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Neural networks must be able to flexibly process information
under different conditions. To this end, networks frequently
rely on uniform expression of modulatory receptors by dis-
tinct classes of neurons to fine tune the computations supported
by each neuronal class. In this study, we explore the conse-
quences of heterogeneous, rather than uniform, serotonin (5-
HT) receptor expression within a cell class for olfactory pro-
cessing in Drosophila melanogaster. Here, we demonstrate that
two distinct populations of olfactory output neurons (projection
neurons, PNs) display heterogeneous receptor co-expression of
all 5-HT receptors. Moreover, the PN populations that ex-
press distinct 5-HT receptors innervate different combinations
of glomeruli, implying that the effects of 5-HT on these PNs
may vary with their odor tuning. Furthermore, connectomic
analyses reveal that PN subsets with different receptor profiles
have little convergence upon downstream synaptic partners. Fi-
nally, 5-HT differentially modulates the odor-evoked responses
of PNs with distinct receptor expression profiles and odor tun-
ing. Overall, this implies that heterogeneous modulatory re-
ceptor expression enables differential tuning of activity within
a neuronal class depending on the odor scene to which individ-
ual neurons respond.
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Introduction

Within a sensory network, distinct neuronal classes influence
the fidelity with which the nervous system can encode indi-
vidual aspects of a given modality. For instance, inhibitory
local interneurons (LNs) in the mammalian olfactory bulb
and insect antennal lobe provide presynaptic inhibition of
sensory afferents within the context of high stimulus inten-
sity to avoid saturation of the olfactory system [1-7]. In this
manner, one neuronal class impacts the encoding of a stimu-
lus parameter within the context of ongoing sensory process-
ing. Neuromodulation provides an elegant means by which to
adjust the impact of individual network components, and the
computations that they support, based on the ongoing behav-
ioral state of the individual animal [8—10]. Neuromodulators
usually activate several receptor proteins which allows a sin-
gle signaling molecule to differentially affect cellular compo-
nents that support distinct aspects of sensory coding. Often,
a given neuronal class will express a consistent set of mod-

ulatory receptors, such that the entire population is affected
in a similar manner and the neuronal computation that they
exert can be uniformly altered [11]. For instance, a subset
of GABAergic LNs in the antennal lobe (AL; first olfactory
neuropil of Drosophila) express the 5-HT7 receptor allow-
ing basal levels of 5-HT to affect the response gain modula-
tion exerted by these LNs upon olfactory projection neurons
(PNs) [12]. In an extreme example, 5-HT3 receptor expres-
sion is a distinguishing feature of a subset of GABAergic in-
terneurons in the mammalian neocortex [13-16]. Although
not g-protein coupled receptor, activation of the 5-HT3 recep-
tor provides fast excitation to this heterogeneous population
of interneurons [17,18] which are proposed to play a critical
role in regulating the neuronal excitability based on behav-
ioral state [14,18]. Thus, in these examples uniform expres-
sion of a 5-HT receptor allows fine tuning of the computation
implemented by a population of neurons.

However, there are instances of heterogeneous ex-
pression of multiple receptor types for the same signaling
molecule within a neuron class. Heterogeneous receptor ex-
pression suggests that a given neuromodulator can provide
nuanced fine-tuning of response properties based on func-
tional differences within that neuron class. For instance, all
five insect 5-HT receptors are expressed within the popula-
tions of ventral and lateral-ventral projection neurons (v-PNs
and 1v-PNs respectively) in the AL of Drosophila [19]. In-
dividual v-PNs and 1v-PNs innervate different subregions of
the olfactory system [20-23] raising the possibility that they
may be modulated based on the individual volatile chemi-
cals to which they respond, rather than uniformly across the
population. Serotonin receptors differ in the binding affinity
for 5-HT and the second-messenger systems to which they
couple [24-26], implying that 5-HT may have a heteroge-
neous influence on the role of v-PNs and Iv-PNs in olfac-
tory processing. Here, we take advantage of the experimen-
tal tractability of Drosophila to explore the nature of within
cell class modulatory receptor heterogeneity. We first demon-
strate that there are many different patterns of 5-HT receptor
co-expression amongst individual v-PNs and 1v-PNs. Using
stochastic labeling we demonstrate that v-PNs and 1v-PNs ex-
pressing each 5-HT receptor innervate different but overlap-
ping sets of glomeruli. We then identify driver lines for v-
PNs with completely non-overlapping 5-HT receptor profiles
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and demonstrate that these populations have dissimilar odor
tuning, sensitivity to 5-HT, and connectivity to third-order
olfactory neurons within the LH. Overall, our results are con-
sistent with a model in which 5-HT differentially modulates
individual neurons within a cell class based on the stimuli to
which they respond. Heterogeneous receptor co-expression
therefore has the potential to expand the diversity of effects
beyond those represented by the individual receptors.

Results

The antennae and maxillary palps of Drosophila house thou-
sands of olfactory sensory neurons (OSNs) that each express
chemoreceptor proteins tuned to a set of volatile chemicals.
OSNs that express the same chemoreceptive proteins con-
verge upon a single glomerulus in the AL [27-29] where
they synapse upon PNs. PNs integrate input from OSNs
and local interneurons to generate responses that are relayed
to the lateral horn (LH) and mushroom bodies (MBs), two
second order olfactory neuropils associated with odor va-
lence coding [30-32] and associative learning [33-37], re-
spectively. PNs can be categorized based on their glomerular
innervation, the tract by which their axons leave the AL, the
cell body cluster to which they belong and their transmitter
content. There are ~127 mostly uniglomerular cholinergic
PNs deriving from anterodorsal and lateral cell body clus-
ters surrounding the AL and these project along the medial
AL tract (mALT) to innervate first the MB and then the LH
[22,38]. A third, ventrally located cell body cluster contains
predominantly multiglomerular PNs. These PNs are subdi-
vided into cholinergic 1v-PNs that project along the mALT
to the superior intermediate protocerebrum then the LH, and
GABAergic v-PNs that project along the medial-lateral AL
tract (mlALT) directly to the LH [22,39]. Based on a whole
brain EM dataset [40], initial estimates place the counts of
v-PNs and 1v-PNs at just over 70 PNs of each type per AL
[22], although this might be an underestimation [41]. Al-
together, the individual innervation patterns of PNs within
the LH is consistent across flies, establishing a zonal map
of broad categories such as food or pheromone related odor-
ants [21,42-49]. The GABAergic v-PNs are more broadly
tuned than the uniglomerular cholinergic PNs [43], integrat-
ing interglomerular synaptic input from ORNs and excitatory
PNs that provide output locally within the AL [43]. The
v-PNs provide feedforward inhibition to the LH [21,50,51]
that refines the spatiotemporal patterns of odor-evoked ac-
tivity of different LH neuron classes [21,31,43,51-53] and
has been implicated in playing a role in odor discrimination
[43,50], valence coding [21,51], and habituation [54]. Fi-
nally, the AL, LH, mushroom body calyces and several third
order olfactory regions are innervated by a pair of seroton-
ergic neurons called the CSDns (contralaterally-projecting
serotonergic deutocerebral neurons) [55-59] which have ex-
tensive synaptic connectivity with each of the principal AL
cell classes [60,61].
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v-PNs and Iv-PNs display heterogeneous 5-HT recep-
tor co-expression. While v-PNs and Iv-PNs collectively
express all five 5-HT receptors [19], it remains unclear if
they co-express 5-HT receptors and if there are any common
5-HT receptor co-expression profiles among v-PNs. To re-
solve this, we took an intersectional approach leveraging a
set of 5-HT receptor MiMIC T2A-Gal4 lines [62] and LexA
knock-in lines [63] to make pairwise comparisons of recep-
tor expression. Only the 5-HT2B and 5-HT7 LexA knock-
in lines had 100% overlap in their v-PN and 1v-PN expres-
sion patterns with their respective MiMIC T2A-Gal4 driver
line (Figure 1A, Figure S1), so we restricted our compar-
isons to the 5-HT2B and 5-HT7 knock-in LexA lines with
the five MiMIC 5-HT receptor T2A lines (Figure 1A-C). For
both the v-PNs and 1v-PNs, most of the five 5-HT receptors
were co-expressed, except for the 5-HT2A receptor which
was not co-expressed with either the 5-HT2B or 5-HT7 re-
ceptors (Figure 1D, Figure S1D-U). The v-PNs tended to
have slightly higher degree of co-expression of the 5S-HT1A
receptor with both the 5-HT2B and 5-HT7 receptors (~30%
each) relative to the 1v-PNs, while the pattern was reversed
for co-expression of the 5-HT1B receptor in lv-PNs (~25%
for the 5-HT2B and ~40% for the 5-HT7). Thus, 5-HT likely
exerts a heterogeneous impact on the total population of v-
PNs and 1v-PNs, greater than could be achieved with either
non-overlapping patterns of 5-HT receptor expression or a
uniform pattern of expression.

