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Abstract When not satiated prior to training, there were
no differences between foragers and nurse honey bees in
the acquisition of an appetitively based conditioned
response in an olfactory associative learning assay, but
when satiated foragers showed faster acquisition than
did nurses. Satiation-related differences between forag-
ers and nurses were more a function of behavioral state
than age, because satiated precocious foragers also
showed faster acquisition rates than did satiated nurse
bees, despite their similar ages. Tests of sucrose
responsiveness and retention of conditioned responses
indicate that the observed performance differences
between nurses and foragers were more likely due to
differential sensitivity of sensory and motor processes
related to satiation rather than differences in cognitive
ability.

Keywords Apis mellifera - Associative learning
Division of labor - Proboscis extension reflex -
Hymenoptera

Abbreviations CS conditioned stimulus -
ITI inter-trial interval - PER proboscis extension
response - US unconditioned stimulus

Introduction

Honey bee workers perform different jobs as they age.
Typical adult bee behavioral development involves
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tending the brood and queen as a “nurse” bee during the
first 7-10 days of adult life, performing other tasks in
the hive for the next week or so, and then shifting to
foraging for the final 1-3 weeks of life (Winston 1987).
Foraging is a particularly challenging cognitive task
(Fahrbach and Robinson 1995; Chittka et al. 1999),
involving multimodal sensory integration, sun compass
navigation, dance communication, and associative
learning to increase foraging efficiency. Foragers per-
form very well in a variety of laboratory associative
learning assays (e.g., Menzel and Muller 1996; Menzel
1999), and this is thought to reflect the fact that learning
to associate a sugar reward with a specific floral odor,
color, or texture can result in more efficient foraging
in nature.

Honey bees show many changes in physiology and
neural functioning during behavioral development.
These include changes in exocrine gland activity
(Winston 1987), body weight, oxygen consumption
(Harrison 1986), hormone levels, brain chemistry and
structure (Robinson 1998), and gene expression in the
brain (Kucharski et al. 1998; Toma et al. 2000). Some of
these changes are known to enable the bee to perform
certain tasks more efficiently at different stages of life, an
advantage that is associated with systems of division of
labor that feature specialization (Oster and Wilson
1978). Because foraging is thought to be the most cog-
nitively demanding task performed by honey bees, it has
been suggested that bees might also be expected to show
an increase in cognitive abilities during behavioral
development (Fahrbach and Robinson 1995). This
speculation was influenced by the discovery that honey
bee behavioral development also is associated with an
increase in the neuropil volume of the mushroom bodies
(Withers et al. 1993), a brain region involved in insect
learning and memory.

The hypothesis that there is an increase in cognitive
abilities during honey bee behavioral development has
been tested in several studies by comparing the perfor-
mance of nurse bees and foragers on well-established
laboratory olfactory associative learning assays. This
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assay is based on the reflexive proboscis extension re-
sponse (PER) to sucrose stimulation of the antennae
(e.g., Menzel 1999). The results of comparative analyses
of nurse bees and foragers have been variable. Bhagavan
et al. (1994) showed no differences between nurses and
foragers in the rate at which a conditioned response was
acquired. Ray and Ferneyhough (1999) reported that
foragers showed faster acquisition than nurses and
similar results were obtained by Pham-Delegue et al.
(1990). Pankiw and Page (1999) showed that response
thresholds to sucrose decreased with increasing worker
age; lower response thresholds were correlated with
better acquisition, suggesting that any differences in
performances that might exist are related to changes in
sensitivity not cognitive abilities. Ben-Shahar et al.
(2000) did not find differences in acquisition between
nurses and foragers but did detect differences in the re-
versal (Ferguson et al. 2001) of a conditioned response.
One possible explanation for these contradictory results
is that there was variation among the studies in one or
more factors that influence how a bee performs in the
learning assay.

