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ABSTRACT 

James J. Privitt 

IMPACT OF PESTICIDES ON THE NEURAL STRUCTURE OF THE HONEY BEE, 

APIS MELLIFERA 

Thesis under the direction of Susan E. Fahrbach, Ph.D., Reynolds Professor of 

Developmental Neuroscience 

Fipronil, a commonly used pesticide, is a GABA receptor antagonist that induces 

hyperexcitability in the central nervous system of insects. Its use is controversial because 

it is a suspected contributor to the global decline of non-target pollinator populations. 

Sublethal doses of fipronil reduce colony fitness and impair learning and memory in the 

honey bee, Apis mellifera. The mushroom bodies, insect brain regions required for 

learning and memory, receive GABAergic inputs that may be sensitive to fipronil. The 

synaptic organization of the mushroom bodies was investigated in adult worker honey 

bees exposed to fipronil using immunolabeling of the pre-synaptic marker anti-synapsin I 

and laser scanning confocal microscopy. This permits visualization of synaptic 

complexes called microglomeruli. Exposure of worker honey bees to fipronil at field-

realistic (1 ppb), as well as lower (0.1 ppb) and higher (4 ppb) concentrations decreased 

the density of microglomeruli in the mushroom body lip (olfactory) and collar (visual) 

neuropil regions in adult-treated honey bees. These data indicate that sublethal doses of 

fipronil can alter the structure of the adult honey bee nervous system, possibly through 

induced synaptic pruning. These results potentially link impaired learning with abnormal 

synaptic organization, suggesting a neural mechanism by which fipronil reduces the 

fitness of honey bee foragers and, ultimately, colonies. These results will be compared 

with structural changes in the mushroom body neuropil observed after exposure of 

worker honey bees to two other commonly used pesticides, imidacloprid (a 

neonicotinoid) and coumaphos (an acetylcholinesterase inhibitor). 
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INTRODUCTION 

 

The European honey bee (also called the Western honey bee), Apis mellifera, performs 

roughly 80% of all pollination worldwide, shouldering an immense role in agricultural 

production and maintenance of ecological balance and biodiversity (Calderone, 2012). 

This is because honey bees are generalists: they have broad food preferences and 

consequently forage at many different types of flowers. The efficiency of this foraging is 

a direct result of their ability to learn, remember, and communicate sensory information. 

Despite their economic significance, managed honey bee colonies are 

experiencing declines throughout Europe and the United States (Zhang and Nieh, 2015). 

Phenylpyrazole pesticides have received attention as a possible contributing factor to this 

decline (Grant et al., 1998). Much of this attention has focused on fipronil (Figure 5), a 

widely-used phenylpyrazole that has been demonstrated to impair individual and colony 

fitness at sublethal doses (Pisa et al., 2014; Gibbons et al., 2015). The causes of these 

impairments are unknown. 

 

The Relevance of Fipronil. Since its commercial introduction in the early 1990s, fipronil 

has become one of the most commonly used pesticides in the world (Jeschke and Nauen 

2008; Jescke et al., 2011; Tomizawa and Casida 2011; Casida and Durkin 2013; Lundin 

et al., 2015). Used both on companion animals (for flea control), and in agriculture, the 

appeal of fipronil originates from having a higher selectivity for the central nervous 

system (CNS) of insects than mammals (Tharp et al., 2000). Additionally, this chemical 

is readily absorbed by plant tissues, allowing for targeting of insect pests that feed on any 

parts of the plant (Hopwood et al., 2015). When ingested, fipronil acts as a gamma-
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aminobutyric acid (GABA) receptor antagonist, causing hyperactivity of the CNS (Grant 

et al., 1998). At high doses, fipronil causes paralysis and eventually, death, in insects 

(Tingle et al., 2003). 

 

Exposure of Honey Bees to Fipronil. Because of its wide distribution in plant tissues, 

fipronil is also found in nectar, pollen, and water droplets on plant surfaces, resulting in 

exposure of honey bee foragers to sublethal doses at 0.05-1.6 ppb as they collect these 

substances (Tingle et al., 2003; Pisa et al., 2014). When these materials are deposited in 

the hive, residues are incorporated into the wax and honey, resulting in continuous 

exposure of all life stages (embryo to adult) and social castes (drone, worker, queen). 

Although large doses of approximately 6 ppb (Laurino et al., 2013) are directly lethal, 

sublethal doses have been shown to exert a broad range of effects in several insect 

species, including impairment of olfactory association learning (Decourtye et al., 2013; 

El Hassani et al., 2012), possible neural apoptosis (Jacob et al., 2014), and a reduction in 

the number of foraging trips (Decourtye et al., 2011). According to a recent assessment of 

risk to pollinators of the commonly used pesticides, fipronil was ranked among the five 

highest risk toxins to honey bees, and indicated as one of the most likely to produce long-

term, toxic effects in both workers and larvae (Sanchez-Bayo and Goka, 2014). Such 

effects on behavior have been reported subsequent to exposure of pollinators to other 

neuroactive pesticides, most notably neonicotinoids (Stanley et al., 2015). Nevertheless, 

few studies have attempted to characterize the effects of fipronil and other neuroactive 

peptides on the CNS. 
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Antagonistic Effect upon Gamma-Aminobutyric Acid (GABA) Receptor. GABA 

receptors are ligand-gated ion channels composed of five subunits (Anthony, et al., 

1993). Normally, GABA attaches to the allosteric β subunit binding site, causing a 

conformational change of the protein, opening the channel and allowing the flux of 

chloride anions. Fipronil binds to allosteric sites on these β subunits, and prevents the 

opening of these channels regardless of GABA binding. This noncompetitive inhibition 

stops the flux of chloride ions, which results in an overabundance of neurons reaching the 

threshold for action potentials, enabling a hyper-depolarization that ultimately causes 

hyperactivation of muscles, i.e. paralysis (Pisa et al., 2014). The neural circuit in which 

inhibition of GABA signaling affects learning and memory in insects is not yet defined. 

Understanding the synaptic consequences of exposure to this inhibitory antagonist may 

provide insight into mechanisms by which phenylpyrazoles alter insect brain function. 

 

Potential Binding Properties with GluCl and nACh Receptors. Similar to GABA 

receptors, chloride-gated glutamate receptors (GluCls), and nicotinic acetylcholine 

receptors (nAChRs) are members of the cys-loop ligand-gated ion channel superfamily 

(Thompson et. al., 2010). GluCls and nAChRs provide respective inhibitory, and 

excitatory current in insect neurons (Groh and Rössler, 2011). On the basis of studies in 

cultured Drosophila neurons, it is plausible that these currents are essential for honey bee 

learning (Su and O’Dowd, 2003). Whole-cell patch clamp recordings have indicated that 

GluCl-induced currents within antennal lobe neurons of the honey bee brain are blocked 

by fipronil, indicating a potential antagonistic binding of fipronil to GluCl receptors 

(Barbara et al., 2005). It is therefore possible that some of the sublethal effects of fipronil 
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exposure in insects are due to inhibition of GluCls. Another commonly used pesticide, 

the neonicotinoid imidacloprid, has also been demonstrated to bind GABA receptors 

(Déglise et al., 2002). Therefore, although the best documented actions of fipronil on the 

CNS are mediated by inhibition of GABA receptors, multiple actions of fipronil in the 

CNS are possible, even likely.  

 

Honey Bees as a Model System to Study Learning and Memory. Much of honey bee 

behavior, including foraging and communication, depends on the formation and retrieval 

of visual and olfactory memories. The mushroom bodies (MB) are integrative insect 

brain centers required for learning and memory; a hallmark of the mushroom bodies is 

developmental and experience-dependent structural plasticity (Fahrbach, 2006). This 

plasticity is often measured by assessment of neuropil volume, dendritic branching, 

and/or density of synapses formed within the MB neuropils (Withers et al., 1993; Farris 

et al., 2001; Ganeshina et al., 2006; Rössler and Groh, 2011; Groh et al., 2012; Muenz et 

al., 2015). Investigations of the latter are facilitated by organization of synapses in the 

MB into synaptic clusters referred to as microglomeruli (MCG). These clusters are 

detectable with light microscopy. 

