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Abstract

Octopamine, the invertebrate analog of norepinephrine, is known to modulate a large variety of
behaviors in Drosophilaincluding feeding initiation, locomotion, aggression, and courtship,
among many others. Significantly less is known about the identity of the neurons that receive
octopamine input and how they mediate octopamine-regulated behaviors. Here, we characterize
adult neuronal expression of MiMIC-converted Trojan-Gal4 lines for each of the five Drosophila
octopamine receptors. Broad neuronal expression was observed for all five octopamine receptors,
yet distinct differences among them were also apparent. Use of immunostaining for the
octopamine neurotransmitter synthesis enzyme Tdc2, along with a novel genome-edited
conditional 7dc2-LexA driver, revealed all five octopamine receptors express in Tdc2/octopamine
neurons to varying degrees. This suggests autoreception may be an important circuit mechanism
by which octopamine modulates behavior.
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1| INTRODUCTION

The vertebrate adrenergic system is integral to countless behavioral and physiological
processes, including stress response (Snyder & Silberman, 2019), metabolic maintenance
(Ciccarelli, Sorriento, Coscioni, laccarino, & Santulli, 2016), and neuropsychiatric diseases
(Langer, 2015; Sallee, Connor, & Newcorn, 2013). Adrenergic signaling occurs via the
release of adrenaline (epinephrine) and noradrenaline (norepinephrine). Both adrenaline and
noradrenaline exert their various effects by binding to G-protein coupled receptors (GPCRS).
These receptors are classified as either a-adrenergic or f-adrenergic and trigger numerous
downstream signaling events, including the activation of protein kinases and increased gene
transcription, through the second messengers cyclic AMP (CAMP) and calcium (Ca2*)
(Ciccarelli et al., 2016; Cole & Sood, 2012; Santulli & laccarino, 2013; Vaniotis et al.,
2011). In addition to the complexity of downstream signaling, the location of adrenergic
receptors is multifaceted with receptors located presynaptically as well as postsynaptically
(Langer & Angel, 1991). While many studies in recent decades have examined the role of
postsynaptic adrenergic receptors, the impact of presynaptic receptors, or autoreceptors, on
circuits that regulate behavior and as targets for drug discovery remains poorly examined.

Drosophila melanogaster offers several advantages to investigating adrenergic receptor
localization and function including a sophisticated genetic toolbox, a simpler nervous
system, and a reduced number of neurotransmitter receptors as compared to vertebrates. In
Drosophila, octopamine (Oct), the structural analogue of norepinephrine, is synthesized
from the amino acid tyrosine via the action of tyrosine decarboxylase (Tdc) and tyramine-R3-
hydroxylase (Roeder, 1999). Oct exerts its effects by binding to Oct receptors (OctRs),
including five adrenergic-like receptors in Drosophila: two a-adrenergic-like GPCRs
(OAMB and Octa.2R) and three p-adrenergic-like GPCRs (Octp1R, Octp2R, and Octp3R)
(Balfanz, Strunker, Frings, & Baumann, 2005; El-Kholy et al., 2015; Evans & Maqueira,
2005; Han, Millar, & Davis, 1998; Maqueira, Chatwin, & Evans, 2005; Qi et al., 2017).

Presynaptic autoreceptors provide a retrograde transfer of information mediated by the
released transmitter of the presynaptic neuron and can perform autoregulatory functions in
neurotransmission. For example, at the Drosophila neuromuscular junction (NMJ),
activation of Octp2R autoreceptors is required for the growth of Oct arbors during
development and in response to starvation, while the inhibition of this synaptic growth
depends on the autoreceptor function of Octp1R (Koon et al., 2011; Koon & Budnik, 2012).
Autoreception may also provide a critical component in regulating the activity of neurons
that release more than one neurotransmitter, neuropeptide or neuromodulator, such as
neurons expressing dopamine and the vesicular glutamate transporter (Aguilar et al., 2017).
Most recently, it has been shown that the majority of octopaminergic neurons also express
glutamate (Sherer et al., in press). As dual neurotransmitter usage is now recognized to
occur throughout the nervous system of invertebrates and vertebrates (Hoopfer, 2016;
Nassel, 2018; Seal & Edwards, 2006; Vaaga, Borisovska, & Westbrook, 2014), elucidating
the role of the corresponding neurotransmitter receptors, including as autoreceptors, is
important for understanding of the functionality of dual transmitter neurons.

J Comp Neurol. Author manuscript; available in PMC 2021 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McKinney et al.

Page 3

As a precursor to addressing the functional impact of OctR presynaptic and postsynaptic
signaling on Oct transmission, we first sought to determine the neuronal expression patterns
of Drosophila OctRs. Our approach was to generate Trojan-Gal4 lines for CAMB, OciB1R,
OctB2R, and OciB3R through MiMIC conversion (Diao et al., 2015). MiMIC converted
Gal4 drivers faithfully recapitulate the cellular expression of their corresponding genes
(Diao et al., 2015) as they are located at the endogenous chromosomal locus of their
respective genes and thus the complete regulatory region of each gene directs their
expression. Here, we characterized the adult central nervous system expression patterns of
each new OctR-Gal4 line along with the Octa 2R Trojan-Gal4 from the Gene Disruption
Project (Li-Kroeger et al., 2018), and examined OctR autoreception expression in Tdc2
neurons. To further refine our autoreceptor analysis, we generated new intersectional genetic
tools for 7dc2and the Drosophila non-NMDA ionotropic glutamate receptor OmG/luR1A
(Ultsch et al., 1992) to provide a genetic means of identifying co-expression with OctRs.
Each OctR exhibited unique autoreceptor expression patterns using both antibody staining
and genetic approaches. We also identified a number of neurons co-expressing OctRs and
GIuRIA, thus indicating the potential convergence of dual Oct-glutamate signals to the same
downstream target neurons. Our new tools provide novel intersectional methods to use in
further identifying and understanding the complexities of adrenergic receptor signaling and
localization.

2| MATERIALS AND METHODS

Plasmid construction

The pCFD4-Tdc2 and pCFD4-GIluRIA double guide RNA plasmids were generated as
previously described (Port, Chen, Lee, & Bullock, 2014). Targeting sequences included in
PCFD4-Tdc2 guide RNAs are CATAATAAAGCTCACCGT and
AAATCTTTTATAGGACGA. Targeting sequences included in pCFD4-GIluRIA guide RNAS
are GGCGAGCC CAGGCGAATT and GCCATGGCTCGTTGGGGA. Donor plasmids
were constructed with NEBuilder HiFi (New England Biolabs) in the vector pHSG298
(Takara Biosciences). The complete sequences of all donor plasmids are shown in
Supplemental Information.

