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SUMMARY

Animals rely on the relative timing of events in their
environment to form and update predictive associa-
tions, but the molecular and circuit mechanisms for
this temporal sensitivity remain incompletely under-
stood. Here, we show that olfactory associations in
Drosophila can be written and reversed on a trial-
by-trial basis depending on the temporal relationship
between an odor cue and dopaminergic reinforce-
ment. Through the synchronous recording of neural
activity and behavior, we show that reversals in
learned odor attraction correlate with bidirectional
neural plasticity in the mushroom body, the associa-
tive olfactory center of the fly. Two dopamine recep-
tors, DopR1 and DopR2, contribute to this temporal
sensitivity by coupling to distinct second messen-
gers and directing either synaptic depression or
potentiation. Our results reveal how dopamine-re-
ceptor signaling pathways can detect the order of
events to instruct opposing forms of synaptic and
behavioral plasticity, allowing animals to flexibly up-
date their associations in a dynamic environment.

INTRODUCTION

To survive in a complex environment, animals must learn which

sensory cues are predictive of reward or punishment and which

are irrelevant. Associative circuits must therefore be sensitive to

the relative timing and order of events in the environment, as this

allows animals to infer the meaningful relationships between

cues and outcomes.

Neural circuits involved in associative learning integrate sen-

sory signals with rewarding or punishing reinforcement cues,

frequently encoded by neuromodulatory dopaminergic neurons

(DANs; Aso et al., 2014a; Bromberg-Martin et al., 2010; Lerner

et al., 2015; Schultz et al., 1997; Waddell, 2016). This conver-

gence of sensory and reinforcement pathways is thought to

induce the circuit plasticity that underlies adaptive changes in

behavior (Owald and Waddell, 2015; Pignatelli and Bonci,

2015; Surmeier et al., 2009). A strict temporal relationship be-

tween a sensory signal, such as an odor, and a reinforcement
60 Cell 178, 60–75, June 27, 2019 ª 2019 Elsevier Inc.
is required to drive learning: in order for the odor to predict an

ensuing positive or negative outcome, it must consistently pre-

cede the reinforcement in time. This tight temporal contiguity

represents a core principle of classical conditioning (Kandel

et al., 1983; Mauk and Donegan, 1997; Pavlov, 2010; Rescorla,

1988; Tully and Quinn, 1985), as it permits animals to learn about

the causal structure of the world around them.

Behavioral experiments in diverse species, from flies to hu-

mans, indicate that animals can form opposing associations

with a sensory stimulus depending on its timing relative to a rein-

forcement cue (Gerber et al., 2014).Drosophila, for example, can

form either negative or positive associations with an odor de-

pending on whether the odor precedes or follows an aversive

reinforcement during conditioning (Aso and Rubin, 2016; König

et al., 2018; Tanimoto et al., 2004). This capacity suggests that

the mushroom body, the associative olfactory center of

Drosophila, is sensitive to the temporal ordering of an odor stim-

ulus and a reinforcement, allowing flies to endow odors with

distinct meaning depending on whether they predict a reinforce-

ment or are associated with its termination. Such sensitivity may

also provide a mechanism to overwrite inaccurate or obsolete

associations as the temporal structure of the olfactory environ-

ment changes. Yet while the modulatory mechanisms for mem-

ory formation in the mushroom body have been extensively

investigated (Heisenberg, 2003; Hige, 2018; Owald andWaddell,

2015), the underlying molecular or circuit basis for this temporal

sensitivity remains incompletely understood.

In the mushroom body, odor identity is encoded by the activity

of sparse ensembles of Kenyon cells (KCs) (Campbell et al.,

2013; Turner et al., 2008) whose parallel axons bundle together

to form output lobes. The mushroom body lobes are tiled by

discrete anatomic compartments defined by the segregated

axons of a subset of DANs and the dendrites of one or twomush-

room body output neurons (MBONs) (Aso et al., 2014a; Tanaka

et al., 2008). Positive and negative reinforcements are conveyed

by distinct DANs that innervate different compartments, with the

protocerebral posterior lateral (PPL) DANs carrying predomi-

nantly aversive signals (Aso et al., 2010, 2012; Claridge-Chang

et al., 2009; Mao and Davis, 2009) and the protocerebral anterior

medial (PAM) DANs conveying reward information (Burke et al.,

2012; Liu et al., 2012; Yamagata et al., 2015). As a consequence

of this compartmentalized organization, DANs can indepen-

dently tune the strength of KC-MBON synapses within each

compartment (Cohn et al., 2015; Hige et al., 2015; Owald et al.,
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2015; Séjourné et al., 2011), reweighting the net activity of the

output population to bias an animal’s attraction to an odor

through learning.

Here, we combine high-resolution behavioral analysis with

functional imaging to investigate how the Drosophila mushroom

body detects the precise temporal ordering of events to extract

meaningful relationships from the environment. We show that

flies can write opposing olfactory associations on a trial-by-trial

basis depending on the relative timing of odor cues and a dopa-

minergic reinforcement. Using a closed-loop olfactory system to

monitor neural activity as an animal navigates in a virtual olfac-

tory environment, we reveal that bidirectional plasticity in KC-

MBON signaling correlates with the emergence of these learned

behaviors. Furthermore, we show that the temporal specificity of

this circuit relies on two dopamine receptors that couple to

distinct intracellular signaling cascades and play opposing roles

in regulating KC-MBON synaptic strength. Loss of either recep-

tor renders the synapses of the mushroom body capable of only

unidirectional plasticity, preventing this behavioral flexibility. By

examining dopamine receptor second-messenger signaling

and neural and behavioral plasticity on the same timescales,

our experiments reveal how biochemical pathways confer

temporal sensitivity to this circuit, allowing animals to form and

maintain accurate predictions in a complex and changing

environment.

RESULTS

Rapid and Repeated Updating of Olfactory Associations
To explore how Drosophila adapt to changes in the temporal

structure of their environment, we developed methods to

monitor the olfactory preferences of flies while precisely varying

the timing of odor stimuli and dopaminergic reinforcement. An

advantage of this assay over traditional paradigms, like the

T-maze, is that it allows for repeated training and testing of the

same individuals over several hours, permitting longitudinal ex-

amination of how odor attraction is altered in response to

ongoing experience. We placed a cohort of 4–7 flies in a small

chamber (Figure S1A) in constant laminar airflow and analyzed

their walking trajectories in response to a brief pulse of the appe-

titive odor, apple cider vinegar (ACV) (see Video S1). A common

navigational strategy many animals employ is to reorient and in-

crease their upwind velocity when they encounter an attractive

olfactory plume (Álvarez-Salvado et al., 2018; Bell and Wilson,

2016; Steck et al., 2012). Likewise, naive flies exhibited robust

upwind tracking of ACV, evident from visualizing the trajectories

of individual animals (Figure 1B) or measuring the upwind veloc-

ity of the population’s center of mass within the chamber

(Figure 1C).

We began by asking whether we could suppress the innate

attraction to ACV by pairing it with optogenetic activation of

the PPL DANs that encode punitive cues and are sufficient to

drive aversive memory formation (Aso et al., 2010, 2012; Clar-

idge-Chang et al., 2009; König et al., 2018) (Figures 1A and

1B). We used an intersectional genetic strategy (Aso et al.,

2014a) to selectively express the opsin, CsChrimson, in a subset

of PPL neurons innervating six compartments of the mushroom

body, allowing for temporally precise, light-evoked dopami-
nergic reinforcement. After just a single forward conditioning

trial, in which the ACV stimulus preceded the onset of PPL acti-

vation, flies showed significantly reduced odor tracking (Figures

1B, 1C, and S1B). This aversive conditioning resulted in both

fewer flies tracking upwind in response to the odor and lower

walking speeds for those that did track (Figures 1B, 1C, and

S2A–S2J).

The attenuated attraction to ACV after forward conditioning

persisted for tens of minutes with little erosion due to passive

decay (FigureS1B), underscoring that a single aversive reinforce-

ment can drive lasting behavioral modulation. However, if ani-

mals subsequently experienced a single backward conditioning

trial, in which ACV now followed PPL stimulation, the weakened

attraction was immediately reversed, rendering flies strongly at-

tracted to the odor again (Figures 1B, 1C, and S1C). Interleaving

forward and backward pairing reliably modulated the animals’

attraction toACV for 50 conditioning trials by reversiblymodifying

multiple facets of tracking behavior (Figures S2A–S2J). Plotting

the upwind displacement of animals over time generated a

saw-tooth pattern, as their upwind tracking was alternately

suppressed or enhanced with each conditioning trial (Figures

1Dand1F). This systematicmodulationwasnot evident in control

animals, in which light alone had a minimal effect on behavior

(Figures S1D and S1E). Flies therefore have the capacity to

write and update odor associations on a trial-by-trial basis as

the predictive value of an odor changes. This reversal in odor

tracking with forward and backward conditioning parallels previ-

ous observations that animals will avoid odors that predict

punishment but become attracted to odors associated with its

termination (Aso and Rubin, 2016; König et al., 2018; Tanimoto

et al., 2004).

We next asked whether olfactory associations could be simi-

larly modulated via activation of the PAM cluster of DANs

responsive to rewarding stimuli that drive appetitive learning

(Burke et al., 2012; Liu et al., 2012; Yamagata et al., 2015; Fig-

ure 1A). Forward pairing of ACV with PAM activation modestly

enhanced the upwind tracking of ACV in naive animals. Howev-

er, a single backward conditioning trial robustly suppressed odor

tracking, independently of whether animals had been previously

conditioned or not (Figures 1E and S1F). This suggests that

backward pairing, in which the odor becomes associated with

the cessation of reward, instructs the formation of an aversive

memory that can both suppress naive attraction and overwrite

a prior appetitive association. As with PPL conditioning, alter-

nating forward and backward pairing of ACVwith PAMactivation

modulated odor attraction with each trial, enhancing upwind

tracking after forward pairing and suppressing tracking after

backward pairing (Figures 1E, 1G, and S2A–S2J). Thus, both

PAM and PPL DANs are sufficient to bidirectionally modify

behavior such that activation of either dopaminergic population

can produce appetitive or aversive associations depending on

whether the odor precedes or follows the reinforcement in time.

A learned olfactory association can be weakened if an animal

encounters the odor in the absence of the anticipated reinforce-

ment or the reinforcement in the absence of the conditioned

odor, violating the expected contingency between these cues

(Aso and Rubin, 2016; Berry et al., 2012; Bouton, 2002; Felsen-

berg et al., 2017). However, in our assay interleaving forward
Cell 178, 60–75, June 27, 2019 61
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Figure 1. Forward and Backward Conditioning Drives the Formation of Opposing Olfactory Associations

(A) Anatomy of PPL (teal) and PAM (magenta) dopaminergic neuron (DAN) drivers that selectively innervate the mushroom body.

(B) Top: behavioral protocol to compare tracking of apple cider vinegar (ACV) odor after forward pairing (FP) and backward pairing (BP) with optogenetic

activation of PPL > CsChrimson flies. Bottom: trajectories of individual flies from a representative experiment, aligned to common origin and wind direction. Flies

that did not move in response to the odor were positioned at origin. The odor-evoked upwind displacement of all flies is measured as a change in their center of

mass (teal bar).

(C) Upwind velocity of PPL >CsChrimson flies in baseline, post-FP, and post-BP trials (odor indicated by gray box) measured as a change in the center of mass of

flies in the upwind direction over the course of a trial. Gray lines: individual experiments; teal line: representative example from (B); black line: mean upwind

velocity (n = 8 experiments).

(D) Left: raster plot of mean upwind velocity of PPL > CsChrimson flies across trials. The first row corresponds to the baseline response of naive flies. Subsequent

rows show behavioral response to odor after alternating FP and BP trials. Right: mean odor-evoked upwind displacement for the corresponding row in the

raster plot.

(E) Same as (D) using PAM > CsChrimson flies.

(F and G) Change in upwind displacement in odor after FP and BP for PPL conditioned (F) and PAM conditioned (G) animals measured relative to the preceding

odor trial. n = 8 experiments. One-sample t test against zero with Bonferroni correction: ***p % 0.001.

For (D)–(G), data are presented as mean ± SEM.

See also Figures S1 and S2 and Video S1.
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Figure 2. Relating Behavioral and Neural Modulation
(A) Top: protocol varying inter-stimulus interval (ISI) between apple cider vinegar (ACV) odor and optogenetic activation of DANs during behavioral conditioning.

Bottom: change in odor-evoked upwind displacement after conditioning, measured relative to the preceding trial. PPL > CsChrimson (teal), PAM > CsChrimson

(magenta), and CsChrimson only controls (black). n = 6–7 experiments. Mann-Whitney test with Bonferroni correction: **p % 0.01, * < 0.05, NS R 0.05.

(B) Overlay of data from (A) to compare temporal dependence of conditioning using PPL and PAM DANs.

(C) Schematic of mushroom body preparation used to measure KC-MBON plasticity.

(D) Top: protocol varying ISI between KC stimulation and chemogenetic activation of DANs during conditioning. Bottom: average KC-evoked responses in the g4

MBON pre- and post-conditioning with different ISIs. Arrowhead denotes time of KC stimulation.

(E) Black: change in mean peak g4MBON response plotted as a function of ISI. n = 5–6 flies for each ISI tested. Magenta: behavioral data for PAM > CsChrimson

animals re-plotted from (B). Significant change in g4 MBON response after pairing was detected for the following ISI: �1.2 s p % 0.001, 0 s p < 0.05, and 0.5 s

p % 0.01; one-sample t test against zero with Bonferroni correction.

All data shown are presented as mean ± SEM.

See also Figure S2.
pairing with either odor exposure or DAN activation alone was

insufficient to drive the strong behavioral modulation observed

with backward pairing (Figures S1G–S1J). Together, these ob-

servations reveal that, during backward pairing, input from

both olfactory and dopaminergic pathways is required to rapidly

overwrite a prior association and instruct a new odor association

of the opposite valence in its place.

Relating Behavioral and Neural Modulation
To examine the temporal sensitivity of associative conditioning,

we trained animals for 50 trials while varying the timing be-

tween odor and dopaminergic reinforcement, randomly select-

ing from a set of five different inter-stimulus intervals (ISIs) for

each conditioning trial to account for any dependence on the

trial structure. Shifting the relative timing between odor presen-

tation and PPL or PAM DAN activation by only a few hundred

milliseconds was sufficient to induce a switch from conditioned

avoidance to attraction (Figures 2A and 2B), further highlighting

that individual flies can dynamically update their associations

on a trial-by-trial basis to reflect changes in the predictive value

of an odor cue.
What neural mechanism might account for this bidirectional

behavioral modulation? One possibility is that distinct compart-

ments within the mushroom body could be sensitive to forward

and backward conditioning such that opposing memories are

written in parallel at different sites within the circuit, amechanism

proposed for memory extinction (Felsenberg et al., 2018). Alter-

natively, this bidirectional behavioral modulation could reflect

reversible plasticity of KC-MBON synapses within the same

compartment. Indeed, dopamine has been shown to bidirection-

ally tune the strength of KC-MBON signaling, with forward con-

ditioning driving depression of KC-MBON synapses (Cohn et al.,

2015; Hige et al., 2015; Owald et al., 2015; Séjourné et al., 2011)

while strong dopamine release in the absence of odor leads to

synaptic potentiation (Berry et al., 2018; Cohn et al., 2015).

