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Forgotten memory storage and retrieval in
Drosophila

Chih-Ming Wang1,2, Chun-Yuan Wu 1, Chen-En Lin3, Ming-Chi Hsu 1,2,
Jing-Chun Lin3, Chuan-Chin Huang1,2, Ting-Yu Lien4, Hsin-Kai Lin3,
Ting-Wei Chang1,2 & Hsueh-Cheng Chiang 1,4

Inaccessibility of stored memory in ensemble cells through the forgetting
process causes animals to be unable to respond to natural recalling cues.While
accumulating evidence has demonstrated that reactivating memory-stored
cells can switch cells from an inaccessible state to an accessible form and lead
to recall of previously learned information, the underlying cellular and mole-
cular mechanisms remain elusive. The current study used Drosophila as a
model to demonstrate that the memory of one-trial aversive olfactory con-
ditioning, although inaccessible within a few hours after learning, is stored in
KCαβ and retrievable after mild retraining. One-trial aversive conditioning
triggers protein synthesis to form a long-lasting cellular memory trace,
approximately 20 days, via creb in KCαβ, and a transient cellular memory
trace, approximately one day, via orb in MBON-α3. PPL1-α3 negatively reg-
ulates forgotten one-trial conditioning memory retrieval. The current study
demonstrated that KCαβ, PPL1-α3, and MBON-α3 collaboratively regulate the
formation of forgotten one-cycle aversive conditioning memory formation
and retrieval.

Memory that serves to preserve past experiences and affect an ani-
mal’s future behavior is the most important cognitive activity; how-
ever, memory is not always stable in the brain and constantly fades
through a process called forgetting. In contrast to memory formation,
which can guide future animal behavior, forgetting weakens stored
memory. It offers flexibility for animal behavior to fit the dynamic
environment. Emerging evidence has shown that, in addition to
memory formation, learning also initiates the forgetting process,
which suggests that as early as the beginning of memory formation,
memory is bound to decay. However, it remains unclear how the for-
getting process interferes with memory formation.

In general, behaviorally, forgetting is considered to be a trained
associative response that cannot be induced when an animal
encounters recalling cues1–3. However, the definition of forgetting has
transitioned in the past ten years. Reactivating engramcells inADmice
with APP/PS1 mutation and in protein synthesis inhibition-induced

amnesia mice led to the recall of freezing behavior that could not be
retrieved by natural recalling cues4,5. In addition, 24-hour social
memory, which typically cannot be retrieved by recalling cues within
24 h, is also restored after c-fos-labeled neurons in the CA1 regionwere
reactivated6. Seminal studies from Aplysia show that latent memory
canbe inducedby long-term sensitization stimulation7–9. Further study
on the transcriptional correlation in Aplysia suggests that forgetting
could be a retrieval failure10. These studies suggest that although no
recall behaviors are observed, thememory for conditioned experience
has not been erased but is hidden within the system in the form of a
silent, inaccessible engram11,12, and requires proper stimulation to
activate it.

Recent studies on the characterization of silent engram cells
suggest that synaptic connectivity is weakened between neurons to
cause retrieval failure, and learning-induced physical/chemical chan-
ges within cells are partially preserved4, although there is also other
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evidence suggesting that depressed plasticity is not the main con-
tributor to forgetting13. Therefore, it remains elusive what cellular
activities or signaling pathways triggered by learning are altered dur-
ing forgetting.

Optogenetics experiments to reactivate learning-activated
engram cells have shown recall of the conditioned behaviors14, sug-
gesting a population of cells designed to direct animal behavior upon
reexperiencing recalling cues. This experimental setting intensely
relies on learning-induced IEGs activation, and learning-induced
engram cells activation is tracked by IEGs labeling. However, recent
studies have proposed the heterogeneity of engram cells, suggesting
that the activation of certain IEGs cannot represent all engram cells15. A
study using fosGFP to label activated cells showed that in the primary
sensory cortex, c-fos labeling could not reveal all learning-related
neural ensembles16 suggesting that not all engram cells display the
same characteristics. In addition, the role of inhibitory engram cells in
managing memory formation and forgetting has been proposed but
has not been experimentally characterized17. More studies are needed
to reveal the natural properties of different memory cells in managing
memory formation.

Experimental psychology has proposed that nonpathological
forgetting could be due to interference (active forgetting) and natural
decay (passive forgetting)2,18–20. Recent studies have found that some
active forgetting processes, intrinsic and interference-based forget-
ting, are regulated by learning-activated dopamine/Rac1 and
cdc42 signaling pathways21–23. It has been proposed that changing the
memory formation signaling pathway to facilitate or delay the for-
getting process could manipulate engram cell activity and affect the
quality and quantity of stored memory19. However, it remains uncer-
tain how the intrinsic and interference-based forgetting processes
affect memory trace formation and decay.

Classical olfactory conditioning is a widely used learning para-
digm in Drosophila. It has been established that olfactory conditioning
training can form short-term memory (STM), middle-term memory
(MTM), and long-termmemory (LTM). While STM is usually lost within
several hours after learning, LTM lasts at least days24,25. Traditionally,
regular one-cycle olfactory aversive conditioning induces STM and
MTM expression, which do not require new protein synthesis, while
spaced training (multiple cycles of training with resting intervals) is
needed to trigger new protein synthesis to form LTM. Although there
are some reports that one cycle of conditioning is able to induce
LTM26–28, here we focus on a protocol that has been well established to
study STM and MTM but no protein synthesis dependent-LTM
formation29.

Decades of studies have concluded that Kenyon cells (KCs) in the
mushroom bodies (MBs) of fruit flies are the primary neurons for
learning and memory and can be subdivided into three specific
regions, KCγ, KCαβ, and KCα’β’30. Accumulated evidence has demon-
strated that KCαβ and their downstream output neurons, MBONs, are
responsible for LTM retrieval31–35, suggesting that LTM is stored within
an αβ circuit.

The current study used fruit flies as a model to investigate how
“forgottenmemory” of one-cycle aversive conditioning is stored in the
brain and the cellularmechanism to retrieve it. We found thatmemory
of one-cycle olfactory classical conditioning was retrievable eight days
after learning when trained flies experienced a secondmild retraining.
We confirmed that this mild retraining was not establishing a new
memory but recalling previously stored and “forgotten” memory.
Importantly, we found that passive forgetting and active forgetting are
similar processes, but with different decay rates. Further analysis
showed that KCαβ, MBON-α3, and PPL1-α3 behave similarly to engram
cells, collaboratively working together to regulate the forgetting pro-
cess and retrieve forgotten one-cycle olfactory classical conditioning
memory. The current study demonstrates a pool of heterogeneous
engram-like cells with different activation times and molecular

signaling that are activatedby learning and require protein synthesis to
manage memory storage and retrieval.

Results
The memory of one-cycle aversive conditioning is retrievable
after eight days
It has been widely accepted that the memory of regular one-cycle
aversive conditioning decays within 24 h; flies do not show any choice
bias to avoid the conditioned stimulus (CS+) odor. To understand if
such memory remains available and can be retrieved to direct animal
behavior, an experimental protocol was set up to address this issue
(Fig. 1a). We hypothesized that mild retraining could activate the
recalling circuit to retrieve previously formed but forgotten one-cycle
olfactory aversive conditioning memory. For simplicity, we called
forgotten one-cycle aversive conditioning memory a forgotten mem-
ory. Our data showed that mild retraining, 30 V training, retrieved
forgotten memory 2, 6, and 8 days but not 20 days after 90V training
(Fig. 1b). Further analysis showed that forgotten memory was very
stable between testing days (Supplementary Fig. 1a). Unless men-
tioned, we used a paradigm with an 8-day interval between the 90V
training and mild retraining. Without mild retraining, forgotten
memory could not be retrieved two days after 90V training (Fig. 1b).
CS+ or CS- odor stimuli or electrical shock (E.S.) alone could not
retrieve forgotten memory, and pretrained flies showed higher per-
formance than unpaired and naïve flies trained with only 30V (Sup-
plementary Fig. 1b, c). The forgottenmemory couldalsobe established
in older flies. We trained older flies, eight days old, and delivered mild
retrainingfive days later (Supplementary Fig. 1d). Under this condition,
forgotten memory could still be established with less efficiency.
However, the retrieved forgotten memory decayed within 6 h, sug-
gesting that this is short-term memory (Supplementary Fig. 1e). Fur-
ther studies confirmed that mild retraining retrieves previously stored
“forgotten memory” but does not establish a new memory. 1. No or
very low behavioral performancewas observed with only 30V training
(Supplementary Fig. 1c). 2. Nobehavioral performancewasobserved in
mild reversal training (Fig. 1c), and the CS+ and CS- odors used in 90V
trainingwere switched inmild retraining. 3.We used VT49246-Gal4 for
KCαβ, VT30604-Gal4 for KCα‘β‘, and R16A06-Gal4 for KCγ36 to over-
express a temperature-sensitive shibiremutant, shits, to identify where
the forgottenmemory was stored. All used transgenic lines were listed
in the Table 1. Flies were moved to the restrictive temperature 30min
before mild retraining and testing. For simplicity, we called the first
90V training as training (90 V-training) andmild retrainingplus testing
as forgottenmemory retrieval (fm-retrieval). Output activity inhibition
in KCαβ prohibited forgottenmemory retrieval (Fig. 1d). Accumulated
evidence has demonstrated that ΚCγ and KCα‘β‘ neurons are respon-
sible for acquisition and consolidation, while KCαβ is responsible for
aversive conditioning LTM retrieval34,37,38. Therefore, the forgotten
memory was likely retrieved from a previously formedmemory rather
than establishing a new memory. We also confirmed that the electric
reactivity of 30V was similar between pretrained and unpaired flies
(Supplementary Fig. 1f). 4. Dopamine signaling is required in KCγ for
CS-US association39. Consistently, we also found that knocking down
Dop1R1, a type 1 dopamine receptor, in neurons decreased behavioral
performance (Supplementary Fig. 1g).However, knockdownofDop1R1
in KCγ four days before the fm-retrieval phase did not block forgotten
memory retrieval (Supplementary Fig. 1h), suggesting that new asso-
ciation memory does not contribute to retrieving forgotten memory.
5. To directly show that forgotten memory is stored in αβ neurons, we
used GCaMP7f to observe the change in intracellular calcium levels to
reflect neural activity. We found that the ratio of the CS+/CS- calcium
signal was increased in the α branch of KCαβ in the previously 90V
trained flies, without mild retraining, after eight days (Fig. 1e and
Supplementary Fig. 1i). We analyzed the tip of the α region, the α3
compartment, as this region has been used to study the GCaMP
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response after learning32,33,40. There was no difference between the
response to CS+ and CS- stimuli in the calyx region in the pretrained
flies eight days later, suggesting that forgottenmemory is not stored in
the calyx region (Supplementary Fig. 1j). This result was repeatedwhen
we switched the odor for CS+ and CS- (Supplementary Fig. 1k). The
formed calcium trace that responds to the CS+ after learning has also

been suggested as the cellular memory trace32,40. The long-lasting
cellular memory trace after one-cycle aversive conditioning found in
the α branch differs from the results of a previous study. Yu et al.
showed no calcium signal difference between CS+ and CS- after 24 h32.
The discrepancy could be due to the sensitivity of GCaMP, different
versions of GCaMP, different Gal4 lines used, and different protocols.
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Altogether, our data showed that one-cycle olfactory aversive con-
ditioning memory has not vanished but is hidden within the neural
circuit.

