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Abstract

:

Many organisms are able to elicit behavioral change in other organisms. Examples include different microbes (e.g., viruses and fungi), parasites (e.g., hairworms and trematodes), and parasitoid wasps. In most cases, the mechanisms underlying host behavioral change remain relatively unclear. There is a growing body of literature linking alterations in immune signaling with neuron health, communication, and function; however, there is a paucity of data detailing the effects of altered neuroimmune signaling on insect neuron function and how glial cells may contribute toward neuron dysregulation. It is important to consider the potential impacts of altered neuroimmune communication on host behavior and reflect on its potential role as an important tool in the “neuro-engineer” toolkit. In this review, we examine what is known about the relationships between the insect immune and nervous systems. We highlight organisms that are able to influence insect behavior and discuss possible mechanisms of behavioral manipulation, including potentially dysregulated neuroimmune communication. We close by identifying opportunities for integrating research in insect innate immunity, glial cell physiology, and neurobiology in the investigation of behavioral manipulation.
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1. Introduction


There are many organisms in nature that are able to impact the behavior of other organisms. These organisms provide outstanding platforms with which to study the co-evolution of specific host–parasite/parasitoid interactions and the underlying mechanisms that control certain animal behaviors. The most striking examples of behavioral change occur in invertebrates. Some affected behaviors include alterations in reproductive behavior, where and how hosts die, and overall changes in movement and locomotion. In many cases for microbial manipulators, their genomes have evolved to encode for specific proteins that directly or indirectly alter their host’s behavior [1,2,3,4,5,6,7,8].



It has been hypothesized that an organism is able to influence the behavior of another organism by one of three major mechanisms, as described in [9]: (1) altered neuroimmune communication, (2) active secretion of neuromodulators/changes in host synthesis of neuromodulators, and/or (3) altered host gene and/or protein expression. It is also likely that more than one of these mechanisms is used by behavioral manipulators to impact host behavioral change. Beautiful work has been done demonstrating the wide variety of parasite-specific factors and altered host cell signaling that are believed to contribute to the induction of host behavioral change [1,10,11,12,13,14,15,16,17,18,19,20]. However, less is known about how alterations in host immune signaling and immune function may also impact behavior in these systems. It is clear that in mammals, neuroimmune communication plays key roles in neuron development, synapse stability, and neuron function [21]. In many cases, glial cells (e.g., astrocytes and microglia) act upon neurons and regulate functions such as synaptic pruning, transmission, and plasticity [22,23]. Many of these actions may be regulated by immune signaling, including via the expression of different cytokines, major histocompatibility complex class I and II signaling, and complement pathway signaling [24,25,26,27]. Dysregulation of these signaling pathways may result in neuron dysfunction and degeneration [28]. Whether insect-specific immune factors have similar impacts on neuron function and synapse stability is less well known. Additionally, insect-specific glia–neuron communication mechanisms, glial cell function, and the potential consequences of aberrant glial cell activity on neurons in insects all remain relatively unclear. Increasing evidence in Drosophila models suggests similarity between insect and mammalian glial cell function and in the contributions of glial cell dysregulation in the manifestation of disease [29,30,31,32,33,34,35]. Behavioral manipulators may serve as outstanding model systems in which to study these processes in insects further.



In this review, we will provide a brief overview of the insect immune system and then detail specific examples of microbes, parasites, and parasitoids that are able to induce behavioral change in the hosts that they infect. We describe the different behavioral phenotypes that they induce, the known mechanisms underlying host behavioral change, and the possible contributions of immune dysregulation toward altered host behavior in these systems. We also discuss parasite-mutualistic viruses, the potential immune-specific impacts of these viruses on host behavior during infection, and the importance of investigating these types of associations in behavioral manipulation. We then detail neuroinflammation in insects and the implications of immune signaling and glial cell signaling on neuron function. We close by discussing future avenues of research that can aim to elucidate the impacts of neuroimmune communication on insect behavior and the importance of investigating insect glial cell biology not only in the context of behavioral manipulation but also insect neurobiology




2. Insect Immunity—An Overview


The evolution of an effective immune system has made insects some of the most successful organisms on earth [36]. On a daily basis, insects continuously encounter pathogens including viruses, bacteria, fungi, and a variety of different parasites. In response, insects have evolved many different approaches to reduce infection probability and/or lethal infection. For example, insects possess a hard, outer cuticle layer that serves as a physical barrier to infection [37,38]. Additionally, some insects have evolved social immunity behaviors (or “collective immune defenses” against different pathogens [39]), which provide protection against disease. Behaviors within, but not exclusive to, eusocial insect colonies (e.g., ants and honey bees), including grooming interactions and physical removal of infected or dead individuals from the colony, help protect colonies from disease spread and potential colony collapse [37,39].



