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The central nervous system (CNS) of animals is arguably one of the most 

sophisticated instruments designed by nature, and one its cardinal components is the 

postsynaptic specialization.  Decades of studies on the cholinergic neuromuscular 

junction and the central glutamatergic synapses in vertebrate organisms has informed 

us of just how many factors are at play during postsynaptic development.  However, 

despite its importance, the central cholinergic synapse is one system lacking the same 

knowledge base as the above models.  The thesis work presented here was designed 

with the aim of understanding if and how nicotinic acetylcholine receptor (nAchR) 

activity at the postsynapse is used by a developing neuron to shape the structural and 

functional properties of the synapse and its dendrite arbor during normal periods of 



maturation.  To this end, we employed the ventral lateral neuron (LNv) as a cellular 

model for Drosophila CNS development.  This small group of cells are second-order 

projection neurons which convey visual activity to higher brain centers and are also 

critical mediators of adjusting the fly’s internal circadian clock.  We report how 

nAchRs not only play a role in LNv neurophysiology by the end of larval 

development but show how in fact they actively participate during the formation and 

refinement of the LNv postsynapse.  Our transcriptomic, morphological and 

physiological approaches reveal that two functionally distinct nAchR subunit genes, 

Dα1 and Dα6, are preferentially expressed during separate periods of larval 

development.  Here, young and immature LNvs are characterized by high Dα6 

expression which facilitates synaptic formation.  As the animal grows, Dα6 is 

downregulated and Dα1 is upregulated, which is necessary for synaptic stabilization 

and maturation.  We also expand the scope of our primary investigation by 

identifying promising candidate genes, including transcription factors, molecular 

chaperones and membrane-associated proteins, that are key to orchestrating the 

successive stages of nAchR expression, maturation and postsynaptic activity.  In 

summary, our findings will work to clarify in vivo subunit-specific functionalities for 

the insect nAchR and illustrate how individual nAchR subunits in the CNS are 

coordinately regulated within a single cell through time to actively regulate distinct 

properties of the synapse during development.   
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Chapter 1: Identification of the Principle nAchR Subunits 

Regulating LNv Dendrite Morphogenesis and Neurophysiology 
 

 

 

Abstract 

 The synapse is a fundamental unit of the nervous system and is constructed, 

maintained and modified through a wide array of genetic and protein-protein 

interactions.  The molecular components and cellular features of postsynaptic 

development have been well characterized using the vertebrate cholinergic 

neuromuscular junction (NMJ) in the periphery and the dense glutamatergic neuron-

neuron synapses of the brain as primary models.  However, this has left other synapse 

types understudied, including the central nicotinic-type cholinergic synapse.  In many 

animal models, such as Drosophila and C. elegans, acetylcholine (Ach) is the primary 

conductor of central nervous system (CNS) excitatory neurotransmission.  

Additionally, nicotinic synapses in the vertebrate brain are often studied with respect 

to how they modulate other excitatory or inhibitory circuits and consequently less is 

known about their own development.  To address this, we have investigated the central 

cholinergic synapse using the ventral lateral neurons (LNv) of larval Drosophila, which 

receive cholinergic presynaptic input via nicotinic acetylcholine receptors (nAchR).  

Inspection of cell-specific RNAseq datasets and RNAi-based screening enabled the 

identification of two nAchR subunits, Drosophila Alpha1 (Dα1) and Drosophila 

Alpha6 (Dα6), as those principally participating in LNv postsynaptic development.  

Later morphological and live-imaging assays revealed a functional distinction between 
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the two: both subunits have a role in mediating neurotransmission in the LNv but only 

Dα6 is needed for dendrite morphogenesis.  These findings broaden what is known 

about the complexity of nAchR identity and subunit composition in Drosophila and 

exemplify how individual neurons can rely on a subset of neurotransmitter receptor 

genes from their complete genomic repertoire to carry out certain functions at their 

postsynaptic compartment.   

 

Introduction 

Historical model systems of synapse development 

 The field of neurotransmitters and their receptors began with the discovery 

of Ach over 100 years ago (2).  Early model systems included frog skeletal muscle 

and specialized electric organs from several species of eels and rays, chosen for 

their relative ease of accessibility and sheer amount of raw synaptic material 

available to study (3-6).  More detailed investigations at the cellular and molecular 

level uncovered the complexity of protein-protein interactions that are necessary 

for the induction, maturation and maintenance of the NMJ as well as the 

stereotypical phases observed during differentiation and refinement of the muscle 

cell (i.e. myotube) postsynaptic membrane and its associated motoneuron axon 

terminal(s) (reviewed by (7-10)). 

 The process of NMJ differentiation in the peripheral nervous system (PNS) 

begins when the approaching axonal bouton innervates the membrane of the 

myotube and releases several factors.  Among them are Agrin, which binds to the 

Lrp4-MuSK coreceptor complex leading to nAchR recruitment and clustering at 
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the myotube midline (11-19).  This aggregation of nAchRs relies on the trafficking 

protein Rapsyn (20-23).  Interestingly, receptor clustering has been shown to occur 

independently of Agrin itself, although in some species mature and fully-functional 

NMJs will typically only develop following Agrin exposure or will occur outside 

the normal midline region in the absence of Agrin (24-28).  There is a concurrent 

release of presynaptic neuregulin which, following ErbB receptor binding on the 

myotube surface, stimulates nAchR subunit transcription in specialized subsynaptic 

nuclei just below the membrane surface (29-33).  Finally, stimulation of mature 

nAchRs by presynaptically-released Ach is also used to repress nAchR expression 

and clustering at extrasynaptic regions (34-40).   

 During NMJ maturation, there are visible changes to synapse anatomy, 

postsynaptic nAchR distribution and synapse size (41, 42).  What begins as a more-

or-less flat surface invaginates during the encroachment of the axon terminal, 

creating sunken “gutters”, after which steep secondary invaginations, or “junctional 

folds”, form (43, 44).  One group of proteins, including the nAchRs themselves as 

well as laminins connecting the membrane to the ECM, occupy the primary sunken 

membrane whereas a separate class, including the voltage-gated sodium channels 

(VGSC), are situated in the deeper gutters (45-47).  These cytological events and 

others, such as the removal of superfluous axon terminals, gradually enhance 

synaptic transmission at the NMJ, which can be seen in the gradual rise in the 

amplitude of action potentials (48-50).  Importantly, there is also a critical switch 

in receptor composition.  All nAchR pentamers at the NMJ, regardless of location 

in the body, invariably contain four muscle-specific subunits.  During the 
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embryonic (or fetal) stage, they exist in the stoichiometry α12β11γ1δ1.  In the early 

postnatal days, there is a rapid replacement of this subtype by the α12β11ε1δ1, which 

occurs by transcriptional upregulation of the ε subunit (51, 52).  Disruption of this 

neonatal switch, such as by deletion of the ε gene locus, results in disordered 

postsynaptic molecular architecture and can result in impaired neuromuscular 

activity and even death of the animal (53, 54).   

 In contrast to the nAchR-rich vertebrate NMJ, neurotransmission conducted 

by ionotropic glutamate receptors (iGluRs) is the primary means of relaying rapid, 

excitatory synaptic activity in the vertebrate CNS.  Due to their abundance and 

widespread involvement in both cognition and processing of sensorimotor 

information, these glutamatergic synapses have been the primary model for 

understanding the development and function of neuron-neuron excitatory synapses, 

and the dendrites on which they are found, in the mammalian brain and spinal cord 

(reviewed (55-57)).  In this system, the postsynaptic compartment develops on 

dendrite spines, protrusions of the dendrite shafts (Cajal 1888, Berkley 1896 and 

reviewed by (58, 59)).  The molecules here are organized into a dense region, the 

postsynaptic density (PSD), which is composed of a stunning array of proteins 

(reviewed by (60)).   

 Within the membrane itself are the actual glutamate receptors and are 

connected to scaffolding proteins, including PSD-95, which interact together via 

their PSD95, DlgA, Zo-1 (PDZ) domains (61-63).  These are used to not only 

stabilize the receptor in the membrane but also provide a link to both the 

cytoskeleton as well as cell signaling molecules, such as the highly abundant 
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CamKII, which use intracellular pathways to modulate receptor function based on 

previous levels of synaptic activity.  (64, 65). 

 Several model systems, including the optic tectal neurons of Xenopus 

tadpoles, have helped define how some of the basic developmental transitions 

common to central glutamatergic synapses (66-68).  Here, dendrite branches that 

are initially highly motile and capable of rapid restructuring will stabilize, leading 

to a period of arbor expansion.  During this time, relatively low levels of 

neurotransmission, mediated mainly by the n-methyl-d-aspartate (NMDA) receptor 

iGluR subtype, are gradually strengthened by recruitment of the α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor iGluR subtype, 

which conducts most synaptic activity in the mature synapse.  This process, which 

is calcium- and CamKII-dependent, is similar to the mechanism responsible for 

long-term potentiation (LTP).  LTP was discovered in pioneering early studies 

using anesthetized rabbits, when brief hippocampal stimulation was found to result 

in elevated synaptic activity shortly afterwards (69).  When activated by a 

sufficiently large stimulus, NMDA receptors that are normally silent due to 

magnesium ion blockage are opened, causing the calcium influx that leads to 

intracellular signaling cascades regulating gene expression as well as delivery of 

AMPA receptors to this particular postsynaptic site ((70, 71) and reviewed by (72-

74)). 

Basic features of Drosophila nAchR subunits 

 The polypeptide structure of a typical Drosophila nAchR subunit is 

reminiscent of the prototypical nAchR gene product found in other species.  
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Although different paralogs differ in size and may possess unique secondary 

structures, they are all characterized by basic features, including an N-terminal 

extracellular domain, four transmembrane (TM) passes, two of which are 

connected by an extensive intracellular loop of highly variable length, and a small 

extracellular C-terminal segment (Figure 1.1a)(75, 76).  To form a functional 

pentameric receptor, five subunits are coassembled during ER and Golgi 

processing after each one is separately translated.  Although any individual 

vertebrate nAchR receptor may be composed of identical or non-identical 

subunits, our knowledge of Drosophila receptor composition is relatively scarce 

and is a topic of continued interest. 

          

 

 

Figure 1.1: nAchR protein structure and receptor subunit composition.  (a) Domain organization of a 

typical Drosophila nAchR subunit, including the extracellular LBD, the four TM domains and the large 

TM3-TM4 loop.  Other features and post-translational motifs appear at approximate locations known 

for Dα1.  (b) Comparison of the two stoichiometrically classed nAchR subtypes: homopentamers 

contain identical subunits whereas heteropentamers are composed of mixed subunits, though the full 

identity of the native nAchR(s) is still unknown.  A zoom-in illustration of the ligand binding site shows 

the contribution of Loops A-C (α subunit only) and Loops D-F (α or β subunit).   
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 At the N-terminus, the extracellular domain of the nAchR subunit includes 

N-linked glycosylation sites, some of which are found at conserved positions not 

only between Drosophila subunits but also in vertebrate nAchR genes (77-81).  In 

addition, N-terminal signal peptide cleavage sites are common in Drosophila 

nAchR subunits and range in length from around 20 to 40 residues long, similar to 

their size in vertebrate orthologs (77, 78, 81-86)(UniProt).  The N-terminus of 

each subunit also contains the functionally critical ligand-binding domain 

(LBD)(75, 76).  Although the LBD is found in all subunits, only α subunits, 

which contain two adjacent extracellular cysteines (Figure 1.1b)(ex. amino acid 

residues 201 and 202 in Dα1), are capable of binding Ach or other agonists and 

competitive antagonists (82, 87).  The non-α subunits are thought to mainly 

coordinate the placement of ligand within the α-subunit binding cleft.  These 

subunits are classified as β in Drosophila and other insects and β, γ, δ or ε in 

vertebrates.  Here, Ach and its analogs bind at the interface of the “principal” face 

of an α-subunit, comprised of Loops A-C, and the “complementary” face of either 

an α- or non-α subunit, composed of Loops D-F (88).  However, there may be 

some exceptions to this simple rule.  In vertebrates, the α5 subunit does not 

participate in ligand binding, despite having the extracellular vicinal cysteines of 

canonical α subunits.  This is due to substitution of important nearby aromatic 

residues, usually Tyrosine or Tryptophan, which are also lacking in some 
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Drosophila “α” subunits (78, 89, 90).  The α vs. β division is further complicated 

in the Drosophila system, where existing theories suggest that reversions between 

α- and β-subunits occurred during evolution and consequently the homolog of an 

α subunit for one species may in fact be a β subunit in a distantly related species 

(79, 91).  Both scenarios could lead to a potential disconnect between the 

subunits’ nomenclature and their true ligand binding ability. 

 The second key feature of the nAchR subunit is the group of TM domains, 

TM1-TM4.  TM2 is of particular interest as it forms the pore-lining region 

cooperatively with the TM2 of the remaining four subunits (89).  The intracellular 

loop between TM1 and TM2 as well as the extracellular linker between TM2 and 

TM3 are short and have not been the subject of intense study.  Conversely, more 

attention has been given to the large intracellular TM3-TM4 loop, which is highly 

variable in length between subunits and is also involved in the assembly, and later 

synaptic clustering, of the pentameric channel (77, 92).   Furthermore, the TM3-

TM4 loop contains many predicted sites of post-translational modifications, such 

as phosphorylation by PKA, PKC and PKT and thus provides potential routes of 

regulating the receptor’s activity (78, 81, 93).  Finally, almost all nAchRs contain 

a small extracellular C-terminus following TM4.  Although less studied in 

Drosophila, experiments on vertebrate nAchRs have shown this region serves as 

an intermediate linking the lipid bilayer environment to channel activity (94-96). 

Genomics and phylogenetics of the fly nAchR gene family 

 There are ten nAchR subunit genes identified in the Drosophila genome 

(97).  Following the mammalian nomenclature, these ten subunits are divided into 
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seven α-type subunits, which contain the pair of consecutive Cysteine residues, 

and three β-type subunits. They are located on Chromosomes X, 1 and 2.  

Notably, three subunits, Dα1, Dα2 and Dβ2, are found immediately adjacent to 

each other at the 96A region of Chr. 3R and it is hypothesized this cluster arose 

from gene duplication events (98).  Interestingly, not only are the orthologs of 

these three clustered in the mosquito A. gambiae genome but there is also a 3-

gene nAchR subunit cluster in humans, where 15q24 contains Chrna3, Chrna5 

and Chrnb4, and in rodents, thus representing synteny in two phyla (99-101).  

Although it is not clear if these clusters were already present in the 

arthropod/chordate common ancestor, this clustering event is likely significant for 

coregulating nAchR subunit transcriptional activity because Dα1, Dα2 and Dβ3 

are known to coprecipitate in fly heads.  Likewise, the α3β4 receptor is a highly 

expressed subtype in the human autonomic ganglia (102). 

 Similar to other classes of neurotransmitter receptors, the nAchRs are 

found in many phyla of the Eumetazoa, including chordates, arthropods, 

nematodes, annelids and even jellyfish, suggesting a common ancestral receptor 

gene appeared near the origin of the animal nervous system (103).  The molecular 

cloning and sequencing of insect nAchR genes also offered multiple pieces of 

evidence to support the shared ancestry between insect and vertebrate nAchRs.  In 

particular, sequence similarities were found between Drosophila and vertebrate 

nAchRs in the region that binds the classical nicotinic antagonist α-Bungarotoxin 

(α-Btx) and the TM domain motifs (80, 82).  Early studies revealed that the first 

few Drosophila nAchR genes sequenced (ex. Dα1, Dα2 and Dβ1) shared a closer 
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relationship with the neuronal-specific subunits present only in the vertebrate 

CNS, as opposed to those restricted to the vertebrate NMJ.  For example, the 

TM3-TM4 loop sequence and/or pattern of extracellular glycosylation sites of 

Drosophila Dα1 and Dα2 resemble those of the vertebrate neuronal-specific 

subunit α2, more so than vertebrate α1, which is confined to the muscle.  

Moreover, many of the intron-exon boundaries of these subunits are also shared 

between Drosophila and vertebrate neuronal subunits, such as those encoding the 

TM1-TM3 region (80, 82, 104-106).   

 Sequence similarity is even stronger for nAchR genes within the Insecta.  

Shortly after isolating the first genomic or cDNA clones of Drosophila subunits, 

they were used as probes and ultimately uncovered nAchR subunit genes across 

the insect spectrum, including the aphid, cockroach, multiple lepidopterans, 

honeybee as well as two additional dipterans, the housefly and bottlefly (107).  In 

the case of Dα1 and Dα2, amino acid conservation approaches 85% with other 

species’ orthologs. 

 One fascinating aspect of nAchR phylogeny and conservation that appears 

to be very prominent in insect genomes is that multiple subunits are subject to 

alternative splicing and RNA A-to-I editing events.  In particular, for Dα6 and its 

orthologs, these sites of RNA modification are present in multiple insect orders 

(108).  In the silkworm, there is even a developmental shift going from unedited 

transcripts in the larva to edited forms in the adult, although this shift does not 

seem to occur in Drosophila (108).  Similar changes in Dα4, Dα5 and Dα7 also 

are predicted to have functional consequences as their location often corresponds 
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to the LBD as well as multiple TM domains and their linkers (81, 86).  Some are 

even predicted to produce truncated polypeptides missing entire domains of the 

original protein.  These alterations are therefore thought to vastly expand the 

functional diversity of the Drosophila nAchR gene family, which is relatively 

small, and is an exciting and unexplored area in the field. 

LNv development in the larval Drosophila brain 

 The LNvs are second-order projection neurons which relay neuronal 

activity from upstream photoreceptors of the Bolwig Organ (BO) to the central 

brain, in part by releasing the neuropeptide Pigment Dispersing Factor (PDF) 

from axon terminal boutons which binds to neurons expressing PDF Receptor 

(PDFR) in the brain to ultimately entrain the animal’s circadian rhythm with 

ambient light levels (109).  Additionally, these neurons are also part of the larger 

larval visual circuit which controls other behaviors, including light avoidance and 

visually-guided and socially-coordinated substrate digging (110, 111). 

 During larval development, the LNvs are highly influenced by presynaptic 

activity (i.e. photoreceptor-detected light)and respond to bi-directional variations 

in light exposure with dramatic structural and functional modifications, 

representing one of the most robust instances of plasticity in the Drosophila CNS 

(112).  Here, chronically-elevated light activity from a constant light (LL) 

environment results in a homeostatic reduction in both dendrite volume as well as 

magnitude in dendritic light-induced calcium transients (Figure 1.2).  In contrast, 

larvae cultured in a constant darkness (DD) condition possess enlarged dendrite 

arbors and produce stronger light-induced calcium transients.  Additionally, 
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genetic manipulation which alters neuronal excitability can simulate these 

alterations in light and can induce the above homeostatic adaptations 

independently of any modulation of light levels.  Finally, this process was shown 

to be dependent on multiple signal transduction factors, including NorpA and dnc, 

which code for proteins in the G protein-coupled receptor (GPCR) signaling 

pathway that converts light sensation into electrical currents, as well as shi, a gene 

critical for synaptic vesicle fusion.   

 Recent research has elucidated the cellular basis for how light facilitates 

this plasticity.  During early larval life, the dendrite branch terminals of the LNv 

are highly dynamic and undergo constant extension and retraction events (113).  It 

is during this period of dynamic filopodia that synapse formation occurs.  As this 

dynamic period subsides, a reduced percentage of motile branches as well 

decreased total distance traveled by these branches is observed; synapses stabilize 

and allow the arborization of the LNv dendrite.  In other words, as synapse 

quantity and dendrite volume increase, dendrite motility decreases.  This 

progression is drastically altered in the LL condition.  Here, immature LNvs of 

young larvae never enter a phase of dynamic dendrite filopodia and thus produce 

fewer synapses and a smaller dendrite field.  Moreover, the DD condition 

produces the opposite trend and results in even more dynamic dendrite branches.  

Further LNv-specific transcriptomic studies have been extremely helpful in 

identifying which genes are differentially expressed (DE) with elevated light input 

and therefore may be mediating the developmental changes associated with LD vs 

LL conditions.  Among others isolated here were LpR1 and LpR2, lipid transport 
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protein receptors whose expression is thought to be upregulated by light in order 

to manage the increased demand of intercellular lipid shuttling in the LL 

condition (114, 115). 

 In conclusion, the fact that this nAchR-expressing neuron is well 

characterized and undergoes robust, experience-dependent plastic responses 

qualifies its use as a prime model for understanding development and plasticity of 

central cholinergic synapses.   

 

 

   

Methods 

 

Figure 1.2: Activity-dependent plasticity of the LNv dendrite.  (a) Projected confocal images of larval 

LNvs demonstrating the structural adaptive response between animals raised in the alternating 

light:dark (LD) or constant light (LL) condition.  LNvs are labeled using the Pdf-Gal4 enhancer line to 

drive membrane-bound mCD8::GFP (green).  (b) Quantification of dendrite volumes in (a). n=13-15  
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Sequence alignment 

The phylogenetic tree was generated by including all 16 known human nAchR 

subunit genes and all ten Drosophila nAchR subunit genes.  For human orthologs, 

the amino acid sequence used in the alignment was chosen from the primary 

isoform listed on the UniProt database.  For Drosophila orthologs, polypeptide 

sequences were taken from the FlyBase database.  In the event that multiple coding 

isoforms exist or are predicted, the isoform which contributes the verified 

polypeptide species or the predominant isoform expressed in the LNv, was 

selected.  Phylogenetic comparisons and tree reconstructions were made by the 

MABL online phylogeny tool using “One click” mode (116).    

