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Sleep deprivation affects extinction but not acquisition
memory in honeybees
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Sleep-like behavior has been studied in honeybees before, but the relationship between sleep and memory formation has
not been explored. Here we describe a new approach to address the question if sleep in bees, like in other animals,
improves memory consolidation. Restrained bees were observed by a web camera, and their antennal activities were used
as indicators of sleep. We found that the bees sleep more during the dark phase of the day compared with the light phase.
Sleep phases were characterized by two distinct patterns of antennal activities: symmetrical activity, more prominent
during the dark phase; and asymmetrical activity, more common during the light phase. Sleep-deprived bees showed
rebound the following day, confirming effective deprivation of sleep. After appetitive conditioning of the bees to various
olfactory stimuli, we observed their sleep. Bees conditioned to odor with sugar reward showed lesser sleep compared
with bees that were exposed to either reward alone or air alone. Next, we asked whether sleep deprivation affects
memory consolidation. While sleep deprivation had no effect on retention scores after odor acquisition, retention for
extinction learning was significantly reduced, indicating that consolidation of extinction memory but not acquisition
memory was affected by sleep deprivation.

Much of what we know today about sleep is mostly from
mammalian models and humans. Although there has been
considerable progress in understanding sleep, there is very little
known about its function. Of particular importance is the re-
lationship between sleep and memory. Recent findings (Born et al.
2006; Gais et al. 2006; Daurat et al. 2007) have shown that slow-
wave sleep (SWS, a part of non-REM sleep) is important for the
formation of declarative memory (hippocampus-dependent) and
that REM sleep is important for the formation of procedural
memory (hippocampus-independent). Additionally, declarative
but not procedural memory could be boosted when subjects were
stimulated with electrical potentials in phase with slow wave
activity during the first 45 min of SWS sleep (Marshall et al. 2006).
Another study (Rasch et al. 2007) showed a boost in retention
when subjects were exposed to odors (used as context during
learning) during SWS sleep. Most data today indicate that sleep
mostly affects declarative memories in humans by sparing pro-
cedural memories, indicating that sleep is not required for all kinds
of memories (Rasch et al. 2007; Wilhelm et al. 2008).

The earliest descriptions of sleep in insects were presented in
papers by Fiebrig (1912) and Hoffmann (1937). Later sleep was
described in insects like the honeybees (Kaiser and Steiner-Kaiser
1983; Kaiser 1988; Schuppe 1995; Sauer et al. 2003, 2004), fruit
flies (Hendricks et al. 2000; Shaw et al. 2000; Greenspan et al.
2001), solitary bees (Kaiser 1995), cockroach (Tobler 1983), pacific
beetle cockroach (Stephenson et al. 2007), moth (Andersen 1968),
paper wasp (Klein 2003), locust (Schuppe and Burrows 1998), and
scorpion (Tobler and Neuner-Jehle 1988) and in other inverte-
brates like the jellyfish (Seymour et al. 2004) and crayfish (Ramon
et al. 2004). Despite early studies on moths (1968), honeybees
(1983), and other insects, sleep research in insects was not very
active until the discovery of sleep in Drosophila (Hendricks et al.
2000; Shaw et al. 2000), which spurred renewed interest in insect
sleep research. There is much more known about Drosophila sleep

now than in any other insect because of its genetic tractability.
Studies in honeybees have shown that these insects sleep like
other diurnal insects both inside of the hives (Kaiser 1988; Eban-
Rothschild and Bloch 2008; Klein et al. 2008) and under labora-
tory conditions (Sauer et al. 2003), and that their sleep is con-
trolled by the interaction of a circadian clock and a sleep homeo-
stat. Like in mammals, sleep-deprived bees sleep longer the
following night, a phenomenon called ‘‘sleep rebound.’’ This
showed that sleep in honeybees is regulated by homeostatic mech-
anisms (Sauer et al. 2004). Sleep, at least in adult bees, is also
influenced by their circadian clock, which drives strong diurnal
rest-activity rhythms.

