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SUMMARY

Serotonin (5-HT) represents a quintessential neuro-
modulator, having been identified in nearly all
animal species [1] where it functions in cognition
[2], motor control [3], and sensory processing [4].
In the olfactory circuits of flies and mice, serotonin
indirectly inhibits odor responses in olfactory
receptor neurons (ORNs) via GABAergic local inter-
neurons (LNs) [5, 6]. However, the effects of 5-HT in
olfaction are likely complicated, because multiple
receptor subtypes are distributed throughout the
olfactory bulb (OB) and antennal lobe (AL), the first
layers of olfactory neuropil in mammals and in-
sects, respectively [7]. For example, serotonin has
a non-monotonic effect on odor responses in
Drosophila projection neurons (PNs), where low
concentrations suppress odor-evoked activity and
higher concentrations boost PN responses [8].
Serotonin reaches the AL via the diffusion of
paracrine 5-HT through the fly hemolymph [8] and
by activation of the contralaterally projecting
serotonin-immunoreactive deuterocerebral inter-
neurons (CSDns): the only serotonergic cells that
innervate the AL [9, 10]. Concentration-dependent
effects could arise by either the expression of mul-
tiple 5-HT receptors (5-HTRs) on the same cells or
by populations of neurons dedicated to detecting
serotonin at different concentrations. Here, we
identify a population of LNs that express 5-HT7Rs
exclusively to detect basal concentrations of
5-HT. These LNs inhibit PNs via GABAB receptors
and mediate subtractive gain control. LNs express-
ing 5-HT7Rs are broadly tuned to odors and target
every glomerulus in the antennal lobe. Our results
demonstrate that serotonergic modulation at low
concentrations targets a specific population of
LNs to globally downregulate PN odor responses
in the AL.
1110 Current Biology 30, 1110–1118, March 23, 2020 ª 2020 Elsevie
RESULTS

The Effects of Basal Concentrations of 5-HT Are
Mediated via the 5-HT7 Receptor
We initially focused on the pheromone-sensitive glomerulus DA1

as those projection neurons (PNs) can be easily targeted using

the Q/QUAS binary expression system, thus allowing us to use

the Gal4/upstream activating sequence (UAS) system to later

manipulate serotonergic transmission. We began by replicating

previous results demonstrating that the broad 5-HT receptor

(5-HTR) antagonist methysergide boosts responses in PNs

in vivo. Blocking the Drosophila serotonin reuptake transporter

(dSerT) with fluoxetine elevates 5-HT at release sites and

reduces PN odor responses [8] (Figures 1A–1C). These results

suggest a suppressive role for 5-HT on PN output at low concen-

trations, as both manipulations influence the detection or

clearance of 5-HT at basal levels. Although the contralaterally

projecting serotonin-immunoreactive deuterocerebral interneu-

rons (CSDns) likely contribute to establishing the basal levels

of 5-HT in the antennal lobe (AL), paracrine 5-HT circulating

through the hemolymph is also likely involved, as intact CSDns

are not required for methysergide’s effects on PN responses

[8] (Figures S1A–S1H). Whereas manipulating basal concentra-

tions of 5-HT suppresses PN responses, high concentrations

of exogenous 5-HT [5, 8] and direct stimulation of the CSDn

boosts PN output (Figures S1I–S1L).

We performed a screen to determine specifically which of the

fiveDrosophila 5-HTR subtypes are responsible for the effects of

5-HT at basal concentrations. Antagonists against each 5-HTR

were tested for their ability to both mimic and occlude methyser-

gide’s effect (Figures 1D–1M). Only the 5-HT7R antagonist

SB258719 boosted odor activity and prevented methysergide

from further elevating DA1 PN responses (Figures 1L and 1M).

We used the Gal4/UAS system to express 5-HT7R in DA1 PNs

to validate that these reagents indeed antagonize 5-HT7R in

Drosophila. UV uncaging of 5-HT in control flies without the

exogenous receptor indicated that DA1 PNs likely do not

express any 5-HTRs (Figure 1N), although including the

transgene demonstrated that our antagonists are effective

against 5-HT7R (Figures 1N and 1O). Thus, our antagonist

screen implicates excitatory 5-HT7Rs as mediating the effects

of low or basal concentrations of 5-HT on PN output.
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Figure 1. The Drosophila 5-HT7R Mediates the Suppression of Odor Responses at Low Concentrations of Serotonin

(A) A schematic of the Drosophila antennal lobe showing relevant neurons and connections. Olfactory receptor neurons (ORNs) make feedforward connections

onto the dendrites of projection neurons (PNs) in olfactory glomeruli (light colored circles in AL). ORNs expressing the same olfactory receptor are colored

identically and project to the same individual glomerulus. GABAergic local interneurons (dark blue) allow communication between glomeruli and participate in

various forms of lateral and intra-glomerular inhibition. The AL receives all of its direct serotonergic innervation from a pair of neurons termed the CSDns (red) that

innervate nearly all glomeruli, excluding pheromone-sensitive glomeruli, such as DA1. Serotonin can also enter the AL via paracrine sources. See also Figure S1.

All recordings in this figure were made from DA1 PNs.

(B) Themean and SEM of peristimulus time histograms (PSTHs) of DA1 PN responses to 11-cis-vaccenyl acetate (cVA) in saline and after the application of 50 mM

methysergide (used throughout the study) or 10 mMfluoxetine. Methysergide is a broad 5-HTR antagonist. Fluoxetine raises 5-HT levels by blocking the serotonin

transporter, SerT.Whole-cell recordingsweremade in vivo fromDA1 PNs labeled with GFP. The horizontal bar above the PSTH indicates the odor stimulus period

and serves as scale bar for time (500 ms). This presentation is used throughout subsequent figures. The vertical bar indicates 50 spikes per second.

