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The GABAergic system serves as a vital negative modulator in
cognitive functions, such as learning and memory, while the
mechanisms governing this inhibitory system remain to be eluci-
dated. In Drosophila, the GABAergic anterior paired lateral (APL)
neurons mediate a negative feedback essential for odor discrimi-
nation; however, their activity is suppressed by learning via un-
known mechanisms. In aversive olfactory learning, a group of
dopaminergic (DA) neurons is activated on electric shock (ES)
and modulates the Kenyon cells (KCs) in the mushroom body,
the center of olfactory learning. Here we find that the same group
of DA neurons also form functional synaptic connections with the
APL neurons, thereby emitting a suppressive signal to the latter
through Drosophila dopamine 2-like receptor (DD2R). Knockdown
of either DD2R or its downstream molecules in the APL neurons
results in impaired olfactory learning at the behavioral level. Re-
sults obtained from in vivo functional imaging experiments indi-
cate that this DD2R-dependent DA-to-APL suppression occurs
during odor-ES conditioning and discharges the GABAergic inhibi-
tion on the KCs specific to the conditioned odor. Moreover, the
decrease in odor response of the APL neurons persists to the post-
conditioning phase, and this change is also absent in DD2R knock-
down flies. Taken together, our findings show that DA-to-GABA
suppression is essential for restraining the GABAergic inhibition
during conditioning, as well as for inducing synaptic modification
in this learning circuit. Such circuit mechanisms may play con-
served roles in associative learning across species.

Drosophila aversive olfactory learning | DA-to-GABA suppression | DD2R |
disinhibition | memory trace

ABAergic neurons constitute the major inhibitory system in

the central nervous system. The tight regulation of these
neurons is critical for cognitive functions, such as learning and
memory (1). In rodents, for example, a group of amygdala
GABAergic interneurons innervates principle neurons and ex-
erts negative regulation in fear conditioning (2). In addition,
suppression of these inhibitory neurons using an optogenetic
approach facilitates associative learning (3). It has been reported
that these GABAergic neurons are suppressed on dopamine
perfusion (4), while an independent study showed that another
subgroup of GABAergic interneurons provides the control signal
(3). Behavioral studies in Drosophila indicate that the inhibitory
Drosophila dopamine 2-like receptor (DD2R) plays an essential
role in olfactory learning (5, 6), although the precise circuit
mechanisms remain to be elucidated.

In Drosophila, a single pair of GABAergic anterior paired
lateral (APL) neurons projects exclusively to the mushroom body
(MB) (7), the center of olfactory learning and memory in flies
(8). Similar to GABAergic interneurons in mammals, APL
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neurons also negatively regulate aversive learning by suppressing
Kenyon cells (KCs), the intrinsic neurons of the MB (7). It is
known that APL neurons are activated by KCs and also send
negative feedback to KCs (9). This feedback loop is essential for
sparse odor coding in the MB and odor discrimination during
learning (7, 9). Intriguingly, the odor response of KCs has been
found to increase after conditioning (10, 11), while decreasing
significantly in APL neurons (7). These phenomena suggest that
other neurons may participate in the regulation of APL neurons
during conditioning.

In addition to KCs, dorsal paired medial (DPM) neurons are
the only other neurons known to connect with APL neurons (12,
13). However, DPM neurons exhibit a delayed increase in ac-
tivity starting at 30 min after conditioning (14) and function only
during the stage of memory consolidation (12, 15, 16). Thus, we
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propose that specific synaptic connections of APL neurons have
not yet been identified, and that these connections may exert
suppressive regulation on these GABAergic neurons during
conditioning.

In Drosophila aversive olfactory learning, an electric shock
(ES) serves as the unconditioned stimulus, transmitted mainly by
a group of TH-Gal4-labeled dopaminergic (DA) neurons, paired
posterior lateral 1 (PPL1) neurons (17, 18). These neurons are
strongly activated by ES (17). In addition, activation of these
neurons promotes olfactory learning (18). Using GFP reconsti-
tution across synaptic partners (GRASP) (19) and functional syb:
GRASP (20) approaches, we found synaptic connections be-
tween these DA neurons and APL neurons. Using an in vivo
calcium imaging approach, we also found that during condi-
tioning, the ES-DA signal exerts suppressive regulation on APL
neurons through DD2R, and that this suppression is important
for efficient odor-ES conditioning.