In insects, there are very few studies that link sleep with
learning and memory. In Drosophila there is convincing evidence
that sleep is regulated by the mushroom bodies (Joiner et al. 2006),
structures that are known for their role in learning and memory
formation (Heisenberg 2003) and appear to play a dynamic role in
promoting sleep (Pitman et al. 2006). Additionally, it has been
shown that Drosophila hyperkinetic mutants have reduced sleep
and poor memory (Bushey et al. 2007), and long-term courtship
memories in flies are abolished by sleep deprivation within 24 h
after training (Ganguly-Fitzgerald et al. 2006). The mechanism of
sleep-related learning is becoming clear in Drosophila; scientists
have attempted to rescue sleep loss-induced learning by targeting
a single neuronal structure (Seugnet et al. 2009).

As far as we know, there is no study in honeybees addressing
the relationship between sleep and memory formation. Our aim in
the present study was (1) to characterize sleep under conditions
that allow appetitive olfactory conditioning (Bitterman et al.
1983) by monitoring the movements of the antenna, as an
indicator of sleep (Sauer et al. 2003, 2004), (2) to compare sleep
in trained versus naı̈ve bees, and (3) to interfere with sleep to
understand whether sleep deprivation affects memory.

Results
Below are a series of experiments (for experimental design, see
Table 1) showing (1) the characterization of sleep by monitoring
the ‘‘antennal activity,’’ a well-known indicator of sleep; (2) the
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effect of various conditioning tasks on sleep; and (3) the effects of
sleep deprivation on memory.

Antennal activity
We first characterized antennal movements during the light and
dark phase and identified characteristic patterns of flagellal
movements (Fig. 1). Each bee was fed with four to six drops of
30% sucrose solution and placed under the web camera for video
recording. Antennal activity was monitored using the tracking
program, and the resulting angles were analyzed. Figure 2 shows
the position of left (black) and right (gray) antennae over several
hours. We observed uncoordinated movements (ellipse), asym-
metrical activity (rectangles), and symmetrical activity (arrows) of
the antennae described in detail below. Based on a previous
definition of rest in Drosophila (Shaw et al. 2000), sleep was
defined as immobility of both antennae lasting 5 min or longer.
The amount of sleep (sleep duration in minutes) and number of
sleep bouts were calculated for every hour. Cumulative sleep for
the entire day (19 h: 12-h dark/7-h light) was also calculated.
Additionally, user-defined antennal patterns were identified, and
their occurrences were calculated every hour.

Figure 2 shows the angles of both flagellae plotted against
time of the day. The position of the right antenna (RA) moved
between 0° (extension) and 100° (flexion), and that of the left
antenna (LA) between 80° (flexion) and 180° (extension) relative
to the line connecting the scapes. More than 85% of the bees
rested their antennae in flexed positions (RA 100° and LA 80°).
Bees slept more during the dark phase than the light phase. After
the onset of the dark phase, the hourly average of sleep (sleep
duration) (Fig. 3A) increased slowly and peaked around midnight
(P < 0.01). The number of sleep bouts (Fig. 3B) also increased (P <

0.05) during the dark phase.
The angular movements of the right (gray color) and left

flagellum (black color) were not completely random but showed
distinct synchronous patterns of movements (Fig. 3 C,D). We
identified two patterns: symmetrical and asymmetrical activity.
During symmetrical activity, both flagella moved from flexion
toward extension, i.e., moving in opposite directions to each other
(Fig. 3C). During asymmetrical activity, both antennae display
parallel scanning movements in the same direction simultaneously
(Fig. 3D). Symmetrical activity was significantly more frequent
during the dark phase (peak, 6.13 h) than during the light phase

(peak, 3.42 h) (P < 0.01). Asymmetrical
activity appeared higher during the light
phase (peak, 6.64 h) than the dark (peak,
4.67 h) phase, but this effect was not
statistically significantly different.

Olfactory conditioning
and antennal activity
Using the classical conditioning of pro-
boscis extension response (PER) in hon-
eybees, where an odor (conditioned stim-
ulus [CS]) is reinforced with a sugar water
reward (unconditioned stimulus [US]),
we next asked whether bees trained to
a rewarded odor (CS+US) spent different
times sleeping the following night com-
pared with bees that were not trained but
received the same amount of CS or US
stimulation. On day 1, bees were either
conditioned to an olfactory stimulus or
exposed to CS alone, US alone, or air
alone. Bees were randomly allotted to
one of the four groups: group 1, CS+US;
group 2, CS alone; group 3, air alone; and

