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ABSTRACT

An important goal of neuroscience research is to discover molecular processes that enable
persistent neuroplasticity in the adult and aging brain. In many species, some types of
neuroplasticity typically decrease with age. Honey bees and other social hymenopterans,
however, exhibit a reinstatement of structural plasticity in association with flight and foraging
behavior. Adult plasticity in these species often includes growth and remodeling of processes in
the mushroom bodies, a paired region of the insect brain involved in sensory integration, learning
and memory. Honey bees (Apis mellifera) learn to navigate in the environment surrounding the
hive by performing orientation flights for several days before they begin to forage; both
orientation flights and foraging are cognitively challenging behaviors. Honey bee mushroom
bodies show increases in neuropil volume coincident with the increased cognitive demands of
orientation flights and foraging behavior, and treatment with pilocarpine, a muscarinic
cholinergic receptor agonist, produces growth of the mushroom body neuropil comparable to that
produced by maturation and foraging. | have examined molecular processes associated with
flight and foraging experience in the mushroom bodies of honey bees to discover mechanisms
that may support neuropil growth. Foraging experience regulates multiple molecular processes
in the mushroom bodies, including some that may contribute directly to neuropil growth, and
others that could potentially protect the brain from the effects of aging and physiological stress.
My investigation of a specific behavior, the orientation flight, found that this experience triggers
a rapid and transient upregulation of egr in the mushroom bodies. Egr is a homolog of egr-1, an
immediate-early gene well known to respond to novel experience that also exhibits higher basal
levels in brain regions undergoing development or remodeling in vertebrates. | found that egr
expression was upregulated in bees prepared to perform orientation flights and in foragers
relative to hive bees engaged in brood care, and established its plausibility as a link between

muscarinic signaling and neuropil growth.



ACKNOWLEDGMENTS

| owe thanks to many people who helped make the work presented here possible. In the field, |
received invaluable help and guidance from two expert beekeepers, Karen Pruiett and Charley
Nye. In the laboratory, Thomas Newman, Trang Nguyen, and Scott Kreher all provided
necessary advice on molecular techniques. My undergraduate assistants, Linda Qi, Jess Ray,
Emma Murdoch, and Laura Sligar all displayed cheerful willingness to endure the discomforts
and tribulations of nature in order to help me study its wonders. Adam Hamilton, a fellow
graduate student, made particularly important contributions as a field assistant for the work in
Chapter 3, and as a collaborator in the cholinergic work in Chapter 4. Members of the Robinson
Lab, including Seth Ament, Axel Brockmann, and Marsha Wheeler, volunteered helpful ideas
and feedback. Georgina Aldridge, with endless good will, mentored me in the perilous art of
being a graduate student. Sam Beshers, NSP Coordinator, skillfully intermingled sardonic
commentary with advice and support. My committee members, David Clayton, Donna Korol,
and Phil Newmark, provided welcome input at every phase of my doctoral training. Finally, my
advisor, Gene Robinson, gave me an example of how one individual can balance commitment to
great science, compassionate and thoughtful mentorship, diplomatic leadership, and even a sense
of humor.

To my friends and family: for seeing me through and preserving my sanity during this endeavor.
For this, and much more, | can never thank you enough.



TABLE OF CONTENTS

CHAPTER 1: INTRODUCTION ..ottt 1

CHAPTER 2: TRANSCRIPTIONAL RESPONSE TO FORAGING EXPERIENCE

IN THE HONEY BEE MUSHROOM BODIES ... 19
CHAPTER 3: ACTIVITY-DEPENDENT GENE EXPRESSION IN HONEY BEE
MUSHROOM BODIES IN RESPONSE TO A SPATIAL LEARNING EVENT ............... 48
CHAPTER 4: MATURATIONAL REGULATION OF MUSHROOM BODY EGR
EXPRESSION IN HONEY BEES ... 71
CHAPTER 5: CONCLUSION ..ottt 92



CHAPTER 1
INTRODUCTION

Abstract

The discovery of molecular mechanisms that promote neuroplasticity, particularly those
that could contribute to the reinstatement of neuroplasticity in aging individuals, is an important
goal of neuroscience research. Social hymenopterans, including honey bees, exhibit changes in
behavior driven by maturation. Naturally occurring increased structural plasticity in the
mushroom bodies has been documented in several species; this structural plasticity occurs late in
adult life, in association with cognitive demands related to behavioral maturation. Here |
describe how studies of the molecular basis of this phenomenon in honey bees have already
contributed to understanding of mechanisms that promote and maintain neuroplasticity in
adulthood. The pathways that have been identified in association with mushroom body neuropil
expansion are a potential focal point for future studies in bees, as well as important comparative

work in other social hymenoptera.

1. Introduction

Behavioral plasticity, particularly learning, allows animal species to respond in an
adaptive manner to a changing or unpredictable environment. The physiological basis for this
responsiveness is neuroplasticity—the ability to change neuronal structure, activity or both in
response to experience. Molecular mechanisms underlying structural and functional plasticity
are highly conserved between vertebrates and insects (North and Greenspan, 2007). These
commonalities, along with the huge diversity of life histories and behaviors among insect
species, provide a wealth of potential study organisms to explore mechanisms underlying
neuroplasticity.

Both structural and functional plasticity in the brain are crucial for learning and memory
(Butz et al., 2009). Structural plasticity can be quantified on many scales, including that of total
neuropil volume of a specific region; increases in neuropil volume are driven by remodeling of
neuronal processes, such as lengthening or branching of dendrites, and are often accompanied by
addition of synapses (Anderson, 2011). Computational theories of information storage in the
brain suggest that increasing total dendritic branch length or numbers of synapses results in



increased memory capacity and computing power (Chklovskii et al., 2004). Formation of new
synapses and growth of existing synapses to strengthen a particular neural circuit are both
important to memory consolidation, while excess formation followed by pruning (elimination) of
less active synapses also allows experience to shape the resulting neural circuitry (Holtmaat and
Svoboda, 2009).

One important question is: how can structural plasticity, along with the learning ability it
promotes, be maintained in adulthood? In many species including humans, many forms of
neuroplasticity peak during infancy, childhood, or adolescent development, while later adulthood
and senescence are accompanied by a decrease in some forms of neuroplasticity and learning
abilities (Erickson and Barnes, 2003). Understanding how neuroplasticity might be upregulated
in adulthood could lead to clinical applications that allow us to maintain neuroplasticity later in
life (Hensch, 2004; Bavelier et al., 2010). Species in which behavioral flexibility increases
instead of decreasing with age, with a corresponding increase in neuroplasticity, provide
excellent opportunities to pursue answers to this question.

The adult workers of several eusocial insect species, notably honey bees, are a prime
example of such organisms (Holldobler and Wilson, 2009). This introduction will first review
examples of behavioral plasticity and associated structural neuroplasticity in honey bees and
other social insects. | will then describe how research in honey bees, including my thesis work,

has begun to elucidate the molecular basis of adult neuroplasticity in honey bees.

2. Social insects as models of adult structural plasticity in the brain

Several species of social Hymenoptera, including many species of wasps, ants, and bees,
display temporal polyethism; that is, workers specialize in the performance of different sets of
tasks at different ages and phases of maturation. In honey bees, younger workers (age 1-3
weeks) perform tasks such as brood care inside the hive, while older workers forage for nectar,
pollen and other resources outside the hive (Winston, 1987). In almost all species studied, the
behavioral progression is similar (Holldobler and Wilson, 1990), and the later phases of
behavioral maturation are likely to represent greater cognitive challenges to the individual
performing them (Fahrbach and Robinson, 1995). Since all hymenopterans are central place
foragers (Farris and Schulmeister, 2011), accurate navigation and the accompanying requirement

for spatial learning are important components of foraging behavior (Farris, 2008a). For many of



these species, foraging also represents the first significant exposure to visual stimuli and
environmental odors, because the first behavioral phases are spent almost exclusively inside a
dark nest. Animals whose life history involves encountering novel cognitive challenges as they
age are expected to show increased neuroplasticity. This might be either in anticipation of or in
response to those challenges, or both. These changes have been termed “experience-expectant”
and “experience-dependent”, respectively (Greenough et al., 1987). Both types of plasticity have
been reported in vertebrates, and in the adult workers of various social insects.

2.1. The mushroom bodies: a locus of adult structural plasticity in the insect brain

In social insects, effects of foraging experience on the brain have been most intensively
studied in the mushroom bodies. The mushroom bodies comprise clusters of intrinsic neurons
called Kenyon cells; in honey bees, there are approximately 170,000 Kenyon cells per
hemisphere, meaning that together the mushroom bodies comprise 35% of the honey bee brain’s
total neurons. This proportion is similar to that found in other hymenopterans, but contrast with
insects such as Drosophila, where the percentage of Kenyon cells among total neurons is
approximately 5% (Farris, 2005). Kenyon cell dendrites in each hemisphere project to form a
neuropil called the calyx, while their axons bundle together to form a stalk called the peduncle,
then bifurcate to form two neuropils called the vertical and medial lobes. In hymenopteran
species, including honey bees, the calyx is a doubled cup-shaped structure that receives both
visual and olfactory inputs. These inputs are directed to specific, concentrically arranged
subregions of the calyx called the lip, the collar, and the basal ring. The lip receives olfactory
input exclusively, the collar receives visual input exclusively, and the basal ring receives input
from both sensory modalities (Heisenberg, 1998; Fahrbach, 2006). Because of this convergence
of sensory modalities on the Kenyon cells, the mushroom bodies are thought to play a role in
multimodal integration in honey bees (Strausfeld et al., 1998).

The mushroom bodies are also considered to be a primary brain region for learning and
memory in the insect brain, potentially analogous to the hippocampus or the cortex of vertebrates
(Capaldi et al., 1999; Farris, 2008b). Studies in Drosophila and other insect species have
demonstrated the role of the mushroom bodies in a variety of learning and memory tasks,
particularly olfactory learning (Heisenberg, 1998). For example, honey bees with unilateral

mushroom body ablations induced during development show olfactory learning deficits when



training is specific to the antenna on the ablated side (Komischke et al., 2005). There is also
limited evidence that suggests the involvement of the mushroom bodies in spatial learning tasks

in some insect species (Farris, 2008b; Brandon and Coss, 1982; Mizunami et al., 1998).

2.2. Foraging-related structural plasticity in the mushroom bodies

Over the past two decades, a wide variety of studies have examined structural plasticity
associated with foraging in the mushroom bodies of honey bees and other social insects. This
literature is reviewed here, with an emphasis on studies performed in honey bees. A related body
of work has shown that in some species of social wasps, mushroom body plasticity is related not
only to foraging but to dominance hierarchies among nestmates (O'Donnell et al., 2007; Molina
and O'Donnell, 2007; Molina and O'Donnell, 2008; Molina et al., 2009); other work has shown
foraging-related mushroom body plasticity in solitary or facultatively eusocial bee species
(Withers et al., 2008; Smith et al., 2010). | have chosen to focus on species in which there is
evidence of a relationship between temporal polyethism (age-related shifts in task performance)
and structural plasticity in the mushroom bodies of the mature adult.

Adult neuroplasticity associated with temporal polyethism was first studied in honey
bees. In bees, mushroom body neurogenesis and major neuropil organization are complete
before eclosion (Fahrbach et al., 1995; Farris et al., 1999). However, the mushroom bodies of
newly emerged adult bees exhibit some active neuropil outgrowth and dendritic branching
(Farris et al., 2001). Reinstatement of structural plasticity in the mushroom body neuropil was
first discovered by Withers et al. (1993). Their study found that the neuropil of foragers is larger
than that of hive bees engaged in brood care; through manipulations of colony demography that
cause some bees to begin foraging far earlier than the typical age, they also showed that onset of
foraging performance, not age, determined the size of the neuropil. Other work confirmed the
occurrence of an expansion in anticipation of foraging onset (Withers et al., 1995; Durst et al.,
1994). This growth corresponds to the time during which workers are performing orientation
flights (short learning flights performed by pre-foraging bees), but is not dependent on flight
experience: increased neuropil volume is observed even in similarly aged bees that have been
caged and deprived of light (Fahrbach et al., 1998). This phase of growth is therefore considered
to be experience-expectant, a preparation for the increased cognitive demands of flight and

foraging behavior.



A second adult phase of growth in the honey bee mushroom bodies is experience-
dependent, occurring in response to accumulated foraging experience. Bees that have two weeks
of foraging experience have larger mushroom body neuropil volumes than do bees that have
foraged for a single week, or bees that were caged and light-deprived for the second week of
their foraging career (Farris et al., 2001; Ismail et al., 2006). Neuropil volume in foragers
confined to the hive during the second week are intermediate between caged and active bees,
suggesting that stress caused by caging cannot explain the lack of growth in less experienced
foragers. Foraging-related, experience-dependent expansion is accompanied by increased
dendritic branching and branch length in the visual input region of the calyx (Farris et al., 2001),
and changes in microglomerular structure and density (Krofczik et al., 2008). Similarly, a single
orientation flight induces experience-dependent remodeling of dendritic spines in the mushroom
body calyces of workers (Brandon and Coss, 1982).

Studies in other social hymenoptera exhibiting temporal polyethism mirror the pattern of
experience-expectant and -dependent growth in the mushroom body neuropil observed in honey
bees. In some cases, association between neuroplasticity and the transition to foraging has been
shown, but the effects of age, behavior, and experience have not yet been experimentally
distinguished. Mushroom body plasticity has been found in Pheidole, a genus of ants in which
the minor workers add foraging to their behavioral repertoire as they age while also retaining
previously performed behaviors such as brood care. Foraging workers of several species (P.
dentata, P. morrisi, and P. pilifera) have larger mushroom body neuropil volumes than do
younger workers (Muscedere and Traniello, 2012); in one species (P. dentata) evidence of
synaptic pruning and strengthening of remaining synapses was also found (Seid et al., 2005).
These studies did not distinguish between the effects of experience and age. In a eusocial wasp,
Polybia aequaorialis, older workers performing foraging tasks and those performed on the
outside surface of the nest enclosure were found to have larger mushroom body calyx volumes
than younger workers performing tasks inside the nest; again, this may indicate experience-
expectant growth associated with age or behavioral state, or experience-dependent growth
stimulated by exposure to light and environmental odors (O'Donnell et al., 2004).

In studies of other species of ants, manipulation of colony demography has facilitated the
ability to distinguish experience-expectant and —dependent effects on mushroom body neuropil.

An early study of carpenter ants, (Camponotus floridanus), found growth of the mushroom body



neuropil in foraging minor workers (Gronenberg et al., 1996). Older, “idle” workers in nests
with a manipulated demography that prevented onset of foraging behavior had enlarged neuropil
compared with younger workers, but not as large as same-age foragers, suggesting independent
effects of both age and foraging experience. Studies in the desert ant Cataglyphis bicolor have
yielded similar results. The timing of task progression in Cataglyphis is closer to that seen in
bees, as are the structural changes observed in the mushroom body neuropil. Ants foraging
outside the nest have larger mushroom body neuropil volumes, including larger lip (olfactory)
and collar (visual) regions, than ants working inside the nest (Kuhn-Buhlmann and Wehner,
2006). Both absolute age and foraging performance contribute to this growth. Increases in the
collar region are particularly large; Cataglyphis rely heavily on vision for navigation (Wehner
and Raeber, 1979), making growth of a region for higher-order visual processing particularly
important.

