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Heterogeneity in the projections and excitability of tyraminergic/octopaminergic neurons that innervate the Drosophila reproductive tract
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Aminergic nuclei in mammals are generally composed of relatively small numbers of cells with broad projection patterns. Despite the gross similarity of many individual neurons, recent transcriptomic, anatomic and behavioral studies suggest previously unsuspected diversity. Smaller clusters of aminergic neurons in the model organism Drosophila melanogaster provide an opportunity to explore the ramifications of neuronal diversity at the level of individual cells. A group of approximately 10 tyraminergic/octopaminergic neurons innervates the female reproductive tract in flies and has been proposed to regulate multiple activities required for fertility. The projection patterns of individual neurons within the cluster are not known and it remains unclear whether they are functionally heterogenous. Using a single cell labeling technique, we show that each region of the reproductive tract is innervated by a distinct subset of tyraminergic/octopaminergic cells. Optogenetic activation of one subset stimulates oviduct contractions, indicating that the cluster as a whole is not required for this activity, and underscoring the potential for functional diversity across individual cells. Using whole cell patch clamp, we show that two adjacent and morphologically similar cells are tonically inhibited, but each responds differently to injection of current or activation of the inhibitory GluCl receptor. GluCl appears to be expressed at relatively low levels in tyraminergic/octopaminergic neurons within the cluster, suggesting that it may regulate their excitability via indirect pathways. Together, our data indicate that specific tyraminergic/octopaminergic cells within a relatively homogenous cluster have heterogenous properties and provide a platform for further studies to determine the function of each cell.
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Introduction

Aminergic nuclei such as the locus coeruleus and the raphe contain multiple neurons that release the same aminergic neurotransmitter and project to similar targets (Andrade and Haj-Dahmane, 2013; Okaty et al., 2020; Poe et al., 2020). In some cases, anatomical, molecular or functional differences can distinguish similar subsets of cells within these nuclei (Andrade and Haj-Dahmane, 2013; Soiza-Reilly and Commons, 2014; Chandler et al., 2019; Huang et al., 2019; Borodovitsyna et al., 2020). Markers for many other subtypes of aminergic neurons are lacking, making it difficult to identify them or determine their post-synaptic targets. In addition, since many aminergic neurons use volume rather than synaptic transmission, standard molecular tools that use synaptic markers to map connectivity are often unapplicable (Fuxe et al., 2010). As a result, the potential heterogeneities between many aminergic neurons remain poorly understood.

Aminergic nuclei in mammals contain thousands or millions of neurons depending on the species, thereby complicating the identification of specific subtypes. In addition, the location of specific cells within the nuclei are not precisely fixed. By contrast, the relatively small number of neurons and their stereotyped location in invertebrates has greatly facilitated the analysis of their function, as evidenced by classical studies in C. elegans, crab, lobster, and locust (Kravitz and Huber, 2003; Lange, 2009; Bargmann and Marder, 2013). We are similarly using Drosophila melanogaster to analyze the projections and functional properties of an aminergic cluster in the ventral nerve cord of the female fly.

Octopamine release is required for sperm storage, egg maturation, and contractility of the oviducts in flies as well as other insects (Kalogianni and Theophilidis, 1993; Monastirioti et al., 1995; Clark and Lange, 2003; Monastirioti, 2003; Middleton et al., 2006; Rodriguez-Valentin et al., 2006; Lange, 2009; Avila et al., 2012; Rezaval et al., 2014; Meiselman et al., 2018; Pauls et al., 2018; Hana and Lange, 2020; Yoshinari et al., 2020; White et al., 2021). In Drosophila, these processes are associated with a cluster of neurons in the abdominal ganglion of the ventral nerve cord that innervate the female reproductive tract (Monastirioti et al., 1995; Monastirioti, 2003; Rodriguez-Valentin et al., 2006; Rezaval et al., 2012, 2014; Pauls et al., 2018; White et al., 2021). Since it is possible that these neurons also release tyramine we refer to them as tyraminergic/octopaminergic. We also describe these cells here as the “posterior cluster” to draw a distinction between them and other, more anterior neurons that target the body wall or other sites (Monastirioti et al., 1995; Monastirioti, 2003; Rodriguez-Valentin et al., 2006; Rezaval et al., 2014; Pauls et al., 2018; White et al., 2021). To our knowledge, no other octopaminergic neurons elsewhere in the ventral nerve cord have been proposed to regulate egg-laying.

Similar to other midline, unpaired neurons in insects, each one of these cells extends a single, large process that branches into two bilaterally symmetric extensions (Hoyle et al., 1980; Kalogianni and Theophilidis, 1993; Horner, 1999). The specific targets in the reproductive tract innervated by each cell in the abdominal ganglion and the potential differences between their physiology and function are not known. Identifying their targets and physiological properties would represent a key step toward understanding the function and regulation of the oviposition circuit, complementing previous studies that have identified both peripheral and central regulatory pathways (Lee et al., 2003, 2009; Hasemeyer et al., 2009; Castellanos et al., 2013; Rubinstein and Wolfner, 2013; Gou et al., 2014; Heifetz et al., 2014; Lim et al., 2014; Meiselman et al., 2018; Wang et al., 2020a,b).

Using a single cell labeling technique (Nern et al., 2015), we show that each neuron within the cluster at the tip of the abdominal ganglion targets a distinct region of the reproductive tract. Optogenetic stimulation of a small subset of these cells drives lateral oviduct contractions, consistent with the idea that en bloc activity of the cluster is not required for this activity, and that each cell may serve a distinct function. Patch clamp recordings of two adjacent neurons show differences in electrophysiological excitability and inhibitory regulation. These data establish a framework for studying the role of different aminergic neurons within an anatomically defined cluster, and how each may contribute to the function of the cluster as a whole.



Materials and methods


Multi-color flip out and immunohistochemistry

To map the projection targets of individual Tdc2(+) neurons, Multi-Color Flip Out (MCFO) experiments were carried out using Tdc2-Gal4 (Cole et al., 2005) and UAS-MCFO7 (Nern et al., 2015). Flies were aged to 7–10 days post eclosion, and the reproductive systems with the adjoined central nervous system was dissected in phosphate buffered saline (PBS, 11.8 mM Na/K-Pi, 137 mM NaCl, PH. 7.4, ThermoFisher). The tissue was fixed in 4% paraformaldehyde, washed 3× in PBS + 0.3% TritonX100 and blocked in 5% normal goat serum (Sigma-Aldrich) in PBS + 0.3% TritonX100 at room temperature followed by incubation in primary antibodies against V5, HA, and FLAG epitopes (Mouse-anti-V5, 1/500, ThermoFisher; Rabbit-anti-ΗA, 1/300, Cell Signaling Technology; Rat-anti-FLAG, 1/200, Novus Biologicals) overnight at 4°C, and secondary antibodies (Goat anti-Mouse-AlexaFluor488, ThermoFisher; Goat anti-Rabbit-AlexaFluor555, 1/500, ThermoFisher; Goat anti-Rat-AlexaFluor633, 1/500, ThermoFisher) for 3 h at room temperature. The preparations were washed in PBS + 0.3% TritonX100 then cleared in 25% glycerol in PBS overnight at 4°C and mounted in Fluoromount-G (Southern Biotech) under a cover slip (#0, Electron Microscopy Sciences) raised ~100 μm as a “bridge” between two additional coverslips to reduce compression of the tissue. Tissue was imaged using a Zeiss LSM 880 confocal microscope. Images of the reproductive tract and VNC were obtained at 1 μm and 500 nm intervals, respectively, and analyzed using ImageJ software. A total of 58 individual preparations were analyzed.

Co-labeling of muscle and tyraminergic/octopaminergic neurons was performed using Tdc2-Gal4 to express UAS::mCD8-GFP followed by mouse-anti-GFP (1/500, Sigma-Aldrich) and AF555-conjugated phalloidin. Co-expression between the drivers Tdc2-LexA and either J39942-Gal4 or GluCl-Gal4 was performed using the reporters UAS::mCD8-GFP and LexAop::CD2-RFP. Preparations were dissected, fixed, labeled, and imaged as described above for MCFO. Primary antibodies against GFP and RFP epitopes (Mouse-anti-GFP, 1/500, Sigma-Aldrich; Rabbit anti-dsRED, 1/500, Takara Bio) were used with the secondary antibodies (Goat anti-Mouse-488, 1/500, ThermoFisher; Goat anti-Rabbit-AlexaFluor 555, 1/500, ThermoFisher) and 4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI, 1/1000, Sigma-Aldrich). Antibodies, genetic stocks, and other reagents are summarized in Supplementary Table T2.



Optogenetics and lateral oviduct contraction assay

Optogenetic stimulation was performed using either Tdc2-Gal4 or a Gal4 line targeting the tyramine β hydroxylase gene (J399342-Gal4) to express UAS-ChR2-XXM::tdTomato. Flies harboring one copy of J399342-Gal4 and one copy of UAS-ChR2-XXM::tdTomato were compared to control flies with one copy of Tdc2-Gal4 and UAS-ChR2-XXM::tdTomato (positive control) or one copy of UAS-ChR2-XXM::tdTomato alone (negative control). Flies were dissected on a Sylgard disk in HL3.1 solution (pH = 7.3; 70 mM NaCl, 5 mM KCl, 5 mM trehalose, 2 mM CaCl2, 4 mM MgCl2, 115 mM sucrose, 10 mM NaHCO3) (Feng et al., 2004). The legs and wings were removed, and the fly was immobilized with the ventral side facing up using one insect pin around the cervical connective to secure the head and another pin placed through the most posterior region of dorsal cuticle to secure the abdomen. Using sharp forceps, the ventral cuticle of the metathorax and two abdominal sternites were removed to expose the abdominal ganglion and lateral oviducts, respectively. The anterior sternites of the abdomen between the two dissected windows were left in place. Optogenetic stimulation and imaging were performed using a Zeiss Axio Examiner Z1 system equipped with two ThorLabs LEDs (M565L3 and M470L4 with Thorlabs drivers LEDD1B and DC2200 respectively), a custom beam combiner (Thorlabs) and an Andor iXon X3 camera (Oxford Instruments). To stimulate ChR2-XXM at ~470 nm and visualize the prep with excitation at ~565 nm, we used a custom filter set that included a dual band excitation filter with peaks at 484 and 561 (FF01-484/561), a 593 nm high pass dichroic (FF593-Di03), and the single band emission filter (FF01-620/52). Stimulation was initiated and stopped by manually turning the DC2200/M470L4-C4 LED on and off. The intensity of the ~470 nm illumination within the field of view was determined to be 1 mW/mm2 using a Thorlabs digital handheld optical power meter. Lateral oviduct contractions were manually counted in video recordings, with contraction times noted at the time of maximal contraction. Contractions were defined by a decrease in the distance between ovaries and a characteristic contraction of the oviduct tissue. These movements can be distinguished from random movements of the prep in either the x-y plane or the z axis or from contractions of the ovaries.