While the presence of a cuticle and the manifestation of certain social immunity behaviors help protect insects from infection and/or disease spread, insects also possess a highly efficient immune system, which aids in the rapid recognition and destruction of invading pathogens. The exact mechanisms of insect immunity will not be discussed in depth here but are nicely reviewed in [36,37,38,40]. In brief, the insect immune system is split into humoral (Figure 1A) and cellular (Figure 1B) responses, which vary across insects. The humoral immune response begins hours after infection and involves the induction of signaling pathways (e.g., Toll, immune deficiency (IMD), and JAK–STAT signaling) in response to pattern recognition proteins or hemocyte receptors binding to pathogens. This subsequently triggers the release of antimicrobial peptides (AMPs) from the fat body and hemocytes into the hemolymph [40]. In contrast to the humoral immune response, the cellular immune response occurs rapidly following infection. Functions of the cellular immune response include melanization, pathogen encapsulation, nodulation, phagocytosis, and lysis, all of which are processes mediated by hemocytes such as granulocytes, plasmatocytes, and oenocytoids [37,40,41]. In addition to humoral and cellular immunity, insects also use RNA interference (Figure 1C) and autophagy as mechanisms to fight viral infection.



Traditionally, the insect immune system was believed to be strictly an innate immune system with no adaptive components (e.g., antibody production as seen in mammals [42]). However, recent data have indicated the presence of “immune priming” in insects, where, following sublethal immune challenge, some insects are able to mount a strong and specific immune response (e.g., AMP production and hemocyte density) to subsequent challenge [43,44,45,46]. There is still much to be learned about immune priming in insects and associated physiological responses, and these data highlight that the insect immune system is more complex than previously believed. Of significant interest is how these different immune mediators and responses may impact the insect nervous system. Evidence exists indicating that bidirectional communication between the insect immune and nervous systems occurs (as reviewed in [47]). What currently remains unclear are the following questions: Do immune mediators play roles in regulating neuron function in insects similar to what is observed in mammals? How do systemic (e.g., hemocytes, AMPs, and corresponding signaling pathways) and local (e.g., glial cells, AMPs) immune responses impact neuron function? What are the corresponding impacts on insect behavior? To our knowledge, these questions remain relatively unanswered and underexplored; however, understanding the answers to these questions will provide invaluable insight into insect behavior and the potential relationships between infection and injury and host behavioral change. In this review, we aim to highlight some open areas of research in this field that will help in answering these questions.
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Figure 1. Insect immune responses and potential impacts on the nervous system. Insects utilize many different methods to fight off infection, which are reviewed here [37,40]. Briefly, (A) the humoral immune response involves the release of antimicrobial peptides (AMPs) from fat body cells and hemocytes into the hemolymph. AMPs aid in the targeting and destruction of different pathogens (e.g., bacteria and fungi). Intracellular signaling events (e.g., Spätzle/Toll, immune deficiency (IMD), and JAK–STAT signaling) are activated, leading to the synthesis of AMPs and the induction of different immune responses. Recent data have indicated the presence of immune priming in insects, making the insect immune system more adept at fighting off repeat infections than previously believed [43,46]. (B) Cellular responses to infection include, but are not limited to, the induction of processes such as melanization and nodulation, which effectively isolate and neutralize pathogens, and pathogen phagocytosis. Lastly, RNA interference (C) can mediate the degradation of viral genetic material. At present, it remains relatively unclear specifically how these processes (e.g., release of AMPs, alterations in intracellular signaling, phagocytosis, etc.) impact neural and glial cell function and host behavior (as indicated by the question marks). Images created with BioRender.com (accessed on January 15, 2021). 
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3. Host Behavioral Change Associated with Microbial Infection


