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SUMMARY

The neuromodulator dopamine (DA) plays a key role in motor control, motivated behaviors, and 

higher-order cognitive processes. Dissecting how these DA neural networks tune the activity of 

local neural circuits to regulate behavior requires tools for manipulating small groups of DA 

neurons. To address this need, we assembled a genetic toolkit that allows for an exquisite level of 

control over the DA neural network in Drosophila. To further refine targeting of specific DA 

neurons, we also created reagents that allow for the conversion of any existing GAL4 line into 

Split GAL4 or GAL80 lines. We demonstrated how this toolkit can be used with recently 

developed computational methods to rapidly generate additional reagents for manipulating small 

subsets or individual DA neurons. Finally, we used the toolkit to reveal a dynamic interaction 

between a small subset of DA neurons and rearing conditions in a social space behavioral assay.
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The rapid analysis of how dopaminergic circuits regulate behavior is limited by the genetic tools 

available to target and manipulate small numbers of these neurons. Xie et al. present genetic tools 

in Drosophila that allow rational targeting of sparse dopaminergic neuronal subsets and selective 

knockdown of dopamine signaling.

INTRODUCTION

Unraveling the circuit mechanisms underlying behavior is a principal goal of current 

neuroscience research. Beyond the anatomical characterization of neurons and their 

connectivity, understanding the full repertoire of animal behavior requires delineating how 

neuromodulators convey information about the environment and internal states by tuning the 

activity of neural circuits (Bargmann, 2012; Marder, 2012). Dopamine (DA) is a conserved 

neuromodulator that is important for a variety of behavioral processes, including attention, 

sleep/wake, motor control, motivation, reward processing, and learning/memory in fruit flies 

and mammals (Nieoullon, 2002; van Swinderen and Andretic, 2011; Lebestky et al., 2009; 

Liu et al., 2012a; Wisor et al., 2001; Kume et al., 2005; Riemensperger et al., 2011; 

Calabresi et al., 2014; Wise, 2004; Berridge and Robinson, 1998; Westbrook and Braver, 

2016; Schwaerzel et al., 2003; Waddell, 2013). Thus, there is intense interest in dissecting 

the DA neural circuits that regulate behavior.

In both Drosophila and mammals, there are relatively few DA neurons compared to the total 

number of brain neurons (<0.5% in flies and mice) (Mao and Davis, 2009; Chiang et al., 

2011; Herculano-Houzel, 2007; Björklund and Dunnett, 2007), but these neurons have 

extensive projections and differ in their functional targets. For example, in Drosophila, small 

subsets or individual DA neurons that regulate arousal, aggression, courtship learning, 

aversive odor memory, sucrose feeding behavior, and protein hunger have been identified 

(Liu et al., 2012a, 2017; Ueno et al., 2012; Alekseyenko et al., 2013; Keleman et al., 2012; 

Marella et al., 2012; Aso et al., 2010). These observations underscore the importance of 

finely dissecting DA neuromodulatory networks, but a key rate-limiting factor in the analysis 
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of DA neural circuits is the relative dearth of genetic tools for convenient targeting and 

manipulation of small subsets of DA neurons.

To address this issue, we present here a set of genetic tools designed to facilitate the 

functional dissection of DA neural networks in Drosophila. We have generated and 

characterized a series of GAL4, GAL80, Split GAL4, Killer Zipper, homology-assisted 

CRISPR knockin (HACK), flippase (FLP), and microRNA transgenic lines for this purpose. 

Together with information derived from the annotation of these lines and driver screens that 

we have conducted, these reagents should, in combination, provide a high degree of control 

over DA neural circuits in fruit flies and assist in elucidating the function of DA in behavior.

RESULTS

Generation of Transgenic Lines for Intersectional Analyses of DA Circuits

The DA network in the adult central brain of Drosophila, defined by immunoreactivity to 

tyrosine hydroxylase (TH), contains ~125 neurons per hemisphere and is organized into a 

number of anatomically defined clusters, including several anterior groups (PAM, PAL, T1, 

and Sb) and 6 major posterior groups (PPL1, PPL2ab, PPL2c, PPM1, PPM2, PPM3), as well 

as a few other variably labeled cells (Figures 1A–1D) (Mao and Davis, 2009; Nässel and 

Elekes, 1992; White et al., 2010; Hartenstein et al., 2017). To generate transgenic lines that 

can be used to label specific DA neurons in an intersectional manner, we chose 10 “founder” 

enhancer sequences that collectively drive diverse expression patterns in these cells (Figures 

1E–1N and S1). These enhancer sequences were derived from a combination of lines 

generated by our laboratory and from the FlyLight GAL4 collection (Liu et al., 2012a; Jenett 

et al., 2012) and were used to create GAL4, GAL80, and Split GAL4 lines (Brand and 

Perrimon 1993; Pfeiffer et al., 2010; Lee and Luo, 1999; Luan et al., 2006). For all GAL4 

driver lines, we characterized the number of DA neurons labeled in each cluster (Table S1) 

and, as discussed below, we annotated the individual DA cells within each cluster for Split 

GAL4 combinations. As shown in Figure S2, these GAL4 lines exhibited no or sparse 

expression in DA neurons in the ventral nerve cord (VNC). We did not include the PAM 

neurons in our analyses because most if not all PAM neurons project to various subdomains 

of the mushroom bodies (MBs) (Liu et al., 2012b), and Aso et al. (2014) systematically 

identified intersectional drivers that sparsely label DA neurons innervating the MBs. 

However, a number of our Split GAL4 combinations do exhibit labeling in these cells, as 

noted in Table S2.