(C) A time series showing boosting of PN responses by methysergide and suppression by fluoxetine (n = 8 methysergide, p = 0.007, and n = 6 fluoxetine,

p = 0.031). All comparisons, including subsequent panels, were performed with a Wilcoxon signed-rank test. Data are normalized to the mean of the response

prior to drug application. Error bars indicate ± SEM throughout applicable panels.

(D) Time series of the effects of the 5-HT1AR antagonist WAY100635 and with subsequent application of methysergide.

(E) Quantification of the preceding experiment. n = 7; saline versus drug p = 0.047; drug versus methysergide p = 0.15. N.S., not significant. Mean and SEM are

represented by a + thoughout subsequent panels.

(F and G) An identical protocol was used as in (D) and (E) but for the 5-HT1BR antagonist SB216641. n = 8; saline versus drug p = 0.23; drug versus methysergide

p = 0.016.

(H and I) As in (D) and (E) but for the 5-HT2AR antagonist ketanserin. n = 7; saline versus drug p = 0.11; drug versus methysergide p = 0.94.

(J and K) As in (D) and (E) but for the 5-HT2BR antagonist metoclopramide. n = 6; saline versus drug p = 0.031; drug versus methysergide p = 0.68.

(L and M) As in (D) and (E) but for the 5-HT7R antagonist SB258719. n = 8; saline versus drug early p = 0.05 (y); saline versus drug late p = 0.84; drug versus

methysergide p = 0.74.

(N) Left: control experiment in which 5-HT is photo-uncaged using UV light while recording whole cell from a DA1 PN in saline with TTX. Uncaging 5-HT has no

detectable effect on the PNs, suggesting they do not express 5-HTRs. Middle: the 5-HT7R was expressed in DA1 PNs by Gal4/UAS, resulting in their

depolarization upon UV-photo-uncaging of 5-HT. The depolarization was effectively blocked by methysergide. Right: SB258719 also effectively blocked the

effects of 5-HT at the 5-HT7R.

(O) Quantification of the results in (N). We calculated mean membrane potentials from 1 and 10 s after UV stimulus over 1.5 s as peak and plateau responses,

respectively. From left to right, n = 5, 7, 6, 6, and 6; Wilcoxon signed-rank test (p = 0.071; p = 0.031; p = 0.218; p = 0.031).
GABAergic LNs in the AL Enable Sensitivity to Low
Concentrations of 5-HT
Wenext sought to identify which cell classes in the AL express 5-

HT7R and may thus mediate the boosting of PNs in response to
basal 5-HT levels. Currently, there are no validated antibodies

available for Drosophila 5-HTRs. Therefore, we used previously

described 5-HTRMiMIC GAL4 protein-trap and gene-trap trans-

genic lines [11–13] and determined their overlap with promoter
Current Biology 30, 1110–1118, March 23, 2020 1111
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Figure 2. R70A09-Gal4 LNs Express 5-

HT7Rs to Detect and Signal Low, but Not

High, Concentrations of 5-HT

(A) A schematic of the Drosophila olfactory sys-

tem showing the experimental configuration. Gal4

promoter lines were used to express RNAi

against the 5-HT7R in various populations of LNs.

The QUAS system was used to express GFP in

DA1 PNs for whole-cell recordings. See also

Figure S2.

(B) An RNAi against the 5-HT7R was expressed in

three LN lines and tested for its ability to block

the effects of methysergide. The expression of

the construct in the GH298 LN line did not block

the effects of methysergide. Expression in both

NP3056 and R70A09 did occlude the effects of

methysergide. From left to right, n = 7, 8, and 7;

Wilcoxon sign-ranked test (p = 0.015; p = 0.64;

p = 0.812). Error bars represent SEM.

(C) A time series of DA1 responses from the

experiment in (B). Blue shading shows time and

duration of methysergide application. Inset: a

PSTH of DA1 responses when the 5-HT7R-RNAi

is expressed in R70A09 LNs is shown. Hori-

zontal black bar represents the 500-ms odor

presentation. The vertical bar indicates 50

spikes per second. The black trace is the mean

of the odor responses in saline, and the blue

trace is the mean odor response in methyser-

gide.

(D) The R70A09-Gal4 line expresses exclusively

in approximately 12 LNs per hemisphere in the

AL. See also Figure S3.

(E) The MiMIC-5-HT7 protein trap and the R70A09-Q promoter lines have extensive overlap. 9.3 ± 1.0 R70A09 cells overlap with the 11.25 ± 0.69 LNs of

the MiMIC line [12]; replicated in 6 flies.

(F) PSTHs of DA1 odor responses in fluoxetine and exogenous 5-HT. The 5-HT7R-RNAi was expressed in R70A09 LNs via the Gal4/UAS, and DA1 PNs

were targeted with Q/QUAS and GFP.

(G) A time series of the odor responses in fluoxetine and subsequently 5-HT.

(H) Quantification of the previous experiments. n = 6; Wilcoxon signed-rank test (p = 0.56; p = 0.03). Error bars represent SEM.
lines labeling various cell classes in the AL [14, 15]. Consistent

with our uncaging experiments, we found no overlap between

DA1 PNs and each of the five MiMIC 5-HTR lines (Figures

S2A–S2E). This suggests that DA1 PNs are not the direct target

of 5-HT7R modulation. Previous studies have shown that olfac-

tory receptor neurons (ORNs) as a population do not express

5-HT7R and may only express 5-HT2BR [12]. We confirmed

that the cognate ORNs to the DA1 glomerulus (OR67d ORNs)

do express 5-HT2BR (Figures S2F–S2O). Blocking 5-HT2BRs

failed to modulate odor responses in OR67d axons in the AL

as revealed by GCaMP imaging, suggesting 5-HT2BR is not

involved in signaling low basal levels of 5-HT (Figures S2P–

S2R). Combined, these results suggest that neither ORNs nor

PNs are the likely direct target of 5-HT7R-mediated modulation

and thus implicate local interneurons (LNs) as a possible target.

