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Differential modulation of feedforward
inhibition reflects topographic organization
in the olfactory system

Julius Jonaitis1,2,3, Mohd F. E. B. Mazri1,3, John W. Hageter1, Oliver Cook1,
Tyler R. Sizemore 1, Marryn M. Bennett 1, Jacob D. Ralston1, Farzaan Salman1,
Emma J. Fletcher1, Danielle E. Matheny1, Johnston Renton1,
Keshav L. Ramachandra, Eric J. Horstick 1 & Andrew M. Dacks 1,2

The nervous system flexibly processes information under different conditions.
To do this, neural networks frequently rely on uniform expression of mod-
ulatory receptors by distinct classes of neurons to fine tune the computations
supported by each neuronal class. Here, we explore an alternate organization
in which one population of neurons in the olfactory system of Drosophila
expresses all of the receptors for the modulator serotonin. We find extensive,
heterogeneous receptor co-expression by ventral projection neurons (v-PNs),
with many receptor combinations present. Despite overlap in glomerular
innervation of v-PNs expressing each serotonin receptor, their axon terminals
innervate largely distinct zones within a higher order olfactory region. Ser-
otonin differentially modulates odor-evoked responses of v-PNs with distinct
receptor expression and these v-PNs synapse upon separate sets of third order
olfactory neurons. This functional organization implies that serotonin differ-
entially modulates the responses of v-PNs that participate in divergent,
downstream olfactory circuits.

Within a sensory network, distinct neuronal classes each serve differ-
ent roles to influence the fidelity with which the nervous system can
encode information. For instance, inhibitory local interneurons (LNs)
in the mammalian olfactory bulb and insect antennal lobe (AL; first
olfactory neuropil of Drosophila) provide presynaptic inhibition of
sensory afferents within the context of high stimulus intensity to avoid
saturation of the olfactory system1–7. In thismanner, one neuronal class
impacts the encoding of a stimulus parameter within the context of
ongoing sensory processing. Neuromodulation provides an elegant
means by which to adjust the impact of individual network compo-
nents, and the computations that they support, based on the ongoing
behavioral state of the individual animal8–10. Neuromodulators usually
activate several receptor proteins, which allows a single signaling
molecule to differentially affect cellular components that support
distinct aspects of sensory coding. Often, a given neuronal class will

express a consistent set of modulatory receptors, such that the entire
population is affected in a similar manner and the neuronal compu-
tation that they exert can be uniformly altered11. For instance, a subset
of GABAergic LNs in the antennal lobe expresses the 5-HT7 receptor
allowing basal levels of 5-HT to affect the response gain modulation
exerted by these LNs upon olfactory projection neurons (PNs)12. In
another example, repeated exposure to noxious stimuli sensitizes
larval nociceptors in Drosophila to feedback inhibition mediated by
inhibitory 5-HT1A and 1B receptors to enable an experience-dependent
reduction in nociceptive responses13. Thus, in these examples, uniform
expression of a 5-HT receptor allows fine-tuning of the computation
implemented by a population of neurons.

However, modulators can have heterogeneous effects on
stimulus-driven responses based on the sensory tuning of neurons
within a single neuron class14–16. This raises the possibility that
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modulatory systems can selectively impact the processing of specific
sensory signals, rather than impacting the broad computation sub-
served by the entire neuron class. For instance, as a population, the
ventral and lateral-ventral projection neurons (v-PNs and lv-PNs,
respectively) in the AL of Drosophila express all five insect 5-HT
receptors17, which differ in binding affinity and second messenger
systems coupling18–20. Individual v-PNs and lv-PNs innervate different
subregions of the olfactory system21–24, raising the possibility that 5-HT
differentially modulates v-PNs and lv-PNs based on the volatile che-
micals or odor categories to which they respond. Here, we take
advantage of the experimental tractability of Drosophila to determine
if heterogeneous modulatory receptor expression can reflect the
sensory tuning within a neuronal class.

The cholinergic lv-PNs and GABAergic v-PNs, of which there are
~70 per AL23,25,26, project to the lateral horn (LH)23,27 which is a second-
order olfactory neuropil associated with odor valence coding28–30.
Although less is known about lv-PNs, v-PNs provide feedforward inhi-
bition to the LH22,31,32 to refine the spatiotemporal patterns of odor-
evoked activity22,29,32–35 and v-PNs havebeen implicated inplaying a role
in odor discrimination31,34, valence coding22,32 and habituation36. In this
study, we found many different patterns of 5-HT receptor co-
expression by individual v-PNs and lv-PNs. Stochastic labeling
revealed that v-PNs and lv-PNs expressing each 5-HT receptor inner-
vate partially overlapping sets of glomeruli, and photoactivatable GFP
(PA-GFP) demonstrated that v-PNs expressing each 5-HT receptor
occupy different zones within the lateral horn. Endogenous 5-HT
release and 5-HT receptor pharmacology differentiallymodulate v-PNs
projecting to different sub-regions within the AL and LH, and con-
nectomic analysis revealed that these v-PNs synapse upon separate
populations of LH neurons. Overall, while the v-PNs play a unified
function (odor decorrelation), our results demonstrate that serotonin
differentiallymodulates subsets of neuronswithin this population that
encode distinct odor scenes. Heterogeneous receptor expressionmay
therefore enable nuanced modulation of the computations provided
by a single neuron class.

Results
Serotonin receptors are heterogeneously co-expressed by v-PNs
and lv-PNs
While v-PNs and lv-PNs collectively express allfive 5-HT receptors17, the
organizational principles of 5-HT receptor expression within these
populations is unknown. In addition to expressing different transmit-
ters (Supplementary Fig. 1a–c), the v-PNs and lv-PNs synapse upon
third-order olfactory neurons that project to relatively distinct brain
regions, with v-PNs synapsing more onto neurons projecting to the

superior lateral protocerebrum and within the LH, and lv-PNs synap-
sing onto neurons that project to the superior medial protocerebrum
and the medial lobe of the mushroom bodies (Supplementary
Fig. 1d–f). Due to these differences in morphology, we analysed v-PNs
and lv-PNs separately.We began by determining if v-PNs and lv-PNs co-
express 5-HT receptors and if there are any combinations of 5-HT
receptors that are frequently observed. To resolve this, we took an
intersectional approach, leveraging 5-HT receptor MiMIC T2A Gal4
lines37 and LexA knock-in lines38 to make pairwise comparisons of
receptor expression. We first assessed whether the v-PNs and lv-PNs
expressed within each 5-HT receptor knock-in LexA line matched the
expression from the corresponding 5-HT receptor MiMIC T2A-Gal4
line which had been validated in other brain regions (see Methods).
Only the 5-HT2B and 5-HT7 LexA knock-in lines had 100% overlap in
their v-PN and lv-PN expression patterns with their respective MiMIC
T2AGal4 driver line (Fig. 1a, Supplementary Fig. 1), sowe restricted our
comparisons to the 5-HT2B and 5-HT7 knock-in LexA lines with the five
MiMIC 5-HT receptor T2A lines (Fig. 1a–c). For both the v-PNs and lv-
PNs,most of the five 5-HT receptors were co-expressed, except for the
5-HT2A receptorwhichwas not co-expressedwith the 5-HT2B or 5-HT7
(Fig. 1d, Supplementary Fig. 1g–x). The 5-HT2A is expressed by the
fewest number of v-PNs, so the lack of co-expression may reflect this
low level of expression. The v-PNs tended to have slightly higher
degree of co-expression of the 5-HT1A receptor with both the 5-HT2B
and 5-HT7 receptors (~30% each) relative to the lv-PNs, while the pat-
tern 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, the high degree of
5-HT receptor co-expression give 5-HT the potential to exert a het-
erogeneous impacton the totalpopulationof v-PNs and lv-PNs, greater
than could be achieved with either non-overlapping patterns of 5-HT
receptor expression or a uniform pattern of expression.

v-PNs and lv-PNs expressing different 5-HT receptors project to
distinct subregions within the olfactory system
We next sought to determine if v-PNs and lv-PNs expressing specific
5-HT receptors innervated distinct sets of glomeruli within the AL. One
possible explanation for the diverse patterns of co-expression that we
observed couldbe that v-PNs and lv-PNs that respond todistinct sets of
odors are differentially modulated by 5-HT. If this is the case, PNs that
express different 5-HT receptors should innervate distinct patterns of
glomeruli or sub-regions of the LH. To determine if differential 5-HT
receptor expression by v-PNs and lv-PNs correlates with differences in
glomerular innervation, we used the multi-color flip-out (MCFO)
technique39 to stochastically label v-PNs and lv-PNs within the 5-HT
receptor MiMIC T2A Gal4 lines (Supplementary Fig. 2a–c). We then
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Fig. 1 | As a population v-PNs express a diverse combination of serotonin
receptors. a–c Example v-PN cell clusters demonstrating the 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 (pink) or 5-HT7-LexA (blue)with v-PNs in theT2AGal4 lines for the
other 5-HT receptors (n = 15 for 5-HT2B-LexA with 5-HT1A-T2A-Gal4, n = 14 for 5-
HT2B-LexA with 5-HT1B-T2A-Gal4, n = 7 for 5-HT2B-LexA with 5-HT2A-T2A-Gal4,

n = 6 for 5-HT2B-LexA with 5-HT2B-T2A-Gal4, n = 19 for 5-HT2B-LexA with 5-HT7-
T2A-Gal4,n = 19 for 5-HT7-LexAwith 5-HT1A-T2A-Gal4,n = 16 for 5-HT7-LexAwith 5-
HT1B-T2A-Gal4, n = 7 for 5-HT7-LexA with 5-HT2A-T2A-Gal4, n = 13 for 5-HT7-LexA
with 5-HT7-T2A-Gal4). The null sign indicates no observed overlap for the 5-HT2A
receptor, and n.a. indicates a redundant receptor co-expression combination that
was not tested. Average +/− SEM. All scale bars are 20 µm.

