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Honey bees represent an iconic model animal for studying the underlying mechanisms affecting advanced sensory and cognitive abilities during communication among colony mates. After von Frisch discovered the functional value of the waggle dance, this complex motor pattern led ethologists and neuroscientists to study its neural mechanism, behavioral significance, and implications for a collective organization. Recent studies have revealed some of the mechanisms involved in this symbolic form of communication by using conventional behavioral and pharmacological assays, neurobiological studies, comprehensive molecular and connectome analyses, and computational models. This review summarizes several critical behavioral and brain processes and mechanisms involved in waggle dance communication. We focus on the role of neuromodulators in the dancer and the recruited follower, the interneurons and their related processing in the first mechano-processing, and the computational navigation centers of insect brains.
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Introduction

The honey bee (Apis mellifera) is a eusocial insect that displays a complex communication system called the waggle dance (von Frisch, 1967). Incoming honey bees transpose flight information, direction, and distance of the discovered target to a small-scale walking pattern, a figure-of-eight–shaped waggle dance, on the vertical wax combs of the hive cavity (von Frisch, 1946, 1967). Through these stereotypic motor displays, honey bees share rhumb-line information, such as the location of a profitable food source or a suitable cavity for a new colony, with their hive mates. These maneuvers consist of a waggle-run phase and a return phase. In the waggle phase, oscillating air jet flows and changes in the electrostatic field caused by wagging movements with wingbeats that are produced by the dancer (Michelsen, 2003; Greggers et al., 2013; Paffhausen et al., 2021), while hive mates follow the dancer from behind and laterally (Judd, 1995; Rohrseitz and Tautz, 1999; Gil and De Marco, 2010). Immediately, the dancer continues with a return phase without any wagging movements. The occurrence and persistence of the dance displays depend on both external (e.g., food source profitability and the colony’s nutritional status) and internal stimulations (e.g., individual nutritional level and foraging experiences) of the dancers (von Frisch, 1967; Dyer, 2002; Grüter and Farina, 2009).

As part of the waggle dance itself, the round dance allows recruiting hive mates to profitable targets located within a short range of the colony (von Frisch, 1967; Gardner et al., 2008). In the round dance, the duration of the waggle phase is extremely short and contains some directional information from the hive to the target (Griffin et al., 2012). This locomotor displays change according to the distance between the hive and the feeding site; for example, increased scattering of the directions in the successive waggle runs for shorter distances and excited walking circles for closer floral patches (von Frisch, 1967). Potentially, various sensory modalities in the transmission of waggle or round dance information might be involved, such as oscillating air jet flow, substrate vibration, and electrostatic fields. However, how these signals are transferred to the brain has not been studied as thoroughly as the waggle dance itself. Analyses of the behavioral and neuronal response caused by these signals in potential foragers could improve our understanding of waggle dance communication. In addition to rhumb-line information, hive mates receive chemosensory cues of the food collected through social interactions, such as body contacts between individuals (Balbuena et al., 2012), mouth-to-mouth food transfers (Farina et al., 2005, 2007; Martínez and Farina, 2008), and the waggle dance itself (von Frisch, 1967; Dyer, 2002; Grüter and Farina, 2009; Table 1).


TABLE 1    External and internal factors affecting dancer and follower behaviors (reference numbers in parentheses).
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The honey bee is an excellent experimental model for neuroethological study (Menzel, 2012). The complete sequencing of its genome (Honeybee Genome Sequencing Consortium, 2006) has allowed researchers to link many molecular markers with honey bee behavior. In addition, cellular high-resolution serial block-face electron microscopy (SBEM) has revealed the “connectome” of brain interneurons that are closely related to the specific behavior of insects (Hulse et al., 2021; Sayre et al., 2021). Within this framework, recent studies using new technologies have facilitated a greater understanding of the molecules and interneurons that may be involved in waggle dance communication. Our review summarizes the results of several related studies that describe current progress in the study of waggle dance communication in the honey bee, with a particular focus on the role of neuromodulators and interneurons in the brain.



