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ASTRACT: 

In this study we used the well studied model organism, Drosophila melanogaster, 

to gain further insight into the components involved in synaptogenesis.  Using the vast 

array of techniques available to the Drosophila geneticist we examined the roles of 

several well known components of growth regulatory pathways in synaptogenesis at the 

Drosophila NMJ.  Employing both immunoflourescence and electrophysiology we were 

able to gain insight into changes in both the structure and the function of the NMJ. 

 Synaptic development, as well as axon pathfinding and phototaxis are modified 

when the growth regulatory pathway TSC/Rheb/Tor is upregulated via overexpression of 

Rheb.  However, we find that although axon defects and phototaxis deficits are rescued 

by modifications in nutritional inputs to this pathway, Rheb mediated synaptic 

enhancements remain unaltered.  The kinase Akt is a shared substrate between the 

TSC/Rheb/Tor and the PI3 kinase insulin sensing pathway, which shows a comparable 

synaptic phenotype when overactivated.  We therefore, hypothesized that loss of Akt 

would result in a decrease in synapse size and function. 

 In contrast to our hypothesis we find that Akt is a negative regulator of 

synaptogenesis.  Akt contributes to both pre and postsynaptic events.  Akt mediates 

muscle size, synaptic area and GluR subunit levels and localization.  Loss of Akt also 

results in changes in the levels of Dorsal and its binding partner Cactus, as well as in the 

levels of the SSR associated proteins Syndapin and Dlg. 
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I.  GENERAL OVERVIEW 

The human nervous system is an extensive network of neurons, neurites, glia and 

peripheral targets.  To understand the structure and function of the nervous system it is 

necessary to understand how this intricate system develops.  Although advances in 

molecular biology, electrophysiology, neuroimaging and genetics have greatly enhanced 

our understanding of neurodevelopment, many essential questions still remain to be 

answered.  The complexity of the human nervous system and redundant nature of the 

human genome poses a problem when attempting to understand neurodevelopment.  

Fortunately, many of the genes, proteins and structures found in mammals are 

evolutionarily conserved in lower order organisms.  As a result, it is possible to evaluate 

questions essential to human neurodevelopment in less complex model organisms, such 

as rodents and insects.  One such model organism is the fruit fly Drosophila 

melanogaster.   

 The Drosophila is an exceptional model system to study synaptogenesis.  The 

advantages of working with Drosophila include an extensive toolbox of molecular and 

cellular techniques.  The publication of the vast majority of the Drosophila genome in 

2000 and the availability of numerous mutant alleles, to a large portion of these genes, 

provides further support to the use of this model system (Adams, Celniker et al. 2000). In 

addition to the advantages available to all Drosophila researchers are those specific to the 

well characterized larva neuromuscular junction (NMJ) (Collins and DiAntonio 2007).  

The muscles of the Drosophila larval abdomen develop with high fidelity into a 

stereotypical pattern.   Each abdominal hemisegment from A2 through A7 is composed of 

30 muscles, innervated by 32 motoneurons.  All of these motoneurons are identifiable, 
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specific cells with known connections (Keshishian, Broadie et al. 1996; Nicholson and 

Keshishian 2006).  Each muscle is a single multinucleate cell formed by the fusion of 

myoblasts.  The muscles of the abdomen are large enough to be visualized with light 

microscopy and utilized for electrophysiology.  Lastly, unlike the vertebrate NMJ, which 

is a cholinergic synapse, the Drosophla NMJ is a glutamatergic synapse.  As such, the 

Drosophila NMJ more closely resembles the synapses of the vertebrate central nervous 

system and inferences can be drawn between the two. 

 Development of the Drosophila larval NMJ requires tightly regulated molecular 

and cellular cues to orchestrate the elaborate pattern of connections between neurons and 

target cells.    The use of both forward and reverse genetics has identified a large number 

of genes involved in this intricate process.  Previous research in the Selleck lab and other 

labs has identified growth regulatory pathways involved in NMJ development.  The 

TSC/Rheb/TOR pathway, is a known growth regulatory pathway that integrates various 

inputs, including amino acids, insulin and AMPK (Jacinto, Loewith et al. 2004; 

Sarbassov, Ali et al. 2004; Hennig, Colombani et al. 2006; Shaw and Cantley 2006; 

Wullschleger, Loewith et al. 2006; Chang and Neufeld 2009).  Over-activation of this 

pathway occurs with heterozygous loss of either of two tumor suppressor genes, TSC1 

and TSC2, as in Tuberous Sclerosis Complex (TS).  TS is characterized by the presence 

of benign tumors all through the body and an increased prevalence of 

neurodevelopmental disorders including attention deficit, hyperactivity disorder (ADHD) 

and autism (Au, Williams et al. 2004; Ess 2006).  Since loss of either tsc1 or tsc2 is lethal 

in Drosophlia, we instead model this disease by overexpressing Ras homolog enriched in 

brain, Rheb, a small GTPase negatively regulated by TSC protein.  Rheb over-expression 
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in neuronal tissue results in axonal patterning defects, behavioral deficits and synaptic 

overgrowth, as well as increased synaptic efficacy (Knox, Ge et al. 2007; Chang and 

Neufeld 2009).  Early experiments that I performed in the laboratory indicated that 

manipulation of upstream components of this pathway, via either diet restriction or 

AMPK overexpression, do not ameliorate the Rheb mediated NMJ phenotypes.  

However, experiments performed by others in the lab indicate manipulation of these 

upstream components partially rescues rheb mediated axonal defects and behavioral 

deficits, indicating that these phenotypes may be mediated by distinct mechanisms.  

Over-activation of the PI3K insulin regulatory pathway also exhibits similar 

morphological and physiological phenotypes at the NMJ, but does not result in axon 

guidance defects or behavioral deficits, indicating that both pathways may be working 

through a shared substrate (Knox, Ge et al. 2007).  

A key downstream regulatory component of both of these growth pathways is the 

serine/threonine kinase Akt.  Full activation of Akt requires dual phosphorylation by 

PDK1, a substrate of PiK3, at T308 and TORC2 at S473 (T342 and S505, respectively in 

Drosophila) (Andjelkovic, Alessi et al. 1997; Sarbassov, Guertin et al. 2005; Song, 

Ouyang et al. 2005; Jacinto, Facchinetti et al. 2006; Shaw and Cantley 2006; Hietakangas 

and Cohen 2007; McDonald, Oloumi et al. 2008).  Based on it’s unique positioning 

downstream of TOR and PI3K and on data from the laboratory of Dr. Alberto Ferrus, we 

hypothesized that loss of Akt would result in a reduction in the size of the synapse 

(Martin-Pena, Acebes et al. 2006).  This hypothesis is further supported by unpublished 

data from the Selleck lab which demonstrates that compromise of either Sin1 or Rictor, 

key substituents of TORC2, results in a reduction in synapse size (Jacinto, Facchinetti et 
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al. 2006; Soukas, Kane et al. 2009).  Loss of Rictor also completely rescues Rheb 

mediated synaptic expansion.  To determine if loss of Akt would result in a reduction in 

synapse size, we evaluated the morphology and physiology of Akt mutant animals.  

Surprisingly, we find that loss of Akt results in synaptic expansion, as measured by 

cysteine string protein (CSP) positive pixels per mean square area (MSA) in μm2 of 

muscles 6/7.   Experiments utilizing a UAS-AktRNAi construct under control of tissue 

specific drivers, shows that Akt is involved in both presynaptic and postsynaptic events in 

a cell autonomous manner.  Further examination of postsynaptic modifications mediated 

by the loss of Akt revealed a loss of synaptic GluRIIA, but an increase in non-synaptic 

GluRIIA, which is distributed throughout the muscle in a distinctive banding pattern.  

GluRIIB, which is an alternate to GluRIIA in receptor composition, is almost entirely 

absent from the synapse when Akt is decreased in the muscle (Qin, Schwarz et al. 2005; 

Schmid, Hallermann et al. 2008).  Postsynaptic reduction in Akt also results in an 

increase and redistribution of NF-κB (Dorsal), a known mediator of GluRIIA (Heckscher, 

Fetter et al. 2007).  However, levels of NF-κB’s binding partner IκB (Cactus), which is 

also involved in regulating GluRIIA synaptic density, is reduced when postsynaptic 

levels of Akt are decreased(Heckscher, Fetter et al. 2007).  Interestingly, the expression 

of a UAS-Cactus construct in concert with UAS-AktRNAi results in the rescue of GluRIIA 

mislocalization in the muscle, larval size and survival.  These data add to our 

understanding of NMJ development by demonstrating a role for Akt in the events that 

regulate both presynaptic and postsynaptic structure and function.   
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II.  STRUCTURE OF THE DROSOPHILA NEUROMUSCULAR JUNCTION 

The abdominal muscles of the Drosophila larva make up a series of bilaterally 

symmetric segmental repeats.  Within regions A2-A7 each hemisegment contains a set of 

30 muscles, innervated by 32 identifiable motoneurons, see Figure 1 (Crossley 1978).  

Each hemisegment receives both ipsilateral and contralateral innervation from its own 

and the next anterior CNS segment (Keshishian, Broadie et al. 1996; Nicholson and 

Keshishian 2006).  Unlike vertebrate muscles, which are composed of a bundle of 

myoblasts that function as a unit, the muscles of the Drosophila larval abdomen are 

single cells. Each muscle is a multinucleated cell formed by the fusion of neighboring 

myoblasts to a founder cell.  Each of these 30 muscles has a unique shape, size, 

innervation pattern and insertion point into the body wall (Landgraf, Bossing et al. 1997; 

Schmid, Chiba et al. 1999).  

 Individual muscles receive innervation from 1 to 4 motoneurons during 

embryogenesis (Bate, Landgraf et al. 1999; Chiba 1999).  Some motoneurons synapse 

exclusively on a single muscle, while others project to pairs or subsets of muscles (Hoang 

and Chiba 2001).  Each muscle expresses a distinct pattern of adhesive and repulsive 

molecular cues that ensures correct target recognition (Broadie, Sink et al. 1993; Broadie 

and Bate 1993).  Each motor neuron forms a glutamatergic synapse and a subset these 

neurons also express co-transmitters such as octopamine, PACAP and proctolin (Broadie 

and Bate 1993; Bate, Landgraf et al. 1999; Chiba 1999; Gramates and Budnik 1999).  

Most synaptic endings can be divided into two classes, Type I and Type II, which can be 

further divided into subclasses (Johansen, Halpern et al. 1989; Johansen, Halpern et al. 

1989; Atwood, Govind et al. 1993).  Muscle 12 of segments A2-A5 is the solitary target 



of a third type of synapse, Type III, which is similar in morphology to Type II endings 

but more elliptical in shape.  Type III endings also exhibit a unique immunoreactivity to 

insulin-like peptide (Gorczyca, Augart et al. 1993).  For the purposes of this research we 

focused specifically on the the Type Ib synapses of motoneuron RP3 and the Type Is  

MNSNb/d-Is on muscles 6/7 of hemisegment A2, see Figure1.  

Figure 1: Hemisegments A2 – A7 of the Drosophila larval abdomen Left, Each 

muscle cell has a distinct shape, size and insertion point as is demonstrated by select 

muscles from a representative hemisegment.  Right, Muscles 6/7 receives dual 

innervation.  MN 6/7 (RP3) forms Type Ib and MNSNb/d forms type Is synapses on 

muscles 6/7 forming a glutamatergic synapse. a: anterior, v: ventral. 

 

III EMBRYONIC DEVELOPMENT OF THE NMJ  

A.  Myogenesis and muscle differentiation  

7  
 

Myogenesis of the larval musculature begins ~3 hrs after egg laying (AEL) during 

stages 6-7 of embryogenesis, with the invagination of the ventral most cells of the 

blastoderm to form the mesoderm as a monolayer of cells along the ventral side of the 

embryo by the end of gastrulation (Leptin and Grunewald 1990; Leptin, Casal et al. 
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1992).  High levels of Dorsal, under the control of maternal genes, directs these cells and 

regulates expression of the transcription factors, snail and twist (Boulay, Dennefeld et al. 

1987; Thisse, Stoetzel et al. 1988; Ray, Arora et al. 1991; Bate, Landgraf et al. 1999).  

Snail represses nervous system specific genes, while twist activates mesoderm specific 

genes, including tinman (tin) and myocyte enhancer factor (Dmef-2) (Akam 1987; Bour, 

O'Brien et al. 1995; Yin, Xu et al. 1997).  In the cells of the mesoderm, that will later 

compose the somatic muscles, levels of Twist remain high throughout myogenesis and 

muscle differentiation.  Later in embryogenesis, during the blastoderm stage, 

anteroposterior stripes form in response to levels of two pair rule genes, even-skipped 

(eve) and sloppy paired (slp) (Akam 1987; Riechmann, Irion et al. 1997).  Levels of eve 

and slp divide each future segment with eve expression required in the anterior, and slp 

for posterior development.  Cells within the eve expressing domain gradually lose twist, 

which is maintained at high levels in the slp region.  High levels of Twist are essential for 

entry of cells into myogenesis.  Reduction of twist in the slp domain disrupts the 

formation of the somatic body wall muscles.  In contrast, elevated levels of twist in the 

eve domain disrupt the formation of gut muscles, with some cells taking on the 

characteristics of somatic muscles (Baylies and Bate 1996).   

Decapentaplegic (Dpp) and Wingless (Wg), a TGFB family member, are secreted 

from the ectoderm and act on twist expressing cells (Staehling-Hampton, Hoffmann et al. 

1994).  Dpp maintains levels of tin and represses pox meso, a more ventrally expressed 

gene (Staehling-Hampton, Hoffmann et al. 1994; Frasch 1995; Lee and Frasch 2005).  wg 

is expressed in cells in a dorso/ventral stripe adjacent to cells of the slp domain.  

Expression of wg is required to maintain enhanced levels of twist and for the formation of 
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most somatic muscle cells (Bate, Rushton et al. 1991; Baylies, Martinez Arias et al. 1995; 

Riechmann, Irion et al. 1997).   

