
Neuron

NeuroResource
Cell-type-Specific Labeling of Synapses In Vivo
through Synaptic Tagging with Recombination
Yi Chen,1 Orkun Akin,1 Aljoscha Nern,2 C.Y. Kimberly Tsui,1 Matthew Y. Pecot,1 and S. Lawrence Zipursky1,*
1Department of Biological Chemistry, Howard Hughes Medical Institute, David Geffen School of Medicine, University of California,

Los Angeles, Los Angeles, CA 90095, USA
2Janelia Farm Research Campus, Howard Hughes Medical Institute, Ashburn, VA 20147-2408, USA
*Correspondence: lzipursky@mednet.ucla.edu

http://dx.doi.org/10.1016/j.neuron.2013.12.021
SUMMARY

The study of synaptic specificity and plasticity in
the CNS is limited by the inability to efficiently visu-
alize synapses in identified neurons using light
microscopy. Here, we describe synaptic tagging
with recombination (STaR), a method for labeling
endogenous presynaptic and postsynaptic proteins
in a cell-type-specific fashion. We modified genomic
loci encoding synaptic proteins within bacterial
artificial chromosomes such that these proteins,
expressed at endogenous levels and with normal
spatiotemporal patterns, were labeled in an inducible
fashion in specific neurons through targeted expres-
sion of site-specific recombinases. Within the
Drosophila visual system, the number and distribu-
tion of synapses correlate with electron microscopy
studies. Using two different recombination systems,
presynaptic and postsynaptic specializations of
synaptic pairs can be colabeled. STaR also allows
synapses within the CNS to be studied in live animals
noninvasively. In principle, STaR can be adapted to
the mammalian nervous system.

INTRODUCTION

The lack of methods to efficiently visualize synapses of identified

neurons in the CNS remains a major obstacle to studying mech-

anisms of synaptic specificity and plasticity. Due to the cellular

complexity of the CNS and the small size of synapses, maps of

synaptic connectivity have relied on serial section electron

microscopy (SSEM). A comprehensive map of the synaptic con-

nections between neurons in Caenorhabditis eleganswas deter-

mined by SSEM in the 1980s (White et al., 1986). In Drosophila

melanogaster, detailed maps of synaptic connectivity in the

visual system have been determined by several SSEM studies

(Meinertzhagen and O’Neil, 1991; Rivera-Alba et al., 2011; Take-

mura et al., 2008, 2013). These studies reveal complex and high-

ly specific patterns of connections and provide a foundation for

studying the molecular mechanisms of circuit assembly.

SSEM analysis is extremely time consuming. For instance,

Chklovskii and colleagues developed a state-of-the-art semiau-

tomated pipeline to reconstruct a connectome of 379 neurons in
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the fly visual system (Takemura et al., 2013). In this study, the

steps of manually refining the SSEM data set required �14,400

person hours in total. As a consequence, assessing variations

of synaptic connections among cells of the same cell type and

between animals is problematic with electron microscopy

(EM). In addition, EM analysis of synaptic patterns at multiple

developmental stages, in various mutant backgrounds or under

different activity-modulated conditions, is not feasible in most

instances. These limitations have driven researchers to find

ways to visualize synapses by light microscopy.

Two approaches have been developed to study synapses

using light microscopy. The first involves targeted expression

of tagged synaptic proteins to label presynaptic and/or postsyn-

aptic sites (Nonet, 1999; Wagh et al., 2006; Yeh et al., 2005;

Zhang et al., 2002). The second relies on visualizing protein inter-

actions across the synaptic cleft. In GFP reconstitution across

synaptic partners (GRASP), these interactions are observed

through the reconstitution of GFP fluorescence (Feinberg et al.,

2008). In both methods, the modified synaptic proteins are not

typically expressed under their endogenous regulatory elements.

As a result, the tagged proteins are often overexpressed andmay

accumulate in inappropriate intracellular locations and thus may

not accurately reflect synaptic pairs and the location of synapses

(see Results and Discussion). The ideal tool to faithfully label syn-

apseswith lightmicroscopywould ensure targeted expression of

modified synaptic proteins to only discrete subsets of neurons

under the control of their endogenous regulatory mechanisms.

Here we describe synaptic tagging with recombination (STaR),

a genetic approach to label synapses in identified neurons with

light microscopy. We modified the endogenous genomic loci

encoding synaptic proteins within bacterial artificial chromo-

somes (BACs) to generate inducible presynaptic and postsyn-

aptic markers expressed in a cell-type-specific manner, under

the control of their endogenous regulatory mechanisms. Here,

as a proof-of-principle study, we show that these markers allow

the development and distribution of synapses in specific neu-

rons of the fly visual system to be studied in detail in both fixed

brain samples and in live animals.

RESULTS

Cell-type-Specific Labeling of Presynaptic Siteswith the
STaR Method
The presynaptic active zones in Drosophila are commonly

marked by T-shaped electron-dense structures (i.e., T-bars),
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Figure 1. Cell-type-Specific Tagging of the

Active Zone Protein BRP using STaR

(A) Schematic diagram for STaR. BRP protein is

tagged selectively in neuron A by targeted

expression of FLP recombinase to remove the

FRT-Stop-FRT cassette. Black boxes, brp exons;

black lines, brp introns; gray boxes, neighboring

genes.

(B) The expression pattern of BRP proteins tagged

via STaR detected with anti-V5 (middle panels)

or with anti-GFP (right panels) is indistinguishable

from the endogenous BRP protein detected with

an anti-BRP antibody (nc82) (left panels). Scale

bars, 10 mm (top panels) and 2 mm (bottom panels).

La, lamina; Me, medulla; Lo, lobula; and LoP,

lobula plate.
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visualized by transmission electron microscopy (TEM). Similar to

the presynaptic ribbons at vertebrate synapses, T-bars are

thought to serve as platforms for synaptic vesicle release. They

are present at many synapses in Drosophila, including the vast

majority, if not all, of the synapses in the visual system, as well

as many synapses in the central brain (Butcher et al., 2012;

Prokop and Meinertzhagen, 2006; Yasuyama et al., 2003).

T-bars are used as the key criterion for synapse identification,

as postsynaptic densities are poorly resolved using TEM in flies.

