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SUMMARY
Animals use prior experience to assign absolute (good or bad) and relative (better or worse) value to new
experience. These learned values guide appropriate later decision making. Even though our understanding
of how the valuation system computes absolute value is relatively advanced, the mechanistic underpinnings
of relative valuation are unclear. Here, we uncover mechanisms of absolute and relative aversive valuation in
Drosophila. Three types of punishment-sensitive dopaminergic neurons (DANs) respond differently to elec-
tric shock intensity. During learning, these punishment-sensitive DANs drive intensity-scaled plasticity at
their respective mushroom body output neuron (MBON) connections to code absolute aversive value. In
contrast, by comparing the absolute value of current and previous aversive experiences, the MBON-DAN
network can code relative aversive value by using specific punishment-sensitive DANs and recruiting a spe-
cific subtype of reward-coding DANs. Behavioral and physiological experiments revealed that a specific sub-
type of reward-coding DAN assigns a ‘‘better than’’ value to the lesser of the two aversive experiences. This
study therefore highlights how appetitive-aversive system interactions within the MB network can code and
compare sequential aversive experiences to learn relative aversive value.
INTRODUCTION

Value-based decisions require animals to make choices be-

tween several options based on a prediction of their relative sub-

jective value learned through prior experience.1 Associative

learning provides a means to assign absolute (good or bad)

values to experience that can be used to guide future approach

or avoidance behaviors.2 During learning, animals can also

compare the value of their current experience with that of prior

knowledge and assign a relative value (better or worse) between

these experiences to promote more accurate economic-based

choices.3–9 Notwithstanding that a substantial body of research

has investigated mechanisms for relative reward-value cod-

ing,3,10–19 we know less about how relative aversive value is

computed during learning to guide appropriate value-based de-

cisions.5,20–23 Reinforcement learning models propose that

learning occurs when actual outcome value differs from pre-

dicted value.24,25 This process and the error computed between

actual and predicted value are driven by a valuation circuit that

includes dopaminergic and GABAergic neurons.26–28 However,

it is unclear whether similar circuitry compares current and pre-

vious experience to assign relative aversive value to sensory

stimuli during learning.
4576 Current Biology 32, 4576–4592, November 7, 2022 ª 2022 The
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Anatomically discrete dopaminergic neurons (DANs) in

Drosophila and mice provide either positive or negative teaching

signals (for reviews, see Waddell,29 Watabe-Uchida and

Uchida,30 Brooks and Berns,31 and Adel and Griffith32). In flies,

these different DANs project to unique compartments of the

mushroom body (MB), a central brain structure essential for

olfactory learning and memory as well as several goal-directed

behaviors.33–35 DANs from the protocerebral posterior lateral 1

(PPL1) cluster projecting to the vertical and proximal horizontal

lobes of the MB relay punishment and signal negative value

during learning.36–41 Many DANs from the protocerebral anterior

medial (PAM) cluster projecting to the horizontal lobes of the MB

assign positive reward value during learning.42–49 Sparse

activation within the �4,000 MB intrinsic Kenyon cells (KCs),

which indirectly receive odorant information from sensory

neurons in the periphery, provides the specificity of olfactory

memories.21,50,51 KCs synapse onto mushroom body output

neurons (MBONs), which project into downstream structures52

to drive (for most of them) approach or avoidance beha-

vior,35,47,53 but see Hattori et al.54 SomeMBONs are synaptically

interconnected, providing cross-excitation or -inhibition be-

tween MB compartments.47,53,55 Lastly, many MBONs make

feedback or feedforward synapses outside the MB onto DAN
Authors. Published by Elsevier Inc.
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Figure 1. PPL1-g1pedc, PPL1-g2a01, and PPL1-a2a02 DANs respond differently to electric shock intensity

(A) Training procedure of differential conditioning; odor X is paired with either 15, 30, 60, or 90 V. Odor Y is presented alone.

(B) Memory performance immediately after training. Flies choose between odors X and Y in a T-maze. Performance increases with shock intensity reaching a

plateau at 60 V. n = 12 (15 V), 12 (30 V), 12 (60 V), and 13 (90 V).

(C) Experimental setup for in vivo calcium imaging. Flies are presented with electric shocks to the legs, while neural activity is recorded in DANs expressing

GCaMP6m.

(D) Mean DF/F0 calcium transients ± standard error of the mean (SEM) measured from PPL1-g1pedc targeted by c061;MBGAL80-GAL4 as flies were exposed to

0, 15, 30, 45, 60, and 90 V shocks.

(E) Mean area under the curve ± standard deviation (SD) during the 1min of 12 shocks for PPL1-g1pedc DANs (n = 13, 15, 12, 13, 17, and 15). PPL1-g1pedc DAN

responses show a strong and significant correlation with shock intensity (Spearman correlation). Kruskal-Wallis test and Dunn’s multiple comparisons test

against 0 V.

(F) Mean DF/F0 calcium transients ± SEM measured from PPL1-g2a01 targeted by MB296B-GAL4 as flies were exposed to 0, 15, 30, 45, 60, and 90 V shocks.

(G) Mean area under the curve ± SD during the 1 min of 12 shocks for PPL1-g2a01 (n = 13 for all groups). PPL1-g2a01 DAN responses showing a strong and

significant correlation with shock intensity (Spearman correlation). Kruskal-Wallis test and Dunn’s multiple comparisons test against 0 V.

(legend continued on next page)
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dendrites.47,49,55–59 During olfactory associative learning, spe-

cific DANs releasing dopamine in individual MB compartments

depress synaptic strengths between sparse odor-activated

KCs and the MBONs whose dendrites reside within the relevant

compartments.53,59–67 As a result, learning-induced plasticity

within different MB compartments reconfigures the MBON

ensemble output signal to promote either learned approach or

avoidance behavior.35,68 Olfactory aversive learning reduces

odor drive of approach-directing MBONs,53,62 hence tilting the

MBON network toward promoting odor avoidance. By contrast,

appetitive learning reduces odor drive of avoidance-directing

MBONs, leaving the network in a configuration promoting odor

approach.

Flies can perceive, learn, and compare differences in the inten-

sity of punishment and adapt their behavior accordingly.8,21,69–72

Here, we combined genetic interventions with behavioral ana-

lyses, anatomical characterization, and in vivo two-photon cal-

cium imaging to investigate the detailed circuit requirements

that allow flies to write and compare olfactory aversivememories

of different intensities during learning to promote appropriate

value-based choices. We found that aversive PPL1 DANs

show differential responses to electric shock punishment of

varying intensity. As a result, the intensity of shock reinforcement

correlates with the magnitude of learning-driven plasticity at the

corresponding KC to MBON junctions. Using a specific behav-

ioral paradigm in which flies associate three odors with 0, 60,

and 30 V punishment, respectively, we identified the circuits

involved in coding relative aversive value. Loss-of-function

screening revealed a role for specific aversive DANs, in addition

to the rewarding PAM-b02ag5n DANs, to learn relative aversive

value. Recording from PAM-b02ag5n DANs during learning re-

vealed these neurons to signal relative aversive value by

increasing their responsiveness when the odor-low shock asso-

ciation is better than a previous odor-high shock association.

Recording from three MBONs presynaptic to PAM-b02ag5n
DANs revealed a positive difference in the odor responses of

MBON-g2a01 between current and previous aversive experi-

ences. This increased responsiveness of cholinergic MBON-

g2a01 likely provides excitatory input necessary to drive the

PAM-b02ag5n DANs ‘‘better than’’ value signal for the less aver-

sive experience, and they thereby learn relative aversive value. In

support of this model, optogenetic activation of PAM-b02ag5n
reward DANs, during learning, assigns a relative ‘‘better than’’

value to one of two identical odor-punishment associations.

RESULTS

Individual PPL1 DANs respond differently to electric
shock intensity
Flies can learn to associate odors with different intensities of

electric shocks, reaching a plateau of memory performance

around 60 V (Figures 1A and 1B).8,69,70,73 Some PPL1 DANs

respond to different current intensity.74,75 However, it is currently
(H) Mean DF/F0 calcium transients ± SEM measured from PPL1-a2a02 targeted b

(I) Mean area under the curve ± SD during the 1 min of 12 shocks for PPL1-a2a02 (

with the shock intensity (Spearman correlation). Kruskal-Wallis test and Dunn’s m

Linear regression slopes (magenta) are tested against 0. Individual data points a

See also Figure S1 and Table S1.
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unknown how shock-responsive DANs in the PPL1 cluster

assign aversive values of different intensities to odors during

learning. To monitor DAN responses in a setting resembling

standard training conditions69 (i.e., with different voltage inten-

sities), we used two-photon microscopy and expressed

GCaMP6m76 in punishment-sensitive DANs. We measured cal-

cium responses following electric shocks of 0, 15, 30, 45, 60,

or 90 V delivered to the fly legs (Figure 1C). Imaging focused

on three DANs from the PPL1 cluster, two of which—PPL1-

g1pedc and PPL1-g2a01— are known to assign negative value

to odors during learning,37,39 whereas the third—PPL1-a2a02—
does not exhibit clear immediate reinforcing properties when ar-

tificially triggered alone.40,62 In these experiments, each fly is

only presented with one voltage (intensity) and therefore each

shock experience is equivalent.We found that calcium transients

in both PPL1-g1pedc and PPL1-g2a01, but not in PPL1-a2a02
DANs, significantly increased with electric shock stimulation

above 30 V, fitting with a linear regression (magenta) and corre-

lating with shock intensity (r value in black) (Figures 1D–1I).