For intersectional analyses, GAL80 inhibits the GAL4 transactivator, allowing for “not” 

logic gating, whereas the Split GAL4 system requires the presence of both GAL4 activation 

(AD) and DNA-binding domains (DBDs) for driving expression, thus enabling “and” logic 

gating. We generated GAL80 transgenes under control of the 10 founder enhancer sequences 

and found that these transgenes largely recapitulated the expression patterns observed with 

the GAL4 lines (Figure 2; Table S1). We next used a similar approach to generate Split 

GAL4 AD and DBD transgenic lines. To broadly characterize their expression patterns in 

DA neurons, we first used each line, in combination with TH-ZpGAL4DBD or TH-
p65ADZp animals generated by Aso et al. (2014), to drive expression of 10XUAS-GFP 
(Table S3).
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Because these Split GAL4 lines could yield useful sparse labeling in DA cells, we next 

annotated the precise DA neurons labeled by all 90 potential combinations. To do this, we 

performed immunostaining for all Split GAL4 combinations and registered all images to the 

Janelia standard fly brain (www.virtualflybrain.org). We then annotated TH-GAL4+ single 

neuron images from the FlyCircuit database (Chiang et al., 2011) (Table S4), merged the 

FlyCircuit images with each Split GAL4 confocal stack, and manually identified the DA 

neurons labeled by each Split GAL4 combination. As shown in Figures 3A–3D and Figure 

S3, these Split GAL4 transgenes allow for in some cases highly restricted expression in DA 

neurons. Despite this, these Split GAL4 combinations labeled on average approximately 

seven non-PAM TH+ cells, necessitating additional methods for restricting expression 

further.

Killer Zipper and HACK Refine and Improve Fidelity of Expression Patterns

To further restrict the DA neurons labeled by our Split GAL4 combinations, we used the 

recently developed Killer Zipper (KZip+) method, given that GAL80 does not effectively 

inhibit Split GAL4 activity. KZip+ acts as a dominant-negative repressor of Split GAL4 and 

allows for the combination of “not” with “and” logic gating (Dolan et al., 2017). We thus 

generated transgenic lines expressing KZip+ under control of the 10 founder enhancers. As 

shown in Table S5 and Figures 4A–4C, these KZip+ lines repressed expression in specific 

DA clusters, which is largely consistent with results for the founder-derived GAL4 and 

GAL80 lines seen in Table S1. These KZip+ lines, particularly those with relatively broad 

expression patterns in DA neurons such as TH-C-KZip+ and TH-D-KZip+ should be useful 

in further restricting expression in our Split GAL4 lines.

We found that 13 of 90 of the Split GAL4 combinations also exhibited weak expression in 

Kenyon cells (KCs), even though in the majority of these cases this was not observed in the 

corresponding founder GAL4 lines. To address the possibility that the integration site 

contributes to this KC expression, we regenerated all DBD lines using an independent attP 

site (86Fb); however, KC expression was still observed in these 13 Split GAL4 combinations 

(data not shown). Thus, to increase the fidelity of the expression patterns of the AD and 

DBD transgenes, we wanted to directly replace the GAL4 in the original founder GAL4 

lines with AD or DBD. We chose to use the HACK method (Lin and Potter, 2016) and 

created a series of AD and DBD donor transgenes for this approach that were inserted at 

random genomic locations or at the attP2 landing site (Figures 4D and S4).

To demonstrate the utility of these lines, we replaced the GAL4 in the TH-D transgenic line 

with DBD. As shown in Figures 4E and 4F, use of this line in combination with VMAT-
R76F05-AD allowed for expression in DA neurons, without KC labeling. To broaden the 

utility of the HACK toolkit and to provide another means for suppressing unwanted KC 

expression, we next generated GAL80 HACK donor lines and used these reagents to replace 

the GAL4 in the OK107-GAL4 transgenic line with GAL80. As shown in Figures 4G and 

4H, OK107-GAL80G4HACK efficiently suppressed KC labeling in the 201Y-GAL4 driver 

line. The development of these HACK AD, DBD, and GAL80 reagents will facilitate the 

analysis of not only DA neural circuits but also any neural circuits labeled by a GAL4 driver. 
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Together, the KZip+ and HACK lines described here enable the refinement of DA neuron 

expression patterns from transgenic driver lines.

An Independent Strategy for Labeling Sparse Populations of DA Neurons

To develop an independent method for targeting small numbers of DA neurons, we 

additionally generated a transgenic line bearing FLP recombinase (Golic and Lindquist, 

1989) under control of the original ~11-kb TH enhancer sequence (TH-FLP) (Friggi-Grelin 

et al., 2003). This FLP line, when used in combination with non-DA-related GAL4 drivers 

and an effector transgene under control of an FLP recognition target (FRT)-stop-FRT 

cassette, allows for highly restricted intersectional expression in DA neurons. As shown in 

Figure 5A, TH-FLP expresses FLP in the majority of the DA neurons labeled by TH-GAL4. 

To access additional DA neurons not covered by TH-FLP, we also generated TH-C-FLP, 

which drives FLP expression in the TH-C-GAL4 expression pattern (Figure 5B). We 

conducted an FLP-based screen to identify FlyLight GAL4 drivers that could be used to 

label a particular DA neuron (Table S6). To do this, we first used FlyCircuit single DA 

neuron images (Table S4) as query images for NBLAST (Costa et al., 2016) to choose the 

GAL4 drivers. We then used these GAL4 drivers in combination with TH-FLP and/or TH-C-
FLP to drive expression of UAS-FRT-stop-FRT-CD8::GFP and confirmed cell identity by 

manual annotation. This approach led to highly restricted expression in DA neurons in some 

cases, and collectively we were able to determine GAL4/FLP combinations that allowed for 

genetic access to 29 of 38 classes (76%) of non-PAM DA neurons (Figures 5C–5F; Table 

S6).

