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Article Addendum

Learning from learning and memory in bumblebees
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The difficulty to simultaneously record neural activity and
behavior presents a considerable limitation for studying mecha-
nisms of insect learning and memory. The challenge is finding
a model suitable for the use of behavioral paradigms under the
restrained conditions necessary for neural recording. In honey-
bees, Pavlovian conditioning relying on the proboscis extension
reflex (PER) has been used with great success to study different
aspects of insect cognition. However, it is desirable to combine
the advantages of the PER with a more robust model that allows
simultaneous electrical or optical recording of neural activity.
Here, we briefly discuss the potential use of bumblebees as
models for the study of learning and memory under restrained
conditions. We base our arguments on the well-known cognitive
abilities of bumblebees, their social organization and phyloge-
netic proximity to honeybees, our recent success using Pavlovian
conditioning to study learning in two bumblebee species, and
on the recently demonstrated robustness of bumblebees under
conditions suitable for electrophysiological recording.

Learning and memory, defined as the acquisition and storage
of neuronal representations of information through experience,!
are two of the most intensively explored processes of animal cogni-
tion. Learning represents one of the contributions of the nervous
system to an animal’s overall phenotypic plasticity that facilitate
the accommodation of the phenotype to diverse environments.>3
However, despite the great interest in learning and memory
research, a longstanding challenge for the study at the proximate
level has been the direct quantification of the acquisition, storage
and retrieval of information associated with a neuronal representa-
tion."4 Thus, learning and memory are typically quantified through
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‘performance’ (i.e., through a behavioral change associated with
learning), which represents what the animal does with what it has
learnt, but which also depends on other factors (e.g., motivation,
attention) modulating the final behavioral output. Realistically,
performance reflects the role of learning and memory in a more
integrative ecological context, especially under unrestrained condi-
tions. Therefore, using performance as a measure limits the analysis
of proximate phenomena underlying learning and memory. When
addressing these mechanisms at the level of brains and neurons, an
additional problem arises from the restrained conditions required
during recording of neural activity. Therefore, a growing interest
exists in developing models and methods that may enable the
‘visualization’ of the process of memory formation and retrieval
underlying the performance during training and testing.

Recently, we examined the use of Pavlovian conditioning to
study associative learning in bumblebees under restrained condi-
tions.> There are several reasons for the selection of both, the
methodology and the animal model. Pavlovian conditioning has
been widely established as a paradigm for the study of cognitive
abilities in model systems such as the round worm Caenorbabditis
elegans, the marine snail Aplysia californica, the fruic fly Drosophila
melanogaster and the honeybee Apis mellifera. As in the original
paradigm,® in honeybees, an unconditioned stimulus (typically
sucrose) administered to the antenna or the tarsi of the leg evokes
a reflexive tongue extension (the proboscis extension reflex; PER).
Simultaneous presentation of sucrose and other (conditioned)
stimuli (e.g., odors, touch or light) results in an association of the
conditioned stimulus and the reward, and eventually the condi-
tioned stimulus alone evokes the PER. The experimental paradigm
allows for changes of the quality and quantity of the conditioned
stimulus (e.g., odor concentration) as well as of the reward (e.g.,
sucrose concentration and/or amount).” Thus, the entire paradigm
emulates, under restrained conditions, the natural sequence of
behaviors during foraging. Bees approaching a flower receive visual
and/or olfactory information, which may vary between or within
species of flowers (e.g., differences in shape, color, odor). Once
on the flower, antennal exploration and the contact with nectar
elicit the extension of the proboscis, followed by the ingestion of
the reward, which may also vary in its quality (e.g., carbohydrate
concentration) and/or quantity (i.e., nectar amount).

Despite the convenience and success of the PER paradigm

8,9

in honeybees,®’ our understanding of the neuronal processes
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underlying this learning behavior is still at an early stage.
Intracellularly recording electrical activity is the technique of
choice for analyzing learning-dependent changes of informa-
tion processing in individual neurons. This technique has been
used with some success,'®!! leading to the discovery of specific
components of the neural pathway involved in the conditioned
response,! 12
extended experimental manipulations. The more recent calcium

yet it faces the problem of fragility of the bees under

imaging technique for measuring brain activity has also met
with some success, particularly regarding neuronal activity of the
olfactory centers of bees, the antennal lobes.!®> However, calcium
imaging has a much lower temporal resolution than electrophysio-
logical recordings and only enables visualization of pattern activity
on the superficial layers of the neuropil. Another technique that
has recently been introduced into brain research of larger insects,
multi-unit recording using multi-channel silicon probes,' has not
been successfully applied in honeybees because of their size and
fragility,!> although the use of thin (<15 um) electrodes has been
suggested as an alternative. !