T-bars comprise clusters of Bruchpilot (BRP) protein, the single

CAST/ERC family member in Drosophila (Fouquet et al., 2009;

Kittel et al., 2006; Wagh et al., 2006). By confocal microscopy,

these clusters appear as fluorescent puncta when stained with

BRP antibody, and each punctum correlates with one presynap-

tic active zone (Fouquet et al., 2009; Hamanaka andMeinertzha-

gen, 2010). Since BRP protein is broadly expressed in the fly

CNS, it is generally not possible to assign BRP puncta to pro-

cesses of specific cell types, due to the small size of processes

and the density of BRP puncta within the neuropil (e.g., see

Figure 1B).

To visualize presynaptic sites in specific cell types, we devised

a genetic strategy, STaR, to label endogenous BRP protein only
Neuron 81, 280–293
in processes of identified cells (Figure 1A).

We modified the endogenous brp

sequence in a BAC by inserting a V5 tag

into the brp coding region downstream

from transcriptional and translational

stop sequences flanked by FRT recombi-

nation sites (Golic and Lindquist, 1989;

Southern et al., 1991; Venken et al.,

2006; Warming et al., 2005). In the

absence of FLP recombinase, the BAC-

encoded BRP protein is not tagged. By

contrast, cell-type-specific expression

of FLP recombinase induces recombina-

tion between the two FRT sites to excises

the stop sequence, allowing the expres-

sion of V5-tagged BRP only in cells of

interest.

To visualize the morphology of cells

expressing tagged BRP, and thus to
associate BRP puncta with specific neuronal processes, we in-

serted a 2A-LexA cassette downstream of the V5 tag; the 2A

peptide allows for cotranslation of LexA that, in turn, drives

expression of, for example, myristoylated-tandem-Tomato

(myr-tdTomato) from the LexAoP enhancer (Lai and Lee, 2006;

Ryan and Drew, 1994). The modified BAC was introduced into

flies as a transgene (Groth et al., 2004). When combined with

various cell-type-specific FLP recombinases, V5-tagged BRP

puncta can be detected in identified neurons marking individual

presynaptic sites (Figures 1A, 2, 3, and S3 available online). In

order to label presynaptic sites in live animals without relying

on immunostaining, we also prepared a GFP-tagged version of

the BRP BAC construct with a similar design (see Experimental

Procedures and Figure 8).

The BAC-encoded modified BRP proteins were expressed in

the same manner as the unmodified protein from the endo-

genous locus. In transgenic flies carrying a BAC encoding the

constitutively tagged BRP (i.e., brp-FRT-V5-2A-LexA or brp-

FRT-GFP), the tagged BRP expression pattern was indistin-

guishable from BRP expression pattern in the wild-type flies

both at adult stage and during development (Figures 1B, S1A,

and S2A). These BACs also rescued lethality completely in brp
, January 22, 2014 ª2014 Elsevier Inc. 281



Figure 2. STaR Labeling of Presynaptic Sites in Various Neurons in the Fly Visual System

(A) Schematic drawing of the Drosophila visual system with neurons shown in this figure: lamina monopolar neurons L1–L5, Transmedullary neuron Tm9 and

Distal medulla neuron Dm6. Adapted from Fischbach and Dittrich (1989).

(B–D) Presynaptic sites in various neurons labeled with STaR. Red, myr-tdTomato outlining the neurons expressing the marker; green, V5 staining labels BRP at

presynaptic sites. The dashed lines separate the cortex region comprising the cell bodies (above the line) and the neuropil region comprising neuronal processes

(below the line). The V5 antibody shows nonspecific background in the cortex but is specific in the neuropil. Scale bars, 5 mm.

(B) Presynaptic sites in L1–L5. Top: L1–L5 dendrites in the lamina neuropil; bottom: L1–L5 axons in themedulla neuropil. Arrowheads, BRP-V5 puncta in L2 and L4

processes in the lamina.

(C) Presynaptic sites in Tm9. Many Tm9 neurons were labeled. The vast majority of V5 signal was detected at the Tm9 axon terminals in the innermost layer of the

lobula neuropil (arrows), while a very small number of puncta was detected in the Tm9 dendrites in the medulla (arrowheads).

(D) Presynaptic sites in Dm6.
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mutants. In addition, the BRP expression pattern did not change

with gene dosage, as it remained the same in flies carrying one to

four copies of the brp gene (Figures S1B and S1C).

BRP Puncta in Light Microscopy Match T-Bars
Visualized by EM
To address whether the BRP marker reliably marks presynaptic

sites, we assessed the distribution of BRP puncta in a variety of

cell types in the visual system, using various cell-type-specific

drivers to express FLP recombinase in identified neurons

(Figures 2 and S3). As in EM studies, BRP puncta in lamina

monopolar neurons L1–L5 were predominantly localized to their

axonal terminals in the medulla neuropil (Figure 2B), while L2

and L4, also, elaborated a small number of presynaptic sites in

proximal regions of their processes within the lamina neuropil
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(arrowheads in Figure 2B) (Meinertzhagen and O’Neil, 1991;

Rivera-Alba et al., 2011; Takemura et al., 2008, 2013). In transme-

dulla neuron Tm9, the vastmajority ofBRPpunctawere observed

at their axon terminals in the lobula neuropil (arrows in Figure 2C),

while very few BRP puncta were seen in their dendrites in the

medulla (arrowheads in Figure 2C). This distribution is consistent

with results from EM analysis (Takemura et al., 2013). In addition,

we were able to label the presynaptic sites in large interneurons

like Dm6 and Dm8 (Figures 2D and S2D). Determining the distri-

butionof synapses in theseneurons isdifficult at theEM level, due

the large volume of neuropil their branch span. In summary, the

BRP marker accurately reflects the distribution of presynaptic

sites in specific neurons as determined by EM.

We next assessed whether the BRP marker could be used to

quantify the number of presynaptic sites in specific neurons.
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Initially, we compared the number and distribution of BRP

puncta with that of T-bars in photoreceptor neurons, as

assessed by EM. The fly compound eye contains some 750

ommatidia, each comprising eight photoreceptor neurons falling

into three classes: R1–R6, R7, and R8 (Clandinin and Zipursky,

2002). The R1–R6 neurons terminate within the lamina neuropil

and are primarily presynaptic to lamina neurons (Figure 3A)

(Meinertzhagen and O’Neil, 1991; Rivera-Alba et al., 2011). R7

and R8 axons innervate the medulla neuropil and are primarily

presynaptic to specific medulla neurons (Gao et al., 2008; Take-

mura et al., 2008, 2013). To assess the number of BRP puncta in

R1–R6, we used a panphotoreceptor FLP (panPR-FLP) to acti-

vate the BRP marker in all photoreceptor neurons and assessed

the number and distribution of presynaptic sites in the lamina

(Figure 3). Two FLP recombinases, expressed selectively in R7

or R8 neurons, respectively, were used to examine the presyn-

aptic sites along the length of R7 or R8 axons in the medulla

(Figure 3D).

