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Cellular/Molecular

Constitutive and Conditional Epitope Tagging of
Endogenous G-Protein–Coupled Receptors in Drosophila

Shivan L. Bonanno,1 Piero Sanfilippo,2,3 Aditya Eamani,1 Maureen M. Sampson,1 Binu Kandagedon,1 Kenneth Li,1

Giselle D. Burns,1 Marylyn E. Makar,1 S. Lawrence Zipursky,2,3 and David E. Krantz1
1Department of Psychiatry and Biobehavioral Sciences, David Geffen School of Medicine, University of California, Los Angeles, California 90095,
2Department of Biological Chemistry, David Geffen School of Medicine, University of California, Los Angeles, California 90095, and 3Howard Hughes
Medical Institute, David Geffen School of Medicine, University of California Los Angeles, Los Angeles, California 90095

To visualize the cellular and subcellular localization of neuromodulatory G-protein–coupled receptors in Drosophila, we implement
a molecular strategy recently used to add epitope tags to ionotropic receptors at their endogenous loci. Leveraging evolutionary
conservation to identify sites more likely to permit insertion of a tag, we generated constitutive and conditional tagged alleles
for Drosophila 5-HT1A, 5-HT2A, 5-HT2B, Octβ1R, Octβ2R, two isoforms of OAMB, and mGluR. The conditional alleles allow for
the restricted expression of tagged receptor in specific cell types, an option not available for any previous reagents to label these
proteins. We show expression patterns for these receptors in female brains and that 5-HT1A and 5-HT2B localize to the mushroom
bodies (MBs) and central complex, respectively, as predicted by their roles in sleep. By contrast, the unexpected enrichment of
Octβ1R in the central complex and of 5-HT1A and 5-HT2A to nerve terminals in lobular columnar cells in the visual system suggest
new hypotheses about their functions at these sites. Using an additional tagged allele of the serotonin transporter, a marker of
serotonergic tracts, we demonstrate diverse spatial relationships between postsynaptic 5-HT receptors and presynaptic 5-HT
neurons, consistent with the importance of both synaptic and volume transmission. Finally, we use the conditional allele of 5-HT1A
to show that it localizes to distinct sites within the MBs as both a postsynaptic receptor in Kenyon cells and a presynaptic autoreceptor.

Key words: GPCR; mGluR; octopamine; serotonin

Significance Statement

In Drosophila, despite remarkable advances in both connectomic and genomic studies, antibodies to many aminergic
G-protein–coupled receptors (GPCRs) are not available. We have overcome this obstacle using evolutionary conservation
to identify loci in GPCRs amenable to epitope tagging and CRISPR/Cas9 genome editing to generate eight novel lines.
This method may also be applied to other GPCRs and allows cell-specific expression of the tagged receptor. We have used
the tagged alleles we generated to address several questions that remain poorly understood. These include the relationship
between pre- and postsynaptic sites that express the same receptor and the use of relatively distant targets by presynaptic
release sites that may employ volume transmission as well as standard synaptic signaling.

Introduction
Serotonin (5-HT) regulates a variety of behaviors in Drosophila,
and while flies do not synthesize noradrenaline, the structurally
related molecule octopamine (OA) serves many of the same roles
(Maqueira et al., 2005; Roeder, 2005). Identifying the cellular and
subcellular expression patterns for 5-HT and OA receptors is
essential to understand their function and to complement exist-
ing connectomic and transcriptomic studies; however, the lack of

high-affinity antibodies has hampered such investigations.
Moreover, antibodies to some other Drosophila G-protein–
coupled receptors (GPCRs) such as mGluR that were previously
created (Panneels et al., 2003; Bogdanik et al., 2004; Devaud et al.,
2008) are now unavailable.

The lack of high-affinity antibodies has made it difficult to
determine the distance between presynaptic monoaminergic
fibers and their postsynaptic targets in Drosophila. In mammals,
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most if not all aminergic neurotransmitters can signal via “vol-
ume” or extrasynaptic transmission, wherein transmitters are
released through noncanonical pathways and can diffuse at dis-
tances of several microns rather than the nanometer scale of a
standard synapse (Rice 2000; Fuxe et al., 2012; Agnati et al.,
2010; Del-Bel and De-Miguel, 2018; Wildenberg et al., 2021;
Özçete et al., 2024). Importantly, extrasynaptic signaling sites
will be missed by scoring canonical synaptic structures in con-
nectomic studies or by molecular methods such as GFP recon-
struction across synaptic partners (GRASP) and trans-Tango
that rely on physical proximity between cells (Feinberg et al.,
2008; Macpherson et al., 2015; Shearin et al., 2018; Sorkaç
et al., 2023, Talay et al., 2017). Thus, in the absence of high-
affinity antibodies, extrasynaptic transmission remains poorly
characterized in Drosophila despite extensive efforts to map
synaptic connectivity in both the larval and adult fly brain.

Another consideration inmapping aminergic pathways is that
the same GPCRs can be expressed on closely apposed pre- and
postsynaptic neurons (Garcia-Garcia et al., 2014; You et al.,
2016; Albert and Vahid-Ansari, 2019), making it difficult to
differentiate signals using antibodies to endogenous proteins
and light microscopy. Controllable expression of epitope-tagged
receptors provides a workaround to this problem.

The use of standardized epitopes also serves as a more general
substitute for custom antibodies. Toward this end, several
Drosophila 5-HT and dopamine (DA) receptors as well as other
neuronal proteins have been tagged with GFP at their N- and
C-termini (Qian et al., 2017; Alekseyenko et al., 2019; Fendl
et al., 2020; Kondo et al., 2020; Certel et al., 2022a,b; Parisi et al.,
2023). However, classical studies in mammals indicate that
N- and C-terminal tags can disrupt GPCR trafficking (Guan
et al., 1992; Dunham and Hall, 2009; Cho et al., 2012), which
led us to explore alternative sites. Additionally, although a
conditional tag has been reported for one Drosophila GPCR
(GABA-B-R1; Fendl et al., 2020), no such reagents have been
previously reported for any of the receptors in this study.

We leveraged evolutionary divergence to identify sites in recep-
tor primary amino acid sequences that are more likely to permit
insertion of an epitope tag (Sanfilippo et al., 2023) and generated
tagged alleles for eight Drosophila GPCRs (5-HT1A, 5-HT2B,
5-HT2A, mGluR, Octβ1R, Octβ2R, and two isoforms of OAMB).
The expression patterns we observed match the results of previous
behavioral studies where available and generate new hypotheses
where data is lacking. Paired with cell-type–specific drivers, we
used conditional receptor alleles to unambiguously determine
their expression in specific neuronal types. We also developed a
new marker for serotonergic neurons and observed a surprisingly
wide range in its distance from postsynaptic 5-HT receptors across
different brain regions. Finally, we used the tagged receptor alleles
to demonstrate enrichment in axonal versus dendritic compart-
ments and to differentiate pre- versus postsynaptic 5-HT receptors
in the mushroom body (MB).

Materials and Methods
Identification of sites for insertion of tagging cassette in receptor

sequences. Drosophila melanogaster GPCRs were chosen for tagging,
and homologs from other Drosophila species as well as homologs/para-
logs from more divergent insects, mouse, and human sequences were
identified using the “Find similar sequences” function on UniProt KB
(UniProt Consortium, 2023). Protein alignments were created using
Clustal Omega (Sievers et al., 2011) and analyzed for regions that showed
evidence of amino acid insertions/expansions (Fig. 1A). Genomic DNA
sequences corresponding to these regions were identified using the

UCSC Genome Browser (Kent et al., 2002; Drosophila 12 Genomes
Consortuim, 2007; Raney et al., 2014; Hoskins et al., 2015), and ∼2 kb
windows surrounding the intended insertion sites were downloaded
using the direct-attached storage server (Kent et al., 2002). Homology
arms were then designed and cloned into a donor vector for homologous
recombination as described below. An optimal targettable CRISPR/Cas9
site close to the intended site of genomic modification was identified
using the UCSC Genome Browser and assessed for predicted efficiency
and specificity using the integrated measures (Moreno-Mateos et al.,
2015; Doench et al., 2016).

Molecular design of tagging cassette. The conditional tagging cassette
in this study contains either 1xALFA tag (Götzke et al., 2019) or spaghetti-
monster fluorescent protein with 10xV5 epitopes (spaghetti-monster V5,
smV5; Viswanathan et al., 2015) flanked by 2xGGGGS linkers. The tag
is preceded by a transcription interruption (STOP) cassette flanked by
KD recombinase sites (KDRT; Sanfilippo et al., 2023). The interruption
cassette also includes a floxed 3xP3-DsRed selection marker, to assist in
selection of transformants from embryo injections (Fig. 1B).