Although not reaching significance, PPL1-a2a02 DAN responses

seem to be synchronized with shock stimulations of 60 and 90 V,

hence a fitted regression line (magenta) with a slope different

from 0 but a very low R2. For all DANs, the increased response

was observable from the first of the twelve shock presentations

for each intensity (Figures S1A–S1F). While proportional shock

responses were readily apparent in PPL1-g1pedc DANs

(Figures 1D and 1E), PPL1-g2a01 DAN responses remained sta-

ble from 30 to 90 V (Figures 1F and 1G). Accordingly, comparing

the slopes of the corresponding fitted regression lines for each

DAN response (in magenta in Figures 1E, 1G, and 1I), revealed

a significant difference between PPL1-g1pedc and PPL1-

g2a01, and between PPL1-g1pedc and PPL1-a2a02 DAN re-

sponses, whereas PPL1-g2a01 and PPL1-a2a02 DANs were

indistinguishable (Figure S1G). We noted that PPL1-g1pedc

and PPL1-g2a01 DANs respond similarly during the first shock

(Figure S1H). Overall, these data show that PPL1-g1pedc,

PPL1-g2a01, and PPL1-a2a02 DANs respond differently to a

range of electric shock intensities and demonstrate a functional

segregation between these three types of PPL1 DANs.

Learning-induced plasticity at the KC to MBON-
g1ped>ab and MBON-g2a01 junctions scales with shock
intensity
During olfactory associative learning, dopamine from punish-

ment or reward DANs drives synaptic depression between

sparse odor-activated KCs and the corresponding MBONs in

the relevant compartments to promote appropriate learned

behavior.47,49,53,60,62–65,67 We therefore tested whether PPL1-

g1pedc, PPL1-g2a01, and PPL1-a2a02 DANsmight induce inten-

sity-dependent plasticity of MBON-g1ped>ab, MBON-g2a01,
and MBON-a2sc (Figures S2A–S2C) odor responses following

training with different voltages. Flies were trained under a two-

photonmicroscope47 (Figure 2A) using a differential conditioning
y MB058B-GAL4 as flies were exposed to 0, 15, 30, 45, 60, and 90 V shocks.

n = 14, 12, 13, 10, 14, and 13). PPL1-a2a02 DAN responses show no correlation

ultiple comparisons test against 0 V.

re displayed as dots. * p < 0.05. ns: non-significant.
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Figure 2. Aversive learning drives intensity-dependent plasticity of MBON-g1ped>ab and MBON-g2a01 odor responses
(A) Experimental setup. Odor and electric shock punishment are paired under the two-photon microscope.

(B) Protocol: flies are trained to associate a 1 min odor presentation (CS+, here MCH) paired with electric shocks of 0, 15, 30, 45, 60, or 90 V delivered to the legs,

followed by a 45 s presentation of fresh air and then another odor without shocks (CS�, here OCT). Immediately (1 min) after training, neural activity is recorded in

MBONs expressing GCaMP6m during 5 s presentations of the CS+ and CS�, performed twice and spaced by 30 s.

(C) Mean DF/F0 calcium transients ± SEM for the CS� (average of the two presentations, black) and for the CS+ (average of the two presentations, orange)

immediately after training the CS+ with either 0, 15, 30, 45, 60, or 90 V for MBON-g1ped>ab targeted by MB112C-GAL4.

(legend continued on next page)
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paradigm where only the first of two odors was paired with a

differing intensity of shock, the Condition Stimulus + (CS+) (Fig-

ure 2B). We then immediately performed in vivo calcium imaging

to measure odor-evoked responses in these three MBONs. In

line with previous work,47,53 we observed robust depression of

the CS+ relative to the CS� (unpaired odor) responses in

MBON-g1ped>ab when flies were trained with a 30 V or higher

shock (Figures 2C and 2D). Moreover, there was a strong cor-

relation (r = 0.94) between the CS� CS+ response difference

and the intensity of shock reinforcement (Figure 2I). These re-

sults were recapitulated with the reciprocal pairing of odors

as the CS+ and CS� (Figures S2D, S2E, and S2H). MBON-

g2a01 exhibited a significant difference in odor-evoked re-

sponses between CS+ and CS� when training was performed

with 45 V and higher voltages (Figures 2E and 2F), again a

result largely recapitulated in experiments with the opposite

odors employed as CS+ and CS� (Figures S2F, S2G, and

S2I). A smaller difference was evident: there was a greater

CS� increase after training when methylcyclohexanol (MCH)

was the CS+ (Figures 2E and 2F) compared with when

3-octanol (OCT) was the CS+ (Figures S2F and S2G). Neverthe-

less, both odor sequences showed a high and significant

correlation (r = 1 and r = 0.99) between the CS� CS+ response

difference and the intensity of shock (Figures 2J and S2I).

These results, combined with our behavioral observations and

PPL1 DAN recordings (Figures 1B and 1D–1G), suggest that

threshold activation of PPL1-g1pedc (30 V) and PPL1-g2a01
(45 V) during learning is necessary to induce a behaviorally

relevant memory trace in the KC to MBON-g1ped>ab and

MBON-g2a01 connections. Similar experiments did not reveal

learning-induced plasticity in MBON-a2sc odor responses

(Figures 2G, 2H, and 2K), in agreement with the relative

absence of PPL1-a2a02 DAN shock responses irrespective of

shock intensity (Figures 1H and 1I).

Building a correlation matrix for all PPL1 DAN responses and

all MBON CS� CS+ response differences, we found a high

and significant correlation between the DAN responses and

MBON changes in the g1pedc and g2a01, but not a2a02, com-

partments (Figures S2J and S2K). Overall, these data lead us

to conclude that aversive memories of different electric shock in-

tensity are written in a graded manner at the KC to MBON-

g1ped>ab and MBON-g2a01 junctions by the respective DANs

whose activation scales with the intensity of electric shock.

The combined intensity-dependent plasticity of odor-evoked re-

sponses in these MBONs will proportionally skew the overall
(D) Mean DF/F0 ± SD during the 5 s odor presentation for the CS� (black) and for

g1ped>ab (n = 17, 14, 15, 16, 18, and 14). Unpaired t test (or Wilcoxon test) betw

(E) Mean DF/F0 calcium transients ± SEM for the CS� (average of the two pres

immediately after training the CS+ with either 0, 15, 30, 45, 60, or 90 V for MBON

(F) Mean DF/F0 ± SD during the 5 s odor presentation for the CS� (black) and for

g2a01 (n = 19, 16, 14, 15, 17, and 16). Unpaired t test (or Wilcoxon test) between

(G) Mean DF/F0 calcium transients ± SEM for the CS� (average of the two pres

immediately after training the CS+ with either 0, 15, 30, 45, 60, or 90 V for MBON

(H) Mean DF/F0 ± SD during the 5 s odor presentation for the CS� (black) and for

a2sc (n = 12, 11, 13, 11, 12, and 12). Unpaired t test (or Wilcoxon test) between

(I–K) Normalized CS� CS+ difference ± SD and fitted linear regression for MBON

correlation. Linear regression slopes (magenta) are tested against 0.

*p < 0.05. ns: non-significant.

See also Figure S2 and Table S1.
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MBON output to promote appropriate choices between the

CS+ and CS� odors in the T-maze.

Punishing and rewarding DANs are required to learn
relative aversive value
Intensity-dependent differential synaptic plasticity at multiple

MB compartments could provide a substrate to compare and

compute a relative aversive value between olfactory experiences

during learning, which can later be used during decision-making

in the T-maze. To test this possibility and probe the underlying

neural mechanisms, we used a relative aversive learning task.

Flies were trained to associate three different odors (X, Y, and

Z) with different intensities of electric shock (0, 60, and 30 V,

respectively) (Figures S3A and S3B).8,21 In a T-maze, the flies

were then given either a relative choice between the Y60 versus

Z30 odors or an absolute choice between the X0 versus Y60

odors. (Note: although there is a ‘‘relative’’ choice between the

non-reinforced odor X and odor Y previously punished with 60

V, we give this choice the ‘‘absolute’’ label to distinguish it

from the relative choice between two previously punished odors

Y60 versus Z30.) We first assessed the requirement of all PPL1

(Figure 3A) or PAM (Figure 3B) DANs during learning. Output of

DANswas temporally blocked 30min prior to and during training,

using expression of the dominant temperature-sensitive UAS-

Shibirets1 (Shits1)77 at the restrictive temperature of 33�C. Flies
were returned to permissive 23�C immediately after training

and 30 min later were given a T -maze odor choice (Figure 3C).

As expected, blocking all aversive PPL1DANs (MB504B-GAL4)

during training impaired performance in both relative and abso-

lute choice tests, compared with that of controls carrying only

the GAL4 or Shits1 transgene (Figures 3D and 3E). However,

blocking PAMDANs (R58E02-GAL4) during training left absolute

choices intact but abolished performance in the relative choice

test (Figures 3D and 3E).21 Importantly, control experiments per-

formed at permissive 23�C did not reveal significant differences

between the groups (Figures S3C–S3E). Therefore, both reward

and punishment coding DANs are necessary during learning to

support appropriate relative choice.