The 20XUAS-DSCP-KD, 20XUAS-B3, 10XQUAS-DSCP-His2B-mCherry, and 10XUAS-
DSCP-HIsZA-GFPexpression clones were assembled using Gateway MultiSite cloning as
previously described (Petersen & Stowers, 2011). The L1-10XQUAS-DSCP-L5 entry clone
was generated using the L7-70XQUAS-L4 entry clone (Petersen & Stowers, 2011) as
template such that the Asp70 minimal promoter was replaced with the Drosophila synthetic
core promoter (DSCP) (Pfeiffer et al., 2008). The table below includes fly lines created for
publication in this article.
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Genome-edited Fly Strains
B3RT-Tdc2-LexA
KDRT-GIURIA-QF2

Transgenic Fly Strains Landing Site
LexAop2-6XmCherry JMK66B
UAS-His2A-GFP VK18 (53B), VK5 (75A)
LexAop2-His2B-mCherry JMK66B

UAS-KD VK18 (53B)

UAS-B3 VK31 (62E)
QUAS-His2B-mCherry VK2 (28E)

Genome editing

The pCFD4-Tdc2 guide RNA plasmid was co-injected with the B3R7-TDC2-LexA donor
plasmid into embryos of strain nos-Cas9 TH_attP2 (Ren et al., 2013) by Bestgene, Inc. The
surviving adults that were injected as embryos were crossed to yw; UAS-B3, n-syb-GAL4,
LexAop2-6XmCherry and genome-edited B3R7-TDC2-L exA chromosomes were identified
by fluorescence. The observation that the B3RT-Tdc2 female is homozygous sterile suggests
the function of the 7dc2gene is likely disrupted prior to excision as this is the phenotype of
the octopamine null mutant (Monastirioti, 2003). Nevertheless, B3RT-TdcZ remains a
reliable and valid tool for identifying Tdc2 neurons. The pCFD4-GluRIA guide RNA
plasmid was co-injected with the KDRT-G/uRIA-QF2 donor plasmid into embryos of strain
nos-Cas9 TH_attP40 (Ren et al., 2013) by Bestgene, Inc. The surviving adults that were
injected as embryos were crossed to yw; N-syb-GAL4, UAS-B3, LexAop2-6XmCherry and
genome-edited KDRT-GIuRIA-QF2 chromosomes were identified by fluorescence.

Germline excisions and inversions

Germline excisions were generated by crossing B3RT-Tdc2-LexAto yw; nos-GAL4; UAS-
DSCP-B3and KDRT-GIuRIA-QF2to yw;, nos-GAL4, 20XUAS-DSCP-KD. Progeny males
of the appropriate genotype were crossed to a second chromosome balancer stock to
generate individual flies with potential germline excisions. Germline excisions were
identified by taking individual males from the first balancer cross and crossing them to a
13XLexAop2-6XmCherry-HA or 10XQUAS-6XmCherry-HA fluorescent reporter and
screening directly for fluorescence. Balanced fly stocks containing the desired germline
excised or inverted chromosomes were established from progeny of positive single male
Crosses.

Fly strains/MiMIC lines

A table of original fly lines used in this paper can be found in the Supplemental Information.
Flies were raised on standard cornmeal, yeast and agar food at 25°C and occasionally kept at
18°C after sorting and prior to dissection. MiMIC lines OAMB (BDSC #57940); OctB1R
(BDSC #42119); OctB2R (BDSC #59133); OctB3R BDSC #43050) were converted to
Trojan-Gal4 lines following recombinase-mediated cassette exchange as described in Diao et
al. (2015). OctaZR-Gal4 (BDSC #67636), vGlut-Gal4 (BDSC #60312) Tdc2-Gal4-AD
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(BDSC #68264) and vG/lut-Gal4-DBD (BDSC # 60313), and UAS-CD8-mCherry (F.
Schnorrer, BDSC# 27392) were obtained from the Bloomington Drosophila Stock Center.

2.1 | Immunostaining—Immunostaining was performed as previously described (Certel
& Thor, 2004). Primary antibodies and dilution factors: The SYN (3C11) mAb 1:50
developed by Buchner (Klagges et al., 1996), anti-bruchpilot (nc82) mAb 1:30 developed by
Buchner were obtained from the Developmental Studies Hybridoma Bank, created by the
NICHD of the NIH and maintained at The University of lowa, Department of Biology, lowa
City, 1A 52242; rabbit Abfinity anti-GFP (Thermo-Fisher) 1:400, mouse anti-GFP 3E6
(Thermo-Fisher) 1:200, rat anti-mCherry 16D7 (Thermo-Fisher) 1:400, rabbit anti-mCherry
(Abcam ab213511) 1:500, mouse anti-mCherry 1:400 (Biorbyt orb256058); rat anti-GFP
8H12 (Kerafast) 1:200; rabbit anti-Tdc2 (pab0822-P, Covalab) 1:400 and 1:200). Secondary
antibodies and dilution factors: donkey anti-mouse Alexa 488 (Jackson Immunoresearch
715-546-151) 1:400; goat anti-rabbit Alexa 488 (Thermo-Fisher A32731) 1:400; donkey
anti-rat Alexa 488 (Jackson 712-546-153) 1:400; goat anti-rabbit JF549 (Novus
NBP1-72732JF549) 1:200; donkey anti-mouse JF549 (Novus NBP1-75119JF549) 1:200;
goat anti-rat JF549 (Novus NBP1-75398JF549) 1:200; goat anti-rabbit JF646
(NBP1-72732JF646) 1:200; donkey anti-mouse JF646 (Novus NBP1-75119JF646) 1:200,
and goat anti-rat JF646 (Novus NBP1-75398JF646) 1:200.

3| RESULTS

Earlier generation OctR-Gal4 drivers utilized only one to three kilobases of OctR promoter
regions (EI-Kholy et al., 2015), even though each of the OctR genes span tens of kilobases in
the Drosophila genome. As such, the respective regulatory regions are likely more extensive,
making it probable that existing OctR-Gal4 lines provide incomplete OctR expression
patterns. Additionally, as with all transgenes, the existing OctR-Gal4 lines are potentially
subject to position effects associated with transgenic insertion sites. To more accurately
recapitulate the complete neuronal expression pattern of Drosophila OctRs as a precursor to
functional studies, we generated Trojan-Gal4 lines for OAMB, Oci1R, OciB2R, and
OciB3R using the previously described cross scheme (Diao et al., 2015) and examined their
expression patterns using both nuclear (UAS-His2ZA-GFP, Figure 1al-a5) and plasma
membrane (UAS-CD-mCherry; Figure 1c1-c5) markers. These drivers likely are complete
and accurate reporters of the transcriptional expression of their respective OctR genes since
the Trojan-GALA4 lines are located at the endogenous genomic location of each OctR gene
within coding introns common to all isoforms (Figure 1b1-b5). As such, they represent the
“gold standard” for reporting on the complete expression pattern of a gene (Diao et al.,
2015). It is worth noting, however, that translational regulation of OctR protein expression
cannot be ruled out and thus could differ from the patterns reported here using fluorescent
reporters. Additional advantages of these lines include the absence of position effects and
the detection of OctR gene expression with higher sensitivity and higher fidelity.