One factor that might influence performance in an
appetitive learning assay is how satiated bees are when
they are being conditioned. Satiation state is known to
affect conditioned responses in bees and other animals,
especially when the unconditioned stimulus is an ap-
petitive one (Capaldi and Myers 1978; Menzel et al.
1989; Croy and Hughes 1991; Braun and Bicker 1992).
The possibility that satiation state exerts differential ef-
fects at different stages of behavioral development has
not been examined before, for bees or any other animal.
It is plausible that such satiation-related performance
differences may reflect basic physiological differences
between bees that perform different tasks. We studied
this by determining the effects of satiation on the rate of
acquisition of a conditioned response by nurse bees and
foragers. To better understand the nature of any satia-
tion-related effects on acquisition, we also determined
the effects of satiation on both the retention of the
conditioned response and sensitivity to sucrose, the un-
conditioned stimulus.

Materials and methods

Bees

We used European honey bees, Apis mellifera, which in North
America are derived from a mix of European subspecies. All bees
were maintained according to standard beekeeping techniques at
the University of Illinois Bee Research Facility. Bees were identified
according to established methods (e.g., Robinson 1987). Foragers
were identified as returning bees with either clearly visible pollen
loads on their hind legs or distended abdomens (bearing either
nectar or water). Nurses were identified as bees that repeatedly
inserted their heads into cells with larvae.

Experimental colonies

Three different types of colonies were used in this study: typical
(N=1), triple-cohort (N =2), and single-cohort (N =1). All colonies

were unrelated to each other, and were each derived from a natu-
rally mated queen. The typical colony had about 40,000 bees.

Triple-cohort colonies were made by sequentially introducing
cohorts of 1-day-old (0-24 h) bees into a small hive at weekly in-
tervals for 3 weeks (n=~600/cohort). The bees in each colony were
derived from a naturally mated queen. Each triple-cohort colony
had a laying queen (unrelated to the bees), one honeycomb frame
of honey and pollen, and one empty frame for the queen to lay eggs
in. One-day-old bees were obtained by removing frames with sealed
brood from a typical colony in the field and placing them in an
incubator (33°C) until adults emerged. Each 1-day-old bee was
marked with a spot of paint (Testor’s PLA) on the thorax prior to
its introduction to the colony. Bees in triple-cohort colonies es-
tablished similarly show an age at onset of foraging that is not
different than what is seen in more typical colonies (Giray and
Robinson 1994). Triple-cohort colonies were used in this study for
convenience; their small size allowed them to be kept on a rooftop
very close to the laboratory used for the learning assays, mini-
mizing transport time between the field and lab. Foragers were
collected from the oldest cohort at ~3 weeks of age, and nurses
were collected at ~1 week of age.

The single-cohort colony was made similarly to the triple-
cohort colonies, but with ~1,000 1-day-old bees. The absence of
older bees induces precocious behavioral development in 5-10% of
the bees in a single-cohort colony (Huang and Robinson 1992). As
a result, it is possible to sample from a single-cohort colony nor-
mal-age nurses and precocious foragers that are the same age. We
collected age-matched nurses and precocious foragers when they
were 5-13 days-old. Testing normal age nurses and foragers from
typical and triple-cohort colonies and normal age nurses and pre-
cocious foragers from a single-cohort colony allowed us to distin-
guish between effects of chronological age and current behavioral
state.

Acquisition and retention assays

Standard methods were used (Bitterman et al. 1983; Bhagavan et al.
1994; Hammer and Menzel 1995). Bees were collected individually
in glass vials and anesthetized by chilling on ice. Similar numbers of
bees from each test group (i.e., nurses and foragers) were collected
on each day of training to control for possible effects of environ-
mental variation. Once anesthetized, each bee was harnessed in a
plastic tube that allowed free movement of antennae and proboscis
(Bitterman et al. 1983). Bees were then allowed to recover from the
anesthesia for 30 min. Pretraining procedures were different in each
experiment and are described below. Bees were kept at room
temperature in the vicinity of the testing arena until tested. Once
bees recovered from cold anesthesia they were tested for sucrose
responsiveness by stimulating their antennae with sugar solution.
Bees that failed to respond were excluded from the study.