Results

Potential Synaptic Connections Between DA Neurons and APL Neurons.
In Drosophila, TH-Gal4-labeled PPL1 DA neurons have been
shown to project to the vertical lobes and heel of the MB (18, 21),
where APL neurons also project (22, 23) (SI Appendix, Fig. S1).
We tested whether these two types of neurons connect with di-
rect synapses through a GRASP experiment. We first generated
a QUAS-CD4:spGFP11 transgenic fly strain and constructed
QUAS-CD4:spGFPI11/cyo;GH146QF,UAS-mCD4:spGFPI1-10/
TH-Gal4 flies. In these flies, mCD4:spGFPI-10 was expressed in
DA neurons, and CD4:spGFPI11 was expressed in APL neurons
(Fig. 14 and SI Appendix, Fig. S24). We then examined the
brains of these flies and detected the GRASP signal in both MB
lobe and calyx regions (SI Appendix, Fig. S2B). Although the
overlapping projection regions of PPL1 neurons and APL
neurons entirely cover the MB vertical lobes and heels (7, 18,
21), we detected a dense GRASP signal only in the stalks of the
vertical lobes and the heels, but only a weak signal in the ver-
tical lobe tip region (Fig. 1B). The reconstituted GFP signal was
found in some, but not all, of the overlapping regions, sug-
gesting that this signal represents the possible connection area
of the two groups of neurons.

TH-Gal4 also labels MB-M3 DA neurons, which project to the
distal tip of MB horizontal lobes (24), where we also detected a
weak GRASP signal. Because these neurons were previously
shown to have a minor function in aversive olfactory learning
(24), we did not investigate potential connections further in this
study. We did not detect any GRASP signal in the two control
groups, which contained all the transgenes except either GH146-
QF or TH-Gal4 (SI Appendix, Fig. S2 C and D). Taken together,
these results suggest that the projection terminals of the PPL1
DA neurons and APL neurons are morphologically close enough
to form synapses, and that the potential connections are located
largely in the stalk of the vertical lobes and heels in the MB
lobe regions.

Hypothesizing that the PPL1 neurons form synapses to APL
neurons, we next examined the synaptic distribution of these
two types of neurons. DenMark, a postsynaptic marker, was
expressed in APL neurons and revealed extensive postsynaptic
sites in the MB region (Fig. 1C), in agreement with previous
reports (7, 23, 25). In particular, the postsynaptic signals were
reticulate, covering the entire MB lobes. In addition, syt-GFP
revealed the presynaptic sites of the PPL1 neurons, which lo-
calize mainly in the vertical lobes and heel of the MB (Fig. 1C)
(18, 21).

A recent study using electron microscopy reported that the
PPL1 neurons form synapses directly onto APL neurons in the
MB « lobe (26), providing independent structural evidence. Our
observation of large overlapping regions between the presynaptic
sites of PPL1 DA neurons and the postsynaptic sites of APL

20of 8 | www.pnas.org/cgi/doi/10.1073/pnas.1812342116

A B C

GH146 >DenMark

TH>Syt:GFP

DA-APL GRASP_GRASP Fasl|

A CD4:spGFP1-10
| CD4:spGFP11
* GRASP
E Ctrl Non-ES Ctrl ES

Asyb:spGFP1-10
! CD4:spGFP11
e syb:GRASP

=

Exi Non-ES

£3 oyl

sE® Control X525 ® Non-ES

_5820 %% WEXxperimental E ‘gzo HES

(2} 20

a 515 » o15

9] o

10 ggm Kk dkk

og n.s. e

SES .l.— n.s. o5

> 5 £

220 T 1 I ] =80 - ]

X ) <l )
ertical lobes Heel  Horizontal lobes ‘ertical lobes Heel  Horizontal lobes

Fig. 1. Synaptic connections between DA neurons and APL neurons. (A)

Schematic diagram of the GRASP experiment. (B) Representative brain im-
age of the MB lobe region of QUAS-mCD4:spGFP11/cyo;GH146-QF UAS-
mCD4:spGFP1-10/TH-Gal4 flies. The GRASP signal (green) was detected in the
stalks of MB vertical lobes and the heel region, but with weak signals in the
tip of vertical lobes and the distal tip of MB horizontal lobes (white arrow).
The MB lobes were labeled by Fasll staining (magenta). (C) The postsynaptic
sites of APL neurons labeled by DenMark are distributed to the entire MB
lobes. The presynaptic sites of TH-Gal4 labeled DA neurons labeled with Syt:
GFP localize to the entire vertical lobe, heel, and the tip of horizontal lobe
regions of the MB. The genotypes are GH146-Gal4/UAS-DenMark (Left) and
TH-Gal4/UAS-Syt:GFP (Right). (D) Schematic diagram of the syb:GRASP exper-
iment. The signals of syb:GRASP were detected only when the transmitters
were released from presynaptic DA neurons. (E) Representative images of
activity-dependent syb:GRASP signal (Upper) and activity-independent mCherry
signal (Lower) in MB regions without or with ES treatment (non-ES and ES
groups). Experimental group: GH146-Gal4,TH-LexA/LexAop-syb:spGFP1-10,
UAS-CD4:spGFP11;UAS-mCherry/+. Control group: GH146-Gal4/LexAop-
syb:spGFP1-10,UAS-CD4-spGFP11;UAS-mCherry/+. (F) Without ES treatment,
the syb:GRASP signal was significantly higher in the vertical lobes, but not in
the heel and horizontal lobes, in the experimental group compared with the
control group. (G) On ES treatment, the syb:GRASP signals were significantly
increased in all three MB regions, while the signals were still much lower in
the heel and horizontal lobe regions than in the vertical lobe region. In E-G,
the syb:GRASP signal was normalized to the mCherry signal, and the dif-
ference between the experimental and control groups is shown as Asyb:
GRASP. n = 42 in the control non-ES group, n = 57 in the experimental non-
ES group, n = 36 in the control ES group, and n = 75 in the experimental ES
group. Data were quantified by the independent-samples t test and are
shown as mean + SEM. n.s. indicates no significant difference. *P < 0.05;
**P < 0.01; ***P < 0.001. (Scale bars: 20 um in all panels.)