The neural circuit is for information transmission
We were curious how information is processed after one-cycle olfac-
tory aversive conditioning to form forgottenmemory. Transgenic flies
weremoved to restrictive temperatures only during 90V training. Our
data showed damaged forgotten memory in VT49246-Gal4 >UAS-Shits

and R16A06-Gal4 >UAS-Shits flies (Fig. 2a). These data showed that
activation of KCγ and KCαβ is required during acquisition and 90V-
training, to form forgottenmemory. The finding of KCαβ involvement
is unexpected, as KCαβ has only been suggested to be involved in
aversive memory retrieval34,37,41–43.

Further studies showed that multiple neurons are involved in the
early stage of learning. Transgenic flies were moved to 30 °C during
and 3 h after 90V training. Reduced output activity of KCγ and KCαβ
prevented forgotten memory formation (Fig. 2b and Supplementary
Fig. 2a). Inhibited KCαβ activity during the early stage produced more
damage than in the acquisition stage (Fig. 2a, b). Further analysis
showed that early activation of KCγ was crucial for memory trace
expression in the α3 region of KCαβ (Fig. 2c). As the activity of KCγ is
important for establishing memory, inhibition of KCγ during training
jeopardizes learning, and therefore, no “forgotten memory” could be
formed. This finding suggests that early training is important to
establish an underlying memory circuit to be uncovered later. The
activity of PPL1 neurons but not PAM neurons is required during the
early stage (Supplementary Fig. 2b). MB504B-Gal4 is for PPL1 neurons,
and R58E02-Gal4 is for PAM neurons44. PPL1-α3 (MB630B) was
required in the consolidation phase but not during acquisition
(Figs. 2a, d). Two MBONs are also required during the early stage,
MBON-α3 (G0239) and MBON-γ1pedc >αβ (MB112C) (Fig. 2e, f). Fur-
ther analysis suggested that MBON-α3 is involved in the consolidation
phase, as inhibited output activity of MBON-α3 during 90V-training
did not affect forgotten memory (Fig. 2a). To search for the down-
streamcircuit ofMBNsduring the fm-retrieval phase,we looked for the
MBONs. Inhibited output activity in MB082C-Gal4 >UAS-Shits and
G0239-Gal4 >UAS-Shits flies during the fm-retrieval phase blocked
forgotten memory retrieval (Fig. 2g and Supplementary Fig. 2c, d).
MB082C-Gal4 is for MBON-α3. These results suggested that KCγ and
KCαβ are responsible for acquisition and consolidation. As the learned
relative odor specificity required to be established by MBON-γ1ped >
αβ has been proposed by previous work42, we suggest that the activity
of MBON-γ1ped >αβ is important to establish odor information for
later forgotten memory formation. The forgotten memory is likely
hidden in the α3 region of KCαβ and MBON-α3.

It has been established that protein synthesis is needed for LTM
formation but not STM. Although forgotten memory is different from
LTM, in terms of retrievability, we hypothesized that to maintain long-
lasting forgotten memory, one-cycle olfactory aversive conditioning
triggers protein synthesis to support forgotten memory storage. Flies
were fed cycloheximide (CHX) 12 h before and 24 h after 90V training.

A subsequent mild retraining and test were delivered three days later.
No retrieved forgotten memory was found in treated flies (Fig. 3a).
Western blot analysis showed more positive puromycin staining one
day after 90V training (Supplementary Fig. 3a). To reveal where pro-
tein synthesis is triggered after one-cycle olfactory aversive con-
ditioning, the temperature-dependent ribosomal toxin RICINCS was
used45,46. Transgenic flies were moved to restrictive temperatures 12 h
before and24 h after 90 V training. Forgottenmemorywas testedeight
days later. A failure to retrieve forgotten memory was found only in
MB082C-Gal4 >UAS-Ricincs and VT49246-Gal4 >UAS-Ricincs

flies
(Fig. 3b, c, d, and e). Recent studies have shown that protein synthesis
is needed in dorsal–anterior–lateral (DAL) neurons for LTM
formation46. However, forgottenmemory remained retrievable inDAL-
Gal4 >UAS-Ricincs

flies (Supplementary Fig. 3b). Accumulated studies
have shown that cyclic AMP response element-binding protein (CREB)-
responsive transcription plays a critical role in LTM formation. In
Drosophila, the crebA and crebB genes encode CREB family
proteins47–50. To reveal the role of creb in retrieving forgottenmemory,
we used RNAi to knock down endogenous crebA and crebB by using
Elav-Gal4, a pan-neuronal promoter. Creb was knocked down in adult
flies eight days before and four days after 90 V training. The forgotten
memory was tested four days after 90 V training. A failure to retrieve
forgottenmemorywas found in Elav-Gal4 >UAS-CrebBRNAiflies under
the control of Gal80ts (Supplementary Fig. 3c). However, further ana-
lysis showed that knocking down crebB in KCαβ but not in MBON-α3
damaged forgotten memory (Fig. 3f and Supplementary Fig. 3d).
Confocal imaging confirmed that after 90 V training, there was more
RFP signal in the α3 region (Supplementary Fig. 3e), suggesting that
moreCREBbinds toCRE inKCαβ to expressRFP. This experiment used
split GAL4, CRE-p65-AD, and R44E04-GAL4 DBD to drive UAS-RFP.
Intriguingly, we found that knocking down oo18 RNA-binding protein
(orb), a transcription factor that has also been shown to be involved in
memory formation35,51, in MBON-α3 blocked forgotten memory
(Fig. 3g). These data suggested that different proteins are required in
KCαβ and MBON-α3 to express/support forgotten memory after one-
cycle olfactory aversive conditioning.

Unconsolidatedmemory is transformed into forgottenmemory
In Drosophila, unconsolidatedmemory (anesthesia-sensitivememory)
decays within 6–8 h, while consolidated memory (anesthesia-resistant
memory) is formed gradually after learning and can last 24 h29,52,53. We
examined the role of amnesiac (amn) in forgottenmemory. A previous
study showed that amn is important for 3 h memory formation54. Our
results showed that knocking down amn in adult KCαβ did not affect
forgotten memory retrieval (Supplementary Fig. 4a). We also con-
firmed memory damage in R13F02-Gal4>amn RNAi flies under the
control of Gal80ts (Supplementary Fig. 4b). R13F02-Gal4 is for whole
mushroombodyneurons.Tounderstandwhichmemory is for forming
forgotten memory and is retrieved under our protocol, we cold-
shocked the flies 30–40min after 90 V training for 2min to disrupt any
unconsolidated memory. Under this condition, no forgotten memory
was observed retrieved (Fig. 4a). Consistently, no memory trace was

Fig. 1 | The memory of one-cycle aversive conditioning is retrievable.
a Experimental protocol. b The memory of one-cycle aversive conditioning
remained retrievable after mild-stimulation, 30V training in the pretrained group.
There was no significant behavioral performance observed in the unpaired group.
There was no retrieved memory found 2 days after 90V training, 2 days memory.
For the 2-day group, statistical comparisonwas carried out by one-wayANOVAwith
Dunnett’s post-hoc test. N = 9, 8 and 8, p =0.0201, 0.0057. For the other groups,
statistical comparison was carried out by two-tailed unpaired t-test. N = 6 and 6,
p =0.0346 for the 6-day group. N = 8 and 8, p =0.0006 for the 8-day group. N = 6
and 6, p =0.2379 for the 20-day group. cNomemory performancewas foundwhen
the CS+ and CS- odors were reversed during mild retraining. N = 6 for each group.
Statistical comparison was carried out by two-tailed unpaired t-test, p =0.3948.

