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ABSTRACT

SCOTT E. DOBRIN
EXPERIENCE-DEPENDENT STRUCTURAL PLASTICITY
IN A NATURALLY BEHAVING ANIMAL MODEL
Dissertation under the direction of Susan E. Fahrbach, Ph.D.,
Reynolds Professor of Developmental Neuroscience

The ability to adjust to changing environments is critical for an animal’s survival. Neurons can
undergo structural changes, such as branch addition, branch retraction, or altering the number or
shape of spines which change the neural connectivity in the brain. The regulation of a neuron’s
structure may lead to changes in future behavior via altered processing of sensory stimuli. The
following chapters of this dissertation are aimed at identifying signaling pathways that control
structural plasticity in the Kenyon cells of the worker honey bee brain correlated with foraging
experience and identify how those changes affect honey bee behavior. The honey bee model
offers an opportunity to study a naturally occurring behavior while controlling age and
experience of the individual studied.

The experience of foraging under natural conditions increases the volume of mushroom body
neuropil in worker honey bees. A comparable increase in neuropil volume results from treatment
of worker honey bees with pilocarpine, an agonist for muscarinic-type cholinergic receptors. A
component of the neuropil growth induced by foraging experience is the growth of dendrites in
the collar region of the calyces. Chapter 2, Muscarinic regulation of Kenyon cell dendritic
arborizations in adult worker honey bees, shows via analysis of Golgi-impregnated collar
ix

Kenyon cells with wedge arborizations that significant increases in standard measures of
dendritic complexity were also found in worker honey bees treated with pilocarpine. This result
suggests that signaling via muscarinic-type receptors promotes the increase in Kenyon cell
dendritic complexity associated with foraging. Treatment of worker honey bees with
scopolamine, a muscarinic inhibitor, inhibited some aspects of dendritic growth. Spine density on
the Kenyon cell dendrites varied with sampling location, with the distal portion of the dendritic
field having greater total spine density than either the proximal or medial section. This
observation may be functionally significant because of the stratified organization of projections
from visual centers to the dendritic arborizations of the collar Kenyon cells. Pilocarpine
treatment had no effect on the distribution of spines on dendrites of the collar Kenyon cells.

While several neurotransmitter and intracellular signaling pathways have been previously
implicated as mediators of structural changes in the honey bee brain, none interact directly with
the cytoskeleton, for the final step in changes in neuronal morphology. The Rho family of
GTPases are small, monomeric G proteins that when activated initiate a signaling cascade that
reorganizes the neuronal cytoskeleton. In Chapter 3, Rho GTPase activity in the honey bee
mushroom bodies is correlated with age and foraging experience, I measured activity of two
members of the Rho family of GTPases, Rac and RhoA, in the mushroom bodies of bees with
differing foraging experience. A transient increase in Rac activity coupled with a transient
decrease in RhoA activity was found in honey bees with 4 days foraging experience compared
with same-aged new foragers. These observations are in accord with previous literature reporting
a growth supporting role for Rac and a growth opposing role for RhoA. This is the first report of
Rho GTPase activation in the honey bee brain.
x

Despite the potential linkage of extensive foraging experience, brain growth, and enhanced
performance, the impact of larger mushroom bodies in experienced foragers on learning or other
behaviors has not been well studied. I predict because of the larger mushroom bodies found in
experienced foragers, they would perform mushroom body-dependent tasks better than less
experienced foragers. Studies of Kenyon cell dendritic plasticity focused on Kenyon cells in the
collar region of the calyx, an area that receives substantial inputs from the optic lobes. To
correlate changes in the size of the collar region with learning, I sought to further develop a
visual associative learning assay. Previous literature is conflicting; several groups have reported
restrained honey bees could only be successfully conditioned to a visual stimulus when the
antennae were removed, but others showed that restrained honey bees with antennae could attend
to visual stimuli when presented in combination with an odor. In Chapter 4, Visual learning in
harnessed, intact honey bees, I further develop the visual learning paradigm by using a modified
restraint, a shorter intertrial interval than most previous honey bee visual PER studies, and
minimizing the movement of the conditioned honey bees between trials to permit intact honey
bee foragers to learn to respond differentially to visual stimuli. Additionally, I tested the effect of
the specific stimulus used in the unrewarded trials on performance and showed that honey bee
foragers learned best when unrewarded trials were paired with the presentation of a dry
toothpick. Finally, a negative relationship was found between age and visual performance on
differential training.

xi

Chapter One

Introduction
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Defining the mechanisms by which experience is coupled to changes in the chemistry and
structure of the brain is a fundamental task for neuroscience. My project aimed to identify
signaling pathways that control structural plasticity in the Kenyon cells of the worker honey bee
brain and identify how those changes affect honey bee behavior. I chose this system because it
offers an opportunity to study a naturally occurring behavior while controlling age and
experience of the individuals studied. The research presented here provides preliminary evidence
of a positive feedback system in which previous experiences influence brain structure which, in
turn, affects future behavior via altered processing of sensory stimuli (Fig 1). As described
below, one’s unique individual experience of life, be it as a honey bee forager or as a concert
pianist, changes the structure of neurons. Though the changes on an individual neuron may be
small, they are numerous; together these changes influence how stimuli are perceived by
strengthening or weakening the inputs among neurons.

Figure 1. Envisioned feedback cycle of experience-dependent plasticity. The structural
brain changes caused by previous experiences alter the processing of sensory information
due to the new connections between neurons. At a large scale, this may affect how one
experiences future stimuli.

1.1 Experience-dependent structural plasticity in the vertebrate brain
In the 1960s and 1970s research results challenged the concept that, especially in adults,
the brain’s neuronal architecture is static (Bennett et al., 1964; Riege et al., 1971; Uylings et al
1978). Numerous experiential manipulations have been shown to result in alterations of dendritic
2

structure in adulthood. Environmental enrichment is perhaps the best known model of vertebrate
experience-dependent plasticity, commonly studied in rodents. The first investigation of brain
changes resulting from experience in an enriched environment was conducted by Krech and
colleagues (1960). These investigators measured brain cholinesterase activity in group housed
young adult rats with several small wooden toys, finding lower cortical and higher subcortical
cholinesterase activity in the complex housed animals than in socially isolated animals. In a
follow up study, Krech et al. identified several brain changes in animals living in complex or
isolated environments compared with controls living in standard cages in small social groups,
including cortical weight, cholinesterase activity, and total protein (Bennet et al., 1964). The
investigators proposed that the changes may be a consequence of learning that occurred in the
more interesting environments, as the amount of handling and average locomotor activity were
controlled. Volkmar and Greenough (1972) reported the first compelling evidence of enriched
housing resulting in increased dendritic complexity of layer 4 stellate cells in visual cortex of
rodents. Other investigators have also reported alterations of dendritic complexity resulting from
housing in an enriched environment, running wheel access, and stressing animals by long term
restraint of movement (Kozorovitskiy et al, 2005; Stranahan et al., 2007; Galea et al., 1997).
These data support the view that, in rodents, experience affects brain structure, but the biological
relevance of laboratory manipulations is unclear. Do changes observed in artificial environments
have any relevance to the lives animals live under natural conditions, even in rodents?
Classic studies of dendritic plasticity have used the Golgi method developed by the
Italian Nobel Laureate Camillo Golgi in the late 19th century to reveal the structure of individual
neurons. Frederick Kenyon used this stochastic cell labeling technique to describe in detail the
cytoarchitecture of the honey bee brain (Kenyon, 1896; Strausfeld, 1980). In what is now
3

referred to as the Golgi Black reaction, a subset of neurons in brain tissue are impregnated with
reduced silver, yielding black silhouettes of impregnated neurons on a light background formed
by unimpregnated neurons. The specific chemistry of the reaction and the mechanisms
underlying the sparse cell labeling remain unknown.
The Golgi method is still widely used in modern studies of experience-dependent
plasticity. For example, Robinson and Kolb (1999) used Golgi impregnation to demonstrate that
drugs of abuse alter neuron morphology. The dendritic arbors of neurons in the nucleus
accumbens and prefrontal cortex of rats injected with amphetamine or cocaine were found to be
more complex than those of rats with access to a running wheel (which rats find rewarding).
Golgi impregnation has also been used to study the effect of previous pregnancy experience on
the complexity of the dendritic arborizations of hippocampal neurons. Neurons in the CA1 and
CA3 regions of the hippocampus of female rats decreased in dendritic complexity after the rats
gave birth and reared pups (Pawluski and Galea, 2006). However, the dendritic complexity of
mothers that had reared two litters of pups matched levels characteristic of age-matched virgin
females.
The effects of motor and visual spatial learning have also been investigated using Golgi
impregnated neurons. Training on tasks such as the Morris water maze, a string pulling task, and
a T-maze altered the complexity of the dendritic arbor of layer V neurons in the motor, occipital,
and orbitofrontal cortices (Kolb et al., 2008).
The Golgi method, however, is an endpoint-only analysis because the essential reactions
can only occur in fixed tissue. More than the single snapshot offered by the Golgi technique is
required to study the temporal dynamics of structural changes in neurons. The development of
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intracellular fluorescent dyes, followed by methods for genetic expression of fluorescent markers
in individual cells, allowed single cells to be followed over time in an individual. In the 1980s,
Purves and colleagues repeatedly observed individual neurons for several months (Purves et al,
1986). They found that, 2-3 months following an initial observation, the dendritic arbors of
superior cervical ganglion neurons in mature mice had changed significantly – on average there
was an increase in length of 26 %. Lendvai and colleagues (2000) were the first to repeatedly
image cortical neurons. Using a viral vector to label neurons in layer 2/3 of the barrel cortex, a
whisker sensation processing region of the rodent brain, they imaged the same dendritic branch
every 10 min for 90 min. The dendritic spines were highly motile, changing length and shape;
the spines on neurons receiving input from experimentally removed whiskers had up to 40 % less
motility.
Modern brain imaging techniques, particularly magnetic resonance imaging (MRI), allow
morphometric in vivo brain measures to be performed in humans. Prior to the widespread use of
non-invasive imaging, the strongest evidence for brain plasticity in humans was obtained from
patients suffering from phantom limb pain. A phantom limb refers to the sensation that an
amputated limb is still attached to the body, often times reported as painful. Ramachandran and
colleagues (1992) touched a cotton swab to different points on the bodies of human patients
while they reported any sensation in their phantom limb. Stimulating specific regions on the
patients’ body corresponded in a one-to-one fashion with sensation on the phantom limb. The
authors interpreted these data as evidence that following amputation tissue surrounding the
deafferented cortical region would ―take-over‖ the region. But without a window into the
patients’ brains, a conclusive answer could not be made.

5

Studies of human brain plasticity are most common in individuals highly trained in
specific motor skills. Because the life history of human subjects cannot be controlled to the same
extent as in animal models, a certain basal level of unattributed plasticity would be expected
across human subjects who typically engage in many activities in the course of a single day. To
become a successful musician or athlete, however, requires many hours of practice producing a
signal associated with training that can be isolated from the unrelated noise. In the first studies
relating neuroanatomy to musical experience, the brains of trained keyboard or string instrument
playing musicians were compared (Schlaug et al., 1995a, b). Musicians who began their training
before age 7 had a 10% increase in the volume of a subregion of the corpus callosum compared
with both non-musicians and musicians who began training after age 7 (Schlaug et al., 1995a).
Because the corpus callosum is the major pathway between the two brain hemispheres, this
suggests musical training at an early age increases the communication between them. An
asymmetry of size of the planum temporal (an area of higher order auditory processing) was
found in musicians with perfect pitch, but not in non-musicians or musicians lacking perfect
pitch (Schlaug et al., 1995b). Using magnetoencephalography (MEG), Elbert and colleagues
(1995) simultaneously reported that the magnitude of activity in the somatosensory cortex in
response to stimulation of the digits used to finger stringed instruments was larger in musicians
than non-musicians.
Athletic achievement also has been linked to changes in brain structure. Differences in
the size of several brain structures were found between skilled and non-skilled golfers, including
in the premotor cortex, the parietal cortex, and the corticospinal tract (Jänke et al., 2009).
However, one cannot say if these differences existed prior to playing and were the reason the
skilled golfers excelled at the sport. The cerebellum of university-level basketball players was
6

compared with similar aged non-players (Park et al., 2009). The volume of the V2 lobule of the
vermis was significantly larger in the athletes than controls, who did not engage in regular
practice of specific sports skills.
Brain data from London taxi drivers have also been collected using non-invasive brain
imaging (Maguire et al., 2000; Maguire et al., 2003; Maguire et al., 2006). There is a significant
positive correlation between years on the job as a taxi driver and the volume of the posterior
hippocampus as estimated using non-invasive brain imaging techniques. Because many
experimental studies have linked the hippocampus to the ability to solve tasks requiring spatial
reasoning, a plausible interpretation of these data is that an enlarged posterior hippocampus is
associated with superior navigational performance within the familiar terrain (Goel et al., 2004).
Indirect evidence for this assertion is found in a study that compared the performance of London
taxi drivers with the performance of London bus drivers. Bus drivers drive as many miles as do
taxi drivers, but unlike taxi drivers, navigate predictable fixed routes rather than the whole of
London. On tests of their ability to recognize London landmarks and to judge proximity of
London landmarks, the taxi drivers, who on average had larger posterior hippocampi than the bus
drivers, scored significantly higher (Maguire et al., 2006). Together these studies provide strong
evidence supporting experience-dependent structural changes occurring in the human brain.
As described above, studies of experience-dependent changes in the human brain rely on
non-invasive imaging. The resolution of imaging techniques is low and regional data must be
pooled for analysis. Currently, there is no way to measure changes of individual neurons in
living humans. The honey bee offers an animal model in which the effects of naturally occurring
behavior on the morphology and regulation of cell structure can be studied.
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1.2 The honey bee as a model for the study of experience-dependent plasticity
Humans have long exploited the European honey bee (Apis mellifera) as a pollinator, as a
source of honey and wax, and as a model for studying the evolution and regulation of complex
societies. There is also a substantial research tradition of comparative animal psychology that
uses honey bees to investigate learning, memory, and specialized aspects of cognition such as
navigation and group decision-making (Frisch, 1967; Menzel, 1985; Seeley, 1996; Giurfa, 2007).
Studies in this tradition have described the behavioral plasticity of the honey bee. More recently,
the Honey Bee Genome Project and the associated projects that paved the way for the genome
effort, including a major honey bee brain-based EST (expressed sequence tag) project and
several quantitative trait loci (QTL) analyses, have positioned the honey bee for analysis of how
the environment orchestrates gene expression in the brain, and how gene expression is in turn
coupled to behavior (Whitfield et al., 2002; Whitfield et al., 2003; Rüppell et al., 2004; Cash et
al., 2005; Honeybee Genome Sequencing Consortium, 2006; Velarde et al., 2006; Hunt et al.,
2007 Ament et al., 2008; Kiya et al., 2008; Lutz et al., 2011). These studies are building our
knowledge of the plasticity of gene expression in the honey bee brain.
During the years immediately prior to the successful Honey Bee Genome Project,
however, the intersection of honey bee behavioral ecology with comparative studies of cognition
created favorable conditions for the development of honey bee neurobiology. Numerous studies
were published in the 1980s and 1990s describing in detail the neuroanatomy and
neurochemistry of the honey bee brain (e.g. Mobbs, 1982; Mercer et al., 1983; Rybak and
Menzel, 1993). Two papers published in 1993 and 1994 built directly on this knowledge base by
describing the neuroanatomical plasticity of the honey bee brain (Withers et al., 1993; Durst et
al., 1994). Both of these papers described an increase in the volume of the mushroom body
8

neuropils correlated with foraging, a behavior typically performed by adult worker bees three
weeks of age and older (Fig 2; Winston, 1987). Subsequent studies established that it is the most
experienced foragers (for example, bees with two weeks’ foraging experience or foragers with
exceptional amounts of wing wear) that have the largest volume of neuropil associated with the
mushroom bodies (Farris et al., 2001; Ismail et al., 2006). Other regions of the honey bee brain
did not increase in volume in association with foraging experience.

Figure 2. The honey bee brain. The honey bee brain is composed of nearly 1 million
neurons. The primary visual neuropil, the optic lobe, is most lateral and consists of the
lamina (aqua), the medulla (navy), and the lamina (purple). The primary olfactory
neuropil, the antennal lobe (green), has glomeruli (yellow) associated with neurons
expressing specific olfactory receptors. The mushroom body (red) receives afferents from
both the visual and olfactory inputs.

Foraging is a complex behavior. Once honey bees have begun to forage, they typically
perform this behavior to the exclusion of almost all others until their death (Winston, 1987). The
honey bee is a generalist forager, visiting flowers of numerous different species. Foragers collect
nectar, pollen, water, and propolis in response to colony demands, and use information about the
distance, direction, and quality of a food source from scout bees communicated using the round
and waggle dances. Foragers use primarily visual cues, including landmarks and the polarization
pattern of the sky, to find their way back to the hive. Foraging flights can cover a radius up to 3
km and may involve visits to hundreds of flowers per foraging trip, Therefore a successful

9

forager must have excellent vision, a capacity for associative learning (to identify the highest
quality flowers, which change throughout the season), and a capacity for spatial learning (to
allow efficient return to the colony).
The 1993 and 1994 papers that revealed the plasticity of the mushroom bodies inspired
numerous follow-up studies. Another region of the honey bee brain, the antennal lobes, has been
shown to display experience-dependent changes in structure in adults, but in a pattern related to
olfactory experience rather than to foraging (Winnington et al., 1996; Sigg et al., 1997). Other
studies sought, and found, evidence for changes in the volume of the mushroom body neuropil in
other hymenopteran insects, and in Drosophila melanogaster (Technau, 1984; Bailing et al.,
1987; Heisenberg et al., 1995; Gronenberg et al., 1996; O'Donnell et al., 2004; O'Donnell et al.,
2007; Withers et al., 2008; Molina and O’Donnell, 2007, Molina et al., 2009; Jones et al., 2009;
Seid and Wehner, 2009). Studies of the honey bee using the Golgi technique (to reveal
cytoarchitecture) and treatment with pilocarpine, a muscarinic cholinergic agonist, have revealed
that the observed volume changes reflect growth of the dendritic arborizations of individual
neurons, and that this growth is likely triggered in vivo by signaling via muscarinic-type
receptors for acetylcholine (Farris et al., 2001; Ismail et al., 2006). A comparison of the brains of
different species of scarabaeid beetles revealed that a larger calycal compartment of the
mushroom body neuropil is associated with a generalist feeding strategy, suggesting an
evolutionary association of larger mushroom bodies with complexity of feeding ecology (Farris
& Roberts, 2005). No studies, however, have directly addressed the functional significance of
growth of the mushroom body neuropil during the life of an individual honey bee.
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1.3 The neuroantanomy of the mushroom bodies
In the honey bee and other insects, the mushroom bodies are paired structures located in
the dorsal protocerebrum (Strausfeld et al., 1998). The mushroom bodies receive information
from primary sensory neuropils, especially the antennal lobes and the optic lobes, and send
information to pre-motor regions in the undifferentiated protocerebrum (Fahrbach, 2006).
Reciprocal connections couple the mushroom bodies on the right and left sides of the brain
(Mobbs, 1984).
The term mushroom bodies has its origin in the distinctive shape of its neuropils: two
stalks, each topped with a cup-shaped rind of neuropil called the calyx (pl. calyces). Each calyx
contains the intrinsic neurons of the mushroom bodies. These neurons are referred to as Kenyon
cells in honey bees and other social hymenopterans (Kenyon, 1896). Of the just under 1 million
neurons that constitute the honey bee brain, approximately one third are Kenyon cells (Witthöft,
1967; Fahrbach, 2006). The dendritic arborizations of the Kenyon cells form the calycal
neuropils that surround the Kenyon cells; each Kenyon cell projects a bifurcating axon to form
lobed output neuropils via the peduncle. Other important modulatory inputs have been identified
but the major path of information flow through the honey bee mushroom bodies is to the Kenyon
cells in the calyces and from the Kenyon cells in the lobes (Fahrbach, 2006).
The calyces of the honey bee are divided into three major regions apparent in tissue
sections as differences in the texture of the neuropil. These three regions are also functionally
defined by the sensory inputs they receive (Gronenberg, 2001). The uppermost region (lip) is
innervated by olfactory projection neurons found in the antennal lobes. The mid-section of the
calyx (collar) is innervated by interneurons located in the medulla and lobula regions of the optic
lobes (Ehmer and Gronenberg, 2002). The base of the calyx, the basal ring, is innervated by
11

projections from both the antennal (olfactory and mechanosensory) and optic lobes. A small
region of the calyces adjacent to the lip receives gustatory inputs originating in the
subesophageal ganglion (Schröter and Menzel, 2003; Farris, 2008). The hymenopteran
mushroom bodies are generally to those of other insects, but are notable for the complexity of
their paired calyces and the extent to which the visual world is represented. In other insects, such
as dipterans, the mushroom bodies are frequently described as olfactory structures, because
antennal lobe projections provide the majority of sensory inputs to this region (Davis, 2005;
Fahrbach, 2006).