PPL1-g1pedc, PPL1-g2a01, and PPL1-a2a02 aversive
DANs are required to learn relative aversive value
Prior work has defined the DANs conveying aversive reinforce-

ment as the 4 different subtypes from the PPL1 cluster and a

few neurons from the PAM cluster (Figure 4A).39 We used Shits1

to block output PPL1-g1pedc (Figure S4A), PPL1-g2a01
the CS+ (orange) when paired with either 0, 15, 30, 45, 60, and 90 V for MBON-

een the CS� and the CS+ for each voltage intensity.

entations, black) and for the CS+ (average of the two presentations, orange)

-g2a01 targeted by MB077B-GAL4.

the CS+ (orange) when paired with either 0, 15, 30, 45, 60, and 90 V for MBON-

the CS� and the CS+ for each voltage intensity.

entations, black) and for the CS+ (average of the two presentations, orange)

-a2sc targeted by MB080C-GAL4.

the CS+ (orange) when paired with either 0, 15, 30, 45, 60, and 90 V for MBON-

the CS� and the CS+ for each voltage intensity.

-g1ped> ab, MBON-g2a01, and MBON-a2sc with a Pearson (r) (or Spearman)
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Figure 3. Aversive and reward DANs are required to learn relative aversive value, whereas absolute value learning requires only aversive

DANs

(A and B) MB504-GAL4 driving UAS-mCD8::GFP labeling all PPL1 punishment DANs (schematized in red with the MB in gray) and R58E02-GAL4 driving UAS-

mCD8::GFP labeling most reward PAM DANs (schematized in blue with the MB in gray). The right MB is co-labeled with 247-LexA::VP16-driven lexAop-

rCD2::mRFP (magenta) and the whole brain with the presynaptic marker anti-Bruchpilot, nc82 (blue). Scale bars, 10 mm.

(C) Training protocol and temperature shifting procedure for Shits1 manipulations.

(D) Blocking output fromMB504B- or R58E02-GAL4 DANs during training impaired 30min relative choice, compared with that of relevant controls (both one-way

ANOVA, n = 9–10, p < 0.05). Data are mean ± SEM. Individual data points are displayed as dots. * p < 0.05.

(E) Blocking output from MB504B- but not R58E02-GAL4 during training impaired 30 min absolute choice, compared with that of relevant controls (Kruskal-

Wallis, n = 8–11, p < 0.05 and one-way ANOVA, n = 12–14, p > 0.05, respectively). Data are mean ± SEM. Individual data points are displayed as dots. * p < 0.05.

See also Figure S3 and Table S1.
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(Figure S4B), PPL1-a2a02 (Figure S4C), PPL1-a3 (Figure S4D),

and PAM-b2b02a (Figures S4E and S4F) DANs (we did not test

PAM-g348) during learning and assessed the consequence in a

relative or absolute odor choice test 30 min after training (Fig-

ure 4B). Blocking PPL1-g1pedc DANs during learning reduced

both relative and absolute choices (Figures 4C and 4D). By

contrast, blocking PPL1-g2a01 or PPL1-a2a02, but not PPL1-

a3 or PAM-b2b02a, during learning left absolute choices un-

changed but abolished relative choices (Figures 4C, 4D, and

S4G–S4I). No performance defects were apparent when the

entire experiment was performed at permissive 23�C (Figures
S4J–S4L). Together, these results reveal PPL1-g1pedc as crit-

ical for signaling absolute and relative aversive value, whereas

PPL1-g2a01 and PPL1-a2a02 are only required to learn relative

aversive value.

PAM-b02ag5n rewarding DANs are required to learn
relative value
We next tested which specific rewarding PAM DANs (Figure 5A)

were required to learn relative aversive value.Weagain usedShits1

to block output of discrete subpopulations of DANs (0104-GAL4,

R56H09-GAL4, and 0279-GAL421,43,44,78 (Figures S5A, S5B, and
Current Biology 32, 4576–4592, November 7, 2022 4581
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Figure 4. PPL1-g1pedc, PPL1-g2a01, and PPL1-a2a02 DANs are required to learn relative aversive value, while only PPL1-g1pedc is neces-

sary to learn absolute aversive value

(A) Schematic of MB innervation by aversively reinforcing DANs.

(B) Training protocol and temperature shifting procedure for Shits1 manipulations.

(C) Blocking output from c061;MBGAL80- (PPL1-g1pedc), MB296B- (PPL1-g2a01), and MB058B- (PPL1-a2a02) but not MB630B- (PPL1-a3) or NP5272- (PAM-

b2b02a) GAL4 neurons during training impaired 30 min relative choice, compared with that of relevant controls (one-way ANOVA, n = 18–25, p < 0.05; one-way

ANOVA, n = 9–11, p < 0.05; one-way ANOVA, n = 11–19, p < 0.05; Kruskal-Wallis, n = 10–12, p > 0.05; one-way ANOVA, n = 13–17, p > 0.05, respectively). Data

are mean ± SEM. Individual data points are displayed as dots. * p < 0.05.

(D) Blocking output from c061;MBGAL80- (PPL1-g1pedc) but not fromMB296B- (PPL1-g2a01), MB058B- (PPL1-a2a02), MB630B- (PPL1-a3), or NP5272- (PAM-

b2b02a) GAL4 neurons during training impaired 30 min absolute choice, compared with that of relevant controls (one-way ANOVA, n = 12–17, p < 0.05; Kruskal-

Wallis, n = 10–12, p > 0.05; one-way ANOVA, n = 13–21, p > 0.05; Kruskal-Wallis, n = 6–7, p > 0.05; one-way ANOVA, n = 9–12, p > 0.05, respectively). Data are

mean ± SEM. Individual data points are displayed as dots. * p < 0.05.

See also Figure S4 and Table S1.
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S5C) during learning and then gave flies a relative odor choice

30 min after training (Figure 5B). Blocking 0104-GAL4 and

R56H09-GAL4, but not 0279-GAL4, DANs only during learning

significantly impaired relativechoice test performance (Figure5C).

Importantly, control experiments performed at permissive 23�C
did not reveal significant differences between the relevant groups

(Figure S5L). In addition, these subsets of reward DANs were not

required during learningwhen flieswere given an absolute choice,

suggesting that both olfactory and shock perception were unaf-

fected by the manipulations (Figure S5M). We next assessed

whether subsets of reward DANs, included in the broad reward

DAN R58E02-GAL4 (Figure 3B) but not in R56H09-GAL4, were

involved in relative aversive value coding. We generated a

R56H09-GAL80 line and combined it with R58E02-GAL4 to
4582 Current Biology 32, 4576–4592, November 7, 2022
restrict Shits1 expression to the remaining DANs (Figure S5D).

These remainingDANswere not required during learning for either

relative (Figure 5C) or absolute (Figure S5M) choice performance.

We used specific GAL4 driver lines to assess the role in

learning relative aversive value of individual rewarding DAN sub-

types labeled by R56H09-GAL4 (Figures 5C and S5E–S5J).

Blocking output of these subtypes with Shits1 only revealed a

requirement for b02ag5n reward DANs (targeted by MB109B-

GAL4) to learn relative aversive value (Figure 5C). Control exper-

iments at permissive 23�C showed no statistical differences be-

tween the groups (Figure S5L). As expected, none of these

reward DAN subtypes were required during learning for absolute

choice (Figure S5M). We also tested a second GAL4 line

(MB087C-GAL4) that labels fewer DANs innervating the b02a
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Figure 5. PAM-b02ag5n DANs are required to learn relative aversive value

(A) Schematic of MB innervation of reward DANs.

(B) Training protocol and temperature shifting procedure for Shits1 manipulations.

(C) Blocking output from 0104-, R56H09-, andMB109B-GAL4 but not from 0279-, R56H09-GAL80;R58E02-,MB087C-,MB312B-,MB056B-, 0804-, orMB315C-

GAL4-targeted PAM DANs during training impaired 30 min relative choice, compared with that of relevant controls (one-way ANOVA, n = 19–20, p < 0.05; one-

way ANOVA, n = 14–16, p < 0.05; one-way ANOVA, n = 12–15, p < 0.05; one-way ANOVA, n = 19–24, p > 0.05; Kruskal-Wallis, n = 6–8, p > 0.05; one-way ANOVA,

n = 9–11, p > 0.05; one-way ANOVA, n = 18–22, p > 0.05; one-way ANOVA, n = 16–18, p > 0.05; one-way ANOVA, n = 15–18, p > 0.05; one-way ANOVA, n = 8–11,

p > 0.05, respectively). Data are mean ± SEM. Individual data points are displayed as dots. * p < 0.05.

(D) Schematic of reward DAN innervation for R56H09- and MB109-GAL4 and training protocol for optogenetic experiments.

(E) Inhibiting reward DANswith a 525 nm green light exposure only during the last odor Z + 60 V association impaired immediate relative choice (one-way ANOVA,

n = 13–14, p < 0.05 for R56H09-GAL4 and one-way ANOVA, n = 18, p < 0.05 for MB109B-GAL4), but not when inhibited during the odor Y + 120 V association

(Kruskal-Wallis, n = 7–10, p > 0.05 for R56H09-GAL4 and one-way ANOVA, n = 8–10, p > 0.05 for MB109B-GAL4). Data are mean ± SEM. Individual data points

are displayed as dots. * p < 0.05.