To explore how the timing of dopaminergic input shapes KC-

MBON signaling, we initially examined the g4 compartment

whose olfactory signaling undergoes robust dopamine-depen-

dent modulation (Cohn et al., 2015). To gain precise temporal

control over both KC and DAN activation, we used a brain

explant preparation and directly stimulated KCs by iontophores-

ing acetylcholine onto their dendrites in the mushroom body
Cell 178, 60–75, June 27, 2019 63



calyx, simulating olfactory input (Figure 2C). Similarly, g4 DANs

were stimulated by expressing the ATP-gated P2X2 channel in

the PAM dopaminergic cluster and iontophoresing ATP onto

their dendrites. We expressed the genetically encoded calcium

indicator GCaMP6s in the g4 MBON and used KC-evoked

dendritic calcium within the g4 compartment to assess how

the strength of KC-MBON signaling was altered following

conditioning.

We found that a single forward conditioning trial led to depres-

sion of KC-MBON signaling that decayed slowly but could be

reversed through a single backward conditioning trial (Fig-

ure S3A). Conversely, backward pairing led to lasting synaptic

potentiation that could be reversed by a single forward

conditioning trial (Figure S3B). Forward and backward pairing

therefore bidirectionally regulate KC-MBON signaling on a tri-

al-by-trial basis, mirroring the observed behavioral flexibility (Fig-

ures 1B–1G, 2A, and 2B). Varying the timing between KC and

DAN stimulation during conditioning revealed a narrow temporal

window over which the strength of KC-MBON signaling was

bidirectionally modulated, shifting from potentiation when DAN

stimulation preceded KC activation to depression when DAN

stimulation was concurrent or followed KC activation (Figure 2D).

While stronger or more prolonged dopamine release in the

absence of an odor has been shown to potentiate KC-MBON

signaling (Berry et al., 2018; Cohn et al., 2015), extending the in-

terval between KC and DAN stimulation to 6 s resulted inminimal

plasticity (Figure 2D). Importantly, the temporal dependence of

KC-MBON plasticity within this compartment matched the time-

scale of behavioral plasticity evoked using the same PAM dopa-

minergic reinforcement (Figure 2E), suggesting that bidirectional

regulation of KC-MBON signaling may contribute to reversals in

behavioral preference.

Bidirectional tuning of KC-MBON synapses appears to repre-

sent a shared characteristic of different mushroom body com-

partments as g2 and g5 DANs could also instruct reversible

plasticity within their cognate compartments with similar tempo-

ral sensitivity (Figures S3C and S3D). Furthermore, comparable

synaptic modulation could be driven by DANs when activated

by a naturalistic aversive reinforcement, like an electric shock

applied to the abdomen of a fly (Figure S3E). Together, these ex-

periments suggest that both PAM and PPL DANs can direct

either conditioned avoidance or attraction through bidirectional

KC-MBON plasticity in each of the multiple compartments they

innervate. This coordinated plasticity can reweight the net output

of the mushroom body, biasing animals to avoid odors that pre-

dict punishment by depressing the responses of MBONs that

mediate approach, including the g2 MBON (Aso et al., 2014b),

to become attracted to odors that predict reward by weakening

the responses of MBONs that drive avoidance, like the g4 or g5

MBONs (Aso et al., 2014b), or to learn the opposite associations

with odors that follow these reinforcements in time by potenti-

ating the activity of these same MBONs.

A Single Reinforcement Can Instruct Multiple Odor
Associations
Natural chemical landscapes are often complex such that ani-

mals may encounter a variety of odors with different temporal re-

lationships to a reward. Given that odors that precede or follow a
64 Cell 178, 60–75, June 27, 2019
reinforcement can be endowed with distinct meaning (Figures

1D–1G), we asked whether animals could rely on differences in

the timing of odors relative to a single dopaminergic reinforce-

ment to write multiple olfactory associations in parallel. We

trained flies using different pairs of monomolecular odorants

with 1 s of PAM neuron activation interposed between them,

such that one odor was forward paired while the other was back-

ward paired in time relative to the reinforcement (Figure 3A). We

found that a single conditioning trial using this paradigm

enhanced upwind tracking to the forward-paired odor while syn-

chronously decreasing tracking of the backward-paired odor. In-

verting the order of the two odors in the subsequent conditioning

trial had the opposite effect, suppressing attraction to the first

odor while enhancing attraction to the second odor (Figures

3B–3D and S4A–S4C). Animals can therefore extract opposing

odor associations from the same DAN reinforcement, indepen-

dent of the identity of the odors used (Figures 3C and S4D).

We replicated this conditioning paradigm in a tethered animal

while monitoring the olfactory responses of the g4 MBON using

functional calcium imaging (Figure 3E) and found that a single

conditioning trial drove opposing forms of neural plasticity,

depressing the response of the g4 MBON to the forward-paired

odor while potentiating the response to the backward-paired

odor. As observed behaviorally, inverting the temporal order of

the two odors during subsequent conditioning reversed both

forms of functional modulation (Figures 3F, S4E, and S4F).

Thus, within a compartment, the same dopaminergic signal

differentially modulates KC-MBON synapses depending on the

relative timing of their activation by different odors, allowing an-

imals to take advantage of the different predictive temporal rela-

tionships that exist at any moment in a complex sensory

environment.

Directly Relating Neural and Behavioral Plasticity
While our results reveal a striking correspondence between the

timescales of neural and behavioral modulation, directly

relating these forms of plasticity in Drosophila has been difficult

in the absence of methods to measure both concurrently. We

therefore developed a closed-loop olfactory system, compat-

ible with two-photon imaging, in which a fly’s angular velocity

on an air-supported ball was yoked to the rotation of a tube

carrying a constant airstream. In this assay, a head-fixed ani-

mal can control its orientation within the airstream and increase

its upwind velocity in response to the introduction of an appe-

titive olfactory cue, allowing us to image neural activity in the

mushroom body during odor-tracking behavior (Figure 4A;

Videos S2 and S3). Examining the fictive two-dimensional tra-

jectories of a single animal over multiple odor presentations re-

vealed that forward pairing of ACV with activation of PAM neu-

rons led to increased upwind odor tracking while backward

pairing decreased tracking (Figures 4B and S5E). Synchronous

imaging of g4 MBON responses revealed a corresponding

functional change: forward pairing depressed the MBON’s

response to ACV while backward pairing potentiated its

response (Figure 4B), consistent with behavioral evidence that

g4 MBON activity contributes to odor avoidance behavior (Aso

et al., 2014b). Conditioning reliably evoked bidirectional

changes in both odor-evoked upwind displacement and g4
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of PAM > CsChrimson. Odor1, isobutyl acetate (Iba);
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(B) Raster plot of mean upwind velocity of flies for Odor1
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upwind displacement for the corresponding rows in the

raster plot.
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(B). Time of odor marked by gray box. Gray lines: indi-
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experiments). Paired t test with Bonferroni correction:

***p % 0.001.

(E) Schematic of in vivo preparation to examine modu-
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(F) Top: conditioning paradigm with the same two odors

as in (A). Bottom: g4 MBON responses after condition-

ing. n = 5 flies.

Data shown in (B), (C), and (F) are mean ± SEM.

See also Figure S4.
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(A) Top: strategy to record odor-evoked activity in g4MBON and optogenetically activate PAMDANs. Middle: schematic of closed-loop system to synchronously

measure MBON activity and odor tracking behavior. Bottom: representative 2D trajectory of a fly presented with apple cider vinegar (ACV) odor (red).

(B) Top: protocol to compare odor-evoked tracking and g4 MBON responses after forward pairing (post-FP) and backward pairing (post-BP). Middle: fictive 2D

trajectories of a single representative fly in baseline, post-FP, and post-BP trials, aligned to a common origin. Average upwind displacement for all trials shown to

right (red). Bottom: odor-evoked g4 MBON responses synchronously recorded in the same animal (odor marked by gray box). Gray lines: odor responses from

individual trials; black line: mean odor response for that fly.

(C and D) Mean change in upwind displacement in post-FP and post-BP trials during odor presentation (C) or in clean air (D).

(E) Left: mean g4 MBON traces for all animals. Right: change in odor-evoked response in g4 MBON post-FP and post-BP. Data in (C)–(E) represent the mean

change in upwind displacement or neural responsesmeasured relative to preceding trial, averaged across 3–4 FP and BP conditioning trials for each animal, n = 8

flies. One-sample t test from zero with Bonferroni correction: ***p % 0.001, **p % 0.01, *p < 0.05, NS R 0.05.

(F) Change in odor-evoked upwind displacement as a function of change in g4 MBON responses for individual training trials (gray dots) and animal averages

(black dots); n = 27 individual training trials across n = 8 flies; post-FP trials (open circles) and post-BP trials (closed circles).

All data represent mean ± SEM.

See also Figure S5 and Videos S2 and S3.
MBON activity (Figures 4C–4E, S5A–S5D, S5F, and S5G) that

were significantly correlated, both on a trial-by-trial basis and

across the averaged responses of an individual animal (Fig-

ure 4F). Thus, the ability to simultaneously record neural and

behavioral plasticity as learning unfolds reveals a tight corre-

spondence between bidirectional changes in KC-MBON

signaling within a single compartment and odor attraction.

Behavioral modulation, however, likely arises from similar bidi-

rectional plasticity driven synchronously across the multiple
66 Cell 178, 60–75, June 27, 2019
mushroom body compartments innervated by the PAM dopa-

minergic driver (Figure S3C).

Dopamine Receptor Pathways Are Sensitive to
Temporal Order
How might the temporal order of olfactory and dopaminergic

input be detected within a mushroom body compartment to

instruct bidirectional plasticity? One intriguing model is that

forward and backward pairing could selectively engage two



dopamine receptors, DopR1 and DopR2 that are co-expressed

in the same KCs (Croset et al., 2018) and have been proposed

to play opposing roles in the formation and erosion of memories

at the behavioral level (Berry et al., 2012; Kim et al., 2007). In vitro

characterization of these dopamine receptors indicate that they

preferentially signal through distinct G-protein partners, with

DopR1 coupling to Gas to stimulate cAMP production (Sugamori

et al., 1995) and DopR2 coupling to Gaq to drive increased cyto-

solic calcium (Feng et al., 1996; Han et al., 1996; Himmelreich

et al., 2017).

In vitro, DopR1 and DopR2 exhibit different sensitivities to

dopamine (Berry et al., 2012; Himmelreich et al., 2017), raising

the possibility that these receptors could be differentially re-

cruited if forward and backward conditioning drove distinct

levels of DAN activity and dopamine release. However, moni-

toring calcium influx in DAN axon terminals revealed that forward

and backward conditioning evoked equivalent responses, indis-

tinguishable from direct stimulation of DANs alone (Figures 5A

and S6A). Moreover, forward and backward pairing drove com-

parable levels of dopamine release as measured using either a

pHlourin fused to the monoamine transport protein, VMAT (Wu

et al., 2013) to visualize pre-synaptic vesicle fusion in DANs (Fig-

ures 5B and S6B) or the GRABDA1m dopamine sensor expressed

in post-synaptic KC axons (Sun et al., 2018; Figures 5C and

S6C). The GRABDA1m signal was asymmetrically distributed

across the length of KC axons, in accord with dopamine being

released in a compartmentalized manner by the activated

DANs (Figure S6D). However, the spatial pattern of dopamine

release was indistinguishable across conditioning paradigms.

Thus, three molecularly distinct sensors suggest that differences

in dopaminergic activity cannot account for the opposing forms

of neural and behavioral modulation we observe.

Bidirectional plasticity could nevertheless arise from the

distinct engagement of DopR1 and DopR2 signaling pathways

during forward and backward pairing if either of these receptors

or components of their signaling cascades are sensitive to the

relative timing of KC and DAN input.We imaged optical reporters

of secondmessengers downstream of Gas and Gaq during con-

ditioning, focusing on KC axons given that they likely serve as a

relevant locus for associative plasticity in the mushroom body

(Boto et al., 2014; Cohn et al., 2015; Qin et al., 2012; Zars

et al., 2000).

cAMP has been extensively studied as an effector of Gas

signaling that regulates synaptic strength (Kandel et al., 1983;

Tomchik and Davis, 2009). We monitored cAMP production

(Shafer et al., 2008) in KC axons while varying the relative

timing of PAM dopaminergic reinforcement and KC stimulation,

using the same ISIs that drove bidirectional plasticity within the

g4 compartment (Figures 2D–2E). cAMP was produced under

all conditioning parameters in a spatially compartmentalized

manner that mirrored the pattern of dopamine release (Figures

5D, 5E, S6D, and S6E). cAMP was maximally evoked when KC

and DAN stimulation were synchronous, matching the timing

that gave rise to the strongest depression of KC-MBON

signaling (Figures 2E and 5E) and consistent with evidence

that calcium-sensitive adenylate cyclases serve as molecular

coincidence detectors to amplify cAMP production during

associative conditioning (Gervasi et al., 2010; Livingstone
et al., 1984; Tomchik and Davis, 2009). However, while forward

and backward pairing give rise to opposing forms of neural and

behavioral plasticity, these conditioning protocols evoke com-

parable cAMP production, implying that this second messenger

cannot alone encode the temporal order of odor and dopami-

nergic reinforcement.