 

Microglomeruli: The neuropil compartment of each MB (one per brain hemisphere) 

consists of two cup-shaped calyces (singular, calyx) that can be subdivided into lip 

(receiving olfactory input), and dense collar (receiving mainly visual input) neuropil 

regions (Figure 1). Both of these neuropils contain numerous microglomeruli (MCG), 

each of which consists of a presynaptic bouton encircled by the dendrites of Kenyon cells 
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(KCs), the intrinsic neurons of MB. The central bouton represents a GABAergic and/or 

cholinergic projection from the antennal lobe, or cholinergic projection from optic lobes, 

and can be effectively and efficiently immunolabeled with an antibody to a presynaptic 

protein, SYNORF1. Current descriptions of MB plasticity are dominated by the 

visualization of MCG using confocal microscopy, in large part because of the efficiency 

of this method relative to classical techniques such as Golgi (Fahrbach and Van Nest, 

2016). A correlation between MCG density and memory acquisition has been reported in 

the MB lip of honey bees (Hourcade et al., 2010). In this study, the density of lip MCG 

was increased 3 days after exposure to a pairing of a novel odor with a sucrose reward 

(no change was found in volume of the lip at this time). 

 

Fipronil Effects on Plasticity. Multiple behavioral assays, such as maze navigation, and 

the proboscis extension response (PER), have been used to demonstrate poor 

performance in memory-dependent tasks by honey bees exposed to sublethal doses of 

fipronil (Decourtye et al., 2013; El Hassani et al., 2012). If learning and memory are in 

fact being affected by fipronil, then one might expect to see neuroanatomical correlates in 

the MB.  

Although there is as of yet no evidence supporting the view that the MB are the 

targets of fipronil, the decision to focus the present analyses on the MB is far from 

arbitrary. Exposure of honey bees to sublethal doses of fipronil not only impaired 

olfactory memory which is dependent on MB function, but also revealed an increase in 

cytochrome oxidase activity in the MB (Decourtye et al., 2004), indicating an effect of 

fipronil on neural activity. Further investigation of neural correlates have been reported 
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for several hymenopteran species. In the stingless bee, Scaptotrigona postica, 

morphological and ultrastructural analysis of KCs revealed pyknotic profiles, overall 

reduced KC size, and condensed chromatin structure within adults exposed to sublethal 

doses of fipronil (Jacob et al., 2014). Importantly, these changes in KC morphology were 

also shown to decrease with increased dosage and duration of exposure. As KC dendrites 

represent the postsynaptic component of MCG, these described decreases in KC 

morphology warrant the investigation of the effects of fipronil upon the presynaptic 

structure. A study of the effects of acute exposure to fipronil on the MB of the leaf-

cutting ant, Atta sexdens rubropilosa, showed qualitatively that fipronil increased the 

intensity of immunolabeling for the presynaptic protein synapsin in the lip, collar, and 

basal ring MB neuropils (Cintra-Socolowski et al., 2015). No study, however, has 

examined in a rigorous and quantitative fashion the impact of fipronil on MB synapses. 

Our goal was a systematic examination of the impact of fipronil on the insect brain 

structure that mediates learning and memory. Given the repeated demonstrations that 

fipronil impairs olfactory association learning, we were specifically interested in the 

impact of fipronil on the synaptic organization of the lip neuropil of the MB. 

 

Do GABA and nACh Receptors Mediate Neural Plasticity? Analyzing the impact of 

fipronil exposure on MCG may also lead to a greater understanding of the relative roles 

played by GABA receptors and nAChRs in honey bee cognition. In vivo intracellular 

recordings made in Drosophila and locusts have demonstrated that KCs receive both 

excitatory and inhibitory inputs in response to sensory stimuli. GABAergic projection 

neurons mediate the inhibitory inputs, and cholinergic neurons mediate excitatory inputs 
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(Gu and O’Dowd, 2006; Perez-Orive, 2002). While both categories of MB afferents are 

activated during sensory processing, the functional properties of the receptors mediating 

these respective synaptic transmissions are poorly characterized.  

GABAergic neurons are widespread throughout the insect nervous system and are 

known to contribute to sparse coding (the conditioning of response selectivity among a 

neuronal population) of sensory information in KC (Perez-Orive, 2002), which may 

promote structural plasticity associated with learning and memory. Additionally, 

ionotropic GABA receptor currents have been recorded from cultured honey bee KCs 

(Palmer and Harvey, 2014), and fipronil has been shown to attenuate these currents 

(Barbara et al., 2005). Interestingly, imidacloprid has also been shown to block GABA 

currents (Déglise et al., 2002). This, in combination with the fact that GABA receptors 

are cys-loop ligand-gated relatives of nAChRs, suggests that imidacloprid may be an 

antagonist of GABA receptors. The N-terminal ligand-binding domains of honeybee cys-

loop receptors show considerable sequence homology with previously characterized 

subunits (sequences with lowest similarity had an E Value of 1e-55) (Jones et al., 2006), 

making them subject to similar binding properties. Although fipronil is a GABA 

antagonist, it also is indicated to bind antagonistically with GluCl receptors, and perhaps 

agonistically with nAChRs (Barbara et al., 2005). At present it is not known which 

components of this web of binding interactions is correlated with behavioral and synaptic 

plasticity in the MB. The present studies focus on fipronil, but in the future we will make 

use of imidacloprid (neonicotinoid nAChR agonist) and coumaphos (acetylcholinesterase 

inhibitor) treatment groups to serve as comparisons to fipronil treatments. 
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Objective. Fipronil-induced impairment of behaviors requiring learning and memory in 

honey bee foragers has been repeatedly documented, but little has been reported on the 

changes in the brain that coincide with and presumably cause the deleterious changes in 

behavior. As foraging honey bees are exposed to fipronil in nature, in these initial 

experiments we exposed adults honey bees to field-realistic, subthreshold levels of 

fipronil in a chronic fashion under controlled conditions in the laboratory. Additionally, 

in separate experiments beyond the scope of this thesis, we exposed separate groups of 

adult, and larval honey bees to the neonicotinoid imidacloprid and the 

acetylcholinesterase inhibitor coumaphos. The MCG within the lip and dense collar 

regions of the MB were visualized with anti-synapsin immunolabeling, permitting us to 

compare the density and total number of MCG in treated and untreated honey bees. 

 

Predictions. With increasing concentration and duration of fipronil exposure, we 

expected that increased stimulation of the CNS by fipronil might mimic increased 

sensory input to the MB gained during normal adult behavioral development, which 

includes the accumulation of foraging experience. This would result in decreases in total 

density of MCGs in the MB and total number (as is seen during development in the 

experience-rich conditions of a field colony), while individual MCG surface area and MB 

volume would increase, as previously reported (Steib et al., 2010; Groh et al., 2012; 

Muenz et al., 2015). Given the demonstrated importance of GABA in olfactory 

association learning and memory in insects, we predicted that the largest effects would be 

evident within the lip (olfactory) neuropil region in comparison with the dense collar 
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(visual). One caveat to this prediction is that no studies have specifically examined the 

importance of GABA for visual association learning. 

 

MATERIALS AND METHODS 

 

Animals. Honey bees (Apis mellifera) were reared and collected from the research apiary 

maintained at Wake Forest University in Winston-Salem, North Carolina. Both adult and 

larval treatments were conducted using a single donor hive with a multiply-mated queen. 

 

Fipronil. Due to its relatively low solubility in water (2 mg/L), 15 mg of fipronil (46451; 

Sigma-Aldrich, St. Louis, MO) was first dissolved in 13 mL DMSO (02196055; MP 

Biomedicals, Solon, OH, USA) to create stock solution A at 1,000,000 ppb. Next, 0.1 mL 

of stock solution A was added to 99.9 mL deionized water (diH2O), generating a second 

stock solution B at 1000 ppb. Subsequent stock solutions in diH2O were made at 40, 20, 

and 4 ppb. These stock solutions were incorporated into diH2O, pollen paste (4:1:4 ratio 

of pollen, honey, and water), and 1.0 M sucrose (30% w/w) solutions at 0.1, 1, and 4 ppb 

fipronil concentrations. Field realistic doses range from 0.05 – 1.6 ppb in nectar and 

pollen, with an average of around 1 ppb (Pisa et al., 2014; Gibbons et al., 2015). The 

honey bee fipronil LD50 value has been reported at a range of 4-40 ppb (Tingle et al., 

2003; Pisa et al., 2014; Gibbons et al., 2015).  

