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Ageing is often accompanied by a decline in learning and memory abilities across the animal
kingdom. Understanding age-related changes in cognitive abilities is therefore a major goal
of current research. The honey bee is emerging as a novel model organism for age-related
changes in brain function, because learning and memory can easily be studied in bees under
controlled laboratory conditions. In addition, genetically similar workers naturally display life
expectancies from 6 weeks (summer bees) to 6 months (winter bees). We studied whether in
honey bees, extreme longevity leads to a decline in cognitive functions. Sixmonth-old winter
bees were conditioned either to odours or to tactile stimuli. Afterwards, long-term memory and
discrimination abilities were analysed. Winter bees were kept under different conditions (flight/no
flight opportunity) to test for effects of foraging activity on learning performance. Despite their
extreme age, winter bees did not display an age-related decline in learning or discrimination
abilities, but had a slightly impaired olfactory long-term memory. The opportunity to forage
indoors led to a slight decrease in learning performance. This suggests that in honey bees,
unlike in most other animals, age per se does not impair associative learning. Future research
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will show which mechanisms protect winter bees from age-related deficits in learning.
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INTRODUCTION

In the Western world, the human population grows continually
older. A side-effect of the aging population is an increase in age-
related diseases such as Alzheimer’s disease and Parkinson’s disease,
which ultimately result in a decline of cognitive functions. This
makes the study of age-related changes in cognitive functions a
major goal of this century.

Opver the last years, we have gained important insight into ageing
processes of the brain through a number of vertebrate and inverte-
brate models. Most experiments on learning at old age have been con-
ducted in organisms like the fruit fly Drosophila melanogaster (Tamura
et al., 2003; Grotewiel et al., 2005), the nematode Caenorhabditis ele-
gans (Murakamiand Murakami, 2005) and the mouse Mus musculus
(Gower and Lamberty, 1993; Unno et al., 2007). In these animals,
ageing of the central nervous system is mostly related to the age of the
individuals. Although the plasticity of ageing and cognitive decline
is of major interest, we lack models in which ageing processes in the
brain are decoupled from chronological age.

The honey bee is beginning to be recognized as a new model
for studying the biology of aging, because it offers a number of
advantages. Life span of honey bee workers can range between
6 weeks and more than 6 months. Summer workers usually live up
to 6 weeks, whereas winter bees become 6 months old and older
(Ombholt and Amdam, 2004; Remolina and Hughes, 2008). A fasci-
nating aspect of this plasticity is that all of these workers could have
similar genotypes, because life span in honeybee workers is mostly
regulated by environmental factors (Winston, 1987; Seeley, 1995).
These characteristics make honey bees an excellent tool for testing
candidate genes for ageing and regulation of lifespan (for review
see Rueppell et al., 2004) as identified in other model organisms
(Keller and Jemielity, 2006).

Honey bee ageing is very plastic. After nursing the brood and the
queen in the hive, a task which is accompanied by slow senescence,
they forage outside the hive for pollen, nectar, water and propolis,
which leads to rapid senescence (for review see Amdam and Page,
2005). But foragers are capable of reverting to nursing tasks if the
nurse bees have been removed from a colony, and nurse bees can
be induced to forage precociously (Robinson et al., 1989, 1992;
Huang and Robinson, 1996; Behrends et al., 2007). Whereas the
former procedure increases life span, the later reduces life span,
because the foraging duration of a honey bee is more or less fixed.
Therefore, bees initiating foraging early in life will live shorter,
while individuals starting to forage late will live longer (Guzman-
Novoa et al., 1994; Tofilski, 2000; Page and Peng, 2001; Rueppell
et al., 2008, 2009).

Another advantage of honey bees is their unique behavioural
repertoire including tactile, olfactory and visual learning which can
be studied under controlled laboratory conditions and in the field
(for review see Menzel and Miiller, 1996; Giurfa, 2007; Srinivasan,
2010). This allows a detailed analysis of brain functions at all ages.
Taken together, these characteristics make the bee particularly inter-
esting for the study of age-related changes in brain functions and
their underlying mechanisms.

Winter bees are workers that emerge shortly before the end of
the foraging period and survive up to 6 months and longer (for
review see Remolina and Hughes, 2008). They stay in a cluster
inside the hive and engage in thermoregulation and queen-care
until the start of the next foraging period. Winter bees do not
hibernate but stay active in the hive throughout the winter time.
Therefore, winter bees or diutinus bees provide a unique life form,
since their physiological properties closely resemble those of young
summer hive bees, although their age and experience is extremely

Frontiers in Behavioral Neuroscience

www.frontiersin.org

April 2010 | Volume 4 | Article 15 | 1



Behrends and Scheiner

Learning in winter bees

different. Thus winter bees have well-developed hypopharyngeal
glands and low titres of juvenile hormone (Fluri et al., 1982),
which is a releaser of foraging behaviour at high concentrations
(Schulz et al., 2002). In addition, winter bees have high titres of
vitellogenin. This protein is an egg yolk precursor which is used
for producing brood food and, at the same time, protects bees
from oxidative cellular damage (Seechuus et al., 2006a). Finally,
the transition from in-nest behaviour to foraging is delayed by
several months in winter bees.