Fly culturing 

All flies were maintained in standard cornmeal medium, supplemented with yeast 

paste, and in controlled incubators set at 25°C and 60% humidity.  Animals 

subjected to the light: dark (LD) condition were reared at alternating 12hour light-

12hour dark cycles and those subjected to the LL condition received 24 hours of 

light.  All larvae used for experiments were collected at the wandering 3rd instar 

stage. Brain dissections for fixation as well as live imaging were performed on 

samples collected between two and six hours after “lights-on” (Zeitgeber2-6). 

Statistical analysis 

For calcium imaging experiments, the data analyses and graphing (i.e. traces and 

peak ∆F/F values) were performed using a custom written MATLAB script to 

reduce human bias. The quantifications of dendrite volume and protein intensity 

were performed blindly.  Raw values in all experiments were imported to Graphpad 
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Prism and analyzed using one-way ANOVA followed by Tukey’s multiple 

comparisons post-hoc test, comparing all means against each other, with the 

exception of those from Figures 1.11b and 1.18 which use unpaired Students t-tests.  

All figures including statistical comparisons depict data in bar plots.  Levels of 

significance were established at *: p<.05, **: p<0.01, ***: p<0.001.  Error bars 

represent standard errors of the mean.  

Drosophila stocks 

The knockdown experiments, including the preliminary screen, and RNAi 

validation were performed with Pdf-Gal4, UAS-mCD8::GFP; UAS-Dicer 

(Bloomington ID: 6899, 5137 and 24650) and Dα1-Dα7 and Dβ1-Dβ3 RNAi 

stocks (Bloomington ID: 28688, 27493, 27674, 31985, 25943, 25835, 27251, 

31883, 28038, and 25927).  The Trojan-Gal4 studies used Dα1MI00453-TG4.0 and 

Dα6MI01466-TG4.1 (Bloomington ID: 66780 and 76137).  The mutant morphology 

studies were performed with Dα6DAS1 (Bloomington ID: 9685), Pdf>mCD8::GFP 

(made in lab) and the Minos-mediated integration cassette (MiMIC) 

lines Dα1MI11851 and Dα1MI00453 (Bloomington ID: 56462 and 42295).  The mutant 

physiology studies used the stocks Pdf-LexA (112) driving LexAop-GCaMP6s 

(Bloomington ID: 44590) the MiMIC mutant line Dα6MI01785 (Bloomington ID: 

37925) and other mutant lines listed above.  The Dα3, Dα5, Dα6 and Dβ2 T2A-

Gal4 experiments were performed with lines from the BDSC (Bloomington ID: 

84664, 84415, 84665 and 84666).  
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Confocal imaging and quantitative analysis of dendrite volumes 

For all experiments, larval brains were dissected in 1x PBS, fixed in 4% PFA 

(paraformaldehyde in 1x PBST) for 40 minutes at room temperature (RT), washed 

three times with PBST (0.3% Triton X-100 in 1x PBS), equilibrated for 15 minutes 

and mounted in antifade medium (SlowFadeTM Antifade Kit, Thermo Scientific 

S2828).  LNvs were imaged with a Zeiss 700 confocal microscope with a 40x oil 

objective and Z-stacks were obtained by taking serial sections at ~0.5µm thickness, 

with a typical x-y-z resolution of .09µm x .09µm x .49µm.  For volumetric analysis, 

confocal Z-stacks of GFP-labeled dendrites were imported to the software Imaris 

(Bitplane) and reconstructed using the surface module.  All individual volumes 

were generated using a predetermined threshold and then summed to create a final 

dendrite volume (Figure 1.3).  All experiments generating dendrite volume data 

were blinded, by concealing the identity of each group, before the image processing 

step to avoid subjective bias during quantification.        
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Immunohistochemistry 

After fixation and washing as described directly above, whole mount brain tissues 

were incubated with primary antibodies, including mouse anti-Pdf (1:10 DSHB, 

Iowa City, Iowa) and Rabbit anti-Dα6 (1;1000, Chihiro Hama, Kyoto Sangyo 

University, Kyoto City, Japan), in 5% normal donkey serum (NDS) and 1x PBST 

at 4 ̊C overnight.  Samples were then washed three times with 1x PBST for 30 

minutes at RT, blocked with NDS for 1 hour at RT incubated in secondary antibody, 

including Alexa 647 Goat anti-mouse, A555+ Goat anti-rabbit and Alexa488+ Goat 

anti-mouse (1:500 Thermo Fisher, Waltham, Massachusetts), for 2 hours at RT or 

at 4 ̊C overnight.  Brains were then washed again three times with 1x PBST for 30 

minutes at RT and finally mounted and imaged. 

Figure 1.3: Process of dendrite surface reconstruction and volume quantification.  Left/Mid-left: 

LNvs, expressing a membrane-bound GFP, are imaged by confocal microscopy and a region(s) of 

interest that both maximizes dendrite volume and minimizes cell body and axon volume is 

selected.  Mid-right/Right: All continuous voxels above an automatic threshold are counted 

towards individual volumes.  For this LNv, in the far-right image the yellow object is an example 

of a single surface whereas the remaining 34 surfaces are green (total of 35 volumes). 
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RT-qPCR 

For all samples analyzed, RNA was extracted and purified from third instar larval 

whole CNS tissue (Quick RNA MiniPrep Kit, Zymo Research, Irvine, California) 

and was converted to cDNA using Superscript III Reverse Transcriptase (Thermo 

Fisher, Waltham, Massachusetts).  The Dα1 region targeted was based upon pre-

designed RT-PCR primers from FlyPrimerBank (Harvard Medical School).  ID 

PP34653 F: 5’ ATATGGCTACC GGATATTGTGCT 3’ and R: 5’ 

ACTTTGCCCGTGTGATGAAGA 3’, which amplify an mRNA product 

connecting the 3rd and 4th coding exons.  qPCR was carried out with the BioRad 

CFX96 Real Time System model (Biorad Laboratories, Hercules, California) and 

the SsoAdvanced Universal SYBR Green Supermix dye (Qiagen, Valencia, 

California).    

Generation of transgenic Dαααα6-overexpression line 

The coding sequence of the Drosophila Dα6-RE, the isoform most highly 

expressed in the larval LNv determined by the RNA-seq analysis (115), was 

amplified using the forward primer 5’-ACAGATCTTGCGGCCG 

CATGGACTCCCCGCTGCCAGCGTCG-3’ and the reverse primer 5’ ACAAA 

GATCCTCTAGATTATTGCACGATTATGTGCGGAGCG 3’.  The resulting 

fragment was digested with NotI and XbaI and cloned into the vector pUAST.  

After verifying the Dα6 sequence by sequencing and restriction digestion, plasmids 

were injected by Rainbow Transgenic Flies (Camarillo, CA) and transformed by 

random P-element insertion, followed by standard screening and balancing.     
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Calcium imaging analyses 

The protocol used here is adapted from previous publications (112, 113). Eye-brain 

explants, including the intact BO, optic tract, eye disks and brain lobes, were taken 

from wandering 3rd instar larvae expressing Pdf-LexA driving LexAop-GCaMP6s 

or Pdf-Gal4 driving UAS-GCaMP6s.  After dissection in 1x PBS, samples were 

directly mounted in an external saline buffer (120mM NaCl, 4mM MgCl2, 3mM 

KCl, 10mM NaHCO3, 10mM Glucose, 10mM Sucrose, 5mM TES, 10mM HEPES, 

2mM Ca2+, PH 7.2) for live ex-vivo imaging.  Imaging was performed using a Zeiss 

LSM 780 confocal microscope in combination with a Coherent Vision II two-

photon laser tuned to 920nm for GCaMP excitation.  Samples were recorded with 

a 40x water objective lens and 3x optical zoom.  The frame rate was set to 100ms 

for a total of 1000 frames over a 100s recording session.  GCaMP signals in the 

LNv (at the axon terminal unless otherwise stated) were recorded with a 256x90 

pixel resolution.  Each recording session included two 100ms 561nm light pulse 

stimulations separated by 40s to allow for complete measurement of calcium 

response and return to baseline fluorescence.  Fluorescence change following each 

stimulation was calculated by ∆F/F0, where ∆F represents the change in 

fluorescence from baseline levels and F0 represents the average fluorescence from 

the 20 frames immediately preceding stimulation (Figure 1.4).  Only one recording 

was used per sample.  Traces and values in figures are derived from the data 

obtained from the second stimulation but are comparable to that of the first 

stimulation.   
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Results 

 

Phylogenetic analysis of the Drosophila nAchR gene family  

 As covered in the introduction, the genome of Drosophila melanogaster 

contains 10 nAchR subunit-encoding genes.  This is fewer than the 16 found in 

humans and at least 27 in C. elegans, but similar or equivalent to the gene family 

size in other insects (89, 117).  Site-directed mutagenesis studies have 

demonstrated the functional significance of individual amino acid residues and 

therefore a preliminary, but informative, step of this project was to identify the 

relatedness among all ten Drosophila subunits (reviewed in (89, 118)).   

 We found that subunits Dα5-Dα7 clustered with the human nAchRα7 

(CHRNA7), which is known for its ability to form homomeric pentamers and its 

Figure 1.4: Process of inducing and recording light-evoked calcium transients in the 

LNv.  (a) A schematic diagram illustrating the calcium imaging experiment in LNvs. A 

laser pulse activates the photoreceptors leading to depolarization of the downstream 

LNv, which is measured at its axonal terminal (dashed circle). (B) Pseudo-colored 

frames of GCaMP6s signal intensity before and after photoreceptor stimulation.   
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relatively high ratio of Ca:Na ion conductance ( (119, 120) and  reviewed in 

(121)).  Dα1-Dα4 and Dβ2 cluster together as well but their relationship  to a 

particular human ortholog are not as clear in this case since there seems to be a 

general species divergence between this group and its sister group (CHRNA1-

CHRNA6 and CHRNB3).  Finally, the Dβ3 subunit has the lowest homology with 

other nAchR subunits, both fly and human.  Interestingly, several other insect 

species possess one or more nAchR subunit gene which are very dissimilar to all 

other paralogs within that species (117). 

Although this analysis was completed independently, evolutionary relationships 

between fly, human and other insect nAchR subunits has been analyzed in the 

past, for instance by M Grauso et al. in 2002.  Our alignment was nearly identical 

with that of Grauso and others with one exception: Dβ1 is less related to the 

human muscle-specific subunits (i.e. β1, γ, δ and ε)(Figure 1.5.  All other 

phylogenetic relationships produced from this homology alignment were 

essentially the same as those calculated by Grauso et al. 2002.              
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Figure 1.5: Evolutionary relatedness of fly nAchR genes.  Phylogenetic tree depicting 

relationships of fly nAchR subunit genes both within the D. melanogaster genome (green) 

and with their human nAchR orthologs (black). The majority of fly nAchR genes form two 

distinct clusters: the vertebrate “α7-like” and the mixed “α-β”.  The outgroup Grd is the 

Drosophila glycine/GABA dual receptor gene (also a member of the Cys-loop ligand-gated 

ion channel superfamily).  Bootstrap values (red) appear prior to branching.   
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Transcriptomics reveals AchR gene expression variation in the larval LNv 

 nAchR expression in the Drosophila CNS is nearly ubiquitous but few 

studies have reported on expression profiles of individual cell types.  We 

therefore took two non-biased approaches to investigate all potential nAchR 

subunits in the LNv.  The first was done by extracting published transcriptomic 

data from a previous RNA sequencing study (115).  Here, the brain lobes of 

wandering third instar larvae expressing the Pdf-Gal4 and UAS-mCD8::GFP 

transgenes were dissociated and sorted by FACS (fluorescence-activated cell 

sorting), using the GFP channel to isolate the Pdf+ neurons.  In the larval brain, 

there are only four PDF-expressing neurons per brain hemisphere, which are the 

LNvs, that allows for high confidence sorting.  Normalization of total nAchR 

subunit reads created a clear picture of the relative abundance for all subunit 

transcripts (Figure 1.6).    
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 It appeared that although most subunits were detected, levels varied along a 

continuum.  At one end of the spectrum was Dα1, clearly the most abundant gene 

at a level nearly twice as high as the next highest subunit.  At the opposite end, 

Dα7 is extremely low and Dβ3 is essentially absent.  The paucity of Dα7 is a 

departure from other studies where it has been shown to be a central component in 

the adult olfactory circuit, visual system and giant fiber (GF) escape-reflex 

pathway (122-124).  There also did not seem to be a correlation between 

sequence-based relatedness, from Figure 1.4, and mRNA presence.  For example, 

the highly similar Dα5, Dα6 and Dα7 range from second-highest to minimally 

expressed.  Finally, transcripts for the three known Drosophila muscarinic 

acetylcholine receptors (mAchR) genes were present at substantial quantities, 

Figure 1.6: Cell-specific RNA-seq results reveal diverse AchR gene expression. Relative 

expression levels of nicotinic (Dα1-7, Dβ1-3) and muscarinic (DmA, B, C) AchR subunits in 

LNvs from larvae raised in light:dark (LD) conditions. RPKM: Reads per kilobase per million. 
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though the relevance of this remains to be determined as previous work using 

dissociated LNvs demonstrated negligible sensitivity to both muscarinic agonist 

and antagonist action (125).  

 Multiple Drosophila nAchR subunits are quite widespread in both the 

larval and adult CNS, based on in situ RNA and immunohistochemical analyses, 

and high-throughput RNAseq data from several sources indicate the majority of 

nAchR genes are at least moderately expressed in third instar larval neural tissue, 

albeit lower than that of pupae or adults (126, 127).  We therefore compared the 

LNv-specific dataset to an elav>GFP-sorted population to ask whether any 

particular subunits are unusually high in the LNvs, as compared to a typical CNS 

neuron.  Here, we found that several subunits, including Dα1, are enriched in the 

LNv at least two-fold compared to the elav+ group (Figure 1.7).   

 Lastly, to provide a foundation for studying the transcriptional basis of 

light-dependent plasticity in the LNv, we compared this standard LD dataset to 

one generated with an altered level of synaptic input.  As mentioned earlier, using 

larvae cultured with chronically elevated light activity (LL) provides an excellent 

reference point for this purpose.  Interestingly, a statistical comparison revealed 

that transcript levels of nearly all subunits do not significantly differ between the 

baseline LD condition versus the high-stimulation LL condition (Figure 1.8).  

Only Dα1 , is significantly altered.  Specifically, constant light reduces Dα1 

roughly 3.5 fold relative to the LD condition.  Because Dα1 is both the most 

abundant subunit in the LNv and the only subunit whose expression is modified 
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by light activity, this subunit likley plays a major role during the events 

accompanying larval LNv postsynaptic development.  

                                                     

 

                                

 

Figure 1.7: Enrichment of nAchR genes in the LNv.  Transcripts of four nAchR subunits are 

detected at twice the level, or higher, in the LNv when compared to the average elav-

positive neuron in the CNS. 

Figure 1.8: Comparison of RNA-seq datasets reveals the influence of light on nAchR 

subunit expression.  Chronically elevated activity in the LL condition significantly reduces 

Dα1 expression in the LNv.  No other subunits display activity-dependent transcriptional 

modulation.  p-values analyzed by DESeq2 are denoted above the bar.    
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Dαααα1 and Dαααα6 are expressed in the larval LNvs but only Dαααα6 functions in 

dendrite morphogenesis 

 To complement the above transcriptomic approach for identifying the 

relevant nAchR subunits, we performed a small-scale morphological screen in 

parallel for all ten Drosophila subunit genes.  By crossing the stock containing the 

Pdf-Gal4>mCD8::GFP marker, which labels the LNv membrane, with different 

UAS-dsRNA lines targeting single nAchR subunits we could quickly, albeit 

subjectively, isolate which subunits are potentially needed for a wildtype LNv 

dendrite.  Here, RNAi-mediated knockdown of only Dα6 resulted in reduced LNv 

dendrite volume (Figure 1.9a).  Surprisingly, RNAi lines targeting all other 

subunits, including Dα1, failed to produce an abnormally large or small dendritic 

arbor.   

 To uncover any relationship between the homeostatic plasticity of the LNv 

and Dα6 function, we also performed the identical screen with constant 

light.  However, Dα6 knockdown did not appear to influence the dendritic field in 

the LL condition (data not shown).  And, as in the LD condition above, RNAi 

targeting the remaining subunits in the LL condition also showed no difference.  

Finally, the resulting morphologies were quantitatively assessed for Dα1 and Dα6 

in a follow-up experiment by reconstruction of the dendritic arbor, which 

confirmed the absence of a Dα1 phenotype and the LD-specific Dα6 reduction 

phenotype.  Moreover, statistical comparisons in Dα6 RNAi animals revealed that 

the robust LD vs. LL volumetric plasticity invariably seen in wildtype animals is 

abolished in Dα6-deficient larvae (Figure 1.9b,c).  Thus, Dα6 may play a role in 
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general LNv dendrite morphogenesis as well as experience-dependent structural 

plasticity.   

 The transcriptomic and screening data above was our first indication that 

Dα1 and Dα6 were among the ten subunits critical for LNv form and function.  

However, we performed several additional experiments to confirm this was 

indeed the case.  Firstly, to validate the RNAseq data and confirm that Dα1 and 

Dα6 are expressed in the larval LNvs, we examined the endogenous expression 

pattern of Dα1 and Dα6 using two Gene-trap Gal4 lines, Dα1MI00453-TG4.0 (Dα1-

TG4) and Dα6MI01466-TG4.1 (Dα6-TG4), both of which contain a Gal4 element 

inserted in the intronic region of the receptor subunit gene such that it is  under 

the control of the native promoter (128, 129).  By crossing these lines with a 

membrane-targeted mCD8::GFP and a nuclear marker, redStinger, these 

enhancer Gal4 lines demarcate the neuropil and cell bodies expressing the 

subunits (Figure 1.10).  In addition to observing a wide distribution of both 

subunits throughout the larval brain, labeling of the LNvs through anti-PDF 

antibody staining indicated that while Dα1 expression is fairly high in most cells 

of each hemispherical cluster, Dα6 is quite low.  In fact, RedStinger signal for this 

subunit typically appeared 
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Figure 1.9: Morphological screen identifies Dα6 as a candidate gene influencing LNv morphogenesis.  (a) 

Tissue-specific RNAi-based screen targeting all nAchR subunits implicates only Dα6 in LNv morphology.  Top: 

Whole LNv; Bottom: Magnified view of dendrite arbor. (b and c) Quantitative analysis of separate trials to 

assess the role of Dα1 and Dα6 in determining dendrite volume. (b) Knockdown of Dα1 has no statistical effect 

on dendrite volume in either the LD or LL condition.  (c) Knockdown of Dα6 results in a significantly smaller 

dendrite arbor in the LD condition and eliminates the LL-induced decrease.  No effect is seen in constant light. 

Sample size n represents the number of larvae tested, n=12-17. Error bars represent mean ± SEM.  

  



30 

 

 

 

Figure 1.10: The expression of Dα1 and Dα6 in the larval LNvs is confirmed using Gene-trap 

Gal4 lines. Top (a and b): Schematics of the Trojan-Gal4 constructs and the insertion sites 

within the Dα1 (a) and Dα6 (b) genomic loci. Bottom (a and b): Representative projected 

confocal images displaying the broad distribution pattern of Dα1 (a) and Dα6 (b) in the larval 

brain lobe (left) and in the LNvs (right). The Trojan-Gal4-driven expression of the nuclear 

marker RedStinger (red) and the membrane marker mCD8::GFP (green) are shown. LNvs 

(arrowheads indicated in red channel) are stained using anti-PDF antibody (white). 
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in only one or two cells per cluster.  Although this doesn’t necessarily discount 

the expression of Dα6 in the LNvs detected from our RNAseq data, it does raise 

questions about the homogeneity within the four-neuron cluster.  Also notable is 

the Dα6 reporter signal coming from the larval optic lobe pioneer neurons (lOLP) 

neurons, the interneurons which indirectly link the Rh6 photoreceptor neurons 

with the LNvs (Figure 1.11)(130)  

 Secondly, due to intrinsic variation in the efficiency between different 

RNAi constructs, as well as the driver being used and cell type(s) they are 

expressed in, we measured the efficacy of the Dα1 and Dα6 dsRNA lines.  When 

expressed through the actin-Gal4 driver, the Dα1 dsRNA construct removes 

decreases levels by roughly 60 percent of total Dα1 RNA in the larval CNS, as 

measured by RT-qPCR (Figure 1.12a).  The Dα6 dsRNA construct, assayed by 

anti-Dα6 antibody staining, appeared to be less effective as Dα6 protein levels in 

the LNv soma were only reduced by around 35 percent (Figure 1.12b).   

 Although not surprising, the incomplete elimination of nAchR subunit RNA 

via RNAi prompted us to validate the morphological screening data with mutant 

alleles.  Here, using the same reconstruction technique above, we tested a Dα1 loss-

of-function mutant using a trans-heterozygote consisting of two MiMIC alleles 

inserted in either a coding intron (Dα1MI00453) or exon (Dα1MI11851), which only 

express Dα1 RNA in the larval CNS at 3% of wildtype levels as measured by RT-

qPCR (Figure 1.13) (131) (Venken, Schulze et al. 2011) (Venken, Schulze et al. 