Article https://doi.org/10.1038/s41467-025-66107-x

Nature Communications |        (2025) 16:11165 2

www.nature.com/naturecommunications


scored the glomeruli that v-PNs and lv-PNs from a single animal
occupied (Fig.2a) and, as a population, determined the percent of
samples in which a given glomerulus was innervated by a v-PN or lv-PN
stochastically labeled within a given 5-HT receptor T2A line. Using this
approach, we observed that the 5-HT1A, 5-HT1B, 5-HT2A, and 5-HT2B
had relatively more overlap compared to v-PNs expressing the 5-HT7
receptor (Fig. 2b). To determine if the patterns of glomerular inner-
vation for the 5-HT7 receptor were dissimilar from the other four
receptors, we used hierarchical clustering to group glomerular inner-
vation patterns from individual brains. This analysis revealed that
v-PNs and lv-PNs from each 5-HT receptor MiMIC T2A Gal4 generally
do not segregate into their own unique clusters (Supplementary
Fig. 2d). Instead, two clusters formed, predominantly composed of
samples from the 5-HT7 T2A-Gal4 line, whereas the remaining clusters
included a mixture of samples derived from the other four 5-HT

receptor T2A-Gal4 lines. Overall, this implies that there is a large
amount of overlap in glomerular innervation for four of the five 5-HT
receptors.

We next asked if v-PNs expressing different 5-HT receptors
innervated different regions of the LH. The individual innervation
patterns of PNs within the LH are consistent across flies, establishing a
zonal map of broad odor categories such as food or pheromone-
related odorants22,32,34,40–46. We therefore asked whether 5-HT receptor
expression could predict the regions of the LH occupied by the axon
terminals of v-PNs.Weused theT2A-Gal4 lines for the 5-HT1A, 1B, and 7
receptors to drive the expression of photoactivatable-GFP47 and tar-
geted photostimulation to cell body clusters ventral to the AL (Fig. 3a).
After immunolabeling the tissue with a neuropil marker, we char-
acterized the distribution of v-PN processes within the LH. Photo-
activation of GFP within v-PNs from each 5-HT receptor T2A-Gal4
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Fig. 2 | Population analysis of v-PN glomerular innervation patterns based on
5-HT receptor expression profile. aGlomerular innervation patterns of v-PNs and
lv-PNs stochastically labeled via MCFO using each of the 5-HT receptor T2A-Gal4
lines (5-HT1A, n = 49 flies; 5-HT1B, n = 50 flies; 5-HT2A, n = 14 flies; 5-HT2B, n = 46
flies; 5-HT7, n = 46flies). Each row represents the glomeruli innervatedby v-PNs in a

single AL, with yellow indicating innervation of a given glomerulus and dark blue
indicating no innervation.bGlomerularmaps depicting percent of samples (from0
to 100%) inwhich a givenglomeruluswas innervatedby v-PNs stochastically labeled
using each of the 5-HT receptor T2A-Gal4 lines.
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resulted in distinct patterns of LH innervation (ANOVA:
F(2,1265) = 41.46, p <0.0001) with some degree of overlap, consistent
with the amountof 5-HT receptor co-expression (Fig. 1) andglomerular
overlap (Fig. 2) observed for v-PNs. The v-PNs expressing the 5-HT1A
receptor consistently innervated the ventral andmedial portions of the
LH (Fig. 3b), whereas v-PNs expressing the 5-HT1B had dense inner-
vation of the ventral LH with diffuse projections extending dorsally
(Fig. 3c) (TukeyHSD: t = 9.48, p <0.0001). Finally, the v-PNs expressing
the 5-HT7 receptor projected dorsally and remaining tightly along the
medial margin of the LH (Fig. 3d) which resulted in a pattern that had
some overlap with the arborization field of the 5-HT1B expressing
v-PNs (Tukey HSD: t = −1.89, p < 0.14), but very little overlap with the
5-HT1A expressing v-PNs (Tukey HSD: t = 7.01, p <0.0001). Thus, while
there is overlap in the glomeruli innervated by v-PNs and lv-PNs
expressing each 5-HT receptor, v-PNs expressing each 5-HT receptor
do innervate different LH zones. This suggests that within the context
of the zonal organization of the LH22,32,34,40–46, 5-HT could differentially
impact olfactory processing based on the valence or category asso-
ciated with an odor.

Differential stimulus-specific modulation of v-PNs is enabled by
distinct 5-HT receptor expression
Our next goalwas to verify that 5-HTdifferentiallymodulates the odor-
evoked responses of subsets of v-PNs based on their receptor
expression. To achieve this we needed to identify driver lines that met
several criteria. The first criteria was that these driver lines needed to
exist as both Gal4s and LexAs so that we could use a range of trans-
genic approaches and should drive expression in predominantly v-PNs
within the AL and LH. After an initial screen of the FlyLight database48,
we identified R24H08 and R86G06 as driver lines that met these cri-
teria (Fig. 4a, b, Supplementary Fig. 3). R24H08 included additional
neurons expressed within the LH, so we created a splitGal4 line (see
Methods) to restrict expression solely to the ~5 v-PNs in this line
(Supplementary Fig. 3a, b) for the purposes of visualizing processes in
the LH in Ca2+ imaging experiments. R24H08 v-PNs densely innervated
VC2, DC3, and VL2a (Fig. 4c), whereas the ~5 v-PNs in R86G06 sparsely
innervated over 20 glomeruli (Fig. 4d), with only VC2 overlapped with
the glomeruli innervated by R24H08. These two sets of v-PNs also
innervate distinct regions of the LH, with the R24H08 v-PNs

innervating the ventromedial LH (Fig. 4a) and the R86G06 v-PNs
innervating the dorsomedial LH (Fig. 4b). Thus, these two sets of v-PNs
innervate mostly non-overlapping combinations of AL glomeruli
(except for VC2) and LH regions.

The second criterion for the selection of driver lines was that they
include v-PNs that all express the same 5-HT receptor. To determine
the 5-HT receptors expressed by the v-PNs in each LexA, we first used
an intersectional approach with the 5-HT receptor MiMIC T2A Gal4
lines37 and found that the R24H08 v-PNs exclusively expressed the
5-HT1A and 5-HT1B receptors (Fig. 4e, f, h, Supplementary Fig. 3i–m),
whereas the R86G06 v-PNs only expressed the 5-HT7 receptor (Fig. 4g,
h, Supplementary Fig. 3n–r). As a secondary form of validation, we
performed RNA fluorescent in situ labeling for the predicted 5-HT
receptors in each v-PN line using hybridization chain reaction, which
revealed that the R24H08 v-PNs express both 5-HT1A and 5-HT1B
receptor mRNA (Fig. 4i, j) and the R86G06 v-PNs express 5-HT7
receptormRNA (Fig. 4k). We could therefore leverage these two driver
lines to explore the effects of 5-HT on v-PNs that differ in their 5-HT
receptor expression profile.

To identify odorants that activated the v-PNs in eachdriver linewe
selected a panel of odors based on the known tuning profiles of OSNs
innervating the glomeruli also innervated by these v-PNs49–53, as well as
odor blends suchas apple cider vinegar54 and orangepeels55. Using this
approach, we identified benzaldehyde as an odorant that activated
both sets of v-PNs, farnesol as an odorant that only activated R24H08
v-PNs, and 1-octen-3-ol and 1-hexanol as odorants that preferentially
activated R86G06 (Fig. 5a, b). We first wanted to determine the effects
of endogenous 5-HT on odor-evoked responses of these neurons and
selectedbenzaldehyde, as this odor activates v-PNs inboth driver lines.
Using a single odorant across both v-PN groups ensured that any dif-
ferences in the impact of triggering endogenous release of 5-HTwould
be due to intrinsic differences between R24H08 and R86G06 v-PNs,
rather than theAL circuitry activatedbydifferent odors. TheAL and LH
are innervated by a pair of serotonergic neurons called the CSDns
(contralaterally-projecting serotonergic deutocerebral neurons)56–60

which are the sole synaptic source of serotonin within both brain
regions60 and synapseupon eachof the principal AL cell classes61,62.We
therefore used optogenetic activation of the CSDns (Supplementary
Fig. 4a, b) while monitoring spontaneous and odor-evoked activity of
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Fig. 3 | v-PNs expressing each 5-HT receptor innervate distinct subregions of
the LH. a Example photoactivation of a ventral AL cell body cluster resulting in
labeling of v-PNs expressing the 5-HT1A receptor. b Example arborization field of
5-HT1A receptor expressing v-PNs (top panel; green) and average intensity (arbi-
trary units) of LH projections across animals (bottom panel; n = 5). c Example
arborization field of 5-HT1B receptor expressing v-PNs (top panel; yellow) and

average intensity (arbitrary units) of LH projections across animals (bottom panel;
n = 7). d Example arborization field of 5-HT7 receptor expressing v-PNs (top panel;
cyan) and average intensity (arbitrary units) of LH projections across animals
(bottom panel; n = 5). Immunolabeling for N-Cadherin (dark blue) highlights LH
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bottom panels. All scale bars are 20 µm.

Article https://doi.org/10.1038/s41467-025-66107-x

Nature Communications |        (2025) 16:11165 4

www.nature.com/naturecommunications


v-PNs using 2-photon Ca2+ imaging. The 5-HT1A/B receptors suppress
adenylate cyclase activity, whereas the 5-HT7 receptor activates ade-
nylate cyclase20, thus we predicted that activation of the CSDns would
enhance the activity of the v-PNs within the R86G06 driver line and
reduce the activity of v-PNs in R24H08. Consistentwith this prediction,
activating the CSDns just prior to odor stimulation nearly doubled the
odor-evoked responses of R86G06 v-PNs (Fig. 5c, d), while causing a
slight, but non-significant decrease in the amplitude of odor-evoked
responses from R24H08 v-PNs (Fig. 5e, f). It should be noted that
R24H08 LexA responses to benzaldehyde (Fig. 5b) were weaker rela-
tive to R24H08 Gal4 (Fig. 5e) so any inhibitory effects of CSDn acti-
vation may have been less apparent in these experiments. Finally,
optogenetic activation of the CSDns alone elicited a brief excitatory
response from the R86G06 v-PNs, but not from either the R24H08
v-PNs (Supplementary Fig. 4c–f) indicating that endogenously 5-HT
differentially modulates the activity of these v-PN subsets.