BRP puncta in different classes of photoreceptor neurons

were quantified by taking stacks of cross-section images of

the axons (right panels in Figure 3B and bottom panels in Fig-

ure 3D). BRP puncta were distributed uniformly along the entire

length of R1–R6 axons within the lamina neuropil (Figures 3B and

3C). The number of BRP puncta was remarkably similar to T-bars

assessed using EM (Table 1) (Meinertzhagen and O’Neil, 1991;

Meinertzhagen and Sorra, 2001; Rivera-Alba et al., 2011). R7

and R8 axons span the outer six and outer three layers of the

medulla neuropil (i.e., layer M1–M6 and layer M1–M3), respec-

tively. As in the EM reconstruction studies (Takemura et al.,

2008, 2013), each R8 axon elaborates presynaptic sites along

its length, spanning layers M1–M3. By contrast, the presynaptic

sites in R7 axons preferentially localize to the M4–M6 layers

(Figures 3D and 3E). As with R1–R6 neurons, the number and

distribution of BRP puncta in R7 and R8 neurons was very similar

to that of T-bars assessed by EM (Table 1 and Figure 3E) (Take-

mura et al., 2008, 2013). Thus, STaR provides an efficient means

of quantifying synapses by light microscopy.

Quantification of BRP puncta for several other neuronal

classes also correlated well with T-bars analyzed by EM (Table 1)

(Meinertzhagen and O’Neil, 1991; Meinertzhagen and Sorra,

2001; Rivera-Alba et al., 2011; Takemura et al., 2008, 2013).

The high correlation between the two methods suggests that

the number of presynaptic sites in each cell type is largely

stereotyped. In addition, we were able to observe small varia-

tions in the number of presynaptic sites among individual neu-

rons of the same class and among individual animals (see SDs

in Table 1 and data not shown). Thus, comparison between

STaR and SSEM provides a rapid means of verifying SSEM

and conversely the large number of different cells analyzed by

STaR permits an assessment of the variability in synapse num-

ber not readily achieved by EM.

To assess the importance of using synaptic markers ex-

pressed at endogenous levels for mapping synapses, we

compared the GFP-tagged BRP STaRmarker to the Gal4-driven

UAS-BRP-GFP marker in R7 and R8 neurons, respectively

(Brand and Perrimon, 1993; Wagh et al., 2006). The protein

encoded by UAS-BRP-GFP accumulated in a diffuse pattern

within the R7 and R8 axon terminals and thus failed to mark indi-
vidual presynaptic sites, in sharp contrast to the endogenous

STaR marker (Figures 3F and S4). Thus, it is not possible to

quantify synapses using a GAL4/UAS version of tagged BRP in

these neurons. Similar results were observed with another

commonly used presynaptic marker UAS-synaptotagmin-GFP

(Figure S4C). Thus, the STaR method, but not GAL4-mediated

expression of tagged presynaptic markers, facilitates quantifica-

tion of synapses within the CNS.

Cell-type-Specific Labeling of Postsynaptic Sites with
the STaR Method
We sought to generate an endogenous marker that selectively

marks postsynaptic sites in specific neurons. In contrast to

BRP, which marks virtually all presynaptic sites, a complemen-

tary marker for postsynaptic sites in flies is not known. As an

alternative, we chose to tag neurotransmitter receptors in an

inducible fashion to demarcate postsynaptic sites. As a proof-

of-principle example, we tagged the histamine-gated chloride

channel 2 (Ort), the histamine receptor expressed in the postsyn-

aptic partners of the histaminergic photoreceptor neurons, to

demonstrate the feasibility of this approach (Gao et al., 2008;

Gengs et al., 2002; Pantazis et al., 2008; Stuart et al., 2007).

We modified the endogenous ort sequence in a genomic

construct to encode a different inducible epitope tag named

OLLAS (Figure 4A) (Park et al., 2008). The OLLAS tag was

inserted immediately downstream of the Ort signal sequence

(i.e., at the N terminus of the mature protein). The modified Ort

protein is expressed in the same spatiotemporal fashion and at

the same level as the unmodified protein from the endogenous

locus (Figures S2B and S5). To achieve cell-type-specific

expression, we inserted an FRT-flanked stop cassette into the

first intron upstream of the translational start. This cassette

included a splice acceptor (SA) upstream of the translational

and transcriptional stop sequences in the cassette that pre-

vented expression of the ort gene. When combined with a cell-

type-specific FLP recombinase, the stop cassette was removed,

allowing the OLLAS-tagged Ort protein to be expressed in target

neurons marking the postsynaptic sites. As insertion of the 2A-

LexA sequence at the 30 end of the ort open reading frame dis-

rupted Ort protein expression, it was not possible to use this

strategy to independently assess the morphology of the cell

(see Discussion). Nevertheless, by using highly cell-type-specific

enhancers to drive the FLP recombinase, wewere able to reliably

label histamine receptors in identified neurons (see Figure 4).

Cell-type-specific FLPs were used to selectively activate the

Ort marker in L3 neurons (postsynaptic to R1–R6 neurons) and

Dm8 neurons (postsynaptic to R7 neurons) (Figures 4B–4G)

(Gao et al., 2008; Rivera-Alba et al., 2011). L3 neurons extend

multiple primary dendrites from the axon shaft with short

spike-like secondary dendrites extending between neighboring

R1–R6 axons, as shown by the targeted expression of the

dendritic marker Denmark via the Gal4-UAS system (Figures

4B and 4C) (Brand and Perrimon, 1993; Nicolaı̈ et al., 2010).

OLLAS-tagged Ort in L3 preferentially localized to secondary

dendrites (arrowheads in Figure 4D), although some signal was

observed along the primary dendrites and the proximal region

of the axon shaft (Figure 4D). When we compared the expression

pattern of the Ort marker to a general membrane marker (i.e.,
Neuron 81, 280–293, January 22, 2014 ª2014 Elsevier Inc. 283



Figure 3. STaR Labeling of Presynaptic Sites Facilitates Quantification in Photoreceptor Neurons

(A) Schematic drawing of three classes of photoreceptor neurons (R1–R6, R7, and R8) and examples of their postsynaptic partners: L3 for R1–R6, Dm8 for R7,

and Mi1 for R8. Only one of the �750 R1–R6, R7, and R8 neurons is depicted. Adapted from Fischbach and Dittrich (1989).