neurons, together with the strong GRASP signal in these regions,
raised the possibility that PPL1 DA neurons form functional
connections to APL neurons.

Functional Connections Between DA Neurons and APL Neurons. We
examined the presumed synaptic connections between these DA
neurons and APL neurons using a newly developed syb:GRASP
method (20). We constructed GHI46-Gal4,TH-LexA/LexAop-
syb:spGFP1-10,UAS-CD4:spGFP11;UAS-mCherry/+ flies (exper-
imental group). In these flies, a vesicle-anchored form of GFP
truncated protein, syb:spGFP1-10, was expressed in the DA
neurons under the control of TH-LexA, and the rest the GFP
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protein with a membrane localization tag, CD4:spGFP11, was
expressed in the APL neurons driven by GH146-Gal4 (Fig. 1D).
The GH146-Gal4/LexAop-syb:spGFPI1-10,UAS-CD4:spGFP11;
UAS-mCherry/+ flies served as the control group. Compared with
the signals in the control group, the syb:GRASP signals were
significantly higher in the experimental group within the MB
vertical lobes but differed little in the heel and horizontal lobes
(Fig. 1 E and F and SI Appendix, Fig. S3). These results suggest
that without induction, there is strong basal synaptic activity in
the DA-to-APL synapses in the vertical lobe regions.

During aversive olfactory learning, the PPL1 DA neurons are
responsible for mediating the ES signal (18, 21). Therefore, we
treated the flies with ES and examined the syb:GRASP signals.
After ES in the vertical lobe, the syb: GRASP signal was signif-
icantly increased (Fig. 1G and SI Appendix, Fig. S3). Although
the syb:GRASP signals also increased in MB heel and horizontal
lobes after ES, signals were relatively low compared with those in
the vertical lobes (Fig. 1G). In contrast, signals for all three re-
gions changed little on ES in the control groups (SI Appendix,
Fig. S3). Taken together, these data confirm that TH-labeled DA
neurons form synaptic connections with APL neurons, and these
synapses at the stalks of MB vertical lobes display strong basal
activity, which is further elevated on ES.

APL Neurons Directly Receive the DA Signal. A previous study in-
dicated that DA neurons may also release other neurotrans-
mitters (27). To determine whether this synaptic regulation is
dopaminergic, we used a newly developed genetic reporter, G
protein-coupled receptor-activation-based DA sensor (GRABp,)
(28). In GHI46-Gal4,TH-LexA/+;UAS-GRABp4/LexAop-P2X2
flies, P2X2 was expressed in the PPL1 DA neurons, which can be
activated by ATP perfusion (SI Appendix, Fig. S4). In addition, the
GRABp, sensor was expressed in APL neurons, with the signal
recorded at the transverse plane of the lower stalk region of MB
vertical lobes (SI Appendix, Fig. S4). As shown in Fig. 24, on ATP
perfusion, the GRABp, signal was significantly increased in APL
neurons. Thus, activation of these DA neurons induces release
of dopamine in this DA-to-APL synapse, which is received by
APL neurons.

We next examined whether the dopamine signal induces an
excitatory or an inhibitory response in APL neurons using an in
vivo calcium imaging approach. The calcium signals were
recorded in the entire MB lobe region from the dorsal-anterior
side of the fly head, and the dopamine perfusion status was de-
termined by coperfused fluorescent dye (SI Appendix, Fig. S5A4).
Remarkably, on dopamine application, the calcium signal of
APL neurons was significantly decreased in the stalk and heel
regions of the vertical lobes (SI Appendix, Fig. S5B). In contrast,
the signal in the tip region was significantly increased (SI Ap-
pendix, Fig. S5C).