The diverse set of co-expression patterns displayed by
v-PNs and Iv-PNs could still have a uniform effect on the
role of these populations in olfactory coding if v-PNs and 1v-
PNs expressing each 5-HT receptor innervate the same AL
glomeruli and sub-regions within the LH. To determine if
differential 5-HT receptor expression by v-PNs and 1v-PNs
also correlated with differences in odor tuning, we used the
multi-color flip-out (MCFO) technique [64] to stochastically
label v-PNs and 1v-PNs within the 5-HT receptor MiMIC
T2A-Gal4 lines and scored the glomeruli that they innervated
(Figure 2A-C). We note that this approach likely highlights
v-PNs and 1v-PNs with the highest levels of expression of a
given 5-HT receptor. Although this likely represents a bi-
ased sampling, it is still informative about the odor informa-
tion sampled by v-PNs and 1v-PNs that express a given 5-HT
receptor. Across over 200 ALs (Figure 2D) we were more
likely to observe 1v-PNs for the 5-HT1A (70% of samples),
5-HT1B (94% of samples), S-HT2A (100% of samples) and
5-HT2B (96% of samples) T2A-Gal4 lines, while we were
more likely to observe v-PNs for the 5-HT7 T2A-Gal4 line
(96% of samples). Displaying the percent of samples in
which a given glomerulus was innervated by a v-PN or 1v-PN
flipped out in a given 5-HT receptor T2A line illustrates that
the 5-HT1A, 5-HT1B, 5-HT2A and 5-HT2B were more reli-
ably observed innervating (or not innervating) a given set of
glomeruli, whereas the v-PNs expressing the 5-HT7 recep-
tor were more variably observed, but innervated almost ev-
ery glomerulus (Figure 2E). This implies that the patterns of
glomerular innervation for the 5-HT7 receptor were the most
dissimilar from the other four receptors. Using hierarchical
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Fig. 1. As a population v-PNs express a diverse combination of serotonin receptors. A) Example v-PN cell clusters demonstrating degree of overlap of expression the 5-
HT2B LexA with A) the 5-HT2B-T2A-Gal4, B) the 5-HT1A-T2A-Gal4 and C) the 5-HT7-T2A-Gal4. D) Percent of overlap between v-PNs expressed in either the 5-HT2B-LexA
(blue) or 5-HT7-LexA (pink) with v-PNs in the T2A-Gal4 lines for the other 5-HT receptors.

clustering to group glomerular innervation patterns from in-
dividual brains revealed that v-PNs and 1v-PNs from each 5-
HT receptor MiMIC T2A-Gal4 generally do not segregate
into their own unique clusters (Figure S2). Instead, two clus-
ters formed predominantly composed of samples from the 5-
HT7 T2A-Gal4 line and three clusters that included samples
derived from the other four 5-HT receptor T2A-Gal4 lines.
Overall, this approach suggests that v-PNs and 1v-PNs with
distinct 5-HT receptor expression patterns innervate differ-
ent combinations of glomeruli. Given this framework, 5-HT
is poised to modulate the v-PN and 1v-PN populations in a
stimulus specific manner.

Differential stimulus-specific modulation of v-PNs is
enabled by distinct 5-HT receptor expression. To test
the hypothesis that 5-HT differentially modulates v-PNs with
distinct odor tuning, we sought to identify driver lines in
which only a small number of v-PNs are included, all of
which express the same 5-HT receptor profile. After an ini-
tial screen of the FlyLight database [65] to identify driver
lines with expression of only a few v-PNs within the AL, we
identified R24HOS8 (Figure 3A) and R86G06 (Figure 3B) as
driver lines in which all v-PNs have the same 5-HT recep-
tor expression profile. Unfortunately, we were unable to find
Iv-PN driver lines that met these criteria. R24H08 had some
additional neurons expressed within the LH, so we created
a split-Gal4 line (see Methods) to restrict expression solely
to the ~5 v-PNs in this line (Figure S3A, B). R24H08 v-
PNs densely innervate VC2, DC3 and VL2a (Figure 3C),
whereas the ~5 v-PNs in R86G06 sparsely innervate over
20 glomeruli (Figure 3D), with only VC2 overlapped with
the glomeruli innervated by R24H08. The v-PNs expressed
in R24HO8 were essentially uniglomerular (except for some
sparse branching in other glomeruli) resembling the “mIPN1"
type neurons described by [39], and thus differing morpho-
logically from v-PNs in R86G06 which were multiglomeru-
lar similar to the “mIPN2” type neurons [39]. These two
sets of v-PNs also innervate distinct regions of the LH, with
the R24HO8 v-PNs innervating the ventromedial LH (Fig-
ure 3A) and the R86G06 v-PNs innervating the dorsomedial
LH (Figure 3B). Thus, these two sets of v-PNs innervated
mostly non-overlapping sets of AL glomeruli (with the ex-
ception of VC2) and LH regions. Both sets of v-PNs ex-
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pressed GADI1 indicating that they provide feedforward in-
hibition to the LH (Figure S3C-D). GABAergic v-PNs have
almost exclusively been studied using the Mz699 driver line
[21,39,43,50-52], however the intersection of Mz699-Gal4
with each v-PN LexA revealed no overlap between R24H08-
LexA or R86G06-LexA (Figure S3E-H). Finally, we used
the 5-HT receptor T2A-Gal4 lines [62] in combination with
the R24HO8 and R86G06 LexA lines to screen each v-PN
subset for 5-HT receptor expression. This approach revealed
that the R24HO8 v-PNs exclusively expressed the 5-HT1A
and 5-HT1B receptors (Figure 3E-F, 3H & Figure S3I-M),
whereas the R86G06 v-PNs only expressed the 5-HT7 recep-
tor (Figure 3G-H & Figure S3N-R).

Next, we sought to determine the degree to which these
two v-PN subsets converge upon the same downstream tar-
gets within the lateral horn. Theoretically, third-order olfac-
tory neurons within the lateral horn could integrate synap-
tic input from v-PNs differentially modulated by 5-HT, al-
lowing serotonergic modulation to shift which odor-evoked
responses have the greatest impact on a common partner.
Alternatively, v-PNs that express different 5-HT receptors
could synapse on non-overlapping populations, so that the
impact of serotonergic modulation on each set of v-PNs re-
mains separate. To address this question, we turned to the
hemibrain dataset [66], a nanoscale resolution electron mi-
croscopy (EM) volume that includes the right AL and LH
of a female Drosophila. By querying v-PNs in hemibrain
based on the AL glomerular innervation patterns observed
for the R24HO8 and R86GO06 driver lines, we identified five
and four v-PNs within the EM dataset that closely resembled
the v-PNs expressed by the R24H08-Gal4 and the R86G06-
Gal4 lines, respectively (referred to as v-PNgro4 and v-PNgsg)
(Figure 3I & J). In particular, the branching patterns of the
v-PNs within the LH of the EM dataset (Figure 3J) were very
similar to that observed from light microscopy data (Figure
3K). To determine if these two groups of v-PNs synapse upon
similar neuronal demographics within the LH, we queried all
of the downstream partners of the nine v-PNs and classified
each downstream partner within the LH as an LH output neu-
ron (LHON), LH centrifugal neuron (LHCENT), or LH local
neuron (LHLN) based on the cell body tract to which they
belong, and the relative distribution of presynaptic and post-
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Fig. 2. Population analysis of v-PNs expressing each 5-HT receptor. A) Example image of v-PN morphology within the AL (left panel) and LH (right panel) revealed
by MCFO technique using the A) 5-HT1A-T2A-Gal4 (lv-PN), B) 5-HT2A-T2A-Gal4 (Iv-PN) and C) 5-HT7-T2A-Gal4 (v-PN). D) Glomerular innervation patterns of v-PNs
stochastically labeled via MCFO using each of the 5-HT receptor T2A-Gal4 lines. Each row represents the glomeruli innervated by v-PNs in a single AL with yellow indicating
innervation of a given glomerulus and dark blue indicating no innervation. E) Glomerular maps depicting percent of samples in which a given glomerulus was innervated by

v-PNs stochastically labeled using each of the 5-HT receptor T2A-Gal4 lines.

synaptic sites within the LH and other brain regions, as de-
scribed previously [67,68]. The broad demographics of the
LH neurons targeted by each v-PN group was very similar
(Figure 3L), with both primarily targeting LHONs, a smaller
proportion of LHLNs and very few LHCENTs. We then
searched for all downstream partners that receive convergent
synaptic input from two or more of the nine total v-PNs (re-