Neuromodulators driven by starvation activate appetitive responsiveness, learning, and foraging in the dancer

The worker honey bees monitor colony nutrition status through in-hive social interactions: the individual-to-individual trophallaxes. The trophallaxes propagate food-related information in quantitative and qualitative terms (Goyret and Farina, 2005a,b; Ramírez et al., 2010) among worker honey bees. This is possible due to the fact that food receivers might modify the feeding-related behaviors, such as gustatory responsiveness (Martínez and Farina, 2008; Ramírez et al., 2010), establish associative memory (Farina et al., 2007), and recall it (Goyret and Farina, 2005a) during trophallaxes. In a colony hunger state, the social interaction, including trophallaxes, could link individual motivational levels to forage and then to dance through critical signaling pathways in the brain (Figure 1).
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FIGURE 1
The hypothesis of the critical neurobiological processes and mechanisms involved in the waggle dance. Colony starvation enhances the dopamine (DA) level significantly in the brain of foragers (Huang et al., 2022). The high DA level affects the motivation for foraging, and putative foragers fly out to search for food. On the flower, the foragers collect food resources and simultaneously integrate this olfactory and gustatory information into both the antennal lobe (AL) and suboesphageal ganglion (SOG) through octopamine (OA) signaling (Hammer and Menzel, 1995). Colony starvation also enhances gene expression of short neuropeptide F receptors (sNPFR) in the brain (Ament et al., 2011), which enhances appetitive responsiveness and neural activities in the AL olfactory interneurons (Bestea et al., 2021). A reward-associated memory can be formed in the mushroom body (MB) calyx by comparing current food profitability with prior acquired experiences; if the current reward value surpasses the prior acquired value, the floral scent could be memorized for the next foraging bout (Menzel, 2012). In the MB calyx, a panorama view might be memorized, for instance, by performing foraging training during a time-specific procedure (e.g., time-memory; Shah et al., 2018). This time-dependent memory might be caused by expression changes in early genes (e.g., Egr-1) in the MB, AL, and optic lobe (OL) (Shah et al., 2018; Geng et al., 2022). Additionally, foragers acquire critical visual information around feeding sites and on the homeward flight. The retina detects information about panorama view, landmarks, and sun position that is used to memorize a profitable feeding site. The optic flow during the homeward flight, detected by the retina, allows a forager to calculate the distance to the feeder. The ommatidia of the retina dorsal rim area (DRA) detect polarized light, and their neuronal pathways reach the central complex (CX) to encode the direction from the hive. The system for encoding the direction from the hive to the feeder must be compensated by the circadian rhythm; however, its mechanism remains unknown. After returning to the hive, the incoming forager has many social interactions with nestmates that might readjust thresholds for foraging-related activities, including dance occurrence and persistency. The decision-making process to release dance is controlled by OA signaling (Barron et al., 2007); Amfor is the putative gene involved (George et al., 2020).


In this sense, some neuromodulatory factors function in the honey bee brain as drivers of foraging-related behaviors, including the waggle dance. Within an appetitive learning context, one of the critical neuromodulatory factors is the biogenic amine octopamine (OA). Its reward value is clearly demonstrated in the octopaminergic neuron VUMmx1, which mediates the reinforcing function of reward during olfactory conditioning (Hammer and Menzel, 1995) and projects its arborization to several areas of the honey bee brain involved in cognitive processes (AL, SOG, and Mushroom body calyx, Figure 1; Hammer, 1993). OA signaling also modulates responsiveness to foraging-related stimuli as a brood pheromone (Barron et al., 2002). Barron et al. (2007) suggested that treatment with OA enhanced dance probability, whereas its antagonist mianserin blocked the enhancement of the round dance. OA is a critical neuromodulator that promotes foraging and the occurrence of dancing displays in active foragers.

A recent study reported another biogenic signal that functions in appetitive pathways in the honey bee brain: dopamine (DA) mediates food wanting in the bee brain (Huang et al., 2022), and DA levels in the honey bee brain differ between the starved and satiated states. Moreover, fluphenazine, a DA antagonist, blocks honey bee foraging frequency, suggesting that DA activates foraging. This recent study (Huang et al., 2022) showed that the DA level increases only during transient stages, such as the moments when successful foragers initiate their first dancing maneuvers. As the DA level decreases at the end of the waggle dance, it is speculated that DA signaling facilitates the dancer’s transient evocation of food-source properties. However, the DA levels of dance followers did not increase significantly with dance following, which suggests the dances do not activate the DA-based wanting system. Serotonin causes a similar response to DA, suggesting that the waggle dance might not activate the DA-based wanting system in followers during dancing displays. These results should be considered cautiously based on impossible DA values and time course (Taylor et al., 1992; Sasaki and Harada, 2020).

A neuropeptide called short neuropeptide F (sNPF) functions in appetitive pathways in the honey bee brain and has been found in the brains of various invertebrates, including those of the phyla Annelida and Arthropoda. During starvation, the level of sNPF increases, causing foraging-related responses in Drosophila (Root et al., 2011; Ko et al., 2015). In the honey bee brain, NPF gene expression is higher in foragers than in younger adults, and sNPF receptor gene expression increases and decreases with starvation and satiation, respectively, (Ament et al., 2011). This finding raises the question of whether a colony’s nutritional status affects sNPF receptor levels in hive mates involved in foraging. sNPF is regarded as a key modulator of starvation and other food-related responses because its topical application increases food consumption and appetitive responsiveness, restoring neural activities in olfactory circuits of the antennal lobe (AL, Figure 1) to the starved level (Bestea et al., 2021). In considering these related lines of evidence, we suggest that sNPF signaling in the honey bee may enhance the motivation to perform foraging-related activities and possibly the dancing display.