Electrophysiology

Electrophysiological recordings were performed in flies harboring one copy each of Tdc2-Gal4 and UAS::mCD8-GFP. Flies aged 4–8 days post eclosion were anesthetized on ice and dissected ventral side up on a Sylgard disk in HL3.1 solution (Feng et al., 2004) as described for optogenetic experiments. A pipette filled with 1% Protease IV solution was briefly “puffed” to remove the glial sheath and to expose the neurons for patching. GFP fluorescence was used to visualize the neurons, and whole-cell patch-clamp recordings from PC1 or PC2 were obtained with either continuous HL3.1 perfusion or perfusion of HL3.1 containing the indicated concentration of picrotoxin or ivermectin (Sigma Aldrich). A borosilicate glass pipette filled with internal solution containing 140 mM potassium aspartate, 10 mM HEPES, 1 mM KCl, 4 mM Mg-ATP, 0.5 mM Na3GTP, 1 mM EGTA (pH 7.3) and a resistance of ~7 MegaOhm was used for recordings. A series of step current injections were applied to the cell to elicit action potentials using a pClamp program with Multiclamp 700B amplifier, filtered at 4 kHz and sampled at 10 kHz with a Digidata 1300b (Molecular Devices). The response to injected current is reported as the number of action potentials or normalized response (action potentials/maximum response) as indicated. For normalization, the maximum number of action potentials elicited with current injection in a given cell was set to 1 and all other action potentials were divided by this number. During a subset of recordings, patched cells were filled with biocytin dye. Following recordings, these preparations were dissected in cold PBS, then fixed and labeled as described above using a primary antibody to GFP (Mouse-anti-GFP) followed by anti-Mouse-488 and co-labeling with streptavidin-555.



Statistical analysis

For optogenetic experiments, the initial comparison of the negative control vs. the two experimental lines used non-parametric Kruskal-Wallis test with multiple comparisons in the program Prism (Graphpad). Subsequent comparison of the two experimental lines used the non-parametric Mann–Whitney test in Prism. For the electrophysiological experiments, the analysis was done using regression analysis in R with the function lm. For data collected in the absence of additional drugs, the equation used was y = β0 + β1x1 + β2x2 + ε in which y is the number of action potentials, β0 is the coefficient for the intercept, x1 is the current being applied, β1 is the coefficient for the current, x2 is a dummy variable corresponding to whether the observation came from PC1 or PC2 (0 for PC1, 1 for PC2), β2 is the coefficient for the effects of the cell type and ε is the unobservable error term. For the data collected in the presence of additional drugs, the equation used was y = β0 + β1x1 + β2x2 + β3x3 + ε. y, β0, β1, x1, and ε were as above, with x2 and x3 corresponding to whether or not treatment with ivermectin+PTx or PTx alone was applied, and β2 and β3 representing the coefficients for the effects of each treatment. The R function summary was applied to provide the estimate of the coefficients and the associated p value. The results are summarized in Supplementary Table T1.




Results


Individual tyraminergic/octopaminergic neurons that innervate the reproductive tract have different targets

The female reproductive tract of Drosophila includes the ovaries, calyx, lateral oviduct, common oviduct, uterus, seminal receptacle, and spermatheca (Figure 1A), plus the parovarian glands (not shown). Projections from the abdominal ganglion in the posterior-most region of the ventral nerve cord innervate the reproductive tract via the abdominal nerve trunk (Figures 1A,B) (Pauls et al., 2018; Court et al., 2020) also known as the median abdominal nerve (Power, 1948). A cluster of tyraminergic/octopaminergic neurons that localize to this area broadly innervate the reproductive tract (Figure 1B) (Monastirioti et al., 1995; Monastirioti, 2003; Rodriguez-Valentin et al., 2006; Schneider et al., 2012; Rezaval et al., 2014). We have designated these neurons as the “posterior cluster” to differentiate them from more anterior Tdc2(+) neurons in the abdominal ganglion (Schneider et al., 2012).
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FIGURE 1
 Overview of the reproductive tract and innervation of the calyx. (A) A light micrograph of the female reproductive tract and the ventral nerve cord (VNC) attached via the by the abdominal nerve trunk (Court et al., 2020) (aka the median abdominal nerve or MAN; Power, 1948). The ovaries (Ov), calyx (Cal), lateral oviducts (LO), common oviduct (CO), uterus (Ut), seminal receptacle (SR), and spermathecae (Sp) are indicated. (B) Co-labeling of Tdc2-Gal4(+) neurons with UAS::mCD8-GFP (green) and muscle with fluorophore-conjugated phalloidin (magenta). Both the anterior uterus (Ant Ut) and posterior uterus (Post Ut) are indicated. The spermathecae are not visible. Labels are otherwise as in panel (A). Note that the image in panel (B) has been overexposed to allow visualization of fine processes; the inset in panel (B) shows an image of the VNC without over-exposure. (C) A confocal stack showing an MCFO-labeled reproductive tract. The abdominal ganglion (AbG) is shown in panels (E–H) and as an inset in panel (C). The ovary (Ov), calyx (Cal), and lateral oviduct (LO) are indicated. Green (black arrows), yellow (white arrows), and red (white arrowhead) processes are also indicated. (D) A single optical slice of the boxed region of the calyx in panel (C) shown at higher resolution. The yellow (white arrow), red (white arrowhead), and blue (double white arrowhead) are derived from the correspondingly indicated cell bodies in the abdominal ganglion shown in panels (E–H) (and in the panel C inset). The projections of the yellow, red, and blue cells are represented as PC8, PC6, and PC7 in Figure 4A. The origin of the green processes cannot be determined from this preparation alone since there is more than one green cell body but, based on other labelings, are derived from the cell indicated as PC4 in Figure 4. Panels (E–H) A confocal stack (E, see also panel C inset) and single optical slices (F–H) of the abdominal ganglion showing one red cell body (white single arrowhead, indicated as PC6 in Figures 4B,C), one blue (white double arrowhead, PC7 in Figures 4B,C), and one yellow cell (white arrow, PC8 in Figures 4B,C) plus at least two more posterior green cells. Scale bars: (A–B) 100 μm. (C) 50 μm. (D–H) 10 μm.


To map the projections of Tdc2(+) neurons that innervate the reproductive tract we used the single-cell labeling technique Multi-Color Flip Out (MCFO) (Nern et al., 2015). In brief, expression of three transgenes with different molecular tags allowed labeling of individual cells with three different fluorophores; expression is limited to one subtype of neurons using the Gal4/UAS system (Nern et al., 2015). Stochastic recombination of the tagged transgenes restricted labeling to a relatively small number of cells that express the Gal4 driver, with each combination of tags generating a distinct color. In an attempt to exclude tyraminergic cells and more specifically label octopaminergic neurons, we first tested a tyramine β hydroxylase Gal4 driver (Schneider et al., 2012). Unfortunately, although it specifically labeled octopaminergic neurons in the brain (Schneider et al., 2012), it did not label the octopaminergic neurons in the cluster of cells that innervates that reproductive tract (data not shown). We therefore used Tdc2-Gal4 (Cole et al., 2005) to express MCFO in cells that synthesize both octopamine and tyramine and those that synthesize tyramine alone, but confined our analysis to midline neurons which are likely to synthesize both octopamine and tyramine and have been labeled as octopaminergic in previous anatomic analyses (Monastirioti et al., 1995; Monastirioti, 2003).

To map the projections of the Tdc2(+) cells in the labeled preparations, we first determined whether any processes in the reproductive tract were immunolabeled with MCFO, then determined which cell(s) in the nerve cord corresponded to the color that we observed in the reproductive tract. In some cases, projections in the reproductive tract could be unambiguously assigned to an individual cell. When more than one set of processes and/or cells were identically labeled, comparison of data from several experiments allowed us to deduce their identity. We did not detect any processes that labeled the reproductive tract and mapped to a region outside of the posterior tip of the abdominal ganglion, and all identified cells in this “posterior cluster” projected to the reproductive tract through the median abdominal nerve.

We detected three distinctly labeled arborizations innervating the calyx (Figures 1C,D), which correspond to three different cell bodies in the posterior cluster (PC) (Figures 1E–H). These include one cell body labeled red in the preparation shown in Figure 1 (Figure 1F, single white arrowhead) that projected into the calyx as well as the lateral oviducts (Figures 1C,D, single white arrowheads) which we have designated PC6. An adjacent, yellow cell that innervated the calyx also sent a small number of projections into the ovary, one of which can be visualized here (Figures 1C,D white arrows, PC8). The arborizations of an another, uniquely identified blue cell in this preparation (Figure 1G, double white arrowhead, PC7) appeared to be confined to the calyx (Figure 1C). Additional green processes were present in the uterus (not shown) and also passed through the calyx to innervate areas in the ovary more distal from the calyx (Figures 1C,D, black arrows). Since at least two cells in the posterior cluster were labeled green it was not possible to determine which one projected to the uterus vs. the ovaries in this preparation.