 Muscle differentiation begins with the expression of the proneural gene, lethal of 

scute (l’sc), in clusters of cells (Carmena, Bate et al. 1995).  A single progenitor cell will 

segregate from each cluster.  Segregation of muscle progenitor cells is regulated by 

lateral inhibition, by activation of the Notch signaling pathway in non-progenitor cells.  

Expression of l’sc is lost in the surrounding cells, but not in progenitor cells.  Progenitor 

cells will undergo an assymetrical division and the two daughter cells only one will 

receive the cytoplasmic protein Numb (Bate, Rushton et al. 1991; Campos-Ortega 1993; 

Carmena, Bate et al. 1995).   Numb blocks activation of Notch signaling, maintaining the 

expression pattern of progenitor genes within this cell.  Numb expressing cells are known 

as muscle founder cells (Ruiz Gomez and Bate 1997).  Each hemisegment has 30 founder 

cells which begin to fuse with neighboring myoblasts late in stage 11, to form the 

syncytial precursors of the 30 body-wall muscles of each hemisegment. The final muscle 

size is dictated by the founder cell. Some muscles are composed of only 2 or 3 fused cells 

and other muscles require the fusion of 10-20 myoblasts and don’t finish fusion until 

stage 13 or later  (Bate 1993).  Each founder cell expresses a unique combination of 

transcription factor,s that are in turn expressed by its binding partners.  These 

transcription factors include eve, S59 Kruppel and apterous (ap) and are responsible for 

the specific characteristics of each muscle (Frasch, Hoey et al. 1987; Gaul, Seifert et al. 

1987; Dohrmann, Azpiazu et al. 1990; Ruiz-Gomez, Romani et al. 1997).   

Founder myoblasts and their fusion partners undergo two migrations.  First,   

subsets of myoblasts migrate to the appropriate location in the developing larval 



ectoderm (Carmena, Bate et al. 1995; Prokop, Landgraf et al. 1996).  Developing muscles 

then undergo a second migration that allows them to span future territories.  During this 

second migration muscle precursors elongate, forming processes similar to growth cones, 

extending toward future attachment sites (Bate 1990).  Muscle patterning is completed 

with the formation of a mechanical coupling between each muscle and its insertion site 

and attachments between adjacent muscles in a process that requires integrins (Bate 

1990).  Muscle fusion is completed by the time that the growth cones of motoneurons 

first make contact.   

 

 

Figure 2: Developmental time line of the Drosophila larva neuromuscular junction 

Development of the Drosophila begins with myogenesis approximately 3 hrs AEL.  

Larvae hatch at 22 hrs AEL and subsequently molt twice at 46 hrs AEL and 70 AEL as 

they progress from 1st to 3rd instar.  During this time larval muscles will expand up to 

100x.  Pupation occurs at 120 AEL, followed by eclosion at 220 hrs AEL. 
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B.  Axonal outgrowth and target selection 

Motoneuron axons extend into the periphery during stages 13-14 of 

embryogenesis following the formation of muscle fibers.  Axonal outgrowth is governed 

by both attractive and repulsive cues.  Each motoneuron expresses a specific set of 

transcription factors that assist in pathfinding.  Axons within the dorsal intersegmental 

nerve (ISN) branch express eve, while the more ventral segmental nerve branches (SNb 

and SNd) both express islet, and in SNb limk3 is also co-expressed (Landgraf, Roy et al. 

1999; Thor, Andersson et al. 1999; Nicholson and Keshishian 2006).  These transcription 

factors indirectly regulate axonal outgrowth and their transcriptional targets are unknown.  

 Adhesion molecules play a central role in separating motoneuron axons into 

specific nerve branches. The adhesion molecule Fasciclin II (FasII) is expressed by all 

motoneurons.  Connectin, another adhesive molecule, is only expressed by subsets of 

motoneurons (Grenningloh, Rehm et al. 1991; Nose, Van Vactor et al. 1992; Vactor, Sink 

et al. 1993).  Although loss of Fas II has no significant effect on axon routing, over-

expression of Fas II results in an inability to defasciculate (Lin, Fetter et al. 1994; Lin and 

Goodman 1994).  The repulsive molecule SemaphorinIa (SemaIa) is co-expressed with 

its receptor, Plexin A (plexA) on all motoneuron axons. Loss of either SemaIa or plexA 

causes axons to stall or to fail to defasciculate (Winberg, Mitchell et al. 1998; Yu, Araj et 

al. 1998).  Reducing the levels of FasII or, FasII and Connectin in cells that express both, 

rescues SemaIa and PlexA mutant axonal defects (Yu, Huang et al. 2000).  This rescue 

indicates a balance between adhesive and repulsive cues.  Expression of the repulsive cue 

beaten path (beat1) is required at branch points for defasciculation.  Beat1 promotes 
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defasciculation by opposing FasII and Con mediated adhesion only at growth cone choice 

points by an unknown mechanism (Fambrough and Goodman 1996).   

 Molecular cues are also secreted from muscles to aid in path finding.  The 

muscle-derived attractant sidestep serves as an attractant for all motoneurons (Sink, 

Rehm et al. 2001).  Mutations in sidestep result in the failure of motoneurons to 

defasciculate and innervate muscle targets.  Unlike the beatIa mutants, sidestep mutant 

phenotypes are not rescued by a reduction in FasII and Con levels (Sink, Rehm et al. 

2001).  Without target derived attractive cues axons are unable to defasiculate from nerve 

bundles and innervate target muscles.    Fasciculation and defasciculation also require 

receptor protein tyrosine phosphatases (RPTPs).  The role of RPTPs is dependent on the 

motoneuron, with both competitive and redundant activities in different motoneurons.  

RPTP ligands have yet to be identified in invertebrates (Desai, Gindhart et al. 1996; 

Desai, Krueger et al. 1997; Desai, Sun et al. 1997).   

 During synaptogenesis growth cones probe the surface of muscles initially 

making connections with multiple targets before withdrawing inappropriate connections 

and maintaining connections only with correct targets (O'Connor, Duerr et al. 1990).  

Ablation studies also indicate that in the absence of the correct target axons form 

synapses on alternate muscle fibers (Cash, Chiba et al. 1992)  Target identification is 

determined by a multitude of factors.  In some cases the same cues are expressed by both 

the motoneuron and its target.  Some molecules expressed by both constituents include 

Fasciclin III (FasIII), Con and caprcious (Nose, Mahajan et al. 1992; Chiba, Snow et al. 

1995; Shishido, Takeichi et al. 1998).  Other target recognition molecules include netrin 
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A and netrin B (Mitchell, Doyle et al. 1996).  Loss of target cues results in the absence of 

innervation (Nose, Umeda et al. 1997; Winberg, Mitchell et al. 1998).  

 Muscles 6/7 of hemisegment A2 which receive innervation from two 

motoneurons, one of which is RP3, express the attractive cues Netrin-B and Fas III and 

transiently express the repellant Toll.  In muscles 6/7, NetrinB is required to overcome 

repulsion mediated by SemaIIa.   RP3 axons project correctly in netrin mutants but fail to 

innervate muscles 6/7. Innervation of muscles 6/7 is restored in netrin mutants when 

SemaIIa is lost (Broadie and Bate 1993; Winberg, Mitchell et al. 1998; Chiba 1999).  

Overexpression of fasIII results in ectopic synapse formation, while toll overexpression 

inhibits innervation (Chiba, Snow et al. 1995; Rose, Zhu et al. 1997).  Overexpression of 

both of these cues in concert restores wild-type innervation (Rose and Chiba 1999).  

These data illustrate the balance of adhesive and repellant cues that is required for correct 

innervation of muscles 6/7 bymotoneron RP3. 

   

C.  Synaptogenesis: Formation of a functional synapse 

 The neurotransmitter glutamate is expressed in motoneurons before the growth 

cone makes contact with the muscle cell.  Prior to contact, glutamate receptors (GluRs) 

are uniformly distributed across the surface of the uninnervated muscle cells (Broadie and 

Bate 1993; Saitoe, Tanaka et al. 1997).  GluRs of the Drosophila NMJ are composed of 

subunits homologous to mammalian α-amino-3-hydroxy-5-methylisoxazole-4-propionic 

acid (AMPA)/kainite type receptors (Schuster, Ultsch et al. 1991).  Initial contact 

between the motoneuron RP3 and muscles 6/7 occurs 12.5 – 13 hr AEL.  This 

exploration is largely restricted to the cleft between muscles 6 and 7, where the synapse 
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will eventually be established.  Filopodial extensions from the growth cone probe both 

anterior and posterior to the initial point of contact, as well as neighboring muscle 

surfaces.  By 13.5 hr AEL anterior extensions have been retracted.  Projections continue 

to extend posteriorly sending out and retracting lateral processes.  By 14.5 hr AEL there 

is no longer contact with incorrect muscle targets and the neuronal processes are 

restricted to their correct location along the synaptic cleft of muscles 6/7 (Broadie and 

Bate 1993; Keshishian, Broadie et al. 1996).   

By 14.5 hr AEL embryonic synapses are present presynaptically.  Motoneuron 

MNSNb/d-Is innervates muscles 6/7 at a later point in embryogenesis at 15.5-16.5 hr 

AEL (Broadie and Bate 1993).  Until the point of contact between the growth cone and 

myopodia, (a specialized protrusion from the muscle) 13 hrs AEL, presynaptic and 

postsynaptic development occur independently of one another.   In the absence of 

innervation muscles still develop.  For example, mutations in prospero, a neuronal fate 

determinant, still result in correctly developing myotubes and exhibit a physiological 

response to exogenous application of glutamate (Broadie and Bate 1993).  Conversely, 

motoneuron axons extend to the correct region and form active zones in mutants that lack 

muscles, such as twist (Prokop, Landgraf et al. 1996).  Following contact, the presynaptic 

arbor will expand and GluRs will cluster opposite active zones. Additional GluRs will be 

synthesized locally at the synapse at approximately 16.5 hr AEL (Broadie and Bate 1993; 

Broadie and Bate 1993; Keshishian and Chiba 1993). These events require the cross talk 

between the motoneuron and the muscle cell. Within 1 hr of the establishment of contact, 

synaptic currents can be measured in the muscle. Within 2 hrs muscle peristalsis can be 

observed and synaptic boutons appear (Broadie and Bate 1993). 
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IV.  LARVAL SYNAPTOGENESIS AND SYNAPTIC PLASTICITY 

The basics of the synaptic machinery are in position and functional by the time 

that the 1st instar larva hatches at 22 hr AEL (Broadie and Bate 1993).  From the time of 

its first hatching, until pupation, the larval NMJ will undergo many changes.  From 1st to 

3rd instar the musculature of the drosophila larval abdomen increases approximately 100 

fold in size.  During larval development, the muscle will develop a multilayered 

membrane called the subsynaptic reticulum (SSR).  In the 1st instar larva the SSR is 

present as invaginations opposite boutons.  By the end of the 3rd instar stage the SSR will 

completely surround presynaptic boutons (Atwood, Govind et al. 1993; Guan, Hartmann 

et al. 1996).  Although several molecules involved in SSR development have been 

identified, including syndapin, dPak, and Dlg,  the exact function of the SSR is unknown 

(Budnik, Koh et al. 1996; Albin and Davis 2004; Kumar, Fricke et al. 2009).  It is 

possible that the SSR could serve as a regional endoplasmic reticulum.  There is also 

evidence that the SSR is the site of translation of the GluR subunit GluRIIA (Sigrist, 

Thiel et al. 2000; Parnas, Haghighi et al. 2001). 

 At the end of embryogenesis, the motoneuron will have formed a simplistic 

synapse with a few branches and boutons.  As the synapse matures contacts will take on 

the characteristics of specific bouton types, synaptic branches will lengthen and the 

number of boutons and the number of active zones per bouton will increase 5 to 10 fold 

depending on the specific NMJ (Johansen, Halpern et al. 1989; Zito, Parnas et al. 1999).  

Presynaptic active zones form directly apposed to GluRs. Bruchpilot, a homolog of 

mammalian ELK/CAST that mediates localization of calcium channels and T-bars, is 

required for the formation of active zones (Wagh, Rasse et al. 2006).  T-bars are 



16  
 

composed of electron dense material surrounded by vesicles and are named for their 

distinctive T shape (Broadie, Prokop et al. 1995; Keshishian, Broadie et al. 1996).   The 

exact structure and function of T-bars is not known, but there is a positive correlation 

between the number of T-bars and synaptic strength (Jia, Gorczyca et al. 1993) (Stewart, 

Schuster et al. 1996).  Active zones also require proteins essential for neural transmission 

including Synaptotagmin, Synaprobrevin (VAMP) and cysteine string protein (CSP) 

(Broadie, Sink et al. 1993; Broadie, Bellen et al. 1994; Zinsmaier, Eberle et al. 1994; 

Sweeney, Broadie et al. 1995; Dawson-Scully, Lin et al. 2007).   

 Synaptic maturation in the developing larva requires tight coordination of pre and 

postsynaptic mechanisms to ensure that the number of boutons and active zones increase 

in a manner proportionate to the increase in muscle size and function (Broadie and Bate 

1993; Paradis, Sweeney et al. 2001; Ashley, Packard et al. 2005; Prokop and 

Meinertzhagen 2006).  Both anterograde and retrograde signaling provide cross-talk 

between the motoneuron and muscle to regulate synapse size (Figure 3).  These signals 

include Wg secretion from the neuron and binding to the muscle (Packard, Koo et al. 