Sugar and salt solutions were used as unconditioned stimuli
(US) and odors (1-hexanol and geraniol; Sigma Chemical. St.
Louis, Mo.) were used as conditioned stimuli (CS). To expose bees
to odors, two 2-ml glass syringes were prepared with a small piece
of filter paper soaked with 1.5 pl of the undiluted odor. The US
was delivered by touching both antennae with a droplet of
1.25 mol I'! sucrose and then feeding the bee with 0.4 pl of the
solution, once she extended her proboscis. As soon as the bee began
to extend its proboscis to odor alone, we omitted the antennal
component of the US and delivered the sucrose directly to the
proboscis. Punishment was delivered by touching both antennae
with a droplet of 3 mol 1! NaCl (Ferguson et al. 2001). The con-
ditioning phase consisted of a total of six forward-pairing odor
exposures (conditioning trials), three with each odor. Each of the
odors was coupled with either a reward (A +) or a punishment (B-).
The odor presentations were done in a pseudo-random fashion
(ABBABA).

Odor delivery was as in Ben-Shahar et al. (2000). In short, in
each conditioning trial the tested bee was placed in the training
arena under a weak airflow (suction of a laboratory hood) for 35 s
before the odor was delivered. This was done to habituate the
tested bee to the mechanical component of the odor presentation.



Odor delivery was controlled by a computer and was timed for 5 s.
The computer signaled the experimenter to deliver either a reward
or a punishment to the bee beginning 2 s after the onset of odor.
Each bee received such a conditioning trial every 610 min (six to
ten bees were trained per day, three to five bees from each group).
Although the inter-trial interval (ITI) between US presentations
varied, there were no systematic differences in ITI between nurses
and foragers on any given day. The ITIs in this study are in the
range that is known to induce long-term retention of a learned odor
(Gerber et al. 1998). Bees were kept outside the training arena
between conditioning trials to prevent odor exposure.

The criterion for a response was the full extension of the pro-
boscis at the onset of odor delivery prior to touching the with either
the reward or punishment solution (PER). Acquisition rates were
calculated based on the number of correct responses.

Retention tests were conducted as follows. After the six con-
ditioning trials, bees were fed ~5 ul of 1.25 mol I'! sucrose and left
harnessed in a dark chamber at room temperature. They were
tested 24 h later by exposing them first to a single puff of odor A
(CS+) without the sucrose reward. Then they were exposed to a
puff of odor B (CS-) without the salt punishment. PER was re-
corded in the same manner as for acquisition. Bees were tested in
the same order as they were trained during conditioning trials.

Satiation state

Nurses and foragers were either satiated or unsatiated prior to the
onset of training. Cold anesthetized bees were allowed to recover
for 30 min prior to feeding. Satiation was achieved by stimulating
one of the antennae with a cotton stick soaked with 1.25 mol I'!
sucrose. Once the bee extended her proboscis she was allowed to
feed from the cotton until the proboscis was retracted. We used two
or three rounds of stimulation/satiation until bees stopped ex-
tending the proboscis in response to antennal stimulation. All bees
showed a noticeably distended abdomen after cessation of satia-
tion, indicating presence of food in their crop. Based on measure-
ments from ten randomly selected bees, bees stopped extending
their proboscis when they ingested 46.5+8.2 pul (mean=+SD) of
sugar syrup. Satiated bees in our experiments thus had a well-filled,
but not completely filled, crops (Winston 1987). The number of
antennal stimulations we used is not likely to induce habituation,
although we did not actually test for this (Gerber et al. 1998). All
unsatiated bees were fed 0.5 pl of 1.25 mol I"' sucrose. Training of
satiated or unsatiated bees began 30 min after feeding ended.

Experiments
Experiment 1: unsatiated bees

We compared acquisition and retention for nurses and foragers
that were unsatiated. Nurses (n=22) and foragers (n=21) were of
typical ages, 5-7 days and >21 days old, respectively, collected
from triple-cohort colony 1. This experiment served to provide
“baseline” data similar to the results of experiments conducted in
Ben-Shahar et al. (2000).