3.1| Tdc2 and OctR co-expression

To assess the possibility of OctR autoreception in the central brain, we mapped OctR
expression in octopaminergic neurons using two approaches. First, we expressed a UAS-
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driven nuclear GFP reporter via the individual OctR-Gal4 lines and analyzed Oct/tyramine
co-expression with an antibody against Tdc2. As Oct is synthesized from the amino acid
tyrosine via the action of Tdc2 and Tph in invertebrates (Cole et al., 2005), the Tdc2
antibody (Meiselman, Kingan, & Adams, 2018; Pauls, Blechschmidt, Frantzmann, El Jundi,
& Selcho, 2018; Pech, Pooryasin, Birman, & Fiala, 2013) recognizes neurons that express
Oct and/or tyramine (hereafter “Tdc2+ neurons” for simplicity).

Second, we utilized a novel intersectional genetic method to label Tdc2-expressing neurons
and determine co-expression with each OctR-Gal4 driven reporter. For each OctR-Gal4, at
least 25 adult brains were examined per genotype and the representative nuclear expression
pattern in anterior and posterior sections is shown. Results from both methods revealed
significant coexpression of Tdc2 and OctR’s, suggesting putative locations for
autoreception.

3.2 | Oct a-adrenergic receptors: OAMB and Octa2R

Oct neurons in the adult Drosgphila brain are located in discernible clusters (Busch et al.,
2009) throughout anterior and posterior sections (Figure 2al-a3). Our newly generated
OAMB-Gal4 line drives nuclear GFP expression as expected in the mushroom body Kenyon
cells (EI-Kholy et al., 2015; Han et al., 1998) as well as broadly throughout the rest of the
brain (see Figure 2b—g3) and VNC (Figure 2h1-i3). In anterior sections of the brain, Tdc2
and His2A-GFP nuclear expression driven by OAMB-Gal4 (henceforth OAMB > His2A-
GFP) are co-expressed within the ASM cluster of Tdc2+ neurons (Figure 2c1-c3, closed
arrows), which is located superior to the antennal lobes (AL) (Figure 2a2). Within this
cluster, OAMB > His2A-GFP was not found in two pairs of Tdc2+ neurons (Figure 2c1-c3,
open arrows). Tdc2 and OAMB > His2A-GFP were co-expressed in the VL neurons, located
between the AL and the ventrolateral protocerebrum (Figure 2a2, see Figure 7). Co-
expression was not detected in the anterior or posterior subesophageal ganglion (SEZ;
Figure 2d1-d3, f1-f3, open arrows) or in the PB1 cluster of Tdc2+ neurons in the posterior
superior medial protocerebrum (PSMP; Figure 2g1-g3, open arrows).

Similar to OAMB, we found OctaZ2R-Gal4 driven His2A-GFP (OctaZR > HisZA-GFP)
expression widespread throughout the brain (Figure 3a,b) and VNC (Figure 3e1-f3).
OctaZR > His2A-GFP| Tdc2 co-expression was seen within the majority of ASM Tdc2+
neurons, and in the SEZ and AL2 neurons (Figure 3c1-c3, closed white arrows).
Examination of single confocal sections of the VNC revealed a number of neurons showing
co-expression with Tdc2 (Figure 3f1-f3, closed white arrows) and a number of Tdc2+
neurons lacking His2A-GFP expression (Figure 3f1-f3, closed white arrow). In contrast to
the absence of OAMB/Tdc2 co-expression in the SEZ, OctaZR > HisZA-GFPis co-
expressed in the majority of Tdc2+ neurons in the SEZ (Figure 3c1-d3, closed arrows) with
the exception of one pair in the posterior SEZ (Figure 3d1-d3, open arrows). Co-expression
was also detected in the PSM and VL clusters (see Figure 7). The identification of distinct
clusters of alpha-adrenergic autoreceptor expression indicates potential key areas of
functional differences.
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3.3| Oct Badrenergic receptors: OctBlR, OctB2R, and OctB3R

His2A-GFP expression driven by Ocif1R-Gal4 (OctBIR > HisZA-GFP) was widespread
throughout the central brain, including the Kenyon cells (Figure 4a,b), and the VNC (Figure
4f1-g3). In contrast to OAMB, Tdc2 and Oct1R > HisZA-GFPwere co-expressed in the
AL1, PB1 and VM clusters of Tdc2+ neurons (Figure 4c1-d3). Within the AL clusters, there
were a number of co-expressing neurons (Figure 4c1-c3, closed arrows) and at least one
neuron with no co-expression (Figure 4c—c2, open arrow). In the posterior and anterior
sections of the SEZ, OctB1R > HisZ2A-GFP exhibited co-expression with Tdc2 (Figure 4e—
e2). At least one neuron in the VNC of OciBIR > HisZA-GFP co-expressed with Tdc2
(Figure 4f1-f3, closed white arrow) while the majority of neurons in the VNC did not co-
express with Tdc2 (Figure 4g1-g3, open white arrow).

OctB2R-Gal4 driven His2A-GFP expression (OctB2R > His2A-GFP, Figure 5a—c) was
detected with Tdc2 in all Tdc2+ neuron clusters in the adult brain (Figure 5d-h2) and only
one neuron in the VNC (Figure 5i1-j3, closed white arrow). Several pairs of Tdc2+ neurons
in the ASM cluster co-expressed Tdc2 and OctB2R > HisZA-GFP, with at least one pair
negative for co-expression (Figure 5d1-d3). A significant amount of co-expression was
observed in the AL2 cluster of the AL (Figure 5e1-e3, closed white arrows), however
OctB2R > His2ZA- GFP was not detected in AL1 neurons (Figure 5el-e3, open arrows). At
least two VM neurons in the SEZ co-expressed OciB2R > HisZA-GFPand Tdc2 (Figure
5g1-93), with co-expression also seen in PB1 cluster of the PSMP region (Figure 5h1-h3,
closed white arrow).

Figure 6 illustrates the widespread neuronal expression of His2A-GFP driven by the
OclB3R-Gal4 (OctB3R > His2A-GFP, Figure 6a,b). OctB3R > His2A-GFP co-expression
with Tdc2 was detected in several Tdc2+ neuronal clusters, including both the anterior and
PSMP of adult brains (Figure 6c1-d3, closed white arrows) and in at least one neuron in the
VNC (Figure 6f1-f3, closed white arrow). Lack of co-expression was also seen in the PSMP
(Figure 6d1-d3, open white arrows) and in the VNC (Figure 6f1—f3, open white arrows).