We next expressed an RNAi against 5-HT7R in various Gal4

promoter lines to identify LNs that mediate signaling of basal

5-HT levels in the AL (Figure 2A). Because the effects of

SB258719 were more transient, we utilized methysergide and

assessed whether knocking down 5-HT7R in each promoter

line could prevent the antagonist from boosting DA1 odor

responses (Figures 2B and 2C). The GH298-Gal4 and NP3056-

Gal4 promoter lines both express broadly within the AL but
1112 Current Biology 30, 1110–1118, March 23, 2020
have no overlap in their expression patterns [15]. We also

screened the Janelia FlyLight collection [16] for Gal4 lines gener-

ated from fragments of the 5-HT7R promoter and identified

R70A09-Gal4, whose AL expression pattern was limited to

12 LNs per hemisphere (Figure 2D). Expression of the 5-HT7R-

RNAi in either NP3056 or R70A09 blocks the effects of methyser-

gide (Figures 2B and 2C). Interestingly, NP3056 and R70A09

have little overlap in their expression patterns, suggesting that

both populations of LNs must express functional 5-HT7Rs to

block the effects of the antagonist and low-concentration 5-HT

signaling. We converted R70A09-Gal4 into a Q-system promoter

line [17] using the HACK method [18] in order to test for overlap

between the R70A09 and the MiMIC 5-HT7R line. The new

R70A09-Q promoter line showed 100% overlap with its Gal4

counterpart (Figure S3C), and most R70A09-Q LNs are labeled

in the MiMIC 5-HT7R protein trap line, suggesting they indeed

express the receptor (Figure 2E).

If R70A09 LNs use 5-HT7Rs to detect low levels of serotonin,

then expressing 5-HT7R-RNAi in these cells should also prevent

the modulation of DA1 PNs to the serotonin transporter blocker,

fluoxetine. Fluoxetine typically suppresses odor responses (Fig-

ures 1B and 1C) but failed to do so when 5-HT7Rs were knocked

down in R70A09 LNs (Figures 2F–2H). Because serotonin can



(legend on next page)
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have opposing effects at high and low concentrations in the AL [8]

(Figure S1), we next applied a high concentration of exogenous 5-

HT to determine whether 5-HT7Rs in R70A09 LNs also signal

higher serotonin concentrations. DA1 odor responses boosted

to exogenous 5-HT, suggesting that 5-HT7R-expressing LNs do

not signal higher concentrations of serotonin (Figures 2F–2H).

Characterization of 5-HT7R LNs
We further characterized 5-HT7R-expressing LNs with regards to

their morphology, physiology, and for the expression of other

5-HTRs. The MiMIC 5-HT7R promoter line labels 11 to 12

GABAergic LNs [12]. We performed whole-cell electrophysiology

on 40 LNs labeled byMiMIC 5-HT7R and filled 37 of these cells to

maximize our chances of recording from all 12 neurons (should

each cell be a uniquely identifiable LN; Figure 3A). All of the LNs

were either pan-glomerular or nearly pan-glomerular [15], with

pheromone-sensing glomeruli, such as DA1 and VA1d, being

the most commonly avoided (Figures 3B and 3C). The LNs

generally responded to cVA, regardless of whether or not they

innervated the DA1 glomerulus (Figures 3A and 3D). As a popula-

tion, 5-HT7R LNs responded broadly to a panel of nine odorants

with a range of odor response amplitudes and onset latency.

We used the R70A09-Q promoter line to examine the overlap of

5-HT7-expressing LNs with the well-characterized NP3056-Gal4

and GH298-Gal4 LN lines [15]. We found little overlap between

any of these lines, suggesting that 5-HT7R-expressing LNs are

a relatively distinct population of LNs (Figures S3D and S3E).

Finally, we examined the overlap between 5-HT7R-expressing

R70A09-Q LNs and the MiMIC 5-HTR lines for the additional

four 5-HTRs. We found no overlap in the AL between these lines,

suggesting that there exists a population of LNs that exclusively

expresses the 5-HT7 receptor that partly mediates the suppres-

sive effects of low 5-HT concentrations (Figures 3E–3H).

5-HT7R-Expressing LNs Mediate Gain Control via
Postsynaptic GABAergic Transmission
Modulation of 5-HT7R-expressing LNs could suppress odor

responses by either presynaptically inhibiting ORNs or postsyn-

aptically targeting PNs. The best described role for GABAergic

LNs in the AL is tomediate gain control by presynaptically target-

ing ORNs [19–21]. Interestingly, we found that methysergide had
Figure 3. Characterization of MiMIC 5-HT7 LNs

(A) Responses of 40 recorded MiMIC 5-HT7 LNs to a panel of nine odors. Recordi

presented for 0.5 s at time 0. Spike frequencies shown are mean frequencies tak

represented (37.003 Hz). However, these spike rates are in the 99th percentile ob

percentile are represented as the same frequency as the cutoff value (37.003Hz) to

a 1,000-fold dilution except cVA, which was diluted 10-fold.

(B) Example morphologies of 5-HT7 LNs generated via cell fills during ele

pan-glomerular (top) and nearly pan-glomerular (bottom).

(C) Innervation patterns for 38 cells filled during recordings in (A). Yellow indicates

other glomeruli not listed were innervated by every cell.

(D) PSTHs for cVA responses of cells that either innervate (top) or avoid (bottom)

Horizontal bars indicate the 0.5-s time frame cVA was presented. Vertical bars r

(E) (Left) The R70A09-Q promotor line expresses mCherry-labeling LNs on the late

with mcd8-GFP in the same preparation. (Right) A merge of the two previous pane

same scale is used in (F–H).