4 | bioRxiv

Jonaitis etal. |

gardless of the driver line that they resemble). Of the 22 total
lateral horn neurons that receive convergent input from two
or more of the queried v-PNs, only 1 LHLN was downstream
of both v-PNgry4 and v-PNgge (Figure 3M). Thus, while the
two groups of v-PNs target similar neuron-class demograph-
ics, there was almost no convergence in the downstream neu-
ronal populations targeted by v-PNs that express different 5-
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Fig. 3. v-PNs innervating separate sub-regions of the olfactory system express different 5-HT receptor combinations and have differential odor-tuning. A) v-PNs
expressing different serotonin receptors project to distinct regions of the olfactory system. A) Morphology of the v-PNs within the R24H08-Gal4 (green) within the AL and LH.
Immunolabeling for N-Cadherin (blue) highlights neuropil. B) Morphology of the v-PNs within the R86G06-Gal4 (cyan) within the AL and LH. C) Map of glomeruli innervated
by R24H08 v-PNs. D) Map of glomeruli innervated by R86G06 v-PNs. E) R24H08 v-PNs overlap with the 5-HT1A-T2A-Gal4. F) R24H08 v-PNs overlap with the 5-HT1B-T2A-
Gal4. G) R86G06 v-PNs overlap with the 5-HT7-T2A-Gal4. H) Percent of v-PNs within the R24H08 (green) and R86G06 (blue) LexAs expressed within each 5-HT receptor
T2A-Gal4 line. I) Reconstruction of the v-PNs from the Hemibrain dataset that most closely resemble the R24H08 (v-PNR24; green) and R86G06 (v-PNggs; dark blue) driver
lines within AL and LH volumes. R24H08 v-PNs are shown in two shades of green to highlight the v-PNs predominantly innervating the VL2a glomerulus (dark green) and the
DC3 glomerulus (light green). J) Reconstruction of the axon terminals of the two v-PN groups within the LH. K) overlap of AL (left) and LH (right) projections of the R24H08
(green) and R86G06 (cyan) v-PNs. Immunolabeling for N-Cadherin (blue) highlights neuropil. L) Synapse fractions of the downstream LH neurons targeted by the candidate
v-PNs from the R24H08 and R86G06 driver lines. LH output neurons (LHONs; lavendar), LH local neurons (LHLNSs; purple), LH centrifugal neurons (LHCENTS; pink). M)
Graph plot of the downstream synaptic targets of the v-PNgo4 (green) and v-PNggs (cyan) shows very little convergence, except for a single LHLN that is targeted by two
v-PNR24 and all four v-PNggg (black arrows). All scale bars = 20um.

HT receptors (Figure 3M). This implies that at the level of We next compared the odor tuning of the v-PNs ex-
the LH the impact of 5-HT on v-PNs that express different pressed by the R24H08 and R86G06 driver lines. We selected
5-HT receptors remains segregated. a panel of odors based upon previous reports of odor-evoked
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Fig. 4. Serotonin differentially modulates odor-evoked responses of v-PNs. Previous page. A) Calcium imaging responses (peak %AF/F) of R24H08 (green) and
R86G06 (cyan) v-PNs to a panel of odors. AA; acetoin acetate, ACE; acetophenone, ACV; apple cider vinegar, BEZ; benzaldehyde, FAR; farnesol, 1-HEX; 1-hexanol, 1-OCT;
1-octen-3-ol, OrP; orange peel (n=10). B) R24H08 v-PNs respond to farnesol, but not 1-octen-3-ol, while R86G06 v-PNs respond to 1-octen-3-ol, but not farnesol. C)
Average responses of R86G06 v-PNs to 1-octen-3-ol or 1-hexanol before (gray traces) and after application of 5-HT (dark blue) or a 5-HT7 receptor agonist (AS-19; cyan).
Arrowhead indicates time of odor application. D) 5-HT and AS-19 enhance odor-evoked responses of R86G06 v-PNs. 5-HT, n=10 (1-Oct), p=0.0057; n=7 (1-Hex), p=0.0053;
AS-19, n=10 (1-Oct), p=0.0003; n=8 (1-Hex), p=0.0002; 3 repeated stimulations, significance tested using paired samples T-test. E) RNAi knockdown of the 5-HT7 receptor
in R86G06 v-PNs results in a loss of 5-HT induced enhancement of 1-hexanol responses and causes AS-19 to suppress R86G06 v-PN responses. 5-HT, n=10 (1-Oct),
p=0.0051; n=9 (1-Hex) n.s.; AS-19, n=11 (1-Oct), p=0.0041; n=12 (1-Hex) p=0.0323; 3 repeated stimulations, significance tested using paired sample T-test. All recordings
were made from R86G06 v-PN axon terminals in the lateral horn. F) Average responses of R24H08 v-PNs to farnesol (Far) or benzaldehyde (Bez) before (gray traces) and
after application of 5-HT (blue) or a 5-HT1A/1B receptor agonist (Ipsapirone; green). Arrowhead indicates time of odor application. G) 5-HT does not significantly affect
odor-evoked responses of R24H08 v-PNs, while ipsapirone reduces responses. 5-HT, n= 7 (Far), n.s.; n=11 (Bez), n.s.; Ipsapirone, n=7 (Far), p=0.0016; n=11 (Bez), 3
repeated stimulations, significance tested using paired sample T-test. H) RNAi knockdown of the 5-HT1A receptor in R24H08 v-PNs results in a loss of the ipsapirone induced
reduction of odor-evoked responses. 5-HT, n=8 (Far), n.s.; n=9 (Bez), n.s.; Ipsapirone, n=14 (Far), n.s.; n=13 (Bez), n.s.; 3 repeated stimulations, significance tested using
paired sample T-test. All recordings were made from R24H08 v-PN processes in the AL.

responses of OSNs innervating the glomeruli also innervated
by each v-PN driver line [69-73] and odor blends such as
apple cider vinegar (ACV) [74] and orange peels [75]. We
then used calcium imaging of LH branches to visualize odor-
evoked responses of each line. Using this approach, we iden-
tified benzaldehyde as an odorant that activated both sets of
v-PNs, farnesol as an odorant that only activated R24HOS8 v-
PNs and 1-octen-3-ol and 1-hexanol as odorants that pref-
erentially activated R86G06 (Figure 4A & B). Thus, these
v-PNs differ in the regions of the olfactory system that they
innervate, the 5-HT receptors they express and their odor tun-
ing.

Having identified odorants that strongly activated v-PNs
within each driver line, we then tested whether 5-HT differ-
entially impacts their odor-evoked responses. We began by
visualizing GCaMP transients in the axon terminals of each
set of v-PNs within the LH in response to either farnesol
and benzaldehyde, or 1-octen-3-ol and 1-hexanol, for the v-
PNs in R24H08 and R86G06 respectively. We then bath ap-
plied 5-HT, metitepine (an antagonist of all five Drosophila
5-HT receptors; [24]), 5S-HT receptor specific agonists (ip-
sapirone for the 5-HT1A and 5-HT1B receptors, and AS-19
for the 5-HT7 receptor) and 5-HT receptor specific antago-
nists (WAY 100635 for the 5-HT1A and 5-HT1B receptors,
and SB269970 for the 5-HT7 receptor). The odor-evoked
responses of R86G06 v-PNs to 1-octen-3-ol and 1-hexanol
were significantly enhanced by both 5-HT and the 5-HT7
receptor agonist AS-19 (Figure 4C & D). However, nei-
ther metitepine, nor the 5-HT7 receptor antagonist SB269970
affected the odor-evoked responses of R86G06 v-PNs sug-
gesting that under the conditions in which these recordings
were performed, basal 5-HT levels do not impact their ac-
tivity (Figure S4A & B). Driving a 5-HT7 receptor RNAi
in R86G06 v-PNs eliminated the 5-HT induced enhancement
of responses to 1-hexanol, but not 1-octen-3-ol (Figure 4E).
This may indicate that the enhancement of R86G06 v-PN re-
sponses to 1-octen-3-ol is polysynaptic in nature, whereas the
enhancement of R86G06 v-PN responses to 1-hexanol is due
to direct modulation. The odorant-dependent variability in
the impact of 5-HT7 RNAi in R86G06 v-PNs was consistent
with similar observations for cholinergic PNs in Drosophila
[76] and other insects [77]. Furthermore, the serotonergic
neurons innervating the olfactory system of Drosophila indi-
rectly impact multiglomerular PNs in larvae by modulating
local interneurons in larvae [78]. Surprisingly, R86G06 v-
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PN responses to 1-octen-3-ol and 1-hexanol were both sig-
nificantly reduced by AS-19 when R86G06 expressed the
5-HT7 RNAIi. This suggests that AS-19 both directly mod-
ulates R86G06 v-PNs and enhances inhibitory input to the
R86G06 v-PNs which is revealed once the direct modulation
is blocked.

Since the 5-HT1A and 5-HT1B receptors are negatively
coupled to adenylyl cyclase, we expected that the odor-
evoked responses of R24HO8 v-PNs would be reduced by 5-
HT. However, 5-HT and ipsapirone (a 5-HT1A and 5-HT1B
agonist) only caused a slight, non-significant reduction in
odor-evoked responses of R24HO8 v-PN processes recorded
in the LH (Figure S4C & D). Furthermore, neither the gen-
eral 5-HT receptor antagonist metitepine nor the 5-HT1A
receptor antagonist WAY 100635 affected the magnitude of
odor-evoked responses recorded from R24HO8 v-PN pro-
cesses within the LH (Figure S4E & F). One possible expla-
nation for this apparent lack of effect was that bath applica-
tion of pharmacological agents induced a transient effect on
R24HO08 v-PNs that dissipated between odor trials. However,
bath application of ipsapirone for 8 minutes did not cause
a noticeable change to the baseline fluorescence of R24H08
v-PNs, even though AS-19 caused an increased baseline flu-
orescence for R86G06 v-PNs (Figure S4G). Another pos-
sible explanation for the lack of impact of 5-HT receptor
pharmacology on the odor-evoked responses of R24H08 v-
PNs could be that the impact of 5-HT may be localized to
the v-PN processes within the AL, rather than the LH. We
therefore repeated the experiments above while imaging in
the AL and found that ipsapirone significantly reduced the
responses of R24H08 v-PNs to farnesol and benzaldehyde
recorded within the AL (Figure 4F & G). Furthermore, ex-
pression of 5-HT1A RNAI in the R24HOS v-PNs eliminated
this reduction (Figure 4H) implying that it was due to direct
receptor agonism by ipsapirone.