To eliminate the dopamine-induced signals from other neu-
rons, we used the neurotoxin tetrodotoxin (TTX) to block syn-
aptic transmission (29), which was shown to be effective in the
odor response experiments (SI Appendix, Fig. S6). After block-
ing, the increase in calcium signals at the APL tip region was
abolished, whereas no difference in calcium signals in the stalk
and heel regions was observed between the TTX-treated and
untreated groups (SI Appendix, Fig. S5 B and C). We examined
the calcium responses in the stalk and heel regions with different
dopamine dosages. The results show that dopamine perfusion at
concentrations of 100 pM and 1 mM induced significant de-
creases in calcium signals, while lower concentrations failed to
induce any calcium response (SI Appendix, Fig. S5D). Thus,
these results indicate that the APL neurons receive a direct
suppressive dopamine signal at the stalk and heel regions of
the MB.
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Fig. 2. APL neurons directly receive the DA signal. (A) GRABpa was signif-
icantly increased on ATP perfusion in APL neurons. The genotype was
GH146-Gal4, TH-LexA/+;UAS-GRABpalLexAop-P2X2 in the experimental
group and GH146-Gal4,TH-LexA/+;UAS-GRABp/+ in the control group. Im-
ages were recorded at the transverse plane of MB vertical lobe region. The
ATP-induced signals during the platform period were averaged. n = 5 in
each group. (B) Dopamine perfusion induced a calcium signal in APL neurons
that was abolished by genetic KD of DD2R or its antagonist butaclamol
hydrochloride. The genotype was GH146-Gal4,UAS-GCaMP3/+ in the control
(n = 15) and butaclamol (n = 10) groups and GH146-Gal4,UAS-GCaMP3/UAS-
DD2R-RNA; in the DD2R-KD group (n = 9). The calcium signals were recorded
in the stalk of the vertical lobe and heel regions in the presence of TTX, and
the response during dopamine perfusion was averaged. Data were quanti-
fied using the independent-samples t test and are presented in the boxplots.
*P < 0.05; **P < 0.01.

Dopamine 2-Like Receptor Mediates Suppressive DA Signals in the
DA-to-APL Synapse. Mammalian dopamine 2-like receptor is an
inhibitory dopamine receptor that down-regulates neural activity
(30). DD2R has been reported to possess a conserved inhibitory
function (31). Here we generated a polyclonal antibody against
DD2R and detected the immunochemistry signals in APL neu-
rons in both the cell body and projection regions (SI Appendix,
Fig. S7). We next tested whether DD2R plays a role in the do-
pamine response of the APL neurons by knockdown (KD) of
DD2R. A previous report (32) showed that mRNA levels of
DD2R is reduced to 37%. As shown in SI Appendix, Fig. S8, we
obtained similar results, as verified by quantitative PCR. In
GH146-Gal4 > UAS-DD2R-RNAi flies, the dopamine response
in the stalk and heel regions was significantly lower in APL
neurons compared with wild-type flies (Fig. 2B). In agreement
with these results, the dopamine response was nearly abolished
when DD2R antagonist butaclamol hydrochloride (31) was
added to the bath (Fig. 2B).

To examine the physiological response of APL neurons, we
activated the TH-labeled DA neurons using the P2X2 method
and recorded the calcium signals in the transverse plane of the
MB lower stalk region (S Appendix, Fig. S6). PPL1 DA neurons
have been shown to have reciprocal connections with the KCs
(33), and KCs activate APL neurons mainly through cholinergic
signals (9). To block potential indirect effects, TTX and meca-
mylamide hydrochloride (MEC), a nicotinic acetylcholine re-
ceptor antagonist (26, 33), were added to the bath. In the of
GH146-Gal4,TH-LexA/UAS-GCaMP6m;UAS-mCherry/LexAop-
P2X2 flies, the calcium signal in APL neurons did not change
significantly on ATP perfusion; however, this response was sig-
nificantly elevated when butaclamol was added to block DD2R
activity (Fig. 34). The difference between the TTX+MEC and
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Fig. 3. D2-like receptor mediates a suppressive DA signal in the DA-to-APL synapses. (A) Diagram of the KC-DA-APL circuitry, with P2X2 expressed in the DA
neurons. On ATP perfusion, the APL neurons displayed no significant change in the calcium signal (n = 13), while this signal significantly increased after the
incubation of DD2R antagonist butaclamol (n = 13). Images were recorded at the transverse plane of MB vertical lobe region. Data were quantified by the
Wilcoxon signed-rank test and are presented in the boxplot graphs. The green line indicates the difference in the response to ATP activation. The genotype
was GH146-Gal4, TH-LexAIUAS-GCaMP6m;UAS-mCherry/LexAop-P2X2. Shown is the average calcium response during the response platform to ATP treat-
ment. n.s. and # indicate the statistical differences in each group compared with 0 (one-sample t test). (B) On ES stimulation, the calcium signal in APL neurons
increased in control flies, and this elevation was significantly higher in DD2R-KD flies. The genotypes were GH146-Gal4,UAS-GCaMP6m/+ in the control group
(n = 7) and GH146-Gal4,UAS-GCaMP6m/UAS-DD2R-RNAJ in the DD2R-KD group (n = 8). The calcium response of the APL neurons was recorded in the
transverse plane of the MB vertical lobe region. The peak response was quantified by the independent-samples t test and presented in the boxplot graphs.