3.4 | Sexdifferences in OctR-Gal4 expression

Levels of Octa2R mRNA in particular have been reported to be higher in males than
females (Qi et al., 2017). This difference could reflect a greater number of Octa.2R-
expressing neurons in males or sex-specific differences in gene expression. We thus decided
to examine differences between males and females in every OctR-Gal4 line and also observe
any differences in their co-expression with the Tdc2 antibody (Figure 7). While neuron
count was not quantified, no gross differences in Gal4> HisZA-GFP expression patterns
were seen between males and females (Figure 7al-j2). However, we did determine Octa2R
> HisZA-GFPexpression in females co-localized with Tdc2 in the posterior SEZ (Figure
7d2, closed white arrow) while in males Octa 2R > His2A-GFP expression was not
detectable in this pair of Tdc2+ VM neurons (Figure 7c2, open white arrow). These results
indicate potential sex-specific differences in a-adrenergic autoreceptor expression and
suggest an area for further study. In summary, we have generated new OctR-Gal4 lines and
determined each OctR has the potential to serve an autoregulatory function due to co-
expression within distinct Tdc2+ clusters.
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B3RT-Tdc2-LexA intersectional genetics confirms potential autoreceptor locations

As shown above with the MiMIC OctR-Gal4s, distinct presynaptic receptor expression was
observed for each OctR. To independently assess the overlap of OctR expression with Tdc2+
neurons, a variant of 7dc2, B3RT-Tdc2-LexA (hereafter B3RT-Tac2), was developed via
CRISPR/Cas9 genome editing (see Section 2). B3RT-Tdc2 incorporates one B3 recombinase
target site, B3RT, (Nern, Pfeiffer, Svoboda, & Rubin, 2011) into the 5" untranslated region
(UTR) of the Tdc2genomic locus, and a second B3RT adjacent to the coding sequence of
the LexA transcription factor in an intron between the first two coding exons (Figure 8a).
Prior to excision of the DNA between the B3RTs, LexA is not expressed, but after excision,
a 7Tdc2-LexA driver results. Thus, intersectional expression between any Gal4 driver and
Tdc2 neurons can be revealed using B3R7-Tdc2 in combination with a UAS-B3
recombinase transgene and a LexAop reporter. Since B3RT excisions are effectively
permanent, any neurons experiencing excisions during development will retain those
excisions in the adult, even if Gal4 expression is not maintained. LexAop reporter expression
that does not also show UAS expression may thus be observed with some Gal4 drivers as a
result of excisions that occurred during development. No LexAgpZ2 reporter expression was
detected in the absence of a Gal4 driver (Figure 8b), thus indicating neither the UAS-B3
recombinase nor LexAop2-6XmCherry reporter exhibits leaky expression.

To assess whether the B3RT-Tdc2 recapitulates endogenous expression of 7dc2, a germline
excision of B3RT-Tdc2 was generated and the resulting LexAop2-6XmCherry reporter
expression was compared to endogenous Tdc2 protein expression. Neuronal expression of
the 6XmCherry reporter recapitulates Tdc2 expression (Figure 8c1-c3), as expected for
genome editing at the endogenous chromosomal locus of 7dc2with its complete regulatory
region. A similar 7dc2 neuronal expression pattern was also observed upon panneuronal
excision using the n-syb-Gal4 driver and the LexAop2-His2Bm-Cherry reporter (Figure
8d1-d3), thus indicating B3 recombinase-mediated excision occurs with a high level of
efficiency.

After verifying that both the germline excision and pan-neuronal excision of B3RT-Tdc2
closely recapitulated endogenous Tdc2 expression, we utilized this method to further assess
overlapping expression of Tdc2 and OctRs. To visualize 7dc2and OctR co-expression, we
utilized the same UAS-HisZA-GFPnuclear reporter for all OctR-Gal4s and the LexAopZ2-
HisZBCherry nuclear reporter to reveal conditional B3RT-Tdc2 expression (Figure 6e1-f3,
Figure 7). B3RT-Tdc2> His2B-mCherry labeled a similar pattern of neurons in the
intersection of the OAMB-Gal4 and B3RT-Tdc2 as was seen with the Tdc2 antibody (Figure
8el-e3, compare to Figure 2b—g3), including the VL neurons and those within the ASM
cluster. Likewise, driving B3 recombinase with OctaZR-Gal4 resulted in co-expression of
His2B-mCherry and His2A-GFP in both pairs of VL neurons, as well as neurons within the
AL, the ASMP and PSMP clusters, and the SEZ (Figure 8f1-f3).

B3RT-Tdc2also corroborated the overlapping expression of Tdc2 with each OctBR-Gal4
(Figure 9al-c3), demonstrating co-expression in the PSMP, ASMP, AL (with OciB3R
exhibiting the least on average, of the OctBR-Gal4s; see Figure 9b), and VM clusters of
Tdc2+ neurons, closely recapitulating results seen with the Tdc2 antibody and OctR co-
expression in Figures 4-7. Using the nuclear reporters with the B3R7-Tdc2 method also
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allowed us to manually count co-expressing OctR-Tdc2 neurons with greater ease than with
antibody staining (Figure 10). In the ASMP, Octa2R-Gal4 had the lowest average of co-
expressing neurons (Figure 10a), though Octa 2R-Gal4 showed the highest average of co-
expression in the antennal lobe, followed by OctB1R-Gal4 (Figure 10b). In the SEZ,
OAMB-Gal4 had the lowest average of co-expressing neurons with B3RT7-Tdc2, with
Octa2R-Gal4 again having the highest average, followed by OciB2R-Gal4. All OctR-Gal4s
co-expressed neurons in low numbers in the PSMP, with OAMB-Gal4 co-expressing the
least on average (Figure 10d). However, within the lateral clusters of the Tdc2+ neurons,
OcilB2R-Gal4 co-expressed the least (Figure 10e). In summary, B3R7-TdcZ2 independently
confirms the co-expression observed using the Tdc2 immunostaining approach and also
demonstrates its utility for identifying 7dc2 neurons whose expression overlaps that of a
Gal4 driver of interest.

3.6 | Intersectional genetics reveals co-expression of two types of receptors

We recently demonstrated that Oct neurons in the adult brain co-express the Drosophila
vesicular glutamate transporter (dVGlut) (Sherer et al., in press) (Figure 11a). In addition,
single-cell transcriptomics data demonstrate a high percentage of mid-brain Oct-expressing
neurons also express markers for dVGlut (Croset, Treiber, & Waddell, 2018). The functional
capabilities of such dual neurotransmission neurons are complex. For example, the
postsynaptic response to Oct and glutamate may be determined by neurons expressing
receptors for one or both neurotransmitters. In an initial attempt to determine whether
glutamate and octopamine receptors are expressed in the same neurons, co-expression
between OctRs and the Drosophilanon-NMDA ionotropic glutamate receptor, GIURIA
(Ultsch et al., 1992) was investigated.