Discussion

Each neuronal class within any sensory network supports dis-
tinct computations, however the relative importance of each
computation can be modified based on recent network activ-
ity or the current physiological needs of the individual an-
imal. In the olfactory system of Drosophila, serotonergic
neurons interact with most principal neuron classes [59,60]
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to impact olfactory processing and behavior [61,79-81]. To
this end, the diverse suite of serotonin receptors expressed
by each neuronal class provides precise regulation of distinct
computations so that network activity can be contextually op-
timized [82-84]. Frequently neurons within a given neuronal
class will uniformly express one or a few modulatory recep-
tors enabling a neuromodulator to adjust the specific com-
putation. For instance, within the lamina of the Drosophila
optic lobe, L2 laminar monopolar cells express the 5S-HT2B
receptor, whereas medullar T1 cells express the 5S-HT1A and
5-HT1B receptors [85]. Since T1 and L2 cells play distinct
roles in visual processing [86], this suggests that 5-HT dif-
ferentially affects the computations supported by each cell
class. In this study, we demonstrate that even within a neu-
ronal class there can exist combinatorial receptor expression
allowing a single modulator to exert its effects in a stimulus-
specific manner.

A diverse set of receptors provides the nervous system
with a great deal of flexibility for regulating the activity of
individual cellular components within a network. A single
signaling molecule such as 5-HT can have a range of ef-
fects as 5-HT receptors differ in their threshold for activa-
tion, time course of action, and the valence of their impact
on neuronal activity. The half-effective concentrations of 5-
HT for Drosophila 5-HT receptors differs over a range of
two-orders of magnitude [24]. Collectively 5-HT receptors
couple with Gs, Gg, and G; (reviewed in [25] and [26]) al-
lowing for activation of a range of transduction mechanisms
with different degrees of potential amplification. We report
that not only are all five 5-HT receptors expressed by v-PNs,
but that there is extensive co-expression of 5-HT receptors
(Figure 1). Although we could not test all pairwise combina-
tions, v-PNs and 1v-PNs have some degree of co-expression
for receptors that couple to different second messenger path-
ways. For instance, the 5-HT2B receptor (which couples
to IP3 pathways) is co-expressed with both 5-HT1 receptor
subtypes and the 5-HT7 receptor (all three of which impact
adenylyl cyclase). Furthermore, co-expression of the 5-HT7
receptor (which positively couples to adenylyl cyclase via Gs)
and the 5-HT1 receptors (which negatively couple to adeny-
lyl cyclase via G;j) indicates that there is integration within
even a single second-messenger pathway. Co-expression ef-
fectively increases the potential effects of 5-HT from the sin-
gular actions of each individual receptor, to the wider range
of effects endowed by combinatorial patterns of receptor ex-
pression. There is also the possibility that 5-HT may have
synergistic effects on v-PNs or 1v-PNs due to the formation of
5-HT receptor heterodimers (reviewed in [87] and [88]). For
instance, 5-HT1A receptor induced GPCR inward rectifying
potassium (GIRK) channel currents are reduced when cells
co-express the 5-HT7 receptor, even though the 5-HT7 re-
ceptor does not itself target GIRK [89]. Thus, co-expression
of 5-HT receptors can result in interactions between receptors
and convergence of downstream transduction pathways.

Our approach only allowed us to determine the neurons
that express a given 5-HT receptor, but not where that re-
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ceptor is trafficked. Compartment specific receptor traffick-
ing may explain why the effects of 5S-HT1A/B agonism were
more potent for R24H08 v-PN processes within the AL rel-
ative to the LH (Figure 4 & Figure S4). With the advances
in conditional protein tagging methods [90], it will be excit-
ing to determine if neurons that span multiple networks also
differentially traffic modulatory receptors. In the case of 5-
HT within the olfactory system of Drosophila, this is espe-
cially important as the branches of the CSDns within the AL
are inhibited by odors in a concentration dependent, odor-
independent manner, whereas within the LH they are excited
in a concentration independent, odor-dependent manner [91].
Furthermore, the CSDns have more synapses upon the pro-
cesses of v-PNs and 1v-PNs in the AL than in the LH [60],
although the CSDns may implement paracrine signaling in
addition to synaptic transmission [79]. Differential receptor
trafficking could therefore impact the context in which 5-HT
affects a single postsynaptic neuron within the olfactory sys-
tem. Compartment specific modulation appears to be com-
mon within the mushroom bodies of Drosophila [92-94] and
could conceivably occur for v-PNs in the LH as well.

Both v-PNs and 1v-PNs appear to play a role in sup-
porting innate odor-driven behavior. In a recent study on
directional processing of odor information, 1v-PNs respon-
sive to the pheromone cis-vaccenyl acetate were shown to
play a critical role in promoting copulation rate and male-
male aggression [95]. The GABAergic v-PNs have received
far more attention for their role in refining odor representa-
tions in the Drosophila LH and appear to play an important
role in odor decorrelation in support of innate odor-guided
behavior [21,50,51,96]. Although not an example of feedfor-
ward inhibition, GABAergic cortical projections to olfactory
bulb decorrelate tufted cell odor-evoked responses in mam-
mals [97] similar to the impact of v-PNs on glutamatergic
LH neurons in Drosophila [96]. Furthermore, inhibition of
mammalian GABAergic corticobulbar projections [97] and
inhibition of the neurons expressed in the Mz699-Gal4 line
in Drosophila [50] reduces odor discrimination in behavioral
assays, demonstrating a role for long-range inhibitory projec-
tions in fine odor coding. Glutamatergic corticobulbar feed-
back on the other hand, decorrelates mitral cell odor repre-
sentations via disynaptic inhibition [98,99] and thus may play
a complementary role to GABAergic corticobulbar feedback
in mammals. It remains to be seen however, if the cholin-
ergic 1v-PNs play a similarly complementary role with the
GABAergic v-PNs within the LH. Regardless of their rela-
tive roles, our data suggests that small subsets of v-PNs and
Iv-PNs that have distinct odor-tuning express different com-
binations of 5-HT receptors allowing their influence on odor
coding in the LH to be tuned along a variety of parame-
ters. The specific odor-tuning of PNs supports their partic-
ipation with the coding of distinct “odor scenes” [52,96], and
thus 5-HT may differentially affect the processing of specific
odor combinations. Furthermore, the LH itself has a zonal
organization [21,47,49,100] and the projections of each Iv-
PN and v-PN into these zones may reflect distinct roles in
coding of distinct stimulus features such as valence, iden-
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tity or intensity [21,30,31,96]. Within the AL, the R24HO08
v-PNs densely innervate the DC3 and VL2a glomeruli, both
of which respond to plant-derived odors that likely influence
reproductive success [69,101,102], and project to the ventral
LH which is associated with the processing of pheromones
[47,49]. The consistent expression of the S-HT1A and 1B re-
ceptors by these v-PNs implies that serotonin will suppress
their activity while simultaneously having a different modu-
latory effect on other v-PNs that process odors with a distinct
behavior context. Although we currently lack an “ecological
5-HT receptor expression logic”, it will be exciting to even-
tually generate a systematic comparison of the odor space en-
coded by different v-PNs and 1v-PNs and their 5-HT receptor
expression profile.