Molecular biology and cloning of vectors for tagged receptor
alleles. Gibson Assembly (New England Biolabs, catalog #E2611S) or
HiFi DNA Assembly (New England Biolabs, catalog #E5520S) was
used to clone custom donor vectors for genomic integration as described
in Sanfilippo et al. (2023). DNA fragments for the 5′- and 3′-homology
arms were obtained by PCR (∼1 kb each) or by ordering gene fragments
(∼150 bp each) as described in Kanca et al. (2019). DNA fragments cor-
responding to the tagging cassettes were obtained from vectors described
in Sanfilippo et al. (2023). DNA fragments used in Gibson/HiFi assembly
were gel purified, then sequentially PCR-purified using a commercial kit
(Qiagen Sciences, catalog #28506), and combined in an assembly reac-
tion (New England Biolabs, catalog #2621) to create a donor vector for
genomic modification. Correct vector assembly was confirmed by
colony-PCR, followed by Sanger sequencing. CRISPR sgRNA sequences
were ordered as DNA oligos (Integrated DNA Technologies), phosphor-
ylated in vitro, and cloned into pU6-BbsI-gRNA (Addgene 45946; RRID,
Addgene_45946) as previously described (Gratz et al., 2015). Detailed
protocols are available upon request.

Generation and verification of genetically modified Drosophila
lines. To make tagged receptor alleles, we sent DNA for donor vectors
and sgRNAs to BestGene for injection into Drosophila embryos from
strains expressing Cas9 in the germline. G0 transformants were iden-
tified using the 3xP3-DsRed marker included in the tagging cassette
and crossed to balancers to create stable lines. These “founders” were
crossed to CyO-cre (Siegal and Hartl, 1996), to excise the floxed
3xP3-DsRed marker and create the final “conditional” allele, and then
recrossed to balancers to establish the allele in a w− background
(Fig. 1C). The same founders were crossed to a line expressing KD
recombinase (KDR) in the germline (Sanfilippo et al., 2023) to excise
all conditional portions of the tagging cassette and recrossed to balancer
to yield the “constitutive” allele (Fig. 1D).

To make the HA-SERT line, Drosophila SERT cDNA previously gen-
erated and cloned into pMT(HA-SERT; Romero-Calderón et al., 2007)
was subcloned into the MiMIC RMCE vector: pBS-KS-attB1-2-PT-
SA-SD-1 (DGRC plasmid 1305, RRID:DGRC_1305). This construct was
injected into embryos from the SERT MiMIC MI02578 fly line at
BestGene, and transformants were identified and crossed to balancers to
create stable lines.

Fly husbandry. Flies were maintained on a standard cornmeal and
molasses-based agar media with a 12:12 h light/dark cycle at room tem-
perature (22–25°C).

Genetically modified fly lines. The 5-HT1A-T2A-GAL4MI01468
fly

line, described in Gnerer et al. (2015), was a gift from Herman Dierick
(Baylor College of Medicine).

The following fly lines were used in this study, with stock numbers for
lines obtained from the Bloomington Drosophila Stock Center (BDSC)
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listed in parentheses. For those created in this study, they will be depos-
ited to the BDSC:

UAS-mCD8::GFP (RRID:BDSC_5137)
Mef2(P247)-GAL4 (RRID:BDSC_50742)
3xUAS-FLPG5.PEST (RRID: BDSC_55808)
MB594 split-Gal4 (RRID:BDSC_69255)
T1 split-GAL4 (RRID:BDSC_68977, RRID:BDSC_70649)
OK107-GAL4 (RRID:BDSC_854)
c316-GAL4 (RRID:BDSC_30830)
w, P{w+, 10xUAS-FRT-STOP-FRT-myrGFP-2A-KDR.PEST}attP40 (II)
[P. Sanfilippo, University of California (UCLA)]
P{w+, 10xUAS-FRT-STOP-FRT-myrTdt-2A-KDR.PEST}attP5 (III)
(P. Sanfilippo, UCLA)
SerT MiMIC MI02578 (RRID:BDSC_36004)

Created in this study:

(K, constitutive allele; KSK, conditional allele)
5-HT1A-K-ALFA (II)
5-HT1A-KSK-ALFA (II)
5-HT2A-K-smV5 (III)
5-HT2A-KSK-smV5 (III)
5-HT2B-K-ALFA (III)
5-HT2B-KSK-ALFA (III)
Octβ1R-K-smV5 (III)
Octβ1R-KSK-smV5 (III)
Octβ2R-K-smV5 (III)
Octβ2R-KSK-smV5 (III)
OAMB(K3)-K-ALFA (III)
OAMB(K3)-KSK-ALFA (III)
OAMB(AS)-K-ALFA (III)
OAMB(AS)-KSK-ALFA (III)
mGluR-K-ALFA (IV)
mGluR-KSK-ALFA (IV)
HA-SERT (II)

Conditional receptor expression in vivo. For conditional receptor
labeling experiments, fly lines were built and crossed such that progeny
bore the conditional receptor allele plus three additional transgenes:
a GAL4 driving cell-type–restricted expression of the transcription
factor, UAS-FLP to drive FLP recombinase in the GAL4-defined
population, and 10xUAS-FRT-STOP-FRT-myrTdTom-T2A-KDR (or
10xUAS-FRT-STOP-FRT-myrGFP-T2A-KDR). In all cells except those
expressing GAL4, the conditional receptor allele retains its
KDRT-flanked STOP cassette, and there is no production of epitope-
tagged receptor. In GAL4-expressing cells, FLP excises the STOP cassette
in the 10xUAS-FRT-STOP-FRT-myrTdTom-T2A-KDR transgene, per-
mitting expression of myristoylated fluorophore and KDR (as indepen-
dent transcripts). KDR then excises the STOP cassette in the conditional
receptor, thus permitting both membrane-labeled fluorophore and
epitope-tagged receptor in the GAL4-defined population.

Immunofluorescent labeling and imaging. Adult female fly brains
were dissected in ice-cold Schneider’s Media (Thermo Fisher Scientific,
catalog #21720024) and then transferred to Terasaki multiwell plates
(Millipore Sigma, catalog #M5812) for the rest of the immunohistochem-
istry protocol. Brains were fixed in 3% glyoxal with acetic acid
(Sigma-Aldrich, catalog #128465) for 25 min at room temperature.
After fixation, brains were washed three times in PBS with 0.5% Triton
X-100 (PBST; Millipore Sigma, catalog #X100) for 10 min and then
blocked for 30 min in PBST containing 5% normal goat serum (NGS;
Cayman Chemical, catalog #10006577). Solution was then switched to
5% NGS/PBST containing primary antibodies (see below, Primary anti-
bodies) overnight for 2 d at 4°C. Brains were then washed by switching
the solution to PBST three times for 60 min and then incubated with sec-
ondary antibodies overnight for 2 d in the dark at 4°C. Finally, brains
were washed three times with PBST for 30 min and equilibrated in
50% Vectashield mounting media (Vector Labs, catalog #H-1900) for

15 min and then 100% mounting media for 10 min before transferring
to slides and mounting with a coverslip. For imaging the central brain,
whole brains were mounted horizontally (anteroposterior). To image
the visual system, we mounted the tissue vertically (dorsoventral) to cap-
ture all four of the major neuropils: lamina (Lam), medulla (Med), lobula
(Lob), and lobula plate (LP; Fischbach and Dittrich, 1989).

Primary antibodies. Myristoylated GFP (myr::GFP) was labeled with
1:500 mouse anti-GFP (Sigma-Aldrich, catalog #G6539, RRID:
AB_259941, or Thermo Fisher Scientific, catalog #A-11120, RRID:
AB_221568).

Myristoylated TdTomato (myr::TdTom) was labeled with 1:500 rab-
bit anti-DsRed (Takara Bio, catalog #632496, RRID:AB_10013483).

HA was labeled with 1:500 rabbit anti-HA (Cell Signaling
Technology, catalog #3724, RRID:AB_1549585), 1:500 mouse anti-HA
(BioLegend, catalog #MMS-101P, RRID_AB_2314672), or 1:500 rat
anti-HA (Roche, catalog #1215817001, RRID:AB_390915).

smV5 was labeled 1:500 mouse anti-V5 (Thermo Fisher Scientific,
catalog #MA5-15253, RRID:AB_10977225).

ALFA was labeled with 1:500 mouse Fc-conjugated nanobody
anti-ALFA (NanoTag Biotechnologies, catalog #N1582, RRID:
AB_3065196).

Brp was labeled with mouse nc82 1:100 (Developmental Studies
Hybridoma Bank, catalog #nc82, RRID: AB_2314866).

