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Drosophila melanogaster can acquire a stable appetitive olfactory
memory when the presentation of a sugar reward and an odor
are paired. However, the neuronal mechanisms by which a single
training induces long-term memory are poorly understood. Here
we show that two distinct subsets of dopamine neurons in the fly
brain signal reward for short-term (STM) and long-term memories
(LTM). One subset induces memory that decays within several
hours, whereas the other induces memory that gradually devel-
ops after training. They convey reward signals to spatially segre-
gated synaptic domains of the mushroom body (MB), a potential
site for convergence. Furthermore, we identified a single type of
dopamine neuron that conveys the reward signal to restricted
subdomains of the mushroom body lobes and induces long-term
memory. Constant appetitive memory retention after a single
training session thus comprises two memory components trig-
gered by distinct dopamine neurons.
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Memory of a momentous event persists for a long time.
Whereas some forms of long-term memory (LTM) require

repetitive training (1–3), a highly relevant stimulus such as food
or poison is sufficient to induce LTM in a single training session
(4–7). Recent studies have revealed aspects of the molecular and
cellular mechanisms of LTM formation induced by repetitive
training (8–11), but how a single training induces a stable LTM is
poorly understood (12).
Appetitive olfactory learning in fruit flies is suited to address

the question, as a presentation of a sugar reward paired with odor
induces robust short-term memory (STM) and LTM (6, 7). Odor
is represented by a sparse ensemble of the 2,000 intrinsic neurons,
the Kenyon cells (13). A current working model suggests that
concomitant reward signals from sugar ingestion cause associative
plasticity in Kenyon cells that might underlie memory formation
(14–20). A single activation session of a specific cluster of do-
pamine neurons (PAM neurons) by sugar ingestion can induce
appetitive memory that is stable over 24 h (19), underscoring the
importance of sugar reward to the fly.
The mushroom body (MB) is composed of the three different

cell types, α/β, α′/β′, and γ, which have distinct roles in different
phases of appetitive memories (11, 21–25). Similar to midbrain
dopamine neurons in mammals (26, 27), the structure and func-
tion of PAM cluster neurons are heterogeneous, and distinct
dopamine neurons intersect unique segments of the MB lobes
(19, 28–34). Further circuit dissection is thus crucial to identify
candidate synapses that undergo associative modulation.
By activating distinct subsets of PAM neurons for reward sig-

naling, we found that short- and long-term memories are in-
dependently formed by two complementary subsets of PAM
cluster dopamine neurons. Conditioning flies with nutritious and
nonnutritious sugars revealed that the two subsets could repre-
sent different reinforcing properties: sweet taste and nutritional
value of sugar. Constant appetitive memory retention after a single

training session thus comprises two memory components triggered
by distinct reward signals.

Results
Distinct Subsets of Dopamine Neurons Drive Appetitive STM and LTM.
We activated different sets of PAM cluster neurons by thermoge-
netic stimulation with a temperature-sensitive cation channel dTrpA1
(35) in the presence of an odor and evaluated reward signals be-
haviorally by measuring appetitive odor memory immediately
(STM) or 24 h after training (LTM). As we previously showed,
R58E02-GAL4 labels the majority of the reward-signaling PAM
neurons (Fig. 1A) (19). Thermoactivation paired with an odor
presentation in R58E02-GAL4/UAS-dTrpA1 flies after starvation
resulted in the formation of robust STM and LTM (Fig. 1 B and C).
Our anatomical screen identified two additional drivers, R48B04-
GAL4 (Fig. 1D, Fig. S1 C and G, and Movie S1) and R15A04-
GAL4 (Fig. 1G, Fig. S1 D and H, and Movie S2), which target
transgene expression in distinct sets of PAM cluster neurons with
little overlapping expression. Those neurons were mostly tyrosine
hydroxylase (TH) immunoreactive (Fig. S2). Activation of a PAM
subset with R48B04-GAL4 induced STM but not LTM (Fig. 1 E
and F). Strikingly, thermoactivation of the other subset of PAM
cluster neurons with R15A04-GAL4 induced robust LTM without
forming STM (Fig. 1 H and I), similar to appetitive memory
without a short-term component of mutants for TβH (36).
The temporal dynamics of these two forms of memory were
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complementary and sum roughly to the memory induced by acti-
vation of the PAM cluster neurons with R58E02-GAL4 (Fig. 1J).
We controlled GAL4 expression outside the PAM neurons in

R48B04-GAL4 and R15A04-GAL4 using R58E02-GAL80, which
suppresses transgene expression in the PAM cluster neurons (Fig.
S1) (19). The addition of R58E02-GAL80 abrogated memory
induction in both cases (Fig. S3 A and B) and thus localized the
reward signal to the respective PAM neurons. These results
suggest that appetitive reinforcement can be functionally broken
down into two complementary dopamine signals within the PAM
cluster. We here refer to these two neuronal subsets as stm-PAM
and ltm-PAM, respectively.