Intersectional approaches with FLP require the use of an FRT-stop-FRT cassette, limiting the 

choices of effector transgenes used. To address this limitation, the HACK Split GAL4 donor 

lines generated above can be used to convert the FlyLight GAL4 lines from the FLP screen 

to GAL4-AD or GAL4-DBD lines. Because the FlyLight GAL4 transgenes often are 

integrated into the attP2 site (Jenett et al., 2012), use of our HACK AD or DBD trans-genes 

inserted into this same site provides high-efficiency gene conversion (Lin and Potter, 2016). 

Thus, the information derived from our FLP-based screen, combined with our HACK 

reagents, should permit convenient access to drivers that provide sparse labeling of non-

PAM DA neurons.

Genetic Tools for Circuit-Specific Manipulation of DA Signaling

In addition to tools that allow for sparse labeling of DA neurons, we sought to generate 

reagents that would enable selective manipulation of DA signaling. To do so, we developed 

genetically targetable microRNA constructs that could be used to knock down expression of 

TH or DA receptors. One challenge in directly targeting TH in Drosophila DA neurons is 

that doing so typically affects the non-neuronal isoform, which is essential for cuticular 

sclerotization (Wright, 1987; Birman et al., 1994). Indeed, the first TH microRNA construct 

we generated (UAS-TH-miR-1), which targets an exon in both neuronal and non-neuronal 

isoforms, induced substantial lethality when expressed using TH-GAL4 (Figure S5). The TH 
locus undergoes alternative exon splicing to generate the neuronal isoform, which lacks 

exons 3 and 4. Thus, to selectively knock down the neural TH isoform, we generated two 

different miR constructs (UAS-TH-miR-2 and UAS-TH-miR-G), where the hairpin loops 
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bridged exons 2 and 5 (Figure 6A). Expression of these miR transgenes in TH+ cells resulted 

in improved survival and cuticle pigmentation, particularly in the case of UAS-TH-miR-G, 

while still inducing widespread and substantial knockdown of TH in the brain (Figures S5 

and 6B–6D)

Another approach for inhibiting DA signaling would be to knock down the downstream DA 

receptors. Thus, we generated UAS transgenic lines that bear microRNA constructs, 

targeting each of the 4 DA receptors in Drosophila (DopR1, DopR2, D2R, and DopEcR) 

(Feng et al., 1996; Han et al., 1996; Hearn et al., 2002; Srivastava et al., 2005) (Figure 6E). 

To confirm the efficacy and specificity of these tools, we performed qPCR from the brains of 

flies expressing each miR under the control of nsyb-GAL4. We recently described and 

characterized two of these lines (for DopR1 and DopR2) (Liu et al., 2017) and obtained 

similar results for the transgenic lines targeting DopR2 and DopEcR (Figures 6F and 6G). 

These tools should enhance the ability of researchers to manipulate DA signaling in specific 

circuits.

Dissection of the Dopaminergic Regulation of Social Space

To demonstrate the utility of these reagents, we sought to dissect the dopaminergic circuitry 

underlying a specific behavior. Drosophila exhibit a variety of social behaviors (Anderson, 

2016), including a tendency to aggregate into groups (Simon et al., 2012; Burg et al., 2013). 

A simple social space assay to assess this phenotype has been described. In this assay, a 

group of flies are allowed to settle in a two-dimensional arena, and the distances between the 

flies are measured. It is interesting that this behavior is dependent on rearing conditions; in 

other words, social-enriched flies tend to cluster together, whereas socially isolated flies tend 

to exhibit increased social space between individuals (Simon et al., 2012) (Figures 7A–7C). 

This social space behavior recently was shown to be regulated by dopaminergic signaling 

(Fernandez et al., 2017); we asked whether we could quickly identify the specific DA 

neurons involved.

We drove expression of UAS-TH-miR-2 with either TH-C-GAL4 or TH-D-GAL4 to inhibit 

DA signaling in broad subsets of DA neurons and assayed the effects on social space 

behavior. Knockdown of DA production using either driver appeared to reverse the relation 

between social rearing and social space; isolated TH-depleted flies behaved like enriched 

control flies, whereas the opposite results were obtained under conditions of social 

enrichment (Figures 7D, 7E, and S6). We next used the Split GAL4 combination (TH-D-
DBD/TH-C-AD), which specifically labels two PPM2 WED and 2 VLP DA neurons, and 

obtained results similar to the broad TH-C-GAL4 and TH-D-GAL4 drivers (Figures 7F, 7G, 

S6, and S7A), suggesting that these four neurons play a key role in social space behavior. To 

ensure that the phenotypes observed result from the manipulation of neuronal (and not 

peripheral) DA, we next assessed TH-C-GAL4, elav-GAL80>UAS-TH-miR-2 and found no 

significant change in social space behavior compared to controls (Figure S7B). To further 

examine the specificity of this effect, we performed knockdown of TH using drivers that 

label other groups of DA neurons and found no significant effects on social space behavior 

under socially enriched conditions (Figures S7C and S7D). These findings underscore the 
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utility of our genetic reagents in quickly isolating small subsets of DA neurons mediating a 

specific behavior.

DISCUSSION

The tools generated here are designed to permit a refined analysis of dopaminergic signaling 

in behavior and neural circuit function. We estimate that the transgenic GAL4, GAL80, Split 

GAL4, and KZip+ lines that we have generated can be combined to yield >900 unique 

patterns of DA neuron expression. In addition, the computational and FLP-based screening 

approaches developed here provide access to additional expression patterns in DA neurons 

and can be used to identify drivers that are suitable for targeting minimal subsets of DA 

neurons. We also generated transgenic microRNA lines that directly inhibit DA signaling; 

this complementary approach should allow for not only physiological manipulation of DA 

neuron activity but also enhanced specificity in targeting only DA-expressing neurons 

labeled by a GAL4 driver or suppressing release of DA but not of co-transmitters. Finally, 

we developed additional HACK reagents that allow for conversion of GAL4 to GAL4-DBD, 

GAL4-AD, and GAL80. These HACK lines should not only facilitate analysis of DA 

circuits but also be broadly useful for investigators interested in neural circuit analyses or 

intersectional expression in other cell types in Drosophila.

