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ABSTRACT OF THE DISSERTATION 

 

A Molecular Approach to Identify Determinants of Synaptic Specificity 

by 

Liming Tan 

Doctor of Philosophy in Biological Chemistry 

University of California, Los Angeles, 2016 

Professor Stephen Lawrence Zipursky, Chair 

 

 

Information processing in the nervous system relies on precise patterns of synaptic connections 

between neurons. The level of synaptic specificity within the nervous system is remarkable given 

its tremendous complexity. How neurons can distinguish their correct synaptic partners from many 

other neurons during circuit assembly remains a central question in neuroscience. Although 

important progress has been made on molecular mechanisms regulating neural circuit assembly, 

the cellular recognition mechanisms mediating synaptic specificity are still poorly understood. The 

Drosophila visual system is well suited to uncovering the molecular mechanisms underlying 

synaptic specificity, because of the availability of diverse genetic tools, cell type specific markers 

and electron microscopic reconstruction data. In the medulla neuropil of the Drosophila visual 

system, different neurons form synaptic connections in different layers. Within a layer, neurons 

form synapses with a unique set of multiple neuronal types, which represents only a subset of 
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neurons with processes in that layer. In my thesis research, I sought to identify candidate cell 

recognition molecules underlying this specificity. I did RNA sequencing on closely related neurons 

with different layer-specific synaptic specificities, lamina neurons L1-L5 and photoreceptor R7 

and R8, at the onset of synapse formation. I showed that each of the seven cell types expresses a 

unique set of hundreds of genes encoding cell surface and secreted proteins. Using these data and 

additional localization studies on proteins tagged through modification of the endogenous locus, I 

demonstrated that 21 paralogs of the Dpr family, a subclass of Immunoglobulin (Ig) domain 

containing cell surface proteins, are expressed in unique combinations in each of the seven cell 

types during synapse formation. Dpr interacting proteins (DIPs), comprising nine paralogs of 

another subclass of Ig-containing proteins, are expressed in a complementary layer-specific 

fashion in subsets of synaptic partners for each of the seven cell types. Thus, I demonstrated that 

interacting Dprs and DIPs are expressed in synaptic partners during synapse formation in the 

Drosophila visual system. Furthermore, I generated null mutants of Dprs and DIPs via CRISPR-

based methods, and showed that mutants of two DIPs and their cognate Dprs had similar 

phenotypes: neurons normally expressing these DIPs had reduced number of cells in 

corresponding DIP and cognate Dpr mutants. These data suggested that cognate Dprs and DIPs 

play important roles in the development of synaptic partners expressing them. 

 

 

 

 

 

 



 

iv 

 

 

 

The dissertation of Liming Tan is approved. 

 

Alvaro Sagasti 

Leonid Kruglyak 

Kelsey C. Martin 

Stephen Lawrence Zipursky, Committee Chair 

 

 

 

 

 

University of California, Los Angeles 

2016 

 

 

 

 

 

 

 

 

 



 

v 

 

Table of Contents 
 

ABSTRACT OF THE DISSERTATION ....................................................................................... ii 

LIST OF FIGURES ...................................................................................................................... vii 

LIST OF TABLES ....................................................................................................................... viii 

ACKNOWLEDGEMENT ............................................................................................................. ix 

VITA ............................................................................................................................................. xii 

PUBLICATIONS AND PRESENTATIONS .............................................................................. xiii 

Chapter 1. Introduction ................................................................................................................... 1 

Overview ..................................................................................................................................... 1 

Diverse cellular recognition strategies regulate circuit assembly ............................................... 2 

Cellular recognition and synaptic specificity .............................................................................. 8 

The Drosophila visual system as a model for studying synaptic specificity ............................ 11 

References ................................................................................................................................. 17 

Chapter 2   Ig Superfamily Ligand and Receptor Pairs Expressed in Synaptic Partners in 

Drosophila ..................................................................................................................................... 25 

Summary ................................................................................................................................... 25 

Introduction ............................................................................................................................... 26 

Results ....................................................................................................................................... 30 

Discussion ................................................................................................................................. 49 

Concluding Remarks ................................................................................................................. 52 

Experimental procedures .......................................................................................................... 52 

References ................................................................................................................................. 54 



 

vi 

 

Supplemental information ......................................................................................................... 59 

Chapter 3. Recent result updates ................................................................................................... 77 

Cognate Dprs and DIPs are expressed by synaptic partners throughout the fly visual system 77 

Genetic analysis suggest a role of DIP-Dpr interaction for survival of neurons ...................... 79 

References ................................................................................................................................. 81 

Chapter 4. Discussion ................................................................................................................... 82 

Combinatorial use of RNA seq and other methods identifies candidate recognition proteins 

regulating synaptic specificity .................................................................................................. 82 

Correlation of molecular and cellular complexity of medulla circuits ..................................... 85 

Interactions mediated by cognate Dprs and DIPs in synaptic partners may provide a general 

molecular strategy for synaptic specificity ............................................................................... 86 

References ................................................................................................................................. 90 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

vii 

 

LIST OF FIGURES 

 

Chapter 1.  

Figure 1-1. Same set of molecules are used by commissural axons to cross the midline in 

vertebrates and Drosophila. ............................................................................................................ 3 

Figure 1-2. Expression patterns of Ephs and ephrins in the mouse retinocollicular system and the 

topographic projections of retinal axons. ........................................................................................ 5 

Figure 1-3. Schematics of Dscam1 gene, proteins and function. .................................................... 7 

Figure 1-4. Examples of progress on identifying cell surface molecules regulating synaptic 

specificity. ..................................................................................................................................... 10 

Figure 1-5. The Drosophila visual system. ................................................................................... 16 

Chapter 2.  

Figure 2-1. FACS isolation of developing neurons with different synaptic specificities. ............ 32 

Figure 2-2. RNA seq of visual system neurons. ........................................................................... 34 

Figure 2-3. Gene expression patterns of cell surface membrane and secreted molecules (CSMs) 

in each cell type. ........................................................................................................................... 38 

Figure 2-4. Dpr proteins are expressed in a neuronal cell-type enriched fashion in the lamina. .. 41 

Figure 2-5. DIP proteins are expressed in a layer-specific fashion in the medulla. ..................... 44 

Figure 2-6. Matching of cognate Dpr and DIP expression in synaptic partners. .......................... 48 

Chapter 3. 

Figure 3-1. Schematic of multi-color flip out (MCFO). ............................................................... 78 

 



 

viii 

 

LIST OF TABLES 

 

Chapter 2.  

Table 2-1. Synaptic partners of L5 expressing Dpr/DIP Pairs. …………………………………46 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

ix 

 

ACKNOWLEDGEMENT 

 

This dissertation would not have been possible without the support from many people throughout 

my graduate training. 

First and foremost, I am tremendously grateful to my thesis advisor, Larry Zipursky. I am thankful 

to Larry for his constant guidance, support and encouragement. I have learnt from Larry how to 

think creatively, how to ask and focus on an important scientific question, how to address scientific 

problems rigorously, and how to communicate efficiently, which will be my most valuable assets 

continuously in my scientific career. Moreover, Larry has always encouraged me to follow my 

passion in science, which will last throughout my future career. 

I am also appreciative to the members of my thesis committee, Kelsey Martin, Leonid Kruglyak, 

Alvaro Sagasti and my previous committee member Jason Ernst for their valuable guidance and 

support throughout my graduate training. 

I am grateful to members of the Zipursky lab for guidance, collaboration, intellectual simulation 

and friendship. First, I am very thankful to Marta Morey, Jason McEwen, Kelvin Zhang, and Matt 

Pecot. Marta guided me to initiate the FACS project, and Jason taught me many important 

techniques in molecular biology, particularly RNA purification, amplification and cDNA library 

construction, which made my thesis project possible. Kelvin help me analyzed all the RNA 

sequencing data. Matt provided lamina neuron type specific markers for FACS. I also thank Shuwa 

Xu, Wael Tadros, Orkun Akin, and Dorian Gunning for their tremendous help in my thesis project. 

I also appreciate the collaboration on Dpr/DIP project with Shuwa Xu and Qi Xiao. I would also 

like to thank Punam Patel, Cuong Truong and Western Kramer, excellent undergraduate students 



 

x 

 

who screened CRISPR null mutants of DIPs and Dprs. Lastly, I would like to thank all the past 

and present members of the Zipursky lab for valuable comments and suggestions on my projects.  

I am also grateful to my collaborators. I’d like to thank Aljoscha Nern from Janelia Research 

Campus for intellectual discussions and useful reagents. I also want to thank Shin-ya Takemura, 

Louis Scheffer and Ian Meinertzhagen for sharing results from the EM studies at Janelia Research 

Campus. I want to thank Sonal Nagarkar-Jaiswal, Pei-Tseng Lee in Hugo Bellen lab at Baylor 

College of Medicine for sharing and generating MiMIC derived fly lines for DIPs, Dprs, Beats and 

Sides, and Robert Carrillo, Kaushiki Menon in Kai Zinn lab at Caltech for communication and 

collaboration on Dpr/DIP project. 

My PhD would not be possible without the support of my family. I am thankful to my wife Ran 

Cheng. I am indebted to her unwavering encouragement, support and friendship throughout the 

years, especially at difficult times. I am eternally grateful to my parents for their unconditional 

love, trust and support. 

My dissertation work was supported in part by a Graduate Student Fellowship from the China 

Scholarship Council (CSC), a Graduate Student Fellowship from the University of California, Los 

Angeles (UCLA) Philip Whitcome Training Program, and the Dissertation Year Fellowship from 

UCLA Graduate Divisions. I wish to express my appreciation for the financial support. 

Chapter 2 is a version of Tan, L., Zhang, K. X., Pecot, M. Y., Nagarkar-Jaiswal, S., Lee, P. T., 

Takemura, S. Y., McEwen, J. M., Nern, A., Xu, S., Tadros, W., Chen, Z., Zinn, K., Bellen, H. J., 

Morey, M., Zipursky, S. L. (2015). Ig Superfamily Ligand and Receptor Pairs Expressed in 

Synaptic Partners in Drosophila. Cell 163, 1756-1769. The authors of this manuscript thank Orkun 



 

xi 

 

Akin, John Carlson, Claude Desplan, Yasushi Hiromi, Frank Laski, Cheng-yu Lee for sharing 

reagents; members of our laboratory for discussion; Louis K. Scheffer and Ian Meinertzhagen for 

discussions, sharing results from the EM studies at Janelia  Research Campus (HHMI) and 

comments on the manuscript; Kaushiki Menon and Robert Carrillo (Zinn group) for 

communicating results prior to publication; Donghui Cheng, Tanya Stoyanova and Owen Witte 

for assistance in FACS purification of cells; Dorian Gunning for generating Bsh antibody; and 

Barret Pfeiffer and Gerald Rubin (JRC/HHMI) for reagents to construct the markers for R7 

neurons. The work was supported by: a Graduate Student Fellowship from the China Scholarship 

Council (CSC) and a Graduate Student Fellowship from the University of California, Los Angeles 

(UCLA) Philip Whitcome Training Program (L.T.); the Canadian Institute of Health Research 

Fellowship (K.X.Z.); Jane Coffin Childs Memorial Fund for Medical Research (M.P.).; the Robert 

A. and Renee E. Belfer Family Foundation (S.N.-J.); Target A.L.S. (P.-T.L.);   a Long-Term 

Fellowship from the Human Frontiers Science Program (W.T.);  grants from  National Institute of 

Health (R01GM067858 (H.J.B.), R01NS62821 (K.Z.) and  R01NS28182 (K.Z.); a Ramon y Cajal 

contract (RYC-2011-09479) and a Ministerio de Economia y Competitividad grant (BFU2012-

32282) (M.M.). H.J.B. and S.L.Z. are investigators of Howard Hughes Medical Institute. 

 

 

 

 

 

 



 

xii 

 

VITA 

 

June, 2010                            B.S., Chemistry 

                                             Zhejiang University 

                                             Hangzhou, China 

 

2010                                     Graduate Student  

                                             ACCESS Graduate Program 

                                             University of California, Los Angeles, 

                                             Los Angeles, California 

 

2010                                     CSC Scholarship 

                                             China Scholarship Council 

 

2014                                     Whitcome Fellowship, 

                                             Philip Whitcome Training Program 

                                             University of California, Los Angeles, 

                                             Los Angeles, California 

 

2015                                     Dissertation Year Fellowship 

                                             Graduate Division 

                                             University of California, Los Angeles, 

                                             Los Angeles, California 

 

 

 

 

 

 



 

xiii 

 

PUBLICATIONS AND PRESENTATIONS 

 

 

 

Zhang KX, Tan L, Pellegrini M, Zipursky SL, McEwen JM (2016) Rapid Changes in the 

Translatome during the Conversion of Growth Cones to Synaptic Terminals. Cell Reports 

14(5), 1258–1271  

 

Tan L, Zhang KX, Pecot MY, Nagarkar-Jaiswal S, Lee PT, Takemura SY, McEwen JM, Nern 

A, Xu S, Tadros W, Chen Z, Zinn K, Bellen HJ, Morey M, Zipursky SL (2015) Ig Superfamily 

Ligand and Receptor Pairs Expressed in Synaptic Partners in Drosophila. Cell 163(7), 1756– 

1769 

 

Tan L, Zhang KX, Pecot MY, Nagarkar-Jaiswal S, Lee PT, Takemura SY, McEwen JM, Nern 

A, Xu S, Tadros W, Chen Z, Zinn K, Bellen HJ, Morey M, Zipursky SL (2015) Complementary 

Expression of Immunoglobulin Superfamily Ligands and Receptors in Synaptic Pairs in the  

Drosophila Visual System. Talk presented at the Cold Spring Harbor Laboratory Conference:  

Neurobiology of Drosophila 

 

Tan L, Morey M, Zhang KX, McEwen JM, Pecot MY, Tadros W, Xu S, Chen Y, Liu W,  

Zipursky SL (2014) Layer-specific expression of Ig-Superfamily Ligands and Receptors in the  

Drosophila Visual System. Poster presented at the Janelia Research Campus: High-throughput 

Sequencing for Neuroscience 

 

Tan L, Morey M, Zhang KX, McEwen JM, Akin O, Bader M, Chen Y, Zipursky SL (2013)  

Regulation of Transcription by Growth Cone Receptors during Synapse Formation. Poster 

presented at 23rd European Drosophila Research Conference, Barcelona 

 

 

 



 

1 

 

Chapter 1. Introduction 

Overview 

A functional nervous system relies on precise patterns of connections between neurons. Two 

neurons connect to each other via a synapse, a structure composed of presynaptic site, the synaptic 

cleft and postsynaptic site. When the presynaptic neuron fires, the presynaptic site releases 

neurotransmitters, which travel through the synaptic cleft and bind with the neurotransmitter 

receptors located in the postsynaptic site, resulting in activation or inhibition of postsynaptic 

neuron. It is estimated that a fruit fly has about 250,000 neurons forming millions of synapses, 

while about 1011 neurons form 1014 synapses in the human brain. The integrity of different neural 

circuits among all the neurons enables an organism to perceive, think, decide and behave. How 

neurons can distinguish their correct synaptic partners from other neurons during neural circuit 

assembly remains a central question in neuroscience. 

