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Abstract
The brain mechanisms by which animals deal with multiple experiences to predict outcomes are not yet fully understood. We
explored the choice strategies that flies use to assess degrees of disadvantage, as well as how flies weigh past and recent
experiences to guide decisions. Drosophila were exposed to two conditioning events in a T-maze: an odor paired with an electric
shock followed by a second odor paired with an electric shock of a different intensity. Subsequently, flies were forced to choose
between the two odors. We found that flies chose to avoid the more ‘dangerous’ odor by a linear subtraction mechanism that was
based on two coexisting memories. We also found that flies weighed experiences of the same danger level (60 V electric shocks)
according to the times when the experiences had occurred. More recent experiences had a greater impact and past experiences
gradually became ‘overlooked’ during decisions as the time delay between the two events lengthened. However, the past memory
was not so much disrupted as it was overshadowed by recent memories during decisions. Finally, when a past experience was more
disadvantageous, wild-type flies were able to coordinate both the temporal factor and the degree of disadvantage into their decisions.
By contrast, amnesiac mutant flies made choices completely according to the temporal factor, ignoring the degree of disadvantage.
Taken together, wild-type flies are able to store multiple olfactory memories and can coherently evaluate learned experiences to
guide their decisions according to the degree of disadvantage and ⁄ or the temporal factor.

Introduction
The survival of an organism, whether ﬂy (Dickson, 2008) or human,
depends heavily on its ability to evaluate previous experiences and
thereby maximize utility and minimize danger. Some evidence has
suggested that brains may employ two coexisting systems, intuition
and reasoning, when making decisions (Kahneman, 2002; Sanfey &
Chang, 2008). Several interesting studies on choice behaviors in
Drosophila have provided an entry point for a systematic dissection of
decision-making processes (Maimon et al., 2008; Yang et al., 2008).
Thus, Drosophila is likely to be a good model system for exploring the
processes behind simpler and more ‘intuitive-like’ decisions. The
neural circuit underlying visual saliency-based decision-making in ﬂies
has also been studied (Tang & Guo, 2001; Zhang et al., 2007). We are
interested in the roles of previous experiences in choice behavior. It is
well known that previous experiences usually have a strong inﬂuence
on subsequent actions in Drosophila. For example, ﬂies exhibit
experience-dependent changes in ﬁghting strategies and in visual
feature extraction (Yurkovic et al., 2006; Peng et al., 2007). In
Drosophila, classical olfactory conditioning in a T-maze is a wellestablished paradigm that leads to conditioned odor avoidance

behavior and produces robust aversive olfactory memory (Quinn
et al., 1974; Tully & Quinn, 1985). A memory formed by a single
aversive training trial can last for several hours and can be dissected
into three distinct phases: short-term memory (STM), middle-term
memory (MTM) and anesthesia-resistant memory (ARM) (Quinn &
Dudai, 1976; Quinn et al., 1979; Dudai et al., 1988; Folkers et al.,
1993; Dubnau & Tully, 1998; DeZazzo et al., 1999; Waddell et al.,
2000; Heisenberg, 2003; McGuire et al., 2005). Therefore, we developed new choice paradigms in the T-maze to reveal how previous experiences guide a ﬂy’s choice behavior in conﬂicting choice situations.
It has been reported that humans and monkeys may depend on a linear
subtraction mechanism during simple perceptual decision-making
(Romo & Salinas, 2003; Heekeren et al., 2004). Using the new choice
paradigms, we found that ﬂies used different choice strategies for:
(i) evaluating experiences according to the degree of disadvantage, (ii)
weighing past and recent experiences according to temporal factors, and
(iii) coordinating both the degree of disadvantage and temporal factor.

Materials and methods
3
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Fly stocks and culture
Flies were cultured on standard food (Guo et al., 1996) in a 12 ⁄ 12 h
light ⁄ dark cycle at 25 C and 60% relative humidity. The wild-type
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Drosophila strain was Canton-S. In addition, amnesiac (amn) mutant
ﬂies (i.e., amn1 and amnX8) (Quinn et al., 1979; Moore et al., 1998),
which are defective for MTM (DeZazzo et al., 1999), were also used.
Canton-S ﬂies were used as the wild-type control for the amn mutants
(Keene et al., 2004, 2006; Yu et al., 2005). All of the ﬂies were kindly
provided by Dr Waddell (University of Massachusetts Medical
School, USA). Male and female ﬂies (3–5 days old) were used in the
behavioral experiments. All behavioral experiments were performed
under dim red light at 70% relative humidity. The animal studies were
approved by the Institute of Biophysics, Chinese Academy of Sciences.

Apparatus
The T-maze (General Valve Corp., Fairﬁeld, NJ, USA) is a previously
described Drosophila olfactory learning and testing apparatus (Tully &
Quinn, 1985; Connolly & Tully, 1998). An electric stimulator (Model
S88K Square Pulse Stimulator; Grass Instrument Division of AstroMed, Inc., West Warwick, RI, USA) was linked to an electriﬁable copper
grid in a T-maze training tube, which was controlled by a power switch.
A vacuum pump (Resun Corp., Guangdong Province, China) was used
to keep air ﬂow at 750 mL ⁄ min in the training tube and collection
tubes and to deliver odors to the training tube and collection tubes.

Odorants and conditioning parameters
The odors used here were 4-methylcyclohexanol (purity = 98%;
Fluka), 3-octanol (purity 99%; Aldrich), benzaldehyde (purity 99%;
Sigma-Aldrich Co.), ethyl acetate (purity > 99%; Sigma-Aldrich Co.)
and isoamyl acetate (purity 98%; Aldrich), as wild-type ﬂies can learn
4-methylcyclohexanol ⁄ 3-octanol, 3-octanol ⁄ benzaldehyde and benzaldehyde ⁄ 4-methylcyclohexanol combinations (Akalal et al., 2006) as
well as the ethyl acetate ⁄ isoamyl acetate combination (Schwaerzel
et al., 2003). Odors were dissolved in heavy mineral oil (Fisher
Scientiﬁc Inc.) and delivered to the training tube or the two collection
tubes with a ‘bubbler’ (see Supporting Information, Fig. S1). The
concentration of 4-methylcyclohexanol, 3-octanol, benzaldehyde and
isoamyl acetate was 1.0 · 10)3 [in mineral oil (v ⁄ v)]. The concentration of ethyl acetate was 1.1 · 10)3. Flies learned each odor equally
well at these concentrations (supporting Fig. S2). Multiple three-odor
sets were used to preclude the possibility of odor set-speciﬁc results.
The exposure time to each odor and ⁄ or electric shock (ES) in training
sessions was 1 min, and exposure time to the two odors in testing
sessions was 2 min, as previously described (Connolly & Tully, 1998).
During choice protocols, the time interval between the two conditioning events was 1 min, unless otherwise stated. The ES mode was a
series of 12 · 1.25 s 60 V pulses at 5 s intervals, yielding a total
stimulus duration of 1 min, unless otherwise stated.