See also Figure S5 and Table S1.
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Figure 6. PAM-b02ag5n DANs signal a relative ‘‘better than’’ aversive value during learning
(A) Schematic of theMB innervation of recorded PAM-b02ag5n (MB109B-GAL4 driving UAS-GCaMP6m, blue). PAM-b02ag5n DAN calcium traces andmean area

under curve ± SEM quantifications for each 15 s quarter of every 1 min odor presentation for the control mock (X + 0 V, Y + 0 V, and Z + 0 V, black, n = 19) and

shock trained (X + 0 V, Y + 60 V, and Z + 30 V, light blue, n = 20; X + 0 V, Y + 30 V, and Z + 60 V, dark blue, n = 17) protocols. All unpaired t test (or Mann-Whitney)

compared with mock control. * p > 0.05.

(B) Protocol: the first odor X is paired with the optogenetic activation (623 nm light stimulation) of PAM-b02ag5n (MB109B-GAL4-driven UAS-CsChrimson) for

1 min. 45 s later, the odor Y is presented for 1 min unpaired. 1 min after training, flies are tested in a T-maze for choice between the odors X0 versus Y0. The

Performance Index shows fly preferences toward the odor X. one-way ANOVA, n = 16–17, p < 0.05 (*); one-sample t test versus 0; #p < 0.05.

(C) Flies are trained to associate three odors (X, Y, and Z) paired with 0, 60, and 60 V, respectively. During the last odor Z + 60 V presentation, a 623 nm light

stimulation activates PAM-b02ag5n DANs (MB109B-GAL4 driving UAS-CsChrimson). 1 min after training, flies are tested in a T-maze for choice between odors

Y60 versus Z60 (relative choice) or X0 versus Z60 (absolute choice). Performance Index shows fly preferences toward the odor Z. During the relative choice, flies

preferentially and significantly chose the odor Z60 (over the odor Y60), compared with that of genetic background controls (one-way ANOVA, n = 15, p < 0.05(*)).

One-sample t test versus 0; #p < 0.05. Not delivering the 623 nm light stimulation during the odor Z + 60 V presentation had no effect on fly relative choice (one-way

ANOVA, n = 10–13, p > 0.05). Activating PAM-b02ag5n DANs during the odor Z60 had no effect on the absolute X0 versus Z60 choice (one-way ANOVA, n = 11–12,

p > 0.05). Data are mean ± SEM. Individual data points are displayed as dots. * p < 0.05.

(D) Flies are trained to associate three odors (X, Y, and Z) paired with 0, 45, and 45 V, respectively. During the last odor Z + 45 V presentation, a 525 nm light

stimulation inhibited PAM-b02ag5n DANs (MB109B-GAL4 driving UAS-GtACR1). 1 min after training, flies were tested in a T-maze for choice between the odors

(legend continued on next page)
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and g5n compartments than are labeled in MB109B-GAL4

(Figures S5F and S5K). Blocking output of MB087C-GAL4 neu-

rons during learning did not alter relative or absolute choices

(Figures 5C and S5M). Since all flies exhibited normal absolute

choices (Figure S5M), we conclude that both olfactory and shock

perception remained intact from the thermogenetic manipula-

tions during training. Together, these results show that particular

(or a critical number of) PAM-b02ag5n reward DANs are neces-

sary to learn relative aversive value and therefore enable appro-

priate relative value based choice.

To signal a relative ‘‘better than’’ aversive value during

learning, the PAM-b02ag5n DANs should only be necessary dur-

ing the last lesser 30 V experience, when a comparison can be

made between current odor Z + 30 V and previous odor Y +

60 V aversive experiences. However, the temporal resolution af-

forded by thermogenetic Shits1 is not adequate to easily test this

hypothesis. We therefore used optogenetics to inhibit rewarding

DAN activity during specific segments of the learning session. In

addition, classical shock training chambers (as used in all prior

experiments) contain copper wires, which decrease light pene-

trance and impede the use of optogenetics. We therefore de-

signed a transparent shock grid in which conductive indium tin

oxide is coated on plastic and can be wrapped inside the training

chamber, inspired by a prior apparatus for electric shock-rein-

forced visual learning.79 Due to the higher electrical resistance

of this material, we altered the training voltages to achieve a

similar efficiency of training. Thus, the three different odors (X,

Y, and Z) were respectively paired with 0, 120, and 60 V shocks

(Figure 5D). During the second or the third odor/shock associa-

tion, we delivered light with a spectrum peaking at 525 nm to the

flies to inhibit the targeted reward DANs (R56H09-GAL4 or

MB109B-GAL4) expressing the green light-sensitive anion chan-

nelrhodopsin GtACR1.80 Strikingly, reward DANs were only

required during the last training segment (Z + 60 V), being

dispensable during the second training segment (Y + 120 V), to

enable an appropriate relative choice (Figure 5E). Control exper-

iments without light stimulation showed no differences in the

1 min relative choice test (Figure S5N). Moreover, reward

DANs were not needed during the second or third odor/shock

association to enable appropriate absolute (X0 versus Y120 or

X0 versus Z60) choices (Figure S5N). These results suggest that

the PAM-b02ag5n reward DANs are crucial to learn a relative

‘‘better than’’ aversive value between current and previous aver-

sive experiences.

PAM-b02ag5n DANs integrate MBON-g2a01 input to
signal relative aversive value
To potentially visualize a relative ‘‘better than’’ reward value

signal, we expressed GCaMP6m and recorded calcium tran-

sients from PAM-b02ag5n DANs while training flies with the rela-

tive aversive value protocol under a two-photon microscope

(Figure 6A).We used amock training protocol as a control, where

the same odor presentations were given as in relative aversive

training, but no shocks were delivered. Data were analyzed by
Y45 versus Z45 (relative choice) or X0 versus Z45 (absolute choice). Performance In

b02ag5n DANs during the odor Z45 had no effect on relative (one-way ANOVA, n = 1

are mean ± SEM. Individual data points are displayed as dots.

Also see Figures S6 and S7 and Table S1.
dividing the recordings made during each 1 min X, Y, and Z

odor presentation into four consecutive 15 s segments plus a

9 s segment corresponding to the odor OFF response. No differ-

enceswere apparent in PAM-b02ag5nDAN calcium responses in

trained flies (light blue) compared with those of the mock con-

trols (dark gray) during the first odor X, or second odor Y with

high 60 V shocks, presentations (Figure 6A). However, we

observed a significant elevation of PAM-b02ag5n responses in

the first quarter of recordings when the last odor Z was pre-

sented with lesser 30 V shocks (Figure 6A). In addition, we noted

that elevated PAM-b02ag5n DAN responses occurred after the

first of the 30 V shocks was delivered. The increased PAM-

b02ag5n DAN response during learning does not result from a

simple increase in a 30 V shock-driven response after receiving

60 V shocks (Figure S6). Combined with our behavioral results in

Figure 5E, these data are consistent with a model where

PAM-b02ag5n DANs compare previous and current aversive

experience to signal a relative aversive ‘‘better than’’ reward

signal during learning, which subsequently supports an appro-

priate relative value-based odor choice.

To challenge this hypothesis, we testedwhether forced activa-

tion of PAM-b02ag5n DANs could assign a ‘‘better than’’ value to

one of two identical aversive experiences. We first demonstrated

that pairing artificial activation of PAM-b02ag5n DANs with an

odor was rewarding (Figure 6B).49 We next trained flies with

the first odor X unpaired (X + 0 V) followed by odor Y paired

with 60 V and a third odor Z also paired with 60 V. During this pro-

tocol, we optogenetically activated (with light stimulation of

UAS-CsChrimson81) the PAM-b02ag5n DANs during the last

odor Z + 60 V pairing (Figure 6C) to potentially mimic a relative

‘‘better than’’ value signal. Flies were then immediately given a

Y60 versus Z60 choice. Whereas control flies showed no prefer-

ence between the two odors, experimental flies clearly preferred

the odor previously paired with 60 V and PAM-b02ag5n DAN acti-

vation (Figure 6C), demonstrating that they consider the last

experience (odor Z + 60 V + DAN supplementation) better than

that prior (odor Y + 60 V). Moreover, omitting PAM-b02ag5n
DAN artificial activation during the last odor Z + 60 V did not alter

the immediate relative choice test Y60 versus Z60 (Figure 6C).

Importantly, activating PAM-b02ag5n DANs during the last odor

Z + 60 V did not affect absolute choice X0 versus Z60 (Figure 6C).

We conclude that increased PAM-b02ag5n DANs activity during

learning signals a relative ‘‘better than’’ value.

Flies can also learn a relative ‘‘worse than’’ aversive value.8We

therefore reversed the order of the 60 V and 30 V paired odor ex-

posures in our protocol so that the odor Y + 30 V was now deliv-

ered before the odor Z + 60 V to investigate neural mechanisms

of ‘‘worse than’’ coding (Figure 6A). Imaging PAM-b02ag5n DAN

calcium responses in trained flies (dark blue) revealed no differ-

ences compared with those of themock controls (dark gray) dur-

ing the first odor X + 0V or second odor Y + low 30 V shocks.