Studies in different model organisms have revealed various mechanisms underlying neural circuit 

assembly. In a broad sense, these mechanisms can be divided into two major categories, genetically 

encoded molecular mechanisms and activity or experience-dependent mechanisms. Studies in 

mammals indicate that activity is critical for layer specificity of retinal ganglion cell (RGC) arbors 

in the lateral geniculate nucleus (LGN). Axons from the ipsilateral and contralateral eyes initially 

arborize broadly in the LGN. Activity-dependent processes eliminate branches in inappropriate 

laminae and refine their arbors in appropriate laminae (Feller, 2009; Penn et al., 1998; Sretavan et 

al., 1988). However, activity and experience are only important for sharpening retinotopic and 

laminar projections in the vertebrate visual system, and they are dispensable for formation of 
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Drosophila visual circuits (Hiesinger et al., 2006; Sanes and Yamagata, 2009). Therefore, 

genetically encoded molecular mechanisms play more important roles in development of the 

nervous system. In this Introduction, I will focus on the molecular mechanisms regulating neural 

circuit assembly. 

Diverse cellular recognition strategies regulate circuit assembly 

Through regeneration studies in the autonomic nervous system in cat by J. N. Langley (Langley, 

1895) and in the optic nerves in amphibia by Roger Sperry (Sperry, 1943, 1944, 1963), it was 

proposed that differences in molecules between neurons determine the specificity of synaptic 

connections. Over the past several decades, biochemical and genetic studies have led to the 

identification of recognition molecules, which are cell surface and secreted proteins regulating the 

wiring of neural circuits through intercellular signaling pathways. From these studies, three general 

molecular strategies underlying circuit assembly have emerged.  

First, a limited set of conserved cell surface and secreted molecules are used in combination to 

regulate axon guidance in many different regions of the developing nervous systems in invertebrate 

and vertebrate. These include ephrins, semaphorins, plexins, DCC, netrins, slits, robos, and various 

cell adhesion molecules, such as cadherins and immunoglobulin superfamily proteins (Dickson, 

2002). These molecules can act as both attractants and repellents mediating short-range (contact 

mediated) and long-range (diffusible) interactions. Studies in vertebrates and the fruit fly suggest 

that the same mechanism and, in some cases, the same set of molecules are used in similar guidance 

processes. One example is the use of attraction and repulsion during midline crossing in both 

vertebrates and fruit fly. Studies in rodents, chicks, and flies have revealed that commissural 

growth cones first are attracted by Netrin to the midline through DCC (Kennedy et al., 1994; 
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Serafini et al., 1994). Before midline crossing, growth cones are insensitive to Slit and, in 

vertebrates, certain class 3 Semaphorins (Brose et al., 1999; Zou et al., 2000), although these 

signals are expressed at the midline prior to midline crossing. After crossing, these axons respond 

to Slit and Semaphorins (Brose et al., 1999) and are repelled from the midline by them (Kidd et 

al., 1998) and never turn back (Figure 1). Although these molecules are critical for axon guidance, 

in most cases they are more broadly expressed, and generally not in a cell-type specific fashion. 

After axons are guided within the target region, they still need to discriminate among neurites from 

many different neurons in that region and make synapses on appropriate partners. Given the 

complexity of the nervous system, many different cell recognition molecules expressed in a cell-

type specific fashion are likely to be involved in the synaptic target matching after axon guidance.  

 

Figure 1-1. Same set of molecules are used by 

commissural axons to cross the midline in 

vertebrates and Drosophila. As vertebrate 

commissural axons cross the floor plate, they are 

attracted by Netrin to the midline through DCC. After 

crossing the midline they are repelled from midline by 

Slit and Sema3 in the midline via Robo and Plexin. 

Drosophila commissural axons are also attracted by 

netrin to midline through DCC homolog Fra, and also 

repelled by Slit through Robo after crossing. Adapted 

from Dickson, 2002. 
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Second, gradients of cell surface proteins, such as Ephs/Ephrins and Wnts, play a crucial role in 

establishing topographic maps, (Cang and Feldheim, 2013; Triplett and Feldheim, 2012), a 

widespread organizational principle in the vertebrate brain. Ephs are a family of receptor tyrosine 

kinases and are subdivided into A and B classes. Ligands for Ephs, called ephrins, are also divided 

into A and B classes. In vitro binding assays have demonstrated each EphA receptor can bind with 

high affinity to all ephrin-As, and each EphB can bind to all ephrin-Bs, with very little cross 

binding between A and B families (Gale et al., 1996; Himanen et al., 2004). Binding between Eph 

receptors and ephrin ligands induces repulsive signaling (Egea and Klein, 2007). One simple 

example for Eph/Ephrin’s function in topographic mapping is in the mammalian retinocollicular 

system. Multiple EphA and ephrin-A family members are expressed in complementary gradients 

along the nasal-temporal axis of the retina and anterior-posterior axis in the superior colliculus 

(SC) in mouse (Figure 2A). Both loss and gain of function studies have demonstrated that the 

EphAs and ephrin-As are required for normal topographic mapping of the temporal-nasal axis of 

the visual field (Feldheim et al., 2000; Frisén et al., 1998; Pfeiffenberger, Yamada, & Feldheim, 

2006; Carreres et al., 2011). Axons expressing different levels of EphAs terminate in the SC based 

on counterbalancing their tendency to grow toward the posterior SC and the amount of repulsive 

signal they receive from the posterior-derived ephrin-As. For instance, temporal axons, with high 

levels of EphA, terminate at anterior SC with low levels of ephrin-A. By contrast, nasal axons, 

with low EphA receptor levels, terminate at the posterior SC with high levels of ephrin-A (Figure 

2B). However, it is not clear that gradients could endow axons with the ability to distinguish among 

different types of neurons that are physically intermingled rather than spatially arrayed. Within the 

target region, neurons may require qualitatively distinct molecular tags to form specific 

microcircuits. 
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Figure 1-2. Expression patterns of Ephs and ephrins in the mouse retinocollicular system 

and the topographic projections of retinal axons. The temporal-nasal (T-N) axis of the retina 

maps along the anterior-posterior (A-P) axis of the SC. (A) Graded expression of EphA and ephrin-

A. Expression patterns in each structure are illustrated by blue and red bars, respectively. EphAs 

are expressed at high levels temporally and anteriorly, while ephrin-As are expressed in a gradient 

with high levels nasally and posteriorly, which is complementary to EphA gradients. Adapted from 

Triplett & Feldheim, 2012. (B) Temporal axons, with high levels of EphA, terminate in anterior 

SC with low levels of ephrin-A, and nasal axons, with low receptor levels, terminate in posterior 

SC where ephrin-A levels are high. This is a simplified model of the Eph/Ephrin regulation of 

topographic mapping. Adapted from Cang & Feldheim, 2013. 

 

Third, molecular diversity contributed by large families of related proteins with different 

recognition specificities provide unique identities to neurons and mediate self-avoidance (Lefebvre 

et al., 2012; Zipursky & Grueber, 2013). These include Dscam1 proteins in Drosophila 

(Schmucker et al., 2000) and clustered protocadherins in vertebrates (Kohmura et al., 1998; Wu 

and Maniatis, 1999). For example, the Drosophila Dscam1 gene contains three alternative exon 
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clusters for exon 4, 6 and 9, which have 12, 48 and 33 alternative exons, respectively. And they 

encode Ig domain 2, 3 and 7 in the extracellular region of the protein. Thus, isoform exclusive 

alternative splicing within each axon cluster generates 19,008 (12x 48x 33) isoforms with distinct 

ectodomains (Schmucker et al., 2000) (Figure 3A). Biochemical assays have shown that almost all 

isoforms exhibit isoform-specific homophilic binding property (Wojtowicz et al., 2007; 

Wojtowicz et al., 2004) (Figure 3B). Isoform specific homophilic binding mediates contact-

dependent repulsion of sister neurites from the same neuron, a process called self-avoidance (Wu 

et al., 2012). Stochastic expression of different isoforms in different neurons endows each neuron 

a unique molecular identity (Miura et al., 2013). Thus, Dscam1 proteins mediate self-avoidance of 

sister neurites; neurites from the same neuron segregate from each other and neurites from different 

neurons can overlap, while neurites from Dscam1 mutant neurons fail to avoid each other 

(Matthews et al., 2007; Zhan et al., 2004) (Figure 3C, D). Reducing Dscam1 diversity in all 

neurons of the same class leads to segregation of their dendrites from each other (Hattori et al., 

2007, 2009) (Figure 3D). However, it is unlikely that these protein families can mediate synaptic 

matching through a lock and key mechanism, as Dscam1 is largely expressed in a probabilistic 

manner (Miura et al., 2013), and protocadherins also appear to be expressed in this way. 



 

7 

 

 

Figure 1-3. Schematics of Dscam1 gene, proteins and function. (A) The Drosophila Dscam1 

gene contains alternative exon clusters that encode 12, 48 and 33 different variants for Ig2 (purple), 

Ig3 (orange), and Ig7 (blue), respectively, as well as two different variants for the transmembrane 

domain (brown). Splicing leads to the incorporation of only one alternative exon from each cluster. 

Thus, Dscam1 encodes 19,008 isoforms with different ectodomains. (B) Homophilic binding 

occurs between identical isoforms with the same variable Ig domains through charge and shape 

complementarity. Isoform pairs that contain two identical variable Ig domains, but differ at the 

third Ig domain bind poorly or do not bind to one another. This panel shows the mismatch for Ig2; 

the properties of the other variable domains are analogous to Ig2. (C) Dscam1 mediates self-

avoidance in axons of mushroom body (MB) neurons. Each of the MB neurons (2 of 2500 are 

shown) extends a single axon that bifurcates and projects to two different directions. Each MB 

neuron expresses a unique combination of isoforms. Therefore, sister branches from the same 

neuron recognize each other through Dscam1 homophilic binding, which triggers a repulsive 

signal and subsequent segregation of axons to separate pathways. Axons of single mutant Dscam1 

MB neuron in an otherwise wild type background often fail to segregate. (D) Dscam1 mediates 

self-avoidance in dendrites of da sensory neurons. Dendrites of the same neuron are spread out but 

can cross dendrites from different da neurons. Deletion of Dscam1 from a single da neuron leads 

to fasciculation or crossing of its dendrites. Reducing Dscam1 diversity in all da neurons leads to 

segregation of their dendrites from each other. Adapted from Zipursky & Sanes, 2010. 
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Cellular recognition and synaptic specificity 

When I started my thesis project, progress has been made in identifying cell surface molecules 

regulating synaptic specificity in several systems.  

In the Drosophila olfactory system, axons of ~50 classes of olfactory receptor neurons (ORNs) 

form one-to-one connections with dendrites of ~50 classes of projection neurons (PNs). Luo and 

colleagues demonstrate that evolutionarily conserved, epidermal growth factor (EGF)-repeat-

containing transmembrane proteins, Teneurins play a role in synaptic matching in the fly olfactory 

system (Hong et al., 2012). The two Teneurin proteins, Ten-m and Ten-a, are each highly 

expressed in a unique, but partially overlapping, subset of matching ORNs and PNs in the 

developing antennal lobe (Figure 4A) and promote homophilic interactions in vitro. And Ten-m 

co-expression in non-partner PNs and ORNs promotes their ectopic connections (Hong et al., 

2012). These data suggest that Teneurins match the presynaptic ORNs to postsynaptic PNs through 

homophilic attraction. However, PN-specific Ten-m knockdown experiments did not show any 

mismatching phenotype between Ten-m enriched ORNs and PNs. By contrast, a mismatching 

phenotype between Ten-m enriched ORN and PN was observed from PN-specific Ten-a 

knockdown, which fails to support that Ten-m is required for homophilic matching. Moreover, 

many loss of function data on Ten-m and Ten-a were based on RNAi knockdown in all ORNs or 

PNs. Further experiments to remove specific Teneurins from specific ORNs or PNs are necessary 

to address the direct matching model. In addition, there was also no developmental analysis of the 

loss of function phenotype, thus it is not clear how Teneurins function in matching synaptic 

partners during olfactory circuit assembly. Moreover, since Teneurins are only highly expressed 
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in subsets of ORNs and PNs, additional cell-surface molecules are also needed to determine 

connection specificity of the some 50 PN-ORN pairs.  

In the vertebrate chick retina, lamina-specific subsets of retinal amacrine and bipolar neurons 

synapse on dendrites of retinal ganglion cells in specific sublaminae of the inner plexiform layer 

(IPL). Studies by Yamagata and Sanes show that members from subfamilies of Ig protein 

superfamily with homophilic binding properties, namely Sidekicks (Sdk), Dscams and Contactins 

are expressed by subsets of synaptic partners in chick retina. Neurites of these synaptic partners 

expressing different proteins targeted in a unique or a unique combination of sublaminae within 

the chick IPL (Yamagata & Sanes, 2008, 2012; Yamagata et al., 2002). Loss and gain of function 

experiments in the chick suggest that these proteins are required for sublaminae-specific targeting 

of neurons expressing them (Figure 4B). Importantly, mutually exclusive subsets of retinal cells 

accounting for approximately 60% of retinal cell population express Sdks and Dscams, and pre- 

and postsynaptic processes of cells that express the same Sdk or Dscam project to the same 

sublamina. This raised the possibility that related Ig superfamily proteins regulate layer-specific 

patterns of synaptic connections between different neurons in the chick retina. However, these 

studies did not identify the specific cell types expressing these proteins or assess whether these 

proteins are required for synaptic specificity between synaptic partners expressing them.  

By contrast to the chick, Sdks and Dscams are not expressed in a layer-specific fashion in mouse 

retina, suggesting that they may function differently in mouse. Indeed, recent study by Sanes and 

colleagues showed that in the mouse retina, a specific retinal ganglion cell (RGC) type which 

detects moving objects from a visual scene that is also moving expresses Sdk2. The synaptic 

partner of this RGC type, an excitatory amacrine cell type, also expresses Sdk2. Both loss and gain 
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of function data are consistent with Sdk2-dependent homophilic interactions as necessary for the 

selectivity of their connectivity. Sdk2-specified synapses were shown to be essential for the visual 

responses of the RGC (Krishnaswamy et al., 2015) (Figure 4C). However, it remains unclear how 

Sdk2 functions during development to control the synaptic specificity between these two neurons. 

Also, further studies on other synaptic partners co-expressing Sdks and Dscams are necessary to 

establish a common molecular logic regulating synaptic specificity in the mouse retina. Despite 

this progress, given the complexity of the nervous system, little is known about the molecular 

mechanisms underlying synaptic specificity during neural circuit assembly. 

 

Figure 1-4. Examples of progress on identifying cell surface molecules regulating synaptic 

specificity. (A) Combined expression patterns of Teneurin proteins in PNs (left) and ORNs (right). 

Matching Ten-m or Ten-a expression levels between PNs and ORNs mediates the matching 

between synaptic partners. Blue: Ten-m high; orange: Ten-a high. Adapted from Hong et al., 2012. 