To analyse associative learning, different paradigms for condi-
tioning under controlled laboratory conditions have been devel-
oped (Kuwabara, 1957; Bitterman et al., 1983; Menzel and Miiller,
1996; Erber et al., 1997; Giurfa and Malun, 2004; Giurfa et al.,2009).
We decided to study classical olfactory conditioning of the pro-
boscis extension response (PER) and operant tactile conditioning
(Bitterman et al., 1983; Erber et al., 1997). Classical olfactory con-
ditioning might reveal deficits in the olfactory system commonly
associated with old-age diseases like Alzheimer’s disease (Wilson
et al., 2009). Tactile learning, which requires more activity on part
of the bee, was chosen to test for age-dependent deficits in the
motor system, such as frequently found in patients with Parkinson’s
disease (Chung et al., 2003).

A number of tactile and olfactory conditioning experiments
using summer bees maintained under different hive conditions
have shown that chronological age has no effect on associative
learning in older worker bees (Behrends et al., 2007; Rueppell et al.,
2007; Scheiner and Amdam, 2009). In those experiments, social
role determined learning performance rather than chronological
age. However, bees in those experiments were much younger than
winter bees, on average no older than 50 days.

Associative learning of the proboscis extension response is
strongly determined by individual evaluation of the sucrose reward.
Bees showing proboscis extension to stimulation of the antennae
with low sucrose concentrations learn tactile and olfactory cues
faster than bees with low responsiveness to sucrose (Scheiner et al.,
1999,2001a,b, 2003, 2005). To determine whether learning differ-
ences were solely a result of differences in responsiveness to sucrose,
we separately tested for this parameter.

In our study, we analysed the associative learning, memory
and discrimination abilities of winter bees aged between 160 and
180 days. We compared their learning performance to that of
much younger summer bees performing different social tasks and
to that of winter bees of an indoor flight room. The latter had the
opportunity to forage for pollen, sucrose solution and water. We
thus wanted to answer the question if the learning performance of
outdoor winter bees is related to their inability to perform flights
over the cold winter period.

MATERIALS AND METHODS

OUTDOOR WINTER BEES

Experiments were performed between winter 2006 and summer
2009 in Berlin. Our outdoor overwintering colony contained
approximately 7,000 bees (Apis mellifera carnica). At the end of the
foraging period, we marked 1,000 newly emerged bees at the thorax
with paint (shellack mixed with colour pigments) and introduced
them to this colony. This allowed us to identify their age the next
spring. Bees were 160—180 days old when tested in the behavioural

assays and presumably had never foraged, because we introduced
the bees just before the temperatures dropped to below 8°C and
collected the bees from the combs before temperatures allowed
foraging activity the next spring. Most of the bees tested for learn-
ing abilities had full guts when we mounted them. Because bees
can take cleansing flights in the winter period to defecate, this is a
further indicator that the climatic conditions did not allow these
bees to leave the hive in the winter before we collected them. The
bees introduced into the overwintering colony stemmed from a
naturally mated queen.

INDOOR WINTER BEES

At the end of the foraging period, we placed a small colony of
about 3,000 bees in a flight room (5 m X 4 m) maintained at a
12:12 light/dark cycle at 28°C and 45% humidity. Bees could daily
engage in flight and foraging activities on artificial pollen, water
and sucrose feeders. For the behavioural assays we collected bees
that were engaged in flight after presenting a pollen source near
the hive entrance.

The indoor winter bees did not have the same genetic origin
as the outdoor winter bees but also came from a naturally mated
queen. Because we measured individual gustatory responsiveness
prior to conditioning, we could nevertheless compare the learning
performance of the two groups of bees. Gustatory responsiveness is
the most important determinant of associative learning perform-
ance (for review see Scheiner et al., 2004) and bees of different
patrilines (Scheiner and Arnold, 2010) and bees of highly differ-
ent genetic strains (Scheiner et al., 2001a,b) only differed in their
learning performance when the gustatory responsiveness of the pat-
rilines or strains differed. A joint analysis of gustatory responsive-
ness and associative learning performance can thus explain whether
possible learning differences are solely a result of differences in
sensory responsiveness or whether they are “real” differences in
the learning/memory system.

SUMMER BEES

To compare the learning performance of winter bees with that of
summer bees, we collected nurse bees and foragers from a gar-
den colony containing about 7,000 bees. Because bees have a high
probability of being nurse bees when they are 6 days old, we only
collected bees of this age group which were putting their heads in
a cell with brood. Only bees with intact wings and furry coat on
their thorax were regarded as nurse bees. Foragers were collected
from the hive entrance after returning to the colony. We only used
nectar foragers for this experiment. Foragers were not collected
according to age, because (1) they were to represent a mixed sample
of bees which is typically used in conditioning experiments and
because (2) age has no effect on learning performance in forag-
ers (Behrends et al., 2007; Scheiner and Amdam, 2009). The bees
tested in this experiment stemmed from a naturally mated queen,
which however, was different from that used for producing the
winter bees.