2002).  Wg binds to the Wg receptor DFrizzled2 (DFz2), cleaving an intercellular portion 

of DFz2 which translocates to the muscle nucleus and regulates transcription, resulting in 

muscle growth (Mathew, Ataman et al. 2005).  Retrograde signaling is mediated by Gbb, 

which is released by the muscles and binds to the TGFβ receptors Wit, Tkv and Sax on 

the neuron (Aberle, Haghighi et al. 2002; Rawson, Lee et al. 2003).  Gbb binding 

stimulates the phosphorylation of MAD, which translocates to the nucleus in concert with 

its co-mediator Medea, promoting synaptic expansion (Marques, Conchello et al. 2000; 

Aberle, Haghighi et al. 2002; Haghighi, McCabe et al. 2003; McCabe, Hom et al. 2004).  



Synapse formation also requires negative regulators of growth.  The E3 ubiquitin ligase, 

highwire, restrains synapse growth by targeting the mitogen-activated protein kinase 

(MAPK) kinase kinase (MAPKKK), wallenda (Wan, DiAntonio et al. 2000; McCabe, 

Hom et al. 2004; Wu, Wairkar et al. 2005).  Wallenda, which signals through JNK and 

Fos promoting growth, is ubiquinated and subsequently degraded by highwire, restricting 

synaptic growth (Collins, Wairkar et al. 2006).  

  

 

 

Figure 3: Retrograde and anterograde signaling at the neuromuscular junction 

Cross-talk at the synapse involves both retrograde and anterograde signaling.  The neuron 

secretes Wg whichs crosses the synaptic cleft and binds to its ligand DFz2 on the muscle.  

An intracellular portion DFz2 is then translocated to the nucleus promoting transcription.  

Gbb is secreted from the muscle and binds to  the TGFβ receptors Wit and Tkv, causing 

activation of MAD and MED, resulting in transcription. 
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Following maturation, the Drosophila NMJ remains malleable and amendable to 

activity-dependent modifications.  Many of the components essential for synapse 

development are also required for synaptic plasticity.  Mutations in intracellular signaling 

and cell adhesion molecules such as dnc, rut, leo, lat and vol have been shown to impair 

long term activity-dependent synaptic enhancement, as well as learning and memory in 

adults (Zhong and Shanley 1995; Broadie, Rushton et al. 1997; Murase and Schuman 

1999; Rohrbough, Pinto et al. 1999; Featherstone and Broadie 2000). Although much is 

known about the development, function and plasticity of the Drosophila neuromuscular 

junction, many molecular components of synaptogenesis are not known.  Increasing our 

knowledge  of these components will not only allow us to understand the process of 

synaptogenesis in Drosophila, but will also further are understanding of synaptic 

development, plasticity and degeneration of the glutamatergic synapses in the human 

central nervous system. 

 

V.  RESEARCH QUESTIONS AND HYPOTHESIS  

 The goal of this research was to evaluate the involvement of known growth 

pathway components in synaptogenesis.  Synaptogenesis is an area of study essential to 

understanding the development of the nervous system.  Recent work in the lab has 

demonstrated that activation of the TSC/Rheb/TOR growth pathway results in an 

enlarged, hyperactive synapse (Knox, Ge et al. 2007).  Nutritional input is a key regulator 

of the TSC/Rheb/TOR pathway and could play an important role in Rheb mediated 

synaptic expansion (Nobukuni, Joaquin et al. 2005; Gulati and Thomas 2007; Gulati, 

Gaspers et al. 2008).  Activation of the insulin sensing PI3K pathway also results in 
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synaptic expansion (Martin-Pena, Acebes et al. 2006; Knox, Ge et al. 2007).  An 

important downstream substrate of both of these growth regulatory pathways is the 

serine/threonine kinas Akt. (Alessi, Andjelkovic et al. 1996; Andjelkovic, Alessi et al. 

1997; Chan, Rittenhouse et al. 1999; Song, Ouyang et al. 2005; Wilson, Vereshchagina et 

al. 2007).  Loss of Akt was shown to reduce synapse size, but the mechanism by which it 

does so is unknown (Martin-Pena, Acebes et al. 2006; Knox, Ge et al. 2007).  Therefore, 

the research presented here focuses on the following questions: 1) does reduction in 

dietary inputs rescue Rheb mediated synaptic expansion? 2) is Akt involved in 

synaptogenesis and if so what is its role?  We hypothesized that a reduction in dietary 

inputs through either caloric restriction or over-expression of AMPK would rescue Rheb 

mediated synaptic expansion.  In addition, we also hypothesized that loss of Akt would 

result in a reduction in the size of the synapse as well as synaptic efficacy.   

The results of this study contest both of these hypotheses.  Although, reduction in 

dietary input via caloric restriction or AMPK overexpression rescues other Rheb 

mediated phenotypes, synaptic expansion is not rescued.  As a result we propose that 

Rheb differentially modifies alternate components of the nervous system.  Contrary to 

previous published data, we find that loss of Akt results in an expansion of the synapse 

and an increase in synaptic efficacy rather than a reduction.   We also show that Akt is 

involved in the development of both pre- and postsynaptic mechanisms and that it does so 

in a cell autonomous manner.   We also demonstrate that Akt mediates synaptic 

localization of the GluR subunits, GluRIIA and GluRIIB.  Evaluation of the levels of 

GluR subunits revealed that loss of Akt has opposing effects on GluRIIA and GluRIIB 

levels, as well as levels of IB and its binding partner NF-κB.  Our attempts to 
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characterize the localization of non-synaptic GluRIIA in Akt mutants indicated that non-

synaptic GluRIIA is not membrane bound.  Non-synaptic GluRIIA is not contained 

within endosomes or the SSR.  We were also unable to show a direct association between 

GluRIIA and the components of the muscle machinery. Akt is also involved in the 

synaptic localization of NF-Kβ and regulates the levels of NF-Kβ and its binding partner 

IKβ in a manner similar to that of GluR subunits.  Further experiments show that Akt 

mediates synaptic localization of GluRIIA through an “Akt sensitive” form of IB.   



21  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER 2: 
 

RHEB MEDIATED SYNAPTIC EXPANSION IS INDEPENDENT OF NUTRITIONAL INPUTS 
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I.  INTRODUCTION 

 Tuberous sclerosis complex (TS) is an autosomal dominant disorder characterized 

by the formation of benign tumors, as well as an increased occurrence of neurological 

and behavioral abnormalities, such as seizures, autism, and attention deficit hyperactivity 

disorder (ADHD) (Ess 2006).  TS is caused by mutations in either of two regulatory 

genes, TSC1 and TSC2 (Au, Williams et al. 2004).  The proteins encoded by TSC1 and 

TSC2 form a complex that inhibits the small GTP-binding protein, Ras homolog enriched 

in bran (Rheb).  Rheb, in turn, affects the serine/threonine kinase, target of rapamycin 

(TOR).  The TSC/Rheb/Tor pathway is involved in the regulation of protein translation, 

actin cytoskeleton dynamics, authophagy and cell survival and metabolism (Jacinto, 

Loewith et al. 2004; Sarbassov, Ali et al. 2004; Hennig, Colombani et al. 2006; Shaw and 

Cantley 2006; Wullschleger, Loewith et al. 2006; Chang and Neufeld 2009).  Loss of 

TSC1/2 function results in the hyperactivation of the TSC/Rheb/Tor pathway. As is 

illustrated in Figure 4 the TSC/Rheb/TOR pathway has various nutritional inputs 

(Nobukuni, Joaquin et al. 2005; Gulati and Thomas 2007; Gulati, Gaspers et al. 2008).  

By manipulating nutritional inputs, via caloric restriction or AMPK overexpression we 

were able to evaluate the interplay between genes and environment in this pathway using 

the model organism Drosophila melanogaster.  

  The key components of the TSC/Rheb/Tor pathway are present in Drosophila and 

this model organism has previously been used to evaluate hyperactivation of this pathway 

(Knox, Ge et al. 2007).  Complete loss-of-function mutations in Tsc1 are lethal so to 

create a model of TS in the fruit fly, Rheb is overexpressed specifically in neural tissue 

using the Gal4-UAS system (McGuire, Roman et al. 2004).  Previous research conducted 
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in the lab has demonstrated that pan-neuronal overexpression of Rheb results in 

behavioral, morphological and physiological abnormalities.  These abnormalities include 

synaptic expansion and increased efficacy at muscles 6/7 (Knox, Ge et al. 2007).  To 

determine if alterations in nutritional inputs could rescue Rheb mediated phenotype, we 

evaluated the NMJ of muscles 6/7 in Rheb overexpressing animals that were reared on a 

restricted diet.  In addition, we examined the NMJs of animals overexpressing AMPK in 

a Rheb overexpression background.  



 

Figure 4: The TSC/Rheb/TOR pathway  

The TSC/Rheb/Tor pathway is a well known mediator of growth.  The tumor suppressor 

genes Tsc1/2 form a heterodimer which inhibits Rheb.  Rheb is involved in the activity of 

at least two different Tor-containing complexes.   
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II.  MATERIALS AND METHODS 

A. Immunohistochemistry 

For visualization of NMJ synapses, third instar larvae were filleted in ice-cold 

Ca2+-free HL-3 saline (70 mM NaCl, 5 mM KCl, 20 mM MgCl2, 10 mM NaHCO3, 5 mM
 

trehalose, 100 mM sucrose, 5 mM HEPES, pH 7.2) (Rawson, Lee et al. 2003) and fixed in 

4% formaldehyde before staining with anti-cysteine string protein at 1:1000 

(Developmental Studies Hybridoma Bank) and FITC-conjugated Anti-HRP at 1:50 

(Jackson Labs). Staining was visualized with Alexa Fluor-conjugated secondary 

antibodies (Invitrogen).  Images were captured with a Nikon C1 confocal microscope. To 

determine bouton pixel number, individual confocal optical sections of Anti-CSP staining 

were volume rendered and then viewed in Adobe Photoshop 7.0.1.  A threshold value 

was set for each image such that the maximum number of boutons was visible and the 

distinct boundaries between individual boutons were maintained.  Pixel number and 

muscle surface area measurements were made using ImageJ data analysis software 

(NIH).  Muscle surface area measurements were the combined areas of muscles 6 and 7 

in the second abdominal hemisegment (A2).   

B. Electrophysiology 

Excitatory junction potential (EJP) recordings were taken from muscle six of 

abdominal hemisegment A2 in 3rd instar larvae.  Dissections were in calcium-free saline 

and recordings were performed in modified HL3 medium with a calcium concentration of 

1.2 mM.  Thin-walled glass recording electrodes with resistances of 10-30 MΩ were 

pulled on a Model P-87 needle puller (Sutter Instrument Company) and back-filled with 

3M KCl.  Muscle six of A2 was impaled with the recording electrode, and a suction 
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electrode was used to stimulate the motoneuron with a Grass stimulator delivering six 1 

ms pulses at a frequency of 0.1 Hz and an intensity of approximately 1.5 times the 

minimum required to evoke a compound response.  Recordings were acquired with an 

Axoclamp 2B amplifier and Clampex 9.2 software (Axon Instruments).  Only recordings 

with resting membrane potentials of at least –65 mV were used. EJP amplitudes were 

measured with MiniAnalysis software from Synaptosoft.  

C. Fly stocks   

Transgenic overexpression of Rheb+ in neurons was achieved by crossing 

w1118;UAS-Rheb3 to either w*;P[w+;Gal4-elav.L]2/CyO P[w+;ActGFP]JMR1.  Oregon-R 

stocks were crossed to w1118;UAS-Rheb3 to generate heterozygous controls lacking a Gal4 

driver.  AMPKTD was expressed alone or with Rheb by crossing w*;P[w+;Gal4-

elav.L]2/CyO P[w+;ActGFP]JMR1 to either UAS-AMPKTD 4-1  or UAS-Rheb3;UAS-

AMPKTD 4-1. 

D. Food preparation   

The yeast restriction and high calorie diets were taken directly from a recipe 

previously described (Mair, Piper et al. 2005).  All diets contained 10 g of agar, 15 ml of 

methyl 4-hydroxybenzoate (Sigma), 1.5 ml of propionic acid, and varying amounts of 

brewer’s yeast and sucrose.  The control High-Calorie diet (HC) contained 75 g of both 

yeast and sucrose resulting in a total of 1203 calories.  The Yeast Restricted diet (YR) 

contained 37.5 g of yeast and 75 g of sucrose for a total of 861 calories. 
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III.  RESULTS 

A. Effects of diet on Tor-mediated synapse abnormalities 

Activation of Tor signaling through overexpression of Rheb in the motoneuron 

results in expansion of the Drosophila neuromuscular junction (Knox, Ge et al. 2007).  

The transgenic animals bearing elav-Gal4>UAS-Rheb+ typically show a two-fold 

enlargement of the NMJ.  These animals also show an increase in synaptic efficacy with 

an increased excitatory junctional potential (EJP) amplitude upon suprathreshold 

stimulation of the motoneuron.  In addition to synaptic modifications, elav-Gal4>UAS-

Rheb+ animals have defects in photoreceptor targeting and behavioral deficits as 

evaluated by phototaxis (Knox, Ge et al. 2007).  Recent experiments by others in the lab 

indicate that dietary restriction, specifically by amino acid deprivation, is able to rescue 

the behavioral and axon guidance phenotypes produced by Tor-pathway activation.  To 

determine if diet restriction could also rescue the Rheb-dependent changes in synapse 

morphology and function we examined the NMJs of diet restricted larvae.  None of the 

restricted diets altered the synapse growth or physiological changes produced by Rheb 

overexpression (Figure 5).  The amount of the presynaptic cysteine-string protein (CSP), 

which serves as a molecular marker for motoneuron boutons, was measured over the area 

of muscles 6/7.  We see the same degree of expansion in animals reared on YR or CR 

diets as the rich, high-calorie diet (HC).  Animals fed SR, the sugar-limited formula, 

show a moderate but not significant expansion compared to HC-reared larvae. Consistent 

with these findings yeast restriction does not restore the EJP amplitudes to normal levels 

in elav-Gal4>UAS-Rheb+ animals (Figure 5E, F) (Howe, Watson et al, in preparation).   
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Previous work from the lab showed that the Rheb-mediated phenotype is 

rapamycin-insenstive and therefore not regulated by the nutrient sensing Tor-containing-

complex 1 (TORC1), and is likely a target of Tor-containing complex 2 (TORC2).  These 

findings which indicate that Rheb-mediated synaptic enlargement is unaffected by diet 

restriction, further support a role for TORC2 in synaptogenesis.   The involvement of 

TORC2 in the restructuring of the synapse is also supported by the literature which 

indicates that TORC2 is involved in actin cytoskeleton dynamics (Jacinto, Loewith et al. 