The extensive synaptic connectivity of the CSDns across the AL
and LH12,60–63 could allow for the effects of 5-HT on odor-evoked
responses of v-PNs to arise via polysynaptic mechanisms. To deter-
mine the degree towhich 5-HT directlymodulates v-PNs, we used 5-HT

receptor pharmacology to isolate the impact of activating 5-HT
receptors directly expressed by each v-PN subset (Fig. 6, Supplemen-
tary Fig. 5). Similar to CSDn activation (Fig. 6a, b), the odor-evoked
responses of R86G06 v-PNs to 1-octen-3-ol and 1-hexanol were
enhanced by both 5-HT and the 5-HT7 receptor agonist AS-19 (Fig. 6e,
f). Todetermine if the enhancement of odor-evoked responses by 5-HT
and AS-19 could be attributed to endogenous expression of the 5-HT7
receptor, we drove a 5-HT7 receptor RNAi in the R86G06 driver line.
Although R86G06 includes DC4 OSNs, these OSNs do not express the
5-HT7 receptor17,64. The 5-HT7 receptor RNAi eliminated the 5-HT
induced enhancement of responses to 1-hexanol in R86G06 v-PNs, but
not 1-octen-3-ol (Fig. 6e). The odorant-dependent variability in the
impact of 5-HT7 RNAi in R86G06 v-PNs is consistent with similar
observations for cholinergic PNs in Drosophila65 and other insects66,
and 5-HT has polysynaptic effects on multiglomerular PNs in larval
Drosophila63. We expected that the enhancement of odor-evoked
responses by AS-19 would be abolished by expressing the 5-HT7 RNAi,
however, AS-19 caused responses to 1-octen-3-ol and 1-hexanol to be
significantly reduced (Fig. 6e). This suggests that AS-19 both directly
modulates R86G06 v-PNs and enhances inhibitory input to the
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Fig. 4 | v-PNs innervating separate sub-regions of the olfactory system express
different 5-HT receptor combinations. Select subsets of v-PNs expressing dif-
ferent 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 (dark blue) highlights neuropil. The v-PNs
expressed in R24H08 are essentially uniglomerular (except for some sparse
branching in other glomeruli), resembling the “mlPN1” type v-PNs27. bMorphology
of the v-PNs within the R86G06 Gal4 (cyan) within the AL and L,H which innervate
many glomeruli similar to the “mlPN2” type v-PNs27. Note that R86G06 includes
OSNs innervating the DC4 glomerulus, so antennae were ablated to obtain images
of glomerulus innervation solely by v-PNs in this driver line. c Map of glomeruli

innervated by R24H08 v-PNs (n = 18). d Map of glomeruli innervated by R86G06
v-PNs (n = 14). An asterisk in (c) and (d) indicates that VC2 is the only glomerulus
innervated by both v-PN driver lines. 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; n = 12, 9, 8,
13, 11 for the 5-HT1A, 1B, 2A, 2B and 7 receptors) and R86G06 (cyan; n = 8, 7, 9, 9, 14
for the 5-HT1A, 1B, 2A, 2B and 7 receptors) LexAs expressed within each 5-HT
receptor T2A-Gal4 line. i, j HCR labeling against i) 5-HT1A receptor (n = 8) and j)
5-HT1B receptor (n = 10) mRNA (magenta) in the R24H08-Gal4 (green). k HCR
labeling against 5-HT7 receptor (n = 14) mRNA (magenta) in the R86G06-Gal4
(cyan). All scale bars are 20 µm.
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R86G06 v-PNs, which is revealed once the direct modulation is
blocked. Altogether, these results indicate that the enhancement of
R86G06 v-PNs by 5-HT likely arises from a combination of direct and
polysynaptic mechanisms.

Since the 5-HT1A and 5-HT1B receptors are negatively coupled
to adenylyl cyclase, we expected that 5-HTwould have a suppressive
effect on the odor-evoked responses of R24H08 v-PNs. However,
when recording odor-evoked responses of R24H08 v-PN processes
in the LH to farnesol and benzaldehyde, 5-HT and ipsapirone (a
5-HT1A and 5-HT1B agonist) only caused a slight, non-significant
reduction (Supplementary Fig. 5c, d). One possible explanation was
that bath application of pharmacological agents induced a transient
effect on R24H08 v-PNs that dissipated between odor trials. How-
ever, bath application of ipsapirone for 8min did not cause a
noticeable change to the baseline fluorescence of R24H08 v-PNs

(Supplementary Fig. 5g). Another possible explanation could be
that the impact of 5-HT is localized to R24H08 v-PN processes
within the AL, rather than the LH as the processes of the R24H08
v-PNs overlap extensively with those of the CSDns in the AL (Sup-
plementary Fig. 5h), but not in the LH (Supplementary Fig. 5i). 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
(Fig. 6d, e). Furthermore, expression of 5-HT1A RNAi in the R24H08
v-PNs eliminated this reduction (Fig. 6f) implying that any sup-
pressive effects of 5-HT on R24H08 v-PNs was due to direct 5-HT1A/
B receptor agonism by ipsapirone. Overall, our physiological results
are consistent with 5-HT differentially impacting each R86G06 and
R24H08 v-PNs due to both direct receptor activation and via poly-
synaptic modulation of other AL neurons.
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Fig. 5 | Endogenous 5-HT differentiallymodulates v-PNodor-evoked responses.
a Example traces recorded from R86G06 v-PNs responding to 1-octen-3-ol, but not
farnesol (blue; top panel) and R24H08 v-PNs responding to farnesol, but not 1-
octen-3-ol (green; bottom panel). b Ca2+ imaging responses (peak %dF/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). Average +/− SEM.
c Optogenetic activation of the CSDns (red bar) via R60F02-Gal4 during odor
stimulation of R86G06-LexA v-PNs with benzaldehyde (“BEZ”; gray bars). The cyan
trace is the average response recorded from flies fed all-trans retinal (ATR + ) and
the black trace is the average response from ATR- control flies. d Optogenetic
activation of the CSDns significantly enhances responses of R86G06 v-PNs to

benzaldehyde. Repeated-measures one-way ANOVA followed by Tukey’s multiple
comparisons test (two-sided), adjusted for multiple comparisons; t = 9.12,
p =0.0035 for ATR+ flies (n = 17) and p =0.3331 for ATR- flies (n = 10). “Light +”
indicates odor trial with optogenetic activation of the CSDns, “Light -” indicates
odor trials without optogenetic activation of the CSDns. Average +/− SEM.
e Optogenetic activation of the CSDns (red bar) via R60F02-Gal4 during odor
stimulation of R24H08-LexA v-PNswith benzaldehyde (“BEZ”; gray bars). The green
trace is the average response recorded from flies fed all-trans retinal (ATR+) and the
black trace is the average response fromATR- controlflies. fOptogenetic activation
of the CSDns caused a slight, non-significant decrease in responses of R24H08
v-PNs to benzaldehyde. Friedman test, with Dunn’s post-hoc test. p =0.305 for ATR
+ flies (n = 16), and p =0.4861 for ATR- flies (n = 7). Average +/− SEM.
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Fig. 6 | Serotonin differentially modulates odor-evoked responses of v-PNs.
a 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 timeofodor application. Traceswere recorded fromLH
processes of the R86G06 v-PNs (indicated by darkened region of brain cartoon)
b 5-HT and AS-19 enhance odor evoked responses of R86G06 v-PNs. 5-HT, n = 10 (1-
Oct), t = 3.60, p =0.0057; n = 7 (1-Hex), t = 4.256, p =0.0053; AS-19, n = 10 (1-Oct),
t = 5.826, p =0.0003; n = 8 (1-Hex), t = 6.837, p =0.0002; 3 repeated stimulations,
significance tested using paired samples T-test (two-sided). Average +/− SEM.
c 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), t = 3.677, p =0.0051; n = 9 (1-Hex),
t = 1.937, n.s.; AS-19, n = 11 (1-Oct), t = 3.707, p =0.0041; n = 12 (1-Hex), t = 2.449
p =0.0323; 3 repeated stimulations, significance tested using paired sample T-test
(two-sided). All recordings were made from R86G06 v-PN axon terminals in the

lateral horn. Average +/− SEM. d 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 the time
of odor application. Traces were recorded from AL processes of the R24H08 v-PNs
(indicated by darkened region of brain cartoon) e 5-HTdoes not significantly affect
odor-evoked responses of R24H08 v-PNs, while ipsapirone reduces responses. 5-
HT, n = 7 (Far), t = 1.376, n.s., n = 11 (Bez), t = 1.235, n.s.; Ipsapirone, n = 7, (Far),
t = 5.436, p =0.0016, n = 11 (Bez), t = 2.465, p =0.0334, 3 repeated stimulations,
significance tested using paired sample T-Test (two-sided). Average+/− SEM. fRNAi
knockdown of the 5-HT1A receptor in R24H08 v-PNs results in a loss of the ipsa-
pirone induced reductionof odor-evoked responses. 5-HT,n = 8 (Far), t = 0.856 n.s.;
n = 9 (Bez), t = 0.181 n.s.; Ipsapirone,n = 14 (Far), t = 0.007n.s.;n = 13 (Bez), t = 1.446,
n.s.; 3 repeated stimulations, significance tested using paired sample T-test. All
recordings were made from R24H08 v-PN processes in the AL. Average +/− SEM.
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v-PNs expressing different 5-HT receptors diverge in their
downstream target
Our final question was do v-PNs expressing different 5-HT receptors
converge upon the same downstream targets? Theoretically, third
order olfactory neurons within the lateral horn could integrate
synaptic input from v-PNs differentially modulated by 5-HT, allowing
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 serotonergicmodulation on each set
of v-PNs remains separate. To address this question, we turned to the
hemibrain dataset67, a nanoscale resolution electron microscopy (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 and branching patterns within the LH observed for the
R24H08 and R86G06 driver lines (Fig. 7a), we identified five and four
v-PNs within the EM dataset that closely resembled the v-PNs expres-
sed by the R24H08-Gal4 and the R86G06-Gal4 lines, respectively
(referred to as v-PNR24 and v-PNR86; Fig. 7b, c and Table 3). In particular
the branching patterns of the v-PNs within the LH of the EM dataset