 

Sublethal Exposure of Fipronil to Adult Foragers. Combs of worker pupae were 

transferred from the hive into frame boxes and held in a dark incubator (33 °C) overnight. 
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To define age cohorts, newly emerged bees were marked with paint (Testors Corporation, 

Rockford, Illinois, USA) on the dorsal thorax and returned to the field colony (N = 300 

each day); different colors were used to indicate each day of marking. After developing 

under normal field conditions into adult foragers (15 days), marked bees were recaptured 

from the hive entrance using soft forceps and transferred randomly to four different 

treatment cages (acrylic, 10 cm x 8 cm x 10 cm, with sliding front door). A total of 40 

marked bees were housed in each cage to maintain a semblance of social normalcy 

amongst cohorts. 

 

Cage Treatments: Cages were maintained in a Percival Scientific incubator (28⁰C, 40% 

relative humidity) in constant darkness to replicate hive conditions. To mimic the actions 

of undertaker bees within a hive (Trumbo et al., 1997), any dead honey bees were 

removed daily from the cages. Mortality rate was quantified by recording the starting 

total population per cage and recording each dead bee that was removed. Feeding and 

cleaning tasks were performed at the same time daily under 650 nm red light 

(887774417308; High Quality Reasonable Price, Harrison, NJ, USA), which is 

imperceptible to honey bees (Peitsch et al., 1992). Three treatment cages received 0.1, 1, 

and 4 ppb doses of fipronil. The fourth cage served as a control, receiving a 0 ppb 

concentration of water, sucrose, and pollen paste with no fipronil. Using microtubes 

situated within ventilation holes in the cage walls (Williamson et al., 2013), fipronil was 

administered in 1.0 M sucrose solutions and diH2O. Fipronil was also added into pollen 

paste provided in a shallow dish with wiring placed on top, through which bees could 

feed. All cohorts were allowed to feed ad libitum. Fifteen honey bees from each treatment 
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cage were collected after 4 and 12 days of cage treatments. These durations are similar to 

the exposure durations used in pesticide studies that demonstrated impaired learning and 

memory (Zhang and Nieh, 2015; Yang et al., 2012; Tan et al., 2015). Because the honey 

bees were allowed 15 days in the hive to develop into adults, the resulting ages of 

dissected bees were 19 (4 days in cage) and 27 days old (12 days in cage). The sample 

sizes for this study are based on previous studies within our lab of neural plasticity in 

honey bees, and are similar to those of other published studies based on anti-synapsin 

immunolabeling of MCG (Fahrbach and Van Nest, 2016). 

 

Dissection. Bees were cold-anesthetized on ice, placed on a Sylgard dissection dish, then 

decapitated with single edge razor blade under dissecting microscope. Anterior windows 

of approximately 3 mm were cut in the head capsule using microscissors, and the 

exposed brains were immediately fixed in a 4% formaldehyde (#28906; 16% 

Formaldehyde solution, ThermoFisher Scientific) in phosphate-buffered saline (PBS) 

(0.01M, pH7; #4417; Sigma-Aldrich, St. Louis, MO) solution at 4 °C. After 24 hours in 

fixative, brains were removed from the head capsule and washed 3 times in PBS at 10 

minute intervals on an orbital shaker (110 RPM), then embedded in agarose gel (#0815; 

AMRESCO LLC, Solon, OH, USA) and stored in PBS at 4 °C. Additionally, 5-10 extra 

brains per group were stored at -80 °C immediately after dissection for potential DNA or 

RNA analyses. 

 

Sectioning and Immunolabeling. To distinguish the left and right side of the brain/MB, 

incisions were made into each whole brain to remove much of the right optic lobe, right 
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antennal lobe, and lower right protocerebrum prior to gel embedding and sectioning. This 

created a physical marker that was later utilized to ensure consistent analysis of left MB. 

Brains were sectioned in their entirety anterior to posterior at 100-µm section thickness 

on a Compresstome VF-200 (Precisionary Instruments Incorporated, Greenville, NC, 

USA). Analysis of the honey bee MB was accomplished by generating fluorescent 

confocal images of MCG immunolabeled with anti-SYNORF1 (Klagges et al., 1996; 

Frambach et al., 2004; Groh and Rössler, 2011; Groh et al., 2004, 2012). After 

sectioning, brain slices were placed in 96 well plates and washed in PBS with Triton 

detergent (Triton X-100: #9284; Sigma-Aldrich, St. Louis, MO) 3 times at 10 minutes 

intervals on an orbital shaker. After washes, 60 µl of undiluted mouse monoclonal 

antibody anti-SYNORF1 (3C11; Developmental Studies Hybridoma Bank, University of 

Iowa, Iowa City, Iowa, USA), was added to each slice, and incubated for 48 hours at 4 

°C. This mouse monoclonal antibody was raised against raised against a bacterially 

expressed fusion protein generated by adding a glutathione S-transferase tag to a cDNA 

comprising most of the 50 open reading frame 1 of the Drosophila melanogaster 

synapsin gene (Syn, CG3985). The binding specificity of this antibody has been 

characterized in D. melanogaster by Klagges et al. (1996) and the epitope was later 

narrowed down to within LFGGMEVCGL in the C domain (Hofbauer et al., 2009). This 

motif is highly conserved across arthropods and labels synapsin proteins associated with 

synaptic vesicles in the bouton at the core of each microglomerulus (Frambach et al., 

2004; Fahrbach and Van Nest, 2016). Sections were next washed 6 times at 20 minutes 

intervals in PBST on an orbital shaker (110 RPM).  After rinsing, brain sections were 

incubated at 4 °C for 24 hours in 60 µL goat anti-mouse IgG (H 1 L) Alexa Fluor 555 (A-
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21422; Thermo Fisher Scientific, Waltham, Massachusetts, USA) diluted 1:500 in PBS 

with 1% normal goat serum. Originally, this step also included simultaneous addition of a 

1% Alexa Fluor 647 phalloidin (A-22287; Molecular Probes, Eugene, OR) solution to 

stain for f-actin (dendrites); however, after consistent weak signal was produced by this 

ligand, this was no longer applied. Following secondary incubation, brain sections were 

washed a final 6 times at 20 minute intervals in PBS on an orbital shaker (110 RPM), and 

stored in PBS at 4 °C for 24 hours.  

 

Confocal Imaging. Brain sections were mounted immediately before imaging on No. 1.5 

coverslips (72198-20; Electron Microscopy Sciences) using a SecureSeal spacer (70327-

8S; Electron Microscopy Sciences) and Vectashield Hard Set mounting medium with 

DAPI (Vector Laboratories, Inc. H-1500). Coverglass slides were sealed with nail polish 

(72180; Electron Microscopy Sciences) and stored in slide boxes to avoid degradation of 

fluorescent proteins by exposure to light. All images were collected with a Zeiss LSM 

710 confocal laser scanning microscope (Zeiss Microscopy, Oberkochen, Germany) with 

a Plan-Apochromat 20x 0.80 NA objective lens and Plan-Apochromat 63x 1.4 NA oil-

immersion objective lens. Anti-SYNORF1 fluorescence was excited with the 561nm 

laser line with a 1.5 pinhole. A pinhole size slightly larger than 1 Airy unit was applied to 

increase available light emission. Image acquisition was controlled using Zen Black 

software (Version 8.0; Zeiss Microscopy, Oberkochen, Germany). Low magnification 

20x images of the left medial and lateral calyces were captured with a resolution of 1024 

(x) × 1024 (y) pixels with line averaging of 4. High magnification 63x images of the lip 

and collar were captured with a digital zoom of 1.6 and a resolution of 1024 (x) × 1024 
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(y) pixels with line averaging of 4. Z-stack series were optimized at intervals of 0.442 µm 

per step. All images were acquired by an observer blind to the experimental treatment of 

the section being images. 