2011) (Venken, Schulze et al. 2011) (Venken, Schulze et al. 2011) (Venken, 

Schulze et al. 2011) (Venken, Schulze et al. 2011).  Consistent with the knock-
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down experiments, there were no significant changes in LNv dendrite volume in 

the Dα1 mutant under LD and LL conditions as compared to the control group 

(Figure 1.14).   

 The contribution of Dα6 to LNv morphogenesis was examined by mutant 

analysis using the null allele Dα6DAS1, which contains a G to A substitution that 

eliminates the first splicing event and produces a truncated polypeptide (132).  

Similar to the RNAi knockdown approach, Dα6 deficiency led to a significant 

reduction in the LNv dendrite volume and a loss of LL-induced dendrite plasticity 

(Figure 1.15).  It was, however, unexpected that overexpressing Dα6 in the LNv 

could not rescue the LD-specific phenotype.  Further, the LD-LL volumetric 

difference was only partially restored.  A likely reason for this is due to the non-

autonomous source of Dα6 coming from one or both lOLP neurons, which play 

an intimate role in conducting neural activity downstream of the photoreceptors 

(Figure 1.11).   
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Figure 1.11: Dα6 expression in the larval OLP neurons.  Two of the three lOLP 

neurons, whose neuropil projections form part of the LON, are positive for nuclear 

RedStinger (red) and mCD8::GFP (green).  Cell bodies and neurites indicated by 

arrowheads and star, respectively.   

Figure 1.12.  Efficiency of Dα1 and Dα6 RNAi transgenes.  (a) Driving the Dα1 dsRNA transgene 

with the actin-Gal4 enhancer reduces CNS-wide Dα1 RNA levels below 50% of wildtype values. 

(b) The Dα6 dsRNA transgene driven by the Pdf-Gal4 enhancer significantly reduces Dα6 protein 

(red) in reconstructed soma (grey) of mCD8::GFP labeled LNvs (green). Sample size n represents 

the number of LNv soma quantified, n>30. Error bars represent mean ± SEM.  
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Figure 1.13.  Strength of Dα1 MiMIC alleles.  (a) Schematic of Dα1 gene structure showing 

placement of MiMIC insertions as well as RT-qPCR primer location (black arrows), which is 

downstream of both insertions. (b) The Dα1MI00453 allele strongly reduces Dα1 mRNA in the 

larval CNS in the heterozygous condition and, when in-trans with the frameshifting Dα1MI11851 

allele, reduces the large majority of Dα1 RNA. Error bars represent mean ± SEM. 

Figure 1.14.  Effect of a strong transheterozygous Dα1 mutant on LNv dendrite volume. (a) 

Representative projected confocal images of LNv dendrites labeled by mCD8::GFP (left, green) and their 

3D reconstructions (right, grey) are shown. (b) Quantification of data in (a). The loss-of-function mutant 

of Dα1 does not have observable defects in LNv dendrite volume. Sample size n represents the number 

of larvae tested, n=9-19. Error bars represent mean ± SEM.  
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 Finally, to investigate whether Dα1 deficiency modifies the morphological 

defect seen in Dα6 mutants, we generated Dα1/Dα6 double mutants by combining 

the mutant alleles described above.  There was no significant difference in dendrite 

volume between the Dα1/Dα6 double mutant and the Dα6 mutant (Figure 1.16), 

indicating that the Dα1 deficiency neither enhances nor suppresses the dendrite 

phenotype exhibited by the Dα6 mutants.  

 The evidence thus far enabled us to narrow our scope of investigation and 

focus nearly all future efforts on two subunits with seemingly distinct and 

unexpected activities in the LNv: Dα1, which is enriched in this cell type and 

undergoes activity-dependent transcriptional regulation but is not critical for 

dendrite morphogenesis, and Dα6, which may contribute to dendrite growth but is 

not particularly abundant and whose expression at the RNA level is unaffected by 

light input.             
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Figure 1.15.  Dα6 is required for proper dendritogenesis in the larval LNv. (a) Representative 

projected confocal images of LNv dendrites labeled by mCD8::GFP (left, green) and their 3D 

reconstructions (right, grey) are shown for both the LD and LL conditions. (b) Quantification 

of data in (a). Null mutants and cell-specific rescue animals are compared to wildtype 

controls. Dα6
DAS1

 mutants have severe impairments to LNv anatomy and plasticity, which 

cannot be rescued by driving Dα6 overexpression in the LNs alone. Sample size n represents 

the number of larvae tested, n=13-18. Error bars represent mean ± SEM. 
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Both Dαααα1 and Dαααα6 contribute to LNv synaptic transmission 

 In the vertebrate CNS literature, there are reports of how glutamate 

receptors are vital for multiple neurophysiological properties but are apparently 

dispensable for the morphological traits in the same cell (133).  It seemed 

plausible that this functional partition might be occurring in our system and could 

explain why Dα1 has no robust influence on dendrite volume.  Therefore, we 

went on to examine the involvement of Dα1 and Dα6 in synaptic transmission 

using physiological studies.  LNvs receive direct and indirect synaptic input from 

the larval photoreceptors, and thus can be activated when the animal’s intact 

visual circuit is subjected to light stimuli (Figure 1.4).  Depolarization events in 

Figure 1.16.  Dα1 co-deficiency does not enhance or mitigate the dendrite phenotype in Dα6 mutant LNvs. 

(a) Representative projected confocal images of LNv dendrites labeled by mCD8::GFP (left, green) and their 

3D reconstructions (right, grey) are shown for the LD condition.  (b) Quantification of data in (a). There is 

no statistical difference between Dα6 single mutant and Dα1/Dα6 double mutant dendrite volumes. 

Sample size n represents the number of larvae tested, n=13-17. Error bars represent mean ± SEM. 
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the LNv are recorded and quantified using the transgenically-expressed, 

fluorescent calcium reporter GCamp.  Due to the strong influx of calcium at the 

presynaptic terminals, the axon boutons were selected as the most suitable 

location for recordings. 

 We performed calcium imaging experiments in loss-of-function mutants 

for both subunits: Dα1MI11851/Dα1MI00453 or Dα6DAS1/Dα6MI01785 trans-

heterozygotes.  Remarkably, the light-elicited calcium responses in both Dα1 and 

Dα6 mutants were significantly reduced as compared to the control flies.  

Response amplitudes, represented by the peak level of ∆F/F, were about 30% of 

control for the Dα1 mutant and 40% of control for the Dα6 mutant, although 

there was no statistical difference between the two mutant groups (Figure 

1.17a,b). 

 We supplemented this data with that from LL-cultured larvae as well.  

Previously, it has been shown that LNvs of larvae raised in constant light undergo 

not only a reduction in dendrite volume, but also have a dampened light-evoked 

calcium response (112).  This was replicated here with the control group showing 

a 40% reduction in the response amplitude in the LL condition as compared to the 

LD condition (Figure 1.17c,d).  Interestingly, neither Dα1 nor Dα6 mutants show 

this dampened response in the LL environment.  And this inability for the LL 

condition to further reduce light-evoked responses in the mutants suggests that the 

LL-induced homeostatic response and the genetic deficits generated by Dα1 and 

Dα6 mutations in the LD condition manifest due to a common pathway(s), such as 

alterations in the number and/or strength of the synapses.   
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 Although calcium responses are generally stronger and more consistent at 

the axon terminal, we also pursued recordings at the dendrite region.  Compared to 

Figure 1.17. Light-elicited calcium responses in LNvs are severely affected in Dα1 and Dα6 loss-of-function 

mutants only in the LD condition. (a and c) Traces of average GCamp intensity change following 

photoreceptor stimulation (dashed green line) in the LD (a) and LL (c) conditions.  Control and both mutants’ 

curves are superimposed.  The shaded area represents SEM. (b and d) Quantification of data in (a and c). In 

the LD condition (b), peak GCamp6s amplitude following light stimulation is significantly reduced in both 

Dα1 and Dα6 mutants.  In the LL condition (d), no difference is observed between control animals and either 

mutant Sample size n represents the number of larvae tested, n=10-25.  Error bars represent mean ± SEM. 
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the axonal calcium responses, those collected from the dendrite had a much smaller 

amplitude, possibly due to different calcium channel densities between 

compartments and/or preferential influx of sodium ions at the dendrite.  

Nonetheless, the calcium transients collected at the postsynaptic site still showed a 

significantly dampened light response in the Dα6 mutants, validating the phenotype 

we observed in the mutants (Figure 1.18).  Importantly, this also implies that the 

aberrant axonal terminal recordings in the mutant are at least partly due to abnormal 

activity at the postsynaptic compartment, the predicted site of the nAchRs, and do 

not simply result from non-specific effects such as defective signal propagation 

along the axon.   

 

  

 

 

 

 To measure the cell-autonomous contribution of the two subunits in 

mediating synaptic transmissions in LNvs, we also performed LNv-specific knock-

Figure 1.18. Physiological defects in Dα6 mutants can be detected in the LNv dendritic region.  (a) 

Traces of average GCamp intensity change in the dendrite following photoreceptor stimulation (green 

line). The shaded area represents SEM. (b) Quantification of data in (a).  Although baseline wildtype 

amplitude is smaller at the dendrite, calcium responses recorded in the LNv dendritic field are 

significantly dampened in Dα6 mutants in the LD condition. Sample size n represents the number of 

larvae tested, n=9-14.  Error bars represent mean ± SEM. 
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down experiments using transgenic RNAi lines targeting either Dα1 or Dα6, driven 

by LNv-specific Pdf-Gal4.  Knocking down either subunit produced significant 

reductions in the light-evoked calcium responses, similar in magnitude to those of 

the mutant, indicating autonomous contributions to the LNv’s light response from 

both subunits (though not ruling out non-autonomous subunit activity such as in the 

lOLP neurons)(Figure 1.19).  

 Lastly, we used the double knock-down experiments to evaluate whether 

there are synergistic effects generated by a deficiency in both subunits.  Similar to 

the lack of enhancement we observed in the morphological study, there was no 

significant difference between the single vs. double knock-down groups in the 

light-evoked calcium responses (Figure 1.19). 

 

 

 

This result suggests that Dα1 and Dα6 contribute to the neurotransmission in LNvs 

through a common pathway, such as co-assembling into common pentameric 

receptors that localize at the postsynaptic apparatus or regulating membrane 

Figure 1.19. Dα1 and Dα6 have a cell-autonomous function in mediating synaptic transmission in the 

LNv. (a) Traces of average GCamp intensity change, measured at the axon terminal, following 

photoreceptor stimulation (green line). The shaded area represents SEM.  (b) Quantification of data in 

(a). (b) LNv-specific knockdown of either Dα1 or Dα6 produces significant reductions in light-induced 

calcium responses.  Additionally, Dα1-Dα6 double knockdown does not produce a significant change 

from the single knockdown phenotype. Sample size n represents the number of larvae tested. n=7-13. 

Error bars represent mean ± SEM.  
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conductance cooperatively within the same synapse but in distinct receptor 

subtypes.  The remaining 30% of neurotransmission in the Dα1/Dα6 double knock-

down animals could be attributed to the incomplete elimination of either subunit by 

the transgenic RNAi lines. However, based on the potential expression of other 

subunits in LNvs and the phenotypes of strong mutant combinations, another 

plausible explanation would be that other nAchR subunits also contribute to the 

process.  

Endogenous nAchR expression profiles suggest additional subunits are active 

in the larval LNvs 

 Our phenotypic analyses have been focused on Dα1 and Dα6 so far. 

However, the RNA-seq analysis detected transcripts of all but one subunit in the 

LNv transcriptome. In addition, our calcium imaging experiments revealed that a 

light-evoked calcium response in the LNvs still persists with Dα1/Dα6 double 

knock-down. These observations suggested the potential expression and function 

of additional nAchR subunits in larval LNvs.  To test this possibility, we examined 

several nAchR subunit protein trap lines generated by CRISPR/Cas9-mediated 

genome editing.  In these lines, Gal4 or LexA is translated as a separate protein near 

the stop codon of the nAchR subunit through T2A-mediated translation initiation, 

potentially reflecting the endogenous expression pattern of the individual 

subunits(134).  Reporters driven by Dα3-T2A-Gal4, Dβ2-T2A-Gal4, Dα6-T2A-

Gal4 and Dα5-T2A-LexA indicated that, besides Dα1 and Dα6, Dα3 and Dα5 

likely also express in LNvs, while Dβ2 expression was not detected in LNvs by this 

approach (Figure 1.20).   
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Figure 1.20. Evaluation of nAchR subunit knock-in Gal4 lines reveals the expression of Dα3 and Dα5 in the larval LNvs. 

(a-c) Left: Representative confocal images of the brain-wide expression patterns for select nAchR subunit genes. The 

knock-in Gal4 lines drive the expression of mCD8::GFP (green) and the nuclear marker RedStinger (red). LNvs are 

labeled using anti-PDF antibody (white). Right: Higher magnification images of LNv soma (outlined by dotted white 

circle) reveal the expression of Dα3 (a) in all, and Dα6 (b) in a subset of, LNvs, while Dβ2 (c) expression is not detected. 

(d) Left: Representative confocal images illustrating the expression pattern of Dα5-LexA driving mCD8::GFP (green) 

where LNvs are labeled by PDF staining (white) Right: A single optical section displaying three of the of four cells of 

the hemispherical cluster indicates that Dα5 is expressed within some, but not all, LNv neurons. 
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Discussion 

 Chapter 1 of this research has identified two nAchR genes, Dα1 and Dα6, which 

are needed for postsynaptic form and function of the developing larval LNv. These 

two, which are quite divergent with respect to their amino acid sequence, were 

uncovered among the ten nAchR subunits of the Drosophila genome.  Preliminary 

RNAseq datasets and morphological screening were utilized for the isolation step and 

immunohistochemistry and mutant analysis subsequently confirmed the subunits’ 

significance.  Dα1, the highly enriched subunit whose expression is sensitive to light 

activity,  participates in LNv neurotransmission but contributes minimally to dendrite 

arborization.  Conversely, Dα6 is not particularly abundant in the LNv but has a 

strong influence on structure and physiology at the LNv dendrite.  Beyond the basic 

functions of Dα1 and Dα6 delineated here, several additional points concerning 

subunit compensation, inter-LNv comparisons and the adaptive plasticity response are 

also discussed below.   

nAchR subunit compensation and functional redundancy 

 One puzzling aspect of this work concerns the necessity of the remaining 

eight nAchR subunits.  Individually, they were not isolated from the RNAi 

morphology-based screen.  Additionally, a small-scale post hoc calcium imaging 

screen was conducted to determine how knocking down other subunits 

individually affects the LNv’s light-induced calcium response.  Similar to the 

morphological screen, none of the RNAi lines significantly altered peak 
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amplitude compared to wildtype.  In contrast, the RNAseq and T2A-Gal4 line 

expression data do suggest that several others are expressed in the LNvs of late 

larvae, and even enriched in the case of Dα3. 

 One possible explanation for this is receptor subunit compensation.  Firstly, 

the large size of the nAchR gene family in animals greatly increases the potential 

for subunit compensation, which may even play some evolutionary role in fully 

wildtype animals (89).  Secondly, there are several examples in the literature 

where various phenotypes of nAchR-deficient animals only appear when subunit 

genes are missing in combination.  In mice, multi-organ autonomic dysfunction is 

observed in β2/β4 double knockout mice, whereas individually animals have 

mostly normal physiology.  In flies, abnormal levels of the synaptic protein Hig in 

the MB calyx is only observed if Dα6 and Dα7 are missing simultaneously (135, 

136).  This phenomenon is also probably responsible for the preservation of 

normal synaptic activity in lobulate plate tangential cells (LPTC) neurons of Dα7 

mutants despite strong Dα7 immunoreactivity at the LPTC dendritic field (137).  

These instances strongly suggest that one subunit may substitute in the absence of 

another, provided they are similar enough at the molecular level to permit 

functional redundancy.  It may also explain why, upon quantifying data from the 

original RNAi morphology screen, knockdown of other subunits slightly modifies 

dendrite volume but not to a significant degree (Figure 1.21).  This imperfect 

compensatory response should not be surprising considering no two subunits will 

be completely identical at the molecular level.   
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 In the case compensation is occurring, the phylogenetic relatedness could 

permit Dα3, for example, to substitute for Dα1.  We also can rule out Dα1 

compensation for Dα6, since single mutants of the latter have severe and 

consistent phenotypes already.  Although Dα1/Dα3 substitution above is 

speculation, true compensation events wherever they occur are a vital resource 

which can be used to understand the molecular properties between the nAchR 

subunit genes in the Drosophila system.     

Transcriptional diversity between LNvs 

 Currently, there is no decisive way of distinguishing each of the four LNv 

neurons within a single cluster, as the activity of their Pdf loci are all fairly 

similar.  However, if the Stinger intensities of the Dα1-Gal4 and Dα6-Gal4 

reporters are quantitatively accurate to some degree (shown to be the case for 

Dα1 later in Chapter 3), there are likely substantial differences in Dα1 and Dα6 

expression within the cluster.   
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 Therefore, although the morphological and physiological phenotypes seen 

for each nAchR subunit mutant are taken as a sum of all four neurons, it is not yet 

possible to conclude whether or not each individual LNv contributes equally to 

these summed phenotypes.  In the future, techniques such as stochastic and single-

cell labeling as well as single-cell RNAseq (scRNAseq) may be able to help 

classify the four neurons into transcriptionally distinct categories and possibly 

reveal other genes with varying expression.   

Correlation between phenotype and light input 

 Although Dα1 and Dα6 mutants display different phenotypes, these defects 

interestingly only occur in the LD condition.  Specifically, dendrite volume and 

light-evoked calcium transients are both unaffected by subunit deficiencies in the 

Figure 1.21.  Quantification of all knockdown groups in transgenic RNAi screen. 

Knockdown of multiple nAchR subunit genes results in a noticeable, albeit non-

significant, change in LNv dendrite volume that may indicate subtle contributions 

to morphogenesis.  Sample size n represents the number of larvae tested, n=7-10. 

Error bars represent mean ± SEM 
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LL condition and suggests that the requirement of Dα1 and Dα6 is minimized in 

the constant light condition.  Previous work has shown that ambient light 

significantly changes the developmental trajectory of LNvs by altering crucial 

synaptic properties (113).  Thus, it is possible that the LD vs. LL differences in 

synapse number, dendrite size and/or dendrite branch motility arise from 

differential usage of Dα1 and Dα6 in different light environments.  We explore 

this next in Chapter 2.   
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Chapter 2: Deconstructing the mechanism by which Dα1 and 

Dα6 support distinct aspects of LNv development 

 
 

 

 

Abstract 

 

 The nAchR-containing postsynaptic specializations of the fly brain contribute to 

diverse aspects of Drosophila neurobiology, not surprising given their predominance 

in the insect CNS.  Here, they not only mediate synaptic transmission and thus 

influence a multitude of simple behaviors and reflexes, but also drive cellular 

plasticity, adaptive behaviors and cognition, processes which may also incorporate 

coincident activity of other neurotransmitters or neuromodulators.  Additionally, early 

studies had revealed a trend in nAchR regulation whereby many subunits have 

heightened expression during periods that correlate with intense synaptogenesis.  

However, because insect nAchRs have traditionally been studied in the context of 

insecticide function, the details of excitatory cholinergic synapse formation and 

regulation are only recently becoming clear.  Furthermore, functional differences 

between individual nAchR subunits is clearly demonstrated in flies but the underlying 

reasons for this have not been explained.  By continuing our investigation of the 

nAchR subunits Dα1 and Dα6 identified in Chapter One we reveal that both subunits 

are regulated under distinct transcriptional controls, including light activity and time 

of development.  Our temporal profiling assays, as well as additional morphological 

and functional assessments, indicate that young immature LNvs rely on Dα6 to 

specify synapse number and dendrite volume.  Later, Dα1 is exploited to promote 
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synaptic maturation at the LNv dendrite and ensure the enhanced level of 

neurotransmission at the end of larval development.  Overall, this sequential usage of 

functionally distinct receptor subunits is very similar to that which occurs during 

development and maturation of glutamatergic synapses in the vertebrate CNS and 

points to temporal transitions in postsynaptic receptor subtypes as a general 

mechanism underlying development and maturation of synapses. 

 

Introduction 

 

nAchR gene expression and localization in the fly nervous system 

 Functionally, nAchR receptors in the insect CNS are analogous to 

ionotropic glutamate receptors (iGluR) in the vertebrate brain and spinal cord.  

Both are responsible for receiving and propagating fast excitatory 

neurotransmission (reviewed by (60, 76)).  nAchRs are found in many 

substructures of the Drosophila brain and ventral ganglia (138, 139). Early in situ 

hybridization studies on embryos revealed that transcripts of multiple subunits, 

such as Dβ1 and Dα2, are distributed broadly in the brain and ventral nerve cord 

(VNC) (140, 141).  Interestingly, transcripts for both Dβ1 and Dα2 were absent 

from the lamina, reflecting tissue-specific expression of individual nAchR subunit 

genes.  Enhancer reporter lines, which used the nAchR gene 5’ UTR and/or 

several kb of regulatory elements upstream of the transcription start site, validated 

the conclusions drawn from the above in situ assays, with the exception that 

reporter was generally detected in the neuropil rather than the soma layer.  For 

instance, various cis-regulatory elements upstream Dα2 and Dβ1 both drove 
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expression of the lacZ reporter in nearly all brain regions surveyed, but signal was 

again peculiarly absent from the lamina (141, 142).  Additionally, it appeared that 

different portions of the cis-regulatory region were responsible for endowing 

either spatial information or the level of transcriptional activity (141, 142). 