As the intersectional genetic approach provides a powerful means to assess co-expression,
we used CRISPR/Cas9 genome editing to generate a conditional G/uRIA allele, KDRT-
GIluR1A-QF2 (hereafter KDRT-GIluR1A,) at the endogenous GIuR1A chromosomal locus.
KDRT-GIuR1A is analogous to B3RT-Tdc2 described above except it uses KD recombinase
target sites (KDRTs) (Nern et al., 2011) and the QF2 transcription factor (Riabinina &
Potter, 2016). KDRT-GIuR1A contains one KDRT inthe 5" UTR and a second KDRT with
adjacent QF2 coding sequences in the intron between the first two coding exons of GIuR1A.
Prior to excision, the QF2 driver is not expressed (Figure 11b). However, after pan-neuronal
KD recombinase-mediated excision using the n-syb-Gal4, a GIuR1A-QF2driver is created
that expresses broadly in the optic lobes and sparsely in the central brain (Figure 11c1,c2).
This pattern is highly similar to the pattern observed in a KDRT-G/uR1A germline excision
(Figure 11d), indicating KD recombinase-mediated excisions occur with high efficiency.
KDRT-GIuRIA can thus be used to reveal intersectional expression of any Gal4 driver with
GIuRIA neurons. Additionally, KDRT-G/uR1A can be used to remove GIuR1A receptor
function in individual neurons.

Images demonstrating the intersection of the expression of OctR > HisZA-GFPand KDRT-
GIURIA > His2B-mCherry in anterior sections of the brains are shown in Figures 11 and 12.
The OAMB receptor and KDRT-GIuRIA are co-expressed in neurons surrounding the SEZ,
a region that contains many Oct neurons and receives chemosensory information, as well as
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two neurons in the superior medial protocerebrum (SMP) and four neurons within the
periesophageal neuropils (PENP) (Figure 11el-e3, closed white arrow). OctaZR > HisZA-
GFPneurons that co-express KDRT-GIuRIA > His2B-mCherry are also found in the central
brain within the medial area of the SEZ as well as SMP and PENP neurons (Figure 1113,
closed white arrow).

The co-expression of OciBR’s and KDRT-GIuRIA ranges from a small number of neurons to
widespread co-expression (e.g., OciB3R-Gal4), suggesting the possibility of key differences
in neurons that have the potential to respond to both octopamine and glutamate signaling
(Figure 9). KDRT-GIuRIA and Oci1R or KDRT-GIuRIA and OctB2R were co-expressed in
neurons located in the SEZ and ventro-medial to the AL (Figure 12al-b3, closed white
arrows). Ocl3R and KDRT-GIuRIA are broadly co-expressed in the central brain and optic
lobes (Figure 12¢1-d3, closed white arrows). Co-expression was observed in the SMP, the
superior lateral protocerebrum, the PENP, and posterior lateral protocerebrum (Figure 12d1-
d3). The OctB3R-Gal4 was the only OctR that showed substantial co-expression with
KDRT-GIuRIA in the posterior sections of the brain (Figure 12d-d2). These results indicate
widespread differences in the co-expression of OctRsand GIuRIA.

As these results indicate substantial evidence for Oct autoreceptor usage, we decided to also
investigate GIURIA potential autoreception within Oct-Glut dual transmitting neurons seen
in Figure 11a. Although less common, glutamate receptors have also been known to function
as autoreceptors (Pittaluga, 2016). A Tdc2-/vGlut- split Gal4 line, which labels all neurons
expressing both 7ac2and vG/ut (Figure 9e3), crossed to our KDRT-GIuRIA labeled an
average of 11.5 dual transmitting neurons in the SEZ that also express G/uRIA (Figure
12e1-e3, closed white arrows, 7= 6). This result indicates these dual transmission SEZ
neurons may use presynaptic glutamate receptors as autoreceptors. The schematic in Figure
10 offers plausible scenarios for both pre- and postsynaptic signaling from dual transmission
neurons. On the presynaptic side (Figure 13a—c), synaptic vesicles of dual transmitting
neurons may release neurotransmitters from the same (Figure 13a) or separate (Figure 13b,c)
synaptic vesicles and this release may also be spatially segregated (Hnasko & Edwards,
2012). Our results demonstrate Oct presynaptic receptor localization, which is likely utilized
for autoreceptor presynaptic signal regulation as seen in Figure 13a,c. Our data also suggest
the possibility of a presynaptic glutamate autoreceptor (Figure 13a). Downstream from dual
Oct-Glut neurons, postsynaptic neurons may express receptors for Oct or Glut (Figure 13b,c)
or as our results also indicate, downstream neurons can express both an OctR and a GIUR,
(Figure 13a). Using the new intersectional genetic tools described here, further studies will
be able to address the function of presynaptic and postsynaptic receptor localization on
octopamine signaling.

4| DISCUSSION

In this study, we used MiMIC Trojan-Gal4 lines for each of the five OctRs to characterize
OctR expression in Drosophila. Broad expression of each OctR receptor was observed
throughout the adult brain and VNC, including in Tdc2/Oct neurons. These results were
independently substantiated using the conditional 7dc2-LexA driver B3RT-Tdc2that allows
assessment of intersectional expression between any Gal4 driver and 7dcZneurons. While it
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is possible that OctR distribution in Oct neurons is not presynaptic, results from vertebrates
suggest autoreceptor modulation is likely (Cragg & Greenfield, 1997; Starke, 2001,
Trendelenburg et al., 2003), even in dual neurotransmitter neurons (Takacs et al., 2018).

In the case of autoreception, the released neurotransmitter may activate the autoreceptor to
regulate secretion of that same transmitter by either inhibiting or facilitating its release.
Thus, autoreception brings a key regulatory aspect to neurotransmitter signaling that
significantly impacts synaptic transmission, circuit output, and behavior (Choi et al., 2012;
Koon et al., 2011; Koon & Budnik, 2012; Langer, 2015). In Drosophila, receptors for the
neuropeptide peptide dispersing factor (PDF) are expressed in and required by PDF-
expressing lateral ventral pacemaker neurons (LNv’s) to shift the balance of activity from
evening to morning (Choi et al., 2012). Serotonin regulates neurite outgrowth in an autocrine
manner in Helisoma (Diefenbach, Sloley, & Goldberg, 1995) and in the ventral nerve cord of
Drosophila larvae (Sykes & Condron, 2005). At the Drosophila NMJ, the growth of Oct
arbors during development and in response to starvation requires the activation of Octp2R
autoreceptors, while the inhibition of synaptic growth depends on OctB1R on presynaptic
motorneurons (Koon et al., 2011; Koon & Budnik, 2012).

As Oct functions in such diverse capacities in invertebrates, the capability of an Oct neuron
to presynaptically modulate its own release could have significant impacts on downstream
circuit targets. For example, Tdc2+ neurons are required to promote aggression (Zhou, Rao,
& Rao, 2008) and inhibit inter-male courtship (Andrews et al., 2014; Certel et al., 2010). Oct
autoreceptors on these neurons may function to provide negative feedback to inhibit either
aggression or courtship, depending on the social situation. While we investigated OctR
expression in Oct neurons, the presence of other neurotransmitter receptors on Tdc2+
neurons may additionally affect computational output from these neurons, affecting a variety
of systems in the fly. Our novel B3RT7-Tdc2 intersectional genetic tool allows future studies
of other neurotransmitters or neurotransmitter receptors inputs in Tdc2+ neurons as it can be
used in conjunction with any available Gal4 driver.