PREPARATION OF BEES FOR CONDITIONING

After collecting the bees individually in glass vials, they were cooled
in a refrigerator until they showed first signs of immobilization.
Then they were mounted on metal tubes with a tape between
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head and thorax and one tape on the abdomen to prevent sting-
ing. Afterwards the bees rested for 1 h in a humidified chamber
(Bitterman et al., 1983; Scheiner et al., 1999). For tactile learning,
their complex eyes were occluded with black acrylic paint prior to
resting to block visual input (Erber et al., 1997).

GUSTATORY RESPONSIVENESS

Before conditioning, we tested all bees for gustatory responsiveness
using the proboscis extension response (PER). In time intervals of
2 min the bees were tested for PERs to a series of water and increas-
ing sucrose concentrations presented to both antennae. We used the
following concentrations of 0;0.1;0.3; 1.0; 3.0; 10 and 30% sucrose
(weight/volume). During each stimulation we applied a droplet of
1 pl sucrose solution to the tips of the antennae and recorded if the
bee displayed the PER. Afterwards, a gustatory response score (GRS)
was calculated for each bee. It comprises the sum of all PERs during
the assay. The GRS ranged between 0 and 7. The score of 7 indicates
a highly responsive bee, a score of 0 implies no responsiveness to
sucrose (Scheiner et al., 2004).

OLFACTORY CONDITIONING

After measuring gustatory responsiveness, bees with a GRS >0
were tested for olfactory acquisition performance by conditioning
the PER to carnation odour. Prior to the conditioning procedure
the bees were tested for their spontaneous response to the condi-
tioned odour carnation and the new odour stimulus cineole with an
inter-trial interval of 5 min. Bees displaying spontaneous proboscis
extension to either odour were discarded. For conditioning, a bee
was placed in a constant air stream for 8 s and was stimulated with
5 ml of an odour/air mixture delivered by a 20-ml syringe (2 pl
odour on a small piece of filter paper) in front of the bee.

The first conditioning trial started 5 min after the spontaneous
response tests. This was done by eliciting the PER with a droplet
of 30% sucrose solution while the bee experienced the carnation
odour. The bee was allowed to drink about 1 ul of the sucrose
solution as a reward. If the bee did not respond to the sucrose
stimulus, it was discarded from further conditioning. If the bee
responded with spontaneous PER to the odour stimulus in the
first trial it was also discarded. At each of the six conditioning tri-
als it was recorded whether the bee displayed a conditioned PER.
An acquisition score was calculated which ranged from 0 to 5. It
comprises the sum of all conditioned PERs. Five minutes after the
conditioning procedure we tested the bees’ responses to the new
odour cineole and then the response to the conditioned odour
carnation. The inter-trial interval was again 5 min. Tests for the
new odour and for the conditioned odour were repeated 24 and
48 h after conditioning.

TACTILE CONDITIONING

Tactile conditioning was performed similarly to olfactory con-
ditioning. Only bees with a GRS > 0 were used for conditioning.
The tactile stimulus consisted of a 3 X4 mm copper plate. The
tactile pattern which was presented as the conditioned stimulus
was engraved vertically and the pattern which was used as an new
stimulus was engraved horizontally. Prior to the conditioning pro-
cedure, bees were tested for their spontaneous responses to the
plate when it was placed in the scanning range of their antennae.

The inter-trial interval was 5 min throughout the experiment. Six
conditioning trials were performed. At each conditioning trial,
the plate with the vertical pattern was brought into the scanning
range of the bees’ antennae with the help of a micromanipulator.
While the bee scanned the surface of the plate we elicited the PER
by applying a droplet of sucrose solution to the antennae of the
bee. Once the bee extended its proboscis it was allowed to drink
approximately 1 pl of sucrose solution. If the bee touched the plate
with its proboscis, the plate was cleaned with 70% ethanol and
subsequently with water. Testing conditioned responses without
reward was performed 5 min after the last of the six conditioning
trials. First, we tested the response to the new horizontal pattern
and 5 min later the response to the conditioned vertical pattern.
This test was repeated 24 and 48 h later to test for short-term, mid-
term and long-term memory.

STATISTICS

For sucrose-concentration response curves, learning curves of olfac-
tory and tactile conditioning and graphic displays of memory tests,
percentages of conditioned PERs were calculated (PASW 18.0).
Numbers of bees’ responses in the discrimination and memory
tests were compared using two-tailed Fisher Exact Probability Tests
(GraphPad Instat 3). Acquisition scores are a measure of overall
learning success. They represent the total number of conditioned
responses during the acquisition phase (Scheiner etal., 1999).
Gustatory response scores are a measure for gustatory responsive-
ness (Scheiner et al., 2004). Both types of scores were not distributed
normally as revealed by Kolmogorov—Smirnov Tests. Therefore, we
compared the respective scores between two groups using two-
tailed Mann—Whitney U Tests. When more than two groups were
compared, we performed nonparametric ANOVA (Kruskal-Wallis
H Tests) and used Dunn’s Test as post hoc test to compare pairs. All
tests were two-tailed.