group 4, US alone. Each training or stimulus exposure trial lasted
60 sec, and each bee received three trials at 10-min intertrial
intervals (ITIs). After 27 sec of air, group 1 was presented with 4 sec
of CS and 3 sec of US with a 1-sec overlap (conditioning), group 2
was presented with 4 sec of CS alone, group 3 was presented with 4
sec of air alone, and group 4 was presented with 3 sec of US alone.
The stimulus exposure was followed by air until the end of 60 sec.
One hour after the training, all bees were fed with four to six drops
of 30% sucrose solution. Each bee was placed inside the sleep-box
under a web camera, and their antennal activities were recorded.
The bees were kept on 12-h light/12-h dark phase at room
temperature. On day 2, each group was tested for retention by
presenting them with one trial of CS only.

Analysis of antennal activities showed that the cumulative
sleep phases differed significantly between the four groups (Fig.
4A). Cumulative sleep was 337.5 min for group 1 (CS+US), 407.44
min for group 2 (CS alone), 436.4 min for group 3 (air alone), and
558.2 min for group 4 (US alone). Group 1 bees slept significantly
less than bees in group 4 (P < 0.01) and group 3 (P < 0.05). Group 2
bees showed a trend toward longer sleeping compared with group
1 bees, but the difference was not statistically significant.

The 24-h retention tests indicated memory for the CS in
group 1, while groups 2, 3, and 4 showed low response levels to the
CS (Fig. 4B).

Sleep rebound
Sleep can be prevented by shaking the animals in a vortex for
5 min at intervals of 5 min for over 15 h (Figs. 1, 5A). We asked
whether sleep deprivation induced by this form of shaking leads to
a rebound of sleep during the following night. Therefore, on day 1
the bees were divided into two groups. Each group was placed
under a web camera such that all pairs of flagella could be clearly
seen. Their antennal activities were video recorded overnight. On
day 2, group 1 bees were sleep deprived, and group 2 bees were not
sleep deprived but otherwise treated similarly. On day 3, both
groups were placed again under their respective web cameras for
antennal activity recordings.

Bees that were sleep deprived (group 1), showed early sleep
onset (not significant) before the start of dark phase and pro-
longed sleep (P < 0.01) after the end of dark phase (Fig. 5A);
whereas the nonsleep-deprived bees (group 2) had normal sleep
onset and waking periods.

Table 1. Experimental design

Experiment Recording/conditioning/retrieval Groups

Antennal activity Antennal activity recording
Sleep rebound Day 1: Antennal activity recording Group 1: SD by shaking

Day 2: Sleep deprivation Group 2: Non-SD
Day 3: Antennal activity recording

Olfactory conditioning
and antennal activity

Day 1: Three-trial absolute
conditioning + antennal
activity recording

Group 1: CS+US

Day 2: One memory retrieval Group 2: CS-alone
Group 3: Air-alone
Group 4: US-alone

Sleep deprivation (SD) and memory retrieval
Acquisition memory Day 1: Three-trial absolute

conditioning + SD
Group 1: SD

Day 2: One memory retrieval Group 2: Non-SD
Extinction memory Day 1: Three-trial absolute

conditioning
Group 1a: Extinction trials + SD

Day 2: Two extinction trials + SD Group 1b: Extinction trials + non-SD
Day 3: One memory retrieval Group 2a: No extinction trials + SD

Group 2b: No extinction trials + non-SD

SD indicates sleep deprived.
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Sleep-deprivation and memory consolidation

Acquisition memory

We next asked whether memory consolidation requires uninter-
rupted sleep phases during the night following acquisition odor
training. Bees were conditioned with three trials of CS+US with
a 10-min ITI and were divided into two groups. Group 1 bees were
sleep deprived by placing them on a vortex immediately after
conditioning and were shaken at 100–120 rpm every 5 min for
over 15 h under 12-h light/12-h dark phase. Group 2 bees were not
sleep deprived and were placed under the same 12-h light/12-h
dark phase. On day 2, both groups were tested for memory
retention by presenting them with one trial of CS alone (this is
also called an extinction trial because the CS is not rewarded and
further trials would lead to extinction of memory; see next
section). Both groups showed similar acquisition curves (Fig. 5B),
and the retention tests on day 2 showed no significant difference
(P > 0.05; group 1; 64.3%; group 2, 61.7%). Thus, sleep deprivation
after initial acquisition of odor conditioning did not lead to
a change in the 24-h retention scores, indicating either that
memory consolidation was not compromised by the interruption

of sleep or that the memory is so strong that the reduction of
consolidation caused by sleep deprivation did not lead to reduced
retention scores.