There are many different viruses, bacteria, and fungi that induce changes in the behavior of the hosts that they infect. These behavioral changes are often stereotypical, and, in many cases, the manifestation of these behavioral changes is hypothesized to aid in the survival and spread of the microbe. There is an abundance of research aimed at identifying the host- and pathogen-specific factors that, together, result in host behavioral change. However, few studies have sought to highlight the potential alterations in neuroimmune communication and glial cell signaling that may cause or contribute to changes in host behavior. Here, we discuss several examples of microbes that, following infection, cause host behavioral change, and we highlight potential avenues for future research investigating changes in host neuroimmune communication.



3.1. Viruses


Many viruses induce changes in behavior of the hosts that they infect. Baculoviruses [48] in particular are well-known behavioral manipulators. In species of Lepidoptera, such as Lymantria mona, infection with baculovirus results in hyperactivity and abnormal climbing behavior, termed “Wipfelkrankheit” or “tree-top disease” [49,50,51]. It is at the tops of trees where the larvae die and liquefy. Transmission of infectious virions can then occur via direct consumption of infected leaves or, potentially, as a consequence of rainfall [50,52]. The expression of specific baculovirus genes and alterations in phototaxis are believed to contribute to the manifestation of host behavioral change and liquification [4,5,6,7,8,53] (Table 1). At present, it is unknown whether there is also an immune component underlying changes in host behavior during baculovirus infection. Host behavioral change associated with other insect viruses has been linked to alterations in immune activation. For example, iridovirus IIV-6/cricket iridovirus (IIV-6/CrIV) infects the fat bodies of Gryllus texensis crickets and modifies host protein production and immune function by decreasing the expression of phenoloxidase, a virucidal enzyme [54]. Consequently, female egg production declines as well as sperm motility in infected males [54]; however, sexual behavior is maintained. IIV-6/CrIV is transmitted by physical contact; therefore, maintenance of sexual activity and courting behavior in the absence of sickness behavior, a consequence of immune activation [55,56,57,58,59,60], may be necessary for efficient spread of the virus between hosts and may be the result of decreased host production of immune proteins, immune activation, viral clearance, and sickness behavior [47]. This may also be true for Helicoverpa zea Nudivirus 2 (HzNv-2), a sexually transmitted virus that infects the Helicoverpa zea corn earworm moth. Despite gonad atrophy associated with infection [61], females infected with HzNv-2 can demonstrate enhanced and persistent calling behavior, increased contacts with males, and higher pheromone production when compared with uninfected control females [62]. The manifestation of these behaviors may help maintain viral transmission.



Given the similarities observed between the two latter systems, it is possible that decreased host anti-viral immune responses may underlie the maintenance of sexual activity in HzNv-2-infected hosts. It is also possible that viral infection may impact neuron function as a direct result of neuroinflammation, altered neuroimmune communication, and/or glial cell activation. Evidence from parasitoid systems detailing the effects of mutualistic viruses on host neuroinflammation and behavior suggests that neuroinflammation does play key roles in mediating changes in host behavior. There is an increasing number of examples of pathogens that are associated with specific parasitoids and/or other microbial pathogens (“parasites within parasites” [110]), and these smaller parasites are believed to play important roles in the success of their hosts, potentially by altering host immune reactions [64]. This has significant implications for the study of host behavioral change and the mechanisms by which it occurs, as mutualistic viruses may cause altered host immune responses, triggering changes in behavior. Recent evidence has indicated the potential importance of symbiotic viruses in initiating the stereotypical changes in behavior observed in two systems [64,68] (Figure 2). While in this review, we only discuss these two examples, an increasing number of these “parasite within parasite” relationships will likely be identified, and their existence may play an integral role in the contribution towards host behavioral change.