(B) Side view (left panel) andcross-section views (center and right panels) of presynaptic sites inR1–R6axons in the lamina labeledusingSTaR.Red,myr-tdTomato

labels photoreceptor axons; green, V5 staining labels presynaptic sites. ArrowheadsmarkR7 andR8axons outside of theR1–R6axon ‘‘rosette.’’ Scale bars, 2mm.

(C) Schematic diagram of one set of R1–R6 axons in a single lamina cartridge from the side view (left) and the cross-section view (right). Red, R1–R6 axons; green

dots, presynaptic sites.

(D) Presynaptic sites in R7 and R8 axons in the medulla labeled with STaR. Top: side view; bottom: cross-section view. Red, myr-tdTomato labels R7 and R8

axons, respectively; green, V5 staining labels BRP at presynaptic sites. Scale bars, 2 mm.

(E) The distribution of presynaptic sites in R7 and R8 axons mapped with STaR corresponds well with EM reconstruction results. The numbers on the left

represents the distance (in mm) from the top of the medulla (designated ‘‘0’’). Each black dot represents one presynaptic T-bar (EM data from Takemura et al.,

2013; shown as orange-shaded columns) or one BRP-V5 punctum (white columns). Each column represents one R7 or R8 axon.

(F) Comparison betweenSTaR labeling of BRP and theGal4-drivenUAS-BRP-GFPmarker in R7 andR8 neurons. Only subsets of the axons are labeledwith STaR

(BRP-GFP BAC) or the UAS-BRP-GFPmarker. Top: side view; bottom: cross-section view. Red, photoreceptor axons marked with myr-tdTomato (left panels) or

24B10 (right panels); green, GFP staining. Scale bars, 2 mm.
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Table 1. Numbers of Presynaptic Sites in Various Neurons

Mapped by EM and the Inducible BRP Marker

Neuron

Meinertzhagen

and Sorra, 2001

Rivera-Alba

et al., 2011

BRP Marker

(Counter 1)

BRP Marker

(Counter 2)

Lamina

R1–R6 283 (n = 1) 264 (n = 1) 262 ± 34

(n = 15)

250 ± 23

(n = 15)

L2 8 (n = 1) 7 (n = 1) 9 ± 1

(n = 25)

10 ± 2

(n = 25)

L4

(L4+L4x+L4y)

23 (n = 1) 21 (n = 1) 24 ± 3

(n = 30)

26 ± 4

(n = 30)

C2 16 (n = 1) 8 (n = 1) 9 ± 1

(n = 30)

9 ± 1

(n = 30)

Neuron Takemura

et al., 2008

Takemura

et al., 2013

BRP Marker

(Counter 1)

BRP Marker

(Counter 2)

Medulla

R7 20 ± 2 (n = 3) 26 (n = 1) 27 ± 5

(n = 30)

24 ± 6

(n = 30)

R8 35 ± 1 (n = 3) 50 (n = 1) 46 ± 5

(n = 30)

47 ± 7

(n = 30)

L4 22 ± 2 (n = 3) 26 (n = 1) 26 ± 4

(n = 30)

26 ± 5

(n = 30)

The number of cells quantified for each cell type (n) is shown in the table.

Number of presynaptic sites is represented as mean ± SD for each cell

type. For L4, the total number of BRP puncta in a single lamina cartridge

innervated by three L4 dendrites is shown here, one from the home car-

tridge (L4) and two from neighboring cartridges (L4x and L4y).
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myr-GFP) expressed in the same L3 neurons, a clear difference

in intensity at specific subcellular locations was observed,

supporting that the preferential localization of OLLAS-Ort to L3

secondary dendrites is not due to the overall lower expression

level of the endogenous construct (Figure S5B).

Dm8 neurons extend a single axon to the M6 layer and

arborize extensively within this layer (Figures 4E and 4E0) (Gao

et al., 2008). OLLAS-labeled puncta decorated Dm8 processes

and overlapped extensively with the presynaptic R7 terminals

(Figures 4F and 4G0). Taken together, these results demonstrate

that the Ort marker is selectively enriched in regions in close

proximity to presynaptic terminals of photoreceptor axons.

Colabeling Presynaptic and Postsynaptic Sites with
STaR Using Two Different Recombination Systems
In order to simultaneously label presynaptic and postsynaptic

sites in partner neurons, we incorporated two nonoverlapping

recombination systems in the same animal (Figure 5) (Nern

et al., 2011). Themajor output synapses of R1–R6 photoreceptor

neurons are tetrads (i.e., one presynaptic site opposing four

postsynaptic elements); L1 and L2 lamina neurons are postsyn-

aptic at all tetrads and L3 is only postsynaptic at a subset of

these with the remainder of the postsynaptic elements provided

by amacrine cells or glia (Figure 5A) (Meinertzhagen and O’Neil,

1991; Rivera-Alba et al., 2011). Endogenous Ort is expressed in

lamina neurons L1–L3, but not in L4 or L5 (Gao et al., 2008). To

tag Ort in L1–L3, we expressed FLP recombinase in all lamina

neurons. To colabel the presynaptic sites, we generated a new

version of the BRP marker by replacing the FRT sites with R
recombinase recognition sites (RSRT) (Nern et al., 2011). R

recombinase was then expressed in all photoreceptor neurons

to induce V5 labeling of BRP in R1–R6 neurons (Figure 5A).

Combining the two labeling systems in the same animal resulted

in matching of V5 puncta with concentrated OLLAS staining in

synaptic partners (Figure 5B). This matching was not observed

when we coexpressed the BRP marker in R1–R6 neurons and

a general membrane marker (myr-tdTomato) in L1–L3 neurons

(Figure S6).

Using a similar scheme, we labeled V5-tagged BRP in the

presynaptic R7 neurons and OLLAS-tagged Ort in the postsyn-

aptic Dm8 neurons in the medulla (Figure 5C). The juxtaposition

of V5 puncta and concentrated OLLAS staining shows that STaR

allows colabeling of presynaptic and postsynaptic sites simulta-

neously in synaptic partners in a complex neuropil.

Formation of Presynaptic Sites in Developing Neurons
The extraordinary density of axonal and dendritic processes of

many different neuronal cell types in the developing neuropil

hinders the study of synapse formation in the CNS. Here, we

took advantage of cell-type-specific labeling of presynaptic

and postsynaptic sites during development to follow the time

course of synapse formation in all three classes of photoreceptor

neurons.