Stm- and ltm-PAM Neurons Are Differentially Required for Sugar-
Induced STM and LTM. To examine whether STM and LTM of
the sugar reward respectively require the stm- and ltm-PAM
neurons, we targeted the expression of shibirets1 (shits1) (37) to the
respective subsets and blocked their outputs during associative
training. Inactivation of a majority of the PAM neurons with
R58E02-GAL4 impaired both STM and LTM, whereas in-
activation with R48B04-GAL4 and R15A04-GAL4 caused selec-
tive defects in STM and LTM, respectively (Fig. 1 K and L). The
impaired memory caused by inactivating R48B04-GAL4 and
R15A04-GAL4 was fully restored by blocking GAL4 activity in
the respective PAM neurons using R58E02-GAL80 (Fig. S4).
These data demonstrate that a single presentation of sugar trig-
gers parallel reward signals of stm-PAM and ltm-PAM and

suggest that constant appetitive memory of sugar is a composite
of two separable elements.

Input and Output Sites of stm- and ltm-PAM Neurons Are Spatially
Segregated. The PAM cluster neurons have presynaptic terminals
in the MB (18, 19). The R48B04-GAL4 and R15A04-GAL4
target largely distinct dopamine neurons with the exception of
overlapping expression in the neurons projecting to the γ5 sub-
domain (Fig. 2 A and B). To compare the detailed projections of
the stm- and ltm-PAM neurons, we applied a nonrigid trans-
formation to individual confocal stacks and computationally
registered them onto a standardized average brain. The target
regions of the stm-PAM are enriched in the medial region of the
MB, whereas the dendrites of these two dopamine subsets in the
protocerebrum are also largely segregated (Fig. 2 E–G). In-
terestingly, computational subtraction of one expression pattern
from the other revealed that dendritic processes unique to stm-
and ltm-PAM neurons are differentially clustered to the medial
and lateral protocerebrum, respectively (Fig. 2 H and I). These
results suggest that the stm- and ltm-PAM neurons receive dis-
tinct synaptic inputs and differentially modulate the local circuits
of the MB.

Stm- and ltm-PAM Neurons Are Differentially Required for Appetitive
Memories of Sweetness and Nutritious Sugars. The nonnutritious
sugar arabinose reportedly induces only STM but not LTM when
used alone, but induces LTM when combined with sorbitol,
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Fig. 1. Two dopamine subsets induce appetitive STM and LTM independently. (A) Expression pattern of R58E02-GAL4 shown in a standardized brain. (B and
C) Thermoactivation with 58E02-GAL4 tested immediately (B) or 24 h later (C). LI, learning index; STM, short-term memory; LTM, long-term memory; n = 10–12.
(D) Expression pattern of R48B04-GAL4 shown in a standardized brain. (E and F) Thermoactivation with 48B04-GAL4 tested immediately (E ) or 24 h later (F).
n = 12. (G) Expression pattern of R15A04-GAL4 shown in a standardized brain. (H and I) Thermoactivation with 15A04-GAL4 tested immediately (H) or 24 h
later (I). n = 12. (J) Retention of induced memory. n = 10–19. (K and L) Blockade of the PAM neurons in R58E02-GAL4, stm-PAM-GAL4 (R48B04-GAL4), and
ltm-PAM-GAL4 (R15A04-GAL4) with UAS-shits1 during memory acquisition with sucrose tested immediately (K ) or 24 h later (L). n = 11–36. c, conditioning;
t, training. Results are means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant.
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a tasteless nutritious sugar (38, 39). This prompted us to examine
whether the stm- and ltm-PAM neurons mediate different prop-
erties of the sugar reward, such as sweetness and nutrition. We
separately blocked the stm- and ltm-PAM neurons while training
flies with arabinose with or without additional sorbitol, and mea-
sured the flies’ STM and LTM. Blocking the stm- but not ltm-
PAM neurons impaired arabinose STM, whereas LTM of the
combined sugars selectively required ltm-PAM neurons (Fig. 3 A
and B). Consistent with this result, the genomic DNA fragment in
R48B04-GAL4 is derived from the Drosophila octopamine re-
ceptor gene (40), which mediates the sweet taste and water re-
ward but not nutrition (18, 41).
Sugar ingestion leads to fast elevation of hemolymph fructose