Behavioral analyses
Single conditioning performance was assayed using a standard
protocol (Tully & Quinn, 1985; Connolly & Tully, 1998). Two
groups of ﬂies were always tested in one complete run to produce one
score. The ﬁrst group of approximately 100 ﬂies was conditioned by
exposure to one odor (odor A) paired with an ES (conditioned
stimulus, CS+) for 1 min, followed by exposure to a second odor
(odor B) without the ES (CS)) for a further minute. Flies were then
forced to choose between the two odors during a 2 min testing period.
After the testing period, ﬂies were collected from each T-maze
collection tube, cold anesthetized at )20C and counted. A second,
reciprocal group of ﬂies was trained with odor B as the CS+ and

odor A as the CS). Memory performance index (PI) = NCS) )
NCS+ ⁄ NCS) + NCS+, where NCS) represents the number of ﬂies
approaching the CS) odor and NCS+ denotes the number of ﬂies
approaching the CS+ odor. The average of the two PIs from the
reciprocal experiments was taken as one complete PI. In order to avoid
any possibility of odor bias, in all protocols the two odors used for
testing were exchanged in the training sessions of the reciprocal
experiments to generate one complete PI.
In the two-event choice paradigm, two groups of ﬂies were always
tested in one complete run to produce a Choice PI. The ﬁrst group of
about 100 ﬂies was exposed to one odor (odor A) paired with a
stimulus (ES1) for 1 min as the ﬁrst conditioning event, and then
exposed to a second odor (odor B) with a stimulus of different
intensity (ES2) for 1 min as the second conditioning event. Immediately after training, choice performance was assayed by forcing the
ﬂies to choose between the two odors during a 2 min choice period
(Fig. 2A). A second, reciprocal group of ﬂies was trained with odor B
paired with ES1 and odor A paired with ES2. The average of the two
PIs from the reciprocal experiments yielded one complete Choice PI.
In the three-event choice paradigm, ﬂies were conditioned with each
of three odors paired with ESs of different intensities (in order, 60, 45
and 30 V), in three sequential events. Choice performance was then
assayed between combinations of two odors (Fig. 3A). Again, two
groups of ﬂies were always tested in one complete run to produce a
Choice PI. For example, for the 60 vs. 45 V Choice PI, the ﬁrst group
of about 100 ﬂies was sequentially exposed to odor A paired with a
60 V ES, odor B paired with a 45 V ES and odor C paired with a
30 V ES during the training session. Flies were then made to choose
between odors A and B in the testing session. A second reciprocal
group of ﬂies was trained with odor B paired with the 60 V ES,
odor A paired with the 45 V ES and odor C again paired with the
30 V ES. The subsequent testing session was the same as that above.
The average of the PIs from the two reciprocal experiments yielded
one complete Choice PI. In brief, the two odors used for testing were
exchanged in the training sessions of the two reciprocal experiments.
To retrieve the memories underlying choice, an unconditioned odor
(CS)) was presented before two or three ES-associated conditioned
odors (CS+) during the training session. In the testing session, ﬂies
were forced to choose between the CS) odor and one of the CS+
odors to retrieve the memory for the CS+ odor (Figs 2E and 3B).
Again, the PIs from two reciprocal experiments were averaged to
obtain one complete Choice PI. For example, to retrieve the ﬁrst
conditioning memory, the CS) odor and the ﬁrst CS+ odor were
exchanged in the two reciprocal experiments. As above, to retrieve the
second conditioning memory, the CS) odor and the second CS+ odor
were exchanged in the two reciprocal experiments.
Cold-shock anesthesia was delivered as described previously (Tully
et al., 1994; Isabel et al., 2004). Flies were transferred to pre-chilled
vials at 1 h after training and the vials were placed in an ice-water bath
for 2 min. Flies were then transferred back to warm vials at 25C and
remained there until testing.
Performance index
Choice PI = (Nf ) Nl) ⁄ (Nf + Nl ), where Nf represents the number of
ﬂies that approached the odor from the former conditioning event,
whereas Nl denotes the number of ﬂies that approached the odor from
the latter conditioning event. This choice performance score was a
‘half score’ because normally a complete Choice PI data point
represents the average score of two experiments. In the second
experiment, the presentation sequence of the two odors was reversed
in order to rule out non-associative effects. Accordingly, a positive or
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negative Choice PI only meant that ﬂies chose to approach the former
or latter odor, whereas the absolute value of a Choice PI indicated
decidability. If ﬂies could not make a consistent choice between two
options, then the Choice PI was zero.

Data analysis
Data were analysed using one-way anova or Student’s t-tests. Posthoc analysis was performed using Tukey’s HSD test for comparisons
between groups with the same number of PIs, Scheffe’s test for groups
with different numbers of PIs and Dunnett’s test for comparisons with
the indicated control group. The statistical package spss 11.5 (SPSS
Inc., Chicago) was used for these calculations. Error bars in ﬁgures are
SEMs (*P < 0.05, **P < 0.01, ***P < 0.001; NS indicates no
signiﬁcant difference). All P-values were two-tailed and P < 0.05
was considered to be statistically signiﬁcant.

Results
Choice based on different degrees of disadvantage
Two-event-based choices
We designed a two-event choice paradigm in a T-maze to explore how
ﬂies weigh previous experiences. We exposed ﬂies to one odor paired
with an ES as one conditioning event. In the two-event choice
paradigm, ﬂies were conditioned in two separate conditioning events,
in each of which a different odor was paired with an ES of a different
voltage that was representative of a different degree of danger. Choice
performance was assayed immediately afterwards by forcing ﬂies to
choose between the two conditioned odors. Previous studies have
shown that immediate memory scores increase with shock intensity up
to 60 V, suggesting that ﬂies are able to sense differences in voltage
(Tully & Quinn, 1985). Similarly to the above report, our data showed
that both immediate memory PI and shock reactivity PI increased as a
function of voltage in a linear manner up to 60 V (Fig. 1 and
supporting Fig. S3, Pearson correlation, r22 = 0.828, P < 0.001;
r38 = 0.807, P < 0.001, respectively), implying further that ﬂies were
able to sense voltage quantitatively. Thus, we used different voltages
to represent different degrees of disadvantage in our choice paradigm.
First we investigated whether ﬂies can choose between two
conditioned odors (A and B) after exposure to two sequential

Fig. 1. Immediate memory PI increased with voltage up to 60 V, ﬁtting a
linear curve (Pearson correlation, r22 = 0.828, P < 0.001). Wild-type ﬂies
showed voltage-dependent immediate memory performance from 30 to 60 V.
Different groups of ﬂies received ES with 12 pulses of 1.25 s stimulus duration
within 1 min at the indicated voltage during single conditioning training (see
Materials and methods). There was no signiﬁcant difference in immediate
memory PIs between 60 and 90 V (Tukey’s HSD test, P = 0.943).
4-methylcyclohexanol and 3-octanol were used here.