 

Calculation of MB Volume, Total MCG Number. Low magnification 20x images were 

taken of every left lateral and medial MB observed in serial sections of each individual 

brain using Zen Black software. Image files were opened in Fiji 5.1 (Schnidelin et al., 

2012) (National Institutes of Health, Bethesda, Maryland, USA). Lip and dense collar 

MB subregions were distinguished and traced to determine the area (µm2) (Figure 1A). 

The measured area of low magnification images was then multiplied by the approximate 

image stack thickness (100 µm) to achieve the volume (µm3). Serial section volumes 

were summed to obtain total lip and dense collar volumes for the entire brain. Total 

volume was multiplied by the average density (see below), respective to lip or collar 

region, which produced a total number of MCG per left brain of each individual.  

 

Analysis of MCG Density, MCG Surface Area. To analyze MCG density and surface 

area of anti-SYNORF1 signals in the MB, we followed standard practice in this literature 

and chose one section per honey bee brain where the left medial and lateral MB were 

fully defined (pedunculus and lobes visible in addition to calyces) and intact. Six 63x 

images were sampled from the chosen section: one from both the left medial calyx and 

lateral calyx lip neuropil regions, and two each from both the left medial calyx and lateral 

calyx dense collar regions (Figure 1B-C). The lip and the dense collar are particularly 

interesting as they receive different sensory input (lip: olfactory; dense collar: visual) and 



15 

 

are most accessible for quantitative synaptic analyses (Gronenberg, 2001; Fahrbach, 

2006). The lip is the dorsal-most calycal region that is distinguished from the adjoining 

collar region by distinct morphological infoldings. The dense collar is identifiable as a 

distinct and clearly defined region of the collar with a high density of synapsin-positive 

boutons, as previously described (Groh et al., 2012). All subsequent image processing 

was performed with Imaris 7.7.2 (Bitplane Scientific Solutions, Belfast, UK). Synaptic 

density of high magnification images was measured in 2D within the collected images by 

counting synapsin positive profiles in defined regions of interest (ROIs) 200 µm × 200 

µm. ROIs were applied manually by the same human user throughout all images to lip 

and dense collar subregions: three per lip image (Fig. 1B, ROI 1–3), and three volumes 

per dense collar image (Fig. 1B, ROI 4–6). ROIs did not overlap and did not expand 

outside of the lip or dense collar borders. This generated a total of eighteen ROIs (six 

images x three ROIs). Object surfaces were rendered with a smoothing factor of 0.165 

µm and background subtraction of 0.600 µm. Average MCG profiles are reported to 

range from ~1-4 µm2 (Groh et al., 2004). Therefore, to reduce background noise and filter 

out objects smaller than 0.35 µm2, thresholding was applied uniformly across all images. 

This size (0.35 µm2) is appropriate as it captures MCG within the average size range as 

previously described. Also through visual analysis, it was agreed upon as being the 

limitation size at which an object would normally be quantified in manual counts. 

Synaptic density measurements for each anatomical location (lip and dense collar) were 

averaged per individual. This was repeated for individual MCG surface area 

measurements. Estimations of the overall MCG numbers per calyx were obtained by 
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extrapolating the mean density of MCG to the respective reconstructed volume (see 

above).  

 

Statistical Analysis. Two-way analysis of variance (ANOVA) was used to examine the 

temporal effect of fipronil exposure on structural plasticity (MCG density, MCG surface, 

MB area, MB volume, MCG total number). When applicable, post hoc analyses with 

Benjamini Hochberg correction to account for multiple comparisons were used to further 

examine differences. Data that were not normally distributed, as indicated by Q-Q plots 

and Shapiro-Wilk tests, were log transformed and compared using Kruskal-Wallis non-

parametric tests. All analyses were carried out using R 3.3.2. Significance was set at α = 

0.05. For ease of interpretation, all data (untransformed and transformed) are represented 

as mean ± SEM. 
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RESULTS 

 

MCG Density Decreases with Age and Fipronil Exposure. A decrease of MCG 

density was observed in both the lip and dense collar regions after 12 days of fipronil 

exposure compared with 4 days of fipronil exposure among both untreated and fipronil 

exposed honey bees (Figure 2A-D). Note that honey bees exposed to fipronil for 4 days 

were 19 day old adults at the time of brain collection, while honey bees exposed to 

fipronil for 12 days were 27 days old at this time. 

 

Density of MCG in the Lip Neuropil: Relative to same-aged untreated controls, honey 

bee workers exposed to fipronil (all doses) for 4 and 12 days displayed decreased MCG 

density in the lip neuropil. (Figure 2A/C; Table I; Day 4: F(3, 21) = 12.1, P < 0.0001; Day 

12: F(3, 27) = 18.7, P < 0.0001). The greatest MCG density decrease in the lip after 4 days 

was exhibited by honey bees treated chronically with 1 ppb fipronil (Figure 2A; P < 

0.0001). After 12 days of exposure, honey bees exposed to a concentration of 0.1 ppb 

displayed the greatest decrease in lip MCG density (Figure 2C; P < 0.0001). The decrease 

observed in the 0.1 ppb group was significantly lower than that observed in the 4 ppb (0.1 

– 4 ppb: P = 0.0028).  

 

Density of MCG in the Dense Collar Neuropil: The density of MCG in the dense collar 

displayed significant dose-dependent decreases after 4 days of fipronil exposure (Figure 

2B; Table I; F(3, 21) = 20.1, P < 0.0001), with honey bees exposed chronically to 1 ppb (P 

< 0.0001) and 4 ppb (P < 0.0001) having significantly lower density than honey bees 
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exposed to 0.1 ppb (P = 0.0009) (0.1 - 1 ppb:  P = 0.04; 0.1 – 4 ppb: P = 0.002). Chronic 

exposure to fipronil for 12 days produced significant decreases in MCG density in the 

dense collar (Figure 2D; Table I; F(3, 27) = 4.4. P = 0.01) at 0.1 ppb (P = 0.008) and non-

significant decreases after chronic exposures to fipronil 1 ppb (P = 0.09) and 4 ppb (P = 

0.1). 

 

MCG Surface Area Increases with Age and Fipronil Exposure. An increase of the 

surface area of individual MCG was observed in both the lip and dense collar neuropil 

regions after 12 days of housing in a laboratory cage, relative to 4 days of housing in a 

laboratory cage among both untreated and fipronil-exposed bees (Figure 3A-D). 

 

Surface Area of MCG in the Lip Neuropil: The surface area of individual MCG in the lip 

neuropil significantly increased after 4 days (Figure 3A; Table I; F(3, 21) = 7.1, P = 0.002) 

of exposure to 0.1 ppb (P = 0.4), and 1 ppb (P = 0.001), while 4 ppb (P = 0.3) treatments 

produced a non-significant increase in surface area. Surface area of 1 ppb chronic 

treatments after day 4 was significantly higher than 4 ppb (1 – 4 ppb: P = 0.04). After 12 

days of chronic exposure, MCG surface area in the lip was significantly increased by all 

fipronil doses (Figure 3C; Table I; F(3, 27) = 8.8, P = 0.0003), with 0.1 ppb treatments 

experiencing the greatest MCG surface area increase (P = 0.0005), followed by 1 ppb (P 

= 0.0008), and 4 ppb (P = 0.03).  

 

Surface Area of MCG in the Dense Collar Neuropil: Significant increases in MCG 

surface area in the dense collar occurred after 4 days of fipronil exposure (Figure 3B; 
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Table I; F(3, 21) = 4.8, P = 0.01) to a 1 ppb concentration (P = 0.02), which was also higher 

than 0.1 ppb (P = 0.2) and significantly higher than 4 ppb (P = 0.4) (1 – 4 ppb: P = 0.02). 

MCG surface area after 4 days of 0.1 fipronil treatments revealed a non-significant 

increase, while 4 ppb showed a non-significant decrease. No significant differences were 

found in dense collar MCG surface area after 12 days of exposure to all three sublethal 

doses of fipronil (Figure 3D; Table I; F(3, 27) = 1.5, P = 0.2). 

 

MCG Total Number Decreases with Age and Fipronil Exposure. Next, we asked 

whether the total number of MCG changes as a result of age and fipronil exposure. For 

this, average density measurements per individual were multiplied by the reconstructed 

estimated volumes of the corresponding calyx subregions. A decrease in the total number 

of MCG in the lip and dense collar was observed after 12 days of housing in a laboratory 

cage compared with 4 days among both untreated and fipronil-exposed bees (Figure 4A-

D). 