Some parasitoid wasps sting and alter the behavior of other insects, providing protection and/or a food source for their progeny. Proteins within the wasp’s venom may act pharmacologically in the host’s nervous system, inducing changes in host behavior [17,88,89]; however, mutualistic viruses may also play an important role. Dinocampus coccinellae is a parasitic wasp that lays eggs inside ladybeetles, within which the wasp larvae develop [63]. Eventually, the larvae emerge from the paralyzed ladybeetle’s body and build a cocoon between its legs. The ladybeetle serves as the larva’s bodyguard as it is rendered paralyzed. One study identified the presence of an RNA virus, named D. coccinellae paralysis virus (DcPV), in the heads of parasitized ladybeetles [64]. This virus, a member of the Iflaviridae family, replicates in wasp larvae and is transmitted to the ladybeetle as the larvae develop. DcPV is able to enter and replicate in the host ladybeetle nervous system and is found in glial cells in the infected ladybeetle brain, causing inflammation and/or altered glial cell function that is believed to underlie the manifestation of paralysis during the bodyguarding behavior [64]. Following viral clearance, host ladybeetles are able to recover from their paralytic state, suggesting that the virus and altered neuroinflammation and glial cell function are indeed involved in triggering host behavioral change [63,64] (Figure 2A).



Microbe-associated viruses may also play key roles in the modulation of host behavior during infection. House flies and fruit flies infected with the entomopathogenic fungus Entomophthora muscae exhibit distinct changes in behavior (Table 1) [65,66,67]. Recent research has detailed the presence of a virus named D. melanogaster Entomophthovirus (DmEV) within E. muscae cells in culture and within E. muscae cells derived from infected Drosophila [68], highlighting the possibility that DmEV may play a role in regulating changes in host behavior [68]. However, further investigation is required to definitively link DmEV with host behavioral change (Figure 2B).



Much of the current research on viruses that infect microbes indicates that these resident viruses impact host immunity following infection by the microbe. For example, viruses that infect the human parasite Leishmania are associated with higher incidences of treatment failure in infected humans and enhanced pathogenesis in mouse models [111,112,113,114], possibly as a consequence of altered immune control [111]. It is likely that microbe- and parasitoid-associated viruses cause alterations in host immune responses, which may contribute to changes in behavior. Compelling evidence suggests this is true of DcPV [64]. Further research is required to determine the contributions of DmEV toward host behavioral change and whether altered neuroinflammation is involved.




3.2. Bacteria


Unique bacterial strains within the genus Wolbachia number over 450 [115] and are found in approximately 70% of insects as well as in many terrestrial arthropods [116]. Wolbachia are vertically transmitted from an infected female to her progeny via transovarial transmission in host eggs [115,116,117,118], and infection induces reproductive changes in the host, including cytoplasmic incompatibility, parthenogenesis, feminization of genetic males, and male killing, all of which enhance its transmission [115,117,118]. Wolbachia is also present in the brains of infected Drosophila and may contribute to changes in insect behavior [119,120,121,122]. Infection with specific strains of Wolbachia triggers alterations in host biogenic amine synthesis, resulting in changes in activity, aggression, and sleep [123,124,125,126]. Some evidence suggests that hosts exhibit deficits in memory when infected with Wolbachia [127,128]. Additionally, infected hosts may exhibit changes in olfactory responsiveness [129,130] and mating behavior [131,132].



Resident bacteria populations, including the gut microbiome [133,134,135,136], play integral roles in animal behavior and communication [137,138,139,140] as well as in the maintenance of Drosophila homeostasis [141]. For example, gut bacteria contribute to Drosophila locomotor activity, and detection of bacterial cell wall components regulates egg-laying behavior, possibly by the activation of NF-κB signaling in octopaminergic neurons [142,143,144]. It is clear from these studies that host inflammatory and innate immune responses to resident bacteria play potentially important roles in modulating neuronal function and insect behavior.




3.3. Fungi


There is a high diversity of fungi that are known to change host behavior [82] and, undoubtedly, more that have yet to be identified [145]. Ant pathogenic species of the Ophiocordyceps genus are some of the most well-studied examples of fungi that influence host behavior. Infection of Camponotus carpenter ants with O. unilateralis s.l. triggers stereotypical behavioral changes that are hypothesized to aid in fungal growth and dispersal [69,70,71,72,73,74] (Table 1). Almost identical changes in behavior are seen in Pandora formica-infected ants of the Formica genus [78,80,81,82] and E. muscae-infected flies [65,66,67] (as discussed above). By contrast, other entomopathogenic fungi induce distinctly different changes in host behavior. Massospora cicadina and Strongwellsea castrans infect periodical cicadas and Hylemya brassicae and platura, respectively, inducing irregular flying and crawling behavior, and in Massospora-infected cicadas, sexual behaviors are maintained (Table 1) [82,83,84,85].



