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Starvation promotes odor /feeding-time associations

in flies

Nitin Singh Chouhan, Reinhard Wolf, and Martin Heisenberg

Rudolf-Virchow-Center, 97080 Wiirzburg, Germany

Starvation causes a motivational state that facilitates diverse behaviors such as feeding, walking, and search. Starved Drosophila
can form odor /feeding-time associations but the role of starvation in encoding of “time” is poorly understood. Here we
show that the extent of starvation is correlated with the fly’s ability to establish odor/feeding-time memories. Prolonged
starvation promotes odor /feeding-time associations after just a single cycle of reciprocal training. We also show that starva-
tion is required for acquisition but is dispensable for retrieval of odor/feeding-time memory. Finally, even with extended
starvation, a functional circadian oscillator is indispensable for establishing odor /feeding-time memories.

[Supplemental material is available for this article.]

Many processes in the living world occur at a certain time in the
daily cycle and organisms have a circadian clock that helps orga-
nizing their behavior accordingly. One such service of the clock is
to provide the phase information to form time-specific memories.
This may reduce energy expenditures in finding essential resourc-
es. For instance, mates gathering at a certain place or food associ-
ated with some odor might be available only at a certain time of
day. With a time and place or odor association, the mates and
food would be more easily retrieved. The importance of such time-
specific associations is highlighted by the fact that most animals
tested make use of it (Gould 1987; Harrison and Breed 1987;
Biebach et al. 1989; Boulos and Logothetis 1990; Zhang et al.
2006; Van der Zee et al. 2008; Chouhan et al. 2015).

Earlier studies revealed that indeed the circadian clock is in-
volved (Biebach et al. 1991; Wenger et al. 1991; Mistlberger et al.
1996; Van der Zee et al. 2008; Chouhan et al. 2015). Moreover, the
ability to establish time-specific association depends upon certain
internal states. Starved but not satiated Wistar rats show an asso-
ciation of “time” with the location of the platform in a Morris wa-
ter maze (Lukoyanov et al. 2002). Similar studies with Sprague
Dawley rats also showed that well-fed animals performed time—
place memory only when their “response cost” was increased
through added weight belts (Widman et al. 2004). Low cost for
switching between different choices in a memory test has been as-
sumed to result in poor time-place associations, not only in rats
but also in cichlid fishes (Boulos and Logothetis 1990; Reebs
1993). Accordingly, food deprivation is thought to increase the re-
sponse cost and therefore promote time-specific associations
(Widman et al. 2000, 2004). These studies highlight the impor-
tance of the internal state of an animal in facilitating time-of-day
memory formation but our understanding of this process and its
control remains elusive.

Here we show in Drosophila melanogaster that survival rate un-
der chronic starvation is correlated with odor/feeding-time mem-
ory (OFM) (Chouhan et al. 2015). We propose that severe
starvation increases the cost associated with the wrong decisions
in the search for food and that this state of malnutrition induces
flies to use “time” as an associative cue.

In Drosophila odor/feeding-time memory is based on appeti-
tive long-term memory (ALM) (Krashes and Waddell 2008). In the
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appetitive long-term memory assay used here, flies starved for 18 h
are trained to associate sucrose (US) with odor A (CS") for 2 min.
Aftera stream of clean air for 30 sec, flies are presented with a water-
soaked filter paper plus odor B (CS™) for 2 min, followed by another
30 sec stream of clean air. Memory is tested after 24 h by presenting
flies in a T-maze with odor A and odor B for 2 min. In the present
study 4-methylcyclohexanol and 3-octanol are used as odors.