 

Total Number of MCG in the Lip Neuropil: The total number of MCG in the lip 

significantly decreased after 4 days of fipronil exposure (Figure 4A; Table I; F(3, 21) = 7.3, 

P = 0.002) to 0.1 ppb (P = 0.003), 1 ppb (P = 0.006), and 4 ppb (P = 0.003) treatments. 

After 12 days, significant decreases in the total number of MCG in the lip were also 

observed (Figure 4C; Table I; F(3, 26) = 4.9, P = 0.007) in 0.1 ppb (P = 0.04) and 1 ppb (P 

= 0.009) treatments, while 4 ppb treatments showed no significant changes in total MCG 

(P = 0.3). 
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Total Number of MCG in the Dense Collar Neuropil: No significant differences in the 

total number of MCG in the dense collar were observed after day 4 or 12 (Figure 4B/D; 

Table I; Day 4: F(3, 21) = 2.2, P = 0.1; Day 12: F(3, 27) = 1.3, P = 0.3). Treatments of 4 ppb 

exhibited a non-significant decrease in total number of MCG in the dense collar after day 

4, and a non-significant increase after day 12. 

 

Volume of MB Subcompartments Not Influenced by Fipronil.  

Volume of the Lip Neuropil: No significant differences in lip volume were found after 

day 4 or 12 of untreated, or fipronil-treated honey bees (Table I; Day 4: F(3, 21) = 2.2, P = 

0.1; Day 12: F(3, 27) = 2.5, P = 0.08).  

 

Volume of the Dense Collar Neuropil: No significant differences in dense collar volume 

were found after day 4 or 12 of untreated, or fipronil-treated honey bees (Table I; Day 4: 

F(3, 21) = 0.8, P = 0.5; Day 12: F(3, 27) = 1.9, P = 0.1).  

 

Mortality Rates. A 3% mortality was recorded within 0 ppb control cages after 4 days, 

and 6% at day 12. Cages receiving 0.1 ppb fipronil treatments experienced 0% mortality 

after 4 days, and 8% at day 12. A 10% mortality rate was recorded after 4 days of 1 ppb 

fipronil treatments, and 26% by day 12 treatments. The highest dose, 4 ppb fipronil 

treatment cages, showed a mortality of 36% after 4 days of exposure and an 86% 

mortality at day 12 (data not shown). 
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DISCUSSION 

 

Application of MCG Plasticity. MCG are plastic structures that change in density and 

total number with honey bee age (Muenz et al., 2015; Mota et al., 2017; Gehring et al., 

2017), experience (Groh et al., 2004, Krofczik et al., 2008, Groh et al., 2012), and 

learning (Hourcade et al., 2010), although the functional significance of the changes 

observed has not been established. To date, the impact of pesticide exposure on MCG 

density and number has not been thoroughly evaluated in insects. Here, we demonstrate 

robust changes in the synaptic architecture of the MB input region (calyces) following 

exposure to sublethal doses of the pesticide fipronil. As previous literature on MB 

plasticity has largely focused on postsynaptic elements (KC dendrites) or combined 

presynaptic and postsynaptic elements (volume), our use of synapsin immunolabeling 

provides a novel and detailed focus on the sensitivity of presynaptic elements to 

environmental contaminants.  

 

MCG Density and Surface Area: Of the various forms in which MCG measurements are 

typically reported, MCG density in specific regions of the MB calyces is the most 

consistently reported. In honey bees undergoing normal behavioral development in a field 

colony, the density of MCG starts to decrease in both the lip and collar neuropils during 

the second week of adult life, resulting in a significant net reduction of MCG that 

continues throughout the course of normal adult maturation (Muenz et al., 2015). 

Correlations of age with MB neuropil volume and KC dendritic structure have been 

described in other social hymenopterans such as the carpenter ant Camponotus floridanus 
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(Gronenberg et al., 1996), the desert ant Cataglyphis bicolour (Kuhn-Buhlmann and 

Wehner, 2006), and the paper wasp Polybia aequatorialis (O’Donnell et al., 2004), which 

all appear to undergo an age-related pruning of synaptic contacts. Here we report a 

similar trend, confirming the sensitivity of our method, and show the trend to be 

accentuated by exposure to fipronil. MCG became sparser in the lip and collar regions, 

while also decreasing in total number with increased exposure to the pesticide, both in 

terms of days of exposure and concentration of fipronil. These results corroborate the 

previous reports of developmental synaptic pruning, and suggest that accelerated pruning 

occurs in response to fipronil exposure.  

These density decreases were positively correlated with larger MCG size. The 

simplest interpretation of this observation is that boutons are getting larger as a 

consequence of age and exposure to fipronil. Similar correlations of density and size of 

MCG have been described in normal development of Cataglyphis ants (Seid and Wehner, 

2009; Stieb et al., 2010) and the honey bee (Scholl et al., 2014). Neuroanatomically 

speaking, we propose that sublethal exposure to fipronil may accelerate the normal aging 

process of the adult insect brain. Although it seems counterintuitive that a pesticide 

would produce precocious development, this effect is consistent with the hypothesis that 

development of the MB in adult worker honey bees (and other hymenopteran insects) is 

experience (activity)-dependent. 

 

MB Volume, and MCG Total Number: Adult maturation in honey bees is also coupled 

with a continuous experience-independent, age-related volume increase of the MB 

neuropils that plateaus around 15 days of age (Withers et al., 1993, 1995; Durst et al., 
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1994; Farris et al., 2001; Groh et al., 2012; Muenz et al., 2015). In line with these studies, 

our results show no significant volume changes of the MB calyx between 19- (Day 4 of 

treatment) and 27- (Day 12 of treatment) day-old honey bees, who were deprived of 

normal foraging experience because they were housed laboratory cages. Although 

volume changes were not expected in these laboratory-reared controls, it is important to 

note the difficulty of making accurate MB volume measures: Defining the boundaries of 

the lip and dense collar regions to trace (to obtain a measure of area) is only as precise as 

the interpretation of the experimenter. For example, the division that distinguishes the 

base of the lip from the collar region is interpreted differently by two recent papers, 

which reported similar density results, but different estimates of volume (Muenz et. al., 

2015; Sommerlandt et al., 2016). We note that the decreases in total MCG numbers 

measured in this study are consistent with those reported during normal development of 

adult foragers (Muenz et al., 2015), allowing us to be confident that the decrease was 

accentuated, especially in the lip, by exposure to fipronil.  

 

LD50 Dose Response: High mortality rates characterized all groups exposed to the LD50 

(4 ppb) of fipronil, limiting the number of individuals available for analysis, and thus the 

ability to obtain true sampling. This was especially true at exposure to 4 ppb fipronil at 

day 12, where it is possible the survivors that did make it to analysis were those honey 

bees most resistant to the effects of the pesticide. Survivorship in cages without food or 

water for more than two days is not possible for adult honey bees (Lorenz et al., 2001), 

thus eliminating the possibility that the surviving bees forwent consumption of fipronil. 

Additionally, the amounts of water, sugar water, and pollen paste consumed were 
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recorded each day, and these only dropped noticeably when mortality had already 

reduced the number of individuals in high dose cages. In addition, abnormal behaviors 

were observed in honey bees within 4 ppb treatment cages, such as increased and erratic 

mobility, attempts to fly (unusual in cages), inability to climb cage walls, and extreme 

malaise. In light of this, we question the relevance of the data obtained from the honey 

bees sampled from 4 ppb high dose cages, as they do not represent an unbiased sample. 

Although it appears in some cases that the high dose subjects were less impacted than 

those at the lower doses (U-shaped relationship or inverted U-shaped relationship, 

depending on the measure), these results require larger samples and replication.  