conditionings of 30 and 60 V (Fig. 2A, left). The 30–60 V choice was
named according to the presentation order of the two voltages. The
positive signiﬁcant Choice PI (see Materials and methods) showed that
ﬂies chose to approach the former odor associated with the 30 V ES
and to avoid the latter odor associated with the 60 V ES (30–60 V
point in Fig. 2B, F6,37 = 112.221, P < 0.001, Dunnett’s test against
zero, P < 0.001). Together with the negative signiﬁcant Choice PI of
the 60–30 V choice (60–30 V point in Fig. 2B, Dunnett’s test against
zero, P < 0.001) showing that ﬂies avoided the former odor associated
with a stronger ES, our results demonstrate that ﬂies can make
consistent choices to avoid the odor associated with the greater
voltage, regardless of the presentation order of the two ESs.
However, in the 60–60 V choice ﬂies were unable to make a
consistent choice, as the Choice PI was indistinguishable from zero
(60–60 V point in Fig. 2B, Dunnett’s test against zero, P = 0.984). To
preclude an interference effect of the ES or the odor presentation from
the second conditioning event, we performed an ‘unpaired control’
experiment. In the control experiment, the second conditioning event
was replaced by a presentation of the 60 V ES alone followed by the
second odor presentation 1 min later and ﬂies were then made to
choose between the two odors. The Choice PI of 60–60 V choice was
signiﬁcantly lower than the PI from the ‘unpaired control’ (supporting
Fig. S4, t11 = 23.177, P < 0.001), indicating that the 60–60 V choice
performance did not result from the interference effect of the ES or the
odor presentation from the second conditioning event per se.
To explore the ﬂy’s choice strategy, we varied the voltage difference
between the two ESs (DV) from 0 to 30 V (Fig. 2B).
DV = |V1st ) V2nd|, where V1st is the voltage in the ﬁrst conditioning
event and V2nd is the voltage in the second conditioning event. Our
data show that the Choice PI increased as a function of DV in a linear
manner (Fig. 2B, Pearson correlation, r42 = 0.965, P < 0.001),
suggesting a voltage difference-dependent choice. To further verify
this result, we kept DV constant and compared the choice performances of different voltage-pair groups. The results indicated that
the Choice PI in the 60–40 V choice was roughly equal to that in the
50–30 V choice (Tukey’s HSD test, P = 0.854) (DV = 20 V) and the
Choice PI in the 60–50 V choice was statistically indistinguishable
from that in the 50–40 V choice (Tukey’s HSD test, P = 0.999)
(DV = 10 V) (Fig. 2C). The Choice PI in either the 60–40 or 50–30 V
choice (DV = 20 V) was signiﬁcantly higher than that in either the 60–
50 or 50–40 V choice (DV = 10 V) (F4,25 = 11.712, P < 0.001,
Tukey’s HSD test, P < 0.01).
However, in the 10 V difference groups (DV = 10 V), we found an
exception in that the Choice PI in the 40–30 V choice was
signiﬁcantly higher than that in the other voltage-pair choices
(Tukey’s HSD test, P < 0.01) (Fig. 2C and supporting Fig. S5).
Similarly, the Choice PI in the 20–30 V choice was signiﬁcantly
higher than that in the 30–40, 40–50 or 50–60 V choice (supporting
Fig. S5, F3,20 = 11.586, P < 0.001).
Next, we addressed whether the appropriate choice could also be
made after 1 h retention time. In these experiments, ﬂies always chose
to avoid the odor associated with the stronger ES in both the 90–60 and
60–90 V choices (Fig. 2D), whether choice performance was assayed at
2 or 60 min after training. A similar result was also obtained in both
the 60–30 V choice and 30–60 V choice (supporting Fig. S6). Together,
the results suggest that the decision resulted from stable rule-governed
information processing rather than only an immediate reaction.
Moreover, the results in Fig. 2D also indicate that ﬂies were able to
discriminate a 90 V ES from a 60 V ES, whereas the immediate memory
PIs of 90 and 60 V were indistinguishable (Fig. 1).
We used a different protocol to address whether ﬂies’ choices were
based on two relatively independent memories. Flies were presented
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Fig. 2. Flies make voltage difference-dependent choices based on coexisting memories of two events. (A) Two-event choice protocols. Flies were conditioned by
exposure to one odor (odor A) paired with an ES of a certain voltage and then exposed to a second odor (odor B) paired with an ES of a different voltage (or the
same voltage). After that, odors A and B were presented to ﬂies simultaneously to assay choice performance. For example, left: 30–60 V choice protocol; middle:
60–60 V choice protocol; right: 60–30 V choice protocol. (B) Choice PIs increased as a function of voltage difference (DV), ﬁtting a linear curve (Pearson
correlation, r = 0.965, P < 0.001; n = 6 for each point, except n = 7 for 60–30 and 30–60 V points). Here, one of the two ESs (whether the former or the latter) was
ﬁxed at 60 V and the other was changed from 30 to 60 V (lower abscissa), so that DV ranged from 0 to 30 V (upper abscissa). The upper abscissa indicates the
voltage difference between the two ESs (DV), whereas the lower abscissa indicates the order of the two voltages used in the two-event choices. The time interval
between the two events was 45 s. (C) Except for the 40–30 V choice, Choice PIs were signiﬁcantly different between the 20 V difference (diagonal striped bars) and
the 10 V difference (white bars) groups, and showed no signiﬁcant difference within the 20 V difference groups or 10 V difference groups. However, in the 10 V
difference groups, the Choice PI in the 40–30 V choice was signiﬁcantly higher than that in either the 60–50 V choice or 50–40 V choice. (D) Flies chose to avoid
the odor associated with the stronger ES, whether the choice performances were tested at 2 min (black bar) or 60 min (white bar) after training in both the 90–60 and
60–90 V choices. (E) Left: memory retrieval protocol. Flies were exposed to a reference odor (RO) before two CS+ odors in the training session. In the testing
session, the RO and the ﬁrst CS+ odor were presented to ﬂies simultaneously for retrieving the ﬁrst memory, or the RO and the second CS+ odor were presented for
retrieving the second memory. Right: there was no signiﬁcant difference between the two retrieved memories in the 60–60 V protocol. Signiﬁcant differences were
observed between two retrieved memories in the 60–30, 30–60, 90–60 and 60–90 V protocols. The three odors used here were benzaldehyde, 4-methylcyclohexanol
and 3-octanol (for odor balances see supporting Fig. S2). Numbers in each bar indicate the number of PIs per group. **P < 0.01, ***P < 0.001.

with a third unconditioned reference odor (as a CS)) before the two
ES-associated odors (CS+) in the training session and were then made
to choose between the CS) odor and either of the two CS+ odors in
the testing session, in order to retrieve the memory for each CS+ odor
(Fig. 2E, left). In this protocol, we ﬁrst made sure that ﬂies could learn
each combination of two odors within the set of three odors equally
well (supporting Fig. S2) so that we could use these balancing odors to
retrieve each memory quantitatively. First, two relatively independent
STMs were retrieved in the 60–60 V protocol, as shown by two
equivalent signiﬁcant PIs (t11 = 0.753, P = 0.469), indicating that ﬂies