n.s. indicates no significant difference. #P < 0.05; *P < 0.05; **P < 0.01.

TTX+MEC+butaclamol groups showed a negative response,
representing the dopamine signal mediated by DD2R (Fig. 34).
Together with the suppressive signals recorded in the dopamine
perfusion experiments, these results suggest that APL neurons
receive an inhibitory signal from DA neurons, which is mediated
by DD2R.

We further investigated whether APL neurons were restrained
by the DA signal on ES. During conditioning, the PPL1-DA
signal represents the aversive ES stimulus (17, 18), and APL
neurons are activated by ES as well (7). In agreement, we found
that ES triggered an increase in the calcium signal in APL
neurons (Fig. 3B). According to our hypothesis that DA neurons
send a suppressive signal to APL neurons, we speculated that ES
could induce a stronger response in APL neurons if DA in-
hibition were removed. To test this speculation, we examined the
ES response in the APL neurons of DD2R-KD flies. Strikingly,
we recorded a significant elevation in the calcium signal com-
pared with that in wild-type flies (Fig. 3B). Taken together, our
results indicate that the DA signal directly inhibits APL neurons
through DD2R. Moreover, loss of this inhibition results in
overactivation of this GABAergic neuron on ES stimulus.

DD2R-Go Signaling Is Required in APL Neurons for Olfactory Learning.
We next tested whether DD2R-mediated suppression in APL
neurons plays a role in Drosophila aversive olfactory learning.
Using the standard odor-ES conditioning paradigm (34), we
found that the learning index of GHI146-Gal4 > UAS-DD2R-
RNAi flies was significantly impaired (Fig. 4B), and we found a
similar result when a second, independent UAS-DD2R-RNAi fly
line was used (S Appendix, Fig. S9A4). Along with APL neurons,
GH146-Gal4 is also expressed in the antenna lobe projection
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neurons. Thus, we used two additional Gal4 lines (7, 13) to
distinguish the function of these two groups of neurons (SI Ap-
pendix, Fig. S10). As shown in Fig. 4B, the learning index was
decreased significantly when UAS-DD2R-RNAi was expressed
with APL-positive NP2631-Gal4 but did not change with APL-
negative NP225-Gal4 (35). As controls, the naive responses to
odors and ES of these flies were comparable to those of the
parental control flies (S Appendix, Table. S1).

To rule out developmental effects of DD2R-KD, we knocked
down DD2R specifically in the adult stage using the TARGET
method (36). In the heat-induction group, the GHI46-Gal4/
UAS-DD2R-RNAi;tub-Gal80"/+ flies had a significantly lower
learning index compared with their parental controls, while their
siblings in the noninduction group performed normally (Fig.
4C). The efficiency of the TARGET method was validated by
expressing mCDS8::GFP as a reporter (SI Appendix, Fig. S9B).
Taken together, our results indicate that loss of DD2R-mediated
suppression in the APL neurons impairs olfactory learning
physiologically rather than developmentally.

As illustrated in Fig. 44, DD2R exerts its inhibitory function
through coupling with the Gi/o protein in both mammals (30, 37)
and Drosophila (31). Therefore, we tested whether Go is re-
quired in APL neurons to mediate the suppressive DA signal
during learning. Knockdown of Go expression using the APL-
positive strains GH146-Gal4 and NP2631-Gal4 led to impaired
olfactory learning, while a normal learning index was observed
when an APL-negative NP225-Gal4 strain was used (Fig. 4D). In
addition, we used pertussis toxin (PTX), which is known to target
Go protein specifically in Drosophila (38, 39). Similar to Go-KD,
expression of PTX in APL neurons significantly decreased the
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learning index (SI Appendix, Fig. S9C). These results indicate
that the DD2R-Go signaling in APL neurons is required for
learning, possibly by reducing the GABAergic activity.