 

Pruning VS Apoptosis as a Cause of Changes in the MB Calyces. These fipronil-

induced changes in the MB are seemingly exaggerated trends of synaptic pruning that are 

well described in normal honey bee neurodevelopment. However, fipronil has been 

shown to induce apoptosis in a variety of cell types, including human neuroblastoma SH-

SY5Y cells (Vidau et al., 2011; Lee et al., 2011; Ki et al., 2012), and Drosophila S2 cells, 

which after exposure to fipronil exhibited mitochondrial collapse, and oxidative stress 

associated with neuronal cell death. Mitochondrial collapses and increases in cytochrome 

oxidase activity have also been described in honey bees as a result of fipronil exposure, 

even at very low doses (Nicodemo et al., 2014; Roat et al., 2012). Alterations in oxidase 

activity in the CNS have been associated with memory deficits in honey bees (Roat et al., 

2012). In a recent study, acute sublethal doses of fipronil was shown to increase the 

intensity of anti-SYNORF1 immunofluorescence in the MB of stingless bees (Atta 

sexdens rubropilosa), suggesting the possibility of an increased release of 



25 

 

neurotransmitter (Cintra-Socolowski et al., 2015), which may be linked to neurotoxity, 

and apoptosis with greater fipronil exposure. Because hyperexcitability can induce stress 

as well as perturb Ca2+ homeostasis, it is plausible to attribute apoptosis as rationale for 

the observed decrease in density, and total number of MCG of our fipronil treatment 

groups. However, the proportional increases in bouton size limits this assertion, as this is 

indicative of synaptic pruning, which has been well described in the normal 

neurodevelopment of several insect species. Investigation of evidence for pyknotic 

profiles and changes in DAPI-stained Kenyon cells may be of value for future studies. 

This could be achieved through similar automated fluorescence analysis using Imaris 

software. Addtionally, utilizing fipronil brains stored at -80 °C, the potential for neuronal 

apoptosis could be detected via in situ visualization of DNA fragmentation in the nucleus 

using the terminal deoxynucleotidyl transferase-dUTP nick end labeling (TUNEL) assay 

(Stadelmann and Lassmann, 2000), which has recently been used to demonstrate 

apoptosis in the honey bee brain as a result of imidacloprid exposure (Wu et al., 2015). 

 

GABA and GluCl Receptors. The largest effect on synaptic structure obtained in this 

study was seen in the MB lip region, which further elucidates a role for GluCl receptors 

in the mechanism of fipronil exposure, and an indication that GluCls might support 

olfactory processing in the insect brain. Fipronil was originally designed to block GABA-

gated chloride channels. However, increasing evidence has shown that fipronil also binds 

and inhibits GluCls (Janssen et al., 2010; El Hassani et al., 2009). Both of these receptors 

have been described in both the pupal and adult honey bee KCs and the antennal lobe, the 

primary olfactory neuropil (Démares et al. 2013, Grünewald and Wersing, 2008; Barbara 
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et al., 2005). In addition, although the main projections from the antennal and optic lobes 

are cholinergic, there is evidence that a small percentage of olfactory projection neurons 

are GABAergic in the honey bee (Zwaka et al., 2016). Therefore, structural differences in 

the MB as a result of fipronil exposure are almost certainly due to an effect upon one or 

both of these receptors. This is further supported by precise immunolabeling localization, 

which has shown that GluCl receptor variants in the MB are most abundant in the lip 

region, followed by the basal ring, and finally the collar (Démares et al., 2013). This 

correlates with the relatively more pronounced structural effects we observed in the lip, 

suggesting that GluCls are responsible for these structural changes. Such a model would 

propose that actions on the postsynaptic cells (KCs) must be taking the lead in shaping 

the synapses. As the lip largely receives and processes olfactory input from the antennal 

lobe, our results provide a potential neural correlate of fipronil-induced effects on 

olfactory learning. A behavioral assay investigating olfactory learning-based plasticity of 

the MCG in honey bees exposed to fipronil would be critical to make such a correlation. 

It could be predicted that fipronil-exposed honey bees would yield poor performances 

and limited changes in MCG. Although, we reveal accentuated adult-like structural 

changes with fipronil exposure, which in regards to normal development, could indicate 

enhanced performance. However, such age-related neural correlates have been shown not 

to predict learning performance in a vision-dependent task where younger, less 

experienced forager honey bees showed no difference in learning with older, more 

experienced (Van Nest et al., 2017).  
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Inhibitory Neurotransmission and the Implications of Fipronil: Fast, inhibitory 

neurotransmission is important for neural processing, learning, and memory in both 

vertebrates and invertebrates (Liu et al., 2007; Kullmann and Lamsa, 2007; Okada et al., 

2007). In insects, inhibitory transmission relies mainly on GABA and GluCl receptors 

(Buckingham and Sattelle, 2005; Raymond et al., 2000) and is necessary for olfactory 

learning (Maleszka et al., 2000; Dupuis et. al., 2009). Electrophysiological recordings 

have indicated that inhibitory GABA currents within the KCs facilitate odor-evoked 

oscillation patterns in the MB (MacLeod and Laurent, 1996; Stopfer et al., 1997). Similar 

studies have shown that fipronil is known to block GABA (Cole et al. 1993) and GluCl 

receptor current in the MB (Barbara et al. 2005). In learning assays, exposure of fipronil 

via thoracic application or brain injection reduces olfactory memory (El Hassani et al., 

2005, 2008, 2009). This effect can be rescued with an L-trans-PDC pre-injection, which 

blocks chloride current mediated through GluCl, demonstrating that GluCl is necessary 

for olfactory learning (El Hassani et al., 2012). Together with our findings, these data 

provide the most well-described pathway by which sublethal exposure to a pesticide may 

cause alterations in foraging behavior and fitness: Exposure to fipronil, even at 

concentrations lower than field-realistic doses, antagonizes GABA and GluCls receptors 

in the MB and/or antennal lobe, which blocks fast, inhibitory current, allowing 

overstimulation of antennal projection neurons synapsing onto the MB, and/or of KC 

neurons themselves. This incites synaptic pruning, thus generating larger boutons, 

leading to an overall reduction in synaptic density and total number of MCG in MB, 

namely the lip region. This may be the neural basis by which fipronil degrades 
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performance in olfactory memory tasks, and therefore the effectiveness of honey bee 

foragers and colony fitness. 

 

Molecular Mechanisms of MB Plasticity. The molecular mechanisms mediating MB 

plasticity still remain largely unknown. For experience-dependent neuronal plasticity in 

the MB calyx, stimulation of muscarinic–type cholinergic receptors was shown to mimic 

foraging-related sensory exposure indicating that it is an associated and necessary factor 

(Ismail et al., 2005; Dobrin et al., 2011). Rho GTPases, small monomeric G proteins 

involved in the remapping of the neuronal cytoskeleton have been suggested to underlie 

such plasticity (Dobrin and Fahrbach, 2012). Another candidate for regulating MB 

plasticity is calcium calmodulin protein kinase II (CaMKII), which is highly localized in 

KCs (Kamikouchiet al., 2000; Pasch et al., 2011). This plasticity-mediating protein has 

been shown to be necessary for long-term memory formation (for review see Lisman et 

al., 2002; Mayford, 2007) in vertebrates (Malenka et al., 1989) as well as invertebrates 

(Lent et al., 2007), for example, the honey bee (Matsumoto et al., 2014). CaMKII may be 

largely involved in postsynaptic plasticity, as it is highly concentrated in KC dendrites 

and dendritic spines, but long-term memory effects on presynaptic boutons (Hourcade et 

al., 2010) might be triggered via an unknown retrograde factor. Assessing such potential 

molecular correlates of fipronil exposure in combination to the synaptic profiles 

identified here, may further elucidate the mechanisms underlying MB plasticity. 