Experiment 2: unsatiated and satiated bees

We compared acquisition and retention for nurses and foragers that
were either satiated or unsatiated. Testing bees from both groups
during the same session, we compared unsatiated and satiated
nurses (n=16 per group) and unsatiated and satiated foragers
(n=14 and 15, respectively). Nurses were 5-7 days old and foragers
>21 days old, and were from triple-cohort 2. This experiment
provided direct comparative data on the effects of satiation.

Experiment 3: effects of age and current occupation
on the satiation effect

Results of experiment 2 showed differences in acquisition between
satiated and unsatiated animals in each behavioral group. Experi-
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ment 3 was performed to determine whether nurses are more sensi-
tive to the effects of satiation than foragers or vice versa. We also
tested whether satiation-related differences between nurses and
foragers were more closely associated with differences in age or
current behavioral state. Nurses (n=29) and precocious foragers
(n=23) were 6-8 days old, collected from a single-cohort colony. We
also tested nurses and foragers from triple-cohort colony 2 (n=38
and 35, respectively) and from a typical colony (n=21 and 22, re-
spectively). The nurses and foragers from the triple-cohort colony
were 5-8 days old and >21 days old, respectively. The nurses and
foragers from the typical colony were of unknown age, but were
assumed to be similar in age to those from the triple-cohort colony
(Giray and Robinson 1994). All bees were satiated prior to testing.
Both acquisition and retention were tested, as in experiments 1 and 2.

Experiment 4: effect of satiation on sucrose responsiveness

Nurses and foragers (n=16 and 16, respectively) were collected
from triple cohort colony 2 when they were 8 days old and
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Fig. 1 Acquisition (a) and retention (b) of conditioned response to
odors A+ and B- by unsatiated nurses and foragers in a three-trial
test. % PER = the percentage of bees showing the proboscis
extension reflex. n=22 nurses and 21 foragers. Results of statistical
analyses for acquisition tests in text
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Fig. 2 Effects of satiation on
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> 21 days old, respectively. They were all satiated prior to testing,
and then not fed any more for the duration of the experiment.
Responses to 1.25 mol ™! sucrose were measured as the percentage
of bees that exhibited PER in response to antennal stimulation, just
prior to the onset of satiation (Pre-S) and 10 min, 30 min, 90 min,
and 120 min post-satiation. Bees were tested in the same order at
each time point. Between sessions they were kept outside the
training arena at room temperature. The sucrose concentration
used here was the same one used in all other experiments. This
experiment was conducted to determine whether satiation affected
sensitivity to sucrose similarly to its effects on acquisition.

Experiment 5: effect of post-acquisition satiation on retention

Unsatiated bees were trained to respond to odor A; any bee that
did not show the conditioned response after three trials was ex-
cluded from this experiment (3 out of 36 bees were excluded). The
rest were maintained as described above for 24 h. A retention test
was performed as in experiments 1-3, except half of the bees were
satiated (with 1.25 mol 1"' sugar) just prior to testing and half were
not. This experiment was performed only with foragers because in
experiment 3 they showed better performance than did nurses
under satiation conditions (n=17 satiated and 16 unsatiated indi-
viduals).

Statistical analyses

Growth curve analysis (with a logistic regression model; PROC
GENMOD, SAS Version 6.12) was used to determine differences
in rates of acquisition between behavioral groups. This test
functions as a repeated measurement analysis of variance, and is
adjusted to individual performance by blocking the data for each
bee (Hardy and Field 1988; Ben-Shahar et al. 2000; Hartz et al.
2001). We analyzed performance results separately for each

Odor exposure

component of the test (A +, B-) as was done in similar studies of
bees and mammals for discrimination during associative learning
(Ferguson et al. 2001; Fournier et al. 2001). Results of each re-
gression analysis are presented in the text as the A regression
coefficient (£SE). For each experiment the model created two
logistic regression lines that best fitted the learning curves of each
behavioral group, and tested whether the difference between the
slopes (A regression coefficient) was significantly different than 0.
When the difference in slope is statistically significant, the differ-
ence between learning rates is statistically significant. The figures
show regression curves of each test group with its corresponding
data points.