We therefore asked whether DopR2 signaling pathways might

contribute to the temporal sensitivity of mushroom body plas-

ticity. Upon activation of Gaq, inositol triphosphate (IP3) is pro-

duced, resulting in IP3-dependent calcium release from the

endoplasmic reticulum (ER) (Berridge, 1993). To examine

signaling through Gaq, we targeted a low-affinity GCaMP to

the ER lumen in KC axons (de Juan-Sanz et al., 2017) and moni-

tored calcium efflux from the ER during conditioning trials. We

found that ER calcium in KC axons was selectively released dur-

ing backward pairing, with no efflux apparent during forward

pairing (Figures 5D and 5E). As observed with cAMP production,

ER calcium was spatially patterned across the lobe, with greater

release evoked in the compartments innervated by the activated

DANs (Figure S6F). Application of aGaq inhibitor blocked ER cal-

cium release during backward pairing (Figure S7C), confirming

that it depends on this G-protein pathway. Notably, just as the

ISI that evoked maximal cAMP matched the timing of the stron-

gest KC-MBON depression, the ISI that evoked the greatest ER-

calcium efflux corresponded to the timing of the strongest

potentiation (Figures 2E and 5E). Therefore, while Gas signaling

is sensitive to the temporal coincidence of inputs to the mush-

room body during associative conditioning, Gaq signaling de-

pends on their temporal ordering, suggesting that these two

pathways may work in concert to generate bidirectional plas-

ticity. Notably, calculating the simple linear difference in the

cAMP and ER signals elicited by each pairing protocol replicated

the biphasic curve of KC-MBON plasticity (Figure 5F). These

observations suggest that, despite potential non-linearities in

second-messenger production or signaling through these fluo-

rescent reporters, the selective recruitment of these two sec-

ond-messenger pathways may account for the temporal depen-

dence of neural and behavioral modulation (Figure 5G).

To confirm that second messenger signaling in KC axons de-

pends on activation of DopR1 and DopR2, we examined cAMP

and ER calcium in animals mutant for these dopamine receptors.

We first used CRISPR Cas9-mediated genome engineering to

generate a novel DopR1 null allele compatible with two-photon

imaging (Figures S7A and S7B). In accord with the preferential

G-protein signaling of these receptors described in vitro (Feng

et al., 1996; Han et al., 1996; Himmelreich et al., 2017; Sugamori

et al., 1995), production of cAMPwas diminished in both forward

and backward pairing in DopR1 but not DopR2 mutant flies (Fig-

ures 6A and 6B). Conversely, the ER calcium release elicited in

backward pairing was lost in DopR2 but not DopR1 mutants

(Figures 6C and 6D). In the mushroom body, DopR1 and

DopR2 therefore selectively signal through different biochemical

cascades to generate distinct patterns of second messengers

during conditioning.

DopR1andDopR2UnderlieOpposing Formsof Plasticity
The temporal sensitivity of DopR1 and DopR2 signaling path-

ways suggests these receptors play a central role in mediating
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Figure 5. Second-Messenger Pathways are Sensitive to the Order of KC and DAN Input

(A) GCaMP6s responses in the g4/g5 DANs during forward (FP) and backward pairing (BP), n = 5 flies.

(B) VMAT-pHluorin signals from g4/g5 DANs during FP and BP, n = 5 flies.

(C) Dopamine sensor (GRABDA1m) expressed in KC axons and measured in the g4/g5 compartments during FP and BP, n = 7 flies.

(D) cAMP and ER calcium signals in KC axons measured in the g4/g5 compartments during conditioning with different ISIs of DAN and KC activation. Top: cAMP

productionmeasured as a change in FRET ratio. Bottom: ER calcium efflux. Note that ER-GCaMP fluorecence decreases with release of calcium from ER lumen.

Black arrowheads mark time of KC stimulation. Magenta arrowheads mark time of DAN stimulation.

(E) Average cAMP (gray) and ER calcium (black) in g4/g5 compartments of KC axons as a function of ISIs tested in (D). n = 6 flies for EPAC; n = 7 flies for ER-

GCaMP. One-sample t test against zero with Bonferroni correction: ***p % 0.001, **p % 0.01, *p < 0.05, NS R 0.05.

(F) Left axis (purple): linear difference of normalized cAMP and ER calcium responses from data shown in (E) compared to the timescale of KC-MBON plasticity

(right axis, black) (data re-plotted from Figure 2E).

(G) Schematic showing second-messenger production during forward and backward pairing and the resulting plasticity in KC-MBON signaling.

All data represent mean ± SEM.

See also Figure S6.
opposing forms of synaptic plasticity within themushroom body.

Indeed, the robust depression of KC-MBON signaling induced

by forward pairing in the g4 compartment of wild-type animals

(Figure 6E) was absent in DopR1 mutants, instead leading to

weak potentiation (Figure 6F). By contrast, both forward and

backward pairing induced depression of KC-MBON signaling

in DopR2 mutants (Figure 6G). Furthermore, inhibition of Gaq
68 Cell 178, 60–75, June 27, 2019
prevented potentiation of KC-MBON signaling (Figure S7D),

demonstrating that loss of either DopR2 or inhibition of its G-pro-

tein partner results in a similar deficit in synaptic plasticity.

DopR1 and DopR2 thus play opposing roles in regulating synap-

tic transmission within the mushroom body, suggesting that the

differential signaling through these two receptors underlies the

temporally precise bidirectional plasticity we observe.
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Figure 6. Distinct Roles of DopR1 and DopR2 in Second-Messenger Production and Plasticity

(A–D) cAMP responses (A) and ER calcium responses (C) in KC axons measured in the g4/g5 compartments in wild-type (WT), DopR1�/�, and DopR2�/� animals

during forward (FP) and backward (BP) pairing. Mean cAMP (B) and ER calcium (D) produced in FP and BP. n = 5–6 flies for all genotypes. Unpaired t test with

Bonferroni correction (cAMP) or Mann-Whitney test with Bonferroni correction (ER calcium): ***p % 0.001, **p % 0.01, NS R 0.05.

(E) Left: mean g4 MBON responses to KC stimulation (black arrowhead) pre- and post-FP or pre- and post-BP in wild-type (WT) animals. Right: mean peak

response of g4 MBON to KC stimulation pre- and post-pairing.

(F and G) Same as (E) except in DopR1�/� (F), and DopR2�/� (G) animals. WT data in (E) are re-plotted from ISI =�1.2 s and +0.5 s from Figure 2D. n = 5 flies for all

genotypes. Paired t test: ***p % 0.001, **p % 0.01, *p < 0.05.

All data represent mean ± SEM.

See also Figure S7.
At the behavioral level, selective loss of DopR1 or DopR2

rendered animals unable to reversibly update their odor-

tracking preferences to reflect the different contingencies of

forward and backward conditioning (Figures 7A–7D, S8A, and

S8B). While naive odor tracking in DopR1 and DopR2 mutant

animals was indistinguishable from wild-type animals (Figures

S8E–S8S), DopR1 mutants failed to vigorously track ACV after

forward conditioning with PAM activation (Figures 7A, S8A, and

S8C), in line with behavioral evidence that DopR1 is required for

writing associative memories within the mushroom body (Kim

et al., 2007; Qin et al., 2012). Conversely, DopR2 mutant ani-

mals strongly tracked ACV following both forward and back-

ward conditioning with PAM activation (Figures 7B, S8B, and

S8D); this unwavering attraction suggests that DopR2 mutants

are able to form a positive association but unable to overwrite
that memory in response to subsequent experience (Berry

et al., 2012). The behavioral inflexibility of DopR1 and DopR2

mutants underscores how the balance of signaling through

these two receptors allows animals to reversibly modify their

behavioral attraction to an odor based on the changing predic-

tive temporal relationships between odor presentation and

dopaminergic reinforcement.

DISCUSSION

While memories are often thought of as windows into the past,

their adaptive value lies in the ability to predict the future. In

this study, we took advantage of the concise circuitry of the

Drosophila mushroom body to investigate how the precise

timing of dopaminergic reinforcement allows animals to form
Cell 178, 60–75, June 27, 2019 69



-5

0

5

-5

0

5

U
pw

in
d 

di
sp

la
ce

m
en

t
in

 o
do

r (
m

m
)

post-FP post-BP post-FP post-BP
DopR2-/-

U
pw

in
d 

di
sp

la
ce

m
en

t
in

 o
do

r (
m

m
)

BA

DC

-5

0

5

WT

WT

Dop
R2-

/-

WT

Dop
R2-

/-

**** ****

-5

0

5

WT

Dop
R1-

/-

WT

Dop
R1-

/-

**** ****
post-FP post-BP

U
pw

in
d 

di
sp

la
ce

m
en

t
in

 o
do

r (
m

m
)

U
pw

in
d 

di
sp

la
ce

m
en

t
in

 o
do

r (
m

m
)

DopR1-/-WT

baseline
post-FP
post-BP

post-FP
post-BP

2  4  6  8  10
Time (s)

Tr
ia

l n
um

be
r

51

41

31

21

11

1 

51

41

31

21

11

1 

Time (s)

WT
PAM > CsCh PAM > CsCh

DopR1-/-

0

10

U
pw

ind velocity (m
m

/s)

0

10

U
pw

ind velocity (m
m

/s)

Tr
ia

l n
um

be
r

Upwind disp. in ACV (mm)
odor odor baseline

post-FP
post-BP

post-FP
post-BP

Tr
ia

l n
um

be
r

51

41

31

21

11

1 

51

41

31

21

11

1 

Time (s)Time (s)

PAM > CsCh
DopR2-/-

0

10

U
pw

ind velocity (m
m

/s)

0

10
U

pw
ind velocity (m

m
/s)

Tr
ia

l n
um

be
r

Upwind disp. in ACV (mm)
odor odor

WT
PAM > CsCh

E

post-FP post-BP post-FP post-BP
post-FP post-BP

1

11

21

31

41

51

0 15 0 15
1

11

21

31

41

51

0 15 0 15

2  4  6  8  10 2  4  6  8  10 2  4  6  8  10

.

.

.

.

.

.

KC
PAM

Forward Pairing

DopR1
DopR2

cAMP cAMP

KC
PAM

Backward Pairing

ER-Ca2+ER-Ca2+

Kenyon Cell lleC noyneKNOBM 4 4 MBON

Odor

DopR1
DopR2

Odor

Increased Attraction Decreased Attraction

Figure 7. DopR1 and DopR2 Are Required for Behavioral Flexibility

(A) Left: raster plot of average upwind velocity in wild-type (WT, magenta) or DopR1�/� (orange) animals trained by alternating forward pairing (FP) and backward

pairing (BP) of PAM > CsChrimson activation with apple cider vinegar (ACV) odor. Right: upwind displacement in odor corresponding to trials shown in raster.

Behavioral paradigm is the same as in Figure 1.

(B) Same as (A) except comparing WT (magenta) and DopR2�/� animals (blue).

(C)Change inupwinddisplacement inodorpost-FPandpost-BPpairing inWT (magenta)andDopR1�/� (orange) animalsmeasured relative to theprecedingodor trial.

(D) Same as (C) except comparing WT and DopR2�/� (blue) animals. n = 7 experiments for all genotypes. Unpaired t test: ****p % 0.0001.

(E) Model of how the selective engagement of DopR1 and DopR2 and their downstream signaling pathways during forward and backward conditioning lead to

opposing KC-MBON synaptic plasticity and odor-tracking behavior.

All data represent mean ± SEM.

See also Figure S8.
and maintain predictive associations between cues and out-

comes. While studies of associative learning have often focused

on sensory cues that anticipate punishment or reward, equally

informative are cues associated with their termination (Aso and

Rubin, 2016; Gerber et al., 2014, 2019; König et al., 2018; Tani-
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moto et al., 2004). Here, we demonstrate that shifting the relative

timing of an odor and reinforcement by <1 s can switch the

valence of an olfactory memory, underscoring the exquisite tem-

poral sensitivity of this circuit. As a consequence, flies can form

equivalent appetitive associations with odors that anticipate



rewards or follow punishments, or aversive associations with

odors that predict punishments or follow rewards. The symmetry

of this behavioral modulation permits Drosophila to take advan-

tage of all the temporally correlated features of their environment

that can be used to infer causal relationships. Together, our work

suggests amodel in which the steep temporal sensitivity of asso-

ciative learning arises from the concerted action of two dopa-

mine receptor-signaling pathways that work in opposition to

bidirectionally regulate the strength of KC-MBON signaling (Fig-

ure 7E), allowing animals to maintain an accurate model of a

complex and changing world.

Using Temporal Relationships to Form and Overwrite
Associations
In a dynamic environment, memories must be continually re-

touched and rewritten to maintain their relevance and predictive

value. By monitoring how individual flies adapt their odor prefer-

ences over 50 conditioning trials, we reveal that Drosophila can

form and reverse learned associations on a trial-by-trial basis,

pointing to the fundamental flexibility of memory updating

mechanisms.

Prior work in both Drosophila and mammals has suggested

memory retention is regulated by multiple mechanisms at

different timescales (Bouton, 2002; Davis and Zhong, 2017; Ri-

chards and Frankland, 2017). If not reinforced, memories may

passively fade over time, reflecting the natural turnover of molec-

ular and neural hardware. Alternatively, memories can be

actively eroded either by re-exposure to the learned odor in the

absence of the anticipated dopaminergic reinforcement or the

reinforcement in the absence of the odor, violating the expected

contingency between these two events (Aso and Rubin, 2016;

Dunsmoor et al., 2015; Felsenberg et al., 2017). In contrast, the

brief episodes of odor and dopaminergic reinforcement (1–2 s)

used in our study are insufficient to overwrite an olfactory asso-

ciation when presented independently but can immediately

reverse a prior association when paired together in time. The

convergence of olfactory and DAN input to the mushroom

body thus conveys information about their causal relationship,

offering a mechanism to rapidly update memories to reflect the

changing temporal structure of the environment.

Mechanisms of Temporal Order Detection
While memory updating could rely on plasticity at various sites

within this circuit (Felsenberg et al., 2017, 2018; Shuai et al.,

2015), we demonstrate that the bidirectional modulation of

behavior is highly correlated with bidirectional changes in the

strength of the same KC-MBON synapses within the mushroom

body. Such bidirectional synaptic plasticity has been proposed

to confer reversibility to learning circuits (Coesmans et al.,

2004; Jörntell and Hansel, 2006; Lev-Ram et al., 2002). For

example, spike-timing dependent plasticity (STDP) can bidirec-

tionally tune the strength of synaptic connections between

neurons depending on the relative timing of spikes in pre- and

post-synaptic neurons, mirroring the sensitivity to temporal or-

der observed in associative learning (Bell et al., 1997; Bi and Ru-

bin, 2005; Cassenaer and Laurent, 2012; Dan and Poo, 2004;

Drew and Abbott, 2006). However, STDP requires nearly coinci-

dent firing patterns on a millisecond timescale, far more rapid
than the temporal relationships between stimuli typically

required for associative learning. Here, by examining neural

and behavioral modulation over the same timescales and even

concurrently within the same individuals, we link the modulation

of synaptic signaling within the mushroom body to reversible

changes in behavior.

Within the mushroom body, each compartment serves as a

site of convergence between odor signaling conveyed by KCs

and dopaminergic reinforcement, allowing dopamine-receptor

pathways within KC axons to detect the temporal order of these

inputs. We find that the spatial patterns of dopamine release and

dopamine receptor second-messenger cascades adhere to the

compartmentalized architecture of the lobes (Boto et al., 2014),

permitting different synapses along the same KC axon to be

independently regulated (Cohn et al., 2015; Hige et al., 2015).