level, which may represent nutritional value. Because fructose is
sensed by its receptor Gr43a in the brain (42), we blocked Gr43a-
expressing neurons (Fig. S6A) during sucrose training and ex-
amined STM and LTM. Indeed, this blockade specifically im-
paired LTM but not STM formation (Fig. 3 C and D and Fig.
S6B). Intriguingly, the projections of the Gr43a neurons are
confined to the lateral protocerebrum, in close proximity to the
dendrites of ltm-PAM (Fig. 3E, Fig. S6 C and D, and Movie S3)
but not stm-PAM neurons (Fig. 3F). We imaged calcium re-
sponses of these two subsets to sucrose, arabinose, and the
mixture of arabinose and sorbitol. Interestingly, the representa-
tion of arabinose in the PAM neurons was similar to that of
sucrose (Fig. S7 A–D), although the intensity was generally

lower and off responses were more visible for sucrose. There
was no obvious difference in response profiles of two subsets
of PAM neurons. As dopaminergic modulation of cAMP drives
nonlinear plasticity across the MB lobes (43), it is perhaps not
surprising that sugar responses are widely distributed beyond
the PAM subsets.

Prediction of Individual Dopamine Neurons for LTM Formation by
Combined Behavioral and Anatomical Screens. We next sought to
identify individual reward neurons by examining the correlation
between induced memory performances and GAL4 expression in
all cell types of PAM cluster neurons. To this end, we used
a collection of 20 Split-GAL4 driver lines with specific expression
in different PAM cluster neurons; the construction and detailed
anatomical analysis of these lines are described in Aso et al. (33,
34). We performed a behavioral screen of thermoactivation in
starved flies with this driver collection and measured the forma-
tion of STM and LTM. The performances of STM and LTM
among these 20 drivers did not show any significant correlation
(Fig. 4A), providing further evidence for independent reward
neurons for STM and LTM. For each cell type, we performed
a linear regression analysis between induced memory perform-
ances and GAL4 expression levels, estimated by GFP fluores-
cence in corresponding MB subdomains, of the 20 drivers (Fig.
S8). Although some GAL4 lines induced robust STM, no cell type
was significantly correlated with STM performances, implying
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Fig. 2. Complementary expression patterns of stm- and ltm-PAM neurons. (A) Schematic drawings of expression patterns of R58E02-GAL4, stm-PAM, and
ltm-PAM neurons (Fig. S5) in the MB. (B) The MB subdomains innervated by the three lines. Dark blue in R58E02 and dark magenta in stm-PAM indicates weak
GFP expression. (C and D) Expression patterns of R48B04-GAL4 (magenta) and R15A04-GAL4 (green) neurons visualized in different MB subdomains of
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collective reward signals for STM (Fig. 4 B, D, and E and Fig.
S8A). This also implies undefined anatomical connectivity of
some PAM neurons and the input neurons, as in the connectivity
between the projection neurons and the Kenyon cells (44, 45). In
contrast, the regression analysis with LTM performances identi-
fied significant positive association with the dopamine neurons
projecting to the base of the α-lobe (PAM-α1) (Fig. 4 C, D, and F
and Fig. S8B). PAM-α1 was consistently labeled in the top 5
drivers that induced significant LTM (Fig. S8B). The PAM neu-
rons terminating in the tip and shaft of the β-lobe (Fig. 4 D and F)
also appeared to be correlated with LTM, suggesting the con-
tributions of other cell types to the reward signal for LTM (18).
Thus, PAM-α1 represents an essential component for the reward
signal for LTM, whereas different and partially redundant do-
pamine neurons might collectively signal reward for STM.

PAM-α1 Neurons Are Necessary and Sufficient for LTM Formation.
Using one of the Split-GAL4 drivers labeling PAM-α1 (MB299B;
Fig. 4G), we analyzed morphology and reward function. This class
of dopamine neurons consists of approximately five cells and has
the lateral dendrites that are characteristic of the ltm-PAM neu-
rons (Fig. 4G). The blockade of the PAM-α1 neurons during the
formation of appetitive memory revealed a specific impairment of
LTM but not STM (Fig. 4H and I). Furthermore, the blockade did
not significantly impair STM of arabinose conditioning (Fig. 4J),
whereas these dopamine neurons were absolutely necessary for the
acquisition of LTM of arabinose supplemented with sorbitol (Fig.
4K). In addition, thermoactivation of MB299B in starved flies
revealed sufficiency of these neurons for LTM (Fig. S9). We thus
conclude that a specific class of dopamine neurons that project to

the base of the α-lobe is necessary and sufficient to signal reward
for LTM, potentially upon the input of nutrition (Fig. 4L).