In addition, differences in sucrose responsiveness and the occurrence of dance have been analyzed, and changes have been reported in the expression level of the foraging gene Amfor associated with food search (Figure 1). Expression of the Amfor correlated negatively with dance activity but not with sucrose responsiveness (George et al., 2020). Additionally, sucrose responsiveness did not correlate with the intensity of dance activity under lower reward conditions, suggesting that the expression level of Amfor might regulate dance activity under low-reward conditions.

In summary, colony starvation increases their individual sensitivity to food-related information, induces appetitive memory, and motivates foraging and waggle dancing activities by using changes of both biogenic amine, sNPF levels, and foraging gene expression in the brain.



Neuromodulators of the experience-based modulatory cognition system in the recruited follower

The colony hunger state and the social interactions could link individual motivational levels to follow the dances through different neuromodulating pathways in the brain (Figure 2). Thus, once a successful forager begins to display successive waggle runs, it elicits signals composed of airborne vibrations, oscillating air jet flows, substrate vibrations, electrostatic fields, and chemical release (Tautz, 1996; Michelsen, 2003; Thom et al., 2007; Grüter and Farina, 2009; Paffhausen et al., 2021). These displays not only provide spatial information to nestmates but also attract surrounding bees to the dance floor (Grüter et al., 2008). In this communication context, the prior foraging-related experiences, internal sucrose, and odor thresholds and their combination of the dance followers are highly important and promote mainly two responses: decoding the location of the feeding site transmitted by dancers or ignoring them despite performing the following trajectories behind the dancer (Table 1; Grüter and Ratnieks, 2011; Grüter et al., 2008). Additionally, the information transmitted by dancers may not be equally distributed to potential recruits (Grüter and Ratnieks, 2011): the field experienced followers tend to ignore the spatial information of the waggle dance (in 93% of all cases) and prefer to follow those dancers carrying the food odors they collected in previous foraging trips. A recent study attempted to address this issue through a network-based diffusion analysis (Hasenjager et al., 2020). The authors reported that all successful recruits to novel feeders rely on dance information, whereas dance information is relatively less important during reactivation to a known food source, and foragers are primarily guided using olfactory information. A similar analysis was used to compare the social influence of the distance information of the waggle dance during recruitment to new feeding sites (Hasenjager et al., 2022b). This approach can provide information by integrating the effect of the number of waggle runs performed with the probability of individuals subsequently arriving at a given resource. The study found little evidence that the target foraging distances (100 vs. 500 m) affected the dance followers’ responses, bringing into question how much signal performance rules affect the collecting patterns of a honey bee colony. Thus, the motivational aspects and the degree of foraging experience of the actors involved in the dancer–follower interaction are crucial to understanding the output of the receivers (Menzel, 2019). This may explain why dance followers often appear to ignore the spatial information of the waggle dance, an observation that would occur in (follower) bees with high motivation to resume foraging and that may be controlled by DA (Huang et al., 2022), which in turn could explain the prompt return to known and recently exploited feeding sites immediately after any dance display (Biesmeijer and Seeley, 2005; Grüter and Ratnieks, 2011).
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FIGURE 2
The hypothesis of critical neurobiological processes and mechanisms in the dance follower. Colony starvation and social interactions cause motivation for foraging in the brain of foragers. Putative foragers follow the dance and collect vector information via both antennae. The duration of the waggle phase is one linear parameter that indicates the distance to the food source (von Frisch, 1967). Johnston’s organs on both antennae detect the airborne vibration and electric field changes caused by dancers’ waggling and wingbeats during the waggle phase, and the sensory afferents project to the antenna mechano-motor center (AMMC, Ai et al., 2007). Interneurons in the AMMC detect the duration of the waggle dance vibration (WDV, Ai et al., 2017). At the same time, during the waggle phase, the direction from the hive to the food source is encoded in the body orientation of the dancer against the zenith on the vertical comb. Potential foragers follow the dance to decipher the direction from the hive. Neck hairs are the sensory organs for detecting gravity (the opposite direction of the zenith), and a bee can recognize its own direction relative to the zenith (Lindauer and Nedel, 1959). The sensory afferents also project into the AMMC (Ai and Hagio, 2013). Thus, the AMMC might be the processing center involved in recognizing the body orientation of the dancer against the zenith on the vertical comb. The central complex (CX) is proposed as the center for processing compass, speed, and steering information during the flight (Stone et al., 2017); however, the neural pathway from the AMMC to the CX remains unknown. The Antennae of the dance follower can also detect chemosensory and mechanosensory information. In-hive communications (e.g., dance, trophallaxis, social contact, and olfaction) upregulate the expression of biogenic amine genes (dopamine and serotonin) in the antennae (Kennedy et al., 2021). This multisensory information is transferred to the AL, AMMC, or SOG, depending on the modality of the detected stimulus. Biogenic amines (DA, OA, and 5-HT) modulate and enhance both attention and perception in AL, AMMC, and SOG, as well as learning and memory in the central brain including MBs (Mercer and Menzel, 1982; Scheiner et al., 2002; Schulz et al., 2003; Kennedy et al., 2021; Geng et al., 2022). The pathways from the above sensory and central processing to the behaviors (recruited flight and foraging) have still not been identified. However, new knowledge gained from SBEM analyses, virtual 3-dimensional brain atlas, and computational models combined with conventional neuroanatomy and neurophysiology will help to identify the missing or unidentified components in the near future (Brandt et al., 2005).