Secondary antibodies were used at 1:500 and include as follows: goat
anti-mouse Alexa Fluor 488 (Thermo Fisher Scientific, catalog #A32723,
RRID:AB_2633275), goat anti-mouse Alexa Fluor 568 (Thermo Fisher
Scientific, catalog #A11004, RRID:AB_2534072), goat anti-rabbit Alexa
Fluor 488 (Thermo Fisher Scientific, catalog #A11008, RRID:
AB_143165), and goat anti-Rabbit Alexa Fluor 555 (Thermo Fisher
Scientific, catalog #A21428, RRID:AB_2535849).

Imaging was performed with a Zeiss LSM 880 Confocal with
Airyscan (Carl Zeiss) using a 20× air, 40× glycerol, or 63× oil immersion
objective. Post hoc processing of images was done with Fiji (Schindelin
et al., 2012) or Photoshop (Adobe).

Quantification of confocal images. For quantification in Figure 9D,
flies bearing the 5-HT1A conditional receptor allele and conditional
transgenes as well asMef2-GAL4 were dissected, and brains were stained
with anti-ALFA (5-HT1A) and DsRed (myr::TdT) antibodies. Z-stacks
(n= 6) were acquired encompassing the volume of both α and α′ and
then imported to Fiji, and z-projections were generated using the maxi-
mum signal intensity. The myr::TdT channel was used to draw a mask
around the α and α′ lobes; then the average signal intensity for both
ALFA and myr::TdT was measured in each region individually and
recorded. The signal for ALFA was then normalized to myr::TdT per
region, then data points were plotted as paired observations (i.e., normal-
ized ALFA signal in α and α′ within one image), and the statistical sign-
ificance of the difference between the means was assessed using a paired
t-test in R (version 4.3.1). This analysis utilized the R packages ggplot2
(Wickham, 2016) and tidyverse (Wickham et al., 2019).

Connectome analysis. The neuprintr R package (Bates et al., 2023)
was used to plot the dorsal paired medial (DPM; body id, 5813105172)
from the hemibrain:v1.2.1 construction of the Janelia fly connectome
and extract data on synapse number and identity and was further ana-
lyzed using standard data processing methods in R.

Results
Development of constitutive and conditionally epitope-tagged
GPCR alleles
We initially created tagged alleles for six GPCRs (5-HT1A,
5-HT1B, 5-HT2A, 5-HT7, CrzR, and OAMB) where the insertion
was placed at the N-terminus, similar to constructs used in the
past for mammalian GPCRs (Guan et al., 1992; Andersson
et al., 2003;McDonald et al., 2007).We failed to detect expression
in most of them, with possible cell-body–restricted expression in
two (5-HT1A, 5-HT2B, data not shown). Following studies in
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mammalian systems showing that preceding an N-terminal tag
with a signal sequence partially rescued trafficking defects
(Guan et al., 1992; Andersson et al., 2003; McDonald et al.,
2007), we then created an additional 10 alleles where the tagging
cassette was placed immediately after the putative signal
sequence but still close to the N-terminus (mGluR, OAMB,
Octβ1R, Octβ2R, Octβ3R, DopEcR, Dop2R, GABA-B-R1,
GABA-B-R2, and GABA-B-R3). However, immunolabeling of
these alleles was also unsuccessful, despite differences in receptor
subclasses and verification of the intended genomic transforma-
tions (data not shown). Finally, we used evolutionary conserva-
tion of receptor primary amino acid sequences to guide our
identification of locations that might be more tolerant of epitope
insertions as described previously for ionotropic receptors
(Sanfilippo et al., 2023). We analyzed multiple protein align-
ments for GPCRs between Drosophila melanogaster and other
Drosophila species as well as more distantly related insects. We
found that for Class A GPCRs such as 5-HT1A, the third intra-
cellular loop (ICL) is large and often contains amino acid inser-
tions or short repeats that are not conserved. Reasoning that
positions that reside within expansion-tolerant stretches, such
as G631 in 5-HT1A (Fig. 1A), may also be more tolerant to inser-
tion of an exogenous DNA cassette, we selected similar regions
for genetic modification for an additional six Class A GPCRs
(Extended Data Fig. 1-1; Extended Data Table 1-1).

While evolutionary conservation analysis can be applied to
any receptor, ideal insertion sites are not always immediately
apparent. Class C GPCRs such as mGluR lack a large third ICL
and exhibit weak, if any, evidence of evolutionarily tolerated
insertions in other regions. Though it is unfortunately no longer
available, a monoclonal antibody against DrosophilamGluR was
previously developed, and the epitope binding site was subse-
quently mapped (Panneels et al., 2003; Bogdanik et al., 2004;
Devaud et al., 2008). We reasoned that successful labeling using
this antibody in the past suggests that its binding site is topo-
graphically accessible and could thus represent a good location
for epitope tagging of mGluR and potentially other Class C
GPCRs.

The receptor tagging cassettes in this study contain either
1xALFA tag (Götzke et al., 2019) or smV5 (Viswanathan et al.,
2015) preceded by recombinase-flanked interruption moieties.
For each receptor, we derived a constitutively tagged allele (des-
ignated “K”; see Materials and Methods) in which all regulatory
moieties were removed and the tag is in the open reading frame
(Fig. 1C), as well as a conditional allele (designated “KSK”; see
Materials and Methods) in which interruption moieties/“stop
signals” were retained. For the conditional alleles, inclusion of
the tag is dependent on orthogonal expression of a recombinase
to remove the stop signals (Fig. 1D).

We selected ALFA and V5 epitopes for the receptor alleles
generated in this study because commercially available antibod-
ies are of high quality and work well in the Drosophila tissue.
Of these, only ALFA is a recently developed epitope, and we
compared the quality of several anti-ALFA antibodies in our
immunohistochemical analyses (data not shown). Though the
data presented in this study used a mouse Fc-conjugated ALFA
nanobody, a similar guinea pig Fc-conjugated nanobody that
is available performs equally well, and new antibodies should
be tested systematically for signal-to-noise ratio as they are
made available.

Using ALFA and V5 tags, we generated the following
alleles: 5-HT1A-ALFA, 5-HT2B-ALFA, 5-HT2A-smV5, mGluR-
ALFA, Octβ1R-smV5, Octβ2R-smV5, OAMB(K3)-ALFA, and

OAMB(AS)-ALFA. None of the eight receptor alleles we generated
localized exclusively to the cell body and all labeled distal neuropils
(Extended Data Fig. 1-2), indicating little to no trafficking impair-
ment that we observed with our N-terminally tagged alleles. We
therefore proceeded with more detailed imaging studies of the
aminergic loop-tagged Class A GPCRs and the single Class C rep-
resentative, mGluR, that we generated.

Similar to other GPCRs that include modifications to the
G-protein–binding domain, the tagged alleles we have generated
may not be fully functional (Wan et al., 2021), and the functional
integrity of each tagged GPCR will have to be evaluated individ-
ually using specific function and behavioral assays. In this study,
the tagged receptor alleles are used as reporters meant to be used
in combination with a functional/wild-type allele.

OA receptors in the MBs and central complex
OA pathways are intimately associated with the MBs (Busch
et al., 2009; Wu et al., 2013), which are the major locus for learn-
ing and memory in insects (Akalal et al., 2006; Modi et al., 2020).
Mutation or knockdown of OAMB (Kim et al., 2013) and, more
recently, Octβ1R (Sabandal et al., 2020) have been proposed to
impair learning, while knockdown of Octβ2R does not
(Sabandal et al., 2020). The expression of OAMB in the MBs is
well established by RNA in situ hybridization (Han et al.,
1998), custom antibodies (Han et al., 1998; Kim et al., 2013),
and GAL4 transgenes (McKinney et al., 2020).

While mostDrosophilaGPCRs havemany annotated isoforms,
few have been validated by protein or RNA expression studies.
One notable exception is OAMB, which expresses two major pro-
tein isoforms, OAMB(K3) and OAMB(AS), both of which have
been validated by custom antibodies (Kim et al., 2013). To deter-
mine whether alternative isoforms of OAMB could be specifically
labeled using our technique, we generated tagged alleles for each
splice variant in which the tagging cassette was inserted after the
exon specific to each isoform. We found that the tagged versions
of both isoforms are expressed in the MB lobes, and we detected
additional labeling in the ellipsoid body (EB) for OAMB(K3) but
not OAMB(AS). The expression patterns of OAMB(K3)-ALFA
and OAMB(AS)-ALFA (Fig. 2A,B) precisely mimic those reported
for the endogenous proteins (Kim et al., 2013). Our success tagging
both OAMB variants suggest that a similar strategy might be used
to explore the expression patterns of other GPCR splice variants
that have been predicted by cDNA analysis but not yet validated
by expression studies.

A custom antibody against the C-terminus of Octβ2R was
previously reported (Wu et al., 2013), and low levels of expres-
sion were observed in the α′/β′ lobes of the MB. Our
Octβ2R-tagged allele, however, is notably absent from the lobes
of the MBs but broadly expressed throughout the central brain
(Fig. 2C).