d Output activity inhibition in KCαβ during the fm-retrieval phase inhibited for-
gottenmemory.N = 6, 6, 7, 7, 6, 6; 6, 6, 6, 6, 6, 6; 6, 7, 6, 5, 7, 5. Statistical comparison
was carried out by two-tailed unpaired t-test, p =0.0022, 0.0017, 0.0012; 0.005,
0.0004, 0.0291; 0.0022, 0.0408, 0.5756 (from left to right). e Left: experimental
setup. Right: Increased calcium signal from GCaMP7f was found during CS+
exposure in the flies 8 days after 90V training but not 8 days after unpaired
training. The gray bar represents the time of odor delivery and the area for statis-
tical analysis. N = 11 and 9. Calcium imaging data (ΔF/F0) were evaluated by two-
tailed paired t-test, p =0.0005 and 0.1491. *p <0.05. **p <0.01. ***p <0.001. In all
figures, each value represents the mean± SEM. Shits, shibiretemperature-sensitive. CS +,
conditioned stimulus positive. CS-, conditioned stimulus negative.
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found in the α3 region of KCαβ after cold-shock treatment eight days
after 90 V training; we applied cold shock 2 h after 90 V training for
2min (Fig. 4b). Radish is important for ARM formation in fruit flies52.
Knocking down radish in MBNs, R13F02-Gal4 >UAS-radish RNAi, for
eight days before 90V-training did not damage forgotten memory
(Fig. 4c). We also confirmed that flies with radish RNAi expression
showed ARM deficits (Fig. 4d). A recent study has demonstrated that
octopamine signaling also regulates ARM formation55. Knockdown of
the octopamine receptor OCTβ2 R in MBNs, R13F02-Gal4 >UAS-
octβ2 R RNAi, for eight days before 90V-training did not damage for-
gotten memory (Supplementary Fig. 4c). To further strengthen our
finding that the retrieved forgotten memory in our protocol is from
ASM, we examined the role of cdc42 and Rac1. Recent studies have
shown that overexpression of Rac1 V12, a constitutive form of Rac1,
and cdc42 V12, a constitutive form of cdc42, damages ASM and ARM,
respectively21,23. Overexpression of Rac1 V12 was observed during 90V-
training but not after inhibition of forgotten memory (Fig. 4e and
Supplementary Fig. 4d). In contrast, overexpression of cdc42 V12
during 90V-training promoted forgottenmemory retrieval (Fig. 4f). As
overexpression of cdc42 V12 has been shown to damage ARM main-
tenance, this study further suggests that disruption of ARM benefits
forgotten memory formation. Altogether, we concluded that the for-
gotten memory we retrieved is mainly from previous ASM decay.

Formation of the cellular memory trace in KCαβ and MBON-α3
To date, we have shown that KCαβ and MBON-α3 are involved in for-
gotten memory formation. We decided to further characterize the
cellularmemory trace formation in KCαβ, andMBON-α3. 90V-training
formed a cellular memory trace in the α3 region of KCαβ 9–10 h but
not 3–4 h later (Fig. 5a, b). This formation time is similar to that in a
previous study32. The cellular memory trace could also be found one
day after 90V-training (Supplementary Fig. 5a). Although no cellular
memory trace was found in MBON-α3 8 days after 90V-training
(Fig. 5c), the cellular memory trace was observed 3–4 h after 90V
training (Fig. 5d). MBON-α3 in naïve flies responded to OCT and MCH
(Supplementary Fig. 5b). Further analysis showed that the cellular
memory trace in MBON-α3 decays within 24 h after 90 V training
(Supplementary Fig. 5c). The time course to form the cellular memory

Table 1 | Materials used in this study

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-
puromycin 1:200

DSHB RRID: AB_2619605

Peroxidase AffiniPure Goat Anti-
Mouse IgG (H+L) 1:2000

Jackson
ImmunoResearch

115-035-003

Rabbit anti-GAPDH 1:50000 GeneTex GTX100118

Chemicals, peptides, and recombinant proteins

Mineral Oil(heavy) Sigma-Aldrich Cat#330760

3-Octanol (99%) Sigma-Aldrich Cat#218405

4-Methylcyclohexanol (98%) Sigma-Aldrich Cat#153095

Ethyl acetate(99.8%) Sigma-Aldrich Cat#270989

Isopentyl acetate(99%) Alfa Aesar Cat#B21618

Cycloheximide Cayman Cat#14126

Puromycin Cayman Cat#13884

Actinomycin D Cayman Cat#11421

Experimental models: Organisms/strains

D. melanogaster: W1118 From Dr. Zhong Yi N/A

D. melanogaster.UAS-Shibirets From Dr. Zhong Yi N/A

D. melanogaster. VT49246-Gal4 VDRC VDRC ID_ 205379

D. melanogaster. VT30604-Gal4 VDRC VDRC ID_ 200228

D. melanogaster. R16A06-Gal4 BDSC RRID: BDSC_48709

D. melanogaster.UAS-
Dop1R1 RNAi

BDSC RRID: BDSC_62193

D. melanogaster.UAS-
Dop1R2 RNAi

BDSC RRID: BDSC_26018

D. melanogaster.UAS-ricincs BDSC RRID: BDSC_38623

D. melanogaster.c217-GAL4 BDSC RRID: BDSC_30827

D. melanogaster.per-GAL4 BDSC RRID: BDSC_7127

D. melanogaster.cry-GAL4 BDSC RRID: BDSC_24514

D. melanogaster.ser-GAL4 BDSC RRID: BDSC_6791

D. melanogaster.c507-GAL4 BDSC RRID: BDSC_30840

D. melanogaster.c42-GAL4 BDSC RRID: BDSC_30835

D. melanogaster.R11F03-GAL4 BDSC RRID: BDSC_48464

D. melanogaster.GH146-GAL4 BDSC RRID: BDSC_91812

D. melanogaster.repo-GAL4 BDSC RRID: BDSC_7415

D. melanogaster.MB399B-GAL4 BDSC RRID: BDSC_68369

D. melanogaster.MB549C-GAL4 BDSC RRID: BDSC_68373

D. melanogaster.MB542B-GAL4 BDSC RRID: BDSC_68372

D. melanogaster.MB310C-GAL4 BDSC RRID: BDSC_68313

D. melanogaster.MB077B-GAL4 BDSC RRID: BDSC_68283

D. melanogaster.MB011B-GAL4 BDSC RRID: BDSC_68294

D. melanogaster.MB434B-GAL4 BDSC RRID: BDSC_68325

D. melanogaster.MB504B-GAL4 BDSC RRID: BDSC_68329

D. melanogaster.MB080C-GAL4 BDSC RRID: BDSC_68285

D. melanogaster.G0239-GAL4 BDSC RRID: BDSC_12639

D. melanogaster. MB630B-GAL4 BDSC RRID: BDSC_68334

D. melanogaster. MB504B-Gal4 BDSC RRID: BDSC_68329

D. melanogaster. R58E02-Gal4 BDSC RRID: BDSC_41347

D. melanogaster. MB112C-Gal4 BDSC RRID: BDSC_68263

D. melanogaster. MB082C-Gal4 BDSC RRID: BDSC_68286

D. melanogaster. DAL-Gal4 From Dr. Ann-Shyn
Chiang

N/A

D. melanogaster. Elav-Gal4 From Dr. Zhong Yi N/A

D. melanogaster. UAS-
CrebB RNAi

BDSC RRID: BDSC_63681

D. melanogaster. UAS-
CrebA RNAi

BDSC RRID: BDSC_42562

Table 1 (continued) | Materials used in this study

REAGENT or RESOURCE SOURCE IDENTIFIER

D. melanogaster. UAS-orb RNAi BDSC RRID: BDSC_43143

D. melanogaster. UAS-orb RNAi BDSC RRID: BDSC_64002

D.melanogaster. Tublin-Gal80TS BDSC RRID: BDSC_7017

D. melanogaster. CRE-Gal4.AD (Yamazaki et al., 2018) N/A

D. melanogaster. R44E04-
GAL4.DBD

BDSC RRID: BDSC_68291

D. melanogaster. R13F02-Gal4 BDSC RRID: BDSC_48571

D. melanogaster. UAS-amn RNAi BDSC RRID: BDSC_25797

D. melanogaster. UAS-
radish RNAi

BDSC RRID: BDSC_39920

D. melanogaster. UAS-
octβ2 R RNAi

(Wu et al., 2013) N/A

D. melanogaster.UAS- Rac1.V12 BDSC RRID: BDSC_6291

D. melanogaster. UAS-cdc42.V12 BDSC RRID: BDSC_4854

D. melanogaster. 20xUAS-
jGCaMP7f

BDSC RRID: BDSC_80906

Software and algorithms

Fiji Schindelin et al., 2012 https://imagej.net/
software/fiji/

VisiView® 4.4 Visitron Sys-
tems GmbH

https://www.
visitron.de/
index.html

Article https://doi.org/10.1038/s41467-023-42753-x

Nature Communications |         (2023) 14:7153 5

https://imagej.net/software/fiji/
https://imagej.net/software/fiji/
https://www.visitron.de/index.html
https://www.visitron.de/index.html
https://www.visitron.de/index.html


trace inMBONs in our study is similar to the previous study inMB-V256.
However, we found that the cellularmemory trace was quickly formed
in MBON-α3 after mild retraining in the pretrained group (Fig. 5e).
These data explain why retrieved forgotten memory could instantly
affect an animal’s behavior. A quickly formed cellular memory trace
was not observed after 90V training (Supplementary Fig. 5d). The

CS + /CS- ratio in MBON-α3 was higher after mild retraining in the
pretrained flies, suggesting that pretraining facilitates MBON-α3 to
differentiate between CS+ and CS- stimuli (Supplementary Fig. 5e).
Drosophila orb is a member of CPEB1 of the CPEB protein57. CPEB has
been shown to bind mRNA and regulate mRNA translation58. Our
previous finding that orb is needed in MBON-α3 to regulate forgotten
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memory led us to hypothesize that, in addition to protein synthesis,
90 V training induced mRNA production and storage in MBON-α3.
Untranslated mRNA in MBON-α3 is quickly translated via orb regula-
tion to produce the necessary proteins to form memory traces after
mild retraining. Actinomycin, a transcriptional inhibitor, and CHX, a
translational inhibitor, were used to confirm our hypothesis. Both
drugs were used 24 h before the fm-retrieval phase. CHX but not
actinomycin application during the fm-retrieval phase blocked for-
gotten memory expression (Fig. 5f). Consistently, CHX treatment 24 h
before mild retraining decreased the response to CS+ stimulation in
MBON-α3 (Fig. 5g and Supplementary Fig. 5f). We also confirmed that
actinomycin treatment 12 h before training blocked forgottenmemory
expression59–62 (Fig. 5f).