RESULTS
OLFACTORY ACQUISITION AND GUSTATORY RESPONSIVENESS OF
OUTDOOR WINTER BEES AND SUMMER BEES
Despite their high chronological age, outdoor winter bees showed
no impairment of associative olfactory learning and displayed a
typical olfactory PER learning curve, similar to that of summer
foragers or nurse bees (Figure 1B). To test whether outdoor win-
ter bees differed significantly in their classical olfactory learning
performance from summer bees, we compared the acquisition
scores of winter bees with those of nurse bees and of summer
foragers. Acquisition scores comprise the total number of condi-
tioned responses during conditioning. Winter bees did not differ
in their acquisition scores from summer nurse bees or from sum-
mer foragers (Figure 1D; H=3.90,p=0.15,n = =35,
M mmer foragers = M, door winter bees = 30> Kruskal-Wallis H Test).
Because individual olfactory learning performance is strongly
dependent on gustatory responsiveness (for review see Scheiner
etal.,, 2004), we also compared this factor between the different
groups. The sucrose-concentration response curve of winter bees
was intermediate between that of summer nurse bees and that of
summer foragers (Figure 1A). Gustatory response scores (GRS),
which are a measure of gustatory responsiveness and were used
for statistical comparison, differed significantly between the three
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FIGURE 1| Gustatory responsiveness and olfactory acquisition of outdoor
winter bees, summer nurse bees and summer foragers. (A) Sucrose-
concentration response curves of outdoor winter bees, summers nurse bees
and summer foragers. The x-axis displays the sucrose concentration offered to
the antennae of each bee. The y-axis shows the percentage of bees showing the
proboscis extension response (PER). (B) Olfactory acquisition curves of outdoor
winter bees, summer nurse bees and summer foragers. The x-axis displays the
conditioning trials. The y-axis shows the percentage of bees showing conditioned
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PER. (C) Gustatory response scores (GRS) of outdoor winter bees, summer
nurse bees and summer foragers. The x-axis displays the different groups. The
y-axis shows median GRS (dots) and 25% (lower line) and 75% (upper line)
quartiles. Groups with different letters differ significantly from each other. For
statistics see text. (D) Olfactory acquisition scores of outdoor winter bees,
summer nurse bees and summer foragers. The x-axis displays the different
groups. The y-axis shows median acquisition scores (dots) and 25% (lower line)
and 75% (upper line) quartiles. The groups did not differ from each other.

groups (Figure 1C; H = 9.61, p <0.01, Kruskal-Wallis H Test).
However, outdoor winter bees did not differ in their GRS from
summer nurse bees (p > 0.05) or from summer foragers (p > 0.05).
But foragers were significantly more responsive than nurse bees
(p £0.01, Dunn’s Test).

OLFACTORY MEMORY AND DISCRIMINATION OF OUTDOOR WINTER
BEES AND SUMMER BEES
After training, we tested how well the bees discriminated between
the conditioned odour carnation and the new odour cineole at
5 min, 24 and 48 h after conditioning. Of the outdoor winter bees
surviving the 48-h test, individuals responded significantly more
often to the conditioned odour carnation than to the new odour
cineole at all time points after conditioning and thus demonstrated
significant discrimination (Figure 2;5 min: p < 0.001,24 h: p < 0.05,
48h:p<0.0L,m 0 e = 27, Fisher Exact Probability Test).
Of the nurse bees surviving the 48-h test, individuals responded
significantly more often to the conditioned odour carnation than to
the new odour cineole 5 min and 48 h after conditioning and thus

displayed significant discrimination, but not 24 h after conditioning
(Figure 2; 5 min: p < 0.001, 24 h: p = 0.06, 48 h: p < 0.001, n
e bees = 295 Fisher Exact Probability Test).

Five minutes and 24 h after conditioning, nurse bees did not
differ from winter bees in their responses to the conditioned odour
or to the new odour (5 min CS: p=0.19, new odour: p =0.72,
24 h CS: p = 0.58, new odour: p = 0.16). Interestingly, nurse bees
responded significantly more often to the conditioned odour than
winter bees 48 h after conditioning (p < 0.05), while not differ-
ing in their responses to the new odour (p = 0.73, Fisher Exact
Probability Test). They apparently developed a better olfactory
long-term memory than winter bees.

Foragers surviving the 48-h test displayed significant discrimina-
tion between the two odours only 48 h after conditioning (Figure 2;
p<0.01) but not 5 min (p = 0.66) or 24 h (p = 0.37) after condi-
tioning. They did not differ from winter bees in their responses
to the conditioned odour or to the new odour 5 min or 24 h after
conditioning (5 min CS: p = 1.00, 5 min new odour: p = 0.17,24 h
CS:p =1.0,24 hnew odour: p = 0.68,n = 10). But similar

summer

summer foragers
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FIGURE 2 | Olfactory memory and discrimination of outdoor winter bees,
summer nurse bees and summer foragers. The x-axis displays the tested
stimuli (conditioned odour carnation (CS) or new odour cineole) at 5 min, 24 h
or 48 h after conditioning. The y-axis shows the percentage of bees displaying
the proboscis extension response (PER). For statistics see text. The same
individuals as in Figure 1 are displayed minus individuals that did not survive
the 48-h test.

to nurse bees, foragers displayed a significantly stronger long-term
memory 48 h after conditioning than winter bees (p < 0.05), while
not differing in their responses to the new odour (p = 0.36, Fisher
Exact Probability Test).