While GAL4 lines for Octβ1R indicate that it is expressed in
the MB (McKinney et al., 2020), reports using custom antibodies
or tagged alleles are lacking, and the subcellular localization of
the receptor has not yet been investigated. We found that the
Octβ1R-tagged allele is expressed in both the lobes and calyx
(Ca) of the MB (Fig. 2D). Localization at both sites suggests it
could mediate OA signaling in the dendrites (the MB Ca) and
the axons (the MB lobes) of the Kenyon cells (KCs).

Octβ1R is also strikingly enriched in a small cluster of neurons
that innervates the fan-shaped body (FSB) and has an additional
dorsolateral projection (Fig. 2D′). Based on the morphology of
these projections, we hypothesized that they may represent
23E10 neurons, which have been previously shown to be required
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Figure 1. Identification of sites in receptor sequences for epitope tagging and derivation of constitutively and conditionally tagged alleles. Ai, Selected regions of a multiprotein alignment
using 5-HT1A sequences from multiple Drosophila species and Apis mellifera. Conserved sites are colored blue. Aii, An expanded view of the boxed region in Ai. The third ICLs of Class A GPCRs,
such as 5-HT1A, are large and contain multiple regions of low conservation, as indicated by the absence of blue highlighted residues [e.g., glycine (G) residues downstream of G631]. This glycine
expansion suggests the region may also tolerate insertion of exogenous protein sequences. B, The DNA insertion for tagging alleles. The insertion sites for 5-HT1A and all other tagged alleles are
listed in Extended Data Table 1-1 and shown diagrammatically in Extended Data Figure 1-1. At baseline, STOP cassettes (or interruption moieties, see text) terminate transcription and translation.
The floxed 3xP3-DsRed cassette is used to screen transformants and then removed via recombinases as indicated in panels C and D. Separate KDRT (blue triangles) and LoxP (yellow triangles)
recombination sites flank the STOP and 3xP3-DsRed cassettes, respectively. C, Constitutively tagged receptor alleles are derived from the transformed genome in B by crossing to flies
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for sleep (Donlea et al., 2014, 2018; Pimentel et al., 2016). To test
this hypothesis, we used the 23E10 driver to express the condi-
tional Octβ1R allele. We observed labeling identical to that
seen with the constitutive allele, demonstrating that Octβ1R is
indeed expressed in 23E10 neurons (Fig. 2E–E′′). Our data con-
stitute the first imaging of an OA receptor in this population of
cells and raise the possibility that OA, like 5-HT, could influence
the effects of 23E10 neurons on sleep and the FSB (Qian et al.,
2017).

The expression patterns for the OA receptors we observed are
in agreement with previous functional studies suggesting that
OAMB and Octβ1R, but not Octβ2R, affect learning via expres-
sion in the MBs (Kim et al., 2013; Sabandal et al., 2020).
Octopaminergic processes also innervate the EB, FSB, and proto-
cerebral bridge (PCB; Sinakevitch and Strausfeld, 2006; Busch
et al., 2009), which together with the noduli form the central
complex. The potential functions of OAMB and Octβ1R in the
central complex are not known. Our data suggest that genetic

Figure 2. OA receptors OAMB and Octβ1R but not Octβ2R are enriched in the MBs and central complex. A, OAMB(K3) is enriched in the α/β lobes of the MBs, with even more striking
enrichment in the EB (also see inset) that becomes overexposed (dotted circle) when calibrated for the MBs. e, esophagus. B, OAMB(AS) is similarly enriched in the α/β lobes of the MBs
but is strikingly absent from the EB. C, Octβ2R is expressed throughout the central brain and de-enriched in the MB lobes and peduncle (Pe, inset). D–D′ , Octβ1R is expressed in the α/β
lobes (D) and the Ca (inset) of the MBs and a dorsal arborization (D′ , asterisk) that extends into the FSB. An expanded view of this region showing the cell bodies associated with the dorsal
arborization and the FSB is shown in Extended Data Fig 2-1. E–E′′ , The Octβ1R isoform (green) conditionally expressed in the 23E10-GAL4 population localizes to both the dorsal neuropil
(asterisk) and the FSB. The conditional expression system simultaneously labels the membrane of these cells with TdTomato (magenta). Scale bars in the main panels of A–D, 50 μm; insets
and E–E′′ ,10 µm.

�
expressing KDR in the germline. KDR acts on the KDRT sites to excise both the STOPs and the 3xP3-DsRed cassettes (Ci) and yields an in-frame receptor sequence with the epitope insertion
(green) flanked by linker sequences (gray) and a residual KDRT site (Cii). Translation of the constitutive allele (Ciii) generates a receptor tagged within the 3rd ICL of the protein. The constitutive
alleles are designated “K” in Materials and Methods. An overview of the labelings for the constitutively tagged alleles compared with those for wild-type, negative controls that do not express the
tags is shown in Extended Data Figure 1-2. D, Conditional alleles are derived from the tagging construct in B by crossing to flies that express Cre recombinase to remove the 3xP3-DsRed cassette
(Di), leaving the conditional receptor allele with two STOP cassettes flanked by KDRT sites (Dii). The conditional alleles are designated “KSK” in Materials and Methods. For conditional labeling
experiments, the conditional receptor allele (Dii) is crossed to flies expressing a GAL4 driver (Diii), UAS-FLP (Div), and an additional UAS transgene (Dv) that contains both a membrane-bound
myristoylated fluorophore (myr::TdTom or myr::GFP) and the KDR recombinase, separated by a T2A translational skip element. GAL4 driven by a cell-type–specific promoter binds to the UAS sites
on both of the other (Div and Dv) components of the system. FLP recombinase is thus expressed in the GAL4-defined population and acts on the FRT sites (pink triangles) in Dv to remove the
STOP cassette. This results in GAL4-dependent expression of both myr::TdT (Dvi, “TdTom”) and KDR. KDR then acts on the KDRT sites (blue triangles) in the conditional receptor allele to remove
the STOP cassettes and allow expression of the tagged receptor, resulting in a GAL4-defined population of cells that expresses both the tagged receptor whose spatiotemporal expression pattern
is governed by its endogenous genomic locus and an overexpressed myristoylated fluorophore.
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strategies to knockdown or knock-out OAMB and Octβ1R in the
central complex could be used to dissect the mechanisms by
which this structure regulates behaviors such as orientation dur-
ing flight (Seelig and Jayaraman, 2013; Green et al., 2017; Turner-
Evans et al., 2017; Hardcastle et al., 2021), visually evoked learn-
ing and memory (Pan et al., 2009), taste-independent nutrient
selection (Dus et al., 2013), and sleep (Liu et al., 2016;
Andreani et al., 2022; Kato et al., 2022; Yan et al., 2023).

OA receptors in the visual system
In addition to the MBs, octopaminergic neurons have been
shown to innervate the optic lobe and regulate a wide range of
visual behaviors (Monastirioti et al., 1995; Busch et al., 2009;
Jung et al., 2011; Suver et al., 2012; Van Breugel et al., 2014;
Arenz et al., 2017; Cheng et al., 2019; Städele et al., 2020).
However, the specific functions of different OA receptors in
visual behavior remain unclear, and their expression patterns
in the visual system have not been described. In the optic lobe,
we detect expression of OAMB(K3), Octβ1R and Octβ2R in

several layers of the Med, as well as the Lob and the LP
(Fig. 3A–D). In contrast, we observe minimal detectable signal
for OAMB(AS) in the optic lobe (data not shown).

Octβ2R-smV5 appears enriched in a distal (close to the
eye) layer of the Med that may be M2, and mRNA for the recep-
tor is enriched in the morphologically distinct T1 cell that
projects to M2 (Kurmangaliyev et al., 2020; Özel et al., 2021;
Konstantinides et al., 2022). We hypothesized that T1 may be
responsible for the Octβ2R signal in the distal Med, and to test
this, we crossed a T1-specific driver (Tuthill et al., 2013; Davis
et al., 2020) to the conditional receptor system. The data confirm
that Octβ2R is expressed in T1 and detectable in both the Lam
and Med neuropils (Fig. 3F–F′′, G–G′′). A large number of other
cell-type–specific drivers are available for optic lobe neurons
(Tuthill et al., 2013) and may be used to further analyze the
expression of OA receptors in the visual system.

In sum, OA receptors are enriched in multiple brain regions
across the optic lobes and central brain. Using the tagged alleles
to determine their localization to specific layers of the optic lobe

Figure 3. OA receptors in the Drosophila optic lobe. A, Schematic of optic lobe showing each of the four major neuropils: Lam, Med, Lob, and LP. B, OAMB(K3) is expressed in several layers of
the Med but expressed at a level comparable with background in the Lam. C, Octβ1R is enriched in the Med, Lob, and LP, but not the Lam. D, Octβ2R is expressed in the Med and the Lam. E,
Schematic showing the regions of the Lam and Med imaged in F, G, including the projections of T1 cells (magenta). F–F′′, Conditional expression using a T1-specific driver of Octβ2R (green) and
myr::GFP (magenta) confirms that labeled processes in the Med and Lam are derived from the T1 neuron. G–G′′, A higher-resolution image of layer M2. Scale bars, 10 μm.
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neuropils may aid in the determination of their functions in
visual behaviors.