Results from retention tests were analyzed with »° analysis.
Treatment effects were assessed with direct comparisons within an
experiment. Results from sugar responsiveness tests also were an-
alyzed with »° analysis. Fisher exact tests were used when one
category contained <35 data points.

Results
Experiment 1: unsatiated bees

There were no significant differences in acquisition be-
tween nurses and foragers that were trained when they
were not satiated, for either A+ or B— (Fig. la; A+: A
regression coefficient=0.19 £0.26, NS; B—: A regression
coefficient=0.26 +0.21). There also were no significant
differences between nurses and foragers for retention
(Fig. 1b). Both nurses and foragers responded signifi-
cantly more frequently to odor A (which was A + during
conditioning) than B (B-).
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Fig. 3 Effects of satiation on retention of conditioned response to
odors A+ and B- by nurses and foragers. Bees in these tests were
the same ones used in the acquisition tests in Fig. 2

Experiment 2: unsatiated and satiated bees

Satiation slowed acquisition rates for both nurses and
foragers (Fig. 2). For A+, satiated individuals showed
significantly slower rates of acquisition than unsatiated
animals (nurses: A regression coefficient=3.30=+0.70,
P <0.001; foragers: A regression coefficient=4.27+1.17,
P <0.005). For B—, a satiation effect also was observ-
ed;this was much less pronounced in foragers than in
nurses (B—; nurses: A regression coefficient=2.15+0.42,
P <0.001; foragers: A regression coefficient =0.48 +0.24,
P <0.05).

Foragers responded significantly more frequently to
odor A than odor B in retention tests (Fig. 3), under
both satiated and unsatiated conditions. There was no
significant (P >0.05) effect of satiation on performance
by foragers in the retention tests. Nurse bees did not
show significantly different responses to A and B in re-
tention tests, under either satiated or unsatiated condi-
tions.
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Experiment 3: effects of age and current occupation
on the satiation effect

Direct comparisons revealed that foragers showed sig-
nificantly faster acquisition rates than did nurse bees
when they were satiated (Fig. 4). This difference was
seen for normal-age foragers from a typical colony (A
regression coefficient =0.48 £0.19, P <0.02) and a triple-
cohort colony (A regression coefficient=0.340.26,
P <0.007). Precocious foragers also showed significantly
faster acquisition rates than did nurses, even though
they were the same age (A regression coeffi-
cient=1.06+0.40, P <0.008).

One difference between precocious foragers and
normal-age foragers was detected (Fig. 4). Precocious
foragers showed a significantly increased rate of re-
sponse to B- relative to nurses (A regression coeffi-
cient=0.77+0.31, P <0.02) but normal-age foragers did
not (P>0.05).

As in experiment 2, satiated foragers again responded
significantly more frequently to odor A than odor B in
retention tests (Fig. 5). Nurses did so also in two out of
three cases, in contrast to the results of experiment 2.
However, nurses responded significantly more fre-
quently to odor B than did foragers in two out of three
cases, suggesting less retention of the odor discrimina-
tion, which is consistent with the results of experiment 2.

Experiment 4: effect of satiation
on sucrose responsiveness

No differences between nurses and foragers were ob-
served in responsiveness to sucrose when tested prior to
satiation (Fig. 6). Ten minutes after satiation, there was
a significantly lower percentage of nurses responding to
the sucrose stimulus than foragers. There were no other
significant differences between satiated nurses and for-
agers at any of the other time points.

Experiment 5: effect of post-acquisition
satiation on retention

Satiation just prior to retention testing had a significant
effect on performance (Fig. 7), even though both sati-
ated and unsatiated bees showed similar rates of acqui-
sition the previous day. Satiated bees responded
significantly less often than did unsatiated bees.