Research in Cataglyphis has also explored, more fully than in species discussed above,
the possible “priming” effect of tasks involving light exposure on induction of neuroplasticity.
Investigation of changes in the mushroom body neuropil on the synaptic level in two related
species (C. albicans and C. fortis) suggested that neuropil growth was accompanied by pruning
of excess axonal inputs to the lip and collar regions and strengthening of the remaining inputs in
experienced foragers (Seid and Wehner, 2009; Stieb et al., 2010). Ants deprived of experience
showed no pruning with age; instead, synaptic complexes slowly and continually proliferate in
the calyces of these individuals (Stieb et al., 2010). Pruning appeared to begin in ants that had
not yet transitioned to foraging, but were engaged in digging tasks likely to lead to light
exposure, and old enough to perform “exploration runs” similar to orientation flights in bees.
Artificially induced light exposure was also sufficient to induce pruning in interior workers
(Stieb et al., 2012). Together, these results suggest age-related, experience-expectant neuropil
growth, with light exposure serving as a cue to begin consolidation of visual information, and
continued foraging activity stimulating further, experience-dependent neuropil growth.

The work reviewed here demonstrates the richness of social insect species as models for
the study of adult neuroplasticity, and as potential models for understanding its molecular basis.
In the following section and in the subsequent chapters, I have chosen to focus on the honey bee.
The honey bee was the first eusocial insect with a published genome sequence (Honeybee

Genome Sequencing Consortium, 2006), making it an obvious choice for molecular research. In



addition, honey bees offer the advantages of a long history of ethological study, and vastly
longer history of management by humans (Winston, 1987). Although temporal polyethism
dictates a predictable age-related progression of behaviors, easing their study, effects of
experience can also be easily decoupled from absolute age, as described above. Flight and
foraging behavior can be broken down into a variety of cognitive challenges (Giurfa, 2007), a
few of which are described below, which are naturally performed and are easily studied in an
ecologically relevant environment. Work with honey bees therefore combines the opportunity to
explore molecular mechanisms in a naturalistic environment with extensive knowledge of life
history and behavior, as well as a wide array of strategies for behavioral manipulation. These
advantages have promoted the honey bee as a model organism for neurobiological study,

including the investigation of neuroplasticity.

3. Plasticity-related molecular signaling in honey bee mushroom bodies

Structural neuroplasticity relies on transcription: activity-regulated genes transduce
environmental and endogenous stimuli to intracellular signaling systems that direct growth, and
downstream genes provide the physical substrate for structural and functional changes (Clayton,
2000; Leslie and Nedivi, 2011). Transcriptional changes associated with mushroom body
neuropil growth are a subset of the wide array of transcriptional changes that accompany
behavioral maturation in the honey bee brain (Whitfield et al., 2003; Whitfield et al., 2006;
Chandrasekaran et al., 2011; Ament et al., 2012). These broad surveys of genomic involvement
in maturation are valuable to the mechanistic understanding of behavioral plasticity, but permit
only limited interpretation of connections to neuroplasticity in the mushroom bodies. Studies
that focus on the transcriptional response to specific behavioral aspects of maturation (Chapters 2
and 3), as well as on specific genes (Chapters 3 and 4), are beginning to reveal pathways likely to

mediate experience-expectant and -dependent phases of mushroom body structural plasticity.

3.1 Transcriptional changes associated with foraging experience

Prior to my research, the effects of two specific aspects of foraging experience on brain
gene expression had been examined: the acquisition of spatial and temporal memories of floral
resources. Bees’ perception of distance can be manipulated by training foragers to fly through a

tunnel, then altering the visual patterning inside the tunnel to simulate different amounts of optic



flow (Srinivasan et al., 2000). Sen Sarma et al. (2010) used this strategy to examine the
transcriptional response in the mushroom bodies and the optic lobes (areas of primary visual
input) to the perception of altered distance to a familiar sugar feeder. While a total of only 36
transcripts responsive to distance perception were detected, hindering functional analyses,
coexpression network analysis revealed a more extensive set of genes correlated with response to
distance perception. Genes annotated as being involved in synaptic plasticity were enriched in
this set. Distance perception, an important component of spatial learning, may be acting through
these and related gene products to contribute to experience-dependent neuropil growth.

Naeger et al (2011) examined transcriptional response to temporal aspects of foraging. In
natural environments, foragers learn the time of day when different flowers are in bloom. This
allows them to target resources while they are available, resulting in greater foraging efficiency.
Bees can also be trained to visit artificial feeders at certain times of day (Moore, 2001). A
microarray study that investigated whole brain gene expression in response to this type of time
training identified a set of 352 genes differentially regulated in bees with specific spatiotemporal
memories after excluding other factors such as time of collection. Functional analyses revealed
an enrichment in this gene set of genes related to synaptogenesis. This study, like Sen Sarma et
al., provides entry points to understanding the relationship between foraging-related associative
learning tasks, differential expression of identified genes, and structural plasticity.

Despite the value of these insights into specific aspects of foraging experience, they do
not provide a complete picture of the dynamics of gene expression throughout the foraging
career, or how those dynamics may promote mushroom body neuropil growth. In Chapter 2, |
addressed this question by performing a time-course microarray study to examine gene
expression changes in the mushroom bodies as a function of days foraged. Clustering analysis of
the differentially expressed genes suggested that the timing of a substantial proportion of
foraging-related gene expression corresponds to the timing of the previously observed neuropil
expansion. | used several types of bioinformatic analyses to discover functional themes that
characterize the foraging-dependent genes in the mushroom bodies. Categories of genes
positively correlated with foraging duration included several potentially related to dendritic
remodeling and growth. Both clustering and functional annotation analyses suggest that

foraging-related gene expression in the mushroom bodies could be responsible for directing and



providing materials needed for neuropil growth. This work has been published in Developmental
Neurobiology (Lutz et al., 2012).

This study also identified a set of protein folding genes that are disparately regulated in
young bees, but consistently coexpressed in foragers. Protein-folding genes may act together as
part of a neuroprotective mechanism unique to forager mushroom bodies. Amdam et al. have
suggested that foragers with extensive experience (>15 days of foraging) can be regarded as
senescent, and serve as a model for aging research (Behrends et al., 2007; Amdam, 2011).
Another study by this group found that abundance of several proteins related to synaptic
plasticity is decreased in foragers with extensive experience (Wolschin et al., 2009). Although
this subset of the forager population does present an interesting model for the study of cognitive
senescence, most individuals die before they reach this duration of foraging (Visscher and
Dukas, 1997). Results presented in Chapter 2 suggest that as experienced foragers reach this
age, identified putative neuroprotective processes begin to decline. By focusing instead on
foragers with 1-2 weeks of experience, a population in which active neuropil growth occurs, we

have identified mechanisms by which such plasticity may be maintained in the aging brain.

3.2 Egr expression in the mushroom bodies: experience-dependent and -expectant upregulation

The work described in Chapter 2 provides a broad overview of the types of
transcriptional changes that may promote and maintain neuropil growth, in response to a variety
of experiences encountered during foraging. It is likely that some molecular processes that
contribute to experience-dependent plasticity in the mushroom bodies are not dynamically
regulated throughout foraging, but instead are upregulated and present constitutively throughout
foraging, or transiently increased at the onset of flight or foraging behavior. For example, onset
of foraging transiently induces alterations in Rho GTPase signaling known to promote dendritic
remodeling (Dobrin and Fahrbach, 2012).

To explore the possibility of transient changes in transcription that promote subsequent
neuropil growth, I focused on the bee’s first experience with the environment outside the hive,
the orientation flight. As discussed above, this first exposure to outside stimuli promotes
structural changes in the neuropil of bees and ants (Brandon and Coss, 1982; Stieb et al., 2010;
Stieb et al., 2012), and is important for subsequent foraging behavior. 1 also narrowed my

investigation of transcriptional response to a specific gene, egr. Egr is a homolog in honey bees



of egr-1 (also known as zenk), a canonical immediate-early gene. Egr-1 is an activity-dependent
transcription factor whose expression has been associated with learning and novelty detection in
many vertebrate systems; its transient expression and hypothesized regulation of downstream
genes related to synaptic growth made it a good candidate as an initiator of neuroplasticity in
response to orientation flight (Tischmeyer and Grimm, 1999; Knapska and Kaczmarek, 2004;
Moorman et al., 2011). The study described in Chapter 3 examined the transcriptional activation
of egr in response to orientation flights, a naturally occurring behavioral paradigm for spatial
learning. 1 used in situ analysis and gRT-PCR to investigate the transcriptional response of egr
to orientation flight. | found that egr is rapidly, strongly, and transiently upregulated in the brain
of the honey bee by orientation flight. In addition, | have shown that this experience-dependent
transcriptional activity is limited to the mushroom bodies. Subsequent behavioral dissection of
component experiences of the orientation flight suggests that egr is responsive to visual
environmental novelty encountered during the flight. Egr may play a role in memory
consolidation similar to that proposed in vertebrates, acting as a mushroom body-specific
functional link between orientation flights and resulting dendritic spine remodeling (Brandon and
Coss, 1982).

In addition to its well-known role as an immediate-early gene responsive to novel
experience, egr-1 exhibits higher basal levels in brain regions undergoing development or
remodeling in some vertebrates (Worley et al., 1991; McCormack et al., 1992; Kaplan et al.,
1995; Jin and Clayton, 1997). In the zebra finch, young birds about to enter the sensitive period
for song learning exhibit a constitutive level of egr-1 expression in the auditory forebrain; later,
during the sensitive period, egr-1 is expressed at a lower basal level, but upregulated in response
to hearing a novel song (Jin and Clayton, 1997; Stripling et al., 2001). The same switch from
constitutive to song-responsive expression has been observed for hundreds of other genes in the
auditory forebrain (London et al., 2009), reinforcing the idea that genes promoting plasticity in
response to experience may also act to induce experience-expectant plasticity at appropriate life
stages. In Chapter 4, | have found evidence of a similar pattern of regulation for egr in the
maturing adult honey bee. Egr expression was upregulated in the mushroom bodies of hive bees
preparing to perform an orientation flight, compared with hive bees that were instead actively
engaged in brood care. Egr was also expressed at a higher constitutive level in the mushroom

bodies of foragers when compared with hive bees. These findings are consistent with a role for
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egr in experience-expectant and -dependent phases of mushroom body neuropil expansion.
Results in Chapter 4 support the possibility that egr serves as a link between muscarinic
signaling, known to promote mushroom body neuropil growth in foragers (Ismail et al., 2006),
and dendritic arborization in the calyx of foragers and young bees (Dobrin et al., 2011).
Injection of pilocarpine induced increased expression of egr in the mushroom bodies of one-day
old bees. Cholinergic signaling is increased in foragers compared with hive bees, particularly in
the mushroom bodies (Shapira et al., 2001). It is possible that increased cholinergic signaling in
bees may act through muscarinic receptors to increase basal levels of egr, which in turn may
alter the transcription of a cascade of downstream genes involved in dendritic remodeling and
growth.

4. Conclusions

Honey bees are particularly well-suited for the study of the molecular basis of adult
neuroplasticity, and the findings presented here create a foundation for further investigation.
One promising future direction for the work presented here is an exploration of the downstream
transcriptional targets of egr in honey bees. By discovering the cascade of transcriptional
regulation resulting from increased expression of egr, we may obtain a more complete picture of
how environmental stimuli act through molecular signaling to promote neuroanatomical change,
as well as a better understanding of how molecular state may influence the capacity of the brain
to exhibit such changes. Several recent studies have used the wealth of brain gene expression
data in honey bees to model the regulatory control of networks of genes by a few transcription
factors, and how this regulatory control contributes to behavioral plasticity (Chandrasekaran et
al., 2011; Ament et al., 2012). As genomic resources become increasingly available for a range
of social insects (Werren et al., 2010; Wurm et al., 2011; Suen et al., 2011; Smith et al., 2011a;
Smith et al., 2011b; Nygaard et al., 2011; Munoz-Torres et al., 2011), these types of studies can
be extended to a variety of species with their own experimental advantages. Studies in taxa
where foragers are longer-lived, such as Camponotus, or more generalist in their range of
behaviors, such as Pheidole, may ultimately serve as better models for understanding how to
promote adult neuroplasticity in humans. ldentifying commonalities and differences in the
molecular mechanisms supporting plasticity in different behavioral and neural characteristics

would also be instructive. For example, if is egr part of a conserved molecular toolkit that
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mediates neuroplasticity, what are the implications of potential lack of involvement in
mechanisms of Drosophila learning and memory? Is it active in brain regions outside the
mushroom bodies in species such as Camponotus, in which the antennal lobes also exhibit
substantial adult neuropil growth (Kuhn-Buhlmann and Wehner, 2006)? How do shared or
differing downstream transcriptional cascades produce different types of growth, over different
time scales? The work in honey bees described here represents an important starting point to

direct these and other future studies.
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CHAPTER 2

TRANSCRIPTIONAL RESPONSE TO FORAGING EXPERIENCE IN THE HONEY BEE
MUSHROOM BODIES!
Abstract
Enriched environmental conditions induce neuroanatomical plasticity in a variety of

vertebrate and invertebrate species. We explored the molecular processes associated with
experience-induced plasticity, using naturally occurring foraging behavior in adult worker honey
bees (Apis mellifera). In honey bees, the mushroom bodies exhibit neuroanatomical plasticity
that is dependent on accumulated foraging experience. To investigate molecular processes
associated with foraging experience, we performed a time-course microarray study to examine
gene expression changes in the mushroom bodies as a function of days foraged. We found almost
500 genes that were regulated by duration of foraging experience. Bioinformatic analyses of
these genes suggest that foraging experience is associated with multiple molecular processes in
the mushroom bodies, including some that may contribute directly to neuropil growth, and others

that could potentially protect the brain from the effects of aging and physiological stress.

1. Introduction

Neuroplasticity, the brain’s ability to respond to experience and modulate behavior, is an
important trait in many species. A question of interest is what molecular processes support this
capacity. Studies examining transcriptional responses to enriched environments in the laboratory
(Rampon et al., 2000; Ronnback et al., 2005; Li et al., 2007; Thiriet et al., 2008) have been
valuable in the discovery of molecular processes associated with neuroanatomical plasticity.
However, few studies have examined the brain’s response to the extended performance of a
specific, naturally occurring, ecologically relevant behavior. This approach allows for the
possibility that mechanisms of neuroanatomical plasticity can be understood in the context of
changes in neural functioning and behavior that occur throughout the lifespan, much the way
increases and decreases in different cognitive abilities occur as a function of aging (McArdle et

al., 2002). We used the honey bee to begin to understand how naturally occurring cognitive

! The work in this chapter has been published: Lutz CC, Rodriguez-Zas SL, Fahrbach SE, Robinson GE (2012)
Developmental Neurobiology 72:153-166. SLR-Z performed statistical analyses on microarray data. SEF and GER
helped to design experiments, analyze data and write the paper. Reprinted with permission from Wiley-Blackwell:
http://authorservices.wiley.com/bauthor/faqs_copyright.asp#1.7.
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challenges and sensory stimulation affect molecular processes associated with neuroanatomical
plasticity.

Neural development in adult worker honey bees (Apis mellifera) provides an opportunity
to study experience-induced neuroanatomical plasticity in a naturalistic setting. The first 1-3
weeks of honey bee worker adult life are spent performing tasks inside the hive, after which bees
typically forage for resources (Winston, 1987). This dramatic behavioral shift means that honey
bees can be used to examine the response of a mature brain to a sudden and sustained increase in
cognitive demand that is highly relevant to their natural lifestyle. Foraging exposes bees to novel
sensory stimuli and involves memory-intensive tasks, such as spatial navigation and recognition
of floral sources (Menzel, 1990).