In another preparation, red processes that innervated the ovaries (Figures 2A,D, double white arrowheads) could be matched to a single red cell within the posterior cluster (Figure 2A inset, Figure 2D inset, double white arrowheads, PC4). A relatively small turquoise cell (Figure 2A inset, Figure 2B inset, white arrow) innervated the stalk of the spermathecae (Figures 2A,B, white arrow) in the same preparation and is designated SpB. We identified another small cell at the anterior tip of the cluster that also innervated the spermathecae (orange cell in Supplementary Figure S1B and inset within Supplementary Figure S1C) and we have designated this cell as SpA. Based on other labelings, the green processes in the calyx and ovary (Figure 2C, black arrowhead, equivalent to PC8 in Figure 1) and uterus (Figure 2A, black arrow, designated as PC3) were most likely derived from the two indicated green cells (Figures 2A–D insets), but this cannot be unambiguously determined using the preparation in Figure 2 alone.
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FIGURE 2
 Neurons innervating the calyx, lateral oviducts, ovaries, and spermathecae. (A) Low magnification view of the labeled reproductive tract with the spermathecae (Sp), calyx (Cal), lateral oviducts (LO) ovaries (Ov), seminal receptacle (SR), and uterus (Ut) indicated. The inset shows labeled cells in the attached abdominal ganglion (AbG). Red processes in the ovaries (white double arrowheads), turquoise processes in the spermathecae (white arrow), and green processes in the both the uterus (black arrow) and the base of the ovaries (black arrowheads) are indicated. The inset in panel (A) shows one red cell that projects into the anterior neuropil (asterisk), and a second red cell (white double arrowhead) within the posterior cluster represented as PC4 in Figure 4. A single blue cell (single white arrowhead), a single turquoise cell (white arrow) and at least two green cells (black arrowhead and black arrow) are also visible. Panels (B–D) correspond to the boxed areas of the reproductive tract shown in panel (A). Insets represent single optical slices from the confocal stack of the AbG shown in the inset in panel (A). (B) The small turquoise cell (inset white arrow) innervates the spermathecae (white arrow) and is indicated as SpB in Figure 4. Based on other labelings, the large green cell (black arrow in inset) is PC3 and projects to the uterus (black arrow in (A)). (C) The blue cell (inset, single white arrowhead) innervates the calyx and the lateral oviducts (white arrowheads) and is shown as PC6 in Figure 4. Based on other labelings, the adjacent green cell (inset, black arrowhead) is PC8 and innervates the calyx with a few processes projecting into the base of the ovaries (black arrowheads in panels (A,C)). The overlap between the blue PC6 cell and the green PC8 cell appears turquoise (see panel (A) inset) but does not represent a distinct cell body. (D) The red cell is PC4 and innervates the ovaries (white double arrowheads). Scale bars: (A) 50 μm. (B–D) and insets in (A–D): 10 μm.


Two cells, PC1 and PC2, innervate the posterior common oviduct and anterior uterus, one of which is labeled in the preparation shown in Figure 3 (Figures 3B,F, double black arrowhead). Both of these cells are labeled in Supplementary Figure S1. Also shown labeled in Figure 3 is a red cell body (Figures 3B,E inset, double white arrowheads) that broadly innervated both the lateral oviducts and the anterior common oviduct (Figures 3A,E, double white arrowheads) and is designated PC5. A more anterior red cell and a blue cell in this preparation projected into the anterior neuropil (Figure 3B, asterisks) rather than into the reproductive tract (data not shown). Additional labeled neurons in this preparation included SpA (Figures 3B,D, single black arrowhead, see also Supplementary Figure S1), SpB (Figures 3B–E inset, single white arrowhead, see also Figure 2) and a yellow cell (PC7, see Figure 1) that innervated the calyx (Figures 3B,C inset, white arrow). A large green cell (black arrows in Figure 3B and the 3E inset, PC3, see also Figure 2) innervated the posterior uterus in this preparation but the projections were relatively difficult to image (data not shown). Projections to the posterior uterus by PC3 could be more easily seen in other preparations (see Supplementary Figure S3).

[image: Figure 3]

FIGURE 3
 Neurons innervating the calyx, lateral oviducts, common oviduct, ovaries and spermathecae. Somata and/or processes from specific cells are indicated with matching white or black arrows/arrowheads in all panels. (A) Overview of the labeled reproductive tract with the spermathecae (Sp), calyx (Cal), lateral oviducts (LO), common oviduct (CO), and uterus (Ut) indicated. (B) A confocal stack of the VNC shows labeling of the cell bodies that project to either the reproductive tract (arrows and arrowheads) or the anterior neuropil (asterisks). (C–F) Higher magnification views of the boxed areas in panel (A) with insets showing optical slices of the cells indicated in panel (B). Scale bars: (A): 100 μm. All other scale bars: 10 μm.


A cartoon summarizing the MCFO data is shown in Figure 4. The targets in the reproductive tract (Figure 4A) are color-matched to the cells in the AbG (Figures 4B,C). Two cells innervate the stalks of the spermathecae and because they appeared smaller than other midline cells we have labeled them separately as SpA and SpB. Two cells that we have designated PC1 and PC2 project to the posterior common oviduct and the uterus and are anterior to SpA in the abdominal ganglion. A subcluster of at least three three large cells (PC3,4,5) is anterior to PC1 and 2 and includes cells that project to the uterus (PC3), the ovaries (PC4), and both the lateral and common oviducts (PC5). A group of three cells at the anterior end of the cluster innervates both the lateral oviducts and the calyx (PC6) the calyx alone (PC7) or both the calyx and the base of the ovaries (PC8). We detected at least two to three additional cells just anterior to PC6,7,8 that project anteriorly into the nerve cord rather than the reproductive tract and are colored white in Figure 4. Additional, more anterior Tdc2(+) cells are not shown. At least two small, nearby cell bodies are Tdc2(+) but did not appear to project to the reproductive tract and are also colored white in the cartoon. We detected one additional cell near SpA that appeared to project to the paraovarian glands. It was infrequently labeled and unambiguously mapped in only one preparation. We therefore we did not assign a specific designation to this cell and it is colored gray in Figure 4.

[image: Figure 4]

FIGURE 4
 Summary of projections to the reproductive tract by identified cell bodies. The cartoons show a stylized horizontal view of the reproductive tract (A) and both horizontal (B) and sagittal (C) views of the ventral nerve cord. The purple spiral (A) represents the seminal receptacle. The parovarian glands are not shown. Regions of the reproductive tract are color-matched to the neuron(s) that innervate them. A total of 58 MCFO preparations were analyzed. The number of observations for specific patterns of innervation are listed here in parentheses. Two neurons innervate the spermathecae, SpA (5) and SpB (10). Eight numbered cells innervate other regions of the reproductive tract. PC 1+ 2: posterior common oviducts uterus and seminal receptacle (6); PC3: the posterior uterus (5); PC4: the ovaries (6); PC5: both lateral oviducts and the common oviduct (4); PC6: the calyx plus the lateral oviducts (4); PC7: the calyx alone (4); and PC8: the calyx plus additional processes that project into the base of the ovaries (3). The cells colored white in panels (B,C) are Tdc2(+) but do not project to the reproductive tract. The gray cell (B,C) may project to the parovarian glands but was clearly mapped in only one preparation.




A driver for a specific subset of neurons that innervate the calyx and lateral oviducts

To further validate our MCFO mapping and begin to examine the function of specific subsets of neurons, we scanned a set of Gal4 drivers that employ regulatory regions of the tyramine β hydroxylase gene (Jenett et al., 2012; Meissner et al., 2023). We have previously shown that octopaminergic projections to the reproductive tract can optogenetically induce lateral oviduct contractions (Deshpande et al., 2022), and we therefore focused on one line associated with tyramine β hydroxylase (J39942-Gal4 aka GMR76H07-Gal4) that innervated this region (Figure 5A). To compare the expression pattern of J39942-Gal4 with Tdc2-LexA, we co-expressed both drivers with the complementary markers LexAop::CD2-RFP and UAS::mCD8-GFP. We detected co-localization of Tdc2-LexA and J39942-Gal4 in four cells at the anterior end of the posterior cluster (Figures 5B–D). We did not detect any additional J39942-Gal4(+) cells in this region that did not express Tdc2-LexA. Comparison of these images and additional co-labeling experiments (data not shown) to the data shown in Figures 1–3 suggest that that the two most anterior cells project to the anterior neuropil rather than the reproductive tract. Based on their location within the cluster and their arborization pattern, the two posterior cells labeled by J39942-Gal4 that project to the reproductive tract are PC6 and 7.
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FIGURE 5
 A subset of neurons that innervate the calyx. J39942-Gal4 and Tdc2-LexA were used to express UAS::mCD8-GFP (green) and LexAop::CD2-RFP (magenta) respectively followed by the appropriate secondary antibodies. (Red was converted to magenta in Image J). (A) Confocal stack of the reproductive tract (horizontal view, 80 μm z projection, maximum signal) shows co-labeling in the calyx by processes expressing both J39942-Gal4 and Tdc2-LexA. The ovaries (Ov), calyx (Cal), lateral oviducts (LO), and common oviduct (CO) are indicated. (B–D) A confocal stack (B,B’,B’’) and single optical slices of the VNC (C,D,C’,D’,C’’,D’’) show that J39942-Gal4 labels four Tdc2(+) cells. Vertical white lines are regions that contain the indicated cells including SpA, PC1 and PC2, PC3-5 plus SpB, PC6-8 and cells that project to the anterior neuropil (“Ant.”). White arrowheads (B,C,D) indicate cells labeled with J39942-Gal4. Scale bars: (A) 100 μm. (B–D) 50 μm.




Optogenetic stimulation of a subset of octopaminergic neurons

Projection to the calyx of the cells labeled by line J39942-Gal4 predicted that they could potentially play a role in regulating the function of this region. Alternatively, it remained possible that all cells in the posterior cluster might be required for lateral oviduct contractions and perhaps other functions previously assigned to octopaminergic signaling pathways. To distinguish between these possibilities, we compared the effects of optogenetically stimulating all Tdc2(+) (neurons) vs. the subset labeled by J39942-Gal4 (Figures 6A,B). We used the channelrhodopsin variant ChR2-XXM which is directly conjugated to TdTomato (Scholz et al., 2017), thus allowing visualization of projections labeled with either Tdc2- (Figure 6C) or J39942-Gal4 (Figure 6D). The difference in the intensity of the fluorescent signals appear to be consistent with the expression of J39942-Gal4 in a subset of the Tdc2(+) that innervate the calyx. However, differences between the expression of ChR2-XXM in the cells co-labeled by both drivers are also possible.
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FIGURE 6
 Stimulating a subset of neurons initiates lateral oviduct contraction. (A) The optogenetic protocol included a baseline followed by two 1 min periods of stimulation with a ~ 470 nm LED and intervening 1 min periods without stimulation. The oviducts were visualized with a ~ 565 nm LED. (B) Small windows cut in the ventral cuticle of the thorax (black oval) and abdomen (black rectangle) allowed stimulation of cells in the AbG and visualization of the oviducts, respectively. (C,D) Processes at the base of the ovaries (Ov) that express UAS-ChR2XXM-TdTomato (white arrowheads) with either Tdc2-Gal4 (C) or J39942-Gal4 (D) were visualized with ~565 nm excitation. (E–G) Total number of contractions seen in each stimulation period (E), the rate of contractions (F), and average latency to the contractions (G) are indicated for each genotype (n = 8 for control without Gal4 and for Tdc2-Gal4, n = 11 for J39942-Gal4). A Kruskal-Wallis test was used for the analysis in panel (E) (p = 0.0008 and 0.0004 for Stim 1 and Stim 2, respectively) with multiple comparisons **p = 0.0015–0.006; ***p = 0.0008. (F,G) Mann–Whitney tests of frequency and latency respectively; ns, not statistically significant by Mann–Whitney. Scale Bars: 100 μm.