Discussion

It is well known that satiation decreases acquisition of a
conditioned response in an appetitive assay, for bees and
other animals (Capaldi and Myers 1978; Menzel et al.
1989; Capaldi et al. 1982; Croy et al. 1991; Braun and
Bicker 1992). Our results indicate that satiation also can
exert differential effects on individuals depending on
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their current behavioral state. Satiation decreased ac-
quisition performance more strongly in nurses than in
foragers. This resulted in measurable differences in per-
formance during acquisition tests between the two
groups that were not detected when they are not
satiated.

Previous studies have shown genetic differences in
sucrose response thresholds and in performance on as-
says similar to the one used here (Pankiw and Page 1999;
Ferguson et al. 2001; Pankiw et al. 2001). Colonies used
in our study were derived from naturally mated queens,
which results in a genotypically diverse worker popula-
tion. We think it is unlikely that the differential effects of
satiation on nurses and foragers reported here can be
solely the consequence of genotypic differences between
workers independent of behavioral state, for two rea-
sons. First, the differences between nurses and foragers
were detected in four different colonies, each unrelated
to the others. Second, in three out of four cases our
experiments were conducted with colonies in which bees
underwent typical behavioral development, with nursing
occurring early in life and foraging later in life. Under
these circumstances, bees of all genotypes were likely to
be represented in our samples of nurses and foragers.
While there may also have been genotypic differences in
the effects of satiation that were not quantified in this
study, the major effects reported here appear to be re-
lated closely to behavioral state.

Odor exposure

The relative insensitivity to satiation shown by for-
agers in our study may explain why previous studies
comparing the performance of nurse and forager honey
bees in learning assays yielded variable results. Ray and
Ferneyhough (1999) reported that foragers had faster
acquisition than nurses, using a pre-training protocol
that appears to be more similar to our satiation condi-
tions. In contrast, Bhagavan et al. (1994), Ferguson et al.
(2001), and Ben-Shahar et al. (2000) reported no dif-
ferences in acquisition between nurses and foragers,
using a protocol in which bees were not satiated prior to
training. We showed differences in acquisition between
nurses and foragers under satiation conditions but no
differences when unsatiated. There were general differ-
ences in acquisition between the bees in experiments 1
and 2, which were performed in different years, at dif-
ferent times of year, and with bees from different genetic
sources. These factors can affect performance in this
assay (Gerber et al. 1996; Ray and Ferneyhough 1997;
Pankiw and Page 1999).

It is not known why foragers are less sensitive than
nurses to the effect of satiation in an appetitive-learning
assay. One possibility is that this is related to the fact
that food hoarding by a colony of honey bees is at least
partially decoupled from the “personal” hunger status
of the foragers. Foragers collect food when it is available
in the environment and not only when they are hungry
(Seeley 1995), so perhaps they are relatively resistant to
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Fig. 6 Effects of satiation on response thresholds to 1.25 mol I'!
sucrose, measured by the percentage of bees showing the proboscis
extension reflex in response to antennal stimulation. There were no
significant differences in % PER except for 10 min post-satiation
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Fig. 7 Effects of satiation on retrieval of a learned odor. To
conduct this experiment, foragers were trained to respond to odor
A (when unsatiated); any bee that did not show the conditioned
response after three trials was excluded from this experiment.
Those that did respond were maintained under normal conditions
for 24 h, with half of them satiated just prior to retention tests and
the other half not. n=16 satiated and 17 unsatiated bees

the effect of satiation. Another, non-mutually exclusive,
explanation is that foraging experience causes bees to be
less sensitive to the observed effects of satiation. Rats
trained to make an association when hungry retained
this association when satiated (Capaldi et al. 1982).
Perhaps this is what happens when honey bees forage
(Menzel 1999). If so, the effects of foraging experience
would appear to be rapid, because precocious foragers
also are less sensitive to satiation than nurses, and they
may have taken only a few foraging trips prior to their
capture (discussed in the following paragraph). At the
physiological level, perhaps nurses and foragers differ in
the regulation of how much sugar passes from the crop,
a storage organ, to the midgut, where digestion and
absorption occurs, thus causing differences in their sa-
tiation states. A lower concentration of sugar in the
hemolymph of honey bees leads to increased passage of
sugar from the crop to the midgut (Roces and Blatt
1999).