The mushroom bodies, a region of the insect protocerebrum that performs multimodal
integration of input from primary sensory neuropils and is involved in learning and memory
(Fahrbach, 2006), is likely to participate in these cognitive tasks. Adult honey bee mushroom
bodies exhibit neuropil growth in response to accumulated foraging experience; expansion is
detectable between the first and second week of foraging (Farris et al., 2001; Ismail et al., 2006).
This expansion is not caused by adult neurogenesis in the mushroom bodies (Fahrbach et
al.,1995). Instead, experience-dependent expansion is accompanied by increased dendritic
branching and branch length in the visual input region of the calyx (Farris et al., 2001), and
changes in microglomerular structure and density (Krofczik et al., 2008). Behavioral studies
show that foraging efficiency also improves with experience (Dukas and Visscher, 1994) and
that learning may contribute to this improvement (Dukas, 2008), suggesting a link between
anatomical and behavioral change.

Foraging is a physiologically demanding activity, and the average time to death once a
bee has commenced foraging is one week (Visscher and Dukas, 1997); foraging-induced
neuropil growth therefore represents an extreme example of plasticity in aging individuals.
Neuroanatomical plasticity in other species typically decreases with age, but this decrease and
the corresponding loss of cognitive ability can sometimes be prevented by experience (van Praag
et al., 2000; Kolb, 1998). It is of interest to discover molecular processes that enable persistent
neuroanatomical plasticity in the aging brain.

The mushroom body neuropil of adult honey bees also undergoes developmentally

related growth prior to the onset of foraging behavior. The mushroom bodies of 1-day-old bees
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exhibit active neuropil outgrowth and dendritic branching (Farris et al, 2001), and the neuropil
shows further expansion in anticipation of foraging onset (Withers et al 1993, 1995; Durst et al,
1994). These phases of growth are apparently distinct from the plasticity observed in older
foragers and independent of experience; neuropil expansion in young bees is robust even to
extreme sensory deprivation (Fahrbach et al., 1998), whereas neuropil expansion in foragers
requires foraging activity (Ismail et al., 2006). Are the same genes responsible for directing
initial growth in development and for re-initiating neuroanatomical plasticity in response to
experience?

Because knowledge of molecular processes directing adult neuropil growth is so limited,
we chose to conduct a genome-wide survey for changes in gene expression that might be related
to this type of growth in honey bees. We performed a detailed investigation of the long-term
dynamics of gene expression associated with foraging experience, with the idea that some of
these genes are potentially related to neuroanatomical plasticity. We used whole-genome
microarrays to measure gene expression in the mushroom bodies of honey bees throughout their

foraging lifespan.

2. Methods
2.1. Animals

Bees were observed and collected from apiaries maintained by the University of Illinois
Bee Research Facility, Urbana, IL in June and July of 2008. Additional bees were collected for
gRT-PCR analysis in August 2009. Experimental honey bee colonies were designed and
maintained as described in Ismail et al (2006). Colonies began as one-story Langstroth hives
with several empty combs and combs containing larval brood. Frames of honeycomb containing
pupae were collected from 25-30 other colonies and stored in a dark, humid incubator at 34°.
Adults were removed from the comb within 24 h of emergence, marked on the thorax with paint
(Testor’s) and introduced to each experimental colony. In total, 10,000-13,000 marked bees
were added over a two-day period to each host colony. Each colony also contained a naturally-
mated queen and at least 30,000 unmarked bees.

The majority of honey bee workers die before reaching 12-16 days of active foraging
behavior (Visscher and Dukas, 1997). In order to collect adequate numbers of older foragers for

analysis, colony demography was manipulated to ensure a large starting population of
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simultaneously foraging focal bees. This was done by removing non-focal foraging bees from
the colony (Huang and Robinson, 1996). Collections for microarray analysis were made from
two colonies (two trials). Collections for gRT-PCR came from the same trials as those used for
microarray analysis, but from groups of bees that initiated foraging at a later (for trial one) or
earlier (for trial two) period. Samples from a third colony, collected a year later, were also used

to confirm microarray results.

2.2. Behavioral observations

Behavioral observations were performed as in Ismail et al (2006). Briefly, beginning
when focal bees were 6-7 days old, the colony entrance was observed daily for 8 h; this allowed
focal bees to be identified on the first day they foraged. Focal bees observed returning with a
nectar or pollen load were given a second paint mark on the abdomen to indicate their status as
foragers. Based on this second paint mark, the number of days spent foraging could be
determined for any double-marked bee captured. After a sufficient number of first-day foragers
had been marked, brief observations of the colony every 2-3 days ensured that overall foraging
activity remained high. Twelve days after this initial marking period, as many as possible of the
individuals that had subsequently commenced foraging were also given an abdominal mark.
This allowed the identification of age-matched, less-experienced foragers at the end of the

experiment.

2.3. Collections and dissection

Individuals for microarray and gRT-PCR analyses were flash-frozen in liquid nitrogen.
1-day-old bees were collected after removal from the comb containing brood. Foragers with 4,
8, 12, and 16 days of flight experience were collected upon their return to the hive entrance with
a pollen or nectar load. Samples were stored at -80° C between all subsequent processing steps.

Mushroom bodies were isolated as previously described (Sen Sarma et al., 2009). Frozen
brains were treated overnight with RNAlater-ice (Ambion) and then dissected over ice. Only the
calyces of the mushroom bodies were retained because of the difficulty of separating the
peduncles and lobes of the mushroom bodies from the central body. The calyces contain the
somata of all intrinsic mushroom body neurons (Kenyon cells) and should contain the majority

of mushroom body transcripts.
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2.4. Microarrays
Microarray sample preparation and hybridization procedures were similar to those described in
Alaux et al (2009a). RNA was extracted from tissue using an RNeasy kit (Qiagen) and amplified
(from 200 ng) with an Amino Allyl MessageAmp™ Il aRNA Amplification kit (Ambion).
Amplified RNA (2 ng) was labelled with a ULS aRNA labelling kit (Kreatech), and 60 ng
labelled material from each sample was hybridized to honey bee whole genome oligonucleotide
arrays using a Maui Hybridization System (Kreatech).

Mushroom body gene expression in five groups (1-day old bees, and bees collected 4, 8,
12, or 16 days after foraging initiation) was compared using a loop design. For each of two
trials, 12 bees per group were included, and analyzed on an individual basis. Slides were
scanned using an Axon 4000B scanner, and images analyzed with GENEPIX software (Agilent
Technologies). Spots were removed from analysis if flagged by the GENEPIX software or if the
fluorescence intensity was less than the median intensity of the negative control spots. A Loess
transformation was performed using Beehive (http://stagbeetle.animal.uiuc.edu/Beehive) to

normalize expression intensities.

2.5. Real-time RT-PCR

RNA extraction was performed as described for microarray samples. An on-column
genomic DNA digest was performed with DNase 1 (Qiagen). cDNA synthesis was performed
using 150 ng RNA. Quantification was performed (on samples independent from those used on
microarrays) with an ABI Prism 7900 sequence detector, SYBR green detection method
(Applied Biosystems), and relative quantification to a genomic DNA standard curve. Expression
was normalized to the geometric mean of two constitutively expressed genes used in past studies,
elF3-s8 (Alaux et al., 2009a) and rp49 (Ament et al., 2008).

2.6. Statistics

A linear model including both fixed and random effects implemented using restricted
maximum likelihood was used to analyze the normalized log,-transformed fluorescence
intensities for each gene, accounting for the effects of dye, bee, colony and microarray. An FDR

(false discovery rate) correction was used to correct for multiple testing. Both microarray and
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gRT-PCR analyses used PROC MIXED in SAS. Genes highly expressed in the hypopharyngeal
glands, a nearby and potentially contaminating tissue, were filtered from the microarray results,
as in previous studies (Alaux et al., 2009a). Clustering analyses were performed using
MultiExperiment Viewer, part of the TM4 Microarray Software Suite (Saeed et al., 2006). The
R package CMA (Classification for Microarrays), a program designed for class prediction in
microarray data sets (Slawski et al., 2008), was used for this purpose; data were pre-filtered for
genes with missing values. For Gene Ontology and other informatic functional analyses, known
Drosophila melanogaster orthologs of bee genes were used as previously described (Alaux et al.,
2009b), and enrichment was identified using the functional annotation clustering tool in the
Database for Annotation, Visualization, and Integrated Discovery (DAVID) (Dennis et al., 2003;
Huang et al., 2009). Correlation network analysis was performed using the R package Weighted
Gene Co-expression Network Analysis (WGCNA). The forager bee network was constructed
with values from all forager time points; the young bee network was constructed using values
from day-old individuals. STEM (Short Time-series Expression Miner), a program designed for
time-series microarray studies with relatively few time points, was used to identify gene
expression profiles (patterns of up- or down-regulation between adjacent time points) that arose
more frequently than expected by chance (Ernst and Bar-Joseph, 2006). Clustering and network
analyses used log,-transformed estimated values for individual samples, as described previously
(Whitfield et al., 2006).

3. Results
3.1. Foraging induces a restricted and temporally focused transcriptional response

We compared gene expression in the mushroom bodies of five groups: 1-day old bees,
and foragers with 4, 8, 12, or 16 days of flight experience. A total of 6,219 genes of the 11,761
included in the analysis (53%) were significant in the overall ANOVA (FDR<0.05). Of these,
5,839 genes (50%) were differentially regulated in the mushroom bodies of 1-day-olds and
foragers. This large number of regulated genes is consistent with previous comparisons of
whole-brain gene expression in foragers and hive bees (Alaux et al., 2009a; Whitfield et al.,
2003) or foragers and day-olds (Whitfield et al., 2006; Sen Sarma et al., 2007).

By contrast, the number of genes in the mushroom bodies differentially regulated by

increasing amount of foraging experience was much smaller: only 498 genes (4%) were
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differentially regulated between any two foraging time points, and 239 genes were differentially
regulated between adjacent time points (pair-wise comparisons). A total of 200 of these 239
showed significant regulation between 8 and 12 days of foraging. A disproportionate amount of
experience-related expression differences thus occurred within the previously identified time
frame for experience-dependent neuropil expansion (Ismail et al., 2006).

Analysis of microarray gene expression data through ANOVA relies on expression
differences in individual genes, identified by a somewhat arbitrary significance threshold. A
relatively new alternative method for understanding expression data, weighted gene co-
expression network analysis (WGCNA), can supplement other methods and provide a more
complete view of molecular processes associated with a factor of interest. Networks of genes are
identified by their coexpression (positive or negative correlation) in multiple individuals across
different experimental conditions. Within-group variation, otherwise detrimental to detection of
expression differences for a single gene across groups of individuals, can in WGCNA be used to
reveal potential interactions between groups of genes; correlation of gene expression is likely to
reflect coregulation (Zhang and Horvath, 2005).

We applied WGCNA to the expression of 9754 genes in individual foragers: the resulting
network contained 17 groups, or modules, of genes that exhibit high expression overlap (Figure
2.1A). The stereotypical expression of genes in a module can be described by the eigengene,
which represents the first principal component of variation in expression for those genes.
Modules with expression influenced by amount of foraging experience were identified by
calculating the correlation between eigengene expression and number of days spent foraging.
Expression in five modules showed a positive correlation with amount of foraging experience,
while expression in two modules showed a negative correlation (Figure 2.1A, B). Genes in these
modules displayed too much individual variability to be detected by ANOVA, but their
membership in foraging-related modules provides support for their regulation by foraging
experience.

We used gene expression data from the mushroom bodies of 1-day-old individuals to
construct a separate co-expression network that describes transcriptional regulation at this earlier
(“young bee”) developmental stage. Comparison with the forager network revealed that all but
one forager module had significant overlap with at least one of the modules in the young bee

network. Among foraging-related modules, only one, module K, showed no significant overlap
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with any of the young bee modules. This result suggests that the genes in module K are involved
in disparate functions in 1-day-olds, but act together to perform some activity- or plasticity-
related function in forager mushroom bodies. All other foraging-related modules showed
significant, >10% overlap with at least one of the young bee modules (Fisher’s exact test,
p<0.0005). Modules C, F and R, overlapped with the same large module in 1-day-olds. This
widespread overlap indicates that coregulation of expression is similar in the two distinct phases

of mushroom body development exhibited by 1-day-old and forager bees.

3.2. Individual experience level is reflected in distinct gene expression profiles

Given that the complexity and vagaries of natural foraging behavior lead to considerable
individual variability in experience, can foraging-related genes serve as reliable measures of
foraging experience? The coincident timing of expression differences in this study and
previously observed neuropil expansion suggests a natural division of foragers into
phenotypically distinguishable groups: “less experienced” (4- and 8-day foragers) and “more
experienced” foragers (12- and 16-day foragers.) Two statistical methods were used to evaluate
the strength of this distinction.

An unsupervised clustering method, principal component analysis, was performed on
estimated values of foraging-regulated genes for individual foragers. A 2D plot of the two
largest components of variation identified by this analysis revealed approximate separation of
less and more experienced foragers into two clusters (Figure 2.2). This separation can be
attributed to the largest principal component of variation in foraging-related gene expression
(PC1), which describes 21% of total variation, indicating that duration of foraging experience is
a moderate but important factor contributing to individual differences in gene expression. Other
potential sources of variation in mushroom body gene expression likely include genetic
background and uncontrolled aspects of foraging experience.

Additional results supporting the division of foragers into these two categories were
obtained by class prediction analysis (Leung and Cavalieri, 2003). We used class prediction
analysis to select a list of 100 genes best able to classify individual foragers as less or more
experienced. An algorithm trained with expression values from our study performed leave-one-
out cross-validation with 78.1% accuracy, and the number of incorrect assignments was roughly

equal for the two groups. This rate is significantly better than what would be expected by chance
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(Chi-square test, p<0.0001) and demonstrates the ability of gene expression to accurately predict
foraging experience, despite substantial within-group variation. All but four of these 100 most

predictive genes were upregulated in more experienced foragers (Figure 2.3).

3.3. Validation of microarray results by gPCR

We selected 10 genes to measure with qRT-PCR to evaluate the microarray results (Table
2.1). Independently collected samples were used, both from the same colonies as the microarray
study and from an additional colony. We also used an additional control group of bees that were
the same age as 16-day foragers, but had only 4 days of foraging experience. This group was
used to help distinguish between effects of experience and age on gene expression. Four out of
10 genes showed significant differences in the direction predicted by the microarray results (inos,
jip, GB13145, and GB30322, Figure 2.4.) As in the microarray study, expression was increased
in bees with greater foraging experience, and greatest in 16-day foragers. Expression in the
mushroom bodies of bees of the same age as 16-day foragers, but with minimal flight
experience, was comparable to 4-day foragers for each of these four genes. This demonstrates
that the increase in expression was likely related to experience itself, not increasing age.
Expression of a fifth gene examined, GB12552, showed a weak but significant positive
correlation with number of days spent foraging (Spearman’s rho=0.173, p=0.039). Additionally,
for two heat shock protein genes, hsp90 and GB14435, expression was increased in 16-day
foragers in two out of three trials. In the third trial, an approximately 4-fold upregulation of
these genes in 12-day foragers, a much larger change than any observed in previous trials,
suggested that these genes were responding to some acute stimulus in these individuals, rather
than reflecting the accumulated effect of foraging experience. In summary, 7 out of 10 genes
showed expression changes in some way consistent with the microarray results, with inos, jip,
GB13145, and GB30322 being the most consistent. Both genes with Drosophila annotations
have potential functional connections to neural plasticity. jip encodes JNK interacting protein, a
scaffolding protein that modulates MAPK signaling pathways (Dickens et al, 1997). Inositol-3-
phosphate is synthesized de novo by the enzyme encoded by inos (Park et al, 2000); inositol
signaling is important to neuronal development and plasticity, and alterations in inositol

phosphate synthesis affect neural development in mice (Alebous et al, 2009). Inositol signaling
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has been previously implicated in honey bee foraging (Kucharski and Maleszka, 2002; Whitfield
et al, 2003).