We found that stimulating either the entire Tdc2(+) posterior cluster or the subset labeled by J39942-Gal4 in these preparations was followed by repetitive contractions that were similar in number (Figure 6E) and frequency (Figure 6F); the latency between optogenetic stimulation and the onset of contractions appeared slightly shorter for J39942-Gal4 than Tdc2-Gal4 but this was not statistically significant (Figure 6G). These data support the idea that specific subsets of cells within the posterior cluster rather than the cluster as a whole may be sufficient to mediate at least one of the functions proposed for octopaminergic signaling in the reproductive tract.



Two neurons in the posterior cluster are differentially excitable

To complement our studies on neuroanatomical diversity, we performed additional electrophysiological experiments. Previous electrophysiological studies of octopaminergic neurons have been performed in larger insects including the locust, as well as crustaceans such as the lobster (Duch et al., 1999; Grolleau and Lapied, 2000; Heinrich et al., 2000; Heidel and Pfluger, 2006). To probe the electrophysiological properties of octopaminergic neurons in Drosophila, we performed whole cell, patch clamp recordings from Tdc2(+) cell bodies in the abdominal ganglion using previously described methods (Harrigan et al., 2020). To label the Tdc2(+) cells, we expressed the marker mCD8-GFP using Tdc2-Gal4, the same driver we used for MCFO experiments. The GFP marker was easily visualized after fixation (Figures 7A,B) and in live images while patching (Figures 7C–E). We chose to focus on the two large cell bodies at the posterior tip of the cluster because they could be easily visualized and consistently distinguished from each other and the rest of the cluster (e.g., in the three preparations shown in Figures 7C–E). These cells correspond to PC1 and PC2 in Figures 1–4.

[image: Figure 7]

FIGURE 7
 Whole cell patch clamp to measure excitability. (A,B) Tdc2-Gal4 was used to express UAS-mCD8-GFP and labeled with anti-GFP (green). PC1 was injected with biocytin (yellow) in this preparation. (A) Confocal image of PC1 and PC2 with the VNC in a horizontal orientation. (B) The same confocal stack shown in panel (A) was digitally rotated ~90 degrees. (C–E) Three additional examples of preparations used for recording showing variations in the distance between PC1 and PC2 and the variable presence of SpA in the field of view. (F,G) The number of action potentials vs. current injection of PC1 (F) and PC2 (G) measured in whole-cell current clamp mode. (H) Average of PC1 (n = 31) and PC2 (n = 22, mean + SEM). Regression analysis (see the section Materials and methods) with ****p< 2 × 10−16 and a least squares estimate of 5.72 action potentials. Scale Bars: 10 μm. The average resting potentials of PC1 and PC1 were − 52.5 ± 7.3 mV (mean ± standard deviation; median: − 53.2 mV; n = 35) and − 51.2±−4.7 mV (median: − 51.2 mV; n = 22) respectively and neither mean (Student’s t test) nor median (Mann Whitney test) were significantly different.


To further confirm that we were recording from the same cells that we had imaged using MCFO, we injected biocytin into cells during a subset of recordings (Figures 7A,B). Images of a horizontally oriented ventral nerve cord (Figure 7A), and digital rotation (Figure 7B) following injection into PC1 confirm that is dorsal and posterior to PC2. Access to ventral nerve cord for electrophysiological recordings required disruption of the glial sheath that surrounds it, which led to slight changes in the absolute position of the octopaminergic neurons when visualized after fixation (Figures 7A,B) or during the patch clamp experiments (Figures 7C–E). PC1 and 2 could nonetheless be consistently identified as the first and second large, midline cells at the posterior tip of the cluster (Figures 7A–E).

Using whole cell path clamp in current clamp, we detected relatively few spontaneous action potentials in either PC1 or PC2 in our initial, baseline recordings (data not shown). Similarly, octopaminergic neurons are generally silent at baseline in the lobster ventral nerve cord (Heinrich et al., 2000). To determine if a baseline inhibitory potential was responsible for the apparent quiescence of the cells, step current pulses of increasing amplitude were injected and the number of action potentials after each injection was recorded (Figures 7F,G). The number of action potentials elicited by each current step was significantly higher for PC1 (Figures 7F,H) compared to PC2 (Figures 7G,H). These data suggest that PC2 may be inherently less excitable than PC1 or receive stronger inhibitory inputs.

To explore whether differences in excitability are due to different levels of tonic, inhibition in PC1 and PC2 neurons, we bath applied the GABA Cl− channel blocker picrotoxin (Ffrench-Constant et al., 1991, 1993; Stilwell et al., 2006). We again injected current in a stepwise fashion and quantified the number of action potentials that were elicited, both before and after treatment with picrotoxin (Figures 8A,B). Application of 100 μM picrotoxin resulted in a significant change of the current-response curve in both PC1 and PC2 neurons (Figures 8C–F, magenta squares). The mean current required to elicit at least 10% of the maximum number of action potentials substantially decreased in both cell types (PC1 control: 153 ± 42 pA; PC1 picrotoxin 43 ± 7 pA; PC2 control: 248 ± 53 pA PC2 picrotoxin: 100 ± 7). This indicates that tonic inhibition contributes to a reduced excitability in both cell types and that PC2 cells are intrinsically less excitable.
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FIGURE 8
 Picrotoxin and ivermectin effects on tonic inhibition. (A,B) Action potentials elicited at the indicated current injections in control cells, after application of 100 μM Picrotoxin, (PTx, pink) and in the presence of 100 μM PTx + 1 μM Ivermectin (blue) for PC1 (A) and PC2 (B). (C,D) The number of action potentials vs. current injections for the PC1 (C) and PC2 (D) cells shown in panels (A,B), respectively, and treated with PTx alone (pink squares), PTx + Ivermectin (blue triangles) or saline alone control (black circles). (E,F) The mean normalized response for PC1 (E: control, n = 5; +PTx, n = 5; +PTx + Ivermectin, n = 4) and PC2 (F: control, n = 6; +PTx = 6; +PTx + Ivermectin, n = 3). Regression analysis (see Methods) with ****p < 2 × 10−16, ***p = 2.67 × 10−11 and *p = 0.029 for PTx or PTx + Ivermectin compared to control. The least squares estimate of the coefficient of picrotoxin for PC1 and PC2 were 0.296 and 0.316 and for ivermectin −0.089 and 0.262, respectively, with negative vs. positive values indicating shifts in opposite directions.


In addition to GABA gated inhibitory channels, Drosophila express a glutamate-gated chloride channel (GluCl) that is also responsive to picrotoxin (Cully et al., 1996; Etter et al., 1999). We are not aware of a specific GluCl antagonist. Therefore, to determine whether GluCl might contribute to the inhibitory control of PC1 and/or PC2, we tested the effects of the GluCl agonist ivermectin (Cully et al., 1996; Kane et al., 2000). Since both PC1 and PC2 were relatively quiescent at baseline, we tested the effects of ivermectin after first applying picrotoxin. We detected a shift in the current-response curves of both PC1 and PC2 in response to ivermectin following picrotoxin (Figures 8C–F, blue triangles). Activation of GluCl appeared to more effectively restore the level of inhibition seen prior to the initial application of picrotoxin for PC1 compared to PC2 (Figures 8C–F, blue triangles). These data further underscore the subtle differences between these two cells and suggest that GluCl may play a relatively more important role in the baseline inhibition of PC1 compared to PC2.



Expression of the GluCl receptor

Inhibitory receptors expressed in PC1 and PC2 could potentially be responsible for the effects of picrotoxin and ivermectin that we observed. Alternatively, these effects could be mediated by inhibitory receptors expressed on other neurons that innervate PC1 and PC2. While several GABA subunits are expressed in Drosophila there is only one GluCl gene, thereby simplifying the analysis of GluCl expression (Cully et al., 1996; Etter et al., 1999; Liu and Wilson, 2013). To determine the expression pattern of GluCl, we used the MiMIC line GluCl-MiMIC-Gal4 (Lee et al., 2018). We co-labeled tissue using GluCl-MiMIC-Gal4 and Tdc2-LexA to express the green and red markers mCD8-GFP and CD2-RFP, respectively. We detect extensive labeling of processes near both the Tdc2(+) somata that are GluCl(+) (Figure 9). However, it is possible that Tdc2(+) cell bodies also show low levels of GluCl-Gal4 expression (Figure 9). These data suggest that the effects of ivermectin on octopaminergic cells in this cluster may be mediated directly or indirectly by GluCl expressed on Tdc2(+) or other cells, and further experiments will be needed to differentiate between these two possibilities.
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FIGURE 9
 Octopaminergic neurons in the posterior cluster do not express the GluCl receptor. GluCl-Gal4 expression was compared to Tdc2-LexA expression using the reporters UAS::mCD8-GFP and LexAop::CD2-RFP. (A,A’,A’’) Dorsal to ventral maximum signal projection through the abdominal ganglion with the neurons indicated as in Figure 5. (B,B’,B’’) Single slice images comparing epitope expression with one of the neurons in the PC3-5 subgroup indicated (white arrow). (C,C’,C’’) Sagittal view, maximum signal projection through the abdominal ganglion with the neurons indicated as in Figure 5. White and black arrowheads indicate the SpA cell and GluCl(+) labeling, respectively. (D,D’,D’’) Single optical slice from the sagittal stack (arrowheads as in C). Scale Bars: (A,C): 50 μm. (B): 5 μm. (D): 10 μm.





Discussion

The Tdc2(+) cluster in the abdominal ganglion that innervates the reproductive tract provides a useful model to determine how individual neurons within an aminergic cluster may regulate distal targets, analogous to the projections from aminergic nuclei in mammalian brain. However, in contrast to mammalian nuclei, the cluster that innervates the reproductive tract contains a small number of cells, thus simplifying its analysis. The stereotyped position of invertebrate neurons also facilitates electrophysiological studies, similar to those pioneered in crustaceans and larger insects (Goodman and Spitzer, 1981; Harris-Warrick and Marder, 1991; Heinrich et al., 2000).