(B) Mutually exclusive subsets of synaptic partners in chick retina express homophilic adhesion 

proteins Sidekicks (Sdk) and Dscams. Processes of pre- and postsynaptic cells that express the 
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same Sdk or Dscam project to the same sublamina. Removal of Sdk or Dscam from cells normally 

expressing it disrupts restriction of their processes to the appropriate sublamina. Over-expression 

of Sdk or Dscam in a cell directs its processes to the layer enriched for the same Sdk or Dscam 

protein. Adapted from Sanes & Yamagata, 2009. (C) Arborization patterns of retinal cell types 

expressing Sdk2. Sdk2 is expressed in W3B-RGC which detects moving objects from a visual 

scene that is also moving, and in VG3-AC, an excitatory amacrine cell type. Both loss and gain of 

function data are consistent with that Sdk2-dependent homophilic interactions are necessary for 

the selectivity of their connection. Adapted from Krishnaswamy et al., 2015. 

 

The Drosophila visual system as a model for studying synaptic specificity 

The Drosophila visual system is well suited to uncovering the molecular mechanisms regulating 

synaptic specificity. The cellular organization and circuitry has been described in detail (Fischbach 

and Dittrich, 1989; Morante and Desplan, 2008). Remarkably, nearly complete maps of synaptic 

connections between different neurons in the first two neuropils in the fly visual system, the lamina 

and medulla, has been generated using serial electron microscopic (EM) reconstruction 

(Meinertzhagen & O’Neil, 1991; Rivera-Alba et al., 2011; Takemura et al., 2008, 2013, 2015). In 

addition, molecular markers that specifically label many different cell types both in adult and 

during development are available (Jenett et al., 2012; Kvon et al., 2014), genetic tools that facilitate 

gain and loss of function studies at the level of single identified cells in developing and adult tissue 

have been well established (Lee and Luo, 1999; Venken and Bellen, 2014), and an extensive 

protein interaction network of extracellular domains of cell surface proteins has been assembled 

(Özkan et al., 2013).  

The Drosophila visual system is modular. It comprises the retina and four neuropils, the lamina, 

medulla, lobula and lobula plate. There are only neuronal processes within each neuropil; the 

neuronal cell bodies lie outside of neuropils (referred to as cortical regions). Light is detected on 

the retina, and visual information is processed by the four neuropils. The retina, lamina and 
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medulla each contains precisely registered sets of ~750 units, called ommatidia, cartridges and 

columns, respectively. Connections of neurons from a single ommatidium, and lamina neurons 

from a single cartridge are largely restricted to a single column in medulla, thus retaining strict 

retinotopic mapping of visual information in higher visual processing regions. Each medulla 

column is divided into ten layers, designated M1-M10 (Figure 5A-B). And the lobula and lobula 

plate are also divided into multiple layers. Thus, in a broad sense, columns process information 

from different points in space and layers process different types of visual information (e.g., ON 

versus OFF responses). 

The fly visual system possesses extraordinary neuronal diversity. There are different classes of 

neurons and these in turn fall into many subclasses. Each ommatidium in the retina is composed 

of eight photoreceptor neurons (R cells), which are functionally divided into three subclasses. R1-

R6 neurons express the same opsin responding to a broad spectrum of wavelengths and are motion 

detectors. R7 and R8 express UV and blue/green sensitive opsins, respectively, thus detecting 

chromatic information. Axons of R1-R6 project to and form synapses within each lamina cartridge 

(Figure 5B). The lamina contains 12 different subclasses of neurons. These include five subclasses 

of lamina monopolar neurons (L1-L5), two subclasses of wide-field neurons (Lawf1, Lawf2), three 

subclasses of putative feedback neurons from the medulla (T1, C2 and C3), lamina intrinsic neuron 

and lamina tangential neuron (Tuthill et al., 2013).  

The medulla is much more complex than the lamina. Axons of R7, R8 and lamina neurons 

terminate into distinct layers, and often arborize in others in the outer region of medulla (M1-M6 

layers), where they synapse on interneurons and transmedullary neurons (Figure 5B) (Takemura 

et al., 2008, 2013, 2015). Connections of interneurons, such as Mi, Dm and Pm neurons remain 
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confined in the medulla and promote processing within and between layers (Figure 5B). By 

contrast, the two classes of transmedullary neurons send axons to the lobula complex: Tm neurons 

to the lobula and TmY neurons to both the lobula and lobula plate (Figure 5B). The medulla is 

analogous to the inner plexiform layer in the vertebrate visual system; Mi, Dm and Pm are 

equivalent to amacrine cells, while Tm and TmY are equivalent to retinal ganglion cells (Sanes 

and Zipursky, 2010). There are 20~30 morphologically distinct subclasses of medulla interneurons 

(Mi, Dm and Pm), Tm and TmY neurons, respectively (Fischbach & Dittrich, 1989; Morante & 

Desplan, 2008; A. Nern, personal communication). Thus, there are over 100 different subclasses 

of neurons forming synapses in each medulla column, which belong to a few classes based 

primarily on shared morphological features.  

EM reconstruction studies have provided a detailed description of synaptic connections in the 

lamina (Figure 5D) (Meinertzhagen and O’Neil, 1991; Rivera-Alba et al., 2011). Each lamina 

cartridge consists of synaptic connections between axon terminals of R1-R6 and the dendrites of 

lamina monopolar neurons, as well as connections between other neurons. In all cases these 

connections are multiple contact synapses, with a single presynaptic terminal and multiple 

postsynaptic elements. The predominant synapses formed by R1-R6 are tetrad synapses, in which 

single presynaptic R1-R6 terminals juxtapose four postsynaptic elements. Two postsynaptic 

elements, from L1 and L2, are invariant, with the remaining two derived from amacrine cells, L3 

cells, or glial cells (Figure 5C). Behavior studies have shown that L1 and L2 are the key 

components in ON and OFF pathways in motion detection, respectively (Joesch et al., 2010). Flies 

with silenced L1 and L2 are blind to motion (Tuthill et al., 2013). L3 and L4 are also important 

components in OFF pathway (Meier et al., 2014; Serbe et al., 2016). Despite having largely similar 

synaptic connections with R1-R6, L1 and L2 exhibit distinct synaptic specificity with L4. 
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Although both L1 and L2 have similar area of contact with L4 within the lamina, L4 only makes 

synapses with L2 but not with L1 (Rivera-Alba et al., 2011). The tetrad synapses made by R1-R6 

and the specific synapses between L2 and L4 provide promising systems to identify specific cell 

recognition molecules regulating synaptic specificity within lamina.  

Some progress has been made in understanding the synaptic specificity in lamina circuitry. For the 

tetrad synapses formed by R1-R6 and four postsynaptic elements, Millard and colleagues show 

that Drosophila Dscam1 and Dscam2, genes encoding proteins mediating repulsion upon isoform-

specific homophilic binding, are required to ensure the invariable combination of L1 and L2 at 

postsynaptic sites. In Dscam1 and Dscam2 double mutants, postsynaptic elements from the same 

L1 or L2 were seen within the same tetrad synapse, indicating the strict pairing is lost. Thus, 

removing these two repulsive proteins allows elements from the same cell (L1 or L2) to incorporate 

into the same postsynaptic tetrad, altering the specificity of tetrad synapses (Millard et al., 2010). 

It is still not clear what mechanisms allow L4 to distinguish between L1 and L2 dendrites during 

synapse formation, although recent data indicate that, Kirre, a member of the evolutionary 

conserved IRM proteins, is necessary for synapses between L2 and L4 (Lüthy et al., 2014).  

The synaptic connectivity in the medulla has been determined using serial section electron 

microscopic reconstruction (Figure 5D) (Takemura et al., 2008, 2013, 2015). These studies show 

that the synapses in medulla are also predominantly multiple contact synapses. Axons of R7, R8 

and lamina neurons terminate and often arborize into distinct layers in the outer medulla, where 

they selectively make synapses with subsets of interneurons and transmedullary neurons within 

these layers. The postsynaptic neurons of R7, R8 and lamina neurons also arborize and form 

synapses within discrete layers of the medulla, but some of their arbors extend beyond column 



 

15 

 

boundaries. The EM reconstruction data show that within a layer, neurons form synapses with 

multiple neuronal types (Takemura et al., 2013, 2015), but these represent only a subset of neurons 

with processes in the layer. For instance, R7 specifically terminate at M6 layer. More than 20 

different cell types elaborate processes in the M6 layer and many of them directly contact R7 axons. 

However, R7 axons only selectively form synapses with 5 target cell types and the vast majority 

of the synaptic connections are with one dominant partner Dm8. Remarkably, the most recent 

reconstruction data of seven adjacent columns reveal that synaptic connections made by different 

neurons are highly specific and reproducible across columns (Takemura et al., 2015). Although 

some progress has been made in identifying genes regulating layer-specific targeting in the 

medulla (Hadjieconomou et al., 2011), genes controlling synaptic specificity within layers have 

not been identified.  

The remarkable reconstruction data set provides a unique opportunity to search for recognition 

molecules regulating synaptic specificity. The goal in my thesis research was to uncover a common 

molecular logic underlying synaptic specificity during circuit assembly in the medulla.  
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Figure 1-5. The Drosophila visual system. (A) In Drosophila, retinal ommatidia overlie laminar 

cartridges, which in turn overlie medullary columns. (B) Drosophila visual system, showing retina, 

lamina, medulla, lobula and lobula plate. A few cell types are shown. (C) Tetrad synapse in 

Drosophila lamina, showing synapses of R cell axon on processes of L1, L2, and amacrine (am) 

cell dendrites. The presynaptic specialization in Drosophila is T bar. Schematic is simplified to 

show all postsynaptic elements in the same plane. In some cases, one amacrine cell process is 

replaced with a process from L3. A-C are adapted from Sanes & Zipursky, 2010. (D) Electron 

microscopic studies have reconstructed one lamina cartridge and seven medulla columns, 
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revealing synaptic connections within lamina and medulla. Adapted from Rivera-Alba et al., 2011 

and Takemura et al., 2015. 
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Chapter 2   Ig Superfamily Ligand and Receptor Pairs Expressed in Synaptic 

Partners in Drosophila 

 

This chapter is adapted from the following publication with minor changes. 

Tan, L., Zhang, K. X., Pecot, M. Y., Nagarkar-Jaiswal, S., Lee, P. T., Takemura, S. Y., McEwen, 

J. M., Nern, A., Xu, S., Tadros, W., Chen, Z., Zinn, K., Bellen, H. J., Morey, M., Zipursky, S. L. 

(2015). Ig Superfamily Ligand and Receptor Pairs Expressed in Synaptic Partners in Drosophila. 

Cell 163, 1756-1769. 

 

Summary 

Information processing relies on precise patterns of synapses between neurons. The cellular 

recognition mechanisms regulating this specificity are poorly understood.  In the medulla of the 

Drosophila visual system, different neurons form synaptic connections in different layers. Here, 

we sought to identify candidate cell recognition molecules underlying this specificity. Using RNA 

sequencing (RNA seq), we show that neurons with different synaptic specificities express unique 

combinations of mRNAs encoding hundreds of cell surface and secreted proteins. Using RNA seq 

and protein tagging, we demonstrate that 21 paralogs of the Dpr family, a subclass of 

Immunoglobulin (Ig)-domain containing proteins, are expressed in unique combinations in 

homologous neurons with different layer-specific synaptic connections. Dpr interacting proteins 

(DIPs), comprising nine paralogs of another subclass of Ig-containing proteins, are expressed in a 
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complementary layer-specific fashion in a subset of synaptic partners. We propose that pairs of 

Dpr/DIP paralogs contribute to layer-specific patterns of synaptic connectivity. 

Introduction 

Neural circuits typically comprise many different neurons linked in precise ways by synaptic 

connections. How neurites discriminate between one another during circuit assembly remains a 

central issue in neuroscience. Through regeneration studies in vertebrates, Langley (Langley, 1895) 

and Sperry (Sperry, 1963) proposed that molecular differences between neurons determine the 

specificity of synaptic connections. In its simplest formulation Sperry’s chemoaffinity hypothesis 

(Sperry, 1963) suggested that a lock and key mechanism mediates recognition between synaptic 

partners. 

Over the past 30 years, biochemical and genetic approaches have led to the identification of the 

cell recognition molecules and the intercellular signaling pathways regulating the patterning of 

axons and dendrites. From these studies three general molecular strategies underlying circuit 

assembly have emerged. First, combinatorial use of a limited set of conserved cell surface and 

secreted molecules regulates axon guidance in many different regions of the developing 

invertebrate and vertebrate nervous systems. These include netrins, slits, semaphorins, and various 

cell adhesion molecules, such as cadherins and immunoglobulin superfamily proteins (O’Donnell 

et al., 2009). Second, gradients of cell surface proteins, notably Ephs and Ephrins as well as Wnts, 

play a crucial role in the establishment of topographic maps  (Cang and Feldheim, 2013; Schmitt 

et al., 2006; Triplett and Feldheim, 2012) a widespread organizational principle in the vertebrate 

brain (Cang and Feldheim, 2013). And third, molecular diversity contributed by large families of 

related proteins with different recognition specificities impart unique identities to neurons and 
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mediate self-avoidance (repulsion between neurites of the same cell (Zipursky and Grueber, 2013; 

Lefebvre et al., 2012)). These include Dscam1 proteins in Drosophila (Schmucker et al., 2000) 

and clustered protocadherins in vertebrates (Kohmura et al., 1998; Wu and Maniatis, 1999). The 

molecular diversity of both Dscam1 and protocadherins coupled with their exquisite isoform-

specific homophilic binding specificities raised the possibility that they could directly specify 

patterns of synaptic specificity through a lock and key mechanism. As Dscam1 is largely, if not 

exclusively expressed in a probabilistic manner (Miura et al., 2013), and protocadherins also 

appear to be expressed in this way, it is unlikely that these protein families mediate synaptic 

matching. 

Important progress has been made in identifying cell surface molecules regulating synaptic 

specificity, including Syg1 and Syg2 in the worm (Shen and Bargmann, 2003; Shen et al., 2004), 

Toll and Teneurin proteins in the fly olfactory system (Hong et al., 2012; Ward et al., 2015) and 

Sidekick proteins in the mouse retina (Krishnaswamy et al., 2015). Studies by Sanes and 

colleagues raised the possibility that related Ig superfamily proteins regulate layer-specific patterns 

of synaptic connections between different neurons in the chick retina (Yamagata and Sanes, 2002, 

2008, 2012) (see Discussion).  As a step towards identifying a common molecular logic underlying 

synaptic specificity, we sought to identify families of cell surface proteins expressed in a cell-type 

enriched fashion in closely related neurons with different patterns of synaptic specificity. Here, we 

set out to do this using RNA seq and molecular genetic approaches in Drosophila. 