Our observations suggest that within a compartment, multiple

neuromodulatory mechanisms tune neurotransmission depend-

ing on the temporal structure of conditioning. As a consequence,

the distinct complement of KC-MBON synapses activated by

odors that precede or follow a reinforcement are differentially

regulated, allowing a single dopaminergic reinforcement to drive

the synchronous formation of multiple odor associations, effec-

tively enhancing the coding capacity of a compartment.

Dopamine shapes circuit function in diverse ways by engaging

distinct classes of receptors that couple to different signaling

cascades (Tritsch and Sabatini, 2012). In Drosophila, DopR1

and DopR2 have been proposed to play opposing roles in olfac-

tory memory regulation at the behavioral level, with DopR1

essential to memory formation and DopR2 necessary for mem-

ory erosion (Berry et al., 2012; Kim et al., 2007; Qin et al.,

2012). Yet the contribution of these receptors to synaptic modu-

lation within the mushroom body has remained unclear. Our

work reveals that the opposing behavioral roles of DopR1 and

DopR2 are mirrored by their antagonistic regulation of KC-

MBON signaling, with DopR1 required for the depression

ensuing from forward pairing, while DopR2 is essential for the

potentiation that follows backward pairing. Although DANs

selectively innervating the mushroom body are sufficient to

instruct bidirectional behavioral modulation (Aso and Rubin,

2016), the broader expression of DopR1 and DopR2 leaves

open the possibility that these receptors may also act at other

sites within the nervous system to shape the temporal sensitivity

of associative learning.

Using fluorescent sensors of DopR1 and DopR2 second mes-

sengers allowed us to gain insight into the spatial and temporal

patterning of these intracellular signaling pathways during condi-

tioning. While a potential limitation of optical reporters is their

restricted sensitivity and dynamic range, these sensors never-

theless reveal that the selective recruitment of dopamine-recep-

tor signaling cascades is sufficient to account for the temporal

dependence of neural and behavioral modulation. Monitoring

cAMP production during conditioning reveals that, while the

DopR1 pathway serves as a coincidence detector, in accord

with the coordinate regulation of adenylate cyclases by Gas

and calcium (Gervasi et al., 2010; Tomchik and Davis, 2009), it

cannot autonomously encode the temporal order of events. In

contrast, DopR2 signaling through Gaq strictly depends on the

temporal sequence of KC and DAN activation.
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Which component of the DopR2-signaling cascade is sensi-

tive to the temporal ordering of odor and reinforcement? IP3 re-

ceptors that gate calcium release from the ER lumen represent

an intriguing candidate, as their complex regulation by both IP3

and cytosolic calcium renders them inherently sensitive to the

sequence of agonist binding: IP3 binding unmasks a calcium reg-

ulatory site required for channel opening, while high calcium in

the absence of IP3 inhibits channel activity (Adkins and Taylor,

1999; Paknejad and Hite, 2018; Srikanth et al., 2004). Indeed,

we observe ER calcium release is time locked to KC stimulation

suggesting that the precise order dependence of this pathway

relies on calcium entry subsequent to IP3 production. In the cer-

ebellum, bidirectional plasticity at parallel fiber-Purkinje neuron

synapses has been proposed to similarly rely on calcium release

from the ER lumen via IP3 receptors (Finch and Augustine, 1998;

Sarkisov and Wang, 2008; Wang et al., 2000). While the analo-

gous circuit organization of the mushroom body and cerebellum

has been well described (Farris, 2011), our observations suggest

theymay share conservedmolecular mechanisms for temporally

precise synaptic modulation.

The Timescales of Neural Plasticity and Memory
Together, our work points to dopamine receptor signaling path-

ways in KC axons as a key site of temporal coincidence and or-

der detection during associative learning. While we focused on

the role of dopaminergic signaling within the g4 compartment,

we observe that timing-dependent bidirectional plasticity is a

shared characteristic of KC-MBON synapses in multiple com-

partments of the g lobe. Therefore, the reversible modulation

of behavior instructed by both the PAM or PPL DANs likely re-

flects bidirectional plasticity driven synchronously in the multiple

compartments innervated by these DAN drivers. Aversive elec-

tric shock and sugar rewards evoke distributed patterns of activ-

ity across the DAN population (Burke et al., 2012; Cohn et al.,

2015; Liu et al., 2012; Mao and Davis, 2009), implying that these

naturalistic reinforcers likewise instruct coordinated bidirectional

plasticity across different compartments to rapidly shape the net

output of the mushroom body. Similar patterns of DAN activity

are also elicited by a fly’s locomotion (Berry et al., 2015; Cohn

et al., 2015), raising the possibility that, in the context of an

odor plume, an animal’s behavior may serve as a reinforcement

stimulus that itself drives bidirectional synaptic plasticity to regu-

late odor processing.

The ability to form or overwrite associations on a trial-by-trial

basis allows for adaptive behavior in a noisy and uncertain envi-

ronment where the temporal relationships between events may

quickly change. However, animals must also have the capacity

to store relevantmemories persistently, even for a lifetime. There-

fore, the reversible plasticity we observe must co-exist with

additional molecular and circuit mechanisms that underlie the

formation and retention of longer-term associations. Indeed,

recent work has described intrinsic differences between mush-

room body compartments in their susceptibility to memory

erosion (Aso and Rubin, 2016) as well as differences in second-

messenger signaling in distinct KC subpopulations (Boto et al.,

2014; Tomchik andDavis, 2009). Together, these results suggest

that the differential expression or coupling of dopamine-receptor

signaling pathways in different KC classes may tune synaptic
72 Cell 178, 60–75, June 27, 2019
plasticity rules to regulate the persistence of information storage.

While our work connects molecular pathways within a sub-pop-

ulation ofKCs to the emergenceof short-termassociations, func-

tional dissection of these signaling cascades across the different

lobes of the mushroom body will provide insight into the distinct

timescales of memory formation and erosion.
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Wang, S.S., Denk, W., and Häusser, M. (2000). Coincidence detection in single

dendritic spines mediated by calcium release. Nat. Neurosci. 3, 1266–1273.
Wu, T.H., Lu, Y.N., Chuang, C.L., Wu, C.L., Chiang, A.S., Krantz, D.E., and

Chang, H.Y. (2013). Loss of vesicular dopamine release precedes tauopathy

in degenerative dopaminergic neurons in a Drosophila model expressing hu-

man tau. Acta Neuropathol. 125, 711–725.

Yamagata, N., Ichinose, T., Aso, Y., Plaçais, P.Y., Friedrich, A.B., Sima, R.J.,
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ATP, disodium salt hydrate Sigma-Aldrich A2383
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Experimental Models: Organisms/Strains

Drosophila: 20X-UAS-CsChrimson.mVenus-attP18 Vivek Jayaraman, Janelia Research Campus BDSC_55134
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(Aso et al., 2014a)
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Drosophila: R53C03-LexA Bloomington Drosophila Stock Center;

(Pfeiffer et al., 2010)
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(Pfeiffer et al., 2010)

BDSC_52740

Drosophila: UAS-GCaMP6s Bloomington Drosophila Stock Center BDSC_42749; BDSC_42746

Drosophila: LexAOP-GCaMP6s Bloomington Drosophila Stock Center BDSC_ 44589

Drosophila: OK107-Gal4 (Connolly et al., 1996) N/A

Drosophila: TH-Gal4 (Friggi-Grelin et al., 2003) N/A

Drosophila: DDC-Gal4 (Li et al., 2000) N/A

Drosophila: LexAOP-P2X2 Orie Shafer; (Yao et al., 2012) N/A

Drosophila: UAS-EPAC (Shafer et al., 2008) N/A

Drosophila: DopR2attP/attP (DopR2�/�) (Keleman et al., 2012) N/A

Drosophila: UAS-GRABDA1m (Sun et al., 2018) BDSC_80048

Drosophila: UAS-VMAT-pHluorin (Wu et al., 2013) N/A

Drosophila: 66C08-Gal4 Bloomington Drosophila Stock Center;

(Jenett et al., 2012)

BDSC_49412

Drosophila: 73F07-LexA Bloomington Drosophila Stock Center;

(Pfeiffer et al., 2010)

BDSC_52743

Drosophila: 25D01-Gal4 Bloomington Drosophila Stock Center;

(Jenett et al., 2012)

BDSC_49122
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Drosophila: 25D01-LexA Bloomington Drosophila Stock Center;

(Pfeiffer et al., 2010)

BDSC_53519

Drosophila: nos-Cas Bloomington Drosophila Stock Center BDSC_54591

Oligonucleotides

DopR1 gRNA1: ATG AAT GGA TGG TTG GTG GA This paper N/A

DopR1 gRNA2: GAG ACG GAG CTG CTG TAG GC This paper N/A

DopR1 gRNA1 pCFD4: TAT ATA GGA AAG ATA TCC

GGG TGA ACT TCG ATG AAT GGA TGG TTG GTG

GAG TTT TAG AGC TAG AAA TAG CAA G

This paper N/A

DopR1 gRNA2 PCFD4: ATT TTA ACT TGC TAT TTC

TAG CTC TAA AAC GCC TAC AGC AGC TCC GTC

TCG ACG TTA AAT TGA AAA TAG GTC

This paper N/A

UAS-ER-GCaMP210: GCG GCT CGA GGG TAC CAA
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This paper N/A
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This paper N/A
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pCFD4 Addgene Plasmid; (Ge et al., 2016) 83954
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Python Python Software Foundation https://www.python.org/
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Adobe Illustrator CC Adobe Systems https://www.adobe.com/

products/illustrator.html
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Bipolar Stepper Motor Pololu 1206

Dust-Free Timing Belt XL Series, 1/4’’ width McMaster-Carr 1679K121

Ultra-Corrosion-Resistant Stainless Steel Ball Bearing McMaster-Carr 5908K19

Oil Resistant O-Rings McMaster-Carr 2418T126

565 nm LED Microscope Light CoolLED PE-100

Red (627nm) LUXEON Rebel LED Luxeon SR-05-D2050

Heat Sinks 35X35X10mm ADHV MNT Mouser 532-374624B32G

Scratch-Resistant Acrylic McMaster-Carr 8505K754

Recom Power RCD-24-0.70/W/X2 Digikey 945-1617-ND

DC12V SMD3528-300-IR InfraRed (850nm/940nm)

Single Chip Flexible LED Strips 60LEDs 4.8W Per Meter

LED Lights World N/A

Z ZTDM Lab Home DC Power Supply Tool 30V

0-5A US 110V QW-MS305D

Amazon N/A

KNACRO DC-DC 12V to 3.3V 2A Step-down

power supply module

Amazon N/A

VO14642AT solid state relay Mouser Electronics 782-VO14642AT

12V DC 2-position 3-way Micro Mini Electric

Solenoid Valve for Gas Air/Pump

eBay N/A
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1.5 mm-Thick Clear Acrylic (Clear Cast Acrylic

Sheet, 12’’ x 24’’ x 1/16’’)

McMaster-Carr 8560K172

3 mm-Thick Black Acrylic (Black Scratch-Resistant

Acrylic, 12’’ x 24’’ x 1/8’’)

McMaster-Carr 8505K742

Cole-Parmer Female Luer x 10-32 UNF thread,

Nylon, 25/pk

Cole-Palmer UX-45502-60

Firefly MV 0.3 MP Mono USB 2.0 Point Grey FMVU-03MTM-CS

Mastech Regulated Variable Linear DC Power Supply Mastech HY3003D
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, Vanessa

Ruta (ruta@rockefeller.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fly strains
Fly strains and husbandry

Flies used for ex vivo brain explant preparations and functional imaging using chemogenetic and shock activation of DANs were

maintained on conventional cornmeal-agar-molasses at 25�C and 60%–70% relative humidity, under a 12 hr light:12 hr dark cycle.

Flies used for optogenetic behavioral experiments were maintained at 25�C and 60%–70% relative humidity in constant darkness.

For optogenetic experiments, 1-3 day old females were transferred to cornmeal-agar-molasses food containing 0.4 mM all trans-

Retinal (Sigma #R2500) and reared in the dark for 2-3 days before behavioral experiments. Flies were not food-deprived prior to

any functional or behavioral experiments.

Generation of ER-GCaMP transgenic flies

The coding sequence for the low-affinity ER calcium sensor (ER-GCaMP6-210) (de Juan-Sanz et al., 2017) containing an N-terminal

calreticulin signaling peptide and C-terminal KDEL ER retention sequence was PCR amplified using KODHot Start DNA polymerase.

Restriction sites were added to the 50 and 30 end of the coding sequence (XhoI and XbaI, respectively). The amplified product and

pJFRC81 (Addgene Plasmid #36432) were digested with XhoI and XbaI and ligated together. The resulting plasmid was used to

generate transgenic flies by PhiC31 mediated integration into VK00005 and attp5 (Bestgene Inc.).

Crispr-Cas9 mediated deletion of DopR1

Existing DopR1 mutants were generated either imprecisely using a larger chromosomal inversion (dumb1, Kim et al., 2007), through

disruption by a transposable PiggyBac element and therefore incompatible with 2-photon imaging (dumb2, Kim et al., 2007), or were

actually hypomorphs (Keleman et al., 2012) based on immunohistochemistry. We therefore generated a novel DopR1 mutant

compatible with functional imaging. Two gRNAs were designed to direct Cas9-mediated cleavage to the 50 and 30 UTRs of the

Dop1R gene locus. gRNA off-target potential was determined using Crispr optimal target finder (http://targetfinder.flycrispr.neuro.

brown.edu) gRNA sequences were PCR amplified with Q5 High-Fidelity master mix (NEB) and cloned into pCFD4 by Gibson assem-

bly (NEB). The resulting vector was sequence verified and injected into nos-Cas (Bloomington stock 54591) embryos (Rainbow

Transgenic Flies). G0 flies were individually crossed to a balancer strain prior to being screened for the deletion by PCR-based gen-

otyping. Each G0 founder positive for the deletion was further verified by Sanger sequencing. F1 progeny from a deletion positive G0

parent were individually crossed to a balancer strain then screened for transmission of the deletion. Multiple unique deletion lines

were obtained and a single line was then used for further experimentation. Loss of DopR1 protein expression in the mutant was veri-

fied by immunohistochemistry with anti-DopR1 antibody (a gift from Tim Lebetsky) and qRT-PCR in adult fly brains.