In such an investigation of Tdc2 expression with other neurotransmitters, we recently
identified a subset of Tdc2+ neurons that also utilize glutamate (Sherer et al., in press).
Glutamate is the major excitatory neurotransmitter at the Drosgphila NMJ and glutamatergic
neurons are found in all regions of the adult central brain (Daniels, Gelfand, Collins, &
DiAntonio, 2008; Jan & Jan, 1976). In vertebrates, glutamate is co-released with dopamine,
serotonin, acetylcholine, and GABA (Danik et al., 2005; Fattorini, Antonucci, Menna,
Matteoli, & Conti, 2015; Ottem, Godwin, Krishnan, & Petersen, 2004; Wang et al., 2019). In
Drosophila, glutamate enhances the efficiency of dopamine loading into synaptic vesicles
(Aguilar et al., 2017).

Given recent results demonstrating Oct-glut co-expression (Sherer et al., in press), we
investigated potential Oct and Glut postsynaptic receptor expression using the new Trojan-
Gal4’s. Similar to the conditional 7acZdriver created here, a conditional glutamate receptor
driver, KDRT-GIuRIA, was developed and used to reveal that G/uRIA is co-expressed to a
different degree with each OctR-Gal4. These results indicate these co-expressing neurons as
putative postsynaptic targets of upstream dual Oct-Glut transmitting neurons (see Figure 13).
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While we investigated G/uRIA and Tdc2 co-expression with OctRs, other neurotransmitters
and neurotransmitter receptors are likely also co-expressed with Tdc2 (Croset et al., 2018),
and future studies utilizing these new conditionally expressible genetic tools can expand our
knowledge of octopaminergic dual transmitting signaling mechanisms.
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FIGURE 1.
Expression patterns of MiMIC OctR-Gal4 lines. Nuclear expression patterns in male adult

brains for (al) OAMB > HisZA-GFP, (a2) OctaZR > His2A-GFP, (a3) OclB1R > HisZA-

GFP, (ad) OctBZR > His2A-GFP, (a5) OclB3R > HisZA-GFP, genomic locations of MiMIC
insertions retrieved from flybase.org for (b1) OAMB-Gal4, (b2) OctaZR, (b3) OctBIR, (b4)
OctB2R, (b5) OctB3R; expression patterns using a plasma membrane reporter (c1) OAMB >
CD8-mCherry, (c2) OctaZR > CD8-mCherry, (c3) OctB1R> CD8-mCherry, (c4) OclBZR >
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CD8-mCherry, (c5) OclB3R > CD8-mCherry. Scale bar = 75 um. Antibodies used: anti-
mCherry (green) and anti-SYN (blue)
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FIGURE 2.
OAMB s expressed in a subset of Oct neurons. (al) Tdc2 expression (red) in a control UAS-

HisZA-GFP+ brain. Scale bar = 50 um (a2) Anterior optical sections of (al) outlining
Tdc2+ neuronal clusters (uppercase): ASM cluster in the ASMP (anterior superior medial
protocerebrum), AL (antennal lobe) clusters AL1 and AL2, VL (ventrolateral), SEZ
(subesophageal ganglion) (a3) Posterior sections of (al): PSM and PB1 clusters in posterior
superior medial protocerebrum (PSMP), PB2 cluster in pb (protocerebral bridge), oes
(esophagus), SEZ (b) Anterior sections (46-76) of OAMB > His2A-GFP. Scale bar = 50 pm.
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(c1-c3) Solid white rectangle from b showing co-expression of Tdc2 (red) and CAMB
(green) in the ASM cluster of Tdc2 neurons (closed arrows) and neurons with no co-
expression (open arrows). Scale bar = 10 pm. (d1-d3) Dashed rectangle from (b) showing no
co-expressing neurons in the SEZ (open arrows) Scale bar = 10 um. (e) Posterior sections
(1-37) of OAMB > His2A-GFP. Scale bar = 50 um. (f1-f3) Solid white rectangle from (e)
showing no discernible co-expression in the SEZ (open arrows). (g) Dashed rectangle from
(e) showing no co-expression seen in the PSMP region of the brain (open arrows). Scale bar
= 10 um. Antibodies used: anti-Tdc2 (red), anti-GFP (green), and anti-SYN (blue). (h1-h3)
Nuclear GFP (h1, green) expression pattern in adult VNC with Tdc2 (h2, red) co-expression
(h3, closed white arrow). Scale bar =30 pum. (i1-i3) Solid rectangle from (h1) showing
neurons co-expressing with Tdc2 (closed white arrow) and neurons without Tdc2 co-
expression (open white arrow) in the VNC. Scale bar = 30 pm. Antibodies used (h1-i3):
anti-brp (blue), anti-GFP (green), anti-Tdc2 (red)
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FIGURE 3.
OctaZR is expressed in a subset of Oct neurons. (a) Anterior optical sections (58-79) of

OctaZR > HisZA-GFP. Scale bar = 50 um.(b) Posterior sections (3-37) of OctaZR > HIsZA-
GFP. Scale bar = 50 um. (c1-c3) Solid white rectangle from (a) showing co-expression of
nuclear GFP (green) in Tdc2-stained somata (red) of the SEZ (closed arrows). Scale bar = 10
um. (d1-d3) Solid white rectangle from (b) showing co-expression (closed arrows) of Tdc2
and nuclear GFP in posterior SEZ neurons. Open arrows indicate a single pair of SEZ
neurons with no co-expression. Scale bar = 10 um. Antibodies used: anti-GFP (green), anti-
SYN (blue), anti-Tdc2 (red). (e1-e3) Nuclear GFP (el, green) expression pattern in adult
VNC with Tdc2 (e2, red) co-expression (€3, closed white arrows). Scale bar = 30 pm. (f1-
f3) Solid rectangle from (e1) showing co-expression (closed white arrows) and at least one
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neuron with no co-expression (open arrow) in the VNC. Scale bar = 30 um. Antibodies used
(e1-f3): anti-brp (blue), anti-GFP (green), and anti-Tdc2 (red)
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ANTERIOR POSTERIOR
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FIGURE 4.
OctB1R is expressed in a subset of Oct neurons. (a) Anterior sections (26—33) of OciBIR >

HisZA-GFP showing broad GFP expression. Scale bar = 50 um. (b) Posterior sections (6—
14) of OctBIR > His2A-GFP. Scale bar = 50 um. (c—c2) Solid white rectangle from (a)
showing co-expression of OciBIR > His2A-GFP (green) in the AL2 cluster Tdc2+ neurons
(red). Scale bar = 10 um. (d—d2) Dashed rectangle from (b) showing OciB1R co-expression
in the Tdc2+ (red) PB1 cluster (closed arrows). Neurons negative for co-expression are
illustrated with open arrows. Scale bar = 10 um. (e1-e3) Solid white rectangle from (b)
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showing co-expression of OciBIR > His2A-GFP (green) in Tdc2+ neurons (red) in posterior
SEZ (closed arrows). Scale bar = 10 pm. Antibodies used: anti-GFP (green), anti-Tdc2 (red),
anti-SYN (blue). (f1-f3) Nuclear GFP (f1, green) expression pattern in adult VNC with
Tdc2 (f2, red) co-expression (f3, closed white arrow). Scale bar = 30 um. (g1-g3) Solid
rectangle from (f1) showing a neuron without co-expression with Tdc2 (open arrow). Scale
bar =30 um. Antibodies used (f1-g3): anti-brp (blue), anti-GFP (green), anti-Tdc2 (red)
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ANTERIOR : >POSTERIOR