Simultaneous PPL1-α3 inhibition and KCαβ activation lead to
recall of forgotten memory
Different specific Gal4 lines were used to examine the role of PPL1
neurons in forgotten memory formation. Our results showed that
instead of reducing forgotten memory retrieval, output activity inhi-
bition of PPL1-α3 during the fm-retrieval phase promotes forgotten
memory retrieval. This result was confirmed using two PPL1-α3 Gal4
lines, MB060B and MB630B (Fig. 6a and Supplementary Fig. 6). To
further dissect the role of the identified memory regulatory neurons,
we divided mild retraining into the “retraining phase”, 30 V-paired
training, and “retrieval phase” testing. Inhibition of KCαβ and MBON-
α3 during the retraining and retrieval phases disrupted forgotten
memory retrieval, while inhibition of PPL1-α3 during only the retrain-
ing phase promoted forgotten memory expression (Fig. 6b, c). These
findings further revealed two different roles of PPL1-α3 in regulating
forgotten memory formation and retrieval. While PPL1-α3 activity is
required at an early stage to form forgotten memory, the activity of
PPL1-α3 duringmild retraining negatively regulates forgottenmemory
retrieval. We also confirmed that there was no effect on forgotten
memory formation in permissive temperature conditions in MB630B-
Gal4 >UAS-shits, G0239-Gal4 >UAS-shits, and VT49246-Gal4 >UAS-shits

flies (Supplementary Fig. 7).

The cellular memory trace decays quickly in active forgetting
Interference-based forgetting has been demonstrated as an active
forgetting process regulated by Rac1 signaling21. We set up a protocol
to study the effect of interference (Fig. 7a). Although our data showed
that no forgotten memory was retrieved eight days after interference
training (Fig. 7b), forgotten memory was retrieved three days later
(Fig. 7c). Consistently, no cellularmemory tracewas observed in theα3
region of KCαβ 8 days after interference-based forgetting (Fig. 7d).
These data suggest that forgotten memory quickly decays after
interference. Consistently, we found no formed cellular memory trace
in Rac1 V12flies eight days after 90V training (Fig. 7e). These results led
us to re-examine the existence of a cellularmemory trace and foundno
cellular memory trace 20 days after 90V training (Fig. 7f). The dis-
appearance of the cellular memory trace 20 days after learning sug-
gests that the memory trace could decay passively over time. These
studies further imply that forgotten memory in active forgetting is

retrievable similarly to passive forgetting, but cellular memory trace
decay is much faster in active forgetting.

Discussion
The current study reveals how PPL1-α3, KCαβ, and MBON-α3 colla-
borate to regulate and store “forgotten memory” (Fig. 8). One-cycle
aversive conditioning memory is “hidden” in KCαβ and is retrievable
with proper stimulation, even after the trained animal is not
responding to the recalling cue. Based on our behavioral study, we
speculate that PPL1-α3 could negatively regulate forgotten memory
retrieval, while KCαβ positively regulates MBON-α3 activity. Mild
retraining is a reminder to strengthen the connection between KCαβ
and MBON-α3 and activates local translation in MBON-α3 to recover
the memory trace. This simple regulatorymechanism ensures that the
previously acquired memory is activated only when an animal
encounters a similar stimulation.

We hypothesize that at least two different regulatorymechanisms
simultaneously conduct a one-cycle aversive conditioning forgetting
process. 1) PPL1-α3 releases dopamine to activate dop1R2 in KCαβ and
MBON-α3 to weaken synapse connectivity. 2) There is a quick decay of
the memory trace in MBON-α3. Training-induced memory trace for-
mation in MBON-α3 decays within 24 h. The memory trace decay in
MBON-α3 is regulated passively (time-regulated) and actively (dopa-
mine-regulated). Some recent studies and the current study both
showed increased calcium activity during CS+ exposure in MBON-
α335,63. Other work showed a decreased calcium response64. This dis-
crepancy could be due to the experimental setup, training protocol,
status of flies, and different reporter lines used, as discussed in other
work64.

Accumulated evidence has established that learning-induced
engram cell activation is important for memory formation65,66. It has
been demonstrated that some KCαβ neurons are LTM engram
cells67. There are three criteria for engram cells: 1) learning-induced
activation, 2) learning induces a long-lasting chemical/physical
change, and 3) activation is required during recalling11. The current
studies suggested that the function of KCαβ, PPL1-α3, andMBON-α3
in conducting memory formation and forgetting is similar to the
function of engram cells. 1, Early activation of KCαβ, PPL1-α3, and
MBON-α3 at different time points during and 3 h after 90 V training
suggests that cell-cell communication for memory establishment
and storage is activated at a very early stage. Although KCαβ is
needed during acquisition and afterward, more sever deficit was
found after acquisition, we consider KCαβ is not for learning but
mainly in storage. Cervantes-Sandoval et al., proposed a system-like
consolidation in fruit fly34. In their mode, memory traces are shifted
from other MBNs to KCαβ and LTM is only in KCαβ34. Our functional
cellular imaging is supporting this conclusion and consistent with
previously work32. We speculated the activation of KCαβ is one of
the reasons to promote protein synthesis for later memory storage.
2, Training induces new protein synthesis. The role of protein
synthesis induced by one-cycle aversive conditioning has yet to be
studied for memory formation. Our data showed that protein
synthesis inhibition in KCαβ and MBON-α3 suppressed forgotten

Fig. 2 | Aneural circuit is involved in forming and retrieving forgottenmemory.
a Output activity inhibition in KCγ and KCαβ during 90V training affected for-
gotten memory. N = 6 for each group. Statistical comparison was carried out by
one-way ANOVAwith Dunnett’s post-hoc test, p =0.0416, 0.0098. b, d, e, fOutput
activity inhibition in KCγ, KCαβ, PPL1-α3 (MB630B), MBON-γ1pedc >αβ (MB112C)
and MBON-α3 (G0239) during 90 V training and 3 h after 90V training affected
forgotten memory. For b, N = 6, 6, 6, 6, 5, 5, 6, 6, 5, 5, statistical comparison was
carried out by one-way ANOVA with Dunnett’s post-hoc test, p =0.0001, 0.0002.
For d, N = 6 for each group, statistical comparison was carried out by two-tailed
unpaired t-test, p =0.0386. For e, N = 6 for each group, statistical comparison was
carried out by two-tailed unpaired t-test, p =0.0006, <0.0001, 0.2125. For f, N = 5

for each group, statistical comparisonwas carried out by two-tailed unpaired t-test,
p =0.0011,0.0003,0.5391. cOutput activity inhibitionofKCγduring the early stage
prevented memory trace expression in the α3 region of KCαβ. N = 7 for each test
group. Calcium imaging data (ΔF/F0) were evaluated by two-tailed paired t-test,
p =0.1994 and 0.0193. g Output activity inhibition in MBON-α3 (MB082C) during
mild retraining affected forgotten memory. N = 6 for each test group. Statistical
comparison was carried out by two-tailed unpaired t-test, p =0.0264. *p <0.05.
**p <0.01. ***p <0.001. ****p <0.0001. In all figures, each value represents the
mean ± SEM. Shits, shibiretemperature-sensitive. CS +, conditioned stimulus positive. CS-,
conditioned stimulus negative.
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Fig. 3 | One cycle of aversive conditioning triggers protein synthesis for for-
gottenmemory formation. a Flies fedCHX 12 hbefore and24h after 90V training
showed disruption of forgotten memory. N = 6 for each test group, statistical
comparison was carried out by one-way ANOVA with Dunnett’s post-hoc test,
p = 0.0009, 0.0048. b, c, d, and e) Transgenic flies were transferred to a 30 °C
environment 12 h before and 24h after 90V training to abolish protein synthesis.
Disruption of forgotten memory was found only in VT29246-Gal4>Ricincs and
MB082C-Gal4>Ricincs

flies. For b, N = 5 for each group, statistical comparison was
carried out by two-tailed unpaired t-test. For c,N = 5, 5, 5, 5, 5, 5, 5, 4, 4, 4, statistical
comparisonwas carriedoutby two-tailedunpaired t-test,p =0.0015. Ford,N = 6, 7,

5, 6, 6, 5, 6, 6, 6, statistical comparisonwas carriedout by two-tailedunpaired t-test.
For e,N = 6, 6, 4, 6, statistical comparison was carried out by two-tailed unpaired t-
test, p =0.0042. f and g Knockdown of CrebB and Orb in adult flies in KCαβ and
MBON-α3 abolished forgotten memory, respectively. For f, N = 6 for each group,
statistical comparison was carried out by two-tailed unpaired t-test, p =0.0001,
0.0003, 0.1556. For g, N = 6 for each group, statistical comparison was carried out
done by one-way ANOVA with Dunnett’s post-hoc test, p =0.0001, 0.0011.
*p <0.05. **p <0.01. ***p <0.001. ****p <0.0001. In all figures, each value represents
the mean ± SEM. Shits, shibiretemperature-sensitive. Orb, oo18 RNA-binding protein. CHX
cycloheximide, Per period, Cry cryptochrome, Ser Serrate.
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Fig. 4 | Unconsolidated memory is the main component that forms forgotten
memory. a 90V trained flies experienced 2min of cold-shock 30min after 90V
training abolished the forgotten memory. N = 6, 6, 5. Statistical comparison was
carried out by one-way ANOVA with Dunnett’s post-hoc test, p =0.0376. b 90V
trained flies that experienced 2min of cold shock 2 h after 90V training prevented
the formationof a cellularmemory trace.N = 9 and8.Calcium imaging data (ΔF/F0)
were evaluated by two-tailed paired t-test, p =0.0002and0.2456. cKnocking down
radish in adult MBNs for 8 days before and 4 days after 90V training did not affect
forgotten memory. Mild retraining was performed 4 days after 90V training. N = 6
for each group. Statistical comparisonwas carried out by two-tailedunpaired t-test,
p =0.0001, 0.0011, 0.0002, 0.0012. d Knockdown of radish in adult MBNs for