2004; Sarbassov, Ali et al. 2004). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Dietary restriction does has no significant impact on Rheb-mediated 

synapse expansion and physiology at the NMJ 

(A, B) Rheb overexpression caused an increase in the number of active zones in larval 

motoneurons at the neuromuscular junction, as shown by anti-CSP staining. (C, D) 

Dietary restriction showed no significant rescue of the Rheb overexpression phenotype at 

the NMJ (E). The hyperfunctional EJP responses seen in Rheb overexpressing animals 

could not be rescued by dietary restriction (YR) that effectively rescued both phototaxis 

behavior and axon misrouting.  Representative traces of EJP measurements are shown in 

(F). * denotes student’s t-test statistics with a probability of p < 0.05. 

 

29  
 



30  
 

B. Effects of activated AMPK on Rheb-overexpression phenotypes 

In addition to caloric restriction, we chose to evaluate whether overexpression of 

AMPK, an energy sensing input to Tor signaling, would rescue Rheb overexpression 

phenotypes.  Overexpression of AMPK via a constitutively active form, AMPKTD, is 

analogous to diet restriction because under low energy conditions, AMPK positively 

regulates TSC1/2 activity and causes a decrease in Tor pathway signaling (see Figure 4) 

(Lee, Koh et al. 2007). Similar to the results observed under caloric restriction, neuronal 

overexpression rescues Rheb mediated axon guidance and phototaxis defects, but does 

not ameliorate synaptic abnormalities (Figure 6 A-D experiments conducted by Adrienne 

Watson). Although overexpression of AMPKTD alone results in a decrease in the synapse 

size, overexpression of AMPKTD and Rheb in concert produces a synapse larger than the 

Rheb-mediated synapse.  Assessment of synaptic physiology shows a similar increase in 

synaptic efficacy in elav-Gal4>UAS-Rheb+;UAS-AMPKTD animals significantly larger 

than elav-Gal4>UAS-Rheb, and wild-type, as well as a modest decrease in EJP amplitude 

in elav-Gal4> UAS-AMPKTD (Figure 6, E).  These data may indicate that the role of 

AMPK is context and tissue specific.  Previous research in epithelial cells and retinal 

cells supports alternate roles for AMPK depending on the tissue type. (Lee, Koh et al. 

2007; Spasic, Callaerts et al. 2008)   



 

 
 
Figure 6: Constitutively active AMPK rescues Rheb-mediated axon guidance and 

phototaxis deficits, but not NMJ overgrowth or amplified synaptic response   

(A-C) Expression of a constitutively activated AMPK together with Rheb decreased the severity and 

occurrence of misrouted axon bundles normally seen in when Rheb is overexpressed.  (D) Flies 

overexpressing Rheb in all neurons show severe phototaxis deficits, which are completely rescued by co-

expression of activated AMPK.  (E-H) Anti-CSP staining of larval neuromuscular synapses.  Co-expression 

of activated AMPK in Rheb-overexpressing neurons did not rescue the Rheb-mediated synaptic overgrowth 

defect, and in fact caused an even greater increase in synapse size.  This contrasts with the significant 

decrease in synapse growth that was observed when activated AMPK was expressed alone.  (I) Co-

expression of activated AMPK in Rheb-overexpressing neurons failed to rescue EJP amplitude defects, 

while AMPK expression had no effect on physiological response when expressed alone. * denotes 

Student’s t-test statistics with a probability of p<0.05. 
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CHAPTER 3: 
 

AKT NEGATIVELY REGULATES SYNAPTOGENESIS 
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I.  INTRODUCTION  

A. Implications of Rheb and PI3K mediated synaptic expansion 

 Our investigation of the effect of nutritional and energy sensing inputs to the 

TSC/Rheb/Tor pathway indicates that Rheb-mediated synapse expansion is insensitive to 

rescue by caloric deprivation or AMPK expression. Both of these manipulations rescued 

Rheb mediated behavioral and axon guidance phenotypes (Howe et al).  These data and 

earlier work in the lab showing that Rheb-mediated synaptic expansion is unaltered by 

the loss of S6K (a Tor-containing complex 1 (TORC1) target) and insensitive to 

rapamycin treatment, indicate that the Rheb mediated synaptic phenotypes are likely 

regulated by Tor-containing complex 2 (TORC2) (Knox, Ge et al. 2007).  In addition, 

unpublished data from the lab indicates that mutations in either Sin1 or Rictor, two key 

components of TORC2, ameliorate Rheb mediated synaptic expansion (Jacinto, Loewith 

et al. 2004; Sarbassov, Ali et al. 2004; Jacinto, Facchinetti et al. 2006).  Previous research 

from other labs, as well as unpublished data from our lab, has demonstrated that the 

overexpression of Pi3 kinase results in NMJ expansion and increased synaptic efficacy 

comparable to that observed with Rheb (Martin-Pena, Acebes et al. 2006; Knox, Ge et al. 

2007). However, in contrast to Rheb, Pi3 kinase overexpression does not result in axon 

guidance defects or behavioral deficits (Howe, Watson et al. in preparation).  These data 

indicate that Rheb mediated phenotypes may be regulated by different mechanisms and 

that Rheb and PI3K may modify the synapse via a shared substrate.  A likely candidate is 

the serine/threonine kinase, protein kinase B (PKB) also known as Akt. 
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B. Characterization and Function of Akt 

Akt was originally identified within a mouse thymoma cell line as an oncogene 

(Staal 1987; Bellacosa, Testa et al. 1991).  Structurally Akt is related to protein kinases A 

and C (PKA/PKC) and is often referred to as PKB.  Akt promotes cell survival directly 

by phosphorylating and inactivating the pro-apoptotic factor BAD.  Akt also indirectly 

promotes cell survival by regulating transcription factors including those of the forkhead 

family, CREB and Iκ-B kinase (Du and Montminy 1998; Paradis and Ruvkun 1998; 

Kane, Shapiro et al. 1999; Wang, Chao et al. 1999; Burgering and Medema 2003).  In 

addition to affecting cell survival, Akt has been shown to play a role in cell growth, 

protein translation, cell cycle progression, angiogenesis, metabolism and the immune 

response, as is illustrated in Figure 7 (Cross, Alessi et al. 1995; Gingras, Gygi et al. 1999; 

Kane, Shapiro et al. 1999; Verdu, Buratovich et al. 1999; Gingras, Raught et al. 2001; 

Rossig, Jadidi et al. 2001; Kim, Yano et al. 2002; Rossig, Badorff et al. 2002; Shioi, 

McMullen et al. 2002; Zhao, Gjoerup et al. 2003; Hietakangas and Cohen 2007).  More 

than 100 substrates for Akt, including TSC2, have been reported (Inoki, Li et al. 2002; 

Manning, Tee et al. 2002).  



 

Figure 7: The Akt Signaling Pathway 

The serine/threonine kinase Akt is an essential effector of multiple regulatory pathways. 

Full activation of Akt requires phosphorylation both within the kinase domain and the C-

regulatory domain.  Akt exhibits both excitatory and inhibitory roles through 

phosphorylation of multiple substrates.  Akt is involved in cell survival, translation 

initiation, glycogen synthesis and cell growth as well as other important cell processes. 
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C. Structure of Akt 

Members of the Akt family are conserved from C. elegans to mammalians.  All 

Akt family members contain the following four structures; an N-terminal regulatory 

domain that contains a pleckstrin homology (PH) domain, a kinase domain with 

serine/threonine specificity, a hinge domain that connects the N-terminal region to the 

kinase domain, and a C-terminal region which induces and maintains kinase activity.  

Mammalian cells express three Akt isoforms, Akt1, Akt2 and Akt3.   These isoforms are 

expressed in varying degrees in different tissue types and have been implicated in 

different processes.  Akt1 is expressed ubiquitously at high levels and is involved in cell 

survival, protein synthesis and cell size.  Akt2 is highly expressed in insulin-sensitive 

tissues where it is involved in the insulin signaling pathway.  Akt3 is expressed highest in 

the brain and testis and its specific function is unknown, although both Akt2 and Akt3 

levels have been demonstrated to be elevated in human tumors and cancer cells (Franke 

et al. 2008).   

The Drosophila genome codes for a single Akt isoform.  In Drosophila the role of 

Akt differs during different developmental stages.  During embryogenesis Akt is required 

for cell growth, survival, centrosome migration and correct spindle orientation (Staveley, 

Ruel et al. 1998; Scanga, Ruel et al. 2000; Buttrick, Beaumont et al. 2008).  Later in 

development Akt regulates size in a cell-autonomous manner, but does not contribute to 

survival (Verdu, Buratovich et al. 1999).   
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D. Activation of Akt 

 Maximal activation of Akt requires the phosphorylation of two sites, T308 in the 

kinase domain and S473 in the C-terminal domain (in Drosophila T342 and S505 

respectively) (Alessi, Andjelkovic et al. 1996; Andjelkovic, Alessi et al. 1997; Chan, 

Rittenhouse et al. 1999; Song, Ouyang et al. 2005; Wilson, Vereshchagina et al. 2007).  

Prior to phosphorylation Akt is recruited to the membrane by phosphatidylinositol-3 4 5-

trisphosphate (PIP3) binding to the N-terminal PH domain (Alessi, Andjelkovic et al. 

1996; Andjelkovic, Alessi et al. 1997).  Once sequestered at the membrane Akt is 

phosphorylated on T308 by phosphoinositide kinase-1 (PDK1) and at S473 by “PDK2” 

illustrated in Figure 7 (Alessi, Andjelkovic et al. 1996).  Although several kinases have 

been proposed for the role of PDK2 recent data suggests that TORC2 is the most likely 

candidate (Sarbassov, Guertin et al. 2005; Yang, Inoki et al. 2006).  Phosphorylation of 

T308 alone confers partial activation of Akt but phosphorylation on both sites is required 

for optimal activation.    

The dependence of Akt on activation of the PI3K pathway (initiating PIP3 activity 

and PDK1 activation) and TORC2 for activation of Akt led us to propose that Akt is a 

key substrate of both pathways and plays a critical role in synaptic expansion observed at 

the Drosophila NMJ.  To evaluate whether or not Akt is required for NMJ development 

we examined the synapse of hemisegment A2, muscles 6/7 in Akt mutants.  We also 

evaluated the synapse of animals with expression of an Akt construct expressed 

specifically in either the muscle or nervous tissue to determine if the whether the loss of 

Akt function effects presynaptic or postsynaptic mechanisms. 
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II.  MATERIALS AND METHODS 

A. Immunohistochemistry 

For visualization of NMJ synapses, third instar larvae were prepared and stained 

with ant-CSP and FITC-conjugated HRP as previously described. Determination of 

bouton pixel number was also performed as previously described on hemisegment A2, 

muscles 6/7.  

B. Electrophysiology 

Excitatory junction potential (EJP) recordings were taken from muscle 6, as is 

described above.  Muscle six of A2 was impaled with the recording electrode, and prior 

to stimulation, recordings were taken for 1 min. to measure spontaneous activity, 

miniature excitatory junctional potentials (mEJPs).  Following the recording of 

miniatures, EJP measurements were conducted on the same muscle, following the 

protocol previously described.  EJP amplitudes and mEJP amplitudes and frequency were 

measured with MiniAnalysis software from Synaptosoft. 

C. Fly Stocks   

To evaluate the role of Akt in synaptogenesis at the Drosophila NMJ the 

following Akt mutant alleles were obtained: Akt11 (loss of function) and ry506 

P{PZ}Akt104226/TM3, ryRK Sb1 Ser1(Akt104226, a hypomorphic allele with P-element 

activity) and w1118; P{GD1361}v2902 (UAS-AktRNAi).  Animals with a transheterallelic 

combination (Akt11/ Akt104226) and homozygous Akt104226 were evaluated. UAS-Akt 

AktRNAi was expressed in neurons by crossing UAS-AktRNAi animals to w*;P[w+;Gal4-

elav.L]2/CyO P[w+;ActGFP] and in muscles by crossing UAS-AktRNAi to G14-Gal4/CyO 

P[w+; ubi-GFP].  Oregon-R stocks were used as a wild-type control.   

http://flybase.org/reports/FBst0011627.html
http://flybase.org/reports/FBst0011627.html
http://flybase.org/reports/FBst0011627.html
http://flybase.org/reports/FBst0011627.html
http://flybase.org/reports/FBst0011627.html
http://flybase.org/reports/FBst0011627.html
http://flybase.org/reports/FBst0011627.html
http://flybase.org/reports/FBst0011627.html
http://flybase.org/reports/FBst0011627.html
http://flybase.org/reports/FBst0011627.html
http://flybase.org/reports/FBst0011627.html
http://flybase.org/reports/FBst0457770.html
http://flybase.org/reports/FBst0457770.html
http://flybase.org/reports/FBst0457770.html
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III.  RESULTS 

A. Akt negatively regulates synaptogenesis at the NMJ 

To evaluate the involvement of Akt in synaptogenesis we used the Drosophila 

third instar larval neuromuscular junction (NMJ).  We have previously demonstrated that 

overexpression of either Rheb or PI3K results in synaptic expansion at muscle 6/7 (Knox 

et al., 2007). Akt is uniquely situated downstream of both Rheb and PI3K in a key 

position to mediate synapse growth so it follows that loss of Akt would result in a 

reduction in synapse size.  In fact, we found that loss of Akt in either a hypomorphic 

mutant Akt104226 or a transheterallelic combination of Akt104226 and a null allele Akt11 

resulted in an enlarged synapse, measured by the number of CSP labeled pixels/muscle 

area (Akt104226 = 75% increase, Akt11/ Akt104226 = 87% increase)  shown in Figure 8.  This 

enlargement corresponds to a decrease in muscle size in Akt104226 homozygous animals 

(23%) and an increase in CSP positive pixels (36%) in comparison to wild-type.  In the 

Akt11/ Akt104226 there is a decrease in muscle size (53%) from wild-type, but a 

comparable amount of CSP positive pixels resulting in a larger synapse.   