 

Recent Reports of Pesticide Effects on MCG. A recent study using confocal-

microscopy based automated quantification of anti-SYNORF1 labeled MCG reported 
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that honey bee larvae exposed for 4 days to sublethal doses of the neonicotinoid 

imidacloprid expressed a decrease in density of MCG in the calycal neuropils when 

studied as 20 day old adults, although significant differences were only reliably seen at 

the highest dose (500 ppb) (Peng and Yang, 2016). Since its publication, however, 

experts in the field have called these results into question. Among untreated foragers, 

Peng and Yang reported MCG counts that differ from previous literature by more than a 

factor of 18. Additionally, the reported MCG counts and density contrast with previous 

findings showing that mature foragers have a lower density of microglomeruli than 

younger bees. These extreme discrepancies are likely due to misapplication of confocal 

imaging followed by improper use of automated image analysis software. These concerns 

highlight the necessity of our study, which applied confocal methods shared with studies 

that have produced highly similar MCG data (Krofczik et al., 2008; Hourcade et al., 

2010; Groh et al., 2012; Falibene et al., 2015; Muenz et al., 2015). We calculated mean 

MB volume for each region across all ROIs individually in each honey bee. We also 

utilized automated analysis methods redeveloped from similar techniques in 3-d whole 

brain analysis which has provided MCG data similar to previous studies (Van Nest et al., 

2017). To validate this method, we performed manual counting on three complete 

individuals, and found no statistical difference in density as all manual counts were 

within 5% of our automated data (data not shown). 

 

Impact. Exploring the neuromorphology associated with pesticide exposure provides 

correlative evidence to support future research on pesticides in honey bees. We provide 

here an in-depth characterization of fipronil effects upon presynaptic plasticity in the MB, 



30 

 

which should prompt future studies investigating the effects of fipronil on the 

ultrastructure of the calyces. It may also allow for new avenues of research in learning 

and memory and in pesticide effects, and it may inform current policy debate on pesticide 

regulations and pollinator health. Additionally, this study may also lead to a greater 

understanding of the cellular mechanisms underlying honey bee learning. The power of 

our results will be magnified when companion studies of imidacloprid and coumaphos on 

MCG are completed. 

 

General Conclusions. Exposure to sub-lethal doses of fipronil alters MCG structure in 

the honey bee brain in a temporal and dose-dependent fashion. MCG in the lip and dense 

collar of adult foragers become larger, and less dense with increase fipronil exposure. 

The total number of MCG throughout the MB decreased as a consequence of fipronil 

exposure. Greatest effects were revealed in the lip region, providing a potential neural 

correlate to previously reports of inhibited olfactory association learning as a result of 

fipronil exposure. 
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Figure 1. Overview of Mushroom Bodies and Image Analysis Scheme. Fluorescence 

images of left lateral calyx single optical section labeled for synaptic vesicle protein, 

SYNORF1 (green). Left medial calyces were also sampled (not shown). Each green dot 

represents an individual microglomerulus (MCG) (A) 20x magnification frontal plane 

overview of the honey bee mushroom body (MB) with indication of lip and dense collar 

tracings (white borders) used for low magnification area and volume measurements. (B) 

63x magnification of lip subregion. Yellow squares illustrate 200 x 200 µm2 regions of 

interest (ROIs) used for 2D synaptic density measurements. Synaptic density 

measurements were performed at the indicated ROIs (1–3). (C) 63x magnification of lip 

subregion. Synaptic density measurements were performed at the indicated ROIs (4–6). 

MB: mushroom body. Scale bars 150 µm in A; 30 µm in B and C. 
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Figure 2. Sublethal Exposure of Fipronil Decreases MCG Density in the MB Lip 

and Dense Collar. Estimated densities of MCG averaged over six 400 µm2 ROIs for the 

lip and twelve for collar of each animal. Treatment differences (mean ± SEM) in density 

of MCG for lip (A/C) and collar (B/D) at days 4 and 12. MCG: microglomeruli, MB: 

mushroom body, ppb: parts per billion. *p<0.05; **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 3. Effect of Sublethal Fipronil Exposure on MCG Size in the MB Lip and 

Dense Collar. Surface area of individual MCG averaged over six 400 µm2 ROIs for the 

lip and twelve for collar of each animal. Treatment differences (mean ± SEM) in surface 

area of MCG for lip (A/C) and collar (B/D) at days 4 and 12. MCG: microglomeruli, 

MB: mushroom body, ppb: parts per billion. *p<0.05; **p<0.01, ***p<0.001. 
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Figure 4. Sublethal Exposure of Fipronil Decreases Total Number of MCG in the 

MB Lip. Total number of MCG calculated from average volumes extrapolated to 

averaged density over six 400 µm2 ROIs for the lip and twelve for collar of each animal. 

Treatment differences (mean ± SEM) in density of MCG for lip (A/C) and collar (B/D) at 

days 4 and 12. MCG: microglomeruli, MB: mushroom body, ppb: parts per billion. 

*p<0.05; **p<0.01. 
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Figure 5. Chemical Structure of Fipronil. 
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Table I. Summary of ANOVAs Examining the Temporal Effect of Fipronil Exposure on 

Structural Plasticity in the Honey Bee Mushroom Body. 

 

 

 

 

 

 

 

 

 

 

 

Fdf P Fdf P

Lip

Density F3,21 = 12.1 P < 0.0001 F3,27 = 18.7 P < 0.0001

MCG Surface Area F3,21 = 7.1 P = 0.002 F3,27 = 8.8 P = 0.0003

Area ns ns ns ns

Volume ns ns ns ns

Total # F3,21 = 7.3 P = 0.002 F3,26 = 4.9 P = 0.007

Collar

Density F3,21 = 20.1 P < 0.0001 F3,27 = 4.4 P = 0.01

MCG Surface Area F3,21 = 4.8 P = 0.01 ns ns

Area ns s ns ns

Volume ns ns ns ns

Total # ns ns ns ns

Day 4 Day 12
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APPENDIX I: Imidacloprid and Coumaphos Background 

 

The Relevance of Imidacloprid. Since its commercial introduction in the early 1990s, 

imidacloprid has become one of the most commonly used pesticides in the world (Lundin 

et al., 2015). Although large doses around 525 ppb (Laurino et al., 2013) are directly 

lethal to honey bees, sublethal doses of imidacloprid are found to exist in the field at 1-50 

ppb (Tan et al., 2015). Larval and adult honey bee exposure to these sublethal doses of 

imidacloprid been shown to exert a broad range of effects including learning impairment 

(Zhang and Nieh, 2015; Yang et al., 2012; Tan et al., 2015), memory reduction 

(Williamson and Wright, 2013), brain cell death (Lundin et al., 2015), and abnormal 

foraging behavior (Yang et al., 2012).  

 

The Relevance of Coumaphos. The spread of parasites and pathogens in honeybee 

populations has reduced colony fitness worldwide, and led to the production of a large 

variety of agrochemicals targeting pests within managed hives. Coumaphos, is a 

lipophilic compound used by beekeepers to target the parasitic mite, Varroa destructor 

(Rosenkranz et al., 2010), and the destructive hive beetle, Aethina tumida (Baxter et al., 

1999). It is applied directly into hive boxes via strips (Milani and Iob, 1998; Rosenkranz 

et al., 2010); as a consequence, it is often the compound recorded at the highest 

concentrations in studies of in-hive pesticide residues in wax combs (Mullin et al., 2010; 

Wu et al., 2011). Additionally, coumaphos has been found in brood combs (Bogdanov et 

al., 1998), and in royal jelly, the food which queens are raised on (Smodis et. al., 2010), 

indicating that honey bees at all life stages are subject to exposure. Larval and adult 
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honey bee exposure to these sublethal doses of imidacloprid been shown to exert a broad 

range of effects including neuronal apoptosis (Wu et al., 2015), neuronal inactivation 

(Palmer et al., 2013), malaise (Williamson et al., 2012), altered gene expression (Gregorc 

and Ellis, 2010), and learning impairment (Williamson and Wright, 2013), as well as 

enhancement at very low doses (Williamson et al., 2013).  

 

Agonistic Effect on Nicotinic Acetylcholine Receptors (nAChRs). nAChRs are ligand-

gated ion channels made up of five subunits. Normally, acetylcholine (ACh) attaches to 

the α subunit binding site, causing a conformational change of the protein, opening the 

channel and allowing the flux of cations. As a neonicotinoid, imidacloprid mimics the 

action of nicotine in its disruption of this mechanism. Unlike ACh, which is rapidly 

broken down by the enzyme acetylcholinesterase (AChE), imidacloprid irreversibly binds 

to the α site, permanently opening the channel and enabling a hyperdepolarization that 

ultimately causes hyperactivation of muscles, i.e. paralysis (Pisa et al., 2014). 

Coumaphos, like imidacloprid, also causes hyperactivation of this cholinergic system. 