FIGURE 5.
OcitB2R expresses in a subset of Oct neurons. (a) Anterior sections (70-93) of OciB2R >

HisZA-GFP. Scale bar = 50 ym. (b) Middle sections (36-65) of OciB2R > His2A-GFP.
Scale bar = 50 pm. (c) Posterior sections (15-31) of OciB2R > His2A-GFP. Scale bar 50
um. (d1-d3) Solid white rectangle from (a) showing co-expression of Tdc2 (red) and
OclBZR > HisZA-GFA(green) in the ASM cluster (closed arrows) with at least one pair of
Tdc2 neurons showing no co-expression (open arrows). Scale bar = 10 um (e1-e3) Dashed
rectangle from (a) indicating co-expression of Tdc2 (red) and OclB2R > HisZA-GFP (green)
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in AL2 cluster (closed white arrows). A pair of AL1 neurons (open white arrows) did not
exhibit co-expression. Scale bar = 10 um. (f1-f3) Dotted rectangle from (a) showing co-
expression in the anterior section of the SEZ (closed arrows). Scale bar = 10 um (g1-g3)
Solid white rectangle from (b) showing co-expression in the SEZ. Scale bar = 10 pm. (h1-
h3) Some co-expression of Tdc2 and OctB2R > HisZA-GFP (closed arrows) and neurons not
showing co-expression (open arrows) in the PB1 cluster of the PSMP region. Scale bar = 10
um. Antibodies used: anti-Tdc2 (red), anti-GFP (green) and anti-SYN (blue). (i1-i3)
Nuclear GFP (i1, green) expression pattern in adult VNC with Tdc2 (i2, red) co-expression
in one neuron (i3). Scale bar = 30 um. (j1-j3) Solid rectangle from (i1) with only one neuron
showing co-expression with Tdc2 (closed white arrow). Scale bar = 30 um. Antibodies used
(f1-g3): anti-brp (blue), anti-GFP (green), anti-Tdc2 (red)
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FIGURE 6.
OctB3R is expressed in a subset of Oct neurons. (a) Anterior sections (32-42) of Oct3R >

HisZA-GFP. Scale bar = 50 pm. (b) Posterior sections (0-26) of OciB3R > HIis2A-GFP.
Scale bar = 50 um. (c1-c3) White rectangle from (a) showing co-expression in the ASM
cluster of Tdc2 neurons (closed arrows). Scale bar = 10 pm. (d1-d3) White rectangle from
(b) showing some co-expression in PSMP cluster of Tdc2 neurons (closed arrows) and some
neurons negative for co-expression (open arrows). Scale bar 10 um. Antibodies used: anti-
Tdc2 (red), anti-GFP (green) and anti-SYN (blue). (e1-e3) Nuclear GFP (el, green)
expression pattern in adult VNC with Tdc2 (e2, red) co-expression (e3). Scale bar = 30 um.
(f1-f3) Solid rectangle from (el1) showing co-expression with Tdc2 (closed white arrow) and
neurons showing no co-expression (open arrow). Scale bar = 30 um. Antibodies used: anti-
brp (blue), anti-GFP (green), anti-Tdc2 (red)
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FIGURE 7.
Examination of sex differences among OctR-Gal4 lines. Full z-stacks of anterior and

posterior sections of male and female brains with overlapping Tdc2 stain. (al-b2) OAMB-
Gal4> His2A-GFP, (c1-d2) OctaZR-Gal4 > HisZ2A-GFP, (e1-f2) OctBIR-Gald > His2A-
GFP, (g1-h2) Oclp2R-Gal4 > His2A-GFP, and (i1-j2) OctB3R-Gal4> HisZA-GFP. Scale
bars = 50 ym. Antibodies used: anti-SYN (blue), anti-GFP (green), anti-Tdc2 (red)
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FIGURE 8.
B3RT-Tdc2 expression in a-adrenergic-like receptors. (a) Schematic of B3RT-Tdc2-LexA.

CRISPR/Cas9 genome editing was used to insert same orientation B3 recombinase target
sites (B3RTs) into the 5" untranslated region (UTR) of the 7adc2 gene and into the intron
between the first two 7dc2 coding exons. The coding sequence of the LexA transcription
factor was also inserted immediately adjacent to the downstream B3R7. The B3
recombinase mediates excision between the B3RT’s in all neurons that express the B3
recombinase using a Gal4 driver and UAS-B3. After the excision, a 7dc2-LexA driver is
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created and is expressed only in the subset of Gal4-expressing neurons that also express
7Tdc2and not in Gal4-expressing neurons that do not express 7ac2. Black rectangles are
untranslated exons, white rectangles are coding exons, red rectangles are B3RTs, and yellow
rectangles are coding LexA sequence. (b) Control B3RT-Tdc2 with no Gal4 driver, anti-
mCherry (red), anti-SYN (blue), anti-GFP (green). (c) Germline excision of B3RT7-Tdc2 (see
Section 2), where 7dc2-LexA is expressed in all 7dc2neurons, anti-syn (blue), anti-
mCherry (red), anti-Tdc2 (green). (d1-d3) Nuclear expression of n-syb-Gal4 (d3, anti-GFP,
green) and subset of nsyb-Gal4 neurons that express 7dc2 (d2, anti-mCherry, red), anti-SYN
(blue) yw; B3RT-Tdc2, nsyb-Gal4, LexAop2-His2B-mCherry, UAS-HISZA-GFP. (e1l-e3)
OAMB > His2A-GFP (e3, anti-GFP, green) and the subset of OAMB-Gal4 neurons which
express 7dc2 (e2, anti-mCherry, red), anti-SYN (blue): yw; B3RT-Tdc2; LexAop2-HisZ2B-
mCherry, UAS-HIisZA-GFP/OAMB-Gal4. (f1-£3) OctaZR > HisZA-GFP (f3, anti-GFP,
green) and subset of Octa2-Gal4 neurons which express 7dc2 (f2, anti-mCherry, red), anti-
SYN (blue): yw, B3RT-Tdc2; LexAop2-HisZB-mCherry, UAS-HIs2ZA-GFP/Oct2R-Gal4. All
scale bars 50 pm
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B3RT-Tdc2 > His2B-mCherry ; Gal4 > His2A-GFP

FIGURE 9.
B3RT-Tdc2 expression in OctBR-Gal4s. (al-a3) yw; B3RT-TdcZ; LexAop2-HisZ2B-

mCherry, UAS-HIis2A-GFP/OcilB1R-Gal4 showing subset of OciB1R-Gal4 neurons which
also express 7dc2 (a2, red), only the Gal4 pattern (a3, green) and merged (al). (b1-b3) yw;
B3RT-Tdc2,; LexAop2-His2B-mCherry, UAS-HIsZA-GFP/OctBZR-Gal4 showing subset of
OclZR-Gal4 neurons that also express 7dc2 (b2, red), only the Gal4 pattern (b3, green) and
merged (b1). (c1-c3) yw; B3RT-Tdc2; LexAop2-His2B-mCherry, UAS-HISZA-GFP/
OctB3R-Gal4 showing subset of OciB3R-Gal4 neurons that also express 7dc2 (c2, red), only
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the Gal4 pattern (c3, green) and merged (c1). Antibodies used: anti-GFP (green), anti-
mCherry (red), and anti-SYN (blue). Scale bar = 50 ym
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FIGURE 10.