Within cell-class diversity of receptor expression adds
a critical layer of nuance to our understanding of the orga-
nization of modulation within the AL. It is difficult to de-
termine how many neuron classes are present within a net-
work [103] and heterogeneity within a cell class can blur the
lines between functional categories of neurons [104,105]. In
our case, the diversity of 5-HT receptor expression patterns
within the 1v-PNs and v-PNs may merely reflect functional
subdivisions within the two populations. The v-PNs con-
sist of at least three morphological classes (uniglomerular,
multiglomerular and panglomerular) [39] and there may be
other factors such as biophysical properties that could pro-
vide functional subdivisions within the v-PNs. Within cell-
class diversity is rife within the AL, especially with regards
to LNs which vary widely in their morphology, transmit-
ter content, physiological properties, connectivity and odor
tuning breadth [23,106-114], so it is not difficult to imag-
ine that similar diversity exists within the v-PNs and Iv-
PNs. The intrinsic diversity of these groups of AL neurons
and the diversity of 5-HT receptors, as well as receptors for
other neuromodulators that likely target 1Iv-PNs and v-PNs
[58,112], would therefore provide a large parameter space
within which odor coding can be fine-tuned within a variety
of contexts.
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Table 1
Table 1: Key Resources and Reagents:
Reagent Type Designation Source or Identifiers Additional
(species) or reference Information
resource
Genetic reagent yiw*5-HT1A-T2A- [62] N/A Gift from
(D. melanogaster) | GALAM|04464/CyO; Herman Dierick
Genetic reagent y'w*5-HT1B-T2A- [62] N/A Gift from
(D. melanogaster) | GAL4AMI%213/CyO; Herman Dierick
Genetic reagent yiw*, 5-HT2A-T2A- [62] N/A Gift from
(D. melanogaster) | GALAMI00459/TM6¢ Herman Dierick
Genetic reagent y'w*;5-HT2B-T2A- [62] N/A Gift from
(D. melanogaster) | GALAMI95208/TM3 Herman Dierick
Genetic reagent yw*5-HT7- [62] N/A Gift from
(D. melanogaster) | GAL4AMI00215/TM6C Herman Dierick
Genetic reagent 10XUAS-IVS- [115] BDSC,; 32229
(D. melanogaster) | mCD8::RFP}attP18, RRID:BDSC _
P{y[+t7.7]w[+mC]=13 32229
XLexAop2-
mCD8::GFP}su(Hw)
attPs;;
Genetic reagent y w*; lexAop RFP- Bloomington BDSC; 67093
(D. melanogaster) | UAS GFP/Cy0; Drosophila RRID:BDSC _
TM3/TM6B Stock Center 67093
Genetic reagent hsFlp;;MCFO [64] BDSC; 64085
(D. melanogaster) RRID;BDSC _
64085
Genetic reagent CA0XUAS-IVS- [115] BDSC: 32195
(D. melanogaster) | mCD8::GFP RRID;BDSC_
32195
Genetic reagent pJFRCS9- [116] Janelia Fly
(D. melanogaster) | 13XLexAop2-1VS- store;
myr::GFP 1117286
Genetic reagent R24H08-GAL4 [65] BDSC; 49100
(D. melanogaster) RRID;BDSC _
49100
Genetic reagent R24H08-LexA [65] BDSC,; 52732
(D. melanogaster) RRID;BDSC_
52732
Genetic reagent R86G06-GAL4 [65] BDSC,; 93199
(D. melanogaster) RRID;BDSC _
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93199
Genetic reagent R86G06-LexA [65] BDSC,; 54990
(D. melanogaster) RRID;BDSC _
54990
Genetic reagent R24H08- [116] BDSC, 68845
(D. melanogaster) | p65.AD/CyO; RRID;BDSC _
R53F03-GAL4.DBD 68301
Genetic reagent VT046303- [117] BDSC,; 74970
(D. melanogaster) | Gal4.DBD RRID;BDSC _
74612
Genetic reagent 10XUAS-IVS- [115] BDSC,; 32229
(D. melanogaster) | mCD8::RFP}attP18, RRID:BDSC_
P{y[+t7.7]w[+mC]=13 32229
XLexAop2-
mCD8::GFP}su(Hw)
attP8;;
Genetic reagent ChAT-Trojan-LexA [118] BDSC, 60317
(D. melanogaster) RRID:BDSC _
60317
Genetic reagent GAD1-Trojan-LexA [118] BDSC, 60324
(D. melanogaster) RRID:BDSC _
60314
Genetic reagent ;:Mz699-Gal4 [119] N/A Gift from
(D. melanogaster) Tzumin Lee
Genetic reagent 20XUAS-IVS-Syn21- | [120] BDSC,; 80907
(D. melanogaster) | [GCaMP7b-p10 in RRID:BDSC _
su(Hw)attP5 80907
Genetic reagent w*; PBac{y[+mDint2] | [120] BDSC; 79031
(D. melanogaster) | w[+mC]=20XUAS- RRID:BDSC_
IVS- 79031
jGCaMP7f}VK00005
Genetic reagent w[1118];P{13xLexAo | [121] BDSC,; 44589
(D. melanogaster) | p2-1VS-GCaMP6s- RRID:BDSC _
SV4O}su(Hw)attP5 44589
Genetic reagent w[1118]; P{y[+7.7] [65] BDSC,; 48228
(D. melanogaster) | w[+mC]=GMR60F02 RRID:BDSC _
-GAL4}attP2 48228
Genetic reagent w([1118]; P{y[+t7.7] [122] BDSC; 55136
(D. melanogaster) | w[+mCJ]=20XUAS- RRID:BDSC_
IVS- 55136
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Genetic reagent y[11Vv[1]; P{y[+t7.7] [123] BDSC,; 25834
(D. melanogaster) | v[+t1.8]=TRIP.JF018 RRID:BDSC _
52}attP2 25834
Genetic reagent y[1]v[1]; P{y[+t7.7] [123] BDSC; 27273
(D. melanogaster) | v[+t1.8]=TRIP.JF025 RRID:BDSC_
76}attP2 27273
Antibody Rabbit anti-RFP Rockland; 600- | RRID:
401-379 AB_ 2209751
Antibody Chicken anti-GFP abcam; RRID:
ab13970 AB 300798
Antibody Rat anti-NCAD DSHB; DN-Ex RRID:
#8 AB_ 528121
Antibody Rabbit anti-histamine | Immunostar, RRID:
22939 AB 572245
Antibody Rabbit anti- CST,; #3724 RRID:
hemaglutinin AB_1549585
Antibody Mouse anti-V5 Bio-Rad; # RRID:
MCA1360D550 | AB 2687576
GA
Antibody Rabbit anti-GABA Sigma; A2052 RRID:
AB_477652
Antibody Rabbit anti-serotonin | Immunostar; RRID:
20080 AB 572263
Antibody Rabbit anti-tyrosine Immunostar; RRID:
hydroxylase 22941 AB_572268
Antibody Donkey anti-chicken | Jackson RRID:
AlexaFluor 488 ImmunoResear | AB_2340375
ch
Laboratories,
#703-545-155
Antibody Donkey anti-rabbit Invitrogen; #A- | RRID:
AlexaFluor 546 10040 AB_ 2534016
Antibody Donkey anti-rat Abcam; RRID:
AlexaFluor 647 #ab150155 AB_ 2813835
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Table 2

Table 2: Genotype of flies in each figure

Figure

Genotype

Purpose

Fig 1A

w* 10XUAS-IVS-
mCD8::RFP,13XLexAop2-mCD8:.GFP;;5-
HT2B-T2A-GAL4MI05208/T |12 A-
lexA::GAD}5-HT2B

Intersection of v-PNs included in
the 5-HT2B T2A Gal4 and 5-
HT2B T2A LexA driver lines

Fig 1B

w* 10XUAS-IVS-
mCD8::RFP,13XLexAop2-mCD8::GFP;5-
HT1A-T2A-GAL4MI04464 T A
lexA::GAD}5-HT2B

Intersection of v-PNs included in
the 5-HT1A T2A Gal4 and 5-
HT2B T2A LexA driver lines

Fig 1C

w* 1T0XUAS-IVS-
mCD8::RFP,13XLexAop2-mCD8::GFP;;5-
HT7-GAL4MI00215/T {2 A-lexA::GAD}5-
HT2B

Intersection of v-PNs included in
the 5-HT7 T2A Gal4 and 5-HT2B
T2A LexA driver lines

Fig 1S1B

w* 10XUAS-IVS-
mCD8::RFP,13XLexAop2-
mCD8::GFP;;Mi{Trojan-
lexA:QFAD.2}Gad1[MI09277-
TlexA:QFAD.2)/+

Depiction of fascicle formed by
primary neurites of GABAergic v-
PNs as they enter the AL

Fig 1S1C

w* 10XUAS-IVS-
mCD8::RFP,13XLexAop2-
mCD8::GFP;;Mi{Trojan-
lexA:QFAD.OQ}ChAT[MI04508-
TlexA:QFAD.Q)/TM3

Depiction of fascicle formed by
primary neurites of cholinergic Iv-
PNs as they enter the AL

Fig 181D, |

w* 10XUAS-IVS-
mCD8::RFP,13XLexAop2-mCD8::GFP;5-
HT1A-T2A-GAL4MI04464 T A
lexA::GAD}5-HT2B

Intersection of v-PNs included in
the 5-HT1A T2A Gal4 and 5-
HT2B T2A LexA driver lines

Fig 1$1E, J

w* 10XUAS-IVS-
mCD8::RFP,13XLexAop2-mCD8::GFP;5-
HT1B-T2A-GAL4MI05213 T|{D A
lexA::GAD}5-HT2B

Intersection of v-PNs included in
the 5-HT1B T2A Gal4 and 5-
HT2B T2A LexA driver lines

Fig181F, K

w*,lexAop RFP-UAS GFP; 5-HT2A-T2A-
GAL4MI004S9T|2A-lexA::GAD}5-HT2B

Intersection of v-PNs included in
the 5-HT2A T2A Gal4 and 5-
HT2B T2A LexA driver lines

Fig 181G, L

w* 10XUAS-IVS-
mCD8::RFP,13XLexAop2-mCD8::GFP;;5-
HT2B-T2A-GAL4MI05208/T {2 A-
lexA::GAD}5-HT2B

Intersection of v-PNs included in
the 5-HT2B T2A Gal4 and 5-
HT2B T2A LexA driver lines

Fig181H, M

w* 10XUAS-IVS-
mCD8::RFP,13XLexAop2-mCD8:.GFP;;5-
HT7-GAL4MO0O21S T2 A lexA::GAD}5-

Intersection of v-PNs included in
the 5-HT7 T2A Gal4 and 5-HT2B
T2A LexA driver lines
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HT2B