During larval growth muscle size increases more than 100 fold (Budnik, 1996, 

Guan et al.,1996). As previously mentioned this rapid and substantial growth requires 

tight regulation of both pre- and postsynaptic components to form a functional synapse.  

It is likely that this coupling is controlled by a retrograde signal from muscle to neuron. 

It is important to note that even if the change in synapse size in Akt mutants is due largely 

to a reduction in muscle size rather than increase in presynaptic active zones, this is not a 

trivial result.  Despite the disparity in muscle size, presynaptic active zones are still 

established at wild-type levels, in Akt mutants. 
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 The finding that Akt is a negative regulator of synaptic growth is in opposition to 

a role for Akt as the shared substrate for Rheb and PI3K mediated synaptic expansion.  

We originally hypothesized that loss of Akt would result in a reduction in synapse size 

and as such may have provided a method by which to rescue Rheb and PI3K mediated 

overgrowth.  The increase in synapse size that we observe in Akt mutant indicates that it 

would be unlikely that loss of Akt would rescue these phenotypes.  In actuality, neuronal 

Rheb overexpression in  a heterozygous Akt mutant background (either Akt104226/+ or 

Akt11/+) results in a synapse that is larger than either Rheb overexpression or partial loss 

of Akt alone (elav-Gal4/UAS-Rheb = 0.085, Akt11/+ = 0.055, elav-Gal4/UAS-

Rheb;Akt11/+ = 0.13).  The additive nature of this data indicates that Akt negatively 

regulates synaptic expansion by a mechanism that is independent of Rheb and likely the 

TSC/Rheb/Tor pathway.   

 Our data suggests that if Akt phosophorylation at S473 is dependent on TORC2, 

then in doing so it may result in a differential activation of Akt.  It is possible that 

dependending on the phosphorylation state (non-phophorylated, monophosphorylated or 

biphosphorylated) Akt may play different roles in synapse enlargement.  If this is the 

case, then our data supports a model in which biphosphorylation of the remaining Akt 

results in synaptic enhancement.   The existence of a splice variant of mammalian Akt3, 

which lacks this second PDK2 mediated phosphorylation site, further supports a role for 

monophosphorylated Akt (Facchinetti V, W. Ouyang  et al. 2008).  It is also possible that 

an alternate kinase, such as DNA-PK or lipid raft-associated proteins, acts as PDK2 in 

regards to synaptic enhancement and therefore TORC2 is not involved in Akt activation 

at the synapse (Bozulic L, B. Surucu et al. 2008,  Hill MM, J. Feng et al. 2002). 



 

 

 

Figure 8: Loss of Akt results in synaptic expansion 

Panels A-C are representative images of the respective genotypes stained for anti-CSP.  

Loss of Akt results in an increase in synapse size as is measured by CSP Pixel#/MSA 

(μm2), quantified in D.  In Akt104226 animals the increased synapse size corresponds to a 

decrease in muscle and an increase in CSP positive pixels in comparison to OreR.  In 

Akt11/Akt104226 animals there is a decrease in muscle area and a comparable amount of 

CSP positive pixels in comparison to OreR.  ** denotes student’s t-test statistics with a 

probability of p < 0.01. 
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B. Loss of Akt results in an increase in synaptic efficacy 

Synaptic enlargement does not always correlate with an increase in synaptic 

activity.  For example, mutations in highwire, a known regulator of synapse development, 

have an enlarged synapse that is functionally compromised (Wan, DiAntonio et al. 2000; 

Wu, Wairkar et al. 2005). To determine if loss of Akt also resulted in a functional change 

at the NMJ we measured the amplitude of the excitatory junctional potential (EJP). In 

both of our mutant phenotypes we observed an increased response to a suprathreshold 

stimulus (27% in Akt104226 animals, 15% in Akt11/Akt104226 animals) compared to that 

observed in control animals (Figure 9 E, quantified in G).  At the NMJ, spontaneous 

release of neurotransmitter results in a small depolarization of the muscle known as a 

mini-excitatory junctional potential (mEJP).  These small spontaneous responses serve as 

a measurement of both vesicle release (frequency) and postsynaptic response  to 

neurotransmitter (amplitude) (Li, Ashley et al. 2007; Lee, Ueda et al. 2008). Loss of Akt 

resulted in an increase in the amplitude of mEJPs by 43% in Akt104226 animals and 68% in 

Akt11/Akt104226, but no change in frequency in comparison to control synapses (Figure 9F, 

quantified in G).   These data indicate that despite being a downstream substrate of the 

TSC-Rheb-TOR and PI3K growth regulatory pathways, Akt is a negative regulator of 

synapse size and efficacy.  



 

 

 

 

 

Figure 9: Loss of Akt results in an increase in synaptic efficacy 

(A) Representative traces of suprathreshold stimulus response (EJP) and spontaneous 

activity (mEJP) in wild-type and Akt mutant animals. (B) Both Akt mutants exhibit an 

increased synaptic response.  In addition, both mutants show an increase in mEJP 

amplitude (B), but do not exhibit any changes in mEJP frequency (data not shown). * 

denote student’s t-test statistics with a probability of p < 0.05, ** p<0.01. 

 

 

 

 

43  
 



44  
 

C. Akt is involved in the development of both pre- and postsynaptic structures in a cell 

autonomous manner 

By examining Akt mutant alleles we established that Akt is involved in 

synaptogenesis, but we can not conclude whether this involvement is presynaptic or 

postsynaptic, although the increased mEJP amplitude does allude to postsynaptic 

changes.  To determine whether or not Akt mediates synaptogenesis through pre- and/or 

postsynaptic changes we obtained a UAS-AktRNAi construct from the Vienna Drosophila 

RNAi Center.  By using a Gal4 expression line specific to muscle we were able to reduce 

postsynaptic Akt.  Loss of Akt in the muscle results in a reduction in muscle size, but no 

change in CSP staining, resulting in a synapse that is more than double that of control 

animals (Figure 10A).  G14-Gal4 >UAS-AktRNAi animals pupate but do not eclose and the 

overall size of the larvae, as well as muscles 6 and 7, is smaller than Akt11/Akt104226 

animals (Figure 10B).  Although Akt11/Akt104226 have reduced zygotic expression of Akt, 

maternal contributions which allow for these animals to successfully eclose, may reduce 

the severity of the phenotype (Buttrick et al 2008, Jin et al 2001, reviewed in Sheid et 

al.).  Presynaptic expression of AktRNAi with the pan-neuronal driver elav-Gal4 results in a 

35% increase in synapse size.  In this case synaptic expansion is due to a significant 

increase in CSP staining (Figure 10C).  These data indicate that Akt is involved in the 

development of both pre- and postsynaptic structures, and that it does so in a cell 

autonomous manner.  Expression of UAS-AktRNAi in the fat body, the Drosophila 

humoral sensing organ, also results in synaptic expansion with moderate effects both pre- 

and post-synaptically (data not shown). 

 



 

 

Figure 10: Akt affects synaptogenesis pre- and postsynaptically in a cell autonomous 

manner 

Cell specific disruption of Akt by selectively expressing AktRNAi results in an increase in 

synapse size (CSP pixel #/MSA (μm2)) as is depicted in the top graph.  This increase in 

size is the result of a decrease in muscle size in G14-Gal4>UAS-AktRNAi animals where 

Akt function is compromised postsynaptically (bottom left) and by an increase in CSP 

positive pixels in elav-Gal4>UAS-AktRNAi animals where Akt function is compromised 

presynaptically (bottom right) indicating that Akt function is cell autonomous. ** denotes 

student’s t-test statistics with a probability of p < 0.05. 
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CHAPTER 4: 
 

AKT IS REQUIRED FOR SYNAPTIC LOCALIZATION OF GLURIIA AND GLURIIB 
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I. INTRODUCTION  

In Chapter 3 we demonstrated that Akt regulates synaptic structure and function.  

Akt mutants display enlarged synapses with increased electrophysiological responses as 

measured by EJP and mEJP amplitude.  Tissue specific suppression of Akt function 

illustrates both a presynaptic and a postsynaptic role for Akt.  Suppression of Akt in the 

neuron results in an increase in CSP positive pixels.  In contrast, suppression of Akt in 

the muscle results in a decrease in muscle size.  In Akt mutant animals which display pre 

and postsynaptic changes we see an increase in the amplitude of mEJPs, as well as EJPs.  

Alterations in miniature amplitude at the Drosophila NMJ are attribute to postsynaptic 

structure, and to receptor composition in particular (DiAntonio, Petersen et al. 1999; Lee, 

Ueda et al. 2008)  Therefore, we further examined postsynaptic changes within our Akt 

mutants and with postsynaptic expression of AktRNAi to determine if the changes in 

efficacy are the result of changes in receptor subunit composition. 

As a glutamatergic synapse the Drosophila NMJ is more similar to synapses 

within the vertebrate central nervous system then the cholinergic vertebrate NMJ.   The 

ionotropic non-NMDA glutamate receptors (GluRs) of the Drosophila NMJ are 

heteromeric tetramers of two types, A-Type and B-Type.  Three of the subunits, 

GluRIIC, GluRIID and GluRIIE are present in all in both types (Qin et al., 2005, 

Featherstone et al., 2005, Marrus et al 2004).  The fourth subunit within this tetramer can 

be either GluRIIA or GluRIIB (A-Type and B-Type receptors, respectively) and localize 

to independent postsynaptic densities (PSDs).  Null mutants of GluRIIC, GluRIID or 

GluRIIE or GluRIIA/GluRIIB double mutants are embryonic lethal (Qin, Schwarz et al. 

2005).  Examination of these embryos, which fully develop but lack coordinated 
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movements, shows interdependency between receptor subunits.  Genetic abolishment of 

one subunit type (or GluRIIA and GluRIIB) results in an absence of all subunit types 

(Qin, Schwarz et al. 2005; Schmid, Hallermann et al. 2008).   

A-Type and B-Type receptors exhibit different single channel properties and 

expression patterns during development(Schmid, Hallermann et al. 2008). A-Type 

receptors are more abundant at immature synapses than B-Type.  New synapses form de 

novo, rather than splitting from existing synapses, and mature over several others, during 

which time the there is a shift toward B-Type receptors.  The presence of GluRIIA but 

not GluRIIB has been demonstrated to be a rate limiting component of synapse 

formation.   In vivo imaging studies indicate that GluRIIA is recruited to the synapse 

from diffuse extra-synaptic pools (Schmid, Hallermann et al. 2008). GluRIIA may in fact 

be translated in the subsynaptic reticulum (SSR) (Sigrist, Thiel et al. 2000). A-Type 

synapses have larger mEJP amplitudes and a larger time constant of decay than B-Type 

receptors (Sigrist, Thiel et al. 2000; Schmid, Hallermann et al. 2008).  We hypothesized 

that our Akt mutants, with increased mEJP amplitudes, would show an increase in A-

Type receptors in comparison to wild-type. 
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II.  MATERIALS AND METHODS 

A. Immunohistochemistry 

For visualization of NMJ synapses, dissections were performed as previously 

mentioned. For GluRIIA and GluRIIB labelling preparations were fixed in Bouin’s 

fixative (70% picric acid, 25% 37% formaldehyde, 5% glacial acetic acid) for 5 minutes 

and then washed before staining with anti-GluRIIA at 1:100 (8B4D2, Developmental 

Studies Hybridoma Bank) or rabbit polyclonal GluRIIB (a gift from Dr. Aaron 

DiAntonio) at 1:500 and FITC-conjugated Anti-HRP at 1:50 (Jackson Labs).  Staining 

was visualized with Alexa Fluor-conjugated secondary antibodies (Invitrogen).  For 

image analysis, individual confocal optical sections were volume rendered and then 

viewed in Adobe Photoshop 7.0.1. 

B. Fly Stocks   

To evaluate the role of Akt in GluR localization at the Drosophila NMJ the 

following animals were used: a transheterallelic combination (Akt11/ Akt104226) and UAS-

AktRNAi expressed in neurons by crossing UAS-AktRNAi animals to w*;P[w+;Gal4-

elav.L]2/CyO P[w+;ActGFP] and in muscles by crossing UAS-AktRNAi to G14-Gal4/CyO 

P[w+; ubi-GFP].  Oregon-R stocks were used as a wild-type control.  All crosses were 

reared at 25˚C unless otherwise noted. 
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III.  RESULTS 

A. Akt mediates synaptic localization of GluRIIA 

Since Akt mutant NMJs have an increase in mEJP amplitude in comparison to 

wild-type animals we hypothesized that these synapses were composed predominantly of 

A-Type receptors. To evaluate this hypothesis we stained for the presence of GluRIIA at 

these synapses.  To our surprise, loss of Akt results in a reduction in synaptic localization 

of GluRIIA (Figure 11A-F).  In G14-Gal4>UAS-AktRNAi animals, GluRIIA is almost 

completely absent from the synapse, and is instead localized in a banding pattern though-

out the muscle (Figure 11C-D).  Synaptic localization is partially rescued and banding 

reduced in G14-Gal4>UAS-AktRNAi animals reared at 18˚C (data not shown).  

Akt11/Akt104226 animals also exhibit a banding pattern of GluRIIA, but maintain a higher 

level of synaptic localization of GluRIIA (Figure 11E-F).   These data indicate that Akt 

mediates synaptic localization of GluRIIA.  