3.4. Functional processes regulated by foraging experience

To discover functional processes regulated by foraging experience, we first grouped
foraging-regulated genes according to their temporal expression patterns; such groups can be
valuable for identifying functionally related genes (Wang et al., 2008). We used STEM (Short
Time-series Expression Miner) to classify foraging-related genes by their pattern of expression
over the 16-day period of foraging experience. Of the 498 foraging-related genes, 382 were
clustered into 8 significantly over-represented expression profiles (FDR<0.01, Figure 2.5); the
remaining genes exhibited less common patterns of expression. STEM additionally grouped
profiles according to pattern similarity. Significantly overrepresented categories could be
described as linearly increasing (profiles 31 and 43), increased in a step-wise fashion in
experienced foragers (profiles 23, 17 and 32), linearly decreasing (profiles 12 and 20), or
increasing in experienced foragers (profile 16). Expression in the largest and most significant
profile, profile 23, closely resembles the pattern of expression seen in the highly predictive genes
identified with class prediction analysis (Figure 2.3).

Gene Ontology (GO) enrichment analysis of genes from expression profiles identified by
STEM is shown in Table 2.2. Genes upregulated in experienced foragers (profile 23) were
enriched for genes related to protein kinase activity and G-protein coupled receptor signaling.
Another group of genes upregulated in experienced foragers, but showing a more cubic trend
(profile 17), was enriched for genes involved in protein folding.

It was not possible to identify significantly enriched categories in profiles 31 and 43,
because each contained a relatively small number of genes. When the two clusters were pooled,
however, enriched terms included DNA-dependent regulation of transcription and RNA
processing. Several genes in this category (achaete, diminutive and extradenticle) are involved
in cell fate determination and patterning in Drosophila melanogaster larval development
(Tweedie et al., 2009). Because neurogenesis does not occur in the adult honey bee mushroom
bodies and is therefore not the basis for neuropil expansion (Fahrbach et al., 1995), it is not
expected that these genes are performing a similar function here. Rather, if functional, they may

play an unknown organizational role in adult dendritic morphogenesis.
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Another way to strengthen functional interpretation of genes showing a pattern of linear
increase is to include those identified through co-expression network analysis. Eigengenes of 4
of the 5 modules positively correlated with foraging experience were clustered into profile 31 by
STEM, confirming the association of this broader set of genes with a linearly increasing
expression pattern. In order to understand the biological processes represented by these
modules, we again used GO enrichment analysis to discover overrepresented functional
categories. Representative examples of the most enriched categories are shown in Table 2.3.
Categories in modules positively correlated with foraging included small GTPase mediated
signal transduction, nuclear export, protein kinase activity, regulation of RNA splicing, plasma
membrane part, actin cytoskeleton organization, and cell morphogenesis. Genes involved in
small GTPase mediated signal transduction regulate membrane trafficking, and several,
including Rab11 and Cdc42, are involved in neurite outgrowth (Ng and Tang, 2008; Rodal et al.,
2008). Another enriched category was plasma membrane part, which consists of genes encoding
proteins present in the cellular membrane. Genes in this category included several related to
synaptic signaling, including dopamine receptor 2, serotonin receptor 1a, and shaker. Genes in
the category nuclear export are involved in transporting mRNA from the nucleus, reinforcing the
suggestion of increased transcription associated with foraging experience. Together, these
results suggest that foraging-related gene expression in the mushroom bodies is responsible for
both directing and providing materials needed for neuropil growth.

To discover functional processes downregulated by foraging experience, genes in profiles
12 and 20 were also analyzed together. The only overrepresented category was oxidation
reduction. This is in agreement with previous findings that metabolic processes are
downregulated in forager brains compared with hive bees (Ament et al., 2008; Alaux et al.,
2009c). Our result indicates that the decrease in metabolic activity in the mushroom bodies is not
only seen during the transition to foraging activity, but is ongoing throughout foraging
experience.

Eigengenes of negatively correlated modules N and O were associated with profiles 12
and 20, respectively. These modules were enriched for genes related to mitotic spindle
elongation and sensory perception of chemical stimuli. Several genes in the latter category are
orthologs of odorant-binding proteins; it is surprising to see expression of these genes in the

mushroom bodies. However, our previous studies have also detected expression of these genes
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in whole brain as well as mushroom bodies (Sen Sarma et al., 2010; Alaux et al., 2009b; Alaux et
al., 2009c). In addition, a study examining regional expression of odorant-binding proteins
found several expressed in whole bee brain, as well as other parts of the body, suggesting
currently unknown functions for these genes (Foret and Maleszka, 2006). The number of genes
in enriched categories for both negatively correlated modules was relatively small, hindering

biological interpretation of their importance.

4. Discussion

We investigated the transcriptional response to naturally occurring foraging experience in
the mushroom bodies of honey bees. Because neuropil outgrowth is taking place in the
mushroom bodies during this time, it is likely that part of this transcriptional response represents
molecular processes involved in neuroanatomical plasticity, and our functional analyses of genes
identified here are consistent with that interpretation. Future studies could extend and further
support these findings. For example, it might be possible to identify a pharmacological inhibitor
of one or more of the genes discussed here that could be administered in the field; the ability of
such a drug to prevent neuropil expansion in foraging bees would provide evidence for a causal
role of the target in MB neuropil outgrowth. Another type of experiment that would provide
more associational data, but would be more practical within the constraints of a field experiment,
could examine the specificity of potential growth-related genes by examining their expression in
brain regions in which no large-scale neuropil growth is occurring. However, neuroanatomical
plasticity is present in other regions of the bee brain (Winnington et al., 1996; Sigg et al., 1997;
Brown et al., 2002), and it might be difficult to find such regions.

Investigation of multiple time points allowed us to discover a linear increase in gene
expression with increasing experience, and stepwise upregulation between 8 and 12 days of
foraging. These distinct temporal expression patterns may reflect several distinct molecular
processes associated with neuropil outgrowth. Comparison of gene expression networks in the
mushroom bodies of 1-day old bees and foragers also suggested that similar molecular processes
support outgrowth at different stages of development. Parallels to findings from analyses of
enriched environments in the laboratory demonstrate the robustness of the brain’s molecular

responses to experience.
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Our study identified genes whose expression continually increased in response to
foraging experience. The temporal expression pattern of these genes suggests that they may be
necessary for dendritic growth, with continued upregulation reflecting accelerated growth in
more experienced foragers. Investigation of enriched environment-induced gene expression in
mouse cortex identified a set of genes similarly regulated at 2 and 14 days after the onset of
experience (Rampon et al., 2000), and genes with functions related to functional neuroplasticity
are upregulated throughout the critical period in the visual cortex of mice (Lyckman et al., 2008).

The most common pattern of gene expression we observed in forager mushroom bodies
was higher expression in more experienced foragers. Genes with this profile were part of the
gene expression signature that could distinguish foragers on the basis of their experience.
Functional analysis suggests that these genes could be involved in processes supporting neuropil
growth. Included in this group were several genes involved in signal transduction or protein
kinase activity, both of which are functional groups related to plasticity in other organisms.
These functional categories were also implicated in a laboratory study of genes differentially
regulated by enriched environment in the striatum of adolescent mice (Thiriet et al., 2008).
Protein kinase activity is well known to be involved in molecular studies of memory and
synaptic plasticity, and post-translational modification has been proposed as a mechanism
underlying long-term memory consolidation (Routtenberg and Rekart, 2005).

Another possible role for genes exhibiting higher expression in more experienced
foragers is the stabilization of newly formed dendrites. Long-term maintenance of dendritic
arbors is thought to require constitutive molecular signaling distinct from that responsible for
outgrowth (Benard and Hobert, 2009). A few specific genes involved in stabilization have been
identified so far, including several protein kinases (Moresco et al., 2005; Emoto et al., 2006).
The coincidence of upregulation and neuropil expansion and the overrepresentation of protein
kinases among the genes with this expression profile make them candidates for involvement in a
mechanism of stabilization in forager mushroom bodies that have experienced recent dendritic
growth.

We also found that many foraging-related modules overlapped significantly with modules
in the gene expression network for 1-day-old bees, with shared enrichment of neuroanatomical
plasticity-related functional categories. These results suggest that similar sets of genes could

mediate some aspects of two phases of mushroom body neuropil growth in honey bees that have
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been documented, the early developmental phase in 1-day-old bees and the later experience-
dependent phase (Farris et al., 2001). If this is the case, it might be expected that the same
pathways are also involved in the experience-expectant phase of mushroom body neuropil
growth that occurs before the onset of foraging in hive bees.

One foraging-related gene module was notable because it did not overlap with any
module in the young bee network. Module K in foragers was enriched for protein folding genes,
several of which are heat shock protein genes. Expression in this module was significantly
correlated with amount of foraging experience. Experienced foragers are rapidly approaching the
end of their lifespan (Visscher and Dukas, 1997) and the act of foraging is associated with a
measure of accumulation of oxidative damage in the brain (Seehuus et al., 2006). Heat shock
proteins upregulated in the mushroom bodies may be necessary to prevent or delay neurological
aging. Moderate downregulation of protein-folding genes in 16-day foragers could represent the
onset of neurodegenerative processes. The specificity of this module in the forager network, in
comparison with the young bee network, reinforces the idea that protein-folding genes are acting
together to perform some function unique to forager mushroom bodies.

Given the ability of muscarinic agonists to induce neuropil growth (Ismail et al., 2006)
and dendritic arborization (Dobrin et al., 2011) in foragers, we expected that genes directly
related to cholinergic signaling would also be among those regulated by foraging experience.
We found no significant expression differences among foragers in genes directly related to
cholinergic signaling, including AChE, ChaT, VAChAT, and mAchR. However, among the larger
set of foraging-regulated genes identified by network analysis were several involved in the
regulation of the MAPKKK cascade, the downstream target of which is the MAPK signaling
pathway. Upregulation of these genes represents a possible convergence of mechanisms with
muscarinic receptor stimulation. In vertebrates, muscarinic signaling modulates synaptic
plasticity by increasing intracellular calcium, thereby activating MAPK and other protein kinases
(Hamilton and Nathanson, 2001; Gu, 2003). Our results suggest that transcriptional responses to
experience may enhance the effects of muscarinic signaling on neuropil growth by enhancing
these downstream processes.

The relatively small number of foraging-related genes identified in the mushroom bodies
in this study also provides a marked contrast to the much broader transcriptional changes in the

honey bee brain associated with changes in behavioral state seen in comparisons of 1-day old
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and forager gene expression (this study and Alaux et al., 2009b; Whitfield et al., 2003). Several
factors could contribute to the relatively small number of significantly regulated foraging-related
genes. The study of neuroanatomical plasticity in a naturalistic setting necessitates considerable
loss of control over variation in individual experience; this variation may be caused by effects of
genetic background, individual differences in foraging activity, as well as the complexity of
foraging behavior, which might result in qualitatively different types of experience among
individuals visiting different floral sources. It is likely that some real effects of foraging on gene
expression may be hidden by within-group variation. However, comparison of our results to
those from laboratory studies of other species reveal a general trend for relatively small gene lists
associated with experience-dependent neuroanatomical plasticity (Rampon et al., 2000; Thiriet et
al., 2008).

We found that foraging experience drives transcriptional changes in genes in the
mushroom bodies. Because foraging is a natural behavior, it is expected that the brain’s
responses to foraging experience should occur on a time scale consistent with the life history of
the bee. This perspective, together with a consideration of the functions of the foraging-related
genes we identified in this study, suggests that experience-dependent neuroanatomical changes in
the mushroom bodies represent a balance between plasticity in response to novel sensory input,
and stability and protection in the face of aging and physiological stress. The balance appears to
shift toward the latter in experienced foragers, which is consistent with findings that suggest a
qualitative difference in cognitive ability in more experienced foragers (Behrends et al., 2007).
Manipulation of genes associated with these processes could lead to a more complete

understanding of how neuroplasticity is maintained in the adult and aging brain.
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Figure 2.1 (continued)
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Figure 2.1. A. Hierarchical clustering of coexpression modules in the forager network. The
number of days each individual had foraged was included in the analysis and is shown here as
the arm labeled “foraging experience.” The heatmap below the dendrogram shows the R? value
for the correlation between expression in each module with days of foraging experience,
according to the legend on the right. B. Days spent foraging vs. module eigengene expression for
each module showing a significant correlation with foraging experience (Spearman’s rho<0.05).

Each point represents an individual forager.