For the odor/feeding-time memory assay, two groups of
about 150-200 flies are starved for 14 h and then presented
with odor A together with sucrose and odor B without sucrose
in the morning in a T-maze. After training flies are returned to
the vials with no food. The same flies are given sucrose with
odor B and a water-soaked filter paper with odor A in the after-
noon, after 20 h of starvation. Subsequently they are fed for an
hour on regular food to keep them alive (emergency feeding).
This training cycle is repeated on the second day at which point
flies are already starved for 38/44 h (disregarding the 1 h emergen-
cy feeding). On the third day, one group of flies is tested for mem-
ory in a T-maze apparatus in the morning and the other group in
the afternoon. Flies prefer odor A in the morning and then signifi-
cantly change their preference to odor B in the afternoon (Fig. 1B;
Chouhan et al. 2015). Evidently, flies can use the time of day as an
associative cue but the experiments do not highlight the role of
starvation in establishing odor/feeding-time memories.

Rats show significantly better memory retention after one-
trial active or passive avoidance conditioning when tested at the
same time of day as the training (Holloway and Wansley
1973a,b). Thus, animals may automatically encode the time of
day information with a biologically significant event (Gallistel
1990).

In contrast, flies do not show such periodic modulation in
the memory retrieval. Eighteen-hour-starved flies were trained
in the appetitive long-term memory paradigm at ZTO (Zeitgeber
Time; ZTO refers to the time of “lights-on” and ZT12 to “lights-off)
or ZT6 and then tested the next day in the morning or in the after-
noon. We observed no significant difference in the appetitive
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Food deprivation is essential for time—odor memory

single cycle of reciprocal training ses-
sions. Flies starved for 14 h, trained
with a single cycle and tested the next
day (Fig. 1A) showed no significant
odor/feeding-time memory in morning
and afternoon tests (Fig. 1B). The role of
prolonged food deprivation in odor/
feeding-time memory formation was
then examined by starving wild-type flies
(WT) of the strain Canton-S for an extra
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Figure 1. Starvation facilitates odor/feeding-time memory formation in Drosophila. (A) Schematic
describing a single cycle of reciprocal training in flies with different periods of food deprivation
before the first training. Mixed group with both males and females was used for conditioning. (B) A
single cycle of training can establish significant odor/feeding-time memories (OFM) after 24 h of addi-
tional food deprivation before conditioning, but odor/feeding-time memory scores improve signifi-
cantly with two cycles of training. (n > 6); (*) P < 0.05; (***) P < 0.001; (FD) extra food deprivation.
(C) Male and female WT flies differ significantly in survival rate when subjected to starvation. Also,
both male and female WT flies demonstrate significantly better survival rate when raised separately
than males and females in a mixed group (P < 0.001; log-rank test) (n = 8). (D) Schematic describing
odor/feeding-time memory experiments with different starvation periods before the training. Male and
female flies were trained separately. (E) Odor/feeding-time memory score in morning tests is significant
in male but not female WT flies. Additional 24 h of starvation before training promote time-specific
memory in female WT flies (n > 6); (*) P < 0.05; (**) P < 0.01; (FD) extra food deprivation.

long-term memory retrieval between flies tested at ZTO and ZT6
(Supplemental Fig. 1). Also, the ability of flies to perform in an
appetitive-conditioning paradigm was comparable between ZTO
and ZT6, which indicates that acquisition and retrieval of appeti-
tive long-term memory in flies is not affected by the time of day
(Supplemental Fig. 1). These results imply that flies do not associ-
ate “time” with every appetitive training. This raises the question
about how flies develop odor/feeding-time memory and whether
the degree of starvation influences such associations.

Chouhan et al. (2015) had demonstrated that two cycles of
training and 38/44 h of starvation are sufficient to facilitate
time-odor learning. We reconfirmed this result (Fig. 1B) and
asked whether flies can form time-odor associations also after a
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periods promoting odor/feeding-time
memory might already show effects in
the survival rate. We therefore measured
the effects of food deprivation on sur-
vival. For these experiments eight vials,
each of which contained about 100 flies,
were used for every experimental group.
Flies were placed in vials, with no food,
containing only a thin layer of 1% aga-
rose. These flies were kept in standard
conditions and the numbers of surviving
flies were counted every 12 h. Survival
rate at each time point was calculated as
the number of surviving flies divided
by the total number of flies (Fig. 1C;
Kaplan—Meier survival curves).