Discussion
Distinct Reward Signals for STM and LTM. In Drosophila, sugar in-
gestion in a single training session induces stable appetitive odor
memory. Our results showed that observed memory represents
the composite of STM and LTM that are induced by the distinct
and complementary reward signals of dopamine. These separate
reward signals very well corroborate parallel processing of STM
and LTM in the MB (22). The stm-PAM neurons induce appe-
titive memory that decays within hours, whereas memory by ltm-
PAM gradually develops after training. These dopamine neurons
convey reward signals to spatially segregated synaptic domains
of the MB, whereas the other PAM cluster neurons may also
contribute to LTM reward. Furthermore, we identified a single
type of dopamine neurons (PAM-α1) encoding a reward signal
for LTM. The PAM-α1 targets a spatially restricted subdomain
in the α-lobe of the MB, suggesting local associative modulation
in the α-lobe. These results indicate that sugar ingestion activates
multiple reward signals of different qualities to form comple-
mentary memories, rather than a single reward system forming
STM that later transforms into LTM.
In the defensive siphon and tail withdrawal reflex of Aplysia,

different modes of 5-HT application to the sensory neurons in
the pedal and pleural ganglion differentially induce short-term
and long-term sensitization memories (46, 47). As both ganglia
are innervated by a single identified serotonergic neuron (48), it
is likely that the tail shock activates the same cell to induce both
forms of sensitization independently. This cellular configuration
is in strong contrast to the reward system in Drosophila appetitive
memory, despite parallel formation of STM and LTM in both
systems. The sugar reward may be more intricately encoded in
the fly, given the importance of long-lasting food-related mem-
ory in survival.
Representations of different reinforcing stimuli by the same

transmitter seems to be variable. In Drosophila aversive memory,
reinforcing signals of electric shock and heat punishment con-
verge to the same dopamine neurons (49), whereas distinct do-
pamine neurons are recruited for different aversive stimuli in
mammals (50). Appetitive memory of Drosophila is closer to the
latter case. However, a critical difference is that stm- and ltm-
PAM neurons seem to signal different properties of the same
reward, again pointing to more complex representation of the
sugar reward. It would be interesting to compare neuronal rep-
resentations of different rewarding stimuli, such as ethanol (51)
and water (41, 52). An important future question would be to
understand physiological mechanisms by which the MB com-
putes the distinct dopamine inputs to control approach behavior.

Sequential Regulation by Taste and Nutrition. Memory induced by
ltm-PAM develops gradually after training (Fig. 1). This gradual
increase may reflect the time to implement learning-dependent
molecular changes. Many molecules that are specifically re-
quired for LTM have been identified, and some of these mole-
cules are involved in learning-dependent gene transcription/
translation (3, 53–57). For instance, fasting-dependent LTM that
is formed without training repetition requires CREB-regulated
transcription coactivator (CRTC)-mediated cAMP response ele-
ment binding protein (CREB) transcription in the MB (12).
Such a transcription-dependent mechanism takes time and
may thus underlie gradual formation of memory induced by
the ltm-PAM.
The complementary memory dynamics as a consequence of the

distinct reward signals suggest that the “intent” of appetitive
memory undergoes a transition from palatability to caloric content.
Similar temporal transitions have been found in feeding choice
(58), where flies initially choose sugars according to sweet taste, but
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Fig. 3. Differential processing of reinforcing properties of sugar sweetness
and nutrition. (A) Blocking stm-PAM but not ltm-PAM neurons during con-
ditioning with arabinose significantly impairs appetitive STM. n = 6–18. (B)
Blocking ltm-PAM but not stm-PAM neurons during conditioning with
arabinose supplemented with sorbitol significantly impairs appetitive LTM. n =
11–20. c, conditioning; t, training. (C and D) Blockade of Gr43a; Cha7.4kbp-GAL80
neurons during memory acquisition with sucrose tested immediately (C) or 24 h
later (D). n = 11–20. (E and F ) Overlapped expression patterns of Gr43a;
Cha7.4kbp-GAL80 neurons (yellow) with ltm-PAM neurons (green, E ) but
not with stm-PAM neurons (magenta, F ) in the standardized brain. (Scale
bars, 20 μm.) Results are means ± SEM. *P < 0.05; ns, not significant.
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later prioritize caloric contents. Similarly, ethanol exposure initially
acts as an aversive reinforcer, but eventually turns into reward and
induces LTM (51). The sequential regulation of appetitive behav-
ior by the same stimulus may be conserved across relevant appe-
titive stimuli. As palatability is not always a faithful predictor of its
nutritional value, it may be a general design of reward systems to
balance short-term benefit and long-term fitness.