Using these tools, we quickly identified four DA neurons that regulate social space behavior. 

Our data suggest that social space preference is not regulated by these DA neurons on their 

own, but rather by the interplay of DA signaling with social rearing conditions, suggesting a 

multicomponent circuit mechanism. We note that two of these four neurons are the DA-

WED neurons we previously demonstrated to be critical for protein hunger (Liu et al., 

2017), and previous work in Drosophila has identified mechanisms connecting social 

aggregation and feeding (Lin et al., 2015).

Computational methods are being used increasingly to anatomically map neurons in the 

brains of a variety of animals ranging from flies to humans (Oh et al., 2014; Takemura et al., 

2013; Glasser et al., 2016) to define “connectomes.” Although the connectome for the 302 

neurons in Caenorhabditis elegans has been available for >30 years (White et al., 1986), 

generating “circuit diagrams” for animals with a greater number of neurons and brain 

complexity is substantially more challenging, necessitating the use of these computational 

approaches. In Drosophila, software facilitating the mining of the large publicly available 

GAL4 driver image datasets has been developed recently (Costa et al., 2016; Panser et al., 

2016). In this work, we took advantage of this approach to quickly identify drivers that 

potentially label a specific DA neuron. It is worth emphasizing that the use of our HACK 

Split GAL4 reagents with the GAL4 driver lines characterized in our FLP-based screen 

allows for relatively convenient access to driver combinations targeting individual or small 

subsets of DA neurons. From a broader perspective, following the complete annotation of all 

of the neurons in the Drosophila central brain, these computational methods, coupled with 

available GAL4 libraries and evolving intersectional tools such as these HACK transgenic 

lines, should make possible genetic access to any individual neuron in Drosophila.
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During the past decade, interest in imaging neurons, their activity, and their connectivity at 

the whole brain level has been growing (Oh et al., 2014; Chung et al., 2013; Renier et al., 

2014; Ahrens et al., 2012; Mann et al., 2017; Economo et al., 2016; Plaza et al., 2014); 

however, these efforts must be complemented by methods for understanding the function 

and interactions of neurons at the level of individual cells. The importance of analysis at the 

individual neuron level is particularly relevant for neuromodulatory neurons, such as DA 

cells, which can act individually or in small groups to broadly influence neural circuit 

function. The tools introduced here are designed to facilitate these types of investigations for 

DA neurons, and the integration of these “local” analyses with “global” approaches for 

understanding neural circuit function should expedite the development of a comprehensive 

understanding of the mechanisms underlying cognition and behavior.

EXPERIMENTAL PROCEDURES

Fly Strains

TH-C-GAL4, TH-D-GAL4, TH-F-GAL4, TH-C-FLP, UAS-TH-miR-2, UAS-DopR1-miR, 
UAS-DopR2-miR, and UAS-FRT-stop-FRT-CD8::GFP were described previously (Liu et al., 

2012a, 2017; Potter et al., 2010). DAT-R55C10-GAL4 (no. 39108), Ddc-R60F07-GAL4 (no. 

45358), Ddc-R61H03-GAL4 (no. 39280), Vmat-R76F01-GAL4 (no. 39934), Vmat-
R76F02-GAL4 (no. 39935), Vmat-R76F05-GAL4 (no. 41305), and P{10XUAS-IVS-
myr::GFP} su(Hw)attP1 (no. 32200), and GAL4 driver lines used in the FLP screen (see 

Table S6) were obtained from the Bloomington Drosophila Stock Center. TH-GAL4 was 

obtained from S. Birman. elav-Gal80 was obtained from Y.-N. Jan. pJFRC81-10XUAS-IVS-
Syn21-GFP-p10, TH-ZpGAL4DBD, and TH-p65ADZp were obtained from G. Rubin. All 

fly lines used in this study were either generated in the iso31 background or were 

backcrossed Rfour times into this background.

Molecular Biology

GAL4, GAL80, and Split GAL4 Constructs—To identify founder enhancer sequences 

that would provide diverse expression patterns in DA neurons, we performed “promoter-

bashing” experiments for genes expressed in these cells—TH (Liu et al., 2012a), DAT (data 

not shown), and DDC (data not shown)—and examined all FlyLight GAL4 lines for TH, 

DAT, DDC, and VMAT. The DAT-B-GAL4 construct was generated by PCR amplifying 

genomic sequence from the first intron of the DAT gene using the primers 5′-TTT GCG 

GCC GCT CAA ACT AAG ATC GCG CAT ACG C-3′ and 5′-CCT TAA TTA ACC ACC 

AAA CTG TAA GAG TTG TAC-3′ and subcloning this enhancer element into the InSite 

vector pBMPGAL4LWL (Gohl et al., 2011). Enhancer elements for C-, D-, and F-GAL80 
were subcloned into a modified pCasper4 vector that included a TATA box and the codon-

optimized GAL80 derived from pBPGAL80Uw-6 (no. 26236). All of the other constructs 

for GAL80 and Split GAL4 lines were generated by Gateway cloning (Thermo Fisher 

Scientific) into pBPGAL80Uw-6 (no. 26236), pBPp65ADZpUw (no. 26234), or 

pBPZpGAL4DBDUw (no. 26233) vectors, respectively. Genomic regions were amplified by 