A cluster of Tdc2(+) cells at the posterior end of the abdominal ganglion as well as their combined projections into the reproductive tract has been previously identified (Monastirioti, 2003; Rodriguez-Valentin et al., 2006; Rezaval et al., 2014; Pauls et al., 2018; White et al., 2021). Assessment of the number of octopaminergic cells in this region has varied; the low end of the range (5–6) is likely to be an underestimate based on the relatively low sensitivity of the method used to labels the cells (Monastirioti et al., 1995; Monastirioti, 1999). A higher estimate appears to include octopaminergic neurons that are anterior to those that project to the reproductive tract (Schneider et al., 2012), and we have designated those that project to the reproductive tract as the posterior cluster within the abdominal ganglion. We speculate that the posterior cluster is essentially equivalent to the group of 8–9 octopaminergic neurons that co-express Tdc2 and the sex-specific gene doublesex (Rezaval et al., 2014). These cells are present in females but not in males and innervate the reproductive tract (Rezaval et al., 2014). Silencing Tdc2/dsx cells changes a variety of post-mating behaviors including egg-laying (Rezaval et al., 2014).

It was possible that all of the Tdc2/dsx cells (or other octopaminergic neurons) could project diffusely throughout the reproductive tract, perhaps regulating downstream targets as a group. Conversely, we find that each cell in this region that we have mapped innervates relatively distinct but overlapping targets. These include two cells each that innervate the spermatheca and posterior common oviduct, and three that innervate the calyx ± portions of the ovaries or lateral oviduct. We detect one cell each for innervation of the ovaries, the posterior uterus and a region that includes both the lateral and common oviducts.

In mammals, aminergic nuclei have historically been treated as relatively homogenous structures that mediate aminergic “tone.” RNA seq studies show that neurons within the raphe are transcriptionally diverse and functional studies of both the locus coeruleus and raphe have revealed subpopulations that have unexpectedly distinct effects on behavior (Soiza-Reilly and Commons, 2014; Chandler et al., 2019; Huang et al., 2019; Borodovitsyna et al., 2020; Okaty et al., 2020; Poe et al., 2020). Our data similarly show that a small cluster of aminergic of cells can nonetheless have divergent targets. These data are also consistent with studies in locust in which subpopulations of octopaminergic neurons mediate distinct effects (Duch et al., 1999).

The fly connectome has been previously mapped using electron microscopy and 3D reconstruction using serial sections (Scheffer et al., 2020; Dorkenwald et al., 2023; Schlegel et al., 2023; Winding et al., 2023). The length of the processes that project from the ventral nerve cord to the reproductive tract render a similar reconstruction technically difficult. The use of non-synaptic modes of neuronal communication by many aminergic neurons also preclude molecular techniques that require close synaptic contacts (Feinberg et al., 2008; Talay et al., 2017; Shearin et al., 2018). Some octopaminergic neurons in the central brain are likely to signal via true synaptic connections (Wasserman et al., 2015; Wong et al., 2021). However, using trans-Tango (Talay et al., 2017) with Tdc2-Gal4 as a presynaptic partner we were unable to detect post-synaptic labeling of any targets in the reproductive tract (data not shown). These data indicate that few, if any of the octopaminergic/tyraminergic projections to the reproductive signal via true synaptic transmission. Rather, signaling at these sites is likely to occur via volume transmission and the release of octopamine and or tyramine from large dense core vesicles (Hoyle et al., 1980; Watson and Schurmann, 2002; Fuxe et al., 2010; Stocker et al., 2018). In the absence of true synaptic connections for octopaminergic projections into the reproductive tract, the methods used previously to map the fly connectome in the central nervous system are not feasible, highlighting the importance of the current data for understanding the neuroanatomy of this region.

Three cells within the cluster that we have studied have relatively distinct anatomic targets (PC3, 4, and 5), consistent with the possibility that they may mediate diverse functions in the uterus, the ovaries and the oviducts, respectively. By contrast, the other cells in the cluster appear to have overlapping projection patterns. These include the two cells that appear to project to similar sites in the distal portion of the posterior oviduct and anterior uterus (PC1 and 2), two that innervate the stalk of the spermatheca (SpA and B) and three cells that show overlapping patterns that include the calyx (PC6, 7 and 8).

It is possible that one or both of SpA and/or B are responsible for the octopaminergic and/or tyraminergic regulation of the spermatheca (Avila et al., 2012). Similarly, it is possible that any one of the four cells that either send processes to the ovary as a whole (PC4), or the calyx where eggs exit the ovary (PC6, 7, 8) could play a role in ovulation (Deady and Sun, 2015; Meiselman et al., 2018). PC5, 6, 7 or 8 could potentially contribute to regulation of lateral oviduct contractility (Rodriguez-Valentin et al., 2006; Deshpande et al., 2022). While the base of the ovaries is innervated by both PC4 and PC8, the more anterior regions of the ovaries are only innervated by PC4. Therefore, contractions of the peritoneal sheath in the more anterior regions would most likely be regulated by PC4 rather than PC8 (Middleton et al., 2006; Meiselman et al., 2018). Similarly, only the projections of PC4 would be able to influence any developmental effects linked to octopamine that may occur in the anterior regions of the ovaries (Andreatta et al., 2018; Meiselman et al., 2018; Yoshinari et al., 2020; Kim et al., 2021).

We have previously shown that optogenetic activation of all Tdc2(+) neurons can initiate contractions in the lateral oviducts and calyxes (Deshpande et al., 2022). Our data using a more restrictive driver (J39942-Gal4 aka GMR76H07-Gal4) indicate that a subset of Tdc2(+) cells can have similar, if not identical effects. Additional experiments will be needed to determine if all the cells that innervate these regions have the same effect. It is possible that the different octopaminergic cells that innervate the calyx and lateral oviducts represent alternative, and essentially redundant pathways to elicit the same response. As suggested for some pathways within the stomatogastric ganglion of the crab, this may be essential to ensure a robust response under a variety of conditions (Gorur-Shandilya et al., 2022). Alternatively, it is also possible that each of these cells could serve a distinct function to induce oviduct contractions under different contexts or in coordination with a different subset of neurons. Potential partners include glutamatergic/ILP7(+) cells which innervate the reproductive tract and can induce oviduct contractions (Castellanos et al., 2013; Gou et al., 2014; Deshpande et al., 2022). Additional drivers for subsets of other octopaminergic neurons will be needed to address these questions.

The sites in the reproductive tract that we have anatomically mapped to specific neurons in the nerve cord may be directly regulated by local octopamine release. However, we cannot rule out a contribution of neurohumeral release from the CNS (Braunig, 1995). It is also possible that other less direct octopaminergic pathways play an important role in regulating octopamine-dependent activities within the reproductive tract. In both insects and crustaceans, octopamine can alter the morphology and activity of presynaptic axons and nerve terminals and thereby regulate the response of downstream targets via indirect mechanisms (Breen and Atwood, 1983; Nishikawa and Kidokoro, 1999; Goaillard et al., 2004; Koon and Budnik, 2012). In the reproductive tract, we have shown that presynaptic glutamatergic nerve terminals express Octβ2R (Deshpande et al., 2022) and these cells regulate contractility of the oviduct (Castellanos et al., 2013; Gou et al., 2014). Octopaminergic projections may also exert indirect control of the reproductive tract via octopamine receptors that are expressed on peripheral interneurons. At least 26 cells expressing the channel ppk1 are expressed in the reproductive tract and a subset have been proposed to function as mechanosensory cells to regulate the activity of glutamatergic projections from the abdominal ganglion (Yang et al., 2009; Rezaval et al., 2012; Gou et al., 2014; Lee et al., 2016; Wang et al., 2020a). We have previously reported that many, if not all of the neurons in this subset also express one or more subtypes of the six of the known octopamine receptors (Deshpande et al., 2022; Rohrbach et al., 2024). It is therefore possible that octopaminergic receptor activation in peripheral ppk1 neurons could signal to other sites within the reproductive tract that are distal from the octopaminergic projections we have mapped.

Additional indirect pathways may be mediated by octopamine receptors expressed on non-neuronal tissue. We are unable to detect octopamine receptors on any muscle cells within the reproductive tract (Deshpande et al., 2022, Rohrbach et al., 2024). However, genetic rescue experiments indicate that the octopamine receptors expressed in epithelial cells that line the oviduct are required for egg-laying, and the epithelium may signal to adjacent muscle tissue (Lee et al., 2003, 2009; Lim et al., 2014). Together, these observations raise the possibility that a complex web of regulatory interactions may exist beyond the direct octopaminergic projections that we have mapped.

The stereotyped position of invertebrate neurons facilitates electrophysiological studies, e.g., those pioneered in crustaceans and larger insects (Goodman and Spitzer, 1981; Harris-Warrick and Marder, 1991; Heinrich et al., 2000). We have exploited this property to compare two nearby cells, PC1 and 2. Although the size and location of their cell bodies and their projection patterns are similar, their intrinsic excitability and their response to the GluCl receptor agonist ivermectin differs. Differences in the electrophysiological properties of similar, unpaired medial neurons have also been identified in larger insects, and some of the channels that might be responsible for these differences have been characterized (Goodman and Spitzer, 1981; Grolleau and Lapied, 2000; Heidel and Pfluger, 2006). Future electrophysiological experiments with other neurons in the posterior cluster will provide an important comparison to PC1 and PC2; however, movement of the cells following disruption of the glial sheath makes it difficult to unambiguously identify most of these cells when they are all labeled with Tdc2-Gal4. The use of additional drivers that label subsets of the cells within the cluster such as J39942-Gal4 will facilitate future electrophysiological experiments.