 Subunit-specific antibodies also helped determine the spatial expression 

patterns of nAchR genes and in general, regions positive for nAchR subunit genes 

overlapped well with α-Btx binding sites and were often juxtaposed to areas 

labeled by presynaptic markers such as ace and ChaT (139, 143-145).  For 

instance, the medulla, lobula and lobula plate of the optic lobe were all positive 

for Dα1, Dα2, Dα3, Dβ1 and Dβ2 labeling, but only Dα3 staining was observed 

in the lamina, suggesting subunit specific functions in the adult visual circuit (98, 

141, 143, 145).  Immunostaining also detected multiple subunits in protocerebral 

structures, including the ellipsoid body, ventral bodies, mushroom body (MB) β 

lobes, as well as the subesophageal, thoracic and abdominal ganglia. More 

recently, using antibody staining and GFP-tagged subunits, the expression and 

localization of nAchRs was revealed at the single-cell level.  For instance, Dα7 

was visualized as discrete postsynaptic puncta on the dendrites of LPTCs, as well 

as those of the GF neuron. These findings are consistent with the ones generated 

by recent tissue-specific transcriptome analysis, which reveals the expression of 

Dα7 in L2 and L4 of the lamina, as well as Tm2 of the medulla (122, 124, 137, 

146).   

 One additional tool that helped characterize and isolate different nAchR 

subunits is affinity purification.  Here, head or whole fly extract is filtered through 
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an agarose column conjugated to nicotinic agonists or antagonists, primarily α-

Btx or imidacloprid and its derivatives, and then eluted with a separate nicotinic 

ligand, thereby concentrating nAchR protein several orders of magnitude.  In both 

Drosophila and M. domestica samples, this affinity purification approach resulted 

in three distinct protein bands that range from 61-69kDa (138).  A related 

technique known as photoaffinity labeling has also been used to purify nAchRs 

and was able to repeatedly isolate a 66kDa-sized protein from Drosophila head 

membranes (138, 147).  Both of these methods were also instrumental in the early 

stages of characterizing Dα3 and Dα5 (143, 148).  For instance, assays on 

affinity-purified nAchRs uncovered discrepancies between predicted molecular 

weight and actual protein band size, providing evidence of predicted post-

translational processing, such as the glycosylation events on the Dα3 polypeptide 

(98).    

Physiological studies of nAchRs in the Drosophila CNS  

 Unlike nAchRs of the vertebrate CNS, which are mostly neuromodulatory 

and localize perisynaptically or extrasynaptically, fly nAchRs are likely primarily 

postsynaptic (118), colocalizing with postsynaptic proteins such as DLG and 

CamKII , while juxtaposing presynaptic active zone molecules such as DSyd-1 

(149, 150).  When a Dα7::GFP transgene was overexpressed in Kenyon Cells 

(KC) of the MB, GFP puncta were observed within the dendritic claw-like ring 

surrounding Projection Neuron (PN) axon terminals marked by Brpshort::Cherry 

(151).  Notably, fly nAchRs also coexist at the dendrite with other 

neurotransmitter receptors, such as the GABAA receptor Rdl in MN5 
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motoneurons, although there appears to be a spatial segregation between the two 

(152).   

 Evidence for nAchR activity in the fly brain, and insects as a whole, 

emerged in the 1970s and has since been demonstrated directly by physiological 

studies (153, 154).  In vitro cultured embryonic ChAT+ neurons produce fast and 

rapidly-decaying inward currents that are readily detected as both miniature 

excitatory postsynaptic currents (mEPSC) and action potential-evoked excitatory 

postsynaptic currents (EPSC), and can be reversibly silenced by application of the 

nAchR-specific antagonist curare, but not GABA receptor or iGluR antagonists.  

Notably, EPSC amplitudes are non-uniform, and several days in culture is needed 

to obtain maximum EPSC frequency.  Simple forms of calcium-dependent 

plasticity are also observed as mEPSC frequency increases following multiple 

rounds of KCl-induced depolarization (155).  In a related study, nAchR-mediated 

cholinergic transmission was demonstrated using cultured MB neurons of 

dissociated pupal brains, where the majority of mESPSCs are α-Btx sensitive 

with a broad amplitude distribution (156).  

 There is also an extensive list of in vivo studies documenting the 

physiological importance of nAchRs. A well-studied case is the function of Dα7 

in the GF circuit, where visual stimuli are relayed to the brain and transformed 

into motoneuron activity in the periphery, which together mediate the light-

induced escape reflex.  In Dα7 null mutants, defective dorsolongitudinal muscle 

(DLM) responses were observed, resulting from faulty neurotransmission 

between lobula columnar neurons and the GF circuit as well as between the 
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peripherally synapsing interneuron (PSI) and DLM’s motoneuron (DLMn)(122, 

157-159).  These studies also identified a highly conserved Tyrosine (Y195) that 

is directly involved in orchestrating agonist binding (159).  At the upstream level 

of this circuit, Dα7 is expressed in the VS-type and HS-type dendrites of LPTCs.  

However, despite multiple reports clearly showing Dα7 puncta are visible on 

LPTC dendrites, whole cell recordings following visual stimulation appear largely 

normal in Dα7 null animals (124, 137).  This, and other unexpected phenotypes, 

supports the principal of functional subunit compensation within the nAchR gene 

family.  

Besides mediating fast excitatory neurotransmission, nAchR activity has been 

linked to neural plasticity in several regions of the fly CNS.  In cultured KCs from 

pupal MBs, nicotine induces calcium transients both from direct Ca2+ ion influx 

through nAchRs and release from intracellular stores and voltage-gated calcium 

channels.  These calcium transients are significantly dampened by short 

conditioning pulses, indicating a strong experience-dependent component (160).  

In many cases, nAchR-mediated plasticity also involves the intricate and 

coincident action from other types of ionotropic or metabotropic receptor 

signaling.  For instance, repeated calcium traces recorded in isolated MB neurons 

can be stimulated by consecutive exposure to Ach and GABA.  However, the 

order of treatments determines the peak amplitude and decay kinetics of the 

calcium responses (161).  Other studies have linked postsynaptic nAchR activity 

to presynaptic calcium flux as well as characterizing pre- and post-synaptic 
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homeostatic adaptations following artificial silencing of PN-to-KC nicotinic 

synapses in the MB calyx (123, 162). 

 The connection between nAchRs and dopamine, which is a major research 

subject in vertebrate models, has also been explored in Drosophila.  Using a 

variety of techniques and approaches, it was found that MB KCs and a subset of 

dopaminergic neurons form reciprocal axon-axonal synapses that are critical for 

olfactory learning (163).  In the larval VNC, stimulation of nAchRs induces 

dopamine release, whereas in the MB, dopaminergic input onto KC axon 

terminals requires simultaneous stimulation from both cholinergic PN inputs and 

glutamatergic neurotransmission from  ascending VNC inputs(164, 165).  

Additional analyses have even implicated that specific subunits, Dα5 and Dα6 

but not Dα7, are required for odor-evoked activity in the M4/6 Mushroom body 

output neurons (MBONs) required for olfactory learning and memory (166).   

 Finally, nAchR-mediated feedback loops also play an important role in the 

induction of homeostatic plasticity.  Experiments using two populations of 

cultured cholinergic neurons have elucidated a mechanism by which the 

inhibition-induced homeostatic upregulation of synaptic activity is balanced by 

the enhancement of the hyperpolarizing K+ currents (167).  Here, 

pharmacological blockade of Dα7-mediated synaptic activity upregulates Dα7 

protein synthesis, which strengthens mEPSC inward currents in the first phase 

lasting several hours after inhibition.  The second phase is characterized by the 

calcium- and CamKII-dependent, potentiation of the K+ channel Shal, which 

reverts mEPSC frequency and amplitude towards their original, pre-stimulation 
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values.  This pathway was also replicated in vivo using transgenic means to 

downregulate cholinergic activity (168).  Additionally, this subsequent study 

implicated the transcription factor NFAT as the primary intermediate linking 

increased Dα7-dependent synaptic transmission with Shal upregulation and also 

demonstrated that elevating Da7 alone, by simple overexpression or maturation 

assistance with the nAchR-associated protein Nacho, is sufficient to induce the 

homeostatic response.   

 In summary, nAchR activity throughout the CNS of Drosophila is 

important for shaping neuronal plasticity, innate behaviors like the visually-

induced jump/escape reflex as well as complex behaviors such as olfactory 

conditioning (163, 169, 170). In addition, these actions are performed not only 

through the nAchR-mediated calcium influx or neuronal activation but also 

involve complex interactions between cholinergic signaling and other types of 

neurotransmission. 

Subunit-subunit interactions and mature receptor composition 

 Vertebrate nAchR subtypes show significant functional and 

pharmacological diversity and the clear identification of distinguishable subtypes 

is particularly conducive to their research.  Drosophila nAchRs are also 

characterized by a variety of biochemical and biophysical properties.  However, it 

is still not clear in Drosophila which subunits co-assemble and in what 

stoichiometry, and is in large part due to the lack of an effective heterologous 

system for in vitro expression (171). Currently, there is still no definitive 

description of a functional native pentameric nAchR receptor in the Drosophila 
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nervous system, although there are several lines of evidence that suggest certain 

subunits could co-assemble.   

 Early in situ hybridization and immunohistochemical studies consistently 

reported co-localization of specific subunits.  For example, Dα1 and Dβ1 are both 

concentrated in the ventral bodies and lateral triangles of the central complex and 

within the same medulla and lobula layers of the optic lobe (145).  Additionally, 

to understand native receptor compositions, co-immunoprecipitation experiments 

have been conducted for various Drosophila nAchR subunits.  Dα1 and Dα2 can 

be reciprocally immunoprecipitated from adult head membrane extracts, as can 

Dα3 together with Dβ1 (143).  Serial immunoaffinity chromatography 

experiments have also been conducted, where Dα1-containing receptors were 

used as bait to isolate Dα2-containing receptors, which were then used to further 

bait Dβ2-containing receptors. All three subunits are detected at all three filtering 

steps, supporting their association in vivo as a ternary receptor complex (98).  

Interestingly, these three subunits form a cluster on Chromosome 3R. 

 Unfortunately, some concerns have been raised for Drosophila studies due 

to conflicting results generated by different biochemical methods as well as those 

studies which strictly use hybrid heterologous systems and therefore may not be 

an entirely accurate representation of native receptor interactions (98, 144, 172).  

One way to achieve greater confidence in a proposed instance of co-assembly is 

to look for phenotype synergism between single and double nAchR mutants.  For 

example, the toxic effects of the insecticide Spinosad are blunted in in Dα1-/- and 

Dβ2-/- single mutant flies.  However, Dα1-/-/Dβ2-/- double mutants are no more 
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resistant to Spinosad than their single mutant counterparts(173).  Although this 

does not unequivocally mean Dα1 and Dβ2 are coassembled, it is the expectation 

for co-assembly because a change in either one of these subunits would be 

sufficient to disrupt function of the entire pentamer.   

 

Methods 

The following Chapter 2 protocols were previously described in Chapter 1 

Calcium imaging analyses, Confocal imaging and quantification of dendrite 

volume and Statistical analysis.  Flies were cultured using the same conditions and 

dissected at the same developmental stage, with the exception of the late 1st instar, 

(48hr hr after egg laying (AEL)) of the qFISH (quantitative fluorescent in situ 

hybridization) experiments and the late 1st instar, (48hr AEL), late 2nd instar (72hr 

AEL) and early-mid 3rd instar (96hr AEL) of the developmental calcium imaging 

experiments. 

Drosophila stocks 

The stocks Rh5,6>Brp::mCherry and hs-flp, Pdf-Gal4/CyO; UAS-FRT-mCD2stop-

FRT-mCD8::GFP were acquired from our lab’s previous study (113).  All other 

stocks used can be found above in Chapter 1 methods.   

Immunohistochemistry 

Anti-HA labeling was conducted using the rat anti-HA primary antibody (1:200) 

and the secondary antibody Cy3 Goat anti-rat (1:500). Steps in the overall protocol 

is identical to that found in Chapter 1 Methods.   
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Quantitative fluorescent in situ hybridization assay (qFISH)  

The qFISH protocol is based on Yin et al., 2018 with slight modifications 

(115).  Larvae were dissected in DPBS (DEPC treated 1x PBS) with the ventral 

nerve cord removed. The brain lobes were subsequently broken with hypodermic 

needles and digested in a mixture of 200µL 1x Collagenase/1x Dispase and 50µL 

1x Liberase at 25°C for 20-30 minutes.  Enzyme-treated brains were titrated 100 

times until no substantial fragments remained.  Digestion reaction was terminated 

by addition of 1mL SM3-FBS (Schneider’s insect medium with a 100µg/mL 

Penicillin-Streptomycin-Kanamycin antibiotic cocktail and 5% Fetal Bovine 

Serum).  Cells/tissue fragments were centrifuged at 950g for 5 minutes at 10°C.  All 

but 50µL of supernatant was removed and 50µL new SM3-FBS was added, mixed 

and then incubated at RT in a chamber pre-treated with .25mg/mL Concanavalin-

A for 15 minutes to allow for cell adherence, followed by fixation in 4% 

PFA.  Chambers were washed with PBS three times and subjected to serial ethanol 

washes (50%, 70%, 100%, 70% and 50%), then washed with 1x PBS and incubated 

in a 1:15 Protease III solution (in 1x DPBS).  Chambers were then rinsed with PBS 

before undergoing the hybridization portion of the protocol, which is performed 

using the RNAScope kit (ACD Bio, Catalog no. 320850, 820851) supplied with 

Dα1 or Dα6 mRNA hybridization probes (Catalog no. 555611, 515521).  

Dissociated cells were incubated with either Dα1 or Dα6 probes at 40°C for 2 

hours. After the washing and amplification steps following the manufacturer’s 

protocol, the dissociated cells were stained using the anti-PDF antibody and 

mounted with Vectashield mounting medium with DAPI for imaging.   
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Insect S2 cell transient transfection 

Drosophila Schneider (S2) cell transfections were performed using Lipofectin 

(Thermo Fisher, Waltham, Massachusetts) following the standard protocol from the 

manufacturer. S2 cells were seeded in a 24-well plate and transfected with 6 µL of 

Lipofectin along with 1 µg of DNA containing both the actin-Gal4 and either UAS-

Dα1-GFP11 or UAS-Dα6-GFP11.  Transfected cells were cultured at 27°C for two 

days and transferred onto a coverslip for two hours before fixation by 4% PFA and 

staining using anti-HA antibody.  

Generation of transgenic UAS-Dαααα6-GFP11-HA and UAS-Dαααα1-GFP11-HA 

lines 

The GFP11-HA tag (synthesized by Integrated DNA Technologies, Inc., USA) has 

the sequence 5’-CGTGACCACATGGTCCTTCATGAGTATGTAAATGCTG 

CTGGGATTACAGGAGGCGGTTACCCATACGATGTTCCAGATTACGCT-

3’. It was inserted into the receptor subunit cDNA using overlap PCR. For Dα6, 

the insertion was placed at G429, located in the 2nd intracellular loop. The position 

was derived from a previously generated Dα7-GFP fusion transgene (124).  The 

first junction was prepared using reverse primer 5’-

GACCATGTGGTCACGGCCAGATATTG-3’. The GFPp11-HA tag was amplified 

using forward primer 5’- CAATATCTGGCCGTGACCACATGGTCC-3’ and 

reverse primer 3’ GGTTTGGGAAGCGTAATCTGGAACATCG-3’. The second 

junction was prepared using forward primer 5’-GATTACGCTTCCC 

AAACCGCCATT GG-3’. For Dα1, the GFPp11-HA tag was placed at C420, a 

homologous position in the 2nd intracellular loop. The first junction was prepared 
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using reverse primer 5’-CATGAAGGACCATGTGGTCACGACAGT GGGCG 

CTAATCCCG-3’. The GFP11-HA tag was amplified using forward primer 5’- 

GCGCCCACTGTCGTGACCACATGGTCC-3’ and reverse primer 5’ 

GGTTCTGCGAAAGCGTAATCT GGAACATCG-3’. The second junction was 

prepared using forward primer 5’ GTTCCAGATTACGCTTTCGCAGA 

ACCGCCG-3’. 

Endogenous tagging of nAchR subunit genes 

CRISPR-mediated mutagenesis was done by WellGenetics Inc. (Taipei City, 

Taiwan) using modified methods of Kondo and Ueda (174).  Genome editing of 

Dα1 (CG5610) and Dα6 (CG4128) was performed in parallel.  The final product 

of each was designed to encode a subunit which is tagged, in frame, with the GFP11 

fragment followed by three HA epitopes (Figure 2.1).  In Dα1, the tag is placed 

after amino acid C420, corresponding to the 2nd intracellular loop of the folded 

protein. In Dα6, the tag is placed after G429, the homologous position in this 

subunit.  gRNA sequences for Dα1 and Dα6 were designed based on minimal 

distance from the site of editing (<50bp), minimal off-target sequences, and 

moderate GC content (40%-70%).  The Dα1 gRNA site: 

ACAGATCGTCGTCGGCGCCC[GGG], was created using the Sense oligo: 5’- 

CTTCGACAGATCGTCGTCGGCGCCC and the Antisense oligo 5’- 

AAACGGGCGCCGA CGACGATCTGTC.  The PAM site of the donor plasmid 

was converted from GGG�GGC.  The Dα6 gRNA site: 

TTACGCCGACGAGCCA ATGG[CGG], was created using the Sense oligo: 5’-

CTTCGTTACGCCGACGAGC CAATGG and the Antisense oligo 5’-
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AAACCCATTG GCTCGTCGGCGTAAC.  The PAM site of the donor plasmid 

was converted from CGG�CCG.  Both gRNA fragments were individually cloned 

into the U6-promoter plasmid.  The Dα1 upstream homology arm was created using 

a 1012bp fragment (-2812bp through -1801bp relative to the stop codon). Forward 

Oligo: 5’- TAGTGGGCACATTACCAACG; Reverse Oligo: 5’- 

ACAGTGGGCGCTAATCCC.  The Dα1 downstream homology arm was created 

using a 1037bp fragment (-1800 through -764 relative to the stop codon).  Forward 

Oligo: 5’- ATCTGTTCAGCCCGTCGG; Reverse Oligo: 5’- 

AGACCGATTGCCCTTCACT. The Dα6 upstream homology arm was created 

using a 1032bp fragment (-1859bp through -828bp relative to the stop codon). 

Forward Oligo: 5’-CCGACACAGAAAACCAATGA; Reverse Oligo: 5’-

GCCAGATATTGTGTGCCGG.  The Dα6 downstream homology arm was 

created using a 1055bp fragment (-827 through -228 relative to the stop codon).  

Forward Oligo: 5’-TCGCAAACGGCCATTGGCTCGTCGGC; Reverse Oligo:  

5’-CAACATTTTCGTTTTGCTC.  Separately, a GFP11-LoxP-3xP3-RFP-LoxP-

3xHA cassette was made through several restriction reactions.  The GFP11 and 

3xP3-RFP components were linked via BgIII and the 3xP3-RFP and 3xHA 

components were linked via NheI, with the dinucleotide CG immediately 5’ to the 

NheI site.  This cassette was fused to the Dα1 upstream homology arm with XbaI 

at the GFP11 side and to the Dα1 downstream homology arm with XhoI at the 3xHA 

side.  This cassette was also separately fused to the Dα6 upstream and downstream 

homology arms using identical restriction enzymes.  Both products were 

individually cloned into the vector pUC57-Kan as a donor template for repair.  The 
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donor plasmid and U6-promoter gRNA plasmid for each target gene, together with 

a third plasmid providing the Cas9 source (hs-Cas9), were microinjected into w1118 

embryos.  Adults were later crossed with balancer flies and F1 offspring carrying 

the selection marker 3xP3-RFP were retrieved and further validated by genomic 

PCR and sequencing.  Subsequently, adults from multiple independent lines were 

crossed with a hs-Cre genetic background in order to remove the RFP marker, 

together with its 3xP3 promoter and a single LoxP site.  Multiple independent RFP-

negative lines were established by screening for RFP removal, and were then 

validated by genomic PCR and sequencing: Dα1 Forward primer: 5’-

agaattcgcggccgctctagaCGTGACCACATGGTCCTTCATGAGTATGT, Dα1 

Reverse primer: 5’-GGG ATCCTTCGATGGTCTTC; Dα6 Forward primer: 

5’agaattcgcggccgctctagaCGTGACC ACATGGTCCTTCATGAGTATGT, Dα6 

Reverse primer: 5’-TGGTTGAGTGCGGAT GAATA 

  

 

 

 

Figure 2.1. Schematic diagram illustrating the constructs used for endogenous tagging of Dα1 and Dα6 

by CRISPR/Cas9-mediated genome editing. The knock-in allele initially contains an RFP selection marker 

(right). Following Cre-mediated excision, the targeted subunit is transcribed with the addition of the 

GFP
Sp11

 and 3xHA-tag inserted within the 2
nd

 intracellular loop of the protein (right). 
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Super-resolution imaging and nAchR protein quantification 

LNvs in Figures 2.10 and 2.11 were imaged with a Zeiss LSM 880 confocal 

microscope equipped with an AiryScan detector.  Samples were imaged using a 

63x oil objective with 4x zoom.  Z-stacks were obtained by taking serial sections 

at 0.18µm thickness, with a typical x-y-z resolution of .04µm x .04µm x .18µm and 

a pixel dwell time of 0.66µs.  For Dα1 and Dα6 signal quantification, confocal Z-

stacks were imported to the 3D visualization software Imaris (Bitplane). LNv cell 

bodies were reconstructed using the surface module based on the signal generated 

by anti-PDF staining.  Average HA signal (555nm channel) was calculated within 

the reconstructed surface and normalized to the average anti-PDF signal (488nm 

channel) within the same surface.   