Materials and Methods
The two GAL4 drivers, R48B04 and R15A04, were identified by screening our
confocal image database for PAM cluster neurons (40). Appetitive condition-
ing and reward substitution with thermoactivation were performed accord-
ing to previously described protocols of differential conditioning (19, 29, 30).
A group of flies received 1 min of odor exposure with sugar reward or
temperature-sensitive cation channel (dTrpA1)-mediated thermoactivation
of GAL4-expressing neurons, followed by a 1-min presentation of another

odor in the absence of reward or temperature elevation. Most of the data
did not violate the assumption of the normal distribution and the homo-
geneity of variance and were therefore subjected to parametric statistics.
For data that significantly deviated from the normal distribution (Figs. 3B
and 4I), nonparametric statistics were applied. Fluorescent immunohisto-
chemistry was performed as described previously (19, 29, 30). All of the
confocal images in the main figures underwent landmark matching-based
image registration using BrainAligner (59). For in vivo calcium imaging, fe-
male flies expressing GCaMP3 (60) with R48B04-GAL4 and R15A04-GAL4
were prepared essentially as described (19, 61). A droplet of 2 M sucrose, 3 M
arabinose, or a mixture of 3 M arabinose and 2 M sorbitol solution in mineral
water was delivered on a plastic plate controlled by a micromanipulator (19).
See SI Materials and Methods for more detailed experimental procedures.

ACKNOWLEDGMENTS. We thank T. Templier and A. Abe for technical
assistance and experiments that inspired this study; P. Garrity, H. Amrein,
B. Pfeiffer, the Kyoto Drosophila Genetic Resource Center, and the
Bloomington Stock Center for fly stocks; K. Ito and the members of the

-0.2

0

0.2

0.4

0.6

0.8

-0.2 0 0.2 0.4 0.6 0.8

B

E

A

F

C

-4

0

lo
g 

P

-4

0

lo
g 

P

STM LTM

0

20

40

60

80

-0.2 0 0.2 0.4 0.6 0.8
0

20

40

60

80

-0.2 0 0.2 0.4 0.6 0.8

LTM (LI)

G
AL

4 
ex

pr
es

si
on

 (A
.U

.)

STM (LI)

**

G
AL

4 
ex

pr
es

si
on

 (A
.U

.)

STM (LI)

LT
M

 (L
I)

D

-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

2min

24hrs

***
tneiciffeoc noitalerro

C

-0.100.10.20.30.40.5

MB299B/+
MB299B/UAS-Shi
UAS-Shi/+

-0.100.10.20.30.40.5

MB299B/+
MB299B/UAS-Shi
UAS-Shi/+

-0.100.10.20.30.40.5

MB299B/+
MB299B/UAS-Shi
UAS-Shi/+

-0.100.10.20.30.40.5

MB299B/+
MB299B/UAS-Shi
UAS-Shi/+

-0.1

0

0.1

0.2

0.3

0.4

0.5

-0.1

0

0.1

0.2

0.3

0.4

0.5

-0.1

0

0.1

0.2

0.3

0.4

0.5

-0.1

0

0.1

0.2

0.3

0.4

0.5

IH

J K

ns

2M Sucrose

33
°C

c  t

2min

S
TM

 (L
I)

** 25
   

33
°C c     t

0    24hrs

2M Sucrose

LT
M

 (L
I)

ns

3M Arabinose 3M Arabinose+
2M Sorbitol

*

S
TM

 (L
I)

LT
M

 (L
I)