We find that activation of GluCl can increase excitation of PC1 and to a lesser extent PC2. Compared to the surrounding neuropil, GluCl appears to be expressed at relatively low levels in the Tdc2(+) neurons within the posterior cluster. These data suggest that the regulation of octopaminergic cells in the posterior cluster may include indirect inhibitory pathways. RNA seq studies may yield important clues about the identity of local interneurons that express GluCl and GABA receptors and could potentially innervate the posterior cluster (Allen et al., 2020; Li et al., 2022). In addition, further electrophysiological studies of octopaminergic neurons in Drosophila will be important to help define the mechanisms that determine the differences in excitability we have observed and their physiological role.
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SUPPLEMENTARY FIGURE S1 | A neuron at the tip of the posterior cluster projects to the spermathecae. (A) Overview of the labeled reproductive tract with the common oviduct (CO), spermatheca (Sp), Ovary and uterus (Ut) indicated. (B) Labeling of the abdominal ganglion shown as a confocal stack. The white arrow in panel (B) indicates the specific labeling of a yellow cell, allowing an unambiguous match to yellow processes in the reproductive tract. This cell is indicated as SpA in Figure 4. The white arrowhead and asterisk indicate two cells that are similarly labeled red and therefore cannot be assigned to processes in the reproductive tract based on this preparation alone. Based on other labelings, the larger more posterior cell is PC1 and the smaller, anterior cell is SpB. At least one large blue cell body is labeled (double white arrowheads), but additional, smaller blue cell bodes appear to be labeled blue in this preparation. Based on other labelings, the large blue cell is PC4, which innervates the ovaries. Neuropil anterior to the posterior cluster is labeled “Ant Npl”. Panels (C,D,E) correspond to boxed areas in panel (A) and include the stalk of the spermatheca (C), the anterior uterus (D), and the ovaries (E). Insets in panels (C–E) represent single optical sections of the confocal stack shown in panel (B). (C) Yellow processes correspond to the yellow cell (SpA) in both the inset and panel (B) (white arrows). On the basis of other labeling experiments, the red processes (asterisks) correspond to the small red cell labeled with an asterisk in panel B (SpB in Figure 4). (D) On the basis of other labelings, the red processes in the uterus and posterior oviduct are derived from the indicated red cell (white arrowhead in inset) and represent PC1. (E) The blue processes correspond to large blue cell innervating the ovaries (white double arrowheads in inset and in panel B) and is indicated as PC4 in Figure 4. Scale bars: (A,C–E): 50 μm. (B) and insets in (C,D,E): 10 μm.

SUPPLEMENTARY FIGURE S2 | Two neurons innervate the posterior common oviduct and uterus. (A) Overview of the labeled reproductive tract with the ovaries (Ov), common oviduct, (CO), spermathecae (Sp), and uterus (Ut) indicated. Red processes in the ovaries (black arrowheads) and spermathecae (black arrows) are also indicated. (B,C) The boxed regions from panel (A) shown at higher magnification include the posterior common oviduct (B) and the uterus (C) with blue (white arrowhead), green (white arrow) and red (black arrow) processes indicated. (D) Labeled cells in the abdominal ganglion include one blue (white arrowhead) and one green (white arrow) cell represented as PC1 and PC2 in Figure 4, respectively. Two red cells are visible. Based on a comparison to other labelings, the smaller red cell (asterisk) and the larger red cell (black arrowhead) innervate the stalk of the spermathecae and the ovaries respectively and are indicated as SpB and PC4 in Figure 4. Scale bars: (A): 50 μm. (B–D) and inset in (D):10 μm.

SUPPLEMENTARY FIGURE S3 | A neuron innervating the posterior uterus. (A) Overview of the labeled reproductive tract with the calyx (Cal), lateral oviduct (LO), common oviduct (CO) and uterus (Ut) indicated. The panel (A) inset shows labeling of the abdominal ganglion (AbG) as a confocal stack and includes one red cell (single white arrowhead), one blue cell (white arrow), and two green cells (asterisk and double white arrowhead). (B–D) Higher magnification of the boxed regions in panel (A). Insets in panels (B–D) show single optical sections of cells indicated in the panel (A) inset. Identification of the red cell as PC1 (projecting to the posterior oviduct and anterior uterus) and the blue cell as PC6 (projecting to the lateral oviduct and calyx) can be determined from this preparation alone since only one red cell and one blue cell were observed in the abdominal ganglion. Comparison of this preparation to other labelings allows assignment of the small green cell (asterisk) as PC7 (projecting to the calyx), and the larger green cell as PC3 (double white arrowheads, projecting to the posterior uterus). Scale bars: (A): 100 μm. (B–D) and insets in (A–D): 10 μm.



References

 Allen, A. M., Neville, M. C., Birtles, S., Croset, V., Treiber, C. D., Waddell, S., et al. (2020). A single-cell transcriptomic atlas of the adult Drosophila ventral nerve cord. eLife 9:e54074. doi: 10.7554/eLife.54074 

 Andrade, R., and Haj-Dahmane, S. (2013). Serotonin neuron diversity in the dorsal raphe. ACS Chem. Neurosci. 4, 22–25. doi: 10.1021/cn300224n 

 Andreatta, G., Kyriacou, C. P., Flatt, T., and Costa, R. (2018). Aminergic Signaling controls ovarian dormancy in Drosophila. Sci. Rep. 8:2030. doi: 10.1038/s41598-018-20407-z 

 Avila, F. W., Bloch Qazi, M. C., Rubinstein, C. D., and Wolfner, M. F. (2012). A requirement for the neuromodulators octopamine and tyramine in Drosophila melanogaster female sperm storage. Proc. Natl. Acad. Sci. USA 109, 4562–4567. doi: 10.1073/pnas.1117689109 

 Bargmann, C. I., and Marder, E. (2013). From the connectome to brain function. Nat. Methods 10, 483–490. doi: 10.1038/nmeth.2451 

 Borodovitsyna, O., Duffy, B. C., Pickering, A. E., and Chandler, D. J. (2020). Anatomically and functionally distinct locus coeruleus efferents mediate opposing effects on anxiety-like behavior. Neurobiol. Stress 13:100284. doi: 10.1016/j.ynstr.2020.100284 

 Braunig, P. (1995). Dorsal unpaired median (DUM) neurones with neurohaemal functions in the locust. Locusta migratoria. Acta Biol. Hung. 46, 471–479 

 Breen, C. A., and Atwood, H. L. (1983). Octopamine--a neurohormone with presynaptic activity-dependent effects at crayfish neuromuscular junctions. Nature 303, 716–718. doi: 10.1038/303716a0 

 Castellanos, M. C., Tang, J. C., and Allan, D. W. (2013). Female-biased dimorphism underlies a female-specific role for post-embryonic Ilp7 neurons in Drosophila fertility. Development 140, 3915–3926. doi: 10.1242/dev.094714 

 Chandler, D. J., Jensen, P., Mccall, J. G., Pickering, A. E., Schwarz, L. A., and Totah, N. K. (2019). Redefining noradrenergic Neuromodulation of behavior: impacts of a modular locus coeruleus architecture. J. Neurosci. 39, 8239–8249. doi: 10.1523/JNEUROSCI.1164-19.2019 

 Clark, J., and Lange, A. B. (2003). Octopamine modulates spermathecal muscle contractions in Locusta migratoria. J. Comp. Physiol. A Neuroethol. Sens. Neural Behav. Physiol. 189, 105–114. doi: 10.1007/s00359-002-0375-x 

 Cole, S. H., Carney, G. E., Mcclung, C. A., Willard, S. S., Taylor, B. J., and Hirsh, J. (2005). Two functional but noncomplementing Drosophila tyrosine decarboxylase genes: distinct roles for neural tyramine and octopamine in female fertility. J. Biol. Chem. 280, 14948–14955. doi: 10.1074/jbc.M414197200 

 Court, R., Namiki, S., Armstrong, J. D., Borner, J., Card, G., Costa, M., et al. (2020). A systematic nomenclature for the Drosophila ventral nerve cord. Neuron 107, 1071–1079.e2. doi: 10.1016/j.neuron.2020.08.005

 Cully, D. F., Paress, P. S., Liu, K. K., Schaeffer, J. M., and Arena, J. P. (1996). Identification of a Drosophila melanogaster glutamate-gated chloride channel sensitive to the antiparasitic agent avermectin. J. Biol. Chem. 271, 20187–20191. doi: 10.1074/jbc.271.33.20187 

 Deady, L. D., and Sun, J. (2015). A follicle rupture assay reveals an essential role for follicular adrenergic Signaling in Drosophila ovulation. PLoS Genet. 11:e1005604. doi: 10.1371/journal.pgen.1005604 

 Deshpande, S. A., Rohrbach, E. W., Asuncion, J. D., Harrigan, J., Eamani, A., Schlingmann, E. H., et al. (2022). Regulation of Drosophila oviduct muscle contractility by octopamine. iScience 25:104697. doi: 10.1016/j.isci.2022.104697 

 Dorkenwald, S., Matsliah, A., Sterling, A. R., Schlegel, P., Yu, S. C., Mckellar, C. E., et al. (2023). Neuronal wiring diagram of an adult brain. bioRxiv [Preprint]. doi: 10.1101/2023.06.27.546656

 Duch, C., Mentel, T., and Pfluger, H. J. (1999). Distribution and activation of different types of octopaminergic DUM neurons in the locust. J. Comp. Neurol. 403, 119–134. doi: 10.1002/(SICI)1096-9861(19990105)403:1<119::AID-CNE9>3.0.CO;2-F 

 Etter, A., Cully, D. F., Liu, K. K., Reiss, B., Vassilatis, D. K., Schaeffer, J. M., et al. (1999). Picrotoxin blockade of invertebrate glutamate-gated chloride channels: subunit dependence and evidence for binding within the pore. J. Neurochem. 72, 318–326. doi: 10.1111/jnc.1999.72.1.318 

 Feinberg, E. H., Vanhoven, M. K., Bendesky, A., Wang, G., Fetter, R. D., Shen, K., et al. (2008). GFP reconstitution across synaptic partners (GRASP) defines cell contacts and synapses in living nervous systems. Neuron 57, 353–363. doi: 10.1016/j.neuron.2007.11.030 

 Feng, Y., Ueda, A., and Wu, C. F. (2004). A modified minimal hemolymph-like solution, HL3.1, for physiological recordings at the neuromuscular junctions of normal and mutant Drosophila larvae. J. Neurogenet. 18, 377–402. doi: 10.1080/01677060490894522 

 Ffrench-Constant, R. H., Mortlock, D. P., Shaffer, C. D., Macintyre, R. J., and Roush, R. T. (1991). Molecular cloning and transformation of cyclodiene resistance in Drosophila: an invertebrate gamma-aminobutyric acid subtype a receptor locus. Proc. Natl. Acad. Sci. USA 88, 7209–7213. doi: 10.1073/pnas.88.16.7209 