1.4 Growth of the honey bee forager mushroom body
As described previously, it is well documented that the vertebrate brain undergoes
structural changes resulting from experiential manipulations. However, the relevance of studies
in traditional animal models to animals living in their natural habitats is controversial because the
abnormal environment experienced by laboratory housed animals may affect baseline neuronal
morphology (e.g., Ramm et al., 2008). For example, growth resulting from an enriched
environment may reflect a return to a baseline level of dendritic complexity found in the wild. A
laboratory housed animal does not need to search for food or protect itself from predators, and
lives in a smaller space with relatively constant environmental conditions. For example, several
bird species are renowned for their food caching ability; some parids store seeds in hundreds of
difference locations over hundreds of square miles without ever reusing the same sites (reviewed
in Capaldi et al., 1999). The volume of the hippocampus, an area critical for spatial memory and,
in birds, for relocating food stores, is significantly larger in food-storing birds than in non-foodstoring species. Studying experience-dependent plasticity in an animal model in its natural
environment, which is possible with the honey bee model, is a more biologically relevant
12

context. Comparison of the results of studies of naturally occurring behaviors with those based
on laboratory models will provide a filter separating relevant mechanisms from potential rearing
artifacts.
In honey bees, foragers have a larger volume of mushroom body neuropil than same-aged
nestmates that perform hive tasks, and more experienced foragers have a volume of larger
mushroom body neuropil than age-matched foragers with fewer days of foraging experience
(Withers et al., 1993; Durst et al., 1994; Farris et al., 2001; Ismail et al., 2006). The volume of
specific brain regions is typically determined using an unbiased method of volume estimation
based on systematic random sampling (the Cavalieri method) of histological sections of known
thickness (Gundersen et al., 1988). Worker honey bees from a single colony have very low
variation in body size, so that regional brain volumes are typically published without correction
for body size (Waddington, 1989). The observed changes in volume reflect growth of existing
elements, as the neuroblasts (stem cells) that produce the Kenyon cells undergo programmed cell
death during the pupal stage of development (Fahrbach et al., 1995b; Ganeshina et al., 2000).
The association between foraging and a large volume of mushroom body neuropil has
been observed in numerous studies conducted in different locations using different populations
of honey bees (Withers et al., 1993; Durst et al., 1994). Because worker honey bees can be
induced to initiate foraging precociously by manipulations of colony demography, it was
possible to demonstrate that behavioral status (being a forager or not being a forager) was a
better predictor of mushroom body volume than age. Strong evidence of a primary role for
foraging itself as a driver of growth of the mushroom bodies in the bee is found in studies in
which workers with two weeks of foraging experience were found to have a significantly greater
volume of mushroom body neuropil than age-matched foragers from the same colony that had
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only one week of foraging experience (Ismail et al., 2006). It has been argued that the life of the
forager is more visually-oriented, learning-based, and memory-taxing than that of a hive bee. A
positive feedback loop has been envisioned, sometimes implicitly and sometimes explicitly, in
which foraging experience promotes the growth of the mushroom body neuropil, which in turn
supports the efficient performance of foraging tasks (Fahrbach and Robinson, 1995).
Studies of individual neurons impregnated by the Golgi method demonstrated that at least
some portion of foraging experience-dependent volume change reflects the growth of individual
Kenyon cells that have dendritic arborizations in the collar region of the calyces (Farris et al.,
2001). Administration a muscarinic cholinergic receptor agonist (pilocarpine) to caged bees
stimulated an increase in volume of the mushroom body neuropil equal to that produced by a
week of foraging under natural conditions (Ismail et al., 2006). As will be described below, the
absolute requirement of such studies that volume comparisons be restricted to age-matched
groups of honey bees led to the development of a ―field-to-lab‖ method of rearing that is
particularly appropriate for studies of the functional significance of mushroom body growth.
Studies in the ant Pheidole dentata, another social hymenopteran that displays foraging-related
growth of the mushroom bodies, have provided evidence that there are more synapses in larger
calyces (Seid et al., 2005). Given that Golgi studies have revealed that spine density was not
decreased in foragers relative to nurses (Farris et al., 2001), longer, more branched dendrites
almost certainly reflect more synapses. To investigate changes in gene expression associated
with foraging, a preliminary DNA microarray analysis of gene expression in the mushroom
bodies of experienced foragers and bees treated with pilocarpine to mimic the stimulation of
muscarinic receptors putatively induced by foraging revealed that only a small number of genes
showed quantitative changes in expression (Lutz et al., 2007) and a follow up study of known
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age honey bees of known foraging experience found no changes to the expression of any
cholinergic related signaling pathways, including acetylcholinesterase, choline acetyltransferase,
vesicular acetylcholine transporter, and the muscarinic acetylcholine receptor (Lutz et al., 2011).
These findings suggest that the coupling of experience to dendritic branching in the calyces
might rely primarily upon activity-dependent, post-translational modification of constitutivelyexpressed proteins.

1.5 The function of the mushroom bodies
Knowledge of the function of the mushroom bodies in insects is based primarily on
analysis of the effects of genetic perturbations of these structures in the brains of the fruit fly,
Drosophila melanogaster. Some findings from the fruit fly have yet to be validated in the honey
bee. For example, there appears to be no equivalent in the honey bee brain of the amnesiac geneexpressing DPM neurons that innervate the lobes of the mushroom bodies (Waddell et al., 2000).
Conversely, important findings from honey bee research, such as the role of the octopaminergic
innervation of the calyces in olfactory association learning, are not prominent features of the fruit
fly model (Heisenberg, 2003). A major difference between studies of the honey bee and fruit fly
is that the larger honey bee is typically studied as an individual, while fruit flies are typically
trained and tested in groups (Giurfa, 2007).
It is not possible at present (or in the foreseeable future) to create transgenic lines of
honey bees with gene knock outs, although knockdown of protein kinase A by injection of short
antisense oligonucleotides into the brain and disruption of an octopamine receptor, an NMDA
receptor subunit, and vitellogenin (a yolk protein) using RNA interference have been achieved.
The first is via direct injection of antisense into the brain and the second via an action on the fat
15

body, an abdominal tissue (Fiala et al., 1999; Farooqui et al., 2003; Guidugli et al., 2005; Amdam
et al., 2006; Müβig et al., 2010). This means that the primary tools available for study of
mushroom body function in bees are the classic tools of behavioral neuroscience: lesions and
pharmacological manipulations.
A classic laboratory test of association learning using bees restrained in small harnesses
is the proboscis extension reflex or PER (Bitterman et al., 1983). Honey bees (and other insects)
will reflexively extend their proboscis to drink when sucrose (the unconditioned stimulus, or US)
is applied to the antennae. If an odor or other conditioned stimulus (CS), such as a textured plate
that can be touched by an antenna, is paired with the application of sucrose to the antenna and
the opportunity to drink a sucrose solution, an association is formed between the CS and the food
reward. After training, the CS alone elicits the PER. In honey bees, associations with the CS
develop quickly, in some cases resulting in formation of a stable memory after as few as three
pairings. The basic appetitive-learning PER paradigm is simple in design, but can be adapted for
use in more complex studies of learning and memory (Giurfa, 2007).
Alternative appetitive-learning paradigms used to study learning in honey bees involve
training free-flying honey bees (either in the field or in a flight room) to approach a target to
receive a food reward, such as the opportunity to drink a sucrose solution (Lehrer, 1997) or
inducing bees to fly through a maze to reach a food reward (Zhang et al., 2000). To date, these
methods have been used infrequently to assess the effects of physical or chemical manipulations
of brain function on bee behavior (for an exception, see Si et al., 2005). Other assays based on
naturally occurring bee behaviors, such as the rapid learning of cues imparted to bees by wax
comb (Breed et al., 1995), have played a surprisingly small role in studies of the brain regulation
of behavior in bees.
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Appreciation of the function or functions of the mushroom bodies in the bee is therefore
based primarily on assessment of the impact of disruption of mushroom body function on tasks
using PER. Confident interpretation of the results from such experiments relies on the use of
control assays that demonstrate equivalent sucrose response thresholds in the experimental
groups and the maintenance of the unconditioned reflex during the entire period of testing
(Giurfa, 2007).
If carefully done, local cooling of brain regions produces a reversible disruption of
synaptic signaling (Horel, 1991). Cooling was combined with PER conditioning in the 1970s and
1980s to establish a role for the honey bee mushroom bodies in the storage of olfactory
memories that are resistant to retrograde amnesia induced by electric shocks, whole body
cooling, or exposure to carbon dioxide (Erber et al., 1980). Alternatively, permanent lesions of
the mushroom bodies of the honey bee can be induced by feeding the DNA synthesis inhibitor
hydroxyurea to first instar larvae (Timson, 1975). If applied at the appropriate stage of very early
larval development, hydroxyurea treatment results in the death of a substantial subset of the
mushroom body neuroblasts (Malun et al., 2002b). The absence of the neuroblasts and the
Kenyon cell progeny they would have produced results in shrunken or missing mushroom
bodies. In most cases, one or both of the median calyces is absent. Such lesions did not result in
deficits in acquisition or retention of either mechanosensory or olfactory associations assayed
using PER in 5-7 day old hive reared honey bees (Malun et al., 2002a), although subtle deficits
in performance were detected when multiple odorant stimuli were presented (Komischke et al.,
2005). In contrast to the cooling studies, these findings suggested that the mushroom bodies may
not be essential for the formation of associations that occurs during PER training, although other
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explanations of this important negative result, including incomplete ablation of redundant
pathways, can also be given.
Cognitive functions that require information processing in the mushroom bodies are
predicted to be disrupted or facilitated by the application of drugs that block or mimic the action
of neurotransmitters or intracellular second messenger systems within the mushroom bodies.
Injection of picrotoxin, an inhibitor of the GABAA receptor, into the antennal lobes disrupts
odor-induced local field potential oscillations in the calyces of the mushroom bodies; bees with
disrupted oscillatory activity displayed reduced ability to discriminate between structurally
similar odorants in a PER paradigm when the picrotoxin was present, although less demanding
odorant discriminations could still be made (Stopfer et al., 1997). This finding suggests, as in the
case of the hydroxyurea lesions, that the mushroom bodies are not essential for the learning of
associations during PER training, but might instead permit comparison of sensory stimuli with
stored representations of similar cues.
The mushroom bodies are innervated by cholinergic fibers from the antennal lobes and,
presumably, the optic lobes; they also contain glutamate and glutamate transporters (Bicker,
1999; Si et al., 2004). Treatment of the mushroom bodies of the honey bee with cholinergic
blockers such as scopolamine and glutamate receptor blockers such as MK-801 impairs retrieval
of learned olfactory associations (Gauthier et al., 1994; Si et al., 2004), assayed by using PER
training. Enhancing cholinergic transmission through topical treatment with Methyl Parathion, an
acetylcholinesterase inhibitor, enhanced visual and olfactory recall, but not acquisition (Guez et
al., 2010). Also, a transient knockdown of NMDA receptors via RNAi injections into the
mushroom body selectively impairs memory formation on the olfactory association assay
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(Müβig et al., 2010). These data, in contrast to the hydroxyurea and picrotoxin studies cited
above, suggest that the mushroom bodies are important for the normal performance of PER.
Efforts to identify the neural correlates of PER resulted in the identification of VUMmx1,
a mushroom body afferent, and PE1, a mushroom body efferent or ―extrinsic neuron‖ (Hammer,
1993; Hammer & Menzel, 1995; Rybak and Menzel, 1998). These neurons place the mushroom
bodies within a circuit that mediates learning by bringing neural representations of the US
(sucrose) together with neural representations of the CS (the odorant that predicts the appearance
of the sucrose reward), ultimately directing this information to pre-motor brain regions.
The VUMmx1 neuron has an unusual morphology. The soma is in the subesophageal
ganglion, but its processes arborize bilaterally in the antennal lobe, the lateral protocerebrum,
and the mushroom body calyx (Hammer, 1993). Pairing of an odor with supra-threshold
electrical stimulation of VUMmx1 was found to be as effective in inducing PER training as
when the odor was paired with a sucrose reward (Hammer & Menzel, 1995). The VUMmx1
neuron is octopaminergic, and injections of octopamine into the calyx or antennal lobe were able
to substitute for sucrose in appetitive odor conditioning.
The PE1 neuron also has an unusual morphology. PE1 has a single large dendrite that
arborizes throughout the vertical lobe and projects to the putatively pre-motor lateral and medial
protocerebrum. After PER training, PE1 responses to the CS are strengthened (Rybak & Menzel,
1998). The identification of VUMmx1 and PE1 activity as significant for PER suggests that the
mushroom bodies deserve their designation as a brain module that makes PER training possible.
It is intuitively appealing to assume that PER training is a reflection of how bees transform a
world of odors into a predictable set of signals that nectar or honey is available, but the link
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between modulators of PER training and honey bee performance in the field has yet to be
demonstrated.
At least three temporally and mechanistically distinct phases of memory exist: short-term
memory (STM), mid-term memory (MTM), and long-term memory (LTM). STM, stored for
seconds, forms from a single CS-US pairing. MTM forms following three conditioning trials and
lasts hours. LTM, which can be subdivided into early (eLTM) and late (lLTM) phases, occurs on
the order of days. eLTM (memories lasting 1-2 days) requires translation of new proteins,
whereas lLTM (memories lasting multiple days to weeks) depends on both transcription and
translation. The molecular mechanisms of the each memory phase are still being investigated. A
basic paradigm, however, can be described based on PER experiments in the honey bee (for
review see Menzel, 2009 or Schwärzel and Müller, 2006). MTM requires the calcium dependent
protease calpain to cleave PKC, creating the constitutively active isoform PKM. Calpain
inhibition in the AL results in a loss of only MTM. More is known about the distinct yet related
mechanisms of eLTM and lLTM. Both require activation of PKA by cAMP, as blocking the
activity of either inhibits all LTM. LTM formation also requires nitric oxide. Nitric oxide
putatively targets cGMP which directly prolongs the activation of PKA, a critical step in LTM
formation. While PKA is involved in both LTM phases, experimental manipulations indicate
distinct pathways. Bees fed prior to PER conditioning have low basal PKA activity levels and do
not perform well in the learning task (Friedrich et al., 2004). Experimentally elevating PKA
rescues lLTM but not STM, MTM, or eLTM. Local protein translation utilizing pre-existing
mRNA occurs during the formation of eLTM whereas lLTM requires transcription and
translation of new proteins.
PER training has been linked to structural plasticity in two regions of the honey bee
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brain. Hourcade and colleagues (2009, 2010) trained honey bees to form a stable memory by
pairing an odor with sucrose five times over an hour. Three days later, the volume of specific
odor-processing glomeruli in the antennal lobe and the density of microglomeruli in the olfactory
region of the mushroom body calyces increased.

1.6 Experience-dependent plasticity in the mushroom bodies of other insects
Studies of the ant Camponotus floridanus and the orchard bee Osmia lignaria have
shown that a larger volume of mushroom body neuropil is associated with foraging experience in
these species, suggesting foraging experience is a key driver of mushroom body growth in adult
insects that forage from a fixed nest site (Gronenberg et al., 1996; Withers et al., 2008).
Foraging, however, may belong to a larger set of stimuli that induce growth of the mushroom
body neuropil. Studies of the eusocial paper wasps Polybia aequatorialis and Mischocyttarus
mastigophorus support the idea that behavioral specialization may be a critical factor. Like the
honey bee, paper wasps exhibit age-based division of labor. Young paper wasp workers perform
in-nest jobs, progress to activities on the exterior of the nest, and then finally initiate foraging.
The wasp mushroom body, which is similar to the honey bee mushroom body in terms of gross
morphology and inputs (Ehmer and Hoy, 2000), increases in volume as the wasp progresses from
in-nest behaviors to exterior behaviors (O'Donnell et al., 2004). This behavioral transition is
likely mediated through changes in dendritic complexity of Kenyon cell (Jones et al., 2009). In
nests with multiple females, social dominance is positively correlated with mushroom body size
(O'Donnell et al., 2007). The dominant female wasp is highly aggressive and primarily remains
on the nest to defend and care for her brood, while subordinate wasps spend more time foraging.
If foraging experience alone induces mushroom body plasticity, then the mushroom bodies of the
subordinate wasps would be predicted to have the largest volumes, but the opposite was found to
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be true. Colony size also modulates this difference; mushroom body volume difference is
greatest in the between queens and workers of independent founding species (with small
colonies) and comparatively less between those of swarm founding species (with a larger colony
size; O'Donnell et al., 2011).
It is possible that the plasticity seen in both the wasp and the honey bee result from
behavioral specialization and the changed social environment of the specialized individual. An
alternative argument is that both the dominant paper wasp and the forager honey bee engage in
more cognitively challenging tasks (recognition of subordinate individuals in the paper wasp,
navigation in the foraging honey bee), and that the growth of the mushroom bodies provides a
general read-out of the complexity of tasks performed. An evolutionary counterpoint to a simple
complexity argument may be found in the mushroom bodies of solitary wasps. Species of social
wasps in general have larger mushroom bodies than solitary species (Ehmer et al., 2001).
Because a solitary wasp must care for the brood as well as forage, but lacks the social
interactions experienced in a multi-female nest, the maintenance of the dominance hierarchy
through social interactions may be a primary driver for mushroom body growth in adult female
paper wasps (O'Donnell et al., 2007).
Honey bee foragers, of course, also participate in complex social interactions within the
hive (Winston, 1987). There is, however, strong evidence that the emphasis on the link between
foraging experience and growth of the mushroom bodies in honey bees is not misplaced (Ismail
et al., 2006). Foraging bees had a larger volume of mushroom body neuropil than did agematched bees confined to the hive after a week of foraging experience: the confined bees had
already matured as foragers and could therefore experience the social interactions characteristic
of ―being a forager‖ inside the hive, but were unable to leave the hive to visit flowers.
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Eusocial insect species offer the opportunity for comparative studies across castes; it is
also possible to compare the plasticity of adult male and female brains within a species. The
neuropils associated with the mushroom bodies of honey bee queens increase in volume during
the first two weeks of life independent of whether they were naturally mated, instrumentally
inseminated, or never left the queen bank (Fahrbach et al., 1995a). This indicates that flight, or
even leaving the hive, is not necessary to trigger the changes seen.
A similar early phase of experience-independent growth of the mushroom body neuropils
has also been observed in honey bees in the behavioral caste of nurse bees (Withers et al., 1993),
in young workers confined to the hive (Withers et al., 1995), and in young workers reared under
conditions of social isolation and sensory deprivation (Fahrbach et al., 1998). In drones, the
mushroom body neuropils are larger in males 10 days and older than in younger males (Fahrbach
et al., 1997). Although interpretation of the drone study is confounded because all males studied
were permitted to take mating flights, taken together these results help us place the foragingdependent growth of the mushroom bodies into a broader context of multiple life stageappropriate variants of brain plasticity. No examples other than that of the forager have been
investigated at the cytoarchitectural or molecular levels of analysis (with exception of young preforagers examined in chapter 2).

1.7 Implications of altered dendritic plasticity: Disease states
One of the most important features of neuronal function is the capacity to adapt in
response to changes in the environment and neuronal activity. In addition to functional plasticity,
neurons can undergo structural changes, such as branch addition, branch retraction, or altering
the number or shape of spines. The regulation of a neuron’s structure likely involves a complex
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interaction of thousands of proteins; deficits at any point in the signaling cascade can lead to
aberrant physiological states.
In the developing brain, neurons must extend dendrites into specific lamina and project
axons to other brain regions by following physical and chemical signals. The extensive
connections between neurons are then further refined in a competitive, activity-dependent
manner. The classic studies of Hubel and Wiesel in the 1960s first explored the cellular
mechanisms of this refinement. At birth, neurons from the lateral geniculate nucleus project to
layer 4 of the primary visual cortex broadly. As animals develop normally, the projections
segregate into so-called ocular dominance columns. Hubel and Wiesel showed that surgically
closing one eye for 6 months, thus altering an animal’s sensory experience, reduced the response
in the visual cortex, but not in the retina or lateral geniculate, to visual input to the re-opened
deprived eye. Repeated injections of tetrodotoxin (a sodium channel blocker which effectively
blocks neuronal action potentials) directly into the eye results in decreased complexity of the
terminals of neurons projecting to the visual cortex from the deprived eye (Antonini and Stryker,
1993).
Abnormal development of neuronal morphology is observed in the brain of patients with
mental retardation and several associated genetic disorders. Down syndrome is a disorder
believed to stem from the overexpression of a set of genes on human chromosome 21(Gardiner
et al., 2010). No differences between the dendrites of layer IIIc pyramidal neurons in the
prefrontal cortex were found between Down syndrome and control patients at 2.5 months
(Vuksić et al., 2002). However, the basilar dendrites of cortical pyramidal neurons are shorter in
Down syndrome patients by 4 months of age, which progressively worsens with age (Emoto,
2011). Progressive reductions in dendritic branches are also found in Rett syndrome patients.
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Rett syndrome is a predominantly female-afflicting developmental disorder linked to mutations
in the gene encoding methyl CpG binding protein 2 (MeCP2; reviewed in Samaco and Neul,
2011). Patients have normal development for the first 6 months of life and then fail to meet
increasingly more normal psychomotor milestones. A reduction in dendritic branching mirrors
the progression of the disease (Belichenko et al., 1994). While these examples do not imply
causality, a deficit in structural plasticity is evident in patients suffering from diseases causing
mental retardation, such as Down syndrome and Rett syndrome.
Maintained structural plasticity is also important in adulthood. The volume of the
hippocampus of depressed individuals is less than that of control patients (Bianchi et al., 2005).
Chronic treatment with antidepressant drugs can reverse this effect and activate signal
transduction pathways involved in structural plasticity. Learning is a lifelong process which is
also linked to neuronal structural plasticity. Changes in the number, morphology, and distribution
of spines has been reported in a variety of learning tasks, including trace eyeblink conditioning,
water-maze training, olfactory discrimination, avoidance conditioning (reviewed in Leuner and
Gould, 2010). A better understanding the mechanisms of how the brain changes with learning is
the first step in the development of therapies to improve human learning after brain damage.

1.8 Goals of this dissertation
This project focused on cellular, biochemical, and behavioral analyses of experiencedependent dendritic plasticity in the honey bee. Through the use of naturally behaving honey
bees of known age and foraging history, I studied the effects of experience while controlling for
aging.
The neuropils associated with the mushroom bodies are significantly larger in
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experienced foragers than in inexperienced foragers (Withers et al., 1993; Durst et al., 1994).
They receive cholinergic visual, olfactory, and gustatory afferents from primary sensory
neuropils and are essential for certain forms of associative learning (Fahrbach et al., 2006).
Foraging dependent mushroom body growth results from the increased complexity of the
dendritic arbors of Kenyon cells and is mimicked by feeding a cholinergic agonist (Farris et al.,
2001; Ismail et al., 2006). To ask if the same cholinergic treatment also increases complexity of
Kenyon cell dendrites, I performed Sholl ring, branch order, and spine density analyses of Golgiimpregnated Kenyon cells sampled from highly experienced foragers, inexperienced foragers,
and inexperienced foragers caged and treated with either a cholinergic drug or vehicle. I
predicted that stimulation of muscarinic receptors, either by foraging-induced release of
endogenous acetylcholine at central synapses or by treatment with pilocarpine, would increase
the complexity of Kenyon cell dendritic arbors. This study aimed to identify a regulator of
experience-dependent plasticity in the honey bee at the level of neurotransmission.
Neuronal morphology is primarily defined by the configuration of the cytoskeleton.
Therefore in order to undergo structural plasticity, cytoskeletal rearrangements are a prerequisite.
The neuronal cytoskeleton comprises principally microtubules and actin filaments. In dendrites,
bundles of microtubules surrounded by a meshwork of actin filaments extend into the center of
the dendritic shaft (Stuart et al., 2007). Rho GTPases are small, monomeric G proteins that
mediate cellular morphogenesis via interactions with actin and microtubule organizing proteins
(Ponimaskin et al., 2007). Cycling between the inactive GDP-bound and the active GTP-bound
forms is controlled through guanine nucleotide exchange factors (GEFs), GTPase activating
proteins (GAPs), and guanine nucleotide dissociation inhibitors (Fig 2; GDIs; Nobes and Hall
1994). The activity of Rac and RhoA, two of the most studied Rho GTPase family members, are
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known to be positively and negatively correlated, respectively, with dendritic structural
reorganization in Drosophila, Xenopus, rodents, and humans (Lee et al., 2000; Bakal et al., 2007;
Li et al., 2000; Sin et al., 2002; Threadgill et al., 1997; Nakayama et al., 2000; reviewed in
Newey et al., 2005 and Nadif Kasri and Van Aelst, 2008). To ask if Rho GTPases are involved in
foraging-dependent structural plasticity, I performed Rho GTPase activation assays on the
Kenyon cells of age-matched foragers with differential foraging experience. I predicted that
foragers with greater experience foraging will have more activated Rac (growth-promoting) and
less activated RhoA (growth-opposing) in their mushroom bodies than age-matched foragers
with less experience. This study aimed to identify intracellular biochemical regulators of
experience-dependent plasticity in the honey bee.

