropeptides (Entrez accession nos. S38816, Q0798I, P42565; 7-14 DPFs), 

phospholipase A-2-activating protein (accession nos. P27612, P54319; three DPFs), and 

phospholipase C (accession nos, A31225, P13217; two DPFs). Although we can only 

speculate about the function of DPF repeats in stonedA, the presence of multiple DPFs 

in EpslS, auxilin and API80 indicates a common structural feature among stonedA and 

proteins thought to be involved in clathrin-mediated endocytosis. 

Despite the genetic interactions between stn'^ and sh^^\ and the sequence of 

StonedA, there is little direct evidence that stoned mutations affect synaptic vesicle 

recycling. Our electron microscopic data show that synaptic vesicles are not depleted in 

stif and stri^ nerve terminals, and these vesicles are not morphologically distinguishable 

from wild-type vesicles. However, as shown in Figure 2.6, under the fluorescence 

microscope we observe an altered distribution of the synaptic vesicle membrane proteins 

syt in stif mutants. This redistribution is consistent with an accumulation of syt 

throughout the presynaptic plasma membrane of stn^^ and stn'^ mutants (Estes et al., 

1996). If syt is not efficiently retrieved from the plasma membrane in stoned boutons, it 

seems puzzling that boutons show no alterations in synaptic vesicle number. 
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distribution, or size. It is possible that a subset of synaptic vesicle proteins syt recycle 

via a stonedA-dependent pathway, while others, required for the formation of 

morphologically identifiable synaptic vesicles, recycle in a stonedA-independent manner. 

If this were the case, then altered neurotransmitter release in stoned mutants may be a 

secondary consequence of inefiective syt recycling into synaptic vesicles. A second, 

more conservative alternative is that the apparent redistribution of syt, although 

unequivocal under the fluorescence microscope, derive from a relatively minor fraction of 

synaptic vesicle proteins that are aberrantly localized. In this model, stoned mutants may 

have a minor defect in recycling of all synaptic vesicle membrane proteins; this defect is 

visible in our immimofluorescence studies, but so subtle as to be invisible under the 

electron microscope. Although additional experiments are required to assess endocytosis 

of different synaptic vesicle membrane proteins in stn^ and stn'^ mutants, our working 

hypothesis is that stonedA regulates both synaptic vesicle fusion and endocytosis. 

StonedA is not the first protein for which dual roles in synaptic vesicle exocytosis 

and endocytosis have been proposed. Both biochemical and genetic studies suggest that 

in addition to its role in regulating synaptic vesicle fusion, syt may regulate synaptic 

vesicle recycling (Zhang et al., 1994; Jorgensen, 1995; Sudhof and Rizo, 1996). Although 

syt's possible role in synaptic vesicle recycling has not been addressed in studies of 

Drosophila syt mutants, C. elegans syt (snt-1) mutants exhibit phenotypes consistent 

with unpaired synaptic vesicle recycling (Jorgensen et al., 1995). For example, the 
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synaptic vesicle protein synaptobrevin exhibits an abnormally diffuse distribution in the 

snt-1 nerve cord, suggesting an accumulation and lateral spreading of this protein within 

neuronal plasma membrane (Jorgensen et al., 1995). This altered distribution of 

synaptobrevin in snt-1 nerve cord is qualitatively similar to the altered distribution of syt 

in stoned boutons. Thus, parallels between stoned mutants and syt mutants suggest that 

stonedA and syt may share flmctions in synaptic vesicle recycling, as well as synaptic 

vesicle fusion. 

If StonedA does in fact regulate general synaptic vesicle endocytosis, could defects 

in transmitter release at stn^ and stn'^ synapses be secondary to a primary defect in 

synaptic vesicle recycling? We believe this to be unlikely for the following reasons. 

Fu^, our electron microscopy studies show that any recycling defects at stn'̂  and stn" 

mutant synapses must be very subtle. Second, partial depletion of synaptic vesicles, 

which may be achieved by stimulating shi^^ mutants at non-permissive temperature, does 

not result in the specific phenotypes we observe at stoned mutant synapses (Koenig et 

al., 1983). The elevated mini frequency and the reduced evoked release are unique 

phenoQ^s of stoned mutants, and thus, probably reflect a specific function of stonedA 

in regulating Ca'^-dependent neurotransmitter release. The most simple interpretation of 

our data is that stn^ and stn^ mutants have independent defects in synaptic vesicle fijsion 

and synaptic vesicle recycling. 
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Other possible junctions of stonedA 

In addition to regulating basal presynaptic functions, stonedA may be involved in 

a cAMP-dependent pathway that regulates synapse plasticity. Genetic studies have 

shown synthetic lethality between stn^ and dn<^^*, a mutation that affects a cAMP 

phosphodiesterase (Petrovich et al., 1993). The dunce gene product has been implicated 

in learning and memory, and appears to be an important component of cAMP-responsive 

pathways that regulate gene expression as well as structural and functional remodeling of 

synapses (Davis, 1996). It is interesting that stri^ and stn^ mutants cause small but 

significant increases in bouton nimiber at the larval NMJ, a phenotype that has been 

described for dnc^^^ (Zhong et al., 1992; Schuster et al., 1996). This somewhat tenuous 

association between a mutation in the cAMP pathway and stoned could indicate that 

StonedA participates in the regulation of synapse plasticity, and perhaps plays some role 

in learning and memory (Petrovich et al., 1993). 

Identification of other gene products that interact with stonedA, either directly or 

indirectly, will facilitate fiirther characterization of stonedA function. In addition, 

identification of stonedA homologs in other organisms will allow the development of 

further tools to examine possible fimctions of stonedA. We have used a classical genetic 

approach to manipulate stonedA activity at a relatively simple, experimentally accessible 

synapse in Drosophila. Our results establish that stonedA is an influential regulator of 



synaptic vesicle exocytosis, and suggest that stonedA may have additional functions 

synaptic vesicle recycling and synaptic remodeling. 
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Table 2.1 Enhanced mini frequency (mejps/sec) of stn^ and sttf mutants maps to the 

stoned locus. 

+/ Istn*  ̂ Istn^ 

/+ 4.8+/-0.4 (24) 

/stn  ̂ 5.0+/-0.8 (11) 14.1+/-0.6 (17) 

Istn^ 7.0 +/- 1.4 (10) 11.2+/-0.8 (9) 14.2+/-0.8 (11) 

ly'Ymat 4.8+/-0.6 (4) 6.8+/-0.7 (7) 4.5 +/- 0.8 (10) 

4.6+/-0.6 (5) 10.7+/-1.0 (8) 11.2+/-0.9 (9) 

/sm'*"' 6.0+/-0.4 (4) 11.0+/-1.2 (8) 17.0+/-0.7 (7) 

IDf(l)HM430 6.0+/-1.1 (5) 15.8+/-0.8 (7) 14.2 +/- 0.7 (5) 

Table 2.2 Reduced EJP amplitude (mV) of stn  ̂mutants maps to the stoned locus. 

+1 Istn^ /stn' 

/+ 39.2+/-2.4 (22) 

/stn  ̂ 33.3+/-1.8 (11) 41.2+/-2.1 (14) 

Istn^ 47.7+/-3.1 (8) 31.7+/-1.4 (12) 20.1 +/-2.4 (11) 

fy^Ymat 39.8+/. 4.0 (4) 39.2+/-3.8 (8) 37.6+/-1.1 (8) 

35.1+/. 5.2 (5) 35.4+/- 1.7 (7) 23A+I-32 (9) 

54.1 +/. 1.9 (4) 352+/-1.6 (8) 17.6+/-3.6 (7) 

/Df(l)HM430 45.3 +/- 3.6 (5) 36.8+/-2.6 (7) 23.8 +/- 2.7 (5) 



73 

Figure 2.1 StonedA is highly enriched in motor terminals. In third instar larval 

neuromuscular synapses stained with anti-stonedA antiserum, a strong signal within wild-

type (A) and stn^ (B) presynaptic boutons is significantly reduced in stif (C). In some 

strf^ preparations, there appeared to be a moderate reduction in stonedA 

immunoreactivity, but this was not consistently seen. Note that a distinct muscle 

staining visible in these images is not altered in stn'' mutants. Confocal projections show 

representative synaptic arbors from abdominal segment A2 for each genotype (scale bar = 

10 ^m). All three images were acquired using identical confocal settings. Synaptic arbors 

from 18 wild type, 7 stn^, and 8 stn" larvae were examined. 



Figure 2.2 The stn^ and stjf mutations affect both spontaneous and evoked synaptic 

activity at the larval NMJ. A. Three consecutive sweeps show representative mejps 

(top traces) and mejcs (bottom traces) recorded from wild-type, stn^ and stn^ NMJs at 

1.5 mM Ca~\ mejcs were low-pass filtered at 1 kHz. Scale bar = 4 mV, 200 ms for 

mejps; 2 nA, 100 ms for mejcs. B. Representative EJPs (top traces) and EJCs (bottom 

traces) recorded from wild-type, stn^^ and strf NMJs at 1.5 mM Ca^"^. EJCs were low-

pass filtered at I kHz. Scale bar = 10 mV, 50 ms for EJPs; 25 nA, 25 ms for EJCs. 
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Figure 13 The mutation impairs evoked neurotransmitter release. A. s/n'mutants 

exhibit enhanced variability in EJP amplitude during trials of 1 Hz stimulation at 1.5 mM 

Ca^^. The variance in EJP amplitude at individual NMJs was determined from 

measurements of25-50 consecutive EJPs. The graph depicts mean EJP variances and 

standard errors of the means (sems). For numbers of larvae examined from each 

genotype, refer to Tables 2.1 and 2.2. B. stn^ mutants exhibit an increased frequency of 

synaptic transmission failures. To enhance the occurrence of failures at wild type and 

stif NMJs, extracellular Ca^"^ was reduced to 0.3 mM. The graph shows the mean (+/-

sem) numbers of failures occurring out of 100 stimuli delivered at 1 Hz. n = 5 - 7 larvae 

for each genotype. C. mutants exhibit a reduction in quantal content. EJCsand 

mejcs were recorded in 1.5 mM Ca^"^ by clamping muscle 6 at -70 mV. Ten EJCs, elicited 

by 1 Hz stimulation, were averaged for each NMJ. Because mejc size was considerably 

more variable, 30- 100 mejcs were averaged for each NMJ. The bars depict mean quantal 

content (+/- sem), which was calculated from mean EJC amplitude divided by mean mejc 

amplitude. n = 7 larvae for each genotype. 
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Figure 2.4 Neurotransmitter release maintains wild-type sensitivity to relative levels of 

extracellular Ca^*^ in strf mutants. Each point on the log-log plot represents average ETC 

amplitudes from 3-9 larvae. Representative EICs at three sub-physiological Ca'"^ 

concentrations are shown for wild-type and stn^ NMJs. Scale bar = 5 nA, 25 ms. 
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Figure 2.5 Noimal ultrastructure of stoned mutant nerve terminals. Representative 

electron micrographs of Type I presynaptic terminals on muscles 6 and 7 of third instar 

larvae are shown: A. wild type, B. stn^, and C. stn'^. (scale bar = 200 nm). The graph 

shows mean synaptic vesicle content, as determined by two independent measures. 