Therefore, given the convenience of the PER and the large
amount of knowledge obtained from honeybees, it would be
advantageous to establish a model system that combines the
advanced behavioral and learning capabilities of honeybees with
the experimental robustness and ease of larger insects such as
locusts or hawk moths. Our success of establishing a robust PER
learning paradigm in bumblebees® (genus Bombus) together with
the recently shown suitability of bumblebees for long-term intrac-

16,17

ellular brain recording suggest the use of bumblebees as such

a model system.

Bumblebees as Models

Bumblebees are closely related to honeybees, which favors
comparative approaches, in particular given their contrasting
systems of social organization. In honeybees, age plays a predomi-
nant role in organizing the division of labor. Young bees typically
remain inside the hive performing the tasks of nursing, cleaning
and storage of resources brought in by foragers. Older workers
engage in foraging activities, collecting mainly nectar, pollen and
water. Along with these behavioral transitions, workers change their
performance in learning and memory tasks, presumably preparing
for higher cognitive challenges associated with navigation, preda-
tion risk and resource evaluation outside of the protected hive.!8 In
contrast to honeybees, bumblebee societies are strongly influenced
by individuals’ body size and only weakly by their age. Larger
workers in the colony mostly form the foraging force, whereas
smaller workers mostly participate in in-hive tasks.!” A second
difference is the contrasting colony size, which reach up to 60,000
workers in honeybees, and typically between 200-400 workers
in bumblebees. Besides potential behavioral differences associ-
ated with colony size (see below), smaller colonies of bumblebees
certainly facilitate their maintenance under laboratory conditions.
A third difference is the solitary system of foraging in bumblebees,
which, in contrast to honeybees, do not provide nest mates with
direct information about location and quality of potential resources
(reviewed in refs. 20-22). A fourth difference is the independent
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foundation of colonies by individual bumblebee queens,!” whereas
in honeybees the queen always swarms with a large number of
her workers. A fifth difference is the single mating system in most
bumblebee species,'? which enables an easier control of the behav-
ioral variation associated with different genotypes.

From these contrasting characteristics, several predictions
regarding learning and memory capacities in bumblebees can be
drawn. Small colonies and a system of division of labor affected by
body size may lead to earlier cognitive maturation of bumblebees
because worker foragers may start foraging within two days after
eclosion. Furthermore, losses of workers during foraging might
have a stronger effect on a smaller colony, which, giving limita-
tions for surplus storage of food, needs to rapidly replace foragers
with the fewer workers remaining in the colony. In contrast,
removal of foragers in honeybee colonies leads to an accelerated,
yet not immediate, neural and physiological maturation of in-hive
workers. Regarding the role of body size in bumblebee colonies,
larger workers may be expected to show better learning perfor-
mance and longer memory retention, as they are exposed to the
cognitive challenges of foraging.

As for the mode of colony foundation, it is interesting to
consider potential transitions in the queen learning and memory
capacities: young, founding bumblebee queens have to perform
all the cognitively demanding tasks of a forager to raise their first
brood, while later they concentrate on egg-laying and their workers
care for the brood. In this context, potential trade-offs between
brain development, learning and reproduction may be identified in
bumblebee queens as have been found in other species.?? Although
very scarce, previous evidence indeed shows high performance of
foraging queens on learning and on categorization tasks.?4 This
possibility might contrasts with the behavior observed in honeybee
queens, which never need to forage.

Besides their use in a comparative approach, bumblebees
have proved to be useful models per se in cognitive research?® as
demonstrated by the growing body of literature on diverse aspects
of learning and memory such as acquisition, retention, transfer and
interference in individual bumblebees (reviewed in refs. 21, 26-32)
and in social contexts (reviewed in refs. 20-22). Other areas have
been also explored, such as decision-making (reviewed in refs. 25,
33-35) and navigation (reviewed in ref. 36). Importantly, most of
these phenomena can be directly linked to ecological contexts of
bumblebee life histories, such as risk-sensitive foraging,” traplining
foraging® (and references therein), resource categorization,24 and
predation avoidance.’*3? This context is of major significance
because it considers the ‘cognitive architecture’ (reviewed in ref. 25)
as part of the phenotype affecting individual performance and
species evolution?? and also speaks for the relevance of bumblebees
as models.