During synapse formation, synaptic proteins are trafficked to

specific locations and assembled into presynaptic structures

(Owald and Sigrist, 2009). As the tagged BRP protein is ex-

pressed via its endogenous regulatory mechanisms, the appear-

ance of BRP puncta provides a marker for active zone assembly

(Fouquet et al., 2009). We analyzed presynaptic development in

photoreceptor neurons by assessing the spatiotemporal accu-

mulation of BRP puncta within them at different times during

development.

R1–R6 neurons extend axons into the lamina during the third-

instar larval and early pupal stages, with their growth cones

terminating in the developing lamina (Figure 6A). These growth

cones rearrange within the lamina between 30 and 40 hr after-

puparium formation (hAPF), forming nascent lamina cartridges

comprising the growth cones of six R1–R6 axons from six

different ommatidia. These axons then extend some 20 mm

deeper, forming the full depth of the lamina neuropil (Clandinin

and Zipursky, 2002). Selective tagging of BRP in photoreceptor

neurons revealed a few BRP puncta within R1–R6 growth cones

at 40 hAPF, just prior to extension (Figures 6B and 6C). By 45

hAPF, R1–R6 axons extend an additional 5 mm as they become

morphologically transformed from motile growth cones with filo-

podia to cylindrically shaped axon terminals. As these axons

extend, BRP puncta appear at the borders between neighboring

axons, suggesting that initial presynaptic sites have formed

(arrowheads in Figure 6C). Although terminal extension is com-

plete by 65 hAPF, BRP puncta continue to accumulate through

the remaining 30 hr of pupal development (Figures 6B, 6C, 6H,

and 6I).

A similar time course of BRP accumulation was observed in R7

and R8 terminals. Prior to 40 hAPF, R7 and R8 growth cones

extend into the developing optic lobes in birth order and termi-

nate in intermediate targets (Figure 6D). R8 growth cones reside

at the distal edge of the medulla and R7 growth cones occupy a
Neuron 81, 280–293, January 22, 2014 ª2014 Elsevier Inc. 285



Figure 4. Labeling Postsynaptic Sites in Specific Cell Types Using STaR

(A) Schematic diagram of the cell-type-specific postsynaptic marker, the histamine receptor Ort. SA, splicing acceptor sequence; OLLAS, an epitope tag; black

boxes, ort coding exons; dark gray box, ort noncoding exon; black lines, ort introns; and light gray boxes, neighboring genes.

(B) Schematic drawing of one L3 neuron from the side (left) and in cross-section view (right).

(C) Cross-section view of L3 neurons labeled with the dendritic marker UAS-DenMark.

(D) Postsynaptic sites in L3 neurons labeled with STaR.

In (C) and (D), asterisks, axon shaft; arrows, primary dendrites; and arrowheads, secondary dendrites. Scale bars, 2 mm.

(E and E0 ) Side view (E) and cross-section view (E0) of processes of a single Dm8 neuron labeled with myristoylated GFP (myrGFP). The asterisk in (E) marks

processes of a non-Dm8 neuron in the background. The dashed lines in (E0) separate processes of a single Dm8 neuron from processes of its neighbors. Scale

bars, 2 mm.

(F–G0) Side views (F and F0) and cross-section views (G and G0 ) of Ort in the Dm8 neurons labeled with STaR. More than one Dm8 neuron is labeled in (G and G0).
Red, 24B10 antibody staining labeling axons of R7 and R8 neurons; green, OLLAS staining. Scale bars, 2 mm.
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characteristic position proximal to R8 growth cones. At 40 hAPF,

each R8 growth cone harbors one to three bright BRP puncta

roughly in the center of the growth cone; a small number of

BRP puncta were also seen in R7 growth cones (Figures 6E,

6F, and 6H). Commencing just after 40 hAPF, R7 and R8 growth

cones extend into deeper layers of the medulla in a synchronous

fashion (Nern et al., 2005; Timofeev et al., 2012; Ting et al., 2005).

Coincident with this synchronous extension, BRP puncta begin

to accumulate in the newly extended R7 and R8 axon terminals

also in a synchronous fashion (Figures 6E, 6F, 6H, and 6I). This

process is very similar to the presynaptic development in R1–

R6 neurons in the lamina.
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Together, despite differences in their targeting regions and

synaptic partners, the time course of presynaptic development

for all three classes of photoreceptor neurons is highly similar:

the formation of presynaptic sites initiates in the same time

window between 40 and 53 hAPF and is coincident with the

extension of the axons marking the transition from growth cones

to synaptic terminals. Importantly, when the UAS-BRP-GFP

marker was expressed in R7 neurons via Gal4-mediated expres-

sion at these developmental stages, strong GFP signal was

observed throughout the terminals at both 40 hAPF and 53

hAPF, failing to reveal the transition of these growth cones to

synaptic terminals (Figures 6G and S4). Thus, STaR facilitates



Figure 5. Colabeling of Presynaptic and

Postsynaptic Sites in Partner Neurons with

Different Recombination Systems Using

STaR

(A) Schematic for STaR colabeling the presynaptic

and postsynaptic sites in partner neurons (i.e.,

R1–R6 neurons synapsing onto L1–L3 neurons).

Left: R1–R6 axons and dendrites of L1, L2, and L3

neurons in a single lamina cartridge. Center: a

tetrad synapse between a single presynaptic R1

cell and four postsynaptic elements, one each

from an L1, L2, L3, and amacrine cell (Am). Red,

presynaptic T-bar; green, postsynaptic neuro-

transmitter receptors. Open circles, synaptic

vesicles. Right: the R-RSRT and FLP-FRT

recombination systems independently activate

the inducible presynaptic marker and post-

synaptic marker in R1–R6 neurons and L1–L3

neurons, respectively. Black boxes, coding exons;

dark gray box, the noncoding exon; black lines,

introns; and light gray boxes, neighboring genes.

(B) Colabeling presynaptic sites in R1–R6 neurons

and postsynaptic sites in L1–L3 neurons using

STaR. Each BRP-V5 punctum (red) appears in

juxtaposition to concentrated OLLAS-Ort staining

(green). Scale bars, 2 mm.

(C) Colabeling presynaptic sites in R7 neurons

and postsynaptic sites in Dm8 neurons using

STaR. The R7 axons expressing BRP-V5 (red) are

simultaneously labeled by myr-tdTomato (blue).

Only a subset of R7 neurons is labeled with V5.

Scale bar, 2 mm.
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analysis of synaptic development at the level of single identified

cells in the context of a complex neuropil.