 Ffrench-Constant, R. H., Rocheleau, T. A., Steichen, J. C., and Chalmers, A. E. (1993). A point mutation in a Drosophila GABA receptor confers insecticide resistance. Nature 363, 449–451. doi: 10.1038/363449a0 

 Fuxe, K., Dahlstrom, A. B., Jonsson, G., Marcellino, D., Guescini, M., Dam, M., et al. (2010). The discovery of central monoamine neurons gave volume transmission to the wired brain. Prog. Neurobiol. 90, 82–100. doi: 10.1016/j.pneurobio.2009.10.012 

 Goaillard, J. M., Schulz, D. J., Kilman, V. L., and Marder, E. (2004). Octopamine modulates the axons of modulatory projection neurons. J. Neurosci. 24, 7063–7073. doi: 10.1523/JNEUROSCI.2078-04.2004 

 Goodman, C. S., and Spitzer, N. C. (1981). The mature electrical properties of identified neurones in grasshopper embryos. J. Physiol. 313, 369–384. doi: 10.1113/jphysiol.1981.sp013671 

 Gorur-Shandilya, S., Cronin, E. M., Schneider, A. C., Haddad, S. A., Rosenbaum, P., Bucher, D., et al. (2022). Mapping circuit dynamics during function and dysfunction. eLife 11:e76579. doi: 10.7554/eLife.76579 

 Gou, B., Liu, Y., Guntur, A. R., Stern, U., and Yang, C. H. (2014). Mechanosensitive neurons on the internal reproductive tract contribute to egg-laying-induced acetic acid attraction in Drosophila. Cell Rep. 9, 522–530. doi: 10.1016/j.celrep.2014.09.033 

 Grolleau, F., and Lapied, B. (2000). Dorsal unpaired median neurones in the insect central nervous system: towards a better understanding of the ionic mechanisms underlying spontaneous electrical activity. J. Exp. Biol. 203, 1633–1648. doi: 10.1242/jeb.203.11.1633 

 Hana, S., and Lange, A. B. (2020). Corrigendum: cloning and functional characterization of Octbeta2-receptor and Tyr1-receptor in the Chagas disease vector, Rhodnius prolixus. Front. Physiol. 11:649. doi: 10.3389/fphys.2020.00649 

 Harrigan, J., Brambila, D. F., Meera, P., Krantz, D. E., and Schweizer, F. E. (2020). The environmental toxicant ziram enhances neurotransmitter release and increases neuronal excitability via the EAG family of potassium channels. Neurobiol. Dis. 143:104977. doi: 10.1016/j.nbd.2020.104977 

 Harris-Warrick, R. M., and Marder, E. (1991). Modulation of neural networks for behavior. Annu. Rev. Neurosci. 14, 39–57. doi: 10.1146/annurev.ne.14.030191.000351 

 Hasemeyer, M., Yapici, N., Heberlein, U., and Dickson, B. J. (2009). Sensory neurons in the Drosophila genital tract regulate female reproductive behavior. Neuron 61, 511–518. doi: 10.1016/j.neuron.2009.01.009 

 Heidel, E., and Pfluger, H. J. (2006). Ion currents and spiking properties of identified subtypes of locust octopaminergic dorsal unpaired median neurons. Eur. J. Neurosci. 23, 1189–1206. doi: 10.1111/j.1460-9568.2006.04655.x 

 Heifetz, Y., Lindner, M., Garini, Y., and Wolfner, M. F. (2014). Mating regulates neuromodulator ensembles at nerve termini innervating the Drosophila reproductive tract. Curr. Biol. 24, 731–737. doi: 10.1016/j.cub.2014.02.042 

 Heinrich, R., Braunig, P., Walter, I., Schneider, H., and Kravitz, E. A. (2000). Aminergic neuron systems of lobsters: morphology and electrophysiology of octopamine-containing neurosecretory cells. J. Comp. Physiol. A. 186, 617–629. doi: 10.1007/s003590000116 

 Horner, M. (1999). Cytoarchitecture of histamine-, dopamine-, serotonin- and octopamine-containing neurons in the cricket ventral nerve cord. Microsc. Res. Tech. 44, 137–165. doi: 10.1002/(SICI)1097-0029(19990115/01)44:2/3<137::AID-JEMT7>3.0.CO;2-3 

 Hoyle, G., Colquhoun, W., and Williams, M. (1980). Fine structure of an octopaminergic neuron and its terminals. J. Neurobiol. 11, 103–126. doi: 10.1002/neu.480110109 

 Huang, K. W., Ochandarena, N. E., Philson, A. C., Hyun, M., Birnbaum, J. E., Cicconet, M., et al. (2019). Molecular and anatomical organization of the dorsal raphe nucleus. eLife 8:e46464. doi: 10.7554/eLife.46464 

 Jenett, A., Rubin, G. M., Ngo, T. T., Shepherd, D., Murphy, C., Dionne, H., et al. (2012). A GAL4-driver line resource for Drosophila neurobiology. Cell Rep. 2, 991–1001. doi: 10.1016/j.celrep.2012.09.011 

 Kalogianni, E., and Theophilidis, G. (1993). Centrally generated rhythmic activity and modulatory function of the oviductal dorsal unpaired median (dum) neurones in two orthopteran species (Calliptamus Sp. and Decticus albifrons). J. Exp. Biol. 174, 123–138. doi: 10.1242/jeb.174.1.123

 Kane, N. S., Hirschberg, B., Qian, S., Hunt, D., Thomas, B., Brochu, R., et al. (2000). Drug-resistant Drosophila indicate glutamate-gated chloride channels are targets for the antiparasitics nodulisporic acid and ivermectin. Proc. Natl. Acad. Sci. USA 97, 13949–13954. doi: 10.1073/pnas.240464697 

 Kim, J., Hyun, M., Hibi, M., and You, Y. J. (2021). Maintenance of quiescent oocytes by noradrenergic signals. Nat. Commun. 12:6925. doi: 10.1038/s41467-021-26945-x 

 Koon, A. C., and Budnik, V. (2012). Inhibitory control of synaptic and behavioral plasticity by octopaminergic signaling. J. Neurosci. 32, 6312–6322. doi: 10.1523/JNEUROSCI.6517-11.2012 

 Kravitz, E. A., and Huber, R. (2003). Aggression in invertebrates. Curr. Opin. Neurobiol. 13, 736–743. doi: 10.1016/j.conb.2003.10.003 

 Lange, A. B. (2009). Neural mechanisms coordinating the female reproductive system in the locust. Front. Biosci. 14, 4401–4415. doi: 10.2741/3536 

 Lee, H., Choi, H. W., Zhang, C., Park, Z. Y., and Kim, Y. J. (2016). A pair of oviduct-born pickpocket neurons important for egg-laying in Drosophila melanogaster. Mol. Cell 39, 573–579. doi: 10.14348/molcells.2016.0121 

 Lee, H. G., Rohila, S., and Han, K. A. (2009). The octopamine receptor OAMB mediates ovulation via Ca2+/calmodulin-dependent protein kinase II in the Drosophila oviduct epithelium. PLoS One 4:e4716. doi: 10.1371/journal.pone.0008072 

 Lee, H. G., Seong, C. S., Kim, Y. C., Davis, R. L., and Han, K. A. (2003). Octopamine receptor OAMB is required for ovulation in Drosophila melanogaster. Dev. Biol. 264, 179–190. doi: 10.1016/j.ydbio.2003.07.018 

 Lee, P. T., Zirin, J., Kanca, O., Lin, W. W., Schulze, K. L., Li-Kroeger, D., et al. (2018). A gene-specific T2A-GAL4 library for Drosophila. eLife 7:e35574. doi: 10.7554/eLife.35574 

 Li, H., Janssens, J., de Waegeneer, M., Kolluru, S. S., Davie, K., Gardeux, V., et al. (2022). Fly cell atlas: a single-nucleus transcriptomic atlas of the adult fruit fly. Science 375:eabk2432. doi: 10.1126/science.abk2432 

 Lim, J., Sabandal, P. R., Fernandez, A., Sabandal, J. M., Lee, H. G., Evans, P., et al. (2014). The Octopamine receptor Octbeta2R regulates ovulation in Drosophila melanogaster. PLoS One 9:e104441. doi: 10.1371/journal.pone.0104441 

 Liu, W. W., and Wilson, R. I. (2013). Glutamate is an inhibitory neurotransmitter in the Drosophila olfactory system. Proc. Natl. Acad. Sci. USA 110, 10294–10299. doi: 10.1073/pnas.1220560110 

 Meissner, G. W., Nern, A., Dorman, Z., Depasquale, G. M., Forster, K., Gibney, T., et al. (2023). A searchable image resource of Drosophila Gal4 driver expression patterns with single neuron resolution. eLife 12:660. doi: 10.7554/eLife.80660

 Meiselman, M. R., Kingan, T. G., and Adams, M. E. (2018). Stress-induced reproductive arrest in Drosophila occurs through ETH deficiency-mediated suppression of oogenesis and ovulation. BMC Biol. 16:18. doi: 10.1186/s12915-018-0484-9 

 Middleton, A., Nongthomba, U., Parry, K., Sweeney, S. T., Sparrow, J. C., and Elliott, C. J. (2006). Neuromuscular organization and aminergic modulation of contractions in the Drosophila ovary. BMC Biol. 4:17. doi: 10.1186/1741-7007-4-17 

 Monastirioti, M. (1999). Biogenic amine systems in the fruit fly Drosophila melanogaster. Microsc. Res. Tech. 45, 106–121. doi: 10.1002/(SICI)1097-0029(19990415)45:2<106::AID-JEMT5>3.0.CO;2-3 

 Monastirioti, M. (2003). Distinct octopamine cell population residing in the CNS abdominal ganglion controls ovulation in Drosophila melanogaster. Dev. Biol. 264, 38–49. doi: 10.1016/j.ydbio.2003.07.019 

 Monastirioti, M., Gorczyca, M., Rapus, J., Eckert, M., White, K., and Budnik, V. (1995). Octopamine immunoreactivity in the fruit fly Drosophila melanogaster. J. Comp. Neurol. 356, 275–287. doi: 10.1002/cne.903560210 

 Nern, A., Pfeiffer, B. D., and Rubin, G. M. (2015). Optimized tools for multicolor stochastic labeling reveal diverse stereotyped cell arrangements in the fly visual system. Proc. Natl. Acad. Sci. USA 112, E2967–E2976. doi: 10.1073/pnas.1506763112 