Figure 2.2
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Figure 2.2. Principal component analysis of foraging individuals shows a division between less

(4- and 8-day) and more experienced (12- and 16-day) foragers.
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Figure 2.3

Figure 2.3. Heat map depicting expression differences for 100 most predictive genes identified
by class prediction analysis. The heat map displays expression profiles of all foraging
individuals. At the top, light green indicates novice foragers and dark green indicates
experienced foragers. Misclassified individuals are marked with red or blue arrows,
respectively. Yellow represents upregulation, blue represents downregulation.
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Figure 2.4
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Figure 2.4. Expression of four genes measured with qRT-PCR. Letters indicate significant
differences (p<0.05, mixed model ANOVA). Expression is shown relative to average expression
in 4-day foragers, which was normalized to 1. The group name 16d-late indicates bees of the
same age as 16-day foragers, but with only 4 days of foraging experience.
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Figure 2.5
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Figure 2.5. Overrepresented gene expression profiles identified by STEM. Lines represent
pattern of expression across the four foraging time points. Profiles with similar expression
patterns were assigned the same color. Numbers in the bottom left are p-values representing
significance of overrepresentation.
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Table 2.1

Gene Name  Putative Function Drosophila best hit
GB12552 unknown FBgn0052512
GB30322 similar to insulin-like receptor FBgn0013984
GB14758  hsp90 response to heat FBgn0001233
GB13145 unknown

GB14435 response to heat FBgn0011296
GB11572 inos inositol synthesis FBgn0025885
GB19694 samdc  S-adenosylmethionine decarboxylase = FBgn0019932
GB14151  jip JNK-interacting protein FBgn0040281
GB10565  trbl kinase-like protein FBgn0028978
GB18093 transcription factor FBgn003 9169

Table 2.1. Genes selected for validation and further analysis using gRT-PCR. Gene names and
putative function based on orthology to Drosophila melanogaster.
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Table 2.2

Profile Functional Category Number of genes
23 protein kinase activity 7
regulation of JNK cascade 3

G-protein coupled receptor protein signaling

pathway
nuclear export 4
17 protein folding 7
31 and 43 nuclear lumen 6
regulation of transcription, DNA-dependent 6
RNA processing 4
12 .and 20  oxidation reduction 7

Table 2.2. Gene Ontology functional processes enriched in temporal expression profiles
identified by STEM. Clusters of enriched categories (EASE<0.05) were identified in DAVID,
with a representative category from each cluster shown here.
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Table 2.3

Module Functional Category Number of genes
A small GTPase mediated signal transduction 11
nuclear export 6

translation initiation factor activity, nucleic acid

binding 10
ncRNA metabolic process 15
nucleotide binding 64
establishment of protein localization 21
C protein kinase activity 35
regulation of RNA splicing 13
ATP-dependent helicase activity 14
chromatin modification 17
guanylate kinase activity 5
synaptic vesicle transport 15
regulation of MAPKKK cascade 10
learning 10
F chromatin organization 5
R plasma membrane part 93
multicellular organism reproduction 118
cellular component morphogenesis 108
regulation of nervous system development 32
cell motion 65
cell adhesion 38
learning or memory 24
sensory organ development 69
tissue morphogenesis 53
neuron projection 17
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Table 2.3 (continued)

growth 28
locomotor behavior 34
negative regulation of gene expression 41
asymmetric protein localization 14
actin filament-based process 33
molecular adaptor activity 9
cation channel activity 25
regulation of Ras protein signal transduction 26
metal ion binding 200
courtship behavior 12
gliogenesis 16
Notch signaling pathway 12
K protein folding 7
ATP binding 10
epigenetic regulation of gene expression 5

N structural constituent of cuticle 4
sensory perception of chemical stimulus 5
microsome 3
extracellular space 3

@) mitotic spindle elongation 6
ATP biosynthetic process 4
hexose catabolic process 3

Table 2.3. Gene Ontology functional processes enriched in modules showing significant
correlations with amount of foraging experience. Module F was not significantly enriched for
any functional category. Clusters of enriched categories (EASE<0.05) were identified in
DAVID, with a representative category from each cluster shown here.
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CHAPTER 3

ACTIVITY-DEPENDENT GENE EXPRESSION IN HONEY BEE MUSHROOM BODIES IN
RESPONSE TO A SPATIAL LEARNING EVENT

Abstract

The natural history of adult worker honey bees (Apis mellifera) provides an opportunity
to study the molecular basis of spatial learning in an ecological context. Foragers must learn to
navigate between the hive and floral locations that may be up to miles away. Young pre-foragers
prepare for this task by performing orientation flights near the hive, during which they begin to
learn navigational cues such as the appearance of the hive, position of landmarks, and the
movement of the sun. Despite well-described spatial learning and navigation behavior, there is
currently limited information on the neural basis of insect spatial learning. We examined
immediate early gene expression (IEG) in the brains of orienting bees to begin to elucidate both
the molecular and neural bases of spatial learning in honey bees. We found that egr, an insect
homolog of egr-1, is rapidly and transiently upregulated in the mushroom bodies in response to
orientation; this is the first example of an egr-1 homolog acting as a learning-related IEG in an
insect. This transcriptional response occurred both in naive bees and foragers induced to re-
orient. Further experiments suggest that visual environmental novelty, rather than exercise or
memorization of specific visual cues, acts as the stimulus for egr upregulation. Our results
implicate the mushroom bodies in spatial learning and emphasize the deep conservation of egr-

related pathways in experience-dependent plasticity.

1. Introduction

The need for navigation to survive in a natural environment is common to many species.
Brain regions involved in vertebrate, particularly mammalian, spatial learning have been
identified and extensively studied (Mizumori et al., 2004; Moser et al., 2008). Less is known
about the neural basis for spatial learning in insects, but there is evidence to suggest that the
mushroom bodies, a region of the insect brain involved in sensory integration and memory,
support spatial learning in some species (Mizunami et al., 1998; Farris 2008). However,
investigations of spatial learning in Drosophila have consistently shown a lack of mushroom

body involvement (Zars, 2011).
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Honey bees provide an advantageous system for studies of the neural basis of
ecologically relevant spatial learning. Honey bees are central place foragers that depend on
ephemeral and scattered floral resources, and form robust long-term memories of floral and hive
locations (Robinson and Dyer, 1993; Menzel et al., 2006). Bees prepare for the navigational
challenges of foraging by first performing short learning flights called orientation flights, during
which bees acquire information about landmarks and learn to associate position of the sun, time
of day, and directionality (Winston, 1987; Capaldi and Dyer, 1999). This information is
necessary for later foraging behavior (Becker, 1958), during which bees must accurately navigate
between floral sources and the hive. Orientation flights thus offer an exceptional opportunity for
analysis because they are discrete, natural learning events driven by innate behavior.

Egr-1 is a canonical immediate-early gene (IEG), a transcription factor whose expression
is activity-dependent and associated with learning and novelty detection in many vertebrate
systems (Knapska and Kaczmarek, 2004). Egr-1 expression is induced in the hippocampus of
rodents engaged in spatial learning tasks (Bozon et al., 2002). Recent investigation of IEG
activity in insects has yielded growing evidence for activity- and learning-related expression
similar to that in vertebrates (Alaux and Robinson, 2007; Ghosal et al., 2010; Kiya and Kubo,
2011; Kiya et al., 2008; Sen Sarma et al., 2010). However, the insect homolog of egr-1, here
named egr, has mainly been studied for its role in muscle development (Volk, 1999), though it
has been shown to be upregulated in the brains of flies after seizure, suggesting that it may also
be induced by neuronal activity (Guan et al., 2005).

We explored whether we could use egr expression in the honey bee brain as an indicator
of neuronal activity, as in vertebrates. We used this IEG to identify the mushroom bodies as a
brain region that is involved in cognitive processes during orientation flights. Taking advantage
of the ability to manipulate natural bee behavior in both the laboratory and the field, we also
tested four hypotheses to identify what kind of stimuli associated with orientation flight evoke

the egr mushroom body response (Table 3.1).

2. Materials and Methods
2.1. Phylogenetic analyses

We obtained the nucleotide and amino acid sequences for egr-1, stripe (original
Drosophila name for egr ortholog), GB50091 and AGAP005288 in Mus musculus, Drosophila
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melanogaster, Apis mellifera, and Anopheles gambiae, respectively, from GenBank. Sequence
orthology was examined using CLUSTALW?2 alignments (Goujon et al., 2010) and displayed

with Boxshade.

2.2. Animals

Single-cohort colonies were created as in Robinson et al. (1989). Briefly, we placed a
laying queen and ~3000 one-day-old adult workers bees into a small Styrofoam hive box with
several frames with honeycomb containing nectar and pollen. To ensure that bees were naive to
flight, the entrance to each colony was blocked, and colonies were kept inside at 21-23 °C and
protected from light for 5-6 days after assembly. In colonies constructed exclusively from young
bees, a subset will undergo precocious maturation to produce a foraging workforce (Huang and
Robinson, 1996). A previous study found that when flight is restricted for several days, these
bees become “primed” to make an orientation flight, exiting the colony to do so as soon as the
entrance is opened (Capaldi and Dyer, 1999). This process therefore creates a convenient
population of naive bees ready to perform orientation flights. On the day of experimentation,

colonies were moved outside and allowed to acclimate for at least 30 minutes.

2.3. Collections and gene expression analyses

Orienting bees were captured on their return to the hive, placed in individual cages, and
returned to the hive for 30 minutes (in one experiment, 60 minutes). Expression of egr-1
typically peaks 30 minutes after the initiating stimulus in vertebrate studies (Zangenehpour and
Chaudhuri, 2002). Bees were then flash-frozen in liquid nitrogen (for gRT-PCR analysis) or
chilled on ice until brain dissection (for in situ analysis).

In situ hybridization was performed as in Velarde et al (2006). Whole brains were
dissected in cold physiological saline (Fahrbach et al., 1995), frozen in OCT, and cut in 12 um
frontal sections. Sections were mounted on slides, fixed in 4% paraformaldehyde and hybridized
overnight with a DIG-labeled RNA probe. After incubation with anti-DIG AP, slides were
developed in NBT/BCIP until a clear signal was visible. Expression was quantified in a single
trial (n=5) by counting positively-labeled cells in one hemisphere of a randomly selected section

from a defined plane in the center of the brain (Groh et al., 2004).
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gRT-PCR on mushroom body tissue was performed as described in Lutz et al (2012).
Mushroom bodies were isolated as described in that study after treatment of flash-frozen heads
with RNAlater-ice. RNA was extracted from isolated mushroom bodies or other brain regions
using Picopure extraction kits (Arcturus). Abundance of transcript was analyzed with a
SYBRgreen probe, quantified relative to a genomic DNA standard curve, and normalized to eif-
s8, a constitutively expressed endogenous control gene used in previous studies (Alaux et al.,
2009). Results shown are an average of two trials (for the initial investigation of orientation
flight, three trials); n=6-8 for all groups. Two-factor ANOVAs were performed for multiple
trials using PROC MIXED in SAS.

Sequences of primers used to generate the probe for in situ hybridization, as well as for
gRT-PCR, are listed in Table 3.2.

2.4. Is egr upregulated by orientation flight?

To observe and collect bees performing orientation flights, groups of 6-10 bees were
allowed to exit a colony, and an observer confirmed that the flight pattern and duration were
typical of orienting bees (Winston, 1987). Control bees were captured while exiting the hive,
held for 6-7 minutes in individual cages next to the hive, and then treated as described above for
orienting bees. The 6-7 minute holding period allowed control bees to experience sunlight,
outdoor odors and other environmental stimuli for an amount of time roughly equivalent to an
orientation flight. Because control bees were collected while exiting the hive, it is presumed that
these individuals would have performed an orientation flight had they not been captured.

The conditions used in this experiment were adapted in order to test alternative hypotheses for

the upregulation of egr (Table 3.1), as described below.

2.5. Is egr upregulated by exercise in the absence of flight? (Hypothesis 1)

We tested this hypothesis by studying exercise in a familiar environment. Fanning bees
(bees exhibiting vigorous, flight-like wing movement while remaining stationary) were collected
by setting up a colony as described for naive orientation flight collections, but in a small glass-
walled hive housed indoors; only 1000 worker bees were added. After 7 days, the colony was
heated to 40 °C for 45 minutes. This induced some bees to beat their wings vigorously at the

hive entrance to provide ventilation (Southwick and Moritz, 1987). Bees that engaged in this

51



fanning behavior for at least 2 minutes were collected, along with several inactive bees to serve

as controls.

2.6. Is egr upregulated by motor learning associated with flight? (Hypothesis 1)

We tested this hypothesis by inducing orientation flights by foragers. Foragers, bees with
extensive flight experience, perform additional re-orientation flights after a hive is moved, or
after moving to a new nest site as part of a swarm (Winston, 1987). These re-orientation flights
allow bees to learn their new environment. To induce re-orientation, small colonies with natural
age demographies were closed after sunset and transported to a new location at a distance outside
the maximum foraging range (Capaldi and Dyer, 1999; Capaldi et al., 2000). This treatment
induces bees with foraging experience to perform additional orientation flights in their new
environment. The morning after the colony move, orienting foragers and controls were collected
as described above, including observations of flight structure and duration. Returning bees were
examined to ensure that they had not gathered a pollen or nectar load, indicating that they were

performing an orientation flight and not foraging.

2.7. Is egr upregulated by exposure to specific visual cues? (Hypothesis 1)

We tested this hypothesis by studying orientation flights in deprived conditions. Bees
will perform orientation flights even in indoor arenas of limited size, devoid of distant landmarks
(Brandon and Coss, 1982); such environments are in extreme contrast to the sensorially enriched
outdoors. The experimental conditions described above for testing response to a typical first
orientation flight were repeated for tethered bees in a small indoor flight enclosure relatively
devoid of visual patterning. Temperature in the enclosure was 29.5 °C during the day and 24 °C
at night, and lights were on a 12/12 hour light/dark cycle.

Bees used in tethered flight experiments came from colonies prepared as for the naive
orientation flight collections. Bees were captured as they exited the colony entrance in
preparation for an orientation flight. Bees were immediately placed on ice just until
anesthetized. One end of a thread was then fixed to the thorax using Superglue; the other end
was fixed to the end of a rod. Tethered bees were placed on the floor of a white box and allowed
to recover until able to walk in a coordinated manner. Flight was induced by lifting the bee’s

feet from the ground (Feller and Nachtigall, 1989); this action was repeated as often as necessary
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to sustain flight for 2 minutes, usually 0-2 additional times. Controls were treated in the same

manner as foragers, but restrained in an individual plastic cage rather than being induced to fly.

2.8. Is egr upregulated by exposure to environmental novelty? (Hypothesis 1V)

We tested this hypothesis by studying flights performed in the absence of visual novelty;
that is, flights performed by bees completely deprived of visual input. The tethered flight
experiment described above was repeated using red lighting, which is not visible to bees (Peitsch
etal., 1992).

3. Results
3.1. Honey bee egr is a homolog of the vertebrate egr gene family

We investigated GB50091, a 2448 bp transcript encoding an 815-amino acid protein.
This gene is an ortholog of the Drosophila gene stripe; the genes are reciprocal best blast hits
and share 53.8% sequence identity (e-value: 1e-95). Like stripe, the honey bee gene is a
homolog of genes in the egr gene family in vertebrates, including egr-1, with which it shares
44.5% sequence identity (e-value: 2e-46). The DNA binding domain, which consists of three
zinc-finger domains (Pavletich and Pabo, 1991), is highly conserved between bee, fly, mouse,
and mosquito (Figure 3.1). The amino acid sequence identity between the honey bee and
Drosophila zinc-finger domains is 94%; between the honey bee and mouse zinc-finger domains
is 89%. Because of the apparent functional similarity (see below) to the vertebrate gene egr-1,

we have used the name egr to refer to the honey bee gene.

3.2. Egr expression is rapidly and transiently increased in the mushroom bodies of orienting
bees

We first assessed the spatial distribution of egr mRNA in the honey bee brain, using in
situ hybridization and gPCR. In situ analysis revealed visible egr mRNA expression only in
scattered Kenyon cells in the mushroom bodies in both orienting bees and controls (Figure
3.2A). Similarly, qRT-PCR analysis showed that egr expression was enriched in the mushroom
bodies compared with the rest of the brain (Figure 3.3).

We next assessed activity-dependent changes in egr expression in the mushroom bodies.

In many vertebrate species, activity-dependent egr-1 mRNA expression peaks ~30 minutes after

53



the relevant stimulus and returns to baseline after an hour (Zangenehpour and Chaudhuri, 2002).
We investigated the temporal dynamics of egr expression in orienting bees by analyzing
transcript abundance in the mushroom bodies of bees collected 30 m and 1 h after flight.
Orienting bees showed an almost 2-fold upregulation of egr in comparison to controls (p <
0.005; Figure 3.3) 30 minutes after flight; analysis of in situ images suggested that this difference
was due to greater numbers of neurons expressing egr in orienting bees (Figure 3.2B, C).
Because control bees were collected as they attempted to perform an orientation flight, and were
exposed to sunlight and environmental odors, we hypothesized that increased egr expression in
the mushroom bodies was caused by an aspect of the orientation flight other than preparedness or
exposure to stimuli.

Upregulation of egr was limited to the mushroom bodies: the low level of detectable egr
expression in the rest of the brain was not differentially regulated by the experience of an
orientation flight. The consistent upregulation of egr in the mushroom bodies after orientation
provides circumstantial evidence for the involvement of the mushroom bodies in honey bee
spatial learning and suggests that this activity-dependent mechanism is specific to the mushroom
bodies. Presumably an orientation flight is also associated with neuronal activity in other brain
regions such as the optic lobes, but any such changes appear to be egr-independent.