(F) As in (E) above but showing the lack of overlap between R70A09 LNs and Mi

(G) As in (E) above but showing the lack of overlap between R70A09 LNs and M

(H) As in (E) above but showing the lack of overlap between R70A09 LNs and Mi
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no effect on DA1 ORN output as measured via GCaMP [22] (Fig-

ures 4A and 4B). We have previously shown that odor responses

of multiple PN classes, including DM6 and DM1, are also

boosted and suppressed by methysergide and fluoxetine,

respectively [8]. Neither the cognate ORNs for DM6 (OR67a) or

DM1 (OR42b) were affected by methysergide application (Fig-

ures 4C and 4D), suggesting that modulation at those glomeruli

is also postsynaptic and that our results generalize to non-pher-

omone-sensing glomeruli in the AL. Consistent with our whole-

cell recordings, methysergide did boost DA1 PN odor responses

measured with GCaMP (Figures 4E and 4F), suggesting that

5-HT7R LNs do likely target postsynaptic PNs.

To demonstrate a connection between 5-HT7R LNs and DA1

PNs, we expressed channelrhodopsin (Chrimson) [23] in

R70A09 LNs while recording from DA1 PNs. Stimulation of these

LNs reliably inhibited PNs (Figure 4G). However, as LNs in the

DrosophilaAL can be highly interconnected [24], this effect could

be polysynaptic. We used our recently developed TERPS tech-

nique [8, 25] to isolate a direct, monosynaptic connection. We

co-expressed Chrimson along with the TTX-insensitive sodium

channel NaChBac [26, 27] in the LNs and recorded from DA1

PNs (Figure 4H). TTX was then applied to block non-NaChBac-

mediated spikes and eliminate all polysynaptic connections.

The inhibitory synapse between R70A09 LNs and DA1 PNs is

likely monosynaptic and GABAergic, as it remains even after

the application of TTX and because it is sensitive to GABA

pharmacology (Figures 4I and 4J). We repeated this experiment

on randomly sampled PNs to demonstrate that such connec-

tions are not specific to the DA1 glomerulus. Here, we applied

the GABAA and GABAB antagonists sequentially and found

that most of the inhibition is mediated via GABAB receptors (Fig-

ure 4K). To complement our TERPS approach, we expressed an

RNAi targeting the GABAB receptor [20] specifically in DA1 PNs

and found RNAi expression prevented methysergide’s ability to

boost PN odor responses (Figure 4L). Together, these data sug-

gest a direct monosynaptic connection between 5-HT7R-ex-

pressing LNs and DA1 PNs. However, these results do not

expressly rule out potential contributions from polysynaptic

connections in addition to the monosynaptic connection.

Although presynaptic gain control has been well described in

the AL [19, 20], comparatively little is known about postsynaptic
ngs were made with whole-cell patch-clamp electrophysiology. Each odor was

en over 50-ms intervals. Some recordings exceeded the maximum frequency

served within this dataset. Therefore, all frequencies observed above the 99th
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the DA1 glomerulus. Mean spike frequency is shown ± SEM (shaded regions).
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ls shows no overlap in expression. White outlines demarcate R70A09 LNs. The
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Figure 4. R70A09 LNs Use GABA to Postsynaptically Inhibit PNs

(A) Olfactory responses were assessed presynaptically via expressing GCaMP6s in the DA1 cognate ORNs, OR67d. Experiments were performed with 2-photon

microscopy.

(B) Blocking basal levels of 5-HT with methysergide had no effect on OR67d odor responses. n = 9; Wilcoxon signed-rank test (p = 0.426). Odor pulse

duration is 1 s. Shaded region in traces and vertical lines in summary plots represent the SEM of responses for this and subsequent panels.

(C and D) An identical protocol was used as in (B) but for Or67a- and Or42b-expressing ORNs, respectively. ORNs were stimulated with their preferred odarants

depicted above the calcium responses. Experiments were performed with wide-field imaging. Or67a; n = 6; Wilcoxon signed-rank test;

p = 0.31. Or42b; n = 6; Wilcoxon signed-rank test; p = 0.84.

(E) PN odor responses were assessed with 2-photon microscopy and GCaMP6s in DA1 PNs.

(F) Methysergide boosted PN responses. n = 8; Wilcoxon signed-rank test (p = 0.008).

(G) Whole-cell recordings from DA1 PNs with R70A09 LNs expressing Chrimson. DA1 PNs show hyperpolarization when R70A09 LNs were stimulated (shown in

red). Each trace indicates different trials.

(H) TERPS analysis was used to determine whether the connection is monosynaptic. Chrimson and NaChBac were expressed in R70A09 LNs, and TTX was

applied to block all polysynaptic connections. LNs were activated with red light and NaChBac-mediated action potentials support synaptic release.

Monosynaptic responses were measured in DA1 PNs via whole-cell recording.

(I) Activating R70A09 LNs results in PN hyperpolarization that is blocked by GABAergic pharmacology.

(J) Quantification of the previous experiments. n = 5; Wilcoxon signed-rank test; p = 0.031.

(K) TERPS was performed between R70A09 LNs and randomly sampled PNs. Picrotoxin did not significantly reduce the amplitude of the synaptic

inhibitory postsynaptic potential (IPSP) n = 4; Student’s t test; p = 0.29. Application of CGP54626 significantly decreased amplitude of the IPSP; n = 4; Student’s

t test; p < 0.001.

(L) Expression of GABAB RNAi in DA1 PNs blocks methysergide’s ability to boost odor responses to cVA. n = 12; Wilcoxon signed-rank test; p = 0.27.

(M–O) Unity plots comparing the firing rates of PNs in glomeruli DA1, DM6, andDM1 to their preferred odorants before and after pharmacological manipulations of

5-HT signaling. Points above the unity line show a boosting of odor responses after drug application. PN responses were tested at 5 different odor strengths.

Additive/subtractive gain will result in an upward or downward shift of the data respective to the unity line. Red lines represent the best-fit lines to all PN data in that

condition. DA1 methy n = 5; DA1 fluox n = 6; DM6 methy n = 8; DM4 methy n = 5. See also Figure S4.