Quantitative analysis of putative synaptic contacts 

Following dendrite surface reconstruction and volume calculation (described in 

Chapter 1), the Brp-mCherry puncta representing discrete presynaptic terminals 

were determined using the Spots module of Imaris to identify spherical volumes of 

0.6µm in diameter.  The intensity threshold, used in previous experiments, was 

determined by manual counting (113).  The “Spots close to surface” Imaris 

extension was subsequently used to determine all puncta whose center is within 

0.3µm of the reconstructed LNv dendrite surface.  This effectively reveals the 

number of BO-LNv synapses in this region.  All experiments generating dendrite 

volume and/or synapse number data were blinded, by concealing the identity of 

each group, before the image processing step to avoid subjective bias during 

quantification.        
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Dendrite dynamics analysis 

Single labeling of the LNvs and time-lapse imaging of dendrite dynamics are as 

described (113, 175).  Using heat shock-mediated flippase activity, we obtained 

single labeled LNvs in larval brains collected at the wandering 3rd instar larval stage 

(i.e. 120hr AEL).  The dissection step is similar to the calcium imaging step above, 

using the same external buffer, confocal microscope, 40x water objective and two-

photon settings.  Here, entire dendritic arbors, imaged at 3.3x optic zoom, were 

recorded at 1-minute intervals for a total imaging time of 10 minutes.  A typical x-

y-z resolution was .13µm x .13µm x .25µm.  The y-width and z-depth were adjusted 

to keep each Z-stack frame equal to 60 seconds.  All samples which underwent 

excessive drifting, rotation, distortion or degradation were not included for image 

processing and quantification.  4D time-lapse data sets were processed by Hyugens 

Professional (Scientific Volume Imaging) for deconvolution and to correct for 

minor drifting.  Processed images were analyzed with Imaris, where all branch 

terminals appearing any time during the 10-minute recording session were 

manually marked and tracked through all 10 time frames using the “Spots” module.  

All branches were classified as either static or dynamic.  The criteria for the 

“dynamic” class was any branch which exhibited an extension or retraction event 

at any time during the recording session.  A 0.3µm threshold for extension and 

retraction events was used to prevent the inclusion of very small movements, which 

tend to arise from incomplete drift correction or minor human error.  To calculate 

branch terminal displacement, the 3D coordinates of all branch terminals for the 
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entire recording session were exported as CSV files, where a 0.3µm threshold was 

again used, followed by summation of all movements within the entire arbor. 

3D homology modeling of nAchR subunits 

The amino acid sequence of the major isoform for Dα1 and Dα6, or one of the 

major isoforms expressed in the larval LNv, was queried into the Phyre2 protein 

folding server (176).  This generated Dα1 and Dα6 3D structures that were 

predicted based on the previously deposited crystal structure of human α4 (Chrna4) 

derived from the α4β2 heteropentamer.  Finally, the folding information contained 

in the output file was visualized using PyMOL (The PyMOL Molecular Graphics 

System, Version 2.0 Schrödinger, LLC.) 

 

Results 

Dαααα1 and Dαααα6 expression is developmentally regulated and with distinct 

transcriptional responses to activity  

 The results from Chapter 1 were a strong indication that Dα1 and Dα6 are 

requisite subunits for proper LNv biology.  Although there is a functional 

divergence with respect to dendrite morphogenesis, both seem to contribute in 

similar ways tosynaptic transmission.  In the vertebrate system, one of the most 

well characterized receptor subtype relationships is the NMDA receptor-dependent 

AMPA receptor expression and clustering that drives maturation of central 

glutamatergic synapses.  This phenomenon provides a clear example for how 

temporal control can be a key factor during synapse formation and was therefore 

used to guide the next phase of this project.  How are Dα1 and Dα6 are utilized 
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during LNv dendrite development to influence different features of LNv form and 

function?   

 The first objective was to determine if in fact there was a temporal 

component to Dα1 and Dα6 expression in the LNv.  To quantitatively analyze any 

change in their transcript levels in developing LNvs we performed qFISH 

experiments on acutely dissociated LNvs using subunit-specific probes (115).  The 

transcript levels of both subunits were assessed in LNvs collected during two 

developmental stages: 48hr AEL, the peak time for LNv synapse formation, and 

120hr AEL, when the LNv reaches its mature state preceding pupation (113).  

Quantification of qFISH signals at both time points revealed that the expression 

level of Dα1 is low in young LNvs (48hr AEL) but is significantly upregulated later 

in development (120hr AEL) (Figure 2.2).  Specifically, the number of Dα1 mRNA 

puncta (red) in the LNv (green) is roughly four times higher at the late, 120hr AEL 

stage compared to the young 48hr AEL stage.  Moreover, we observed that the LL 

condition had a strong effect on eliminating the developmental upregulation of 

Dα1, shown by the lack of a significant difference between the two LL time points.  

In contrast, the level of Dα6 transcript in LNvs declined significantly during larval 

development (Figure 2.3).  The average LNv contains between two and three Dα6 

mRNA puncta by 48hr AEL.  But by the 120hr AEL stage, regardless of light 

condition, the typical LNv is expressing one, or no, Dα6 trancsripts.  The lack of 

change between LD and LL conditions, at each time point, indicates that the 

temporal regulation of Dα6 expression at the mRNA level is activity-independent.   
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Figure 2.2 The transcript level of Dα1 in the LNvs is regulated during development and influenced by 

activity. (a) Representative projected confocal images of qFISH experiments labeling Dα1 mRNA 

transcripts (red) in acutely dissociated LNvs (green) are shown. Cell nuclei are stained with DAPI (blue). 

The LNvs were collected from larvae at two stages and in two conditions. (b): Quantification of the Dα1 

transcript level represented by the violin plot (left) and the trend line (right) reveals a significant increase 

at the later developmental stage when larvae are cultured in the LD condition (black) but not the LL 

condition (red). n represents the number of dissociated LNvs, n=18-62.  Error bars represent mean ± SEM. 
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 We were able to conclude from these straightforward experiments not only 

that Dα1 and Dα6 have opposing temporal profiles in the LNv but also that the 

sensitivity to chronic alterations in neuronal activity induced by the LL condition 

Figure 2.3. The transcript level of Dα6 in the LNvs is downregulated during larval development and is 

insensitive to changes in activity. (a) Representative projected confocal images of qFISH experiments 

labeling Dα6 mRNA transcripts (red) in acutely dissociated LNvs (green) are shown. Cell nuclei are 

stained with DAPI (blue). The LNvs were collected from larvae at two stages and in two conditions. (b): 

Quantification of the Dα6 transcript level represented by the violin plot (left) and the trend line (right) 

reveals a significant decrease in both the LD (black) and LL condition (red). n represents the number of 

dissociated LNvs, n=39-54.  Error bars represent mean ± SEM.   
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is subunit-specific.  These observations are also consistent with the results obtained 

from the RNA-seq analyses (Figure 1.5, 1.7), which also report LD-LL differential 

expression for Dα1 but not Dα6.  

  During the course of this project, transcriptomic data stemming from an 

independently-procured scRNA-seq study on the 1st instar larval brain (177) was 

published and we were interested to see if these results would corroborate our 

qFISH findings.  This was accomplished by identifying the LNvs using the 

expression of its signature neuropeptide PDF.  Similar to our lab’s data obtained at 

the 3rd instar stage, the LNv transcriptome in the 1st instar stage also contains all 

nAchR subunits except Dα7 and Dβ3 (Figure 2.4).  And indeed, not only was the 

relative abundance of the nine subunits different at the two developmental stages, 

but the Dα1:Dα6 expression ratio was inverted.  Here, Dα6 was the second-most 

abundant subunit, after Dα3.  This change in relative quantity from 48hr. AEL to 

120hr. AEL thus perfectly aligned with the Dα1 increase and Dα6 decrease 

witnessed in our in situ experiments.              

Endogenous tagging of nAchR subunits reveals the developmental regulation 

and localization of Dαααα1 and Dαααα6 protein 

 To confirm the temporal regulation of Dα1 and Dα6 at the protein level, we 

next moved on to evaluate their levels and localization in the developing LNvs.  

Previous studies have shown that a GFP-tagged Dα7 transgene with the GFP 

inserted in the large, intracellular 3rd loop (i.e. TM3-TM4 loop)  localizes 

specifically to the dendritic region when expressed in Drosophila central neurons 

(124).   
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However, our Dα1-GFP transgene with the GFP inserted in the corresponding part 

of the Dα1 protein appeared to form aggregates within the soma when tested in 

vitro with the S2 Cell system (Figure 2.5).  Similarly, in transgenic flies expressing 

UAS-Dα1-GFP under a Pdf-Gal4 driver, GFP fluorescence was virtually absent in 

the dendrites and the same aggregates were sometimes observed in the cell bodies.  

Both assays, which also yielded the same results for a Dα6-GFP transgene, 

suggested that these subunits were not properly delivered to the dendrite due to 

potential deficits in receptor assembly and/or trafficking caused by the bulky GFP 

tag.  

 To resolve this, we tried the same overexpression approach but substituted 

the full length GFP tag with the much smaller split GFP tag (GFPsp11), followed by 

three copies of the HA epitope (178).  This seemed to permit better expression in 

Figure 2.4. Relative abundance of AchR subunits in LNvs at the 1st instar larval stage. Analysis of a published 

ScRNA-seq dataset generated using first instar larval brain (Brunet Avalos) shows the relative expression 

level of nicotinic and muscarinic Ach receptor subunits. Similar to our LNv-specific RNA-seq data collected at 

the 3rd instar larval stage, transcripts of most nAchR and mAchR subunits are detected at the early stage 

although the relative abundance of the subunits is different at the two stages. Dα3 and Dα6 are the highest 

expressing subunits in the immature LNvs. Expression levels were normalized by Seurat. 
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the S2 cells, evidenced by GFP reconstitution signal and anti-HA antibody signal 

on the membrane as well as the absence of GFP aggregates (Figure 2.6).  However, 

these constructs still failed in vivo.  We hypothesized that this was being caused by 

problems associated with subunit overexpression, as nAchR proteins require 

additional factors for correct polypeptide folding, assembly and postsynaptic 

delivery and insertion.  Any exogenous receptor protein may put strain on these 

processing proteins and ultimately lead to a breakdown in receptor assembly and 

transport.   

 To overcome these barriers, we chose to create new knock-in alleles with 

small tags that would both solve the issue of overexpression and minimize reporter 

tag interference.  Using CRISPR/Cas9-mediated genome editing, we generated and 

validated Drosophila knock-in lines expressing Dα1 and Dα6 receptors tagged 

with the GFP11-3xHA fragment (Figures 2.1 and 2.7 and Appendices A and B).  

These endogenously tagged receptors were readily detected by anti-HA antibody, 

which revealed wide, yet distinct, distributions of the two nAchR subunits in larval 

brain lobes and the VNC (Figure 2.8), while brains from the control genotype 

showed no clear signal (Figure 2.9).   
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Figure 2.5. A Dα1 transgene containing a full-length intracellular GFP tag is not properly processed and 

trafficked. (a) Dα1::GFP
FL

 (green) co-transfected with actin-Gal4 into S2 cells forms multiple, large aggregates. 

Examples shown are single optical sections in three separate cells (b) Top: Transgenic flies expressing Dα1-

GFP
FL

 (green) show poor signal distribution in the dendrite of mCherry-labeled LNvs (red).  Bottom: 

Postsynaptic localization is improved in extracellularly-localized Dα1-GFP
FL

 but still unexpectedly low.  
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Figure 2.6. A Dα1 transgene containing a split intracellular GFP-3xHA tag resolves processing issues in vitro 

but not in vivo. (a) Aggregates are not observed when Dα1-GFP
Sp113xHA 

(GFP: green; HA: white)
  

is co-

transfected with actin-Gal4 into S2 cells and signal is now seen at the plasma membrane. (b) HA signal 

(white) from the Dα1-GFP
Sp113xHA  

construct expressing in transgenic flies still shows poor signal distribution 

in the dendrite (star) of LNvs marked with mCD8::GFP (green) and the large majority of Dα1 remains in the 

cell body (arrowhead). Note: green in (a) is from Dα1-GFP
Sp113xHA

 and in (b) is Pdf-Gal4 driven mCD8::GFP. 
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Figure 2.7. Verification of CRISPR/Cas9-mediated knock-in by genomic PCR and sequencing. (a) 

Schematic diagram of Dα1 and Dα6 knock-in cassette and primer designs for insertion site confirmation: 

Up PCR, Down PCR and Excision PCR. (b) Left: Up and Down PCR for Dα1 and Dα6 reveals correct insertion 

of the knock-in cassette into the genome. Genomic DNA from w
1118

 line was used as a negative control. 

Right: Excision PCR for Dα1 and Dα6 confirms that the 3xP3>RFP element was successfully removed by 

Cre Recombinase. Excised PCR products showed a size-reduced band compared to the unexcised line. 

Figure 2.8. (a) CNS-wide expression pattern of Dα1-HA (top) and Dα6-HA (bottom) using anti-HA labeling 

(white).  LNvs are labeled by Pdf-Gal4>UAS-mCD8::GFP (green). Representative projected confocal images are 

shown. Note the Dα6-HA signal in the lOLP neurons (white asterisk). (b): Representative single optical sections 

of confocal images demonstrating the localization of both Dα1-HA and Dα6-HA in the larval optic neuropil 

(LON).  
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In both Dα1 and Dα6 knock-in lines, we observed intense signal in the synapse-

rich neuropil.  In the Dα6 line, a small number of cell bodies were also occasionally 

immunopositive.  Upon closer examination using super-resolution confocal 

imaging, we identified numerous HA-positive puncta that were largely localized in 

the dendritic region and, to a lesser extent, within the soma of LNvs (Figure 2.8).  

To verify if Dα1 and Dα6 were localized in the postsynaptic compartment (i.e. their 

expected sites of action), we introduced a mCherry-tagged presynaptic active zone 

marker driven by the larval photoreceptor enhancer, Rh5,6>Brp::mCherry, into the 

Figure 2.9. Endogenous HA tagging produces antigen-specific labeling. Left/Middle: CNS-wide staining pattern 

of HA-labeling (Red) in control (a) and Dα6-HA (b) samples. LNvs are labeled by Pdf-Gal4>UAS-mCD8::GFP 

(green). Representative projected confocal images are shown. The Dα6-HA signal is found broadly distributed 

in the CNS neuropil and the lateral margin of the brain lobe. No similar signals are found in the control. Right: 

Representative single optical sections of confocal images demonstrating the virtual lack of HA signal in the 

control sample (a), but the intense staining in the LNv dendritic arbor region for the Dα6-HA sample (b). 
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knock-in lines (113).  HA-positive puncta for both subunits were frequently 

observed at the interface between these mCherry-marked, presynaptic axon 

terminals and mCD8::GFP-labeled dendritic processes, supporting the idea that 

Dα1 and Dα6 are incorporated into the postsynaptic apparatus in the LNvs (Figure 

2.10).   

     

 

 

 

 

 

Figure 2.10. Super-resolution imaging reveals the synaptic localization of two nAchR subunit proteins. 

Left: Representative single optical sections of confocal images are shown. LNvs are labeled by 

mCD8::GFP (green) and presynaptic terminals are labeled by Rh5,6>Brp::mCherry (red). Dα1-HA (a) or 

Dα6-HA (b) are labeled by anti-HA antibody (white). Right: High magnification images reveal that HA 

positive puncta are often found at the Pdf>CD8::GFP and Rh5,6>Brp::mCherry interface (blue 

arrowhead) and outside this synapse as well (pink arrowhead).  
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 We also considered the possibility that both subunits may co-localize within 

the same synapse, which we tested by performing double immunostaining in the 

Dα1 knock-in line using both an anti-HA antibody and a validated anti-Dα6 

antibody (179).  In the late 3rd instar larval brain we found both subunits localized 

on the LNv dendritic arbor and in the general vicinity, presumably on non-LNv 

processes within the neuropil.  Interestingly, although Dα1 and Dα6 signals rarely 

overlap, they frequently appeared to be either in close proximity or directly 

contacting each other (Figure 2.11).  Although our immunohistochemical studies 

have intrinsic limitations, such as antibody efficacy and signal intensity and clarity, 

these results suggest that the two subunits could potentially localize and function 

within the same postsynaptic sites.  

Figure 2.11. Super-resolution images demonstrate colocalization of Dα1 and Dα6. Left: Representative 

single optical sections of confocal images are shown. LNvs are labeled by mCD8::GFP (green). Co-

labeling of Dα1-HA (red, anti-HA) and Dα6 (white, anti-Dα6) provides evidence for interactions between 

these two subunits within the same postsynaptic compartment (blue arrowhead).  There are also 

examples of Dα1-HA and Dα6 appearing independently (yellow and pink arrowheads, respectively). 
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 The HA staining signal from the tagged subunits is largely localized in the 

neuropil region, which contains both LNv and non-LNv neurite components that 

are difficult to distinguish.  To resolve this issue, we relied on the GFP11 element 

in the knock-in construct to achieve tissue-specific endogenous labeling by GFP 

reconstitution. Although successful in the S2 cell culture system, GFP 

reconstitution failed in our in vivo experiments, when we co-expressed the GFP1-10 

transgene in LNvs with either the Dα1-HA and Dα6-HA lines.  It is possible that 

the reconstituted signal from the single GFP11 tag is too weak to be detected.  

Alternatively, the protein complex formed by the nAchR pentamer and its auxiliary 

subunits may not provide the space or a favorable nano-environment required for 

the reconstitution. Irrespective of the underlying cause, this inability to perform 

tissue-specific endogenous labeling prevented us from quantifying the level of Dα1 

and Dα6 on LNv dendrites. 

 Therefore, to assess the developmental regulation of the two subunits we 

chose to examine the protein levels directly in the LNv soma.  We collected knock-

in animals at early vs. late developmental stages (again 48hr vs. 120hr AEL) and 

subjected the larval brains to anti-HA and anti-PDF staining, the latter being used 

to identify the LNvs and serve as an internal control to normalize the HA signal 

intensity (Figure 2.12).  Upon 3D reconstruction of the LNv soma and 

quantification of both the HA and PDF intensities, we obtained the relative 

expression levels of Dα1 and Dα6.  Τhe results indicate that, during LNv 

maturation, Dα1 protein undergoes a significant upregulation, while Dα6 protein 
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displays a significant reduction, faithfully reflecting the different temporal 

dynamics in their transcript levels (Figures 2.2 and 2.3). 

 Together, the results we gained from studying the endogenously-tagged 

nAchR subunits demonstrated the temporal regulation of Dα1 and Dα6 at the 

protein level during larval development. In addition, observations made through 

super-resolution imaging support the localization of the two subunits within the 

postsynaptic compartment, where their relative abundance is modified via 

transcriptional regulation and could lead to changes in nAchR composition and 

receptor properties at the postsynaptic site. 
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Dαααα6 contributes to both pre- and postsynaptic features of the LNv-BO 

synapse  

 Because Dα6 has a specific role in supporting LNv dendrite arborization and 

the documented importance of synapse formation in LNv dendrite outgrowth (113), 

we went on to test whether Dα6 mutants have deficits in synaptogenesis. To 

examine the putative synaptic contacts between the axonal projections of the 

Bolwig Nerve (BN) photoreceptors and the LNv dendrites, we imaged the LNv 

dendrites labeled by mCD8::GFP and the BN presynaptic terminals labeled by 

Rh5,6>Brp::mCherry (113, 180, 181). Following the 3D reconstruction of LNv 

dendrites and Brp::mCherry puncta, we calculated LNv dendrite volume and 

presynaptic terminal number as well as putative synapse number, which is assessed 

by quantifying the number of Brp::Cherry puncta in direct contact with the LNv 

dendrite (113). As before, Dα6DAS1 mutants showed a significant reduction in 

dendrite volume (Figure 2.13). Additionally, Dα6 deficiency had a strong impact 

on both the number of photoreceptor presynaptic terminals and the putative 

synaptic contacts between the BN and LNv.  In both cases, the mutants showed a 

significant reduction as compared to the control group, suggesting that Dα6 affects 

synaptogenesis between BN and LNvs.  

 As seen previously, Dα6 overexpression solely in the LNvs was unable to 

rescue dendrite volume phenotype.  We also observed a failure to rescue 

Figure 2.12.  Temporal regulation of Dα1 and Dα6 protein in the LNv. (a) Dα1-HA and Dα6-HA labeled 

by anti-HA antibody (white) are visualized in LNv soma, labeled by anti-PDF antibody (green) at two 

developmental stages. (b) Quantification of HA intensity in LNv soma from (a) is shown. The protein 

levels of Dα1 and Dα6 change in opposite directions during development, similar to their transcript 

levels. Sample size n represents the number of larvae tested, n=11-16. Error bars represent mean ± 

SEM.  



82 

 

presynaptic terminal number and synaptic contact number, which further signifies 

the importance of non-autonomous Dα6 in organizing and developing this 

particular synapse.    