G

L

33
°C

c  t

2min

25
   

33
°C

c     t

0    24hrs

stm-PAM

nutritionsweetness

sugar

α1

octopamine Gr43a

STM LTM

MB299Bβ2 α1

Fig. 4. PAM-α1 neurons are necessary and sufficient for appetitive LTM formation. (A) Correlation of STM and LTM scores. For each SplitGAL4 line, LTM score
induced by thermoactivation is plotted against STM score. Linear regression is overlaid. Significance of the correlation was tested by bootstrap, revealing no
association between STM and LTM (n = 20). (B and C) GAL4 expression levels in each PAM cell type plotted against learning indices of appetitive STM (B) or
LTM (C) of all 20 SplitGAL4 lines. Different colors and markers indicate different cell types. Linear regression is shown together for PAM-α1, which marked
significant positive association with LTM (C). (D) Correlation coefficient of GAL4 expression level versus STM and LTM in each cell type. (E and F) Color map of
logarithm of P values calculated from correlation analyses of GAL4 expression and learning indices of STM (E) or LTM (F). (G) Expression pattern of MB299B-
GAL4 shown in a standardized brain. (Scale bar, 20 μm.) (H and I) Blockade of the PAM-α1 neurons by MB299B-GAL4 during memory acquisition with sucrose
tested immediately (H) or 24 h later (I). n = 6–12. c, conditioning; t, training. Results with error bars are means ± SEM. **P < 0.01; ns, not significant. (J and K)
Blockade of the PAM-α1 neurons has no significant effects during acquisition of arabinose memory tested immediately (J) but impairs formation of 24-h
memory induced by arabinose supplemented with sorbitol (K). (L) Model of a reward circuit in the fly brain. Reinforcement properties of sugar sweetness and
nutrition are independently conveyed by octopamine or Gr43a neurons to distinct subclusters of the PAM cluster. The stm-PAM neurons collectively mediate
reinforcement signal of STM. In contrast, the reinforcement signal of LTM is mainly conveyed by the PAM-α1 neurons.

582 | www.pnas.org/cgi/doi/10.1073/pnas.1421930112 Yamagata et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1421930112/-/DCSupplemental/pnas.201421930SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1421930112


H.T. laboratory for discussion and/or critical reading of the manuscript. Y.A.
and G.M.R. thank members of the Janelia FlyLight Project Team for experi-
mental assistance and the Janelia scientific computing group for help with
brain registration and image analysis. N.Y., T.I., P.-Y.P., and R.J.S. were spon-
sored by the Alexander von Humboldt Foundation, Japan Society for the Pro-
motion of Science (JSPS) Postdoctoral Fellowships for Research Abroad, the
Agence Nationale de la Recherche, and the Deutscher Akademischer Austausch
Dienst. This work was supported by the Kurata Memorial Hitachi Science and

Technology Foundation (N.Y.), the Agence Nationale pour la Recherche (T.P.),
the Howard Hughes Medical Institute (G.M.R.), and Bundesministerium für
Bildung und Forschung (01GQ0932 to H.T.), Deutsche Forschungsgemein-
schaft (TA 552/5-1 to H.T.), Ministry of Education, Culture, Sports, Science
and Technology–Japan/JSPS KAKENHI (26840110 to N.Y. and 25890003,
26250001, 26120705, and 26119503 to H.T.), the Strategic Research Program
for Brain Sciences “Bioinformatics for Brain Sciences” (H.T.), the Naito Foun-
dation (H.T.), and the Max Planck Gesellschaft (H.T.).

1. Carew TJ, Kandel ER (1973) Acquisition and retention of long-term habituation in
Aplysia: Correlation of behavioral and cellular processes. Science 182(4117):
1158–1160.

2. Carew TJ, Pinsker HM, Kandel ER (1972) Long-term habituation of a defensive with-
drawal reflex in aplysia. Science 175(4020):451–454.

3. Tully T, Preat T, Boynton SC, Del Vecchio M (1994) Genetic dissection of consolidated
memory in Drosophila. Cell 79(1):35–47.

4. Garcia J, Kimeldorf DJ, Koelling RA (1955) Conditioned aversion to saccharin resulting
from exposure to gamma radiation. Science 122(3160):157–158.

5. Alexander J, Jr, Audesirk TE, Audesirk GJ (1984) One-trial reward learning in the snail
Lymnea stagnalis. J Neurobiol 15(1):67–72.

6. Krashes MJ, Waddell S (2008) Rapid consolidation to a radish and protein synthesis-
dependent long-term memory after single-session appetitive olfactory conditioning
in Drosophila. J Neurosci 28(12):3103–3113.

7. Colomb J, Kaiser L, Chabaud MA, Preat T (2009) Parametric and genetic analysis of
Drosophila appetitive long-term memory and sugar motivation. Genes Brain Behav
8(4):407–415.

8. Pagani MR, Oishi K, Gelb BD, Zhong Y (2009) The phosphatase SHP2 regulates the
spacing effect for long-term memory induction. Cell 139(1):186–198.

9. Plaçais PY, et al. (2012) Slow oscillations in two pairs of dopaminergic neurons gate
long-term memory formation in Drosophila. Nat Neurosci 15(4):592–599.