Many studies have detailed the potential mechanisms underlying host behavioral change in these systems and have characterized changes in host gene expression, fungal production of neuroactive compounds and enterotoxins, formation of fungal networks within the host, and fungal genomes and transcriptomes [1,10,11,12,18,72,73,75,76,77,78,79,84] (see Table 1). To date, few studies have sought to specifically investigate the impacts of infection with these fungi on local host immune responses (and glial cell responses) in the brain and subsequent impacts on neuron function and host behavior. Infection with the fungus Drechmeria coniospora triggers increased AMP production and autophagy-mediated dendrite degeneration in Caenorhabditis elegans [146]. Similarly, direct inoculation of bacteria into the Drosophila brain causes local AMP production, neurodegeneration, and reduced locomotion [147], and infection with Zika virus induces local antiviral autophagy [148]. These data from other systems suggest that local inflammation induced by behavior-manipulating fungal infection may cause aberrant neurodegeneration and inflammatory signaling, which may impact behavior. Additionally, in Drosophila, bacteria located in the periphery impact behavior via modulating octopamine production, potentially by altering immune activation [125,142]. Further research, including longitudinal studies over the time course of infection, is required to determine if similar shifts in the expression of AMPs and other immune responses occur in the brains of insects infected with behavior-manipulating fungi and what impact this may have on neuron function (e.g., octopamine production).





4. Parasitoids and Parasites—Neuromodulation, Molecular Mimicry, and Neuroinflammation


There are numerous examples of parasites and parasitoids that possess the ability to infect and/or manipulate the behavior of other organisms [15,149]. Parasitoids are hypothesized to utilize the synthesis and introduction of chemical neuromodulators to trigger changes in host behavior. A classic example of a behavior-manipulating parasitoid is the Jewel Wasp Ampulex compressa. A. compressa introduces venom directly into the cerebral ganglia of the Periplaneta americana cockroach host, leading to transient paralysis and extensive self-grooming in the cockroach [86,87]. The wasp then lays an egg on the cockroach and seals it within the burrow, where the larva can feed on the cockroach host and pupate. Direct introduction of venom into the host brain is hypothesized to cause host behavioral change via pharmacological mechanisms [16,17,89,150].



Similar venom-based mechanisms may be utilized by other parasitoid wasps. For example, the Hymenoepimecis argyraphaga wasp stings a spider host (e.g., Plesiometa argyra) and lays eggs on top of the spider [90,91,93]. The wasp larva then hatches, feeds on the spider, and ultimately induces the spider to build a strong cocoon web, which, following consumption of the spider, the larva uses to build a pupal cocoon. These wasps may utilize a similar method of chemical manipulation as the Jewel Wasp, given that when parasitic wasp larvae are removed from spider hosts, behavior gradually returns to normal in an apparent dose-dependent fashion [92].



Discussion of the relative potential impacts of shifts in a host’s neuroinflammatory state in response to interactions with a parasitoid (with the exception of D. coccinellae, as discussed above) remains relatively limited. As the A. compressa wasp stings the cockroach directly in the target ganglia [86], there is likely a corresponding inflammatory response (and perhaps glial cell response) that occurs in response to injury. This hypothesis is supported by observations from Drosophila models of stab injury and traumatic brain injury. Following stab injury, glial cell division increases in the brains of D. melanogaster [151]. Additionally, in Drosophila subjected to traumatic brain injury, the induction of innate immune signaling pathways (e.g., Toll receptor and IMD signaling pathways), disruption of the blood–brain barrier, and increased expression of AMPs (e.g., metchnikowin, attacin C, diptericin B, and spz) is evident [29,152,153,154]. Similar alterations in innate immune activation, AMP expression, blood–brain barrier disruption, and glial cell division and/or activation may also contribute to altered host behavior and locomotion in parasitoid systems, possibly as a consequence of neurodegeneration and neurotoxicity, as has been observed in Drosophila models (e.g., Alzheimer’s disease, aging, amyotrophic lateral sclerosis, and polyglutamine disease, among others) [29,30]. Further investigation into these processes may reveal whether inflammation as a result of a parasitoid sting contributes to overt neuron degeneration and/or altered neuronal communication due to aberrant synaptic activity or pruning, which may contribute to altered neuron function and subsequent behavioral change.