PCR using the following primers: TH-C: 5′-CAC CGC GAG ATG TTC GCC ATC AAG-3′ 
and 5′-GGA TGC AAT CTT CCA AGG C-3′; TH-D: 5′-CAC CGC GTA AGT ATC TAT 

CAT C-3′ and 5′-TGA CCA TGT TCC TTG CAG AGA-3′; TH-F: 5′-CAC CGA CGA 
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TTC CCT GGA AGA TTG C-3′ and 5′-GAC AGC TTC TCG ATT TCT TCG-3′; and 

DAT-B: 5′-CAC CTC AAA CTA AGA TCG CGC ATA CGC-3′ and 5′-TCT ACC GAA 

CTA TCC AAG CC-3′. For enhancer sequences derived from G. Rubin GAL4 lines (DAT-
R55C10, Ddc-R60F07, Ddc-R61H03, Vmat-R76F01, Vmat-R76F02, and Vmat-R76F05), 

the primers used were as described previously (Pfeiffer et al., 2008).

KZip+ Constructs—We first digested pBPZpGAL4DBDUw with KpnI and HindIII and 

replaced the GAL4 DBD with the KZip+ open reading frame (ORF) from the CCAP-IVS-

Syn21-KZip+-p10 plasmid (Dolan et al., 2017) by using the In-Fusion cloning system 

(Clontech) and the following primers: 5′-GAC GCA TAC CAA ACG GTA CCA GAT CTA 

AAA GGT AGG TTC AAC CAC-3′ and 5′-CGG TAT CGA TAA GCT TGC CGT TAA 

CTC GAA TCG C-3′. We then used Gateway cloning to generate KZip+ constructs for all 

10 founder enhancer elements.

HACK Split GAL4 and GAL80 Constructs—The HACK system (Lin and Potter, 2016) 

was used to convert existing GAL4 transgenic lines into Split GAL4 and GAL80 lines. 

pHACK-GAL4>AD and pHACK-GAL4>DBD were generated by replacing the QF2 

sequence of pHACK-GAL4>QF2 (Addgene no. 80275) with GAL4-AD or GAL4-DBD 

sequences from pBPp65ADZpUw or pBPZpGAL4DBDUw, respectively. The GAL4-AD or 

GAL4-DBD cassettes were PCR amplified with the primers AD: 5′-CCC CGG GCC CCC 

TAG GAT GGA TAA AGC GGA ATT AAT TCC CGA GCC TCC-3′ and 5′-TGT ATT 

CAA TGC TAG CTT TAC TTG CCG CCG CCC AG-3′ and DBD: 5′-CCC CGG GCC 

CCC TAG GAT GCT GGA GAT CCG CGC CGC-3′ and 5′-TGT ATT CAA TGC TAG 

CTT TAC GAT ACC GTC AGT TGC CGT TGA CCC-3′, and were then inserted into the 

NheI/AvrII-digested pHACK-GAL4>QF2 plasmid using In-Fusion cloning. Note that this 

approach leaves 36 aa of the original QF2 sequence following the stop codon, which is out 

of frame with the GAL4-AD or GAL4-DBD sequence. Thus, to generate pHACK-

GAL4>GAL80, the pHACK-GAL4>QF2 plasmid was first modified to allow simple 

replacement of the QF2-hsp70 cassette with a target cassette of choice following SphI/AvrII 
digestion (pHACK-GAL4>QF2-newHA1, Addgene no. 80275). A GAL80-SV40 cassette 

was PCR amplified from pQUAST-GAL80 (Addgene no. 46137) using the primers 5′-CCC 

CGG GCC CCC TAG GAT GGA CTA CAA CAA GAG ATC TTC-3′ and 5′-TAT ACG 

AAG TTA TGC ATG CGA TCC AGA CAT GAT AAG ATA CAT T-3′ and was inserted 

into the SphI/AvrII-digested pHACK-GAL4>QF2-newHA1 plasmid by In-Fusion cloning. 

Genomic insertion sites of the transgenes for all of the HACK donor lines were identified 

using the splinkerette method (Potter and Luo, 2010) (Figure S4).

FLP Constructs—The TH-FLP construct was generated by replacing the GAL4 coding 

sequence in pCasper-TH-GAL4 (gift from S. Birman) (Friggi-Grelin et al., 2003) with 

codon-optimized FLP. The FLP sequence was PCR amplified with primers 5′-CGG GAT 

CCA TGA GCC AGT TCG ACA TCC TG-3′ and 5′-GGA CTA GTT CAG ATC CGC 

CTG TTG ATG TA-3′ and subcloned into pCasper-TH-GAL4 using BamHI and SpeI. 
Generation of the TH-C-FLP construct was described previously (Liu et al., 2017).
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microRNA Constructs—In general, microRNA (miR) constructs were generated as 

previously described (Chen et al., 2007). For UAS-TH-miR-1, two 22mers in exon 2 (5′-

TGG TCA AGC AGA CCA AAC AAA C-3′) and exon 5 (5′-AAT CTG ATG GCC GAC 

AAT AAC T-3′), respectively, were used to create the two hairpin loops. The construct for 

UAS-TH-miR-2 was described previously (Liu et al., 2017). For UAS-TH-miR-G, two 

22mers bridging the second and third coding exons of the neural transcript of the TH gene 

(5′-CGC AGC AAG GCA AAT GAT TAC G-3′ and 5′-GGC AAA TGA TTA CGG TCT 

CAC C-3′) were used to create the two hairpin loops. The UAS-DopR1-miR and UAS-
DopR2-miR constructs were described previously (Liu et al., 2017). To generate UAS-D2R-
miR, two 22mers within the third (5′-TCG TTT GTG ATT TCT ATA TAG C-3′) and fourth 

(5′-TCT ACA ACG CCG ACT TTA TAC T-3′) coding exons were used to create the two 

hairpin loops. For UAS-DopEcR-miR, two 22mers in the first (5′-CGT CCT GTC CAA CC 

T CCT CAT TAT C-3′) and third (5′-GCG CCA CCT TGG CGA TAT TAG T-3′) coding 

exons were used to create the two hairpin loops. miR sequences were synthesized in vitro 
(GeneArt) and then subcloned into pUAST using EcoRI and NotI.