 Nishikawa, K., and Kidokoro, Y. (1999). Octopamine inhibits synaptic transmission at the larval neuromuscular junction in Drosophila melanogaster. Brain Res. 837, 67–74. doi: 10.1016/S0006-8993(99)01676-5 

 Okaty, B. W., Sturrock, N., Escobedo Lozoya, Y., Chang, Y., Senft, R. A., Lyon, K. A., et al. (2020). A single-cell transcriptomic and anatomic atlas of mouse dorsal raphe Pet1 neurons. eLife 9:e55523. doi: 10.7554/eLife.55523 

 Pauls, D., Blechschmidt, C., Frantzmann, F., El Jundi, B., and Selcho, M. (2018). A comprehensive anatomical map of the peripheral octopaminergic/tyraminergic system of Drosophila melanogaster. Sci. Rep. 8:15314. doi: 10.1038/s41598-018-33686-3 

 Poe, G. R., Foote, S., Eschenko, O., Johansen, J. P., Bouret, S., Aston-Jones, G., et al. (2020). Locus coeruleus: a new look at the blue spot. Nat. Rev. Neurosci. 21, 644–659. doi: 10.1038/s41583-020-0360-9 

 Power, M. E. (1948). The thoracico-abdominal nervous system of an adult insect, Drosophila melanogaster. J. Comp. Neurol. 88, 347–409. doi: 10.1002/cne.900880303 

 Rezaval, C., Nojima, T., Neville, M. C., Lin, A. C., and Goodwin, S. F. (2014). Sexually dimorphic octopaminergic neurons modulate female postmating behaviors in Drosophila. Curr. Biol. 24, 725–730. doi: 10.1016/j.cub.2013.12.051 

 Rezaval, C., Pavlou, H. J., Dornan, A. J., Chan, Y. B., Kravitz, E. A., and Goodwin, S. F. (2012). Neural circuitry underlying Drosophila female postmating behavioral responses. Curr. Biol. 22, 1155–1165. doi: 10.1016/j.cub.2012.04.062 

 Rodriguez-Valentin, R., Lopez-Gonzalez, I., Jorquera, R., Labarca, P., Zurita, M., and Reynaud, E. (2006). Oviduct contraction in Drosophila is modulated by a neural network that is both, octopaminergic and glutamatergic. J. Cell. Physiol. 209, 183–198. doi: 10.1002/jcp.20722 

 Rohrbach, E. W., Knapp, E. M., Deshpande, S. A., and Krantz, D. E. (2024). Expression and potential regulatory functions of Drosophila octopamine receptors in the female reproductive tract. G3 14:jkae012. doi: 10.1093/g3journal/jkae012 

 Rubinstein, C. D., and Wolfner, M. F. (2013). Drosophila seminal protein ovulin mediates ovulation through female octopamine neuronal signaling. Proc. Natl. Acad. Sci. USA 110, 17420–17425. doi: 10.1073/pnas.1220018110 

 Scheffer, L. K., Xu, C. S., Januszewski, M., Lu, Z., Takemura, S. Y., Hayworth, K. J., et al. (2020). A connectome and analysis of the adult Drosophila central brain. eLife 9:e57443. doi: 10.7554/eLife.57443 

 Schlegel, P., Yin, Y., Bates, A. S., Dorkenwald, S., Eichler, K., Brooks, P., et al. (2023). Whole-brain annotation and multi-connectome cell typing quantifies circuit stereotypy in Drosophila. bioRxiv [Preprint]. doi: 10.1101/2023.06.27.546055

 Schneider, A., Ruppert, M., Hendrich, O., Giang, T., Ogueta, M., Hampel, S., et al. (2012). Neuronal basis of innate olfactory attraction to ethanol in Drosophila. PLoS One 7:e52007. doi: 10.1371/journal.pone.0052007 

 Scholz, N., Guan, C., Nieberler, M., Grotemeyer, A., Maiellaro, I., Gao, S., et al. (2017). Mechano-dependent signaling by Latrophilin/CIRL quenches cAMP in proprioceptive neurons. eLife 6:e28360. doi: 10.7554/eLife.28360 

 Shearin, H. K., Quinn, C. D., Mackin, R. D., Macdonald, I. S., and Stowers, R. S. (2018). T-GRASP, a targeted GRASP for assessing neuronal connectivity. J. Neurosci. Methods 306, 94–102. doi: 10.1016/j.jneumeth.2018.05.014 

 Soiza-Reilly, M., and Commons, K. G. (2014). Unraveling the architecture of the dorsal raphe synaptic neuropil using high-resolution neuroanatomy. Front. Neural Circuits 8:105. doi: 10.3389/fncir.2014.00105 

 Stilwell, G. E., Saraswati, S., Littleton, J. T., and Chouinard, S. W. (2006). Development of a Drosophila seizure model for in vivo high-throughput drug screening. Eur. J. Neurosci. 24, 2211–2222. doi: 10.1111/j.1460-9568.2006.05075.x 

 Stocker, B., Bochow, C., Damrau, C., Mathejczyk, T., Wolfenberg, H., Colomb, J., et al. (2018). Structural and molecular properties of insect type II motor axon terminals. Front. Syst. Neurosci. 12:5. doi: 10.3389/fnsys.2018.00005 

 Talay, M., Richman, E. B., Snell, N. J., Hartmann, G. G., Fisher, J. D., Sorkac, A., et al. (2017). Transsynaptic mapping of second-order taste neurons in flies by trans-Tango. Neuron 96, 783–795.e4. doi: 10.1016/j.neuron.2017.10.011

 Wang, F., Wang, K., Forknall, N., Parekh, R., and Dickson, B. J. (2020a). Circuit and behavioral mechanisms of sexual rejection by Drosophila females. Curr. Biol. 30, 3749–3760.e3. doi: 10.1016/j.cub.2020.07.083

 Wang, F., Wang, K., Forknall, N., Patrick, C., Yang, T., Parekh, R., et al. (2020b). Neural circuitry linking mating and egg laying in Drosophila females. Nature 579, 101–105. doi: 10.1038/s41586-020-2055-9 

 Wasserman, S. M., Aptekar, J. W., Lu, P., Nguyen, J., Wang, A. L., Keles, M. F., et al. (2015). Olfactory neuromodulation of motion vision circuitry in Drosophila. Curr. Biol. 25, 467–472. doi: 10.1016/j.cub.2014.12.012 

 Watson, A. H., and Schurmann, F. W. (2002). Synaptic structure, distribution, and circuitry in the central nervous system of the locust and related insects. Microsc. Res. Tech. 56, 210–226. doi: 10.1002/jemt.10031 

 White, M. A., Chen, D. S., and Wolfner, M. F. (2021). She’s got nerve: roles of octopamine in insect female reproduction. J. Neurogenet. 35, 132–153. doi: 10.1080/01677063.2020.1868457 

 Winding, M., Pedigo, B. D., Barnes, C. L., Patsolic, H. G., Park, Y., Kazimiers, T., et al. (2023). The connectome of an insect brain. Science 379:eadd9330. doi: 10.1126/science.add9330 

 Wong, J. Y. H., Wan, B. A., Bland, T., Montagnese, M., McLachlan, A. D., O’Kane, C. J., et al. (2021). Octopaminergic neurons have multiple targets in Drosophila larval mushroom body calyx and can modulate behavioral odor discrimination. Learn. Mem. 28, 53–71. doi: 10.1101/lm.052159.120 

 Yang, C. H., Rumpf, S., Xiang, Y., Gordon, M. D., Song, W., Jan, L. Y., et al. (2009). Control of the postmating behavioral switch in Drosophila females by internal sensory neurons. Neuron 61, 519–526. doi: 10.1016/j.neuron.2008.12.021 

 Yoshinari, Y., Ameku, T., Kondo, S., Tanimoto, H., Kuraishi, T., Shimada-Niwa, Y., et al. (2020). Neuronal octopamine signaling regulates mating-induced germline stem cell increase in female Drosophila melanogaster. eLife 9:e57101. doi: 10.7554/eLife.57101 


Copyright
 © 2024 Rohrbach, Asuncion, Meera, Kralovec, Deshpande, Schweizer and Krantz. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Heterogeneity in the projections and excitability of tyraminergic/octopaminergic neurons that innervate the Drosophila reproductive tract



		Introduction



		Materials and methods



		Multi-color flip out and immunohistochemistry



		Optogenetics and lateral oviduct contraction assay



		Electrophysiology



		Statistical analysis









		Results



		Individual tyraminergic/octopaminergic neurons that innervate the reproductive tract have different targets



		A driver for a specific subset of neurons that innervate the calyx and lateral oviducts



		Optogenetic stimulation of a subset of octopaminergic neurons



		Two neurons in the posterior cluster are differentially excitable



		Expression of the GluCl receptor









		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		References



















OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Neuroscience

Heterogeneity in the projections
and excitability of tyraminergic/
octopaminergic neurons that
innervate the Drosophila
reproductive tract












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiers in Molecular Neuroscience






OPS/images/fnmol-17-1374896-g005.jpg





OPS/images/fnmol-17-1374896-g006.jpg
A ysint sz

2 3
Time (min)

*
Sim1 ™ 1 Stim2
L Kk NS o

Total contractions






OPS/images/fnmol-17-1374896-g003.jpg





OPS/images/fnmol-17-1374896-g004.jpg
A B

Arborizations Cell bodies
Horizontal view Horizontal view &)
Left Right
Posterior
Cell bodies
PC1, PC2 Sagital view

Anterior

Left Right Dorsal
Posterior Posterior- Anterior

Ventral





OPS/images/fnmol-17-1374896-g009.jpg





OPS/images/fnmol-17-1374896-g007.jpg
Action Potential #

S

Action Potential #

S

g/

M

i

400

I, pA

/8
y72

200 400
I, pA

T
600

1
800

o

Action Potential #

e






OPS/images/fnmol-17-1374896-g008.jpg
m

Control +PTx

+PTx + Ivermectin

>

PCt PC1 PC1 %
15 150 pA
bt | 50 pA
= 770 pA
PC2 PC2 PC2 g] 150 pA
s , S, 50 pA
10 pA

o
]

o
o
1

D

o
S
1

Action Potential #
N
(<
1

1s

PC2

=4
o
1

Normalized Response

Normalized Response






OPS/images/fnmol-17-1374896-g001.jpg





OPS/images/fnmol-17-1374896-g002.jpg