Open bars depict the mean number of synaptic vesicles per within a bouton (+/-

sem). Hatched bars depict how much of a bouton (mean percent area +/- sem) is filled by 

synaptic vesicles; areas that exclude synaptic vesicles are occupied by microtubules, 

mitochondria, or other subcellular structures. Size of synaptic vesicles in stoned mutant 

boutons (diameter = 32.8 +/- 0.51 nm in stn^, 34.2 +/- 0.51 nm in stn'^ was not 

significantly different firom wild type (34.0 +/- 0.47 nm). Analyses of other synaptic 

features, including folding of the subsynaptic reticulum (SSR), revealed no systematic 

differences between stoned and wild-type preparations, n = 28 boutons for wild type, 30 

for stn^, and 28 for stn'^. 
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Figure 2.6 Confocal projections of synaptic arbors visiialized with anti-synaptotagmin 

antibody reveal a small but significant increase in bouton number at stn^ and stn'^ NMJs 

(A-D, scale bar = 10 ^m). The graph (D) shows the mean numbers of synaptic boutons 

per hemisegment in A3 (+/- sem) counted from 25 wild-type, 26 stn^, and 27 stn'^ 

hemisegments. Higher resolution projections reveal an altered distribution of 

synaptotagmin immunoreactivity in stn^ and stif synaptic arbors (E-G, scale bar = 5 

mm). This pattern of redistribution results in less distinct definition of presynaptic 

boutons, and is consistent with localization on the presynaptic membrane. 
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Figure 2.7 Domain structures of stonedA and stonedB. StonedA contains four novel 

"long" (28-55 aa) repeats (open rectangles); the C-terminal most pair of these are 

truncations of the N-terminal-most pair. Three octomeric repeats enriched in acidic amino 

acids (hatched areas) overlap with the long repeats. DPF repeats (vertical bars), which 

are contained in a region of Epsl5 shown to bind a-adaptin, are enriched in the long 

repeats, but one also is present near the N-terminus. A leucine zipper (LZ) overlaps with 

the third long repeat. StonedB contains seven NPF motifs (vertical bars), which 

constitute recognition sites for the EH domain of Epsl5 and related proteins. The C-

terminus of StonedB contains a ~250 aa sequence with 42% identity to the ^-adaptin 

family of proteins (open rectangle). 
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CHAPTER THREE 

NOVEL FUNCTIONS OF THE DROSOPHILA STONED LOCUS: STONED 

REGULATES SYNAPTIC VESICLE SIZE AND PRESYNAPTIC ARBORIZATION 

Abstract 

A dicistronic mRNA from the Drosophila stoned gene produces two novel 

proteins, stonedA and stonedB. Viable EMS-induced stri^ and stn^ mutants show 

reduced stonedA immunoreactivity at larval motor terminals, defects in spontaneous and 

evoked neurotransmitter release, and subtle alterations of synaptic vesicle recycling and 

presynaptic structure (Stimson, et al., 1998). We show here that, like stonedA, stonedB 

is enriched at wild-type presynaptic terminals. The X-ray induced, semi-lethal mutation 

completely eliminates stonedA and stonedB immunoreactivity at larval motor 

terminals, and causes profound synaptic deficits distinct from those of the viable stoned 

mutants. Evoked neurotransmitter release, reduced in^m*^ mutants, is severely lowered in 

Spontaneous mejp frequency, elevated in stn', is indistinguishable from the wild 

type in stn^^K Most dramatically, stn^^^ synapses show decreased synaptic vesicle 

density as well as increased and more variable synaptic vesicle size, phenotypes 

reminiscent of Drosophila lap mutants defective in the clathrin-associated protein API 80. 

However, this alteration in vesicle size is not reflected in quantal size. Finally, our data 

suggest an unexpected role for stoned in regulating nerve terminal growth. In addition to 
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an increased number of presynaptic varicosities, mutant terminals have a large 

number of bud-like "satellite boutons" emanating from larger "parent" varicosities. A 

similar phenotype has been recently described in Drosophila overexpressing the Amyloid 

Precursor Protein ortholog, APPL. Overall, these data indicate a direct involvement of 

stoned gene products in synaptic vesicle formation; in addition, they suggest that stoned 

proteins participate in cellular trafficking pathways that influence synaptic plasticity. 

Introduction 

During chemical synaptic transmission, Ca^^ entry into the presynaptic terminal 

triggers fusion of transmitter-filled synaptic vesicles with presynaptic plasma membrane 

(Sudhof, 1995, Matthews, 1996, Zucker, 1996). Subsequentiy, vesicle membrane 

components deposited in the plasma membrane are retrieved by endocytosis, and 

recycled to restore the local supply of synaptic vesicles (Cremona and De Camilli, 1997). 

Several proteins associated with vesicle and plasma membrane regulate these trafficking 

events via complex, sequentially ordered protein-protein and protein-lipid interactions 

(Fernandez-Chacon and Sudhof, 1999). The Ca^^-dependence of fusion is conferred at 

least partially by the vesicle protein synaptotagmin (syt), which undergoes 

Ca^'^-regulated interactions with SNAREs and membrane phospholipids (Sudhof and 

Rizo, 1996). The vesicle-associated cysteine string protein (csp) also helps couple Ca^"^ 

entry to syn^tic vesicle fiision, possibly by facilitating presynaptic Ca^*^ influx (Umbach 
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et al., 1998). Fusion itself requires the regulated assembly and disassembly of a 

"SNARE" complex, composed of the integral membrane proteins synaptobrevin, 

syntaxin, and SNAP-25 (Hanson, et al., 1997). 

Following fusion, endocytosis is thought to be initiated by adaptor proteins, 

including AP-2 and API 80, which bind to the cytoplasmic domains of synaptic vesicle 

membrane proteins displayed on plasma membrane (Cremona and De Camilli, 1997). 

Adaptor proteins facilitate the assembly of clathrin coats aroimd nascent vesicles, which 

may drive vesicle budding and ultimately confine the nascent vesicle to its characteristic 

size (approximately 50 nm; Ye and Lafer, 1995, Robinson, 1997, Zhang, et al., 1998, 

McMahon, 1999). Vesicle fission from the plasma membrane requires several proteins 

including the GTPase dynamin, the dynamin-binding protein amphiphysin, and many 

others (De Camilli and Takei, 1996, Wamock and Schmid, 1996). Current information on 

the molecular regulation of synaptic vesicle cycling has been extensively reviewed 

(Fernandez-Chacon and Sudhof, 1999). 

Most proteins associated with synaptic vesicle cycling were first identified 

biochemically and their activities in vitro were used to predict their fimctions in vivo. 

Studies of mouse and Drosophila mutants isolated by reverse genetic methods have been 

a major avenue for testing these predictions. (DiAntonio, et al., 1993, Littleton, et al., 

1993, Littleton, et al., 1999, Stimson and Ramaswami, 1999). Classical genetic screens, a 

major advantage of work in Drosophila, are an essential complement to biochemical 
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approaches. The Drosophila stoned gene was identified in a screen for behavioral 

mutants (Grigliatti, et al., 1973), and recently shown to encode two novel gene products 

translated from an unusual dicistronic mRNA (Andrews, et al., 1996). The mature stoned 

transcript contains two large open reading frames (ORFs) separated by five stop codons 

and a consensus translational start sequence; the 5' ORF (ORFl) encodes stonedA, while 

the 3' ORP (0RF2) produces a structurally unrelated protein, stonedB (Andrews, et al., 

1996). True orthologs for stonedA and stonedB have yet to be identified in other 

orgaiusms although genes related to stonedB have been identified in C elegans (J. Rand, 

unpublished; The Sanger Center C. elegans genome database: C27H6.1) and in humans 

(Upadhyaya, et al., 1999). While stonedA has no extended homology to known proteins, 

StonedB contains a C-terminal region that is ~42% similar to m-adaptins, which are 

adaptor subunit proteins (Andrews, et al., 1996). In addition, both stonedA and stonedB 

contain distinct trimeric repeats present in proteins known or suspected to regulate 

endocytosis (Salcini, et al., 1997, Stimson, et aL, 1998). 

Insights into the fimctions oistoned gene products have come from analyses of 

the viable, hypomorphic stoned mutants, stn'^ and stn', which carry missense mutations 

in the stonedA ORF. Both strf^ and stn'^ exhibit abnormal electroretinograms, indicating 

altered synapse strocture or activity within the visual system (Petrovich, et al., 1993). 

Synthetic lethal interactions between stn^ and shf^^, a mutation disrupting Drosophila 

dynamin, have suggested a specific role for stonedA in synaptic vesicle endocytosis. 
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Recent physiological and morphological analyses of larval neuromuscular synapses in 

stn'^ and stn^ mutants revealed marked defects in the regulation of synaptic vesicle fusion, 

as well as subtle, less-conclusive phenotypes suggesting altered synaptic vesicle recycling 

and altered synaptic plasticity (Stimson, et al., 1998). Because both stn^ and stn" are 

completely viable hypomorphic alleles, it seemed likely that these analyses identified 

only a subset of synaptic functions of stoned proteins. To more completely investigate 

the synaptic functions of stoned, we performed a detailed analysis of a severe, X ray-

induced allele of stoned, stn^^K We present evidence that synaptic vesicle recycling (or 

biogenesis) as well as motor terminal arborization are distinctly and dramatically altered in 

stn^^^ mutants. Our experiments described below establish that stoned gene products 

have multiple presynaptic functions - including clear roles in synaptic vesicle formation 

and the cellular pathways that regulate structural synapse plasticity. 