Extinction memory

Initial acquisition in odor conditioning leads to very robust
memory even after three conditioning trials. The lack of a detri-
mental effect on memory consolidation by interfering with sleep
phases by frequently shaking the animals at regular intervals
during the night might be due to saturating processes of memory
formation. We, therefore, searched for a way to test memory
consolidation of a weaker memory and thus selected extinction
learning. Bees learn to reduce their learned responses to a reward-
paired odor by the exposure to the conditioned odor without the
reward (CS-only presentation, extinction trial). On day 1, bees
were conditioned as in the experiment before by three trials of
CS+US pairing using 10 min of ITI. These animals were then
divided into two groups. On day 2, group 1 bees were presented
with two trials of CS alone (extinction trials), and group 2 bees
were not presented with any CS (no extinction trials). Group 1 and
group 2 bees were further divided into two groups each. Group 1a
and group 2a bees were sleep deprived in the same way as in the
experiment before by placing them on a vortex and shaking them
for 5 min at 100–120 rpm every 5 min for 15–16 h. Group 1b and
group 2b bees were not sleep deprived and were otherwise treated
similarly. On day 3, all bees were tested for retention by presenting
them with the CS used for conditioning on day 1.

All four groups learned equally well on day 1 (Fig. 6A,B, left
side of the figure). On day 2, the two groups exposed to two
extinction trials also performed the same (Fig. 6A). Groups 2a and
2b were not exposed to any stimulus during day 2. On day 3, all
groups were subjected to an extinction test by one trial of CS only.
Group 1b, which was not exposed to sleep deprivation, had
significantly lower retention scores (P < 0.01) on day 3 compared
with group 1a, which was sleep deprived during the night between
day 2 and day 3 (Fig. 6A, right side). The control groups 2a and 2b
gave similar retention scores on day 3, indicating that sleep
deprivation interfered with memory consolidation after extinc-
tion learning but not after initial acquisition learning.

Discussion
Sleep in honeybees has been characterized previously by Kaiser
(1988) and Sauer et al. (2003) and more recently by two research
groups (Eban-Rothschild and Bloch 2008; Klein et al. 2008);
however, its relation to memory consolidation has not been
studied so far. Since odor conditioning of restrained bees is
a well-established paradigm of learning and memory research in
the bee (Bitterman et al. 1983; Bicker and Menzel 1989; Menzel
2001; Menzel and Giurfa 2001), we first characterized sleep in such
restrained conditions and then performed odor conditioning
experiments controlling sleep during the following night. The
flexed positions of antennae or antennal immobility were used as
indicators for sleep-like behavior. The flexed positions of antennae
(LA 80° and RA 100°) were more frequent during the dark phase
than during the light phase. The symmetrical and asymmetrical
patterns observed here are novel findings and might indicate
characteristic features of different sleep phases. The symmetrical
activity could result from abrupt interruptions of the balance of
muscle tone or from unintentional movements such as rapid eye
movements. It is interesting to find that such movements oc-
curred only during the dark phase and thus might indicate
a particularly deep sleep phase. Asymmetrical movements, on
the other hand, are reminiscent of antennal movements during
wake phases, although much slower, and thus might indicate less
deep sleep phases. Such an interpretation is supported by the

Figure 1. (A) Sleep monitoring box: A bee was placed inside a five-
sided box under a web camera such that dark antenna were visible against
the white background. Infrared light was used for recording in the dark
cycle, and white light was used during the light cycle. (Inset) Antenna
tracking: The flagella of the antennae were monitored using a custom
made program (see Materials and Methods). After the user defined the
left (white) and right (gray) flagellum, the program automatically
detected their movements and reported their positions in angles. (B)
Sleep deprivation by shaking: Bees were placed on the vortex immedi-
ately after training and were alternatively shaken (80–120 rpm) and
rested for 5 min until the following day. (C ) Measuring multiflagella
activity: To monitor flagella of many antennae, a larger sleep monitoring
box setup was used. Up to eight bees were placed inside the sleep box,
and all flagella were simultaneously video recorded with the web camera
at 10 fps.
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finding that they occurred mostly in the light phase and were less
frequent during the dark phase.