were able to remember two events simultaneously (Fig. 2E). Furthermore, the PI of the retrieved 60 V STM was higher than that of the
retrieved 30 V STM in proportion to the voltages in both the 60–30
and 30–60 V protocols (t11 = 8.930, P < 0.001; t11 = 7.530,
P < 0.001, respectively). Moreover, the retrieved 60 V memory was
signiﬁcantly weaker than the retrieved 90 V memory in both the 90–
60 and 60–90 V protocols (t12 = 4.514, P = 0.001; t11 = 4.236,
P = 0.002, respectively), despite the fact that there was no signiﬁcant
difference between the immediate memory PIs of either of the ES
intensities (Fig. 1). To preclude the possibility of odor-speciﬁc effects,
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we also used the same odor pair to retrieve the two memories in either
the 60–60 or 60–30 V choice and obtained similar results (supporting
Fig. S7). These results indicate that the STMs of two events coexisted
and the strength of each retrieved STM was proportional to the voltage
used for the conditioning that underlies the two-event-based choices.
Three-event-based choices
To further explore the ﬂexibility of choice and memory capabilities of
Drosophila, we conditioned ﬂies with each of three odors paired with
ESs of different intensities (in order, 60, 45 and 30 V) in three
sequential conditioning events. We then assayed choice performance
between each combination of two conditioned odors (Fig. 3A, left).
Our results showed that ﬂies always chose to avoid the odor associated
with the relatively stronger ES, regardless of which two of the three
conditioned odors were presented to the ﬂies during the testing
session. For example, after exposure to three sequential conditionings
of 60, 45 and 30 V, ﬂies chose to approach the odor associated
with 45 V in the 60–45 V choice, whereas ﬂies avoided the same
45 V-associated odor in the 45–30 V choice, demonstrating ﬂexibility
of choice (Fig. 3A). Next, we explored the memories underlying these
choice behaviors. Three memories were retrieved and the strengths of
these memories were proportional to the ES voltages used for
conditioning (Fig. 3B), indicating that ﬂies were able to form and store
memories of three events simultaneously. These three coexisting
memories underlie ﬂexible choice behaviors.
We also determined that different time intervals between the
CS) (i.e. reference odor) and each CS+ odor (i.e. 1, 3 and 5 min) in

Fig. 3. Flexible choices are based on coexisting memories of three successive
events. (A) Left: the three-event choice protocol. In the training session, ﬂies
were successively exposed to odor A paired with a 60 V ES, odor B paired
with a 45 V ES and odor C paired with a 30 V ES. In the testing session,
odors A and C were simultaneously presented to ﬂies for the 60–30 V choice
performance. Odors A and B or odors B and C were simultaneously presented
to ﬂies for the 60–45 or 45–30 V choice performance, respectively. Right: the
negative Choice PI indicates that ﬂies always chose to avoid the former odor
associated with the relatively stronger ES irrespective of what the odor was.
The odors used were 4-methylcyclohexanol (MCH), 3-octanol (OCT) and
isoamyl acetate (IA). (B) Left: ﬂies were exposed to a reference odor (RO)
before three CS+ odors in the training session. The RO and ﬁrst CS+ odor
associated with the 60 V ES were presented to ﬂies in the testing session for
retrieving the 60 V memory. The RO and second CS+ odor associated with the
45 V ES as well as the RO and third CS+ odor associated with the 30 V ES
were presented to ﬂies for retrieving the 45 and 30 V memories, respectively.
MCH, OCT, ethyl acetate and IA were used here (for odor balances see
supporting Fig. S2). Right: the strengths of these retrieved memories were
proportional to the ES voltages for conditioning.

the memory retrieval protocol had no signiﬁcant inﬂuence on memory
performance (supporting Fig. S8). Again, the same odor pair was used
to retrieve all three memories in the 60–45–30 V protocol to preclude
the possibility of odor-speciﬁc effects. Also, the three memories (60,
45 and 30 V) were retrieved in proportion to the voltages used for
conditioning and these memory strengths were not signiﬁcantly
different from the results of Fig. 3B (supporting Fig. S9, t11 = 0.407,
P = 0.693 for the ﬁrst memory of 60 V; t11 = 0.178, P = 0.863 for the
second memory of 45 V; t11 = 0.074, P = 0.942 for the third memory
of 30 V). Moreover, the data from the 30–30–30 V and 60–60–60 V
experiments showed that three memories conditioned at the same
voltage were statistically indistinguishable from each other (supporting Figs S10 and S11). However, the third memory strength appears to
be consistently slightly lower than the ﬁrst memory strength, although
there was no signiﬁcance between them in both the 30–30–30 V and
the two 60–60–60 V experiments (Tukey’s HSD test, P = 0.184,
0.120, 0.347, respectively). However, the effect of order was small and
could not account for the memory strength differences seen in Fig. 3B.
Thus, the different memory strengths shown in Fig. 3B mainly
resulted from the different voltages used for conditioning but not from
the inﬂuence of the order of succession of three conditioning events.
Taken together, these results indicate that ﬂies were able to ﬂexibly
extract and integrate relevant information from multiple memories,
enabling them to make appropriate choices according to the degree of
disadvantage.

Choice based on past and recent experiences
To investigate how ﬂies weigh past and recent experiences, we
assessed choice performance in a 60–60 V choice protocol with
variably extended time delays between the two conditioning events
(Fig. 4A). In this scenario, the two experiences represented the same
danger (i.e. 60 V ES) and the time between the experiences was all
that varied. Our data show that the Choice PIs were statistically
indistinguishable from zero within a 2 min time delay (Fig. 4A inset
magniﬁed chart, Dunnett’s test against zero, P > 0.5), indicating that
ﬂies could not make a consistent choice when the time delay between
the two conditionings was < 2 min. Taken together with the result in
Fig. 2E, that two indistinguishable STMs (underlying the 60–60 V
1 min delay choice) coexist, this suggests that these two experiences
had equivalent weights within a 2 min delay. After 2 min, Choice PI
increased rapidly as the time delay was extended. Once the time
delay reached 30 min, the positive Choice PI was indistinguishable
from the immediate memory PI of a single 60 V conditioning event
(Fig. 4A, Dunnett’s test, P > 0.999), indicating that ﬂies made
decisions that were solely based on the most recent experience from
30 min onwards.
The ‘recent-takes-all’ strategy is ascribed to ‘overlooking’ past
experience
However, one more fundamental issue regarding memory of past events
should be addressed. This issue is whether the second conditioning event
(recent event) erased the memory of the ﬁrst conditioning event (past
event). Our data show that exposure to the second conditioning event
resulted in a signiﬁcant impairment of the 1 h memory of the ﬁrst
conditioning event (Fig. 4B, t13 = 4.317, P = 0.001). Therefore,
memory of the ﬁrst conditioning event was partially disrupted by the
second conditioning event. However, most memory from the ﬁrst
conditioning event still existed during choice and the memory PI is 0.5
(Fig. 4B). Thus, this past memory was ignored by ﬂies during the 1 h
delay choice. Therefore, this suggests that ﬂies used a ‘recent-takes-all’
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Fig. 4. The ‘recent-takes-all’ strategy is ascribed to ‘overlooking’ past
experience. (A) Full weight was given to the recent experience when the time
delay was 30 min or more. Upper: the time of occurrence of the recent event
was ﬁxed at 2 min before decision and the time delay between the past and
recent events ranged from 30 s to 3 h. Flies were ﬁrst exposed to an odor paired
with a 60 V ES (past event); after a given time delay, they were exposed to a
second odor also paired with a 60 V ES (the recent event); 2 min later, ﬂies
were forced to choose between these two conditioned odors. Lower: Choice PIs
were statistically indistinguishable from zero within a 2 min time delay (inset
magniﬁed chart, Dunnett’s test against zero, P > 0.5). Avoidance of the recent
conditioned odor only became signiﬁcant when the time delay was 2 min or
more (Dunnett’s test against zero, P < 0.01). The positive Choice PIs were
statistically indistinguishable from the immediate memory PI for a 60 V single
conditioning when time delays were 30 min or more (Dunnett’s test, all
P > 0.99). The upper three lines on the curve represent mean PI ± SEMs of
immediate memory in 60 V single conditioning (n = 6 for each point). We used
the standard single conditioning protocol (see Materials and methods) to assay
the 60 V immediate memory performance. (B) The 1 h memory of the ﬁrst
conditioning event still existed but was partially disrupted by a second
conditioning event. Left: for retrieving the 1 h memory of the ﬁrst conditioning
event followed by a second conditioning event, ﬂies were exposed to a
reference odor (RO) at 1 min before the ﬁrst conditioning and the second
conditioning was performed 1 h later. Immediately after that, the RO and the
ﬁrst CS+ odor were simultaneously presented to ﬂies in the testing session
(upper). For 1 h memory of a single conditioning event, the protocol was the
same as the above protocol except that the second conditioning event was
omitted (lower). 4-methylcyclohexanol, 3-octanol and ethyl acetate were used
here. Right: 1 h memory from a single conditioning event was signiﬁcantly
better than the retrieved 1 h memory followed by a second conditioning event.
**P < 0.01.