8 days reduced ARM expression. N = 6 for each group. Statistical comparison was
carried out by one-way ANOVA with Dunnett’s post-hoc test, p =0.0127.
e, f Overexpressed Rac1 V12 and cdc42 V12 in MBNs disruption and enhanced
forgotten memory, respectively. Rac1 V12 was expressed for 8 days before 90V
training. cdc42 V12 was expressed for 4 days before 90 V training. N = 6 for each
group. For e, statistical comparison was carried out by two-tailed unpaired t-test,
p <0.0001, p =0.001, 0.6874. For f, statistical comparison was carried out by one-
way ANOVA with Dunnett’s post-hoc test, p =0.002, 0.0301, 0.0387, p <0.0001.
*p <0.05. **p <0.01. ***p <0.001. ****p <0.0001. In all figures, each value represents
the mean ± SEM. Rad radish, Tub tubulin.
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memory and diminished the memory trace, suggesting that one-
cycle training-induced protein synthesis is important for memory
retrieval and the degree ofmemory trace formation. This conclusion
is also consistent with findings in mice4. We hypothesize that
stronger stimulation causes more protein synthesis, higher quality
and quantity and easier memory retrieval. 3, Training induces long-

lasting changes. A stablememory trace was found in KCαβ. Although
the memory trace of MBON-α3 quickly decayed within 24 h, the
existence of learning-induced mRNA accumulation suggests a long-
term effect of one-cycle aversive conditioning in MBON-α3. mRNA
accumulation in the synapses after stimulation for later rapid local
translation to support synaptic plasticity has been proposed as
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cellular tagging68,69. Although the current study did not identify what
changes in PPL1-α3 after one-cycle training, the possibility of long-
lasting change could not be excluded, for example, strengthening
the connectionwith KCαβ andMBON-α3. 4, Inhibited output activity
of KCαβ and MBON-α3 blocks forgotten memory recall. Decreased
PPL1-α3 facilitated forgotten memory retrieval, which also suggests
that PPL1-α3 plays an essential role in regulating forgotten memory.
Disinhibition to facilitate memory retrieval has been demonstrated
in other animal models17,70. Currently, we do not know how many
neurons activated during acquisition are also activated during
retrieval, especially for KCαβ. The results of our study partially
support the idea that the heterogeneity of engram cells activated
during learning works together to regulate memory expression and
forgetting. We did not find a role for KCα’β’ in our study. It could be
that either the formedmemory in KCα’β‘ vanished during forgetting,
or our behavioral protocol could not retrieve the forgotten memory
from KCα’β’.

It has been proposed that inhibitory plasticity, mainly from
GABAergic input, on engram cells balances the excitatory plasticity
and keeps the engram cells in a quiescent state, resulting in behavioral
habituation17,71. Similar to GABAergic neurons, PPL1-α3 release dopa-
mine to decrease the sensitivity of KCαβ to respond to CS+ vs. CS-
stimuli to reduce forgotten memory retrieval. This finding seems to
contradict the finding that decreased PPL1-α3 activity during the early
stage blocked forgotten memory. There are at least two scenarios to
reconcile these findings. 1) Thememory of one-cycle aversive learning
is gradually “hidden” and unretrievable. Dopamine released by PPL1-α3
promotes the forgetting process. Reduced PPL1-α3 activity at the early
stage inhibits the forgetting process. Thus, no “forgetting memory”
could be recalled after eight days. This hypothesis is supported by the
recent finding that posttraining activity of dopaminergic neurons
releases dopamine to activate dop1R2 to conduct the forgetting
process72. At the fm-retrieval phase, inhibited PPL1-α3 activity reduces
forgetting andpromotesmemory retrieval. 2) The activity of PPL1-α3 is
required for memory storage. Although we could not exclude this
possibility, this explanation is unlikely, as it has been shown that the
activation of PPL1-α3 disrupts memory consolidation73.

Our data are consistent with the previous finding that learning
inducesmemory formationand forgettingprocesses21,72. Theone-cycle
aversive conditioning activates KCαβ and PPL1-α3 suggesting that
both excitatory (KCαβ-MBON-α3) and inhibitory (PPL1-α3-KCαβ) sig-
naling are activated by learning. This finding implies that the weight of
the synaptic strength between excitatory circuits and the input of
inhibitory signaling determines memory decay. We hypothesized that
at least two inhibitory signaling pathways affect the forgetting process:
weakening the memory trace in KCαβ and the synaptic connectivity
between KCαβ and MBON-α3.

The current study further advances our understanding of the
different characteristics of KCαβ and MBON-α3 with different mole-
cular pathways, creb v.s. orb, involvement. Although we do not know
what causes these signaling differences, we speculate that they may

reflect the stability of memory traces. The role of orb in MBON-α3 to
support memory expression is consistent with other work31. Impor-
tantly, a similar function of orb in regulating mRNA translation has
been reported in different works57,74,75. It would be of great interest to
further characterize the detailed molecular mechanism in regulating
the formation of different memory traces in different cells in different
experimental settings.

The current study reveals several “memory proteins” in forgotten
memory formation and retrieval. 1, It has been established that
amnesiac is important for MTM. Amn mutation and knockdown
damages MTM24,54,76,77. Our findings suggest that amn is mainly for 3 h
memory retrieval rather than memory storage and formation.
Although we could not exclude the possibility that STM and MTM are
two independent memories and our protocol could not reveal MTM
forgetting, given the time process and decay rate of STM andMTM, we
believe this is unlikely. It has been shown that no memory trace is
found in amnmutant flies 24 h after space training32. This could be due
to the difference between mutation and conditional knockdown. 2,
Our data showed that overexpression of Rac1 damaged the cellular
memory trace and forgotten memory. Our findings and other works
suggest that learning activates Rac1 to prevent learned information
from being further processed. 3, Cdc42 overexpression promotes
forgotten memory retrieval. Could this indicate that our protocol
retrieved decayed ARM as well? We believe our protocol retrieves
mainly ASM but not ARM as follows. A) There was no effect on
retrieving forgotten memory when the expression of rad and octβ2R
was reduced. B) Rac1 V12 damaged forgotten memory retrieval, sug-
gesting that ASM forgetting is the main form of memory retrieved. C)
Cold-shock treatment blocked forgotten memory retrieval and the
formation of a cellular memory trace. Then, what causes the
enhancement of forgotten memory retrieval in cdc42 V12 flies? We
propose two different scenarios. A) Recent studies have demonstrated
competition between ARM and LTM32. We hypothesize that the
establishment and storageof one-cycle aversive conditioningmemory,
mainly ASM, also competes with ARM. The expression of cdc42 V12
damages ARMmaintenance and promotes the memory established in
KCαβ. B) Cdc42 also regulates forgotten memory retrievability, for
example, preserving the synaptic connectivity betweenKCαβ and their
downstream neurons. It would be of great interest to further dissect
the role of cdc42 in regulating the forgetting process. 4, Dopamine
functions in temporally removing memory traces and weakening
synaptic connectivity, as discussed earlier.

Our study is reminiscent of memory saving7,10,78. However, we
think our study is more advanced in many ways. 1) We provided a
cellular-based mechanism to explain “memory” decay. We found that
the memory trace in MBON-α3 disappeared after one day of one cycle
of training but reappeared after weak simulation, suggesting that the
memory in those cells disappeared and that those cells could not dif-
ferentiate between CS+ and CS- stimuli. 2) Upon recalling, thememory
trace reappeared in MBON-α3 immediately after stimulation, sug-
gesting that the excitability of cells is changed after training and is

Fig. 5 | Cellular memory trace formed in the α3 region of KCαβ and MBON-α3
after training. Increased calcium signal duringCS+odor exposure in theα3 region
of KCαβ 9–10 h (b) but not 3–4 h (a) after 90V training. For both a and b, N = 14 in
each group, and the statistical comparisons were carried out by two-tailed paired t-
test, p =0.3683, 0.3412, 0.0424, 0.2406. (from top to bottom) c There was no
increased calcium signal during CS+ odor exposure in MBON-α3 8 days after
training. N = 10. Statistical comparison was carried out by two-tailed paired t-test,
p =0.4782.d Increased calcium signal duringCS+odor exposure inMBON-α3 3–4 h
after 90V-training. N = 16 for the paired group, and N = 15 for the unpaired group.
Statistical comparisons were carried out by two-tailed paired t-test, p =0.0036 and
0.2621. e Increased calciumsignalduringCS+odor exposure inMBON-α3 aftermild
retraining in the pretrained group. N = 10 for each group. Statistical comparisons
were carried out by two-tailed paired t-test, p =0.0005 and 0.6045. f Flies fed CHX

but actinomycin D (act.) (5 µg/ml) 24h before mild retraining abolished forgotten
memory. For the before 90V training group, act. was applied 12 h before and 24h
after90V training.N = 6 for eachgroup. Statistical comparisonswerecarriedoutby
two-tailed paired t-test, p =0.0002, 0.1999, 0.0007, 0.4316. g CHX treatment 24h
before mild retraining decreases the calcium response during CS+ exposure. The
data were reanalyzed from Figure S5f, in order to emphasize the difference
between groups; experiments were performed at the same time. N = 12 in each
group. Statistical comparison was carried out by two-tailed unpaired t-test,
p =0.0085. *p <0.05. **p <0.01. ***p <0.001. In all figures, each value represents the
mean ± SEM. The N values in a, b, c, d, e, and g) represent the number of flies
recorded in each experiment, whereas the N value in f) represents the batches of
flies trained and tested in the behavioral assay in each group. CHX, cycloheximide.
Act, actin. CS + conditioned stimulus positive, CS- conditioned stimulus negative.
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beneficial to the next training. 3) We also revealed a negative reg-
ulatory mechanism for memory recall. We found that dopaminergic
neurons negatively regulate forgotten memory retrieval, suggesting a
main inhibitory effect on memory retrieval failure. 4) The so-called
“forgotten memory” was found in the brain, in KCαβ.