Fig1S1N, R | w* 10XUAS-IVS- Intersection of v-PNs included in
mCD8::RFP,13XLexAop2-mCD8:.GFP;5- | the 5-HT1A T2A Gal4 and 5-HT7
HT1A-T2A-GAL4MI04464 T2 A T2A LexA driver lines
lexA::GAD}5-HT7

Fig1810, S | w* 10XUAS-IVS- Intersection of v-PNs included in
mCD8::RFP,13XLexAop2-mCD8:.GFP;5- | the 5-HT1B T2A Gal4 and 5-HT7
HT1B-T2A-GAL4MI05213 T2 A T2A LexA driver lines
lexA::GAD}5-HT7

Fig181P, T | w*lexAop RFP-UAS GFP; 5-HT2A-T2A- Intersection of v-PNs included in
GAL4MI004SS T2 A-lexA::GAD}5-HT7 the 5-HT2A T2A Gal4 and 5-HT7

T2A LexA driver lines

Fig 181Q, U | w* 10XUAS-IVS- Intersection of v-PNs included in
mCD8::RFP,13XLexAop2-mCD8::GFP;;5- | the 5-HT7 T2A Gald and 5-HT7
HT7-GAL4MI0021S/T |12 A-lexA::GAD}S-HT7 | T2A LexA driver lines

Fig 2A hs-FLPGS5.PEST/yw;5-HT1B-T2A- Example AL and LH of clones
GAL4MI05213.1OxUAS(FRT .stop)myr::smG | from MCFO of 5-HT1B expressing
dP- v-PNs
HA}VKO0005,10xUAS(FRT.stop)myr::sm
GdP-V5-THS-
,JOXUAS(FRT .stop)myr::smGdP-FLAG

Fig 2B hs- Example AL and LH of clones
FLPGS.PESTHw;; 10xUAS(FRT.stop)myr: | from MCFO of 5-HT2A expressing
smGdP- v-PNs
HA}VKO0005,10xUAS(FRT.stop)myr::sm
GdP-V5-THS-
JOXUAS(FRT . stop)myr::smGdP-FLAG/S-
HT2A-T2A-GAL4MI00459

Fig 2C hs- Example AL and LH of clones
FLPGS.PESTyw;; 10xUAS(FRT.stop)myr: | from MCFO of 5-HT7 expressing
smGdP- v-PNs
HA}VKO0005,10xUAS(FRT.stop)myr::sm
GdP-V5-THS-
,(TOXUAS(FRT .stop)myr::smGdP-FLAG/S-
HT?_GAL4MI00215

Fig 3A w*;;R24H08-GAL4/40XUAS-IVS- Morphology of R24H08 v-PNs in
mCD8:.GFP the ALand LH

Fig 3B w* R86G06-GALA/A0XUAS-IVS- Morphology of R86G06 v-PNs in
mCD8::GFP the ALand LH

Fig 3E w* lexAop-rCD2::RFP-p10.UAS- Comparing morphology of
mCD8:.GFP-p10/R24H08-LexA;R86G06- | R24H08 and R86G06 v-PNs
GAL4

Fig 3F w* 10XUAS-IVS- Intersection of v-PNs included in

mCD8::RFP,13XLexAop2-

the 5-HT1A T2A Gal4 and
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mCD8::GFP;R24H08-LexA/S-HT1A-T2A-
GAL4MI04464

R24H08-LexA

Fig 3G

w* 10XUAS-IVS-
mCD8::RFP,13XLexAop2-
mCD8:.GFP;R24H08-LexA/S-HT1B-T2A-
GAL4Mmi05213

Intersection of v-PNs included in
the 5-HT1B T2A Gal4 and
R24H08-LexA

Fig 3H

w* 10XUAS-IVS-
mCD8::RFP,13XLexAop2-
mCD8:.GFP;R86G06-LexA;5-HT7-T2A-
GAL4Mi00215

Intersection of v-PNs included in
the 5-HT7 T2A Gal4 and R86G06-
LexA

Fig 3§1AB

w* R24H08-AD;VT046303-DBD/40XUAS-
IVS-mCD8::GFP

Validation of splitGal4 for v-PNs in
R24H08

Fig 381C

w*R24H08-AD/lexAop RFP-UAS
GFP;VT046303-DBD/GAD1-Trojan-LexA

Verifying R24H08 v-PNs express
GAD1

Fig 381D

w*lexAop RFP-UAS GFP; R86G06-
LexA/GAD1-Trojan-LexA

Verifying RB6G0O6 v-PNs express
GAD1

Fig 3S1E,F

w* R24H08-LexA/lexAop RFP-UAS
GFP;Mz699-Gal4

Verifying R24H08 v-PNs are
included in Mz699 v-PNs

Fig 381G,H

w*R86G06-LexAllexAop RFP-UAS
GFP;Mz699-Gal4

Verifying R86G06 v-PNs are
included in Mz699 v-PNs

Fig 381l

w* 10XUAS-IVS-
mCD8::RFP,13XLexAop2-
mCD8::GFP;R24H08-LexA/5-HT1A-T2A-
GAL4MI04464

Intersection of v-PNs included in
the 5-HT1A T2A Gal4 and
R24H08-LexA

Fig 381J

w* 10XUAS-IVS-
mCD8::RFP,13XLexAop2-
mCD8::GFP;R24H08-LexA/S-HT1B-T2A-
GAL4MI05213

Intersection of v-PNs included in
the 5-HT1B T2A Gal4 and
R24H08-LexA

Fig 381K

w*R24H08-LexAllexAop RFP-UAS
GFP;5-HT2A-T2A-GAL4M00453

Intersection of v-PNs included in
the 5-HT2A T2A Gal4 and
R24H08-LexA

Fig 3S1L

w* T0XUAS-1VS-
mCD8::RFP,13XLexAop2-
mCD8::GFP;R24H08-LexA/S-HT2B-T2A-
GAL4MI05208

Intersection of v-PNs included in
the 5-HT2B T2A Gal4 and
R24H08-LexA

Fig 3S1M

w* 1T0XUAS-IVS-
mCD8::RFP,13XLexAop2-
mCD8::GFP;R24H08-LexA;5-HT7-T2A-
GAL4MI00215

Intersection of v-PNs included in
the 5-HT7 T2A Gal4 and R24H08-
LexA

Fig 3S1N

w* 1T0XUAS-IVS-
mCD8::RFP,13XLexAop2-
mCD8::GFP;R86G06-LexA/S-HT1A-T2A-

Intersection of v-PNs included in
the 5-HT1A T2A Gal4 and
R86G06-LexA
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GAL4MI04464;

Fig 3§10 w* 10XUAS-IVS- Intersection of v-PNs included in
mCD8::RFP,13XLexAop2- the 5-HT1B T2A Gal4 and
mCD8::GFP;R86G06-LexAS-HT1B-T2A- | R86G06-LexA
GAL4MI05213;

Fig 3§1P w* R86G06-LexAllexAop RFP-UAS Intersection of v-PNs included in
GFP;5-HT2A-T2A-GAL4MI00459 the 5-HT2A T2A Gal4 and

R86G06-LexA

Fig 381Q w* 10XUAS-IVS- Intersection of v-PNs included in
mCD8::RFP,13XLexAop2- the 5-HT2B T2A Gal4 and
mCD8::GFP;R86G06-LexAS-HT2B-T2A- | R86G06-LexA
GAL4MI05208

Fig 381R w* 10XUAS-IVS- Intersection of v-PNs included in
mCD8::RFP,13XLexAop2- the 5-HT7 T2A Gal4 and R86G06-
mCD8::GFP;R86G06-LexA;5-HT7-T2A- LexA
GAL4MI00215

Fig 4AB w* R86G06-GAL4/20XUAS-IVS- Ca2+ imaging of odor responses
jGCaMP7f from R24H08 and R86G06 v-PNs
w* R24H08-AD/+;VT046303-

DBD/20XUAS-IVS-jGCaMP7f

Fig 4C,D w* +20XUAS-IVS-|GCaMP7f Ca?* imaging of odor responses

‘R86G06-GAL4/+ from R86G06 v-PNs before and
after application of Serotonin(5-
HT) and AS-19

Fig 4E w*+/20XUAS-IVS-jGCaMP7f;R86G06- Ca?+ imaging of odor responses
GAL4/UAS-5-HT7RNAI from R86G06 v-PNs while driving

5HT+7 receptor RNAI

Fig 4F.G w*R24H08-AD/20XUAS-IVS- Ca?* imaging of odor responses
jGCaMP7f;VT046303-DBD from R24HO08 v-PNs before and

after application of Serotonin(5-
HT) and lpsapirone

Fig 4H w* R24H08-AD/20XUAS-IVS- Ca?* imaging of odor responses
jGCaMP7f,VT046303-DBD/UAS-5- from R24H08 v-PNs while driving
HT1aRNAI S5HT1a receptor RNAI

Fig 4S1A,B | w*+/20XUAS-IVS-jGCaMP7f;R86G06- Ca?* imaging of odor responses
GAL4/+ from R86G06 v-PNs before and

after application of Metitipine and
SB-269970
Fig 481C-F | w*R24H08-AD/20XUAS-IVS- Ca?* imaging of odor responses

JGCaMP7f,VT046303-DBD/+

from R24H08 v-PNs before and
after application of Serotonin (5-
HT), lpsapirone, Metitipine,
WAY 100635
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Fig 481G

w* 20XUAS-IVS-jGCaMP7f/+,R86G06-
GAL4/+

w* R24H08-AD/20XUAS-IVS-
JGCaMP7;VT046303-DBD/+

Baseline Ca?* change of R24H08
and R86G06 v-PNs and bath
application of Ipsapirone and AS-
19
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Methods

Fly stocks. All fly stocks were raised on a standard cornmeal/agar/yeast medium at 24°C on a 12:12 light/dark cycle at ~60%
humidity.