APL neurons negatively regulate olfactory learning due to
GABAergic inhibition in KCs (7), and the coexpressed octopa-
minergic system has been shown to be uninvolved in the aversive
olfactory learning (25). We then knocked down the GABA
synthetase glutamate acid decarboxylase (GAD) in APL neurons
by expressing UAS-GAD-RNAi with GHI46-Gal4 or NP2631-
Gal4. As shown in Fig. 4E, the reduction in learning on DD2R-
KD was abolished when the GABA signal was impaired. Taken
together, these behavioral results suggest that during aversive
olfactory learning, DD2R-Go signaling in APL neurons is required
for efficient conditioning, possibly through restraining the
GABAergic inhibition in KCs.

The Odor Response of the APL Neurons Is Suppressed During Odor-ES
Conditioning. Our finding that the APL neurons receive direct
DA suppression (as shown in Figs. 2 and 3) prompted us to test
whether this suppression plays a role during conditioning. To
monitor neural activities during conditioning, we designed a
training paradigm for in vivo calcium imaging, consisting of
interlaced 3 s of odor-ES coupling and 3 s of control odor at 15-s
intervals, repeated six times (Fig. 54). With this training para-
digm, the wild-type Canton-S flies achieved effective learning in
behavioral tests (SI Appendix, Fig. S114). In the imaging ex-
periments, the flies were dissected at the dorsal-posterior side of
the head to ensure that their antennae remained intact, and
calcium signals were recorded at the transverse plane of APL
neurons in the lower stalk region of the MB vertical lobes (S
Appendix, Fig. S11B and Fig. 5B).

When the odor 4-methylcyclohexanol (MCH) was coupled
with ES treatment during conditioning, the calcium response of
APL neurons to this conditioned odor was significantly reduced
compared with that in the preconditioning phase (Fig. 5C). In
contrast, APL neurons exhibited an unchanged response to the
unconditioned odor 3-octanol (OCT). Similar results were
obtained in parallel experiments in which OCT was coupled with
the ES and MCH served as the control odor (Fig. 5C). Previous
studies have shown that after conditioning, APL neurons exhibited
a reduced response specifically to the conditioned, and not the
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unconditioned, odor (7). Our results presented here indicate that
this specific modulation occurs during conditioning.

DD2R Is Essential for Suppression of APL Neurons During and After
Odor-ES Conditioning. Our results show that DD2R-KD resulted
in an elevated ES response in APL neurons (Fig. 3B), accom-
panied by an impaired learning index (Fig. 4B). Therefore, we
further examined whether DD2R is required for the suppressive
regulation of APL neurons during odor-ES conditioning. In the
DD2R-KD flies, there were no significant changes the calcium
response of APL neurons during conditioning with either MCH
or OCT coupled to the ES signal (Fig. 5C). For the non-
conditioned odors, the response of APL neurons of the DD2R-
KD flies were unchanged during conditioning, similar to that
seen in parental control flies (Fig. 5C). Thus, DD2R-mediated
DA suppression plays an essential role in the suppressive mod-
ulation of APL neurons during conditioning.

The decreased odor response in APL neurons at the post-
conditioning phase has been implied as a memory trace, possibly
due to synaptic modification (7, 40). Thus, we asked whether
DD2R is also required for this postconditioning change. As
shown in Fig. 6 and SI Appendix, Fig. S12, the response in
APL neurons was significantly reduced in both the during-
conditioning and postconditioning phases to the conditioned
odor, but not to the control odor. More importantly, compared
with the preconditioning phase, the reduction observed in the
postconditioning phase was also abolished in the DD2R-KD
APL neurons. In both the preconditioning and postcondition-
ing phases, only odor was supplied. Thus, our observation of no
significant change in APL odor response in the DD2R-KD flies
suggests that when DA-to-APL inhibition is absent, learning-
induced synaptic modification is impaired in the circuit of KC-
DA-APL. Taken together, our findings reveal that GABAergic
APL neurons are regulated by suppressive DA signals, which is
an important mechanism for restraining GABAergic inhibition
as well as for circuit modulation during conditioning.