of memory exist, i.e. MTM and ARM, as STM disappears gradually
within 1 h (Dubnau & Tully, 1998). Therefore, we investigated
which of the two types of past memory was left intact by the second
conditioning event. We used amn mutants as well as cold-shock
anesthesia to identify the ARM component of past memory. The
Choice PI in a 60–60 V 1 h delay choice was not statistically
different from the immediate memory of a 60 V single conditioning
event in either amnX8 or amn1 mutant ﬂies (Fig. 5A, t15 = 1.976,
P = 0.068; t15 = 0.360, P = 0.725, respectively). Therefore, similarly
to wild-type ﬂies, amn mutants made choices according to their
recent experience and completely ignored the past experience in the
60–60 V 1 h delay choice. In amn mutants, which are defective for
MTM, ARM is the only type of memory that remains by 1 h after
conditioning (DeZazzo et al., 1999; Waddell et al., 2000). No
signiﬁcant difference was observed between the 1 h ARM of a single
conditioning event and that followed by a second conditioning event
in either amnX8 or amn1 mutants (Fig. 5B, t11 = 1.532, P = 0.157;
t12 = 0.256, P = 0.802, respectively), indicating that ARM was not
disrupted by the second conditioning event. Moreover, we used coldshock anesthesia in wild-type ﬂies to further dissect the ARM
component of past event memory. Similarly to previous reports
(Folkers et al., 1993; Isabel et al., 2004), 2 h memory performance
with cold shock was signiﬁcantly lower than 2 h memory performance of a single conditioning event (without cold shock) (Fig. 5C,
F2,18 = 8.363, P = 0.003, Scheffe’s test, P = 0.030). As cold-shock
anaesthesia disrupts MTM in wild-type ﬂies, ARM was the only
memory form observed at the 2 h retention time-point. We found
that 2 h ARM (with cold shock) was not statistically different from
2 h ARM (with cold shock) followed by a second conditioning
event (Fig. 5C, Scheffe’s test, P = 0.722). Taken together with the
result in Fig. 4B, this further demonstrated that ARM was not
disrupted by the second conditioning event, suggesting indirectly that
the disrupted form of past memory is MTM. Therefore, we
concluded that ARM of the past event is intact but overshadowed completely by the recent memory during the choice process
(Figs 4A and 5).

Choice based on both the degree of disadvantage and temporal
factors

strategy, rather than a linear subtraction strategy, to evaluate past and
recent experiences in the 60–60 V 1 h delay choice.

From a neuro-economic point of view, relying solely on the most
recent experience is not sufﬁcient for optimal decision-making. In
some situations where historical information is very important, one
should consider experiences that have occurred over extended
periods of time. Therefore, we used a 60–30 V choice with a 1 h
delay between the two events to test the inﬂuence of a past, more
dangerous experience on current choice by comparing the 60–30 V
Choice PI with the 30 V immediate memory PI from a single
conditioning. The positive 60–30 V Choice PI indicated that wildtype ﬂies still chose to avoid the latter odor associated with the 30 V
ES (the recent experience) but the Choice PI was signiﬁcantly lower
than the immediate memory PI for 30 V single conditioning
(Fig. 6A, t11 = 5.254, P < 0.001), demonstrating that past experience
of a 60 V conditioning event exerted a signiﬁcant inﬂuence on
current choice performance. In this case, past information was
evaluated by ﬂies and it contributed to the strength of the decision
that they reached.

Anesthesia-resistant memory of past events remains intact

The role of the amn gene in the multiply-weighted decision

The current model of memory phase dynamics suggests that in
Drosophila, by 1 h after a single conditioning event, only two forms

The amn mutant ﬂies were also forced to make choices in this type of
situation. Our data show that the Choice PI in the 60–30 V 1 h delay
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Fig. 5. The ARM of the ﬁrst conditioning event is not disrupted by a second
conditioning event in the 60–60 V choice. (A) Left: the protocol for the 60–
60 V 1 h delay choice. There was a 1 h delay between the two 60 V
conditioning events. After two conditioning events, ﬂies were forced to choose
between the two conditioned odors. Right: the choice performance (crosshatched bar) was not statistically different from the immediate memory of a
60 V single conditioning event (white bar) in either amnX8 or amn1 mutant
ﬂies. For the 60 V immediate memory, we used the standard single
conditioning protocol (see Materials and methods). (B) Left: experimental
protocols are the same as those in Fig. 4B. 4-methylcyclohexanol, 3-octanol
and isoamyl acetate were used here (for odor balances see supporting Fig. S2).
Right: there was no signiﬁcant difference between the 1 h memory from a
single conditioning event (white bar) and the 1 h memory followed by a second
conditioning event (grey bar) in either amnX8 or amn1 ﬂies. For wild-type
performance, please see Fig. 4B. (C) Left: wild-type ﬂies were subjected to
2 min of cold-shock anesthesia at 1 h after the ﬁrst conditioning event and
received a second conditioning event at 2 h. Immediately after that, 2 h ARM
was retrieved (upper). For 2 h ARM (with cold shock), the protocol was the
same as the above except that the second conditioning event was omitted
(middle). For 2 h memory of a single conditioning event (without cold shock),
the protocol was the same as the above except that both the second conditioning
event and the 2 min cold shock were omitted (lower). Right: the retrieved 2 h
ARM followed by a second conditioning event (diagonal striped grey bar) was
not signiﬁcantly different from the 2 h ARM with cold shock (diagonal striped
white bar) (Scheffe’s test, P = 0.722), which was signiﬁcantly lower than the
2 h memory of a single conditioning event (without cold shock, white bar)
(Scheffe’s test, P = 0.030). RO, reference odor. *P < 0.05.

protocol was not signiﬁcantly different from the 30 V immediate
memory PI in both amnX8 and amn1 mutant ﬂies (Fig. 6A, t12 = 0.374,
P = 0.716; t12 = 0.302, P = 0.769, respectively). Therefore, a past
experience with more danger had little inﬂuence on current choice in
amn mutant ﬂies, indicating that their choices were based completely
on recent experiences. We also tested the ability of amn mutant ﬂies to
discriminate between 60 and 30 V (Choice PI = )0.23 ± 0.04 and
)0.15 ± 0.03 in the 60–30 V choice with 1 min delay in amnX8 and
amn1 mutants, respectively). This result suggested that the amn gene
may be indispensable for integrating past information into current
decisions.