(Fig. 7c) were very similar to that observed from light microscopy data
(Fig. 7a). 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 down-
stream partner within the LH as an LH output neuron (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 postsynaptic sites within the LH and other brain
regions, as described previously68,69. The proportions of these LH
neuron types targeted by each v-PN group were very similar (Fig. 7d),
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 2ormore of the nine total
v-PNs (i.e. combining all v-PNR24 and v-PNR86). Of the 22 total lateral
horn neurons (see Table 3) that receive convergent input from two or
more of the queried v-PNs, only 1 LHLN was downstream of both
v-PNR24 and v-PNR86 (Fig. 7e). Thus, while the two groups of v-PNs
target similar neuron-class demographics, there was very little con-
vergence in the downstream neuronal populations targeted by v-PNs
that express different 5-HT receptors (Fig. 7e). A cross correlational
analysis of all downstream partners of the v-PNR24 and v-PNR86

revealed that the downstream connectivity of the individual v-PNR24

and v-PNR86 were highly correlated within each subgroup, while there
was no correlation between the two v-PN subgroups (Fig. 7f). This
implies that, at the level of the LH, the impact of 5-HT on v-PNs that
express different 5-HT receptors remains segregated.

Overall, this approach suggests that v-PNs with distinct 5-HT
receptor expression patterns innervate partially overlapping combina-
tionsof glomeruli, yet different regionswithin the LHand synapseupon
different third-order neurons. Given this framework, 5-HT is poised to
differentially modulate v-PN and lv-PN sub-populations to adjust dis-
tinct components of odor representations, rather than uniformly up- or
downregulate responses across the entire population (Fig. 7g).
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Fig. 7 | v-PNs expressing different 5-HTRs have divergent synaptic partners
within the LH. a overlap of AL (left) and LH (right) projections of the R24H08
(green) and R86G06 (cyan) v-PNs. Immunolabeling for N-Cadherin (dark blue)
highlights neuropil. All scale bars = 20 µm. b Reconstruction of the v-PNs from the
Hemibrain dataset that most closely resemble the R24H08 (v-PNR24; green) and
R86G06 (v-PNR86; cyan) 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).
c Reconstruction of the axon terminals of the two v-PN groups within the LH.
d Synapse fractions of the downstreamLHneurons targeted by the candidate v-PNs
from the R24H08 and R86G06 driver lines. LH output neurons (LHONs; lavender),
LH local neurons (LHLNs; purple), LH centrifugal neurons (LHCENTs; pink). eGraph
plot of the downstream synaptic targets of the v-PNR24 (green) and v-PNR86 (cyan)
shows very little convergence, except for a single LHLN that is targeted by two
v-PNR24 and all four v-PNR86 (blackarrows). fCorrelationmatrix for the downstream
partners of each v-PNR24 and v-PNR86 in the LH. Correlation values range between
-1.0 (blue) and 1.0 (red). Green bar indicates individual v-PNR24 and blue bar indi-
cates individual v-PNR86. The individual HemiBrain IDs used from top to bottom
and left to right are 5813077810, 948834414, 1889883818, 1857143769, 1415825344,
791298858, 760264077, 729219639 and 698526273. g Schematic proposed model
for the role of 5-HT in modulating v-PNs. v-PNs that express different 5-HT recep-
tors (green = 5-HT1A/B, blue = 5-HT7) innervate partially overlapping combinations
of glomeruli (left side, antennal lobes highlighted gray in brain reconstruction),
thus participating in responses to partially overlapping sets of odors. v-PNs that
express different 5-HT receptors project to different regions within the lateral horn
(right side, lateral horns highlighted gray in brain reconstruction) and synapse
upon different sets of lateral horn neurons (gray neurons within lateral horn). We
propose that this enables 5-HT to differentially modulate (gray traces indicate
before 5-HT, green/blue traces indicate effects of 5-HT) feedforward inhibition
provided to separate output paths from the lateral horn. Brainmeshes highlighting
the antennal lobes and lateral horns were generated from the FAFB dataset26 on
FlyWire25,113.
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Discussion
Each neuronal class within any sensory network supports distinct
computations; however, the relative importance of each computation
can be modified based on recent network activity or the current phy-
siological needs of the individual animal. Frequently, neurons within a
given neuronal class uniformly express one or a few modulatory
receptors, enabling a neuromodulator to adjust the specific compu-
tation that they support. For instance, different cell types within the
optic lobe of Drosophila express different 5-HT receptors70 and play
distinct roles in sensory processing71, suggesting that 5-HT differen-
tially affects individual computations supported by the visual system.
We demonstrate that even within a single cell class there can be dif-
ferential receptor expression allowing a modulator to prioritize the
responses of some neurons over others. We first found that there is
extensive, heterogeneous 5-HT receptor co-expressionwithin the v-PN
population and that v-PNs that express each 5-HT receptor project to
different regions within the AL and LH. We demonstrate that differ-
ential receptor expression results in 5-HT enhancing the responses of
some v-PNs while reducing the responses of others, although 5-HT
likely also impacts responses via polysynaptic interactions (Figs. 5, 6).
Finally, we show that the v-PNs with distinct 5-HT receptor expression
synapse upon different third-order neurons within the LH. In the
olfactory system of Drosophila, serotonergic neurons interact with
most principal neuron classes60,61 to impact olfactory processing and
behavior62,72–74. To this end, the diverse suite of serotonin receptors
expressed by each neuronal class provides precise regulation of dis-
tinct computations so that network activity can be contextually
optimized75–77. In this study, we demonstrate that even within a neu-
ronal class there can exist combinatorial receptor expression allowing
a single modulator to differentially impact sensory-driven responses.

The v-PNs not only expressed all five 5-HT receptors, but also had
extensive co-expression of 5-HT receptors, potentially resulting in
diverse effects on odor coding. A diverse set of receptors provides the
nervous systemwith 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 effects as 5-HT receptors
differ in their threshold for activation, time course of action, and the
valence of their impact on neuronal activity. The half-effective con-
centrations of 5-HT forDrosophila 5-HT receptors differ over a rangeof
two orders of magnitude18. Collectively 5-HT receptors couple with Gs,
Gq and Gi allowing for activation of a range of transduction mechan-
isms with different degrees of potential amplification19,20. Finally, 5-HT
receptors can be restricted to specific neuronal compartments78 which
would allow spatial control over the effects of thismodulator based on
the neuropil, which would be consistent with our observation that the
effects of 5-HT and 5-HT receptor agonists were most potent when
recording from R24H08 v-PN processes within the AL (Fig. 6). 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 (Fig. 1).
Althoughwe couldnot test all pairwise combinations, v-PNs and lv-PNs
have some degree of co-expression for receptors that couple to dif-
ferent secondmessenger pathways. 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 adenylyl cyclase via Gi) indicates
that there is integration within even a single second messenger path-
way. Co-expression effectively increases the potential effects of 5-HT
from the singular actions of each individual receptor to the wider
range of effects endowed by combinatorial patterns of receptor
expression. There is also the possibility that 5-HTmay have synergistic
effects on v-PNs or lv-PNs due to the formation of 5-HT receptor
heterodimers79,80). 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
receptor does not itself target GIRK81. Thus, co-expression of 5-HT
receptors can result in interactions between receptors and con-
vergence of downstream transduction pathways.

Neuromodulation provides the nervous system with the ability to
regulate the impact that specific neuron classes have on sensory
coding. The heterogeneous nature of 5-HT receptor expression by
v-PNs and lv-PNs reveals that the modulation of their roles in olfactory
coding is more complex than merely up- or down regulating their
cumulative impact. As a population, v-PNs and lv-PNs shape innate
odor-driven behavior by impacting odor representations in the LH. In a
recent study on directional processing of odor information, lv-PNs
responsive to the pheromone cis-vaccenyl acetate were shown to play
a critical role in promoting copulation rate and male-male
aggression82. The GABAergic v-PNs have received far more attention
than the lv-PNs for their role in refining odor representations in the LH
of Drosophila and appear to play an important role in odor
decorrelation in support of innate and learned odor-guided
behavior22,31,32,83,84. Long-range inhibition between processing stages
as a means to refine odor coding appears to be a conserved feature of
the olfactory system across taxa. GABAergic corticobulbar projections
support decorrelation of tufted cell odor-evoked responses in
mammals85 similar to the impact of v-PNs on glutamatergic LHneurons
in Drosophila83. Furthermore, inhibition of mammalian GABAergic
corticobulbar projections85 and inhibition of the neurons expressed in
the Mz699 Gal4 line in Drosophila31 reduces odor discrimination in
behavioral assays, demonstrating a role for long-range inhibitory
projections in fine odor coding. Glutamatergic corticobulbar feedback
on the other hand, decorrelates mitral cell odor representations via
disynaptic inhibition86,87 and thus may play a complementary role to
GABAergic corticobulbar feedback in mammals. Our data suggests
that the impact of v-PNs and lv-PNs on refining odor representations
are non-uniformly modulated by 5-HT. In addition to heterogeneous
5-HT receptor expressionwithin both populations (Fig. 1), v-PNs and lv-
PNs expressing different 5-HT receptors occupy distinct subsets of
glomeruli (Fig. 2) and project to distinct zones within the LH (Fig. 3).
The odor-tuning of specific PNs supports their participation with the
coding of distinct “odor scenes”33,83, and thus 5-HT may differentially
affect the processing of specific odor combinations. Furthermore, the
zonal organization of the LH22,44,46,88 and the projections of each lv-PN
and v-PN into these zones may reflect distinct roles in coding of dis-
tinct stimulus features such as valence, identity or intensity22,28,29,83.
Within the AL, the R24H08 v-PNs densely innervate the DC3 and VL2a
glomeruli, both of which respond to plant derived odors associated
with reproductive success49,89,90, and project to the ventral LH which is
associated with the processing of pheromonal odorants44,46. Our phy-
siological results (Figs. 5, 6) demonstrate that 5-HT suppresses their
activity while simultaneously enhancing the responses of R86G06
v-PNs that process odors with a different behavior context. Further-
more, both R24H08 and R86G06 v-PNs respond to benzaldehyde, an
odorant that is repellent to flies51,91, yet 5-HT differentially impacts the
odor-evoked responses of each v-PN type. This demonstrates that 5-HT
can differentially modulate individual neurons participating in the
representation of the same stimulus. The divergence in synaptic tar-
gets of these two v-PN groups suggests that separate streams of odor
informationmay also be differentiallymodulated. Consistentwith this,
knockdownof the 5-HT1A and 1B receptor (but not the 5-HT7 receptor)
in v-PNs blocks experience dependent plasticity in odor evoked
responses84. Future work will need to focus on the behavioral con-
sequences of differential modulation of v-PNs by 5-HT by implement-
ing a wide range of assays that probe ecological context, locomotor
strategy and hedonic valence.