However, a significant decrease of PAM-b02ag5n responses

was apparent within the second and third quarters of the record-

ingswhen the last odor Zwas presentedwith higher 60 V shocks.
dex shows fly preferences toward the odor Y (left) or X (right). Inhibiting PAM-

1–12, p > 0.05) or absolute choice (one-way ANOVA, n = 10–11, p > 0.05). Data
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This decreased PAM-b02ag5n DAN response during learning

does not result from a change in a 60 V shock-driven signal

following 30 V shocks (Figure S6). A relative ‘‘worse than’’ aver-

sive value therefore seems to be associated with inhibition of

PAM-b02ag5n DANs. To challenge this hypothesis, we trained

flies by presenting the first odor X unpaired (X + 0 V) followed

by odor Y paired with 45 V and a third odor Z also paired with

45 V.We optogenetically inhibited PAM-b02ag5nDANs (with light

stimulation peaking at 525 nm to trigger UAS-GtACR181) during

the last odor Z + 45 V presentation to mimic a potential relative

‘‘worse than’’ value signal (Figure 6D).We chose 45 V as baseline

punishment in this experiment so that we could register ‘‘worse

than’’ aversive value, since earlier work indicates that aversive

memory performance plateaus above 60 V (Figure 1B).8,69,70,73

Artificially inhibiting PAM-b02ag5n DANs during the last odor

Z + 45 V did not alter the immediate relative choice between

Y45 versus Z45 or the absolute choice X0 versus Z45 (Figure 6D).

Therefore, signaling a relative ‘‘worse than’’ aversive value may

involve inhibition of PAM-b02ag5n DANs, but that alone is insuf-

ficient to sway valuation between two odors Y45 versus Z45 that

are given equal aversive shock. More work will be required to un-

derstand relative ‘‘worse than’’ coding.

To understand how PAM-b02ag5n DANs integrate and

compare previous and current aversive experience to signal a

relative ‘‘better than’’ aversive value, we considered their synap-

tic input connectivity in theMBnetwork. Strikingly, PAM-b02ag5n
DANs receive direct synaptic input from MBON-g2a0149,55 and

likely fewer inputs from MBON-g1ped>ab,55 both of whose

odor-evoked responses are modified by aversive learning (Fig-

ures 2 and S2). MBON-g5b02a also connects to PAM-b02ag5n
Figure 7. MBON-g2a01, but neither MBON-g1ped>ab nor MBON-g5b

training

(A) Schematic of the MB innervation of recorded MBON-g2a01 (MB077B-GAL4 d

traces and quantifications of mean area under the curve of MBON-g2a01 during th

found during the first quarter of the odor presentation period in the Z + 30 V – Y + 6

group (unpaired t test; * p < 0.05). All other comparisons are non-significant (unp

(B) Mean subtracted Y + 60 V – X + 0 V calcium traces and mean area under curv

found no significant differences during the odor presentation subtraction Y + 60 V –

p > 0.05).

(C) Mean subtracted Z + 30 V – X + 0 V calcium traces and mean area under curv

found no significant differences during the odor presentation subtraction Z + 30 V –

p > 0.05).

(D) Schematic of the MB innervation of recorded MBON-g1ped>ab (MB112C-G

calcium traces and mean area under curve for MBON-g1ped>ab during mock (n

during the odor presentation subtraction Z + 30 V – Y + 60 V between trained an

(E) Mean subtracted Y + 60 V – X + 0 V calcium traces and mean area under th

protocols. We found no significant differences during the odor presentation subt

Mann-Whitney tests; p > 0.05).

(F) Mean subtracted Z + 30 V – X + 0 V calcium traces andmean area under curve o

found no significant differences during the odor presentation subtraction Z + 30 V –

p > 0.05).

(G) Schematic of the MB innervation of recorded MBON-g5b02a (R66C08-GAL4 d

traces and mean area under the curve for MBON-g5b02a during mock (n = 14) or s

odor presentation subtraction Z + 30 V – Y + 60 V between trained and mock gr

(H) Mean subtracted Y + 60 V – X + 0 V calcium traces and mean area under the cu

We found no significant differences during the odor presentation subtraction Y + 6

tests; p > 0.05).

(I) Mean subtracted Z + 30 V – X + 0 V calcium traces andmean area under curve o

found no significant differences during the odor presentation subtraction Z + 30 V –

p > 0.05).

See also Figure S7 and Table S1.
DANs in recurrent connections,78 and their odor-evoked re-

sponses are potentiated by aversive learning.47,53,63,64 We

made independent recordings from these three MBONs during

the relative aversive training protocol (Figure S7). No obvious dif-

ferences in these MBON odor-evoked responses were apparent

during each of the three odor sequences (X + 0 V, Y + 60 V, and

Z + 30 V), as compared with flies presented with the mock

training protocol (Figures S7A–S7C). Since our model proposes

that PAM-b02ag5n DANs might compare current and previous

aversive experiences coded in each MBON during the last

odor Z + 30 V association to signal a relative ‘‘better than’’ aver-

sive value, we subtracted the (previous) odor-evoked responses

during the odor Y + 60 V association from those during the (cur-

rent) odor Z + 30 V association. This analysis uncovered a signif-

icant increase in the differential responses of MBON-g2a01 dur-

ing the first quarter (the first 3 shocks) of the odor/shock training

sessions, as compared with those in flies subjected to mock

training (Figure 7A). Importantly, and as with PAM-b02ag5n
DANs, this differential increased response was evident after

the first of the 30 V shocks was delivered. By contrast, subtrac-

tive analyses did not reveal any differences between present (Z +

30 V) and prior (Y + 60 V) responses for MBON-g1ped>ab or

MBON-g5b02a (Figures 7D and 7G). In addition, no statistical

differences were evident for any MBON when we subtracted

the odor-evoked response during the odor Y + 60 V association

from those during the first unpaired odor X + 0 V presentation

(Figures 7B, 7E, and 7H) and the subtraction of odor-evoked

response during the odor Z + 30 V association from those during

the first unpaired odor X + 0 V presentation (Figures 7C, 7F,

and 7I).
02a, exhibits differential responses between trained odors during

riving UAS-GCaMP6m, green). Mean subtracted Z + 30 V – Y + 60 V calcium

e training (n = 23) and mock (n = 26) protocols. A significant increase was only

0 V subtracted responses of the trained group, compared with that of the mock

aired t or Mann-Whitney tests; p > 0.05).

e of MBON-g2a01 during the training (n = 23) and mock (n = 26) protocols. We

X + 0 V between trained andmock groups (unpaired t andMann-Whitney tests;

e of MBON-g2a01 during the training (n = 23) and mock (n = 26) protocols. We

X + 0 V between trained andmock groups (unpaired t andMann-Whitney tests;

AL4 driving UAS-GCaMP6m, magenta). Mean subtracted Z + 30 V – Y + 60 V

= 21) or shock training (n = 21) protocols. We found no significant differences

d mock groups (all unpaired t or Mann-Whitney tests; p > 0.05).

e curve of MBON-g1ped>ab during mock (n = 21) or shock training (n = 21)

raction Y + 60 V – X + 0 V between trained and mock groups (all unpaired t or

f MBON-g1ped>ab during the training (n = 21) andmock (n = 21) protocols. We

X + 0 V between trained andmock groups (unpaired t andMann-Whitney tests;

riving UAS-GCaMP6m, orange). Mean subtracted Z + 30 V – Y + 60 V calcium

hock training (n = 11) protocols. We found no significant differences during the

oups (all unpaired t or Mann-Whitney tests; p > 0.05).

rve for MBON-g5b02a during mock (n = 14) or shock training (n = 11) protocols.

0 V – X + 0 V between trained andmock groups (all unpaired t or Mann-Whitney

f MBON-g1ped>ab during the training (n = 14) andmock (n = 11) protocols. We

X + 0 V between trained andmock groups (unpaired t andMann-Whitney tests;
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Altogether, we propose that comparing a difference between a

low shock (current) and a high shock (previous) aversive experi-

ence requires additional cholinergic input from MBON-g2a01 to

trigger the PAM-b02ag5n DANs, which signal a relative ‘‘better

than’’ aversive value to the lesser aversive olfactory experience.

DISCUSSION

Our study addresses howanimals assign absolute aversive value

during learning and how they compare and ascribe relative aver-

sive value information to consecutive negative experiences for

them tomakeappropriate value-baseddecisions afterwards.Us-

ing the fruit fly Drosophila permitted a cellular resolution view of

how the interaction between the appetitive and aversive DAN

systems,within theMBnetwork, is at the heart of themechanistic

underpinnings that compute a relative aversive value teaching

signal. Our work also indicates that coding of a relative ‘‘worse

than’’ aversive value likely involves different circuit mechanisms

to those for ‘‘better than’’ but that there may be some overlap.

Aversive experience is uniquely coded at the KC-MBON-
g1ped>ab and -MBON-g2a01 junctions
PPL1 DANs reinforce a range of aversive memories with differing

strength and persistence.37–39,41,57,62,82,83 Our data provide new

insight into the functional diversity of these anatomically discrete

DANs (Figures 1, 3, 4, S1, S3, and S4). We found that individual

aversively reinforcing PPL1-g1pedc, PPL1-g2a01, and PPL1-

a2a02 DANs exhibit different intensity response profiles when

flies were exposed to a series of shock voltages.74,75 Impor-

tantly, the strength of their responses to electric shocks strongly

correlated with the magnitude of plasticity of the odor-evoked

responsiveness of their corresponding MBONs after differential

conditioning (Figures 1, 2, S1, and S2). These results indicate

that absolute aversive value is assigned to odors in different

ways in the g1pedc, g2a01, and a2a02 MB compartments,

consistent with the conclusion of a prior study that artificially

activated individual DANs.62 Of note, we did not observe signif-

icant shock responses in PPL1-a2a02 DANs (Figures 1H and 1I).