Materials and methods 

Drosophila strains and genetics 

Drosophila cultures were raised at 21°C under non-crowded conditions as 

described previously (Stimson, et al., 1998). The Oregon-R strain was used as a wild-

type control. The stoned lesions stn'^, and Df(l)HM430 were from our collection 

(Stimson, et al., 1998). The hypomorphic stn^ mutant was maintained as a homozygous 

stock. The stoned deletion Df(l)HM430 and the lethal stoned allele 5/71'^*'^° were 
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maintained over the FA/7/balancer chromosome (Bloomington Stock Center, #4559). 

FM7i created by Jean-Marc Reichart, carries the P-element P{w[mC}=ActGFP]JMR3, 

which contains the jellyfish green fluorescent protein driven by a cytoplasmic actin 

promoter. The semi-lethal mutation, obtained from Norbert Perrimon (HHMI, 

Harvard Medical School, Boston, MA), was maintained over the modified Y chromosome 

Dp(l, Y)y^Ymat (abbreviated here as marY), which contains a stoned duplication. 

To generate mutant larvae, stn^^VmatY males were crossed io yfO(l)DX/Y 

(attached-X) females, yielding males of the genotype stn^^^/Y. In this cross, male third-

instar larvae survive at a low frequency (~5-10%) and are developmentally delayed by 

several days relative to their attached-X female siblings. To generate or 

jm®'''/Z)/lieterozygotes, stn^^^/matYmales were crossed to /FM7i or Df/FM7i 

females. Nearly all stn^^^/Df animals died prior to the third-instar larval stage. Larval 

progeny were viewed live under a Leica stereo microscope with a GFP fluorescence 

illuminator (Kramer Scientific Corp., Elmsford, NY), and non-fluorescent females were 

selected for experiments. 

Larval neuromuscular preparations 

For electrophysiology and microscopy of larval neuromuscular synapses, larvae 

were dissected to expose the larval body wall muscles as described previously (Stimson, 

et al., 1998). Dissections were performed by immersing larvae in Ca^'*^-free HL3 saline 
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(see section on Physiology below), containing 0.5 mM EGTA and 21.5 mM MgCla, to 

prevent muscle contraction. Analyses were restricted to synapses of muscles 6 and 7 of 

abdominal segments 2-4 (A2-A4). These synapses are formed by a pair of identified 

motor neurons, and have been used extensively in studies of synapse function and 

structure in Drosophila (Keshishian, et al., 1996, Littleton, et al., 1999). 

Physiology 

Electrophysiological recordings were performed essentially as described 

previously (Stimson and Ramaswami, 1999). Briefly, the CNS was cut away from the 

dissected preparation, and the Ca^^-free saline was replaced with normal HL3 saline (pH 

7.2), containing (in mM) 70 NaCl, 5 KCI, 21.5 MgClj, 10 NaCHOs, 5 trehalose, 115 

sucrose, and 5 HEPES (pH 7.3) (Stewart, et al., 1994). All recordings were intracellular 

recordings taken from muscle 6 of A3. 

For recordings of excitatory jimctional potentials (EJPs), the free end of the motor 

nerve was stimulated with 1 msec pulses delivered at a frequency of IHz and an intensity 

~1.5x that required to activate both motor neurons that innervate muscle 6. Glass 

recording electrodes were pulled mechanically (Sutter Instruments, Novato, C A) from 

borosilicate capillary tubes (Friedrich & Dimmock, Inc., Millville, NJ), and filled with 2 

M KAc to yield resistances from 20-45 MQ. Recordings were taken using an AxoClamp 

2B amplifier in conjunction with pClamp 6.0 software (Axon Instruments, Foster City, 
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CA). The EJP amplitude representative for a given larval preparation was determined as 

the average magnitude of 25 EJPs recorded from muscle 6 at 1 Hz stimulation. 

To quantify frequency of spontaneous vesicle fusion events, miniature excitatory 

junctional potentials (mejps) were counted within a 30 second block of recording from 

each larva. For determining mean mejp amplitudes in and strF^/matY, 

measurements were taken only from recordings with a stable membrane potential (V^) 

between -60 and -76 mV. For these preparations, the average V^s in stn^^^/Y and 

stn^^^/maVY were -67 +/- 2.0 mV and -70 +/-1.9 mV, respectively, and were not 

significantly different. Frequency distributions over an equivalent range of mejp 

amplitudes iatstn^^^/Y and stn^^^/mafY were created using dummy values of 0.1 mV and 

7.5 mV for the bins at the extreme ends of each distribution. 

We attempted to use iontophoresis to address the issue of whether mutants 

might have a reduced postsynaptic sensitivity to neurotransmitter that masks an actual 

increase in quantal neurotransmitter release. For iontophoresis, glass electrodes were 

filled with 1.0 M glutamate (pH 8.0), yielding resistances from 35-65 The electrode 

was positioned over the cleft between muscles 6 and 7, an area rich in synaptic boutons. 

Glutamate was passed from the electrode by using the amplifier to deliver 10 msec pulses 

between -20 and -100 nA, and the electrode was delicately moved laterally and vertically 

until a postsynaptic response was observed. Once the electrode was positioned to yield 

a reliable postsynaptic response, the maximal response was determined by lowering the 
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electrode as close to the muscle as possible. Due to difficulty in controlling the distance 

between the iontophoretic pipette and synaptic sites, the responses observed were quite 

variable, but stn^^^/matYand s/w®''Vy both generated robust responses. However, these 

maximal responses were more than twice the size of normal EJPs and usually 

accompanied by active muscle spikes, never observed in response to nerve stimulation 

under our conditions. Thus, the technique may not be sensitive enough to detect a 50% 

decrease in the density of glutamate receptors that participate in the quanta! response. 

For FMl-43 loading of strF^/Ysynaptic boutons, dissected larvae were placed in 

normal HL3 saline containing 4 mM FMl-43. The segmental motor nerve was then 

stimulated at 5 V, 30 Hz for 2 minutes. Immediately following the end of stimulation, 

non-internalized FMl-43 was rinsed away by several washes in Ca^^-free HL3 saline. 

Stained boutons were viewed under a fluorescence compound microscope (Zeiss, 

Frankfurt, Germany), and digital images were acquired with a CCD camera (Princeton 

Instruments, NJ) controlled by MetaMorph imaging software (Universal Imaging, 

Pennsylvania). Immediately after imaging, the preparation was fixed and processed for 

anti-HRP immunohistochemistry. 

Antibodies, immunohistochemistry and confocal microscopy 

Dissected larvae were fixed in 3.S% paraformaldehyde and processed for antibody 

staining by previously described procedures (Estes, et al., 1996, Stimson, et al., 1998). A 
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PCM-2000 laser-scanning confocal microscope (Nikon, Melville, NY) and Simple32 

software (C imaging. Cranberry Township, PA) or a Biorad 600 confocal microscope 

running COMOS Biorad (Richmond, CA), were used for image acquisition. 

StonedB peptides and antisera were generated in collaboration with Alpha 

Diagnostic International, Inc. (San Antonio, TX) as follows. Antigenic stonedB peptides 

were designed by identifying amino acid sequences of optimal antigenicity, 

hydrophilicity, and accessibility for antibody binding. After protein regions conserved 

between stonedB and homologous proteins were eliminated from consideration, two 

optimal peptides were selected and synthesized: stnb 89 (amino acids 89-104) and stnb 

1244 (amino acids 1244-1262). To stimulate the production of large antibody titers, both 

peptides were conjugated to KLH and simultaneously injected into two rabbits (#3500 

and #3501). Elisa assays on both antisera showed that rabbit 3500 produced a large 

antibody titer to stnb 89, while neither rabbit produced an appreciable immune response 

to smb 1244. For inmiunohistochemistry, antiserum 3500 was used at a 1:500 dilution. 

For peptide pre-adsorption experiments, antiserum 3500 was incubated with a lOx 

volume of l^g/^l stnb 89 peptide solution for 2 hours at room temperature prior to 

antibody use. Rabbit anti-syt antibody, DSYT2 (from Hugo Bellen) was used at a 1:200 

dilution. Anti-stonedB and anti-syt were visualized using a Texas Red-conjugated goat 

anti-rabbit antibody (ICN, Costa Mesa, CA) at a 1:200 dilution. 
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Because syt distribution is altered in mutants, DSYT2 was not used to 

compare presynaptic morphology in and controls. Instead, an FITC-conjugated 

goat anti-HRP antibody (ICN), which recognizes a component of neuronal plasma 

membrane and yields equivalent staining patterns in and controls, was used at a 

1:50 dilution. 

For analyses of presynaptic morphology, all varicosities (swellings of the nerve 

terminal) were counted as boutons. As described by other studies (Jan and Jan, 1976, 

Johansen, et al., 1989, Atwood, et al., 1993, Jia, et al., 1993) boutons were observed 

strung together in chains emanating from a nerve trunk as primary, secondary and tertiary 

branches. Any chain of two or more boutons which obviously diverged from a lower 

order chain was classified as a branch. Any single bouton that was not included in a chain 

of boutons, but instead appeared to be a lateral sprout, was counted as a satellite bouton. 

Although not regarded as criteria in this study, satellites typically were observed 

sprouting from larger boutons rather than from axons, and were usually much smaller than 

these "parent" boutons. 

Electron microscopy 

Larval preparations were processed as described previously (Stimson, et al., 1998). Only 

type I boutons of muscle 6 or 7 in A2 - A4 were used for analysis. Density and size of 
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synaptic vesicles were determined by manual measurements from profiles containing 

subsynaptic reticulum and at least one active zone. 

Data analysis and statistics 

The electrophysiological data for Oregon-R and stn" larvae, as well as the EM and 

confocal microscopy data for stn" have been presented previously (Stimson, et al., 1998). 

Previously, DSYT2 staining was utilized for confocal analysis of presynaptic 

morphology. For the current study, morphological properties of stn'^ presynaptic 

terminals were re-examined after anti-HRP staining; because there were no significant 

differences between DSYT2-stained and anti-HRP-stained stn'^ preparations, the two 

groups were pooled. In the text and in figures, the error measurements are shown as 

standard error of the mean (SEM). Statistical significance (*) was determined by 

Student's T-test. 