TACTILE ACQUISITION AND GUSTATORY RESPONSIVENESS OF
OUTDOOR WINTER BEES AND SUMMER BEES
Similar to olfactory PER conditioning, winter bees showed a tactile
learning curve which was comparable to that of summer nurse
bees or summer foragers (Figure 3B). Tactile acquisition scores did
not differ between outdoor winter bees and nurse bees or foragers
which were tested in the summer (Figure 3D; H = 3.01, p = 0.26,
summer nurse bees 34, 1 mmer foragers 48, M wtdoor winter bees — 44, Kruskal—
Wallis H Test). These data show that winter bees in principle did
not differ in their tactile acquisition performance from summer
bees with different social roles.

Because individual tactile learning performance is strongly
dependent on gustatory responsiveness (for review see Scheiner
etal.,, 2004), we also compared this factor between the groups.
The sucrose-concentration response curve of winter bees was
very similar to that of summer foragers (Figure 3A). As before,
gustatory response scores differed overall between the three groups
(Figure 3C; H = 6.15, p < 0.05, Kruskal-Wallis H Test). However,
winter bees did not differ significantly in their GRS from summer
nurse bees (p > 0.05) or from summer foragers (p > 0.05). But sum-
mer foragers were significantly more responsive than summer nurse
bees (p < 0.05, Dunn’s Test).

TACTILE MEMORY AND DISCRIMINATION OF OUTDOOR WINTER BEES
AND SUMMER BEES

After training, conditioned winter bees showed significant dis-
crimination between the conditioned vertical pattern and a new
horizontal pattern 5 min and 48 h after training, but not 24 h
after conditioning (Figure 4; 5 min: p <0.05, 24 h: p = 0.13,
48 h: p<0.01,n =44, Fisher Exact Probability Test). In
contrast to olfactory conditioning, the bees showed a signifi-
cant decline in conditioned responses to the vertical pattern
between 5 min and 24 h after training (p < 0.05, Fisher Exact
Probability Test).

Of the bees surviving the 48-h memory tests, nurse bees displayed
significant tactile discrimination 5 min and 24 h after condition-
ing (5 min: p £0.05, 24 h: p < 0.05) but not 48 h after conditioning
(p = 1.00). Winter bees did not differ from summer nurse bees in
their responses to the conditioned pattern or to the new pattern at
all test points after conditioning (Figure 4; 5 min CS: p = 0.16, new
pattern: p = 0.06, 24 h CS: p = 0.32, new pattern: p = 1.00, 48 h CS:
p =0.31,new pattern: p = 0.54,n 44,n =29,
Fisher Exact Probability Test).

Similar to the nurse bees, surviving foragers displayed sig-
nificant tactile discrimination 5 min and 24 h after conditioning
(5 min: p £0.05, 24 h: p <0.05) but not 48 h after conditioning
(p = 0.49). Foragers did not differ significantly from winter bees
in their responses to the conditioned pattern at all time points
after conditioning. But they showed the trend to respond more
often to the conditioned pattern in the mid-term and long-term
memory tests 24 h 48 h after conditioning than winter bees
(Figure 4; 5 min: p =0.78, 24 h: p=0.08, 48 h: p=10.08, n_
mer foragers = 17)- In addition, foragers responded less often to the
new pattern 48 h after conditioning, while not differing from
winter bees in their responses to the new pattern in the earlier
tests (5 min: p = 0.35,24 h: p = 1.00, 48 h: p < 0.05, Fisher Exact
Probability Test).

outdoor winter bees summer nurse bees

OLFACTORY ACQUISITION AND GUSTATORY RESPONSIVENESS OF
OUTDOOR WINTER BEES AND INDOOR WINTER BEES

Outdoor winter bees normally do not have the chance to perform
flights during the winter time, because of cold temperatures out-
side. The learning performance of foragers, however, generally
decreases with increasing foraging duration (Behrends et al., 2007;
Scheiner and Amdam, 2009). In addition, foraging activity leads
to decreased stress resistance and accumulation of brain damage
(Seehuus et al., 2006b). We therefore wanted to test if the oppor-
tunity to fly in the winter time reduced the learning performance
of winter bees.

Indoor winter bees had the opportunity to fly at room tem-
perature and to collect pollen, sucrose solution or water dur-
ing the winter period. They were placed in a room maintained
at constant 22°C and a light/dark cycle of 12 h/12 h. Despite
these conditions, we hardly observed any breeding activity in
this colony or in similar colonies maintained over different
winter periods.

Indoor winter bees displayed a similar olfactory acquisi-
tion curve to that of outdoor winter bees (Figure 5B). Their
olfactory acquisition scores did not differ significantly from
that of outdoor winter bees (Figure5D; Z=1.18, p =0.24,
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showing conditioned PER. (C) Gustatory response scores (GRS) of outdoor
winter bees, summers nurse bees and summer foragers. The x-axis displays
the different groups. The y-axis shows median GRS (dots) and 25%
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scores of outdoor winter bees, summers nurse bees and summer
foragers. The x-axis displays the different groups. The y-axis shows

median acquisition scores (dots) and 25% (lower line) and 75%

(upper line) quartiles.