Transgenic Animals

Transgenic animals were generated by standard techniques (Rainbow Transgenic Flies), as 

follows:

1. GAL4, GAL80, and Split GAL4 lines: DAT-B-GAL4 was integrated into the 

attP2 site using the PhiC31 system. TH-C-GAL80, TH-D-GAL80, and TH-F-
GAL80 were generated by random P-element-mediated insertion. All of the 

other GAL80 lines were generated by PhiC31-mediated integration into JK22C 
sites. GAL4-DBD and GAL4-AD lines were inserted into attP2 and attP40, 

respectively, using the PhiC31 integrase system.

2. Killer Zipper lines: KZip+ transgenic lines for the 10 founder enhancer 

sequences were integrated into JK22C sites using the PhiC31 system.

3. HACK-generated lines: We used the HACK system as described by Lin and 

Potter (2016) to convert TH-D-GAL4 to TH-D-GAL4-DBDG4HACK. OK107-
GAL4 was converted to OK107-GAL80G4HACK using the 76D5 GAL80 HACK 

donor line. Putative HACK lines were confirmed by PCR and by 

immunostaining.

4. FLP recombinase lines: The TH-FLP transgenic line was generated via random 

P-element-mediated integration. We screened 13 lines by crossing to TH-GAL4 
and UAS-FRT-stop-FRT-CD8::GFP and performing immunostaining with anti-

GFP and anti-TH to select the specific transgenic line with the broadest coverage 

in TH+ cells. The TH-C-FLP transgenic line was described previously (Liu et al., 

2017).

5. microRNA lines: All miR lines were generated via random P-element-mediated 

insertion. Neuronally targeted TH miR transgenic lines were screened for 

viability and general health, cuticle pigmentation, and efficacy in TH 

knockdown, as assessed by immunostaining (Figures 6 and S5). For the DA 
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receptor miR lines, the efficacy and specificity of knockdown was assessed by 

qPCR (Figure 6).

Immunostaining

Immunostaining of whole-mount brains or VNCs was performed as follows: brains or VNCs 

of 3- to 7-day-old flies were dissected in PBS, fixed in 4% paraformaldehyde (PFA) for 20 

min, and subjected to chicken anti-GFP (1:1000, In-vitrogen), rabbit anti-TH (1:1000, 

Millipore), rat anti-CD8 (1:200, Invitrogen), mouse anti-nc82 (1:25, Developmental Studies 

Hybridoma Bank), or all four at 4°C for 18–40 hr, followed by incubation with fluorescent 

Alexa 488 anti-chicken (1:1000, Invitrogen), Alexa 488 anti-rat (1:200, Invitrogen), Alexa 

568 anti-rabbit (1:1000, Invitrogen), Alexa 647 anti-mouse (1:1000, Invitrogen), or Cy3 

anti-mouse (1:200, Jackson Immunoresearch) secondary antibodies for ~16 hr at 4°C. Brains 

or VNCs were mounted in Vectashield (Vector Laboratories) or SlowFade Gold using 

SS8X9-SecureSeal spacers (both Thermo Fisher Scientific). Images were obtained on an 

LSM510 or LSM700 confocal microscope (Zeiss) with 1-μm- or 3-μm-thick sections under 

10x or 25x magnification. MultiColor FlpOut (MCFO) analysis of select driver 

combinations was performed as described previously (Nern et al., 2015) using rat anti-FLAG 

(1:200, Novus Biologicals) and rabbit anti-HA (1:300, Cell Signaling Technology) 

antibodies.

Brain Registration and Neuron Annotation

We used custom scripts and Jefferis laboratory scripts (https://github.com/jefferis/

AnalysisSuite) in conjunction with LSM2NRRD (https://github.com/Robbie1977/lsm2nrrd), 

Computational Morphometry Toolkit (CMTK) (http://nitrc.org/projects/cmtk), and Fiji/

ImageJ (Schindelin et al., 2012) to implement a brain registration pipeline to analyze 

confocal stack images for the Split GAL4 combinations. Registration of collected brain 

confocal stack images to the Janelia adult female Drosophila template brain (JFRC2/

JFRC2010 derived by Virtual Fly Brain from Jenett et al., 2012) was performed using 

morphometric warping of the nc82 staining with CMTK and methods developed by Cachero 

et al., 2010.

Single neuron confocal stack images from FlyCircuit (Chiang et al., 2011) for TH-GAL4 
were used to annotate our confocal stack images and were obtained from Virtual Fly Brain 

(Milyaev et al., 2012) and then aligned to the JFRC2010 template. For each Split GAL4 

combination (Figures 3 and S3), we chose a brain confocal stack with a representative 

expression pattern, superimposed each FlyCircuit TH-GAL4+ neuron image, and then 

manually determined the identity of each labeled neuron.

Registered Split GAL4 images are hosted at Virtual Fly Brain (www.virtualflybrain.org), 

and flattened confocal images and raw .lsm files are publicly available at 

www.markwulab.net.