We found that restrained bees show by their antennal
mobility all signs of sleep as characterized before in more natural
conditions and spent more time sleeping during the dark phases
compared with the light phase. The longest duration of sleep
occurred 7 h after the onset of the dark phase. These results
corroborate nicely previous studies by Sauer et al. (2003). Further-
more, bees compensate for interrupted sleep by sleeping longer
the following night. Analysis showed that after day 1 the bees slept
normally, but the night after sleep deprivation sleep duration was
longer in sleep-deprived bees compared with nonsleep-deprived
bees. This rebound of sleep has also been shown before (Sauer et al.
2004).

To study the effect of learning on sleep, we conditioned bees
with different stimuli and observed their sleep the following
night. Group 1, which was conditioned by pairing sucrose reward
(US) with an odor (CS) showed reduced sleep compared with other
groups (groups 3 and 4). As expected, group 1 bees responded to
the CS more strongly than did bees of the other groups. Most
importantly, group 4, which received the same amount of US as
those of group 1, slept the most of all four groups. This finding
rules out the possibility that the US controls sleep, e.g., making the
animals more aroused by feeding them the afternoon before the
following night. An appetitive stimulus such as sucrose is known
to activate octopaminergic neurons of the ventral unpaired
median (VUM) neurons of the subesophageal ganglion (Schroter
et al. 2007), and the activity of one of these neurons, the
VUMmx1, was found to provide a sufficient reinforcing signal in
odor conditioning (Hammer and Menzel 1998). Injection of
octopamine (OA) systemically or into the antennal lobe or the
mushroom body arouses the animal, leads to more sucrose uptake
(Bicker and Menzel 1989), and can act as a substitute for the US if
injected locally into the antennal lobe or the mushroom body
calyces shortly after an odor CS (Hammer and Menzel 1998).

Furthermore, OA injections increase the antennal scanning in
honeybees (Pribbenow and Erber 1996). Taking all these observa-
tions together, it would appear reasonable to assume that the US in
the conditioned group 1 and the US-only in group 4 should cause
the same effect on sleep if the arousal effect of US via an activation
of the OA system was responsible for the reduced sleep. This
possibility can be ruled out from our data, leaving us with the
conclusion that bees that learned an odor a day earlier, slept less
not because they were stimulated with the US or being placed in
the experimental conditions without stimulation (group 3); in-
stead, they associated the odor with the reward. Interestingly, no
statistically significant difference between the conditioned ani-
mals and the CS-only animals (group 2) was found, indicating that
the experience of a stimulus alone (odor) is also an important
parameter. Note that all bees were fed with sugar water (US) 1 h
after the training before monitoring the sleep. It could be that bees
presented with CS-only formed an association with the rewarded
US 1 h later. This association was sufficient to reduce sleep but not
strong enough to retain the memory of the CS+US association. To
study the effect of sleep on memory consolidation, we sleep
deprived bees during the night following conditioning. Memory
consolidation in bees is known to occur in several ways (Menzel
2001). Short-term memory is consolidated to an amnesia-resistant
form of memory within a few minutes after learning. Middle-term
memory develops after multiple learning trials within a few hours
after learning, and the transition to an early form of long-term
memory (translation-dependent form of long-term memory) occurs
within 24 h after learning. This latter form of memory consolida-
tion after several learning trials is the one studied here. Depriva-
tion of sleep by shaking has shown to be effective in honeybees
and causes sleep rebound the following day as documented in our
study and one by Sauer et al. (2004). Since our sleep deprivation
technique used 5 min of shaking and 5 min of rest, we cannot rule
out the possibility that bees could have slept during the 5-min rest
period. However, we believe this to be very unlikely. Also, we

Figure 2. Antennal activity: The position (in degrees) of left (black) and right (gray) antennae were recorded for 19 h, starting from 15:00–10:00 h.
Here we show a few selected hours from the original continuous recording of the activities of each antenna. At 21:00 h, asymmetrical (or scanning)
activity is shown in rectangular boxes. Here both antennae are moving in the same direction. Toward the end of 21:30 h, the antennae become immobile
for long periods and are interrupted by bouts of symmetrical activity (arrows) where both antennae simultaneously move in opposite direction to each
other. Again at 05:00 h, there is asymmetrical activity. Apart from the two activities, bees also showed uncoordinated activity as seen in the later part of
21:00 h indicated by an ellipse.
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found no effect of sleep deprivation in animals that had been
conditioned to an odor CS with multiple trials the day before
(called here ‘‘acquisition learning’’ to contrast it to ‘‘extinction
learning’’; see below). Retention scores were not different be-
tween sleep-deprived and untreated bees (group 1 and group 2).
We conclude that memory consolidation after acquisition train-
ing to an odor is not compromised by sleep deprivation.