Fig. 6. Choice Performance in the 60–30 V choice with a 1 or 2 h delay. (A)
Left: the 60–30 V 1 h delay choice protocol. Flies were ﬁrst exposed to one
odor paired with a 60 V ES as the past event; 1 h later the other odor was
presented to ﬂies along with a 30 V ES as the recent event in the training
session. Immediately after that, ﬂies were forced to choose between these two
odors. Right: the Choice PI was signiﬁcantly lower than the immediate memory
PI of 30 V conditioning in wild-type ﬂies. However, the Choice PI was
statistically indistinguishable from the immediate memory PI of a 30 V single
conditioning event in either amnX8 or amn1 mutant ﬂies. (B) Left: the 60–30 V
2 h delay choice protocol is the same as that above, except for a 2 h delay
between the two events (upper). The 60–30 V 2 h delay choice with cold-shock
protocol. Flies were subjected to 2 min of cold-shock anesthesia at 1 h after a
ﬁrst conditioning of 60 V and received a second conditioning of 30 V at 2 h.
Immediately after that, choice performance was tested (lower). Right: the
Choice PI for the 60–30 V 2 h delay choice with cold shock (diagonal striped
bar) was signiﬁcantly higher than that without cold shock (white bar) (Tukey’s
HSD test, P = 0.032) and was signiﬁcantly lower than the 30 V immediate
memory PI (grey bar) (P = 0.003). The Choice PI for the 60–30 V 2 h delay
choice (white bar) was signiﬁcantly lower than the 30 V immediate memory PI
(grey bar) (P < 0.001). For the 30 V immediate memory, we used the standard
single conditioning protocol (see Materials and methods). *P < 0.05,
**P < 0.01, ***P < 0.001.

Anesthesia-resistant memory and middle-term memory of a past event
may contribute to decisions
To identify which form of past memory contributes to the choice
process, we used cold shock at 1 h after a ﬁrst conditioning of
60 V to disrupt the MTM component of memory. Immediately after
a second conditioning of 30 V at 2 h, wild-type ﬂies were forced to
choose using only ARM of the past 60 V conditioning event and
immediate memory of the 30 V conditioning event. Our data
showed that the Choice PI with cold shock was signiﬁcantly lower
than the immediate memory PI for a single 30 V conditioning event
(Fig. 6B, F2,57 = 18.147, P < 0.001, Tukey’s HSD, P = 0.003),
suggesting that the ARM of the past 60 V conditioning event had a
signiﬁcant inﬂuence on the decision. Also, the Choice PI with cold
shock was signiﬁcantly higher than the Choice PI without cold
shock (60–30 V 2 h delay choice) (Tukey’s HSD, P = 0.032),
implying that the MTM of the past 60 V conditioning event also
had an inﬂuence on the decision. Therefore, the results suggest that
both ARM and MTM of past disadvantageous events may
contribute to current decisions when past experience represents a
high degree of disadvantage.
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Discussion
Our novel paradigms have given us an opportunity to conduct a series
of quantiﬁable assessments of choice behavior and its underlying
memories, and thereby clarify the choice strategies adopted by ﬂies.
In this work we demonstrated that previous experiences play a
crucial role in decisions in Drosophila. Based on their previous
experiences, ﬂies can interpret different odors as representations of
different levels of danger and use these representations to choose the
lesser of two egregious outcomes. Our experiment showed that the
Choice PI increased as a function of DV in a linear manner and the
Choice PIs were also roughly equal within the groups with the same
DV (Fig. 2), demonstrating that ﬂies are able to quantitatively evaluate
two previous events and use a linear subtraction strategy to make a
decision. This capability is similar to what monkeys do during the
ﬂutter discrimination task (Hernandez et al., 2002), which may imply
evolutionary conservation in choice strategy.
We found that ﬂies weigh two equally dangerous experiences
according to the relative times when the experiences occurred. Once
the delay between the two experiences reached 30 min, full weight
was given to the more recent experience (Fig. 4A). Although under
these conditions the past memory does not contribute to the decision,
our data indicate that most of the past memory still existed during the
decision (Fig. 4B). This suggests that the ‘recent-takes-all’ character of
this choice process mainly depends on an ‘overshadowing’ effect,
rather than an ‘erasing’ effect, to magnify the inﬂuence of the recent
experience. Similar types of heuristics and biases are characteristic of
the neuro-economic activities of human beings, which systematically
give more weight to familiar, recent or easy-to-conjure-up examples
(Tversky & Kahneman, 1974).
Our 60–60 V choice protocol (Fig. 4A) appears to be similar to the
previously described reversal learning paradigm (Dubnau & Tully,
1998), as both involve two conditioning events. However, the
maximal Choice PI in reversal learning is signiﬁcantly lower than
the immediate memory PI of single conditioning, a ﬁnding that differs
from the results obtained using our protocol (Fig. 4A). Our
explanation is that after an odor is presented as CS+ in the ﬁrst
conditioning event, the same odor presented as CS) in the second
conditioning event in the reversal learning paradigm might retrieve the
ﬁrst memory before the choice test and activate the ﬁrst memory. This
active ﬁrst memory might then exert some inﬂuence on the decision
process. This could cause the Choice PI to be lower than the PI of
single conditioning in reversal learning.
Moreover, we found that the Choice PI in the 40–30 V choice or 20–
30 V choice was signiﬁcantly higher than that of the other voltage-pair
choices in the same 10 V difference groups (DV = 10 V) (supporting
Fig. S5). Why did ﬂies overestimate the same difference at a lower
voltage range? We hypothesized that there might be a threshold (or
voltage-change-sensitive point) near 30 V, so that a small increase
above the threshold was evaluated as a non-linear multiple of the
voltage difference, whereas a small increase above some higher voltage
was evaluated as a linear addition to the higher voltage. Thus, voltage
differences near the threshold might be overestimated. Also, the
comparison between two memories (ﬁrst and second memories) might
not be completely parallel. It might be possible that the ﬁrst memory
was slightly dominant during decision. Therefore, in DV = 10 V
groups, the 40–30 V choice performance is at the high point in the
stronger ⁄ weaker voltage choice, whereas the high point was shifted to
the 20–30 V choice in the weaker ⁄ stronger voltage choice. In addition,
the PIs of the three memories retrieved in the 60–60–60 V choice were
lower than expected (supporting Fig. S11). However, the three coexisting memories in the 30–30–30 V choice were normal (supporting