These results are also in accordance with the absence of odor-

evoked changes in the corresponding MBON-a2sc immediately

after training (Figures 2G and 2H) and a lack of reinforcing prop-

erties when pairing artificial activation of PPL1-a2a02 DANs with

an odor40 (but see Hige et al.62). In addition, learning-dependent

depression of odor responses in MBON-a2sc has been reported

to be most relevant for expression of later forms of memory.60,64

We observed that the stronger the aversive experience, the

greater the PPL1-g1pedc DAN-driven depression of the CS+-

evoked response of MBON-g1ped>ab (Figures 2C, 2D, S2D,

and S2E). Feedforward GABAergic inhibition from MBON-

g1ped>ab to the primary axon of MBON-g5b02a47,53 is therefore
reduced in a graded manner by aversive conditioning. MBON-

g5b02a should therefore display a proportional increase in its

CS+-evoked response to drive learned avoidance behavior.63,64

Our experiments uncovered a very different effect of absolute

aversive conditioning at the MBON-g2a01 junction. Although

the PPL1-g2a01 DANs were significantly triggered by shocks

R30 V, their responses were comparable at all voltages between

30 and 90 V (Figures 1F and 1G). Moreover, aversive condition-

ing did not significantly depress the CS+ responses of MBON-
4588 Current Biology 32, 4576–4592, November 7, 2022
g2a01 (Figures 2E, 2F, S2F, and S2G). Instead, we observed

that the responses to the CS� odor were specifically increased,

and the CS�CS+ differential responses were correlated with the

intensity of the shocks applied (Figures 2J and S2I) (these results

differ from those of Berry et al.,65 perhaps due to a different

response comparison). Our data therefore suggest that any

odor that follows the CS+ with R45 V presentation during

training gains the capacity to drive more activity in the cholin-

ergic MBON-g2a01. In addition, our recordings indicate that the

more aversive the first experience is, the stronger the cholinergic

MBON-g2a01 activity will be to the subsequent ‘‘better than’’

experience. These data reveal a key role forMBON-g2a01 in cod-
ing relative aversive value.

MBON-g2a01 input to PAM-b02ag5n DANs provides a
‘‘better than’’ reward signal during relative aversive
training
We found that output from PAM-b02ag5n DANs was critical dur-

ing the odor Z + 30 V presentation for relative aversive learning

(Figure 5). These DANs receive direct excitatory cholinergic input

from MBON-g2a01,49,55 and we propose that the strength of this

excitation is key for the flies to assign a ‘‘better than’’ reward

value to the lesser of the two aversive experiences. As

mentioned above, when odor Y is paired with 60 V shock in a dif-

ferential conditioning assay, the CS� responses of MBON-g2a01
become elevated. This means that when Y + 60 V is followed by

Z + 30 V, the Z odor will more strongly drive MBON-g2a01 and as

a result will activate the PAM-b02ag5n DANs (Figure 6A). In ef-

fect, we hypothesize that any odor that follows a Y + 60 V expe-

rience is predisposed to be judged as ‘‘better than,’’ unless it is

itself accompanied by 60 V or a greater voltage. Our analyses

that subtracted MBON-g2a01 odor-evoked responses are

entirely consistent with this model. Odor-driven activity of

MBON-g2a01 is greater during the first period of the following

Z + 30 V experience than during the same period (just after the

first shock) of the prior Y + 60 V experience (Figure 7A). Critically,

this is also the time period during which we observed an eleva-

tion of PAM-b02ag5n DAN activity (Figure 6A). We speculate

that the first of the 30 V shocks somehow further releases the

PAM-b02ag5n DAN activity to be fully driven by MBON-g2a01,
perhaps as a release of feedforward inhibition in the MBON-

g1ped>ab to MBON-g5b02a to PAM-b02ag5n DAN pathway.47,53

Our results (Figure 6B) and proposed models of PAM-b02ag5n
DANs providing a ‘‘better than’’ reward signal are in accordance

with previous reports that PAM-b02ag5n activation provides

appetitive reinforcement.40,44,49,84

Are there limits to comparable aversive memories?
Individual PPL1-DAN subtypes have different thresholds for acti-

vation, and intensity-dependent plasticity in their corresponding

MBON junctions have similar thresholds. We noted that these

thresholds seem reflected in the range of comparisons that flies

can make in a relative choice between different aversive mem-

ories,8 which point toward a threshold and a difference between

voltages of 30 V as being optimal to efficiently estimate a relative

difference. In our recordings (Figure 1), 30 V was the threshold

for observing shock-evoked responses in PPL1-g1pedc and

PPL1-g2a01, but it did not trigger PPL1-a2a02. In addition,

30 V produced significant plasticity of MBON-g1ped>ab odor
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responses, but plasticity was not evident in MBON-g2a01 re-

sponses until 45 V. Thus, perhaps every odor paired with a

voltage of %30 V is considered to be ‘‘not so bad,’’ because it

only depresses the GABAergic MBON-g1ped>ab responses

and not the cholinergic MBON-g2a01 responses, thereby leaving

CS+ odor-driven excitation of PAM-b02ag5n DANs from these

MBONs. Although flies can differentiate between stronger aver-

sive memories such as 90 versus 60 V, their relative choice per-

formances are less good than 60 versus 30 V.8 While we did not

observe significant shock responses for PPL1-a2a02 DANs, we

found a role for these neurons during learning of relative aversive

value (Figure 4). MBON-g1ped>ab is GABAergic and is con-

nected to PPL1-a2a02 DANs.41,55 It is therefore possible that

repeated pairing of odor Y + 60 V electric shocks (or anything

above their threshold) during relative training induces enough

CS+-evoked depression at MBON-g1ped>ab to release inhibi-

tion in PPL1-a2a02 DANs while pairing the odor Z with 30 V

shocks.85,86 The resulting plasticity in MBON-a2sc could explain

the requirement of ab surface and ab core KCs during a relative

choice between Y60 versus Z30.
21

Relative evaluation of aversive experiences
Our results show that learning a relative ‘‘better than’’ aversive

value requires an interplay between aversively reinforcing PPL1

DANs modulating KC-MBON connections, which provide feed-

forward and recurrent feedback input that determines the activ-

ity of specific subtypes of rewarding PAM DANs. These results

support long-held87,88 and recent47–49,58,89,90 models in both

vertebrates and invertebrates, suggesting that learning requires

critical interactions between appetitive and aversive reinforce-

ment systems. In the fly, and likely also inmammals, this process

relies on opposing populations of DANs providing predictive sig-

nals needed to compare current and previous experience to

assign (and update) both absolute and relative value to stimuli

during learning. For instance, aversive memory extinction and

reversal learning require the reward system in both vertebrates

and invertebrates.47,90–92 In all these cases, stimuli that repre-

sent the absence of a punishment are rewarded.47,49,93 In hu-

mans, the ventral striatum, targeted by numerous DA inputs

from the ventral tegmental area (VTA) providing rewarding infor-

mation, is essential to compare aversive experiences of different

intensities.20,31 In the orbitofrontal cortex, relative coding of

aversive (but also appetitive) experiences seem to require over-

lapping neuronal ensembles to select a preferred option and pro-

mote appropriate economical decisions in a specific spatial and

temporal context.3,17,22,94 In the dopaminergic system, reward is

also computed in a relative manner to broadcast value signals in

different brain regions.10 These DANs from the VTA and subs-

tantia nigra compute a prediction error to signal positive, but

also negative, value (for reviews, see Glimcher27 and Watabe-

Uchida et al.28). A similar value prediction error calculation has

not yet been demonstrated experimentally in the fly.75,95 Instead,

results from several studies in the fly suggest that errors are

registered in the MB network by the action of DANs that signal

the opposing value.47–49,96 Our experiments here suggest that

a similar interplay between opposing populations of DANs, and

plasticity at different MBON junctions in theMB network, permits

computation of relative aversive value (or difference) between a

prior and a new aversive experience. Combined with previous
work47–49,57,58 and current computational models,73,97 our data

provide key features of how the appetitive-aversive system inter-

actions in the MB network using heterogeneous DANs can

compare previous and current experience to ‘‘pre-compute’’ a

relative value during learning5 that facilitates future value-based

decisions.
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Antibodies

Mouse, a-Bruchpilot, nc82 Drosophila Studies Hybridoma Bank Cat# nc82; RRID:AB_2314866

Chicken a-GFP Abcam Cat# ab13970; RRID:AB_300798

Normal Donkey Serum Jackson immunoresearch Cat# 017-000-121; RRID:AB_2337258

Alexa Fluor� 488 AffiniPure

Donkey Anti-Chicken IgY (IgG) (H+L)

Jackson immunoresearch Cat# 703-545-155; RRID:AB_2340375

Alexa Fluor� 647 AffiniPure

Donkey Anti-Mouse IgG (H+L)