The waggle dance comprises more than one informational component (redundant or non-redundant) and transfers information through more than one sensory modality (Grüter and Farina, 2009). These display patterns occur within a highly motivational context, enhance signal detection, and improve the learning of the information available to the surrounding dance followers. How dance followers receive this complex information would depend on their motivational state and attention at the internal physiological level. Thus, it is crucial to understand how often dance followers choose either to use the social information of the dance and thus decode its spatial information or to rely on previously acquired experiences about food sources they have visited in the past.

Dance followers must attend to the most relevant signal elements while filtering out less-relevant signals. To achieve this, they must possess improved sensory and cognitive abilities to acquire the encoded information of the dance. This assumption correlates well with recent studies that have focused on the behavioral and neurobiological processes underlying these communication interactions. Reportedly, the dance followings in young hive mates improve the precision of the spatial information transmitted by these individuals later in life (Dong et al., 2023). Additionally, dance followers exhibit higher responsiveness to sugared rewards and better discrimination against odorants than non-following nestmates (Moauro et al., 2018). Increased behavioral abilities should correlate with changes in neurosensory factors that drive the decision to improve the acquisition of spatial information. This assumption is consistent with a recent report that linked the use of social information in the dancing context with differences in gene expression in different parts of the honey bee nervous system (Kennedy et al., 2021). The study found that some brain areas critically involved in cognitive processes [AL; subesophageal ganglion (SOG); mushroom bodies (MB); central brain] did not vary in terms of gene expression associated with biogenic amine production between foragers that were social information users and those that used self-acquired information to resume food collection (self-acquired information users). In contrast, a considerable number of genes expressed in the antennae differed significantly between these two user types, suggesting that variability in sensory perception mediates the decision of whether or not to use social information. In addition, social information users were characterized by the upregulation of biogenic amine genes involved in the production of DA or serotonin (5-HT; Table 2; Kennedy et al., 2021). DA modulates sugar responsiveness (Scheiner et al., 2002) and affects memory retrieval in appetitive contexts (Mercer and Menzel, 1982), whereas 5-HT influences foraging activity (Schulz et al., 2003), and regulates feeding (Voigt and Fink, 2015). Honey bee foragers treated orally with OA during food collection at artificial feeders (OA-treated foragers) had fewer dance followings than control bees and increasingly used self-acquired information to collect resources. Conversely, DA-treated foragers followed more dances than control bees but did not use their social information via dances significantly, suggesting that DA might motivate bees to follow the dance but not to perceive any information (Linn et al., 2020). These results match the assumption that although OA increases the perceived sensory value of a previously experienced reward (Søvik et al., 2015), DA reduces its perception (Mercer and Menzel, 1982; Figure 2 and Table 2). An open question is the role of sNPF pathways according to their persistence (and/or motivational level) in following dances to obtain spatial information about new food sources.