The failure of a deprivation effect on
the consolidation of initial odor condi-
tioning either could result from a strong
memory trace or could be related to
a particular kind of learning. It is known
from sleep studies in mammals that sleep
(or the lack of sleep) does not affect all
kinds of memory (Silvestri 2005; Robert-
son 2009). Therefore, we chose to target
another form of memory called extinc-
tion memory. When a previously re-
warded odor (CS) is presented without
US, a new memory that CS predicts in the
absence of reward is formed (extinction
memory). The consolidation of extinc-
tion memory has been studied inten-
sively in honeybees (Eisenhardt and
Menzel 2007). For example, one group
(Stollhoff et al. 2005) found that consol-
idation of extinction memory can be
blocked by injecting emetine (a protein
synthesis inhibitor) after extinction tri-
als. We subjected two groups (groups 1a
and 1b) of bees to three-trial learning on

the first day and two extinction trials on the second day. As
expected, both groups showed reduced learning after extinction
trials, documenting extinction memory. After subjecting group 1a
to sleep deprivation, they failed to show the reduced retention
scores on second day, while group 1b that was not sleep deprived
showed reduced retention scores. We used two additional control
groups (groups 2a and 2b) to show that shaking per se does not

Figure 3. Sleep is defined as an immobility of the flagella lasting 5 min or more. (A) Sleep duration is the cumulative time of sleeping per hour. Sleep
duration increases after the onset of the dark cycle (dark bar) and peaks around midnight. During this time, bees sleep on average half the time (27 min/h).
Sleep duration decreases toward the end of the dark cycle. (B) Sleep bouts: Sleep phases are interrupted by symmetrical and asymmetrical movements of
the flagella. A sleep bout is defined by these interruptions. The number of sleep bouts increase in the dark cycle and peak around midnight. N = 73. (C )
Symmetrical activity is the activity in which both flagellae moved in opposite directions to each other. This leads to flagella either moving away from each
other (right flagellum moving right and left flagellum moving left) or toward each other (right flagellum moving left and left flagellum moving right). The
number of symmetrical movements was calculated every hour. Symmetrical activity was significantly higher (P < 0.01, t-test) during the dark cycle
compared with the light cycle. (D) Asymmetrical activity is the activity in which both flagella moved together in the same direction simultaneously. The
number of asymmetrical movements was calculated every hour. Asymmetrical activity appeared higher during the light cycle compared with the dark
cycle, but this effect was not significantly different. N = 73.

Figure 4. (A) Cumulative sleep during the night following odor conditioning (group 1, CS+US), or
stimulus exposure (group 2, CS-only; group3, air-only; group 4, US-only). Bees conditioned with
CS+US showed significantly lower cumulative sleep compared with air alone (*P < 0.05) and US alone
(**P < 0.01) groups using Wilcoxon rank-sum test (or Mann-Whitney U-test) (Bonferroni correction, a

value set at P < 0.05). The lower cumulative sleep value for the CS+US group was not significantly
different from that of the CS alone group. (B) Retention scores 24 h after conditioning (group 1) or
stimulus exposure (groups 2–4). The CS+US group showed the highest retention scores (P < 0.01, x2

test), whereas the low PER response values for the other three groups were not significantly different
(P > 0.05, x2 test) from the spontaneous response levels on day 1. Numbers in parentheses are number
of bees in each group.
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influence the decrease or increase in conditioned response. The
results of this experiment not only document the specific effect of
sleep deprivation on extinction memory consolidation but also
rule out the possibility that shaking in itself might have a de-
structive effect on conditioned response, because the shaken
animals showed higher response levels to the CS. From our

experience, we know that stressed animals perform poorly on
PER experiments. Our preliminary experiments (data not shown)
showed that sleep-deprived bees learned as well as nonsleep-
deprived bees during a three-trial acquisition learning protocol,
while the more stressed bees performed poorly in the same task
compared with nonstressed bees. Also, all sleep-deprived bees in