The orientation flight, although most significant as an example of spatial learning, can be
broken down into several component experiences: exercise, motor learning, exposure to visual
cues, and exposure to novelty. Any of these components could conceivably induce an IEG
response. We performed a series of experiments to test predictions stemming from specific
hypotheses on the relationship between the experience of an orientation flight and upregulation
of egr (Table 3.1).

3.3. Egr is not upregulated by exercise in the absence of flight.

In rodents, c-fos, arc and egr-1 expression in the hippocampus increase in response to
exercise (Rhodes et al., 2003; Clark et al., 2011). Flight in honey bees represents an abrupt
increase in metabolic demand that could mediate an exercise-dependent increase in egr
expression. We devised a behavioral manipulation that decoupled the exercise associated with
rapid wing movement from flight outside the hive. The exercise examined was wing fanning

inside the hive entrance to ventilate the hive after heat stress. Bees collected while engaged in
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fanning behavior experienced exercise roughly comparable with flight, but in a familiar

environment (Yang et al., 2010). Fanning bees showed no egr upregulation in response to this
form of exercise compared with controls (p = 0.859, Figure 3.4), although bees from the same
colony did show the expected egr upregulation in response to an orientation flight (p < 0.001).
This experiment suggests that exercise alone cannot induce egr upregulation in the mushroom

bodies.

3.4. Egr is not upregulated by motor learning associated with flight.

Experienced foragers will perform additional orientation flights after participating in a
swarm, or after a colony is moved by humans (Winston, 1987). We took advantage of this to
examine egr expression in the mushroom bodies of foragers that performed a re-orientation flight
after a colony move. Although experienced in flight, these bees exhibited upregulation of
mushroom body egr expression in comparison to controls (p < 0.0005; Figure 3.5A). This

difference indicated that egr upregulation cannot be attributed to motor learning.

3.5. Egr is not upregulated by exposure to specific visual cues.

To examine the relationship between feature memorization and egr upregulation, we
investigated the transcriptional response to orientation flight in visually deprived environments.
We collected bees after they performed an orientation flight in a small indoor flight arena with
white floors and bare screen walls and ceiling. Bees that performed an orientation flight in this
environment showed upregulation of mushroom body egr expression compared with controls (p
< 0.0001, Figure 3.5B).

To examine the effect of even more extreme visual deprivation during flight, naive bees
preparing for an orientation flight were tethered to a restraint that allowed freedom of movement
and induced to fly in a blank, white arena. Bees that experienced two minutes of tethered flight
in a white box devoid of visual cues also showed increased egr expression compared with
tethered and untreated controls (p < 0.0001, Figure 3.5C). Although tethered bees were exposed
to a novel environment during flight, exposure to specific visual cues was not necessary to

induce egr upregulation.

3.6. Egr is upregulated by exposure to environmental novelty.
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IEG expression in many vertebrate species is upregulated in response to the novelty of a
stimulus (Tischmeyer and Grimm, 1999; Clayton, 2000); orientation flights expose bees to novel
stimuli. To test the necessity of visual novelty to induce egr upregulation, we designed an
experiment to give bees the experience of flight without visual novelty. Bees experienced
tethered flight as described above, but in a room with red lighting at a wavelength too long for
them to detect (Peitsch et al., 1992). These tethered bees showed no upregulation of egr in
comparison with controls (p = 0.303, Figure 3.6), unlike orienting bees from the same colony (p
< 0.005). This experiment suggests that visual environmental novelty during the orientation

flight is necessary to induce egr upregulation in the mushroom bodies.

4. Discussion

We investigated the transcriptional response of egr, an insect homolog of egr-1, in the
brains of honey bees after the performance of orientation flights and related behaviors. We
found that a single orientation flight upregulates egr expression exclusively in the mushroom
bodies. This increased expression was seen in comparison with bees exiting the hive for a flight,
and therefore associated with the experience rather than the anticipation of a spatial learning
event.

We also found that flight in several contexts and environments was sufficient to cause
this upregulation, as long as the environment was novel. Exercise was insufficient to cause egr
upregulation without the visual perception of environmental novelty. Our results suggest a
previously undescribed learning-related role for egr in an insect species, and support the
hypothesis that the mushroom bodies may be involved in spatial learning in honey bees.

Our results provide evidence for the involvement of the mushroom bodies in spatial
learning in honey bees, which contrasts with previous research on Drosophila (Neuser et al.,
2008; Wolf et al., 1998; Putz and Heisenberg, 2002; Sitaraman et al., 2008; Zars et al., 2000;
Ofstad et al., 2011). However, prior work in other species besides Drosophila has suggested a
possible link between the mushroom bodies and spatial learning. Insect species whose feeding
ecologies depend more heavily on navigation have larger, more elaborated mushroom bodies
(Farris, 2008; Mizunami et al., 1998). Cockroaches with lesioned mushroom bodies perform
poorly on a spatial learning task similar to the Morris water maze (Mizunami et al., 1998). In

honey bees, mushroom body neuropil undergoes age-related expansion roughly coincident with
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orientation flights in both workers and reproductives (Fahrbach et al., 1995; Brandon and Coss,
1982; Withers et al., 1993; Fahrbach et al., 1997), and one study found rapid remodeling of
dendritic spines in the mushroom bodies after an orientation flight (Brandon and Coss, 1982). In
addition, one previous study (Kiya et al., 2007) found evidence of neuronal activation in the
mushroom bodies of re-orienting foragers. Drosophila have minimal mushroom bodies that
receive olfactory input almost exclusively (Heisenberg, 2003), while those of honey bees
comprise a substantial portion of total brain volume and receive significant visual input. It has
been recently suggested that Drosophila spatial learning may not involve the mushroom bodies
because this species, which does not exhibit central place foraging or other fidelity to particular
locations, has no need for long-term spatial memories (Zeil, 2012). Hymenopterans and other
insects that must navigate a fairly constant environment for days, weeks, or months would be
predicted to exhibit mushroom body involvement in spatial learning. Given the similarity in
mushroom body structure in hymenopterans and the shared ecological pressures that may have
shaped them (Farris, 2008), a role in spatial learning is more likely to be shared in bees, ants and
wasps, and perhaps other species with elaborate mushroom bodies as well.

Egr-1 is hypothesized to play a role in memory consolidation by promoting structural
neuroplasticity in the vertebrate brain following exposure to novel or salient stimuli (Knapska
and Kaczmarek, 2004; Tischmeyer and Grimm, 1999; Moorman et al., 2011). Many regulatory
targets of egr-1 have been identified, and several are involved in synaptic formation and
remodeling. Given this new demonstration of the deep evolutionary conservation of egr as a
possible mediator of experience-dependent plasticity, it is plausible that egr may function
similarly in the bee brain. Although the present study did not examine potential downstream
targets, egr is a good candidate for the functional link between orientation flights and resulting
dendritic spine remodeling (Brandon and Coss, 1982). In addition, chronic administration of
pilocarpine, a muscarinic cholinergic agonist, has been shown to stimulate dendritic growth in
honey bee mushroom bodies (Ismail et al., 2008; Dobrin et al., 2011), and cholinergic signaling
in the brain increases with behavioral maturation in honey bees (Shapira et al., 2001).
Muscarinic stimulation was found to produce neurite outgrowth through egr expression in
neuroblastoma cell culture (Salani et al., 2009), again suggesting the possibility of a link between

egr expression and structural neuroplasticity in the bee brain.
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To our knowledge, we are the first to report that egr displays activity-dependent
expression in an insect, providing evidence for a conserved role as an immediate early gene.
Despite extensive literature linking the egr gene family to neuronal activation and learning in
vertebrates, there is little work on the role of this gene in the Drosophila nervous system, and no
study linking this gene to novelty or learning. Our own finding that honey bee egr was, as in
vertebrates, rapidly transcribed and degraded in response to environmental novelty strongly
supports a role for egr as an IEG in insects as well. These results invite investigation of egr
expression in other behavioral contexts, in honey bees and other insect species. Future studies
should involve determining the behavioral and downstream molecular consequences of
manipulations of egr signaling through pharmacological manipulations or RNAI knockdown.
Such work could provide a more causal link between egr, downstream signaling, and the
resulting consolidation of learning that is believed to occur in vertebrates (Bozon et al., 2003;
Davis et al., 2003; Perez-Cadahia et al., 2011).

Our results suggest that the interaction between flight activity and visual novelty is
sufficient to stimulate egr upregulation, as well as spatial learning itself. To clarify whether
flight activity, in combination with visual novelty, is necessary for egr upregulation, future
experiments could examine gene expression or homing behavior after bees are transported
mechanically in a manner that imitates flight.

Because egr-1 is widely responsive in vertebrates (Knapska and Kaczmarek, 2004), it is
often difficult to distinguish between transcription resulting from the behavior or stimulus of
interest and that resulting from exercise, stress, or other confounding factors. Honey bee
orientation flights provide an excellent opportunity to further understanding of the role of egr
and related genes in learning. Orientation flights are self-motivated and have a defined and
quantifiable goal (successful navigation), so their study avoids the confounds of stress, lack of
motivation, and attention to irrelevant stimuli. Future work in honey bees could also help to
clarify the molecular role of egr in learning. Despite years of study, the exact relationship
between egr-1 expression, structural neuroplasticity and learning remains uncertain. The short
duration and well-defined timing of orientation flight performance may facilitate the study of
transcriptional targets of egr in learning-related contexts.

The possible involvement of the mushroom bodies in spatial learning in some, if not

many, insect species has remained an open question for years. Similarly, the dearth of learning-
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related findings for insect egr orthologs is mystifying. The results of the present study provide a
new avenue of investigation for both of these intriguing issues. Pursuit of both is likely to
provide new insight into the molecular functions and circuits underlying the ability of large and

small brains to acquire the spatial information needed to navigate successfully.
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Figure 3.1. Alignment of egr with a vertebrate homolog in mouse (Mus musculus), and orthologs
in fruit fly (Drosophila melanogaster) and mosquito (Anopheles gambaie). Conserved residues
are highlighted in dark gray. The DNA-binding domain is outlined with a red box.
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Figure 3.2
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Figure 3.2.

A. Frontal sections of a brain from an orienting bee. Dark red staining indicates egr expression in
mushroom body neuron somata. Staining was not observed in any other brain region. B.
Mushroom bodies in frontal sections of brains from control and orienting bees. Dark red staining
indicates egr expression in mushroom body neuron somata (red arrows). C. Egr was detectably
expressed in a greater number of neurons in orienting bees than controls (p < 0.01).
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Figure 3.3
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Figure 3.3. Expression of egr in the brains of orienting and control bees collected either 30 or 60
minutes post-collection, measured using gRT-PCR. MB denotes mushroom bodies, BR denotes
all brain tissue other than mushroom bodies. Egr showed nearly 2-fold upregulation in
mushroom bodies 30 minutes after orientation flight (p < 0.0001). Egr was not differentially
expressed between orienting bees and controls in BR samples at 30 minutes, or in MB 60
minutes after orientation flight.

65



Figure 3.4
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Figure 3.4. Test of Hypothesis 1: Egr is upregulated by exercise alone. Expression of egr in the
mushroom bodies of bees vigorously fanning their wings for ~2 minutes to ventilate the hive,
compared with orienting bees and controls. Egr was upregulated in response to flight (p < 0.001),
but not fanning (p = 0.859).
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Figure 3.5
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Figure 3.5.

A. Test of Hypothesis I1: Egr is upregulated by motor learning associated with flight.
Expression of egr in the mushroom bodies of re-orienting and control foragers. Egr showed
upregulation in response to re-orientation by experienced foragers in a novel environment (p <
0.0005). B-C. Test of Hypothesis I11: Egr is upregulated by exposure to specific visual cues. B.
Expression of egr in the mushroom bodies of bees orienting in an indoor flight enclosure,
compared with controls. Egr was upregulated in response to an orientation flight in this more
deprived environment (p < 0.0001). C. Expression of egr in the mushroom bodies of tethered
bees flying for two minutes in a white enclosure. Flight indicates bees that experienced flight
while tethered. Sham bees were anesthetized and tethered, but not allowed to fly. Controls were
simultaneously collected, unmanipulated bees. Egr was upregulated in response to flight (p <
0.0001).
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Figure 3.6
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Figure 3.6. Test of Hypothesis IV: Egr is upregulated by exposure to environmental novelty.
Expression of egr in the mushroom bodies of tethered bees flying for two minutes in a red light,
compared with orienting bees and controls. Egr was upregulated in response to flight (p < 0.005),
but not to tethered flight in red light (p = 0.303).

Primers used to produce RNA probe for in situ hybridization, and for gRT-PCR.
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Table 3.1

Hypothesis Prediction Result Supported?

I. Egr is upregulated Egr will be upregulated Egr was not upregulated in

by exercise alone. by exercise in the the mushroom bodies of bees
absence of after performing vigorous No
environmental novelty.  wing fanning inside the hive
(Figure 3.4).
Il. Egr is upregulated  Egr will not be Egr was upregulated in the
by motor learning upregulated by re- mushroom bodies of foragers
associated with flight.  orientation flight in after a re-orientation flight No
foragers with prior (Figure 3.5A).
flight experience.
[11. Egr is upregulated  Egr will not be Egr was upregulated in the
by exposure to visual ~ upregulated by flight in  mushroom bodies of bees
cues. environments devoid of after an orientation flight in
visual cues. deprived environments, and No
after flight in a white
enclosure (Figures 3.5B,C).
IV. Egr is upregulated  Egr will not be Egr was not upregulated in
by exposure to upregulated by exercise the mushroom bodies of bees
environmental novelty. when environmental after flight without visual Yes
novelty cannot be information (Figure 3.6).
detected.

Table 3.1. Hypotheses tested to determine what aspects of the orientation flight experience are
necessary for egr induction in the honey bee mushroom bodies
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Table 3.2

Primers Primer Name Sequence 5'-3

ISH probe  egr-ISH-F TAA TAC GAC TCA CTATAG GGC GCA AGT ACC CGA ATC GAC
egr-ISH-R GAT TTAGGT GAC ACT ATAGGCTTCTTCTCG TCG CTCCTC

gRT-PCR  egr-F GCA AAC GGT GCA GCT CAG T
egr-R CCG CAT ACG ATC GAATTC G
eif3-s8-F TGA GTG TCT GCT ATG GAT TGC AA
eif3-s8-R TCG CGG CTC GTG GTA AA
rp49-F GGG ACA ATATTT GAT GCC CAA T
rp49-R CTT GAC ATT ATG TAC CAA AAC TTT TCT

Table 3.2. Primers used to produce RNA probe for in situ hybridization, and for gRT-PCR.
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CHAPTER 4

MATURATIONAL REGULATION OF MUSHROOM BODY EGR EXPRESSION IN
HONEY BEES

Abstract

Honey bees (Apis mellifera) learn to navigate in the environment surrounding the hive by
performing orientation flights for several days before they begin to forage. Honey bee
mushroom bodies, a paired region of the insect brain involved in learning, show both experience-
expectant and experience-dependent changes in neuropil volume, coincident with the increased
cognitive demands of orientation flights and foraging behavior. It also has been shown that
treatment with pilocarpine, a muscarinic cholinergic receptor agonist, produces growth of the
mushroom body neuropil comparable to that produced by maturation and foraging. My previous
work found that orientation flights trigger in the mushroom bodies a rapid and transient
upregulation of egr: egr is a homolog of egr-1, an immediate-early gene well known to respond
to novel experience. Egr-1 also exhibits higher basal levels in brain regions undergoing
development or remodeling in vertebrates. | hypothesized that increases in basal egr mushroom
body expression occurs in association with neuropil growth, and that these increases may be
mediated by cholinergic signaling. Consistent with my hypothesis, | found that egr expression
was upregulated in bees prepared to perform orientation flights and in foragers relative to hive
bees engaged in brood care. Moreover, pilocarpine administration in young bees also
upregulated egr, supporting the possibility of egr as a link between muscarinic signaling and

neuropil growth.