10. Zhang Y, et al. (2012) Computational design of enhanced learning protocols. Nat
Neurosci 15(2):294–297.

11. Huang C, et al. (2012) A permissive role of mushroom body α/β core neurons in long-
term memory consolidation in Drosophila. Curr Biol 22(21):1981–1989.

12. Hirano Y, et al. (2013) Fasting launches CRTC to facilitate long-term memory for-
mation in Drosophila. Science 339(6118):443–446.

13. Turner GC, Bazhenov M, Laurent G (2008) Olfactory representations by Drosophila
mushroom body neurons. J Neurophysiol 99(2):734–746.

14. Heisenberg M (2003) Mushroom body memoir: From maps to models. Nat Rev Neu-
rosci 4(4):266–275.

15. Gerber B, Tanimoto H, Heisenberg M (2004) An engram found? Evaluating the evi-
dence from fruit flies. Curr Opin Neurobiol 14(6):737–744.

16. Tomchik SM, Davis RL (2009) Dynamics of learning-related cAMP signaling and
stimulus integration in the Drosophila olfactory pathway. Neuron 64(4):510–521.

17. Gervasi N, Tchénio P, Preat T (2010) PKA dynamics in a Drosophila learning center:
Coincidence detection by rutabaga adenylyl cyclase and spatial regulation by dunce
phosphodiesterase. Neuron 65(4):516–529.

18. Burke CJ, et al. (2012) Layered reward signalling through octopamine and dopamine
in Drosophila. Nature 492(7429):433–437.

19. Liu C, et al. (2012) A subset of dopamine neurons signals reward for odour memory
in Drosophila. Nature 488(7412):512–516.

20. Pauls D, Selcho M, Gendre N, Stocker RF, Thum AS (2010) Drosophila larvae establish
appetitive olfactory memories via mushroom body neurons of embryonic origin.
J Neurosci 30(32):10655–10666.

21. Krashes MJ, Keene AC, Leung B, Armstrong JD, Waddell S (2007) Sequential use of
mushroom body neuron subsets during drosophila odor memory processing. Neuron
53(1):103–115.

22. Trannoy S, Redt-Clouet C, Dura JM, Preat T (2011) Parallel processing of appetitive
short- and long-term memories in Drosophila. Curr Biol 21(19):1647–1653.

23. Cervantes-Sandoval I, Martin-Peña A, Berry JA, Davis RL (2013) System-like consoli-
dation of olfactory memories in Drosophila. J Neurosci 33(23):9846–9854.

24. Xie Z, Huang C, Ci B, Wang L, Zhong Y (2013) Requirement of the combination of
mushroom body γ lobe and α/β lobes for the retrieval of both aversive and appetitive
early memories in Drosophila. Learn Mem 20(9):474–481.

25. Huang C, Wang P, Xie Z, Wang L, Zhong Y (2013) The differential requirement of
mushroom body α/β subdivisions in long-term memory retrieval in Drosophila. Protein
Cell 4(7):512–519.

26. Roeper J (2013) Dissecting the diversity of midbrain dopamine neurons. Trends
Neurosci 36(6):336–342.

27. Lammel S, Lim BK, Malenka RC (2014) Reward and aversion in a heterogeneous
midbrain dopamine system. Neuropharmacology 76(Pt B):351–359.

28. Tanaka NK, Tanimoto H, Ito K (2008) Neuronal assemblies of the Drosophila mush-
room body. J Comp Neurol 508(5):711–755.

29. Aso Y, et al. (2010) Specific dopaminergic neurons for the formation of labile aversive
memory. Curr Biol 20(16):1445–1451.

30. Aso Y, et al. (2012) Three dopamine pathways induce aversive odor memories with
different stability. PLoS Genet 8(7):e1002768.

31. Keleman K, et al. (2012) Dopamine neurons modulate pheromone responses in
Drosophila courtship learning. Nature 489(7414):145–149.

32. Riemensperger T, et al. (2013) A single dopamine pathway underlies progressive
locomotor deficits in a Drosophila model of Parkinson disease. Cell Reports 5(4):
952–960.

33. Aso Y, et al. (2014) The neuronal architecture of the mushroom body provides a logic
for associative learning. eLife, 10.7554/eLife.04577.001.

34. Aso Y, et al. (2014) Mushroom body output neurons encode valence and guide
memory-based action selection in Drosophila. eLife, 10.7554/eLife.04580.001.

35. Hamada FN, et al. (2008) An internal thermal sensor controlling temperature pref-
erence in Drosophila. Nature 454(7201):217–220.