 

The Drosophila visual system is well suited to uncovering the molecular recognition mechanisms 

regulating synaptic specificity. The cellular organization and circuitry has been described in detail 
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(Fischbach and Dittrich, 1989; Morante and Desplan, 2008) including serial EM reconstruction to 

reveal connections between neurons (Takemura et al., 2015, 2013, 2008). In addition, molecular 

markers for many cell types are readily available (Jenett et al., 2012; Kvon et al., 2014), genetic 

tools facilitate gain and loss of function studies at the level of single identified cells in developing 

and adult tissue (Lee and Luo, 1999; Venken and Bellen, 2014), and an extensive protein 

interaction network of extracellular proteins has been assembled (Özkan et al., 2013). 

In this paper, we focus on the medulla region of the fly visual system. It comprises columns and 

layers (Figure 1A-C). In a broad sense, columns process information from different points in space 

and layers process different types of visual information (e.g. ON vs OFF responses). The cell 

bodies of medulla neurons lie outside the neuropil and synaptic specificity is elaborated within a 

dense meshwork of axonal and dendritic processes. There are over 100 different types of neurons 

forming synapses in the medulla. These neurons fall into a few general categories based primarily 

on their morphology and location of their arbors (Fischbach and Dittrich, 1989; Morante and 

Desplan, 2008; Takemura et al., 2013)(Figure 1A-C). In a landmark study, the synaptic 

connectivity between neurons in the medulla was determined using serial section electron 

microscopic reconstruction (Takemura et al., 2013). The shaded electron micrographic sections 

through the adult column shown in Figure 1D and E are included to emphasize the complexity of 

the neuropil in one medulla column comprising the processes of on the order of 100 different 

neuronal cell types (Nern, personal communication) (Figure 1D, E). These patterns of synaptic 

connections are complex, specific and reproducible (Takemura et al., 2015).  In addition, these 

studies revealed that within a layer, neurons form synapses with multiple neuronal types 

(Takemura et al., 2013, 2015), but these represent only a subset of neurons with processes in the 

layer. Although some progress has been made in identifying genes regulating layer-specific 
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targeting (Hadjieconomou et al., 2011), genes controlling synaptic specificity within layers have 

not been identified. 

In the work described here, we set out to identify proteins regulating synaptic specificity using 

RNA seq to determine the transcriptome of developing R7 and R8 photoreceptor neurons, and five 

lamina monopolar neurons, L1-L5 (Figure 1A, B). The axon of each type of neuron elaborates a 

unique morphology, including layer-specific branches, and forms characteristic patterns of 

synaptic connections (Fischbach and Dittrich, 1989; Takemura et al., 2013, 2008). In most cases, 

synapses formed by each neuron type occur in the layer in which the axon terminates or in which 

interstitial branches arborize. We show that each cell type expresses mRNAs from hundreds of 

genes encoding cell surface proteins and unique combinations of them. Using a protein interaction 

database (Özkan et al., 2013), Minos mediated integration cassette (MiMIC)-based protein traps 

to visualize protein expression (Nagarkar-Jaiswal et al., 2015; Venken et al., 2011) and genetic 

markers for identified medulla cell types, we present evidence that two families of heterophilic 

recognition molecules of the Ig superfamily, the Dprs and DIPs, are expressed in discrete subsets 

of synaptic partners within layers. These families are promising candidates for regulating synaptic 

specificity within the developing Drosophila central nervous system. 
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Results 

Purification of developing neurons using Fluorescence Activated Cell Sorting 

As a first step towards identifying cell surface and secreted molecules as candidates involved in 

cellular recognition events regulating synaptic specificity through RNA seq, we developed 

methods to purify seven neuronal cell types (R7, R8 and L1-L5 neurons) with different layer and 

synaptic specificities. These neurons were isolated at 40% after puparium formation (APF), just 

prior to (i.e. R7 and R8) or during early stages of synapse formation (i.e. L1-L5) ((Chen et al., 

2014); Pecot and Zipursky, unpublished observations). To purify each cell type at this stage in 

development, we used a dual labeling approach. We generated transgenes expressing tandem 

tomato in all cells in the retina or in all cells in the lamina, and combined these with a separate 

GFP marker expressed selectively in a specific cell type (e.g. R8 in the retina or L3 in the lamina, 

Figure 1F-I). Each cell type was isolated in a highly purified form as assessed using qPCR for 

several diagnostic markers (data not shown) and post-hoc analysis of RNA seq data (Figure 2C). 

 



 

31 

 
 



 

32 

 

Figure 2-1. FACS isolation of developing neurons with different synaptic specificities. 

(A) Schematic of the adult morphologies of R7 and R8 photoreceptors and lamina neurons L1-L5. 

The visual system comprises topographically matched modules (i.e. ommatidia, cartridges and 

columns). (B) Axons of R7, R8, and L1-L5 are shown together within a single column as 

determined from serial EM reconstruction. The color of different neurons is the same as in (A). 

Dotted lines represent layer boundaries. Arrowheads indicate the plane of section shown in 

electron micrographs in D and E. (C) Examples of three general classes of medulla neurons that 

are synaptic targets for R7, R8, and L1-L5 neurons (two examples are shown for each class). 

Within each class, there are many cell types that display similar morphologies and branch in 

different layers. (D, E) Cross-sections through medulla columns reconstructed by serial EM within 

the M2 and M3 layers (see arrows in panel B). Axons are colored as in A and B. Each column 

contains processes from over 100 different neuronal cell types (Nern, A. personal communication). 

Scale bar, 2 µ. (F, G) Isolation of R8 neurons at 40 hrs APF using FACS. Only R8 neurons express 

both retinal-specific TdTom and R8-specific GFP. Senseless is an R8-specific transcription factor. 

Scale bars, 10 µm. (H, I) Isolation of L3 neurons at 40 hrs APF using FACS. Only L3 neurons 

express lamina-specific TdTom and L3-specific GFP. Scale bars, 10 µm. In F and H, arrows 

indicate double-labeled cells in developing tissue and the asterisks indicate single GFP-labeled 

cells of different cell types (i.e. contaminants). See Experimental Procedures for purification 

protocols for other cells and additional details. Panel A and C are adapted from Fischbach and 

Dittrich, 1989. Panel B, D, and E courtesy of Takemura, S., Meinertzhagen. I. A, and Scheffer, L. 

(JRC/HHMI). 

 

Identification of cell type-specific differences in gene expression 

To obtain the transcriptomes of purified cell populations, we isolated total RNA, linearly amplified 

polyA-mRNA using T7 polymerase and generated cDNA libraries that were analyzed in a single 

lane by 50bp paired-end sequencing on an Illumina HiSeq 2000 platform. At least two independent 

biological replicate libraries were sequenced for each cell type. We obtained between 221 and 441 

million reads from each library, with a percentage of uniquely mapped reads ranging between 33% 

and 74%. Of these, 19 % to 32% were intergenic and 60% to 75% mapped to exons. A small 

fraction of reads mapped to intronic regions. (Table S1). 
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The correlation in the distribution of normalized raw reads between biological replicates for each 

cell type was high (Figure 2A) and ranged from 0.97-1 for the L4 and R7 libraries, respectively. 

The correlation coefficients between libraries of different cell types ranged from 0.87 for R7 vs 

L4, to 0.97 for R7 vs R8. Pairs of neurons from either the retina or the lamina were more closely 

related to each other than any given retinal to lamina neuron pair. The L1 and L2 pair, both required 

for the optomotor response (Borst, 2014), are more closely related than other pairs of lamina 

neurons. These data are consistent with principle component analysis in which R7/R8 are distinct 

from L1-L5 and that the L1 and L2 pair, as well as L4 and L5 pair, are more closely related to each 

other than to L3 neurons (Figure 2B). 

To assess whether differences revealed through RNA seq reliably reflect differences in expression 

between cell types, we compared the RPKM (the Reads Per Kilobase of a specific mRNA Per 

Million reads) values for seven transcripts expressed specifically in each of the seven neuronal cell 

types as determined by immunohistology. There was an excellent correlation between antibody 

staining and RPKM values (Figure 2C). Thus, RNA seq provides a reliable method to identify 

transcripts differentially expressed between these neurons. 
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Figure 2-2. RNA seq of visual system neurons. 

(A) Correlograms showing the correlation score matrix across all libraries of all seven cell types 

(R, Pearson correlation coefficient). (B) Principal component analysis plot of the RNA seq data 

for the indicated cell types. Each red dot represents an RNA seq sample. (C) RPKM values (left) 

and antibody staining (right) for transcription factors in the lamina (L1-L5) and retina (R7, R8) at 

40 hrs APF. Cell-type specific markers are shown in green and antibodies for cell-type specific 

transcription factors are shown in red (L1-L5 and R7) or blue (R8). Arrows in L2 panels indicate 
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glial cells also stained with antibody to Bab2. A general retinal marker is shown in blue and red in 

the R7 and R8 panels, respectively. Scale bars, 10 µm. See also Table S1. 

 

Many genes are differentially expressed between closely related neurons 

We set out to gain a global perspective on gene expression differences between R7, R8 and L1-L5 

using two different approaches. First, we performed pair-wise comparisons of their transcriptomes 

and identified differentially expressed genes between different cell types. As we obtained 

independent verification of cell-type enriched expression for transcripts with a maximum RPKM 

slightly below 5 using protein traps (Nagarkar-Jaiswal et al., 2015; Venken et al., 2011) (e.g. see 

DIP-β in Figure S4C), we set conservative criteria for genes differentially expressed (DE) between 

cell-types. We selected genes exhibiting a difference of >5X between one neuronal cell type and 

other neurons with expression in at least one cell type exhibiting an RPKM >5 with an adjusted P 

value of <0.05 (Table S2A). Even with these criteria, the number of DE genes between two cell 

types was substantial, ranging from 217 to 1,159. In summary, marked differences in gene 

expression between different neurons were observed at this stage in development. 

In a second approach, we explored the relationship between patterns of gene expression and 

specific cell types using a weighted gene co-expression network analysis (WGCNA)(Langfelder 

and Horvath, 2008). This unsupervised and unbiased analysis identified distinct co-expression 

modules by clustering transcripts with similar expression patterns across all samples (see 

Supplemental Experimental Procedures). Cell-type specific modules were preferentially enriched 

in cell surface membrane and secreted molecules (CSMs) (see Figure S1, Table S3).  This is 

consistent with an important role for intercellular interactions as important determinants of patterns 

of synaptic connectivity. 
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Each neuronal cell type expresses a unique combination of mRNAs encoding CSMs during 

synapse formation 

We next sought to identify genes encoding CSMs that are expressed in a cell-type enriched fashion, 

as these are candidates for regulating the cellular interactions underlying synaptic specificity. With 

a threshold of an RPKM >5 and an adjusted P value <0.05, we observed that each cell type 

expresses between a quarter to a third (i.e. between 247 (for R7) and 322 (for L3)) of the 976 genes 

encoding CSMs predicted to be encoded in the fly genome (Figure S2)(Kurusu et al., 2008) (see 

Supplemental Experimental Procedures for the criteria used to establish the list of CSMs) and each 

cell type exhibits a unique pattern of expression (Figure 3A).  To gain an appreciation of the 

differences in genes encoding CSMs expressed between cell types, we carried out a pair-wise 

comparison of RPKM values for each pair of cell types. Here, we observed marked differences in 

expression, as each pair differentially expressed between 49 (between R7 and R8) and 168 

(between R7 and L4) CSM genes (RPKM >5 in at least one cell type and >5X difference between 

the two cell types) (Table S2B). Further analyses revealed that only a small fraction of the CSM 

transcripts are selectively enriched in only one cell type of the seven profiled. Thus, each cell type 

expresses many genes encoding CSMs, the majority of which are expressed in multiple cell types, 

and there are marked differences in expression between cell types. 

Several families of genes encoding CSMs known to regulate cellular interactions during circuit 

assembly were expressed in a cell-type enriched fashion. These included genes encoding 

immunoglobulin (Ig) (Fischbach et al., 2009; Zipursky et al., 2006), Leucine-Rich Repeat (LRR) 

(de Wit et al., 2011) and Epidermal Growth Factor (EGF) domain containing proteins 
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(Kenzelmann et al., 2007; Serafini et al., 1994), as well as many members of the large tetraspanin 

protein family (Fradkin et al., 2002; Kopczynski et al., 1996) (Figure 3B, Figure S3). 
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Figure 2-3. Gene expression patterns of cell surface membrane and secreted molecules 

(CSMs) in each cell type. 

(A) Heat map showing expression of all genes encoding CSMs expressed in at least one cell with 

an RPKM >5 (n =444). See also Figure S2. (B) Heat map representing expression of genes 

encoding Immunoglobulin (Ig) superfamily of cell surface proteins. Each gene in this list is 

expressed in at least one cell type with an RPKM >5 and 5X greater in one cell type than at least 

one of the six other cell types. Genes shown in color are members of gene sub-families. Note all 

Side family members (with the exception of Side) are shown as CG numbers. See also Figure S3 

and Table S4.  (C) Synaptic connections of L1 and L2 in medulla neuropil. They are largely 

different. Arrows indicate directionality of connection from pre-synaptic neuron to post-synaptic 

neuron. For example, L1 is pre-synaptic to C3. And L1 is both pre- and post-synaptic to L5. C2 in 

red means that C2 is a shared synaptic partner with both L1 and L2. L5 in green means that L5 is 

also a shared synaptic partner for both L1 and L2. (D) Numbers of genes exhibiting differences of 

<2X (shared), 2-5X and >5X in expression between L1 and L2 with RPKM >5 in at least one cell 

type, with an adjusted P value <0.05. Enriched means the level of a gene in one cell type is higher 

than the other cell type. Numbers of genes in each category are shown. See also Table S2. (E) Lists 

of genes encoding Ig superfamily cell surface proteins that are enriched in L1 and L2 by >5X. 

RPKM values in L1 and L2 are also listed. CG42313 and CG14372 are Side protein family 

members. Asterisk indicates that the interacting partner of the protein is not known yet. Interacting 

partners for all other proteins in this table have been identified (Johnson et al., 2006; 

Linnemannstöns et al., 2014; Özkan et al., 2013; Winberg et al., 2001). See also Figure S1 and 

Table S3. 

 

Differential expression of Ig superfamily proteins in two closely related lamina neurons 

As an additional step towards identifying candidates for regulating synaptic specificity in the 

medulla, we compared the pattern of expression of CSMs between two closely related neurons in 

more detail. To do this, we focused on L1 and L2. These neurons have similar patterns of gene 

expression and morphologies, particularly in the lamina, where their dendrites are postsynaptic to 

photoreceptor neurons. L1 and L2 are key components of the ON and OFF pathways, respectively, 

and play overlapping roles in motion detection (Borst, 2014). Their morphologies, layer specificity 

and patterns of synaptic connections in the medulla sharply diverge. For example, L1 and L2 are 

presynaptic to five and nine classes of neurons in the medulla, respectively, only one of which is 
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in common (Figure 3C) (Takemura, Meinertzhagen, and Scheffer, personal communication). Thus, 

we reasoned that differences in the CSMs expressed between these neurons would be candidates 

for regulating their synaptic specificity in the medulla. 