Detailed fly genotypes used by figure

Figures 1A–1G, S1B–S1J, S2B–S2J, 2A, 2B, 3B–3D, and S4B–S4D:

w1118 UAS-CsChrimson.mVenus; R58E02-p65.AD (PAM DAN split); R22E04-Gal4.DBD (PAM DAN split)

w1118 UAS-CsChrimson.mVenus; 52H03-p65.AD (PPL DAN split); TH-Gal4.DBD (PPL DAN split)

w1118 UAS-CsChrimson.mVenus

Figures 2C–2E, S3A, S3B, 3E, 3F, S4E, S4F, 6E, and S7D:

R58E02-LexA (g4-5 DANs), LexAOP-P2X2; VT026001-Gal4 (g4 MBON), UAS-GCaMP6s
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Figure S3C:

R58E02-LexA (g4-5 DANs), LexAOP-P2X2/ UAS-GCaMP6s; 66C08-Gal4 (g5 MBON)

Figure S3D:

73F07-LexA (g2 DANs)/LexAOP-P2X2; 25D01-Gal4 (g2 MBON), UAS-GCaMP6s

Figure S3E:

25D01-LexA (g2 MBON), LexAOP-GCaMP6s

Figures 4A–4 and S5A–S5G:

w1118; R58E02-p65.AD (PAM DAN split)/53C03-LexA (g4 MBON), LexAOP-GCaMP6s; R22E04-Gal4.DBD (PAM DAN split)/UAS-

ChrimsonR.mCherry

Figures 5A and S6A:

R58E02-LexA (g4-5 DANs), LexAOP-P2X2; LexAOP-GCaMP6s

Figures 5B and S6B:

R58E02-LexA (g4-5 DANs), LexAOP-P2X2; TH-Gal4 (DAN subset), DDC-Gal4 (DAN subset)/UAS-VMAT-pHluorin

Figures 5C, S6C, and S6D:

R58E02-LexA (g4-5 DANs), LexAOP-P2X2; UAS-GRABDA1m; OK107-Gal4 (KCs)

Figures 5D, 5E, S6E, S6G, 6A, and 6B:

R58E02-LexA (g4-5 DANs), LexAOP-P2X2; UAS-EPAC (cAMP); OK107-Gal4 (KCs)

Figures 5D, 5E, S6F, S6H, 6C, 6D, and S7C:

R58E02-LexA (g4-5 DANs), LexAOP-P2X2; UAS-ER-GCaMP-210; OK107-Gal4 (KCs)

Figures 6A and 6B:

R58E02-LexA (g4-5 DANs), LexAOP-P2X2/UAS-EPAC (cAMP); DopR1null/DopR1null; OK107-Gal4 (KCs)

R58E02-LexA (g4-5 DANs), LexAOP-P2X2/UAS-EPAC (cAMP); DopR2attP/DopR2attP; OK107-Gal4 (KCs)

R58E02-LexA (g4-5 DANs), LexAOP-P2X2; UAS-EPAC (cAMP); OK107-Gal4 (KCs)

Figures 6C and 6D:

R58E02-LexA (g4-5 DANs), LexAOP-P2X2/UAS-ER-GCaMP-210; DopR1null/DopR1null; OK107-Gal4 (KCs)

R58E02-LexA (g4-5 DANs), LexAOP-P2X2/UAS-ER-GCaMP-210; DopR2attP/DopRattP; OK107-Gal4 (KCs)

R58E02-LexA (g4-5 DANs), LexAOP-P2X2; UAS-ER-GCaMP-210; OK107-Gal4 (KCs)

Figures 6E–6G:

R58E02-LexA (g4-5 DANs), LexAOP-P2X2/UAS-GCaMP6s; VT026001-Gal4 (g4 MBON), DopR1null/ VT026001-gal4 (g4 MBON),

DopR1null

R58E02-LexA (g4-5 DANs), LexAOP-P2X2/UAS-GCaMP6s; VT026001-Gal4 (g4 MBON), DopR2attP/ VT026001-gal4 (g4 MBON),

DopR2attP

R58E02-LexA (g4-5 DANs), LexAOP-P2X2; VT026001Ggal4 (g4 MBON), UAS-GCaMP6s

Figures 7A–7D, S8A–S8D, and S8F–S8S:

w1118; R58E02-p65.AD (PAM DAN split)/ UAS-CsChrimson.mVenus; R22E04-Gal4.DBD (PAM DAN split)

w1118; R58E02-p65.AD (PAM DAN split)/ UAS-CsChrimson.mVenus; R22E04-Gal4.DBD (PAM DAN subset), DopR1null/ R22E04-

ZpGdbd (PAM DAN split), DopR1null

w1118; R58E02-p65.AD (PAM DAN split)/ UAS-CsChrimson.mVenus; R22E04-Gal4.DBD (PAM DAN split), DopR2attP/R22E04-

ZpGdbd (PAM DAN subset), DopR2attP
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METHOD DETAILS

Functional imaging
All functional imaging experiments were performed on an Ultima two-photon laser scanning microscope (Bruker Nanosystems)

equipped with a Chameleon Ultra II Ti:Sapphire laser. The excitation wavelength was 920 nm for all experiments except for FRET

imaging of the EPAC sensor, which was excited at 850 nm. Emitted fluorescence was detected with either photomultiplier-tube

or GaAsP photodiode (Hamamatsu) detectors. Images were acquired with an Olympus objective, either 40X, 0.8 NA or 60X, 1.0

NA at 512 3 512 pixel resolution. Quantification of neural activity was performed by normalizing fluorescence intensity changes

(DF/F) or CFP/YFP fluorescence ratio changes (DR/R) to control for variations in reporter expression and imaging parameters across

neurons and experiments. ROIs were manually drawn using anatomic landmarks. The inter-stimulus interval between KC stimulation

or odor presentation and DAN activation during conditioning was calculated by subtracting the onset of KC stimulation/odor presen-

tation (time zero) from the onset of DAN activation.

In ex vivo experiments, brains from 1-4 day old male or female flies were dissected in saline (108mMNaCl, 5 mMKCl, 2 mMCaCl2,

8.2 mMMgCl2, 4 mM NaHCO3, 1 mM NaH2PO4, 5 mM trehalose, 10 mM sucrose, 5 mM HEPES, pH 7.5 with osmolarity adjusted to

265 mOsm), briefly (45 s) treated with collagenase (Sigma #C0130) at 2 mg/mL in saline, washed with fresh saline, and then pinned

with fine tungstenwires to a thin Sylgard sheet (World Precision Instruments) in a 35mmPetri dish (Falcon) filledwith saline. For in vivo

imaging experiments in which we examined odor-specific modulation of g4 MBON responses (Figure 3F, S4E, and S4F), 1-4 day old

female flies were prepared as described previously (Cohn et al., 2015). For in vivo imaging experiments in which we examined odor-

specific modulation of odor and behavioral responses in the closed-loop assay (Figures 4 and S5), flies were prepared as described

previously (Green et al., 2017) with minor modifications. Briefly, 3-5 day old female flies were temporarily anesthetized using CO2

(for < 60 s) while tethering to amilled plastic holder (Green et al., 2017) using UV-curable glue (Loctite) applied to each eye and thorax.

The proboscis was glued in an extended position tominimize brainmotion during imaging. The dish was then filled with saline and the

cuticle covering the dorsal portion of the head was removed. Muscle 16 and obstructing trachea were removed. Care was taken to

keep the antennae and antennal nerves intact. On rare occasions, flies showed nomovement or odor responses andwere discarded.

Imaging in ex vivo brain explants
(Figures 2D, 2E, S3A–S3D, 5A–5E, S6A–S6H, 6A–6G, S7C, and S7D)

Stimulation of Kenyon Cells

Stimulation of Kenyon Cell dendrites was performed as described previously (Cohn et al., 2015). Briefly, glass-stimulating electrodes

were pulled to a resistance of 7–10 MU and filled with 10 mM acetylcholine (Sigma) in saline. Stimulating electrodes were positioned

into themushroombody calyx viewed under IR-DIC optics. Square voltage pulses (500ms, 0.1-15V for all imaging experiments) were

used to iontophorese acetylcholine into the calyx and excite Kenyon Cells. Pulse trains were generated by a stimulator (Grass Tech-

nologies) triggered by Prairie View software. The inter-trial interval for calycal stimulations was at least 20 s to assure activity levels

returned to baseline. On the rare occasion that MBON responses could not be evoked or were unusually variable in the absence of

conditioning, the mushroom body in other hemisphere of the brain was tested or the prep was discarded.

Activation of DANs expressing P2X2

To chemogenetically stimulate DANS in explant experiments (Figures 2D, 2E, S3A–S3D, 5A–5E, S6A–S6H, 6A–6G, S7C, and S7D),

R58E02-LexA or 73F07-LexA was used to drive expression of the P2X2 channel in either the PAM DANs or g2 DAN, respectively.

Glass stimulating electrodes pulled to a resistance of 7-10MUwere filled with 2 mMATP in saline and positioned dorsal to themush-

room body’s medial lobes, in the superior medial protocerebrum (Cohn et al., 2015) at the site of rich DAN dendritic innervation. To

validate that placement of the electrode in the superior medial protocerebrum drove activation of DANs, in a subset of experiments,

responses of DANs expressing GCaMP were directly measured. DANs were stimulated using a train of five 100-ms pulses at 2.5-5V

with an inter-pulse interval of 20 ms. Trains were generated by a stimulator (Grass Technologies) that was triggered by Prairie View

software. The inter-trial interval following DAN activation was at least 20 s.

Modulation of KC-MBON signaling

KC-evoked responses in the g2, g4, and g5 MBON were measured as the peak fluorescence evoked in the 2 s following KC stim-

ulation, normalized to baseline fluorescence (2-3 s prior to KC stimulation). To compare KC-evoked calcium responses in the g2,

g4, and g5MBON prior to and after conditioning (Figures 2D, 2E, S3C, S3D, 6E–6G, and S7D), two responses to KC stimulation prior

to pairing were averaged (‘pre’) and two responses to KC stimulation after pairing were averaged (‘post’) to control for any potential

inter-trial variability. To calculate the change in KC-evoked response in the MBONs due to conditioning in Figure 2E, S3C, and S3D,

the peak fluorescence response prior to pairing was subtracted from the response post pairing as schematized in Figure 2D.

To examine bidirectional modulation of g4 and g5MBON experiments in Figures S3A–S3C and 6E–6G or g2MBON in Figure S3D,

the inter-stimulus intervals (ISI, DAN onsetminus KC onset) used for conditioning were optimized to elicit themost robust plasticity. In

some explant preparations in Figures S3C and S3D, eachmushroom body was treated as an independent sample. Each data point in

Figures 2D, 2E, S3C, S3D, 6E–6G, and S7D represents plasticity evoked by a single conditioning trial within an independent sample.

In Figures S3A and S3B, where forward and backward pairing were performed within the same preparation, individual KC-evoked g4

MBON responses were plotted over time prior to and following conditioning trials. To examine deficits in g4MBON plasticity in dopa-

mine receptor mutants (Figures 6E–6G), wild-type and receptor mutant preparations were interleaved. The GCaMP responses of the
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g4 MBON in DopR2 mutants exhibited higher fluctuations than typically observed in wild-type animals but these were averaged out

across experiments and did not obscure KC-evoked responses.

Imaging of fluorescent reporters in KC and DAN axons

To quantify ER calcium release in the g4/g5 compartments of KC axons (OK107-Gal4 > UAS-ER-GCaMP-210) during conditioning,

we averaged the response for 1 s following KC activation (Figures 5D, 5E, 6C, 6D, and S7C) to account for the rapid kinetics of this

signal, the fact that ER calcium release was time-locked to KC stimulation, and its relatively low signal to noise (Figure S6H). ER-

GCaMP fluorescence was normalized by the mean intensity for 2-4 s prior to KC stimulation.

The GRABDA1m sensor was expressed in KC axons using the cell-type specific OK107-Gal4. TH,DDC-Gal4 driver was used to ex-

press VMAT-pHluorin in DANs and the 58E02-LexA driver was used to express GCaMP6s in the g4/g5 DANs. VMAT-pHluorin,

GRABDA1m, and TH,DDC traces exhibited a higher signal than ER-GCaMP, enabling us to use the peak response evoked in the

g4/g5 compartments during conditioning (Figures 5A–5C and S6A–S6C). VMAT-pHluorin, GRABDA1m, and GCaMP6s responses

were normalized by the mean intensity for 2-4 s prior to stimulation.

Ratiometric imaging of the FRET-based cAMP sensor, EPAC, wasmeasured in the g4/g5 KC axon segments (OK107-Gal4 > UAS-

EPAC) during conditioning (Figures 5D, 5E, S6G, 6A, and 6B). A Semrock filter set (#FF506-Di03-25x36, #FF01-483/32-25, #FF01-

534/30-25) was used to spectrally separate and monitor CFP and YFP emission and responses were imaged at 850 nm. The CFP/

YFP ratio was measured for each frame with an increase in this ratio corresponding to increased cAMP levels. To measure cAMP

evoked during conditioning, we averaged the CFP/YFP ratio for the 4 s following DAN activation to account for the slow kinetics

of this signal and the fact that cAMP was produced under all conditions and in response to direct DAN activation (Figure S6G).

The DAN-evoked CFP/YFP fluorescence was normalized to the CFP/YFP ratio in the 2-4 s prior to stimulation.

In Figures S6D–S6F, evoked levels of dopamine release (GRABDA1m), cAMP (EPAC), and ER calcium release (ER-GCaMP) in the

KC axons (OK107) in the proximal g2/g3 compartments and the PAM-innervated g4/g5 compartments were measured during con-

ditioning as described above to assess local production of second messengers along KC axons. For this comparison aggregated

cAMP and ER calcium data from wild-type animals in Figures 5D, and 6A, and 6C, and the data of dopamine levels in KCs from Fig-

ure S6C were re-analyzed to compare fluorescent responses across the distal (g2/g3) and proximal (g4/g5) compartments of the g

lobe. Compartmental boundaries were determined using anatomic landmarks. For Figures 5A–5E, S6A–S6D, S6G, S6H, 6A–6D, and

S7C all pairing conditions were tested in each brain preparation, and the order of pairing conditions tested was varied across exper-

imental preparations. In Figure 5F, cAMP and ER calcium responses from Figure 5E were normalized by the minimal and maximal

responses to determine the relative second-messenger signaling as a function of the ISIs used in conditioning. We then subtracted

the normalized cAMP signal from the normalized ER calcium signal, based on the assumption that these pathways work in opposition

to one another to regulate synaptic plasticity as indicated by the selective deficits in plasticity observed in the dopamine receptor

mutants. The standard error of the mean of cAMP and ER calcium responses were propagated.

YM-254890 (Gaq inhibitor) drug treatment

The Gaq inhibitor, YM-254890 (Wako Chemicals #257-00631), was applied (10 mM in DMSO) to the saline bathing an explant prep-

aration. Control experiments using saline with equivalent amounts of DMSOwere interleavedwith drug treatments to test the effect of

YM-254890.