1. Introduction

Honey bees (Apis mellifera) are an excellent model system for the study of neurobiology
and behavior, and in particular the study of the modulation of neuroplasticity by maturation and
experience. Honey bees exhibit temporal polyethism; workers age 1-3 weeks perform in-hive
tasks such as brood care, while older workers forage outside the hive for resources such as nectar
and pollen (Winston, 1987). Bees learn to navigate in the environment surrounding the hive by
performing “orientation” flights for several days before they begin to forage. The transition from

in-hive tasks to foraging involves several novel cognitive challenges. Initial orientation flights
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and foraging trips represent the first significant exposure to visual stimuli and environmental
odors, in contrast to the dark nest interior. In addition, orientation flights and foraging require
spatial learning for successful navigation, while efficient foraging depends on learned
recognition of preferred flowers (Menzel, 1990).

In honey bees the mushroom bodies, a paired region of the insect brain involved in
learning, exhibit two phases of structural plasticity in parallel with these increased cognitive
demands. Mushroom body neuropil volume increases in anticipation of foraging onset (Withers
et al., 1993; Withers et al., 1995; Durst et al., 1994), coinciding with but not dependent on
performance of orientation flights (Fahrbach et al., 1998). The mushroom bodies are also
responsive to the experience of orientation flight; a single flight is associated with the
remodeling of dendritic spines in the mushroom body calyces (Brandon and Coss, 1982). A
second adult phase of growth in the honey bee mushroom bodies occurs in response to
accumulated foraging experience. Prolonged foraging experience induces further expansion of
the mushroom body neuropil (Farris et al., 2001; Ismail et al., 2006), increased dendritic
branching and branch length in the visual input region of the calyx (Farris et al., 2001), and
changes in microglomerular structure and density (Krofczik et al., 2008). Such neuroanatomical
changes are thought to be the physical substrate for consolidation of memories (Fu and Zuo,
2011). Molecular processes underlying neuroanatomical change create a permissive state for
growth, transduce endogenous and environmental signals, and provide the building blocks for
new processes and synapses (Leslie and Nedivi, 2011). What molecular events are important for
neural growth in aging individuals is a question of broad interest in the field of neuroscience,
with implications for human health.

Previous studies have examined molecular correlates in the mushroom bodies of
particular aspects of foraging experience (Sen Sarma et al., 2009; Sen Sarma et al., 2010; Kiya
and Kubo, 2011), or of foraging experience itself (Wolschin et al., 2009; Lutz et al., 2012;
Dobrin and Fahrbach, 2012). Other work has surveyed transcriptional changes across the whole
brain that accompany the transition from in-hive to foraging behavior (Whitfield et al., 2003;
Whitfield et al., 2006; Chandrasekaran et al., 2011; Ament et al., 2012). While these studies
have identified classes of molecular changes that may be associated with structural plasticity, in
most cases connections between specific pathways and neuropil growth have not yet been

shown.
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One exception to this is cholinergic signaling, which has been shown to promote
structural plasticity in the mushroom bodies. Pilocarpine, a cholinergic muscarinic receptor
agonist, is known to promote mushroom body neuropil growth in foragers (Ismail et al., 2006),
and dendritic growth in the calyx of foragers and young bees (Dobrin et al., 2011). Cholinergic
signaling is increased in foragers compared with hive bees (Shapira et al., 2001), suggesting that
the neuroanatomical effects are biologically relevant. However, no connection has been
established between muscarinic stimulation and downstream signaling that could contribute to
neuropil growth.

One possible downstream response to muscarinic stimulation is transcription of egr, an
insect homolog of the vertebrate immediate-early gene egr-1. In the previous chapter, |
described my findings that expression of egr expression was enriched in mushroom bodies, and
upregulated by exposure to environmental novelty during orientation flights (Chapter 3). The
latter result suggests a functional homology between egr and vertebrate egr-1. Although | know
of no previous work examining transcriptional regulation of egr in bees, experiments in
vertebrate cell culture have repeatedly demonstrated that muscarinic receptor stimulation results
in transient increases in expression of egr-1 (Ebihara and Saffen, 1997; von der Kammer et al.,
1998; Hirabayashi and Saffen, 2000; Rossler et al., 2008). Salani et al. further showed that egr-1
expression was necessary for neurite outgrowth induced by muscarinic signaling (2009). Egr-1
is believed to promote structural plasticity, not only through increased transcription in response
to discrete events, but during periods of neural development (Knapska and Kaczmarek, 2004).
Egr-1 has been found in several species to be constitutively expressed at higher levels in areas of
the brain undergoing development. For example, egr-1 signaling in the visual cortex is higher
during the critical period for establishment of ocular dominance patterns (Worley et al., 1991,
McCormack et al., 1992; Kaplan et al., 1995; Herms et al., 1994), and in the forebrains of zebra
finches during the sensitive period for learning their conspecific song (Jin and Clayton, 1997,
Stripling et al., 2001).

I hypothesized that phases of structural plasticity in the mushroom bodies of honey bees,
including growth mediated by acetylcholine (Ismail et al., 2006; Dobrin et al., 2011), are
similarly accompanied by higher levels of egr. This hypothesis predicts that egr expression is
upregulated in bees preparing to transition to foraging behavior, and in bees actively

accumulating foraging experience, times when neuropil growth is occurring. If egr acts as a link
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between cholinergic signaling and mushroom body neuropil growth, it is expected that
muscarinic stimulation should also induce upregulation of egr. To test these predictions, |
compared the mushroom body expression levels of same-aged bees at different stages of

behavioral maturation, and in response to pilocarpine treatment.

2. Methods
2.1. Animals

Bees were obtained from apiaries maintained by the University of Illinois Bee Research
Facility, Urbana, IL in April-August of 2012. Single-cohort colonies were created as in
Robinson et al. (1989). Briefly, I placed a laying queen and ~3000 one-day-old workers (bees
that had emerged as adults within the past 24 hours) into a small Styrofoam hive box with
several honeycomb frames containing nectar and pollen. Day 1 for the experiment was therefore
also day 1 of adult life for all focal bees in following experiments. On the day after assembly,
colonies were moved outside. An additional frame with many uncapped cells containing young
larvae was removed from a mature colony and, after any adult bees had been removed,
transferred to the experimental colony. This allowed the easy identification (Robinson, 1987) of
hive bees engaged in brood care (nursing) in subsequent experiments. In one experiment, one-
day old bees were introduced to cages in groups of 15 and fed with a 50/50 honey and pollen
mixture and water ad libitum. Cages were kept in a dark, humid incubator at 32 °C for up to 10

days.

2.2. Behavioral observations and collections

For all experiments, collected bees were flash-frozen in liquid nitrogen to preserve RNA,
and then stored at -80 °C between all subsequent processing steps. Experiments were designed
to compare egr expression in bees whose maturational state or treatment predicted varying levels

of neuropil growth and muscarinic signaling.

2.2.1. Comparison among hive bees
Hive bees were collected on day 4. The colony was observed from 2 pm onward, to
identify the onset of the peak time for orientation flights. For each of three trials performed with

three different colonies, this time was between 3:30-4:00 PM. Bees that were seen leaving the
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colony to perform orientation flights before this time were captured and eliminated. As the
number of bees exiting the hive increased, several were collected as they crawled through the
entrance and immediately collected. Thirty minutes later, while orientation flight activity was
still intense, the frame of honeycomb containing cells with uncapped larvae was briefly removed
from the colony, and several hive bees observed with their heads inside these cells were collected
(Robinson, 1987). The age of the colony and the absence of previously observed flight or
foraging activity suggested that bees collected at the entrance (“OR-ready”) were preparing to
perform orientation flights. Bees collected with their heads inside cells containing larvae
(“nurses”) during the peak of orientation flight activity were presumed to be less likely to
perform an orientation flight that same day. In one trial, a second collection of nurses was made

on day 8, at the same time of day and in the same manner as the first.

2.2.2. Age effects in caged bees

Collections of caged bees were performed every other day for 10 days, starting on day
two. At approximately 2 PM on each day of collection, one cage was removed from the
incubator, and the bees inside were immediately transferred to liquid nitrogen.

2.2.3. Comparison between hive bees and foragers

Collections of same-age nurses and foragers were performed for three trials (three
separate colonies) at varying ages between day 8 and day 21. Colonies were observed between
3:30-4 pm on a warm day with clear weather. Bees returning to the hive with a load of pollen or
an abdomen distended with nectar (confirmed by squeezing the abdomen and looking for
regurgitated liquid) were identified as foragers and collected. Shortly thereafter, nurses were
collected in the manner described above.

2.2.4. Comparisons among foragers

An additional collection of foragers was made from one colony on day 17. The colony
was observed in the morning, beginning at 7:30 AM, when there was little flight activity.
Several bees (“departing foragers”) were captured as they exited the hive, placed in individual
cages, and returned to the hive for 30 minutes. Other bees (“returning foragers”) were allowed to

depart, captured on their return with a pollen or nectar load as described above, placed in
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individual cages, and returned to the hive for 30 minutes. Each bee was then collected and
frozen at the end of its 30-minute interval. This collection procedure was repeated from 1:45-
2:15 PM on the same day, when foraging activity was high, but high orientation flight activity
was not apparent.

2.3. Pilocarpine injections

This experiment was repeated in two separate trials. Young (>24-hour) adult bees were
collected after emergence and housed in groups of 100+ individuals in a large, ventilated
container. Bees were kept in a dark, humid incubator at 32 °C and had access to a 50:50
honey/pollen mixture ad libitum. Several minutes before treatment, individual bees were
anesthetized briefly on ice, and then immobilized on a mount of modeling clay. A small area of
cuticle was removed from the median ocellus; 100 nL of insect saline (Fahrbach et al., 1995), or
of pilocarpine HCI (Sigma) dissolved in saline, were then injected just under the cuticle using a
36-gauge needle on a Hamilton syringe. Each bee was then removed from the mount, placed in
an individual cage, and placed in the incubator for 30 minutes before being flash-frozen in liquid
nitrogen. Bees were mobile within 2-3 minutes of the time of injection, and locomotor behavior

appeared normal at the time of collection.

2.4. Molecular analyses

gRT-PCR on mushroom body tissue was performed as described in Chapters 2 and 3.
Mushroom bodies were isolated as described in that study after treatment of flash-frozen heads
with RNAlater-ice (Ambion). RNA was extracted from isolated mushroom bodies or other brain
regions using Picopure extraction kits (Arcturus). Abundance of transcript was analyzed with a
SYBRgreen probe, quantified relative to a genomic DNA standard curve, and normalized to eif-
s8, a constitutively expressed endogenous control gene used in previous studies (Alaux et al.,
2009). One-factor and two-factor ANOVAS (for multiple trials) with Tukey’s post-hoc tests
were performed using PROC MIXED in SAS; a Pearson correlation test was performed in R.

3. Results

3.1. Egr expression was increased in anticipation of orientation flights
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| investigated the expression of egr in the mushroom bodies of 5-day old nurses,
compared with that in same-age hive bees exiting the hive to perform an orientation flight. Egr
was significantly upregulated in two of three trials, as well as in a combined analysis of all trials
(Figure 4.1A-D, p<0.0001). This increased expression in anticipation of orientation flight was
separate from the previously shown upregulation in egr caused by orientation, which was
dependent on novel visual experience encountered during the flight (Chapter 3).

In trial 3, | examined egr expression in a second group of older nurses, collected four
days later from the same colony. Pairwise comparison revealed no significant difference in egr
expression between 4- and 8-day old nurses (Figure 4.1C, p=0.64). This corresponds to egr
expression levels | observed in the mushroom bodies of caged bees confined to a dark incubator
for up to 10 days. In asingle trial, egr expression trended upward over time but was not
significantly different at any age examined (Figure 4.2, p=0.12). These data do not exclude the

possibility of a subtle effect of age, undetected in these limited experiments.

3.2. Egr expression was upregulated in response to muscarinic signaling, and constitutively in
foragers

One-day old bees injected with pilocarpine, a cholinergic agonist specific to muscarinic
receptors, exhibited increased egr expression relative to control bees (Figure 4.3A, p<0.0001).
The lowest concentration solution injected, 10 M pilocarpine, showed no effect compared with
saline (p=0.99), while 5-fold and 10-fold higher concentrations elicited expression levels
significantly different from controls and from each other (p<0.005). Egr expression was
significantly correlated with concentration of injected pilocarpine (Figure 4.3B; rpearson=0.729,
p<0.0001).

Comparison of egr expression in the mushroom bodies of hive bees engaged in nursing
tasks and same-age foragers found significantly higher levels in foragers (Figure 4.4; p<0.0001).
This was true in every trial performed, regardless of the age of nurses and foragers examined (8-
21 days), again emphasizing the influence of maturational state rather than age. egr expression in
foragers was almost 3-fold higher than in nurses, a much greater increase than that seen in
anticipation of orientation flights.

In a previous study, | observed egr upregulation to re-orientation flights performed by

experienced foragers after relocation to a new area (Chapter 4.3). This suggested that in
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foragers, as well as in bees naive to flight, egr expression is responsive to environmental novelty.
To test the possibility that a component of the increased expression observed in foragers in the
present study was related to a specific experience encountered in the act of foraging, | compared
egr expression in several groups of foragers with different recent experiences.

In bees, an increase in egr expression is observed 30 minutes after a stimulus, but
disappears 60 minutes after the stimulus (Chapter 3); the same temporal dynamics are well-
established for egr-1 in several vertebrate species (Zangenehpour and Chaudhuri, 2002). Egr
expression in response to specific stimuli should therefore reflect experiences encountered ~30
minutes prior. Bees captured while returning from the first foraging trip of the morning and
collected 30 minutes later exhibited no increase in egr expression compared with bees captured
while exiting the hive after a night of inactivity (Figure 4.5; p=0.15). The same was true of
foragers captured in the afternoon (Figure 4.5; p=0.15), either while returning to the hive, or
while exiting the hive after a probable pause in flight activity for behaviors such as unloading
resources or resting (Winston, 1987). There was also no significant difference related to time of
day (p=0.20). These results support the interpretation that increased egr levels observed in

foragers are constitutive.