Serotonin receptors and the regulation of sleep and vision
Previous studies indicate that mutation of 5-HT1A results in a
sleep deficit that can be rescued by specifically restoring expres-
sion in KCs of the MBs (Yuan et al., 2006; Fig. 4A, diagram),
where it is also important in modulating the time window for
learning (Zeng et al., 2023). RNA-seq studies have also reported
enrichment of 5-HT1AmRNA in one of the three major KC sub-
types relative to the others (Aso et al., 2019; Bonanno and Krantz,
2023). We hypothesized that direct visualization of the receptor

would mirror this enrichment and provide additional data
regarding its subcellular localization. Indeed, we found that the
constitutive allele of 5-HT1A is broadly expressed in the central
brain and enriched in the MBs, particularly the α/β lobes
(Fig. 4B). These results are also consistent with the distribution
reported for a C-terminal sfGFP fusion of 5-HT1A (Deng
et al., 2019).

In the optic lobes, serotonergic innervation is broad (Nässel
and Cantera, 1985; Vallés and White, 1988), and many cell
types are enriched for one or more serotonin receptors
(Kurmangaliyev et al., 2020; Sampson et al., 2020; Özel et al.,
2021). We imaged 5-HT1A-ALFA in the optic lobes and

Figure 4. Serotonin receptors 5-HT1A and 5-HT2B localize to structures previously implicated in sleep and to the visual system. A, Schematic of the Drosophila brain, with the a lobe and Ca of
the MB, the EB, and FSB of the central complex and the Lam, Med, Lob, and LP of the optic lobe indicated. B, 5-HT1A is expressed throughout the central brain and enriched in the α/β lobes of
the MB and the Ca (inset). e, esophagus; SOG, suboesophageal ganglion. C, In the optic lobe, 5-HT1A labels regions of the Med, Lob, and LP. D, 5-HT2B is enriched in multiple layers of the FSB
(see also inset) as well as the EB, the noduli of the central complex (No) and at least two glomeruli of the LC cells that are visible here. E, 5-HT2B in the optic lobe is enriched in several layers of
the Med as well as the Lam, but not detectable above background in the Lob or LP. Scale bars in B, D, 50 μm; in C, E and in B, D insets, 10 μm.
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observed expression in the Med, Lob, and LP (Fig. 4C); it was not
detectable above background in the Lam. Although the function
of 5-HT1A in Drosophila vision is not known, its localization to
theMed could be the result of high 5-HT1AmRNA expression in
T1 neurons which strongly innervate layer M2 (Kurmangaliyev
et al., 2020; Özel et al., 2021).

Similar to 5-HT1A, 5-HT2B mutants also exhibit decreased
sleep (Qian et al., 2017). While the 5-HT1A phenotype is medi-
ated by expression in theMBs, 5-HT2B regulates sleep via activity
in the FSB, and the mutant sleep phenotype can be rescued by
restoration of receptor expression in the 23E10 neurons that pro-
ject to the FSB (Qian et al., 2017). RNAi-mediated knockdown of
5-HT2B in 23E10 neurons also lead to social and grooming defic-
its (Cao et al., 2022), and previous work also revealed that
5-HT2B expressed by those cells traffics preferentially to their
neuropil in the FSB and not their other dorsal arborizations
(Qian et al., 2017).

Labeling of our 5-HT2B-ALFA allele showed that, consistent
with previous studies, the receptor is enriched in several layers
of the FSB, and additionally in the nearby EB (Fig. 4D), but not
the dorsal arborizations of 23E10 (not shown). In the optic
lobe, 5-HT2B-ALFA labelings in both distal and proximal layers
(with respect to the central brain) of the Med are prominent
(Fig. 4E), while expression above background is not detectable
in the Lob and LP neuropils. The expression pattern of
5-HT2B in the distal layers of theMed is consistent with previous
transcriptomic data, as mRNA for the receptor is known to be
enriched in L2 cells (Kurmangaliyev et al., 2020; Özel et al.,
2021) which terminate in layer M2 (Bausenwein et al., 1992),
and 5-HT2B is required for the response of L2 to serotonin
(Sampson et al., 2020). In sum, although both 5-HT1A and
5-HT2B are crucial for the regulation of sleep and both receptors
are expressed in a layer-specific fashion in the optic lobe, the cells
that express each receptor and the neuropils to which they pro-
ject are different, underscoring the complex serotonergic regula-
tion of both sleep and visual behavior.

The relationship of 5-HT2A to functional studies
To further explore the localization of 5-HT receptors in the cen-
tral brain and optic lobe, we imaged the constitutively tagged
5-HT2A allele. We observe a distinct labeling pattern for
5-HT2A-smV5 in the central brain (Fig. 5A–C), prompting us
to review the influence of 5-HT2A on behavior and its potential
relationship to specific anatomic structures. In the adult fly, loss
of 5-HT2A leads to defects in feeding (Gasque et al., 2013;
Munneke et al., 2022), increased lifespan (Munneke et al.,
2022), and an altered response to the death of conspecifics
(Chakraborty et al., 2019). The response to death has been linked
to signaling in the EB, suggesting that 5-HT2Amight be enriched
at this site (Gendron et al., 2023). The 5-HT2A-smV5 signal we
observed in the EB is above background, though more striking
enrichment resides in bilateral foci at the distal edges of the
FSB (Fig. 5B) which represent the lateral triangle (LT), the first
neuropil formed by the ring neurons whose projections form
the EB (Hanesch et al., 1989; Young and Armstrong, 2010).
Together, these data suggest the possibility that 5-HT2A may
preferentially localize to a dendritic compartment of the ring
neurons rather than axon terminals that innervate the EB, and
future experiments using the conditional allele will be used to
test this hypothesis.

We also detect labeling of the tagged 5-HT2A allele in the
visual system, where the receptor is differentially enriched in dis-
tinct layers of the Med, as well as in at least one layer of the Lob

(Fig. 5C). Finally, 5-HT2A is also present in a bilateral arboriza-
tion near the dorsal surface of the central brain and a dorsal as
well as a ventral layer of the FSB (Fig. 5D).

Figure 5. 5-HT2A and mGluR are enriched in distinct neuropils in the central brain and optic
lobe. A, Left, Schematic of structures labeled in the brain by 5-HT2A, including the FSB and the
ring neurons, which project into the LT and the EB. Right, Structures relevant to mGluR include
the protocerebral bridge (PCB) and the MBs including the Ca. B, 5-HT2A labels foci lateral to the
EB that are morphologically identical to the LT. C, In the optic lobe, 5-HT2A is expressed in the
Med and the Lob, with minimal signal in the LP. D, 5-HT2A is detected in ventral as well as a
dorsal layers of the FSB and highly expressed in a bilateral dorsal arborization (asterisk). E,
mGluR is notably de-enriched from the lobes of the MB relative to the surrounding tissue. F,
In the optic lobe, mGluR labeling is present in the Med, Lob, and LP. G, mGluR is highly enriched
in the PCB and also present in the Ca of the MBs. Scale bars in D,G, 50 μm; all others:10 μm.
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Expression of tagged mGluR in the MB lobes
While the primary focus of our study is OA and 5-HT Class A
GPCRs, mGluR provided an additional opportunity to test our
ability to tag a Class C GPCR. In addition, previously published
data using an mGluR antibody provided us the opportunity to
compare our labeling of tagged mGluR with a conventional anti-
body targeting the same protein. Functional studies suggest that
expression of mGluR in the MBs facilitates learning (Schoenfeld
et al., 2013; Andlauer et al., 2014), and its pharmacological acti-
vation can rescue behavioral deficits induced by mutation of the
fragile X protein Fmr1 (McBride et al., 2005) as well as age-
dependent sleep loss (Hou et al., 2023). While we observe
de-enrichment of mGluR-ALFA in the MB lobes relative to the
surrounding tissue (Fig. 5E), we detect the receptor in medial
and distal layers of the optic lobe Med as well as some in the
Lob and LP (Fig. 5F) and enrichment in the PCB and the MB
calyces in the central brain (Fig. 5G). This expression pattern is
in accordance with previous data using the antibody raised
against endogenous mGluR that is currently unavailable
(Panneels et al., 2003; Bogdanik et al., 2004; Devaud et al.,
2008), thereby confirming that the tag did not disrupt trafficking.