Discussion

How the neural information of learning and memory is processed
is one of the most intriguing questions in neuroscience. The ol-
factory learning circuitry of Drosophila has been comprehensively
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Fig. 5. The APL response is reduced during odor-ES coupling in control flies
but not in DD2R-KD flies. (A) The olfactory learning paradigm for in vivo
calcium imaging. Conditioned odor (CS*), coupled with ES, and un-
conditioned odor (CS™) were sequentially presented with a 3 s-duration and
a 15 s-interval. One trial was recorded in the preconditioning phase without
the ES and repeated six times in the during-conditioning phase with odor-ES
coupling. (B) Representative pseudocolor images of the peak odor responses
in preconditioning and during-conditioning phases. The calcium signals were
recorded in the transverse plane of the lower stalk of MB vertical lobes.
Baseline fluorescence (FO) was calculated by averaging five frames before
odor treatment. Maximum fluorescence (Fmax) was averaged from five
frames flanking the maximum odor response. Data from the six trials in the
during-conditioning phase were averaged. Pseudocolor images according to
the FO and Fmax are shown on a pixel-by-pixel basis. (C) Compared with that
in preconditioning phase, the calcium activity of the APL neurons in response
to the conditioned odor decreased during conditioning in control flies, a
decrease not observed in DD2R-KD flies. The APL neurons showed an un-
changed response to unconditioned odor in both control and DD2R-KD flies.
The genotypes were GH146-Gal4,UAS-GCaMP6m/+ in the control group and
GH146-Gal4,UAS-GCaMP6m/UAS-DD2R-RNAi in the DD2R-KD group. n =
12 in both control and DD2R-KD groups when MCH was used as the condi-
tioned odor; n = 12 and 10 in control and DD2R-KD groups, respectively
when OCT was used as the conditioned odor. The peak odor response was
analyzed by the Wilcoxon signed-rank tests and is presented in the boxplots.
n.s. indicates no significant difference. *P < 0.05; **P < 0.01.

investigated, providing an ideal system for studying the complex
circuit mechanisms underlying learning and memory. In this
study, we identified a synaptic connection from DA neurons
to GABAergic APL neurons and characterized an inhibitory
DA signal in this synapse mediated by DD2R. This DA inhi-
bition restrains APL neurons during odor-ES conditioning,
thereby releasing the GABAergic inhibition on KCs. Moreover,
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the DA-to-GABA connection is important for synaptic modi-
fication within the learning circuit, in which DD2R plays an essential
function.

GABAergic neurons are the major inhibitory neurons in the
nervous system, and different groups of GABAergic neurons
may form connections to achieve disinhibition in associa-
tive learning (41). In the Drosophila circuit studied here, the
GABAergic APL neurons have been found to be suppressed by
learning processes (5); however, how this suppression is achieved
remains unknown. Intriguingly, we found that the signal that
restrains this GABAergic neuron comes directly from a group of
excitatory DA neurons, which have been shown to be activated
by ES (21, 42). We further show that the inhibitory DA receptor
DD2R in APL neurons is required to mediate this DA inhibition.
In mammalian systems, the GABAergic interneurons in the
amygdala also have been reported to be suppressed by dopamine
perfusion (4, 43). In addition, the inhibitory D2R also has been
proposed to play a critical role in learning (4, 43). Our findings
provide in vivo evidence of DA-to-GABA direct inhibition, and
its function in disinhibition may serve a conserved circuit
mechanism in associative learning during evolution.

In Drosophila, single neurons may use more than one type
of neurotransmitter and/or neuropeptide (27). To identify the
neurotransmitter used in the DA-to-APL synapse, we used a
recently developed DA sensor (28) that allows us to distinguish
the DA signal received by APL neurons. Notably, the calcium
signal in APL neurons decreased significantly on dopamine
perfusion, whereas this decrease was not observed when DA
neurons were activated. Nevertheless, when the antagonist of
DD2R was added, the DA response was significantly increased,
indicating the suppressive DA signal. The different responses in
these two experiments may be due to different dopamine con-
centrations between dopamine perfusion and the physiological
activation of DA neurons.

It has been reported that DIR, an excitatory dopamine re-
ceptor, is activated in a low concentration of dopamine, whereas
D2R responds only at a high concentration (44). A recent study
reported that excitatory and inhibitory dopamine receptors are
coexpressed in a GABAergic neuron and function oppositely
(45). Our findings also suggest that both excitatory and inhibitory
signals exist in the DA-to-GABA synapse, likely mediated by
different types of dopamine receptors. The molecular dynamics
of receptor expression, activation, distribution, and recycling may
serve as important mechanisms for synaptic modification, thereby
tuning the balance of circuitry.

In Drosophila olfactory learning, the change in odor response
after conditioning is considered a sign of memory trace, which is
believed to be a result of synaptic modification (7, 40). As shown
in Fig. 6C, APL neurons receive input from KCs during condi-
tioning. However, the changes in odor response differ in these
two types of neurons, increased in the lobe (10, 11) and
remaining unchanged in the calyx (46) of KCs but decreased in
APL neurons (10). This difference suggests a modification
occurring during learning in the KC-DA-APL circuit. One
straightforward guess is that the synaptic strength of the KC-to-
APL connection is reduced. As KCs have a reciprocal connec-
tion with DA neurons (33), it is also possible that the DA-to-
APL synapse or the DA-KC bidirectional synapses are modified.
These three types of neurons compose a complex recurrent
network; thus, coupled stimuli likely affect every node inside to
different degrees. Our findings show that DD2R-mediated DA
inhibition in GABAergic neurons is an important regulatory
mechanism for circuit modification, which contribute to neural
plasticity in associative learning.