Bumblebees and the Proboscis Extension Reflex

In our research, we attempt to combine the benefits of the
PER paradigm established in honeybees and the well-developed
cognitive capacities of bumblebees, envisioning their use to
incorporate neuronal recordings during training and testing. Our
attempts are further encouraged by the robustness of bumblebees
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Figure 1. Examples for different degrees of physical restriction in bumble-
bee behavioral paradigms. (A) Harnessed bee undergoing PER condition-
ing; (B) harnessed bee during electrophysiological recording; (C) tagged
bee flying in foraging cage; (D) walking on a treadmill.
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Figure 2. Correlation between acquisition performance and body size in
the bumblebee B. impatiens. ¢ = number of training trials necessary for the
first conditioned response to appear.

under restrained conditions (Fig. 1) and during electrophysi-
ology recordings,16’17 and also by their large brains (reviewed
in ref. 40; Riveros AJ and Gronenberg W, unpublished), both
features favoring intra and extracellular recordings. Although
an attempt to use the PER paradigm in bumblebees has been
previously reported,?? the level of performance was much lower
than that observed under free-flying conditions. Improving
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those early attempts, we have worked toward establishing a PER
paradigm in two species of bumblebees, Bombus occidentalis and
B. impatiens.

Bumblebee colonies can be kept under laboratory conditions,
where colonies are connected to a foraging cage with feeders
filled with a solution of sucrose. In our studies pollen and
water are provided ad libitum inside the hive, assuring the use
of bees inclined to forage for sugars. Individual workers can be
tracked using numbers glued on the back of newly emerged bees.
Foraging activity is recorded using a camera directed at the nest
entrance. Thus, for each individual it is possible to record its age
at first foraging trip, time spent during each trip and number of
trips before training.

Our results using Bombus occidentalis® and B. impatiens point
to three major aspects of olfactory learning in bumblebees. First,
bumblebees do not require several days of maturation before
reaching the level of performance of older adults. Indeed, we
found two hour old bees to learn as well as their older sisters.
Second, once workers engage in foraging activities, their overall
performance seems to increase along with foraging experience.
Third, the association between body size and learning seems to

32 §ize is not

vary across species. In B. occidentalis® and B. terrestris,
associated with increasing learning performance (although it is
associated with memory retention in B. occidentalis). In contrast,
our current research using B. impatiens shows large workers
performing better than the smaller ones in an olfactory learning
paradigm (Fig. 2; cf references 21).

These results are relevant considering both, the ecological
context and the potential use of electrophysiology during
bumblebee learning. Together with information on honeybees,
our findings suggest that learning ability of the worker caste is
associated with division of labor and probably reflects the cogni-
tive challenges of different tasks. Also associated with the social
organization, size, but not age, significantly affects learning and
memory in bumblebees. These two results point toward young
bees as a good option for future studies in electrophysiological
systems, because young bees lack the effects of experience on
learning, which we found to be significant. We may also be
able to electrophysiologically address the effect of size: are there
certain tasks that a larger nerve cell (in a large bee) can do better
than its smaller counterpart in a small bee? Do larger eyes or
antenna or other sense organs endow their bearers with advanced
sensory abilities?

Honeybee and bumblebee brains are organized very similar,
and our neuroanatomical knowledge of the substrates presum-
ably underlying learning and memory will benefit future attempts
combining electrophysiology and the PER learning paradigm in
bumblebees. Olfactory information is first processed by the
olfactory (antennal) lobes and then transferred to the mushroom
bodies and other central brain components, where the associa-
tions are presumably formed. Simultaneously recording from the
antennal lobe and the mushroom body while the bumblebee is
learning to associate an odor will probably greatly enhance our
understanding of the neuronal mechanisms resulting in learning
and memory.
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Recent studies on bumblebees including our own findings open

new possibilities for research and provide a protocol and an animal

model that will likely contribute to our understanding of learning

and memory beyond individual performance.
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