Within cell-class diversity of receptor expression adds a layer of
nuance to our understanding of neuromodulation of sensory proces-
sing. It is difficult to determine how many neuron classes are present
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within a network92 and heterogeneity within a cell class can blur the
lines between functional categories93,94. For instance, insulin-
producing cells in Drosophila heterogeneously express a diverse set
of modulatory receptors, allowing individual endocrine cells to be
differentially regulated from each other95. In our case, the diversity of
5-HT receptor expression patterns within the lv-PNs and v-PNs may
merely reflect functional subdivisions within the two populations. The
v-PNs consist of at least three morphological classes (uniglomerular,
multiglomerular and panglomerular27) and there may be other bio-
physical or molecular properties that underlie additional functional
subdivisions. Within cell-class diversity is rife within the AL LNs24,96–104,
so it is not difficult to imagine that similar diversity may exist for v-PNs
and lv-PNs. The consequences of within cell class diversity for neuro-
modulation can be seen even in examples in which only one mod-
ulatory receptor is expressed. InDrosophila, only a subset ofOSN types
express the inhibitory receptor for the neuropeptideMIP, allowing this
modulator to reduce odor-evoked responses in some glomeruli via
direct inhibition and enhance responses in other glomeruli via
disinhibition14. The intrinsic diversity of AL neuron classes and the
diversity of all modulatory receptors59,102, could therefore provide a
large parameter space within which odor coding can be fine-tuned
within a variety of contexts.

Methods
Fly stocks
Allfly stockswere raisedon a standard cornmeal/agar/yeastmediumat
24 °C on a 12:12 light/dark cycle at ~60% humidity. The 5-HT receptor
MiMIC T2A Gal4 lines37 have been used to study 5-HT receptor
expression in several contexts in Drosophila. Single cell RNA sequen-
cing of neurons in the visual system has been used to validate pre-
dictions made with these 5-HT receptor MiMIC T2A Gal4 lines70 and
within the olfactory system, our prior work using these reporters
predicted that OSNs express the 5-HT2B receptor17 which was corro-
boratedby subsequent scRNAseq antennal datasets64.Male and female
flies aged 2-7 days post-eclosion were used for all experiments. All fly
stocks used are listed in Table 1 and genotypes of flies used to generate
each figure panel are listed in Table 2.

Immunocytochemistry and image acquisition. All antibody infor-
mation is listed in Table 1. Immunocytochemistry and image acquisi-
tion was performed as described previously17,60. Briefly, brains were
dissected in Drosophila External Saline (CSHL recipe) for 30min and
placed in 4% paraformaldehyde solution at 4 °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 48hours 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%, and80%
glycerol in water, respectively), and mounted in VectaShield (Vector
Labs, Burlingame, CA #H-1000). Brains were scanned using an Olym-
pus confocal microscope FV1000 equipped with 40x silicon oil
immersion lens. Images were viewed and analyzed using Olympus
FluoView software (FV10-ASW 4.2 viewer) and processed using
Inkscape and CorelDRAW vector quality graphics software. For images
of the AL projections of the v-PNs included in the R86G06 driver line,
the antennae were ablated 3 days prior to immunolabeling. This
eliminated DC4 OSN axons that occluded the dendritic projections of
the v-PNs included in this line, allowing for scoring of the glomeruli
innervated by these v-PNs.

For MCFO experiments, animals were exposed to different inter-
vals ofheat shock toobtain sparseexpression of v-PNclones fromeach
5-HT T2A Gal4 line (0min for 5-HT1A, 5-HT1B, and 5-HT2A, 0, 5, and

10min for 5-HT2B, and 10min for 5-HT7) and were dissected 2-7 days
later. Due to strong 5-HT2B-T2A-Gal4 expression in OSNs17 and 5-HT7-
T2A-Gal4 in Johnston’s Organ neurons, 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. Ablations were performed in 3-5 day old flies to
ensure loss of OSNs did not affect development of v-PN morphology.
MCFO scans could include either only lv-PNs, only v-PNs, or both and if
multiple v-PNs and/or vl-PNs were flipped out, their glomerular
innervation patterns were grouped for consideration in one sample.
We used the coupon collector’s problem105,106 to determine the num-
ber of ALs to image based on v-PN counts previously reported for each
5-HT receptor17. Any samples inwhichAL neurons other than v-PNs and
lv-PNs were labeled were discarded to avoidmisattributing glomerular
innervation. The v-PNs and lv-PNs could be distinguished as lv-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
AL24,82. These fascicles were also used to identify v-PNs and lv-PNs for
the co-expression experiments in Fig. 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 acetyl-
transferase (ChAT) Trojan T2A Gal4 line107 (Supplementary Fig. 1a–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 lv-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 maps24,108–110. If more
than one v-PN or lv-PN could be visualized in a preparation, the glo-
merular innervation for all neurons were included for the single sam-
ple, rather than trying to distinguish the innervation patterns of the
individual neurons. We more frequently observed lv-PNs for the
5-HT1A (70% of samples), 5-HT1B (94% of samples), 5-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).

Hybridization chain reaction (HCR)
All supplies for HCR were purchased from Molecular Instruments Inc.
(Los Angeles, CA). Brains were dissected in PBS and fixed in 4% par-
aformaldehyde for 30minutes at RT. Brains were then run through a
series of 15-minute PBST (with 1% Triton x100) washes as mentioned
previously. Brains were then pre-hybridized in hybridization buffer for
30minutes at 37 °C. Afterwards, the hybridization buffer was switched
out with a probe solution (4 µl of each probe set per 1000 µl of
hybridization buffer) and brains were incubated overnight at 37 °C.
The following day, brains were then run through a series of washes
with probe wash at 37 °C. This was followed by a series of washes with
5x SSCT at RT. Brains were then pre-amplified in amplification buffer
for 30minutes at RT. While being pre-amplified, 10 µl aliquots of 3 µM
hairpin stock solutions were snap-cooled in a thermocycler (Bio-Rad
T100 Thermal Cycler). The aliquots were heated for 90 seconds at 95
°C and then removed to cool to RT in a dark drawer for 30minutes. A
hairpin solutionwas then prepared by adding the snap-cooled aliquots
(10 µl per 500 µl of needed solution) to the amplification buffer. This
solutionwas then applied tobrains, and theywere incubatedovernight
in the dark at RT. On the third and final day, the brains were run
through a series of washes (2 × 5min, 2×30min, 2×5min) with 5x SSCT
at RT followed by a series of 10-minute glycerol washes (40%, 60%,
80%). The brains were thenmounted and scanned as described above.
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Table 1 | Key Resources and Reagents

Reagent Type (species)
or resource

Designation Source or reference Identifiers Additional
Information

Genetic reagent
(D. melanogaster)

y1w*;5-HT1A-T2A-GAL4MI04464/CyO; 37 N/A Kind gift from Her-
man Dierick

Genetic reagent
(D. melanogaster)

y1w*;5-HT1B-T2A-GAL4MI05213/CyO; 37 N/A Kind gift from Her-
man Dierick

Genetic reagent
(D. melanogaster)

y1w*;;5-HT2A-T2A-GAL4MI00459/TM6c 37 N/A Kind gift from Her-
man Dierick

Genetic reagent
(D. melanogaster)

y1w*:;5-HT2B-T2A-GAL4MI05208/TM3 37 N/A Kind gift from Her-
man Dierick

Genetic reagent
(D. melanogaster)

y1w*;5-HT7-GAL4MI00215/TM6C 37 N/A Kind gift from Her-
man Dierick

Genetic reagent
(D. melanogaster)

10XUAS-IVS-mCD8::RFP}attP18,P{y[+t7.7]
w[+mC]=13XLexAop2-mCD8::GFP}
su(Hw)attP8;;

117 BDSC; 32229
RRID:BDSC_32229

Genetic reagent
(D. melanogaster)

w[*]; 10XUAS-IVS-mCD8::GFP}attP40; 117 BDSC; 32186
RRID:BDSC_32186

Genetic reagent
(D. melanogaster)

y w*; lexAop RFP-UAS GFP/CyO; TM3/TM6B Bloomington Drosophila Stock
Center

BDSC; 67093
RRID:BDSC_67093

Genetic reagent
(D. melanogaster)

hsFlp;;MCFO 39 BDSC; 64085
RRID;BDSC_64085

Genetic reagent
(D. melanogaster)

;;40XUAS-IVS-mCD8::GFP 117 BDSC; 32195
RRID;BDSC_32195

Genetic reagent
(D. melanogaster)

pJFRC59-13XLexAop2-IVS-myr::GFP 118 Janelia Fly store; 1117286

Genetic reagent
(D. melanogaster)

R24H08-GAL4 48 BDSC; 49100
RRID;BDSC_49100

Genetic reagent
(D. melanogaster)

R24H08-LexA 48 BDSC; 52732
RRID;BDSC_52732

Genetic reagent
(D. melanogaster)