Jackson immunoresearch Cat# 715-605-151; RRID:AB_2340863

Chemicals, peptides, and recombinant proteins

Triton X-100 Sigma-Aldrich Cat#T8787

PBS Sigma-Aldrich Cat#D8537

Paraformaldehyde 20% solution, EM grade Electron microscopy 15713-S

VECTASHIELD Mounting Medium Vector Laboratories Cat# H-1000; RRID:AB_2336789

N-Tris Sigma-Aldrich Cat#T5691

NaCl Sigma-Aldrich Cat#S7653

KCl Sigma-Aldrich Cat#P9333

NaHCO3 Sigma-Aldrich Cat#S6297

NaH2PO4 Sigma-Aldrich Cat#S8282

CaCl2 Sigma-Aldrich Cat#21115

MgCl2 Sigma-Aldrich Cat#M1028

Trehalose Sigma-Aldrich Cat#T9531

Glucose Sigma-Aldrich Cat#G7528

TES Sigma-Aldrich Cat#T1375

Mineral Oil Sigma-Aldrich Cat#M5904

4-methylcyclohexanol (98%) Sigma-Aldrich Cat#218405

3-octanol (99%) Sigma-Aldrich Cat#153095

Isopentyl acetate (99%) Sigma-Aldrich Cat#306967

Agar Fisher Scientific Cat#10346693

Yeast Dutscher Cat#789196

Maize Flour Limagrain ingredients Cat#WFMZ01HS

Dextrose Sigma-Aldrich Cat#D9434

Tegosept Dutscher Cat#789063

All-trans-Retinal molekula Cat#116-31-4

Experimental models: organisms/strains

D. melanogaster: Canton-S Scott Waddell at University of Oxford,UK N/A

D. melanogaster: c061-GAL4; MB-GAL80 Scott Waddell at University of Oxford,UK 98 N/A

D. melanogaster: MB296B-GAL4 Bloomington Drosophila Stock Center56 RRID:BDSC_68308

D. melanogaster: MB058B-GAL4 Bloomington Drosophila Stock Center56 RRID:BDSC_68278

D. melanogaster: MB112C-GAL4 Scott Waddell at University of Oxford,UK53 N/A

D. melanogaster: MB077B-GAL4 Bloomington Drosophila Stock Center56 RRID:BDSC_68283

D. melanogaster: MB080C-GAL4 Bloomington Drosophila Stock Center56 RRID:BDSC_68285

D. melanogaster: MB018B-GAL4 Bloomington Drosophila Stock Center56 RRID:BDSC_68296

D. melanogaster: MB504B-GAL4 Bloomington Drosophila Stock Center56 RRID:BDSC_68329

D. melanogaster: R58E02-GAL4 Bloomington Drosophila Stock Center42,99 RRID:BDSC_41347

D. melanogaster: NP5272-GAL4 Kyoto DGGR38 RRID:DGGR_113659

D. melanogaster: MB630B-GAL4 Bloomington Drosophila Stock Center41,56 RRID:BDSC_68334
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D. melanogaster: MB301B-GAL4 Bloomington Drosophila Stock Center56 RRID:BDSC_68311

D. melanogaster: 0104-GAL4 Insite collection (Scott Waddell at

University of Oxford,UK)43
N/A

D. melanogaster: R56H09-GAL4 Bloomington Drosophila Stock Center44,99 RRID:BDSC_39166

D. melanogaster: 0279-GAL4 Insite collection (Scott Waddell at

University of Oxford,UK)21
N/A

D. melanogaster: R56H09-GAL80 The present study N/A

D. melanogaster: MB312B-GAL4 Bloomington Drosophila Stock Center56 RRID:BDSC_68314

D. melanogaster: MB056B-GAL4 Bloomington Drosophila Stock Center56 RRID:BDSC_68276

D. melanogaster: MB109B-GAL4 Bloomington Drosophila Stock Center56 RRID:BDSC_68261

D. melanogaster: 0804-GAL4 Insite collection (Scott Waddell at

University of Oxford,UK)44
N/A

D. melanogaster: MB315C-GAL4 Bloomington Drosophila Stock Center56 RRID:BDSC_68316

D. melanogaster: MB087C-GAL4 Bloomington Drosophila Stock Center56 RRID:BDSC_68366

D. melanogaster: R66C08-GAL4 Bloomington Drosophila Stock Center63,99 RRID:BDSC_49412

D. melanogaster: pJFRC100-20XUAS-

TTS-Shibire-ts1-p10 su(Hw)attP1

Gerald Rubin at Janelia Research

Campus, Ashburn, Virginia, USA100

N/A

D. melanogaster: UAS-GCaMP6m Bloomington Drosophila Stock Center76 RRID:BDSC_4970

D. melanogaster: UAS-GtACR1 Adam Claridge-Chiang at Duke-NUS

Medical School, Singapore80
N/A

D. melanogaster: UAS-mCD8::GFP;

247-LexA, LexAop-rCD2::RFP

Scott Waddell at University of Oxford,UK98 N/A

D. melanogaster: UAS-csChrimson::tdTomato Scott Waddell at University of Oxford,UK53 N/A

Software and algorithms

GraphPad Prism 9.1.2. GraphPad Software, La Jolla, CA RRID:SCR_002798; https://

www.graphpad.com/scientific-

software/prism/

Fiji Fiji (Image processing and

analysis in Java) NIH; 101
RRID:SCR_003070; https://fiji.sc

ZEISS ZEN Imaging Software Carl Zeiss, Oberkochen, Germany RRID:SCR_013672; https://www.zeiss.

com/microscopy/int/products/

microscope-software/zen.html

Arduino 1.8.9 Arduino.cc RRID:SCR_017284; https://www.arduino.

cc/en/Guide/ArduinoUno

MATLAB Mathworks RRID:SCR_001622; http://www.

mathworks.com/products/matlab/

Inkscape Inkscape RRID:SCR_014479; https://

inkscape.org/en/

Recombinant DNA

pBPGAL80Uw-6 Gift from Gerald Rubin

(Janelia Research Campus)

Deposited data

All behavioral and calcium

imaging data and codes

https://github.com/ https://github.com/ManuPerisse/

Absolute-and-relative-value-coding

ll
OPEN ACCESS Article
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to, and will be fulfilled by, the lead contact, Emma-

nuel Perisse (emmanuel.perisse@igf.cnrs.fr).

Materials availability
All original reagents presented in this study are available from the lead contact upon request.
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Data and code availability

d Behavioral and calcium imaging data reported in this paper have been deposited on GitHub and are publicly available as of the

date of publication. The access link is listed in the key resources table.

d Detailed codes are available at https://github.com/ManuPerisse/Absolute-and-relative-value-coding.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Fly stocks were cultured at 21�C on standard cornmeal food which wasmade with 40L of tap water, 280g of agar, 1.5kg of yeast, 2kg

of corn flour, 2.8kg of Dextrose, 120g of Tegosept and 460mL of Ethanol. Genotypes and sources of the fly lines used in this study are

denoted in the key resources table.

METHOD DETAILS

Fly construct
The R56H09-GAL80 construct was made by amplifying the R56H09 enhancer region from the genomic DNA of R56H09-Gal4 flies102

using forward primer 5’-CACCGGCTACCACACCCAGCGTGCAACAG-3’ and reverse primer 5’-CCTCCTTGATCAGGCGCGAAC

AGGT-3’. The PCR product was cloned into pENTR/D-TOPO vector (pENTR� Directional TOPO� Cloning Kits, Invitrogen). Then

the enhancer fragment was put into pBPGal80Uw-6 plasmid (Addgene) using Gateway cloning system (Gateway� LR Clonase�
II Enzyme Mix, Invitrogen). The R56H09-GAL80 plasmid was inserted into the attp40 landing site by site-specific integration

(Bestgene).

Behavioral Analyses
Behavioral experiments were performed as previously described21 with minor modifications. For all experiments, groups of�100 5–

10 day old flies were housed for 18–24 h before training in a 25 ml vial containing standard cornmeal food and a 20 x 60 mm piece of

filter paper at 23�C and 65% relative humidity and a 12 h/12 h light-dark cycle (except for optogenetic experiments for which flies

were raised in the dark prior to the experiment).

For the csChrimson experiments, 2-3 days old flies were placed in the dark on a 1mM all trans-Retinal solution (molekula, UK)

mixed with fly food for 2 days prior to experiments. Electric shocks were delivered with a Grass S48 Square Pulse Stimulator (Grass

Technology). For experiments in Figures 1A and 1B and all experiments using the thermogenetic tool Shits1, we used a training tube

with copper wires covering the inside of the tube. For the experiments in Figures 1A and 1B, flies were trained at 23�C and 65% rela-

tive humidity as follows: 1 min odor X with 12 x 1.5 s shocks (at 0.2 Hz) of either 15V, 30V, 60V or 90V, followed by 45 s air, and 1 min

odor Y without reinforcement.

For theShits1 experiments at restrictive temperature, flies were transferred 30min prior to and during training into a behavioral room

at 33�C and 65% relative humidity. Flies were trained as follows: 1 min odor X unpaired, followed by 45 s air, 1 min of odor Y with 12 x

1.5 s 60V shocks (at 0.2 Hz), followed by 45 s air, and 1 min odor Z with 12 x 1.5 s 30V shocks (at 0.2 Hz).

For the optogenetic experiments, we designed a transparent shock grid made of a 75 mm x 50 mm polyethylene terephthalate

(PET) coated with a conductive indium tin oxide (ITO) 175mm film of 80 Ohms / Sq (Diamond Coatings Ltd., UK). A grid was laser-

etched onto the ITO film in order to insulate the positive and negative electrodes (lanes in the grid were 0.5 mm spaced by

0.3 mm apart). Flies were trained at 23�C and 65% relative humidity as follows: 1 min odor X unpaired, followed by 45 s air, 1 min

of odor Y with 12 x 1.5 s 120V shocks (at 0.2 Hz), followed by 45 s air, and 1 min odor Z with 12 x 1.5 s 60V shocks (at 0.2 Hz).