Results 

StonedB is present presynaptically 

Previously, we used an anti-stonedA antiserum to show that the stonedA protein 

is present presynaptically at the larval NMJ (Stimson et al., 1998). We have now 

produced a polyclonal antiserum against a stonedB peptide fiagment, consisting of amino 

acids 89 to 104. The antisenmi reveals stonedB immunoreactivity concentrated within 
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larval motor terminals (Figure 3.1B), in a pattern similar to stonedA (Figure 3.1A) and to 

synaptic vesicle-associated proteins such as syt. Presynaptic staining is eliminated by 

pre-incubation of the antisenmi with the original antigenic peptide (data not shown), or 

by mutations of stoned (Figure 3.1D, F). Thus, the immunoreactive signal appears to 

represent enrichment of stonedB within presynaptic terminals. 

StonedA and stonedB are undetectable at stn^ '̂ presynaptic terminals 

The stn^^^ allele has been described as "semi-lethal" (Miklos et al., 1987; Petrovich 

et al., 1993), and in our hands, adult jw^'^'/Khemizygous males survive at a frequency of 

~5% relative to their control siblings. These survivors are extremely lethargic and can be 

immobilized for 1-2 minutes by mechanical disturbances (such as tapping or shaking the 

vial). Viability and behavior of stn^^^ males is not complemented by stoned lethal alleles 

(such as 5/«'̂ ''̂ °) and is restored to wild-type by Dp(l, Y)y^Ymat (matY), a modified Y 

chromosome containing region 20 of the X chromosome, which includes stoned. 

Our previous confocal microscopy analyses showed that stonedA 

immunoreactivity is reduced, but detectable, at larval motor terminals of the homozygous 

viable stn'' mutant (Stimson et al., 1998 and see Figure 3.IE). In contrast, confocal 

microscopy reveals no detectable stonedA immunoreactivi^ at larval motor terminals of 

the stn^^^ mutant (Figure 3.1C). In fact, both stonedA and stonedB (Figure 3.1D) are 

reduced to imdetectable levels in the mutant - an observation consistent with the 
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severe effects of on viability and behavior. Unexpectedly, we found that stonedB 

immunoreactivity is nearly eliminated in the strf mutant (Figure 3.IF), which carries a 

missense mutation causing a single amino acid change in stonedA (Stimson et al, 1998; A 

Marie Phillips, personal conununication). Origins and implications of this finding are 

considered in the discussion. Because the mutation uniquely abolishes both 

StonedA and stonedB immunoreactivity at the larval NMJ, we anticipated that analysis 

of synapses would reveal the full extent of stonedA and stonedB function within 

larval presynaptic terminals. 

has unique effects on synaptic physiology 

To determine the effects of stn^^^ on synaptic Action, we performed intracellular 

recordings firom postsynaptic muscle at wild-type and mutant neuromuscular synapses. 

We began by examining spontaneous mim'ature excitatory junctional potentials (mejps), 

which are the muscle's responses to single synaptic vesicle fusion events. We previously 

established that stn^ and stn'^ mutants exhibit a 3-fold increase in the frequency of mejps, 

suggesting an enhanced rate of spontaneous synaptic vesicle fusions in these mutants 

(Stimson, et al., 1998). When we examined mejp frequency in stn^^^/Y, we found that this 

mutant has an mejp frequency that is nearly equivalent to wild type (Figure 3.2A, C). 

Thus, in contrast to stri^ and stn^, the rate of spontaneous synaptic vesicle fusions is not 
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increased in mutants - in fact, they show a trend toward decreased spontaneous 

synaptic vesicle fusion (Figure 3.2A, C). 

Next, we recorded excitatory junctional potentials (EJPs) evoked by stimulation 

of the motor nerve. Whereas stn'^ mutants show no decrease in EJP amplitude and 

mutants show a 50% reduction in EJP amplitude (Stimson, et al., 1998), stn^^^/Ymutants 

exhibit an EJP amplitude reduced to ~10% of wild-type and stn^^VmafY controls (Figure 

3.2B, D). We found that this decrease in EJP amplitude reflects a decrease in quantal 

content, i.e. the number of synaptic vesicles fusing during a single evoked event We 

calculated quantal content by correcting the EIP magnitude for non-linear summation of 

individual quanta (Martin, 19SS; Materials and methods), and dividing this by mejp 

amplitude that reflects the unitary response to a single vesicle fusion. Quantal content is 

only 4.7 +/- 0.7 in stn^^^/Ymutants, compared to 133.9 +/- 16.1 in stn^^VmatYcontrols. 

Thus, as in stn" mutants, stimulus-evoked synaptic vesicle fusion is impaired at 

larval neuromuscular synapses. However, mutants show far more severe reduction 

in quantal content than snf. In fact, some stn^^^/Ymutants exhibited sporadic failures of 

synaptic transmission during IHz trains of stimulation (data not shown), indicating that 

evoked vesicle fusion is sometimes completely abolished. 

To further investigate the distinct effects of the mutation on synaptic 

physiology, we examined stn^^^/strf trans-hetero^gotes. The stn^^Vstif preparations 

showed an EJP amplitude similar to but an mejp frequency similar to stn^ (Figure 
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3.2C, D). The same complementation pattern was observed between and 

a lethal allele carrying an insertion in the 5' region of the stoned gene (Andrews, et al., 

1996). This odd combination of physiological phenotypes in strF^/stif trans-

heterozygotes may result from specific ultrastructural defects described below. 

str '̂'' alters density and size of synaptic vesicles 

At the level of light microscopy, stn^, stn'̂  (Stimson, et al., 1998), and stn^^^ 

(Figure 3.5E) cause an altered distribution of the synaptic vesicle protein syt. In stoned 

mutant boutons, syt appears diffusely localized throughout the presynaptic plasma 

membrane, which suggests that it is not efficiently retrieved from the plasma membrane. 

However, as previously described, presynaptic ultrastructure is not detectably altered in 

stri^ and stn'^ mutant motor terminals; in both mutants, boutons contain morphologically 

normal synaptic vesicles at wild-type densities (Stimson, et al., 1998). 

To determine if the uniqueness and severity of stn^^^ physiological phenotypes 

reflect unique defects in presynaptic ultrastructure, we examined stn^^^ boutons by 

electron microscopy (EM). We discovered that, in contrast to stn^ and s/n® boutons, 

5m"''/}'boutons (Figure 3.3) exhibit a 2.6-fold decrease in synaptic vesicle density 

compared to stn^^Vmat Y (p=3 X 10"^). More remarkably, we found that vesicles in 

5m^'''/Tboutons are larger and more variable in size than controls with a wild-^^ copy 

of the stoned gene (Figure 3.3). Vesicles in str?^^/Y average 44.8 +/-1.1 nm in diameter 
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compared to 34.4 +/- 0.6 ran in stn^^^/matYcontrols, corresponding to an ~2-fold increase 

in mean vesicle volume (p= 3.3 X 10"'®). These findings suggest that stoned function is 

required for the formation of synaptic vesicles during de novo biogenesis and/or recycling. 

We next investigated complementation of vesicle density and vesicle size 

phenotypes of stn^^^ by stn' (Figure 3.3). The stn^^^lstn' transheterozygotes have 

wild-type vesicle density. Thus, j/w' complements the vesicle depletion defect of stn^^^. 

However, the large vesicle phenotype was only partially complemented. Although mean 

vesicle diameter in stn'^ mutants (34.2 nm) is indistinguishable from wild type (34.8 nm), 

we observed intermediate-sized vesicles of 37.4 +/- 0.5 nm mean diameter in stn^^^/stn' 

animals. This difference is statistically significant (p= 2 X 10"^). Thus, stn^^^ mutants 

have lost a function required for formation of synaptic vesicles, and this function is only 

partially restored by sm®. In stn^^^lstn' transheterozygotes, vesicles are produced at 

normal density, but the vesicles themselves are morphologically abnormal and may not be 

fully ftmctional. If stn' allows production of vesicles that are normal in quantity, but 

abnormal in quality, one might expect the stn' mutation to partially uncouple synaptic 

vesicle fusion from Ca^^ - this is exactly what we observe in stn' homozygotes and 

heterozygotes (Stimson et al., 1998; the present study). Thus, defective neurotransmitter 

release in stoned mutants appears to derive, at least in part, from defective biogenesis 

and/or recycling of synaptic vesicles. 
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stn '̂'' does not affect quantal size 

We next sought to determine if the large vesicles of stn^^W are functional synaptic 

vesicles. Other researchers have shown a positive correlation between vesicle size and 

quantal size (Heuser, 1974, Fritz, etal., 1980, Zhang, et al., 1998), indicating that 

abnormally large vesicles contain neurotransmitter proportionate to their size, and are 

competent for fusion. Hence, one might expect that the large vesicles of stn*^^/Y would 

give rise to larger and more variable mejps at stn^^^/Y NMJs. Oddly, we found that mejp 

amplitudes in stn^^^/Y and stn^^^/matY are on average equivalent (0.87 +/- 0.04 mV in 

stn^^^/Y, and 0.89 +/- 0.07 mV in stn^^^/matY), and are nearly identical when compared 

over a range of amplitudes plotted by frequency (Figure 3.4). 

We had previously (Stimson, et al., 1998) observed that quantal events at stn" 

synapses were significantly smaller than in the wild type (0.6nA vs 1. InA). Thus, it is 

possible that the wild-type quantal size of stn*^^ arises because a roughly two-fold 

decrease in postsynaptic sensitivity to neurotransmitter has almost exactly neutralized 

the roughly two-fold increase in synaptic vesicle volume. In this scenario, transmitter 

release at ^m^^'/Tlarval motor synapses might actually occur in larger sized quanta 

although quantal events detected postsynaptically appear wild-type in amplitude. 

However, the remarkable similarity in the size distribution ofstn^^^/Yand stn^^^/mafY 

quanta (Figure 3.3) argues that does not affect the amount of neurotransmitter 

released during a single vesicle fusion. On possible explanation for this is that the large-
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sized vesicles in stn^^^/Y might not contain proportionately increased neurotransmitter. 