R86G06-GAL4 48 BDSC; 93199
RRID;BDSC_93199

Genetic reagent
(D. melanogaster)

R86G06-LexA 48 BDSC; 54990
RRID;BDSC_54990

Genetic reagent
(D. melanogaster)

R24H08-p65.AD/CyO; R53F03-GAL4.DBD 119 BDSC; 68845
RRID;BDSC_68301

Genetic reagent
(D. melanogaster)

VT046303-Gal4.DBD 120 BDSC; 74970
RRID;BDSC_74612

Genetic reagent
(D. melanogaster)

R60F02-Gal4 48 BDSC; 48228
RRID;BDSC_48228

Genetic reagent
(D. melanogaster)

10XUAS-IVS-mCD8::RFP}attP18,P{y[+t7.7]
w[+mC]=13XLexAop2-mCD8::GFP}
su(Hw)attP8;;

117 BDSC; 32229
RRID:BDSC_32229

Genetic reagent
(D. melanogaster)

ChAT-Trojan-LexA 107 BDSC; 60317
RRID:BDSC_60317

Genetic reagent
(D. melanogaster)

GAD1-Trojan-LexA 107 BDSC; 60324
RRID:BDSC_60314

Genetic reagent
(D. melanogaster)

;;Mz699-Gal4 121 N/A Kind gift from Tzu-
min Lee

Genetic reagent
(D. melanogaster)

20XUAS-IVS-Syn21-jGCaMP7b-p10 in
su(Hw)attP5

122 BDSC; 80907
RRID:BDSC_80907

Genetic reagent
(D. melanogaster)

w*; PBac{y[+mDint2] w[+mC]=20XUAS-IVS-
jGCaMP7f}VK00005

122 BDSC; 79031
RRID:BDSC_79031

Genetic reagent
(D. melanogaster)

w[1118];P{13xLexAop2-IVS-GCaMP6s-SV40}
su(Hw)attP5

118 BDSC; 44589
RRID:BDSC_44589

Genetic reagent
(D. melanogaster)

w[1118]; P{y[+t7.7] w[+mC]=GMR60F02-
GAL4}attP2

48 BDSC; 48228
RRID:BDSC_48228

Genetic reagent
(D. melanogaster)

y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF01852}attP2 123 BDSC; 25834
RRID:BDSC_25834

Genetic reagent
(D. melanogaster)

y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02576}attP2 123 BDSC; 27273
RRID:BDSC_27273

Genetic reagent
(D. melanogaster)

w*;UAS-C3PA,MBdsRed/CyO;MKRS/TM6B 47 N/A Kind gift from Dr.
Marco Gallio

Antibody Rabbit anti-RFP (1:500 dilution) Rockland; 600-401-379 RRID: AB_2209751

Antibody Chicken anti-GFP (1:500 dilution) Abcam; ab13970 RRID: AB_300798

Antibody Rat anti-NCAD (1:250 dilution) DSHB; DN-Ex #8 RRID: AB_528121
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Hierarchical Clustering. To resolve whether v-PNs that express dis-
tinct 5-HT receptors innervate distinct glomeruli, we hierarchically
clustered111 individual 5-HT receptor-expressing v-PNs by the comple-
ment of AL glomeruli each v-PN innervates. 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 opti-
mal number of k-clusters for this dendrogram was 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 theNbClust
package. Both methods identified that two k-clusters were optimal for
the underlying data being hierarchically clustered.

Connectomic analysis
Connectomic analyses in Fig. 7 were performed using the Hemibrain
v.1.2.1 dataset67 accessed via neuPrintExplorer (https://neuprint.
janelia.org/). Within this dataset, nine v-PNs were identified as candi-
dates for the v-PNs expressed by the R24H08 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 (5 for R24H08-LexA and 4 for
R86G06-LexA). To determine the postsynaptic partners of each v-PN,
thedownstreampartnerswerequeried for each individual v-PN, and an
arbitrary threshold of three synapses was set for inclusion. Post-
synaptic 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 fromR24H08 and R86G06 converged upon the
same postsynaptic partners, the “common connectivity” query was
used for all nine v-PNs simultaneously. An arbitrary threshold of
3 synapses was set for inclusion and the resultant connectivity table
was exported to generate graph plots using CytoScape v3.9.1. The
body IDs for the 5 v-PNs similar to those in R24H08, the 4 v-PNs in
R86G06 and all shared partners are listed in Table 3. The correlation
matrix was generated by querying the downstream connectivity of the
R24H08-like and R86G06-like v-PNs in the LH with the “neu-
print_connection_table” function of the neuprintr package (https://
natverse.org/neuprintr/), then computing the Pearson pairwise cor-
relation of columns of the connectivitymatrix with the.corrmethod of
the pandas package, where each column contains the downstream
connectivity of each individual v-PN. Values for Fig. 1Sf were calculated
by the number of synapses onto each 3rd-order olfactory neuron from
v-PNs or lv-PNs divided by the total number of postsynapses from
v-PNs or lv-PNs. This value was multiplied by, for each 3rd-order
olfactory neuron and for each neuropil, the number of postsynaptic
sites from 3rd-order olfactory neurons in each neuropil, divided by the
total number of postsynaptic sites of each 3rd-order olfactory neuron.
The neuropil value plotted is the sum of this value for every 3rd-order
olfactory neuron for the corresponding neuropil and its mirror,

normalized to 1 being the neuropil with the maximum. Values were
generated from fafbseg-py and braincircuits (https://braincircuits.io)
in FlyWire FAFB25,26,112,113.

Pharmacology
Pharmacological agents and their concentrations used in
this study. 5-HT (10−5M Serotonin hydrochloride, TCI Chemicals,
CAS:153-98-0) was made fresh every day before the start of experi-
ments and the aliquot was shielded from light, the 5-HT receptor
antagonist (10−5M Methiothepine mesylate salt, also called metitipine,
Sigma, CAS:74611-28-2), 5-HT1A receptor antagonist (10−5M WAY-
100635 maleate, Abcam, CAS:634908-75-1), 5-HT1A receptor agonist
(10−5M Ipsapirone, Rndsystems, CAS:95847-70-4), 5-HT7 receptor
antagonist (10−5M Sb 258719, Tocris, CAS:1217674-10-6), 5-HT7
Receptor agonist (10−5M AS-19, Tocris, CAS:1000578-26-6). The stock
solutions of these drugs were diluted in extracellular physiological
saline which contained: 103mM NaCl, 3mM KCl, 5mM TES, 8mM
Trehalose, 10mM Glucose, 26mM NaHCO3, 1mM NaH2PO4, 1.5mM
CaCl2, 4mM MgCl2, pH was then adjusted to 7.2 with NaOH.

Fly preparation for in vivoCa2+ imaging and odor delivery. All in vivo
Ca2+ imaging experiments were performed using a custom-built (Scien-
tifica, Clarksburg, USA) 2-photon microscope system and Mai Tai HP Ti
Sapphire laser (Spectra-Physics, Milpitas, CA). Preparations were visua-
lized using a Retiga R6 Microscope Camera (QImaging, Surrey, Canada),
data acquiredwith a gallium arsinide phosphide (GaAsP) photomultiplier
tube detector and ScanImage acquisition software (v.5.5, Vidrio Tech-
nologies). All recordings were taken at a frame rate of 3.4Hz. Both male
and female flies were used in experiments. For fly preparation for
recordings, flies were anesthetized on ice and then placed on the
recording dish containing a square aluminum foil sheet (10mmx 12mm)
in the center of a plastic dish with an imaging window ( ~ 1mm x 1mm)
sized to affix a fly. Once the fly was securely positioned, it was then
permanently fixed using an 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 during 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. TheR86G06driver line includesOSNsprojecting
to the DC4 glomerulus, so we only visualized the LH axon terminals for
Ca2+ imaging of odor-evoked responses.

The recording chamber had a capacity to hold ~3ml of saline
solution and was filled with approximately this amount during the
experiment. After the bath application of the drug, there was an
8-minute waiting period before resuming the Ca2+ imaging. Odorants
used in experiments: 1-Hexanol (Sigma Aldrich, cat. no.471402), 1-octen-
3-ol (Sigma Aldrich, cat. no. O5284), 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

Table 1 (continued) | Key Resources and Reagents

Reagent Type (species)
or resource

Designation Source or reference Identifiers Additional
Information

Antibody Rabbit anti-hemaglutinin (1:300 dilution) CST; #3724 RRID: AB_1549585

Antibody Mouse anti-V5 (1:500 dilution) Bio-Rad; # MCA1360D550GA RRID: AB_2687576

Antibody Rabbit anti-GABA (1:500 dilution) Sigma; A2052 RRID: AB_477652

Antibody Rabbit anti-serotonin (1:5,000 dilution) Immunostar; 20080 RRID: AB_572263

Antibody Donkey anti-chicken AlexaFluor 488 (1:1,000
dilution)

Jackson ImmunoResearch
Laboratories, #703-545-155

RRID: AB_2340375

Antibody Donkey anti-rabbit AlexaFluor 546 (1:1,000
dilution)

Invitrogen; #A-10040 RRID: AB_2534016

Antibody Donkey anti-rat AlexaFluor 647 (1:1,000
dilution)

Abcam; #ab150155 RRID: AB_2813835
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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/
TI{2A-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;TI{2A-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*,10XUAS-IVS-mCD8::RFP,13XLexAop2-mCD8::GFP;;5-HT7-GAL4MI00215/TI{2A-lex-
A::GAD}5-HT2B

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

S. Fig. 1b 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

S. Fig. 1c w*,10XUAS-IVS-mCD8::RFP,13XLexAop2-mCD8::GFP;;Mi{Trojan-lexA:QFAD.0}
ChAT[MI04508-TlexA:QFAD.0]/TM3

Depiction of fascicle formedbyprimary neurites of cholinergic
lv-PNs as they enter the AL