L1 and L2 express a similar number of CSM genes (i.e. ~260, with an RPKM >5, Figure S2). Of 

these, 225 were expressed at a similar level (i.e. <2X difference) in both neurons. By contrast, 21 

and 53 CSM genes were expressed 2-5X and >5X between them, respectively (Figure 3D). Among 

the 53 CSM genes with >5X difference, 23 encode Ig superfamily cell surface proteins (Figure 

3E). This enrichment is highly unlikely to arise by chance (P-values = 6.681e-06). The Dpr sub-

family of Ig proteins was also enriched within this category with eight of the 21 family members 

differentially expressed (i.e. >5X) (P-value = 2.853e-04). Furthermore, as seen in Figure 3B, each 

lamina neuron expresses a unique combination of dpr genes (Figure 3B and Table S4). Based on 

these findings, we speculated that Dprs were good candidates for regulating cell-type specific 

patterns of synaptic connectivity in the medulla neuropil. 

Many Dpr proteins are expressed in a cell-type enriched fashion 

The twenty-one Dpr proteins are cell surface proteins comprising two Ig domains (Nakamura et 

al., 2002). They show a complex pattern of interactions in vitro, with another family, the Dpr 

Interacting Proteins or DIPs, comprising 3 Ig domains. These interactions were discovered in an 

Elisa-based assay and the interactions are presumed to occur in trans (Özkan et al., 2013). Their 

functional significance remains unclear, but they are expressed in the embryonic nervous system 

(Fisher et al., 2012; Özkan et al., 2013). Each Dpr binds to between one and four DIPs and each 

DIP binds to between one and seven Dprs (Özkan et al., 2013) (Figure 6F). 
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To independently assess the pattern of expression of Dprs in R7, R8 and L1-L5, we tagged the 

proteins produced from the endogenous locus with GFP using recombination mediated cassette 

exchange of specific MiMIC insertions into Dpr genes (Venken et al., 2011) (Figure 4A).  MiMIC 

insertions into introns separating coding exons for 10 of the 21 Dpr genes were identified and 

converted into protein traps (Nagarkar-Jaiswal et al., 2015) (see Supplemental Experimental 

Procedures). These contain an open reading frame encoding GFP flanked by splice acceptor and 

donor sites. Pupal brains were stained at 40 hrs APF just prior to the onset of synapse formation 

and some 32 hrs later (at 72 hrs APF), a stage at which these neurons continue to add synaptic 

connections (Chen et al., 2014). In all cases, sufficient protein was detected in the cell body to 

identify the specific cells expressing the modified Dpr by co-staining the retina and lamina with 

antibodies to cell-type specific nuclear proteins (Figure 4B-E’). Cell-type enriched expression in 

lamina neurons was also observed in Beat (Pipes et al., 2001) and Side (Sink et al., 2001) protein 

families using this method (Figure S4F-H). For each Dpr tested, the protein trap expression pattern 

correlated well with the RPKM values observed (Figure 4F-F’). For some cell types, the pattern 

of expression was stable between 40 hrs and 72 hrs APF and for others marked changes were 

observed. For instance, Dpr15 and Dpr17 are expressed only at 40 hrs APF. By contrast, Dpr2 is 

selectively expressed at 72 hrs. Thus, from both RNA seq studies and MiMIC expression analysis, 

all cells express more than one Dpr and they express different combinations of them. 
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Figure 2-4. Dpr proteins are expressed in a neuronal cell-type enriched fashion in the 

lamina. 

(A) Schematic of a MiMIC-based protein trap. MiMIC protein traps contain GFP in frame flanked 

by splice acceptor and donor sites. They are generated by cassette exchange using C31 

recombinase to catalyze recombination with the minos insertion between the AttP and AttB sites. 

The green inverted arrows after recombination represent recombined recombination sites (i.e. attR 

sites). Genes modified in this way encode chimeric proteins containing GFP. (B and B’) 

Arrangement of lamina neuron cell bodies at 40 hrs and 72 hrs APF. L2 and L3 are intermingled 

at the top of lamina cell clusters. L4 and L5 make up the bottom two rows with L5 beneath L4. (C-

E’) Dpr17, Dpr2 and Dpr13 expression in lamina neurons visualized using MiMIC protein traps. 

See Figure 2 for lamina neuron markers.  Scale bars, 10 µm. (F, F’) Summary of Dpr expression 

using protein trap lines (10 of 21 dpr genes). RPKM values from the RNA seq results indicating 

level of gene expression are included in F. Dpr2, Dpr13 and Dpr17 are orange colored in bold to 

indicate changes in staining with the preceding panels. Asterisk indicates Dpr10 expression level 

in L5 is variable at 72hrs APF. See also Figure S4. 

 

DIPs are expressed in a layer-specific fashion 

If Dpr proteins regulate interactions with specific neurons, we would anticipate that DIPs would 

be expressed in neurons with which R7, R8 and L1-L5 interact. To explore the in vivo expression 

of DIPs, we generated and analyzed GFP protein trap derivatives for six of the nine DIPs (* in 

Figure S4A, see Supplemental Experimental Procedures) and assessed their expression at 24, 40, 

72 hrs APF, and in the adult. Consistent with our RNA seq data, DIP-β and DIP-γ are expressed 

at low levels in a subset of lamina neurons (Figure S4C-D’) and the remaining DIPs are not 

expressed in these cells (Figure S4B, B’, E, E’). 

Each DIP analyzed was expressed in neurons exhibiting unique layer-specific patterns of processes 

within the medulla neuropil (Figure 5A-Q, Figure S5). Prior to synapse formation (i.e. 24 hrs APF) 

layered patterns are diffuse and overlap (Figure S5A-G). By 40% APF, the patterns are less diffuse 

with less overlap between different DIPs (Figure 5D-J). At this stage of development, layers are 

still forming and most neurons have yet to form synapses. By contrast, some 32 hrs later (at 72hrs 
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APF) the medulla neuropil has expanded, many neurons have formed synapses (Chen et al., 2014) 

and the processes expressing DIPs are, in general, more clearly separated (Figure 5K-Q).  At this 

stage, the six DIPs are expressed in one to three layers and all layers are defined by a unique 

combination of them (Figure 5R). With one exception (DIP-θ) (Figure S5H), layer-specific 

expression patterns remained the same in the adult as they were at 72 hrs APF. In summary, DIPs 

are differentially expressed in layers innervated by R7, R8 and L1-L5 neurons. 
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Figure 2-5. DIP proteins are expressed in a layer-specific fashion in the medulla. 

(A) Schematic of three classes of medulla neurons. A transmedullary neuron (Tm, in yellow), an 

amacrine-like distal medulla neuron (Dm, in red) and a medulla intrinsic neuron (Mi, in magenta) 
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are shown. Each class of medulla neurons can be further divided into specific cell types based on 

different patterns of layer-specific branching. Adapted from Fischbach and Dittrich, 1989. (B-C’) 

DIP protein traps are expressed in scattered cells in the medulla cortex (arrows) and in layer-

specific patterns in the medulla neuropil. DIP-β and DIP-η are shown as examples (green). 

Photoreceptor axons are visualized by staining for the cell surface protein Chp (red). (D-J) All six 

DIP genes for which protein trap lines are available were expressed in neurons exhibiting unique 

layer-specific patterns of processes within the outer medulla neuropil at 40 hrs APF. (D) Schematic 

of R8 and R7 axon morphology and layer distribution in the outer medulla. (E-J) Protein expression 

of six DIPs (green) in the outer medulla. The six DIPs are expressed in one to three layers; each 

layer is defined by a unique combination of DIPs. (K-Q) The DIP expression pattern at 72 hrs is 

shown. (K) Schematic of R7 and R8 axons at 72 hrs. The medulla expands and R7 and R8 layers 

change between 40 and 72 hrs. (L-Q) The layered expression of DIPs is largely the same as at 40 

hr. Expression in an additional layer, however, appears in DIP-. Dm3 axons are labeled with td-

tomato (magenta). They run parallel to layers and mark the M2 and M3 border. (R) Summary of 

expression of DIPs in the medulla and the projection of R8, R7 and L1-L5 terminals at 72 hrs APF. 

Scale bars, 10 µm. See also Figure S5. 

 

Dprs and DIPs are expressed by synaptic partners 

We next sought to assess whether Dpr-expressing lamina neurons and DIP-expressing medulla 

neurons with processes in the same layers were synaptic partners. To assess the identity of medulla 

neurons expressing specific DIPs, we crossed flies carrying a DIP-GFP (DIP-α, DIP-δ and DIP- 

to a panel of GAL4 marker lines for specific medulla neurons and assessed co-localization of the 

markers (see Supplemental Experimental Procedures). For some DIPs (i.e. DIP-), we used DIP-

GAL4 derivatives of MiMICs in combination with FLP-mediated excision to express target UAS 

reporter constructs active in scattered DIP-expressing cells (Nern et al., 2015). This allowed us to 

visualize individual DIP-expressing neurons and to identify them by their morphologies. We then 

correlated the identification of cells expressing specific DIPs and Dprs with the pattern of synaptic 

connections within layers determined by serial EM reconstruction (Takemura et al., 2013, 2015). 
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Synaptic 

Partners 

Number of 

Synapses 

L5 Pre L5 Post 

Dm1 39 13 

Dm10 48 7 

Dm18 39 13 

C2 35 37 

C3 13 24 

Mi1 56 11 

Mi4 58 0 

Tm3 83 0 

L1 29 127 

 

Table 2-1. Synaptic partners of L5 expressing Dpr/DIP Pairs 

A dense connectome of 7 medulla columns has been completed by serial EM reconstruction 

(Takemura et al., 2015; Takemura, Meinertzhagen, and Scheffer, personal communication.). This 

includes a central column and 6 surrounding ones. Here the synaptic partners of L5 with the 

number of inputs and outputs are listed. Most synapses are made with partners in the same column 

but processes can also extend into neighboring columns and form synapses. Here we are showing 

the sum of the synapses made by an L5 neuron in the central column to partners within the same 

and neighboring columns. 

 

Dense synaptic connectomes for a single column (Takemura et al., 2013) and, more recently, seven 

adjacent columns, comprising a central one surrounded by six additional ones (Takemura et al., 

2015; (Takemura, Meinertzhagen, and Scheffer, personal communication), have been determined. 

In general, these studies revealed that lamina neurons make synapses with multiple partners and 

show marked specificity. An example of the synaptic connections made by L5 neurons is shown 

in Table 1. L1-L5 neurons each express one or more Dpr proteins, which bind to DIPs expressed 
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in a subset of their synaptic partners (Figure 6A-E). For instance, L1 expresses Dpr2 and Dpr3 and 

these proteins bind to DIP- expressed on one of their synaptic partners, Tm3. Other synaptic 

partners of L1 do not express DIP-Figure 6A, Table S5). The Dpr/DIP patterns of expression in 

L5 and its partners provide an example of a more complex relationship between these paralogs 

than L1 (Figure 6E). L5 expresses Dprs that bind to three different DIPs, DIP-α, DIP- and DIP-

 in three synaptic partners: 1. Like L1, L5 makes synapses with Tm3 and these neurons express 

a matching pair of Dpr1 and DIP-, respectively; 2. L5 expresses Dpr6, which binds to DIP-

which is expressed in post-synaptic C2 neurons; and 3. Dpr6 and Dpr10 bind to DIP- on Dm1 

neurons. By contrast, five other synaptic partners of L5 do not express these DIPs. In addition, we 

also demonstrated that R7 neurons express Dpr11 and its cognate DIP is expressed in its synaptic 

partner Dm8 (see accompanying paper by Carrillo et al.). Thus, Dprs in R7 and L1-L5 neurons 

match DIPs expressed in subsets of their synaptic partners. 
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Figure 2-6. Matching of cognate Dpr and DIP expression in synaptic partners. 

(A-E) Co-localization of DIPs in synaptic partners of L1-L5. Left panels, co-localization of 

indicated DIP (green) and cell-type specific marker (red) in the adult; Middle panels, schematic of 

morphology of lamina neurons (green) and a subset of their synaptic partners (red) within the 
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medulla neuropil; Right panels, summary of Dpr expression in L1-L5 and DIPs in synaptic partners. 

Layer patterns for DIPs in the medulla are the same as at 72 hrs. Synaptic partner assignments 

from Takemura et al., 2015 and Takemura, Meinertzhagen, and Scheffer, personal communication. 

F. Summary of the Dpr/DIP interactome (Ozkan et al., 2013; see accompanying paper by Carrillo 

et al.). See also Table S5. 

 

Discussion 

Here we used RNA sequencing of mRNAs from different, but highly related neuronal cell types, 

to identify families of cell surface proteins as potential regulators of synaptic specificity.  Using a 

conservative RPKM threshold for expression, we estimate that at the onset of synapse formation 

neurons express between a quarter and a third of the potential CSMs encoded by the fly genome. 

Many of these are expressed in a cell-type enriched fashion; they are expressed at least 5X greater 

in one cell type, than in one or more of the other cell types profiled. Thus, neurons express many 

different CSMs, and each neuronal cell type expresses a unique combination of them. Many of the 

differentially expressed proteins have known interacting partners. For instance, of the 23 Ig 

superfamily proteins differing in expression by more than 5X between L1 and L2, all but three 

have known interacting partners. Thus, expression studies coupled with the cell surface 

interactome and genetic analysis provide a multipronged approach to dissecting the cellular 

interactions leading to neural circuit formation. 

Several families of proteins were differentially expressed in different neuronal cell types through 

RNA seq analysis, and some of these were confirmed using MiMIC protein traps. The most 

dramatic and complex pattern of expression observed, however, was seen for the Dpr proteins with 

17 of the 21 paralogs expressed in a cell-type enriched fashion. This pattern and the extensive 
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protein interaction network of these proteins defined by Garcia and colleagues (Özkan et al., 2013) 

prompted us to explore the expression patterns of these proteins and their ligands in further detail. 

The cell-type enriched pattern of Dpr expression observed in lamina or photoreceptor neurons was 

striking.  By contrast, most DIPs were not expressed, or were expressed at only very low levels in 

these cells. Localization of DIP expression using protein traps, however, revealed that each of the 

outer 6 layers of the medulla neuropil was defined by the expression of one or more DIPs and that 

DIPs were expressed in only a subset of processes within a layer. And these, in turn, are specific 

subsets of synaptic targets of cells expressing an interacting Dpr. These observations raise the 

possibility that Dpr/DIP interactions specify patterns of synaptic connections between neurons 

within each layer. 

These findings, in combination with previous genetic studies, suggest a model for mechanisms 

regulating the formation of layer-specific connections within the medulla. Previous work 

demonstrated that at early stages of medulla development, lamina neuron growth cones target to 

overlapping regions that are established by broadly expressed adhesive (i.e. N-cadherin) and 

repulsive cell surface molecules (i.e. Plexin/Semaphorin signaling). Growth cones then segregate 

into discrete domains as the medulla matures through interactions between signals localized to 

specific layers (Nern et al., 2008; Pecot et al., 2013; Timofeev et al., 2012). We speculate that 

different combinations of Dpr and DIP proteins specify synaptic connections within a layer. 