(P) As in (M)–(O) but for randomly sampled PNs. The odor presented was pentyl acetate, which broadly activates ORs. n = 8.
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inhibition in Drosophila PNs. We recorded DA1 PN responses

across a broad range of cVA intensities to examine how 5-HT7

signaling mediates gain control (Figures S4A–S4C). The applica-

tion of methysergide boosted both weak and strong odor re-

sponses nearly equally, suggesting the drug had at least a

partial additive effect on the gain of PN output. Fluoxetine

had the opposite effect and suppressed DA1 odor-evoked

activity in a subtractive manner (Figure 4M). Methysergide

also boosted DM6 and DM4 PN responses to odors fairly selec-

tive to their cognate ORs (Figures 4N and 4O), suggesting

a conserved role for 5-HT7 signaling across the AL. Finally, we

used an odorant (pentyl acetate) that broadly activates

Drosophila ORNs [28] and sampled random PNs in the AL to

determine how the global representation of odors is affected

by blocking 5-HT7 signaling. The application of methysergide

boosted the responses of each sampled PN across all intensities

(Figure 4P).

DISCUSSION

Cellular Detection of Basal Concentrations of 5-HT
We identified a subset of GABAergic LNs that are responsible for

signaling low levels of 5-HT in the AL. The 5-HT7R is well suited

for detecting changes in basal concentrations of 5-HT, as it is the

highest affinity serotonin receptor in Drosophila [29]. Interest-

ingly, 5-HT7R-expressing LNs in the R70A09 promoter line do

not appear to express any other 5-HTRs, thus suggesting they

may be dedicated cellular sensors of low 5-HT levels. LNs are

an ideal target for modulation as they influence several aspects

of olfactory coding in both flies [30, 31] and mice [32, 33].

Serotonin is also a potent modulator of GABAergic transmission

in vertebrates [34], and 5-HT targets local interneurons in the

olfactory bulb (OB) as well [6, 35, 36]. LNs expressing 5-HT7R

are non-specific in their glomerular innervation patterns and

odor responses, suggesting a general role for their modulation.

Indeed, we observed that manipulations of basal levels of

serotonin signaling had similar effects across glomeruli encoding

pheromones, private odors, and broadly activating public odors.

However, it is critical to note 5-HT7R expression likely differs

across glomeruli. We demonstrated that DA1 PNs do not

express 5-HT7R, but other PNs likely do. Multiple cell classes

in the AL express 5-HT7R [12] and may do so in a glomerulus-

specific manner. Thus, it is likely the exact effect of 5-HT differs

slightly across glomeruli and is dependent on the unique expres-

sion pattern of 5-HT7R across cell types within each glomerulus.

Glomerular-specific effects of 5-HT have been reported

previously [5]. Importantly, data regarding expression patterns

of 5-HT7R come from approaches that label neurons according

to promoters for these receptors [11, 12]. Although we can

discern which cell classes express specific 5-HTRs, there are

no data to verify whether individual LNs can traffic receptors to

dendrites innervating specific glomeruli. Future studies

employing physiology or novel molecular tools will be vital for

determining how 5-HTRs are dispersed across the AL to

modulate PNs innervating different glomeruli.

Postsynaptic Gain Control and Bidirectional Modulation
The best characterized form of inhibition in the AL [19, 20, 37]

and OB [38, 39] is presynaptic inhibition that targets ORN
1116 Current Biology 30, 1110–1118, March 23, 2020
terminals and mediates divisive gain control. Divisive gain con-

trol is important, as it prevents the saturation of downstream

PN and mitral cell responses, allowing olfactory circuits to

encode odors over a wider range of concentrations [21, 30,

40]. This form of gain control also allows the postsynaptic cell

to utilize its entire dynamic range as the strength of presynaptic

input increases. Finally, inhibition targeting ORNs leaves the win-

dow of temporal integration in PNs unaltered by inhibitory con-

ductances. Interestingly, our results suggest that low-concen-

tration 5-HT may specifically shift the balance between pre-

and postsynaptic inhibition andmediate subtractive gain control.

The postsynaptic inhibition arises in part from a monosynaptic

connection between 5-HT7R-expressing LNs and PNs. Such

direct connections from LNs onto PNs are supported by electron

microscopy (EM) reconstructions of the AL in both the adult fly

and larvae [24, 41]. The properties of postsynaptic inhibition

are distinct from those described above [40, 42]. Postsynaptic

inhibition will suppress PN firing from a broader distribution of in-

puts, rather than just its cognate ORNs. Subtractive gain control

reduces the maximum firing rate of a neuron, thus diminishing its

influence on perception, regardless of stimulus strength. This

may be advantageous for suppressing behavior when sensory

stimuli are presented in the wrong context. The utilization of

divisive and subtractive gain control within the same circuit is

not unique to olfaction, as it has also been described in the

attentional regulation of vision [43].

An alternative function for the suppression by low-concentra-

tion 5-HT may be to provide stability to olfactory processing

undermodulation. Data from the lobster stomatogastric ganglion

(STG) indicate that dopamine has opposing actions on the same

neurons, depending on its concentration [44]. This mechanism

has a homeostatic effect and stabilizes the motor output [45].

Similarly, we found that low and high concentrations of serotonin

also have opposing effects, which are likely mediated by

different receptors on different cells. Bidirectional modulation

by the same transmitter has been reported in numerous other

systems [46–48], suggesting it may be a common feature of

the central nervous system across diverse phylogenetic groups.

Indeed, as in flies, odor responses in vertebrate mitral cells are

also boosted by methysergide and exogenous 5-HT [7, 35, 49].