The GtACR1 optogenetic stimulation was provided by 4 green LEDs at 101.85mW/mm2 (l = 525nm; Prolight Opto, PM2B-3LxE-

SD, Technology Corporation, Taiwan) constantly illuminating the entire training tube during the presentation of odor Y or Z. The

csChrimson optogenetic stimulation was provided by 4 red LEDs at 229.18mW/mm2 (l = 623nm; Prolight Opto, PM2B-3LRE-SD,

Technology Corporation, Taiwan) and delivered at 0.5 Hz, with 1 s duration over the entire training tube during the presentation of

odor Z + 60V. For the experiment in Figure 6B, odor X was paired for 1 min with red LED stimulation delivered at 0.5 Hz, with 1 s

duration. After 45 s of fresh air, odor Y was presented alone for 1 min. The odor preference test was performed immediately after

training.

Memory performance (immediately or 30 min after conditioning) was tested in the dark by allowing the flies to choose for 2 min

between two of the odors presented during training: X vs Y for Figures 1A and 1B, relative choice Y vs Z and absolute choices X

vs Y or X vs Z for all other behavioral experiments. A Performance Index (PI) was calculated as the number of flies making the correct

choiceminus the number of flies making the wrong choice, divided by the total number of flies in each experiment. A single PI value is

the average score from flies of the identical genotype tested with the reciprocal reinforced/non-reinforced odor combination.

Odors used for conditioning were 3-octanol (OCT; 8 ml in 10ml mineral oil), 4-methylcyclohexanol (MCH; 9 ml in 8ml mineral oil) and

isoamyl acetate (IAA; 16 ml in 10 ml mineral oil). Only 3-octanol and 4-methylcyclohexanol were used during testing.
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Immunohistochemistry and confocal microscopy
4-6 day old female fly brains were dissected in ice-cold PBS and fixed in 4% paraformaldehyde solution in PBS at room

temperature for 20 min. Fixed brains were then incubated in a blocking solution in 10% donkey serum (Jackson Immunore-

search) in PBS-triton (PBST) 0.5% for 30 min at room temperature. Brains were then incubated with primary antibodies,

a-Bruchpilot, nc82, (1:30, mouse, DSHB) and a-GFP (1:1000, Chicken, ABCAM) in PBST for 72 h at 4�C. After 3 x 10 min washes

in PBST, brains were incubated with secondary antibodies, Alexa Fluor 647-conjugated donkey a-mouse and Alexa Fluor

488-conjugated donkey a-chicken (both at 1:400; Jackson Immunoresearch) overnight at 4�C. After 3 x 10 min washes in

PBS, brains were mounted in Vectashield (Vector Labs) on a glass slide. Fly brains were imaged with a Leica SP8-UV confocal

microscope. Image resolution was 1024 x 512 with 0.5 mm step size and a frame average of 3 with a 40x objective. All images

were analyzed using Fiji.101

In vivo two-photon calcium imaging
Functional-imaging experiments were performed as described previously47,53 with some minor modifications. 1-day old flies were

transferred into vials containing standard food (maximum of 30 flies per vial) and imaged 4-7 days later. Flies were briefly immobilized

on ice (30-60 s) and mounted in a custom-made chamber allowing free antennae and leg movement. The head capsule was opened

under room temperature buffer solution (5 mM TES, 103 mM NaCl, 3 mM KCl, 1.5 mM CaCl2, 4 mM MgCl2, 26 mM NaHCO3, 1 mM

NaH2PO4, 8 mM Trehalose, 10mM glucose, pH 7). Membranes and trachea above the recording areas were manually removed. In-

dividual flies in the recording chamber were placed under the 20x objective of a two-photon microscope (Zeiss LSM 710mp) and an

electric shock grid (in copper) was positioned in contact with the fly’s legs (visualized with a camera AV MAKO U-029B (Stemmer

Imaging)). For all flies, GCaMP6m fluorescence signal was measured in a randomly chosen brain hemisphere. Fluorescence was

excited by a Ti-Sapphire laser (Chameleon Ultra II, Coherent) using �140fs pulses, 80MHz repetition rate and centered at

920 nm. Images of 256 x 256 pixels were acquired at 6.34Hz controlled with Zen software (Zeiss). Odors were delivered to the fly

on a clean air stream at 0.9mL/min using the 206A olfactometer (Aurora Scientific). Electric shocks were delivered with a DS2A iso-

lated voltage stimulator controlled with a DG2A train/delay generator (both from Digitimer, Ltd). Imaging (Zen software), electric

shocks and odor delivery were all controlled via TTL signals using an Arduino board (Arduino uno Rev3, Arduino.cc) combined

with a project board (K&H-102) and Arduino custom-made codes.

For imaging electric shock responses in DANs, each fly was recorded for 30 s before the onset of a 1 min sequence of 12 x 1.5 s

electric shocks of a given voltage at 0.2 Hz. Note that in Figure 1, each fly was only tested for their response to one voltage intensity.

For imaging odor-evoked responses in MBONs following a differential training protocol, flies were first trained under the micro-

scope with the same protocol as in Figures 1A and 2B. Flies were exposed to odor X for 1 min paired with 12 x 1.5 s electric shocks

at 0.2 Hz (CS+), followed by 45 s of clean air and a second odor Y unpaired (CS-) for 1 min. Recording during the test started 1 min

after the conditioning protocol. Flies were then exposed twice to a 5 s presentation of the CS+ and CS- with 30 s clean air exposure in

between every odor (see Figures 2B and S2). Note that each fly was trained and recorded only once with a randomly chosen intensity

of electric shock voltage during conditioning.

For imaging odor-evoked responses in PAM-b02ag5n DANs (MB109B-GAL4), MBON-g2a01 (MB077B-GAL4), MBON-g1ped>ab

(MB112C-GAL4) and MBON-g5b02a (R66C08-GAL4) during training, flies were subjected to the following protocol (same as for

the behavioral experiments in Figures 3, 4, and 5): 1 min odor X unpaired ( IAA) followed by 45 s of clean air, then 1 min presentation

of second odor Y (MCH) paired with 12 x 1.5 s 60V electric shocks at 0.2 Hz, followed by 45 s of clean air and 1 min of a third odor Z

(OCT) paired with 12 x 1.5 s 30V electric shocks at 0.2 Hz. To investigate the "worse than" neural mechanisms in Figure 6A, the odor Y

was paired with 12 x 1.5 s 30V electric shocks at 0.2 Hz and the odor Z with 12 x 1.5 s 60V electric shocks at 0.2 Hz. Note that each fly

was trained and recorded only once.

Recorded images were manually segmented with Fiji using a custom-made code including an image stabilizer plugin.103 For each

recording, one region of interest (ROI) was drawn around the zone expressing GCaMP6m (dendrites for MBON-g1ped and MBON-

g2a01 or axonal terminals for all DANs and for MBON-g5b02a) after image stabilization to generate the summed fluorescence at each

frame. A second ROI of the same size was chosen in the background where no changes occur during the whole recording. The

GCaMP6m fluorescence (F(t)) was then calculated by subtracting the background. Flies that did not respond to any odor presenta-

tions were excluded from the analysis. For subsequent analyses custom MATLAB (MathWorks, Inc) scripts were used to first calcu-

late variation of calcium transient from the baseline F0 with the following equation: DF = (F(t) – F0) / F0. In Figure 7, the MBON data

correspond to a frame by frame subtraction of mean DF per animal for the mock and train groups for Z+30V – Y+60V, Y+60V – X+0V

and Z+30V – X+0V.

For DANs recordings, the baseline fluorescence (F0) was defined as the mean fluorescence (F) from the 25 s before the start of the

electric shock sequence. We chose this long duration for F0 as PPL1 DANs display rhythmic slow oscillatory activity104 that could

affect our DF calculation. For MBON recordings during training and testing, or PAM-b02ag5n DANs during training, F0 was defined

as the mean fluorescence of the 2 s before each odor presentation. As we presented the CS+ and CS- twice in Figures 2 and S2 to

recordMBONodor-evoked responses after learning, we usedMATLAB to average the odor responses of the two odor presentations.

In all experiments we calculated the mean fluorescence and the area under the curve (integral F/F0) during the whole sequence of

electric shocks or odor presentation (alone or combined with electric shocks during training).
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QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using PRISM 9.1.2 (GraphPad Software). All behavioral and imaging data were first tested for

normality using the D’Agostino and Pearson normality test. Normally distributed data were analyzed with parametric one-way

ANOVA followed by Tukey’s honest significant difference (HSD) post hoc test. For non-Gaussian distributed data, Kruskal-Wallis

test was performed followed by Dunn’smultiple comparisons test. Simple linear regression was used to fit amodel to our data (shock

responses or CS+CS- difference). We also compared linear regression slopeswith Prism (equivalent method to an Analysis of covari-

ance). For the correlation between calcium transient and shock intensities we used parametric Pearson or non-parametric Spearman

correlation. Paired t- or Wilcoxon tests were used to compare MBON CS+ and CS- responses after training. Unpaired t- or Mann-

Whitney tests were used to compare cell body counting and quarters of area under curve for fluorescence data during training. One

sample t-test against 0 was used in Figures 6B–6D. All graphics were generated with Inkscape 1.0.2 (Inkscape). All statistical com-

parisons are presented in Table S1.
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