Figure 2. Regulation of the activity of the Rho family of GTPases. Rho GTPases become
activated (i.e. can bind their effector molecules) by exchanging GDP for GTP. The
endogenous hydrolysis activity of the GTPases inactivate the proteins, removing a
phosphate group and leaving a GDP-bound form. Other proteins regulate this cycling
activity: GEFs increases the rate with GDP is exchanged for GTP and GAPs increase the
rate on hydrolysis. Another family of proteins, GDIs, can bind Rho GTPases and
sequester them from the cell membrane.
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The functional significance of the foraging related changes in the mushroom body still
remain elusive. Studies of Kenyon cell dendritic complexity focus on cells in the mushroom
body collar, an area processing solely visual information, because the collar is the largest
mushroom body subdivision and shows the greatest expansion in highly experienced foragers
(Withers et al., 1993; Durst et al., 1994; Farris et al., 2001). The final goal of my dissertation was
to further develop a visual associative learning task. While flying honey bees can readily learn to
associate and differentiate complex visual stimuli for a reward (reviewed in Srinivasan, 2009),
visual learning in restrained bees has proved difficult. Previous studies of associative visual
learning of restrained bees were only successful with the antennae removed (Kuwabara, 1957;
Hori et al., 2006, 2007; Letzkus et al., 2008; Niggebrügge et al., 2009; Mota et al., 2011).
However, presentation of sucrose to the antennae results in better olfactory associative learning
than when presented to other sucrose-sensitive appendages (Scheiner et al., 2005). Visual stimuli
have successfully been used to modulate olfactory cues in intact bees, suggesting honey bees
with intact antennae can in fact attend to and identify visual stimuli as salient cues for associative
learning. Therefore, I aimed to develop a differential visual associative learning paradigm that
will permit future studies to dissect visual learning in restrained honey bees.
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2.1. Introduction
Defining the mechanisms by which experience is coupled to lasting changes in the structure
of the brain is a fundamental task in the field of neuroscience. Studies in insects (including fruit
flies, ants, wasps, and honey bees) have demonstrated that the structure of adult insect brains is
altered as a result of changes in the environment or behavior (Groh and Meinertzhagen, 2010).
These studies extend work beginning in the 1960s and 1970s, in which numerous manipulations,
including enriched environments, free running wheel access, and physical restraint, were shown
to alter dendritic structure in adult vertebrates (Bennett et al., 1964; Riege, 1971; Volkmar and
Greenough, 1972; Kozorovitskiy et al., 2005; Stranahan et al., 2007; McEwen, 1999). The
honey bee as a model organism for studying experience-dependent plasticity strikes a balance
between brain and ethological complexities - approximately 1 million neurons in the brain
account for a rich behavioral repertoire.
The mushroom bodies of the insect brain are protocerebral structures that display anatomical
plasticity both across evolutionary time and during the adult lives of individual insects (Farris
and Sinakevitch, 2003; Farris and Roberts, 2005; Fahrbach, 2006; Molina et al., 2009). One of
the forms this plasticity takes over both time scales is regulation of the volume of the neuropil
associated with protocerebral structures called the mushroom bodies. Changes in mushroom
body neuropil volume across the lifespan of the individual are strikingly evident in the brains of
relatively long-lived hymenopteran insects at both the light microscopic (e.g. Withers et al.,
1993; Gronenberg et al., 1996; O'Donnell et al., 2004; Withers et al., 2008; Stieb et al., 2010)
and ultrastructural (e.g. Seid et al., 2005) levels of analysis. The phenomenon has been
documented in various species of ants, wasps, and bees, but investigations of the underlying
cellular and molecular mechanisms of this plasticity have focused on foraging-associated growth
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of the mushroom bodies of workers of Apis mellifera, the European honey bee (Ismail et al.,
2006; Lutz et al., 2009). In this species, the volume of neuropil associated with the mushroom
bodies is significantly larger in experienced foragers than in non-foragers, independent of the age
of the foragers (Withers et al., 1993; Durst et al., 1994; Farris et al., 2001; Ismail et al., 2006).
The intrinsic neurons of the mushroom bodies of the honey bee are referred to as Kenyon
cells (Kenyon, 1896). The typical Kenyon cell produces a branched axon and a single dendritic
arborization. Analyses of mushroom body plasticity have focused almost exclusively on Kenyon
cell dendritic arborizations. On each side of the brain, the collected dendritic arborizations of the
honey bee Kenyon cells form two cup-shaped neuropils that contain the majority of the somata
of the Kenyon cells. These neuropils are postsynaptic to known cholinergic olfactory and
presumed cholinergic visual and gustatory afferents originating in the primary sensory neuropils
(Mobbs, 1982; Kreissl and Bicker, 1989; Huang and Knowles, 1990; Schröter and Menzel,
2003). Each calyx of the honey bee and other hymenopterans can be subdivided into three
regions: lip, basal ring, and collar. Each region contains the dendrites of different subsets of
Kenyon cells. The lip processes olfactory information and receives unilateral innervation from
the ipsilateral antennal lobe via the antenno-cerebral tract and the basal ring is innervated by both
the antennal and optic lobes (Gronenberg, 2001). The largest subdivision of the calyces, the
collar, receives bilateral information about the visual world of the compound eyes from the optic
lobes via the anterior-superior optic tracts, the anterior-inferior optic tracts, and the lobula tracts
(Ehmer and Gronenberg, 2002). Optic lobe afferents to the collar are not uniformly distributed
throughout this subdivision. For example, the medulla, which processes color information,
projects to the outer two-thirds of the collar neuropil in five alternating dorsal/ventral layers,
while the motion-sensitive lobula projects to the inner third of the collar neuropil.
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Classic studies of honey bee Kenyon cells have used dendritic field morphology, location of
the soma, birth order within the lineage and nature of dendritic specializations (e.g. spines or
claws) for classification (Mobbs, 1982; Farris et al., 1999; Strausfeld, 2002). Mobbs (1982)
analyzed Golgi-impregnated brains to define Kenyon cells with somata attached directly to the
calycal arborization as Ka Kenyon cells and those with somata distinctly more distant from the
calycal arborization as Kb Kenyon cells; further classifying the Kenyon cells of the honey bee as
dense spiny, sparse spiny, clawed, or bunched. Strausfeld (2002) combined modern cell-labeling
techniques with Golgi impregnation to provide additional categorization of Kenyon cells. The
collar is formed of the dendritic fields of Ka-type bunched and Kb-type dense spiny neurons that
extend arborizations of three morphologies: wedge, rectangular, and bistratified. By contrast, the
lip contains only Ka-type dense spiny neurons (which can be subdivided into 4 groups based on
the breadth of the dendritic field). The basal ring contains Ka-type bunched, Kb-type bunched,
and Kb-type sparse spiny neurons (which can be further divided into six distinct dendritic
morphologies). The functional significance of these diverse dendritic morphologies is presently
unknown.
In honey bees, the Kenyon cells are produced by the proliferative activity of four large
clusters of neuroblasts (one cluster per calyx) which are active during the larval and pupal stages
(Farris, 1999). In contrast to some other insects, there is no adult neurogenesis in the mushroom
bodies of honey bees; this means that changes in the volume of the mushroom body neuropils
must reflect growth or regression of existing elements, rather than the addition of new Kenyon
cells (Fahrbach et al., 1995). Therefore, one of the challenges posed by the phenomenon of
mushroom body plasticity in adult worker honey bees is the identification of the specific plastic
elements. There is strong evidence that mushroom body plasticity is associated with changes in
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the calycal arborizations of individual mushroom body neurons. Analysis of Golgi-impregnated
Kb-type collar Kenyon cells with a wedge morphology revealed that experienced foragers have
larger and more complex arborizations than less experienced foragers (Farris et al., 2001).
Although no other studies have directly examined the influence of foraging on Kenyon cell
cytoarchitecture, this report is consistent with results from studies of the number of
microglomeruli within the calyces that demonstrate considerable postembryonic plasticity in
these synaptic structures in honey bees (Groh et al., 2004; Groh et al., 2006; Krofczik et al.,
2008) and a species of wasp (Jones et al., 2009).
Cholinergic synapses are abundant in the mushroom body calyces of insects; they represent
the mechanism for transfer of information from the primary sensory neuropils of the brain to the
mushroom bodies (Huang and Knowles, 1990; Bicker, 1999; Yasuyama and Salvaterra, 1999;
Yasuyama et al., 2002). Ismail et al. (2006) reported that treatment of caged honey bee foragers
with one week of prior foraging experience with the muscarinic cholinergic receptor agonist
pilocarpine increased the volume of mushroom body neuropil to the same extent as an additional
week of foraging under natural conditions. This result supports the hypothesis that signaling
through muscarinic receptors at calycal synapses activated by the enriched sensory world of the
forager drives foraging-dependent mushroom body growth. The role of cholinergic signaling in
the honey bee mushroom body has been investigated previously from various perspectives
including the timing of the initiation of foraging (Shapira et al., 2001) and olfactory association
learning (e.g. (Lozano et al., 2001), but never from the perspective of Kenyon cell dendritic
complexity. The present study was designed to test the prediction that pharmacological
stimulation of muscarinic cholinergic receptors by treatment of worker honey bees with the
agonist pilocarpine will increase the complexity of the calycal arborizations of wedge-type collar

51

Kenyon cells. Confirmation of this prediction will be interpreted as supporting the hypothesis
that naturally occurring, foraging experience-dependent growth of Kenyon cell arborizations also
depends on signaling via cholinergic muscarinic pathways. We also examined the possible role
of muscarinic signaling in the regulation of Kenyon cell dendritic arborizations in younger (preforaging) workers using treatments with the muscarinic agonist pilocarpine and scopolamine, a
muscarinic antagonist.

2.2 Materials and Methods
2.2.1 Honey bee collection and experimental design
Honey bees (Apis mellifera) were obtained from research apiaries maintained at Wake Forest
University (Forsyth County, NC, USA) according to standard commercial techniques. To obtain
newly emerged bees, brood comb containing pharate adult workers was removed from field
colonies and placed in an incubator (Percival Scientific, Inc., Perry, IA, USA) maintained at
33°C, 35 – 45 % relative humidity. For studies of pre-foragers, honey bees were collected within
6 h of emergence from their natal cell and immediately placed in small cages. To obtain hivereared bees, 1,000 honey bees (< 12 h post-emergence) were each marked on the dorsal thorax
with a single dot of enamel paint (Testors PLA, Rockford, IL, USA) and then returned to a
typical field colony containing a naturally-mated queen. The hive was opened one week later to
collect the marked bees (hereafter designated as hive 7-day-olds). To obtain known-age, knownexperience foragers, 6,000 - 8,000 honey bees (< 12 h post-emergence; ―focal bees‖) were each
marked on the dorsal thorax with a single dot of enamel paint and then returned to a typical field
colony containing a naturally mated queen. This experiment was repeated three times. For each
experiment, honey bees were marked and returned to a field colony over the course of two days,
as slightly staggering the age of the bees allowed brain dissections to be completed across
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multiple days while still permitting a comparison of bees of the same age and closely-matched
experiences. The hive entrance was observed for 4 – 6 h 19 days later. Any focal bee seen
foraging was marked with a second color of paint on the thorax. Because it is unknown when
these bees initiated foraging, they were excluded from the experiment. Beginning two days later,
focal foragers (those returning to the hive entrance bearing a single paint mark) were painted
with a new color on the thorax each day for two consecutive days. These bees were allowed to
forage under natural conditions in the field for an additional week before being collected and
brought into the laboratory for drug treatments. All of the studies reported here used worker bees
collected during the summers of 2008 and 2009. A timeline of the studies is provided (Fig. 1).

Figure 1. Experimental timeline. A, To study the effects of manipulating cholinergic
signaling in pre-foragers, bees were collected within 6 h of emergence. They were either
caged in groups of ten, paint marked and returned to the source colony, or immediately
processed for Golgi impregnation (1-day-olds). 7 days later, the brains of paint marked
bees collected from the hive and caged bees fed pilocarpine or scopolamine dissolved in
sucrose, or sucrose alone collected and processed for Golgi impregnation. B, To obtain
age and foraging experience matched honey bees, newly emerged bees were painted over
2 days and returned to the source colony (focal bees). Any focal bee seen foraging was
painted a second time on the abdomen and excluded from the study. Beginning 2 days
later, all focal bees with a single paint mark seen foraging were marked for 2 days with a
new color each day. These bees were collected one week later, caged in groups of ten in
the laboratory, and fed pilocarpine or scopolamine dissolved in sucrose, or sucrose
alone. An additional week later, the brains of caged, treated one-week foragers were
collected and processed for Golgi impregnation. Names used to designate the different
groups of brains analyzed are given in bold
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Foragers collected in the field were housed in the laboratory in Plexiglas cages (10 cm x 10
cm x 7 cm, 10 bees per cage). For the studies of pre-foragers caged immediately upon their
emergence from the brood comb, bees were kept in the Percival incubator (28°C, 35 – 45 %
relative humidity) in darkness for one week. Caged bees were fed a 1:1 solution of sucrose
(Sigma, St. Louis, MO, USA) dissolved in deionized water (control; hereafter designated as
sucrose 7-day-olds) or a sucrose solution of the same concentration with either pilocarpine
(Sigma; 10-4 M; muscarinic agonist; designated pilocarpine 7-day-olds) or scopolamine (Sigma;
10-2 M; muscarinic antagonist; designated scopolamine 7-day-olds). For studies using foragers,
caged honey bees were kept on the benchtop in a dark room (26 – 28°C, 25 – 30 % relative
humidity) and fed 1:1 sucrose (sucrose foragers) or pilocarpine (10-6 M; pilocarpine foragers) or
scopolamine (10-4 M; scopolamine foragers) dissolved in the same concentration of sucrose for
five days. These doses were chosen to match earlier studies demonstrating neuroanatomical
and/or behavioral effects of these drugs (Ismail et al., 2006; Ismail et al., 2008). Feeding tubes
were changed daily to prevent fermentation of the sucrose solution; dead bees were removed via
illumination with a red light invisible to bees (Peitsch et al., 1992). Bees that do not ingest
carbohydrates typically do not survive more than 24 h; therefore bees that survived until the end
of the treatment period are guaranteed to have been exposed to the drug for several days (Lorenz
et al., 2001). Great care was taken to ensure that the effects reported, which are quantitative
rather than qualitative in nature, reflect muscarinic activation or antagonism, rather than
differences in age or foraging experience. For example, social aspects of the environment, such
as rearing caged bees under solitary conditions or allowing dead bees to remain in the cage for
the duration of the study, have also been shown to influence the volume of the mushroom bodies
in honey bees (Maleszka et al., 2009). In the present study, all caged bees were initially housed

54

in groups of ten. Dead bees were removed daily and data were not collected from bees reared in
cages of fewer than 6. We therefore attribute the measured changes in dendritic arborizations of
the collar Kenyon cells to the specific treatments, rather to age or early experience.

2.2.2 Golgi impregnation
A combined Colonnier-rapid Golgi impregnation protocol was used to label individual
Kenyon cells (Li and Strausfeld, 1997). Honey bees were cooled at 4°C until immobilized.
Brains were dissected from the head capsule in iced 2.5 % potassium dichromate [Electron
Microscopy Sciences (EMS), Hatfield, PA, USA] solution containing 1.3 % sucrose (Sigma) and
4 % glutaraldehyde (EMS) in a downdraft fume extractor (Hacker Instruments, Winnsboro, SC,
USA). Brains were then fixed in a fresh glass vial containing the dissection solution for five days
in the dark at 4°C. This dissection solution was replaced with fresh solution on the fifth day,
followed by 4 washes for 30 min each in fresh 2.5 % potassium dichromate, the brains were
moved to a fresh glass vial containing 2.5 % potassium dichromate and 0.1 % osmium tetroxide
(EMS) for 5 days in the dark at 4°C. The brains were then individually moved with a plastic
pipette to a fresh bath of 0.75 % silver nitrate solution (EMS) twice before being incubated in a
new glass vial with 0.75 % silver nitrate for 2 days at 4°C. They were then dehydrated through
increasing ethanol concentrations and cleared in propylene oxide (Sigma) before embedding in
Durcupan (EMS, Hatfield, PA, USA). After being cured at 60°C for at least 36 h, the embedded
brains were sectioned at 50 µm thickness using a tungsten carbide C microtome blade. The
sections were mounted in a drop of deionized water on Superfrost Plus slides (Fisher Scientific,
St. Louis, MO) and coverslipped using Permount (Fisher Scientific).
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2.2.3 Analysis of Golgi impregnated dendritic arbors
Only wedge Kenyon cells of the Kb type (hereafter simply wedge Kenyon cells) in the
collar subdivision of the mushroom body were selected for analysis. The collar represents the
largest subdivision of the honey bee calyx and in previous studies has been shown to display
significant modulation of volume in association with foraging experience (Durst et al., 1994;
Farris et al., 2001). The wedge collar Kenyon cells are unequivocally identifiable and are
characterized by a somewhat flattened cytoarchitecture favorable for reconstruction and
quantitative analysis. To be included in this study, the entire arbor of the wedge collar Kenyon
cell had to reside within a single 50 µm-thick section with relatively few overlapping branches
from other Kenyon cells. A single Golgi-impregnated bee brain typically contained 0 to 2 collar
Kenyon cells that met these stringent criteria. Slides selected for analysis were encoded by a
third party to ensure that subsequent measures were performed blind with respect to group
identity. A camera lucida attached to an Olympus BH2 upright microscope (Olympus, Center
Valley, PA, USA) with a 100x Olympus lens (D Plan, 1.30 NA), a 1.25x ring adapter (Olympus),
and Olympus 10x eye pieces were used to trace the dendritic arbor at 1250x total magnification.
The drawings were then enlarged (3.5x) before completing branch order and Sholl ring analysis.
For spine density analysis, coded slides were imaged on a Zeiss AxioObserver inverted
microscope (Thornwood, NY, USA) with a 40x Zeiss lens (Plan Neofluar, 0.85NA,Thornwood,
NY, USA), 1.6x optivar, and a 10x eyepiece for a total magnification of 640x. A series of
consecutive optical sections were acquired using a Hamamatsu (Bridgewater, NJ, USA) ORCA
ERA camera with a Z-step of 0.2 µm and were imported into the program Volocity (Improvision,
Coventry, England). The analysis program was calibrated so that the pixel to distance conversion
allowed for accurate measurements.
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2.2.4 Branch order analysis
Volkmar and Greenough (1972) used branch order analysis to examine the complexity of the
dendritic arborizations of visual cortex neurons in rats; Farris et al. (2001) adapted this method
for use with honey bee collar Kenyon cells as follows. Insect neurons differ in cytoarchitecture
from those of vertebrates in that the typical insect neuron is unipolar and soma of the insect
neuron is contained in a separate compartment than the neuropil (Burrows, 1996). Collar Kenyon
cells extend a single (primary) neurite from the soma before it branches to form a distinct
dendritic arbor and an axonal projection to the lobes. The point at which the dendritic
arborization branches from the primary neurite was used as the point of origin for the analysis.
All dendritic segments arising from this point on the main neurite were designated 1, as were any
dendritic segments arising proximal to this branch point. If the dendrite branches again, those
segments were assigned a 2 and so on until the end of the arbor was reached. The total number of
dendritic branches and total number of segments of a given order were compared across
experimental groups. This provides a comparison of the total extent of branching in each
dendritic arbor.

2.2.5 Sholl ring analysis
Dendritic length was quantified using a slight modification of the traditional Sholl ring
analysis (Sholl, 1953). A Sholl ring analysis centers a series of concentric circles on a vertebrate
neuron’s soma. For the same reason noted in the preceding section, a series of concentric circles
spaced 10 mm apart (corresponding in our analysis to 5 µm of tissue) printed on clear acetate
was instead centered at the base of the readily identifiable main branch point of drawings of the
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dendritic arbor (Fig. 2). The number of segments that cross at each of the consecutive rings were
counted as an estimate of the number of segments of a given length that are present in each
arbor. The total number of Sholl ring intersections, summed across all rings, provides a global
estimate of dendritic complexity.

Figure 2. Golgi-stained dendritic arborizations of wedge collar Kenyon cells in bees of
different ages and treatments. A, Kenyon cell dendrites in a 1-day-old bee. B,C,D,
Kenyon cell dendrites in seven-day-old bees treated chronically from the first day of
adult life with pilocarpine (B), sucrose (control) (C), and scopolamine (D). E, F, Kenyon
cell dendrites in foragers with one week of foraging experience followed by caging, fed
either pilocarpine (E) and scopolamine (F) for five days. Scale bars = 10 µm.

2.2.6 Spine density analysis
Two centrally located, clearly visible long branches were selected for analysis from each
wedge collar Kenyon cell included in this study. Each branch selected was divided into three
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non-overlapping 10 µm segments designated proximal, medial, or distal. The proximal segment
was defined as the first 10 µm stretch of branch starting at the first spine. The medial segment
was from 20 µm to 30 µm from the main branch point. The distal segment was defined as the
final 10 µm section of the branch. The density of the four different spine morphologies were
calculated within each segment. A spine was defined as a protuberance from the dendrite. Four
spine morphologies were included in our analysis: mushroom, filopodia-like, branched, and
tooth. Spines were classified by first determining whether the spine was branched. If unbranched,
the head-to-neck ratio was measured. If the head was greater than twice the size of the neck, the
spine was classified as a mushroom and as filopodia-like or tooth if the spine was less than twice
the size of the neck. The latter category was subdivided according to the following criterion: if
the spine was less than 1 µm in length, it was classified as a tooth, otherwise it was labeled
filopodia-like.