In support of this notion, Zinn and colleagues (see accompanying paper by Carrillo et al.) have 

shown that loss of Dpr11 and its binding partner DIP-γ show abnormalities in the M6 target layer. 

Dpr11 is expressed in a discrete subset of R7 neurons and these form synapses with DIP-γ - 

expressing Dm8 neurons. These include abnormalities in the R7 terminal morphology consistent 
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with a role in synapse formation and a reduction in Dm8 neurons. Interestingly, we have also 

recently observed a reduction in the number of DIP- expressing neurons in DIP- null mutants 

suggesting a commonality in the function of Dprs and DIPs in the medulla. The simplest 

interpretation of the matching of Dprs and DIPs in synaptic partners is that these proteins regulate 

synaptic specificity. It would not be surprising, however, if these proteins play different roles such 

as contributing to layer specific targeting, as with N-cadherin (Lee et al., 2001) or Netrin 

(Timofeev et al., 2012), or cell-type specific trophic support as we described previously for Jeb/Alk 

signaling (Pecot et al., 2014). Detailed phenotypic analyses of null mutants lacking Dprs and DIPs, 

and given the redundancy within these families, perhaps genetic analysis of animals lacking 

combinations of them, will be required to ascertain the precise functions of this family of 

ligand/receptor pairs in circuit assembly. 

The two-step model for synaptic connectivity in the medulla shares intriguing similarities to, and 

indeed was significantly influenced by, models for layer specificity in the analogous structure in 

the mouse retina, the inner plexiform layers. Here cadherin and semaphorin/plexin proteins direct 

processes to layers (Duan et al., 2014; Matsuoka et al., 2011). In a subsequent step, Ig superfamily 

proteins then promote synaptic matching within them. Important support for this second step 

comes from recent genetic studies from Sanes and colleagues demonstrating that homophilic 

interaction between Sdk2 proteins (an Ig superfamily protein) is required for synapses between a 

specific pair of amacrine and retinal ganglion cell neurons (Krishnaswamy et al., 2015). That this 

may represent a general strategy for synaptic-specificity in the vertebrate retina is suggested by 

the layer-specific expression of Sdk2 and related homophilic Ig superfamily proteins Sdk1, 

Dscam1, Dscam2 and Contactins 1-5 (Yamagata and Sanes, 2002, 2008, 2012). Thus, the studies 
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in the mouse IPL and the medulla region of the fly allude to a common strategy for achieving 

synaptic specificity. 

 

Concluding Remarks 

Dprs and DIPs are likely to be only a part of the story of synaptic specificity in the medulla. Indeed, 

a striking feature of the synaptic connectome in the medulla column is its complexity (Takemura 

et al., 2013, 2015), with synapses between the processes of greater than 100 neuronal cell types 

(Nern, personal communication). This complexity is mirrored by the unique combination of 

hundreds of cell surface and secreted molecules expressed by each of the photoreceptor and lamina 

neurons profiled in this study. How this complexity contributes to specificity remains elusive, but 

the convergence of improved histological, genetic, physiological, and molecular tools promises to 

provide important insights into the molecular recognition strategies controlling synaptic specificity. 

 

Experimental procedures 

Fly husbandry and stocks 

Flies were reared at 25oC on standard medium. For developmental analysis and sorting 

experiments white pre-pupae were collected and incubated for the indicated number of hours. See 

supplemental experimental procedures for the list of stocks used in different experiments. 

Sorting cell types and library construction 
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For tissue dissociation, pupal brain tissue dissected at 40hrs after pupal formation was incubated 

with a Papain (Worthington) and Liberase TM protease cocktail (Roche) at 250C for 15 min in a 

microfuge shaker at 1000rpm. At 5 and 10 min into this incubation, the tissue was pipetted up and 

down with a P200. At 15 min the sample was passed through a 25G 5/8-gauge needle until the 

tissue was completely dissociated. Digestion was inactivated by the addition of rich media with 

serum, and the cell suspension was passed through a 70μm filter. To concentrate the cells, the 

suspension was spun down at 1600rpm for 8 min at 40C. After decanting the supernatant, cells 

were re-suspended in approximately 500ul of rich media and sorted in a BD FACSAria II. 

RNA was then isolated from sorted cells using the RNA-min elute kit from Qiagen. mRNA was 

amplified in a linear fashion using Arcuturus RiboAmp HS kit (Life Technologies). cDNA was 

then generated for quality assessment and paired-end Illumina sequencing libraries were prepared. 

Detailed protocols are available upon request. 

Microscopy and Image Analysis 

Confocal images were acquired on a Zeiss LSM780 confocal microscope. The staining patterns 

were reproducible between samples. However, some variation on the overall fluorescence signal 

and noise levels existed between sections and samples. Thus, proper adjustments of laser power, 

detector gain, and black level settings were made to obtain similar overall fluorescence signals. 

Single plane or maximum intensity projection confocal images were exported into TIFF files using 

ImageJ software. 

See supplemental experimental procedures for bioinformatics analysis and immunohistochemistry. 
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Figure S2-1. Cell-type specific modules and biological functions. Related to Figure 3. (A) 

Heatmap of the relationship of modules to each cell type (see text). WGCNA was carried out to 

identify genes expressed in a common pattern. Twenty-five expression modules were identified 

(see Supplemental Experimental Procedures and Table S3). These were then assessed for their 

correlation with an idealized cell-type specific pattern (see text). Cells are shown in columns and 

modules in rows. Here, cell-type specific modules are defined as r > 0.8 and P-value < 0.001. Class 

refers to the comparison of retinal cells (i.e. R7 and R8 together) to lamina neurons (i.e. L1-L5 

together). (B) Heatmap showing the significance of gene overlaps between hand-curated biological 

categories and cell-type specific modules. Each column represents a cell-type specific module and 

each row represents a different biological category. A P-value of the intersection is based on the 

permutation test. Number of overlapping genes between the indicated modules and categories are 

only labeled in cells with P-value < 0.001. 

 

Figure S2-2. The distribution of RPKM values for cell surface and secreted molecules (CSMs) 

expressed in R7, R8 and L1-L5 neurons. Related to Figure 3. 
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The number of reads in each range is shown in color. Note, for instance, that for each cell type 

there are approximately 250 cell surface proteins with levels of expression >5. 

 

Figure S2-3. Heat maps representing relative expression of different CSM families as 

indicated. Related to Figure 3. The tetraspanin family of proteins has been implicated in synapse 

formation.  Mutations in late bloomer (lbm) (Kopczynski et al., 1996) lead to delayed innervation 

of muscle in the Drosophila embryo and mutations in a human tetraspanins are associated with 

intellectual disability and synapse formation (Bassani et al., 2012). Proteins containing EGF and 

LRR domains play roles in axon guidance (e.g. netrin) (Timofeev et al. 2012) and synapse 

formation (e.g. Toll-6,) (Ward et al. 2015) respectively. 
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Figure S2-4. Expression of DIP, Beat and Side protein families using MiMIC protein traps. 

Related to Figure 4. (A) RPKM values of DIP protein families in L1-L5, R7 and R8 at 40 hrs 

APF. Asterisks indicate DIP genes for which protein trap or Gal4 trap lines are available. (B-E’) 

DIP-α, DIP-β, DIP-γ and DIP-η expression in retina and lamina neurons at 40 hrs and 72 hrs APF 

using MiMIC derivatives. For DIP-α and DIP-η, MiMIC protein traps were used. For DIP-β and 

DIP-γ, Gal4 trap derivatives were used in combination with UAS-myr-GFP to visualize DIP 

expression in lamina neurons. (B, B’) DIP-α is not expressed in retina or lamina neurons at 40 and 

72 hrs APF. (C, C’) DIP-β (green) is specifically expressed in L4 (red) at 40 hrs and 72 hrs APF. 

(D, D’) DIP-γ (green) is expressed strongly in L1 (red) and weakly in L2 (grey) at 40 hrs APF. 

The expression in L1 and L2 at 72 hrs APF is close to threshold of detection. Although DIP-γ is 

expressed with an RPKM in L4 similar to the RPKM in L1, we did not detect expression using the 

MiMIC derivative. DIP-γ is also expressed in glia. (E, E’) DIP-η is not expressed in retina or 

lamina neurons at 40 and 72 hrs APF. Scale bars, 10 µm. (F-H) Beat-IIb expression in lamina 

neurons and Beat-IIIc expression in retina at 40 hrs APF using MiMIC protein traps. (F) Beat-IIb 

(green) is specifically expressed in L3 (red) and L4 (upper magenta) in lamina neurons. It is also 

expressed in glia beneath L5 (lower magenta). The massive green staining is likely to be due to 

expression in the processes of glial cells within the lamina neuropil. (G, G’) Beat-IIIc (green) is 

specifically expressed in R1 (^), R4 (*), R6 (+) and R8 (blue), but not in R7 (red, arrowhead) in 

the retina. Bristles (arrow) are also labeled by Pros staining (red). (H) CG34114 (green), a member 

of the Side protein family is specifically expressed in L4 and L5 (magenta), with higher level in 

L5 than in L4. The strong staining just beneath these cells is likely to be the proximal region of the 

L5 axon.  Scale bars, 10 µm. 
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Figure S2-5. DIP protein expression in the medulla. Related to Figure 5.  (A-G) Expression in 

the medulla at 24 hrs APF of the six DIP genes for which protein trap lines are available. They 

were expressed in neurons exhibiting layer-specific patterns of processes within the outer medulla 

neuropil. However, prior to synapse formation (i.e. 24 hrs APF), layered patterns are diffuse and 

overlap. (A) Schematic of R8 and R7 axon morphology in the outer medulla at 24 hrs APF to 

visualize the boundaries of the outer medulla. (B-G) Protein expression of six DIPs (green) in the 

outer medulla. The six DIPs are expressed in layer-specific patterns. (H) Expression of DIP-θ in 

the medulla neuropil in the adult. The axons of Dm3 neurons are labeled with td-tomato (magenta) 

to mark the M2 and M3 border. Note that the pattern is different from the one at 72 hrs APF (see 

Figure 5Q); expression at the M2 layer is missing. Layer-specific expression patterns for all other 

5 DIPs remained the same in the adult as they were at 72 hrs APF. Scale bars, 5 µm. 
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Supplemental Tables and Legends 

 

 

Table S2-1. Alignment statistics of RNA-seq data. Related to Figure 2.   
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Table S2-2. Summary of pair-wise comparisons of transcripts differentially expressed in R7, 

R8, and L1-L5 neurons. Related to Figure 3. (A) Differentially expressed genes with RPKM 

value >5 (for at least one neuron in each pair-wise comparison) and a 5X difference between pairs 

of neurons (see text for results with RPKM values >5) and an adjusted P value of <0.05. (B) 

Differentially expressed genes encoding CSM genes. The criteria for a differentially expressed 

gene are an RPKM value >5 for a least one of the pair and at least a 5X difference in RPKM values 

with an adjusted P value <0.05.  
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Table S2-3. RPKM values for the genes in the 25 distinct co-expression modules identified in 

the WGCNA analysis. Related to Figure 3 and Figure S1. Table shown here is a shorter version 

because the original table is too long. 
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Table S2-4. RPKM values for the 21 dpr transcripts in R7, R8 and L1-L5. Related to Figure 

3. Note Dpr18 RPKM values are considerable below 5 RPKM in all cell types and thus the only 

Dpr we consider not expressed in our data set.   

 

 

 

Table S2-5. Summary of Co-localization Experiments. Related to Figure 6.  DIP protein traps 

were tested for co-localization with a set of GAL4 lines driving marker expression in the indicated 

medulla neurons (see Text). Medulla neuron classes tested for each DIP-GFP are shown. Neuron 

in red indicates that the cell expresses the DIP and black indicates that it does not. Note question 

marks for DIP-η to indicate that staining was very weak.  
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Supplemental Experimental Procedures 

Fly Stocks 

The following stocks were used: 

Genetic labeling of specific cell types for FACS: For experiments involving the isolation of R7 and 

R8 neurons, GMR-myr-tdtom, a general marker for retinal cells, was utilized in combination with 

cell-specific GFP markers for R7 and R8 neurons. The sens-F2Bshort-deltaE1-GFP transgene 

(Pepple et al., 2008) was used to specifically label R8 neurons in the retina. This marker also labels 

a subset of lamina neurons. To label R7 neurons we generated split GAL4 constructs as previous 

described (Luan et al., 2012; Pfeiffer et al., 2008, 2010). The R44F08 fragment was used to drive 

expression of GAL4DBD (Jenett et al., 2012), and the 465bp pros core-enhancer (Hayashi et al., 

2008) was used to drive the expression of p65AD. Reconstituted GAL4 activity activated the 

expression of UAS-GFP-tagged RpL10 (McEwen, Zhang and Zipursky, unpublished). To isolate 

different lamina neurons, L1-L5 neurons were labeled using the pan-lamina driver R27G05-

nlsLexAGADfl in su(Hw)attP2 (Janelia Research Campus; GAL4 pattern described in Riddiford 

et al., 2010) and LexAop-myr::tdTom, and particular subtypes were simultaneously labeled with 

cell-specific GFP reporters. L3, L4 and L5 neurons were labeled using 9-9-GAL4, apterous-GAL4, 

and 6-60-GAL4 (Nern et al., 2008) to drive expression of UAS-mCD8-GFP, respectively. For 

isolation of L3 neurons the nuclear marker UAS-H2AGFP (gifts from Barret Pfeiffer and Gerald 

Rubin (Janelia Research Campus)) was used in combination with UAS-mCD8-GFP. Svp-GAL4 

(Kyoto: 103727) and Bab1-GAL4 (BDSC stock #47736. P{GMR73D08-GAL4}attP2) were used 

to label L1 and L2 neurons, respectively, through expression of UAS-mCD8-GFP. 
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Expression of Dpr, Beat, and Side proteins using MiMIC-derivatives: Cellular expression patterns 

were assessed in co-labeling experiments using MiMIC protein trap derivatives (GFP) and 

antibodies against nuclear proteins expressed specifically in R7, R8 or particular lamina neuron 

subtypes (L1-L5). The following MiMIC protein trap derivatives were used: MI03102 (beatIIb), 

MI03726 (beatIIIc), MI01052 (CG34114, side family), MI02201 (dpr1), MI02530 (dpr2), 

MI05963 (dpr3), MI01358 (dpr6), MI03557 (dpr10), MI01695 (dpr12), MI05577 (dpr13), 

MI01408 (dpr15), and MI08707 (dpr17). GFP expression from the original MiMIC line MI02231 

was used to visualize the expression pattern for dpr11. The following antibodies were used to 

assess expression in specific cell types (see below for concentrations): anti-prospero (R7), anti-

Senseless (R8), anti-Seven-up (L1), anti-Bab2 (L2), anti-erm (L3), anti-Bsh (L4, L5), anti-apterous 

(L4), anti-Pdm3 (L5). 