Alternatively, these abnormal vesicles might not be fusion-competent. Either situation 

suggests that synaptic vesicle proteins - either neurotransmitter transporters, or fiisogenic 

proteins such as syt or the SNAREs - are not properly sorted into the abnormally large 

vesicles of mutants. 

stn^ '̂ alters presynaptic morphology 

During our analyses we discovered that strF^ causes dramatic and unique 

alterations in the architecture of presynaptic terminals. Synapses on the ventral 

longitudinal muscles 6 and 7 are formed by two motor axons that run along the medial 

surface of the muscle fibers. In the terminal regions, synapses are made at swellings on 

the motor axon (boutons or varicosities) that are separated by short inter-bouton 

segments of axon: thus, nerve terminals labeled by immunocytochemistiy appear to have 

a series of beads (boutons) on a string (Jan and Jan, 1976, Johansen, et al., 1989, Atwood, 

et al., 1993, Bate, 1993, Jia, et al., 1993). In the wild type, axons show a small number of 

stereotypic branches, each branch containing several well-defined varicosities. In the 

strF^ mutant, this characteristic structure of presynaptic terminals is significantly altered, 

as revealed by immunocytochemistry with an anti-HRP antibody (Figure 3.5). 

First, str?'^^ mutants show an increase in the mmiber of boutons per synaptic 

arbor, similar in extent to strl^ mutants (Figure 3.5A, B, F; Stimson, et al., 1998). The 
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number of boutons in (100+/- 21; p=l X 10"^) and stif (96+/19; p= 3 X 10"^ 

terminals is increased by about 40% compared to control terminals (~70). In snf 

mutants, this increase in bouton number derives simply from an expansion of existing 

axonal branches and an increase in varicosities of relatively normal morphology. In 

mutants however, the increased bouton number derives substantially from novel changes 

in presynaptic structure not observed in strf mutants, including increased branching of the 

arbor (Figure 3.5G; 14.2 branchpoints in sm®'*' vs 7.9 in stn^^^/maf /Y p=6X10'*), as well 

as proliferation of small boutons of abnormal morphology that appear to bud from 

boutons of normal appearance (Figure 3.5 A, C, D, E, H). Similar unusual boutons 

recently have been observed in Drosophila strains overexpressing specific forms of 

APPL, the Drosophila ortholog of Amyloid Precursor Protein, which is implicated in 

Alzheimer's disease in humans (Torroja, et al., 1999). These small boutons, called 

"satellite boutons," are hypothesized to represent immature boutons sprouting from 

mature "parent boutons" (Torroja, et al., 1999). In j/n"'' mutants, terminals show 7.1 

satellites compared to 1.8 in stn'^ and 2.8 in str?^^lmat Y (p=3X10'^). 

Like satellite boutons in appl-o\exexpKSsiag strains, those in contain 

components required for active neurotransmitter release including syt (Figure 3.5E) and 

csp (data not shown). To directly examine whether satellite boutons are fimctional in 

str?^^IYterminals, we used the fluorescent dye FMl-43, which labels actively cycling 

synaptic vesicles. Both satellite and parent boutons are labeled with FMl-43 in response 



105 

to nerve stimulation, indicating that all components required for evoked vesicle fusion 

and subsequent recycling are present in these unusual varicosities (Figure 3.5C, D). 

Labeling of both parent and satellite boutons of mutants was less efiicient than 

wild-type (data not shown), an observation consistent with defects in vesicle cycling we 

have documented by electrophysioiogy and EM. 

Genetic controls show that these phenotypes derive specifically from mutations 

in stoned: the nerve terminal morphology phenotype of is complemented by the 

marvduplication and uncovered by a lethal stoned allele (Figure 3.5). Larvae of 

the genotype stn^^^l stn^ show intermediate changes in synapse morphology (Figure 3.5). 

The multi-faceted alterations of synapse structure we observe in stn^^^ indicate that this 

mutadon disrupts stoned activities required for normal synaptic growth. 

Discussion 

The Drosophila stoned locus produces a dicistronic mRNA that is translated to 

produce two novel proteins, stonedA and stonedB. Together with results of an earlier 

study (Stimson, et al., 1998), data presented here show that stonedA and stonedB are 

presynaptically enriched proteins required for normal neurotransmitter release. Our 

previous analyses established that viable hypomorphic stoned mutants show altered 

neurotransmitter release in the absence of ultrastructural defects (Stimson et al., 1998). 

Our current analyses of a more severely affected stoned mutant show that defective 
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neurotransmitter release in stoned mutants is at least partially derived from defective 

synaptic vesicle recycling. We also show that stoned mutations can cause remarkable 

changes in presynaptic structure, implicating stoned gene products in intracellular 

trafficking events that affect structural synaptic plasticity. Because molecular 

mechanisms of synapse fimction and plasticity are remarkably conserved among 

vertebrates and invertebrates (Keshishian et al., 1996; Femanadez-Chacon and Sudhof, 

1999), it is likely that vertebrate orthologs of stoned proteins perform similar critical 

synaptic fimctions. 

Effects of stoned mutations on stonedA and stonedB 

Because stn'̂  appears to be a missense mutation in the 5' ORE of stoned, we 

previously hypothesized that it predominantly affects stonedA (Stimson, et al., 1998). 

Nonetheless, our current immunocytochemistry analyses indicate that stn\ and the 

unmapped stn^^^ mutation, cause decreased presynaptic levels of both stonedA and 

StonedB. One possible explanation for this result is that mutations in the S' ORF impair 

translation of stonedB from the 3' ORP. An alternative explanation is that interactions 

between stonedA and stonedB are essential for the transport and/or stability of both 

stoned proteins. In support of this possibility, a mouse knock-out mutation that 

eliminates the presynaptic protein rabSA decreases levels of the rab3-binding partner 

rabphilin by 70% (Geppert et al., 1994). Whether s/n® and stn*^^ alter both stoned 
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proteins via effects on translation or post-translational stability, phenotypic analysis of 

these mutants does not allow a clear assignment of specific presynaptic functions to 

either stonedA or stonedB. Given that is a severe stoned mutation that appears to 

eliminate stonedA and stonedB at presynaptic terminals, phenotypes of this mutant are 

likely to represent the complete functions of stonedA and stonedB. 

Effects of stn '̂'' on synaptic vesicle recycling 

Synaptic vesicle formation from a donor membrane requires sorting of a specific 

complement of vesicle proteins into a budding vesicle, restriction of vesicle size, and 

vesicle fission. Mutations that affect such a process are expected to reduce vesicle 

density, alter vesicle biochemistry, or alter vesicle morphology. Our observations of these 

predicted ultrastructural and biochemical alterations at stn^^^ mutant terminals suggest 

that stoned function is required for synaptic vesicle formation, either during vesicle 

biogenesis or vesicle recycling. 

Molecular and genetic features of stoned bsve previously suggested that stoned 

gene products regulate synaptic vesicle recycling (Andrews, et al., 1996, Stimson, et al., 

1998). However, previous cell biological studies of stoned effects on vesicle recycling 

were not conclusive (Stimson, et al., 1998). Although an enrichment of synaptic vesicle 

proteins at the presynaptic plasma membrane of stri^ and stn^ synaptic terminals 
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suggested a defect in membrane retrieval, electron microscopic studies revealed no 

depletion of vesicles or changes in vesicle size. 

Our current analysis of mutant terminals shows that stoned mutations can 

cause profound ultrastructural changes which likely reflect impaired synaptic vesicle 

recycling. The number of synaptic vesicles in boutons is depleted to about 35% of 

control boutons. Concurrently, synaptic vesicles, of highly uniform size in wild type, 

become large and variable in boutons. These defects co-occur with a pronounced 

accumulation of synaptic vesicle proteins at the plasma membrane, suggesting that 

mutants suffer severe defects in the retrieval and re-assembly of synaptic vesicle 

components. 

Although we cannot rule out the possibility that these defects arise from altered 

vesicle biogenesis at the cell body, it is more likely that they are manifestations of 

defective vesicle recycling at the synapse. First, both stonedA and stonedB are enriched 

at synapses suggesting a function at nerve terminals. Second, changes in synaptic vesicle 

density and size similar to those of mutants have been observed after perturbing the 

function of known endocytic proteins. For example, synaptic vesicle depletion is caused 

by mutations of shi (Kosaka and Ikeda, 1983, Estes, et al., 1996) and a-adaptin in 

Drosophila (Gonzalez-Gaitan and Jackie, 1997), and by dominant negative peptides 

targeting amphiphysin in lamprey (Shupliakov, et al., 1997). More remarkably, altered 

synaptic vesicle size, has been observed only in C. elegans unc-ll and Drosophila lap 
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mutants, which are defective for orthologs of the clathrin-associated adaptor protein 

API80 (Zhang, et al., 1998; Nonet et al., 1999). Taken together with these studies, our 

results provide compelling evidence that ultrastructural defects of boutons result 

from impaired reformation of vesicles at the synapse. 

The phenotypic similarities between and API80 mutants are potentially 

instructive, given that API80 is an adaptor protein (Ye and Lafer, 1995, Zhang, et al., 

1998), and stonedB contains limited adaptin homology of unknown functional 

significance. Previous biochemical experiments have shown that API80 can regulate the 

size of ciathrin cages (Ye and Lafer, 1995); hence, defective API 80 activity could impair 

coating and buddmg of vesicles, leading to vesicle depletion as well as the formation of 

inegular vesicles and cistemae. Thus, altered vesicle density and size in the mutant 

suggest that, like API 80, a stoned product may modulate endocytosis by controlling the 

assembly of vesicle coats composed of ciathrin or novel coat proteins 

API80 also appears to selectively capture the SNARE synaptobrevin for sorting 

into recycled synaptic vesicles (Stimson and Ramaswami, 1998; Nonet et al., 1999). In 

C elegans unc-11 mutants, defective API 80 function leads to retention of synaptobrevin 

in the plasma membrane (Nonet et al., 1999). Similarly, mislocalization of syt in stri^, 

stn^ and strF^ mutants could reflect inefficient retrieval of syt from the plasma membrane. 

StonedA and stonedB can bind to syt in vitro, providing a possible retrieval mechanism 

(L Kelly, unpublished observations). Thus, like API80, stoned proteins appear to 
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facilitate synaptic vesicle recycling by simultaneously sorting synaptic vesicle 

components and catalyzing vesicle formation. 