2.2.7 Statistical analysis and preparation of images for publication
Data were decoded and grouped appropriately before analysis in Prism 5 (GraphPad
Software, La Jolla, CA, USA) utilizing one-way ANOVAs with Newman-Keuls multiple
comparisons post-test to assess differences in total branches, total Sholl ring intersections, and
total spine density among the treatment groups. Where appropriate, t-tests were also used for
pairwise comparisons. Adobe Photoshop CS4 Extended version 11.0.1 (Adobe Systems
Incorporated, San Jose, CA) was used to increase the contrast in photomicrographs of Golgiimpregnated Kenyon cells for presentation as figures.
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2.3 Results
2.3.1 Muscarinic signaling influences growth of the dendritic arbor in pre-foragers
Worker honey bees were collected as they emerged from their cells in a brood comb. Brains
were dissected immediately from a subset of these bees (one-day-olds), while others were
transferred to cages held in a laboratory incubator and treated for one week. One group of caged
bees was fed sucrose syrup (sucrose 7-day-olds); a second group was fed sucrose syrup
containing pilocarpine (pilocarpine 7-day-olds), a muscarinic cholinergic receptor agonist; a
third group was fed sucrose syrup containing scopolamine (scopolamine 7-day-olds), a
muscarinic cholinergic receptor antagonist. A fifth group of age-matched bees (hive 7-day-olds)
was marked at emergence and returned to a typical field colony for collection one week later.
Examples of the resulting Golgi-impregnated Kenyon cells are shown in Fig. 2. Treatments
resulted in significantly different counts of total Sholl ring intersections [one-way ANOVA (df =
2, 37), F = 6.152; p = 0.004] and total branches [one-way ANOVA (df = 2, 40), F = 8.138; p =
0.001]. One week of pilocarpine treatment of newly emerged bees resulted in significantly more
total Sholl ring intersections (Newman-Keuls, p < 0.01) and total dendritic segments (NewmanKeuls, p < 0.01) than age-matched bees treated with scopolamine (Figs. 3A and 4A). Sucroseonly 7-day-olds (controls) had fewer total branches (Newman-Keuls, p < 0.01) but equivalent
total Sholl ring intersections compared with pilocarpine-fed 7-day-olds. An equal number of total
branches but more total Sholl ring intersections (Newman-Keuls, p < 0.05) differentiated
sucrose-only controls and scopolamine-fed 7 day old. Hive 7 day olds had fewer total branches
than pilocarpine-treated 7-day-olds and were not different from scopolamine and sucrose-fed 7day-olds (Newman-Keuls, p < 0.05). Total Sholl ring intersections of hive 7-day-olds were
greater than scopolamine treated but equal to sucrose and pilocarpine-fed 7-day-olds (Newman-
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Keuls, p < 0.05). Only at branch order 3 was a difference found between the treatment groups
(Fig. 5A), but there was no difference in individual Sholl ring intersections (Fig. 6A). One day
old bees had more total Sholl ring intersections (unpaired, two-way t-test, p = 0.023) and total
branches (unpaired, two-way t-test, p = 0.028) than scopolamine-fed 7-day-olds (Fig. 7), but
were equivalent to pilocarpine-treated 7-day-olds (Sholl ring: unpaired, two-way t-test, p =
0.391; Branch order: unpaired, two-way t-test, p = 0.495; Fig. 8).

Treatment group
Pre-foragers
1-day-old
Pilocarpine
Scopolamine
Sucrose-only
Hive
Forager (1 week)
Pilocarpine
Scopolamine
Sucrose-only

Age (d)

No. of bees used

No. of neurons analyzed for
dendritic complexity analysis

No. of branches used
in spine analysis

1
7
7
7
7

6
12
13
15
10

6
13
15
15
10

N/A
8
9
10
6

30 - 31
30 - 31
30 - 31

9
5
9

12
6
10

20
10
18

Table 1. Number of samples analyzed and age of worker honey bees used in Golgi analyses.
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Figure 3. Total number of Sholl ring intersections of collar Kenyon cells from age- and
experience-matched honey bees. A, Comparison of seven-day-old honey bees after one
week of chronic treatment. B, Comparison of foragers with one week of foraging
experience after caging for 5 days of chronic treatment with pilocarpine, scopolamine, or
sucrose. Sample sizes for each group are listed in Table 1. Statistical analysis of these
data used a one-way ANOVA model. Groups assigned the same letter are not different
(Newman-Keuls post hoc tests).

Figure 4. Total number of dendritic segments of collar Kenyon cells from age- and
experience-matched honey bees. A, Comparison of seven-day-old honey bees after one
week of chronic treatment. B, Comparison of one-week foragers after 5 days of chronic
treatment. Sample sizes for each group are listed in Table 1. Statistical analysis of these
data used a one-way ANOVA model. Groups assigned the same letter are not different
(Newman-Keuls post hoc tests).
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Figure 5. Distribution of dendritic branch order for age- and experience-matched honey
bees. A, Comparison of seven-day-old honey bees after one week of chronic treatment. B,
Comparison of one-week foragers after 5 days of chronic treatment. Sample sizes for
each group are listed in Table 1. Statistical analysis of these data used a one-way
ANOVA model. Letters indicate significant differences in segment number for each
branch order as determined by post hoc pairwise comparisons (unpaired, two-tailed ttest). Groups assigned the same letter are not different.

Figure 6. Treatment related changes in the distribution of Sholl ring intersections of
collar Kenyon cells. A, Comparison of seven-day-old honey bees after one week of
chronic treatment. B, Comparison of one-week foragers after 5 days of chronic treatment.
Sample sizes for each group are listed in Table 1. Statistical analysis of these data used a
one-way ANOVA model. Letters indicate significant differences in for each 5 µm
interval as determined by post hoc pairwise comparisons (unpaired, two-tailed t-test).
Groups assigned the same letter are statistically similar to each other.
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Figure 7. The dendritic arbors of one-day-old honey bee collar Kenyon cells are more
complex that of one-week old, scopolamine fed bees. A, A greater number of total
dendritic segments were observed in one-day-old bees than seven-day-old scopolamine
treated bees. B, A greater number of total Sholl ring intersections were observed in oneday-old bees than seven-day-old scopolamine treated bees. Letters indicate significant
differences as determined by post hoc pairwise comparisons (unpaired, two-tailed t-test).

Figure 8. The dendritic arbors of one-day-old honey bee collar Kenyon cells are not
different from that of one-week old, pilocarpine fed bees. A, No difference in total
dendritic segments was observed in one- day-old bees than seven-day-old pilocarpinetreated bees. B, No difference in the number of total Sholl ring intersections was observed
in one-day-old bees than seven-day-old pilocarpine-treated bees. Groups assigned the
same letters are significantly similar to each other as determined by post hoc pairwise
comparisons (unpaired, two-tailed t-test).

2.3.2 Pilocarpine increases dendritic complexity in foragers
Dendritic complexity was assessed in three age-matched, foraging experience-matched
groups of forager honey bees using branch order and Sholl ring analyses. All bees initiated
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foraging and accumulated a week of foraging experience in a typical field colony prior to caging
in the laboratory fed either pilocarpine (pilocarpine foragers) or scopolamine (scopolamine
foragers) dissolved in sucrose syrup, or sucrose syrup alone (sucrose foragers).These three
groups of caged one-week foragers had significantly different total Sholl ring intersections [oneway ANOVA (df = 5, 49), F = 3.260; p = 0.012] and total branches [one-way ANOVA (df = 2,
25), F = 6.007; p = 0.007]. Foragers treated with pilocarpine had significantly more total Sholl
ring intersections (Newman-Keuls, p < 0.05) and total branches (Newman-Keuls, p < 0.05) than
age- and foraging experience-matched foragers fed either scopolamine or sucrose (Figs. 3B and
4B). Sucrose-only bees (controls) did not differ from scopolamine-treated bees on either measure
(Newman-Keuls, p < 0.05). Pilocarpine treatment exerted its greatest effect on the higher branch
orders. There was no difference across treatments in the total number of branches of orders 1-3
[one-way ANOVA (df = 2, 25), F = 0.8575; p = 0.436], but pilocarpine-treated foragers had
significantly more total branches of orders 4-9 [Fig. 9; (one-way ANOVA (df = 2, 25), F =
4.457; p = 0.022); Newman-Keuls, p < 0.05]. Pilocarpine-treated foragers had higher counts of
branch orders 4 (unpaired, two-way t-test, p = 0.041) and 5 (unpaired, two-way t-test, p = 0.009),
significantly more than those of scopolamine-fed foragers. Sucrose controls differed from
pilocarpine-fed foragers on branch order 5 (unpaired, two-way t-test, p = 0.038; Fig, 6B).
Correspondingly, a higher number of intersections at the Sholl ring corresponding to 20 µm were
found in the pilocarpine-treated foragers compared with sucrose or scopolamine-treated foragers
(unpaired, two-way t-test, p = 0.044; Fig. 6B).
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Figure 9. Pilocarpine treatment increases the number of higher order branches
preferentially in one-week foragers. A, Comparison of the total number of segments of
orders 1 – 3. B, Comparison of the total number of segments of orders 4 – 9. Sample sizes
for each group are listed in Table 1. Statistical analysis of these data used a one-way
ANOVA model. Groups assigned the same letter are not different (Newman-Keuls post
hoc tests).

2.3.3 Spine density analysis
In each region (proximal, medial, or distal relative to the main branch point), the number of
mushroom, tooth-like, filopodia-like, and branched spines were counted in both 7-day-old and
forager groups (Fig. 10C). No difference was found among the individual spine morphologies (7day-old: mushroom, one-way ANOVA (df = 14, 90), F = 1.371; p = 0.183; tooth-like, one-way
ANOVA (df = 5, 36), F = 0.968; p = 0.450; filopodia-like, one-way ANOVA (df = 14, 90), F =
1.973; p = 0.058; branched, one-way ANOVA (df = 14, 90), F = 0.605; p = 0.854; Forager:
mushroom, one-way ANOVA (df = 5, 87), F = 1.679; p = 0.148; tooth-like, one-way ANOVA
(df = 6, 135), F = 1.992; p = 0.314; filopodia-like, one-way ANOVA (df = 6, 135), F = 0.992; p
= 0.433; branched, one-way ANOVA (df = 6, 135), F = 0.849; p = 0.534). Hence, the data were
pooled to evaluate total spine density in subsequent comparisons. Treatment with pilocarpine or
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scopolamine had no effect on total spine density in the proximal, medial, or distal regions of
either seven day old (proximal: one-way ANOVA (df = 4, 30), F = 0.409; p = 0.810; medial:
one-way ANOVA (df = 4, 30), F = 1.175; p = 0.342; distal: one-way ANOVA (df = 4, 30), F =
0.258; p = 0.902; Fig. 10A) or forager (proximal: one-way ANOVA (df = 2, 46), F = 0.059; p =
0.942; medial: one-way ANOVA (df = 2, 41), F = 1.659; p = 0.203; distal: one-way ANOVA (df
= 2, 46), F = 0.538; p = 0.586; Fig. 10B) Kenyon cells. Regardless of treatment, the most distal
region of wedge collar Kenyon cell dendrite had a greater total spine density than either proximal
or medial regions (Seven day old: one-way ANOVA (df = 11, 87), F = 6.26, p < 0.0001;
Foragers: one-way ANOVA (df = 11, 272), F = 17.69, p < 0.0001).

Figure 10. Dendritic spine density varies by location, but not treatment, in collar Kenyon
cells. A, Comparison of total dendritic spines in each dendritic region of seven-day-old
honey bees after one week of chronic treatment. B, Comparison of total dendritic spines
in each dendritic region of one-week foragers after 5 days of chronic treatment. C, The
dendritic arbor of a collar Kenyon cell from a typical forager is shown. The boxed region
is enlarged in the inset showing spines of difference morphologies. Four spine
morphologies are found on collar Kenyon cells, mushroom (arrow), tooth-like
(arrowhead), filopodia-like (double-arrow), and branched (double-arrowhead). D, A
single segment which extends from the main branch point was divided into 3 regions
indicated by the boxes for spine density analysis. Sample sizes for each group are listed
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in Table 1. Statistical analysis of these data used a one-way ANOVA model. Groups
assigned the same letter are statistically similar to each other. Scale bars = 10 µm.

2.4 Discussion
The principal significance of these results is that they provide evidence that changes in
cholinergic receptor activation can affect the morphology of mushroom body neurons. Activation
of muscarinic cholinergic receptors via pilocarpine treatment induced an increase in several
measures of dendritic complexity of wedge collar Kenyon cells in both young pre-forager and
forager honey bees. Spine density varied with sampling location: the distal portion of the
dendritic field had greater total spine density than either the proximal or medial section. Neither
pilocarpine nor scopolamine treatment altered the distribution of spines.
Previous studies have repeatedly demonstrated that the experience of foraging under natural
conditions increases the volume of the mushroom body neuropil, at least in part through
stimulation of Kenyon cell dendritic outgrowth (Withers et al., 1993; Ismail et al., 2006; Farris et
al., 2001). Caged one-week foragers fed the muscarinic agonist pilocarpine for a week were
found to have an increase in volume of mushroom body neuropil of approximately the same
extent as age matched foragers allowed to experience a second week of foraging (Ismail et al.,
2006). Changes in volume may reflect many aspects of brain structure, including increased
inputs from projection neurons, a growth of inhibitory feedback neurons, changes in Kenyon cell
dendritic arbor complexity, and/or possibly technical artifacts. We show here that a comparable
pilocarpine treatment resulted in increased dendritic complexity of wedge collar Kenyon cells.
Using a different sampling scheme (comparison of two groups of precocious foragers with
different amounts of foraging experience), Farris et al. (2001) found that longer foraging
experience was correlated with increased numbers of dendritic segments with the highest branch
orders, as well as a greater number of intersections in the Sholl rings corresponding to 20 µm, 30
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µm, and 40 µm. Although the differences in experimental design make a direct comparison
impossible, it appears that muscarinic receptor-regulated dendritic growth differs slightly from
growth induced by natural foraging experience; the number of branches of fourth and fifth order
and counts of Sholl ring intersections corresponding to 20 µm of tissue were significantly higher
in pilocarpine-treated foragers than scopolamine-treated foragers. This suggests that muscarinic
activation in and of itself, although growth promoting, is not a complete replacement for foraging
experience. Other factors associated with foraging may modulate the effects of muscarinic
signaling via alterations in gene expression or co-release of other neurotransmitters. The present
results, however, support the hypothesis that one of the important differences between hive bees
and experienced foragers is the amount of cholinergic neurotransmission in the mushroom body
calyces. The results also suggest that this mechanism can be engaged at any time in the life of a
worker honey bee, independent of age or prior foraging experience. This is in accord with
previous demonstrations of foraging-induced growth of the mushroom body neuropil in bees
induced to forage precociously (Withers et al., 1993; Durst et al., 1994; Farris et al., 2001).
Kenyon cell development is also potentially impacted by levels of circulating hormones, such as
ecdysteroids (Velarde et al., 2009). We hypothesize that a baseline level of growth resulting from
nuclear receptor activation may be locally modulated through cholinergic synaptic transmission.
Only wedge-shaped collar Kenyon cells were included in our analysis, and at present no
information is available that permits these results to be generalized to other categories of Kenyon
cells or other compartments of the calycal neuropil. Wedge-shaped collar Kenyon cells are a
homogenous population that allow ―like-versus-like‖ comparisons of dendritic morphology. By
focusing a single subtype of Kenyon cell, we were able to provide quantitative measures for an
exemplar of experience-dependent structural plasticity. Previous reports found that foraging
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experience is positively correlated with their complexity (Farris et al., 2001). Other mushroom
body neurons likely undergo dendritic reorganization as well. In the paper wasp, foraging
increases dendritic complexity of both lip and collar Kenyon cells (Jones et al., 2009). Changes
in honey bee mushroom body volume in response to experience occur in the lip, collar, basal
ring, and the peduncle (Kenyon cell axons) (Withers et al., 1993; Durst et al., 1994; Withers et
al., 1995).
In addition to linking the pilocarpine-induced growth of mushroom body neuropil reported
in experienced foragers by Ismail et al. (2006) to changes in dendritic complexity, we also
probed the capacity of wedge collar Kenyon cells in young pre-foragers to respond to the
muscarinic agonist. Farris et al. (2001) found the wedge collar Kenyon cells of one-day-old bees
had more total dendritic branches than the 9-10 day old nurse bees also included in that study.
This suggested that the dendritic arbors of the wedge collar Kenyon cells undergo regression
(retraction or pruning) during the first week of adult life. A similar finding was also reported in
the ant mushroom body by Seid, Harris, and Traniello (2005). Young worker ants have a greater
number of axonal boutons (presynaptic specializations) than older workers. Pruning continues
throughout the ant’s behavioral development as experienced foragers have reduced numbers of
boutons in the lip and collar compared with younger callows (Seid and Wehner, 2009). The data
presented here confirm previous suggestions of mushroom body pruning by Farris et al. (2001)
and Seid et al. (2005) and Seid and Wehner (2009). Regression of Kenyon cell arbors, and
possibly presynaptic boutons, may be regulated during normal development of young adult
workers via cholinergic signaling because chronic stimulation of muscarinic receptors by feeding
pilocarpine resulted in dendritic arbors similar in complexity to those observed in one-day-olds,
whereas blocking muscarinic activation by feeding scopolamine resulted in neurons with simpler
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arborizations than one-day-olds. Furthermore, 7-day-old pilocarpine-treated bees had more total
Sholl ring intersections than scopolamine-treated 7-day-olds, and more total branches than either
scopolamine-treated, hive, or sucrose 7-day-olds. This suggests that the extent of cholinergic
neurotransmitter release by mushroom body afferents (reflecting changes in sensory experience)
regulates the shape of Kenyon cell dendritic arbor during the first week of adult life.
The dynamics of the structural plasticity reported here cannot be determined using end-point
measurements such as Golgi-based reconstructions. In addition, the particular synapses directly
affected by the muscarinic agents cannot be specified. The honey bees in these studies orally
ingested either a muscarinic agonist or antagonist dissolved in sucrose. After ingestion, the drugs
presumably diffuse from the midgut into the hemolymph and bathe the entire brain. It is enticing
to assume the primary effect of these drugs was directly on the Kenyon cell dendritic
arborizations, but the possibility cannot be excluded that the inputs into these cells, either
afferents from the optic lobe or mushroom body feedback neurons, are the main site of action
and that changes in their activity drive the changes measured here. Repeated in vivo imaging of
an individual Kenyon cell treated with muscarinic active compounds would be required to
address issues of structural dynamics; microinjections of agonists and antagonists directly into
various brain regions could determine if Kenyon cell synapses or their inputs are the primary
driver of structural plasticity.
Three previous studies have directly examined spine density on dendrites of honey bee
Kenyon cells (Coss et al., 1980; Brandon and Coss, 1982; Farris et al., 2001). Our study differs
from these earlier studies in that we examined the density of spines in three distinct regions
(proximal, medial, and distal with respect to the primary neurite) of the dendritic field rather than
pooling all spines visible in a single plane of focus (Coss et al., 1980; Brandon and Coss, 1982)
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or measuring a single region (which corresponds to our defined medial region; Farris et al.,
2001). We found that, while manipulation of muscarinic signaling did not affect total spine
density, the distal region always had nearly twice as many total spines as either the proximal or
medial regions. Because collar Kenyon cells receive stratified input from the optic lobe, this
distribution of dendritic spines may have functional significance. Afferents from the lobula,
shown to be motion sensitive, project into the proximal region of the collar, whereas those from
the color sensitive medulla project more distally (Ehmer and Gronenberg, 2002). Although Golgi
impregnation cannot indicate whether a spine forms a functional synapse, the higher number of
spines in the distal region may represent unequal representation of different attributes of the
visual world in the collar, with heavier weighting given to color in more experienced foragers.
Honey bees have trichromatic color vision and foraging bees attend to color cues associated with
flowers, feeders, and hive entrances (e.g. Menzel and Blakers, 1976; Winston, 1987; reviewed in
Mujagic et al., 2010).
Studies of the calyces of the mushroom bodies based on different cell labeling techniques
have yet to be integrated into a single compelling scenario that incorporates structural plasticity.
On one hand, we have the Golgi-based catalog of the different categories of Kenyon cells and
several studies documenting quantitative changes in Kenyon cell dendritic arborizations
associated with foraging and, now, treatments that affect cholinergic neurotransmission. On the
other hand, we have the results of studies combining labeling of f-actin and postsynaptic
specializations demonstrating that projection neurons from primary sensory areas form
microglomerular synaptic complexes involving Kenyon cell spines (Frambach et al., 2004; Groh
et al., 2004; Groh et al., 2006). Changes in the density of microglomeruli, but not changes in
neuropil volume, have been reported to occur in the lip region of the calyx after olfactory
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conditioning of the proboscis extension response led to the formation of a memory that persisted
for 72 h (Hourcade et al., 2010). Our data suggest that new dendritic branches serve as the basis
of new microglomeruli rather than being added to existing microglomerular structures. The lack
of a link between increased density of microglomeruli and neuropil volume in the olfactory
conditioning paradigm likely reflects the delicate and selective nature of the synaptic plasticity
associated with learning a single odor/reward pairing. By contrast, the transition to foraging (or
pharmacological treatment with a muscarinic agonist) would be expected to impact the majority
of synapses in the mushroom body calyces, resulting in changes that can be observed both at the
level of individual Kenyon cells and in measures of neuropil volume.
The behavioral implications of Kenyon cell plasticity have yet to be determined. Neuronal
morphology influences the number and type of synaptic contacts; neurons with longer dendrites
and/or broader dendritic fields have a greater opportunity to interact with more synaptic partners.
Changing dendritic morphology, either through normal development, accumulating foraging
experience, or pharmacological treatment, therefore leads to functional changes of the affected
neurons. A feedback cycle can be envisioned whereby experience influences neuronal structure,
changes in structural influence sensory processing, which ultimately leads to an adapted
behavior. It is unknown how foraging-related mushroom body changes influence behavior, but
foraging experience has been linked to improved foraging efficiency (Dukas and Visscher, 1994;
Schippers et al., 2006).
In summary, we have demonstrated that pilocarpine (muscarinic agonist) increased the
dendritic complexity of wedge collar Kenyon cells in young and foraging-aged bees and that
scopolamine (muscarinic antagonist) enhanced normal developmental pruning. These results
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suggest a mechanism by which foraging experience is coupled to structural plasticity in the adult
honey bee brain.
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3.1 Introduction
The honey bee, Apis mellifera, provides a powerful insect model for the study of
experience-dependent brain plasticity (Fahrbach and Dobrin, 2009; Giurfa, 2007; Groh and
Meinertzhagen, 2010). Studies of neural plasticity in the honey bee have focused on neuropils
associated with the mushroom bodies and the antennal lobe. Typical occurrences in the daily
lives of honey bees such as foraging or exposure to a queen lead to measureable changes in the
structure and function of the brain.
The first 3 weeks of a worker honey bee’s adult life are spent performing tasks inside the
hive (Winston, 1987). Workers then transition to foraging. As foragers, they take multiple flights
from the hive each day in search of resources: primarily pollen and nectar, but also water and
propolis. A brain region-specific increase in neuropil volume follows this behavioral transition.
The neuropils associated with the mushroom bodies are significantly larger in more experienced
foragers than in less experienced foragers (Durst et al., 1994; Withers et al., 1993). Foraging
experience has also been linked to changes in mushroom body dendritic spine morphology and to
changes in the number and volume of areas of synaptic contact in the calyces of the mushroom
bodies called microglomeruli (Coss et al., 1980; Krofczik et al., 2008). Studies of precocious
foragers indicated that the changes in the mushroom body neuropils reflect primarily foraging
experience rather than age (Farris et al., 2001; Withers et al., 1993).
Associative learning also results in structural plasticity in specific regions of the honey
bee brain. The proboscis extension reflex (PER) is used to study associative learning in the
honey bee (Bitterman et al., 1983). Honey bees (and other insects) restrained in small harnesses
will learn to extend their proboscis in response to an arbitrary cue, such as an odor or flash of
light, after pairing the cue with presentation of a sugar solution. PER training has been linked to
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increased volume of odor-specific glomeruli in the antennal lobe and increased density of
microglomeruli in the olfactory region of the mushroom body calyces (Brown et al., 2002;
Hourcade et al., 2009, 2010). In other studies, the volumes of specific antennal lobe glomeruli
were found to be correlated with foraging experience and colony queen status (Morgan et al.,
1998; Sigg et al., 1997). All of these examples of structural plasticity in the adult honey bee brain
– foraging, associative learning, exposure to a queen – share the common feature of dependence
upon restructuring of the neuronal cytoskeleton.
Several key components of important intracellular signaling pathways have been
demonstrated to modulate the formation and retrieval of memories. These include protein kinase
C, proteins kinase A, cyclic AMP, cyclic GMP, and calpain (reviewed in Menzel, 2009;
Schwärzel and Müller, 2006). In the case of the formation of long term memories lasting hours to
days, these signaling cascades drive transcription and translation, and inhibition of either process
impairs subsequent retrieval. Other studies have explored this topic at the level of cellular
signaling. Initiation of foraging is associated with changing titers of juvenile hormone and the
yolk protein precursor, vitellogenin, as well as changes in individual nutritional status (Amdam
and Omholt, 2003; Ament et al., 2008, 2011; Fahrbach, 1997; Robinson, 1992; Toth et al., 2005).
But, to date the absence of juvenile hormone has not been shown to cause neuroanatomical
changes in the mushroom bodies (Sullivan et al., 2000), and the impact of vitellogenin titers or
nutrition on brain structure has not been studied.
Notably, signaling via neurotransmitter receptors has been linked to changes in neuron
structure in honey bees. Pharmacological activation of muscarinic cholinergic receptors in
worker honey bees prevented from foraging resulted in growth of the mushroom body neuropil
and increases in dendritic complexity that match changes observed in honey bees foraging under
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natural conditions (Dobrin et al., 2011; Ismail et al., 2006). Other small molecule
neurotransmitters - glutamate, octopamine, acetylcholine, dopamine, and serotonin - have been
demonstrated to modulate associative learning studied with PER, and it is possible and even
likely that many transmitters regulate experience-induced structural changes in the honey bee
brain (Hammer and Menzel, 1998; Locatelli et al., 2005; Lozano and Gauthier, 1998; Maleszka
et al., 2000; Müssig et al., 2010; Wright et al., 2010).
Focused analysis of expression of candidate genes in the honey bee brain has led to the
identification of several genes with expression modulated by foraging experience, including
insulin/insulin-like signaling (IIS), AmUSP, AmFor, and the putative immediate early gene
kakusei (Ament et al., 2008; Ben-Shahar et al., 2002; Kiya et al., 2008; Velarde et al., 2006). If
the products of these genes do have a role in the regulation of foraging-dependent structural
plasticity, they must be upstream of effector molecules directly interacting with the neuronal
cytoskeleton. Many other candidate genes related to brain plasticity have been identified but not
investigated. The sequencing of the honey bee genome (Honeybee Genome Sequencing
Consortium, 2006) offered the opportunity for large scale studies of associations between brain
gene expression and behavioral plasticity. Microarray-based comparisons of differences in
abundance of specific mRNAs between nurses and foragers revealed thousands of candidate
plasticity genes (Whitfield et al., 2003, 2006), nearly 500 of which are correlated with foraging
experience (Lutz et al., 2011).
Because the cytoskeleton determines dendritic morphology, the regulation of microtubule
and actin dynamics is the driver of dendritic structural plasticity. The neuronal cytoskeleton
comprises principally microtubules and actin filaments. In dendrites, bundles of microtubules
surrounded by a meshwork of actin filaments extend into the center of the dendritic shaft (Stuart
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et al., 2007). In addition to providing support, microtubules act as tracks on which mitochondria
and other organelles travel inside the neuron (Overly et al., 1996). Microtubules are dynamic
structures, and microtubule-associated proteins regulate rates of polymerization and disassembly
to control process growth, branching, and transport (Poulain and Sobel, 2010). By contrast, the
cytoskeleton of dendritic spines (small protrusions from the dendritic shaft that act as areas of
synaptic contact) is composed primarily of actin filaments. Regulation of actin polymerization is
critical in spine plasticity, as exemplified by changes seen in long-term potentiation and
depression (Dent et al., 2011). Recent studies have suggested that microtubules also transiently
invade dendritic spines (Hu et al., 2008; Jaworski et al., 2009).
Rho GTPases are small, monomeric G proteins that regulate cellular morphogenesis
through direct interactions with actin and microtubule-organizing proteins (Ponimaskin et al.,
2007). Cycling between the inactive GDP-bound and the active GTP-bound forms is controlled
by guanine nucleotide exchange factors, GTPase activating proteins, and guanine nucleotide
dissociation inhibitors (Nobes and Hall, 1994). Rac and RhoA, two of the best characterized Rho
GTPase family members, have been shown to regulate dendritic reorganization in the insect
Drosophila melanogaster, the amphibian Xenopus laevis, and other vertebrates including rodents
and humans (Bakal et al., 2007; Lee et al., 2000; Li et al., 2000; Nadif Kasri and Van Aelst,
2008; Nakayama et al., 2000; Newey et al., 2005; Sin et al., 2002; Threadgill et al., 1997).
Studies in which constitutively-active or dominant negative forms of the GTPases were
expressed in D. melanogaster implicated Rho GTPase proteins in the development of neuron
morphology, with Rac supporting and RhoA opposing growth (Genova et al., 2000; HakedaSuzuki et al., 2002; Lee et al., 2000; Lundquist, 2003).
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Because the functions of these proteins appear to be conserved, the present study was
designed to test the prediction that foraging experience alters levels of activated Rac and RhoA
in the worker honey bee brain. We used the model of foraging-dependent growth of Kenyon cell
dendritic arborizations, hypothesizing that foraging-associated dendritic growth is initiated
and/or regulated by Rho family GTPase activity. We predicted that growth-supporting Rac
activity would increase in parallel with increasing foraging experience, which is associated with
dendritic growth; conversely, growth-opposing RhoA activity would decrease in the mushroom
bodies of honey bees with increasing foraging experience. We assayed worker honey bees that
had initiated foraging at different ages and at different times of the year to examine experience-,
age-, and season-based changes in mushroom body Rho GTPase activity.