Fig. S10), indicating that ﬂies can learn three events well at 30 V ES.
Therefore, we suspect that three sequential 60 V conditionings (with
1 min intervals) might induce strong inhibition for each learning event.
Moreover, amn mutant ﬂies showed some STM defect (Figs 5A and
6A), although they have long been known as MTM-defective mutants.
There is also some evidence of an STM defect in amn mutant ﬂies in
previous reports (DeZazzo et al., 1999; Tamura et al., 2003). However,
it is not clear how the amn gene affects STM. We suppose that it may be
due to a developmental effect, or it may be relative to the cAMP
signaling pathway, as the amn gene encodes homologies to vertebrate
pituitary adenylyl cyclase-activating peptide and growth hormonereleasing hormone (Feany & Quinn, 1995; DeZazzo et al., 1999).
However, our result showed that amn mutant ﬂies were able to
discriminate the 60 V ES from the 30 V ES and make an appropriate
choice according to the degree of disadvantage in the 60–30 V 1 min
delay choice, although they have a partial STM defect.
Our research focused not only on choice strategies but also on the
memories underlying decisions. First, we found that two coexisting
STMs contribute to a decision according to the degrees of disadvantage
that they each represent. Previous studies have shown that two
independent STMs can be stored in the ﬂy’s brain (Ejima et al., 2005;
Masek & Heisenberg, 2008). Our results indicate that these coexisting
STMs not only represent the separate memory traces for different odors
(or cues) but also provide the possibility for relative value computation.
Moreover, we demonstrated that ﬂies make choices using a linear
subtraction mechanism that is based on competition between two
coexisting STMs that represent different degrees of disadvantage.
Second, coexisting memories of three events contribute to the ﬂexibility
of decisions (Fig. 3). To our knowledge, this is the ﬁrst report that three
memories can coexist in the ﬂy’s brain. More importantly, it demonstrates the ﬂy’s ability to store complex information and then extract it
from multiple locations and integrate it into a single decision process.
Third, we found that the role of ARM of past events in current decisions
is varied depending on the degree of disadvantage and ARM is stable as a
retentive memory. In addition to being resistant to cold shock and aging
(Folkers et al., 1993; Tamura et al., 2003), we found that ARM is also
resistant to interference from new conditioning events (Fig. 5). We
demonstrate here that ARM of a past event and STM of a new
conditioning event can coexist as memory traces for past and recent
events. The ARM of a past experience does not contribute to decisions
when the past experience and recent experience represent the same
danger (Figs 4A and 5). However, the ARM of a past experience is
activated and has signiﬁcant inﬂuence on decisions when the past
experience represents a high degree of disadvantage (Fig. 6). Thus,
whether the ARM of a past event contributes to the current decision may
depend on the degree of disadvantage of past and recent experiences.
Therefore, we demonstrate here that ﬂies use different choice
strategies to guide decisions, and which strategy they use depends on a
competition between coexisting memories. The availability of powerful genetic tools, sophisticated techniques for imaging the working
brain and electrophysiological techniques (Fiala et al., 2002; Greenspan, 2004; Wilson et al., 2004; Yu et al., 2005; Keene & Waddell,
2007; Wang et al., 2008) all make the ﬂy an ideal model organism for
understanding the fundamental brain mechanisms of decision-making.
Additionally, many aspects of this process remain elusive. How are
two memories activated simultaneously and compared to reach a
quantitative decision? Is there working memory during decisionmaking in Drosophila? What region in the ﬂy brain is in charge of the
comparison? Our research provides insight into the nature of value
computation in the ﬂy’s brain and may serve as a valuable starting
point for studies that will eventually reveal the nervous mechanisms
underlying the ‘intuitive’ level of decision-making.
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Supporting Information
Additional supporting information may be found in the online version
of this article:
Fig. S1. The apparatus for the application of odors.
Fig. S2. Odor balances within the odor sets.
Fig. S3. The shock reactivity PI increased as a function of voltage in a
linear manner up to 60 V.
Fig. S4. Flies did not make a consistent choice in a 60–60 V protocol
and this was not due to an interference effect of the 60 V ES or the
odor presentation from the second conditioning event.
Fig. S5. In the 10 V difference groups, the Choice PI in the 20–30 V
choice was signiﬁcantly higher than that in the 30–40, 40–50 or 50–
60 V choice, and the Choice PI in the 40–30 V choice was
signiﬁcantly higher than that in the 30–20, 50–40 or 60–50 V choice.
Fig. S6. Flies always chose to avoid the odor associated with 60 V in
either the 60–30 or 30–60 V choices, whether choice performance was
assayed at 2 or 60 min after training.
Fig. S7. Using the same odor pair, two memories were retrieved
proportionally to their voltages in both the 60–60 and 60–30 V
protocols.
Fig. S8. The time interval between CS) and CS+ did not affect
memory retrieval.
Fig. S9. Using the same odor pair, three memories were retrieved
proportionally to their voltages in the 60–45–30 V protocol.
Fig. S10. Three indistinguishable memories were retrieved in the
30–30–30 V protocol.
Fig. S11. Using either different odor pairs or the same odor pair,
three indistinguishable memories were retrieved in the 60–60–60 V
protocol.
Please note: As a service to our authors and readers, this journal
provides supporting information supplied by the authors. Such
materials are peer-reviewed and may be re-organized for online
delivery, but are not copy-edited or typeset by Wiley-Blackwell.
Technical support issues arising from supporting information (other
than missing ﬁles) should be addressed to the authors.

Acknowledgements
We thank H. M. Lu, Z. H. Wu, B. K. Lu, Y. Q. Peng and K. Zhang for
assistance with preparation of the manuscript, J. W. Hou for building the
experimental system, and members of the laboratory of A.G. for critical
discussions. This work was supported by grants from the National Science
Foundation of China (30270341, 30630028, 30621004 and 30770511), the
Multidisciplinary Program (Brain and Mind) of the Chinese Academy of
Sciences, the Major State Basic Research Program (‘973 program’,
G2000077800, 2006CB806600 and 2006CB911003), and the Precedent Project
of Important Intersectional Disciplines in the Knowledge Innovation Engineering of the Chinese Academy of Sciences (KJCX1-09-03 and KSCX2-YWR-28).

Abbreviations
amn, amnesiac; ARM, anesthesia-resistant memory; CS, conditioned stimulus;
ES, electric shock; MTM, middle-term memory; PI, performance index; STM,
short-term memory.

References
Akalal, D.B., Wilson, C.F., Zong, L., Tanaka, N.K., Ito, K. & Davis, R.L.
(2006) Roles for Drosophila mushroom body neurons in olfactory learning
and memory. Learn. Mem., 13, 659–668.
Connolly, J.B. & Tully, T. (1998) Behaviour, learning and memory. In Roberts,
D.B. (Ed), Drosophila a Practical Approach. IRL Press at Oxford University
Press, Oxford, pp. 284–304.