Cellular expression of DIPs using MiMIC-derivatives: The following MiMIC protein trap 

derivatives (GFP) were used: MI02031 (DIP-α, CG32791), MI08287 (DIP-δ, CG34391), MI07948 

(DIP-η, CG14010) and MI03191 (DIP-θ, CG31646). To visualize expression of DIPs β and γ 

MiMIC GAL4 derivatives of MI01971 (DIP-β, CG42343) and MI03222 (DIP-γ, CG14521) were 

used to drive expression of UAS-myr-GFP. GFP expression from the original MiMIC line 

MI03222 was also used to assess expression of DIP-γ. In these experiments Dm3 neurons were 

labeled using R25F07-LexAp65 (Janelia Research Campus) and LexAop-myr::tdTom. The 

expression of DIPs α, β, δ and θ in subsets of medulla neurons was assessed in co-labeling 

experiments using MiMIC protein trap lines (see above) and the following cell-type specific GAL4 

drivers: Mi1 (R19F01), Mi4 (R72E01), Dm1 (R22D12), Dm4 (R23G11), Dm6 (R38H06), Dm12 

(R47G08), Dm13 (R38A07), Dm14 (R47E05), Dm17 (VT43152), Dm18 (VT028450), Dm19 

(VT024602), Tm1 (R74G01), Tm2 (R71F05), Tm3  (R59C10), Tm4 (R53C02), Tm9 (R24C08), 
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and Tm20 (R33H10). All of these driver lines are from the Janelia Research Campus (R) (Jenett 

et al., 2012) and Vienna Drosophila Resource Center (VT) (Kvon et al., 2014) collections. Lines 

for individual cell types were identified and characterized as described for Dm neuron markers in 

(Nern et al., 2015). Each GAL4 line was crossed to pJFRC21-10XUAS-IVS-mCD8::RFP in attP18 

(Pfeiffer et al., 2010) to label the cell bodies and processes of a specific medulla neuron type. 

Bioinformatics 

After the step of quality control, we first filtered out raw reads with low quality and containing 

sequencing adapters and then mapped reads (pair-end, 50bp in length) to the D. melanogaster 

reference genome (release FB2013_01) with the gapped aligner Tophat (Trapnell et al., 2009) with 

the default setting. The fly gene model was downloaded from the Ensembl database (version of 

Drosophila_melanogaster.BDGP5.73.gtf) and supplied to Tophat as the reference genome 

annotation. Only reads uniquely aligned were collected. In total for all libraries sequenced, 

1,982,734,187 reads were uniquely mapped (corresponding to an overall mappability of 57%) and 

used for further analysis. The expression levels of genes were quantified using RPKM units (Reads 

Per Kilobase of exon per Million reads mapped) using customized scripts written in Perl after 

normalization based on the geometric means as described in DESeq (Anders and Huber, 2010). 

The accession number for the raw data reported in this paper is GEO: GSE68235. 

Differential expression analysis was performed using the packages, DESeq (Anders and Huber, 

2010) and edgeR (Robinson et al., 2010) in R (http://www.R-project.org). The original p-values 

were corrected by the false discovery rate (FDR) for multiple testing errors. In addition to the FDR 

of <0.05, we considered differentially expressed genes with >5X differences. Thus, in summary, 

we considered genes as differentially expressed if: 1. the adjusted p-value was less than 0.05; 2. 
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the expression ratio between two samples was >5X; 3. the maximal RPKM value for at least one 

group in the comparison was >5; and 4. there was agreement between DESeq and edgeR. 

We performed a principal component analysis (PCA) on normalized read counts of all samples to 

compare gene expression under different developmental stages using the ‘prcomp’ function in R. 

In this analysis, we selected 500 top-ranked genes based on their variations across all samples 

using the function ‘rowVars’ in R matrixStats package. PCA revealed that our samples were 

clearly distinguishable by both the first and second principal component (PC1, 45.1% of the total 

variation; PC2, 28.7% of the total variation). 

We performed weighted gene co-expression network analysis (WGCNA) (Langfelder and Horvath, 

2008) to identify neuron-cell type specific modules. This identified co-expression modules by 

clustering transcripts that exhibit similar expression patterns as revealed through the analysis of 

all samples.  To further understand the cell type specificity of the modules, we correlated the 

identified module eigengenes with traits/cell types represented as the theoretical expression 

patterns for all cell types in a binary fashion. 

To identify cell surface and secreted membrane molecules (CSMs), we used a gene list established 

by Kai Zinn and co-workers (Kurusu et al., 2008). In brief, to define genes encoding CSMs that 

might be relevant to cell recognition during neural development, the fly proteome was searched 

with sequences of every domain in the "extracellular" portion of the SMART domain database 

(http://smart.embl-heidelberg.de/browse.shtml). A total of more than 80 domain types had 

representatives in Drosophila. Several hundred proteins from this list were excluded. These 

included members of large groups containing proteins with almost identical structures, including 

small chitin-binding proteins, single-domain serine proteases, single-domain C-type lectins, 

http://smart.embl-heidelberg.de/browse.shtml


 

73 

 

protease inhibitors, and others thought to be unlikely to play important roles in cell-type specific 

recognition. In addition, the list did not include ion channels, pumps, transporters, secreted 

enzymes, and a variety of other classes of CSMs in the database.  The final CSM cell-recognition 

database contains 976 proteins. 

Immunohistochemistry 

Pupal brains were dissected in PBS (137mM NaCl, 2.7mM KCl, 10mM Na2HPO4, 1.8mM 

KH2PO4) and fixed in PBL (4% paraformaldehide, 75mM lysine, and 37mM sodium phosphate 

buffer, pH 7.4) for 25 min at room temperature (RT). After several rinses with PBT (PBS 0.5% 

Triton-X10) at RT, samples were incubated in PBT containing 10% normal goat serum (blocking 

solution) for at least 1hr at RT. Brains were incubated overnight at 4oC in primary and secondary 

antibodies for at least one day each with multiple blocking solution rinses at RT in between and 

afterwards. Incubations were extended for up to 5 days for some antibody combinations to increase 

the quality of the signal. Brains were mounted in EverBrite mounting medium (Biotium). 

The following primary antibodies were used in this study: chicken-anti-GFP (1:1000, Abcam 

ab13970); rabbit-anti-DsRed (1:200, Clontech 632496); mouse-anti-Seven-up (Kanai et al., 2005) 

(1:20, a gift from Yasushi Hiromi); rat-anti-Bab2 (1:500, a gift from Frank Laski); rabbit-anti-Erm 

(Janssens et al., 2014)(1:50, a gift from Cheng-yu Lee); rabbit-anti-Ap (1:5000, a gift from Claude 

Desplan); guinea pig-anti-Pdm3 (1:500, a gift from John Carlson); guinea pig-anti-Bsh (1:200, 

generated in the Zipursky lab); mouse-anti-Pros (1:20, MR1A from DSHB); guinea pig-anti-Sens 

(1:1000, a gift from Hugo Bellen); mouse-anti-24B10 (Zipursky et al., 1984)(1:20, DSHB), rat-

anti-Elav (1:500, 7E810 from DSHB).  
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Secondary antibodies against chicken, rabbit, mouse, guinea pig and rat conjugated to Alexa Fluor 

-488, -555, -568, -647 or Cy5 with the following references and concentrations were used. From 

Life Technologies: A11039 (1:1000); A31572 (1:800); A11031 (1:500); A11011 (1:500); A11075 

(1:500); A21235 (1:500) and A21450 (1:500).  From Jackson ImmunoResearch: 112-175-143 

(1:500) and 712-607-003 (1:200).  
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Chapter 3. Recent result updates 

Cognate Dprs and DIPs are expressed by synaptic partners throughout the fly visual 

system  

In the previous section I identified DIP-expressing neurons by crossing flies carrying a DIP-GFP 

to a panel of GAL4 marker lines for specific medulla neurons and assessed co-localization of the 

markers. Although this method provides a quick and unambiguous way of identifying neurons, it 

is not a practical way to generate a complete list of medulla neurons expressing each DIP.  

The multi-color flip out (MCFO) method combined with Gal4 derivatives of DIP MiMICs 

(available for all DIPs, except for DIP-iota (Diao et al., 2015)), is a more efficient way to identify 

all medulla neurons expressing each DIP (Figure 3-1) (Nern et al., 2015). The DIP-Gal4 in 

combination with conditional FLP-mediated excision of stop cassettes results in stochastic 

expression of different combinations of MCFO reporters in scattered DIP-expressing cells. This 

allowed visualization of individual DIP-expressing neurons in different colors and identification 

by their morphologies. Through collaboration with a postdoc in our lab, I have done MCFO 

experiments for DIP-α, DIP-β, DIP-ζ, DIP-ε, DIP-η and DIP-θ, and I’m still in the process of 

completing the experiment for other DIPs and identifying all the neurons expressing each DIP.  
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Figure 3-1. Schematic of multi-color flip out (MCFO). (A) Schematic of smGFP markers. The 

backbone of myristoylated (yellow circle) superfolder GFP (gray) is inserted with groups of 

multiple copies of a single epitope tag (HA, FLAG, MYC, V5, or OLLAS; blue circles). The 

insertion of the tags eliminates the endogenous fluorescence; (B) Schematic of an MCFO reporter 

with 10XUAS and a core promoter for GAL4-activated expression, a transcriptional terminator 

flanked by FRT sites, and a smGFP marker. The marker is expressed upon the excision of the 

terminator by Flp-recombinase. (C) Potential color combinations of markers with three MCFO 

reporters bearing smGFPs inserted with different epitope tags: unlabeled (gray), one marker (red, 

green, blue), or combinations of two (yellow, magenta, cyan) or three (white) labels. Adapted from 

Nern et al., 2015. 

 

Results from MCFO experiments demonstrate that each DIP is expressed by approximately five 

to twenty different subclasses of medulla neurons, as well as different types of neurons in lobula 

and lobula plate in the fly visual system. The partial list assembled for identified DIP-expressing 

medulla neurons show that Dm1, Dm4, Dm12 and Lawf1 express DIP-α, consistent with the 

colocalization data, and nine subclasses of neurons plus about ten other subclasses of unidentified 

medulla neurons express DIP-ε. Notably, most DIP-expressing medulla neurons only express one 

particular DIP. Tm3 and several other types of TmY neurons, however, express both DIP-η and 

DIP-θ. Interestingly, these paralogs are tandemly arranged and interact with many of the same 

Dprs. Consistent with our previous observations, many of the newly identified types of neurons 

expressing each DIP are also synaptic partners of lamina neurons or photoreceptors. Furthermore, 

matching of cognate Dpr and DIP expression was found for most synaptic partners of lamina 

neurons (data not shown). Other types of identified DIP-expressing medulla neurons only make 

synapses with medulla neurons, and since Dprs are also expressed by medulla neurons (also lobula 

and lobula plate neurons), it would be important to assess whether cognate Dprs are also expressed 

in their synaptic partners.  
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Genetic analysis suggest a role of DIP-Dpr interaction for survival of neurons 

To study the function of cognate Dpr and DIP, I generated null mutants for DIPs and Dprs using 

CRISPR-Cas9 mediated gene knock-out. To do this, plasmids encoding gRNAs targeting two sites 

in the gene of interest were injected into flies carrying vasa-Cas9. Typically, I selected target sites 

close to translation start site and 40-500 bp away from each other within the coding exon of the 

target gene. A double stranded break at each of the two sites mediated by Cas9 nuclease results in 

deletion of the regions between them. This usually generates frame shift mutations causing early 

stop of the protein close to the translational start site and thus results in null mutants of the target 

gene. I have created such mutants for seven of the nine DIPs and some Dprs, and I am in the 

process of completing all the DIPs and will then generate nulls in Dprs. In collaboration with other 

two postdocs in the lab, Shuwa Xu and Qi Xiao, we assessed the phenotype of synaptic pairs 

expressing three groups of cognate DIP and Dpr in corresponding DIP and Dpr mutants. 

Preliminary results on two of the three groups of cognate Dpr and DIP suggest that Dpr-DIP 

interaction plays a role in the development of DIP-expressing neurons. Dpr11 is expressed in a 

discrete subset of R7 neurons which form synapses with a subset of Dm8 neurons expressing DIP-

γ in the M6 layer. There is a reduction in number of Dm8 neurons in both in DIP-γ and Dpr11 null 

mutant. However, no phenotype in R7 axon morphology or cell number is seen in these mutants 

(data not shown). Our data on Dm8 loss and R7 terminal are inconsistent with the study from Zinn 

and colleagues (Carrillo et al., 2015). In their study, they observed reduction of Dm8 with a similar 

penetrance to our data using DIP-γ MiMIC line in combination with a deficiency line uncovering 

DIP-γ genomic region. However, they did not see a reduction of Dm8 using Dpr11 Kyoto line in 

combination with a deficiency line uncovering Dpr11 genomic region. One possible explanation 
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for this discrepancy is that the Dpr11 Kyoto line is not a null allele, while the DIP-γ MiMIC line 

is, at least, very close to a null allele. Furthermore, Zinn and colleagues assessed the phenotype of 

R7 terminals by over-expressing Brp-short fused with tandem tomato as a presynaptic marker, and 

observed modest overshoots of R7 terminals in both Dpr11 and DIP-γ loss of function mutants 

using Dpr11 and DIP-γ MiMICs. In my experiments, I assessed the R7 phenotype using the STaR 

technique (Chen et al., 2014), in which terminals are visualized using cell-type specific epitope 

tagging of Brp, at endogenous levels, in R7. No phenotypes in R7 terminal and general Brp 

distribution along R7 terminal were observed. Given subtle effects in Zinn experiments and our 

results using a more physiologically appropriate genetic background, I think the previously 

described R7 terminal phenotype should be considered questionable.  

A similar phenomenon is seen for multiple synaptic pairs, with one neuron expressing both Dpr6 

and Dpr10 and its partner expressing DIP-α. Dpr6 and Dpr10 are expressed in L3 neurons and 

DIP-α is expressed in two of its synaptic partners, Dm4 and Dm12, in the M3 layer. In addition, 

Dm1, which also expresses DIP-α, forms synapses in the M1 layer with L2 and L5 and they, in 

turn, express Dpr6 and Dpr10. Removal of DIP-α or both Dpr6 and Dpr10, in combination, results 

in a reduction in the number of all three subclasses of Dm neurons. By contrast to the effect on 

DIP-expressing cells, no phenotypes in the corresponding lamina neurons were observed (data not 

shown). We also assessed phenotype on synaptic pairs expressing Dpr12 and DIP-δ. Surprisingly, 

no phenotypes on cell number or layer specificity were seen for neurons expressing DIP-δ. 