3.2 Materials and Methods
3.2.1 Honey bee collection and experimental design
Honey bees (Apis mellifera) were obtained from research apiaries maintained at Wake
Forest University (Forsyth County, NC, USA) using standard commercial techniques. To obtain
newly emerged bees, brood comb containing pharate adult workers was removed from multiple
field colonies and placed in an incubator (Percival Scientific, Inc., Perry, IA, USA) maintained at
33°C, 35 – 45 % relative humidity. To obtain known-age, known-experience foragers, 6,000 8,000 honey bees (< 12 h post-emergence; ―focal bees‖) were marked individually over the
course of two days on the dorsal thorax with a single dot of enamel paint (Testors PLA,
Rockford, IL, USA). Marked honey bees were returned to a typical field colony containing a
naturally-mated queen, where they were allowed to develop as foragers without further
manipulation. Twenty-one days later, when a large number of the marked bees had initiated
foraging, the hive entrance was observed for 5 – 7 h. Any focal honey bee observed returning to
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the hive entrance with a load of pollen or nectar was marked at that time with a second color of
paint on the abdomen. These foragers were excluded from the experiment because it is unknown
when they initiated foraging. Beginning two days later, 300 – 400 focal foragers (those returning
to the hive entrance bearing a single paint dot on the thorax) were painted with a new color on
the abdomen. These focal foragers were allowed to forage under natural conditions in the field
for 1, 4, 8, or 12 days before being collected as they returned to the hive entrance from a foraging
trip. To collect new foragers for comparison with experienced foragers, the hive entrance was
observed for 5 – 7 h the day prior to each collection. Each focal forager with a single paint mark
noted (those which initiated foraging 1, 2, or 3 days before) was marked with a second color of
paint on the abdomen and excluded from future collections. On the day of collection, bees with a
single paint mark (those which initiated foraging that day) were collected as new foragers. This
experiment was repeated two times in the summer of 2010, once beginning in May and again in
July. A timeline of the studies is provided (Fig. 1).

Figure 1. Experimental timeline. Worker honey bees were paint-marked on the dorsal
thorax within 12 hours of emergence and returned to a field colony the same day. This
was repeated with a second paint color the following day. Beginning 21 days later, the
hive entrance was observed and all focal foragers were painted a second time on the
abdomen and excluded from the study because the duration of their foraging experience
was unknown. Two days later, all focal bees with a single paint mark observed foraging
were paint-marked on the abdomen. Collection of foragers for Rho-GTPase assays began
the following day and was repeated every 4 days thereafter. On each collection day, focal
foragers (those allowed to accumulate 1, 4, 8, or 12 days of natural foraging experience)
were captured as they returned to the hive entrance and frozen in liquid nitrogen the field.
Additionally, all single-marked foragers observed returning to the hive entrance were
painted a second time the day prior to a collection. This meant that, on the day of
collection, any focal bee with a single paint mark had less than 24 hours of foraging
experience. These workers were collected as age-matched new foragers.
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Pollen and nectar foragers were collected as they returned to the hive with full pollen
baskets or distended abdomens. To facilitate collections, a wire screen (3 mm spacing) was
placed temporarily over the entrance of the hive to prevent bees from entering. Experienced and
new focal foragers were collected using forceps and immediately submerged (within seconds of
collection) into liquid nitrogen. Immediate freezing was required because inactivation of the Rho
family of GTPases can occur extremely rapidly (Murakoshi et al., 2011). Once collections for a
day had been completed, the frozen bees were individually transferred to a bed of dry ice and
decapitated. The frozen heads (containing the brains) were then immediately transferred to
individual prechilled microcentrifuge tubes, placed in a bath of liquid nitrogen, and finally stored
at -80°C until preparation of mushroom body lysates. It took approximately 1 – 2 minutes per
bee from removing the whole bee from liquid nitrogen to placing the microcentrifuge tube in
liquid nitrogen, and approximately 30 – 45 minutes to process all foragers and store the frozen
heads at -80°C.

3.2.2 Group definitions
The experiment was run twice, once beginning in May with forager collections in June
(June collection) and again beginning in July with forager collections in August (August
collection). Foragers were collected every 4 days beginning at 24 days old. On each collection
day, experienced foragers (those with more than one day of foraging experience) and new
foragers (those with less than 24 hours of foraging experience) of the same age were collected.
When referring to groups within a collection, the age of the bee will be followed by the number
of days of foraging experience. For example, 32/1 indicates a 32 day old new forager whereas
32/8 indicates a 32 day old forager with 8 days of foraging experience.
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3.2.3 Mushroom body lysate collection
Whole heads were lyophilized using a VirTis BenchTop 2K freeze dryer (SP Industries,
Warminster, PA, USA) for 45 min at 50 mTorr and -100°C condenser temperature. The
lyophilized heads were then stored 1 – 3 days at -80°C before dissection. Both mushroom bodies
from each brain were dissected in chilled absolute ethanol and placed into chilled
microcentrifuge tubes containing 80 µl phosphate buffered saline (PBS; Sigma, St. Louis, MO,
USA) with 1% protease inhibitor (Cytoskeleton, Denver, CO, USA). After the tubes were
centrifuged for 1 min at 4,400 rpm at 4°C in a 5415 R centrifuge (Eppendorf, Hauppauge, NY,
USA), the PBS was removed and replaced with 50 µl lysis buffer (Cytoskeleton) containing 1%
protease inhibitor. The cells were then lysed by vigorous trituration with a 200 µl pipette tip for 2
– 3 min. After tubes were centrifuged for 2 min at 13,200 rpm at 4°C, 30 µl of supernatant were
removed, transferred to a fresh chilled tube, and immediately frozen in liquid nitrogen. This
supernatant constituted the sample on which the GTPase activation assay was run. The original
tube containing the remaining supernatant and pellet remained on ice until mushroom body
lysates were collected from all heads in a batch (8 – 12 heads/batch). From the start of the
dissection to freezing of the tubes containing the samples took approximately 5 – 7 min.
Total protein concentration of the samples was determined by spinning the unfrozen
tubes containing the remaining supernatant and pellet at 13,200 rpm and 4°C for 2 min before
adding 10 µl of supernatant to 500 µl Precision Red Protein Assay Reagent (Cytoskeleton). The
absorbance was read 1 min later at 600 nm on a BioPhotometer (Eppendorf).

3.2.4 pan-Rac and RhoA activation assays
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For measurement of pan-Rac (Rac1, Rac2, and Rac3) and RhoA activity, commercially
available pan-Rac and RhoA Activation Assay Biochem kits (Cytoskeleton) were used according
to the manufacturer’s instructions and with the buffers supplied by the manufacturer. While
designed to recognize activated vertebrate GTPases, these kits were chosen for the study of
honey bee GTPase activity because there is 94 and 89% identity between rodent and honey bee
Rac1 and RhoA proteins respectively (SD, unpublished) and the kits had been previously used
successfully to study Rho GTPases in D. melanogaster neurons (Bakal et al., 2007). In these
absorbance-based assays, a membrane containing the binding domain of a Rac or RhoA effector
molecule coats the bottom of a 96-well plate; after sample addition, only the activated form of
the GTPase will bind and hence be detected in subsequent steps.
To begin the assay, cell lysates were partially thawed in a room temperature water bath
for 30 sec. Tubes were then transferred to ice and fresh lysis buffer (containing 1% protease
inhibitor) was added to equalize total protein concentration in each tube (0.5 mg/ml) based on the
previous protein concentration assays. An equal volume of binding buffer was also added to each
tube. After mixing this solution in the tip of a 200 µl pipette, 50 µl of each sample was added to
a well of the binding plate. Control wells (on each plate run) were filled with lysis buffer and
binding buffer (negative control) or with a non-hydrolyzable form of Rac or RhoA (appropriate
to the assay) in lysis buffer and binding buffer (positive control). The plate was then placed on a
400 rpm orbital shaker at 4°C for 30 min before being washed twice with 200 µl of wash buffer.
After removal of the wash buffer, 200 µl of antigen-presenting buffer were added to each well at
room temperature for 2 min. The wells were then washed three times with 200 µl of wash buffer
before incubating with the appropriate primary antibody (Rac: diluted 1:200 in antibody dilution
buffer; RhoA: diluted 1:250 in antibody dilution buffer) for 45 min at room temperature. After
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this incubation, the wells were washed 3 times with 200 µl of wash buffer and then incubated
with a horseradish peroxidase (HRP)-conjugated secondary antibody (Rac: diluted 1:100 in
antibody dilution buffer; RhoA: diluted 1:62.5 in antibody dilution buffer) for 45 min at room
temperature. Following 3 washes with 200 µl of wash buffer, 50 µl of HRP detection reagent
was added to each well followed by 50 µl of HRP detection reagent; pan-Rac assays were
allowed to incubate for 20 min at room temperature before addition of the detection reagent and
RhoA assays were incubated for 15 min at 37°C. The absorbance at 500 nm was immediately
recorded using a 1420 Multilabel Counter microplate reader (Perkin Elmer, San Jose, CA, USA).
Higher absorbance readings indicate higher levels of pan-Rac or RhoA activity.

3.2.5 Statistical analysis
For each sample, the negative control value from the same plate as the sample was
subtracted from the absorbance value. Data were grouped appropriately before analysis in Prism
5 (GraphPad Software, La Jolla, CA, USA) utilizing one-way ANOVAs with Newman-Keuls
multiple comparisons post-test to assess differences in GTPase activity between same-age
foragers of varying experience. Where appropriate, t-tests were used for pairwise comparisons.
Unless otherwise indicated, groups from the June and August collections have been pooled.

3.3 Results
3.3.1 pan-Rac activity is correlated with foraging experience
Worker honey bees of known age were permitted to accumulate up to 12 days of foraging
experience. Experienced foragers and age-matched new foragers were collected every 4 days.
Levels of activated pan-Rac differed significantly across groups of foragers [Fig 2; one-way
ANOVA (df = 6, 99), F = 2.828; p = 0.014]. When levels of activated pan-Rac were compared in
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same-age bees with different amounts of foraging experience, a significant difference was found
between 28 day old new foragers and 28 day old foragers with 4 days of foraging experience
(Newman-Keuls, p < 0.05; unpaired, two-way t-test, p = 0.0008). By contrast, foragers with 8 or
12 days of foraging experience did not differ from age-matched new foragers in the levels of
activated pan-Rac.

Figure 2. Activated pan-Rac was transiently increased in bees with less than one-week of
foraging experience. Foragers of known age that had foraged for different numbers of
days were collected and frozen in the field prior to mushroom body isolation and lysate
extraction. Statistical analysis of these data used a one-way ANOVA model. Numbers
represent the sample size for each group. * indicates statistically significant differences
between groups.

Levels of activated pan-Rac were not correlated with age of foraging onset, but instead
were transiently raised shortly after the onset of foraging. We examined foragers with one day of
foraging experience aged 24, 28, 32, and 36 days and found no difference in pan-Rac expression
[Fig 3A; one-way ANOVA (df = 3, 60), F = 1.743; p = 0.169]. Comparison of bees with
increasing foraging experience revealed a significant difference between the groups [Fig 3B;
one-way ANOVA (df = 3, 50), F = 3.080; p = 0.036], with 28 day old bees with 4 days of
foraging experience having higher levels than all other groups (Newman-Keuls, p < 0.05). These
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data suggest that a transient increase in mushroom body pan-Rac activity occurred as a result of
the first days of foraging. Raised levels were no longer evident in highly experienced foragers.

Figure 3. pan-Rac was transiently activated early in a forager’s career. Foragers of
known age that had foraged for different numbers of days were collected and frozen in
the field prior to mushroom body isolation and lysate extraction. A, Comparison of new
foragers of increasing age. B, Comparison of bees of increasing age and foraging
experience. Letters indicate significant differences activated pan-Rac as determined by
post hoc pairwise comparisons (unpaired, two-tailed t-test). Numbers represent the
sample size for each group. Groups assigned the same letter did not differ.

We compared the effect that season had on pan-Rac activation in foraging worker honey
bees. The experiment was repeated twice during the summer of 2010, in June and August. Owing
to rain on days 28 and 29 of the August collection, no 28 day old bees (new or experienced) were
collected. Comparisons of same-age, same experience foragers collected in June versus August
revealed no differences in levels of activated pan-Rac in the mushroom bodies (24/1: unpaired,
two-way t-test, p = 0.457; 32/1: unpaired, two-way t-test, p = 0.828; 32/8: unpaired, two-way ttest, p = 0.232; 36/1: unpaired, two-way t-test, p = 0.914; 36/12: unpaired, two-way t-test, p =
0.418).
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3.3.2 RhoA activity is regulated with experience, age, and season
On average, bees collected in August had lower levels of activated RhoA than bees
collected in June. Because foragers used for the pan-Rac and RhoA analyses were collected
simultaneously, no 28 day old bees were available for analysis in the August cohort owing to the
same spell of inclement weather. No differences were found between any of the August collected
groups [Fig 4B; one-way ANOVA (df = 4, 30), F = 1.068; p = 0.390]. However, a one-way
analysis of variance indicated significant differences in the levels of activated RhoA in all groups
collected in June [Fig 4A; one-way ANOVA (df = 6, 54), F = 3.699; p = 0.003].

Figure 4. Levels of activated RhoA showed seasonal differences in dynamics. Foragers
of known age that had foraged for different numbers of days were collected and frozen in
the field prior to mushroom body isolation and lysate extraction. A, Comparison of
foragers collected during June 2010. B, Comparison of foragers collected during August
2010. Statistical analysis of these data used a one-way ANOVA model. Numbers
represent the samples size for each group. * indicates statistically significant differences
between groups.

On the basis of the June collections, it was determined that 28 day old bees with 4 days of
foraging experience had significantly lower levels of activated RhoA than same-age new
foragers (unpaired, two-way t-test, p = 0.034), while experienced 32 and 36 day foragers had
significantly higher levels of activated RhoA than same-age new foragers (32 day: unpaired,
two-way t-test, p = 0.019; 36 day: unpaired, two-way t-test, p = 0.027). These data suggest that
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RhoA activity was reduced transiently during the initial days of foraging (as in 28 day bees with
4 days of foraging experience), but that sustained foraging experience resulted in a return to
basal levels of activation (as in 32 and 36 day experienced foragers). Examination of foragers of
increasing age and experience from the June cohort (Fig. 5B) highlighted this transient change in
activity correlated with foraging experience. Twenty-eight day old bees that obtained 4 days of
foraging experience had significantly lower levels of activated RhoA in their mushroom bodies
compared with 24 day old new foragers (unpaired, two-way t-test, p = 0.042).

Figure 5. Changes in the levels of activated RhoA were correlated with age and foraging
experience. Foragers of known age that had foraged for different numbers of days were
collected and frozen in the field prior to mushroom body isolation and lysate extraction.
A, Comparison of new foragers of increasing age collected in June 2010. B. Comparison
of bees of increasing age and foraging experience in June 2010. Letters indicate
significant differences in activated RhoA as determined by post hoc pairwise
comparisons (unpaired, two-tailed t-test). Numbers represent the samples size for each
group. Groups assigned the same letter are not different. * indicates statistically
significant differences between groups.

Age of foraging onset was negatively correlated with RhoA activity in mushroom body
early in the season. A statistically significant difference in RhoA activity was found between
bees of differing ages collected in June on their first day of foraging [Fig 5A; one-way ANOVA
(df = 3, 32), F = 10.640; p < 0.0001]. New foragers of all age groups differed from each other,
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except 24 day olds versus 28 day olds and 32 day olds versus 36 day olds (Newman-Keuls, p <
0.05).