Immunocytochemistry and image acquisition. Immunocytochemistry and image acquisition was performed as described
previously [19,59]. Briefly, brains were dissected in Drosophila External Saline (CSHL recipe) for 30 minutes and placed in 4%
paraformaldehyde solution at 40°C, washed in PBS with 0.5% Triton-X (PBST), incubated in blocking solution which consisted
of 4% IgG free BSA (Jackson ImmunoResearch, CAS:001-000-162) in PBST and incubated for 48 hours in primary antibodies
in 4% BSA in PBST with 5mM sodium azide (PBSAT). Brains were then washed and blocked as above, and incubated for
48 hours in secondary antibodies in 4% BSA in PBSAT. Finally, brains were washed twice with PBST, twice with PBS, run
through an ascending glycerol series (40%, 60%, and 80% glycerol in water respectively) and mounted in VectaShield (Vector
Labs Burlingame, CA #H-1000). Brains were scanned using an Olympus confocal microscope FV1000 equipped with 40x
silicon oil immersion lens. Images were viewed and analyzed using Olympus FluoView software and processed using Inkscape
and Core]DRAW vector quality graphics software.

For MCFO experiments, animals were exposed to different intervals of heat-shock to obtain sparse expression of v-PN
clones from each 5-HT T2A-Gal4 line (0 min for 5-HT1A, 5-HT1B and 5-HT2A, 0, 5 and 10 min for 5-HT2B and 10 min for
5-HT7) and were dissected 2-7 days later. Due to strong 5-HT2B-T2A-Gal4 expression in ORNs [19] and 5-HT7-T2A-Gal4
in Johnston’s Organ neurons (data not shown), antennal and maxillary palp ablations were conducted two days before heat-
shock to prevent obstruction of v-PN processes in the AL or v-PN cell bodies near the AMMC, respectively. MCFO scans
could include either only 1v-PNs, only v-PNs, or both and if multiple v-PNs and/or vI-PNs were flipped out, their glomerular
innervation patterns were grouped for consideration in one sample. We used the coupon collector’s problem [124,125] to
determine the number of ALs to image based on v-PN counts previously reported for each 5-HT receptor [19]. Any samples
in which AL neurons other than v-PNs and 1v-PNs were labeled were discarded to avoid misattributing glomerular innervation.
The v-PNs and 1v-PNs could be distinguished as 1v-PN cell bodies enter the AL through an “arched-shape” fascicle that is
located posterior to the “S-shaped” fascicle through which the v-PNs enter the AL [23,95]. These fascicles were also used
to identify v-PNs and 1v-PNs for the co-expression experiments in Figure 1 and the fascicles are visible using reporters lines
for their respective transmitters; a glutamic acid decarboxylase 1 (GAD1) Trojan T2A-LexA and a choline acetyltransferase
(ChAT) Trojan T2A-Gal4 line [119] (Figure S1A-C).

Scans of brains for the MCFO analysis were selected for inclusion if they contain unobstructed views of v-PN cell bodies
with their respective morphology and clear glomeruli innervation that could be traced back to an AL fascicle and exiting
tract (mALT for 1v-PN and mlALT for v-PN). We can only claim that this approach included v-PNs that were most likely to
be expressed using MCFO and likely does not represent the total population of v-PNs that express a given 5-HT receptor. We
looked at innervation patterns across 47 glomeruli (DA4l and DA4m, VM5d and VM5v and VAlm and VA1l were each merged),
comparing across several established glomerular maps [23,126—-128]. If more than one v-PN or 1v-PN could be visualized in a
preparation, the glomerular innervation for all neurons were included for the single sample, rather than trying to distinguish the
innervation patterns of the individual neurons.

Hierarchical Clustering. To resolve whether v-PNs that express distinct 5-HT receptors innervate distinct glomeruli, we
hierarchically clustered individual 5-HT receptor expressing v-PNs by the complement of AL glomeruli each v-PN innervates
as in [129]. Briefly, individual 5-HT receptor expressing v-PNs were hierarchically clustered using Ward’s method (“ward.D2”)
and Euclidean distance using the “dist”, “hclust”, and “as.dendrogram” functions of the base-R stats package. The optimal
number of k-clusters for this dendrogram were computed using two distinct methods: (1) calculating the maximal average
silhouette width using the “find_k" function of the dendextend package; and, (2) calculating the gap statistic using the “NbClust”
function of the NbClust package. Both methods identified that two k-clusters were optimal for the underlying data being
hierarchically clustered.

Pharmacology. Pharmacological agents and their concentrations used in this study: 5-HT receptor agonist (10°M serotonin
hydrochloride, TCI Chemicals, CAS:153-98-0) was made fresh every day before the start of experiments and the aliquot was
shielded from light, 5-HT receptor antagonist (10> M methiothepine mesylate salt, Sigma, CAS:74611-28-2), 5-HT1A receptor
antagonist (10°M WAY-100635 maleate, Abcam, CAS:634908-75-1), 5-HT1A receptor agonist (10°M Ipsapirone, Rndsys-
tems, CAS:95847-70-4), 5-HT7 receptor antagonist (10‘5M Sb 258719, Tocris, CAS:1217674-10-6), 5-HT7 receptor agonist
(10 M AS-19, Tocris, CAS:1000578-26-6). The stock solutions of these drugs were diluted in extracellular physiological
saline which contained: 103 mM NaCl, 3 mM KCI, 5 mM TES, 8 mM Trehalose, 10 mM Glucose, 26 mM NaHCO3;, 1 mM
NaH,POy, 1.5 mM CaCl,, 4 mM MgCl,, pH was then adjusted to 7.2 with NaOH.
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Fly preparation for in vivo calcium imaging and odor delivery. All in vivo calcium imaging experiments were performed
using a custom built (Scientifica, Clarksburg, USA) 2-photon microscope system and Mai Tai HP Ti Sapphire laser (Spectra-
Physics, Milpitas, CA). Data was acquired using Retiga R6 Microscope Camera (QImaging, Surrey, Canada) and Scanlmage
acquisition software (v.5.5, Vidrio Technologies). All recordings were taken at a frame rate of 3.4Hz. Both male and female
flies were used in experiments. Flies were first anesthetized on ice and then placed on the recording dish containing a square
aluminum foil sheet (10mm x 12mm) in the center of a plastic dish with an imaging window (~Imm x Imm) sized to affix a
fly. Once the fly was securely positioned it was then permanently fixed using LED-UV plastic welder kit (BONDIC, SK8024,
NY). Once the fly was glued in place with the head fixed so that the antennae remained dry saline application, then a small
incision was made using 26-gauge needles (BD PrecisionGlide Needle, 305110-26g, NJ) and covering tissue was then removed
in order to expose the dorsal side of the brain. Odorants used in experiments: 1-hexanol (Sigma Aldrich, cat. n0.471402),
1-octen-3-ol (Sigma Aldrich, cat. no. 05284), benzaldehyde (Sigma Aldrich, cat. no. B1334), ACV (Heinz), Farnesol (Sigma
Aldrich, cat. no. F203), Orange Peel, acetic acid (Sigma Aldrich, cat. no. A6283), acetophenine (Sigma Aldrich, cat. no.
A10701), 1:100 dilution was used for all odors and diluted in mineral oil (Sigma Aldrich, cat. no. M5904). Odors were
delivered similarly to [130]. Briefly, odorant dilutions were pipetted onto pieces of Whatman filter paper in Scc glass syringes
with 20-gauge needles inserted through a rubber septum (Thermogreen LB-2 Septa, 20633, Bellefonte, PA) into a common air
stream directed at the antennae. Common and odor air streams originated from compressed air that was first carbon filtered, then
re-humidified before being split to the constant airflow line (2.5L/min regulated using a Dwyer VFA-25-BV flowmeter) and the
airflow (.8L/min regulator using a Dwyer VFA-23-BV flowmeter) delivered to a solenoid (Parker, 001-0028-900, Hollis, NH)
that could switch between an empty cartridge and an odor cartridge. Custom MatLab script (Matlab version 2018b, provided
by Kaleb Hatch) was used to send a 5V TTL pulse to a SOW power source (CUI Inc, 102-3295-ND, Tualatin, OR) to actuate the
solenoid. Constant airflow was directed to the antennae via a central glass tube with two ports holding rubber septa into which
the empty cartridge and odor cartridge could be inserted to introduce a second airstream at a 45° angle. Odorants were delivered
by activating the solenoid to switch the second airflow from the empty cartridge to the odor cartridge for 2-3 times depending on
experimental protocol for 1 second. Raw imaging data was then imported into FIJT and then ROIs were drawn. Extracted ROI
fluorescence signal data was then processed using a custom Matlab Script which normalized to baseline fluorescence signals
(F, fluorescence averaged across 3 seconds before the first odor stimulation) and data was visualized as percent change in
fluorescence from average values (AF/F), script then produced representation of percent change in fluorescence as a Heatmap
(Matlab version 2018b, script provided by Keshav L. Ramachandra) or average AF/F odor responses were then processed in
GraphPad for statistical analysis.