Currently, the retrievability of active forgetting and the difference
between passive and active forgetting in terms of the forgetting pro-
cess have not been fully experimentally investigated19. Our studies
compared forgetting behaviors between natural decay (passive for-
getting) and interference-based forgetting (active forgetting). We
acknowledge that so-called “natural decay” could be a mixture of
passive and active forgetting, but the components of active forgetting

in natural decay should be less effective than interference-based for-
getting. Our data suggested that passive and active forgetting pro-
cesses could have a similar process but different decay rates. 1, Passive
and active forgetting both damage the memory trace in the KCαβ. 2,
The forgotten STM could be retrieved in passive and active forgetting,
12 days vs. three days, respectively. 3, It has been suggested that
dop1R2 plays an important role in regulating the forgetting
process19,72,79. Although we do not have direct evidence to show the
involvement of dop1R2, our results and previous findings suggest that
the retrievability of forgottenmemory during passive forgetting is also
regulated by the dopamine signal, possibly via dop1R2. 4, Thememory
trace of both passive and active forgetting could not be observed after

Fig. 6 | PPL1-α3 negatively regulates forgotten memory retrieval. a Output
activity inhibition of PPL1-α3 (MB630B) duringmild retraining promoted forgotten
memory retrieval.N = 6 for each group. Statistical comparisons were carried out by
one-way ANOVA with Dunnett’s post-hoc test, p =0.001, 0.0001. b, c Output
activity inhibition of KCαβ andMBON-α3 during the retraining and retrieval phases
disrupted forgotten memory retrieval, while inhibition of PPL1-α3 only during the
retraining phase promoted forgotten memory performance. For b N = 7, 8, 7, 7

(from left to right). Statistical comparisons were carried out by two-tailed unpaired
t-test, p =0.0269. For cN = 7, 6, 6, 6(from left to right). Statistical comparisonswere
carried out by two-tailed unpaired t-test, p =0.0284, 0.0423. *p <0.05. **p <0.01.
***p <0.001. In all figures, each value represents themean ± SEM. TheN values in this
figure represent the batches of flies trained and tested in the behavioral assay in
each group. Shits, shibiretemperature-sensitive.
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the forgotten memory could not be retrieved. Altogether, we hypo-
thesize that passive and active forgetting, dopamine/Rac1 mediated,
possess the same forgetting process, and the only difference between
these two is thedecay rate. Cell activity returning to the base level as an
animal loses the stored memory is also observed in complete retro-
grade amnesia mice80.

Compared to studies on the cellular andmolecularmechanismsof
memory formation, research on forgetting is only in its infancy. By
combining behavioral experiments and live-cell imaging to track the
formation of the cellular memory trace in fruit flies, our data showed
that forgotten memory is preserved and retrievable in most condi-
tions. Our study recharacterized many known “memory proteins”
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during forgottenmemory formationand retrieval. The delicate cellular
regulation and complicated molecular gating ensure that memory is
retrievable only when the animal needs it. As memory forgetting and
caused behavioral damage are observed in many neurological dis-
orders, such as autism and AD5,81, our findings further reveal the myth
of forgetting and inform future studies on pathological forgetting.

Methods
Behavioral analyses
The aversive olfactory paradigm was performed by training approxi-
mately 60–100 2-day-old flies in a T-maze as previously described
protocols29. The two odors used were 3-octanol (OCT) and
4-methylcyclohexanol (MCH). During the training phase, flies received
12 × 1.5 s pulses of 90V DC electric shock in the presence of the shock-
paired odor (CS+) for 60 s, followed by 45 s of fresh air flushing, then
exposed them sequentially to the other odor (CS-). All used materials
were listed in the Table 1. For testing, flies were transported to a
T-mazeandgiven 2min to choosebetween theCS+orCS-. The testwas
conducted in a temperature-controlled room with 70% relative
humidity under dim red light. For each experiment, the one-half per-
formance index (PI) was calculated as the number of flies selecting CS-
odorminus the number of flies selectingCS+ odor, divided by the total
number of flies. The final PI value is the average score of two com-
plementary experiments with each odor.

For anesthesia-sensitive memory (ASM) and anesthesia-resistant
memory (ARM) experiments, flies were transferred into a pre-chilled
vial and immersed in ice-coldwater for 2min. The flies were given clod
shock 2 h after the conditioning and tested ARM 1 h later at 27 °C.

A retroactive interference paradigm was performed for the
interference experiments where flies were conditioned to a novel pair
of odors (ethyl acetate and isoamyl acetate) 1.5 h after the initial
learning (OCT/MCH). Interference-based forgetting was tested either
three days after the initial learning or 8days with OCT and MCH.

Western blot analysis
Ten heads of flies were homogenized in SDS sample buffer and cen-
trifuged at 16,000 x g for 3min. The supernatant was collected and
separated on Tris-tricine gels. Subsequently, the separated proteins
were transferred to a nitrocellulosemembrane, blockedwith 5%nonfat
driedmilk, and blotted with primary antibodies at four °C overnight. A
secondary antibody was applied for 1 h at room temperature, and the
signal was visualized with enhanced chemiluminescence.

Drug feeding
Flies were fed with 35mM cycloheximide in 5% glucose for blocking
protein synthesis 12 h before and 24h after training. For blocking
transcription, flies were fedwith actinomycinD 5 µg/ml 12 h before and
24 h after 90V training, and 24h before mild retraining in the other

Fig. 7 | Interference training promotes the decay of cellular memory traces.
a Experimental protocol. The forgotten memory could be retrieved with mild
retraining 3 days (c) but not 8 days (b) after interference training. For b, N = 7 in
each group. Statistical comparisons were carried out by two-tailed unpaired t-test,
p =0.0047 and 0.7805. For c, N = 7 in each group. Statistical comparisons were
carried out by two-tailed unpaired t-test, p =0.0003 and 0.0162. d There was no
observed cellular memory trace 8 days after interference training. N = 11 and
N = 12(top to bottom). Statistical comparisonswere carried out by two-tailedpaired
t-test, p =0.2192 and 0.0190. e There was no observed cellular memory trace in
Rac1 V12 overexpression flies 8 days after 90V training. Rac1 V12 was expressed

8 days before 90V training. N = 11 and N = 10(top to bottom). Statistical compar-
isons were carried out by two-tailed paired t-test, p =0.0681 and 0.0054. f There
wasno observed cellularmemory trace 20 days after 90V training in the pretrained
group.N = 18andN = 15(top tobottom). Statistical comparisonswere carried out by
two-tailed paired t-test, p =0.8426 and 0.2104. *p <0.05. **p <0.01. ***p <0.001. In all
figures, each value represents the mean± SEM. The N values in b and c represent
the batches of flies trained and tested in the behavioral assay in each group,
whereas the N values in d, e, and f) represent the number of flies recorded in each
experiment. CS +, conditioned stimulus positive. CS- conditioned stimulus nega-
tive, Ctrl control.

Fig. 8 | Proposed forgottenmemory formation and retrieval.During acquisition
and consolidation, 90 V training activates the neural circuit, including KCαβ,
MBON-α3, and PPL1-α3. The cellular pathways of CREB and orb are activated in
KCαβ and MBON-α3, respectively. The corresponding cellular memory trace is
formed in KCαβ and MBON-α3 with different time courses and decay rates.
Therefore, the memory of one-cycle aversive conditioning is stored between these
two neurons in the early stage. We speculate, dot line, that activated MBON-α3
activates PPL1-α3 to release dopamine to negatively regulate KCαβ and MBON-α3
activity. Forgetting process: released dopamine from PPL1-α3 via dop1R2 to affect
the synaptic connection between KCαβ and MBON-α3. Since the cellular memory
trace has vanished in MBON-α3 within 24h, the memory of one-cycle aversive
conditioning is only stored in KCαβ. However, the mark of one-cycle conditioning
was left in MBON-α3 as mRNA accumulation. During retraining, mild retraining 1)

restores and enhances the synaptic connectivity between KCαβ and MBON-α3 and
2) reduces the activity of PPL1-α3. Activated MBON-α3 translates accumulated
mRNA to formstable cellularmemory. During retrieval, since the positive force, the
synaptic connectivity between KCαβ and MBON-α3 is stronger than the negative
force, inhibition fromPPL1-α3, thememory is retrieved. Passive decay: if there is no
similar stimulation in the future to strengthen the activity of KCαβ, the memory
would eventually decay, and the memory disappears. Active decay: if there is
interferenceactivity from the environment to interferewithmemory formation and
storage,memorydecaywill be facilitated. The experienceof interferencewouldnot
affect the formation of memory traces but facilitate memory trace decay. Part of
images were Adapted from “Synaptic Cleft with Signaling Molecules (Layout,
Horizontal)”, by BioRender.com (2022). Retrieved from https://app.biorender.
com/biorender-templates.
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group.ActinomycinDwasdissolved inDMSOas stockand thendiluted
to 5 µg/ml in 5% glucose. For labeling newly synthesized peptides, flies
were fed with 600 µM puromycin in 5% glucose 12 h before and 24 h
after training and then measured levels of new protein synthesis using
an anti-puromycin antibody. Control flies were fed with 5% glucose
only for the same amount of time.

Fluorescence microscopy and in vivo calcium imaging
Flieswere collected and trainedprior to the calcium imaging, following
the training paradigm for the behavioral assay mentioned above. We
stuck the fly into a trimmed 200μl tip so that the head of the fly was
fixed and exposed for further preparation. Then, the cuticle of the
target area was removed using fine tweezers (Dumont#5 500341,
World Precision Instruments). Fibers and fat bodies were removed as
well for better image acquisition.

Then, the prepared fly was placed in a custom-made chamber on
the stage of our uprightmicroscope (BX51WI,Olympus) equippedwith
a 40x water-immersion objective lens (LUMPlanFLN, Olympus), an
excitation illuminator (Hyper S300E, YODN), and a back-illuminated
sCMOS camera (pco.edge 4.2bi, PCO). We applied AHL buffer82 as the
mediumbetween the fly head andwater-immersion objective lens. The
GCaMP signals were excited by 488 nm light with the intensity
adjustment set to 6%. Time-series images were acquired by VisiView®
Software (ver. 4.4, VISITRON) at a 5Hz frame rate.

Air delivery of all the time-series images followed the sequence of
20 s air, 10 s CS+ odor, 30 s air, 10 s CS- odor, and 10 s air, controlled by
our custom-made gas control system.The concentration of both odors
was the same as those of the behavioral assay. For UAS-jGCaMP7(f);
VT49246-Gal4 flies, we set the bin value to 1 and the exposure time to
19ms. Whereas the bin value of G0239-Gal4 >UAS-jGCaMP7(f) and
MB630B-Gal4 >UAS- jGCaMP7(f) flies were set to 4. And the exposure
time of both G0239-Gal4 >UAS-jGCaMP7(f) and MB630B-Gal4 >UAS-
jGCaMP7(f) flies was set to 50ms.