Materials and Methods

Fly Strains. Flies were cultured on standard food (47) at 25 °C and 60% rel-
ative humidity and kept on a 12-h light/dark cycle. Mixed sexual flies were
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through DD2R, thereby restraining the APL-to-KC inhibition to secure efficient learning.

collected at eclosion and aged for 2-3 d. In the TARGET experiments (36),
flies were raised at 18 °C and shifted to 31 °C after eclosion for heat in-
duction for 3 d before the behavioral experiments. More details on fly
strains are provided in S/ Appendix, Materials and Methods.

Activity-Dependent syb:GRASP Experiments. The ES treatment was performed
in the training tube of the T-maze used for olfactory learning. Flies were
separated at random into two groups, with one group exposed to the ES and
the other group loaded into the same tube without the ES. The ES was applied
by a series of 1.25-s 90-V pulses at 3.75-s intervals for a total of 5 h. Sub-
sequently, the flies were dissected and imaged within 60 min with Z-stack
scanning at 1.0-um steps. Data were analyzed using ImageJ with the Mea-
sure Stack plugin. The mCherry signal served as the reference to mark the
region of interest, with both mCherry and GFP signals measured in all slices
containing the mCherry signal. The GFP/mCherry ratio was calculated to
present the syb:GRASP signal.

Staining and Imaging of Fly Brains. According to a standard immunohisto-
chemistry protocol (48), brains of adult flies were dissected and subjected to
fixation, blocking, and antibody staining. Primary antibodies against GABA,
Fasll, and DD2R were used in this study (S/ Appendix, Materials and Meth-
ods). Z-stack scans were collected at 0.4-um steps.

In Vivo Functional Imaging. Adult (2-6 d old) female flies were fixed in the
hole of a perfusion chamber, with a window opened on the head cuticle
(49). For the dopamine perfusion experiments, fluorescence signals of
GCaMP3 were recorded from the dorsal-anterior side of the head at a rate of
4 s per frame (Fig. 2B and S/ Appendix, Fig. S5). For other functional imaging
experiments using GCaMP6m or GRABpa1m as the reporter, images were
acquired from the dorsal-posterior side at a rate of 5 frames/s. Dopamine
(1 mM) and ATP (1 mM) were applied by perfusion, and TTX (1 uM), buta-
clamol (100 pM), and MEC (500 uM) were applied by incubation. For imaging
during learning, the antennae were kept intact for odor sensing. The ES
(60 V) was applied directly to the fly abdomens via two steel wires (50).

. Ehrlich |, et al. (2009) Amygdala inhibitory circuits and the control of fear memory.
Neuron 62:757-771.
2. Shumyatsky GP, et al. (2002) Identification of a signaling network in lateral nucleus of amygdala
important for inhibiting memory specifically related to learned fear. Cell 111:905-918.
3. Wolff SB, et al. (2014) Amygdala interneuron subtypes control fear learning through
disinhibition. Nature 509:453-458.
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Image Analysis. All images were collected using a Leica SP5 Il confocal mi-
croscope with a 20x water objective (NA 1.00). In GRASP and staining ex-
periments, images were analyzed using Image J. For functional imaging
experiments, Leica LAS-AF software was used for selecting regions of in-
terest and quantifying fluorescence intensity. Imaging traces were smoothed
using MATLAB software (MathWorks). The AF/F was calculated by dividing
the change of fluorescence (AF) by the baseline fluorescence (F). Pseudocolor
images according to the FO and Fmax were shown on a pixel-by-pixel basis.

Behavioral Assays. Olfactory aversive learning and memory experiments were
performed according to the standard T-maze paradigm (34). In brief, a group
of approximately 100 mixed-sex flies were exposed to odor A accompanied
by ES for 1 min, followed after 45 s by exposure to odor B for 1 min, and
then tested for 2 min. The learning index was calculated by averaging the
preference index of two reciprocally trained groups.

Statistical Analysis. SPSS 17.0 was used for data analysis. In behavioral ex-
periments, one-way ANOVA was performed, followed by the Bonferroni
post hoc test for comparison among multiple groups, and the independent-
samples t test was used for comparisons between two groups. For func-
tional imaging experiments, data were tested for normality and then ana-
lyzed with a parametric (independent-samples t test) or nonparametric
(Wilcoxon signed-rank test for comparison between matched samples) test,
as appropriate.
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