This suggests that bidirectional modulation by 5-HT may be a

universal theme in olfaction.
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nc82 Antibody Supernatant 1.0 mL Developemental Studies Hybridoma Bank Cat# nc82; RRID: AB_2314866

CD8a Rat Anti-Mouse mAb (clone 5H10),

Unconjugated

Life Technologies Cat# MCD0800; RRID: AB_467087

Anti-Serotonin antibody produced in rabbit Sigma-Aldrich Cat# S5545-.2ml; RRID: AB_477522

Living Colors� DsRed Polyclonal Antibody Clontech Cat# 632496; RRID: AB_10013483

Alexa Fluor� 568 Goat Anti-Mouse IgG (H+L) Antibody Life Technologies Cat# A-11004; RRID: AB_2534072

Alexa Fluor� 488 Goat Anti-Rat IgG (H+L) Antibody Life Technologies Cat# A-11006; RRID: AB_2534074

Alexa Fluor� 633 Goat Anti-Rabbit IgG (H+L), highly

cross-adsorbed

Life Technologies Cat# A-21071; RRID: AB_2535732

streptavidin, Alexa Fluor� 568 conjugate Invitrogen Cat# S11226; RRID: AB_2315774

Biocytin Hydrazide Life Technologies Cat# B-1603

Chemicals, Peptides, and Recombinant Proteins

Paraffin oil J.T.Baker CAS: 8012-95-1

11-cis-Vaccenyl acetate Pherobank, Wijk bij Duurstede,

Netherlands
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Pentyl acetate Sigma-Aldrich CAS: 628-63-7

Pentanoic acid (valeric acid) Sigma-Aldrich CAS: 109-52-4

Methyl acetate Sigma-Aldrich CAS: 79-20-9

2-Heptanone Sigma-Aldrich CAS: 110-43-0

Limonene Sigma-Aldrich CAS: 5989-27-5

Ethyl Acetate Sigma-Aldrich CAS: 141-78-6

Methyl Laurate Sigma-Aldrich CAS: 111-82-0

Acetic Acid Sigma-Aldrich CAS: 64-19-7

Methyl Salicylate Sigma-Aldrich CAS: 119-36-8

Ammonia Sigma-Aldrich CAS: 1336-21-6

WAY100635 Tocris CAS: 634908-75-1

SB216641 Tocris CAS: 193611-67-5

Ketanserin Tocris CAS: 83846-83-7

Metoclopramide Sigma-Aldrich CAS: 364-62-5

SB258719 Tocris CAS: 1217674-10-6

Methysergide Tocris CAS: 129-49-7

Fluoxetine Tocris CAS: 56296-78-7

Tetrodotoxin Tocris CAS: 18660-81-6

Mecamylamine Sigma-Aldrich CAS: 826-39-1

Picrotoxin Sigma-Aldrich CAS: 124-87-8
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CGP54626 Tocris CAS: 149184-21-4

Serotonin Sigma-Aldrich CAS: 153-98-0

Experimental Models: Organisms/Strains

QF-Mz19 Bloomington RRID:BDSC_41573

QUAS-mCD8::GFP Bloomington RRID:BDSC_30002

Gal4-Mz19 Bloomington RRID:BDSC_34497

Gal4-GH298 Bloomington RRID:BDSC_37294

UAS-5-HT7 RNAi Bloomington RRID:BDSC_32471

Gal4-NP3056 DGRC RRID:113080
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Continued
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Gal4-GMR70A09 Bloomington RRID:BDSC_47720

20 3 UAS-IVS-mCD8::GFP Bloomington RRID:BDSC_32194

10 3 QUAS-6 3 mCherry Bloomington RRID:BDSC_52269

UAS-GFP.nls Bloomington RRID:BDSC_4776

10 3 UAS-IVS-mCD8::GFP Bloomington RRID:BDSC_32194

Or67d-Gal4 Bloomington RRID:BDSC_23906

Or42b-Gal4 Bloomington RRID:BDSC_9971

20 3 UAS-IVS-chrimson Bloomington RRID:BDSC_55135

UAS-NaChBac Bloomington RRID:BDSC_9469

Gal4-NP3062 DGRC RRID:113083

UAS-Dipth^{ts} Bloomington RRID:BDSC_25039

w1118 Bloomington RRID:BDSC_5905

Gal4-GMR60F02 Bloomington RRID:BDSC_48228

Gal4-Trh Bloomington RRID:BDSC_38389

UAS-VMAT-RNAi Bloomington RRID:BDSC_44471

Or83b-QF2^{G4H} Bloomington RRID:BDSC_26818

QUAS-FLP Bloomington RRID:BDSC_30127

10 3 UAS-(FRT.stop)GFP Bloomington RRID:BDSC_55810

10 3 QUAS-6 3 GFP Bloomington RRID:BDSC_52264

10 3 UAS-RFP Bloomington RRID:BDSC_32219

Mi{MIC}5-HT1A-T2A-Gal4^{MI01140} Herman Dierick N/A

Mi{MIC}5-HT1A-T2A-Gal4^{MI04468} Herman Dierick N/A

Mi{MIC}5-HT1A-T2A-Gal4^{MI04464} Herman Dierick N/A

Mi{MIC}5-HT1B-T2A-Gal4^{MI05213} Herman Dierick N/A

Mi{MIC}5-HT2A-T2A-Gal4^{MI00459} Herman Dierick N/A

Mi{MIC}5-HT2A-Gal4^{MI03299} Herman Dierick N/A

Mi{MIC}5-HT2B-T2A-Gal4^{MI05208} Herman Dierick N/A

Mi{MIC}5-HT2B-T2A-Gal4^{MI06500} Herman Dierick N/A

Mi{MIC}5-HT7-Gal4^{MI00215} Herman Dierick N/A

UAS-GABAB-RNAi; UAS-GABAB-RNAi Jing Wang N/A

UAS-5-HT7 Julian Dow N/A

GMR70A09-QF2^{G4H} Generated in this study N/A

Or67d-Gal4 Bloomington RRID:BDSC_23906

20 3 UAS-IVS-GCaMP6s Bloomington RRID:BDSC_42746
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Quentin

Gaudry (qgaudry@umd.edu). All unique/stable reagents generated in this study are available from the Lead Contact without restriction.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Flies were reared on Nutri-Fly Bloomington Formulation (Flystuff.com, San Diego, CA) at 25�C in 1-pint plastic bottles. All experi-

ments were performed on female flies 1–3 days post-eclosion. All fly stocks containing the optogenetic transgene Chrimson [23]

were raised on rehydrated potato flakes (Carolina Biological, Burlington, NC) mixed with 0.2 mM all-trans-retinal.