 

 

 

 

Figure 2.13. Dα6 deficiency affects synapse formation. (a) Representative projected confocal images of the LNv 

dendrites (green) co-labeled with Rh5,6-Brp::mCherry (magenta) are shown with 3D reconstructions of the 

dendrite (gray), the presynaptic terminals (purple spot) and the putative synaptic contacts (yellow spot). Dα6 

deficiency significantly reduces LNv dendrite volume (b), BN presynaptic terminal number (c) and BN-LNv 

synaptic contacts (d), which cannot be rescued by cell-autonomous overexpression of Dα6 solely in the LNv. 

Sample size n represents the number of larvae tested, n=18-20. Error bars represent mean ± SEM. 
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Dαααα1 strengthens synaptic transmission during LNv maturation 

 The strong impact generated by Dα1 deficiency on the LNvs’ physiological 

properties is striking, given the lack of changes in dendrite morphology.  This, 

combined with its transcriptional upregulation during development, led us to 

consider that Dα1 mainly functions in the established, rather than nascent, synapses 

by enhancing synaptic transmission and contributing to synapse maturation.   

 To test this hypothesis, we first examined the light-evoked physiological 

responses in LNvs throughout larval development. At the earliest stage of testing, 

48hr AEL, calcium responses in both Dα1 and Dα6 mutants resembled those of the 

wildtype (Figure 2.14a).  Interestingly, Dα6 structural deficits have also yet to 

appear by this stage, indicating that neither subunit may have a significant role in 

dendrite morphology or physiology prior to the 48hr AEL time point (Figure 

2.14b).  Defective transmission in each mutant becomes apparent during the 

ensuing larval stages, although at different paces.  The calcium responses in normal, 

wild type controls show a clear increase between 48hr and 72hr AEL then remained 

relatively steady, matching the LNv maturation profiles we established previously 

(113) (Figure 2.15).  In the Dα6 mutant, this increase is not seen and instead there 

is a significant abatement in peak response amplitude by 72hr AEL.  By 96hr AEL, 

these mutants already display the diminished response seen by 120hr AEL.  In the 

Dα1 mutant, however, the average calcium response gradually declines throughout 

time and the deficit does not fully manifest until the late-3rd instar larval stage 
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(120hr AEL).  This supports the notion of an increasing functional requirement for 

Dα1 during LNv maturation that continues through the end of larval development.    

 To further examine whether Dα1 is required for strengthening cholinergic 

synapses during their maturation, we performed time-lapse live imaging of LNv 

dendrites to analyze the prevalence of dynamic dendritic filopodia.  Our previous 

studies demonstrated that immature LNvs, between 48-72hr AEL, are characterized 

by highly dynamic dendritic filopodia that support synapse formation. The dendrite 

dynamics and the capacity for synaptogenesis decline by the mid-3rd instar stage, 

around 96hr AEL, marking the maturation of the LNvs.   

 Using a previously established protocol that allows us to track and quantify 

the movements of dendrite branch terminals in a single-labeled LNv, we analyzed 

dendrite dynamics at the wandering third instar stage (~120hr AEL), when a low 

prevalence of dynamic behaviors is observed in mature LNvs in the wildtype larvae.  

Dendrite dynamics were evaluated by two parameters, the percentage of branches 

exhibiting extension or retraction behaviors (% of dynamic branches) and the 

cumulative distance traveled by the branch terminals during the 10-minute imaging 

session (terminal displacement).  Compared to the control group, both parameters 

were significantly increased when Dα1 was knocked down (Figure 2.16).  The 

unusually high motility of the dendrite branches seen here, which is normally 

associated with weaker, immature synapses, suggests Dα1 deficiency is sufficient 

to compromise synaptic strength.   
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Figure 2.14. Dα1 or Dα6 deficiency has no impact on LNv morphology or physiology by the late 1st instar 

stage. (a) Light-induced calcium responses in LNvs taken at 48hr AEL. Left: Traces of average GCamp intensity 

change following photoreceptor stimulation (green line). The shaded area represents SEM. Right: 

Quantification of calcium trace peak amplitudes, showing no significant difference between the control and 

the Dα1 or Dα6 mutants. Sample size n represents the number of larvae tested, n=9-11 Error bars represent 

mean ± SEM. (b) Left: Representative projected confocal images of 48hr AEL LNv dendrites labeled by 

mCD8::GFP (top, green) and their 3D reconstructions (bottom, grey) are shown.  Right: Quantification of 

dendrite volumes indicate no statistical difference between the Dα1 and Dα6 mutants as compared with the 

controls. Sample size n represents the number of larvae tested, n=14-20. Error bars represent mean ± SEM. 
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Figure 2.15 nAchR subunit deficiency leads to progressive declines in the light-evoked calcium responses during 

development. (a and b) Left: Calcium transients following light stimulation (green dashed line) were recorded in 

LNv axonal terminals at 72hr AEL (a) and 96hr AEL (b). The shaded region represents the SEM. Right: Average 

peak amplitude for each genotype at the two time points. At 72hr AEL, there is a significant amplitude 

reduction for the Dα6 mutant and by 96hr AEL both mutants have impaired neurotransmission. Sample size n 

represents the number of larvae tested, n=10-15. Error bars represent mean ± SEM. (c) Graph depicting the 

onset and the pace at which faulty synaptic transmission is observed in the LNv throughout larval development. 

In Dα6 mutant animals, the phenotype appears first and reaches peak deficit by 96hr AEL, whereas Dα1 mutant 

deficits begin at 96hr AEL and do not fully manifest until 120hr AEL.  Error bars represent mean ± SEM. 
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Discussion 

 The results obtained from Chapter 2 provide a coherent explanation for how Dα1 

and Dα6 work in tandem to guide the morphological and physiological maturation of 

the LNv postsynapse.  In the early larval stages, highly dynamic dendritic filopodia 

drive synapse formation.  Dα6 is expressed primarily during this period to facilitate 

Figure 2.16. Knocking down Dα1 in LNvs leads to elevated dendrite dynamics. (a) Time-lapse imaging of LNv dendritic 

arbors at the wandering 3
rd

 instar stage reveals dynamic behavior of individual branches in control (top) and Dα1 

knockdown (bottom) groups. Representative maximum projected images of single-labeled LNvs are shown. Left: Two 

frames, collected at 0min and 4min in the imaging series, demonstrating representative extension (yellow arrowhead) 

and retraction (pink arrowhead) events. Right: 4D tracings of branch terminals depicting the path of dynamic filopodia 

over the 10 min recording session. (b) Quantification of dendrite dynamics. LNv-specific knockdown of Dα1 results in 

an increased percentage of dynamic branches (left) as well as increased total displacement of branches (right). 

Sample size n represents number of larvae. n=10 in both groups. Error bars represent mean ± SEM.  
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synaptogenesis, which is critical for the dendrite arbor’s expansion that follows shortly.  

Once the synapse number reaches saturation in the early 3rd instar stage, Dα1 becomes 

upregulated in an experience-dependent fashion and strengthens the established 

synapses by increasing neurotransmission.  Although it is still unclear whether Dα1 

and Dα6 co-assemble in the same nAchR pentameric channel, they appear to localize 

within the same postsynaptic compartment and likely contribute to the development 

and neurotransmission of central cholinergic synapses within the same functional 

complex.  This topic, along with the prevalence of receptor subtype switching in 

synaptic maturation, is expounded below. 

Composition of the native Drosophila nAchR  

 One of the biggest obstacles for our study was, and still is, the lack of 

knowledge on the native nAchR pentameric composition, both at the BN-LNv 

synapse and throughout the fly CNS at large.  In the vertebrate system, the 

physiological and molecular properties of individual nAchR subunits, as well as the 

receptor subtypes they compose, have been characterized sufficiently to allow a 

detailed description of the conductance and kinetics of each receptor (182).  

Moreover, the tissue distribution and subcellular localization of mammalian nAchR 

subunits has been well studied in both the CNS and NMJ (89, 120, 121, 183).  For 

example, the dopaminergic neurons of the Ventral Tegmental Area (VTA) express 

presynaptic α6α4β2β3 receptors, whereas α3β4 and α7 receptors are restricted to 

the cell body.  In contrast, the same type of information is not yet available for 

insect nAchR receptors.  To my knowledge, there is no existing model or 

description of a native Drosophila pentamer receptor in fly neurons. This is partly 
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due to the lack of information on the tissue and cellular distribution of the ten fly 

subunits, as well as the general technical difficulties of reconstituting Drosophila 

nAchR receptors in vitro. 

 There is experimental evidence hinting at a few configurations for receptor 

co-assembly, including in vivo co-immunoprecipitation studies suggesting that 

Dα1, Dα2 and Dβ2 could form heteropentamers, as well as in vitro reconstitution 

experiments using 5HT3A-nAchR chimeras, demonstrating that Dα6 could either 

form homopentamers or co-assemble with Dα7 (83, 88, 98).  However, these results 

only suggest the minimal composition of a nAchR receptor and are far from an 

accurate representation of a functional channel in its native environment.  

 In chapter 1, we concluded from the double-knockdown calcium imaging 

experiment that Dα1 and Dα6 were either part of the same pentamer or were in 

separate pentamers but localize within the same synapse.  Either scenario could 

explain why individual deficiencies don’t synergize when in combination.  Here, 

the Dα1/Dα6 colocalization experiment supports the latter.  Dα1 and Dα6 puncta 

usually do not overlap but they frequently contact each other, supporting the idea 

that they are trafficked in different pentamers to shared postsynaptic 

compartments.  

Temporal regulation of neurotransmitter receptor composition as a common 

feature for synapse maturation 

 The distinct functional roles and temporal regulation of the two nAchR 

subunits resemble developmental switches described for both glutamate and 

glycine receptors in the developing vertebrate CNS (5, 7).  In the vertebrate system, 
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the maturation of excitatory glutamatergic synapses is regulated by the shifting ratio 

of AMPA/NMDA receptors (6).  Electrophysiological recordings from Xenopus 

tectal neurons indicate that neurotransmission in immature neurons is 

predominantly mediated by NMDA receptors.  As neurons mature, CaMKII-

dependent trafficking of AMPA receptors leads to an increased AMPA/NMDA 

receptor ratio, which enhances neurotransmission and synapse strength, thereby 

contributing to the physiological maturation of the synapse (4-6).  Additionally, the 

molecular mechanism responsible for LTP is also known to involve a change in 

glutamate receptor type and is mediated through Ca2+- and NMDA receptor-

dependent recruitment of AMPA receptors (2, 66, 67). 

 Our research provided supportive evidence for an analogous phenomenon 

occurring in the Drosophila CNS. We found several important features shared 

between central glutamatergic and cholinergic synapses: 1. There are changes in 

the relative abundance of two key receptor subunits during development, which 

could generate a shift in the receptor composition and potentially alter its 

physiological properties. 2. The two subunits have distinct roles in early vs. late 

developmental stages, and the upregulation of the late-expressing subunit, namely 

AMPA receptor or Dα1, specifically enhances neurotransmission.  3. These late-

expressing subunits are targets of activity-dependent regulation, offering a tuning 

mechanism to adjust synapse strength based on input activity.  One can also 

compare our findings  to the molecular transition in receptor composition during 

vertebrate cholinergic NMJ development.  Specifically, the embryonic form of 

nAchR containing a gamma subunit (α2βγδ) is replaced by adult-type nAchRs 
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containing an epsilon subunit (α2βεδ) via transcriptional regulation (68).  

However, the γ�ε subunit switch is essentially a replacement of the original 

subunit by the second.  In our case, because Dα6 is still present at the LNv-BO 

synapse at the end of larval development, the transition in our model better 

resembles the NMDA�AMPA receptor change which does not outright remove 

the original NMDA receptor.   

Distinct biophysical characteristics of Dαααα1 and Dαααα6 may explain their 

implementation at different phases of synaptic development 

 Because the morphological and physiological data clearly support disparate 

functions for Dα1 and Dα6, an important question that arises is if there are 

advantages of expressing one subunit at a particular time over an alternative 

subunit.  If true, this selective process would almost certainly be based, in part, on 

molecular differences between Dα1 and Dα6 protein that affect receptor charge 

and size.  In the vertebrate nAchR, there are multiple amino acids and motifs at 

key sites that have demonstrable effects on ligand-binding affinity and ion 

selectivity and therefore it will be important in the future to pinpoint any major 

differences in secondary structure between Dα1 and Dα6.  Although there is no 

Drosophila nAchR crystal structure, homology modeling using the X-ray crystal 

structure of human α4 (CHRNA4) was instead employed and was made possible 

due to high sequence conservation between human and flies (184).  Many regions, 

including the Cys-loop and the TM domain a-helices, are both very similar to 

CHRNA4 (Figure 2.17).   However, inspection of the C loop that contains the 

ligand-binding pocket revealed a major difference in the loop configuration.  In 
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Dα6, like in CHRNA4, the loop is bent towards the ligand (nicotine, red) and 

encapsulates it.  However, the C loop in Dα1 is predicted to be in the extended 

position, indicating an altered affinity for nicotine.  If this reflects an actual 

biological difference, this may endow Dα6 with a higher affinity for endogenous 

ligand (i.e. Ach) and consequently result in ion channel influx at lower 

concentrations due to increased sensitivity.  This is especially important during 

the early “Da6 receptor period” where the LNv has a heightened degree of 

plasticity.   

 In addition to ligand affinity, cation conductance may also explain 

preferential subunit use at different times during development.  In humans, 

Chrna7 is known for its relatively high permeability to calcium ions.  Therefore, 

it could be beneficial to express the Chrna7 homolog Dα6 during the early stages 

of LNv development since the highly plastic nature of young, immature synapses 

is likely enhanced by calcium-dependent signaling pathways activated by nAchR-

mediated calcium influx.  In fact, neuronal plasticity in MB KCs of Drosophila 

pupae has already been linked to calcium-permeable nAchRs (Campusano 2007).  

Future studies relying on relevant in vitro expression systems and actual 

Drosophila nAchR crystal structures will help immensely with these hypotheses 

on subunit structure and ion permeability.   
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Chapter 3: LNv dendrite development is coordinated by 

evolutionarily conserved transcriptional and post-translational 

factors 

 

Figure 2.17. Molecular modeling predicts subunit differences in ligand-binding affinity.  (a) 

3D structure of Chrna4, based on α4β2 X-ray crystallography experiments.  Residue position 

is color coded (N-terminal: blue, C-terminal: red).  Select features shown are the C-loop, 

Cys-loop and the TM2 domain. Nicotine is the ligand (red). (b) Top: Homology modeling 

using Chrna4 (gray) as a template predicts the structure of Dα1 (green) and Dα6 (blue), 

whose secondary structures are generally similar.  Bottom: Zoom-in image at the ligand-

binding pocket reveals alternate configurations of the C-loop between Dα1 and Dα6.   
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Abstract 

 Although neurotransmitter receptors may serve the end goal of the postsynaptic 

specialization, by receiving and transducing neural input, they are by no means acting 

in isolation during synapse development.  The postsynaptic density of the cholinergic 

vertebrate NMJ contains a conglomerate of proteins, both cytoplasmic, transmembrane, 

and extracellular, that are either physically or indirectly associated with the nAchR. 

Postsynaptic development of the NMJ also operates under tight transcriptional controls, 

such as the activity-regulated production of subsynaptic nAchR subunit RNA and the 

temporal substitution of individual nAchR subunits.  A similar situation occurs in the 

vertebrate brain.  Hundreds of different membrane, scaffolding and cell-signaling 

proteins form the network necessary for glutamate receptor function.  Additionally, 

potentiation of AMPA receptor expression is a central theme in postsynaptic maturation 

and long-term potentiation.  Here, we further interrogate LNv development by 

identifying which components of this presumably expansive network are also active in 

our model cell.  By using a combination of bioinformatic, morphological and reporter 

protocols, we have implicated the transcription factors Fru and Hr38, the nAchR-

specific chaperone Nacho and the postsynaptic proteins Lrp4 and Hig as potential 

factors facilitating postsynaptic development in a central cholinergic synapse.  

Although additional experiments are necessary to build a complete mechanism, the 

work completed in this final chapter highlights how the molecular players orchestrating 

synapse and dendrite development share similarities not only between distantly related 

species but also between different synapse types in the developing animal.   
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Introduction 

Developmental and transcriptional modulation of nAchR expression 

 Even during the early era of characterizing Drosophila nAchRs, it had 

become clear that the subunits and the receptors they form do not remain steady 

over the animal’s lifespan but display stark periods of up- and down-regulation.  

Generally, nAchR subunits’ expression is potentiated during embryogenesis, 

although the stage of initial detection varies by subunits (80-83, 105, 106, 140, 

145, 185).  For example, the major transcript of Dα2 is already observed in 2hr 

old embryos whereas Dβ1 is not detected until later embryonic stages (82). RNA 

transcripts probed by in situ hybridization show strong labeling in the SPG, SEZ 

and the VNC but never outside the CNS, and the end of embryogenesis usually 

represents the time of peak expression (79, 141).  By the first instar larval stage, 

the transcript level tends to be greatly reduced and remains low through the 

duration of the larval stage.  Expression typically rises again during the pupal and 

adult stages, but there are again noticeable differences between subunits (79, 81, 

105, 106, 140).  For instance, while both Dβ1 and Dβ2 mRNA rise sharply during 

pupation, Dβ1 persists to a similar degree following eclosion whereas Dβ2 levels 

drop off again in early adult heads.  Antibody labeling and enhancer reporter 

experiments produce similar spatial and temporal patterns, with the exception that 

nAchR protein is concentrated in the neuropil region, rather than the cortical cell 

body layer where the mRNA signal is detected (141, 142, 145).   

 These investigations have also revealed other interesting aspects of nAchR 

subunit temporal regulation, such as isoform-specific expression profiles for Dα1 



96 

 

during the embryonic vs adult period (82). Moreover, for the Dβ1 subunit, 

incompletely spliced transcripts were detected, and these transcripts have unique 

temporal expression profiles compared to the fully spliced mRNA isoforms (140).  

Taken together, although temporal profiles of individual subunits may vary, the 

general pattern of elevated nAchR mRNA and protein expression in embryos and 

pupae are notably in congruence with major periods of neuronal differentiation, 

likely enabling the increased production and delivery of the nAchR subunits that 

contribute to cholinergic synapse development (140).   

 Although the temporal regulation of nAchR subunit expression has been 

demonstrated for multiple subunits, the upstream transcription factors regulating 

expression remain unclear.  Nonetheless, certain regulators have been uncovered 

through various screens and phenotypic analyses, including Ttk88 and Eve which 

specify cell fate.  The Ttk88 consensus binding site AGGGC/TGG was identified 

in the Dβ2 gene, as well as several other neural-specific genes like para and 

synapsin (186).  This observation, together with S2 cell RNAi transfection 

experiments, indicate that Ttk88 inhibits neuronal differentiation in non-neural 

lineages, in part by repressing Dβ2 transcription.  A similar phenomenon was 

found in aCC/RP2 motoneurons, which receive cholinergic input through 

nAchRs.  Here, overexpression of Eve diminishes the strength of mEPSCs and 

action-potential dependent currents (187).  Moreover, a transcriptomic analysis 

revealed an in vivo interaction between the Dα1 promoter and Eve and an 

additional overexpression experiment showed that ectopic Eve is sufficient to 

reduce whole animal Dα1 RNA by almost three-fold.  Thus, both Eve and TTk88 
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function in establishing non-neuronal properties by repressing the expression of 

nAchR subunits.  

 The conditions and pathways controlling nAchR expression appear to be 

rather complex and diverse.  For example, Dβ1 expression is elevated in animals 

expressing proliferative, tumor-promoting alleles of mali and efe, but reduced in 

IP3
 receptor mutants (188, 189).  Exposure to Piger nigrum extract, manipulation 

of JAK/STAT signaling and overexpression of TBPH (the Drosophila ortholog of 

the pathologically relevant TDP-43) also modify the expression level of Dβ1, 

although the mechanisms responsible for the changes are still uncertain (190-

192).  Different subunits also respond to the same stimulation with opposing 

changes.  In the pupal MBs, ecdysone signaling activates Dα2 transcription 

during early metamorphosis, whereas Dβ1 expression is downregulated by 

ecdysone activity (193).   

Post-translational regulation of nAchR assembly and activity by accessory 

proteins 

 There are complex processes occurring between the initial steps of nAchR 

subunit translation and the assembly of a fully operational pentameric channel at 

the synaptic site. Post-translational regulation of nAchRs involves numerous steps 

including protein folding and modification, receptor assembly and trafficking, as 

well as synaptic integration.  Although it appears that at least several of the 

proteins regulating nAchR synthesis and processing are conserved between flies, 

worms and vertebrates, much remains to be discovered (92).   
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 One of the early points of post-translational regulation occurs within the 

Golgi and ER complex, where critical molecular chaperones, such as Ric-3, are 

needed for nAchR subunit assembly. Ric-3 was initially identified by genetic 

screens in C. elegans and found to have a conserved function in mammals as well 

as Drosophila (194-196). In cell culture, Dα2 and Rat β2 transfection only 

produces epibatidine binding sites when co-transfected with dRic-3 and the degree 

of binding varies significantly between the alternatively spliced isoforms of dRic-

3 (194).  Dα5-Dα6 heteromers have also been produced in follow-up studies, 

facilitated by either dRic-3 or C. elegans Ric-3 (197).  Importantly, these nAchRs 

have α-Btx binding sites, which are only formed by fully folded, mature 

receptors.  Furthermore, they are functional at the plasma membrane, 

demonstrated by the production of strong Ach-gated inward currents (194, 198).  