Measuring survival, we noted a dif-
ference between males and females. We
decided to also raise and test male and fe-
male flies separately. This prolonged sur-
vival in both genders. Isolated females
survived about 24 h longer than isolated
males (Fig. 1C).

As with the starvation periods cho-
sen significant numbers of flies were
dead, this precluded the afternoon memory test. Regarding the
morning test, males, but not females showed robust odor/
feeding-time memory related to the morning training (Fig.
1D,E). In contrast, in the appetitive long-term memory assay
male and female flies showed comparable scores (Supplemental
Fig. 2). This outcome suggested that female flies’ low performance
in odor/feeding-time memory was not due to their compromised
ability to form appetitive memory but rather hinted at a correla-
tion between survival rate and the ability to form odor/feeding-
time memory. In isolated males 14/20 h of starvation had no sub-
stantial effects on survival, whereas 38/44 h of starvation signifi-
cantly diminished the survival rate. Therefore, these results
suggested that the second cycle of training during which males
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Figure 2. Starvation induced odor/feeding-time association requires a functional clock and a minimal

time-gap. (A) Schematic describin% time—odor learning experiments in flies with 24 h extra food dep-
rivation before the training. (B) per’’ mutants were unable to display time-specific memories even after
prolonged starvation. Added periods of starvation failed to induce significant odor/feeding-time
memory in WT flies that were trained with a time-gap of 4 h between morning and afternoon condi-
tioning cycles (n > 6); (***) P < 0.001; (FD) extra food deprivation.
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feeding-time memory after just a single
training cycle (Fig. 1B). All these results
together support the hypothesis that re-
sponse cost based on food deprivation
matters for odor/feeding-time memory.
Circadian clock mutants, per’’ and
clk””, are unable to perform in the
time—odor learning paradigm (Chouhan
et al. 2015). We tested if prolonging the
starvation can enable per’’mutant flies
to associate the time of day with appeti-
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tive memories. per’’mutants showed no
significant morning or afternoon odor/
feeding-time memory scores even with
24 h additional starvation before the
training (Fig. 2A,B).

Previous work had shown that flies
need at least a 6-h interval between recip-
rocal trials to establish odor/feeding-
time memory (Chouhan et al. 2015).
We examined whether flies were able to
remember “time” events separated by 4
h after added 24 h starvation. We ob-
served no significant odor/feeding-time
memory scores when WT flies were
trained at ZTO (morning) and ZT4 (after-
noon) to associate reward and odor (Fig.
2B). These results suggest that prolong-
ing starvation in flies is not sufficient to
promote time-specific memory forma-
tion without a functional clock or with

a lower time-gap between reciprocal trials.

before training helps flies differentiate re-

ciprocal trials according to the time of day at which they occurred.
We next asked if such prolonged starvation is necessary only be-
fore memory formation or is also required for odor/feeding-time
memory retrieval. To investigate the temporal requirement of
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Food deprivation before and during training is required for odor/feeding-time memory for-
mation. (A) Schematic describing different starvation schedules for flies trained in time—odor learning
paradigm. Exp. Grp. 1 flies were subjected to starvation before and during conditioning but then
moved to food vials while flies in Exp. Grp 2 were kept on food but then moved to agar vials after
the last conditioning event. (B) Odor/feeding-time memory: Flies starved before and during condition-
ing (Exp. Grp 1) demonstrate robust odor/feeding-time memory scores (OFM) in morning and after-
noon tests. In contrast, flies starved after the last training event (Exp. Grp 2) did not. (n> 8); (*) P<
0.05; (**) P< 0.01; (***) P < 0.001. (C) Appetitive long-term memory experiments with different star-
vation schedules. Exp. Grp. 1 flies were kept on food vials after conditioning while Exp. Grp. 2 flies were
starved after conditioning. (D) Appetitive long-term memory: Flies starved before and during condition-
ing but subsequently transferred to food vials (Exp. Grp 1) did not show significant performance. Flies
that were only starved after training (Exp. Grp 2) demonstrated a significant appetitive long-term
memory score (ALM) but were considerably compromised compared with WT flies that were starved
throughout the experiment (n = 6); (**) P < 0.01; (***) P < 0.001.
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starvation for time-specific memories, one group of CS flies (Exp.
Grp 1) was subjected to starvation during conditioning but then
moved to food vials after the last training and was tested the next
morning and afternoon (Fig. 3A). Another group of flies (Exp.
Grp 2) was kept on food before conditioning but was moved to
agar vials after the last conditioning event and then tested on the
third day (Fig. 3A). Before each training cycle, the fed flies were
placed in agar vials for 30 min to stimulate ingestion of sucrose
during the training. The control flies were kept under food depriva-
tion for all days of the experiment. Flies that were starved only
during the training but not before testing performed as well as con-
trol flies in forming odor/feeding-time memory (Fig. 3B). These
results indicate that starvation is essential for memory formation
but may be dispensable for odor/feeding-time memory retrieval.