Our observations on the 5-HT2A and mGluR tags may
inform further studies of their function. In particular, the prefer-
ential labeling of 5-HT2A in the first neuropil of putative ring
neurons that form the LT compared with their axon terminals
in the EB suggests the possibility that dendritic rather than axo-
nal 5-HT2A receptors may be responsible for serotonergic mod-
ulation of these cells. Similarly, it is possible that the primary site
of activity of mGluR is the KC dendrites in theMBCa rather than
in the output neuropil that forms the lobes, given the
low expression of mGluR in the MB lobes. This information is
important because the subcellular site(s) of action for 5-HT2A,
mGluR, and, indeed, most other GPCRs in the fly are not
known. Their predicted localization to dendrites provides a
testable hypothesis about the site at which they regulate
neuronal activity.

Expression of serotonin receptors in lobular columnar cells
Labeling the constitutive 5-HT2B-ALFA allele, we detect three
neuropils corresponding to optic glomeruli (OG) whose mor-
phology matches those of the terminals of particular lobular
columnar (LC) cells (Wu et al., 2016): LC11, LC18, and
LPLC2, with lower expression in the LC12 glomerulus that is
more difficult to unambiguously distinguish from the back-
ground (Fig. 6A,B). Although we did not observe expression of
5-HT receptors in these glomeruli other than 5-HT2B using
the constitutive tags, we speculated that other receptors may be
expressed at lower levels and detected more easily using the con-
ditional tagging system. We selected LC12 to test this hypothesis
since our data on 5-HT2B already indicated that at least one
5-HT receptor was expressed at a relatively low level in these
cells. To determine whether LC12 might express 5-HT1A and/
or 5-HT2A in addition to 5-HT2B, we used our conditional
alleles in combination with a split-GAL4 driver specific for
LC12 (Wu et al., 2016). A myristoylated fluorophore was again
used as a control to mark the membrane of labeled cells as for
other labeling with the conditional alleles. We found that both
5-HT1A and 5-HT2A are expressed in LC12 (Fig. 6D–F).
Interestingly, 5-HT1A labeling appeared to be concentrated in
the OG relative to the dendritic neuropil in the Lob (Fig. 6C,
D). These data raise the possibility that, like 5-HT1A in the lobes
of the MBs, 5-HT1A may modulate neuronal activity at axonal
sites within the LC neurons.

Comparison of presynaptic serotonin reuptake sites with
postsynaptic receptors
Extrasynaptic serotonergic signaling and volume transmission
have been proposed to play a fundamental role in the regulation
of mammalian circuits (Descarries and Mechawar, 2000;
Kaushalya et al., 2008; Vizi et al., 2010; Borroto-Escuela et al.,
2015). In the absence of antibodies to map the location of
5-HT receptors, the distances between 5-HT release sites and
their postsynaptic versus more distal targets in the fly brain
have not been investigated. To facilitate the investigation of
this question using the tagged 5-HT receptors, we generated an
additional new marker for presynaptic serotonergic neurons
using the Drosophila plasma membrane serotonin transporter
(dSERT; Corey et al., 1994; Demchyshyn et al., 1994; Giang
et al., 2011). We cloned N-terminally HA–tagged SERT cDNA
and inserted it into the MI02578 MiMIC site in the endogenous
Drosophila Sert locus using recombinase-mediated cassette
exchange (Fig. 7A) as previously described (Li-Kroeger et al.,
2018). We then combined the tagged HA-SERT marker of pre-
synaptic tracts with the constitutively tagged 5-HT1A and
5-HT2B alleles and performed colabeling experiments.

We first examined the spatial proximity of 5-HT1A-ALFA and
HA-SERT signal in the MBs. We again observed enrichment of
5-HT1A-ALFA in the a lobe of theMB (Fig. 7B), with serotonergic
fibers in the outer shell as well as strong signal in areas surround-
ing theMB (Fig. 7B′). The serotonergic fibers likely correspond to
tracts originating from the serotonergic DPMcell and contralater-
ally projecting serotonin immunoreactive deutocerebral cells,
respectively (Pooryasin and Fiala, 2015; Scheffer et al., 2020).
We also observe HA-SERT labeling in the α′ lobe (Fig. 7B′),
although there is no corresponding enrichment of 5-HT1A in
this region.

To extend our observations to other receptors and other brain
regions, we examined the optic lobe, central complex, and OG.
The 5-HT2B receptor is expressed in the Med of the optic lobe
(Fig. 7C), and we have previously shown that when a tagged
5-HT2B transgene is expressed in laminar monopolar cell L2, it
is enriched in layer M2 (Sampson et al., 2020). Interestingly,
the serotonergic fibers labeled with HA-SERT appear to inner-
vate a relatively limited portion ofM2 that is closest to the surface
of the eye (Fig. 7C′) and do not appear to be adjacent to the
tagged receptors in other portions of this layer as would be
expected for canonical, synaptic signaling. In the EB, we observed
enrichment of 5-HT2B in both the inner and outer layers
(Fig. 7D). While HA-SERT labeling appeared proximal to
5-HT2B in the inner layers, we observed relatively fewer seroto-
nergic fibers in the outer layer (Fig. 7D′). Finally, we imaged
5-HT2B and HA-SERT alleles in the area surrounding the OG
that house the terminals of LC neurons. Interestingly, though
there is strong 5-HT2B signal in the LC glomeruli (Fig. 7E), we
observed very sparse immunoreactivity corresponding to presyn-
aptic serotonergic fibers (Fig. 7E′) as compared with the Med of
the optic lobe and the EB.

The surprising disconnect between the labeling of HA-SERT
and 5-HT2B near the LC glomeruli raised the possibility that ser-
otonin may be released at a site relatively distant from the target
receptors. SERT does not provide an accurate marker for presyn-
aptic release sites since it can be expressed more broadly within
serotonergic processes. Moreover, although SERT has been con-
sistently reported to mark the whole membrane of serotonergic
cells (Lau et al., 2010; Giang et al., 2011; Kasture et al., 2019;
Awasthi et al., 2021), it is possible that serotonin release might
occur at sites not detected by immunolabeling the reuptake
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transporter. To test this and to confirm that the HA-SERT label-
ing was indeed indicative of serotonergic innervation, we per-
formed additional experiments to label the serotonergic
processes within the region of the brain that houses the LC glo-
meruli. We crossed the broad serotonergic Tph-GAL4 driver
(Park et al., 2006) to a line bearing UAS-mCD8::GFP and
HA-SERT, such that the whole membrane of serotonergic cells
would be marked by GFP and could be compared with the signal
from the transporter. Surprisingly, though some of the LC glo-
meruli such as LC17 are innervated by serotonergic neurons, oth-
ers such as the adjacent LC12 appear to be devoid of processes
marked by HA-SERT or membrane-targeted GFP (Fig. 8A,B).
To further investigate the serotonergic innervation of the LC12
and 17 glomeruli, we then plotted these neuron skeletons from

the Drosophila hemibrain connectome (Scheffer et al., 2020)
and included the 5-HTPLP and 5-HTPMP cells that provide
most of the serotonergic innervation to the LC glomeruli
(Pooryasin and Fiala, 2015; Scheffer et al., 2020). Consistent
with the HA-SERT and Tph-GAL4>mCD8::GFP signal, the
area innervated by LC17 is penetrated by serotonergic fibers,
while LC12 is not (Fig. 8C). While further experiments will be
necessary, these data support the idea that the receptors in this
region may be activated by 5-HT that diffuses from relatively dis-
tant terminals or is perhaps neurohumoral in origin.

Pre- versus postsynaptic expression of 5-HT1A
In mammals, some aminergic receptors are expressed in presyn-
aptic nerve terminals as autoreceptors, which play a critical role

Figure 6. Expression of serotonin receptors in LC cells. A, Constitutive 5-HT2B-ALFA labeling shows enrichment in the FSB and OG. B, At higher magnification, the morphology of the OG
suggests they likely represent projections from LC11, LC18, LPLC2, and LC12. C–C′′ , Conditionally expressed 5HT1A-ALFA (green) is clearly present in the OG (white arrowhead) but more difficult
to detect in either the proximal processes (double black arrowhead) or distal dendrites (single black arrowheads) within the Lob. Membrane-bound TdTomato (magenta) is visible in both the OG
and Lo. D–D′′ , Higher-magnification view of the LC12 OG. E–E′′ , Conditionally expressed 5-HT2A is detectable in LC12. Labeling is clearly present in both the OG (white arrowhead) and proximal
processes within the Lo (double black arrowhead); it is also detectable above background in the distal dendrites (single black arrowheads). E–E′′ , High-magnification view of 5-HT2A in the LC12
OG. Scale bars, 10 μm.