However, as an organophosphate, it acts as an inhibitor of AChE, thus preventing the 

hydrolysis of ACh at the synaptic cleft (Pohanka, 2011). This allows for an excess 

accumulation of Ach that results in prolonged activation of cholinergic receptors, 

followed by their desensitization (Fukuto, 1990; Pohanka, 2011). The neural circuit in 

which this hyperactivity of nAChRs affects learning and memory is not yet defined.  

 

 



56 

 

Antagonistic Effect on GABA. Similar to nAChRs, gamma-Aminobutyric acid (GABA) 

receptors are members of the cys-loop ligand-gated ion channel superfamily (Thompson 

et. al., 2010), present within MCG in the insect brain (Groh and Rössler, 2011), and 

indicated to contribute to plasticity during honey bee learning (Su and O’Dowd, 2003). 

Fipronil, a phenylpyrazole pesticide, acts as a GABA inhibitor. Through noncompetitive 

binding to allosteric sites of chloride channels that are normally gated by GABA, fipronil 

prevents opening of these channels and the resulting flux of chloride ions needed to 

reduce the membrane potential of GABA neurons. Ultimately, this results in an 

overabundance of neurons reaching action potential, and much like imidacloprid and 

coumaphos, causes toxic overstimulation of the CNS. Interestingly, imidacloprid may 

have an antagonistic effect upon GABA activity as well. Whole-cell patch clamp 

recordings have revealed that GABA-induced currents within honey bee Kenyon cells are 

blocked by the imidacloprid, indicating that the neonicotinoid could potentially have dual 

binding properties with GABA receptors (Déglise et al., 2002). This inhibition was 

independent of nAChR activation due to the coapplication of α-bungarotoxin, an 

irreversible nicotinic antagonist. It is suggested that sublethal effects of imidacloprid 

exposure may be at least in part due to inhibition of GABA receptors in the mushroom 

bodies.  

 

Role for nAChRs in Learning-based Plasticity? Involvement of the cholinergic system 

during memory formation in honey bees has been observed through histochemical and 

electrophysiological studies (Gauthier et al. 1992; Goldberg et al., 1999; Palmer et al., 

2013); however, the functional role of nAChRs in this process has not been clearly 
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defined. These receptors are expressed in many brain structures, including the neuropils 

associated with the MB, and are the mediators of cholinergic synaptic transmission. 

Although pharmacologically distinct subpopulations of nicotinic-type cholinergic 

receptors are present in the honey bee nervous system, imidacloprid has been 

demonstrated to act as an agonist on all known subtypes (Sanchez-Bayo and Goka, 

2014). Therefore, if imidacloprid exposure were to result in MCG plasticity, it may 

indicate that modification of cholinergic synapses on Kenyon cell dendrites could cause 

modulation of the synaptic plasticity in the MB indicative of learning. Furthermore, a 

similar cholinergic agent to imidacloprid, pilocarpine, a muscarinic agonist, has already 

been shown to elicit experience-dependent MB volume expansion, and improve 

recognition of nestmates among honey bees (Ismail et al., 2005, 2008). 
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APPENDIX II: Imidacloprid, Coumaphos, and Larval Methods 

 

Imidacloprid. Imidacloprid (37894; Sigma-Aldrich, St. Louis, MO) was dissolved into 

diH2O to make a stock concentration of 10,000,000 ppb, and then into a subsequent stock 

of 100,000 ppb, and finally into a working concentration of 1,000 ppb. Using this, the 

following doses: 1, 25, 50, 100, 500 and 1000 ppb were provided in treatments. Field 

realistic doses occur at 1-50 ppb in nectar and pollen, while the average is around 25 ppb 

(Tan et al., 2015). The honey bee LD50 value has been reported at a range of 100-800 ppb 

(Tan et al., 2015). 

 

Coumaphos. Coumaphos (45403; Sigma-Aldrich, St. Louis, MO) has a relatively low 

solubility in water (1.5 mg/L). Therefore, 15 mg of coumaphos was first dissolved in 13.6 

mL DMSO (02196055; MP Biomedicals, Solon, OH, USA) to create stock solution A of 

1,000,000 ppb. 2.5 mL of stock solution A was then added to 497.5 mL diH2O, 

generating second stock solution B of 5000 ppb. A subsequent stock solution in diH2O 

was made at 1000 ppb. These stocks were used to generate working solutions used in 

treatments at 50, 500, and 5000 ppb coumaphos concentrations. Field realistic doses 

occur at 38 – 80 ppb in nectar and pollen, while the average is around 47 ppb 

(Williamson et al., 2013). The honey bee coumaphos LD50 value has been reported at a 

range of 4000-10000 ppb (Williamson et al., 2015). 

 

Sublethal Exposure of Imidacloprid and Coumaphos to Adult Foragers. Adult 

treatments were conducted exactly as fipronil adult treatments (see fipronil Methods 
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above). The pesticide concentrations were as follows: Imidacloprid - 1, 25, 50, 100, 500, 

and 1000 ppb and 4 ppb; Coumaphos – 50, 500, 5000 ppb.  

 

Larval Exposure to Sublethal Doses of Pesticides. Larval samples were maintained 

within a test colony. An empty foundation frame with built up honeycomb was placed in 

a frame box modified with queen excluder screening. The queen was placed inside this 

box, which was then sealed and placed directly into the hive. Queen excluder screening 

ensured that the queen was restricted to new egg deposits on the empty test frame, while 

worker bees were able to traverse in and out to care for the queen and comb cells. Once 

the majority of cells on the frame contained eggs, it was moved out of the frame box, and 

set in the hive as normal, while a new empty frame was added in frame box with the 

queen to begin to repeat the process for the next treatment group. The newly moved egg 

frame was checked daily until eggs had hatched into larvae, at which point it was 

removed and brought inside to an 80 °C room to be injected with a designated control or 

pesticide solution. 4.8 µL of a designated solution was pipetted into the bottom of cell, 

ensuring to make contact with the larvae - every cell was treated, regardless of whether 

larvae was seen or not. After drug application, the treated frames were returned to the test 

colony, where larvae were reared normally between applications. Applications occurred 

once a day for 5 consecutive days. Through trial and error, 5 days was determined to be 

the maximum threshold before a significant amount of developing larvae in cells were 

capped over with wax. Any larvae that were capped before the 5th treatment were 

physically removed. After the 5th treatment, the frame was returned to the hive to be 

reared normally. On day 15, which is the threshold for eclosion, the frame was removed 
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and transferred to its own frame box and placed in a dark incubator at 33 °C and 70 % 

relative humidity. Newly-emerged adult workers less than 12 hours post-emergence were 

collected. To further compare acute versus chronic pesticide exposure, 40 newly-emerged 

bees were immediately transferred into experimental cages for chronic exposure while 15 

were immediately put on ice before brain dissection. Each frame only ever received one 

consistent treatment, therefore, this entire process was repeated six times once for each 

group: diH2O, DMSO, 4ppb fipronil, 100 ppb imidacloprid, 1000 ppb imidacloprid, and 

5000 ppb coumaphos. Additionally, 5-10 brains per group were stored at -80 °C 

immediately after screening for future molecular analysis. 

 

Chronic treatment: 40 newly-emerged workers collected from the larval exposure 

treatments were placed into a “Non-chronic” box (containing no pesticides), and a second 

“Chronic” box. Using the cage feeding methods previously described, each treatment was 

administered at the continued dosage as larval treatment – diH2O and DMSO controls 

only contained “Non-chronic” boxes. After 15 days, 15 individuals from each treatment 

cage were collected and cold anaesthetized on ice before immediate brain dissection. 

 

 

 

 

 

 



61 

 

APPENDIX III:  Progress Report 

 

Summary of completed work. Sublethal pesticide exposure assays to both adult and 

larval honey bees have been completed for all concentrations of fipronil, imidacloprid, 

and coumaphos. All tissue preparations, including dissections, washes, sectioning, and 

immunolabeling have been completed for all treatment groups as well. Confocal 

microscopy and image analysis has been completed for adult and larval fipronil 

treatments, however, larval treatment data have yet to be analyzed. All imidacloprid and 

coumaphos treatments have yet to be imaged and analyzed. Sample sizes range between 

8-15 individuals per treatment, per group.
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