3.4 Discussion
Here we report two measures demonstrating changes in Rho GTPase activity in the
mushroom body of individual honey bees modulated by foraging experience and age. An
increase in pan-Rac activity and a decrease in RhoA activity were found in foragers with 4 days
of experience compared with bees of the same age collected on their first day of foraging. These
changes in activity were transient; the levels of activated Rho GTPases measured in the most
experienced foragers were not elevated compared with new foragers. This is the first report of
Rho GTPase activity in the honey bee brain.
Foraging experience in honey bees increases the volume of the mushroom body neuropil
via increased Kenyon cell complexity. Farris and colleagues (2001) made daily observations
outside a hive entrance to record the flight history of individual, number-tagged honey bees. A
positive correlation was found between flight experience and mushroom body neuropil volume,
suggesting that a gradual expansion of the region results from accumulation of foraging
experience. These investigators then went on to show that the mushroom body expansion evident
in experienced foragers is associated with increased complexity of Kenyon cell dendritic fields.
If, as our data suggest, Rho GTPase signaling mediates foraging-dependent growth, it appears
that sustained activation of these pathways is not necessary for continued growth of Kenyon cell
dendrites.
Signaling via Rho GTPases involves numerous effector molecules that function as
kinases, transcription factors, and regulators of the cytoskeleton (Ponimaskin et al., 2007). A
transient change in Rho GTPase signaling during the first week of foraging can therefore initiate
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a signaling cascade that leads to continued, gradual mushroom body growth. Most studies of Rho
GTPases use constitutively active or dominant negative forms of the proteins, yielding little
information on their temporal regulation (Pertz, 2010). Foragers with 3 weeks of foraging
experience do not experience mushroom body growth greater than honey bees with 2 weeks
experience (SF and G. E. Robinson, unpublished data) and bees with fall flight experience
allowed to overwinter also do not experience continued mushroom body growth (Fahrbach et al.,
2003); these may reflect the blunting of the signaling cascade initiated by the transient change in
activation of Rho GTPases.
Muscarinic signaling has been implicated in foraging-dependent mushroom body
plasticity. Honey bees with one week of foraging experience fed the muscarinic acetylcholine
receptor agonist pilocarpine for an additional week whilst caged in the laboratory have
mushroom body neuropil volumes and Kenyon cell dendritic complexity similar to those of
same-age honey bees with 2 weeks of natural foraging experience (Dobrin et al., 2011; Ismail et
al., 2006). Can a signaling cascade be envisioned that links muscarinic stimulation to Rho
GTPase activation, and ultimately, to reorganization of the cytoskeleton? Like all canonical Gprotein coupled receptors, muscarinic receptors undergo a conformational shift upon ligand
binding that facilitates release of bound GDP and simultaneous binding of GTP. GTP-binding
releases the G protein from the receptor and dissociates the trimer into the α-subunit and βγ
complex. The activated α-subunit can then, for example, stimulate PI3-kinase to lead to the
formation of PIP3 which activates Tiam, a known Rac activator (Brown et al., 2006; Lanzafame
et al., 2003). In addition to an antagonistic interaction between Rac and RhoA (Bustos, et al.,
2008), RhoA deactivation can be caused by PI3-kinase/PIP3 signaling leading to the activation of
the GTPase activating protein ARAP3, ultimately increasing the rate of endogenous GTPase

98

activity of RhoA (Krugmann et al., 2004). We propose that foraging increases acetylcholine
release from synaptic terminals in the mushroom body calyces, which acts on mushroom body
muscarinic receptors leading to a transient increase in activation of the growth-supporting Rac
protein and a transient decrease in activation of the growth-opposing RhoA protein. These
coordinated changes in Rho-GTPase activity initiate a cascade inducing long-term structural
plasticity.
Rho GTPase activity may also contribute to the formation and retrieval of memories in
the honey bee. In D. melanogastor and mice, Rac activity enhanced performance on assays
measuring aversive olfactory learning, spatial memory, and fear conditioning presumably via
dendritic reorganization (Diana et al., 2007; Haditsch et al., 2009; Shuai et al., 2010). We
speculate that activation of mushroom body Rho GTPases may also mediate the structural
consequences of associative learning through modulation of the actin and microtubules in the
dendritic cytoskeleton. A recent report by Pasch and colleagues (2011) identified a subpopulation of Kenyon cells with concentrations of activated CaMKII in their dendritic spines.
CaMKII is a learning associated protein which becomes activated by an increase in intracellular
calcium. While differences between nurse and forager bees were not reported, CaMKII’s ability
to link neurotransmission with direct interactions to the cytoskeleton suggests a possible role in
Kenyon cell structural plasticity.
Honey bees that initiated foraging at 32 or 36 days old had significantly lower levels of
activated RhoA than those which began foraging at 24 or 28 days old (Fig 5A). Observational
studies have shown that most honey bees initiate foraging near the end of the third week of adult
life (for example, see Guzmán-Novoa et al., 1994; Seeley, 1982). Environmental conditions such
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as persistent bad weather can delay the onset of foraging, but workers that delay foraging until
they are 30 or more days old are atypical.
Withers and colleagues (1995) created a natural population of overage nurses (21 day old
honey bees observed caring for brood) by removing pupae prior to emergence so that there was a
deficiency of young adult workers in the hive. The mushroom body neuropil volume of overage
nurses was significantly larger than that of normal aged nurses. Possibly the bees sampled in our
studies were similar to these overage nurses, and the lower levels of activated RhoA in the bees
which initiated foraging at 32 and 36 days old may correspond to the bees’ behavior prior to
foraging, which we did not observe in this study. Levels of pan-Rac were not correlated with age
of foraging onset (Fig 3A).
A difference in levels of activated RhoA, but not pan-Rac, was found between
collections. Honey bees used in these studies were collected from multiple source colonies (thus
multiple queens) and lived under natural field conditions, undisturbed except for hive entrance
observations when painting foragers, in a single host colony. Differences in GTPase activity
owing to genetic contributions would be distributed among the sampled groups. Colony demands
shift at different points in the season. Early in the summer, brood production is the primary
concern, while later in the year the temperate zone colonies begin preparations for overwintering.
Levels of activated RhoA were significantly lower in the August collection than those obtained
in the first half of the season. Because the mushroom body lysates used in both the RhoA and
pan-Rac assays were obtained from randomly chosen heads from the same pool of frozen
foragers and no seasonal differences were found in pan-Rac activity, we believe that this
difference is biological (as opposed to reflecting fluctuation in the performance of the assay). In
addition, lysates from June and August compared directly on the same RhoA plate yielded
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results similar to previously run samples. Lower levels of activated RhoA in August may
indicate an increased likelihood of Kenyon cell growth later in the fall, perhaps as a result of
differences in the intensity of foraging activity or in reflection of preparations for overwintering.
The principal finding in this study was that a transient change in Rho GTPase activity
(increase in pan-Rac, decrease in RhoA), occurred in foragers with less than 1 week of
experience. Our findings are consistent with the growth-promoting function of Rac and the
growth-inhibiting function of RhoA previously reported. Rho GTPases are exciting new targets
for the study of molecular regulation in the honey bee brain because their activity does not
depend on de novo gene expression. Microarray studies which measure relative levels of mRNA
would not directly detect changes in GTPase activity, although it is notable that a recent study
identified 11 genes related to small GTPase signal transduction, suggesting that experience may
also modulate this signaling system on a longer time scale (Lutz et al., 2011).
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4.1 Introduction
The proboscis extension response (PER) is an appetitive olfactory classical conditioning
task commonly used in harnessed insects. Honey bees (and other insects, including fruit flies)
reflexively extend their proboscis when a sweet solution (the unconditioned stimulus – US) is
touched to an antenna. If this touch is paired with an odor (the conditioned stimulus – CS), a bee
quickly learns the association and subsequently extends its proboscis when presented with the
odor alone (reviewed in Fahrbach and Dobrin, 2009). A stable long-term memory often forms in
as few as three pairings of the CS-US. The time between trials (the intertrial interval, or ITI)
predicts performance; shorter ITIs yield fewer errors. The antennal lobes (ALs) and the
mushroom bodies (MBs) have been identified as sites of convergence of the CS-US signals in
the insect brain.
In the field, honey bees learn to associate floral odors with nectar rewards quickly,
although they do not use this skill until they are approximately three weeks in adult life. The first
3 weeks of an adult worker honey bee’s life are primarily spent performing tasks inside the hive
only leaving on brief defecation or orientation flights (Winston, 1987). Then, worker bees begin
to take multiple, daily flights in search of food in response to colony resource consumption and
pheromones from brood. It is this complex behavior that is referred to as foraging. As workers
continue to forage, a brain region-specific increase in neuropil volume follows (Withers et al.,
1993; Durst et al., 1994). The neuropils associated with the mushroom bodies become
significantly larger in more-experienced foragers than in less-experienced foragers (Ismail et al.,
2006). The mushroom bodies are protocerebral structures found in the brains of all insects.
Among other inputs, the mushroom bodies receive cholinergic visual, olfactory, and gustatory
afferents from the respective primary sensory neuropils associated with each of these senses. The
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mushroom bodies share features of the vertebrate cortex and hippocampus and are important for
certain forms of association learning, particularly olfactory association learning (Fahrbach, 2006;
Giurfa, 2003).
Despite the obvious potential linkage of extensive foraging experience, brain growth, and
enhanced performance, the impact of larger mushroom bodies in experienced foragers on
learning or other behaviors has not been well studied. Improved function of a brain area and the
size of that area have been shown in humans. Skilled basketball players and golfers have
enlarged regions of the brain associated with movement and balance and taxi drivers, who
require superb knowledge of a city, have a positive correlation between years on the job and the
volume of the posterior hippocampus, a region implicated in spatial memory (Jänke et al., 2009;
Park et al., 2009; Maguire et al., 2003). Therefore we predict because of the larger mushroom
bodies found in experienced foragers, they would perform mushroom body-dependent tasks
better than less experienced foragers.
Foraging-dependent mushroom body growth reflects increased dendritic complexity of
Kenyon cells, the intrinsic neurons of the mushroom bodies. This growth was mimicked by
feeding inexperienced foragers a muscarinic acetylcholine receptor agonist (Farris et al., 2001;
Ismail et al., 2006; Dobrin et al., 2011). These studies focused on Kenyon cells in the collar
region of the calyx, an area that receives substantial inputs from the optic lobes. This is in part
because the collar is the largest subdivision of the calyx and shows the greatest expansion in
highly experienced foragers, and in part because the flattened, wedge-shaped structure of the
dendritic arborizations of collar Kenyon cells lends itself to quantitative analysis. As described,
the majority of published PER studies utilize odor as the CS, reflecting the honey bee’s heavy
reliance on chemical communication. But to correlate performance in associative learning tasks
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with changes in the size of the collar region, a visual PER paradigm (that is, a PER task with a
visual cue as the CS) must be used.
Flying honey bees readily learn to associate and differentiate complex visual stimuli for a
reward (reviewed in Srinivasan, 2009). For example, flying honey bees use visual cues, such as
colors, shapes to learn the path of a maze. Flying honey bees can even distinguish human face
patterns when choices defined as correct are paired a sucrose reward (Menzel, 2009; Srinivasan,
2009; Avarguès-Weber et al., 2010). Demonstration of visual learning in restrained honey bees,
however, has been harder to accomplish. The first report of visual PER in honey bees was
published by Kuwabara (1957). This investigator reported that honey bees could learn to respond
to the presentation of colors with PER if their wings and antennae had been previously removed.
Hori and colleagues (2006, 2007) studied how honey bees respond to presentation of color and
perceived motion. They showed that the compound eyes but not the ocelli (secondary light
sensing structures located at dorsal midline on the top of the head) were required for visual
learning. Removing the bee’s antennae, however, was found to be a prerequisite for successful
conditioning. Letzkus and colleagues (2007) presented foragers without antennae an image of a
yellow rectangle to the right eye only, the left eye only, or to both eyes simultaneously to study
possible lateralization of visual learning. A right-eye bias was found in the ability of honey bees
to associate a visual cue with a reward. Niggebrügge and colleagues (2009) used visual PER to
study the ability of honey bees to generalize or discriminate chromatically similar stimuli with
and without antennae. Honey bees were conditioned to respond to the presentation of UV, green,
blue, and red lights with PER, and removal of the antennae was once again found to be critical
for honey bees to learn to respond to the presentation of a color (Mota et al., 2011). Mota and
colleagues, however, also showed that the honey bees with intact antennae could learn to respond
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to the presentation of a color when paired with an odor, but not to a different color paired with
the same odor. That honey bees could learn to discriminate two visual cues when paired with the
same odor was also found by Gerber and Smith (1998). Thus, the literature is conflicting: if
honey bees with intact antennae can learn visual associations when presented with an odor, why
is visual conditioning without odors only successful in honey bees with the antennae removed?
On the basis of the prior literature, I asked how best to assay differences in visual
learning correlated with foraging experience and presumed Kenyon cell complexity. The
simplicity of the PER method, which is performed in the laboratory under controlled conditions,
is appealing, but the capacity of bees to respond using traditional methodology is, as my brief
review indicates, controversial. Two studies by Hori and colleagues (2006, 2007) compared
honey bees from different behavioral castes using visual PER; no differences were found
between nurse and forager bees but age and experience were not controlled in these experiments.
Honey bee foragers can form short term memories with 1 odor-reward pairing and long
term memories in 3 pairings (Menzel, 2009). Because of the speed at which they learn this
simple association, little improvement in performance can be measured. A differential visual
learning paradigm can elicit a greater range of performance because of the potential to increase
the difficulty of the discrimination task. In differential conditioning, 2 different CS cues are used.
One of the cues (CS+) is paired with sucrose (US+) while the other cue (CS-) is unrewarded or
punished (US-). Careful manipulation of the conditioned stimuli presented, such as by varying
the complexity or similarity of the cues, allows subtle differences in performance between
subjects to be detected.
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Niggebrügge and colleagues (2009) successfully conditioned restrained honey bees of
unknown behavioral background to respond to yellow but not blue lights (and vice versa) using
PER. The antennae of the honey bees used in this study were removed. While honey bees
without antennae are capable of visual learning, intact bees are preferred subjects on learning
assays because olfactory PER performance improves when sucrose is applied to the antenna
rather than the proboscis (Scheiner et al., 2005). As described, previous studies of visual
modulation of responses to an olfactory CS suggest honey bees with intact antennae can attend to
and identify visual stimuli as salient cues for associative learning.
In this study, we differentially conditioned honey bee foragers on a visual PER paradigm.
We wanted to build on the existing literature to develop the best possible method for assessing
visual learning in restrained bees. Previous studies of PER in honey bees use a collar, typically
made of duct tape, for restraint in a small tube. Riveros and Gronenberg (2009) used a modified
restraint consisting of two insect pins acting as a yoke on either side of the ―neck‖ to improve the
performance of bumble bees in an olfactory PER paradigm. We predict that this less-damaging
method of restraint, together with using a shorter ITI than most previous honey bee visual PER
studies (predominantly 10 – 20 min), will permit intact honey bee foragers to learn to respond
differentially to visual stimuli. Additionally, we tested the effect of the specific stimulus used in
the unrewarded trials on performance in a visual learning task.

4.2 Materials and Methods
4.2.1 Honey bee collection and experimental design
Honey bees (Apis mellifera) were obtained from research apiaries maintained at Wake
Forest University (Forsyth County, NC, USA) using standard commercial techniques. To obtain
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newly emerged bees, brood comb containing pharate adult workers was removed from field
colonies and placed in an incubator (Percival Scientific, Inc., Perry, IA, USA) maintained at
33°C, 35 – 45 % relative humidity. To obtain known age foragers, 100 – 500 honey bees (< 12 h
post-emergence) were marked individually on the dorsal thorax with a single dot of enamel paint
(Testors PLA, Rockford, IL, USA) 17 times over the course of 2 months, using a new color each
day. The marked bees were returned to a typical colony at the end of each day of painting. The
age of returning foragers captured at the hive entrance could then be determined using a color
chart. These honey bees were used to allow comparison of foragers of different ages which
underwent normal behavioral development.
To obtain same-age, precious foragers, 1200 – 1500 honey bees (< 12 h post-emergence)
were marked individually on the dorsal thorax with a single dot of enamel paint in a single day.
Together with a mated queen, the marked honey bees were used to establish a new single cohort
colony (SCC). The colony was left indoors at 30 °C, 30 – 40 % relative humidity, for 2 days
before being placed in the field with the entrance closed. A robbing screen was affixed to the
hive entrance to prevent foragers from neighboring colonies from entering the SCC and also
giving an observer control of the entrance to aid in painting and collecting foragers. Two SCCs
were established; once in May 2011 and again in June 2011. To obtain bees of known foraging
experience, the hive entrance was observed for 5 – 7 h daily beginning on day 7. Using a new
color each day, any focal honey bee (i.e. any honey bee marked with a paint dot on the thorax)
observed returning to the hive entrance with a load of pollen or nectar was marked with a second
color of paint on the abdomen every day for 5 days.
Focal foragers (either normal age or precocious) were collected for use in PER studies by
placing a wire screen (3 mm spacing) temporarily over the entrance of the hive to prevent honey
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bees from entering. For collections from the SCCs, individual bees were captured in glass vials
and immediately placed on ice in the field. For collections of foragers from the typical colony,
batches of 15 bees were captured in individual glass vials (each batch taking 10 – 30 min to
collect) before being brought into the laboratory and placed on ice. Once immobilized, bees were
restrained in individual plastic straws (3 in x 0.5 in) with the antennae intact. A small window
was cut in the straw to allow the proboscis to freely extend. Rolled paper tissue supported the
honey bee from below and 2 insect pins were placed through the walls of the straw, on either
side on the bee’s ―neck‖ to prevent escape as previously described (Fig 1A; Riveros and
Gronenberg, 2009). Honey bees were fed 50 % sucrose (w/v) ad libitum when they regained
movement (approximately 5 – 10 min after removal from ice) and placed in a dark room (29 – 32
°C) overnight. All subsequent steps were conducted under red light illumination invisible to
honey bees (Peitsch et al., 1992).
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Figure 1. Experimental paradigm. A. Worker honey bees were restrained in plastic
drinking straws using a yoke made of insect pins placed on either side on the neck and
supported from below using a rolled paper tissue. A small window was cut to allow full
extension of the proboscis. B. Restrained honey bees were placed in front of individual
light presentation screens. Each screen could be illuminated with a blue or green led and
had a red LED mounted on top to indicate US presentation to the experimenter. C. A
series of projections screens allowed simultaneous conditioning of up to ten honey bees.
D. Both the rewarded and unrewarded trials had used the same timing of CS/US
presentation. Following a 3 sec countdown (not depicted), the CS presentation lasted 5
sec of which the final 3 sec the US was presented. Proboscis extensions (responses) were
recorded to the CS before and during the US presentation.

4.2.2 Visual PER conditioning
Fourteen to sixteen hours later, a wooden toothpick soaked in 50 % sucrose was touched
to the antennae of each restrained honey bee. Only those that performed a prompt PER (a full
extension of the proboscis; approximately 25 – 35 % of total) were included in conditioning
experiments. The identity (i.e., age or foraging experience) of the trained foragers was unknown
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to the experimenter until after conditioning was completed because the paint mark was not
visible once the honey bees were restrained in their straws. Each of the harnessed bees held in
place with clay 1 in front of a projection screen 30 – 45 min prior to conditioning. The projection
screen consisted of a halved racquet ball (2.25 in diameter) with a white paper curtain and blue
(465 nm ± 5 nm) and green (525 nm ± 5 nm) LED lights fixed inside (Fig 1B). The LEDs were
chosen because their wavelengths are near the known honey bee photoreceptor maximum
sensitivities - S or ultraviolet receptor at kmax = 350 nm, M or blue receptor at kmax = 440 nm, and
L or green receptor; kmax = 540 nm (Menzel and Blakers, 1976). Each LED was aimed to
illuminate the inside of the racquet ball directly and indirectly illuminate the back of the paper
curtain such that the brightest portion of each LED was aligned. The intensity of each LED was
adjusted to 2.96 x1014 photons/cm2/sec using resistors. A red LED (625 nm ± 10 nm) was affixed
to the top of the projection screen to indicate to the experimenter the timing of US presentation.
LEDs were connected to a U401 USB programmable interface (USBMicro, Mandan, ND, USA)
and controlled via custom written software. The experimental arena consisted of 10 projection
screens, thus allowing 10 bees to be tested at a time (Fig 1C). Design plans for the conditioning
arena are available upon request.
Bees were trained with 10 rewarded (CS+) and 10 unrewarded (CS-) trials in a
pseudorandom order (to control for effects of trial order) with an ITI of 5 minutes. The trial
sequence was individually determined for each bee via the software. For rewarded trials (CS +), a
toothpick soaked in 50 % sucrose (w/v) was patted on a paper towel to removed excess liquid
and touched to the antennae (US+), as done previously (Niggebrügge et al., 2009; Mota et al.,
2011). For unrewarded trials (CS-), a dry toothpick or a wet toothpick soaked in deionized water
was patted on a paper towel and touched to the antennae (US+). If the proboscis was extended in
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response to the presentation of the toothpick, the toothpick was made accessible to the proboscis
and the honey bee was allowed to drink for the remainder of the trial. Each trial lasted 8 seconds
(Fig 1D). Once the trial was initiated, the experimenter had a 3 sec countdown on the computer
screen to identify trial type and prepare accordingly (i.e. hold toothpick near, but out of sight, of
the bee) before the blue (for CS+ trials) or green (for CS- trials) LED illuminated for 5 sec. The
red LED illuminated 2 sec later to indicate to the experimenter to present the toothpick to the
antennae for the remaining 3 sec of the trial. In pilot experiments, antennae-deprived honey bees
performed equally well with either blue or green light in the CS+ trials (data not shown). After
noting whether the honey bee responded before and during sucrose presentation, the next bee
was immediately tested.
4.2.3 Groups
For comparison of US- stimuli, the following group codes will be used: ―water‖ (n=19)
refers to the group of honey bees for which a water-soaked toothpick was presented to the
antennae during the CS- trials, ―dry‖ (n=15) refers to the group of honey bees for which a dry
toothpick was presented to the antennae during the CS- trials, and ―null‖ (n=9) refers to the group
of honey bees that did not have a stimulus explicitly paired during the CS - trials. The number of
cumulative responses for each trial was determined and used to classify the trained foragers into
learner and non-learner groups. Foragers that responded 3 or more times in the 10 CS+ trials
were classified as learners; those responding fewer than 3 times out of 10 trials were classified as
non-learners. Honey bees that did not extend their proboscis to 3 sequential trials were excluded
from analysis. Unless explicitly stated, data obtained from foragers from the SCC and typical
colonies were pooled for analysis. Foragers from the SCC were excluded from the analysis of an
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age effect to prevent complications that may arise from the altered social stature of precocious
foragers.

4.2.4 Statistical Analysis
The response of each bee on a given trial was recorded when the light (CS) alone was
illuminated (―Before‖ responding) and during the US presentation (―During‖ responding). The
responses of foragers from the CS+ and CS- trials were recorded separately. Thus, each bee had 4
phases of responding: Before+, During+ (for responses in the CS+ trials), Before-, and During(for responses in the CS- trials). Monte-Carlo studies indicate that use of ANOVA for
dichotomous dependent variables with equal cell frequencies is acceptable (Lunney, 1970;
Giurfa and Malun, 2004; Hori et al., 2006, 2007; Mota 2011). A repeated measures, one-way
ANOVA (groups x trial) followed by Tukey post hoc analysis (p < 0.05) was used to compare
effects on learning with different US- stimuli (PASW Statistics 18, IBM, Chicago, IL). Twotailed paired sample t-tests or two-tailed Fisher exact probability tests were used to compare
discrimination between CS+ and CS- trials and the percent of learners in each group (PASW
Statistics 18). A linear regression was used to analyze trends of performance and age (PASW
Statistics 18).