FLP Screen

To identify GAL4 drivers potentially labeling each of the non-PAM DA neurons, we used 

NBLAST (Costa et al., 2016) with the relevant single neuron confocal stack from FlyCircuit 
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as a query image set. Using this approach, we identified ~200 GAL4 lines, which were then 

examined by performing whole-mount brain immunostaining of these GAL4 lines crossed to 

TH-FLP, TH-C-FLP, or both driving expression of UAS-FRT-stop-FRT-mCD8::GFP using 

anti-GFP and anti-TH antibodies, as described above. In cases in which DA neuron 

projections could not be visualized clearly, we performed a modified protocol to increase the 

signal, in which anti-CD8 and anti-GFP antibodies were used simultaneously on brains from 

flies bearing two copies of UAS-FRT-stop-FRT-CD8::GFP.

Social Space Behavior

Social space behavioral assays were performed largely as described in Simon et al. (2012). 

Briefly, flies were grown in bottles, and 1- to 2-day-old males were collected and kept in 

vials (40 per vial) for 2 days. For the socially enriched condition, flies were transferred into 

vials in groups of 40 for 2 more days, whereas for the isolated condition, individual flies 

were transferred to a single vial and maintained for 2 more days. For testing, flies were 

transferred to a triangular testing chamber (width and height, 15 cm), composed of glass 

plates with spacers held in a vertical position. After 20–40 min, when flies stopped moving, 

a digital image was taken using a camera. Images were imported into Fiji, and the location 

of flies was manually annotated by marking the thoraco-abdominal junction. The number of 

flies within 1 cm of a given fly was calculated using a custom Microsoft Excel macro. 

Experiments were conducted between ZT5 and ZT8, at 23°–25°C and ~60% relative 

humidity.

Statistical Analysis

Statistical analyses were performed with Prism 5 (GraphPad). For comparisons of two 

groups of normally distributed data, Student’s t tests were performed. For multiple 

comparisons, one-way ANOVAs followed by Tukey’s post hoc test were performed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• More than 40 transgenic lines allow for restricted expression in dopamine 

(DA) neurons

• TH-based FLP recombinase permits isolation of DA neurons from any GAL4 

driver

• microRNA transgenic lines enable selective manipulation of DA signaling

• HACK reagents can be used to replace any GAL4 with GAL80 or Split GAL4
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Figure 1. Expression Patterns of the Founder DA GAL4 Driver Lines
(A–D) Whole-mount brain immunostaining of wild-type flies showing TH+ neuron cell 

bodies (green) with nc82 neuropil counterstaining (blue). Maximal intensity projections are 

shown for image stacks for anterior (A) and posterior (C) thirds of the brains.

(B and D) Schematics demonstrating DA neuron clusters in the anterior (B) and posterior 

(D) regions, as defined by Nässel and Elekes (1992).

(E–N) Whole-mount brain immunostaining of TH-C-GAL4 (E), TH-D-GAL4 (F), TH-F-
GAL4 (G), Ddc-R60F07-GAL4 (H), Ddc-R61H03-GAL4 (I), DAT-B-GAL4 (J), DAT-
R55C10-GAL4 (K), Vmat-R76F01-GAL4 (L), Vmat-R76F02-GAL4 (M), and Vmat-
R76F05-GAL4 (N) lines driving expression of 10XUAS-IVS-Syn21-GFP-p10 with anti-TH 

(magenta), anti-GFP (green), and anti-nc82 (blue).

Maximal intensity projections of anterior (subscript 1) and posterior (subscript 2) stacks are 

shown. DA neurons in a given cluster are indicated by dashed ellipses. Scale bars, 100 μm.
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Figure 2. Restriction of DA Expression Using GAL80 Transgenes
(A and B) Schematics of anterior (A) and posterior (B) DA neuron clusters as shown in 

Figure 1.

(C–L) Whole-mount brain immunostaining of TH-GAL4 >10XUAS-IVS-Syn21-GFP-p10 
with TH-C-GAL80 (C), TH-D-GAL80 (D), TH-F-GAL80 (E), Ddc-R60F07-GAL80 (F), 

Ddc-R61H03-GAL80 (G), DAT-B-GAL80 (H), DAT-R55C10-GAL80 (I), Vmat-R76F01-
GAL80 (J), Vmat-R76F02-GAL80 (K), or Vmat-R76F05-GAL80 (L) using anti-TH 

(magenta) and anti-GFP (green). Anterior and posterior third image stacks are shown.

Arrowheads and dashed ellipses denote individual or groups of DA neurons in which GFP 

expression is suppressed by GAL80. Scale bar, 100 μm.
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Figure 3. Annotation of DA Neurons Labeled in Split GAL4 Combinations
(A) Matrix summarizing individual DA neurons labeled by different Split GAL4 

combinations. For a given DBD-AD pair, the combination yielding the more restricted 

expression pattern is shown. In some cases, both are shown, if both combinations of a DBD-

AD pair provide useful patterns.

(B–D) Whole-mount brain immunostaining of DAT-B-DBD, Vmat-R76F02-AD (B), TH-C-
DBD, Vmat-R76F02-AD (C), and DAT-R55C10-DBD, Vmat-R76F02-AD
(D) lines driving expression of 10XUAS-IVS-Syn21-GFP-p10 with anti-TH (magenta), anti-

GFP (green), and anti-nc82 (blue).

Arrowheads denote individual DA neurons. Scale bar, 100 μm.

Xie et al. Page 20

Cell Rep. Author manuscript; available in PMC 2018 May 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Use of KZip+ and HACK to Refine DA Neuron Expression Patterns
(A–C) Whole-mount brain immunostaining of TH-ZpGAL4DBD, TH-p65ADZp>10XUAS-
IVS-myr::GFP without (A) or with TH-C-KZip+ (B) or TH-D-KZip+ (C) using … Anterior 

(subscript 1) and posterior (subscript 2) stacks are shown.