Accumulation of Neurotransmitter Receptors at
Postsynaptic Sites
We next followed postsynaptic development of targets of photo-

receptor neurons. For this, we focused on L3 neurons in the

lamina using targeted expression of Denmark to label L3 den-

drites and accumulation of OLLAS-tagged Ort through STaR to

label postsynaptic sites. At 24 hAPF, filopodia-like dendritic

structures extend from the proximal region of the L3 axon (Fig-

ure 7A). Between 40 and 45 hAPF, these processes extend

into the center of the lamina cartridge between the inner cluster

of L1 and L2 axons and the surrounding rosette of R1–R6 axons

(Figure 7A and data not shown). By this stage of development, a
Neuron 81, 280–293
significant number of presynaptic sites

in the R1–R6 axons have formed (Figures

6B, 6C, and 6H). By 53 hAPF, short spike-

like secondary dendrites extend out from

the primary dendrites and intercalate

between the R1–R6 axons. Curiously,

these secondary dendrites continue to

elongate and surround individual photo-

receptor axons at 65 hAPF but later

retract (arrowheads in Figure 7A). By 77

hAPF, the retraction is complete and the

dendrites look morphologically indistin-
guishable from those of adult L3 neurons. OLLAS-tagged Ort

begins to accumulate in L3 dendrites at 77 hAPF (Figure 7B),

after L3 dendrites have adopted their mature morphology and

long after the onset of BRP puncta accumulation in the presyn-

aptic photoreceptor axons.

The late localization of Ort to dendrites, after the appearance

of BRP puncta, also occurred in the other postsynaptic partners

of R1–R6 neurons including L1, L2, and Am cells, as well as in the

Ort-expressing cells in the medulla postsynaptic to R7 and R8

terminals (Figure S2B). These findings suggest a common time-

line for synapse formation in all three classes of photoreceptor

neurons (Figure 7C). Presynaptic sites start to form in the photo-

receptor axons in close temporal association with dendrito-

genesis in target neurons. Dendritic processes of postsynaptic

neurons go through dynamic morphological changes. It is only
, January 22, 2014 ª2014 Elsevier Inc. 287



Figure 6. STaR Labeling of Presynaptic Sites in the Developing Photoreceptor Axons

(A) Schematic drawing of R1–R6 axons in the lamina before (left) and after (right) synapse formation.

(B and C) Presynaptic sites in R1–R6 axons labeled with STaR at different developmental times viewed from the side (B) and in cross-section (C) of the lamina.

Scale bars, 2 mm. Red, R1–R6 axons labeled with myr-tdTomato; green, V5 staining. Arrowheads point to the initial BRP puncta at 45 hAPF.

(D) Schematic drawing of R7 and R8 axons in the medulla before and after synapse formation.

(E and F) Presynaptic sites in R8 (E) and R7 (F) axons labeled with STaR at different developmental times. The arrowheads indicate the top of the medulla neuropil

in each image. Scale bars, 2 mm.

(G) Comparison between the GFP-tagged BRP endogenous marker and the Gal4-driven UAS-BRP-GFPmarker in R7 neurons during development. Arrows point

to R7 terminals. Red, photoreceptor axons marked with MAb24B10 (top) or myr-tdTomato (bottom); green, GFP staining. Scale bars, 2 mm.

(legend continued on next page)
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Figure 7. Accumulation of Neurotransmitter Receptors Labeled with STaR in Developing L3 Neurons

(A) Cross-section view showing the development of L3 dendrites at different developmental times marked by L3-specific expression of Denmark. Asterisks

indicate the axon shafts; arrowheads at 53 hAPF, 77 hAPF, and adult stage highlight the cup-shaped staining indicating L3 secondary dendrites only partially

surround R cell axons at these times; arrowheads at 65 hAPF point to the overgrown secondary dendrites completely surrounding R cell axons (R cell axons are

not labeled in these images). Scale bar, 2 mm.

(B) Accumulation of Ort in L3 dendrites marked by STaR. Left: side view showing L3 cell bodies and dendrites marked with myr-GFP. Center: side view showing

Ort accumulation in L3 cell bodies and dendrites. Scale bars, 5 mm. Right: cross-section view showing Ort accumulation in L3 dendrites. Scale bars, 2 mm.

(C) Schematic diagrams summarizing synapse formation between R1–R6 cells and L3 neurons. Presynaptic sites (red dots) form prior to dendritogenesis.

Dendrites (green) go through dynamicmorphological changes extending beyond their targets followed by retraction to them. Thesemorphological changes occur

prior to expression of the neurotransmitter receptors (yellow) within dendrites.
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after they adopt their mature morphology, some 30 hr after

the onset of dendritogenesis, that neurotransmitter receptors

become localized to these postsynaptic sites.

Following the Formation of Presynaptic Sites in Live
Animals
The ability to image synapses in real time in live animals is crucial

to reveal dynamic changes during synapse formation as well as

changes in synaptic organization as a consequence of activity.

To test the utility of the STaR strategy in visualizing synapse for-

mation in live animals, we used an R8-specific FLP recombinase
(H) Number of BRP-V5 puncta in R1–R6 axons within each lamina cartridge (left) a

left panel refer to the sum of puncta in all six axons within the same lamina cartr

(I) Approximate length of photoreceptor axons at different developmental times.

R1–R6, medulla for R7 and R8) to the end of the axons marked with myr-tdToma
to selectively tag BRP with GFP in R8 neurons and followed the

dynamics of thismarker during the timewindow of initial synapse

formation (i.e., 42–55 hAPF) in live, developing pupae with two-

photon microscopy (O.A. and S.L.Z., unpublished data). Gal4-

mediated expression of UAS-myr-tdTomato was used in parallel

to mark R8 axons. After the pupal case surrounding the head

was gently removed, each pupa was mounted on a slide with

one eye contacting the coverslip. The objective lens was placed

against the eye under the coverslip and the dynamics of the

developing R8 terminals were visualized directly through the

retina in the underlying optic lobe. This is a noninvasive
nd R7 and R8 axons (right) at different developmental times. The numbers in the

idge. Error bars, SE.

The length is measured from the top of the corresponding neuropil (lamina for

to. Error bars, SE.
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Figure 8. Following Presynaptic Develop-

ment in R8 Axons in Live Animals Using

STaR

Snap-shot images of the axons (red) and the

presynaptic sites (green) in four developing R8

neurons in the live pupa labeled with STaR using

two-photon microscopy. The resolution of these

images is lower than the images of the stained

samples (Figure 6E), due to the lower intensity of

the native fluorescence and the suboptimal

orientation of the live pupa (compared to the

dissected brain) relatively to the objective lens.