TABLE 2    The activation of social or self-acquired information users (foragers) modulated by biogenic amines (reference numbers in parentheses).
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It is plausible to assume that chemosensory information within the recruiting context is crucial for determining and dividing the foragers’ roles in honey bees. Food-related odor cues perceived within this context are the only signals that allow unemployed foragers to select the resource type advertised by the dancer. Recently, it was shown that food-related cues introduced into the hive by active foragers were well correlated with the foraging choices of recruits for pollen or sucrose solutions at the foraging site (Arenas et al., 2021a). These results suggest that differences in sensitivity to pollen reward divide the foragers’ roles: pollen information is mainly gained by highly pollen-sensitive hive mates that become attracted to the pollen-released cues and then become pollen recruits, and nectar information is gained by less pollen-sensitive hive mates that require strong sensory inputs, such as the taste of concentrated nectars before becoming nectar recruits (Page et al., 1995, 1998). Both recruits can switch to the other type of resource, suggesting experience-based plasticity on the foraging tendency of recruited foragers. Recently, OA signaling was found to control foraging task specialization in honey bees (Arenas et al., 2021b).

Within an appetitive learning context, OA functions as a driver of the acquisition of olfactory memory. Dance followers with prior chemosensory experience would improve on the acquisition process to decode spatial information encoded in the dance signals if the dancer is scented with a known rewarded odor. This is particularly relevant for honey bee colonies that moved to a new landscape, such as beehives used for pollination services. In-hive prior appetitive experiences might play a crucial role in the decision-making processes for both, following a dance and exploring new feeding sites. Therefore, odor-reward associations acquired inside the nest may facilitate decoding and finding the feeding sites transmitted (Balbuena et al., 2012). Similar results were reported under natural conditions, such as an agroecosystem in which hives were fed sugared syrup scented with an odorant mixture that mimicked the scent of the crop flower [for sunflower crops: (Farina et al., 2020); for apple and pear crops, (Farina et al., 2022)].

Overall, the advantage of colonies with prior odor-rewarded experiences is that there is early access to and communication of this related information within the social context of the hive. Thus, dance followers do not seem to respond only by decoding the spatial information transmitted by the dancer. Recently, it was reported that an associative memory can be established between a neutral stimulus (an odor) and antennal contact with a nestmate even though this social interaction does not imply mouth-to-mouth food exchange (Cholé et al., 2019). This result suggests that antennal contact, per se, could act as an appetitive reinforcement within the proper communication context through second-order conditioning. Thus, either the waggle dance, trophallactic interactions, or other mechanosensory contacts (Balbuena et al., 2012) would be sufficient to direct nest mates to the right food sources under specific contexts. Therefore, the type of information would depend on the foraging context, motivational state, prior foraging experience, and social interactions among nestmates and dancers, meaning these decision-making processes are controlled by neuromodulators in the honey bee brain.



Interneurons and related processing in the first processing antenna-mechano-motor center of the honey bee brain

Honey bees communicate the rhumb line of a food source by encoding distance and direction within the waggle dance. During the waggle runs, a successful returning forager shakes the abdomen left and right repeatedly with intermittent wingbeats, resulting in changes in air particle movements in the near field close to the dancer (Michelsen, 2003) and in electrostatic fields in the broader area around the dancer (Paffhausen et al., 2021). These airborne and electrostatic field changes are distinguished by their characteristic frequencies and time courses, composed of two frequency components: the low-frequency domain of abdomen waggling and the high-frequency domain of wingbeats [waggle dance vibration, WDV; (Michelsen, 2003; Greggers et al., 2013; Paffhausen et al., 2021)]. This temporal pattern is composed of repetitive pulse periods, each having a constant pulse duration and inter-pulse interval (IPI, 5–25 Hz). The dance follower can detect the WDV by Johnston’s organ (JO) in the second segment of the antennae [the pedicel; (Tsujiuchi et al., 2007)]. The sensory afferents project to the dorsal lobe [i.e., the antenna-mechano-motor center, AMMC; (Ai et al., 2007)], suggesting that the AMMC is the primary vibration processing center in the bee brain (Figure 2). Comprehensive electrophysiological and neuroanatomical studies have clarified the basic neural network for WDV processing in AMMC (Ai et al., 2017). By mimicking the WDV applied to the JO, more than 100 WDV-sensitive interneurons have been identified and categorized based on their morphological characteristics.

Interneuron DL-Int-1 shows stable tonic inhibition to a train of WDV but does not maintain this tonic inhibitory response to a train of temporally modified WDV: the IPI is elongated. This finding suggests that DL-Int-1 recognizes the WDV by its temporal structure. In addition, the duration of the waggle phase linearly increases with distance to the food source, suggesting that DL-Int-1 could encode distance information in the spike signals.