Calcium imaging data processing and quantification
The processing and quantification of all images were done in Fiji83. All
collected time-series imageswent throughTrakEM2, the built-inplugin
of Fiji, for image registration. Regions of interest were defined manu-
ally on all images. The fluorescence of ROIs was divided by the fluor-
escence of the background of the same size and shape near the ROIs at
each time point for normalization. We then calculated ΔF/F0, a time-
dependent change in relative fluorescence intensity. F0 is the average
normalized ROI intensity of the frames 5 s prior to odor delivery (t = −5
to 0 s), andΔF is the subtraction of F0 fromnormalized ROI intensity at
each time point. Bar graphs represent the mean of ΔF/F0 during the
10 s odor delivery.

Statistical analysis
All the raw data were analyzed with GraphPad Prism 6.0 statistical
software. Comparison between two groups was evaluated by unpaired
t-test, and multiple groups were evaluated via one-way analysis of
variance (ANOVA). Comparisons between the responses of CS+ and
CS- within each group were made by a two-tailed paired t-test. Statis-
tical results were presented as means ±S.E.M. The asterisks marked on
the bar plots indicate the statistically significant, ∗p <0.05; ∗∗p <0.01;
∗∗∗p <0.001; ∗∗∗∗p < 0.0001; ns, not significant.

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

Data availability
Data are available in the Article, Supplementary Information or Source
Data file. Source data are provided with this paper.

References
1. Tulving, E. Cue-Dependent Forgetting: When we forget something

we once knew, it does not necessarily mean that the memory trace
has been lost; it may only be inaccessible. Am. Scientist 62,
74–82 (1974).

2. Miller, R. R. Failures of memory and the fate of forgottenmemories.
Neurobiol. Learn. Mem. 181, 107426 (2021).

3. Ryan, T. J. & Frankland, P. W. Forgetting as a form of adaptive
engram cell plasticity. Nat. Rev. Neurosci. 23, 173–186 (2022).

4. Ryan, T. J., Roy, D. S., Pignatelli, M., Arons, A. & Tonegawa, S.
Engram cells retain memory under retrograde amnesia. Science
348, 1007–1013 (2015).

5. Roy, D. S. et al. Memory retrieval by activating engram cells in
mouse models of early Alzheimer’s disease. Nature 531,
508–512 (2016).

6. Okuyama, T., Kitamura, T., Roy, D. S., Itohara, S. & Tonegawa, S.
Ventral CA1 neurons store social memory. Science 353,
1536–1541 (2016).

7. Antzoulatos, E. G., Wainwright, M. L., Cleary, L. J., and Byrne, J. H.
Long-term sensitization training primes Aplysia for further learning.
Learning &memory (Cold Spring Harbor, N.Y.), 13, 422–425 (2006).

8. Philips, G. T., Tzvetkova, E. I., Marinesco, S., and Carew, T. J. Latent
memory for sensitization in Aplysia. Learning & memory (Cold
Spring Harbor, N.Y.), 13, 224–229 (2006).

9. Menges, S. A., Riepe, J. R. & Philips, G. T. Latent memory facilitates
relearning through molecular signaling mechanisms that are dis-
tinct from original learning. Neurobiol. Learn. Mem. 123,
35–42 (2015).

10. Rosiles, T. et al. Registered Report: Transcriptional Analysis of
Savings Memory Suggests Forgetting is Due to Retrieval Failure.
eNeuro 7, ENEURO.0313-19 (2020).

11. Tonegawa, S., Pignatelli, M., Roy, D. S. & Ryan, T. J. Memory engram
storage and retrieval. Curr. Opin. Neurobiol. 35, 101–109 (2015).

12. Poo, M. et al. What is memory? The present state of the engram.
BMC Biol. 14, 40 (2016).

13. Gisquet-Verrier, P. Can Forgetting Be Due to Changes in Engram
Cell Plasticity? Front. Behav. Neurosci. 16, 945985 (2022).

14. Liu, X. et al. Optogenetic stimulation of a hippocampal engram
activates fear memory recall. Nature 484, 381–385 (2012).

15. Nambu, M. F., Lin, Y.-J., Reuschenbach, J. & Tanaka, K. Z. What does
engram encode?: Heterogeneous memory engrams for different
aspects of experience. Curr. Opin. Neurobiol. 75, 102568 (2022).

16. Lee, J. et al. FosGFPexpressiondoes not capture a sensory learning-
related engram in superficial layers of mouse barrel cortex. Proc.
Natl Acad. Sci. 118, e2112212118 (2021).

17. Barron, H. C., Vogels, T. P., Behrens, T. E. & Ramaswami, M. Inhibi-
tory engrams in perception and memory. Proc. Natl Acad. Sci. 114,
6666–6674 (2017).

18. Wixted, J. T. The psychology and neuroscience of forgetting. Annu
Rev. Psychol. 55, 235–269 (2004).

19. Davis, R. L. & Zhong, Y. The Biology of Forgetting—A Perspective.
Neuron 95, 490–503 (2017).

20. Anderson, M. C. & Hulbert, J. C. Active forgetting: Adaptation of
memory by prefrontal control. Annu. Rev. Psychol. 72, 1–36 (2021).

21. Shuai, Y. et al. Forgetting Is Regulated through Rac Activity in
Drosophila. Cell 140, 579–589 (2010).

22. Berry, J. A., and Davis, R. L. Chapter 2 - Active Forgetting of Olfac-
tory Memories in Drosophila. In Progress in Brain Research, E. Bar-
kai, and D. A. Wilson, eds. (Elsevier), pp. 39–62 (2014).

23. Zhang, X., Li, Q., Wang, L., Liu, Z.-J. & Zhong, Y. Cdc42-Dependent
Forgetting Regulates Repetition Effect in Prolonging Memory
Retention. Cell Rep. 16, 817–825 (2016).

24. Margulies, C., Tully, T. & Dubnau, J. Deconstructing Memory in
Drosophila. Curr. Biol. 15, R700–R713 (2005).

Article https://doi.org/10.1038/s41467-023-42753-x

Nature Communications |         (2023) 14:7153 15



25. Tully, T., Preat, T., Boynton, S. C. & Del Vecchio, M. Genetic dis-
section of consolidated memory in Drosophila. Cell 79,
35–47 (1994).

26. Hirano, Y. et al. Fasting launches CRTC to facilitate long-term
memory formation in Drosophila. Science. 339, 443–446 (2013).

27. Zhao, B. et al. Long-term memory is formed immediately without
the need for protein synthesis-dependent consolidation in Droso-
phila. Nat. Commun. 10, 4550 (2019).

28. Zhao, B., Sun, J., Li, Q. & Zhong, Y. Differential conditioning pro-
duces merged long-term memory in Drosophila. eLife 10,
e66499 (2021).

29. Tully, T. & Quinn, W. G. Classical conditioning and retention in
normal and mutant Drosophila melanogaster. J. Comp. Physiol. A,
Sens., neural, Behav. Physiol. 157, 263–277 (1985).

30. Crittenden, J. R., Skoulakis, E.M. C., Han, K.-A., Kalderon, D. &Davis,
R. L. Tripartite Mushroom Body Architecture Revealed by Antigenic
Markers. Learn. Mem. 5, 38–51 (1998).

31. Isabel, G., Pascual, A. & Preat, T. Exclusive Consolidated Memory
Phases in Drosophila. Science 304, 1024–1027 (2004).

32. Yu, D., Akalal, D.-B. G. & Davis, R. L. Drosophila α/βMushroom Body
Neurons Form a Branch-Specific, Long-Term Cellular Memory
Trace after Spaced Olfactory Conditioning. Neuron 52,
845–855 (2006).

33. Akalal, D.-B. G., Yu, D. & Davis, R. L. The Long-Term Memory Trace
Formed in the Drosophila α/β Mushroom Body Neurons Is Abol-
ished in Long-Term Memory Mutants. J. Neurosci. 31,
5643–5647 (2011).

34. Cervantes-Sandoval, I., Martin-Peña, A., Berry, J. A. & Davis, R. L.
System-Like Consolidation of Olfactory Memories in Drosophila. J.
Neurosci. 33, 9846–9854 (2013).

35. Pai, T.-P. et al. Drosophila ORB protein in two mushroom body
output neurons is necessary for long-termmemory formation. Proc.
Natl Acad. Sci. 110, 7898–7903 (2013).

36. Wu, C.-L., Fu, T.-F., Chou, Y.-Y. & Yeh, S.-R. A Single Pair of Neurons
Modulates Egg-Laying Decisions in Drosophila. PLOS ONE 10,
e0121335 (2015).

37. Krashes,M. J., Keene, A. C., Leung, B., Armstrong, J. D. &Waddell, S.
Sequential Use of Mushroom Body Neuron Subsets during Droso-
phila Odor Memory Processing. Neuron 53, 103–115 (2007).

38. Blum, A. L., Li, W., Cressy, M. & Dubnau, J. Short- and Long-Term
Memory in Drosophila Require cAMP Signaling in Distinct Neuron
Types. Curr. Biol. 19, 1341–1350 (2009).

39. Qin, H. et al. Gamma Neurons Mediate Dopaminergic Input during
Aversive Olfactory Memory Formation in Drosophila. Curr. Biol. 22,
608–614 (2012).

40. Wang, Y., Mamiya, A., Chiang, A. & Zhong, Y. Imaging of an Early
Memory Trace in the Drosophila Mushroom Body. J. Neurosci. 28,
4368–4376 (2008).

41. McGuire, S. E., Le, P. T. & Davis, R. L. The Role of Drosophila
Mushroom Body Signaling in Olfactory Memory. Science 293,
1330–1333 (2001).

42. Perisse, E. et al. Different Kenyon Cell Populations Drive Learned
Approach and Avoidance in Drosophila. Neuron 79,
945–956 (2016).