1, toor winter bees = 405 1 oo e = 30, Mann—Whitney U Test).
However, indoor winter bees were more responsive to sucrose
(Figure 5A), which was used as reward during conditioning.
They had significantly higher gustatory response scores than
respective outdoor winter bees (Figure 5C; Z = 2.69, p < 0.01,
Mann—-Whitney U Test).

As bees with higher GRS usually reach higher acquisition
scores than bees with low GRS (Scheiner et al., 1999, 2001a,b,
2003), our data suggest that indoor winter bees displayed poorer
acquisition than outdoor winter bees. This phenomenon becomes
particularly apparent in bees with low gustatory responsiveness
(GRS 1-2) or intermediate responsiveness (GRS 3—4). Despite
equal responsiveness, outdoor winter bees in these GRS classes
appeared to reach higher acquisition scores than respective
indoor bees, although these differences were not statistically sig-
nificant, probably due to the comparatively small sample sizes
(data not shown). In individuals with high gustatory responsive-
ness (GRS classes 5-7), there was no such apparent difference
in acquisition scores between indoor and outdoor winter bees
(data not shown).

OLFACTORY MEMORY AND DISCRIMINATION OF OUTDOOR WINTER
BEES AND INDOOR WINTER BEES

Of bees surviving the 48-h test,indoor winter bees demonstrated sig-
nificantolfactory discrimination and long-term memory (Figure 6).
Bees responded significantly more often to the conditioned odour
carnation than to the new odour cineole 5 min (p <0.05), 24 h
(p<0.01) and 48 h (p <0.01, Fisher Exact Probability Test) after
conditioning.

Outdoor winter bees did not differ from indoor winter bees in
their responses to the conditioned odour or to the new odour at
all test points after conditioning (Figure 6; 5 min CS: p = 0.58, new
pattern: p = 0.72, 24 h CS: p = 1.00, new pattern: p = 0.73, 48 h CS:
p = 0.78,new pattern: p = 1.00,n 24;
Fisher Exact Probability Test).

4,n

indoor winter bees outdoor winter bees

DISCUSSION

LEARNING OF OUTDOOR WINTER BEES

Our results demonstrate that winter bees show an average asso-
ciative learning performance in classical olfactory conditioning
(Figure 1) and operant tactile conditioning (Figure 3), despite their
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FIGURE 4 | Tactile memory and discrimination of outdoor winter bees,
summer nurse bees and summer foragers. The x-axis displays the tested
stimuli (conditioned vertical pattern (CS) or new horizontal pattern) at 5 min,
24 h or 48 h after conditioning. The y-axis shows the percentage of bees
displaying the proboscis extension response (PER). For statistics see text. The
same individuals as in Figure 2 are displayed minus individuals that did not
survive the 48-h test.

high chronological age. Tactile and olfactory acquisition scores of
winter bees were very similar to those of summer foragers or sum-
mer nurse bees (Figure 2 for olfactory learning and Figure 4 for
tactile learning), although the latter were much younger.

Naturally, learning performance of summer bees depends on
a number of variables, like changes in nectar source profitability,
in-hive conditions or changes in season (Scheiner et al., 2003).
Therefore, the summer bees tested in our experiments might have
differed from summer bees tested in another year or in another
week of the same season. However, all of our earlier experiments
demonstrate that individual gustatory responsiveness is the decisive
determinant of associative learning performance in honey bees.
Summer bees tested at different weeks of the foraging season, for
example, do not differ in their learning performance, when they
are equally responsive to gustatory stimuli tested with the proboscis
extension response (Scheiner et al., 2003).

Our summer foragers and nurse bees did not differ from the
tested winter bees in their gustatory response scores or in their
associative learning performance. Therefore, our data imply that
there are no fundamental differences in the relationship between
sensory responsiveness and associative learning between winter
and summer bees.

The learning abilities of outdoor winter honey bees are thus very
different from a number of other insect species and vertebrates. In
Drosophila melanogaster, for example, artificial selection for high
life span led to low olfactory learning performance, implying a
negative correlation between longevity and learning performance
in this insect (Burger etal., 2008). In the American cockroach

(Periplaneta americana), experiments on a vision-based learning
paradigm showed a negative relationship between age and learning
performance (Brown and Strausfeld, 2009). Old mice were deficient
in learning a discrimination reversal and different complex maze
tasks, while performing normally in a simple spatial discrimination
task (Warren, 1986).

The excellent learning and memory performance of outdoor
winter bees suggests that their brains do not develop behavioural
signs of cognitive senescence as active foragers do in the summer
time. The latter typically display reduced acquisition in tactile and
olfactory learning after foraging for more than 2 weeks (Behrends
et al., 2007; Scheiner and Amdam, 2009). This is further evidence
that in honey bees, chronological age does not affect cognitive func-
tions in the same way as in most other species. The function of the
individual in the hive (reduced-activity state in the hive or active
foraging activity outside the hive) appears to be the decisive factor
determining how fast a bee shows signs of senescence.