Interneuron DL-Int-2 shows a tonic excitation to a train of WDV but does not maintain the tonic excitatory response to a train of temporally modified WDV; again, the IPI is elongated. The dendritic arborization of DL-Int-2 is segregated from the terminals of JO afferents in AMMC, suggesting the absence of direct synaptic connections between JO and DL-Int-2. The tonic excitation of DL-Int-2 to the train of WDV is presumed to be caused by disinhibitory excitation through DL-Int-1, which is a GABAergic inhibitory interneuron. This hypothesis is supported by computational analyses of the network model (Ai et al., 2017). DL-Int-2 has terminal arborizations in the lateral protocerebrum (LP), suggesting that the LP is at least one of the secondary centers for the WDV processing.

The direction from the hive to the food source is encoded in the body orientation of the dancer against the zenith on the vertical comb (von Frisch, 1967). For follower bees located close to the dancer, either or both antennae contact physically with the dancer. At least one temporal parameter of the antennal contact pattern would inform followers about their position relative to the dancer (Rohrseitz and Tautz, 1999; Gil and De Marco, 2010). Followers are often attracted to a dancer over distances greater than the length of a bee through either air vibration or electrostatic field changes. A follower might detect its own body orientation relative to the dancer through the timing of mechanical inputs on both sides around the dancer (Michelsen, 2003). The bilateral symmetry interneuron (bilateral DL-dSEG-LP) is one candidate for detecting the timing of mechanical inputs on both sides in followers. The bilateral DL-dSEG-LP responds to each pulse in WDV applied from both sides of JO with on-phasic excitation (Ai et al., 2017). The delay of on-phasic excitation is constant and less than 10 ms independent of pulse duration and IPI, suggesting that this neuron only detects the timing of the mechanical signal onset and does not recognize the temporal structure of the WDV.

As mentioned above, a follower detects body orientation against the zenith on the vertical comb during the waggle phase and translates it into the direction from the hive to the food source location. Neck and abdomen hairs are candidate sensory organs for detecting gravity (the opposite direction of the zenith), and a bee can recognize its own direction against the zenith (Lindauer and Nedel, 1959; von Frisch, 1967). The sensory afferents of neck hairs project into and closely terminate in the AMMC, as well as those of JO (Ai and Hagio, 2013), suggesting that unknown interneurons in the AMMC might integrate mechano-sensory inputs with gravity proprioception to recognize the body orientation of the dancer against the zenith on the vertical comb.



Key interneurons and related processing in the central complex of the insect brain

After following a dance, recruits perform a straight flight in the direction along the acquired polar flying instruction (rhumb line) in the first phase of the foraging flight (Riley et al., 2005; Menzel et al., 2011). During the foraging flight, the recruits integrate the polar flight instruction with visual information (e.g., celestial cues such as the sun, polarization pattern, brightness, and chromatic gradient) and the optic flow to detect the speed and angular velocity during flight. This visual information received by compound eyes is transferred into the central complex (CX, Figure 2; Pfeiffer and Kinoshita, 2012; Pegel et al., 2019). The CX controls flight speed through both the visual flow detected by compound eyes and the airflow detected by JO and executes orientation and navigation toward the target (Taylor et al., 2013; Currier et al., 2020; Lu et al., 2022).

Recently, the connectomes of CX in Drosophila and the bumble bee were revealed by using cellular high-resolution SBEM (Hulse et al., 2021; Sayre et al., 2021). The CX comprises several substructures, including the ellipsoid body (EB), protocerebral bridge (PB), noduli (NO), and fan-shaped body [FB; (Mota et al., 2011; Zeller et al., 2015)]. These connectome studies demonstrated that the neural pathway among these substructures in the CX is highly conserved among insect brains. In the next section, we combine this new information with previous work on several insect species, focusing on several key interneurons and their related processing in the CX (Table 3).


TABLE 3    Key interneurons and their putative-related processing in the central complex (CX).
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Interneuron EPG (CL1 in the honey bee) connects the EB and PB. In Drosophila, it has been shown that each EPG maintains the direction of the animal’s head with visual landmarks (Seelig and Jayaraman, 2015) and has preferred azimuth angles of the unpolarized light spot (Pegel et al., 2018). The EPG has been identified morphologically and physiologically in honey bees (Homberg, 1985; Hensgen et al., 2021; Kaiser et al., 2022) and might process the head direction with respect to visual landmarks.

The Δ7 (TB1 in the honey bee) interneuron connects several columns in the PB, each of which encodes the preferred angle (E-vectors) of polarized light detected through the dorsal rim area of compound eyes and serves as an internal sky compass, coding for spatial direction (Homberg et al., 2011). The Δ7 interneuron has been identified morphologically and physiologically in honey bees (Homberg, 1985; Kaiser et al., 2022) and is one of the polarized-light-based compass neurons in the sweat bee Megalopta genalis (Stone et al., 2017). The Δ7 interneurons are organized in a map-like representation of celestial E-vector orientations in PB (Heinze and Homberg, 2007; Bockhorst and Homberg, 2015) for steering during the foraging flight in the bees (Homberg et al., 2011).