It is possible that inflammatory responses may also occur in the P. argyra spider system. This hypothesis is supported by the fact that affected spiders can recover when wasp larvae are removed [92]. While manifestation of host behavioral change occurred within a few days, behavioral recovery took up to 2 weeks. This finding could, as the authors hypothesized, indicate slow removal and/or degradation of a larva-derived substance that directly impacts the host nervous system and behavior. Alternatively (or concordantly), association of the parasitoid wasp larva with the spider host may trigger an inflammatory response that impacts nervous tissue. Any neuroinflammation induced by the parasitoid larva would take time to recover from, similar to what is observed during DcPV infection [64,155]. Taken together, it remains unknown if neuroinflammation is a contributing factor towards host behavioral change in parasitoid–host systems such as those described here. Studies investigating the cellular and molecular effects of these associations are limited. Future studies could investigate whether neuroinflammation occurs in these systems and whether the induction of such processes contributes to host behavioral change.



Similar to parasitoids, some parasites may utilize chemical mechanisms and neuromodulation to impact the behavior of their hosts. Juvenile hairworms such as Spinochordodes tellinii and Paragordius tricuspidatus infect grasshoppers and crickets, respectively, and infected hosts are often observed jumping into water [94]. Hairworms of both grasshoppers (S. tellinii) and crickets (P. tricuspidatus) produce mimetic molecules similar to proteins involved in Wnt signaling and secrete proteins associated with neurotransmission and the regulation of apoptosis [13,14]. Additionally, the parasitic worms Euhaplorchis californiensis and Microphallus papillorobustus infect and alter the behavior of killifish and gammarids, respectively, causing changes in behavior that increase the probability of consumption by terminal hosts (Table 1). These latter changes in behavior are hypothesized to be triggered by changes in monoamine signaling in the host [19,20,95,96,97,98,99,100].



Similar to parasitoid–host systems, the contributions of neuroinflammation towards host behavioral changes in response to infection with the parasites mentioned here are relatively unclear and understudied. Changes in neuromodulation triggered by M. papillorobustus infection may be due, in part, to an altered neuroinflammatory state and glial cell activation in the host [100]. Specifically, a subset of parasite metacercariae demonstrated variable levels of melanization, and, at the host–parasite interface, nitric oxide synthase (NOS) levels are elevated and astrocyte-like glial cells and their processes are present [100]. These shifts in neuroinflammation and glial cell activation may directly impact host behavior or may indirectly alter host behavior by impacting neuronal monoamine synthesis and signaling. In support of this hypothesis, the well-known Toxoplasma gondii–rodent system possesses a neuroinflammatory component to host behavioral change that may be more critical than other well-documented mechanisms [3,101,102,103,104,105,106,107,108,109].



While E. californiensis, M. papillorobustus, and T. gondii do not infect insects, they provide important context for the interpretation of the molecular mechanisms underlying host behavioral change in insects. It is clear that in the former systems, neuroinflammation may play key roles in mediating shifts in host behavior. It is very likely that this is also true in insect systems and may be mediated by similar mechanisms (e.g., glial cell activation or altered immune mediator synthesis). Targeted research in insects is required to determine if aberrant immune signaling and/or neuroinflammation occurs in the nervous systems of affected hosts and to link any alterations in immune signaling with changes in host behavior.




5. Neuroinflammation and Glia


In mammals, there is a clear link between the expression of different immune mediators and changes in neuron function, signaling, and development (e.g., cytokines/chemokines, major histocompatibility complex signaling, and complement signaling, etc.) [22,24,25,26,27]. Recent data from Drosophila models of neurodegenerative disease, nervous system infection, and traumatic brain injury have indicated that similar processes may contribute to neuron health in insects [29,30,143]. For example, local alterations in Toll and IMD pathway signaling and the expression of specific AMP genes (e.g., drosomycin, defensin, and metchnikowin) are hypothesized to be involved in neurodegeneration and neurotoxicity [29,30,152,153,156,157,158]. Additionally, insect inflammatory mediators, including NF-κB/IMD pathway activation and AMP production, contribute to the maintenance of normal neuron functions in insects and regulate neurotransmitter release at the neuromuscular junction [159,160], sleep [161,162,163,164], and memory formation [143,165].