These findings are at odds with previous studies on appetitive
long-term memory, which showed that food deprivation is re-
quired for retrieval of the memory (Krashes and Waddell 2008;
Krashes et al. 2009; Liu et al. 2012). As these experiments were con-
ducted with a single training cycle, we conducted appetitive long-
term memory experiments with different feeding schedules. Exp.
Grp 1 of WT flies was starved before training but then moved to
food vials and flies in Exp. Grp 2 were only starved after condition-
ing (Fig. 3C). Control flies were kept on agar vials for the experi-
ment. As observed before, flies that were satiated before testing
were unable to show significant appetitive long-term memory
score (Fig. 3D; Krashes and Waddell 2008; Liu et al. 2012). In con-
trast, flies that were starved after conditioning showed a robust ap-
petitive long-term memory score even if their PI was significantly
lower than in the control group flies (Fig. 3D). Therefore, in con-
trast to odor/feeding-time memory, starvation before testing is re-
quired for appetitive long-term memory retrieval.

Here we have demonstrated the requirement of acute starva-
tion for promoting the formation of odor/feeding-time as-
sociations in flies. Female WT flies that can stand prolonged
starvation compared with males, require an extra period of food
deprivation to establish odor/feeding-time memory (Fig. 1D,E).
This holds for mixed populations as well as isolated female and
male groups. The better performance in odor/feeding-time mem-
ory in mixed populations correlates with higher starvation stress
(Fig. 1C). The survival rate of starved females in mixed populations
is higher than that of the males and social interactions seem to in-
crease starvation stress for females as well as males (Fig. 1C). These
observations raise the question about a special role of social inter-
actions in forming odor/feeding-time memories. Previous studies
have highlighted the role of social interactions in modulating
the survival rate and memory retrieval in flies (Ruan and Wu
2008; Chabaud et al. 2009; Bretman et al. 2013). The present find-
ings rather suggest that the social interactions affect the promo-
tion of odor/feeding-time memory via starvation stress.

Our results also show that the second cycle of training pro-
motes odor/feeding-time memory in addition to the effect of
the extended starvation period. On the other hand, given that a
single cycle of training is sufficient, the repetition of training cy-
cles is not an absolute requirement for the formation of
time-of-day-related memories (Fig. 1A,B).

The results suggest that acute starvation increases the “re-
sponse cost” in flies, as wrong choices or decisions may prevent
food discovery. Severe starvation activates a mechanism, molecu-
lar and neuronal, that links a time-of-day signal to another signal
promising food. This time-of-day information requires a function-
al circadian clock as per”! mutant flies are unable to perform even
after added periods of starvation before the training (Fig. 2B).
Results also show that starvation only during training is sufficient
to promote odor/feeding-time associations (Fig. 3). This suggests
that it is the formation of time-related odor memories that is
cost-intensive. Retrieval works even in satiated flies, pointing to-
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ward the intriguing possibility that the retrieval mechanism of
odor/feeding-time memory differs from that of appetitive long-
term memory. The mechanistic understanding of how starvation
controls the formation and storage of circadian clock based odor/
feeding-time memories awaits future studies.
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