4.3 Results
4.3.1 Intact foragers can learn to differentially respond to color stimuli but not when the
toothpick is wet
Honey bee foragers were trained on a differential visual association paradigm to compare
how different US- stimuli affect learning. A blue light (CS+) was paired with a sucrose reward
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and a green light (CS-) was either paired with no stimulus (null) or touching a dry (dry) or a
water-soaked (water) toothpick to the honey bee’s antennae. Overall, learners responded
significantly more frequently on rewarded trials than unrewarded trials (Fig 2A; two-tailed
paired sample t-tests, trial 4: p < 0.05, trial 5: p < 0.01, trial 6: p < 0.01, trials 7 – 10: p < 0.001).
When analyzed separately, both the learners from the null and dry groups responded differently
to the rewarded and unrewarded trials, but no difference in responding was found in the water
group (Fig 2; two-tailed paired sample t-tests, dry: trial 5: p < 0.05, trial 6: p < 0.01, trial 7: p <
0.01, trials 8 – 10: p < 0.01; null: trials 6 – 9: p < 0.01, trial 10: p < 0.05).

Figure 2. Foragers can learn to differentially respond to color stimuli. The responses of
foragers to light presentation before US which responded greater than 3 cumulative times
were compared on rewarded and unrewarded trials. Graphs represent the average number
of cumulative responses for all groups (A; n = 19), the dry group (B; n = 9), the null
group (C; n = 6), and the water group (D; n = 4). Statistical analysis of these data used
two-tailed paired sample t-tests. * p < 0.05, ** p < 0.01, *** p < 0.001.
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4.3.2 Water group made more errors
No differences were found between groups of learners in their responses to the sucrose
presentation on the rewarded trials (During+; Fig 3B), however by trial 8 there were significant
differences between the groups in their cumulative responses before sucrose presentation on the
rewarded trials (Before+; Fig 3A; one-way ANOVA (df = 2, 15), trial 8: F = 3.594, p = 0.049,
trial 9: F = 4.522, p = 0.029, trial 10: F = 4.564, p = 0.028). Post hoc analysis suggests these are
due to differences between the dry and null treatment groups (Tukey post hoc analysis, p < 0.05
for trials 8 – 10). Bees in the water treatment group extended their proboscis significantly greater
to the green light (indicating an unrewarded trial) and during the presentation of the CS- than that
of foragers in either the dry or null group (Before-; Fig 3C, one-way ANOVA (df = 2, 15), trial 7:
F = 6.737, p = 0.008, trial 8: F = 6.767, p = 0.008, trial 9: F = 7.919, p = 0.004, trial 10: F =
11.911, p = 0.001; During-; Fig 3D, one-way ANOVA (df = 2, 15), trial 1: F = 11.786, p = 0.001,
trial 2: F = 7.500, p = 0.006, trial 3: F = 15.833, p < 0.001, trial 4: F = 22.452, p < 0.001, trial 5:
F = 19.313, p < 0.001, trial 6: F = 23.354, p < 0.001, trial 7: F = 34.688, p < 0.001, trial 8: F =
45.559, p < 0.001, trial 9: F = 46.221, p < 0.001, trial 10: F = 58.015, p < 0.001). A significantly
lower proportion of honey bees in the water group were classified as learners than those in the
dry or null groups (Fig 4; two-tailed Fisher exact probability tests, p < 0.05)
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Figure 3. US stimuli during the unrewarded trials affect learning. The responses of
foragers which responded greater than 3 cumulative times were compared between
different US- groups. Graphs represent the average number of cumulative responses
before US on the rewarded trials (A), during US on the rewarded trials (B), before US on
the unrewarded trials (C), and during US on the unrewarded trials (D). Letters indicate
significant differences as determined by Tukey post hoc analysis (p < 0.05). Groups
assigned the same letter did not differ on that trial. Sample sizes can be found in the
legend for figure 2.

Figure 4. Foragers conditioned with a wet toothpick as US- show decrease learning. The
percent of the total number of bees included in analysis for group which reach the
learning threshold was determined (dry: 9/15; water: 4/19; null: 6/9). Letters indicate
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significant differences as Fisher exact probability tests (p < 0.05). Groups assigned the
same letter did not differ.

4.3.3 Non-learners are still capable of PER
No difference was found between the groups of non-learners in their responses to the
sucrose presentation on the rewarded trials (During+; Fig 5B), suggesting they all found the
sucrose rewarding and remained physically capable of extending their proboscis throughout the
training period. A significant difference was also found between the non-learners in cumulative
responses before and during stimulus presentation in the unrewarded trials (Before-; Fig 5C; oneway ANOVA (df = 2, 21), trial 8: F = 4.594, p = 0.022, trial 9: F = 4.594, p = 0.022, trial 10: F =
4.594, p = 0.022; During-; Fig 5D; ; one-way ANOVA (df = 2, 21), trial 3: F = 5.236, p = 0.014,
trial 4: F = 6.003, p = 0.009, trial 5: F = 7.289, p = 0.004, trial 6: F = 7.912, p = 0.003, trial 7: F
= 7.670, p = 0.003, trial 8: F = 6.990, p = 0.005, trial 9: F = 7.506, p = 0.003, trial 10: F = 7.552,
p = 0.003). Post hoc analysis suggests the difference in responses during the US- is because of a
significantly greater number of responses to the water than the dry toothpick or not touching the
antennae (Tukey post hoc analysis, p < 0.05 for trials 3 – 10).
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Figure 5. Non-learners respond to sucrose presentation. The responses of foragers which
responded fewer than 3 cumulative times were compared between different US- groups.
Graphs represent the average number of cumulative responses before US on the rewarded
trials (A), during US on the rewarded trials (B), before US on the unrewarded trials (C),
and during US on the unrewarded trials (D). Letters indicate significant differences as
determined by Tukey post hoc analysis (p < 0.05). Groups assigned the same letter did
not differ on that trial. Sample size for dry = 6, null = 3, and water = 15.

4.3.4 Age and visual conditioning performance are negatively correlated
Honey bee foragers of a known age were collected from a typical colony and differentially
conditioned. A negative relationship between age and performance was found such that younger
foragers had a greater number of cumulative responses on the rewarded trials (Before+) than
older foragers (Fig 6A; Pearson’s correlation, r = -0.684, n = 9, p = 0.042). Conversely, a
positive relationship was found when measuring the minimum number of trials to reach the
threshold of learning (3 cumulative responses; Fig 6B; Pearson’s correlation, r = 0.719, n = 9, p
= 0.029)
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Figure 6. Age and visual conditioning performance are negatively correlated. A. A
negative relationship was found between age and the number of cumulative responses on
the rewarded trials prior to sucrose presentation (Pearson’s correlation, r = -0.684, n = 9,
p = 0.042). B. A positive relationship was found between age and the minimum number
of trials required to reach the threshold of learning (3 cumulative responses; Pearson’s
correlation, r = 0.719, n = 9, p = 0.029).

4.4 Discussion
We report here the first example of successful visual PER conditioning in antennae-intact
foragers on a differential learning paradigm. Forager honey bees from all CS - stimulus groups
learned to extend their proboscis to the presentation of a blue light after 10 pairings with a
sucrose reward. The learners from both the dry and null groups, but not the water group,
differentially responded to the blue and green lights. Finally, a negative relationship was found
between age and visual performance on differential training.
Previous groups have reported that it is necessary to remove the antennae before training
bees on a visual task (Hori et al., 2006, 2007; Mota et al., 2011). There are several differences
between our protocol and those using honey bees with the antennae removed. The trials were
separated by 5 min intervals in this study; most others used 10 – 20 min ITI (Gerber and Smith,
1998; Hori et al., 2006; Niggebrügge et al., 2009; Mota et al., 2011). It is a well-known
phenomenon that reducing the amount of time between trials will improve performance on a
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conditioning task. This feature of our protocol alone, however, cannot explain learning in
antennae-intact foragers, as Hori and colleagues (2007) used 2 and 5 min ITIs. These
investigators still reported that the removal of the antennae was critical for learning. We suggest
that the method of restraint may also be a factor. Previous visual PER studies used a duct tape
collar to restrain the bees in tubes. In this study, we used a yoke made of insect pins placed on
either side of the honey bee’s neck to prevent escape. This method was reported to improve
performance on an olfactory PER paradigm in bumble bees (Riveros and Gronenberg, 2009).
The aspect of the yoke that is preferred over the tape collar was not tested, but we observed in
pilot studies that honey bees that inadvertently had their wings stuck to the tape appeared to be
more stressed (e.g. more buzzing and overall activity).
Only one previously published PER study utilized differential conditioning to a visual
stimulus. Niggebrügge and colleagues trained honey bees with antennae removed to discriminate
chromatically similar stimuli by pairing one color with a sucrose reward and leaving a second
color unrewarded. While they did not explicitly state if intact bees were tested in preliminary
trials, it is possible they would not perform well on this task.
Differential visual learning may be most successful when the US- is perceived as
aversive. Using free-flying foragers in a Y-maze featuring visual cues, Avarguès-Weber and
colleagues (2010) showed improved ability to discriminate between perceptually similar stimuli
when the CS- trial was paired with quinine, a bitter tasting and aversive reinforcer. We found that
leaving the CS- trial unrewarded (null group) resulted in fewer cumulative responses than in the
dry group (Fig 3A). One could interpret the difference between the dry and null groups in our
study as the foragers perceiving a dry toothpick to the antennae as more aversive than leaving the
trial unrewarded. Additionally, movement of the honey bees between trials may affect learning.
129

In all the studies that explicitly compare honey bees with and without antennae, a single training
arena was used and conditioned bees were moved into position 30 sec to 5 min before the trial
began. In our study, after inclusion into the study foragers were positioned in front of individual
training arenas and not moved until completion. Any or all of these factors likely contributed to
permit conditioning of our intact foragers to visual stimuli.
Mota and colleagues (2011) used a differential visual-olfactory bimodal PER paradigm in
which intact honey bees were conditioned to respond to the trials which one color preceded an
odor but not to trials in which a different color preceded the same odor. It is possible that a
constant olfactory stimulus related to the presentation of the US- was unintentionally being used
by the conditioned honey bees in this study as a cue. To best control for this, the testing chamber
would require positive pressure surrounding it to ensure unintended olfactory cues do not
influence learning. While a constant background odor in the testing room or one associated with
the experimenter presenting the toothpick is a possible explanation as to the difference in
learning, we feel the factors listed above are more likely contributors.
Unexpectedly, foragers in the water group exhibited a generalization of responding to
both lights. Those foragers in the water group that responded to the CS+ prior to sucrose
presentation more than 3 times (learners) also responded to the CS- before the water presentation
(Fig 3C) and both learners and non-learners from the water group responded to the US- (Fig 3D
and Fig 5D). Taken together, these data suggest the water was acting as an appetitive, not
aversive, stimulus. However, the water-treated non-learners did not respond before USpresentation during the CS- trials (Fig 5C). It is unknown what prevents a particular individual
willing to respond to a US from learning the association with a CS, but these data suggest it may
be conserved across stimuli.
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The results from this study can be used to improve the visual learning paradigm in
restrained honey bees. The most common stimulus for a US- is not rewarding, or not temporally
pairing the US with the CS. Our data show physical manipulation of the antennae better
promotes learning in a visual differential learning task; learners in the null group had fewer
cumulative responses (Before+) to the CS+ than the dry group (Fig 3A), despite equal responding
to sucrose presentation (During+; Fig 3B). Dacher and colleagues (2005) trained honey bees to
exhibit PER in response to tactile stimulation of the antennae. This differs from our dry group in
that the Dacher study used the tactile stimulus as a CS while we are suggesting using it as a US -.
As described above, the changes in restraint methods and keeping the bees stationary between
trials may also have been influential in successfully conditioning the bees. Creating multiple
testing arenas, or creating a projection system which can be easily moved to a stationary subject
may be necessary for visual learning. Additionally, using an aversive stimulus, such as quinine,
as US- is predicted to improve further learning on this task.
The link between associative learning and age has been investigated previously using
olfactory and tactile PER. Rueppell and colleagues (2007) found no correlation with 26 – 52 day
old foragers, an age range which only two of our sampled honey bees fall. However, another
similar study that also controlled the extent of foraging experience found that the older, more
experienced bees performed less well than younger, less experienced bees on acquisition of an
olfactory PER response (Behrends et al., 2007). Honey bee pollen foragers can also be
conditioned to extend their proboscis when a vertical grating is presented to their antennae
(Scheiner et al., 1999). Scheiner and Amdam (2009) found that more experienced, older foragers
showed a greater number of responses to the tactile stimulus 3 days after training than younger,
less experienced foragers, but not differences were found 1 or 2 days post-training. Despite the
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apparent improvement in long term memory, the experienced foragers had lower acquisition
curves and were less responsive to sucrose stimulation. These data suggest that with increasing
foraging duration, honey bees have more trouble acquiring new information; but once learned,
they remember it longer.
A negative correlation between age and final cumulative response to the CS+ was found
(fig 6A). Honey bees can initiate foraging as early as 5 days of age, but the majority begins at 3
weeks old (Winston, 1987). Because of this it is usually reasonable to assume that older bees are
more likely to be more experienced foragers. However, more experienced foragers take foraging
flights of longer duration and may have higher metabolic demands than younger foragers
(Schippers et al., 2006, 2010). Therefore, it is possible that the most experienced foragers are less
likely to survive overnight and continue to respond to sucrose presentation, the requirements for
inclusion in this study. If this were the case, the data presented here may represent a covert
correlation between visual learning and age of foraging onset. We also did not control for the
specialization of the forager (i.e. searching for pollen vs. nectar vs. water), which is correlated
with sucrose sensitivity: pollen and water foragers are more sensitive to sucrose than nectar
foragers (Pankiw and Page, 2001). Scheiner and colleagues (2005) compared the performance of
nectar foragers on an olfactory PER. Prior to conditioning, the gustatory response score (GRS) of
each forager was determined by counting the number of responses to a sequence of increasing
concentrations of sucrose. PER performance was positively correlated with GRS. Therefore, it is
also possible that foraging specialization or sucrose sensitivity may influence the correlation
between visual performance and age we report here.
The principal finding in this study is that intact honey bee foragers can learn a differential
visual learning task, and do so best using a tactile stimulus to the antennae as the US-. Using the
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modifications outlined here to the traditional visual PER will allow future studies to dissect
visual learning in restrained bees, including the mechanisms of and structural changes resulting
from learning. The difficulty of the paradigm can be increased by altering the chromatic
differences or complexity of the stimuli to allow a comparison of known age, known experience
foragers.
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Chapter Five

Summary and Conclusions
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5.1 Summary and implication of findings
My dissertation aimed to identify chemical mediators of foraging-dependent structural
plasticity and the functional consequences of foraging experience in the honey bee. I analyzed
the effects of cholinergic manipulations on the dendritic arbors of young workers and foragers,
compared the levels of activated G-proteins in foragers of known age and experience, and
significantly extended a paradigm that can be used to identify foraging-related changes in visual
learning. The honey bee model of experience-dependent plasticity allows the study of naturallybehaving animals, while simultaneously controlling for age and experience. The data obtained
from studies of the honey bee inform studies in other animal models of experience-dependent
structural plasticity on the cellular, biochemical, and behavioral levels.
5.1.1 Cholinergic signaling alters dendritic complexity
The mushroom bodies of experienced foragers are larger than same age, less experienced
foragers as a result of increased dendritic complexity of Kenyon cells (Withers et al., 1993; Durst
et al., 1994; Farris et al., 2001). Comparisons of Golgi-impregnated collar Kenyon cells in
foragers treated with pilocarpine revealed increased dendritic complexity compared with
controls. These data support previous evidence from our laboratory that foraging-dependent
mushroom body growth is, at least partially, mediated by cholinergic signaling. However, the
changes I report here resulting from drug treatment differ from those induced by foraging
experience alone; the number of branches of fourth and fifth order and counts of Sholl ring
intersections corresponding to 20 µm of tissue were significantly higher in pilocarpine-treated
foragers than scopolamine-treated foragers. It is likely other factors, such as modulatory
neurotransmitters or hormones, are also involved in the precise shaping of foraging-dependent
plasticity. Conversely, the differences between the Kenyon cell dendrites of drug treatment
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presented here and those of natural foragers may reflect the timing of the drug treatment:
increased cholinergic signaling likely is transient in foragers (perhaps occurring only during a
foraging trip, for example), but the honey bees in my study received chronic exposure to
pilocarpine.
The influence of cholinergic signaling on the developmental trajectory of the dendritic
arbor in young workers was also determined, in part because previous studies had shown that
collar Kenyon cells of newly emerged honey bees had more total dendritic branches than the 910 day old nurse honey bees (Farris et al., 2001). Regression of Kenyon cell arbors may be
regulated during normal development of young adult workers via cholinergic signaling because
chronic stimulation of muscarinic receptors by feeding pilocarpine resulted in dendritic arbors
similar in complexity to those observed in one-day-olds, whereas blocking muscarinic activation
by feeding scopolamine resulted in neurons with simpler arborizations than one-day-olds.
Furthermore, 7-day-old pilocarpine-treated bees had more total Sholl ring intersections than
scopolamine-treated 7-day-olds, and more total branches than either scopolamine-treated, hive,
or sucrose 7-day-olds. This suggests that the extent of cholinergic neurotransmitter release by
mushroom body afferents (reflecting changes in sensory experience) regulates the shape of
Kenyon cell dendritic arbor during the first week of adult life.
The finding that cholinergic receptor activation can affect the dendritic complexity of
mushroom body neurons in both young pre-foragers and forager honey bees is important. It
suggests the same neurotransmitter system is regulating the neuronal morphology throughout
adult life. Recent vertebrate studies of structural plasticity report experience-dependent plasticity
via changes in dendritic spine morphology, rather than via alterations in the dendritic arbor as a
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whole (Holtmaat and Svoboda, 2009). The scale of the changes in the mushroom body may
reflect the extent of differences in behavior between nursing and foraging.
In the Golgi impregnated Kenyon cells of foragers, spine density was unaffected by drug
treatment but did differ with sampling location; the distal region always had nearly twice as
many total spines as either the proximal or medial regions. My study differs from earlier studies
in that I examined the density of spines in three distinct regions (proximal, medial, and distal
with respect to the primary neurite) of the dendritic field rather than pooling all spines visible in
a single plane of focus (Coss et al., 1980; Brandon and Coss, 1982) or measuring a single region
(Farris et al., 2001). This study emphasizes the importance of controlling for the sampling
location along the dendrite when assaying spine density. By sampling 3 regions of a primary
dendrite, I showed that, while drug treatment did not affect spine density, the density did differ
between sampling locations. This finding should direct future studies of neuronal ultrastructure
in the honey bee and other insect and vertebrate models.
5.1.2 Rho GTPase activity is correlated with age and foraging experience
Foraging experience and age altered biochemical signaling in the mushroom body of
foraging honey bees. A transient increase in pan-Rac activity and decrease in RhoA activity were
found in foragers with 4 days of experience compared with same age foragers on the first day of
foraging. Honey bees that initiated foraging at an older age were more likely to have decreased
levels of activated RhoA than younger new foragers. These data are in accord with previous
literature reporting a growth supporting role for Rac and a growth opposing role for RhoA.
Effects of season and age suggest other behaviors than foraging also may influence GTPase
signaling, and thus potentially structural plasticity. As described previously, foraging is not the
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only experience that can influence neuron structure. Biochemical measures, such as those of Rho
GTPase activity, are potentially more sensitive than assays of volume and dendritic complexity.
It is possible, therefore, that the change in GTPase activity measured here represents nonforaging experiences.
The changes in Rho GTPase activity in the honey bee mushroom body associated with
foraging experience reported in my dissertation represent a new biochemical target of
experience-dependent plasticity in the honey bee. I report here transient changes in GTPase
activation in foragers with 4 days of experience that returns to baseline by 8 days of foraging
experience, but previous studies found that mushroom body (and Kenyon cell) growth continues
past the first week of foraging experience (Withers et al., 1993; Farris et al., 2001). Signaling via
Rho GTPases involves numerous effector molecules that function as kinases, transcription
factors, and regulators of the cytoskeleton (Ponimaskin et al., 2007). If, as my data suggest, Rho
GTPase signaling mediates foraging-dependent growth, it appears that sustained activation of
these pathways is not necessary for continued growth of Kenyon cell dendrites and their activity
likely initiates a persistent activity. Future studies that examine the first week of foraging
experience in honey bees with greater resolution (i.e. daily collections) will yield valuable
information about the temporal dynamics of GTPase signaling. An important question to be
answered would be why short-term foraging experience affects GTPase activity but a
continuation of the behavior does not. Perhaps new foragers are learning more in their new
behavioral caste and the more experienced foragers find the task routine. Alternatively, the
change in activity may not represent an initiation of foraging but rather an inhibition of other
worker activities (as described below). The continued growth in experienced foragers is likely
related to Rho GTPase activity being controlled by an endogenous hydrolysis mechanism as well
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as interactions with other proteins, such as GEFs, GAPs, GDIs, and other Rho GTPase effector
molecules (Nobes and Hall, 1994). Sustained foraging behavior may alter the activity of any of
these proteins to prevent sustained changes in Rho GTPase activity in experienced foragers.
Higher levels of activated RhoA, but not pan-Rac, were found in the mushroom bodies of
foragers collected earlier in the season than later. For the reasons described in chapter 3, this
result most likely represents a true biological difference. The difference in the ability of the
mushroom body from foragers at different points in the season to undergo structural plasticity
has never been explicitly examined. Fahrbach and colleagues (2003) found foragers in the
autumn have the same mushroom body volume after overwintering in the colony, but both were
greater than the volume of one day old honey bees. Seasonal effects on learning by honey bees
have been reported as well (Decourtye et al., 2003). One interpretation of the seasonal difference
in RhoA activity dynamics I report here is the aspect of foraging which initiates the change in
activity is performing a novel behavior. Honey bees later in the season may be less prone to learn
new behaviors due to colony demands in preparation for winter. Of course, a drawback of
studying animals under natural conditions is one cannot track every behavior a subject does.
Even a relatively simple behavior such as foraging has multiple elements: the balance of time
spent performing each may influence biochemical signals.
5.1.3 Development of a visual learning paradigm
Structural analysis of mushroom body neurons focus on cells in the collar region because
their flat shape is amenable to study in transverse brain sections and the extent of growth of the
collar region in volumetric analysis. Because the collar region processes visual information
(Ehmer and Gronenberg, 2002), the third goal of this dissertation was to develop a visual
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learning paradigm to compare foragers of varying experience. The literature to date contains
conflicting reports of visual learning in restrained honey bees. Several groups report that
removing the antennae prior to conditioning is essential if honey bees are to learn to extend their
proboscis to visual stimuli (Hori et al., 2006, 2007; Letzkus et al., 2007; Niggebrügge et al.,
2009); however, several studies have shown that antenna-intact honey bees could learn to
respond to the presentation of a color when paired with an odor, but not to a different color
paired with the same odor suggesting they will attend to visual signals (Gerber and Smith, 1998;
Mota et al., 2011). My investigations provide some clarity to this area of research: a modification
of the restraint method, a shorter intertrial interval, and leaving the subjects in the training arena
between trials allowed intact honey bee foragers to differentiate visual stimuli in an otherwise
standard PER assay. Three different, non-rewarding stimulus paradigms were compared and
foragers trained with a dry toothpick as US- performed highest. A negative correlation between
age and performance on this visual learning task was also found. Together, these data provide
evidence that training of intact honey bees in a visual PER paradigm is possible and lay the
ground work for future studies in foragers of varying experience.
Thus, I report here the first example of successful visual PER conditioning in antennaeintact foragers on a differential learning paradigm. When paired with a novel odor, presentation
of sucrose to the antenna is known to improve olfactory PER performance (Scheiner et al, 2005)
and likely would improve performance in a visual association task as well. By studying intact
honey bees using the changes to the visual PER method I outline above, one can maximize
learning by pairing a conditioned stimulus with presentation of sucrose to the antennae. In a
differential learning task, tactile stimulation with a dry toothpick or perhaps presentation of a
bitter tasting chemical would further improve performance. The simplicity of the PER method,
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which is performed in the laboratory under controlled conditions, allows researchers to design
experiments that can detect decrements as well as improvements in performance. PER allows for
future studies in which individual aspects can be altered, such as chromatic similarity of stimuli,
or the intertrial interval, to identify foraging related differences in visual association learning.
PER is the preferred learning assay because studies of free flying honey bees do not permit
precise control of intertrial interval, foragers may choose not to return to the testing site, and
several honey bees can be tested simultaneously – which are all important considerations when
investing weeks in behaviorally characterizing an individual’s foraging experience prior to
conditioning. However, PER conditioning is inevitably an artificial learning assay, because under
natural conditions bees are almost always flying when they make visual discriminations