PEN (CL2 in the honey bee) connects the PB, EB, and NO. In Drosophila, PEN interneurons are responsive to the rotation velocity caused by self-motions (Green et al., 2017; Turner-Evans et al., 2017), and in locust, to E-vectors of polarized light (Heinze and Homberg, 2009). In the so-called ring-attractor network (Kakaria and de Bivort, 2017; Kim et al., 2017), the information of the rotational velocity and the E-vectors are thought to be processed in recurrent connections among EB and PB through EPG neurons (from EB to PB) and PEN (from PB to EB), facilitating the angular integration of head orientation (Green et al., 2017). The morphologically analogous PEN is conserved in the honey bee CX (Hensgen et al., 2021) and might process the angular velocity detection during the foraging flight.

The PFN (CPU4 in the honey bee) interneuron connects the PB, FB, and NO. Honey bee foragers add up optic flows detected by using compound eyes and store them as an odometer during the homeward flight (Srinivasan et al., 2000). The PFN receives the input from the contralateral TN neuron, which was identified as an optic flow–sensitive speed indicator in the sweat bee Megalopta genalis (Stone et al., 2017). The PFN also controls orientation to airflow in the Drosophila (Currier et al., 2020), which is received by JO. This suggests that the PFN may receive both an optic flow signal and an airflow signal (Stone et al., 2017). Stone et al. (2017) proposed that CPU4 functioned as a direction-locked odometer.

PFL (CPU1 in the honey bee) connects the PB, FB, and lateral accessary lobe (LAL). Each PFL receives inputs from one or a few columns in both PB and FB and sends the axon terminals in the LAL, which is a motor center of command neurons. Each PFL has a preferred vector on body orientation and output steering signals to the contralateral LAL, which is the dendrite region of descending neurons to the thoracic CPG (Homberg, 1994). The analogous neuron PFL is conserved in the honey bee CX (Homberg, 1985; Hensgen et al., 2021); therefore, PFL might be a candidate interneuron to command LAL-arborized descending neurons based on the vector information encoded in the waggle dance.

The honey bee has these interneurons in the CX (Kaiser et al., 2022), which leads us to speculate that they not only have similar neural processing to the insect CX but also additional species-specific processing based on waggle dance communication. How does the duration of the waggle phase translate into the odometer during long-distance foraging navigation? How does body orientation translate into the desired heading during foraging navigation? How is the rhumb-line information acquired during the waggle dance communication stored? One candidate for the neuropile is FB. PFN, which is the candidate for rhumb-line memory, has presynaptic arborization in the FB (Stone et al., 2017). The FB also receives input from many regions of the superior protocerebrum through tangential neurons in the honey bee (Hensgen et al., 2021), and more than eight neuropeptides have been localized in Drosophila (Kahsai and Winther, 2011). In addition, recruited bees not only use rhumb-line information but also its conversion to cartesian map coordinates (Wang et al., 2022). In the MB calyx, the panorama view could be memorized, for instance, by performing foraging training during a time-specific procedure (e.g., time memory). The time-dependent memory might be caused by expression changes in early genes (e.g., Egr-1) in the MB, AL, and optic lobe (Shah et al., 2018; Geng et al., 2022). Terrain views around the feeder and the panorama which is seen when flying toward it from the hive could help the recruited bees as view-based guidances to arrive at the feeder (Cheung et al., 2014), suggesting that higher processing centers, mainly the MBs, might be involved in cognitive processes such as attention, arousal, and complex learning and memory processes.

Recent studies have shown that transposing navigation information to dance information is not a reflexive behavior, suggesting more complex memory processes (Chatterjee et al., 2019), presumably in the CX and MB, which is incorporated with other signaling systems of the honey bee, such as tremble dance, stop signals, and shaking signals (Hasenjager et al., 2022a).