S. Fig. 1g,l w*,10XUAS-IVS-mCD8::RFP,13XLexAop2-mCD8::GFP;5-HT1A-T2A-
GAL4MI04464;TI{2A-lexA::GAD}5-HT2B

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

S. Fig. 1h, m w*,10XUAS-IVS-mCD8::RFP,13XLexAop2-mCD8::GFP;5-HT1B-T2A-GAL4MI05213;TI{2A-
lexA::GAD}5-HT2B

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

S. Fig. 1i, n w*;lexAop RFP-UAS GFP; 5-HT2A-T2A-GAL4MI00459/TI{2A-lexA::GAD}5-HT2B Intersection of v-PNs included in the 5-HT2A T2A Gal4 and
5-HT2B T2A LexA driver lines

S. Fig. 1j, o w*,10XUAS-IVS-mCD8::RFP,13XLexAop2-mCD8::GFP;;5-HT2B-T2A-GAL4MI05208/
TI{2A-lexA::GAD}5-HT2B

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

S. Fig. 1k, p w*,10XUAS-IVS-mCD8::RFP,13XLexAop2-mCD8::GFP;;5-HT7-GAL4MI00215/TI{2A-lex-
A::GAD}5-HT2B

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

S. Fig. 1q, u w*,10XUAS-IVS-mCD8::RFP,13XLexAop2-mCD8::GFP;5-HT1A-T2A-
GAL4MI04464;TI{2A-lexA::GAD}5-HT7

Intersection of v-PNs included in the 5-HT1A T2A Gal4 and
5-HT7 T2A LexA driver lines

S. Fig. 1r, v w*,10XUAS-IVS-mCD8::RFP,13XLexAop2-mCD8::GFP;5-HT1B-T2A-GAL4MI05213;TI{2A-
lexA::GAD}5-HT7

Intersection of v-PNs included in the 5-HT1B T2A Gal4 and
5-HT7 T2A LexA driver lines

S. Fig. 1s, w w*;lexAop RFP-UAS GFP; 5-HT2A-T2A-GAL4MI00459/TI{2A-lexA::GAD}5-HT7 Intersection of v-PNs included in the 5-HT2A T2A Gal4 and
5-HT7 T2A LexA driver lines

S. Fig. 1t,x w*,10XUAS-IVS-mCD8::RFP,13XLexAop2-mCD8::GFP;;5-HT7-GAL4MI00215/TI{2A-lex-
A::GAD}5-HT7

Intersection of v-PNs included in the 5-HT7 T2AGal4 and5-HT7
T2A LexA driver lines

S. Fig. 2a hs-FLPG5.PEST/yw;5-HT1B-T2A-GAL4MI05213;10xUAS(FRT.stop)myr::smGdP-HA}
VK00005,10xUAS(FRT.stop)myr::smGdP-V5-THS-,10xUAS(FRT.stop)
myr::smGdP-FLAG

Example AL and LH of clones from MCFO of 5-HT1B expres-
sing v-PNs

S. Fig. 2b hs-FLPG5.PEST/yw;;10xUAS(FRT.stop)myr::smGdP-HA}VK00005,10xUAS(FRT.-
stop)myr::smGdP-V5-THS-,10xUAS(FRT.stop)myr::smGdP-FLAG/5-HT2A-T2A-
GAL4MI00459

Example AL and LH of clones from MCFO of 5-HT2A expres-
sing v-PNs

S. Fig. 2c hs-FLPG5.PEST/yw;;10xUAS(FRT.stop)myr::smGdP-HA}VK00005,10xUAS(FRT.-
stop)myr::smGdP-V5-THS-,10xUAS(FRT.stop)myr::smGdP-FLAG/5-HT7-GAL4MI00215

Example AL and LH of clones from MCFO of 5-HT7 expres-
sing v-PNs

Fig. 3a, b w*/yw;UAS-C3PA-GFP/5-HT1A-T2A-GAL4MI04464; + /TM6B Projection patterns observed after photoactivation of v-PNs
expressing the 5-HT1A receptor

Fig. 3c w*/yw;UAS-C3PA-GFP/5-HT1B-T2A-GAL4MI05213; + /TM6B Projection patterns observed after photoactivation of v-PNs
expressing the 5-HT1B receptor

Fig. 3d w*/yw;UAS-C3PA-GFP/ + ;5-HT7-GAL4MI00215/TM6B Projection patterns observed after photoactivation of v-PNs
expressing the 5-HT7 receptor

Fig. 4a w*;;R24H08-GAL4/40XUAS-IVS-mCD8::GFP Morphology of R24H08 v-PNs in the AL and LH

Fig. 4b w*;;R86G06-GAL4/40XUAS-IVS-mCD8::GFP Morphology of R86G06 v-PNs in the AL and LH

Fig. 4e 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. 4f w*,10XUAS-IVS-mCD8::RFP,13XLexAop2-mCD8::GFP;R24H08-LexA/5-HT1B-T2A-
GAL4MI05213

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

Fig. 4g 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. 4i, j w*;10XUAS-IVS-mCD8::GFP;R24H08-GAL4 R24H08-Gal4 stably expressing GFP for HCR labeling against
the 5-HT1A and 5-HT1B receptors

Fig. 4k w*;10XUAS-IVS-mCD8::GFP;R86G06-GAL4 R86G06-Gal4 stably expressing GFP for HCR labeling against
the 5-HT7 receptors

S. Fig. 3a, b w*;R24H08-AD;VT046303-DBD/40XUAS-IVS-mCD8::GFP Validation of splitGal4 for v-PNs in R24H08

S. Fig. 3c w*;R24H08-AD/lexAop RFP-UAS GFP;VT046303-DBD/GAD1-Trojan-LexA Verifying R24H08 v-PNs express GAD1

S. Fig. 3d w*;lexAop RFP-UAS GFP; R86G06-LexA/GAD1-Trojan-LexA Verifying R86G06 v-PNs express GAD1

S. Fig. 3e, f w*;R24H08-LexA/lexAop RFP-UAS GFP;Mz699-Gal4 Verifying R24H08 v-PNs are included in Mz699 v-PNs

S. Fig. 3g, h w*;R86G06-LexA/lexAop RFP-UAS GFP;Mz699-Gal4 Verifying R86G06 v-PNs are included in Mz699 v-PNs

S. Fig. 3i 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

S. Fig. 3j w*,10XUAS-IVS-mCD8::RFP,13XLexAop2-mCD8::GFP;R24H08-LexA/5-HT1B-T2A-
GAL4MI05213

Intersection of v-PNs included in the 5-HT1B T2A Gal4 and
R24H08-LexA
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diluted in mineral oil (Sigma Aldrich, cat. no. M5904). Odors were
delivered as previously114. Briefly, odorant dilutions were pipetted onto
pieces of Whatman filter paper in 5cc 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 (2.5 L/min regulated using a Dwyer VFA-25-BV
flowmeter) and the airflow (.8 L/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.
CustomMatLab script (Matlab version 2018b, provided by Kaleb Hatch)
was used to send a 5V TTL pulse to a 50W 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 the experimental protocol, for 1s.

For optogenetic activation of CSDn neurons, a red LED
(FT800EMT-Custom Fiber Patch Cable, 2.5mm End, Thorlabs) con-
trolled by a T-Cube LED current controller (Thorlabs) delivered light
intensity of 5-8mW/mm² from beneath the recording dish. A notch
filter (Edmund Optic, 14770 Filter Ultrathin Notch OD6 633 nm, 25
mmD) was inserted into the light path to help mitigate the red-light

Table 2 (continued) | Genotype of flies in each figure

Figure Genotype Purpose

S. Fig. 3k w*;R24H08-LexA/lexAop RFP-UAS GFP;5-HT2A-T2A-GAL4MI00459 Intersection of v-PNs included in the 5-HT2A T2A Gal4 and
R24H08-LexA

S. Fig. 3l w*,10XUAS-IVS-mCD8::RFP,13XLexAop2-mCD8::GFP;R24H08-LexA/5-HT2B-T2A-
GAL4MI05208

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

S. Fig. 3m w*,10XUAS-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

S. Fig. 3n w*,10XUAS-IVS-mCD8::RFP,13XLexAop2-mCD8::GFP;R86G06-LexA/5-HT1A-T2A-
GAL4MI04464;

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

S. Fig. 3o w*,10XUAS-IVS-mCD8::RFP,13XLexAop2-mCD8::GFP;R86G06-LexA/5-HT1B-T2A-
GAL4MI05213;

Intersection of v-PNs included in the 5-HT1B T2A Gal4 and
R86G06-LexA

S. Fig. 3p w*;R86G06-LexA/lexAop RFP-UAS GFP;5-HT2A-T2A-GAL4MI00459 Intersection of v-PNs included in the 5-HT2A T2A Gal4 and
R86G06-LexA

S. Fig. 3q w*,10XUAS-IVS-mCD8::RFP,13XLexAop2-mCD8::GFP;R86G06-LexA/5-HT2B-T2A-
GAL4MI05208

Intersection of v-PNs included in the 5-HT2B T2A Gal4 and
R86G06-LexA

S. Fig. 3r 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. 5a, b w*;;R86G06-GAL4/20XUAS-IVS-jGCaMP7f
w*;R24H08-AD/ + ;VT046303-DBD/20XUAS-IVS-jGCaMP7f

Ca2+ imaging of odor responses from R24H08 and
R86G06 v-PNs

Fig. 5c, d w*;R86G06-LexA/UAS-CsChr;R60F02-Gal4/lexAop-jGCaMP7f Ca2+ imaging of odor responses from R86G06 v-PNs with or
without preceding optogenetic activation of the CSDns via
R60F02.

Fig. 5e, f w*;R24H08-LexA/UAS-CsChr;R60F02-Gal4/lexAop-jGCaMP7f Ca2+ imaging of odor responses from R24H08 v-PNs with or
without preceding optogenetic activation of the CSDns via
R60F02.