5.2 Why does the forager mushroom body grow?
Experience-dependent structural plasticity, ranging from regional brain volume changes
to the alterations in individual dendritic spines, in the adult brain has become an acknowledged
and indeed expected phenomenon (Holtmaat and Svoboda, 2009). The mushroom bodies of fruit
flies, honey bees, and wasps, the sensory cortex and hippocampus of rodents and monkeys, and
the cerebellum, corpus callosum, and hippocampus of humans all exhibit well-documented
experience-dependent plasticity (Technau, 1984; Heisenberg et al., 1995; Withers et al., 1993;
Farris et al., 2001; O’Donnell et al., 2004; Lendvai et al., 2000; Murakoshi et al., 2011;
Kozorovitskiy et al., 2005; Park et al., 2009; Schlaug et al., 1995a,b; Maguire et al., 2003).
Because the connections between neurons determine how stimuli are processed, and the
morphology of neurons influences those connections, altering neuronal morphology is predicted
to alter the processing of sensory information. Therefore, the altered neuronal morphology
caused by experiences today may change how the same stimuli are used to guide behavior
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tomorrow. Brain structure can be thought of as the output of an organism’s cumulative
experiences – it may tell us both about what an animal has done and constrain what it will do in
the future. At present, however, we have only provided evidence that the brain of the honey bee
tells us what it has done, and not what it will do.
Three possible explanations for foraging-dependent growth of the mushroom bodies can
be imagined. First, it is possible that this change in brain structure enables the honey bee to
perform a new task or cognitive operation that was not performed earlier in life. Second, growth
of the mushroom bodies may improve the performance of a previously-performed task. Third,
the change in brain structure could inhibit performance of behaviors characteristic of honey bees
with smaller mushroom bodies, resulting in covert morphological and overt behavioral
specialization of experienced foragers. These possibilities are not necessarily mutually exclusive.
It is unlikely that any entirely new behavior is a result of the foraging-induced growth of
the mushroom bodies. This reflects the fact that the structural brain plasticity we are studying in
foragers occurs after foraging has been initiated. By definition, any brain growth that occurs
prior to the initiation of foraging is not foraging-dependent. This does not therefore appear to be
a productive line of investigation. This conclusion would need to be revisited, for example, if
other types of experience (for example, training to perform a particular task, such as PER, in the
laboratory) were demonstrated to result in comparable growth of the mushroom body neuropil.
Recently, honey bees trained on an olfactory PER paradigm were reported to have an increased
density of microglomeruli (areas of synaptic specialization) in the olfactory region of the
mushroom body without a change in the volume of the area (Hourcade et al. 2010). The
microglomeruli of foragers with varying foraging experience have never been examined so it is
impossible to compare to PER training, however the data presented here suggest new dendritic
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branches may serve as the basis of new microglomeruli rather than being added to existing
microglomerular structures. The difference between foraging-dependent and pharmacological
driven plasticity in the brain and that associated with PER training likely reflects the scale at
which each interact with Kenyon cells: PER is a very specific task and likely activates a subset
of neurons and synapses, whereas foraging, due to its complex nature, and systemic drug
treatment would be expected to activate a greater proportion of Kenyon cells.
The second possibility is that foraging experience makes a honey bee a better forager.
This hypothesis assumes that the mushroom bodies support the cognitive processing required by
foraging: to date, no evidence contradicts this assumption, although bees with chemically-ablated
mushroom bodies have not been tested for foraging ability, as hydroxyurea-treated bees studied
by Giurfa and colleagues on an olfactory PER paradigm were tested as pre-foragers at 5-7 days
of age (Komischke et al., 2005). Improved individual foraging performance would have a
positive effect on the fitness of a colony. A reduction in flower handling time, a better choice of
routes, the ability to learn associations between floral odors and nectar rewards, and the ability to
retain memories or rewarding resource patches longer could all contribute to greater foraging
efficiency. Better foragers might also achieve a superior balance between resource faithfulness
and resource switching, which could optimize the contribution of the individual worker bee to
exploitation of available resources (Laverty and Plowright, 1988; Laverty, 1994). A better
forager might communicate more efficiently with other bees via the dance language, or be more
sensitive to pheromones that influence foraging, such as brood pheromone (Pankiw, 2004).
Alternatively, a better forager might simply have a lower threshold for leaving the hive, and
thereby put in a longer work day.
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Although beekeepers anecdotally report differences in productivity among their colonies,
there are few studies of honey bee foraging efficiency measured in the field relative to the
experience levels of individual foragers. In a study published in 1994, honey bees were tagged
on the first day of adult life and then returned to their colony (Dukas and Visscher, 1994). A
modified entrance permitted each departing and returning bee to be temporarily detained for the
purpose of recording each identified bee's weight. The time of each measurement was also
recorded. These investigators found that bees with more foraging experience returned with larger
foraging loads (other than the oldest bees, there was actually a non-significant decline in trip
duration), although performance eventually declined in the most-experienced (oldest) foragers,
resulting in an overall profile of lifetime foraging performance shaped like a shallow inverted U.
Roughly similar results were reported in a subsequent study (Schippers et al., 2006). In both
studies, observations were made at the hive entrance. It is therefore impossible to know if the
more experienced foragers increased their loads by visiting more flowers or by extracting more
resources from individual flowers. A follow-up study cleverly dissociated physiological
parameters and learning by examining the food delivery rate and hourly visitation rate of bees
trained to visit a sugar water feeder located 400 m from the hive. In contrast to the results of the
earlier studies in which bees were required to extract resources from flowers, extended foraging
experience at a feeder was not associated with improved performance over the course of a
forager’s career (Dukas, 2008).
There is a need for focused studies on this topic using individually tagged bees of known
age and known foraging experience. Despite the labor-intensive nature of these studies, all of the
necessary methods are already present in the tool kit of the honey bee behavioral biologist. Some
simple measures from the apicultural literature, such as observations of flower handling time
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(Stubbs and Drummond, 2001) or direct measures of flight activity (Ellis Jr. et al., 2003), could
be profitably paired with neuroanatomical analyses. Two experimental strategies appear
especially promising. The first is to use groups of known age bees with predictably different
volumes of mushroom body neuropil generated using the field-to-lab method in behavioral tests,
both in the field and in the laboratory (Ismail et al., 2006). The second is to study the relationship
between foraging experience and foraging performance in a sheltered environment (screen house
or ―bee dome‖) in which the complexity and effort required to extract resources is controlled by
the experimenter, although preliminary studies using this approach did not produce difference in
the volume of the mushroom body between simple and complex foraging environments (A.
Brockman and G.E. Robinson, personal communication).
The absolute requirement that comparisons of mushroom body neuropil volume be
restricted to age-matched bees (to ensure that the results truly reflected quantity of foraging
experience rather than chronological age) encouraged me to utilize the ―field-to-lab‖ method of
rearing worker honey bees developed by our research group that is particularly well-suited for
the study of the functional consequences of the growth of the mushroom body neuropil relatively
late in adult life (Ismail et al., 2006). In this method, worker honey bees complete
metamorphosis and emerge from their cells in an incubator. Through repeated paint marking and
daily hive observation, honey bees of known age can be collected and grouped by foraging
experience for further experimental manipulations in the laboratory, such as pharmacological
treatment or behavioral testing. Careful dissociation of age and experience is a hallmark of my
work.
Given the small number of field studies of foraging performance, one might ask if there is
any evidence that bees with greater amounts of foraging experience (which predicts that they will
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have enlarged mushroom bodies) excel in laboratory tests of learning. The performance of
workers between 26-52 days of adult life was examined on laboratory tests of light
responsiveness, sucrose responsiveness, and associative learning using olfactory PER training.
Because the bees were housed in a typical colony with access to the outdoors, it is likely that the
older bees had accumulated more foraging experience. The oldest bees in this sample displayed a
slight enhancement in positive phototaxis, but did not differ from younger bees in their ability to
associate an odor with a sucrose reward (Rüppell et al., 2007). A similar study that controlled
extent of foraging experience found that the more experienced bees performed less well than less
experienced bees on acquisition of an olfactory PER response, but, once an olfactory association
had been acquired, were less likely to erroneously generalize their response to a different odor
(Behrends et al., 2007). It is worth noting, the experienced foragers used in this study were older
than the less experienced foragers. As my data suggest, age of the tested bee may also alter PER
performance. Together, these findings suggest that one possible interpretation of growth of the
mushroom bodies is improved ability to inhibit inappropriate responses. If the structural changes
occurring in experienced foragers are initiated through forming associations with flower type and
quality, training in a visual learning paradigm might also induce similar changes in the brain.
Future Golgi studies of Kenyon cells from honey bees which undergo long-term visual PER
conditioning would
In mammals, changes in the complexity of dendritic arbors (of hippocampal or cortical)
neurons are correlated with performance on cognitive tasks. For example, rats housed in an
enriched environment have increased complexity of dendritic arbors in layer III pyramidal
neurons of the parietal cortex and perform better than controls on laboratory tests of spatial
memory (Leggio et al., 2005). Conversely, the complexity of the dendritic arbors of hippocampal
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pyramidal neurons can be reduced by exposure to hypoxic conditions (Titus et al., 2007). Rats
displaying hypoxia-induced cytoarchitectural changes in the CA3 region of the hippocampus
have impaired performance in a radial arm maze test. This body of literature argues in support of
the concept that growth of neuropil is associated with improved performance. If this is also the
case in the honey bee, the challenge for researchers is to define the role of the mushroom bodies
in the everyday life of the forager. Previous work in our laboratory found that treatment of young
worker honey bees with the muscarinic agonist, pilocarpine, improved their ability to
discriminate nestmates from non-nestmates on a well-established laboratory assay of odor-based
nestmate recognition (Breed, 1983; Breed et al., 1988; Ismail et al., 2008). Although the subjects
in this particular study were younger than normal age foragers, the data presented here show that
pilocarpine treatment also alters dendritic structure of their Kenyon cells. This simple assay
could also be adapted to study the effect of altered muscarinic signaling in foragers on contextspecific olfactory discrimination or the visual PER paradigm.
The third possibility is that growth of the mushroom body neuropil leads not to improved
performance on foraging-related tasks, but rather to specialization. The concept of specialization
is entrenched in behavioral ecology (e.g. Ferry-Graham et al., 2002; Irschick et al., 2005). For
example, a published definition (Irschick et al., 2005) of a "functional specialist" is "a species
whose morphology (or physiology) constrains it to a subset of available resources.‖ It is
unconventional to think of the honey bee, a species renowned as a generalist pollinator, as a
specialist, but the age polyethism (age-related behavioral castes) of adult worker honey bees can
be fitted to a specialist framework if one thinks beyond visible differences in morphology. At a
minimum, time spent performing a specialized task is not available for performance of other
tasks. A neurobiological view of specialization draws attention to the inhibition of circuits
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controlling the behavior discarded or reduced in frequency of performance when specialization
occurs. The data I presented here that in foragers of unknown experience, younger foragers
perform better than older foragers on a visual differentiation task does provide some support for
this notion.
If one examines time budgets of forager and non-forager workers in a honey bee colony,
as in Seeley (1982), it is notable that younger workers in a colony with normal age demography
perform numerous tasks within the hive, but do not forage. Conversely, foragers are significantly
less likely to perform in-hive tasks than non-foragers. Ethograms developed by using glasswalled observation hives have indicated that the primary activities of foragers in an undisturbed
colony are foraging and resting (Seeley, 1982). These observations raise the rarely considered
possibility that the growth of the mushroom body neuropil reflects the addition of inhibitory
synapses to the calyces, and that the expansion of this neuropil results not in enhanced foraging
performance but rather in a decreased probability of performing other tasks. Such a change could
reflect either a reduced response to the cues that facilitate responses to other behaviors, such as
nursing or attending the queen, or a decreased ability to switch from one task to another
(Heisenberg, 2003). The use of groups of known age bees with predictably different volumes of
mushroom body neuropil in behavioral and neuroanatomical studies, generated using the fieldto-lab method, could provide further evidence regarding this hypothesis.
Another experimental approach to the study of specialization of the forager is the
examination of the probability that an established forager will revert to nursing (tending larval
brood) within the hive if the nurse population is artificially depleted. There is evidence that older
foragers (assumed to have more foraging experience than younger foragers, and therefore to have
larger mushroom bodies) are less likely to display behavioral reversion (Page et al., 1992). This
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preliminary observation is consistent with the hypothesis that foragers are specialized relative to
hive bees.
A direct example of an association between dendritic growth and behavioral inhibition is
found in the mammalian literature. Deer mice reared in enriched environments have higher
dendritic spine densities in layer V pyramidal neurons in motor cortex and are better able to
inhibit stereotyped motor behavior than controls reared under standard conditions (Turner et al.,
2003).

5.3 Functional implications of foraging-dependent growth
I provide evidence here that muscarinic signaling alters Kenyon cell dendritic
morphology of young worker and forager honey bees. The functional implications of these
changes are currently unknown, but the effects on learning and memory are intriguing due to the
importance of the mushroom body in that domain. The two acetylcholine receptor subtypes
appear to affect learning differently; nicotinic receptor activation participates in both acquisition
and retrieval while muscarinic receptors are important only in retrieval of memories. Treatment
with the nicotinic agonist Imidacloprid has been reported to increase the number of trials
required for habituation, a simple form of learning, in young honey bees but decrease the number
of trials older honey bees needed to habituate (Guez et al., 2001; Lambin et al., 2001). Cano
Lozano and colleagues (1996) showed intracranial injection of another nicotinic agonist,
mecamylamine, impaired both acquisition and retrieval in an olfactory PER paradigm. In a
follow up study, a comparison of intracranial injections of two muscarinic antagonists before and
after conditioning found retrieval was transiently decreased but acquisition was unaffected (Cano
Lozano and Gauthier, 1998). More recently, foragers were topically treated with Methyl
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Parathion, an acetylcholinesterase inhibitor used as an insecticide, to assay the effect of enhanced
cholinergic signaling on learning in visual and olfactory tasks (Guez et al., 2010). Foragers were
either trained to enter the arm of a Y-maze indicated by a grating of a particular orientation or
color or trained in a traditional olfactory PER paradigm. In both tasks, Methyl Parathion
treatment enhanced recall but did not affect acquisition. This suggests that broadly enhancing
cholinergic neurotransmission (by inhibiting the deactivating enzyme) predominately affects
muscarinic signaling processes in foragers. Because we now know that muscarinic signaling
influences dendritic morphology, studies on the effect of treatment of foragers with muscarinic
receptor activating or inhibiting compounds on the visual PER paradigm I present here could be
used to determine the functional implication of the structural plasticity induced. In addition to
studying the effects on learning in chronically exposed honey bees, it is worthwhile to
investigate how acute treatment with cholinergic active compounds may differentially affect
acquisition and retrieval of memories, as well as any difference in short- and long-term memory
formation.
As a mediator of experience-dependent plasticity, Rho GTPase signaling may also
contribute to the formation and retrieval of memories in the honey bee. I provide here the first
evidence of Rho GTPase signaling in the honey bee brain. In fruit flies and mice, Rac activity
enhanced performance on assays measuring aversive olfactory learning, spatial memory, and fear
conditioning presumably via dendritic reorganization (Diana et al., 2007; Haditsch et al., 2009;
Shuai et al., 2010). Activation of mushroom body Rho GTPases may also mediate the structural
consequences of associative learning through modulation of the actin and microtubules in the
dendritic cytoskeleton. While differences in the concentration of activated CaMKII was not
found between nurse and forager honey bees, the ability of CaMKII to link neurotransmission
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with direct interactions to the cytoskeleton should secure it in future studies of the biochemical
regulators on associative learning in the honey bee. Using the visual PER paradigm developed as
part of this dissertation or a traditional olfactory PER, the GTPase activity of foragers could be
determined following conditioning. Because olfactory PER training increases the density of
mushroom body microglomeruli (a form of structural plasticity), I hypothesize that the growthsupporting activity of Rac would increase and growth-opposing RhoA activity would decrease.
Because the foraging related changes in Rho GTPase activity I report here are transient, the
temporal dynamics of GTPases following associative would be intriguing. If learning alters
GTPase activity, studying the effect of pharmacological inhibition or activation of these Gproteins on PER performance would further support their importance in experience-dependent
structural plasticity.
It is necessary to take into consideration several factors when interpreting these data.
Pilocarpine treatment was via ingestion of a drug-containing sucrose solution. Therefore we
cannot be certain that the changes in dendritic morphology resulted from activation of synapses
on the Kenyon cells we are measuring. Acetylcholine is the presumed primary neurotransmitter
in the honey bee mushroom body (Fahrbach, 2006). Honey bee brain homogenates bind nicotinic
and muscarinic antagonists and the mushroom body calyces positively stain for
acytelcholinesterase and acetylcholine receptor immunoreactivity (Huang and Knowles, 1990;
Bicker, 1999). Using a fluorescent indicator sensitive to changes in calcium concentration,
application of acetylcholine and nicotine, but not pilocarpine, activated primary Kenyon cell
cultures (Bicker and Kreissl, 1994). However, muscarinic antagonists have been shown to alter
associative learning and the muscarinic receptor from the ant, Polyrhachis vicina, has recently
been cloned and localized to the mushroom body calyx (Cano Lozano and Gauthier, 1998; Lü et
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al., 2011). Together with the finding that the mushroom bodies of foragers have decreased
acetylcholinesterase expression compared to nurse bees, it is likely that pilocarpine ingestion
directly activates receptors on Kenyon cells, but the possibility cannot be excluded that the
inputs into these cells, either afferents from the optic lobe or mushroom body feedback neurons,
are the main site of action and that changes in their activity drive the changes measured.
While the antibodies used to detect changes in Rho GTPase activity were designed to
recognize vertebrate GTPases, the kits were chosen because of the high identity between rodent
and honey bee Rac1 and RhoA proteins and because they had previously been used to
successfully study Rho GTPase signaling in fruit flies (Bakal et al., 2007). Pilot studies
artificially activating all GTPases with treatment of GTPγS in magnesium rich solution showed
the antibodies could detect activated G-proteins, but it is still possible that the antibodies
promiscuously bind more than one G-protein. A western blot analysis of mushroom body lysates
could be used to test for specificity.
The primary goal of the comparison of foragers on the visual PER paradigm presented
was to develop further the assay using intact honey bees. Sucrose sensitivity, or gustatory
response thresholds, largely predict the performance on olfactory PER (Scheiner et al., 2005).
The gustatory response threshold of foragers conditioned in my study was not determined prior
to training. This may partially explain the response of some foragers to presentation of the watersoaked toothpick. The sucrose sensitivity of honey bees used in future studies using any PER
should be determined following training.
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5.4 Implications of experience-dependent plasticity
The ability for an organism to adapt to its environment is critical for survival. This
dissertation uses the honey bee model to study the brain changes that result from foraging,
however the findings can be used to further our understanding of the mechanisms of experiencedependent structural plasticity in all animals. The vertebrate brain continues to rewire itself well
past birth. These activity-dependent developmental changes reflect the sensory experience an
animal undergoes. Hubel and Wiesel (1962) famously used monocular deprivation in newborn
cats to show changes in the response properties of neurons in the visual cortex. Additionally,
abnormal dendritic morphology has been linked to several developmental disorders, including
Down syndrome and Rett syndrome (Emoto, 2011). My treatment of young pre-foragers with
cholinergic drugs examined plasticity in the developing brain. Activating cholinergic receptors
increased, and inhibiting cholinergic signaling decreased, the dendritic complexity of developing
honey bees. Cholinergic signaling is also likely involved in foraging-dependent plasticity; thus,
my data suggest developmental plasticity and experience-dependent plasticity, at minimum,
share common mechanisms, and possibly are a continuation of the same phenomenon which
researchers artificially separate.
Maintained structural plasticity is also important in adulthood. Depressed humans have a
decreased hippocampal volume and treatment with antidepressants reverses this (Bianchi et al.,
2005). Additionally, the processes of learning and memory also involve structural plasticity, as
changes in the number, morphology, and distribution of spines has been reported in a variety of
learning tasks (Leuner and Gould, 2010). Comparisons of Kenyon cell dendritic complexity
resulting from alterations in cholinergic signaling in foragers and analysis of Rho GTPase
activity in foragers of increasing experience helps the neuroscience community better understand
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how structural changes in the brain are controlled. The role of structural plasticity is still being
investigated, but, as evidenced by the detrimental effects resulting from its deficits, it is clearly
an important physiological phenomenon. Future studies informed by my analysis of the visual
learning assay in restrained honey bee may lay the groundwork for new medical treatments.
The studies presented here focused on the honey bee, but experience-dependent brain
plasticity is not a rare phenomenon. This is likely a ubiquitous physiological phenomenon
present in all animal models, and, more to the point, occurring in the human brain as well.
Linking experience-dependent changes in brain structure to their functional consequences is
important because doing so will give us insight into a powerful source of individual (experiencedependent) differences in animal behavior.
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