Figure 6. Sleep deprivation after extinction learning. (A) On day 1, two groups of bees (group 1a [51] and group 1b [47]) were given three acquisition
trials. On day 2, both groups were given two extinction trials, and only group 1a was sleep deprived thereafter. On day 3, both groups were tested for
memory. Both groups showed similar acquisition curves and extinction curves on days 1 and 2, respectively. On day 3, the sleep-deprived group 1a
showed significantly higher response levels to the CS (**P < 0.01, x2 test) compared with group 1b, indicating that consolidation of extinction memory
was compromised. (B) This experiment served as a control to the previous experiment. On day 1, two groups of bees (group 2a [48] and group 2b [45])
were given three acquisition trials. On day 2, bees were not given extinction trials and only group 2a was sleep deprived thereafter. On day 3, both groups
were tested for memory. Both groups showed similar acquisition curves on day 1. On day 3, sleep deprivation had no effect (P > 0.05, x2 test) on
retention. This indicates that the difference in retention scores found for groups 1a and 1b on day 3 was not because of shaking per se but was specific for
the consolidation of extinction memory.

Figure 5. (A) Sleep rebound: Group 1 bees (N = 23) were sleep deprived by shaking and showed reduced antennal activity (prolonged sleep) even after
the onset of the light cycle on the following day compared with group 2 bees (N = 19), which were not sleep deprived. The reduced activities were
significantly different (Wilcoxon signed-rank test with Bonferroni correction, a level set at 0.05) at hours 08:00–11:00 h. (B) Sleep deprivation after
acquisition learning: On day 1, two groups of bees (group 1 [45] and group 2 [47]) were given three acquisition trials, and one of them (group 1) was
sleep deprived thereafter. On day 2, both groups were tested for memory (for temporal details, see protocol inset). On day 1, both groups showed the
same performance. On day 2 (bars), no difference (P > 0.05, x2 test) was found between the two test groups, the sleep-deprived group (N = 45) and the
nonsleep-deprived group (N = 47).
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Figure 6 showed sleep rebound the following day, confirming the
sleep deprivation effect. This shows that the effect we see is related
to sleep rather than stress.

Our results therefore show that consolidation of acquisi-
tion memory is not changed by sleep deprivation but that con-
solidation of extinction memory is affected. Acquisition learning
leads to a more robust memory than extinction learning because
three-trial conditioning changed the conditioned response from
<10% to >60% compared to a change of only 10% (from ;55% to
;45%) after a two-trial extinction learning. Thus, the consolida-
tion of the weaker extinction memory could have been disrupted
more easily by sleep deprivation, while the consolidation of the
more robust acquisition memory may have not been disrupted by
sleep deprivation. However, we cannot rule out the alternative
possibility that the different kinds of memory rather than the
strength of memory might be the important parameter. For
instance, it could be that acquisition learning involves compo-
nents that are more elementary than extinction learning, and
such elementary forms of learning appear to require no contribu-
tions from the mushroom bodies (Scheiner et al. 2001; Malun et al.
2002). Experiments showed that ablating mushroom bodies did
not affect acquisition learning, and it is proposed that such
elemental learning might occur at the level of the antennal lobe
(Giurfa 2003). If deprivation of sleep is more related to the func-
tion of the mushroom bodies ( Joiner et al. 2006) than consolida-
tion of memory after such configural forms as extinction, then
learning may be more strongly affected. Furthermore, several
studies have shown that acquisition learning and extinction
learning are different in many aspects (Bouton et al. 1993; Myers
and Davis 2002; Gottfried and Dolan 2004; Eisenhardt and Menzel
2007), and conditions have been reported that interfere with
consolidation of extinction memory while sparing other forms of
memory (Silvestri 2005; Fu et al. 2007; Dalton et al. 2008). It is
thus possible that sleep deprivation affects only extinction learn-
ing, a question that needs to be addressed in further experiments.
We, conclude that acquisition and extinction memories in honey-
bees might be mediated by different mechanisms, and sleep
deprivation may help to uncover such differences.