Behavioral experiments in laminar flow chambers
(Figures 1B–1G, S1A–S1J, S2B–S2J, 2A, 2B, 3B–3D, S4B–S4D, 7A–7D, and S8A–S8S)

Chamber construction

Fly chamber component pieces were cut from acrylic sheets using a laser cutter. The lid and base of each chamber were cut from

transparent acrylic (Clear Cast Acrylic Sheet, 12’’ x 24’’ x 1/16,’’ McMaster Carr). Two holes on opposite sides of the lid were tapped

for 10-32 threaded Luer lock connectors. A single hole was cut in the base to allow flies to be loaded and unloaded. A spacer was cut

from a 3-mm black scratch-resistant acrylic sheet (McMaster-Carr) with a central empty chamber (20 mm x 50 mm) flanked by two

manifolds. Narrow channels were etched between the manifolds and central chamber using a low-power setting of the laser cutter.

This permitted airflow between the chamber and the manifolds while confining flies within the chamber. The dimensions of the inside

chamber were 20 mm x 50 mm x 3 mm. The base, spacer, and lid were glued together using acrylic solvent and the edges of the

chamber were further sealed with epoxy (Devcon 5 Minute� Epoxy) to make them airtight. 10-32 Luer connectors were screwed

into the top of the chamber and sealed around the edges with epoxy.

Behavioral set-up

Flies in chambers were assayed in a custom-built training and testing rig. Chambers were placed on a 3-mm thick acrylic sheet sus-

pended on aluminum posts above a 3 3 4 array of 627 nm LEDs (Luxeon Rebel). LEDs were attached to metal heat sinks (Mouser

#532-374624B32G), which were secured at 5 cm intervals to a 30 3 30 cm aluminum wire cloth sheet (McMaster-Carr #9227T53).

LEDs were driven by Recom Power RCD-24-0.70/W/X2 drivers, which were powered by a variable DC power supply. Infrared LED

strips (940 nm, LED Lights World) attached to the wire cloth between the heat sinks provided back-illumination of the platform.

A Firefly camera (Point Grey) was mounted in a central hole within an acrylic lid suspended 30 cm above the platform on aluminum

posts. Flies were recorded at 30 frames/s. Odor presentation and airflow were controlled using 3-way micro solenoid valves. A vac-

uum line was used to draw air into each chamber at a rate of 0.75-1.25 L/min/chamber. Two valves were used to control the direction

of airflow, and additional valves were used to switch between clean air and different odors. Valves were powered by a 12 V DC power
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supply and switched on and off using VO14642AT solid state relays. Chamber design and valve system are shown in Figure S1A.

Valve relays and LED drivers were controlled by the output pins of an Arduino running custom software. Custom software written

in C was used for data acquisition and instrument control during individual trials of odor/light presentation. Python scripts were

used to execute sequences of trials.

Odor stimulation

Odorants were placed in glass bottles with lids containing two Luer connectors. One connector was attached to an odor inlet valve

and the other was left open to allow room air to enter the bottle. By default, air entered the apparatus through a bottle containing

distilled water. To deliver odor pulses, the solenoid valve to the water bottle was closed while simultaneously opening the valve to

an odor bottle. The valves were then switched back to their resting position after the specified odor presentation interval (Figure S1A).

For each baseline, post-forward pairing, and post-backward pairing trial, animals experienced two odor presentations for each

odor tested—one presentation originating from the top of the chamber the other originating from the bottom. The air-flow direction

across the chamber was switched 19 s prior to odor onset and 20 s after odor offset. The mean upwind displacement for the group of

flies for the two odor presentations originating from the top and bottom of the chamber was used to assess odor-tracking behavior for

each trial. This was done to control for any variability in air/odor flow between the two chamber sides. All training trials lasted 11.6 s

except for training trials in Figures 2A and 2B, which lasted 20 s to accommodate the longer inter-stimulus intervals between LED and

odor presentation. Testing trials began 60 s after a training trial.

Pure apple cider vinegar (Heinz) was used for testing and training for experiments in Figures 1B–1G, S1B–S1J, S2B–S2J, 2A, 2B,

7A–7D, and S8A–S8S. The two odorants used in Figures 3A–3D and S4A–S4C to test for odor-specific behavioral modulation were

isobutyl acetate (odor 1) and 4-methylcyclohexanol, cis+trans (odor 2); the two odors used in Figure S4Dwere benzaldehyde (odor 1)

and 1-hexanol (odor 2). All monomolecular odors were diluted 1:1000 in heavy mineral oil. All odor presentations were 2 s in duration.

Optogenetic activation of DANs

PPL and PAMDANs expressing the light sensitive ion channel, CsChrimson, were activated using 1 s illumination with 627 nm LEDs.

Split-Gal4s were used to drive CsChrimson in either the PAM cluster (MB042B) or PPL cluster (MB504B) DANs. The intensity of light

within each chamber during LED illumination was approximately 18-40 mW/mm2.

Associative conditioning

4-7 flies were loaded into each chamber through the bottom port using a mouth pipette. The exact number of flies used per exper-

iment is referenced in the table below. The bottom port was sealed with a piece of transparent Scotch tape after loading. Chambers

were aligned in an acrylic frame on the imaging platform and connected in parallel to air inlets using Tygon tubing.

To examine how odor tracking was altered from a single forward pairing (FP) conditioning trial (Figure S1B), PPL > Chrimson an-

imals experienced five baseline trials followed by a single forward pairing trial in which apple cider vinegar (ACV) was presented for

2 s, and LED illumination was provided during the final second of odor presentation. Animals then experienced 15 odor test trials to

assess the time course of memory decay. To assess the ability of backward pairing (BP) to reverse a negative association following

forward pairing (Figure S1C), PPL > Chrimson animals were conditioned as described above, however, after a single odor test trial,

animals were conditioned by backward pairing in which the onset of a 1 s pulse of LED illumination preceded ACV presentation by 2 s.

Animals then experienced 14 odor test trials post-BP to examine the decay in the memory formed by backward pairing. To examine

the effect of a single backward pairing trial on nominally naive PAM > Chrimson flies, the baseline upwind displacement in a single

odor trial was compared to the displacement in the first test odor trial immediately following a single backward pairing conditioning

trial (Figure S1F).

For experiments examining how behavioral tracking was modulated by interleaving forward pairing and backward pairing (Figures

1B–1G, S1D, S1E, S1I, S1J, S2B–S2J, 7A–7D, and S8A–S8D), animals were conditioned as above but with 25 training trials of forward

pairing and 25 trials of backward pairing interleaved between test trials. To assess whether odor re-exposure or DAN re-activation

alone (Figures S1G–S1J) could erode forward pairing associations to the same extent as backward pairing, 25 forward pairing trials

were interleaved with 25 trials with the same timing as backward pairing but with either the odor or DAN stimulation omitted.

To examine how varying the inter-stimulus interval (ISI) of odor and DAN stimulation during conditioning altered behavioral tracking

(Figures 2A and 2B), five different ISIs were tested with 10 trainings of each interleaved in a random order over the course of an exper-

iment. The randomization of ISI tested was used to account for any dependence on the trial structure.

To examine how a single reinforcement can instruct multiple odor-specific associations (Figures 3A–3D and S4A–S4D), we trained

flies with two monomolecular odorants which were sequentially presented in each baseline, post-FP, and post-BP trial. During the

conditioning trials, each odorant was presented for 2 s with a 1 s inter-stimulus interval of clean air. PAM > Chrimson activation

began 1 s after the start of the first odor presentation and 2 s prior to the presentation of the second odor. Experiments consisted

of 25 training trials in which odor 1 was forward paired and odor 2 was backward paired and 25 training trials in which odor 2

was forward paired and odor 1 was backward paired. Training trials in which odor 1 was forward paired and odor 2 was backward

paired were interleaved with training trials where odor 2 was forward paired and odor 1 was backward paired.

To compare baseline locomotor parameters and odor tracking behavior in nominally naive wild-type and dopamine receptor

mutant PAM > Chrimson animals (Figures S8E–S8S), responses to ACV were measured over 9 odor trials, with each odor trial

consisting of one odor presentation originating from the top of the chamber and one originating from the bottom as described above.

Various behavioral metrics of wild-type, DopR1�/�, and DopR2�/� animals prior to and during the odor were compared across

genotypes. Analysis of behavioral metrics is described below.
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All experiments were performed in the dark. Chambers were cleaned at the beginning or end of each experimental day by using a

syringe to flush them thoroughly with water followed by 70% ethanol. Chambers were not cleaned between experiments within the

same day; no difference in behavior was observed across subsequent experiments within the same day when testing with the same

conditioning paradigm. Behavioral responses to ACV were often variable in the first 1-2 baseline trials and were discarded from anal-

ysis to assure a stable readout of nominally naive attraction.

Tracking of fly trajectories and behavioral analysis

(Figures 1B, S2B–S2J, and S8F–S8S)

The trajectories of individual flies were tracked across trials to examine howbehavioral metrics were altered as a result conditioning

(Figures S2B–S2J), or to compare locomotor characteristics of wild-type, DopR1�/�, and DopR2�/� animals (Figures S8F–S8S) by

capturingmovies of flies throughout the trial. A background image was generated by taking themaximum value of each pixel over the

entiremovie. To account for fluctuations in illumination intensity, this background imagewas rescaled frame-by-frame by the average

pixel intensity. After subtracting the rescaled background, the image was bandpass-filtered, and flies were detected with a local

maximum-finding algorithm (derived from the function pkfnd.m, which can be found at http://site.physics.georgetown.edu/

matlab/code.html). Centroid positions of flies were then calculated from the original background-subtracted image using the function

cntrd.m (http://site.physics.georgetown.edu/matlab/code.html). Fly localizations from individual frames were combined into multi-

frame tracks using the function track.m (http://site.physics.georgetown.edu/matlab/code.html). The Y-axis and X-axis were defined

as the axes parallel or perpendicular to the air/odor stream, respectively. For Figures S2B–S2J and S8F–S8S, X and Y speeds were

defined as the absolute values of the velocity components in the X and Y directions. To examine Y-speed exclusively in moving an-

imals a threshold of > 1 pixel/s (0.3 mm/s) was used to identify walking animals. The fraction of stationary flies was defined as the

proportion of animals moving < 0.3 mm/s; the fraction of animals walking sideways was defined as the proportion of flies moving >

0.3 mm/s and within ± 45 degrees of the X axis; and the fractions of animals walking upwind or downwind were defined as the pro-

portions of animals moving > 0.3 mm/s and within ± 45 degrees of the positive or negative Y axis, respectively.

Center of mass tracking

(Figures 1C–1G, S1B–S1J, 2A, 2B, 3B–3D, S4B–S4D, 7A–7D, and S8A–S8D)

To measure the aggregate behavior of groups of flies, background subtraction was performed as above, and background noise

was further suppressed by setting to zero all pixels below an empirically determined threshold. The same threshold was applied

to all chambers in an experiment depending on background illumination to improve tracking accuracy. The centroid position of all

flies was then calculated for each background-subtracted frame. Upwind center-of-mass velocities were smoothed using a 15-frame

moving average across each testing trial. The upwind velocity raster plots for each trial show animal behavior over an 11 s time win-

dow with odor on between 4-6 s. Upwind displacement during odor presentation was defined as the difference in center-of-mass

position along the airflow direction between time of odor onset and time of odor offset. Change in upwind displacement after con-

ditioning was calculated by subtracting the upwind displacement in the trial immediately preceding the conditioning trial from the

upwind displacement in the trial immediately following the conditioning trial. This was done for all conditioning trials across each

experiment. The mean change in upwind displacement across all training trials of the same training paradigm in an experiment

was used to compare behavioral modulation across different conditioning paradigms and genotypes. Positive changes in upwind

displacement indicate increased upwind odor tracking and negative changes indicate decreased upwind odor tracking. To compare

upwind displacement after a single forward-paired or backward-paired conditioning trial (Figures S1B, S1C, and S1F) the raw upwind

displacement values in the center of mass of flies in odor trials immediately preceding and following conditioning were compared to

assess the effects of conditioning. In Figure S1B the upwind displacement in the first two odor trials following forward pairing were

compared to assess initial memory decay. For dopamine receptor mutants (Figures S8C and S8D), the raw upwind displacement

values in the center of mass of flies post-forward pairing and post-backward pairing were compared between wild-type and mutant

animals. The total number of experiments and flies used in the laminar airflow system is listed belowwith related Figure references on

the left.
Figure Genotype Experiments (N) Total flies

Figures 1D–1G and S2B–S2J PAM (MB042B) > CsCh 8 48

Figures 1D–1G and S2B–S2J PPL (MB504B) > CsCh 8 48

Figure S1B PPL (MB504B) > CsCh 11 66

Figure S1C PPL (MB504B) > CsCh 11 66

Figure S1D and S1E CsCh 8 48

Figure S1F PAM (MB042B) > CsCh 8 44

Figures S1I and S1J PAM (MB042B) > CsCh (FP-BP experiment) 7 43

Figures S1I and S1J PPL (MB504B) > CsCh (FP-BP experiment) 7 42

Figures S1G, S1I, and S1J PAM (MB042B) > CsCh (FP-Odor Alone) 7 42

Figures S1G, S1I, and S1J PPL (MB504B) > CsCh (FP-Odor Alone) 8 48

(Continued on next page)
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Continued

Figure Genotype Experiments (N) Total flies

Figures S1H–S1J PAM (MB042B) > CsCh (FP-DAN Alone) 8 48

Figures S1H–S1J PPL (MB504B) > CsCh (FP-DAN Alone) 8 48

Figures 2A and 2B PAM (MB042B) > CsCh 6 34

Figures 2A and 2B PPL (MB504B) > CsCh 6 34

Figures 2A and 2B CsCh 7 38

Figures 3A–3C PAM (MB042B) > CsCh 8 48

Figures S4A–S4C CsCh 7 42

Figure S4D PAM (MB042B) > CsCh 11 55

Figure S4D CsCh 9 45

Figures 7A, 7C, S8A, and S8C PAM (MB042B) > CsCh (controls for DopR1�/�) 7 42

Figures 7A, 7C, S8A, and S8C PAM (MB042B) > CsCh, DopR1�/� 7 42

Figures 7B, 7D, S8B, and S8D PAM (MB042B) > CsCh (controls for DopR2�/�) 7 37

Figures 7B, 7D, S8B, and S8D PAM (MB042B) > CsCh, DopR2�/� 7 42

Figures S8F–S5S PAM (MB042B) > CsCh 4 20

Figures S8F–S5S PAM (MB042B) > CsCh, DopR1�/� 4 20

Figures S8F–S5S PAM (MB042B) > CsCh, DopR2�/� 4 20
Conditioning with multiple odors in tethered flies
(Figures 3E, 3F, S4E, and S4F)

Tethered flies were stimulated with odor by directing a continuous stream (400mL/min) of clean air through a 2mmdiameter teflon

tube directed at the fly’s antenna (carrier stream). 5% of the total airstreamwas diverted through the headspace of either an empty or

odor filled 10mL glass vial (odor stream). At a trigger, a custom-built solenoid valve controller system redirected the odor stream from

the empty vial to the vial containing various odorants diluted 1:10 in heavy mineral oil (Sigma). The odorants used in Figure 3F were

isobutyl acetate (odor 1) and cis+trans 4-methylcyclohexanol (odor 2). The odorants used in Figure S4E were 1-hexanol and benz-

aldehyde. For half of the experiments in Figure S4E, 1-hexanol was odor 1 and benzaldehyde was odor 2; for the other half of exper-

iments the odor identities were reversed. Each odor presentation was 2 s in duration. Each odor was presented 2-4 times during

baseline and post-pairing trials and the responses in the g4 MBON for each odor were averaged. Odor-evoked responses in the

g4 MBON were normalized by the mean fluorescence for 10 s prior to odor presentation. In Figures 3F, S4E, and S4F, 58E02-

DANs expressing the P2X2 channel were activated as described above. During conditioning trials, the two odors were each pre-

sented for 2 s. DANswere stimulated using four 100-ms pulses at 5Vwith an inter-pulse interval of 20ms. The DAN stimulation started

1.5 s after the start of the first odor presentation and 1.7 s prior to the presentation of the second odor. The delay between odor 1 and

odor 2 during conditioning was 1.2 s. The presentation order of odor 1 and odor 2 during conditioning was alternated between sub-

sequent conditioning trials. Odor-evoked responses were measured by taking the peak fluorescence during the 2 s odor presenta-

tion. To compare the odor-specificmodulation in the g4MBONacross odor pairs (Figure S4F), themean peak response for each odor

prior to a conditioning paradigmwas subtracted from the mean peak response for each odor immediately post pairing; the change in

evoked responses for odor 1 and odor 2 following conditioning were compared. The animals plotted in Figures 3F and S4E had expe-

rienced prior conditioning in which odor 1 was backward paired and odor 2 was forward paired. The inter-trial interval between all

odor presentations and conditioning trials was at least 20 s.