By which mechanisms winter bees are protected from cognitive
senescence, however, remains unclear. According to the oxidative
stress hypothesis of Harman (1956), cumulative oxidative damage
causes ageing and a reduction of lifespan, whereas protection from
oxidative damage increases life span. It is therefore conceivable that
winter bees are protected from oxidative damage in the brain, lead-
ing to longer life span and protection from cognitive senescence. In
some organisms, cognitive senescence has been attributed to signs
of oxidative stress in the brain. In Caenorhabditis elegans, mutants
with elevated oxidative stress levels displayed an impaired learning
performance (Murakami and Murakami, 2005). In mice, Forster
etal. (1996) showed that loss of cognitive function at high age is
associated with oxidative protein damage.

Therefore, winter bees should have a lower rate of reactive oxy-
gen species production than summer bees. Alternatively, winter
bees should be more able to repair oxidative damage in the brain
or to eliminate reactive oxygen species or to reduce the number
of reactive oxygen species than summer bees. Corona et al. (2005)
measured mRNA levels for eight antioxidant genes and five genes
encoding mitochondrial proteins involved in cellular respiration
in short-lived summer workers and queens, which live up 5 years
(for review see Remolina and Hughes, 2008). Interestingly, levels of
antioxidant mRNA in workers increased with age or did not change,
whereas they decreased in queens. Therefore, differences in oxida-
tive stress resistance alone seem unlikely to explain the longevity
differences observed in honey bees, because summer foragers live
much shorter than winter bees and queens.

Another study on oxidative stress comes from Seehuus et al.
(2006b). The authors measured levels of oxidative carbonylation
in the brain. They demonstrate that foragers have higher levels
of oxidative carbonylation than nurse bees and that winter bees
have lower levels of oxidative carbonylation than summer foragers.
Therefore, oxidative stress tolerance could be one factor leading to
exquisite acquisition and memory in winter bees, but other factors
are certainly also involved.

One candidate for protecting winter bees from oxidative damage
in the brain is vitellogenin, because winter bees have similar levels
of vitellogenin as nurse bees (Fluri et al., 1982). Vitellogenin is an
egg yolk precursor which is accumulated in nurse bees, because
it is normally required for producing brood food. In addition,
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FIGURE 5 | Gustatory responsiveness and olfactory acquisition of
outdoor winter bees and indoor winter bees. (A) Sucrose-concentration
response curves of outdoor winter bees and indoor winter bees. The x-axis
displays the sucrose concentration offered to the antennae of each bee. The
y-axis shows the percentage of bees showing the proboscis extension
response (PER). (B) Olfactory acquisition curves of outdoor winter bees and
indoor winter bees. The x-axis displays the conditioning trials. The y-axis shows
the percentage of bees showing conditioned PER. (C) Gustatory response
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scores (GRS) of outdoor winter bees and indoor winter bees. The x-axis
displays the different groups. The y-axis shows median GRS (dots) and 25%
(lower line) and 75% (upper line) quartiles. Groups with different letters differ
significantly from each other. For statistics see text. (D) Olfactory acquisition
scores of outdoor winter bees and indoor winter bees. The x-axis displays the
different groups. The y-axis shows median acquisition scores (dots) and 25%
(lower line) and 75% (upper line) quartiles. The outdoor winter bees were the
same as in Figure 1.

vitellogenin is a potent antioxidant in the honey bee, protect-
ing the brain from oxidative cell damage (Seehuus et al., 2006a).
The neuroprotective properties of this protein may allow winter
bees to survive the long winter period without severe brain dam-
age. Furthermore, upstream effects of the vitellogenin gene, such
as the maintenance of immune functions (Amdam et al., 2005)
and its regulatory effects on juvenile hormone (Guidugli et al.,
2005) may contribute to behavioural and physiological differences
between stress-resistant winter bees and summer bees with lower
stress resistance.

FLIGHT ACTIVITY AND LEARNING PERFORMANCE

Another possible explanation for the excellent learning per-
formance and longevity of winter bees lies in their reduced
flight activity. A number of experiments indicate that forag-
ers are prompt to intrinsic mortality factors like energetic
expenditure, physiological exhaust and mechanical senescence
(Neukirch, 1982; Cartar, 1992; Crailsheim et al., 1996; Rueppell
et al.,2007). In addition, foraging activity leads to high levels of
oxidative stress in flight muscle tissue (Williams et al., 2008).
The mean time used per one foraging trip increases when bees

reach their 50th foraging trip (Tofilski, 2000). This decline in
physical performance may also be associated with changes in
learning performance.