METHOD DETAILS

Odor and odor delivery
Odors were presented as previously described [8]. In brief, a carrier streamof carbon-filtered house air was continuously presented at

2.2 L/min to the fly. A solenoid was used to redirect 200 ml/min of this air stream into an odor vial before rejoining the carrier stream,
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thus diluting the odor a further 10-fold prior to reaching the animal. cVA (Pherobank, Wageningen, Netherlands) was delivered as a

pure odorant before the 10-fold carrier stream dilution. For all experiments, the odor was presented every 40 s. In Figure 4, we varied

the odor strength by adding a solenoid valve between the odor vial and the carrier tube [50]. This allowed us to flush the odor vial

before redirecting the odor to the fly. Flushing the odor vial for longer time periods resulted in lower effective concentrations of

the odor at the fly. We verified this olfactometer with a photo-ionization device (Aurora Scientific, Ontario Canada, mini-PID 200B)

as seen in Figure S4.

Whole-cell Electrophysiology
In vivo whole-cell recordings were performed as previously described [8]. Data were low-pass filtered at 5 kHz using an AM Systems

model 2400 amplifier (AM Systems, Carlsberg, Washington) and digitized at 10 kHz. Pipettes were pulled from thin-walled borosilicate

glass (World Precision Instruments, Sarasota, FL; 1.5 mm outer diameter, 1.12 mm inner diameter) to a resistance of 8–12MU. To visu-

alize neurons, we used oblique illumination from an infrared LED guided through a fiber optic (Thorlabs, Newton, New Jersey). The

external recording solution contained, (in mM) 103 NaCl, 3 KCl, 5 N-tris(hydroxymethyl)methyl-2-aminoethane-sulfonic acid, 8

trehalose, 10 glucose, 26 NaHCO3, 1 NaH2PO4, 1.5 CaCl2, and 4 MgCl2 (adjusted to 270–275 mOsm). The saline was bubbled

with 95%O2/5%CO2 and reached a pH of 7.3. Our internal solution contained, (in mM) 140 potassium aspartate, 10 HEPES, 4MgATP,

0.5 Na3GTP, 1 EGTA, and 1 KCl. Cells recorded for Figure 3 were filled with biocytin in the internal solution for post hoc morphology

visualization via confocalmicroscopy. For whole cell recordings, a small hyperpolarizing current was applied to offset the depolarization

caused by the pipette seal conductance. The cells’ resting potentials were adjusted slightly to match the firing rate of similar neurons

obtained in cell-attached recordings. Neurons which did not fire spontaneously or that had depolarized membrane potentials upon

break-in were excluded from the study. DA1 PNs were labeled using the Q/QUAS system [17] with the MZ19-QF promoter. These cells

were identified based on their soma location in the lateral cluster of the antennal lobe and responsiveness to cVA.

GABAergic LNs in the MiMIC-5-HT7R promoter line were targeted based on soma size and location. The cells were labeled using

nuclear localized GFP (nls-GFP) to reduce the total fluorescence in the preparation. We believe we did not record from glutamatergic

LNs as their cell bodies are located in the ventral AL and they have distinct physiology that differentiates them from GABAergic LNs.

Uniglomerular PNs and GABAergic PNs were excluded from our analyses based on morphology revealed by neurobiotin. All flies

used in the MiMIC-5-HT7R promoter line were heterozygous for both transgenes and only female flies were utilized.

The CSDns in Figure S4 were activated via Chrimson activation with a 10Hz sinewave of 660nm red light. Activation proceeded

during all of the inter trial intervals for those preparations and stopped while odor responses were collected.

TERPS analysis
We expressed NaChBac and Chrimson in LNs with the GMR70A09-Gal4 line. This promoter line labels LNs and only a small set of

additional neurons outside the AL. TTX (1 mM) was used to block all spiking in the AL. We confirmed this by depolarizing each neuron

and observing they could no longer fire action potentials. We used a high-powered red LED (Red XP-E, 620-630 nmwavelength) and

Buckpuck driver (RapidLED, Randolph, Vermont) to stimulate GMR70A09 neurons expressing Chrimson and NaChBac. The LED

was mounted directly underneath the preparation and light was presented at 0.238 mW/mm2 as measured by a Thorlabs light meter

PM100A with light sensor S130C. LED activation would result in a hyperpolarization in the postsynaptic cell. Once TTX was added,

the duration of the LED pulse was adjusted to ensure that the hyperpolarization persisted. This duration varied from 100ms to 500ms

across preparations but was kept constant for each fly. GABA antagonists were then added to the recirculating perfusion system to

determine the nature of the chemical synapse. As with previous studies [8], we found a depolarizing responsewhich remained even in

the presence of the acetylcholine antagonist mecamylamine. This depolarization is presumed to bemediated by gap junctions as it is

insensitive to cadmium, a non-specific calcium channel blocker that prevents synaptic transmission. Flies expressing Chrimsonwere

raised on food containing 0.2 mM all-trans-retinal. All-trans retinal was prepared as a stock solution in ethanol (35 mM), and 28 mL of

this stock was mixed into approximately 5 mL of rehydrated potato flakes and added to the top of a vial of conventional food.

Photoactivation of caged serotonin
We used a high-power UV LED (M365LP1, 365 nm wavelength, Thorlabs) to elicit photolysis of caged-serotonin. The light was

presented at 0.2 mW with a 20 ms pulse. The external saline containing caged-serotonin was recirculated at the beginning of

experiments, and we replaced it every experiment. To prevent undesirable photolysis, we shielded the preparation from ambient

light.