(D) Schematic of HACK-mediated conversion of GAL4 effectors to GAL4-DBD, GAL4-

AD, or GAL80. Gene conversion of the T2A-effector-loxP-Pax-RFP-loxP cassette occurs 

between a target GAL4 and the HACK donor transgene, when double-strand DNA breaks 

are created at the target GAL4, bringing the desired effector under control of the promoter/

enhancer driving expression in the original target GAL4 line.

(E and F) Whole-mountbrainimmunostaining of Vmat-R76F05-AD, TH-D-DBD>10XUAS-
IVS-Syn21-GFP-p10 (E) or Vmat-R76F05-AD, TH-D-DBDG4HACK>10XUAS-IVS-Syn21-
GFP-p10 (F) with anti-TH (magenta) and anti-GFP (green), demonstrating removal of KC 

expression.

(G and H) Whole-mount brain immunostaining of 201y-GAL4>UAS-mCD8::GFP without 

(G) or with (H) OK107-GAL80G4HACK.

Asterisks indicate KCs. Scale bars, 100 μm.
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Figure 5. TH-FLP Transgenes for Restricted DA Neuron Expression
(A and B) Whole-mount brain immunostaining of TH-FLP, TH-GAL4>UAS-FRT-stop-FRT-
CD8::GFP (A) or TH-C-FLP, TH-GAL4>UAS-FRT-stop-FRT-CD8::GFP (B) with anti-TH 

(magenta), anti-GFP (green), and anti-nc82 (blue). Anterior and posterior stacks are shown, 

and dashed ellipses indicate DA neuron clusters as indicated.

(C) Matrix summarizing individual DA neurons labeled by different TH-FLP-based 

intersectional combinations. Because these expression patterns were sufficiently sparse, 

annotation of individual DA neurons was possible without brain registration.

(D–F) Whole-mount brain immunostaining of TH-FLP>UAS-FRT-stop-FRT-CD8::GFP in 

combination with R36A10-GAL4 (D), R91E12-GAL4 (E), or R92G05-GAL4 (F) with anti-

TH (magenta), anti-GFP (green), and anti-nc82 (blue).

Labeled DA neurons are indicated by arrowheads. Scale bars, 100 μm.
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Figure 6. miR Transgenes for Manipulation of DA Signaling
(A) Schematic of the TH genomic locus, demonstrating exon structure of hypodermal and 

neural transcripts. Location of hairpin sequences for neural-specific TH-miRs, spanning two 

neural-specific exons is indicated.

(B–D) Whole-mount brain immunostaining of TH-GAL4>WT (wild-type) (B), WT>UAS-
TH-miR-G (C), and TH-GAL4>UAS-TH-miR-G (D) using anti-TH (green) and anti-nc82 

(magenta). Anterior and posterior third image stacks are shown. Scale bar, 100 μm.

(E) Schematic of the genomic loci for the DopR1, DopR2, D2R, and DopEcR genes. 

Location of hairpin sequences for miRs for each gene are shown. Each DA receptor miR 

transgene contains two 22mers that each form a hairpin loop targeting distinct sequences of 

the receptor.

(F and G) Relative mRNA level for DopR1, DopR2, D2R, and DopEcR in nsyb-
GAL4>UAS-D2R-miR (F) or nsyb-Gal4>UAS-DopEcR-miR (G) compared to nsyb-
Gal4>WT female flies (n = 3 trials). Statistical comparisons for a given gene were 

performed using t tests to the value in nsyb-GAL4>WT flies, which was normalized to 1.0. 

Because miRs act at both transcriptional and post-transcriptional levels, knockdown of the 

targeted protein is likely greater than the changes detected here.

*p < 0.05; ***p < 0.001.

Data are represented as means ± SEMs.
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Figure 7. DA Neurons that Regulate Social Space Behavior
(A and B) Representative digitized images for social space behavior for wild-type (WT) 

iso31 male flies under socially enriched (A) or isolated (B) conditions.

(C) Average number of flies within 1 cm of a given fly for control iso31 under socially 

enriched (n = 4 trials) versus isolated conditions (n = 5 trials).

(D) Average number of flies within 1 cm of a given fly for WT>UAS-TH-miR-2 (n = 4 

trials), TH-GAL4>WT (n = 4 trials), TH-GAL4>UAS-TH-miR-2 (n = 4 trials), TH-C-
GAL4>UAS-TH-miR-2 (n = 6 trials), TH-D-GAL4>UAS-TH-miR-2 (n = 5 trials), TH-D-
GAL4>WT (n = 5 trials), or TH-C-GAL4>WT (n = 6 trials) under socially enriched 

conditions.

(E) Average number of flies within 1 cm of a given fly for WT>UAS-TH-miR-2 (n = 4 

trials), TH-C-GAL4>WT (n = 3 trials), TH-C-GAL4>UAS-TH-miR-2 (n = 4 trials), TH-D-
GAL4>UAS-TH-miR-2 (n = 3 trials), or TH-D-GAL4>WT (n = 4 trials) under isolated 

conditions.

(F) Average number of flies within 1 cm of a given fly for WT>UAS-TH-miR-2 (n = 4 

trials), TH-C-DBD, TH-D-AD>UAS-TH-miR-2 (n = 4 trials), TH-C-DBD, TH-D-AD>WT 
(n = 4 trials) under socially enriched conditions.

(G) Average number of flies within 1 cm of a given fly for TH-C-DBD, TH-D-AD>WT (n = 

3 trials), TH-C-DBD, TH-D-AD>UAS-TH-miR-2 (n = 3 trials), or WT>UAS-TH-miR-2 (n 

= 4 trials) under isolated conditions.
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*p < 0.05; **p < 0.01; ***p < 0.001. Data are represented as means ± SEMs.
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