Conditioning with electric shock in tethered flies
(Figure S3D)

Animals were tethered to a holder as above (Green et al., 2017) but modified to include a polypropylene Luer with a 2 mm opening

directed at the antenna of the fly for odor delivery. Odor stimulation was performed as described above, however, in these experi-

ments 40% of the total airstream was diverted through the headspace of a glass vial filled with pure ACV to ensure consistent re-

sponses in the g2 MBON. ACV was presented twice to each fly in baseline, post-FP, and post-BP trials and were normalized and

averaged as described above. If the g2MBONs in both hemispheres were visible in the same imaging plane, odor-evoked responses

from both output neurons were averaged together. After positioning the fly under the microscope, two copper washers were pre-

cisely placed under visual control to make contact with either side of the fly’s abdomen. Electrical leads from the two washers

were connected to a stimulator (Grass Technologies), which was used to apply two 1 s shocks of 70 V that were separated in

time by a 200 ms delay. In forward pairing trials, odor onset preceded shock onset by 500 ms. In backward pairing trials, the onset

of shock preceded odor onset by 3 s. The mean peak response in the g2 MBON immediately prior to a conditioning trial was sub-

tracted from the response following either forward or backward pairing to assess the change in odor-evoked responses as a conse-

quence of conditioning. The inter-trial interval between all odor presentations and conditioning trials was at least 20 s.
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Behavioral and functional imaging in closed-loop system
(Figures 4 and S5)

Closed-loop system

An air-supported foam ball (�6.5 mm diameter, Matsubara Sangyo Co.) was modified based on prior work (Green et al., 2017; Seelig

and Jayaraman, 2015) and positionedwithin the fly’s grasp to allow the fly to ‘walk’ on the ball during imaging. On the rare occasion an

animal could notmaintain control of the ball because of its placement on the ball, the trial was discarded. The ball was recorded at 60-

61 fps using a Point Grey Firefly Camera with Infinity Lens (94 mm focal length) focused on the ball, which was illuminated by infrared

LED lights. Ball rotation was calculated in real time using FicTrac software (Moore et al., 2014) running on Ubuntu 12.04 on computers

with processors with speeds of at least 3GHz. The heading of the fly, as calculated by FicTrac, was transmitted to an Arduino Mega

via serial port. Custom Arduino code was used to translate heading into tube position controlled by motors described below.

The closed loop air-delivery systemwas custom designed usingOnShape (https://www.onshape.com) and 3D printed using Visijet

Crystal material at XHD resolution in a 3DSystems Projet 3510 HD Plus. O-ring OD and ID Gland surfaces were designed with excess

material for printing then manually modified on a lathe for improved RMS [surface] finishing. Tube rotation over 360 degrees was

driven by a bipolar stepper motor (Pololu #1206) controlled through a A4988 Stepper Motor Driver Carrier (Pololu #2980) coupled

by aDust-Free Timing Belt XL Series, 1/4’’Width (McMaster-Carr, 1679K121, TradeNo. 130xL025) to the rotating tube system,which

rotated mounted on an Ultra-Corrosion-Resistant Stainless Steel Ball Bearing (3/4’’ Shaft Diameter, 1-5/8’’ OD, Mcmaster-Carr

5908K19). Air channel was kept airtight using oil resistant o-rings (1/16 Fractional Width, Dash Number 020, Mcmaster-Carr

2418T126). Motor rotation was measured by a rotary encoder (CUI Inc., AMT10 Series) that was used in order to correct for skipped

steps.

Odor stimulation in walking flies in the closed loop system

Odor stimulation was achieved by directing a continuous stream (400 mL/min) of clean air through a 2 mm diameter tube made of

Visijet Crystal material directed at the fly’s antenna. 20%of the total airstreamwas diverted through the headspace of a 500mL glass

bottle containing water. At a trigger, a custom-built solenoid valve controller system redirected the odor stream from the water bottle

to a bottle containing pure ACV. A 10 s odor presentation was used to allow the fly time to respond to and track the odor. Shorter odor

presentations led to less consistent tracking in naive animals, potentially due to the need to compensate for the inertia of the ball. In

baseline and test trials after forward pairing and backward pairing, animals were presented with two 10 s ACV odor presentations

separated by 30 s of clean air. The peak odor-evoked fluorescence in the g4 MBON and the total upwind displacement in ACV

for the two 10 s odor presentations were averaged together for baseline and test trial measurements. Odor responses in the g4

MBON were normalized by the mean intensity of the GCaMP signal in the 10 s prior to the first odor presentation in each baseline

and test trial. The odor-evoked responses in the g4MBON in both hemispheres were averaged for analysis except in one preparation

where the g4 MBON was visible in only one hemisphere. Due to a small latency in image capture rate, a systematic delay was intro-

duced in image sequences between baseline, post-forward pairing, and post-backward pairing test trials to properly align odor de-

livery with neural responses.

Conditioning of flies in the closed loop system

The intersectional driver MB042Bwas used to express UAS-ChrimsonR.mCherry in the PAMdopaminergic cluster. For conditioning,

ChrimsonR activation was performed by 1 s constant illumination of 565 nm (CoolLED, PE-100) light of approximately 150 mW/mm2

intensity directed at the brain of the fly through the microscope objective. The LED was triggered using Prairie View software.

Tethered animals expressing UAS-ChrimsonR.mCherry in PAM neurons and LexAOP-GCaMP6s in the g4 MBON were placed on

an air-supported foam ball under the two-photon microscope and allowed time to acclimate until consistent walking was initiated.

Each fly then experienced 3-4 full training paradigms consisting of a baseline trial, a forward-paired conditioning trial (ACV was pre-

sented for 10 s with LED illumination during the last second), a post-FP test trial, a backward-paired conditioning trial (DANs were

activated for 1 s using LED illumination and then 1 s later a 10 s ACV presentation), and a post-BP test trial. The delay between

the end of a conditioning trial and start of a testing trial was 40 s.

The difference in upwind position from ACV onset and ACV offset was used to calculate the upwind displacement of the fly in the

odor presentation. The upwind displacement in clean air was also measured for the 10 s prior to each odor presentation to control for

odor-independent modulation in behavior. If behavioral tracking was dropped by FicTrac at odor onset or offset, the behavioral anal-

ysis of upwind displacement for that odor presentation was excluded from the analysis. The change in upwind displacement after

forward and backward pairing wasmeasured by subtracting themean upwind displacement in the odor trials preceding forward pair-

ing or backward pairing from the odor trials immediately following conditioning. Likewise, the change in the g4MBON response after

forward and backward pairing was measured by subtracting the mean odor-evoked GCaMP response in odor trials preceding for-

ward pairing or backward pairing from themean response in odor trials immediately following conditioning. A 500ms delay was intro-

duced to both measurement of upwind displacement and peak neural response to account for the lag in odor delivery from the odor

vial to the antennae of the animal. The behavioral and neural modulation were plotted for each of the 3-4 training paradigms per an-

imal to examine trial-to-trial variability (Figures 4F, gray dots, and S5B, S5D, and S5G). In addition, the mean of trials during the 3-4

training sessions per animal were analyzed to examine animal-to-animal variability (Figures 4C–4F, black dots, and S5A, S5C,

and S5F).
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Immunohistochemistry
Day 1 adult brains were dissected in Schneider’s media (Sigma) then immediately transferred to cold 1% PFA (Electron Microscopy

Sciences) and fixed overnight at 4�C. Following overnight incubation samples were washed in PAT3 Buffer (0.5% BSA/0.5% Triton/

1X PBS pH 7.4) 3 times. Brains were blocked in 3% Normal Goat Serum for 90 minutes at RT. Primary antibodies 1:2000 rabbit anti-

DAMB (Figure S7B) (a gift from Ronald Davis) (Feng et al., 1996), 1:20 guinea pig anti-DopR (Figure S7B) (Lebestky et al., 2009),

1:1000 chicken anti-GFP (Abcam ab13970) (Figure 1A) and 1:50mouse anti-brp (Developmental Studies HybridomaBank nc82) (Fig-

ure 1A) were incubated 3 hours at RT then 2-3 days at 4�C. Brains were washed extensively in PAT3 Buffer. Secondary Alexa Fluor

antibodies (Life Technologies) were incubated 3 hours at RT then 2-3 days at 4�C. Brains were washed 3 times in PAT3 Buffer then

once in 1X PBS. Samples were mounted in Vectashield (Vector Laboratories). Images were captured on a Zeiss LSM 880 using a

Plan-Apochromat 20X (0.8 NA) objective.

RNA Isolation and qRT-PCR
(Figure S7B)

Total RNA was isolated from the dissected brains of eight 1-day-old adult wild-type and DopR1�/� females. RNA was extracted

using Qiazol reagent (QIAGEN) then column purified by RNeasy micro kit (QIAGEN). cDNA was generated using Quantitect Reverse

Transcriptase kit (QIAGEN). Taqman real-time qPCR experiments were performed on a QuantStudio 12K Flex Real-Time PCR Sys-

tem (Thermo Fisher Scientific) following the manufacturer’s instructions. Data were analyzed using the comparative 2DDCt method

using alphaTub84B as an endogenous control. The average fold-change relative to wild-type was calculated. The following Taqman

assays from Life Technologies were used: alphaTub84B (Dm02361072_s1) and DopR1 (Dm02134814_m1).

Experimental Design
The experimenter was not blinded to animal genotypes. All behavioral experiments were performed across multiple days. To control

for any variation in chamber construction, a given genotype was assessed using different chambers located at different positions in

the behavioral apparatus. Experimental and control genotypes were collected in parallel. For functional experiments, receptor

mutant genotypes and drug treatment conditions were interleaved when applicable. To control for trial history, the order of inter-stim-

ulus intervals tested in an independent sample in Figures 5A–5D, S6A–S6C, 6A–6D, and S7C were varied across experiments. No

statistical methods were used to predetermine sample size.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using Prism andMATLAB with Bonferroni correction to p values when multiple comparisons were

performed. The Shapiro-Wilk normality test was used to assess normality across all individual experiments. If the null hypothesis was

rejected, Wilcoxon match-pairs signed rank or Mann-Whitney tests were used to compare for differences between two groups;

otherwise, paired or unpaired t tests were used. All tests were two-tailed. Ordinary one-way ANOVA was used to test for differences

across the three genotypes of wild-type, DopR1�/�, and DopR2�/� animals in locomotor parameters and odor tracking behavior (Fig-

ures S8F–S8S). A RMone-way ANOVAwith Geisser-Greenhouse correction was used to test for differences in DAN activation, VMAT

release, and extracellular dopamine levels between FP, BP, and DAN activation (Figures S6A–S6C). One-sample t-tests or Wilcoxon

signed-rank tests against zero were used to assess the significance of changes in KC- or odor-evoked responses in the g2, g4, and

g5 MBONs (Figures 2E, S3C–S3E, and 4E), behavioral modulation after conditioning trials (Figures 1F, 1G, S1E, 4C, and 4D), and

changes in cAMP and ER-calcium levels in KC axons during conditioning (Figure 5E). Spearman’s rank correlation was used to mea-

sure the correlation between changes in upwind displacement in odor and the change in odor-evoked calcium responses in the g4

MBON across individual trials or averages for each animal (Figures 4F). The sample size for each experiment is indicated in the cor-

responding figure legend. For behavioral chamber experiments, the number of experiments is indicated in the figure legend and the

number of flies used across all experiments can be found in the corresponding methods section. For functional imaging experiments,

individual flies were treated as independent samples except in some explant experiments in Figures S3C and S3D where each hemi-

sphere of the brain was treated as an independent sample and in Figures 4F and S5B, S5D, and S5G where each of the 3-4 condi-

tioning trials for each animal across all 8 animals are plotted independently to show trial-to-trial variability (noted in figure legend).

DATA AND CODE AVAILABILITY

Customized MATLAB and Python scripts, C software, CAD files, and data in this paper are available upon request to the Lead

Contact.
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Figure S1. Forward and Backward Conditioning Drives the Formation of Opposing Olfactory Associations, Related to Figure 1
(A) Schematic of odor tracking chamber assay showing airflow switch across manifolds between odor presentations.

(B) Left: Mean upwind displacement for flies in apple cider vinegar (ACV) odor during 3 baseline trials and 15 trials following a single forward pairing (FP) of ACV

with optogenetic activation of PPL > CsChrimson animals (post-FP trials highlighted in gray). Right: Raster of mean upwind velocity of flies for the corresponding

trials.