Precocious foragers showed a higher response to
B-during acquisition than did normal age foragers
(Fig. 4c), as in Ben-Shahar et al. (2000) — these apparent
“errors” in response are known as ‘‘generalization”
(Smith 1993). Foragers, like nurses, generalized more
than did normal age foragers in their response to both
the rewarded and punished odors. This effect was not
influenced by satiation state. These results suggest that
foraging experience causes bees to generalize less. This
suggestion is based on the assumption that precocious
foragers have less foraging experience than do normal
age foragers. Precocious foragers were likely collected
on their Ist or 2nd day of foraging, while normal age
foragers may have been foraging for at least several days
before they were collected. Other effects of natural for-
aging experience on performance in this laboratory as-
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say have been shown (Gerber et al. 1996). The possibility
that foraging experience influences the tendency to
generalize in an olfactory conditioning assay could be
examined with bees with precisely controlled amounts of
foraging experience. Differences in generalization were
also observed in experiment 2 (Fig. 2) between satiated
and unsatiated animals, especially in nurses. The exact
mechanisms that contribute to the generalization phe-
nomenon are not known. Perhaps it is in part due to
learning but it also occurs when more trials are given.
Since it was mostly apparent in specific behavioral
groups, and under a specific physiological state, it would
appear to be a true biological difference.

Satiation inhibited at least two different components
of the behavioral response in this learning assay, the
response to the US and the conditioned response itself.
Responsiveness to sucrose (the US) was lower in satiated
animals. Nurses and foragers did not show a difference
in sucrose responsiveness when unsatiated, but did when
satiated. These findings are consistent with previous re-
sults with bees showing that changes in sucrose response
thresholds are strongly associated with changes in per-
formance in an associative learning assay (Pankiw and
Page 1999; Scheiner et al. 1999). However, a comparison
of the time-course of the sucrose responsiveness and
acquisition tests suggests that a decrease in responsive-
ness to sucrose in response to satiation is not the only
factor mediating the satiation-induced decrease in ac-
quisition. Acquisition tests were conducted over a period
of 1 h, while the satiation effect on sucrose responsive-
ness did not appear to persist beyond 30 min.

The second component of the behavioral response
that was inhibited by satiation was the conditioned re-
sponse. Satiated animals showed lower responses in a
retention test than did unsatiated animals, even though
tests were conducted with individuals that were in the
same state of satiation when the conditioned response
was first acquired on the day before. Additional evidence
for the transitory nature of the inhibitory effects of sa-
tiation comes from the observation that there were no
differences in performance on the retention tests, re-
gardless of whether the bees were conditioned when they
were either satiated or unsatiated. Both groups had the
same, high, percentage of responses to the odors, and
both were able to discriminate between the two odors.

One intriguing observation was that bees showed
higher response levels in retention tests than even at the
end of the acquisition trials. It has been reported that
animals can show learning without actually performing
during the acquisition phase of an associative learning
test (Kane et al. 1997). Drosophila melonogaster flies
genetically manipulated to be deficient in protein kinase
C (PKC) showed lower acquisition performance than
wild-type flies but were not different from them in long-
term retention. It is not known whether the PKC path-
way is involved in the results we report here for bees.
Our findings suggest that the inhibitory effects of satia-
tion involve effects on the proboscis extension reflex it-
self rather than on the formation of the association. This

is probably a process that is independent of long-term
consolidation, which in bees and flies is protein synthesis
dependent and usually longer than the 24-h retention
test that was used here (Wittstock et al. 1993; Wusten-
berg et al. 1998; Dubnau et al. 2001).

By carefully controlling satiation state, we showed
that the division of labor in a honey bee colony is
associated with differences in performance on an ap-
petitive learning assay. The differences detected thus
far, however, appear to be related more to differential
effects on sensory and motor programs rather than
differences in cognitive ability between nurses and
foragers.
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