Bonanno et al. • Tagged GPCRs J. Neurosci., August 14, 2024 • 44(33):e2377232024 • 11



Figure 7. Comparison of presynaptic serotonin reuptake sites with serotonin receptors. A, Schematic of the Drosophila Sert (SERT) genomic locus. The MiMIC insertion MI02578 between exons
3 and 4 in SERT contains an attP site. The N-terminally HA–tagged SERT coding sequence (CDS) was inserted into the attP site, preserving up- and downstream DNA regulatory regions. B–B′′ ,
Constitutive 5-HT1A-ALFA (green) and HA-SERT (magenta) were colabeled; the dorsal portion of α/α′ lobes are shown (B′ , dotted white lines). The 5-HT1A receptor is enriched in α (B, white
arrow) relative to α′ , while the density of HA-SERT appears higher in α′ (B′ , black arrow). Labelings of both 5-HT1A-ALFA and HA-SERT appear to be higher in the “shell” of α (B–B′′ , white
arrowheads), compared with those in the core (black arrowheads). Asterisks indicate HA-SERT labeling outside of the MB. C–C′′ , The constitutive 5-HT2B-ALFA allele (green) was colabeled with
HA-SERT (magenta). The Med shows areas in layer M2 that appear to colabel for 5-HT2B-ALFA and HA-SERT (C–C′′ , white arrowheads) and others in which the receptor is detectable, but
HA-SERT is not (C–C′′ , black arrowheads). D–D′′, The 5-HT2B (green) and HA-SERT (magenta) were imaged together in the EB. Both the receptor and HA-SERT are enriched in the inner ring(s) of
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in the regulation of neurotransmitter release (Richardson-Jones
et al., 2010, 2011; Newman-Tancredi, 2011; Andrade et al.,
2015; Milak et al., 2018). In Drosophila, mRNA studies suggest
that aminergic receptors are also expressed in presynaptic ami-
nergic neurons (Aso et al., 2019; Allen et al., 2020; Li et al.,
2022), but their subcellular distribution and function are poorly
understood. Even when available, using conventional antibodies
or tagged receptors can make it difficult to discriminate between
labeling of closely apposed pre- and postsynaptic proteins, which
is a significant concern in tightly packed neuropils.

To explore the expression and localization of pre- versus post-
synaptic 5-HT1A in theMBs, we first used the Janelia fly connec-
tome (Scheffer et al., 2020) to plot and quantify synapses to and
from themain serotonergic neuron that provides input to theMB
lobes, DPM (Fig. 9A–A′) which is both GABAergic and seroto-
nergic (Haynes et al., 2015), and synapses heavily onto all three
of the major lobes of the MB as well as accessory cells.
RNA-seq data suggest that DPM expresses 5-HT1A mRNA
(Aso et al., 2019), and its dense innervation of the MB indicates
that the detection of 5-HT1A autoreceptors might be impeded by
the high expression of postsynaptic 5-HT1A in the same region.

To test the hypothesis that 5-HT1A is an autoreceptor in
DPM and to determine its subcellular location, we used the
DPM-specific c316-GAL4 driver in conjunction with the condi-
tional receptor allele to restrict expression of 5-HT1A-ALFA.
We colabeled using the HA-SERT allele to compare the receptor
localization with that of presynaptic 5-HT reuptake sites.
5-HT1A localizes to presynaptic processes of DPM within both
α and α′ lobes, as does HA-SERT (Fig. 9B–B′′). To examine the
postsynaptic expression of 5-HT1A in the same region, we
crossed the conditional allele to OK107-GAL4 (Connolly et al.,
1996), a pan-KC driver that expresses roughly evenly across
α/β, α′/β′, and γ cells (Aso et al., 2009). Recapitulating transcrip-
tional data (Aso et al., 2019; Bonanno and Krantz, 2023),
5-HT1A-ALFA is detectable in both α and α′ (Fig. 9C–C′′), but
when normalized to myr:TdT in each lobe, it is enriched in α
(Fig. 9D).

To further explore the distribution of DPM synapses onto
each of the major cell types of the MB, we plotted its outputs
using the Janelia connectome of the fly brain (Scheffer et al.,
2020). DPM synapses heavily onto each of the three major KC
subtypes, with γ receiving the most (Fig. 9E). When the total
number of synapses for each type is normalized to the number
of cells per type (number of DPM synapses per postsynaptic
cell), however, the α′/β′ cells that express the lowest levels of post-
synaptic 5-HT1A receive the densest serotonergic innervation
from DPM (Fig. 9F). These data reinforce the idea that the rela-
tionship between the sites of 5-HT release and its postsynaptic
targets is complex and that the enrichment of presynaptic sero-
tonergic fibers does not necessarily match the enrichment of
any one specific postsynaptic receptor.

Discussion
Key questions in the cell biology of neurons include the cellular
and subcellular distribution of neuromodulatory receptors.
Historically, the answers have relied on the generation of highly

specific antibodies to receptors, but this has proven to be difficult
for mostDrosophila GPCRs. To address this issue, we exploited a
strategy recently used for ionotropic receptors (Sanfilippo et al.,
2023) to tag a number of GPCRs at their endogenous loci. The
5-HT1A-, 5-HT2B-, mGluR-, and OAMB-tagged alleles we have
generated largely recapitulate published data on the enrichment
of these receptors in particular brain regions (Han et al., 1998;
Panneels et al., 2003; Bogdanik et al., 2004; Devaud et al., 2008;
Kim et al., 2013; Deng et al., 2019). In lieu of custom antibodies
that are either in limited supply or are no longer available, the
tagged alleles render these targets once again accessible and
introduce the potential for conditional labeling experiments.
The comparison of the localization of tagged receptors with neu-
ropils identified using endogenous antibodies to OAMB and
mGluR indicates that tag placement in the third ICL of Class A
GPCRs and the extracellular domain of Class C GPCRs, respec-
tively, do not interfere significantly with receptor trafficking in
Drosophila. Additionally, our success in tagging the two different
protein isoforms of OAMB indicates that this strategy may be
used to tag other GPCRs with alternative isoforms.

Data obtained using the tagged receptors has addressed sev-
eral unanswered questions regarding their cellular expression
and subcellular localization. One fundamental question is
whether the receptor proteins are expressed in cells shown to
express their mRNAs either in RNA-seq or transcriptional
reporter studies, and we have indeed verified this for the subset
of GPCRs that we have examined (Aso et al., 2019; Holt et al.,
2019; Ament and Poulopoulos, 2023; Bonanno and Krantz,
2023). Importantly, previous efforts to define receptor-
expressing cells that use GAL4 drivers to express broad cytosolic
or plasma membrane markers do not necessarily match the
expression patterns observed when directly visualizing the recep-
tor. For example, the 5-HT2B-enriched LC glomeruli were not
reported using GAL4 reporters (Gnerer et al., 2015), and the
expression of Octβ1R in 23E10 cells was similarly obscured by
broad labeling of cell bodies and processes (McKinney et al.,
2020). Moreover, while the use of GAL4 drivers and RNA-seq
can reveal which cells may be enriched for particular receptors,
they do not provide information on subcellular targeting—a
key piece of information in neurons that often innervate multiple
major neuropils and can be regulated at multiple subcellular sites
including dendrites, axons, and nerve terminals.

A second critical question in the study of neuromodulatory
circuitry is the relationship between receptor expression and
functional studies. We have confirmed the localization of
5-HT1A, 5-HT2B, OAMB, and Octβ1R proteins to the MBs
and central complex in accordance with their demonstrated
requirement in these structures for sleep and learning (Yuan
et al., 2006; Modi et al., 2020; Zeng et al., 2023). In addition,
we have generated several new hypotheses based on the expres-
sion patterns we observe. The enrichment of 5-HT2A and
Octβ1R in specific layers of the FSB predicts the possibility of cor-
responding functional deficits in these circuits using receptor
loss-of-function perturbations. We also observe enrichment of
OAMB(K3) and Octβ1R in several different layers of the optic
lobe neuropils. Although the optic lobes are innervated by octo-
paminergic neurons and OA has been shown to regulate multiple

�
the EB (D–D′′ , white arrowheads), but relatively little HA-SERT label is present in the outer ring (D–D′ , black arrowheads). E–E′′, The 5-HT2B (green) and HA-SERT (magenta) were imaged
together in the region of the central brain that contains the OG of the LC cells. Few HA-SERT(+) puncta were visible in this region either within the OG visible here (E–E′′ , white arrowheads) or in
the adjacent areas (E–E′′ , black arrowheads). Scale bars, 10 μm.
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visual behaviors (Monastirioti et al., 1995; Aso et al., 2009; Jung
et al., 2011; Suver et al., 2012; Arenz et al., 2017; Cheng et al.,
2019; Städele et al., 2020), the function of specific OA receptors
in the fly visual system remains poorly defined. The enrichment
of OA receptors in specific regions of the optic lobe that we show
here may help to predict at which steps each one may regulate
visual information processing.