S. Fig. 4a, b w*;+/UAS-CsChr;R60F02-Gal4/UAS-jGCaMP7f Ca2+ imaging of optogenetically stimulated activation
of CSDns

S. Fig. 4c, d w*;R86G06-LexA/UAS-CsChr;R60F02-Gal4/lexAop-jGCaMP7f Ca2+ imaging of R86G06 v-PNs with optogenetic activation
of CSDns

S. Fig. 4e, f w*;R24H08-LexA/UAS-CsChr;R60F02-Gal4/lexAop-jGCaMP7f Ca2+ imaging of R24H08 v-PNs with optogenetic activation
of CSDns

Fig. 6a, b w*;+/20XUAS-IVS-jGCaMP7f;R86G06-Gal4/+ Ca2+ imaging of odor responses from R86G06 v-PNs before
and after application of Serotonin(5-HT) and AS-19

Fig. 6c w*;+/20XUAS-IVS-jGCaMP7f;R86G06-GAL4/UAS-5-HT7RNAi Ca2+ imaging of odor responses from R86G06 v-PNs while
driving 5HT7 receptor RNAi

Fig. 6d, e w*;R24H08-AD/20XUAS-IVS-jGCaMP7f;VT046303-DBD Ca2+ imaging of odor responses from R24H08 v-PNs before
and after application of Serotonin(5-HT) and Ipsapirone

Fig. 6f w*;R24H08-AD/20XUAS-IVS-jGCaMP7f;VT046303-DBD/UAS-5-HT1aRNAi Ca2+ imaging of odor responses from R24H08 v-PNs while
driving 5HT1A receptor RNAi

S. Fig. 5a, b w*;+/20XUAS-IVS-jGCaMP7f;R86G06-GAL4/+ Ca2+ imaging of odor responses from R86G06 v-PNs before
and after application of Metitipine and SB-269970

S. Fig. 5c–f w*;R24H08-AD/20XUAS-IVS-jGCaMP7f;VT046303-DBD/+ Ca2+ imaging of odor responses from R24H08 v-PNs before
and after application of Serotonin (5-HT), Ipsapirone, Metiti-
pine, WAY100635

S. Fig. 5g w*;20XUAS-IVS-jGCaMP7f/+;R86G06-GAL4/+
w*;R24H08-AD/20XUAS-IVS-jGCaMP7;VT046303-DBD/+

Baseline Ca2+ change of R24H08 and R86G06 v-PNs and bath
application of Ipsapirone and AS-19

S. Fig. 5h, i w*,10XUAS-IVS-mCD8::RFP,13XLexAop2-mCD8::GFP;R24H08-LexA/+;R60F02-
Gal4/+

Depiction of overlap in projection of R24H08 v-PNs and the
CSDns in the AL and LH

S. Fig. 5j w*,10XUAS-IVS-mCD8::RFP,13XLexAop2-mCD8::GFP;R86G06-LexA/+;R60F02-
Gal4/+

Depiction of overlap in projection of R86G06 v-PNs and the
CSDns in the LH

Fig. 7a w*;lexAop-rCD2::RFP-p10.UAS-mCD8::GFP-p10/R24H08-LexA;R86G06-GAL4 Comparing morphology of R24H08 and R86G06 v-PNs
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intensity and protect the photomultiplier tube. In experiments invol-
ving only CSDn stimulation, neurons were stimulated optogenetically
for 1 second, repeated 3 times within a 60-second recording. Frames
during the red-light stimulation were removed due to interference
with the two-photon sensor. In experiments co-activating CSDn and v-
PNs, the R24H08 and R86G06 v-PN populations were stimulated with
benzaldehyde (3 ×1-second pulses). Prior to the second benzaldehyde
pulse, CSDn neurons were optogenetically activated for 1 second, fol-
lowed by a 15ms delay before the odor pulse. Frames during optoge-
netic activation were removed in this paradigm as well.

Raw imaging data was then imported into FIJI, and then ROIs were
drawn. Extracted ROI fluorescence signal data was then processed using
a custom Matlab Script which normalized to baseline fluorescence sig-
nals (F, fluorescence averaged across 3 seconds before the first odor
stimulation) and data was visualized as percent change in fluorescence
from average values (ΔF/F), script then produced representation of
percent change in fluorescence as a Heatmap (Matlab version 2018b,
script provided by Keshav L. Ramachandra) or average ΔF/F odor
responses were then processed in graphpad for statistical analysis.

GFP-photoactivation
Photoactivatable GFP experiments were completed using a 2-photon
vivoscopewithMai Tai HP Ti Sapphire laser and a stimulation protocol
adjusted from prior descriptions115. Stimulation was produced using
ScanImage acquisition software and timing was controlled with a

custom script written in Daq EventTimer116. Flies were prepared by
severing the fly head, removing the antennae and proboscis under
physiological saline (see above), then peeling the clypeus to vertex
away to expose the ALs. Tungsten wires were used to stabilize the
head. Cells were located using a wavelength of 940nm, outside of the
photoactivatable range for GFP. Cells were stimulated with 9-11mW/
cm2 at 710 nm with power delivery controlled digitally through a
Pockel cell (Model: 350-80-02LA, Conoptics, Danbury, CT). Stimula-
tion was delivered in a 40 µM2 scanning window with 2µs pixel dwell
time. Cells were stimulated by acquiring 100 frames, with each frame
separated by 5.6 seconds. This acquisition period was repeated 3
times, with each series followed by 45minutes. After the third 45-
minute break, each brain was individually dissected and incubated in
4% paraformaldehyde on ice for 25minutes. Brains were each pro-
cessed as described above for N-Cadherin immunolabeling, and only
endogenous GFP fluorescence was used rather than GFP immunola-
beling. Confocal scans were collected as described above and.oib files
obtained from confocal imaging were analyzed using Fiji ImageJ. Using
the NCAD channel as a reference, the volume of the lateral horn was
cropped away from the GFP channel for every slice in the stack. This
was done to remove influence from natively activated paGFP from
surrounding cell bodies. Using a custom-written Java ImageJ plugin
(https://github.com/JohnHageter/Binned_Intensity/), a polygonal ROI
was drawn around the lateral horn on a max projection of the image
stack. Thebounding boxof thedrawnROIwas segmented into a 10×10

Table 3 | Hemibrain Body IDs for all neurons in the connectomic analysis

Neuron Body ID Descriptor

R24H08-like v-PN 5813077810 v-PN resembling R24H08-Gal4 v-PNs

R24H08-like v-PN 1857143769 v-PN resembling R24H08-Gal4 v-PNs

R24H08-like v-PN 948834414 v-PN resembling R24H08-Gal4 v-PNs

R24H08-like v-PN 1889883818 v-PN resembling R24H08-Gal4 v-PNs

R24H08-like v-PN 1415825344 v-PN resembling R24H08-Gal4 v-PNs

R86G06-like v-PN 791298858 v-PN resembling R86G06-Gal4 v-PNs

R86G06-like v-PN 760264077 v-PN resembling R86G06-Gal4 v-PNs

R86G06-like v-PN 729219639 v-PN resembling R86G06-Gal4 v-PNs

R86G06-like v-PN 698526273 v-PN resembling R86G06-Gal4 v-PNs

LHN downstream of R24H08-like v-PNs 855384597 LHCENT

LHN downstream of R24H08-like v-PNs 913754682 LHON

LHN downstream of R24H08-like v-PNs 1260582361 LHON

LHN downstream of R24H08-like v-PNs 1006146837 LHCENT

LHN downstream of R24H08-like v-PNs 759582415 LHLN

LHN downstream of R24H08-like v-PNs 821612285 LHON

LHN downstream of R24H08-like v-PNs 822687493 LHLN

LHN downstream of R24H08-like v-PNs 819895218 LHON

LHN downstream of R24H08-like v-PNs 852302293 LHON

LHN downstream of R24H08-like v-PNs 730562993 LHON

LHN downstream of R86G06-like v-PNs 698185483 LHLN

LHN downstream of R86G06-like v-PNs 546123239 LHON

LHN downstream of R86G06-like v-PNs 698180927 LHLN

LHN downstream of R86G06-like v-PNs 574377562 LHON

LHN downstream of R86G06-like v-PNs 882685590 LHLN

LHN downstream of R86G06-like v-PNs 510317265 LHLN

LHN downstream of R86G06-like v-PNs 417186612 LHLN

LHN downstream of R86G06-like v-PNs 421641859 LHON

LHN downstream of R86G06-like v-PNs 666136034 LHON

LHN downstream of R86G06-like v-PNs 5813011024 LHON

LHN downstream of R86G06-like v-PNs 510934715 LHLN

LHN downstream of R86G06-like v-PNs 758178605 LHLN
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bin grid. We measured the average intensity from each channel within
the bins and normalized this to the bin with the maximum average
intensity, whose center was within the previously drawn ROI. Seg-
mented bins whose centers were located outside of the lateral horn
were removed from further analysis. Statistical analysis for photo-
activatable experiments was carried out in R (R Core Team). An inde-
pendence test was generated for each receptor and bin position. Post-
Hoc comparisons were TukeyHSD and found using the “glht” function
for the “multicomp” package.

Statistical analyses
The number of animals used in each experiment was 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
version8.0, 2018). Shapiro-Wilk normality testswere used todetermine if
data was normally distributed. Paired sample T-tests were performed in
all Ca2+ datasets and passed. For the pharmacological Ca2+ imaging data,
paired sample T-tests were performed for normally distributed data to
compare responses before and after drug application. For the optoge-
netic experiments, in R24 optogenetic experiments where data was not
normally distributed, Friedman tests were used followed by Dunn’s post-
hoc tests for multiple comparisons. In R86 optogenetic experiments
where data were normally distributed, repeated measures ANOVAs were
performed, followed by Tukey’s HSD post-hoc tests. For all dot plots the
center line represents the mean and whiskers represent 1 standard
deviation. No outliers were removed from our analyses.

Materials and reagents availability
All Drosophila stocks in this paper were derived from stocks available
from the Bloomington stock center, or as gifts and all chemical
reagents are commercially available (see Table 1).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available at Identifier:
https://doi.org/10.17605/OSF.IO/ZYSVP.

Code availability
Custom FIJI plugin for polygonal ROI analysis in PA-GFP experiments:
https://github.com/JohnHageter/Binned_Intensity/.
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