Effects of on neurotransmitter release 

Defective synaptic vesicle recycling in appears to contribute to secondary 

defects in synaptic vesicle fusion. Evoked neurotransmitter release in strf'^^ is decreased 

to a much a greater extent than in the stn^ and stn^ mutants, which have relatively minor 

defects in synaptic vesicle recycling (Stimson et al., 1998). Furthermore, while the stn^ 

and stn'^ mutants show increased spontaneous neurotransmitter release, stn^^^ shows a 

trend toward reduced spontaneous neurotransmitter release. The stn'^ mutation partially 

restores synaptic vesicle recycling defects in and also increases the frequency of 

spontaneous release to intermediate levels. Thus, the depletion of vesicles that is 

uniquely observed in stn^^^ appears to severely limit the supply of synaptic vesicles 

available for release. 

Additionally, the large vesicles in appear to be fusion-incompetent, which 

would further reduce the supply of releasable synaptic vesicles. We have considered that 

possibility that these synaptic vesicles are fusion-competent, but contain normal amounts 

of neurotransmitter. However, given that neurotransmitter content correlates with vesicle 

size in lap mutants (Zhang, et al., 1998) and under a variety of experimental conditions 

(Heuser, 1974; Fritz, et al., 1980), it seems likely that the large vesicles in str?^^ contain 
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proportionately increased levels of neurotransmitter. It is possible that the large vesicles 

of mutants are incompetent for fusion because they are biochemically different from 

those of lap mutants. Such vesicles would be expected if not only disrupts vesicle 

formation, but also interferes with the proper sorting of proteins that constitute the 

synaptic vesicle's fusion machinery. This possibility is supported by our finding that all 

stoned mutations we have examined appear to impair retrieval of syt from the plasma 

membrane. Thus, defective retrieval of syt, as well as defective vesicle formation, may 

limit the supply of functional synaptic vesicles at synapses, suppressing both 

evoked and spontaneous synaptic vesicle fusions. 

Altered neurotransmitter release in the stri^ and strf mutants also could arise 

primarily from defective sorting of synaptic vesicle proteins into synaptic vesicles. Our 

previous analyses of sni^ and strf revealed only minor recycling defects concomitant 

with dramatic fusion defects - a three-fold increase in spontaneous rate or 

neurotransmitter release, and a up to 15% decrease in evoked neurotransmitter release 

(Stimson et al., 1998). These findings led us to propose that stonedA might regulate 

synaptic vesicle fusion in a manner similar to syt, which is thought to act as a clamp that 

promotes evoked synaptic vesicle fusions but inhibits spontaneous vesicle fusions 

(Popov & Poo, 1993; Broadie et al., 1994; DiAntonio & Schwarz, 1994). However, our 

current analysis calls for a re-evaluation of stoned's role in synaptic vesicle fusion. The 

requirement of stoned proteins for the formation of fully fimctional synaptic vesicles -
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now made apparent by our analysis of - makes it quite plausible that synaptic 

vesicles in all stoned mutants contain hidden deficiencies in syt and other synaptic vesicle 

proteins that regulate fusion. In stn^ and stn'^ mutants, budding and fission of synaptic 

vesicles might proceed normally, while retrieval and sorting of synaptic vesicle proteins is 

impaired. Thus, a subpopulation of synaptic vesicles in these mutants may not be fully 

flmctional, leading to phenotypes similar to those of sj^f mutants. 

Effects of stn '̂'' on structural synaptic plasticity 

In addition to physiological and ultrastructural defects at synapses, we 

observed dramatic alterations in the structure of presynaptic terminals. These alterations 

include the proliferation of parent boutons (also observed in stn^ and stn% extensive 

branching of the terminals, and the appearance of satellite boutons. These phenotypes 

are especially prominent in stn^^Vstn'̂ ''̂ " heterozygotes, indicating that loss of stoned 

function gives rise to aberrant presynaptic morphology. Increases in branch number and 

bouton number also are caused by Drosophila mutations thought to affect synaptic 

plasticity by altering neuronal activity or cAMP metabolism (Budnik, et al., 1990, Zhong, 

et al., 1992), including the cAMP phosphodiesterase mutation dunce, which interacts 

genetically with stn'^ (Petrovich, et al., 1993). However, synapse plasticity mutants do 

not show the unique satellite boutons that we observe. The only genetic variants in 

which such structures have been described are in Drosophila overexpressing wild-Qrpe or 
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specific fonns of the Amyloid Precursor Protein ortholog in Drosophila (Torroja, et al., 

1999). The potential significance of this similarity is considered later in this section. 

Real-time imaging of larval neuromuscular synapses has revealed sprouting of 

buds very similar in appearance to satellites (Zito, et al., 1999). These buds 

become full-sized boutons, and although boutons continue to be added to the synaptic 

arbor during larval life (Keshishian, et al., 1993), buds are rarely observed at wild-type 

synapses (Zito, et al., 1999). Thus, we hypothesize that satellite boutons are early 

intermediates that occur during nerve-terminal expansion (Torroja, et al., 1999). The 

abundance of satellites in terminals suggests that these terminals could be 

structurally dynamic, possibly adding and retracting boutons throughout larval life; in 

contrast, stri^ and stri^ terminals may be more stable since, although expanded, they 

contain few satellites but an excess of full-sized boutons. Alternatively, at mutant 

terminals, synapse growth may be initiated, but subsequent differentiation into mature 

varicosities may be delayed, resulting in arrest of a large number of normally transient 

intermediates. 

The overgrowth of synaptic terminals is unlikely to be a just compensatory 

response to reduced neurotransmission, given that mutations or pharmacological 

treatments which inhibit neurotransmission at the Drosophila larval NMJ do not alter 

presynaptic morphology (Keshishian, et al., 1993, DiAntonio and Schwarz, 1994). 

Conversely, the alterations in nerve terminal arborization in do not cause 
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physiological phenotypes, as satellites contain functional synaptic machinery. Overall, 

the effects of on synapse morphology suggest that stoned gene products may act in 

intracellular trafScking pathways that effect structural plasticity at the synapse. 

Interestingly, while overexpression of Drosophila appl causes increased satellite bouton 

formation, overexpression of an endocytosis-defective form of APPL does not (Torroja, 

et al., 1999). It is possible that stoned-dependent endocytosis of APPL or other growth-

related cell surface molecules is part of a normal pathway for structural synaptic change. 
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Fi£ure 3.1 StonedB is present at presynaptic terminals and altered in and stn'^ 

mutants. Confocal micrographs of the larval neuromuscular jimctions on muscles 6 and 7 

stained with antibodies against stonedA (A, C, E) and stonedB (B, D, F). A and B. 

StonedA (Stimson, et al., 1998) and stonedB are enriched at nerve terminals. C and D. 

Neither protein is detectable in mutant nerve terminals. E and F. Levels of both 

proteins are reduced, but detectable, in stn'^ mutant terminals. Images shown in each 

column were obtained at identical settings on the confocal microscope. 
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Figure 3.2 Altered synaptic physiology in mutants. A. At mutant 

synapses, the mejp fiequency is normal. B. Evoked neurotransmitter release is severely 

impaired in s/w"*' mutants. C. does not complement the high mejp frequency 

phenotype of snf. D. Other stoned alleles do not complement the reduced EJP 

phenotype of Representative traces of mejps (A) and EJPs (B) are shown. The 

number in each column of the histograms (n) = number of larvae. (*) indicates significant 

difference from wild-type controls; (**) indicates significant difference from wild-type 

and strf^. 
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Figure 3.3 The mutation alters synaptic vesicle size and number. Electron 

micrographs through motor terminals on muscles 6 and 7. Left panels show view entire 

boutons; right panels show higher magnification views of active zones. Upper left 

panel: mutant terminals have a much lower density of synaptic vesicles. Upper 

right panel: mutant terminals have many more abnormally large synaptic vesicles. 

Lower left and lower right panels: These mutant pheno^pes are rescued by a 

genetic duplication, matY. Plots show that synaptic vesicle size is increased and more 

variable in mutants; that the stn'^ mutation completely complements the vesicle 

depletion phenotype of that stn'^ only partially complements the altered synaptic 

vesicle size phenotype of stn^^K Scale bars = 500 nm (left EM panels) and 100 nm (right 

EM panels). For vesicle density measurements, the number of boutons analyzed for each 

genotype (n), from left to right of graph = 18,28, 17,19, and 16. For vesicle size 

measurements, the number of vesicles analyzed for each genotype (left to right) = 260, 

120,314,273, and 333. 
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Figure 3.4 Quantal size is iinaltered in mutants despite an increase in average 

vesicle size. A. The mean mejp amplitude is not different between and wild type. 

B. and C. Frequency distributions of mejp amplitudes represent 660 amplitude 

measurements from 9 larvae in stn^^^/Y (B) and 663 amplitude measurements from 9 larvae 

in str^^^/matY (C). 
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Figure 3.5 Altered presynaptic morphology in mutants includes bouton 

proliferation, supernumerary branching, and the presence of functional satellite boutons. 

A. Synaptic arbor in a str?^^/Ymutant Note the complex arborization and the abundance 

of satellites (arrows). B. Synaptic arbor in a str^^^/matY control. C. Satellites in stn^^^/Y 

loaded with the activity-dependent dye FMl-43 and D. then re-visualized with anti-HRP 

staining (right). E. Satellites in labeled with anti-synaptotagmin. Note the diffuse 

appearance of synaptotagmin throughout the neuronal plasma membrane, a distribution 

also seen in stn^ and strf^ mutants. (Scale Bar: A and B = 10 ^m, C, D and E; 5 mm). F, 

G. H. Quantitation of effects on number of boutons (F), branches (G), and satellites 

(H); n displayed = number of hemisegments. 
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CHAPTER FOUR 

SUMMARY AND DISCUSSION 

Overview 

Previous studies of the Drosophila stoned gene led to the hypothesis that stoned 

proteins might regiilate synaptic vesicle cycling. The current work provides the first 

direct test of this hypothesis via evaluation of a single, identified synapse - the 

Drosophila larval NMJ. The results of this work show that both stoned proteins are 

enriched in presynaptic terminals of the NMJ, and that stoned mutations alter synaptic 

vesicle cycling at these terminals. 