Statistical analyses. Number of animals used in each experiment were between 8 and 12, (number of animals and trials are
stated in figure legends). Statistical analysis was carried out using GraphPad Prism software (GraphPad Prism version 8.0,
2018). Paired sample T-tests were performed in all GCaMP imaging datasets and passed Shapiro-Wilk normality tests.

Connectomic analyses. Connectomic analyses in Figure 3 were performed using the Hemibrain v.1.2.1 dataset [66] accessed
via neuPrintExplorer (https://neuprint.janelia.org/). Within this dataset, nine v-PNs were identified as candidates for the v-PNs
expressed by the R24HO8 and R86G06 LexA driver lines. These were identified based on their glomerular innervation and
their projection patterns within the lateral horn, and the number of v-PNs with these characteristics were consistent with the
number of cells observed within each driver line (five for R24HO08-LexA and four for R86G06-LexA). The body IDs for the
five v-PNs similar to those in R24HO08 were 5813077810, 1857143769, 948834414, 1889883818, and 1415825344 and the
body ID for those v-PNs similar to the four v-PNs in R86G06 were 791298858, 760264077, 729219639, and 698526273.
To determine the postsynaptic partners of each v-PN, the downstream partners were queried for each individual v-PN and an
arbitrary threshold of three synapses was set for inclusion. Postsynaptic targets that were an “orphan” or not ascribed to a cell
class within neuPrint were also excluded from analysis. To determine the degree to which v-PNs from R24H08 and R86G06
converged upon the same postsynaptic partners, the “common connectivity” query was used for all nine v-PNs simultaneously.
An arbitrary threshold of three synapses was set for inclusion and the resultant connectivity table was exported to generate
graph plots using CytoScape v3.9.1.
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Supplementary information

Figure S1 | Additional representative images of 5-HT receptor co-expression. (A) Volumetric reconstructions of v-PNs
(green) and Iv-PNs (blue) from the Hemibrain EM dataset highlighting the different tracts (arrowheads) formed by the primary
processes of each cell cluster. (B) The fascicle formed by the cholinergic v-PNs is highlighted by a GAD1-T2A-LexA driver
(white). Neuropil delineated by N-cadherin (blue). (C) The fascicle formed by the cholinergic 1v-PNs is highlighted by a
ChAT-T2A-LexA driver (white). Neuropil delineated by N-cadherin (blue). (D-U) Example images of intersection between
5-HT receptor T2A-Gal4 (magenta) and LexA (green) drivers. (D-H) Example images from v-PNs of intersection between the
5-HT2B-T2A-LexA and (D) 5-HT1A-T2A-Gal4 (15 ALs from 9 brains), (E) 5-HT1B-T2A-Gal4 (14 ALs from 8 brains), (F)
5-HT2A-T2A-Gal4 (17 ALs from 12 brains), (G) 5-HT2B-T2A-Gal4 (14 ALs from 7 brains) and (H) 5-HT7-T2A-Gal4 (18
ALs from 9 brains). (I-M) Example images from 1v-PNs of intersection between the 5-HT2B-T2A-LexA (Average cell body
count = 10.97+£1.04, n = 73 AL) and (I) 5-HT1A-T2A-Gal4 (12 ALs from 6 brains), (J) 5-HT1B-T2A-Gal4 (16 ALs from
8 brains), (K) 5-HT2A-T2A-Gal4 (17 ALs from 12 brains), (L) 5-HT2B-T2A-Gal4 (13 ALs from 7 brains) and (M) 5-HT7-
T2A-Gal4 (17 ALs from 9 brains). (N-Q) Example images from v-PNs of intersection between the 5-HT7-T2A-LexA and (N)
5-HT1A-T2A-Gal4 (19 ALs from 10 brains), (O) 5-HT1B-T2A-Gal4 (16 ALs from 8 brains), (P) 5-HT2A-T2A-Gal4 (16 ALs
from 22 brains) and (Q) 5-HT7-T2A-Gal4 (13 ALs from 7 brains). (R-U) Example images from 1v-PNs of intersection between
the 5-HT7-T2A-LexA (Average cell body count = 5.97+0.48, n = 50 ALs) and (R) 5-HT1A-T2A-Gal4 (12 ALs from 9 brains),
(S) 5-HT1B-T2A-Gal4 (12 ALs from 8 brains), (T) 5-HT2A-T2A-Gal4 (15 ALs from 11 brains) and (U) 5-HT7-T2A-Gal4 (11
ALs from 7 brains). All scale bars are 20um.

Figure S2 | Hierarchical clustering of 5-HT receptor T2A MCFO glomerular innervation patterns. (A) Hierarchical
clustering analysis of the glomerular innervation patterns of glomeruli innervated by v-PNs and 1v-PNs stochastically labeled
via MCFO for each 5-HT receptor T2A-Gal4 line. A total of nine clusters (I-IX, each with their own color) were obtained
and clones within each cluster are colored based on the MiMIC T2A-Gal4 from which they derive (green; S-HT1A, yellow;
5-HT1B, salmon; 5-HT2A, pink; 5-HT2B, cyan; 5-HT7).

Figure S3 | Additional images of v-PNs expressed in the R24H08 and R86G06 driver lines. (A) Expression pattern of the
R24H08 N VT046303 split-Gal4 (white) in the brain and ventral nerve cord. NCAD serves as a neuropil marker (blue). (B)
Expression pattern of the R24H08 N VT046303 split-Gal4 AL and LH. (C-D) The v-PNs in both (C) R24H08-Gal4 and (D)
R86G06-Gal4 overlap with expression of a GAD1-LexA. (E-H) The v-PNs in (E-F) R24H08-LexA and (G-H) R86G06-LexA
(green) are not included in the v-PNs present in the Mz699-Gal4 (magenta) driver line. (E & G) Projections of v-PNs in
(E) R24HO08-LexA and (G) R86G06-LexA combined with the v-PNs from Mz699-Gal4 within the AL. (F & H) Projections
of v-PNs in (F) R24H08-LexA and (H) R86G06-LexA combined with the v-PNs from Mz699-Gal4 within the LH. (I-M)
Intersection between the R24H08-LexA and T2A-Gal4 lines for the (I) 5-HT1A, (J) 5-HT1B, (K) 5-HT2A, (L) 5-HT2B and
(M) 5-HT7 receptors. (N-R) Intersection between the R86G06-LexA (green) and T2A-Gal4 lines (magenta) for the (N) 5-
HTI1A, (O) 5-HT1B, (P) 5-HT2A, (Q) 5-HT2B and (R) 5-HT7 receptors. All scale bars = 20um.

Figure S4 | Additional 5-HT receptor pharmacology experiments. (A) Average responses of R86G06 v-PNs to 1-octen-3-ol
(1-Oct) or 1-hexanol (1-Hex) before (gray traces) and after application of the pan-5-HT receptor antagonist metitipine (Red) and
the the 5-HT7 receptor antagonist SB269970 (purple). (B) Neither metitipine nor SB269970 affected odor-evoked responses
of R86G06 v-PNs. Metitipine, n=11 (1-Oct), n=11 (1-Hex); SB269970, n=10 (1-Oct), n=11 (1-Hex) animals, 3 repeats, ns;
paired sample t-test. (C) Average responses of R24HOS v-PNs recorded from processes in the lateral horn to farnesol (Far) or
benzaldehyde (Bez) before (gray traces) and after application of 5-HT (blue) and the 5-HT1A/1B receptor agonist ipsapirone
(green) and the the 5-HT7 receptor antagonist WAY 100635 (orange). (D) Neither 5-HT nor ipsapirone affected odor-evoked
responses of R24H08 v-PNs recorded within the lateral horn. 5-HT, n= 11 (Far), n=12 (Bez); Ipsapirone, n=8 (Far), n=7 (Bez)
animals, 3 repeats, ns; paired sample t-test. (E) Average responses of R24H08 v-PNs recorded from processes in the lateral horn
to farnesol (Far) or benzaldehyde (Bez) before (gray traces) and after application of the pan-5-HT receptor antagonist metitipine
(Red) and the the 5-HT1A receptor antagonist WAY 100635 (orange). (F) Neither metitipine nor WAY 100635 affected odor
evoked responses of R24H08 v-PNs recorded within the lateral horn. Metitipine, n=6 (Far), n=6 (Bez); WAY 100635, n=7 (Far),
n=7 (Bez) animals, 3 repeats, ns; paired sample t-test. (G) Average response of R86G06 v-PNs and R24HO08 v-PNs to bath
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application of AS-19 and ipsapirone respectively over 8 minutes. N= 7-12 samples.
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