Together, these data suggest that similar inflammation-based processes may regulate homeostatic neuronal processes as well as neurodegeneration and neurotoxicity in insect systems, similar to what is observed in mammals. It is, therefore, possible that altered neuroinflammation may indeed be a contributing factor toward the behavioral changes observed in a multitude of different parasite/parasitoid–host systems. However, little is known about the potential inductions in neuroinflammation and/or shifts in glial cell function in insects affected by behavioral manipulators (Figure 3). Free radical production, such as the production of nitric oxide (NO), during infection may contribute to host behavioral change. NO is an immune effector molecule in both vertebrates and invertebrates that is generated via the activation of NOS [166]. NOS is expressed in neurons [167], and, as discussed above, in M. papillorobustus-infected gammarids, NOS immunoreactivity is increased at the parasite–host interface [100]. NO plays alternative roles in neurotransmission and neuromodulation in both mammals and invertebrates [167]; therefore, altered synthesis of NO triggered as an immune response may contribute to altered neurotransmission and/or neuron function and, ultimately, host behavior. Other immune mediators may also play roles. For example, the circulating cytokine Spätzle binds to Toll receptors and contributes to innate immune defense processes in Drosophila [168]. Additional evidence demonstrates that Spätzle is also a member of neurotrophin-like signaling molecules and functions as a neurotrophin during invertebrate development and in synaptogenesis [169,170,171]. It is possible that if a cytokine such as Spätzle were to change in expression in response to infection, there may be an impact on synaptic function. However, this hypothesis remains to be tested.



Some aspects of insect immune activation may not cause changes in behavior, or may cause changes in behavior only in a subset of cases. For example, melanization of cerebral-localized M. papillorobustus metacercariae effectively stops the initiation of any host behavioral changes triggered by M. papillorobustus infection in gammarids [100,172]. Melanization may, therefore, be an effective immune strategy to fight infection and stop host behavioral change, and behavioral change may instead manifest as the result of parasite-specific factors and/or alternative host immune responses, including the release of AMPs. However, this may not necessarily be true in other systems, including in insects, and further research is required to determine what cells in the nervous system and what mechanisms underlie melanization in the infected brain, as, to date, this is still unclear in the gammarid system [100].
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Figure 3. Potential alterations in local immune responses and relationship with insect behavior. While there is the potential for cross-talk between immune modulators such as AMPs, cytokines, etc., and the nervous system (1), the detailed existence of this cross-talk as well as any impacts on insect behavior in behavioral manipulator insect systems remain to be fully detailed. During infection by a behavioral manipulator (e.g., O. kimflemingiae) or interaction with a parasitoid (e.g., A. compressa), local inflammatory reactions by neurons (2) and/or glia (3) to pathogens or parasitoid-related injury may cause neuron damage and degeneration, potentially via the release of AMPs (e.g., metchnikown, drosomysin, and defensin). Degeneration of glia may cause loss of supportive functions and altered neurotransmitter (NT) release or metabolism. Additionally, specific AMPs are functionally pleiotropic in Drosophila, including peptidoglycan recognition protein LC (PGRP-LC), nemuri, and diptericin B, which contribute to the regulation of presynaptic homeostatic plasticity, sleep, and memory formation, respectively [159,163,165]. Alterations in the expression of such AMPs by neurons and/or glia may, therefore, directly impact neuron communication and the regulation of synaptic stability. Changes in neuronal autophagy, as has been observed in Zika-infected Drosophila [148], may also impact synapse structure, as autophagy plays key roles in synapse development [173]. It is unclear whether infection or injury triggers aberrant glia-dependent phagocytosis of neuronal material and this requires further investigation. These hypotheses remain to be tested in the models described here and may prove to be exciting areas for future research in the field of behavioral manipulation in insects. Images created with BioRender.com (accessed on 15 January 2021). 