Average number of co-expressing OctR-Gal4/ B3RT-Tdc2 neurons. Co-expressing Gal4 >
HIis2A-GFPl Tdc2-LexA > His2B-mCherry neurons were manually counted in brain regions
(a) anterior superior medial protocerebrum (ASMP), (b) antennal lobe (AL), (c)
suboesophageal ganglion (SEZ), (d) posterior superior medial protocerebrum (PSMP), and
(e) anterior- and posterior-lateral regions. OAMB-Gal4 (n = 12), Octa2R-Gal4 (n= 6),
OctB1R-Gal4 (n=10), OctB2R-Gal4 (n= 10), OctB3R-Gal4 (n=9), N-syb-Gal4 (n=8)
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FIGURE 11.
KDRT-GIuRIA expression in a-adrenergic-like receptors. (2) vGlut-Gal4, UAS-dsRed (red)

and anti-Tdc2 (green) showing distinct co-localization, indicative of dual transmitting
neurons (white arrows). Scale bar 30 um. (b) Schematic of KDRT-GIuRIA-QF2 construct.
The first KD recombination target site (KDRT) was CRISPR’d upstream of the endogenous
locus of the G/uRIA translation start site within the 5 untranslated region (UTR) while the
second KDRT was placed in an intron downstream of the translation start site, directly
preceding a QF2 driver sequence. Prior to the excision of the DNA the two KDRTs flank, no
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QF2 expression occurs. After the excision mediated by the KD recombinase, a null mutation
in the G/uRIA gene is formed, along with a G/luRIA-QF2 driver, which can drive the
expression of our QUAS reporter of interest. (c1-c3) Pan-neuronal Gal4 driving expression
of the KD recombinase in the subset of n-syb-Gal4 neurons that express G/IuRIA (c2, red).
yw;n-syb-Gal4; KDRT-GIURIA, UAS-KD, UAS-His2ZA-GFR, QUAS-HIs2B-mCherry. (d)
Germline excision of KDRT-GIuRIA driving expression of QUAS-HIisZB-mCherry in all
GIluRIA-expressing neurons (red). (el-e3) OAMB-HIs2A-GFP pattern (€3, green), subset of
OAMB-Gal4 neurons expressing GIuRIA (e2, red), and merged channels (el) yw, UAS-KD,
UAS-HIis2A-GFF, QUAS-HIsZ2B-mCherry; KDRT-GIuRIA, OAMB-Gal4. Closed white
arrow indicating four PENP neurons co-expressing OAMB and GIuRIA. (f1-f3) Octa2R >
HisZA-GFP pattern (f3, green) and subset of Octa2R-Gal4 neurons expressing G/IURIA (f2,
red), with broad expression seen in optic lobes. Merged channels (f1) yw,; UAS-KD, UAS-
His2A-GFF, QUAS-HIisZ2B-mCherry;, KDRT-GIURIA, OctaZR-Gal4. Closed white arrow
indicating four PENP neurons co-expressing OctaZR and G/uRIA. Antibodies used: anti-
GFP (green), anti-mCherry (red), and anti-SYN (blue). All scale bars = 50 um unless
otherwise specified
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KDRT-GluR1A-QF2 > His2B-mCherry : Gald > His2A-GFP

FIGURE 12.
KDRT-GIuRIA expression in OctBR-Gal4s. (al-a3) yw; UAS-HISZA-GFF, QUAS-HIsZ2B-

mCherry; KDRT-GIuRIA, UAS-KD/OctB1R-Gal4 showing subset of OctB1R-Gal4 neurons
in the anterior sections (a3, green) that also express G/uRIA (a2, red), and merged channels
(al) with closed white arrow indicating at least one neuron co-expressing OctBIR and
GIuRIA in the anterior SEZ. \fery little co-expression was seen in the central brain, with the
majority seen in the optic lobes. (b1-b3) yw; UAS-HIis2ZA-GFR, QUAS-HIsZB-mCherry;
KDRT-GIuRIA, UAS-KD/OctB2R-Gal4 1abeling the subset of OciB2R-Gal4 neurons in the
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anterior sections (b3, green) also expressing G/uRIA (b2, red), and merged channels (b1)
with closed white arrow indicating at least one neuron co-expressing OctB2R and GIuRIA in
the anterior SEZ. (c1-d3) yw; UAS-HIsZA-GFF, QUAS-HIs2B-mCherry; KDRT-GIURIA,
UAS-KD/Oct3R anterior (c) and posterior (d) sections showing the subset of OctB3R-Gal4
neurons (c3, d3, green) also expressing GIuRIA (c2, d2, red) and merged channels (c1,d1).
Closed white arrows indicate co-expressing neurons in anterior and posterior superior
medial protocerebrum. (e1-e3) yw, UAS-HIS2A-GFP, QUAS-HIsZB-mCherry/Tdc2-Gal4-
AD, vGlut-Gal4-DBD;, KDRT-GIuRIA, UAS-KD labeling GluR/IA-expressing neurons (e2)
within the subset of neurons labeled by the 7dcZ vGlut split Gal4 (e3) and merged channels
(e1). Closed white arrows indicate co-expressing neurons in the SEZ. Stained with anti-GFP
(green), anti-mCherry (red), and anti-SYN (blue). Scale bars = 50 um
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FIGURE 13.
Dual transmission and postsynaptic receptor scenarios. In dual transmitting neurons,

neurotransmitters are either packaged in synaptic vesicles together (a, presynaptic) or
separately (b,c, presynaptic) and may be released at the same synapse (a, presynaptic) or
separate ones (b,c, postsynaptic). From our experiments here, we show OctR expression in
Tdc2+ neurons, which are indicate autoreception properties as shown in (a) and (c).
Additional data indicates potential GIURIA autoreception as seen in (a) and (b).
Postsynaptically, receptors may be expressed together (a, postsynaptic) or on different
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neurons (b,c, postsynaptic). Our data indicate a number of neurons express OctR and a
GIuRIA, as in (a)
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