 

 

 

 

Figure 11: Akt is required for synaptic localization of GluRIIA 

A-F representative images of GluRIIA (red) distribution and levels, HRP (green) 

indicates neuronal processes.  At wild-type synapses (A&B) GluRIIA is localized 

opposite of pre-synaptic active zones at the synapse, with little to no non-synaptic 

localization.  In G14-Gal4>UAS-AktRNAi animals GluRIIA is almost entirely absent from 

the synapse, rather it is present in non-synaptic bands (C&D).  Akt11/Akt104226, a milder 

phenotype, displays a moderate shifting of GluRIIA localization from the synapse to non-

synaptic bands (E&F). 
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B. Akt mediates synaptic localization of GluRIIB 

 Unlike GluRIIC, GluRIID, and GluRIIE, GluRIIA is not required to form a 

functional receptor.  As previously mentioned there are two classes of GluRs present at 

the Drosophila NMJ, GluRIIA and GluRIIB, and transgenic expression of either is 

capable of rescuing double mutants (DiAntonio, Petersen et al. 1999; Qin, Schwarz et al. 

2005).  It is possible that Akt mutants have an accumulation of GluRIIB at the synapse to 

compensate for a loss in GluRIIA.  In fact, GluRIIB is absent from the synapse in G14-

Gal4/+;UAS-AktRNAi/+ animals which show mislocalization of GluRIIA.   Animals that 

lack both GluRIIA and GluRIIB are embryonic lethal but we find that G14-Gal4/+;UAS-

AktRNAi/+ animals, which show very little synaptic localization of either subunit, are not 

only viable as larvae but are able to crawl and successfully pupate.  This suggests that the 

low levels of GluRIIA and GluRIIB present at the synapse are adequate for survival and 

for larval locomotion.  Akt11/Akt104226 animals with partial mislocalization of GluRIIA, 

actually show an increased EJP and mEJP amplitude.  Unfortunately, due to reduction in 

muscle size and durability, we have been unable to evaluate the physiology of G14-Gal4 

>UAS-AktRNAi animals.  



 

 

 

 

 

 

 

Figure 12: Akt is required for synaptic localization of GluRIIB 

In wild-type animals GluRIIB (red) is localized postsynaptically (A&B).  In G14-

Gal4>UAS-AktRNAi animals GluRIIB is absent at the synapse (C&D). 
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CHAPTER 5: 
 

NF-B AND IB ARE INVOLVED IN AKT MEDIATED GLUR LOCALIZATION 
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I.  INTRODUCTION  

 In the previous chapter we demonstrated that Akt mediates GluR localization to 

the synapse.   The reduction in Akt directly correlates with a loss of GluRIIA and 

GluRIIB at the synapse, and a mislocalization of GluRIIA through out the muscle in a 

banding pattern.  A thorough examination of the literature showed no known direct 

relationship between Akt and GluR localization, so we turned to known substrates of Akt.  

Although Akt has more than one hundred recognized substrates, it is as its original role as 

an oncogene that it is most widely known.   

Akt promotes cell survival via both indirect and direct mechanisms (Reviewed in 

Song et al., 2005, Franke, 2008, etc).  One such indirect mechanism is activation of the 

transcription factor NF-κB.  Akt modulates NF-κB activity by phosphorylating IκB 

kinase (IKK), which subsequently phosphorylates NF-κB’s binding partner IκB, allowing 

for translocalization of NF-κB to the nucleus and promoting transcription of anti-

apoptotic genes (Kane et al., 1999, Lauder et al., 2001  Phosphorylated IκB is 

ubiquinated and then degraded in the proteasome (Li et al. 1995, Palombella et al., 1994).  

This link between Akt and the IKK/ IκB/ NF-κB pathway is of interest to our current 

study in that both NF-κB and IκB have recently been shown to control GluRIIA density 

at the Drosophila NMJ (Heckscher et al., 2007). In Dorsal protein null mutant animals 

(dl2/dlH) GluRIIA is significantly reduced at the synapse and synaptic function is 

compromised.  Surprisingly, cactus mutants, cactus/dorsal double mutants and 

transheterallelic mutants (cact13/dlH) also show similar reductions in GluRIIA.  However, 

dorsal transactivation mutants do not show a reduction in GluRIIA.  There is also no 

increase in Dorsal within the muscle nuclei or in the levels of transcriptional products in 
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any of the cactus alleles or with overexpression of dorsal.  These data indicate that 

Cactus is acting in concert with, rather than in opposition to, Dorsal to control GluRIIA 

abundance at the NMJ.  In addition, Dorsal and cactus do so in a manner that is not 

transcription dependent (Heckscher et al 2007).  To evaluate if Dorsal and/or Cactus were 

involved in the GluRIIA phenotype that we observe in our Akt alleles we examined the 

levels of Dorsal, Cactus and GluRIIA in G14-Gal4>UAS-AktRNAi animals which have the 

most pronounced loss of GluR and mislocalization of GluRIIA. 
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II.  MATERIALS AND METHODS 

A. Immunohistochemistry 

For visualization of NMJ synapses, dissections were performed as previously 

mentioned. Preparations were fixed in Bouin’s fixative for 5 minutes and then washed 

before staining.  The following antibodies were used: anti-GluRIIA at 1:100 (8B4D2, 

Developmental Studies Hybridoma Bank), rabbit polyclonal GluRIIB (a gift from Dr. 

Aaron DiAntonio), at 1:500, rabbit anti-Cactus (1:1000) and rabbit anti-Dorsal (1:500) 

from Steve Wasserman (University of California, San Diego) and FITC-conjugated Anti-

HRP at 1:50 (Jackson Labs). Staining was visualized with Alexa Fluor-conjugated 

secondary antibodies (Invitrogen).  
 
B. Imaging 
 

Images were captured with a Nikon C1 confocal microscope. Individual confocal 

optical sections were volume rendered and then viewed in Adobe Photoshop 7.0.1.  For 

comparisons of fluorescent intensities, samples from different genotypes were dissected 

and fixed identically, processed in the same tube and imaged at identical exposures and 

light intensities. For quantification of GluRIIA, Dorsal and Cactus fluorescence intensity, 

the entire area of muscles 6/7 was identified. Fluorescence intensity was quantified by 

measuring the average pixel intensity across this area with a 2D confocal projection 

image. (Albin and Davis 2004) 

C. Fly stocks 

To evaluate the role of Akt in Dorsal and cactus localization at the Drosophila 

NMJ the following animals were evaluated; Akt11/Akt104226, G14-Gal4/+;UAS-AktRNAi/+ 

and  Oregon-R stocks were used as a wild-type control.   
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III.  RESULTS 

A. Postsynaptic loss of Akt increases GluRIIA and Dorsal in the muscle and decreases 

Cactus levels 

When we expressed UAS-AktRNAi specifically in the muscle, we observed a nearly 

complete loss of GluRIIA at the synapse.  However, in these animals GluRIIA appears to 

be present at high levels in a banding pattern throughout the muscle.  To quantify the 

levels of GluRIIA we used methods previously described, but because GluRIIA appears 

to be distributed throughout the muscle, we took the average intensity across the entire 

area of muscles 6/7 rather than only at pixels co-labeled with the synaptic marker ant-

CSP (Albin and Davis 2004).  In G14-Gal4>UAS-AktRNAi animals there is a 44% increase 

in GluRIIA staining throughout muscles 6/7 (Figure 13).  We also saw a modest increase 

in Dorsal labeling in a pattern similar to that of GluRIIA that will be discussed in more 

detail later in this chapter.  In contrast, levels of Dorsal’s binding partner Cactus, which 

has previously been shown to be required for GluRIIA synaptic localization, are 

significantly reduced in G14-Gal4>UAS-AktRNAi animals (11%) (Figure 13).  HRP 

labeling was used as a negative control and shows no change in labeling.   



 

 

Figure 13: Akt mediates levels of GluRIIA, Dorsal and Cactus 

Levels of GluRIIA are increased in G14-Gal4>UAS-AktRNAi animals (blue) compared to 

wild-type (red).  Levels of Dorsal are also moderately increased.  In contrast, levels of 

Cactus are significantly reduced in G14-Gal4>UAS-AktRNAi animals.  Levels of HRP are 

on unaltered in G14-Gal4>UAS-AktRNAi animals. * indicates a p-value < 0.05. 
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B. Dorsal localization is diffuse and often adjacent to GluRIIA in Akt mutants 

In wild-type animals Dorsal and Cactus localize postsynaptically surrounding 

GluR receptors (Figure 14 A-D, J-L), (Cantera et al 1999, Heckscher et al 2007).  Since 

our Akt mutants show a mislocalization of GluRIIA, we examined the localization of 

Dorsal and Cactus in these mutants.  In mutants that display the most drastic 

mislocalization of GluRIIA (G14-Gal4>UAS-AktRNAi), Dorsal is also localized in a 

banding pattern with bands adjacent to those of GluRIIA (Figure 14 D-F).   Levels of 

synaptic Dorsal appear reduced in comparison to wild-type but overall levels are 

increased (Figure14 C,F,I, Quantified in Figure 13).  Akt11/Akt104226 which showed a less 

severe loss of synaptic GluRIIA localization, also exhibits a more moderate 

mislocalization of Dorsal (Figure 14G-I).  

 

C. Cactus remains localized to the synapse in Akt mutants 

 If Cactus and Dorsal are required as a complex to control GluRIIA abundance at 

the synapse it is surprising to find that the protein levels have an opposite response to loss 

of Akt.   In addition to differences in protein levels it is also there is also a difference in 

localization.  Although levels of Cactus are reduced in G14-Gal4>UAS-AktRNAi animals 

there is no change in Cactus localization (Figure 15A-C). 



 

Figure 14: Akt is required for synaptic localization of Dorsal but not Cactus 

Dorsal and Cactus are localized postsynaptically, adjacent to GluRIIA (A-C). In G14-

Gal4>UAS-AktRNAi animals dorsal levels are increased overall with diffuse staining 

throughout the muscle that is partially present in bands adjacent to GluRIIA and reduced 

at the synapse (D-F).  Dorsal is also mislocalized in Akt11/Akt104226 animals (G-I) 
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Figure 15:  Cactus is localized to the synapse, surrounding GluRIIA 

Cactus (blue) remains localized to the synapse but in a reduced amount in G14-

Gal4>UAS-AktRNAi animals.  Similar to wild-type Dorsal, Cactus surrounds GluRIIA 

(red) at wild-type NMJs. 
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D. Akt regulates GluRIIA localization through Cactus 

 In Drosophila NF-κB (Dorsal) translocation has been demonstrated to be 

dependent on the degradation of IκB (Cactus) (Geisler, Bergmann et al. 1992; Bergmann, 

Stein et al. 1996).  Cactus mutants display a more ventralized phenotype, resulting from 

an abundance of nuclear Dorsal (Geisler, Bergmann et al. 1992; Bergmann, Stein et al. 

1996).  In Drosophila phosphorylation of Cactus by ird5, a homolog of mammalian IκB 

is responsible for Cactus degradation.  In mammals the canonical NF-κB signaling is 

dependent on IKK phosphorylation of IB, but it is an alternate form of IKK, IKK, that 

is involved in Akt modulation of IB and NF-κB (Hacker & Karin, (2006).  Both IKK 

and IKKB can directly phosphorylate IB.  Phosphorylation of IB by both forms of IKK 

is enhanced by IB binding to NF-κB.  Drosophila also has two homologs of IKK, ird5 

(IKKβ) which phosphorylates Cactus, and IK2 (IKK).  If Cactus levels in Drosophila 

were completely dependent on Akt activity, then loss of Akt would result in an increase 

in Cactus.  However, we observe a decrease in Cactus, that while significant, only 

accounts for approximately 11% of endogenous levels.  Our data, as well as these 

previous studies indicate that there are at least two forms of Cactus present in the muscle, 

an Akt sensitive form and an Akt insensitive (or negatively regulated) form.  To 

determine if loss of Akt mediates Dorsal and GluRIIA levels and localization in a Cactus 

dependent manner we over-expressed UAS-Cactus and UAS- AktRNAi simultaneously in 

the muscle with G14-Gal4.  When we drive UAS-Cactus and UAS- AktRNAi 

simultaneously in the muscle we observe a rescue of the GluRIIA localization phenotype 

(Figure 15).  In addition, we also observe a rescue of both larval size and pupal lethality.  

Unfortunately, we have not been able to confirm that the UAS-AktRNAi construct is 
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present in these animals.  To confirm the presence of UAS-AktRNAi we plan to evaluate 

the documned UAS-AktRNAi phenotypes in animals that do not express UAS-Cactus 

(indicated by the presence of the CyO, GFP, balancer.   If UAS-AktRNAi is present, then 

in the absence of UAS-Cactus, it will result in lethality when expressed in the eye by ey-

Gal4 and GMR-Gal4 or in the notum by pnr-Gal4.  We also plan to confirm the presence 

of UAS-AktRNAi and UAS-Cactus with PCR. 

 



 

 

 

 

 

 

Figure 16:  Akt mediates GluRIIA localization through Cactus 

Simultaneous expression of AktRNAi and cactus increases Cactus (blue) localization at the 

synapse and restores synaptic GluRIIA (red) localization.   
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CHAPTER 6: 
 

GluRIIA Localization 
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I.  INTRODUCTION  

In the previous chapters we demonstrated that Akt mediates synaptic localization 

of GluRIIA and that this process may be regulated through a Cactus dependent 

mechanism.  However, it is still unknown where non-synaptic GluRIIA is localizing in 

the absence of Akt.  From our initial studies it is unclear whether the bands of GluRIIA 

that we observe are bound to the plasma membrane or contained with in the cytoplasm.   