Electrophysiological analyses of larval NMJs show that all three stoned mutations 

studied here cause altered neurotransmitter secretion. The viable stoned mutations stn^^ 

and stn'^ increase the level of spontaneous neurotransmitter release, and decrease the level 

of Ca^^-evoked neurotransmitter release, though this latter defect is nearly undetectable in 

the stn'^^ mutant. The semi-lethal stoned mutation has no effect on spontaneous 

neurotransmitter release, but severely decreases Ca^'^-evoked neurotransmitter release. 

These observations indicate that stoned proteins influence the Vision of synaptic vesicles 

with plasma membrane. 
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Light level and electron microscopic examination of stoned presynaptic terminals 

shows that stoned mutations do not change the overall organization of presynaptic 

boutons - such as the assembly of active zones - indicating that altered neurotransmitter 

secretion does not arise from developmental defects. Instead, these structural analyses 

provide further evidence that stoned proteins regulate the cycling of synaptic vesicles. 

All stoned mutations appear to impair retrieval of syt from the plasma membrane. 

Moreover, the mutation appears to inhibit the regeneration of synaptic vesicles 

from the plasma membrane. These defects of stoned mutants provide strong evidence 

that stoned proteins regulate the recycling of synaptic vesicles. 

An unexpected finding from this work is that, in addition to regulating basal 

synaptic fimction, stoned proteins regulate structural synaptic plasticity. All three of the 

stoned mutants examined here exhibit moderate to extensive elaboration of the 

presynaptic terminal. Thus, in addition to regulating synaptic transmission, stoned 

proteins can modify synapse structure, possibly leading to long-term changes in synapse 

activity. 

StonedA vs. stonedB 

In this study, mutations of the stoned gene served as powerful tools for assessing 

the in vivo roles of stoned proteins. Two viable missense mutations {stn^ and stn'̂  

within the 5' ORF of stoned, and an unmapped semi-lethal mutation of stoned {stn^^^) 
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were shown to alter presynaptic function and structure at the larval NMJ. In-depth 

analysis of stoned mutant phenotypes revealed that stoned proteins regulate synaptic 

vesicle cycling and synaptic plasticity. 

Nonetheless, the unusual organization of the stoned gene precludes the use of this 

analysis for deriving a precise molecular model for stoned function. The stoned gene 

encodes a single dicistronic mRNA that is translated to produce two distinct proteins. 

Translation of the 3' ORF in a dicistronic mRNA can occur by ribosomai scanning of the 

full-length mRNA from the S' translation start site, or by internal ribosomai binding at the 

translation start site of the 3' ORF (OH et al., 1992). The intercistronic region in stoned 

mRNA is shorter than most non-coding mRNA regions that allow internal ribosome 

binding in Drosophila (OH et al., 1992; Andrews et al., 1996). Therefore, translation 

from the 3' ORF probably requires ribosomai binding and scanning within the S' ORF. 

Thus, mutations which significantly alter the structure of the 5' ORF would likely 

interfere with ribosome scanning, and block translation of the 3' ORF. 

Because stn^ and stn'^ cause single amino acid substitutions within stonedA, it 

was initially reasoned that these mutations would exclusively disrupt stonedA - but this 

assimiption was probably invalid. Although early analyses indicated that these mutations 

do indeed alter stonedA expression, subsequent analyses showed that the stn'^ mutation 

reduces presynaptic levels of both stonedA and stonedB. A recent, independent study 
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confirmed that mutations within the 5' ORF of stoned, including stn ,̂ cause reduced levels 

of both stonedA and stonedB (Fergestad et al., 1999). 

One possible explanation for these observations is that interruption of the stoned 

5' ORF - even by a single nucleotide substitution in the stn^ mutant- interferes with the 

production of both stonedA and stonedB. Alternatively, physical interaction between 

StonedA and stonedB might be necessary for their transport to synapses or their 

continued stability. Other presynaptic proteins, including SNAREs, appear to be 

stabilized by protein-protein interactions (Jahn and Hanson, 1999). Indeed, presynaptic 

levels of the protein rabphilin seem to depend critically on levels of its binding partner 

rab3A (Geppert et al., 1994). It is possible that stonedA and stonedB are similarly 

stabilized by dimerization or assembly into a protein complex. In support of this 

possibility, recent studies indicate that stonedA can bind to stonedB in vitro (L. Kelly, 

personal communication); perhaps the stn'^ mutation interrupts a critical binding site 

within StonedA, leading to improper targeting or degradation of both stonedA and 

StonedB. 

In any case, the phenotypic analysis of stoned mutants presented here does not 

allow the assignment of specific functions to either stonedA or stonedB. In the future, 

this level of precision could be achieved by differential rescue of stoned mutant 

phenotypes using stonedA vs. stonedB transgenic constructs. In the meantime, the 



130 

current work has established that one or both stoned proteins regulate specific functions 

within the presynaptic terminal. 

Roles of stoned proteins in synaptic vesicle cycling 

Recycling 

The first indication that stoned proteins might regulate synaptic vesicle recycling 

came from the observation that stoned mutations interact with shibire mutations, which 

impair synaptic vesicle endocytosis (Petrovich et al.)- Adding weight to this idea, 

molecular characterization of the stoned gene later revealed that stonedB contains features 

of proteins known to participate in clathrin-mediated endocytosis at synapses (Andrews 

et al.). First, stonedB has NPF repeats, which are found in synaptojanin and constitute 

recognition sites for the clathrin- and adaptor-associated protein EpslS (Andrews et al., 

1996; Salcini et al., 1997). Second, stonedB contains a region homologous to n-adaptins, 

small subunits of the AP-2 adaptor (Andrews et al., 1996), which mediates the 

invagination and budding of endocytic vesicles from the plasma membrane (Robinson, 

1997). Thus, several previous findings suggested a role for stoned proteins in synaptic 

vesicle recycling. 

The work presented here provides further evidence that stoned proteins regulate 

synaptic vesicle recycling. First, analysis of stonedA's amino acid sequence - previously 

thought to bear no resemblance to known endocytic proteins (Andrews et al., 1996) -
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revealed that stonedA contains multiple DPF motifs, which define a domain of Bps IS 

(Benmerah et al., 1996). Searches for DPFs in other proteins revealed that multiple DPFs 

are present in the clathrin-uncoating cofactor auxilin and the synapse-specific adaptor 

API80. Subsequent to this work, an independent study showed that DPF serves as a 

consensus binding motif for the a-adaptin subunit of AP-2, that one or more DPFs are 

present in multiple endocytic proteins, and that just one DPF is sufHcient to mediate 

binding to a-adaptin (Owen et al., 1999). This suggests that stonedA can bind a-adaptin, 

although interaction between stonedA and a-adaptin has not yet been examined. Thus, as 

for stonedB, molecular features of stonedA seem to support a role in clathrin-mediated 

endocytosis. 

The analysis of stoned mutants presented here indicates that the similarity 

between stoned proteins and proteins involved in clathrin-mediated endocytosis is 

functionally relevant. Adaptors catalyze the assembly of clathrin (and possibly other 

coat proteins) into cage-like structures of relatively uniform size (Ye and Lafer, 1995). 

Encapsulation of synaptic vesicles within these cages is thought to drive vesicle budding, 

and ultimately to restrict the size of synaptic vesicles within a narrow range (about 35-45 

ran) (Zhang et al., 1998; Nonet el., 1999). Adaptors probably promote cage formation 

around synaptic vesicles by binding to the cytoplasmic tails of synaptic vesicle proteins 

(De Camilli and Takei, 1996; Robinson, 1997). Thus, adaptors simultaneously promote 

synaptic vesicle formation, and recruit synaptic vesicle proteins into synaptic vesicles. 
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Therefore, disruption of adaptors - or proteins with related fimctions in synaptic vesicle 

endocytosis - would be expected to alter the reformation of synaptic vesicles and/or the 

retrieval of synaptic vesicle proteins from the plasma membrane. As discussed below, 

stoned mutations produce both of these defects. 

Electron microscopy of larval NMJs shows that a semi-lethal stoned mutation, 

causes synaptic vesicle depletion and the accumulation of abnormally large 

vesicles, as well as other aberrant membrane compartments. During completion of this 

work, an independent study by Fergestad et al. (1999) showed that lethal stoned 

mutations produce similar defects at the embryonic NMJ. These defects are expected to 

arise from mutations that disrupt the reformation of synaptic vesicles from the plasma 

membrane, and have been observed m other Drosophila mutants defective for adaptor-

dependent endocytosis. Mutations of a-adaptin cause synaptic vesicle depletion 

(Gonzalez-Gaitan and Jackie, 1997), while mutations of an AP180-like protein (LAP) 

decrease synaptic vesicle density and increase synaptic vesicle size (Zhang et al., 1998). 

Mutations of syt, which may be a target for AP-2 retrieval (Zhang et al., 1994), produce 

similar changes in synaptic vesicle density and size (Reist et al., 1998). Thus, changes in 

synaptic vesicle density and size in stoned mutants suggest that stoned proteins serve as 

novel adaptors that promote reformation of synaptic vesicles from the plasma membrane. 

Other data suggest that, like adaptors, stoned proteins facilitate retrieval of 

synaptic vesicle proteins from the plasma membrane. First, the abnormally large vesicles 
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at synapses appear to be fusion-incompetent. Since perturbation of vesicle size 

alone does not prevent vesicle fusion (Heuser, 1974; Fritz et al., 1980; Zhang et al., 1998, 

Fergestad et al., 1999), large vesicles in probably lack components of the fusion 

machinery, such as syt. Second, all stoned mutations studied here appear to cause 

mislocalization of syt to the plasma membrane (though this mislocalization is inconsistent 

in sm^). Similar mislocalization of the synaptic vesicle protein synaptobrevin has been 

observed in C. elegans mutants with impaired synaptic vesicle endocytosis, including a 

mutant defective for API 80 (Jorgensen et al., 1995; Nonet et al., 1999) Enrichment of 

syt at the plasma membrane probably reflects a failure to retrieve this protein via 

endocytosis (Jorgensen et al., 1995). Thus, improper sorting of syt in stoned mutant 

boutons - combined with depletion and enlargement of synaptic vesicles - suggests that 

stoned proteins facilitate synaptic vesicle endocytosis by mechanisms analogous to AP-2 

and API80 fimction. 