Interestingly, human Ric-3 also facilitates the assembly of epibatidine-sensitive 

receptors from Drosophila nAchR subunits but at a much lower efficiency.  

Finally, coprecipitation experiments revealed that dRic-3 physically interacts with 

other α and β subunits and even the human α7 subunit, supporting the direct 

chaperone activity of dRic-3 on multiple subunits (194).     

 After receptor assembly and trafficking, nAchRs rely on extracellular 

matrix (ECM) proteins to ensure a stable integration to the synaptic sites.  Genetic 

and biochemical experiments have shown that Hasp and Hig are two such factors 

that sequentially regulate nAchR clustering at the postsynaptic compartment (136, 

179).  In the early stages of synaptogenesis, the CCP domain-containing protein 

Hasp is secreted in the brain and captured at cholinergic synapses.  Later, the 
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intermediate nAchR recruiter Hig, which is also secreted from multiple neuron 

types as well as glia, is captured by Hasp.  The MB calyx of either Hig- or Hasp-

deficient animals have reduced levels of Dα6 and Dα7.  However, nAchR subunit 

deficiency can reciprocally result in reduced synaptic accumulation of Hig, 

whereas Hasp is unaffected due to its earlier presence at the synapse (136).  

 Even after the nAchR has been stably inserted into the membrane, its 

activity can still be altered.  For instance, to dampen nAchR-mediated excitatory 

neurotransmission during the bouts of sleep, the GPI-anchored protein 

quiver/sleepless (qvr) is needed for the physiological downregulation of Dα3 

activity (199, 200).  Errant regulation of nAchR activity occurring in qvr mutants 

manifests as significant reductions in sleep, which can be rescued by application 

of the nAchR antagonist mecamylamine or knockdown of either Dβ3 or Dα3, the 

latter of which also coprecipitates with Qvr in vitro.  These results, together with 

the finding that Dα3 and Dβ3 RNA levels are unaltered qvr mutants, support the 

idea of qvr functioning as an activity modulator of fully assembled nAchRs. 

 Finally, although phosphorylation of Drosophila nAchRs regulated by 

kinases and phosphatases has not been studied in detail, multiple subunits contain 

predicted phosphorylation sites within their large TM3-TM4 loops, which has 

been linked to receptor desensitization, and nAchRs in the vertebrate system 

including α4 and α7 are known targets of PKA and PKC (201).  
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Methods 

The following Chapter 3 protocols were previously described in Chapter 1 or 

2: 

Fly culturing, Confocal imaging and quantification of dendrite volume, Cell body 

protein quantification and Statistical analysis.   

Drosophila stocks 

RNAi knockdown was performed with stocks targeting hr38, Lrp4 and hig 

(Bloomington ID: 29376, 31105 and 28376).  The hig::GFP overexpression stock 

was a gift from Chihiro Hama (Kyoto Sangyo University).  The Nacho::HA 

overexpression stock was acquired from FlyORF (ID: F002996).  The fru-Gal4P1.D 

and Nacho-GFP stocks were obtained from the BDSC (ID: 66696 51565).  All 

other stocks can be found in Chapter 1 or Chapter 2 methods. 

Immunohistochemistry 

Photoreceptor/24B10 staining was done using mouse anti-chaoptin primary 

antibody (1:10 DSHB, Iowa City, Iowa).  All other reagents and procedures can be 

found in Chapter 1 or 2 methods. 

Bioinformatics analysis of the Dαααα1 and Dαααα6 transcriptional regulatory 

regions 

The promoter region sequence of Dα1 (-1841 to + 2159, relative to the transcription 

start site (TSS)) was pasted into the EvoPrinter server (NINDS/National Institutes 

of Health) using D. melanogaster as the reference genome for BLAT (BLAST-like 

alignment tool) alignment against 11 other D. species.  It’s EvoPrint profile was 

generated by selecting for the Relaxed output option.  The promoter region 
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sequence of Dα6 (-2072 to +7522, relative to the TSS) was analyzed in an identical 

way.  

Motif comparison 

Oligonucleotide sequences were entered into the TomTom Motif Comparison Tool, 

a part of MemeSuite (National Institutes of Health) and analyzed using the 

combined Drosophila Melanogaster databases.  All resulting motifs were included 

in the total transcription factor binding site count.    

 

Results 

Promoter analysis of the Dαααα1 and Dαααα6 transcriptional regulatory regions 

 Chapter 2 revealed the strong, subunit-specific transcriptional controls by 

which each nAchR is regulated.  Additionally, the introduction of Chapter 3 

detailed multiple signaling pathways acting upstream of nAchR expression and 

some of the transcription factors acting here also have subunit-specific 

preferences.  Therefore, our initial objective was to uncover which factors might 

be active in our model system. 

 We approached this by using several bioinformatics tools to probe putative 

cis-regulatory regions of both Dα1 and Dα6.  First, a region spanning several 

kilobases upstream and downstream of each subunit gene’s TSS was selected and 

was analyzed using BLAT from EvoPrinter (Figures 3.1 and 3.2).  Sequence 

comparisons against the analogous region from Dα1 and Dα6 orthologs in other 

Drosophila species identified which regions are highly conserved, and therefore 

likely represent the critical regulatory motifs conserved through evolution 
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(Appendices C and D).  Following this, all major sequence stretches (generally 

between 10 and 30 bases) in which the majority of nucleotides are consecutive, 

conserved bases were queried against known transcription factor binding site 

motifs using the TomTom Motif comparison tool.  This generated an output for 

both Dα1 and Dα6 containing consensus sites for dozens of transcription factors 

(Appendices E and F).  As the final filtering step, this set of transcription factors 

was narrowed down by a comparison with those either enriched in the LNv or are 

differentially expressed between LD vs. LL conditions in the LNv, accomplished 

using values from our previous LNv-specific RNAseq dataset (Table 3.1). 

 

 

 

Figure 3.1. Region of Dα1 selected for promoter analysis. Top: Genomic map of 

the Dα1 locus.  Bottom: Magnified image shows the span of promoter sequence 

which was analyzed by BLAT analysis (arrows).  Blue scale bar represents ~1.24kb.   
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TF name LNv status Whole brain status Increase in LL condition Decrease in LL condition

Glut4EF Enriched, >10x Present No Yes (3.5x)

Nfl Enriched, <10x Present No Yes (2x)

Nk7.1 Enriched, <10x Present No Yes (2x)

Pdp1 Enriched, >10x Present Yes (5x) No

CrebA Enriched, >10x Present No Yes (3x)

CrebB Enriched, <10x Present No Yes (2.5x)

Atf3 Enriched, <10x Present No Yes (4x)

Blimp-1 Not enriched Very low Yes (20x) No

CG6686 Not enriched Present Yes (3x) No

Dp Not enriched Very low Yes (3x) No

EcR Not enriched Present Yes (3x) No

Efa6 Not enriched Present No Yes (3x)

Eip93F Not enriched Present Yes (2.5x) No

fru Not enriched Present Yes (8.5x) No

HmgZ Not enriched Present Yes (2.5x) No

Hr4 Not enriched Present No Yes (5x)

l(3)neo38 Not enriched Present Yes(3x) No

mamo Not enriched Present Yes (4.5x) No

psq Not enriched Present Yes (2.5x) No

schlank Not enriched Present Yes (7x) No

tou Not enriched Present Yes (2.5x) No

vri Not enriched Present Yes (9x) No

XNP Not enriched Present Yes (2.5x) No

per Not enriched Very low Yes (3.5x) No

Hr38 Enriched, >10x Very low No Yes (17x)

Clk Enriched, >10x Very low No Yes (3x)

Fer2 Enriched, >10x Very low No Yes (3x)

sr Enriched, >10x Very low No Yes (2x)

tim Enriched, >10x Very low Yes (17x) No

Figure 3.2. Region of Dα6 selected for promoter analysis. Top: Genomic map of the 

Dα6 locus.  Bottom: Magnified image shows the span of promoter sequence which 

was analyzed by BLAT analysis (arrows).  Blue scale bar represents ~1.24kb.   

Table 3.1.  Enriched or activity-dependent transcription factors in the LNv. Candidate transcription 

factors isolated from the LNv-specific RNAseq dataset.  They are described as enriched if their LNv/elav+ 

expression ratio > 10.  Also shown is their response, if any, to constant light. 
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 The final selection only included two genes: fruitless (fru) and nk7.1.  We 

chose to focus on the former because its consensus site motif was detected in both 

the Dα1 and Dα6 promoter and its expression is dramatically elevated in the LL 

condition (Figure 3.3b and Appendices E and F). fru is perhaps best known as the 

end product in the alternative splicing cascade regulating sex-specific behaviors 

and brain circuits in Drosophila adults (202, 203).  We were able to show, using 

the fru-Gal4P1.D gene trap driver which reports the sex-specific isoform, that the 

LNv is one of the few cells in the larval brain expressing this isoform (Figure 

3.3a).  However, it appears to have little influence in sculpting dendrite 

architecture of the LNv.  Firstly, LNv dendrite volume does not differ between 

males and females. Secondly, a preliminary trial failed to show a sexually 

dimorphic LNv dendrite volume in fru-Gal4P1.D homozygous mutants that lack 

this isoform (Figure 3.4).  Although the investigation of fru function in the LNv is 

in a preliminary stage, the fact that fru is in fact a strongly differentially expressed 

(DE) gene and candidate for further study provides some validation for using the 

BLAT-Motif Comparison method.        

                                 

 

 Table 3.2. fru consensus sites in the Dα1 and Dα6 cis-regulatory regions. (a) Table 

showing the one and four fru-binding site motifs identified for Dα1 and Dα6, respectively. 



105 

 

           

 

           

 

 

 

 

                                                  

 

 

 

 

Figure 3.3. Expression of fru in the larval LNv. Shown are representative projected confocal images (a) Top: An 

endogenous Gal4 knock-in driving mCD8::GFP (green) supports expression of the sex-specific isoform in the LNv 

labeled by tdTomato (red).  Axon (white arrowhead) and cell bodies (blue arrowhead) are marked.  Bottom: 

higher magnification images of top. Note the close proximity of the LNv axon and the fru
+
 neuropil directly 

above. (b) Constant light strongly potentiates fru transcription in the LNv. RPKM: Reads per kilobase per million. 

Error bars represent mean ± SEM.   
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hr38 is a candidate activity-regulated transcription factor controlling Dαααα1 

expression in the LNv 

 In conjunction with the broad bioinformatics-guided approach, we also 

developed a simple system to measure Dα1 expression, which is inversely 

correlated to light activity.  By recombining the endogenous Dα1-Trojan Gal4 

driver with the UAS-RedStinger transgene we were able to create a reporter 

system that is sensitive enough to recapitulate the LL-induced reduction in Dα1 

transcriptional activity (Figure 3.5).  Using this method, we were able to quickly 

screen through several transcription factors and isolated hr38.  Hr38 functions as 

an immediate-early gene, or activity regulated gene, in both Drosophila and the 

silkworm Bombyx and undergoes a dramatic change in transcription following 

neuronal stimulation, thus acting in a fashion similar to mammalian C-Fos (204-

Figure 3.4 Mutation affecting the fru P1-containing isoform does not cause sex-

specific differences in LNv dendrite volume.  A small-scale trial indicates that male 

and female fru-Gal4P1.D homozygotes do not significantly differ in dendrite volume.  

Error bars represent mean ± SEM. 
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206).   Using the Dα1-Trojan Gal4 to drive hr38 RNAi, the knockdown resulted 

in a significant reduction in nuclear RedStinger levels within the LNv soma 

(Figure 3.6a, b).  Additionally, the Dα1 5’ UTR contains a perfect consensus site 

match for the NR4A receptors (NR4A1-NR4A3), the mammalian homologs of 

hr38 (Figure 3.6c)(207).  hr38 also happens to appear high in the list of DE 

transcription factors, is enriched in the LNvs and is directly and strongly 

correlated with Dα1 expression (Figure 3.6d).  This warrants using the enriched 

or DE transcription factor (TF) list for further selection of candidate TFs.   

                     

 

 

 
Figure 3.5. Dα1-Trojan Gal4 driven RedStinger is a reliable method of measuring Dα1 expression in 

the LNv. (a) A Gal4 from the endogenous Dα1 locus drives expression of Nuclear RedStinger (red) in 

all Dα1-expressing cells, which includes the LNvs labeled by mCD8::GFP (green).  Note the RedStinger 

variation between the four LNvs of the same cluster (white star). (b) The Dα1>Stinger reporter 

system reproduces the significant reduction of Dα1 expression in LNvs induced by constant light.   
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Figure 3.6. Hr38 regulates Dα1 expression in the LNv. (a) Effect of hr38 RNAi on Dα1-driven nuclear 

RedStinger (red) in the LNv.  Shown are representative single slice optical sections of four LNv soma 

(white circle) from the same cluster in the wildtype (top) and knockdown (bottom) groups. (b) 

Quantification of data in (a). Hr38 knockdown significantly reduces Dα1 reporter signal intensity. 

Values are measured as arbitrary units. n represents the number of cells analyzed, n=39. Error bars 

represent mean ± SEM. (c) A NGFI-B Response Element (NBRE) consensus sequence binding site 

(AAAGGTCA, arrow) for the hr38 mammalian homolog Nr4a is found ~1kb downstream of the Da1 

transcription start site (star).  (d) hr38 expression in the LNv is severely repressed by elevated light 

input.  RPKM: Reads per kilobase per million. Error bars represent mean ± SEM. 
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The chaperone Nacho has a potential role in nAchR assembly and 

maturation during LNv dendrite development 

 All nAchRs have complex tertiary and quaternary structures, with each 

individual polypeptide folded multiple times across a membrane and then 

assembled with four other subunits around a central axis.  It is not surprising, 

therefore, that several molecular chaperones, such as Ric-3, have been identified 

in both vertebrate and invertebrate systems (194).  Our technical difficulties in 

overexpressing both Dα1 and Dα6 in the LNv led us to believe that such auxiliary 

factors were also active in this neuron and that the aggregates and poor trafficking 

were the result of an overabundance of raw nAchR subunit protein which 

overwhelmed the endogenous levels of these chaperones (Figures 2.5 and 2.6). 

 We investigated this possibility by attempting to rescue the atypical 

distribution pattern seen here by simultaneously overexpressing the recently 

discovered Nacho.  Isolated from an in vitro high-throughput screen for cDNA 

transgenes facilitating vertebrate α7 current in HEK293 cells, which is 

notoriously difficult, Nacho enables surface expression and functional activity 

specifically for nAchRs(208, 209).  In animals expressing Dα1-GFP, as before, 

GFP signal is mostly restricted to the cell body and does not form the expected 

postsynaptic clusters in the dendrite.  However, overexpression of Drosophila 

Nacho (dNacho) was able to drastically change the distribution pattern in several 

ways (Figure 3.7a).  First, GFP signal intensity was more evenly distributed 

between the soma and the dendrite.  Second, GFP signal was not homogenously 

distributed through dendrite branches but was observed within discrete puncta.  
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Finally, Dα1:: GFP often colocalizes with Nacho in the cell bodies and are both 

concentrated in what appear to be vesicles, an indication that the subunits and 

their receptors can be correctly incorporated into vesicles for soma-to-dendrite 

delivery rather than simply diffusing to their targets.  In contrast to this stark 

“rescue”, Dα6-GFP signal could not be remedied in the same way (Figure 3.7b).                                 

 

 

 

 

 

 

 

 

Figure 3.7: Nacho facilitates nAchR assembly and/or trafficking in a subunit-specific fashion. (a) Top: Representative 

projected confocal images are shown of Pdf-Gal4 driven Dα1::GFP (green) overexpression in the LNv both without (left) and 

with Nacho::HA co-expression (right). Punctate GFP signal in the dendritic arbor (star) is distributed across a greater area 

in Nacho::HA expressing LNvs.  Bottom: Separate cell body single optical sections of where LNvs express both Dα1::GFP and 

Nacho labeled by anti-HA antibody (red).  Higher intensity Dα1 puncta tend to be colocalize with Nacho in vesicles. (b) Top: 

Representative projected confocal images are shown of Pdf-Gal4 driven Dα6::GFP (green) overexpression in the LNv both 

without (left) and with Nacho::HA co-expression (right). There does not appear to be a difference in the dendritic distribution 

(star) of Dα6 puncta between control and Nacho-overexpressing animals.  Bottom: Separate cell body single optical sections 
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The synapse-associated proteins Hig and Lrp4 contribute to LNv dendrite 

morphogenesis 

 nAchRs at the vertebrate NMJ, once delivered to the postsynaptic 

membrane, form complexes with transmembrane proteins, sub-membrane 

proteins and molecules of the extracellular matrix (ECM)(9).  Therefore, we 

explored what components might be functional at the LNv postsynapse by 

performing a small-scale morphological screen using RNAi lines against likely 

candidates already described in the literature. 

Here, we identified hig and Lrp4, which consistently caused a significant 

reduction in dendrite volume compared to wildtype controls (Figure 3.8).  

Interestingly, the severity of the reduction was nearly identical for both 

knockdown lines which indicated that the activity of both perhaps converge on a 

common downstream target, such as the Dα6 subunit linked to dendrite structure.   

 Additionally, Pdf-Gal4 driven overexpression of a UAS-hig::GFP 

construct supports an extracellular localization of Hig, consistent with previous 

work detailing its position within the synaptic cleft of nicotinic-type cholinergic 

synapses (136, 179).  Here, GFP signal is found not only within the LNv but is are 

dispersed throughout much of the brain lobe where it appears to form distinct 
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clusters (Figure 3.9a).  In addition to these punctate signals, there is also a strong 

and diffuse signal bordering the LNv axon terminal, an indication that a large 

percentage of Hig originating in the LNv is secreted postsynaptically and is 

captured at local cholinergic synapses.  Furthermore, zoom-in images of the LNv 

dendrite reveal that Hig puncta are usually adjacent to, but do not overlap with, 

dendrite branches (as is expected of an ECM protein) (Figure 3.9b).   

 

 

 

 

 

Discussion 

 Chapter 3 vastly expanded our investigation of cholinergic synapse 

development in the Drosophila CNS.  And although it is still in the early stages, the 

results obtained here show how nAchRs in the insect brain are tightly regulated at 

multiple points during their expression, starting from activity-dependent transcription 

Figure 3.8. Lrp4 and hig are cell-autonomously required for proper LNv dendrite morphogenesis.  (a) 

Representative projected confocal images of LNv dendrites labeled by mCD8::GFP (top, green) and their 

3D reconstructions (bottom, grey) are shown for the LD condition.  (b) Quantification of data in (a). 

Knockdown of both hig and Lrp4 significantly reduce LNv dendrite volume compared to wildtype controls. 

Sample size n represents the number of larvae tested, n=17-21. Error bars represent mean ± SEM. 
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factors and ending at stable integration at the postsynaptic density via interactions 

with transmembrane and ECM proteins.  This should reinforce the idea that nicotinic-

type cholinergic synapses, and their development, can be faithfully modeled in the fly 

brain since similar mechanisms and homologous or analogous genes are functional in 

other well-studied synapses like the vertebrate NMJ.  Below are elaborations on two 

of these findings and how they will direct future studies to construct a more complete 

model of nAchR regulation.   
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Figure 3.9. A portion of transgenic hig secreted from the LNv localizes adjacent to its own dendrite. (a) 

Representative projected confocal image of larval brain lobe showing the perfuse localization of hig::GFP 

(green) driven only in the LNv (mCherry, red) by the Pdf-Gal4 enhancer. 24B10 (white) staining demarcates 

the developing photoreceptors. (b) Two-channel high magnification image of the LNv dendrite showing 

hig::GFP puncta (green and dotted white outline) which border the dendrite branch surface.   
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Predicting the downstream targets of fru activity 

 The data from our previous RNAseq study was instrumental in showing 

the degree to which fru transcription is induced by chronic and excessive light 

input and the enhancer Gal4 labeling experiment also supported the use of the 

single sex-specific isoform, fruP1, though other isoforms may also be expressed.  

Additionally, external CHIP-Seq experiments support a physical interaction 

between fru and Dα1 or Dα6 (210-212).   The implications though are muddied 

somewhat by the lack of a male vs. female LNv dendrite volume differences, 

both in a wildtype genetic background and in fruP1 mutants. 

 There are a few explanations for these observations.  Firstly, although 

Dα1 and Dα6 have FRU consensus binding sites, if Dα1 is the only in vivo 

target then a morphological phenotype should not be expected, given the 

independence between Dα1 and dendrite volume, and instead only a 

physiological assay would reveal any defects.  Secondly, fru has a strong 

influence on the motor circuits linked to male-specific courtship behavior, 

which it achieves by altering axonal guidance and postsynaptic partner choice in 

sexually dimorphic neurons (213).  Although there is little reported on 

presynaptic nAchRs in Drosophila, if a portion of Dα1 and/or Dα6 does in fact 

localize at the LNv axon then the fruP1 isoform expressed in the LNvs may also 

steer axonogenesis and synaptic connectivity and play no role in dendrite 

development.  The strong fruP1>GFP neuropil near the LNv axon terminal 

suggests it might have postsynaptic partners which are also internally regulated 

by sex-specific fru activity.  Finally, there could be other fru isoforms which are 
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the primary determinant for dendrite morphogenesis, rather than the sex-linked 

fruP1 transcript.  If either of the first two possibilities is correct, it will have 

strong ramifications for how nAchR-mediated cholinergic neurotransmission 

during larval development could be under the same sex-specific regulatory 

program that later shapes courtship behavior in the adult animal. 