4. Discussion

| examined expression of egr, an insect immediate-early gene, in bees at stages of
behavioral maturation known to predict varying levels of structural plasticity in the mushroom
bodies. Mushroom body egr was higher in hive bees prepared for orientation flights and in
foragers, compared with hive bees engaged in nursing tasks; egr was also upregulated in
response to cholinergic signaling, which is enhanced in the mushroom bodies of foragers
compared with hive bees (Shapira et al., 2001). These findings are consistent with the possibility
that egr supports mushroom body neuropil growth associated with the transition to foraging
(Withers et al., 1993; Withers et al., 1995; Durst et al., 1994), and with continued foraging
experience (Farris et al., 2001; Ismail et al., 2006). A similar connection has been found in
vertebrates between periods of rapid development in a brain region, and constitutively increased
expression of egr-1 in that region (Worley et al., 1991; McCormack et al., 1992; Kaplan et al.,
1995; Herms et al., 1994; Jin and Clayton, 1997; Stripling et al., 2001). My findings support that

idea that egr in honey bees, like egr-1 in vertebrates, may initiate a cascade of transcription that
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promotes the growth and remodeling of neuronal processes (Knapska and Kaczmarek, 2004;
Clayton, 2000; Moorman et al., 2011).

Egr expression was moderately higher in hive bees in anticipation of orientation flight
performance. Expression levels in nurses and caged bees over a range of ages and comparisons
between nurses and same-age foragers suggested that maturational stage had a larger impact on
regulation of egr than did age, although the results presented here do not exclude the possibility
of an age effect. Brain expression levels of some genes differentially regulated in hive bees and
foragers reflect maturational state, independent of age (Whitfield et al., 2003; Whitfield et al.,
2006), while others respond to age, independent of behavior (Whitfield et al., 2006). Effects of
maturation independent from age have been shown for mushroom body neuropil growth
(Withers et al., 1993). Further investigation of egr expression in caged bees and bees confined to
the hive could clarify the possible effect of age.

Increased levels of egr transcript in hive bees preparing for orientation flight might be
related to exposure to light at the hive entrance. First exposure to light upregulates egr-1 in the
visual cortex of dark-reared young and adult vertebrates (Herms et al., 1994; Rosen et al., 1992;
Kaplan et al., 1996; Mower and Kaplan, 2002), while continued exposure maintains but does not
further increase expression levels. Orientation flights in hive bees, like flight activity in foragers,
may be related to positive phototaxis (Ben-Shahar et al., 2003). Hive bees preparing for flight
may crowd at the entrance long enough for the limited exposure to light to induce upregulation
of egr. Further exposure encountered outside the hive might then be insufficient to further
increase expression in the absence of sufficiently relevant stimuli, or visual experience paired
with flight (Chapter 3). Future studies could continue to explore the relationship between egr
expression in pre-flight hive bees and light exposure, perhaps by administering a light stimulus
to hive bees in afternoon hours when orientation flights are likely and examining egr expression
in bees exhibiting positive and negative phototaxis. By comparing expression in bees before and
after a time interval that allows for transcription to take place, one might separate endogenous
and light-induced effects on regulation of egr.

In this experiment, it was impossible to definitively determine the future behavior of
sampled bees because RNA abundance measurements in the brain require destructive sampling.
| therefore assumed that because | sampled bees engaged in nursing tasks during a time when

many other bees were performing orientation flights, a majority of the sampled bees would have
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been much less likely to also perform an orientation flight later that same day than those bees
captured at the entrance. For some individuals, however, this assumption may have been
incorrect. If the average expression level for nurses included some orientation-ready individuals
with higher values, it is possible that such errors decreased the magnitude of the detected
difference.

| observed higher levels of egr expression in foragers compared with nurses. This
increased expression, unlike that observed in bees after an orientation flight (Chapter 3),
appeared unrelated to specific experiences encountered on a single foraging trip. This is
consistent with patterns of egr expression observed in previous microarray studies. Egr
expression was previously found to be higher in the mushroom bodies of foragers than in one-
day old bees, but not differentially regulated by duration of foraging experience (Lutz et al.,
2012) or perception of distance while visiting a food source (Sen Sarma et al., 2010). Egr
expression in foragers may reflect constitutively higher neuronal activity in the forager
mushroom bodies. However, in both cat and zebra finch, higher egr-1 expression during critical
periods of development does not necessarily correspond to higher electrophysiological activity
(Stripling et al., 2001; Kaplan et al., 1996). Instead, it may be related to molecular changes that
produce a more permissive state for transcription.

My finding that pilocarpine, a muscarinic agonist, upregulates egr in the mushroom
bodies of young bees suggests one possible pathway through which level of transcription might
be modulated. Levels of acetylcholinesterase, the enzyme responsible for terminating
cholinergic signaling by breaking down acetylcholine after its release, are lower in the
mushroom bodies of foragers than in hive bees (Shapira et al., 2001). Thus, similar levels of
acetylcholine release in hive bees and foragers could result in somewhat prolonged muscarinic
signaling in foragers only. In vertebrate cell culture, muscarinic signaling acts at least in part
through the IP3 signaling pathway to upregulate egr-1 (Ebihara and Saffen, 1997; von der
Kammer et al., 1998; Rossler et al., 2008). In honey bees, several components of this pathway
are enriched in the mushroom bodies (Kamikouchi et al., 1998; Kamikouchi et al., 2000). In
addition, two genes that contribute to the metabolism of inositol, inos and IP3K, are upregulated
in the brains of foragers compared with hive bees (Lutz et al., 2012; Whitfield et al., 2003;
Kucharski and Maleszka, 2002). My data, interpreted in the context of these findings, do not
exclude the likely possibility that other signaling systems also contribute, as they do in
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vertebrates (Beckmann and Wilce, 1997), to the regulation of egr. They do, however, present a
coherent picture of how muscarinic signaling, acting through 1P3 signaling, could upregulate egr
and promote structural plasticity specifically in the forager mushroom bodies.

Past studies examining the relationship between egr-1 and critical periods of
development in vertebrates have focused on young and juvenile animals. An investigation of
egr-1 in the hippocampus of aging rats revealed a decline in expression levels, accompanied by
morphological signs of senescence (Desjardins, 1997). In honey bees, | have found increased
egr expression in adulthood, in association with maturational states that predict renewed
structural plasticity. Further investigation of the mechanisms that drive this relationship in honey
bees may hold promise for the reinstatement of neuroplasticity in adulthood and aging in other

species, including humans.
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Figures

Figure 4.1. Expression of egr in the MBs of 4- and 8-day old hive bees engaged in brood care
(nurse), or exiting the hive entrance for orientation flight (OR-ready). Data shown represent
individual trials (A-C) and pooled data (D). Expression values for individual trials were
normalized to average expression in 4-day nurses. A. Egr was upregulated in OR-ready bees
compared with nurses (p<0.01). N=6-8. B. Egr was not significantly upregulated, but was
higher, in OR-ready bees than in nurses. N=8. C. Egr was significantly upregulated in OR-
ready bees, compared with 5- or 8-day old nurses (p<0.005). N=13-15. D. Egr was upregulated
in OR-ready bees (p<0.0001). Effect of trial was not significant.

Figure 4.2. Basal expression of egr in the MBs of caged bees at two, four, six, eight and 10 days
of age. Egr was not differentially regulated by age in socially isolated bees (p=0.12). N=6-8.

Figure 4.3. Expression of egr in the MBs of one-day-old bees injected with either saline or
varying concentrations of pilocarpine in saline. Values are pooled data from two trials; in each
trial, N=6-8. Effect of trial was not significant.

A. Egr was upregulated by pilocarpine (p<0.0001).

B. Egr expression was significantly correlated with pilocarpine concentration (rpearson=0.729,
p<0.0001).

Figure 4.4. Expression of egr in the MBs of hive bees engaged in brood care (nurse), or returning
to hive with a pollen or nectar load (forager). Egr was upregulated in foragers (p<0.0001).
Values are pooled data from three trials; in each trial, N=7-8. Effect of trial was not significant.

Figure 4.5. Expression of egr in the MBs of foragers departing or returning to the hive. Egr was
not differentially regulated by recent behavior (p=.15) or by time of day (p=0.20).
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Figure 4.1. Expression of egr in the MBs of 4- and 8-day old hive bees engaged in brood care
(nurse), or exiting the hive entrance for orientation flight (OR-ready). Data shown represent
individual trials (A-C) and pooled data (D). Expression values for individual trials were
normalized to average expression in 4-day nurses. A. Egr was upregulated in OR-ready bees
compared with nurses (p<0.01). N=6-8. B. Egr was not significantly upregulated, but was
higher, in OR-ready bees than in nurses. N=8. C. Egr was significantly upregulated in OR-
ready bees, compared with 5- or 8-day old nurses (p<0.005). N=13-15. D. Egr was upregulated
in OR-ready bees (p<0.0001). Effect of trial was not significant.
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Figure 4.2. Basal expression of egr in the MBs of caged bees at two, four, six, eight and 10 days
of age. Egr was not differentially regulated by age in socially isolated bees (p=0.12). N=6-8.
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Figure 4.3. Expression of egr in the MBs of one-day-old bees injected with either saline or
varying concentrations of pilocarpine in saline. Values are pooled data from two trials; in each
trial, N=6-8. Effect of trial was not significant. A. Egr was upregulated by pilocarpine
(p<0.0001). B. Egr expression was significantly correlated with pilocarpine concentration
(rpearson=0.729, p<0.0001).
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Figure 4.4. Expression of egr in the MBs of hive bees engaged in brood care (hurse), or returning
to hive with a pollen or nectar load (forager). Egr was upregulated in foragers (p<0.0001).
Values are pooled data from three trials; in each trial, N=7-8. Effect of trial was not significant.
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Figure 4.5. Expression of egr in the MBs of foragers departing or returning to the hive. Egr was
not differentially regulated by recent behavior (p=.15) or by time of day (p=0.20).
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CHAPTER 5
CONCLUSION

A detailed understanding of changes in gene expression that support
neuroplasticity could eventually lead to treatments that improve recovery after brain injury or
stroke. In addition, exploration of how behaviors, particularly those performed in an ecological
setting, relate to gene expression and resulting neuroplasticity can suggest less invasive
behavioral therapies to facilitate recovery. In Chapter 1, I discussed the usefulness of social
hymenopterans, especially honey bees, to the study of adult neuroplasticity. Structural plasticity
in the mushroom bodies that occurs late in adult life has been documented in several species
including honey bees, coincident with cognitive demands related to behavioral maturation. A
rich variety of complex behaviors, ease of manipulability, access to annotated genomic
information, and a long history of neurobiological and ethological research have made honey
bees an excellent model organism for the study of molecular neuroscience. In this thesis, I
investigated the molecular mechanisms supporting several phases of adult structural plasticity in
the honey bee brain.

Honey bee workers exhibit temporal polyethism; young workers perform tasks inside the
hive, while older workers forage for resources outside the hive. Young pre-foragers prepare for
this task by performing orientation flights near the hive, during which they begin to learn
navigational cues such as the appearance of the hive, position of landmarks, and the movement
of the sun. Foragers must learn to navigate between the hive and floral locations that may be up
to miles away, as well as form associative memories for preferred floral sources. Honey bee
mushroom bodies, a paired region of the insect brain involved in learning, show both experience-
expectant and experience-dependent changes in neuropil volume. Treatment with a muscarinic
cholinergic receptor agonist produces growth of the mushroom body neuropil comparable to that
produced by maturation and foraging. | examined gene expression in the mushroom bodies of
honey bees in response to two behaviors (orientation flights and foraging) associated with phases
of structural plasticity, in order to identify molecular processes supporting these phases of
growth. My results give new insight into the temporal dynamics of plasticity-related gene

expression in the adult honey bee. In addition, they support conservation of plasticity-related
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gene function between vertebrates and honey bees, and provide a basis for work to better
understand the functional roles of these genes in both insects and vertebrates.

| began my thesis work with a broad survey of temporal dynamics of molecular processes
associated with experience-dependent plasticity; this work was described in Chapter 2. To
discover molecular processes associated with foraging experience, | performed a time-course
microarray study to examine gene expression changes in the mushroom bodies as a function of
days foraged. Clustering analyses suggested a natural division of samples into two groups, foragers
with less or more experience; this division corresponds to the timing of the previously observed
neuropil expansion. Functional analysis suggests that these genes could be involved in processes
supporting neuropil growth. Included in this group were several genes involved in signal
transduction or protein kinase activity, both of which are functional groups related to plasticity in
other organisms. These results suggest that many foraging-related changes in mushroom body gene
expression are involved in promoting or directing neuropil growth, or possibly in the stabilization of
new dendritic processes.

I also used weighted gene co-expression network analysis to examine potential patterns of
coregulation in both 1-day-old bees and foragers. Results of this comparison suggest that similar
sets of genes could mediate some aspects of two phases of mushroom body neuropil growth in
honey bees that have been documented, the early developmental phase in 1-day-old bees and the
later experience-dependent phase. A notable exception was a group of protein folding genes co-
expressed in foragers, but not in younger bees: expression of these genes was significantly
correlated with amount of foraging experience. Upregulation of these genes in the mushroom
bodies may be necessary to prevent or delay neurological aging and facilitate continued neuropil
growth.

In Chapter 3, | focused in on a specific and important aspect of flight behaviors: spatial
learning. This focus had particular relevance due to the currently dearth of information on the
neural and molecular basis of insect spatial learning. To begin to address this lack in honey bees,
| examined immediate early gene (IEG) expression in the brains of orienting bees. | found that
egr, an insect homolog of egr-1, is rapidly and transiently upregulated in the mushroom bodies in
response to orientation; this is the first example of an egr-1 homolog acting as a learning-related
IEG in an insect. Further experiments suggest that visual environmental novelty, rather than

other aspects of the orientation flight, stimulates egr upregulation.
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Despite many years of study, the functional relationship between egr-1 and learning is
still unknown. My demonstration of conservation of egr-related pathways in experience-
dependent plasticity lays the groundwork for new studies of the relationship between egr
function and learning. My results also implicate the mushroom bodies in spatial learning. When
interpreted in conjunction with prior work, this points to an intriguing, though untested,
hypothesis that the neural circuits involved spatial learning may vary substantially between
species that rely heavily on navigation, and those that do not.

In Chapter 4, | continued to investigate the role in honey bees of a specific gene, egr,
while making connections back to the experience-expectant and -dependent growth that were the
focus of Chapters 1 and 2. Egr-1 exhibits higher basal levels in brain regions undergoing
development or remodeling in vertebrates; | hypothesized that increases in basal egr mushroom
body expression occur in association with neuropil growth, and that these increases may be
mediated by cholinergic signaling. | found that egr expression was upregulated in bees prepared
to perform orientation flights and in foragers relative to hive bees engaged in brood care,
consistent with the hypothesis that egr upregulation facilitates neuropil growth. Pilocarpine
administration in young bees also upregulated egr, supporting the possibility that signaling via
egr serves as a link between muscarinic stimulation and neuropil growth.

As a whole, my thesis work suggests the importance of dynamic regulation a single
putative transcription factor, egr, as well as groups of genes working together to promote
neuroplasticity. Some of these functional groups of genes are involved in several distinct phases
of structural change, while others may be specific to maintenance of plasticity in the face of
approaching senescence. Future experimental and bioinformatic work could uncover a
connection between an altered regulatory state created by the changes in egr expression observed
in Chapters 3 and 4, and the long-term expression dynamics found in Chapter 2. Further studies
could also examine the roles of specific molecular processes in promoting neuropil growth.
More complete understanding of how individual pathways contribute to structural plasticity
could lead to development of targeted therapies that permit more efficient and successful
learning or re-learning in adults, while avoiding the undesirable consequences of excessive
plasticity observed in some developmental disorders. Such studies in the honey bee may
ultimately enable us to control not only plasticity, but how plasticity and stability balance each

other to facilitate cognition.
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