It is possible that GluRIIA subunits are initially inserted into the plasma membrane but 

are then subsequently endocytosed.  Alternatively, GluRIIA may fail to ever localize to 

the plasma membrane.  It has previously been demonstrated that GluRIIA is translated in 

the membranous SSR, and in the absence of Akt, GluRIIA may remain SSR bound 

(Sigrist, Thiel et al. 2000; Parnas, Haghighi et al. 2001).  Alternatively, the non-synaptic 

GluRIIA observed in Akt mutants may be associated with another membranous structure 

such as the endoplasmic reticulum, rather than the plasma membrane or the SSR.  In the 

muscles of Drosophila, as well as mammals, the components of the muscle machinery 

are present in a banding pattern, as is seen in electromicrographs.  It is therefore, possible 

that the bands of GluRIIA that we observe are associated with one or more of these 

components.   
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II.  MATERIALS AND METHODS 

A. Immunohistochemistry 

For visualization of NMJ synapses, dissections were performed as previously 

mentioned. The following antibodies were used: anti-GluRIIA at 1:100 (8B4D2, 

Developmental Studies Hybridoma Bank), wheat germ agglutinin® 633 conjugate 

(Molecular Probes), Actin antibody, rabbit polyclonal (Abcam), alpha Actinin antibody 

[MAC 276], rat monoclonal (Abcam), Myosin antibody [MAC 147], rat monoclonal 

(Abcam), Rab5 antibody, Drosophila early endosomal marker, rabbit polyclonal 

(Abcam), rat polyclonal; anti-syndapin, (A generous gift from Mani Ramawami) and 

FITC-conjugated Anti-HRP at 1:50 (Jackson Labs). Staining was visualized with Alexa 

Fluor-conjugated secondary antibodies (Invitrogen).  WGA staining was visualized with a 

LSM 710 Zeiss confocal microscope in manner similar to that previously described.   
 
C. Fly Stocks 

For non-synaptic GluRIIA localization at the Drosophila NMJ the following 

animals were used: UAS- AktRNAi expressed in muscles by crossing UAS-AktRNAi to G14-

Gal4/CyO P[w+; ubi-GFP].  Oregon-R stocks were used as a wild-type control.   
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III.   RESULTS 

A. Non-synaptic GluRIIA is not bound to the plasma membrane  

We first determined if the non-synaptic GluRIIA observed in Akt mutants is 

bound to the plasma membrane.  Recent work in the lab of David Featherstone has shown 

that GluRIIA and GluRIIB are present in abundance in the absence of microRNA-

mediated subunit repression.  This abundance of GluR subunits includes non-synaptic 

GluR subunits which are contained in the cytoplasm, rather than bound to the plasma 

membrane (Karr, Vagin et al. 2009).  To determine if non-synpatic GluRIIA is bound to 

the plasma membrane we used the lectin wheat germ agglutinin (WGA) conjugated to 

Fluor 633 (Molecular Probes).  WGA is a lectin from wheat germ, that selectively binds 

N-acetylglosamine and sialic acid residues on the plasma membrane (Chang, Bennett et 

al. 1975).   WGA stains the plasma membrane of muscles 6/7 in G14-Gal4>UAS-AktRNAi 

Drosophila larvae (Figure 17).  Non-synaptic GluRIIA is not bound to the plasma 

membrane, as is displayed by the absence of WGA and GluRIIA co-labeling in Figure 

17.  However, this experiment does not indicate whether or not non-synaptic GluRIIA, a 

transmembrane protein, is associated with a membrane within the cytoplasm. 

 

B. Non-synaptic GluRIIA is not endocytosed from the membrane 

The absence of GluRIIA at the plasma membrane in G14-Gal4>UAS-AktRNAi animals 

does not eliminate the possibility that GluRIIA initially localizes to the plasma membrane 

at the synapse.  To determine if GluRIIA subunits were endocytosed from the plasma 

membrane we co-labeled with Rab5.  Rab5 is an early endosomal marker and is essential 

for endosome integrity (Wucherpfennig, Wilsch-Brauninger et al. 2003).  In wild-type 
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animals Rab5 labeling at the synapse appears punctuate.  Loss of Akt does not modify 

Rab5 staining and GluRIIA does not co-localize with Rab5, indicating that GluRIIA is 

not contained within early endosomes (Figure 18).  Although GluRIIA does not co-

localize with Rab5 it is still possible that GluRIIA is endocytosed.  The imaging method 

used is performed on fixed tissue, capturing only a single time point.  GluRIIA may have 

been endocytosed at an early time point which would not be displayed using this method.  

Living imaging studies would better demonstrate if in fact these subunits are initially 

inserted into the plasma membrane and subsequently endocytosed.   



 

Figure 17: Non-synaptic GluRIIA is not membrane bound 

The lectin, wheat germ agglutinin® Alexa Fluor 555 (red) was used to label the 

membrane of 3rd Instar G14-Gal4>UAS-AktRNAi Drosophila larvae.  The non-synaptic 

GluRIIA (blue) present in G14-Gal4>UAS-AktRNAi animals is not membrane bound. 

 

Figure 18: Non-synaptic GluRIIA is not contained within early endosomes 

The protein Rab5 (blue) is present in early endosomes.  In both wild-type and G14-

Gal4>UAS-AktRNAi animals Rab5 labeling is diffuse and present in puncta.  Rab5 puncta 

are not co-labeled with GluRIIA in either wild-type or G14-Gal4>UAS-AktRNAi animals 

indicating that GluRIIA is not likely contained within endosomes. 
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C. Non-synaptic GluRIIA is not contained in the sub-synaptic reticulum 

 Since GluRIIA is not contained with endosomes and therefore is unlikely to ever 

localize to the synaptic membrane, we evaluated if non-synaptic GluRIIA remains in the 

SSR where it is translated.  The F-Bar protein, Syndapin is associated with the SSR of the 

Drosophila NMJ (Kumar, Fricke et al. 2009).  Co-labeling for Syndapin and GluRIIA 

reveals synaptic labeling of Syndapin in post synaptic specializations surrounding 

boutons in wild-type animals (Figure 19). We also see Syndapin is in lower levels in 

bands, which was previously observed in wild-type animals (Kumar, Fricke et al. 2009).  

In G14-Gal4>UAS-AktRNAi animals Syndapin staining is diffuse and postsynaptic 

specializations are not apparent.  Syndapin is present in bands but does not appear to co-

localize with GluRIIA (Figure 19).  Although Syndapin is involved in SSR expansion, it 

is not required (Kumar, Fricke et al. 2009).  In fact, in Syndapin mutants the SSR remains 

unaltered as is determined by staining of another protein, discs-large (Dlg), which has 

been shown to localize to and be involved in biogenesis of the SSR.  Staining for Dlg in 

G14-Gal4>UAS- AktRNAi animals shows normal localization of Dlg to the synapse 

although the levels of Dlg appear reduced (Figure 20).   These data indicate that Akt 

moderates the localization of at least one protein involved in SSR formation, but is not 

essential for SSR formation.   Although both Syndapin and Dlg are often associated with 

the SSR their presence does not definitively demonstrate the presence of the SSR. 

Electron microscopy needs to be done to evaluate if the SSR is present and to what extent 

in G14-Gal4>UAS- AktRNAi.  In wild-type animals the SSR is present as a stacked 

membranous structure directly below the plasma membrane. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19: The subsynaptic reticulum appears to be degraded in G14-Gal4>UAS-

AktRNAi animals 

The protein Syndapin (blue) preferentially labels the SSR.  In wild-type animals, 

Syndapin is visible in postsynaptic specializes of the SSR that envelope boutons, as well 

as present to a lesser degree in bands.  In the absence of Akt the SSR is degraded.   

GluRIIA (red), which has been demonstrated to be translated in the SSR is not localized 

to the SSR at the NMJ of G14-Gal4>UAS-AktRNAi animals. 
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Figure 20: The SSR is present in G14-Gal4>UAS-AktRNAi  

In wild-type animals the protein Dlg (red) labels the SSR.  Dlg is present at the synapse 

in G14-Gal4>UAS-AktRNAi animals. 
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D. Non-synaptic GluRIIA is not directly associated with components of the muscle 

contractile apparatus 

 We further attempted to localize non-synaptic GluRIIA by evaluating if it 

associates with components of the muscle contractile apparatus.  Striated muscle, 

including that of the Drosophila larva contracts by the sliding of thick (myosin) and thin 

(actin) filaments as myosin heads alternately attach and detach from actin(Huxley and 

Hanson 1959; Huxley 1964).  In electronmicrographs myosin and actin  appear as dark 

and light bands respectively, and are contained within the cell cytoplasm in cylindrical 

bands known as myofibrils .    Each myofibril is organized into a serious of segments 

known as sarcomeres.  The defined ends of the sarcomere, which contain the cross-

linking protein -actinin are called Z discs.  Actin filaments attach to the Z disc, and 

overlap to some extent, dependent on contractile state with myosin which are anchored to 

the middle of the sarcomere.  We co-labeled G14-Gal4>UAS-AktRNAi larval muscles with 

GluRIIA and either -actinin, Actin or Myosin.   

In wild-type and G14-Gal4>UAS-AktRNAi -actinin stains the ends of the 

sarcomeres appearing as bands.  In either genotype there is no overlap between GluRIIA 

and -actinin indicating that mislocalized GluRIIA is not associated with -actinin 

(Figure 21).  Examination of Actin displays labeling similar to that of -actinin, without 

any apparent association between GluRIIA and Actin (Figure 22).  Interestingly co-

labeling with myosin displays a partial overlap with GluRIIA in G14-gal4>UAS-AktRNAi 

labeling (Figure 23).  However, this overlap is not complete, with regions of both 

proteins present independently.  It is unclear if there is a direct association between 

GluRIIA and myosin.  It may be that this partial overlap is due not to a direct association 
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between GluRIIA and myosin but is a localization of these two proteins dependent on the 

contractile state of the muscle.  We are therefore unable to conclude specifically where 

non-synaptic GluRIIA is localized in the absence of Akt.  Unfortunately, we were unable 

to use immunoelectron microscopy to view GluRIIA localization, because of an inability 

to fix preparations in a manner in which ant-GluRIIA retains antigenicity while 

dehydrating the preparation enough for electron microscopy. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21: Non-synaptic GluRIIA is not localized to Z-discs 

The protein Actinin (blue) is present in the Z-discs of wild-type and G14-Gal4>UAS-

AktRNAi animals.  GluRIIA (red) does not co-localize with Actinin in either wild-type or 

G14-Gal4>UAS-AktRNAi animals 
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Figure 22: Non-synaptic GluRIIA does not co-localize with Actin.  

The protein Actin (blue) is present in bands throughout the muscle of wild-type and G14-

Gal4>UAS-AktRNAi animals.  GluRIIA (red) does not co-localize with Actin in either 

wild-type or G14-Gal4>UAS-AktRNAi animals. 

78  
 



 

Figure 23: Non-synaptic GluRIIA partially co-localizes with Myosin 

The protein Myosin (blue) is present in bands throughout the muscle of wild-type and 

G14-Gal4>UAS-AktRNAi animals.  GluRIIA (red) partially co-localize with Actin in G14-

Gal4>UAS-AktRNAi animals.  GluRIIA and Myosin co-labeling may be dependent on the 

contractile state of the muscle. 
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CHAPTER 7: 
 

DISCUSSION 
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 Development of a functional synapse requires a combination of presynaptic and 

postsynaptic developmental events regulated by molecular and cellular cues.  In addition, 

the synapse must remain plastic to allow for enlargement and adaptation during an 

organisms life (Hoang and Chiba 2001; Broadie, Sink et al. 1993; Broadie and Bate 1993; 

Bate, Landgraf et al. 1999; Chiba 1999; Gramates and Budnik 1999). Although the 

synapse is well studied, it still remains to be fully characterized.  To do so, we need to 

better understand the genes, and their protein products, that make-up the synapse and are 

involved in its development and function.  The mammalian genome contains 20,000 to 

25,000 genes, many of which are redundant, making manipulations difficult (Venter, 

Adams et al. 2001).  Fortunately, a large amount of genes, proteins and structures are 

conserved from invertebrates to mammalians allows researchers to use model systems to 

better understand the mammalian CNS.   

In this study we used the well characterized neuromuscular junction of the 

Drosophila melanogaster to evaluate the components of synaptogenesis.  The entire 

Drosophila genome has not only been sequenced but can be altered using forward and 

reverse genetics. In addition to genetic similarities, structurally components are shared 

between Drosophila and mammals (Adams, Celniker et al. 2000).  Composed of 

glutamatergic synapses, the Drosophila NMJ more closely resembles the synapses of the 

mammalian CNS, than the cholinergic synapse of the mammalian NMJ.  The NMJ of the 

Drosophila larva abdomen is accessible to a variety of techniques including 

immunohistochemistry and electrophysiology. 

 Using Drosophila as a model we expanded on previous research that showed the 

involvement of the Tor signaling pathway in synaptic structure and function (Knox, Ge et 
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al. 2007).   The TSC/Rheb/Tor pathway is a key growth regulatory pathway and 

manipulations of this pathway, such as loss of either of two TSC genes, as occurs in the 

disease Tuberous sclerosis, results in abnormal cell growth and neuronal deficits (Au, 

Williams et al. 2004; Jacinto, Loewith et al. 2004; Sarbassov, Ali et al. 2004; Hennig, 

Colombani et al. 2006; Shaw and Cantley 2006; Wullschleger, Loewith et al. 2006; 

Chang and Neufeld 2009).  Manipulating this pathway in Drosophila  by overexpressing 

Rheb, which is negatively regulated by TSC, results in axonal guidance defects, 

behavioral deficits and an enlarged, hyperfunctioning NMJ (Knox, Ge et al. 2007).   

In this study we demonstrate that unlike axonal guidance and behavioral 

abnormalities produced by Rheb overexpression, synapse size and function are not 

rescued by alterations in nutritional inputs to the TSC/Rheb/Tor pathway.  Reductions in 

caloric content, through either carbohydrate or amino acid restriction, fail to ameliorate 

the effects of Rheb overexpression on the synapse (Figure 5).  Mimicking starvation 

conditions by overexpression of AMPK also fails to rescue Rheb mediated synaptic 

phenotypes (Figure 6).   The variability in the rescue of Rheb mediated phenotypes 

indicates that the components of the TSC/Rheb/Tor pathway, that govern axonal 

guidance and behavior, and those that effect synapse structure and function are different.  