(C) Same as in (B) except after a single post-FP trial, flies subsequently experienced a single backward pairing (BP). Paired t test with Bonferroni correction:

***p % 0.001, ** % 0.01, NS R 0.05. For (B-C) n = 11 experiments; black arrowheads mark time when FP and BP was performed.

(D) Raster plot of mean upwind velocity of flies (left) and upwind displacement (right) using the same protocol as in Figure 1B except using CsChrimson flies

lacking a Gal4 driver.

(E) Change in odor-evoked upwind displacement after FP and BP using CsChrimson flies lacking a Gal4 driver. n = 8 experiments. One-Sample t test against zero

with Bonferroni correction: *p < 0.05, NS R 0.05.

(F) Upwind displacement in ACV odor comparing baseline naive odor attraction and attraction following a single backward pairing (post-BP) trial of odor paired

with optogenetic activation of PAM > CsChrimson animals, n = 8 experiments. Paired t test: **p % 0.01.

(G) Top: Protocol for training was the same as in Figure 1B except instead of alternating forward and backward pairing, flies experienced alternating forward

pairing and 2 s re-exposure to ACV (Odor Alone) during the training trial.

(H) Top: Protocol for training was the same as in to Figure 1B except instead of alternating forward and backward pairing, flies experienced alternating forward

pairing and 1 s LED illumination used to re-activate DANs expressing CsChrimson (DAN Alone). Bottom (G-H): Mean raster plot of upwind velocity of flies (left) and

upwind displacement in odor (right). PPL > CsChrimson (CsCh) shown in teal; PAM > CsCh shown in magenta.

(I) Mean change in upwind displacement comparing behavioral modulation resulting from alternating forward pairing (FP) and backward pairing (BP); or alter-

nating forward pairing (FP) with re-exposure to odor alone (Odor); or alternating forward pairing (FP) with DAN stimulation alone (DAN) for PPL > CsChrimson and

PAM > CsChrimson flies.

(J) Re-exposure to odor alone (Odor) or DAN alone (DAN) lead to weaker modulation of behavior than backward pairing (BP) for both PPL > CsChrimson (teal)

and PAM > CsChrimson animals (magenta), n = 7-8 experiments. Mann-Whitney test with Bonferroni correction: ***p % 0.001, ** % 0.01. All data represent

mean ± SEM.
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Figure S2. Forward and Backward Conditioning Modulates Multiple Aspects of Behavior, Related to Figure 1

(A–J) Multiple behavioral metrics are altered by forward pairing (post-FP) and backward pairing (post-BP) in PPL > CsChrimson (CsCh) and PAM > CsChrimson

(CsCh) flies (same experiments as shown in Figures 1B–1G). For each panel, traces at left represent mean behavior over the duration of trial (time of odor stimulus

denoted by gray box). Graphs at right quantify mean behavioral response in the odor. FP and BP represent behavior in trials after forward pairing and backward

pairing respectively.

(A) Schematic of chamber with the definition of X and Y axis relative to the direction of the air/odor flow shown.

(B) Speed in the Y direction (upwind or downwind movement) for all flies.

(C) Speed in the Y direction for only flies walking.

(D) Upwind velocity for all flies.

(E-F) Speed in the X direction (movement left or right within the chamber) (E) and crosswind velocity for all flies (F).

(G) Fraction of flies walking upwind.

(H) Fraction of flies stationary.

(I) Fraction of flies walking downwind.

(J) Fraction of flies walking crosswind. Flies were considered walking (not stationary) when their speed was > 1 pixel/s or 0.3 mm/s, n = 8 experiments. See STAR

Methods for details of behavioral analyses. Wilcoxon match-paired sign rank test: **p % 0.01, NS R 0.05. All data represent mean ± SEM.
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Figure S3. Relating Behavioral and Neural Modulation, Related to Figure 2

(A) Mean KC-evoked GCaMP6s response in the g4 MBON prior to and after forward pairing (ISI = 0.5 s) or backward pairing (ISI = �1.2 s) using the same

mushroom body explant preparation shown in Figure 2C. Two baseline trials are shown prior to forward pairing of KC and g4 DAN activation. Following forward

pairing (indicated by first dashed line), 10 responses to KC stimulation are shown prior to backward pairing (indicated by second dashed line). Two KC-evoked

calcium responses in g4 MBON are shown after backward pairing, n = 6 flies. Black arrowheads mark times of KC stimulation by iontophoresis of acetylcholine

into the calyx. DANs expressed P2X2 andwere activated by iontophoresis of ATP. Below: Heatmap of fluorescence changes in g4MBONdendrites evoked by KC

stimulation for each time point from a representative experiment (maximum intensity).

(B) Same as in (A) except backward pairing was performed first and forward pairing was performed second n = 6 flies. Black arrowheads mark times of KC

stimulation.

(C) KC-g5 MBON signaling is bidirectionally modulated by forward and backward pairing. Left: g5 MBON responses to direct KC stimulation (black arrowhead)

prior to (left) and after (right) forward pairing (ISI = 0.5 s, n = 8 MBONs, 7 flies) and backward pairing (ISI = �1.2 s, n = 6 MBONs, 6 flies) of KC and g5 DAN

activation. Right: Change in KC-evoked g5 MBON response post-forward pairing (post-FP) and post-backward pairing (post-BP).

(D) Same as in (C) except for g2MBON responses prior to (left) and after (right) forward pairing (ISI = 0 s, n = 6MBONs, 4 flies) and backward pairing (ISI =�1.2 s,

n = 7 MBONs, 7 flies) of KC and g2 DAN activation. One-sample t test against zero with Bonferroni correction: ***p % 0.001, ** % 0.01.

(E) Left: Schematic for conditioning fly with apple cider vinegar (ACV) odor and electric shock. Middle: Odor-evoked responses in the g2 MBON during baseline,

post-FP, and post-BP performed sequentially within the same animals. Right: Change in odor-evoked calcium response in g2MBON post-FP and post-BP, n = 7

flies. Signed Rank Test against zero with Bonferroni correction: * < 0.05. All data represent mean ± SEM.
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Figure S4. A Single Reinforcement Instructs Multiple Olfactory Associations, Related to Figure 3

(A) Behavioral training protocol, same as in Figure 3A (Odor1 is isobutyl acetate: Iba; Odor2 is 4-methylcyclohexanol: Mch).

(B and C) Same analysis as in Figures 3B and 3C except using CsChrimson flies, n = 7 experiments. Paired t test with Bonferroni correction: NS p R 0.05.

(D) Same behavioral protocol as in Figure 3A and analysis as in 3C except using different odors. Odors used were benzaldehyde (Odor1, Benz) and 1-hexanol

(Odor2, Hex). Left: PAM > CsChrimson flies, n = 11 experiments. Right: Control CsChrimson flies, n = 9 experiments. Wilcoxon match-paired sign rank test with

Bonferroni correction: **p % 0.01, NS R 0.05.

(E) Examining changes in g4 MBON after training with two odors and a single DAN reinforcement as in 3F except the two odors used were benzaldehyde (Benz)

and 1-hexanol (Hex), n = 4 flies.

(F) Change in g4MBON response to Odor1 (pink) and Odor2 (green) after Odor1 was forward paired and Odor2 backward paired (left points) and after Odor1 was

backward paired and Odor2 forward paired (right points). Open circles: Data using Iba and Mch odor pairs (5 flies). Closed circles: data using Benz and Hex odor

pairs (4 flies). Wilcoxon match-paired sign rank test with Bonferroni correction: **p % 0.01. All data represent mean ± SEM.
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Figure S5. Synchronous Recordings of Neural and Behavioral Plasticity in Individual Flies, Related to Figure 4

(A) Mean upwind displacement in 10 s apple cider vinegar (ACV) odor during baseline, post-forward pairing (post-FP), and post-backward pairing (post-BP) trials,

n = 8 flies. Each gray data point represents the mean upwind displacement across 3-4 conditioning protocols performed in an individual animal.

(B) Same as in (A) except for all training trials, n = 27 training trials across same 8 flies.

(C) Mean odor-evoked g4 MBON responses in baseline, post-FP, and post-BP trials for the same 8 flies.

(D) Same as in (C) except for all training trials, n = 27 training trials across same 8 flies.

(E) Fictive 2D trajectories for representative individual fly (same as shown in Figure 4B) but for the 10 s prior to odor stimulation when animal was walking in a clean

air stream.

(F) Same as in (A) except plotting mean upwind displacement in 10 s clean air prior to odor.

(G) Same as in (B) except mean upwind displacement in 10 s clean air prior to odor. Wilcoxon matched-pairs signed rank test with Bonferroni correction:

***p % 0.001, ** % 0.01, * < 0.05, NS R 0.05. Data are from the same flies as in Figure 4. All data represent mean ± SEM.
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Figure S6. Second Messenger Pathways Are Sensitive to the Order of KC and DAN Input, Related to Figure 5
(A) GCaMP6s responses in g4/g5 DANs activated by ATP iontophoresis with co-expressed P2X2 channel (left). Peak DAN calcium response during forward

pairing (FP), backward pairing (BP) and DAN alone (right) n = 5 flies.

(B) VMAT-pHluorin fluorescence used to measure synaptic vesicular release from g4/g5 DANs activated by DAN stimulation (left). Peak fluorescent signal of

VMAT-pHluorin from traces during FP, BP, and DAN alone (right), n = 5 flies.

(C) Dopamine sensor (GRABDA1m) expressed in KC axons and measured in the g4/g5 compartments during DAN stimulation (left). Peak fluorescent response of

GRABDA1m signal during FP, BP, and DAN alone (right), n = 7 flies. For (A-C) magenta arrowheads mark DAN stimulation. RM one-way ANOVA with Geisser-

Greenhouse correction: NS p R 0.05.

(D) Comparison of dopamine sensor (GRABDA1m) signal in KC axons measured in either the g2/g3 or g4/g5 compartments where PAM DANs were directly

stimulated, n = 7 flies. Data were re-analyzed from flies in Figure S6C.

(E-F) Comparison of cAMP (E) and ER-calcium release (F) in KC axonmeasured in either the g2/g3 or g4/g5 compartments; re-analysis of data fromwild-type flies

in Figures 5D, 6A, and 6C, n = 12 flies for cAMP and 13 flies for ER-calcium. (D-F) Paired t test: ****p % 0.0001, *** % 0.001, ** % 0.01.

(G) Representative CFP/YFP ratio in KC axons expressing EPAC sensor measured in the g4/g5 compartments during pairing of KC and DAN activation across 7

different ISIs used for conditioning.

(H) Representative ER calcium signal in KC axons expressing ER-GCaMPmeasured in the g4/g5 compartments during pairing of KC andDAN activation across 7

different ISIs used for conditioning. For (G-H) all traces were collected from the same preparation and aligned to the time of KC stimulation; black arrowhead

marks KC stimulation, colored arrowheads mark DAN stimulation at indicated ISIs. All data represent mean ± SEM.
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Figure S7. Distinct Roles of DopR1 and DopR2 in Second Messenger Production and Plasticity, Related to Figure 6

(A) Schematic of sgRNAs used to target Cas9 to the DopR1 locus. Orange boxes represent exons. sgRNA 1 targets the 50 UTR and sgRNA 2 targets the 30 UTR.
(B) Left: Immunohistochemistry with anti-DopR1 antibody in the adult brain of WT or DopR1�/� animals. RT-PCR confirming complete loss of DopR1 mRNA in

DopR1�/�mutant flies, RNA collected from 8WT or 8 DopR1�/� brains and normalized to alphaTub84B. Right: Immunohistochemistry with anti-DopR2 antibody

in the adult brain of WT and DopR2�/� animals. Maximum-intensity projection of Z stack.

(C) Left: Mean ER-GCaMP response in KC axon segments measured in the g4/g5 compartments during forward pairing (FP) and backward pairing (BP) in brain

explant preparations bathed in 10 mMYM-254890, a Gaq inhibitor (red traces), or in DMSO control (black traces). Right: Mean ER-GCaMP response in KC axons

in the presence (red) and absence (black) of 10 mM YM-254890 during FP and BP,n = 5 flies for each condition. Unpaired t test: *p < 0.05, NS R 0.05. Black

arrowhead marks KC stimulation, magenta arrowhead marks DAN stimulation.

(D) Left: Mean g4 MBON GCaMP response to KC stimulation prior to and after backward pairing in brain preparations bathed in 10 mM YM-254890 (red) or in

DMSOcontrol (black). Black and red arrowheadsmark time of KC stimulation. Right:Mean peak g4MBON response to KC stimulation prior to and after backward

pairing in YM-254890 (red) or control (black), n = 6 flies for each condition. Wilcoxonmatched-pairs signed rank test: *p < 0.05, NSR 0.05. In (C-D) data represent

mean ± SEM.
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Figure S8. DopR1 and DopR2 Are Required for Behavioral Flexibility, Related to Figure 7

(A and B) Top: Protocol showing training with alternating forward pairing (FP) and backward pairing (BP) of apple cider vinegar (ACV) odor with PAM >

CsChrimson. Bottom: Upwind velocity during the trials 7-10 (corresponding to trial number shown in Figures 7A and 7B) in wild-type (WT,magenta) andDopR1�/�

(orange) flies (A) or WT (magenta) and DopR2�/� (blue) flies (B), n = 7 experiments. Individual experiments indicated by thin gray lines andmean indicated by bold

colored line.

(C) Mean upwind displacement in odor post-FP and post-BP for WT and DopR1�/� flies.

(D) Same as in (C) except comparing WT and DopR2�/� flies. Unpaired t test: **p % 0.01, * < 0.05, NS R 0.05.

(E–S) Comparison of locomotor parameters in PAM>CsChrimson (CsCh) animals in a DopR1�/�, DopR2�/�, or wild-type (WT) background. Left: traces represent

mean behavior over duration of trial; time of ACV odor stimulation indicated by the gray box. Right: graphs quantify mean behavioral response in air or odor, as

specified by the axis label.

(E) Schematic of chamber with the definition of X and y axis relative to the direction of air/odor flow shown.

(F) Speed in the Y direction (upwind or downwind movement).

(G) Speed in the X direction (movement left or right).

(H and I) Average speed in Y direction during the 2 s of odor stimulation (H) or in the 4 s of clean air prior to odor presentation (I).

(J and K) Average speed in X direction during the 2 s of odor stimulation (J) or in the 4 s of clean air prior to odor presentation (K).

(L and M) Upwind velocity (L) and crosswind velocity (M).

(N and O) Average upwind (N) and crosswind velocity (O) in the odor.

(P and Q) The fraction of stationary flies (P) and flies walking upwind (Q).

(R and S) The mean fraction of stationary flies (R) and flies walking upwind (S) during odor presentation, n = 4 experiments. Ordinary one-way ANOVA: NS

p R 0.05. See STAR Methods for details in behavioral analysis. All data represent mean ± SEM.
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