To study whether foraging activity leads to a reduced asso-
ciative learning performance we placed a small hive inside an
indoor flight room at the end of the foraging season. The bees
in this colony were encouraged to forage for water, sucrose solu-
tion or pollen. Their frequent flight activity apparently affected
their associative learning performance and possibly their gusta-
tory responsiveness. Although the indoor winter bees were more
responsive to gustatory stimuli than the outdoor winter bees,
they did not perform better in associative learning. Particularly
indoor winter bees with low (GRS 1-2) or intermediate gusta-
tory response scores (GRS 3—4) needed more trials for associat-
ing the odour with the sucrose reward than outdoor winter bees
with the same gustatory responsiveness. Indoor winter bees with
high gustatory scores, in contrast, did not differ in their learning
performance from outdoor winter bees. This finding suggests
differential effects of frequent flight activity on bees with dif-
ferent gustatory responsiveness. Whether increased flight activ-
ity itself led to a decrease in gustatory response scores is an
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FIGURE 6 | Olfactory memory and discrimination of outdoor winter bees
and indoor winter bees. The x-axis displays the tested stimuli (conditioned
odour carnation (CS) or new odour cineole) at 5 min, 24 h or 48 h after
conditioning. The y-axis shows the percentage of bees displaying the
proboscis extension response (PER). For statistics see text. The same
individuals as in Figure 5 are displayed minus individuals that did not survive
the 48-h test.

open question, because it is also conceivable that the climatic
conditions in the flight room affected the gustatory responsive-
ness of the indoor winter bees. Another interesting question
is whether individual differences in flight activity led to the
observed differences in learning performance in bees with low
or intermediate GRS.

LONG-TERM MEMORY OF WINTER BEES

Outdoor and indoor winter bees displayed a significant olfac-
tory long-term memory. Forty-eight hours after conditioning,
56% of the trained outdoor winter bees and 63% of the indoor
winter bees still showed conditioned proboscis extension when
stimulated with the conditioned odour carnation. Nevertheless,
nurse bees and foragers displayed a significantly better olfactory
long-term memory than winter bees, suggesting an effect of
chronological age on this form of long-term memory. But tac-
tile long-term memory of winter bees did not differ significantly
from that of summer nurse bees or foragers, although there was a
similar trend observable between foragers and winter bees. These
findings suggest differential effects of high chronological age on
associative acquisition and memory. Long-term memory appears
to be impaired, although only slightly, whereas acquisition appears
normal in winter bees.

Winter bees thus behave opposite to summer foragers with long
foraging duration. Although chronological age has no impact on
associative learning in foragers, we found in an earlier study that
foraging duration can severely impair associative acquisition in
bees (Scheiner and Amdam, 2009). Although summer foragers
with long foraging duration displayed an impaired acquisition,
they had an extremely good long-term memory. These data are

further support for the assumption that learning and memory
systems are differentially affected by age and social role or forag-
ing duration.

Although slightly impaired, winter bees can memorize the formed
associations between odours, tactile patterns and a sucrose reward
over days. In fact, winter bees are even capable of retaining a memory
over several months, as shown by Lindauer (1963 ). In his experiments,
winter bees remembered a food source from the previous autumn for
aperiod of 173 days. Bees can even use olfactory experiences acquired
inside the hive for later foraging decisions (Farina et al., 2007; Arenas
etal., 2008; Griiter et al., 2009). An interesting question is whether
winter bees trained to an odour in olfactory PER learning shortly
before the winter season would remember this odour the following
spring and would be able to transfer this memory to the field.

The capability of forming an extreme long-term memory over
the winter period is not restricted to honey bees. A similarly long-
lasting spatial form of memory of nest location was demonstrated
in red wood ants which stayed underground during a hiberna-
tion period of about 210 days (Rosengren and Fortelius, 1986). In
marmots (Marmota marmota), long-term memory was also not
affected by a hibernation period of 6 months (Clemens et al., 2009).
However, it needs to be stressed that winter bees do not spend the
cold period in hibernation but remain active inside the hive.

DISCRIMINATION OF WINTER BEES

Winter bees showed significant discrimination between the con-
ditioned odour carnation and the new odour cineole, regardless
of whether they spent the winter confined to the hive or with the
opportunity to fly about in a flight room. Discrimination between
conditioned and new tactile stimuli was also apparent, although
winter bees discriminated better between the odours. This finding
is well in line with earlier studies demonstrating that discrimination
of olfactory cues appears to be less difficult for honey bees than dis-
crimination of tactile cues (Scheiner et al., 2003). It also shows that
winter bees are capable of forming exact memories when associating
odours or tactile cues with a sucrose reward. Their discrimination
abilities did not differ from those of summer nurse bees or foragers.
This, in turn, implies that winter bees have no deficits in their olfac-
tory system or in their antennal motor system, despite their high
chronological age. However, to answer this question in more detail,
experiments analysing the odour perception and processing and the
uptake of tactile information while scanning a plate are required.

CONCLUSIONS

Our study shows in insects that high chronological age does not nec-
essarily lead to a severe decline in cognitive functions such as associa-
tive acquisition, discrimination or memory. Although extremely old,
winter bees displayed normal olfactory and tactile acquisition and
discrimination and slightly impaired olfactory long-term memory.
This is in sharp contrast to the learning behaviour of many verte-
brate and some other insect species. The honey bee thus has the
potential of serving as a new model organism for studying mecha-
nisms preventing the ageing brain from cognitive senescence.
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