DeZazzo, J., Xia, S., Christensen, J., Velinzon, K. & Tully, T. (1999)
Developmental expression of an amn(+) transgene rescues the mutant
memory defect of amnesiac adults. J. Neurosci., 19, 8740–8746.
Dickson, B.J. (2008) Wired for sex: the neurobiology of Drosophila mating
decisions. Science, 322, 904–909.
Dubnau, J. & Tully, T. (1998) Gene discovery in Drosophila: new insights for
learning and memory. Annu. Rev. Neurosci., 21, 407–444.
Dudai, Y., Corfas, G. & Hazvi, S. (1988) What is the possible contribution of
Ca2+-stimulated adenylate cyclase to acquisition, consolidation and retention
of an associative olfactory memory in Drosophila. J. Comp. Physiol. [A],
162, 101–109.
Ejima, A., Smith, B.P., Lucas, C., Levine, J.D. & Grifﬁth, L.C. (2005)
Sequential learning of pheromonal cues modulates memory consolidation
in trainer-speciﬁc associative courtship conditioning. Curr. Biol., 15, 194–
206.
Feany, M.B. & Quinn, W.G. (1995) A neuropeptide gene deﬁned by the
Drosophila memory mutant amnesiac. Science, 268, 869–873.
Fiala, A., Spall, T., Diegelmann, S., Eisermann, B., Sachse, S., Devaud, J.M.,
Buchner, E. & Galizia, C.G. (2002) Genetically expressed cameleon in
Drosophila melanogaster is used to visualize olfactory information in
projection neurons. Curr. Biol., 12, 1877–1884.
Folkers, E., Drain, P. & Quinn, W.G. (1993) Radish, a Drosophila mutant
deﬁcient in consolidated memory. Proc. Natl Acad. Sci. USA, 90, 8123–
8127.
Greenspan, R.J. (2004) Fly Pushing: the Theory and Practice of Drosophila
genetics. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY.
Guo, A., Li, L., Xia, S.Z., Feng, C.H., Wolf, R. & Heisenberg, M. (1996)
Conditioned visual ﬂight orientation in Drosophila: dependence on age,
practice, and diet. Learn. Mem., 3, 49–59.
Heekeren, H.R., Marrett, S., Bandettini, P.A. & Ungerleider, L.G. (2004) A
general mechanism for perceptual decision-making in the human brain.
Nature, 431, 859–862.
Heisenberg, M. (2003) Mushroom body memoir: from maps to models. Nat.
Rev. Neurosci., 4, 266–275.
Hernandez, A., Zainos, A. & Romo, R. (2002) Temporal evolution of a
decision-making process in medial premotor cortex. Neuron, 33, 959–972.
Isabel, G., Pascual, A. & Preat, T. (2004) Exclusive consolidated memory
phases in Drosophila. Science, 304, 1024–1027.
Kahneman, D. (2002) Maps of bounded rationality: a perspective on intuitive
judgment and choice. Nobel Prize Lecture. The Nobel Foundation.
(nobelprize.org)
Keene, A.C. & Waddell, S. (2007) Drosophila olfactory memory: single genes
to complex neural circuits. Nat. Rev. Neurosci., 8, 341–354.
Keene, A.C., Stratmann, M., Keller, A., Perrat, P.N., Vosshall, L.B. & Waddell,
S. (2004) Diverse odor-conditioned memories require uniquely timed dorsal
paired medial neuron output. Neuron, 44, 521–533.
Keene, A.C., Krashes, M.J., Leung, B., Bernard, J.A. & Waddell, S. (2006)
Drosophila dorsal paired medial neurons provide a general mechanism for
memory consolidation. Curr. Biol., 16, 1524–1530.
Maimon, G., Straw, A.D. & Dickinson, M.H. (2008) A simple vision-based
algorithm for decision making in ﬂying Drosophila. Curr. Biol., 18, 464–470.
Masek, P. & Heisenberg, M. (2008) Distinct memories of odor intensity and
quality in Drosophila. Proc. Natl Acad. Sci. USA, 105, 15985–15990.
McGuire, S.E., Deshazer, M. & Davis, R.L. (2005) Thirty years of olfactory
learning and memory research in Drosophila melanogaster. Prog. Neurobiol., 76, 328–347.
Moore, M.S., DeZazzo, J., Luk, A.Y., Tully, T., Singh, C.M. & Heberlein, U.
(1998) Ethanol intoxication in Drosophila: genetic and pharmacological
evidence for regulation by the cAMP signaling pathway. Cell, 93, 997–1007.
Peng, Y., Xi, W., Zhang, W., Zhang, K. & Guo, A. (2007) Experience improves
feature extraction in Drosophila. J. Neurosci., 27, 5139–5145.
Quinn, W.G. & Dudai, Y. (1976) Memory phases in Drosophila. Nature, 262,
576–577.
Quinn, W.G., Harris, W.A. & Benzer, S. (1974) Conditioned behavior in
Drosophila melanogaster. Proc. Natl Acad. Sci. USA, 71, 708–712.
Quinn, W.G., Sziber, P.P. & Booker, R. (1979) The Drosophila memory mutant
amnesiac. Nature, 277, 212–214.
Romo, R. & Salinas, E. (2003) Flutter discrimination: neural codes, perception,
memory and decision making. Nat. Rev. Neurosci., 4, 203–218.
Sanfey, A.G. & Chang, L.J. (2008) Multiple systems in decision making. Ann.
NY Acad. Sci., 1128, 53–62.
Schwaerzel, M., Monastirioti, M., Scholz, H., Friggi-Grelin, F., Birman, S. &
Heisenberg, M. (2003) Dopamine and octopamine differentiate between
aversive and appetitive olfactory memories in Drosophila. J. Neurosci., 23,
10495–10502.

ª The Authors (2009). Journal Compilation ª Federation of European Neuroscience Societies and Blackwell Publishing Ltd
European Journal of Neuroscience, 30, 279–288

288 Y. Yin et al.
Tamura, T., Chiang, A.S., Ito, N., Liu, H.P., Horiuchi, J., Tully, T. & Saitoe, M.
(2003) Aging speciﬁcally impairs amnesiac-dependent memory in Drosophila. Neuron, 40, 1003–1011.
Tang, S. & Guo, A. (2001) Choice behavior of Drosophila facing contradictory
visual cues. Science, 294, 1543–1547.
Tully, T. & Quinn, W.G. (1985) Classical conditioning and retention in
normal and mutant Drosophila melanogaster. J. Comp. Physiol. [A], 157,
263–277.
Tully, T., Preat, T., Boynton, S.C. & Del Vecchio, M. (1994) Genetic dissection
of consolidated memory in Drosophila. Cell, 79, 35–47.
Tversky, A. & Kahneman, D. (1974) Judgment under uncertainty: heuristics
and biases. Science, 185, 1124–1131.
Waddell, S., Armstrong, J.D., Kitamoto, T., Kaiser, K. & Quinn, W.G.
(2000) The amnesiac gene product is expressed in two neurons in
the Drosophila brain that are critical for memory. Cell, 103, 805–
813.

Wang, Y., Mamiya, A., Chiang, A.S. & Zhong, Y. (2008) Imaging of an early
memory trace in the Drosophila mushroom body. J. Neurosci., 28, 4368–4376.
Wilson, R.I., Turner, G.C. & Laurent, G. (2004) Transformation of olfactory
representations in the Drosophila antennal lobe. Science, 303, 366–370.
Yang, C.H., Belawat, P., Hafen, E., Jan, L.Y. & Jan, Y.N. (2008) Drosophila
egg-laying site selection as a system to study simple decision-making
processes. Science, 319, 1679–1683.
Yu, D., Keene, A.C., Srivatsan, A., Waddell, S. & Davis, R.L. (2005)
Drosophila DPM neurons form a delayed and branch-speciﬁc memory trace
after olfactory classical conditioning. Cell, 123, 945–957.
Yurkovic, A., Wang, O., Basu, A.C. & Kravitz, E.A. (2006) Learning and
memory associated with aggression in Drosophila melanogaster. Proc. Natl
Acad. Sci. USA, 103, 17519–17524.
Zhang, K., Guo, J.Z., Peng, Y., Xi, W. & Guo, A. (2007) Dopamine-mushroom
body circuit regulates saliency-based decision-making in Drosophila.
Science, 316, 1901–1904.

ª The Authors (2009). Journal Compilation ª Federation of European Neuroscience Societies and Blackwell Publishing Ltd
European Journal of Neuroscience, 30, 279–288