Materials and Methods
Foraging honeybees (Apis mellifera carnica) were caught at the
entrance of an outdoor (summer) or indoor (winter) hive 1 d prior
to the experiment, immobilized on ice, and fixed inside plastic
restraining tubes such that only the mandibles, proboscis, and
antennae could move freely (Bitterman et al. 1983). The scapes of
the antennae were attached to the head using low temperature
melting wax (eicosane, Sigma-Aldrich) such that the flagellum was
free to move. Bees were fed 30% sugar solution until satiation
(about six to eight drops) and were kept under 12-h light and 12-h
dark phase at about 25°C–27°C.

Bees were checked for PER (unconditioned response [UR]) by
lightly touching the antennae with 30% sucrose solution 10 min
before training. Only bees that showed the UR were conditioned
(<5% were discarded). One of three odors—2-octanol, limonene,
and peppermint—was used as a CS, and 30% sucrose solution
was used as the unconditioned appetitive stimulus (US). The odors
were delivered by an olfactometer (Galizia et al. 1997; Komischke
et al. 2002). A continuous stream of air was blown over the bee’s
antennae, which was switched to a cartridge containing 4 mL
of odor pipetted onto a half square inch filter paper, inside a 1-mL
syringe. For each experiment, four syringes were used: three
syringes containing odors and one syringe containing odor-
less filter paper (air control). During training each bee was placed
in front of the olfactometer with its antennae facing the airstream
for 60 sec. During this period, either CS or US or both were
presented to the bee, and an exhaust system behind removed the
air.

For monitoring sleep, both antennae of the bees were video
recorded. The bee was placed inside a cubical plastic box that had
only one side open (Fig. 1A). A web camera (Philips ToUcam Pro II)
was fixed on top of the box such that both the antennae of the bee
were clearly visible as black structures against a white background.
An infrared light was fixed alongside the camera for recording
videos in the dark. Bees were kept under a 12-h dark (from 19:00–
07:00 h) phase followed by a 12-h light (from 07:00–19:00 h)
phase. A bright-white light was kept in front of the open side of
the box during the light phase. A temperature probe was posi-
tioned inside the box to monitor day and night temperatures, and
a filter paper soaked in water kept the inside of the box humid. The
web camera was connected to a personal computer via USB 2.0,
and video software (Active webcam v6.2) was used to record
nonstop videos for 19 h (the rest of the 5 h were used for
preparation of bees) at five to 10 frames per second (fps). The
videos were stored on hard-disk for online or offline analysis.

A custom-made program tracked and calculated the angular
movements of the antennae (Fig. 1A). The user interactively
defined the coordinates of the antennae on a video frame. Right
and left antennal positions were defined by lines and arcs around
each antenna, determining the area of movement of each an-
tenna. The angles of the flagella were measured against an
imaginary line between the two pedicles of the two antenna. After
these coordinates were defined for one frame, the program
automatically tracked the angular movements of each flagellum
for all subsequent frames of the video. The data containing angles
of the two flagella along with time of day were saved as a text file
and analyzed online or offline using Matlab R14.

For sleep deprivation, bees were placed on a vortex (Fig. 1B)
and shaken at 80–120 rpm for 5 min and rested for 5 min during
the entire light and dark phase.

For sleep rebound experiments, up to four animals (eight
flagella) were simultaneously monitored using a web camera at 10
fps. Customized software was used to mask the regions of the
camera image where the bees were located. The software then
computed the pixel changes (mean intensity difference) of the
antennal regions from one frame to another and reported it as
absolute multiantennal activity. Since the lighting conditions may
introduce changing amounts of noise, we calculate the relative
multiantennal activity as the ratio between flagella activities versus
background noise. The unit of multiantennal activity was pixel
change per hour (Dpixels/h). If the flagella did not move, then there
was no pixel change and therefore relative multiantennal activity
was 1. The antennal activities of day 1 and day 3 were compared.

Analysis
Microsoft Excel, Matlab, and R-statistical software were used for
tabulating and plotting results. To determine the normality of our
data, Shapiro-Wilk and Anderson-Darling normality tests were
used. Based on normality tests, paired t-tests, Wilcoxon’s rank-sum
test, and Wilcoxon’s signed-rank test were applied for determining
statistical significance; Bonferroni correction was applied for
paired comparisons with a level (threshold P-value) set as 0.05.
For binomial data we used x2 tests.
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