43. Xie, Z., Huang, C., Ci, B., Wang, L. & Zhong, Y. Requirement of the
combination of mushroom body γ lobe and α/β lobes for the
retrieval of both aversive and appetitive early memories in Droso-
phila. Learn. Mem. 20, 474–481 (2013).

44. Aso, Y. et al. The neuronal architecture of the mushroom body
provides a logic for associative learning. ELife 3, e04577 (2014).

45. Moffat, K. G., Gould, J. H., Smith, H. K. & O’Kane, C. J. Inducible cell
ablation in Drosophila by cold-sensitive ricin A chain. Development
114, 681–687 (1992).

46. Chen, C.-C. et al. Visualizing long-term memory formation in two
neurons of the Drosophila brain. Science 335, 678–685 (2012).

47. Smolik, S.M., Rose, R. E. &Goodman, R. H. A cyclic AMP-responsive
element-binding transcriptional activator in Drosophila melanoga-
ster, dCREB-A, is a member of the leucine zipper family. Mol. Cell.
Biol. 12, 4123–4131 (1992).

48. Usui, T., Smolik, S. M. & Goodman, R. H. Isolation of Drosophila
CREB-B: A Novel CRE-Binding Protein. DNA Cell Biol. 12,
589–595 (1993).

49. Yin, J. C. P., Del Vecchio, M., Zhou, H. & Tully, T. CREB as a Memory
Modulator: induced expression of a dCREB2 activator isoform
enhances long-termmemory in Drosophila. Cell 81, 107–115 (1995).

50. Lin, H.-W., Chen,C.-C., deBelle, J. S., Tully, T. &Chiang, A.-S.CREBA
and CREBB in two identified neurons gate long-term memory for-
mation in Drosophila. PNAS 118, e2100624118 (2021).

51. Wu, J.-K. et al. Long-term memory requires sequential protein
synthesis in three subsets of mushroom body output neurons in
Drosophila. Sci. Rep. 7, 7112 (2017).

52. Folkers, E., Drain, P. & Quinn, W. G. Radish, a Drosophila mutant
deficient in consolidated memory. PNAS 90, 8123–8127 (1993).

53. Quinn, W. G. & Dudai, Y. Memory phases in Drosophila.Nature 262,
576–577 (1976).

54. Turrel, O., Goguel, V. & Preat, T. Amnesiac Is Required in the Adult
Mushroom Body for Memory Formation. J. Neurosci. 38,
9202–9214 (2018).

55. Wu, C.-L., Shih, M.-F. M., Lee, P.-T. & Chiang, A.-S. An Octopamine-
Mushroom Body Circuit Modulates the Formation of Anesthesia-
Resistant Memory in Drosophila. Curr. Biol. 23, 2346–2354 (2013).

56. Séjourné, J. et al. Mushroom body efferent neurons responsible for
aversive olfactorymemory retrieval in Drosophila.Nat. Neurosci. 14,
903–910 (2011).

57. Chang, J. S., Tan, L. & Schedl, P. The Drosophila CPEB Homolog,
Orb, Is Required for Oskar Protein Expression in Oocytes. Dev. Biol.
215, 91–106 (1999).

58. Stebbins-Boaz, B., Hake, L. E. & Richter, J. D. CPEB controls the
cytoplasmicpolyadenylation of cyclin, Cdk2 andc-mosmRNAsand
is necessary for oocyte maturation in Xenopus. EMBO J. 15,
2582–2592 (1996).

59. Cervantes-Sandoval, I., Phan, A., Chakraborty, M. & Davis, R. L.
Reciprocal synapses between mushroom body and dopamine
neurons form a positive feedback loop required for learning. ELife
6, e23789 (2017).

60. Ueno, K. et al. Coincident postsynaptic activity gates presynaptic
dopamine release to induce plasticity in Drosophila mushroom
bodies. Elife 6, e21076 (2017).

61. Ichinose, T. et al. Reward signal in a recurrent circuit drives appe-
titive long-term memory formation. eLife 4, e10719 (2015).

62. Scheffer, L. K. et al. A connectome and analysis of the adult Dro-
sophila central brain. ELife 9, e57443 (2020).

63. Plaçais, P.-Y., Trannoy, S., Friedrich, A. B., Tanimoto, H. & Preat, T.
Two Pairs of Mushroom Body Efferent Neurons Are Required for
Appetitive Long-Term Memory Retrieval in Drosophila. Cell Rep. 5,
769–780 (2013).

64. Jacob, P. F. & Waddell, S. Spaced Training Forms Complementary
Long-Term Memories of Opposite Valence in Drosophila. Neuron
106, 977–991 (2020).

65. Reijmers, L. G., Perkins, B. L., Matsuo, N. & Mayford, M. Localization
of a Stable Neural Correlate of Associative Memory. Science 317,
1230–1233 (2007).

66. Trouche, S., Sasaki, J. M., Tu, T. & Reijmers, L. G. Fear Extinction
Causes Target-Specific Remodeling of Perisomatic Inhibitory
Synapses. Neuron 80, 1054–1065 (2013).

67. Miyashita, T., Kikuchi, E., Horiuchi, J. & Saitoe, M. Long-Term
Memory Engram Cells Are Established by c-Fos/CREB Transcrip-
tional Cycling. Cell Rep. 25, 2716–2728.e3 (2018).

68. Park, H. Y. et al. Visualization of Dynamics of Single Endogenous
mRNA Labeled in Live Mouse. Science 343, 422–424 (2014).

Article https://doi.org/10.1038/s41467-023-42753-x

Nature Communications |         (2023) 14:7153 16



69. Das, S., Singer, R. H. & Yoon, Y. J. The travels of mRNAs in neurons:
do they know where they are going? Curr. Opin. Neurobiol. 57,
110–116 (2019).

70. Letzkus, J. J., Wolff, S. B. E. & Lüthi, A. Disinhibition, a Circuit
Mechanism for Associative Learning and Memory. Neuron 88,
264–276 (2015).

71. Vallentin, D., Kosche,G., Lipkind, D. & Long,M.A. Inhibitionprotects
acquired song segments during vocal learning in zebra finches.
Science 351, 267–271 (2016).

72. Berry, J. A., Cervantes-Sandoval, I., Nicholas, E. P. & Davis, R. L.
Dopamine Is Required for Learning and Forgetting in Drosophila.
Neuron 74, 530–542 (2012).

73. Feng, K.-L. et al. Neuropeptide F inhibits dopamine neuron inter-
ference of long-termmemory consolidation in Drosophila. IScience
24, 103506 (2021).

74. Christerson, L. B. & McKearin, D. M. orb is required for ante-
roposterior and dorsoventral patterning during Drosophila oogen-
esis. Genes Dev. 8, 614–628 (1994).

75. Wilhelm, J. E. & Smibert, C. A. Mechanisms of translational regula-
tion in Drosophila. Biol. Cell 97, 235–252 (2005).

76. Quinn, W. G., Sziber, P. P. & Booker, R. The Drosophila memory
mutant amnesiac. Nature 277, 212–214 (1979).

77. Li, W., Tully, T. & Kalderon, D. Effects of a conditional Drosophila
PKA mutant on olfactory learning and memory. Learn. Mem. 2,
320–333 (1996).

78. Poulos, A. M. et al. Persistence of fear memory across time requires
the basolateral amygdala complex. Proc. Natl Acad. Sci. 106,
11737–11741 (2009).

79. Himmelreich, S. et al. Dopamine Receptor DAMB Signals via Gq to
Mediate Forgetting in Drosophila. Cell Rep. 21, 2074–2081 (2017).

80. Abdou, K. et al. Synapse-specific representation of the identity of
overlapping memory engrams. Science 360, 1227–1231 (2018).

81. Dong, T. et al. Inability to activate Rac1-dependent forgetting con-
tributes to behavioral inflexibility in mutants of multiple autism-risk
genes. Proc. Natl Acad. Sci. 113, 7644–7649 (2016).

82. Wang, J. W., Wong, A. M., Flores, J., Vosshall, L. B. & Axel, R. Two-
PhotonCalcium ImagingReveals anOdor-EvokedMap of Activity in
the Fly Brain. Cell 112, 271–282 (2003).

83. Schindelin, J. et al. Fiji: an open-source platform for biological-
image analysis. Nat. Methods 9, 676–682 (2012).

Acknowledgements
The authors acknowledge that Drs. Ann-Shyn Chiang, SueWei Lin, Chia-
Lin Wu, Bloomington Drosophila Stock Center, and VDCR for providing
transgenic flies. Biorender for image templates. Special thanks to the
technical services from the “Bio-imageCore Facility of the National Core
Facility Program for Biotechnology,Ministry of Science and Technology,
Taiwan.” This work was supported by the Ministry of Science and

Technology, Taiwan (MOST 110-2320-B-006-046 andMOST 108-2321-B-
006-025-MY2) and Brain Research Center, National Tsing HuaUniversity
under the Featured Areas Research Center Program within the frame-
work of the Higher Education Sprout Project funded by the Ministry of
Education in Taiwan.

Author contributions
C.Wa., C.Wu. designed and performed the experiments and analyzed
data.C.L.,M.H., J.L., C.H., T.L., H.L., and T.C. performed the experiments,
H.C. designed and monitored the experiments, and wrote the
manuscript.

Competing interests
The authors declare no competing interest.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-42753-x.

Correspondence and requests for materials should be addressed to
Hsueh-Cheng Chiang.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-42753-x

Nature Communications |         (2023) 14:7153 17

https://doi.org/10.1038/s41467-023-42753-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Forgotten memory storage and retrieval in Drosophila
	Results
	The memory of one-cycle aversive conditioning is retrievable after eight�days
	The neural circuit is for information transmission
	Unconsolidated memory is transformed into forgotten�memory
	Formation of the cellular memory trace in KCαβ and MBON-α3
	Simultaneous PPL1-α3 inhibition and KCαβ activation lead to recall of forgotten�memory
	The cellular memory trace decays quickly in active forgetting

	Discussion
	Methods
	Behavioral analyses
	Western blot analysis
	Drug feeding
	Fluorescence microscopy and in�vivo calcium imaging
	Calcium imaging data processing and quantification
	Statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