Dashed line in R8 #2 separates a neighboring R8

axon. Scale bar, 5 mm.
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procedure; fertile flies emerge after pupal development with no

morphological defects in the visual system.

Consistent with our observation with the fixed samples, after

targeting to the distal edge of the medulla, R8 growth cones

remain there until 40 hAPF with weak GFP signal localized to

the center of the growth cone (Figure 8). After 40 hAPF, each

R8 growth cone starts targeting to the M3 layer first with the

rapid extension of a very thin process (Figure 8, red channel,

42–45 hAPF). Once this leading process reaches the M3 target

layer, it thickens from the top down and the R8 growth cone

begins its transformation into a mature axon terminal with the

appearance of many BRP puncta along its length (Figure 8B,

45–52 hAPF). Live imaging revealed that stable BRP puncta

are largely absent from the leading thin process but rapidly

populate the thickening terminal. When individual puncta

were tracked between successive time points, we found that

stable puncta appear from the proximal to distal locations

along the length of the extending terminal (data not shown).

In summary, STaR allows imaging of synapse formation in spe-

cific neurons in real time within the CNS noninvasively in intact

animals.

DISCUSSION

In this study, we describe STaR, a method for marking synapses

in defined populations of neurons in both the developing and

adult fly nervous system. First, we show that the number and

distribution of presynaptic sites labeled by the presynaptic

marker correspond well with SSEM studies. Second, by using

two independent recombination systems in the same animal,

we labeled matching presynaptic and postsynaptic sites simul-

taneously in synaptic partners. Third, we show that these

markers can be used to study synapse formation in identified

cells types within the complex CNS in both fixed samples and

in live animals.
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STaR was inspired by the GRASP

method developed by Bargmann and col-

leagues for studies of neural circuits in

C. elegans (Feinberg et al., 2008) and lim-

itations we encountered in using it to

study synapse formation in the fly visual

system. The initial adaptation of GRASP

to Drosophila used the general trans-
membrane protein CD4 to tether the two split GFP fragments

(spGFP1-10 and spGFP11) and was used to detect cell-cell con-

tacts (Gordon and Scott, 2009). We generated synapse-specific

GRASP by fusing spGFP1-10 to Neurexin-1 (Nrx-1), a trans-

membrane protein involved in synapse formation andmaturation

(Fan et al., 2013; Li et al., 2007; Zeng et al., 2007). This con-

struct (Nrx-1::spGFP1-10) in combination with CD4::spGFP11

detected synaptic connections between neurons in the fly visual

system, previously defined by EM reconstruction (e.g., L3-Tm9;

L2-L4; R7-Dm8, etc.) (Fan et al., 2013; Takemura et al., 2013)

(Y.C. and S.L.Z., unpublished data). We also observed GFP

signal, however, between pairs of neurons that, though in close

association, do not form synaptic contacts (e.g., L1-L2 and L1-

L4) (Rivera-Alba et al., 2011) (Y.C. and S.L.Z., unpublished

data). Thus, signals detected by this method may not strictly

reflect synaptic contacts, presumably due to localization arti-

facts arising from overexpression.

The STaR method facilitates rapid comparisons of the pattern

and number of synapses in specific neurons at multiple develop-

mental stages, in variousmutant backgrounds, or under different

activity-modulated conditions. The synaptic markers can be

readily integrated into genetic schemes, such as RNA interfer-

ence and mosaic analysis with a repressible cell marker

(MARCM), to study the molecular mechanisms underlying syn-

aptic specificity (Dietzl et al., 2007; Lee and Luo, 2001; Ni

et al., 2009). These markers can also detect the modulation of

synapse number and structure by activity. Indeed, after

exposing fruit flies reared in the darkness to light for 15 min,

we observed a 15% increase in the number of BRP puncta in

R1–R6 photoreceptor axons with STaR (Figure S7), similar to

results of previous EM studies on the houseflies Musca domes-

tica (Rybak and Meinertzhagen, 1997). In live animals, the inten-

sity of BRP-GFP fluorescence is lower than GFP or V5 antibody

staining on the fixed samples, but we did not observe differences

in BRP localization. Together with the fact that the number and
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pattern of V5-tagged BRP puncta correlates very well with EM

studies in adult flies, we believe that our fixation and immuno-

staining conditions introduced minimal, if any, artifacts, which

may have influenced the interpretations of our observations in

mature and developing animals.

In many neurons, presynaptic sites are relatively sparse (see

Table 1 and Figures 2 and 3) and, hence, quantification of BRP

puncta is not limited by the resolution of light microscopy (i.e.,

neighboring presynaptic sites are easily separable). By contrast,

for some lamina neuron terminals in the medulla (e.g., L2 in Fig-

ure 2B), quantification is hindered by increased density of

presynaptic sites even when imaged from the optimal orientation

to resolve neighboring puncta. Preliminary studies indicate that

STaR is suitable for superresolution techniques, such as

stochastic optical reconstruction microscopy (STORM), which

would facilitate accurate mapping and quantification of the

number of presynaptic sites in neurons with particularly high

density of synapses (data not shown) (Rust et al., 2006).

STaR can be extended readily to studies in other regions of the

fly nervous system. Although the application of the STaR was

greatly facilitated by the large collection of cell-type-specific

enhancer/promoters available in the fly visual system (Gohl

et al., 2011; Jenett et al., 2012; Pfeiffer et al., 2008), similar

reagents are rapidly becoming available for many other regions

of the fly nervous system and thus labeling presynaptic sites of

vast numbers of different neurons will become straight forward.

Although the Ort postsynaptic marker is limited to the histamin-

ergic neurons, the same design principle can be applied to other

types of neurotransmitter receptors to expand our postsynaptic

marker tool kit to label different types of postsynaptic sites. In

future studies, inclusion of the GAL80 repressor within the stop

cassette will facilitate the use of the GAL4-UAS system to label

the neurotransmitter receptor-expressing cells without inserting

the 2A-LexA cassette to the C terminus (Ma and Ptashne, 1987),

which may disrupt the expression of tagged receptors as it did

for Ort.

The STaR strategy can be expanded to generate markers for

other types of communication within neural circuits not readily

accessible to EM analysis. Gap junctions, for instance, are

widely used in the fly nervous system yet are difficult to identify

by EM (Shaw et al., 1989; Shimohigashi and Meinertzhagen,

1998). Cell-type-specific tagging of gap junction components,

the innexin family proteins (Bauer et al., 2005), may provide an

entry point to study these structures. In a similar fashion,

different neuromodulatory and neuropeptide receptors can be

labeled in an inducible fashion. The use of different recombina-

tion systems, such as the FLP, R, B2, B3, and KD (Nern et al.,

2011), allows different tagged synaptic proteins to be visualized

in combination to characterize the molecular properties of iden-

tified synapses and other structures in the brain.