Subunit-specific preferences of nAchR-associated maturation proteins 

 In the vertebrate CNS, there are clear differences in the physiological 

properties between different nAchR subunits.  This is partly due to sequence 

divergence at critical motifs as prior experiments have identified individual amino 

acid changes that radically alter receptor functionality such as ion preference and 

desensitization kinetics (reviewed by (89)).  These same sequence variations 

likely also contribute, in part, to the interaction between different subunits and the 

chaperones which modify them. 

 In mammalian cell culture, human and Drosophila Nacho are each capable 

of assembling mature and functional α7 receptors, which are essentially 

nonfunctional in its absence.  Furthermore, the two coprecipitate (208, 209).  The 

same is not true for all receptor subtypes, however, as vertebrate α4β2 and α3β4 

display some functional activity at the surface.  In Drosophila, the Dα7 subunit 

(the human α7 ortholog) has also been shown to be the target of dNacho and 

simply overexpressing dNacho is sufficient to heighten Da7-mediated synaptic 

activity (168).  It was therefore unexpected that processing of Dα6, a close 

homolog of Da7, was not aided by dNacho in the same way when Dα1, which 

bears much lower homology with Dα7, clearly is.  Thus, while the Nacho-α7 
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relationship appears to be conserved during evolution, its physical association 

with other subunits may have been enhanced or relaxed. 

 A simple amino acid comparison between Dα1 and Dα6 reveals there are 

extensive differences in the large intracellular loop, which is known as a key 

mediator for protein-protein interactions in these receptors (Figure  

3.10)(reviewed by (92)).  These dissimilarities may explain the outcomes of 

Nacho-Dα1 and Nacho-Dα6 rescue experiments, which were the opposite of 

what was predicted.  Another intriguing possibility is that dNacho interaction with 

Dα6 varies widely between isoforms.  Dα6 undergoes multiple alternative 

splicing events and RNA A�I editing events, several of which impact the coding 

region (81, 108).  Finally, other genes besides dNacho may be required for 

effective Dα6 processing, whereas dNacho alone may be sufficient for Dα1 

folding and maturation.   
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Figure 3.10. Sequence alignment of the Dα1 and Dα6 coding regions identifies similarities and differences at 

key structural motifs.  Comparison of the Dα1 and Dα6 polypeptide sequence by Clustal Omega (1) reveals 

major differences, including fairly large insertion/deletion events, in the TM3-TM4 intracellular loop.  Other 

features such as the Cys-loop and the TM domains a-helices have a much greater homology.  Purple: α-helix; 

Blue: β-Sheet; Boxed motifs: Transmembrane domains (TM1-4); Cysteine loop and C loop vicinal cysteines are 

colored and highlighted in red, respectively.   
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Figure A.1: Full sequence of Dα1 knock-in gene region.  All elements added to the large, 

intracellular loop of Dα1, prior to Cre-mediated RFP removal, are shown and color coded.  

Sequence begins and ends with 5’ and 3’ ends of plasmid vector. 
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Figure B.1: Full sequence of Dα6 knock-in gene region.  All elements added to the large, 

intracellular loop of Dα6, prior to Cre-mediated RFP removal, are shown and color coded.  

Sequence begins and ends with 5’ and 3’ ends of plasmid vector. 
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ATTTTGTTTGCGCTGCACAAACTACTTAAGCGTGCAGcAggatGAAAGGAcgAGCgggtcatcGACTGAGACAAT 

TGTGCCACGTTCCCtCCgAGATAATACATCAATTTCAAATTATTTGCAGAGCTtctcttcgcttgccggactcaa 

tggtcacgggtggctggctggctagctggctggcGGGCGTGACACTTGCCGGCCAATATAAATAAACACTCGATA 

TTCAATTTAGCAACGATTCATCAGCATATTGGCgcGGtGTGGGgcGtttctggGcTGgtggaGCagggggaattt 

gagAACTTGAGaTGGCAACAAAAGgCGCTCAGACGGAGACCaAAAATCAACTTCAAAAAAGGCAAATATTTGCga 

AACAACAAGACGATGGCGctGCCtGtatagcatacatatATAtAtatatatatatATacACATAcacATATaTAT 

AgatAAAGgAACATTTGTGTGTCAGGACAAAGACAATGGCAtACAAAAACAAgGCAGAACAGGCAACTAAGCAAG 

TGGGAATTTgCGTTAAAAACAATAACAACGAAAACAAAAAGcAgAAACGAAAtGAAAAGAAAAgctggGAAAgCA 

AGCCGAaGGAGACTGTCTGTCTGTCTGaCTGACTGcCTGGCTGaCtggttgggTGGCTGGCgTACgGGGCGTATG 

GGTAAtGTGCTACCTTGcaGGTaGCatgtgactgcaagtggatggggaaggaatgagggccgtgttaggggaacc 

aactgaagcaGGCGACTGGCGAAACTGGGATAACAGGTCGGAGCGTATTCATTAGAGCAAACGAGAAAAACGTTT 

GAGGTAATAATAAAAcGAGAAAATCAACACAAAGgCAGCCcAGACATGTGAGCCtAGCGAAGTCAACATTTGTTT 

AcaCGAGTCACTGAATTGTGATTAAATTAgCAggcataccattaatatctagcgatgtgacctttttaaatgtat 

ctcagtatttaaaatctatcagatggaacattttgcattttaatgaaaaattaactcactgaactttgcaactta 

aaaatgatattgtgtggcacagctttcaatcactatgcttattcctataaatacagatatatgctatatgtttta 

ggcatttaatagttcttcttcagcaaTaTCAtgACAtgggttTGGCATAAACAcaagccTcGCctttgCCtCAAT 

ACTcAAGTACAGTGAgctcGCTCGCACACTGACACACATTTCCGATGCCCCTGTaCGCCtGTCCGTCCgtctgtt 

tGCCTGTCtGTCcGTCcgtctgcttgtctgcctttttgtatgtctgcCTGgCTGGGGCGTTGAACGccGCCGCAG 

tTTGGAGCAACAGTTAAGCAGGAATCaTGTAGCcCACActaTTggggGgcctcgcgttgcaGGGtaagtggcgac 

tctGACTTACATTACAGGGCTGCgcTGtTGtCATCAATTTTTGAaCAGgAAAAAcTGTCTGAACggacgaacgaa 

cgaccGAcCGAcCggtgcggaacggaacgtctctaagcggACCaAcCGACCGACtTGGCcAAaCGgattgggcga 

cGCGCGGCGGAACCGGAAgCGAAACTCAATTTcagatgcgacactcgccgccgtttagaTTAGTTTgctgcttGg 

ATGCGAaTGGcGgACGCCTTaCACTGCAATTgctggcggtccgctttggctgaaCACTGGCACaaACACtGgGag 

ACGCGGCGagtggctGATGCGGATGtGGATGagaatgCGGATacgtagacggatGCGtAtGCGGATGCGAGTGCG 

GATGCGGGACCGGGCTCGGgCtCGCTGCTgTGCAGCAGCCGCAGATGGgAGCCgttaggGGCTAGCGGGCTCATT 

TGCCTGCGATTcGTGGCAGCATTTTGTTgCgaatGTTTTTtttttttttctgttgtgggaggtttcTACAAAATA 

TtcgttagactggctaTGtTTTTGTgtcagTGTAgcgGGTtTTctacGTTtttctgTTGttttagcttggatttt 

tgttgtTTTTTATTTGgaTTTTTGTTTTttCTTTTTCctTTTTTTTgGGGCTCTGCTTTTGCTTTTCTTTGTTTG 

GTGAGACGCGGCGCTTGTCACTCGCTCGATGCGTACGATTTCTTCAACCCGCGGGCTCTGAGaCAACTACTGATG 

GCCGCCGCTGCACGGCAGACTTTTTCGCAGCTGGGGCCGCCGCCGCTGgtccttTGGaGtGGATGCTGCTCGGGA 

TGTGGCCGTGTGGCgctcgccaaCGtTCTCtCCGCCGCTCTGCGCATGCTGGGCCACAAAGCGACAAAatttGAA 

GAGCgggcagccaccctttttgctttgaatctctgagatacaggacctttctcgctctcttcgagtggcaggtcc 

tttggcatgatggtaagtaagcattgggctttggttctcaagcggtcacagccttcgtgtttggtaatgtcttgc 

gctagcttgaaattagttaagaaatttcagcggtgcgttgatagattatattgtaggTAGGCAATagaTTTtcgt 

acgaaaagatgtgtcaagattttagttaattgtattccccttATTTtatTagATTAgTTTTgTAATTTtgttcta 

ttgacAAAATaAAAAtaAatGgtTCTCTTAGCctttcacTCTCTTatctGCAACTCCAAAAGGGCGTTTTACTTT 

gaGCCACATGGCAAAAGTCTACAAAcCGAGAGCATCCTTCGCCCAActcACTCaCTCTTccgcttgaaagtgtct 

ctttcttttttaTTTGgtgtCTCTcaTGGgtttTTTTTtcgGCCACCACtTCTCAGtcgCcCGcAAATTGTTaGC 

gaGaAACTCCAGGGGACTTGTGTCGCCGCGAGTTGGGCGaACAAAAAGcaGtCaGGCTAATAATTTACATATAGG 

GCGTGGATTTTTCTCCGGCCgAAAAACTCTCCAGCGGCGaTGAATGCgTGtgctgCTTAATCagagcAATCGCTG 

CCACcGtCctTGCCACaCCCCCGccgcccatagcgtgggtccatgccgcacttaccacccaccaccGCCCCgggT 

GTCCAGTCGCATTTGTTTGTTTATTTCGAAACATTGTTGTCCTTATTTCGGCaTGCCTTTTGTTAGCCCTcTGCA 

TTTtcTGGcAAGaGAGcaagaaAaAGAGAGCGaGTTTCATTATGCGTGTGAATGAATTTTATTTGgcaaaaatat 

gcgtgcGtGTGtgtaTGTaTGTGTGCGTGCtTGTACATATGGGTGCAAATGGATTTGATGTAAATTGCAATTTTA 

TGCGTATTTTCATTTCGTTTGCGctgctcgtcctccgcccgTTTTcCCaTCTTCCtGTTTCTGTTTttCTGtagc 

tgtTtctgctcCtGttTGTCCTGCCGCCGTGTCCTGCTGTGCGTGTAATTGATAATGGTCTCGATTGTGGTTTCT 

ccaacccacatttcgccaaacaaactTTTTCTCTTTATCTTCGCTGTTTTTGTTTCTCctTTCtgTGTTTGGCTT 

TCATTTGTCTGTGTGTTGGGgGGAAtTTTTGACAAAATGTGTGcCCTGgCACTTTGTGcgacatgcgattggTTT 

tTGTTCCcgTTTCtgccccacttgaAATGCATTcccagtcgcatgttggcctggccaattggccagctaccctat 

ttatttgcattcaaacacgtggctatatttacaattgaagctcgtcctatgccaactgcctttttgttgctcgaa 

Figure C.1: Full Dα1 sequence analyzed by BLAT.  The conservation of each nucleotide is color coded.  Sequence 

stretches containing highly conserved (i.e. capitalized) bases were manually selected for TF motif analysis. 
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Colored bases represent sequences present in all species except the one 

corresponding to that color here:  
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tcgaagggctcattgcgactgaggctggaatcgaattccgtgccatcgaccaggcgacccgtatagtgcaggg

acacagtgcatccgctgtgcggcgtctctgtgcccgtgccctctttcaggatctcctttaggacgccaccgtc

cccggacaagtcgattttattcccttccggcatttttggctgctgaactttaattcgcacgatgatggcagag

tgaccaagctcaagcacgttggaaagaccgtattgattattgggctcgtgcgtttttcagtcgcttaacagaa

ctgagttaacagtcagtgctaactaaagcgccatctatagtattaggacagttaaggcagtgggtacaaaaca

cagataactagctcggactcgaaccgtatcacatacctattaaaatggtttattagctagaatattgaaattt

cttgagctaattaacgataaaaacttgagaaatgctattagaaatacaaactttatttagttcgcatatgttt

caaaatgacgaacaagctaataggaataattttgttatatattaagttcggcactatgaataatattagctaa

aatgcatataccgttcattgtctatttggtacaattacaagtcattttcttgattaatccatttcggccgcaa

ttaatgatattaaaggatgtctgttgttcatttcattgtgttggcggctacaacaacaacacacacacacaca

cagtgctctccaaatgtaatctgcccagcggctttatgattgcatgtgcatccctataagtgtatgcatcaaa

tataatcctgttatcgtttttgttatatttgattattttgcccttggcttttggcagtgccaacttccaattt

cgtatgccagcgcaagagcaacagaaataaATTAATGCACTTAATTTTATTGGTTTctATaATTCATGctcgT

aAGCtcgtctgctataagctctcccgcacagtaggccaatttgggggattatcgcaatgggcattcaacgatt

ttttcaaggtcaactggaatgataaaaatgataagtgtgctcatgttgctggattcattcttcttcctaccag

ccagctgtgacattatttccttggaattccgcctgtgtctttataaatcgctgcagctgtcgctgtctcctcc

gcctactaaaatattagccagtcatccagcagcgtttcatcttcgagcttcggcaccaacttcataaaagccc

agagtctgggcgcgcacttgtcgctcattaattagggttcgtctacagggatgactacgctggaaaaatattg

tatattacaatattccttcaaaaaaaacgtagtttatttaataaatacatatacatagttaagaaataaattg

aacaaaagtaatcaaataatacacaatcaaactaactaaagggcttatatatgaatgacgtatacgcaatatt

attaagtatacgttagatgtattagaaacttatattattgtataataaaaaagattattaacttaattgtgag

aagtgtcaactgaaacgtttagaagtccattaagatgctattataaatggtgccacagggcttagactttcgc

ttcggtatgcaatagtcgtacttcttttgggcttaaagtatgtcagcatatgcgaatctccagatctccagag

attctagtgactccctcgaaagcagcatatatatttttttttgagtgctccgagccgtgtccctgtccaggcc

cattATTTTTtCaggtataGTATAGAGACATTGACCAGCgacggacgcccacaatcacgctgcctcggctgct

gttggcgtctccgctggcagaggtcctgctgttgctcgctcgttaCTCgACTGTAAACATTCCAGggcAGCTT

TCACTCgtgcCAcagaataCACAggaccaaaacggactccctaacgcggtgactcaaaccgttcggctgcgcT

CggctggaagcttcgtttttcgttttccgtttcggattgagtcaaattgtggatgctgcgtggCTCgtGGTCC

ATGGcCGTGTGAAAAGCTGCGTTGAGCGCATTAAGTCGTTAGGGTACAACCAGACAGGACGCACTTacTCcgA

GctgccgccattcgccTGCCTTGgCGTgtgtgtaccgttagttcagctgtcccgtgcagagtgggaaaattag

cggggaagccccaacatcgaaccgaaatcgcaatcgaatcatagccaaatttaaagtcgctgactatcgaggt

gcataaaaagaaacttgctggctagtgcgtgaagaaaaaactgccaaaacaagaaaagtcaagaaaattcaaa

gaaaataaatactccaattccctctgtggcagctcccgcgcgTccaaGTGtgtgtaaGTGTcgtcTgTGCGTG

TGTGcGTGcgtttcCaaAAccttcagatcgaGTGTGTTCAtCAAcAACAAATAAgaTAAAAAAttcaaaaaaa

aaaaaaaaatatatatatattgaataaaatacaaaatgtatacaagcgacaagtagaagcaagtcgcattaaa

tcatagccAATTaaAAAtatttgcTTaaacgaacCAAGGTAAACAgAAcgagCAaAaattgttgctctctctt

cccaagcgcttttccaactttccgctttcctcccgaaattttgcccacaaaaaccaatgcactcgctacGGTG

CAACAGCTTAAAAGtaTgcTacGAttTTtCcCaCtcaatattttcgtgTAATTGTTGCGCcTgctgctgtgct

D. melanogaster Dαααα6 Regulatory region Genomic Relaxed EvoPrint 

Black capital letters represent bases conserved in all species; 

Colored bases represent sequences present in all species except the one 

corresponding to that color here:  
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ggcatgtcctgcaatgtcctggggaattgttattggcattccgcttttgcggaaaggagcagaaaattaaata

tgtgaacagttcgaaatgaagtaccatgttgaagcaccgcaaactggctaaaaatttgatgtggcccaagttg

gtttttctcttgttggcgaaatatttttacgtttgcctacgatttggttagcttttgtaaacaatttcatttg

ctggcgaaaatttgtttgatttgcggcaagccacaagaaaaatatccgaatttgcagtatgctaaaattgtgt

aaacattctgtacacgaggccaaatcataaagtttcccagcgagttacccgaagtgcagtgctgttctttttt

ttcgagttcgtatttggcttataaactgttgcttctaacagttatctccacgaatcggagcaattttcccagg

ctggcggagggaaatcccaggcgatttccttccattcccttagttccactcgcttgcacattttttccttggc

ttggcttcttatccttctgcgctttttttagttgtgctttgactgattgttttatttgtggaatcgaaatcga

aatcgttgcgacttaagcgcgcttttattgcgttttaaaacgcacatttttgtggcagcattgtttgagtgcg

tttttggctttggctttcgaCTGcggcgGCGATAATTAAAaTTTAATTgTgagcaacgcaAattgtgaaacCA

TTGTGccgAGATTgttgccagtgctctcacacgAAATTGCAGTTTtgcggttttcgcatcggtcttctccccc

ccaaacttcctgcactcgcattccttgttgtccttgttggccgtccttATGCAATTAACaTTTGCACTGtTAT

CAATCAGTTggtcaagaacaaAACTTTTCTtttagtcatttcccgtcacatccttcatgactcctTcccttcg

tgccgttttCTTATCATTCAATTTGGCcaaaAAGGgAAGAAAAcTTTTctGCCaAACTAAcAACTGGcgaaAg

cggcagccacacacacacatacacacacgtagcaggagagatgcgaggaaagaacaacaaaaaagcaaccaga

acgcggcgtgtctAAGTGGGCGTAAGTGgtcatgtacatgtatgcgagcgtcgcTGtGtGtGTGagcccatgc

gaatgtgttcatatGTggccagcTGTaTGTGTgcgttGTGTTGAgTGGCAAGTTGTGTACACACgCAGATTTT

tCATCAATCATTTtgcttgactacgcctagttcacattttagggcatgtagtttaaaaattgggccgcagccc

atcgatagttggtttgctgggccgcgggaagcggggggagcgcgtggtgccacatgggattgggatggtggca

ctcggaaacatgaaacgaatgaggcatctcgaatggcgcctgaagcgagaaatggcgcaccccccttggagtt

tactgctttaagttccttagaggtcctttaaacagaagcacaagaaagttttacaagcgcctttgatttcata

tttataaaataggatttaaaaattttctttaaaatgtattttttccgtttcgagatatgagtgttatttatta

tttcgaaatagcctagttttgttgctgtttgatttgtgtacaagcagtcaatgtttattcgcccaagtgatga

gctaataactcaattaacgtaagtcagttaacgaatcaaatttattaccttatttattagacgcccatggcat

attaacgtaatcgcctttgtctctcatgtagtgaaatataaatccaatttatgatttgcgtgcggcttaatat

accctttgattgagatatatatgtaggtcaaaaattgcagtttatagattgcaaatgaagtatgaaaaatatt

ttaatcattttgtatacttcggtctaaatcatttttttatgcaaaatttgaatcactacagctggttttgaaa

tagattgaaaagcacttgacaattgaattgttttttttagttttatttttttacctgtatgctattgtgataa

aatcaaatcaaatgtgaaccatgcccagctgcaggcaaaattttttacccaaacaaactaattcattcaaatg

ctaaaactttcagcaaaccaaagtattattttcgatcgacgttttcaccccaaggtcttgaatattaaatttt



128 

 

 

 

 

 

 

Figure D.1: Full Dα6 sequence analyzed by BLAT.  The conservation of each nucleotide is color coded.  Sequence 

stretches containing highly conserved (i.e. capitalized) bases were manually selected for TF motif analysis. 
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TF # TF # TF #

Bap 1 dl 1 pdm2 1

Abd-A 1 Eip75B 2 peb 2

Abd-B 1 esm8 1 prd 2

Achi 1 Ets97D 1 repo 1

acj6 1 eve 1 run 1

ara 1 Exd 1 shn 1

bab1 1 fru 1 Six4 1

B-H1 1 Gce 1 slp1 2

bin 1 gl 1 slp2 1

btn 2 grh 1 Sna 1

cad 1 gt 1 sox15 2

caup 1 Hand 1 spl1 1

Cf2 1 Hbn 2 tap 1

CG16899 1 hth 4 Tin 2

CG32105 1 jigr1 1 tll 2

CG3407 1 jim 2 Trl 3

CG42234 1 lola 1 ttk 1

CG4328 2 Med 1 twist 1

Croc 2 Mes2 1 vis 4

D19A 2 mitf 1 vnd 1

deaf1 1 nub 2 zen 2

disco 2 Oncecut 2

Figure E.1. Transcription factor consensus site count for Dα1 regulatory region.  Table 

of transcription factors whose consensus sequence binding sites are found, and their 

frequency, in the region analyzed (listed in descending order of frequency).   
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Appendix F 
 

 

 

 

 

Figure F.1: Transcription factor consensus site count for Dα6 regulatory region.  Table of transcription 

factors whose consensus sequence binding sites are found, and their frequency, in the region 

analyzed (listed in descending order of frequency).   
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