The localization of receptors to specific subcellular domains
also generates additional hypotheses. In particular, the presence
of 5-HT1A, 5-HT2A, and 5-HT2B in the nerve terminals of the
LC cells suggests the possibility that they may regulate local neu-
rotransmitter release at these sites rather than or in addition to
the dendritic neuropil in the Lob. Conversely, low expression
of mGluR in the lobes of theMBs suggests that previously defined
functions may rely on inputs to the dendritic field in the MB Ca.
The spatial separation of axons and dendrites in both LCs and
KCs highlights the feasibility of testing the effects of serotonergic
inputs to each subcellular domain by manipulating different sub-
sets of serotonergic neurons that target each region.

To further investigate the neuroanatomy of serotonergic
innervation, we have also generated a new tagged allele of
Drosophila SERT. We performed colabeling experiments using
HA-SERT with a subset of 5-HT receptors to explore the rela-
tionship between presynaptic serotonergic processes and their
presumptive postsynaptic targets. Future experiments using
higher-resolution optical methods such as tissue expansion and
super resolution microscopy will be needed to fully explore this
relationship, though even at a gross anatomical level the mis-
match between serotonergic innervation and receptor localiza-
tion in some areas is striking. The apparent mismatch between
presynaptic innervation and postsynaptic receptor is particularly
pronounced for 5-HT1A, 5-HT2A, and 5-HT2B in the LC glo-
meruli. In theMB, a precedent for nonsynaptic neuromodulatory
transmission has been reported for DA with an estimated diffu-
sional radius of ∼2 μm (Takemura et al., 2017). Together, these
observations suggest that similar to many mammalian circuits
(Özçete et al., 2024), some Drosophila 5-HT receptors are rela-
tively distant from serotonergic processes and that volume rather
than synaptic transmission may be the dominant mode of signal-
ing at these sites. Recognizing this distinction will be crucial for
understanding the mechanisms by which serotonin and other
neuromodulatory amines regulate circuit activity and behavior
since many molecular tools developed to study synaptic trans-
mission cannot be applied to extrasynaptic signaling processes.
In addition, for the vast majority of circuits and behaviors, the
contribution of synaptic versus nonsynaptic amine release is
not known, and significant differences have been identified in
the few instances when this has been explicitly examined
(Grygoruk et al., 2014).

Finally, we used the conditionally tagged 5-HT1A receptor to
separately visualize the pre- and postsynaptic receptor expression
in the MB lobes and revealed different expression patterns for
each. Identifying the location of aminergic autoreceptors has
been critical for understanding their function in mammals and

Figure 8. Serotonergic innervation of the LC glomeruli. All images are derived from the
same confocal stack. A, B, nc82 (magenta) was used to label major neuropils and thus
visualize the LC17 (A) and LC12 (B) glomeruli. A′ , B′ , The Tph-GAL4 driver was used to express
membrane-targeted GFP and thereby label serotonergic processes (green). Serotonergic inner-
vation of LC17 (A′) appears greater than LC12 (B′). A′′ , B′′ , HA-SERT (cyan) was used to cola-
bel the serotonergic processes. Relatively few labeled puncta are present in LC12 compared
with LC17. The intensity of A′′ and B′′ were altered to compensate for differences in back-
ground fluorescence. A′ ′′ , B′ ′′, Merged images from panels A–A′′ and B–B′′. C, The Janelia

�
hemibrain connectome was used to plot the morphology (skeletons) of the serotonergic
neurons that innervate the LC glomeruli [5-HTPLP, 5-HTPMP(R), 5-HTPMP(L)], and the OG
of both LC12 (light blue) and LC17 cells (orange). The field of view is rotated to top–
down (dorsoventral) so that both LCs can be visualized. Consistent with panels A–A′′ and
B–B′′, fibers from serotonergic neurons appear to penetrate into the core of the OG of
LC17 but not LC12. Scale bars, 10 μm.
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Figure 9. Conditional expression of 5-HT1A in pre- (DPM) and postsynaptic (KC) cells. A–A′ , The anatomy of the serotonergic DPM neuron including the indicated soma and projections into
the MB lobes (α/α′ , β/β′ , and γ) is shown in black, plotted as a “skeleton” from the neuprint connectome. The remaining portions of the MB not innervated by DPM including the posterior regions
of the peduncle (Pe) and the calyx (Ca) are shown in gray. The dorsal-most segments of the α/α′ lobes (α3 and α′3) are enclosed in dotted white lines here and in B and C below. B–B′′ , The α3
and α′3 segments of the α/α′ lobes are shown presynaptically labeled with the conditional 5-HT1A-ALFA allele (green) expressed in DPM. HA-SERT colabel (magenta) was used to mark the
presynaptic serotonergic membranes. Presynaptic 5-HT1A signal (B) is present in both α3 and α′3 and does not appear to be enriched in either lobe. HA-SERT (B′) appears enriched in α′3 (white
arrows) compared with that in α3 (black arrows). Asterisks denote HA-SERT signal outside of the MB. C–C′′, The conditional 5-HT1A-ALFA allele (green) was expressed postsynaptically in KCs. The
5-HT1A signal is clearly enriched in α3 (C, white arrows) relative to α′3 (C, black arrows). D, Quantification of the postsynaptic 5-HT1A receptor signal normalized to myr::TdT demonstrating the
enrichment of 5-HT1A in α3 relative to α′3. p= 0.01341 (paired t-test). E, Quantification of the number of DPM synapses onto each of the main cell types of the MB, using the connectome data
plotted in A. DPM primarily synapses onto KCs (γ, α/β,α′/β′) relative to other MB-extrinsic cells (MBONs, APL, PAMs, and PPLs). There are more synapses in total onto γ than other KC subtypes. F,
Quantification of the number of DPM synapses as in E but divided by the number of cells included in the analysis, per cell type (for each of the 3 KC classes). Though there are more synapses in
total onto γ than other KC subtypes, the number of synapses per cell is highest on α′β′ . Scale bars, 10 μm.
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to determine whether they regulate global excitability via activi-
ties within dendrites or act at nerve terminals to regulate neuro-
transmitter release more locally (Richardson-Jones et al., 2010,
2011; Newman-Tancredi, 2011; Andrade et al., 2015; Milak
et al., 2018). To our knowledge, this information has been absent
for Drosophila GPCRs but is essential for understanding the
functional consequences of mutating many aminergic receptors.
For example, mutation of 5-HT1A has been shown to disrupt
sleep in Drosophila (Yuan et al., 2006; Qian et al., 2017). While
genetic rescue experiments indicate that postsynaptic expression
in KCs can rescue some aspects of the phenotype (Yuan et al.,
2006), our data raise the possibility that presynaptic expression
of 5-HT1A in DPM could also contribute to changes in sleep
observed in the 5-HT1A mutant and perhaps other mutations
that affect serotonin and sleep (Qian et al., 2017; Knapp et al.,
2022).

The tagging strategy used in this study can be extended to
other GPCRs including those for DA, tyramine, peptide, musca-
rinic acetylcholine, and GABA-B receptors or other proteins
involved in neuronal signaling. Similar tagging strategies have
been used to tag some synaptic proteins such as vesicular trans-
porters (Williams et al., 2019; Certel et al., 2022a,b) and the com-
ponents of postsynaptic structures (Parisi et al., 2023), though
there are few examples of conditionally tagged receptor alleles.

Issues to consider in these and other labeling experiments
using tagged alleles include their fidelity to the endogenous pat-
tern of gene expression and the possibility of ectopic labeling.
Importantly, we did not observe any ectopic labeling due to
“leaky” expression of the KD recombinase transgene, i.e., we
did not detect receptor expression in cells not included within
the established pattern of the GAL4 driver used for the condi-
tional labeling experiments. Additional concerns include the
cross-reactivity of the anti-tag antibodies to endogenous antigens
and the potential need to subtract background below an arbitrary
threshold. For all tagged alleles, we included a negative control
using the tissue that did not express the tagged allele to detect
background labeling that might arise from endogenous antigens.
We detected negligible background using the anti-V5 antibody
but observed detectable background in the Lam of the optic
lobe using the anti-ALFA antibody (Extended Data Fig. 2-2A′).
While subtracting the background was not necessary to detect
a signal for any of the labelings shown here, it may be needed
in future experiments in which expression of the receptor is espe-
cially low, e.g., conditional labelings used to detect low levels of
expression in small subsets of cells.

In sum, we have generated a new set of tagged alleles for a sub-
set of GPCRs and established amethod that can be used to develop
conditionally and constitutively tagged versions of other related
proteins. Continued experiments using these tools to better under-
stand the distribution of neuromodulatory receptors of different
modalities across different cell types and brain circuits will be a
key complement to ongoing efforts to map neuronal connectivity
and the mechanisms by which circuits process information.
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