Therefore, preliminary genetic experiments demonstrate that two groups of cognate Dpr and DIP 

pairs are required for survival of DIP-expressing neurons. Further developmental analysis is 

critical to ascertain the mechanism of DIP-Dpr interaction in neuronal survival. Moreover, it is 

crucial to assess the phenotype on synaptic connectivity between Dpr and DIP expressing synaptic 
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pairs in corresponding mutants, in order to address their role in synaptic specificity. In addition, 

phenotypic analysis on synaptic pairs expressing other cognate Dprs and DIPs is important to 

reveal the general role of DIP-Dpr interactions in neural circuit assembly. 
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Chapter 4. Discussion 

Combinatorial use of RNA seq and other methods identifies candidate recognition proteins 

regulating synaptic specificity 

Over the past three decades, several experimental approaches have been taken to identify cell 

recognition molecules regulating circuit assembly. These include genetic screens (Seeger et al., 

1993; Zallen et al., 1998), molecular screens using monoclonal antibodies (Kolodkin et al., 1992), 

biochemical assays (Cheng et al., 1995; Drescher et al., 1995; Luo et al., 1993; Schmucker et al., 

2000; Serafini et al., 1994), differential mRNA analysis (Kopczynski et al., 1996) and candidate 

gene approaches (Cheng et al., 1995). These studies have provided fundamental insights into 

diverse molecular mechanisms and, in some cases, the underlying logic regulating circuit 

formation. However, only limited studies have succeeded in identifying cell surface proteins 

regulating synaptic specificity.  

The newly developed high-throughput RNA sequencing (RNA seq) enables deep profiling of gene 

expression in population of cells. This provides an effect approach to addressing various questions 

in neuroscience. For instance, RNA seq has been widely used in assessing neuronal identity and 

identifying new neuronal cell types and subtypes (Fuzik et al., 2015; Handel et al., 2016; Macosko 

et al., 2015; Cadwell et al., 2015; Zeisel et al., 2015; Usoskin et al., 2015). It has also been applied 

to revealing roles of proteins in regulating gene expression (Lee et al., 2016), understanding 

relationship between functional brain activity and gene expression, and identifying odorant 

receptors responding to specific odors in vivo (Jiang et al., 2015). Despite the widespread 

application of RNA seq to various questions in neurobiology, there has been little effort directed 

towards using this technique to identify cell surface proteins regulating synaptic specificity.  
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The availability of cell type specific markers for purifying defined subclasses of neurons at the 

appropriate developmental stage in the fly visual system provides an excellent opportunity to 

identify candidate proteins regulating synaptic specificity using RNA seq. In my thesis research, I 

performed RNA seq on multiple highly related neuronal cell types with distinct synaptic 

specificities, lamina neuron L1-L5 and photoreceptor R7 and R8, at the onset of synapse formation. 

By comparing levels of gene expression between highly related neurons with distinct synaptic 

specificities, differences in gene expression between cell types are more closely related to synaptic 

specificity than other general aspects of cell type differentiation. In addition, genes regulating 

synaptic specificity are more likely to be discovered by doing RNA seq at the onset of synapse 

formation. From RNA seq data, I showed that at the onset of synapse formation, neurons express 

hundreds of genes encoding cell surface and secreted proteins. In addition, many of the genes 

encoding these proteins are expressed in a cell-type enriched fashion, that is, their expression levels 

are at least 5X higher in one cell type, than in one or more of the other cell types that were profiled. 

Thus, each of the cell types we profiled expresses a unique signature of hundreds of genes encoding 

cell surface and secreted proteins at the onset of synapse formation.  

Genes encoding several families of cell surface proteins were differentially expressed in different 

neuronal cell types from RNA seq analysis. These include Ig superfamily proteins (e.g. Beat 

protein family, Side protein family, Dscams and IRM proteins), LRR proteins (e.g. Toll, Connectin, 

and Capricious) and EGF-domain containing proteins (e.g. Netrin, Ten-a and Ten-m), which have 

been shown to play important roles in cellular recognition in the developing nervous system. For 

instance, Beat-Side interactions guide motor neurons to their muscle targets in the developing 

embryo (Siebert et al., 2009). Interestingly, the most dramatic and complex pattern of expression 

was observed for the Dpr genes with 17 of the 21 paralogs expressed in a cell-type enriched fashion. 
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To confirm the expression pattern of Dpr proteins in vivo, I used MiMIC-derived protein trap lines 

(Nagarkar-Jaiswal et al., 2015) and co-stained the tissue at the stage we did RNA seq with 

antibodies against GFP and cell type specific transcription factors for each lamina neuron. The 

staining results largely confirmed Dpr expression patterns in vivo. 

The striking expression pattern of Dpr proteins and the extensive protein interaction network of 

them determined by Garcia and colleagues (Özkan et al., 2013) prompted us to explore the 

expression patterns of the DIPs in further detail. By contrast to the Dprs, most DIPs were not 

expressed, or were expressed at only very low levels in lamina or photoreceptor neurons. 

Localization of DIP expression using protein traps revealed that each DIP is expressed by medulla 

neurons projecting neurites to specific layers in the medulla. Through co-localization with 

available cell-type specific markers, I demonstrated that each DIP is expressed by only a subset of 

medulla neurons with processes within a layer or a unique combination of layers. By matching 

neurons expressing cognate DIP and Dprs using EM reconstruction data (Takemura et al., 2008, 

2013, 2015), I found that neurons expressing DIPs are specific subsets of synaptic partners of cells 

expressing interacting Dprs (Tan et al., 2015). These findings raise the possibility that Dpr/DIP 

interactions specify synaptic contacts between lamina neurons and subsets of their synaptic 

partners within discrete layers in the medulla. Therefore, expression studies combined with the 

cell surface interactome, cell type specific markers, and synaptic connectome in the visual system 

provide a multipronged approach to identify candidate cell surface and secreted proteins regulating 

synaptic specificity during neural circuit formation. 
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Correlation of molecular and cellular complexity of medulla circuits  

One surprising observation from the RNA seq data is that even with a very conservative RPKM 

threshold for gene expression (RPKM>5), neurons that we profiled still express between 247 and 

322 genes encoding cell surface and secreted proteins at the onset of synapse formation, 

corresponding to between a quarter to a third of the potential cell surface proteins encoded by the 

fly genome. Each neuronal cell type expresses a unique combination of them. Indeed, between 49 

and 168 genes encoding cell surface and secreted proteins are differentially expressed by at least 

5X in at least one pairwise comparison between neurons we profiled. Interestingly, many of the 

differentially expressed proteins have known interacting partners. For instance, of the 23 Ig 

superfamily proteins differing in expression by more than 5X between L1 and L2, all but three 

have known interacting partners. Furthermore, by matching interacting proteins between  two 

neuron pairs, L1-L4 and L2-L4 (Hong et al., 2012; Özkan et al., 2013; Paré et al., 2014), where 

L1 and L2 make equal area of contacts with L4 in lamina but only L2 make synapses with L4, I 

found that each neuron pair has 30-40 pairs of interactions mediated by cell surface proteins 

expressed on them, and among these interactions each neuron pair exhibits ~10 unique pairs of 

interactions which could potentially contribute to the synaptic specificity between L2 and L4. 

Therefore, the level of molecular complexity in developing neurons is remarkably high. 

The high level of molecular complexity in developing neurons mirrors the cellular complexity in 

the medulla circuit. Indeed, a striking feature of the synaptic connectome in a medulla column is 

its extraordinary complexity (Takemura et al., 2013, 2015), with synapses between the processes 

of over 100 different neuronal cell types (A. Nern, personal communication). Even once processes 

from a particular type of neuron get into their target layer in the medulla, they still must select 
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specific synaptic partners from several dozens of neurons with processes in that layer. For instance, 

from the most recent seven column reconstruction data (Takemura et al., 2015), 30 different 

subclasses of neurons are identified that make synapses (> 5 synapses) in M2 layer, yet L2 only 

make synapses with 11 of them. Furthermore, the number of connections between neurons does 

not correlated with their relative areas of contact. These studies support the idea that many different 

cell recognition molecules are likely to be necessary for neurons to discriminate between 

appropriate and inappropriate synaptic partners.    

Interactions mediated by cognate Dprs and DIPs in synaptic partners may provide a 

general molecular strategy for synaptic specificity 

Families of cell recognition molecules could, in principle, provide general molecular strategy 

regulating synaptic specificity with different family members promoting interactions between 

different synaptic partners. Two families, the Dscam1 in insects and the clustered protocadherins 

in vertebrates, have emerged as promising candidates. In both families, complex genomic loci 

encode large sets of proteins that mediate homophilic binding and are expressed in combinatorial 

patterns by individual neurons. This raised the possibility that they could directly specify patterns 

of synaptic specificity through a lock and key mechanism. However, as Dscam1 is largely 

expressed in a probabilistic manner throughout the fly nervous system (Miura et al., 2013), and 

protocadherins also appear to be expressed in this way, they are mainly used in neurons to 

discriminate self vs. non-self, rather than matching synaptic partners.  

By contrast, Dprs and DIPs, with complex pattern of heterophilic interactions, are expressed in the 

fly visual system in a highly deterministic fashion. Each of the DIPs is expressed in a unique subset 

of medulla neurons, and consistently expressed in these neurons throughout development. 
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Interestingly, most DIP-expressing neurons identified so far only express one DIP. By contrast, 

some of the Dprs are expressed in a dynamic fashion during development in lamina neurons and 

photoreceptors, and each neuronal cell type expresses multiple Dprs. Importantly, matching of 

cognate Dpr and DIP expression is found in most synaptic partners of lamina neurons and 

photoreceptors during synapse formation. There are, however, still many other types of medulla 

neurons expressing Dprs and DIPs that have not been identified yet. As such further studies may 

expand the matching of Dprs and DIPs in synaptic partners throughout the fly visual system. 

Therefore, the expression of cognate Dprs and DIPs in synaptic partners raises the possibility that 

their interaction plays a general role in synaptic specificity during circuit assembly. 

Preliminary genetic analysis demonstrated that removal of DIP and cognate Dprs result in loss of 

DIP-expressing neurons, but not changes in layer-specific targeting of DIP and Dpr expressing 

neurons. That the same phenotypes were observed in two of the three groups of cognate Dpr and 

DIP proteins that we have studied so far suggests that these two families of proteins play a common 

role in the development of DIP-expressing neurons in the medulla. These proteins are not required 

for axon guidance or layer specific targeting. What that role is remains unclear.  

One possible explanation to the phenotypes is that these proteins could play a direct role in cell 

type specific trophic support, as previously described in Jeb/Alk signaling (Pecot et al., 2014). 

That is removal of Dpr and DIP interaction results in direct loss of trophic signaling between 

synaptic partners and subsequent cell death. Over past several decades, studies have demonstrated 

that neurotrophins (e.g. NGF, BDNF, NT-3 and NT-4), are secreted proteins that play a major role 

in neuron survival, through interacting with their main tyrosine kinase receptors (TrkA, TrkB, 

TrkC) and p75NTR (Ichim et al., 2012). For example, in the developing mammalian peripheral 
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nervous system, sympathetic neurons require nerve growth factor (NGF) for survival. NGF is 

produced in limiting amounts by the targets innervated by sympathetic neurons, and binds to its 

specific tyrosine kinase receptor, TrkA, on the surface of the innervating axons (Glebova and Ginty, 

2005). The NGF-TrkA signaling in sympathetic neurons promotes growth, hence neurons that fail 

to bind sufficient NGF undergo naturally occurred cell death. Similar to the interactions between 

neurotrophins and their receptors, the complex interaction between Dpr and DIP families and their 

cell type specific expression patterns suggest that DIP-Dpr interaction could regulate circuit 

assembly by providing cell-type specific trophic support. Different Dpr-DIP interactions could 

provide trophic support to specific subsets of synaptic partners throughout the fly visual system, 

such that wild type synaptic partners survive and are able to make synapses, and mutant neurons 

undergo cell death to avoid making synapses with the wrong partners. This selective cell death 

would minimize the negative effects on the processing of visual information. By contrast to the 

DIP- and DIP- cell loss phenotypes, cell loss was not observed for DIP-δ expressing neurons in 

DIP-δ and Dpr12 null mutants. Here the DIP/Dpr interaction may regulate another process or 

alternatively parallel pathways may act in these cells to provide trophic support.  

Dprs and DIPs could regulate synaptic specificity. Neurons lacking the appropriate DIPs and Dprs 

may make synapses with the wrong partners or they may not make synapses. Inappropriate 

connectivity could either lead indirectly to neuronal cell death for some neurons but not others. 

Consistent with the indirect death model, a previous study in vertebrates demonstrated that 

incorrectly projecting retinal ganglion cells are preferentially eliminated during the period of 

naturally occurring cell death (O’Leary et al., 1986). This explanation would be consistent with 

the phenotypic analysis for some DIP/Dpr pairs in some neurons. Further developmental analysis 



 

89 

 

of different Dpr/DIP pairs is critical to ascertain the mechanism of DIP-Dpr interaction in 

regulating the formation of neural circuits.  

Based on these and previous studies, we envision a two-step model for regulating the formation of 

layer-specific connections within the medulla. Previous studies showed that at early stages of 

medulla development, growth cones of lamina neurons target to overlapping regions with broadly 

expressed adhesive (i.e. N-cadherin) and repulsive cell surface molecules (i.e. Plexin/Semaphorin 

signaling). Growth cones then segregate into discrete domains through interactions between 

signals localized to specific layers as the medulla matures (Pecot et al., 2013). The complex 

interactome and expression pattern of Dpr and DIP proteins and the preliminary genetic analysis 

in Dpr and DIP mutants provides a potential general molecular strategy for wiring, that once 

growth cones get into their target layers, they use these two families of proteins as an IgSF code 

to specify synaptic connections within a layer in the medulla and, by implication, in other regions 

of the fly visual system. 

The two-step model for synaptic connectivity in the medulla was significantly influenced by 

models for layer specificity in the analogous structure in the mouse retina, the inner plexiform 

layers (IPL). Intriguing similarities are shared between these two models. In the mouse IPL, 

cadherin and semaphorin/plexin proteins direct neuronal processes to layers  (Duan et al., 2014; 

Matsuoka et al., 2011). In the second step, Ig superfamily proteins then promote matching of 

synaptic partners within layers. Important support for this second step comes from recent elegant 

study from Sanes and colleagues, demonstrating that homophilic interactions between Sdk2 

proteins, an Ig superfamily protein expressed by a specific synaptic pair of amacrine and retinal 

ganglion cell neurons, is necessary for synapses between them (Krishnaswamy et al., 2015). This 
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may represent one example of a general strategy for synaptic-specificity in the vertebrate retina, 

as studies in the chick retina by Yamagata and Sanes (Yamagata et al., 2002, 2008, 2012) revealed 

that Sidekicks, Dscams and Contactins are widely expressed by neurons forming synapses in 

specific sub-laminae in chick IPL. Thus, the studies in the mouse IPL and the medulla region of 

the fly allude to a common strategy for achieving synaptic specificity.  

Furthermore, Dprs and DIPs are likely to be only a part of the story of synaptic specificity in the 

medulla, given the remarkable complexity of synaptic connections in it (Takemura et al., 2013, 

2015), with synapses between the processes of >100 neuronal cell types (A. Nern, personal 

communication). This cellular complexity is reflected by the unique combination of hundreds of 

cell surface and secreted molecules expressed by each of the photoreceptor and lamina neurons 

profiled in this study. How the molecular complexity contributes to specificity remains elusive, 

but the convergence of improved histological, genetic, physiological, behavior and molecular tools 

promises to provide important insights into the molecular recognition strategies controlling 

synaptic specificity during formation of neural circuits. 
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