Though these findings provide compelling evidence that stoned proteins regtilate 

synaptic vesicle recycling, they do not rule out the possibility that stoned proteins 

primarily regulate synaptic vesicle biogenesis at the cell body. Like AP-1, stoned 

proteins might facilitate the coating and budding of vesicles from the Golgi complex. If 

this is the case, stoned mutations could interfere with the production of immature 

synaptic vesicles and their transport to the synapse. In this scenario, syt could be 

targeted to the plasma membrane by a default pathway for sorting synaptic vesicle 
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proteins. Thus, depletion and enlargement of synaptic vesicles, and plasma membrane 

accumulation of syt, do not conclusively demonstrate that stoned mutations impair 

synaptic vesicle recycling. 

Examining the effects of mutations on the rate of synaptic vesicle depletion 

in mutants provides an assay for determining if stoned proteins regulate recycling. 

At high temperatures, shi^ mutations cause a complete block of synaptic vesicle 

recycling, but at intermediate temperatures, mutations only slow the rate of 

recycling. In either case, the synaptic vesicle supply becomes depleted, leading to a 

depression of synaptic transmission. If stoned proteins facilitate recycling, then stoned 

mutations would be expected to accelerate shf^ depression at intermediate temperatures. 

On the other hand, since recycling is more effectively blocked in shf^ mutants at high 

temperatures, stoned mutations might not be expected to affect the rate of shi^ depression 

at high temperatures, fteliminary experiments on stn'^-shi^^ double mutants indicate that 

stn^ enhances the rate of shf^ depression at 28® C, but not at 30° C. This temperature-

dependent effect would not be expected if stoned mutations caused a chronic depletion of 

synaptic vesicles by inhibiting their biogenesis in the cell body. Thus, stoned proteins do 

indeed appear to act as novel adaptors that promote the local recycling of synaptic 

vesicles. 

It is possible that, as suspected for other adaptors, stoned proteins mediate the 

selective retrieval of specific synaptic vesicle proteins. API 80 appears to selectively 
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recruit synaptobrevin (Nonet et al., 1999), and AP-2 has been shown to bind to syt 

(Zhang et al., 1994). Interestingly, the ^-adaptin subunit of AP-2 has been shown to 

recognize an internalization signal found in some integral membrane proteins (Ohno et al., 

1995; Kamiguchi et al., 1998). Thus, stonedB's homology to ^-adaptins could provide a 

mechanism for stonedB to selectively retrieve specific synaptic vesicle proteins. 

Findings presented here suggest that the stoned proteins might selectively recruit 

syt into synaptic vesicles. First, while syt is mislocalized in larval nerve terminals, the 

synaptic vesicle protein csp shows a normal localization (data not shown). In embryonic 

nerve terminals, stn^ and several lethal stoned mutations cause a similar mislocalization of 

syt without affecting the distribution of other synaptic vesicle proteins (Fergestad et al., 

1999). Furthermore, though stri^ and stn'^ mutants show no defects in the structural re

assembly of synaptic vesicles, they show physiological phenotypes very similar to those 

of syt' mutants; thus, altered neurotransmitter release in these stoned mutants might arise 

entirely from ineffective syt recruitment. Finally, in vitro studies show that stonedB can 

bind to syt via its ^-adaptin homology region, and stonedA binds to syt via an N-terminal 

region (L. Kelly, personal communication; Stimson et al., 1998) These obser/ations are 

consistent with a model wherein stonedB acts as an adaptor that selectively targets syt to 

synaptic vesicles. If this is the case, it does not necessarily mean that synaptic vesicles in 

stoned mutant boutons contain a normal complement of all other synaptic vesicle 

proteins. There is evidence that syt itself might facilitate synaptic vesicle recycling 
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(Jorgensen et al., 1995; Reist et al, 1998), perhaps by binding to other synaptic vesicle 

proteins in the plasma membrane, effectively capturing them for adaptor-dependent 

retrieval. 

Fusion 

This work suggests that stoned proteins have an indirect role in synaptic vesicle 

fusion via their effects on syt. Nonetheless, it remains a formal possibility that, like syt, 

the stoned proteins directly regulate synaptic vesicle fusion. Given that stonedA and 

stonedB can bind to syt in vitro, they might interact with syt to form a Ca^^-sensitive 

clamp that promotes fusion in the presence of Ca^^ but blocks fusion in the absence of 

Ca-^. 

If defective recycling of syt were the sole cause of altered synaptic vesicle fusion 

in stoned mutants, one might expect the degree of spontaneous fusion to correlate with 

the severity of recycling defects. In fact, this is not the case. The mutants stn^ and stn^ 

both exhibit three-fold increases in spontaneous neurotransmitter release, though they 

show relatively minor defects in synaptic vesicle recycling. In contrast, the str?^^ mutant 

shows depletion and enlargement of recycled vesicles, as well as profound syt 

mislocalization, but exhibits no alteration of spontaneous neurotransmitter release. One 

possibility is that strf^ and stn^ interfere with retrieval of synaptic vesicle proteins but 

not structural formation of synaptic vesicles, while stn^^^ interferes with both of these 
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processes. In this scenario, there would be a fraction of syt-deficient vesicles in stri^ and 

sttf that give rise to increased spontaneous neurotransmitter release. Conversely, in 

an overall depletion of synaptic vesicles would give rise to decreased spontaneous 

and evoked release. These are only speculations, leaving it possible that the stoned 

proteins have direct roles in both synaptic vesicle fusion and recycling. 

If stoned proteins do have dual roles in fusion and recycling, this could provide an 

elegant mechanism for tightly coupling exocytosis to endocytosis. Determining precise 

sites of stoned activity in the synaptic vesicle cycle will probably require biochemical 

studies and other in vitro studies, including tests of stonedA and stonedB effects on 

trafficking between artificial membranes. Regardless of whether defective synaptic vesicle 

fusion in Drosophila stoned mutants arises from improper recycling of syt, the findings 

presented here show that stoned proteins have a physiologically relevant role in synaptic 

vesicle fusion. 

Role of stoned proteins in synaptic plasticity 

In addition to regulating neurotransmitter release from the presynaptic terminal, 

stoned proteins may control structural remodeling of the presynaptic terminal. All three 

of the stoned mutants examined here show a proliferation in the number of presynaptic 

boutons at the larval NMJ. Moreover, the stn^^^ mutant shows increased branching of the 

presynaptic terminal, and an unusual proliferation of satellite boutons, which might 
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represent immature bouton sprouts. Thus, loss of stoned function causes the addition of 

new boutons to the presynaptic terminal. 

How might stoned proteins regulate the growth of the presynaptic terminal? It is 

well established that cell adhesion molecules (CAMs) expressed at the cell surface can 

restrict the sprouting and growth of new presynaptic boutons. The cell surface 

expression of CAMs is regulated by activity and by cAMP signaling (Schuster et al., 

1996; Bailey et al., 1997). Activity-dependent downregulation of the CAM fasciclin II is 

both necessary and sufficient for expansion of the presynaptic terminal at the Drosophila 

larval NMJ (Schuster et al., 1996). Similarly, cAMP-triggered downregulation of the 

fasciclin II homolog apCAM occurs during presynaptic growth at Aplysia sensory-motor 

synapses. This downregulation of apCAM occurs via clathrin-mediated endocytosis 

(Bailey et al., 1997). Likewise, the CAM LI, which is enriched in the growth cones of 

vertebrate neurons, appears to be internalized into clathrin-coated pits by binding to the 

^-adaptin subunit of AP-2 (Kamiguchi et al., 1998). Thus, structural synaptic plasticity 

is regulated by the endocytic downregulation of CAMs, a process which could be 

influenced by the stoned proteins. 

There is some evidence that stoned proteins might regulate the endocytosis of 

CAMs and other cell signaling molecules. The satellite boutons at the larval NMJ of 

mutants have been documented in only one other context - the transgenic 

overexpression of the integral membrane protein APPL. APPL is the Drosophila 
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ortholog of the Amyloid Precursor Protein, implicated in the pathogenesis of Alzheimer's 

disease in humans. In Drosophila, APPL overexpression leads to presynaptic expansion 

of the larval NMJ, mostly via the addition of satellite boutons, which appear to represent 

immature bouton sprouts (Torroja et al., 1999). Both bouton sprouting and bouton 

maturation are promoted by plasma membrane APPL, but blocked by APPL 

internalization (Torroja et al., 1999). Thus, mutations could cause over

production of satellites (sprouts) and nonnal boutons by interfering with the endocytic 

downregulation of APPL, CAMs and/or other cell signaling molecules. 

Other findings link stoned proteins to cAMP signaling events that modulate the 

endocytic downregtilation of CAMs at synapses. The normally viable stn'^ mutation is 

lethal when combined with mutations affecting dunce (dnc), a cAMP phosphodiesterase 

(Petrovich et al., 1993). In larvae, dnc loss-of-function mutations increase bouton number 

(Zhong et al., 1992; Schuster et al., 1996), and in adults, these mutations interfere with 

learning and memory (Davis, 1996). Findings that dnc and stoned mutations produce 

similar phenotypes, and even interact to produce lethality, indicate that stoned proteins 

might affect synaptic plasticity via cAMP signaling pathways. 

cAMP signaling leads to the activation of kinases, which are thought to modify 

existing synaptic proteins to effect short-term plasticity and regulate the activity of 

transcription factors to effect long-term plasticity (Martin and Kandel, 1996). One 

transcription factor that is downstream of cAMP signaling is CREB (cAMP response 
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element binding protein), which can induce the expression of synaptic proteins (Martin 

and Kandel, 1996). Neural expression of CREB activator enhances learning in adult 

Drosophila (Yin et al., 1995) and increases synaptic strength at the larval NMJ (Davis et 

al., 1996). Remarkably, stoned proteins have multiple phosphorylation sites for cAMP-

dependent protein kinases, and the stoned gene possesses two upstream CREs, the DNA 

binding site for CREB (L. Kelly, personal communication). Thus, it is possible that the 

stoned proteins are actually targets of cAMP regulation. If so, they could provide a 

mechanism for coupling cAMP signaling to the endocytic downregulation of CAMs. 
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