While we used BAC recombineering techniques to modify

genomic loci of synaptic proteins (Venken et al., 2006), a variety

of additional methods are available to generate STaR-based

markers, such as Minos-mediated integration cassette (MiMIC)

insertions (Venken et al., 2011) and site-specific recombination

through cassette exchange (Pecot et al., 2013; Weng et al.,

2009). In principle, the STaR method can be extended to the

mouse and zebrafish through knockin and BAC transgenic tech-
niques and through the use of multiple recombination systems

(e.g., Cre-Lox and the B3 and KD systems) (Capecchi, 2005;

Nern et al., 2011; Stuart et al., 1988).

In summary, we have developed STaR, a cell-type-specific

synaptic tagging method for light microscopy in fixed and live

preparations. We anticipate that this methodology will be useful

to investigators examining the architecture, development,

dynamics, and function of synapses in a wide variety of neural

circuits.

EXPERIMENTAL PROCEDURES

Generation of the BRP Presynaptic Marker and Ort Postsynaptic

Marker

See Supplemental Experimental Procedures for detailed information regarding

the generation these markers.

Drosophila Stocks

Specific fly genotypes in each experiment are described in Supplemental

Experimental Procedures. Flies were reared at 25� on standard cornmeal/

molasses food. Pupal staging was performed by counting the number of hours

at 25� after selecting prepupa (i.e., 0 hAPF). For instance, 24 hr after the pre-

white pupal stage at 25� is 24 hAPF.

In addition to the STaR markers presented in this study, we used the

following lines: (1) 9-9 Gal4 (L3); (2) Dac-FLP 20 (Pecot et al., 2013); (3)

MH56 Gal4 (L3) (Timofeev et al., 2012); (4) Rh4-Gal4 (R7); (5) Rh6-Gal4 (R8)

(Tahayato et al., 2003); (6) GMR-FLP (PanPR-FLP) (Pignoni et al., 1997); (7)

UAS-FLP (Duffy et al., 1998; Nern et al., 2011); (8) GMR-Gal4 (PanPR-Gal4)

(Wernet et al., 2003); (9) UAS-Denmark (Nicolaı̈ et al., 2010); (10) UAS-BRP-

GFP (Wagh et al., 2006); (11) 20C11(R7)-FLP; (12) Senseless (R8)-FLP; (13)

LexAoP-myr-tdTomato in su(Hw)attP2 and su(Hw)attP5; (14) GMR > stop >

Gal4; (15) UAS > stop > myr-tdTomato in su(Hw)attP2; (16) UAS-R in attP2

(Nern et al., 2011); (17) UAS-myr-GFP in attP40; (18) UAS-myr-tdTomato in

su(Hw)attP2 (Pfeiffer et al., 2008); (19) R27G05-FLP2::PEST in attp40

(PanLN-FLP); (20) R20C11-Gal4 (R7); (21) R24C08-Gal4 (Tm9); (22) R53C12-

Gal4 (Mi1); (23) R20G06-Gal4 (Dm6); (24) w; R20C11-AD; R25B02-DBD (C2);

(25) w; R26H02-AD; R29G11-DBD (C3); and (26) w; R55F02-AD; R69A01-

DBD (Dm8) (Pfeiffer et al., 2008; Tuthill et al., 2013). Stocks 4–10were acquired

from Bloomington Drosophila Stock Center. Stocks 11–15 were generated in

this study. Stocks 24–26 are split GAL4 stocks.

Histology

Histology was performed as described previously with minor modification (Pe-

cot et al., 2013). Fly brains were fixed with PBL (4% paraformaldehyde, 75 mM

lysine, 37 mM sodium phosphate buffer [pH 7.4]) for 25 min at room tempera-

ture. After multiple rinses in PBS with 0.5% Triton X-100 (PBT), brains were

blocked in 10% normal goat serum in PBT (blocking solution) for 1 hr. Brains

were incubated with primary and secondary antibodies for 2 days each at 4�

with multiple rinses in blocking solution in between and afterward. Brains

were mounted in Slow Fade Gold anti-Fade Reagent (Life Technologies).

See Supplemental Experimental Procedures for a complete list of primary

and secondary antibodies used in this study.

Microscopy and Image Analysis

Confocal images were acquired with Zeiss LSM780 confocal microscope. The

staining patterns were reproducible between samples but overall fluorescence

signal and noise unavoidably shows some variation between sections and

samples. Some adjustments of laser power, gain, and black level settings

were therefore made to obtain similar overall fluorescence signals. Single

plane or maximum intensity projection confocal images were exported into

TIF files using LSM Image Browser (ZEISS).

For quantification of the BRP-V5 puncta, confocal stack images were taken

from the optimal orientation (cross-section of the axon axes) to cover the entire

axon length. For each cell type, several Z-step valueswere tested out to find an

optimal value (normally between 0.8 and 1.5 mm) to avoid imaging the same
Neuron 81, 280–293, January 22, 2014 ª2014 Elsevier Inc. 291
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puncta redundantly in adjacent sections or missing puncta. The number of

BRP-V5 puncta were then scored by two counters (counters 1 and 2 in Table

1) independently by going through the stack images section by section with

LSM Image Browser. Counter 2 was an undergraduate student who was unfa-

miliar with synapses in the fly visual system. Five optic lobes from five animals

were imaged and quantified for each cell type. For R1–R6 neurons, three car-

tridges in each optic lobe were scored, giving a total of 15 cartridges or R1–R6

sets. For L2 neurons, five cells in each optic lobe were scored, giving a total of

25 cells. For the other cell types, six cells in each optic lobe were scored, giving

a total of 30 cells for each cell type.

Live Imaging of Drosophila Pupae

Live Drosophila pupae were staged and mounted on slides at around 36 hAPF

with one eye contacting the coverslip. Stack images of the R8 axons were

taken directly through the retina into the underlying optic lobe every 15 min

for the next 24 hr with custom two-photon microscope. These stack images

were then reconstructed and aligned to generate maximum-intensity projec-

tion images shown in Figure 8 (O.A. and S.L.Z., unpublished data). Detailed in-

formation regarding the two-photon microscope, the imaging setup, and data

processing are available upon request.
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