Overexpression of PI3K, a key component of the insulin regulatory pathway, also results 

in synaptic over-growth and an increased EJP amplitude.  Interestingly, over activation of 

the PI3K pathway does not result in axon guidance or behavioral deficits.  These data led 

us to hypothesize that Rheb and PI3K mediate synaptic expansion through a shared 

substrate (Howe, Watson et al. in preparation).  We proposed that this shared substrate is 

the serine/threonine kinase Akt.   
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Akt is a downstream target of both the TSC/Rheb/TOR and PI3K pathways, and 

is dependent on phosphorylation mediated by both of these paths for full activation 

(Alessi, Andjelkovic et al. 1996; Andjelkovic, Alessi et al. 1997; Chan, Rittenhouse et al. 

1999; Song, Ouyang et al. 2005; Wilson, Vereshchagina et al. 2007).  Previous research 

supports a role for Akt as a positive regulator of growth as would seem likely by its 

positioning in these growth regulatory pathways (Martin-Pena, Acebes et al. 2006).  

However, we observe an increase in synapse size in Akt mutant alleles (Figures 8).  We 

also observe an increase in synaptic response to a stimulus (EJP amplitude), as well as an 

increased spontaneous response (mEJP amplitude) (Figure 9).  These observations 

indicate that Akt negatively regulates synaptic expansion.  The fact that our data is 

contradictory to the findings published in Martin-Pena et al. may be the result of a 

difference in quantification techniques or the result of a relatively small sampling 

population in the case of Martin-Pena et al.   

This expansion, as is measured in by number of CSP positive pixels per um2 of 

muscles 6/7, is the result of a decrease in muscle size, as well as an increase in CSP pixel 

number in Akt104226 animals.  Although we would expect that muscle size would be 

decreased in Akt mutants, it is surprising to find that the area of synaptic contact remains 

either constant, or increases.  These data indicate an apparent disruption in the link 

between presynaptic and postsynaptic components.   

We evaluated tissue type specific loss of Akt using an AktRNAi construct expressed 

under the control of either a pan-neuronal or muscle promoter to examine whether the 

changes in the synapse mediated by the absence of Akt are pre- or post-synaptic in 

nature.  Our observations indicate that Akt mediates synapse size through both pre- and 
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postsynaptic modifications to the synapse in a cell autonomous manner (Figure 10).  Pre-

synaptic expression of a UAS-AktRNAi construct results in an increase in CSP positive 

pixel number, while post-synaptic expression results in a decrease in muscle size. In 

addition to a reduction in muscle size, reduction in Akt in the muscle results in a 

reduction in overall larval size and pupal lethality (not quantified).  The overall integrity 

of the muscle also appears to be compromised in G14-Gal4>UAS-AktRNAi animals and as 

a result of changes in muscle size and integrity we were unable to examine the electrical 

properties of these synapses. 

 The reduction in muscle size in G14-Gal4>UAS-AktRNAi and Akt mutant animals, 

as well as the increase in mEJP amplitude that we observed in Akt mutants, indicated that 

postsynaptic loss of Akt may result in a change in receptor unit composition.  We 

therefore further explored postsynaptic modifications in the absence of Akt by evaluating 

receptor subunit composition.  The glutamatergic synapse of the Drosophila NMJ 

contains two types of tetrameric receptor complexes, A-Type and B-Type.  A-Type 

receptors are comprised of a GluRIIA subunit, as well as GluRIIC, GluRIID and GluRIIE 

subunits, which are present in all Drosophila NMJ GluRs (Qin et al., 2005, Featherstone 

et al., 2005, Marrus et al 2004).  B-Type receptors contain a GluRIIB subunit, rather than 

GluRIIA.  The absence of both GluRIIA and GluRIIB is lethal, but can be rescued via 

transgenic expression of either (Qin, Schwarz et al., 2005).  A-Type and B-Type 

receptors differ in synaptic response, with A-Type displaying a larger response (mEJP 

amplitude) than B-Type (Schmid, Hallermann et al. 2008).  We hypothesized that loss of 

Akt would result in a higher proportion of A-Type receptors, resulting in the enlarged 

mEJP amplitude that we observed in Akt mutants.  
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Examination of GluR subunit composition revealed that although GluRIIA is 

increased in Akt mutant animals, it fails to localize to the synapse, but is instead present 

in the muscle in bands (Figure 11, quantified in Figure 13).  This mislocalization 

phenotype is observed when we use the G14-Gal4 or 24B-Gal4 muscle specific 

promoters to drive UAS-AktRNAi.  G14-Gal4>UAS-AktRNAi or 24B-Gal4>UAS-AktRNAi  

animals reared at 18º C, rather than the standard 25º C, results in a more moderate 

phenotype (data not shown).  Akt mutants also display a more moderate GluRIIA 

mislocalization phenotype (Figure 11).  These data indicate that synaptic localization of 

GluRIIA is negatively mediated by the level of postsynaptic Akt.   The observed banding 

pattern is distinct and only present when Akt is compromised postsynaptically.  

Expression of UAS-AktRNAi with either the neuronal driver elav-Gal4 or the fat body 

driver FB-Gal4 does not result in GluRIIA mislocalization. 

To compensate for the loss of synaptic GluRIIA we proposed that there is an 

increase in the level of GluRIIB at the synapse.  In contrast we find that GluRIIB is 

almost entirely lost from the synapses of G14-Gal4>UAS-AktRNAi animals (Figure 12).  

These data fail to demonstrate how the reduction of Akt results in an increased EJP and 

mEJP amplitude.  We have been unable to measure the electrical properties of G14-

Gal4>UAS-AktRNAi animals, although the mere fact that these animals survive to pupation 

and exhibit locomotion indicates that there is some level of function. We are also unable 

to quantify the exact level of GluRIIA localized specifically to the synapse in Akt 

mutants.  It is possible that there is still an abundance of GluRIIA at the synapse.  It is 

also possible that even reduced levels of GluRIIA are adequate for enhanced synaptic 
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function, especially under conditions in which the ratio of GluRIIA to GluRIIB is 

increased.   

 To link Akt to GluR localization we turned our attention to the NF-B pathway, 

which has been linked to Akt activity.  Recent data has demonstrated a role for NF-KB 

and its binding partner, IB, commonly associated with the immune response, in the 

synaptic density of GluR subunits at the Drosophila NMJ.  Loss of either NF-B (dorsal) 

or its binding partner IB (cactus) results in a decrease in synaptic density of GluRIIA 

and GluRIIB (Heckscher, Fetter, et al. (2007).  Akt is an upstream mediator of Cactus, 

which is degraded in response to phosphorylation by the Akt substrate IKK (Kane et al., 

1999, Lauder et al., 2001).  The loss of Akt would presumably result in a reduction in 

Cactus degradation, allowing Cactus to remain bound to Dorsal creating a complex that 

the literature indicates is necessary for GluR density, resulting in an increase in GluR, 

Dorsal and Cactus density in G14-Gal4>UAS-AktRNAi animals.  

When we label G14-Gal4>UAS-AktRNAi for GluRIIA and Dorsal we observe a 

moderate increase in labeling the levels of both GluRIIA and Dorsal labeling (Figure 13).  

However, Dorsal labeling in G14-Gal4>UAS-AktRNAi animals is more diffuse than in 

wild-type, with little synaptic localization and accumulation in bands adjacent to 

GluRIIA (Figure 14).  These data support our proposed role for Akt in the regulation of 

GluRIIA and Dorsal.  However, we observe decreased levels of Cactus in G14-

gal4>UAS-AktRNAi animals.  The remaining Cactus is localized to the synapse (quantified 

in Figure 13, Figure 15).  Although significantly reduced, the level of Cactus in G14-

gal4>UAS-AktRNAi animals is still equivalent to 89% of wild-type. This partial loss of 
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Cactus indicates the possibility of two populations of Cactus at the NMJ, one which is 

dependent on the presence of Akt and one which is not.   

We evaluated if Cactus levels are critical for the synaptic localization of GluRIIA, 

providing a possible mechanism by which GluRs are localized to the synapse.  To do so 

we overexpressed both cactus and AktRNAi simultaneously in the muscle.  Initial 

experiments indicate that cactus overexpression rescues the GluRIIA localization 

phenotype, as well as larval size and pupal lethality (Figure 16).  Unfortunately, we have 

been unable to confirm that animals used to generate this cross contain both UAS-Cactus 

and UAS-AktRNAi.  In addition, the relatively small changes in cactus levels observed in 

G14-Gal4>UAS-AktRNAi animals does not support a major role for Cactus in GluR 

localization.  This study does not allow us to pinpoint a mechanism by which GluRs are 

localized to the synapse. However we can speculate that if Dorsal and Cactus do not 

directly mediate GluR localization, than it is likely that localization of Dorsal, Cactus, 

GluRIIA and GluRIIB is mediated by Akt via a shared mechanism.   

 To further understand the involvement of Akt in synapse structure and function, 

we investigated the localization of non-synaptic GluRIIA in G14-Gal4>UAS-AktRNAi 

animals.  Since GluRIIA is a transmembrane protein, and G14-Gal4>UAS-AktRNAi 

animals maintain at least a low level of locomotion, surviving until pupation, we first 

determined if non-synaptic GluRIIA was bound to the plasma membrane. High resolution 

confocal imaging using the plasma membrane mark WGA, as well as staining for 

phalloidin (data not shown) indicates that non-synaptic GluRIIA is not bound to the 

plasma membrane but is contained within the cytoplasm (Figure 17).  The absence of co-

localization of GluRIIA and the early endosomal marker Rab5, points to a failure of 
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GluRIIA subunits to localize to the plasma membrane and subsequently be endocytosed 

(Figure 18).  As noted above, this data fails to give us a definitive answer as to whether or 

not non-synaptic GluRIIA is endocytosed.  The method of imaging that we chose, 

confocal microscopy, provides us with some insight into the localization of non-synaptic 

GluRIIA, but essentially only provides us with a snapshot of localization.  Live imaging 

studies employing protein traps will allow us to investigate GluR localization more 

extensively, allowing us to follow receptor localization through-out larval development in 

live animals.  

Since the previous data fails to confirm the initial localization and subsequent 

endocytosis from the plasma membrane, GluRIIA, we evaluated if GluRIIA subunits 

accumulated at their proposed site of translation, the SSR (Sigrist, Thiel et al. 2000; 

Parnas, Haghighi et al. 2001).  Localization studies with the SSR associated protein 

Syndapin fails to show an accumulation of GluRIIA in the SSR (Figure 18).  G14-

Gal4>UAS-AktRNAi animals appear to display a reduction in Syndapin and a loss of 

Syndapin labeled postsynaptic specializations (Figure 19).   Although Syndapin has been 

shown to localize to the SSR and to promote SSR formation,  Syndapin is not essential 

for SSR development as is evidenced by apparently normal SSR development in 

syndapin mutants, as viewed by electron microscopy (Kumar, V., R. Fricke, et al., 2009).  

In addition, the localization of GluRIIA to the SSR has yet to be confirmed. 

Additional experiments which labeled Dlg, a protein also associated with the 

SSR, show the opposite results as Syndapin (Figure 20).  This data demonstrates that 

although Akt may mediate the levels of at least one protein involved in SSR 

development, Syndapin, Akt does not appear to be essential for SSR development.  



89  
 

Electron microscopy is required to indicate if the stacked, membranous structures that 

represent the SSR are present in G14-Gal4>UAS-AktRNAi animals and if degradation of 

the SSR occurs in the absence of postsynaptic Akt. 

 Since non-synaptic GluRIIA is contained within the cytoplasm we investigated if 

it is associated with the components of the muscle contractile apparatus.  Co-labeling 

with GluRIIA and -actinin or Actin shows that GluRIIA is not associated with either of 

these components (Figures 21 &22).  Co-labeling with Myosin, displays a partial co-

localization with GluRIIA but both proteins are also present independently in the muscle.  

This partial co-localization may indicate that although GluRIIA does not directly bind to 

Myosin, but based on the contractile state of the muscle the two proteins are localized 

together (Figure 23).    

 The results contained within this study help to further illustrate the components 

involved in synaptic morphology and function.  Synapse development, although mediated 

by growth pathways, shows differential responses in comparison to axon guidance and 

behavior when inputs to the TSC/Rheb/Tor pathway are altered.  Our data does not 

support the hypothesis, that Akt is involved in synaptic enlargement mediated by Rheb or 

PI3K.  The traditional model by which Akt is activated via phosphorylation by PDK1 and 

TORC2 is not accurate in regards to the synapse.  Rather, we demonstrate that Akt serves 

as a negative regulator of growth and that loss of Akt attenuates rather than rescues Rheb 

mediated synaptic expansion.  Akt mutants display a surprising disconnect between 

muscle enlargement and area of synaptic contact.  The muscle is reduced in size and 

GluR subunits levels and localization are altered but the area of synaptic contact appears 

to increase.  In addition to GluR subunit changes Akt affects the levels and localization of 
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Dorsal and Cactus.  Non-synaptic GluRIIA is not bound to the plasma membrane but its 

location within the cytoplasm is unclear.  It is also unclear what role Akt has on the 

function and structure of the SSR.  

 Perhaps the most significant contributions that this study makes are the questions 

that it raises about synaptogenesis.  Although Akt is a key player in synaptogenesis, what 

is its role and is this role dependent on the phosphorylation state of Akt?  What 

components are involved in Akt mediated presynaptic changes?  What is the mechanism 

by which Akt mediates levels and localization of GluRIIA, GluRIIB, Cactus and Dorsal?  

Lastly, and of  particular interest, what specifically is the role of the SSR in regards to 

synaptogenesis and  does Akt mediate SSR development/structure? 
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