36. Das G, et al. (2014) Drosophila learn opposing components of a compound food
stimulus. Curr Biol 24(15):1723–1730.

37. Kitamoto T (2001) Conditional modification of behavior in Drosophila by targeted
expression of a temperature-sensitive shibire allele in defined neurons. J Neurobiol
47(2):81–92.

38. Burke CJ, Waddell S (2011) Remembering nutrient quality of sugar in Drosophila.
Curr Biol 21(9):746–750.

39. Cervantes-Sandoval I, Davis RL (2012) Distinct traces for appetitive versus aversive
olfactory memories in DPM neurons of Drosophila. Curr Biol 22(13):1247–1252.

40. Jenett A, et al. (2012) A GAL4-driver line resource for Drosophila neurobiology. Cell
Reports 2(4):991–1001.

41. Lin S, et al. (2014) Neural correlates of water reward in thirsty Drosophila. Nat Neu-
rosci 17(11):1536–1542.

42. Miyamoto T, Slone J, Song X, Amrein H (2012) A fructose receptor functions as
a nutrient sensor in the Drosophila brain. Cell 151(5):1113–1125.

43. Boto T, Louis T, Jindachomthong K, Jalink K, Tomchik SM (2014) Dopaminergic
modulation of cAMP drives nonlinear plasticity across the Drosophilamushroom body
lobes. Curr Biol 24(8):822–831.

44. Murthy M, Fiete I, Laurent G (2008) Testing odor response stereotypy in the Dro-
sophila mushroom body. Neuron 59(6):1009–1023.

45. Caron SJ, Ruta V, Abbott LF, Axel R (2013) Random convergence of olfactory inputs
in the Drosophila mushroom body. Nature 497(7447):113–117.

46. Emptage NJ, Carew TJ (1993) Long-term synaptic facilitation in the absence of short-
term facilitation in Aplysia neurons. Science 262(5131):253–256.

47. Martin KC, et al. (1997) Synapse-specific, long-term facilitation of aplysia sensory to
motor synapses: A function for local protein synthesis in memory storage. Cell 91(7):
927–938.

48. Wright WG, Jones K, Sharp P, Maynard B (1995) Widespread anatomical projections
of the serotonergic modulatory neuron, CB1, in Aplysia. Invert Neurosci 1(2):173–183.

49. Galili DS, et al. (2014) Converging circuits mediate temperature and shock aversive
olfactory conditioning in Drosophila. Curr Biol 24(15):1712–1722.

50. Fiorillo CD, Yun SR, Song MR (2013) Diversity and homogeneity in responses of
midbrain dopamine neurons. J Neurosci 33(11):4693–4709.

51. Kaun KR, Azanchi R, Maung Z, Hirsh J, Heberlein U (2011) A Drosophila model for
alcohol reward. Nat Neurosci 14(5):612–619.

52. Unoki S, Matsumoto Y, Mizunami M (2005) Participation of octopaminergic reward
system and dopaminergic punishment system in insect olfactory learning revealed
by pharmacological study. Eur J Neurosci 22(6):1409–1416.

53. Dubnau J, et al. (2003) The staufen/pumilio pathway is involved in Drosophila long-
term memory. Curr Biol 13(4):286–296.

54. Comas D, Petit F, Preat T (2004) Drosophila long-term memory formation involves
regulation of cathepsin activity. Nature 430(6998):460–463.

55. Margulies C, Tully T, Dubnau J (2005) Deconstructing memory in Drosophila. Curr Biol
15(17):R700–R713.

56. Hawkins RD, Kandel ER, Bailey CH (2006) Molecular mechanisms of memory storage
in Aplysia. Biol Bull 210(3):174–191.

57. Keene AC, Waddell S (2007) Drosophila olfactory memory: Single genes to complex
neural circuits. Nat Rev Neurosci 8(5):341–354.

58. Stafford JW, Lynd KM, Jung AY, Gordon MD (2012) Integration of taste and calorie
sensing in Drosophila. J Neurosci 32(42):14767–14774.

59. Peng H, et al. (2011) BrainAligner: 3D registration atlases of Drosophila brains. Nat
Methods 8(6):493–500.

60. Tian L, et al. (2009) Imaging neural activity in worms, flies and mice with improved
GCaMP calcium indicators. Nat Methods 6(12):875–881.

61. Séjourné J, et al. (2011) Mushroom body efferent neurons responsible for aversive
olfactory memory retrieval in Drosophila. Nat Neurosci 14(7):903–910.

Yamagata et al. PNAS | January 13, 2015 | vol. 112 | no. 2 | 583

N
EU

RO
SC

IE
N
CE