Two-photon calcium imaging
Imaging was performed in vivo on flies using a similar approach to our electrophysiological recordings. A custom chamber wasmade

that possessed a piece of steel foil with a hole cut out to match the perimeter of the fly’s body. The fly was inserted into the foil and a

small window was cut into the fly head capsule to view the brain. The glial sheathing overlying the brain remained intact. We used

female flies aged 3 days post-eclosion and reared at room temperature. Imaging experiments were performed at room temperature.

Flies were dissected in the same manner as those used in whole cell recordings and perfused with the same extracellular solution.

The saline was bubbled with 95%O2/5%CO2 and reached a pH of 7.3. 920 nmwavelength light was used to excite GCaMP6s under

two-photon microscopy. The microscope and data acquisition were controlled by ThorImage 3.0 (Thorlabs, Inc.). An image

of the sample was scanned at a speed of 60 frames/second and averaged every 10 frames. Thus, the sample was recorded
Current Biology 30, 1110–1118.e1–e4, March 23, 2020 e3



at 6 frames/second. Odors were delivered for 1 s after the first 2 s of each trial. An inter-trial interval of 80 s was applied between each

trial. A volumetric ROI was set manually for each experiment that surrounded the DA1 glomerulus. Calcium transients (DF/F) were

measured as changes in fluorescence, in which DF/F was calculated by normalizing the fluorescence brightness changes over

the baseline period (the first 2 s of each trial before the odor delivery).

Single Photon Calcium Imaging
We performed some of our ORN imaging experiments using wide-field single photon imaging due to its simplicity over the 2-photon

approach. GCAMP7s [51] was expressed in ORNs of interest (OR67a and OR42b) using the GAL4/UAS binary expression system.

Flies expressing GCAMP7sweremounted in a custom chamber identical to that employed for physiology and 2-photon imaging. The

head capsule was opened, and antennal lobes were imaged using a CMOS camera (Photometrics Prime). Videos were captured at

50 Hz framerate. GCAMP7s was excited with a blue LED and shuttered between trials. Odors were delivered in 0.5 s pulses each

minute via the same olfactometer used throughout the study. The labeled glomerulus was determined by eye and a focal plane of

approximately the middle of the glomerulus was imaged. Ten odor presentations were recorded in external saline solution perfusion

followed by ten presentations in 50 mM methysergide. Mean change in fluorescence over baseline and SEM was measured in

MATLAB. Statistical difference was determined via Wilcoxon Signed Rank test.

Pharmacology
The following chemicals were used in this study at the concentrations indicated: methysergide maleate (50 mM, Tocris, CAS 129-

49-7), fluoxetine (10 mM, Tocris/Sigma, CAS 56296-78-7), WAY100635 (20 mM, Tocris, CAS 634908-75-1), SB216641 (20 mM, Tocris,

CAS 193611-67-5), ketanserin (20 mM, Tocris, CAS 83846-83-7), metoclopramide (20 mM, Sigma, CAS 364-62-5), SB258719 (20 mM,

Tocris, CAS 1217674-10-6), CGP54626 (50 mM, Tocris, CAS 149184-21-4), mecamylamine (100 mM, Sigma, CAS 826-39-1), tetro-

dotoxin (TTX) (1 mM, Tocris, CAS 18660-81-6), picrotoxin (5 mM, Sigma, CAS 124-87-8), NPEC-caged-serotonin (50 mM, Tocris, CAS

1257326-22-9), and serotonin (100 mM, Sigma, CAS 153-98-0). Serotonin solutions were made fresh from powder immediately prior

to each experiment and wrapped tightly in aluminum foil to prevent oxidation by light. We used a peristaltic pump to recirculate the

external recording solution in all experiments using pharmaceuticals. Drugs were added sequentially to the same recirculating

solution.

Cell ablation
Cell ablation by diphtheria toxin was performed as previously described [8]. In brief, a temperature-sensitive variant of diphtheria

toxin was expressed in the CSDn or Trh neurons by the GAL4/UAS system. One-day post eclosion, adult flies were transferred to

31�C for three days. The efficiency of the diphtheria toxin was assessed by immunohistochemistry with the serotonin antibody for

each preparation post hoc.

Immunohistochemistry
Dissected brains were fixed with 4% paraformaldehyde for 15 min at room temperature. Fixed tissue was blocked with PBS contain-

ing 2% Triton X-100 and 10% normal goat serum (NGS) for 30 min and then incubated for 1 day each (with washing in between) at

room temperature in PBS containing 1%Triton X-100, 0.25%NGS, and a primary antibody or secondary antibody solution. The brain

was mounted in 20 mL Vectashield medium. We used the following primary antibodies at the indicated dilutions: 1:50 mouse anti-

bruchpilot (nc82) (Developmental Studies Hybridoma Bank, Iowa), 1:1000 rabbit anti-5HT (Sigma, S5545). Secondary antibodies

from Invitrogen were used at dilutions of 1:250, which were Alexa Fluor 633 goat anti-mouse lgG (Life Technologies, A21050), Alexa

Fluor 568 goat anti-mouse lgG (Life Technologies, A11004), Alexa Fluor 633 goat anti-rabbit (Invitrogen, A21071). Confocal images

were acquired with Zeiss LMS710 confocal laser scanning microscope under 40x or 63x magnification.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical results for each experiment can be found in the figure legents. Values are given as means ± SEM. As only one neuron was

sampled per fly, n-values are reported as either a fly or a neuron. Wilcoxon signed rank tests were performed for all paired compar-

isons between one treatment and the control within the same group. Significance was determined by a p value less than or equal to

0.05 and sample sizes were based on similar studies in the field. For physiological measurements, these ranged from 6 – 12 animals

and between 3 – 6 for qualitative immunohistochemistry. All cells which received pharmacological treatments were included in the

study. If a cell had a depolarized resting membrane potential or poor access resistance, the recording was terminated before

pharmacological manipulation.

DATA AND CODE AVAILABILITY

The accession number for the physiological and immunohistochemistry data reported in this paper is Zenodo: Database: https://doi.

org/10.5281/zenodo.3590444.
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