Conclusion

In this review, we have discussed some of the critical behavioral, molecular, and neurobiological processes in waggle dancers and their followers involved in searching for food resources outside the hive and for communicating food-related information into the colony (Figures 1, 2). First, using a colony starvation technique, recent studies revealed critical neuromodulators, such as DA and sNPF, that contribute to driving the waggle dancers’ outputs (Table 1). The neuromodulatory systems involved in the regulation of feeding-related behaviors might have been co-opted in the regulation of social-related behaviors such as the waggle dance. However, the cellular target(s) of the signaling involved and how honey bees control foraging remain unknown. Second, dance followers use an experience-based modulatory system for decision-making on their foraging. The system seems to be controlled by DA and OA signaling for preferences to social or self-acquired information, respectively, for foraging (Table 2). The waggle dance is part of these social repertoires and is incorporated into the complex communication network with other signaling systems and the exchange of social information in the colony. In addition, dance followers, as well as decoding spatial information, use their own prior experience (outside and inside the colony) to make a foraging-related decision. Forager bees update information from their previously-stored flight experiences to recently acquired navigation experiences to decode the spatial information of the dance. Third, SBEM analyses in the bumble bee and Drosophila, combined with information on previously identified interneurons in the other insects’ CX, revealed common neural circuits for processing in the CX among insect species (Table 3). The rhumb-line information received during dance followings is presumably transferred into the CX to execute foraging. In this review, we propose the existence of a critical neuropile and associated interneurons that facilitate the processing of rhumb-line information in the CX. The pathways from the AMMC to the CX have still not been identified. However, new knowledge gained from SBEM analyses, virtual 3-dimensional brain atlas, and computational models, combined with conventional neuroanatomy and neurophysiology, should help identify the missing components in the near future (Brandt et al., 2005).

To understand honey bee foraging, including waggle dance communication, it is necessary to integrate the results of comprehensive analyses of many causes at the individual level of behavior within the colony.
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Circadian Sun brightness and Head direction with EPG/PEG (CL1) EB (CBL), PB, Gall (Homberg, 1985; (Sayre et al.,, 2021) (Stone et al., 2017) (Homberg et al., (Seelig and
chromatic gradient respect to visual Hensgen et al,, 2021; 2011; Bockhorst Jayaraman, 2015;
landmarks Kaiser et al., 2022) and Homberg, Hulse et al., 2021)
2015; Pegel et al,,
2018)
Circadian Polarized light Map-like A7 (TB1) PB (Homberg, 1985; (Sayre et al., 2021) (Stone et al., 2017) (Heinze and (Hulse et al., 2021)
representation of Kaiser et al., 2022) Homberg, 2007;
E-vector. Extracting Homberg et al,,
a reliable current 2011; Pegel et al.,
head direction 2018)
Self-motion Polarized light Angular velocity PEN (CL2) PB, EB (CBL), NO (Hensgen et al., (Sayre et al.,, 2021) (Heinze and (Green et al.,, 2017;
detection 2021) Homberg, 2009) Turner-Evans et al.,
2017; Hulse et al.,
2021)
Optic flow in flight Navigational PFN (CPU4) PB, FB (CBU), NO (Hensgen et al., (Sayre et al., 2021) (Stone et al., 2017) (Hulse et al., 2021)
(speed) computation and 2021; Kaiser et al.,
path integration 2022)
Steering PFL (CPU1) PB, FB (CBU), LAL (Homberg, 1985; (Sayre et al.,, 2021) (Stone et al., 2017) (Homberg, 1994; (Hulse et al., 2021)

Hensgen et al,, 2021)

Bockhorst and
Homberg, 2015)

#The nomenclatures of the related identified interneurons are in accordance with those of the bumble bee (Sayre et al., 2021). The parentheses in related identified interneurons and neuropils show the corresponding name used in the other insect. All related interneurons
were morphologically identified in the honey bee CX (Hensgen et al., 20215 Kaiser et al., 2022). Each EPG/PEG keeps the animal’s head direction with a visual landmark in the fruit fly (Seelig and Jayaraman, 2015). Each EPG/PEG (CL1 in honey bee) has preferred

azimuth angles of the unpolarized light spot (Pegel et al., 2018). A7s (TB1s in honey bees) are organized in map-like representation to polarized light in PB (

Heinze and Homberg, 2007). PEN (CL2 in honey bees) is responsive to the rotation velocity caused by

self-motions in the fruit fly (Green et al., 2017; Turner-Evans et al., 2017) and to the polarized light in locusts (Heinze and Homberg, 2009). PEN (CPU4 in honey bee) receives both optic flow signals in the NO and the current heading signals in the PB and output to
the FB (Stone et al., 2017). Stone et al. (2017) speculated this neuron holds a memory signal for the home vector in the computational model. PFL (CPU1 in honey bees) sends steering signals to contralateral LAL which is the dendrite region of descending neurons to
the thoracic CPG (Homberg, 1994). CBL, lower unit of central body; CBU, upper unit of central body; CL, columnar neuron; EB, ellipsoid body; FB, fan-shaped body; LAL, lateral accessory lobe; NO, noduli; PB: protocerebral bridge; TB, tangential neuron of PB; CPU,
the neurons with smooth endings both in a single column of the PB and columns of the dorsal most layer of the CBU and axonal fibers with varicose endings in the LAL.
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