Figure 3. Potential alterations in local immune responses and relationship with insect behavior. While there is the potential for cross-talk between immune modulators such as AMPs, cytokines, etc., and the nervous system (1), the detailed existence of this cross-talk as well as any impacts on insect behavior in behavioral manipulator insect systems remain to be fully detailed. During infection by a behavioral manipulator (e.g., O. kimflemingiae) or interaction with a parasitoid (e.g., A. compressa), local inflammatory reactions by neurons (2) and/or glia (3) to pathogens or parasitoid-related injury may cause neuron damage and degeneration, potentially via the release of AMPs (e.g., metchnikown, drosomysin, and defensin). Degeneration of glia may cause loss of supportive functions and altered neurotransmitter (NT) release or metabolism. Additionally, specific AMPs are functionally pleiotropic in Drosophila, including peptidoglycan recognition protein LC (PGRP-LC), nemuri, and diptericin B, which contribute to the regulation of presynaptic homeostatic plasticity, sleep, and memory formation, respectively [159,163,165]. Alterations in the expression of such AMPs by neurons and/or glia may, therefore, directly impact neuron communication and the regulation of synaptic stability. Changes in neuronal autophagy, as has been observed in Zika-infected Drosophila [148], may also impact synapse structure, as autophagy plays key roles in synapse development [173]. It is unclear whether infection or injury triggers aberrant glia-dependent phagocytosis of neuronal material and this requires further investigation. These hypotheses remain to be tested in the models described here and may prove to be exciting areas for future research in the field of behavioral manipulation in insects. Images created with BioRender.com (accessed on 15 January 2021).
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It is of note that in the O. unilateralis s.l. system, behavioral change occurs in a circadian-controlled manner. Data indicate that, in accordance with the circadian-controlled manifestation of host behavioral change, the O. kimflemingiae transcriptome also exhibits circadian-controlled shifts in gene expression, which likely play a role in modulating host behavior [12]. Many immune-related genes are under circadian control in Drosophila [174], and time of day of bacterial infection in Drosophila affects bacterial load and host immune competence [175]. We can hypothesize that the expression of immune mediators in, for example, O. kimflemingiae-infected ants may also be under circadian control and may play roles in triggering host climbing and biting. This is supported by evidence demonstrating the rhythmic expression of the gene Achilles in the Drosophila brain, which represses the expression of AMPs, including metchnikown and drosomysin [176]. Local rhythmic expression of AMPs combined with the expression of fungal-derived factors may, together, produce the stereotypical changes in behavior observed in the O. unilateralis system. However, this is only a hypothesis, and future studies should investigate whether circadian-controlled modulation of AMP expression also occurs in other insects, including C. castaneus ants, and how this may impact behavior.



Alterations in glial cell signaling and inductions in glial cell-based inflammatory responses during infection may play key roles in mediating changes in neuron function and behavior during infection in insects. There are six major types of glial cells in the insect nervous system, including astrocytes, cell body glia, sub-perineurial glia, perineurial glia, wrapping glia, and ensheathing glia [31]. These cells can be categorized based on morphology and localization as surface glia, cortex glia, and neuropil glia [31,177,178]. Much of the existing data on insect glial cell function come from Drosophila models [33,34,177,178,179,180,181]. We can gather, from these studies, that glial cells in insects function in much the same way as glial cells in mammals, including providing neurons with metabolic support critical for neurotransmission [31], participating in synapse remodeling [32], and clearing neuronal debris via phagocytosis [33,34,35]. What currently remains unclear is whether insect glia play roles during interactions with behavioral manipulators, and, if they do, what glial cell-based mechanisms mediate pathogen clearance/injury response and whether these processes impact neuron function and behavior.



Data from Drosophila models demonstrate increased expression of inflammatory mediators in the heads of flies subjected to traumatic brain injury and in fly models of various neurodegenerative diseases [29,30]. Additionally, direct inoculation of the Drosophila brain with bacteria triggers increased gene expression of the AMP attacin and infection with Zika virus causes activation of the IMD pathway, increased diptericin expression, and autophagy in infected fly heads [29,147,148]. Together, these data demonstrate that the insect nervous system is capable of mounting a local innate immune response to pathogens and that induction of these pathways may lead to neurodegeneration, aberrant neuron function, and altered behavior. However, it remains unclear whether the increased expression of AMPs and innate immune signaling pathways observed in many of these models may be from neurons, glial cells, or both. The expression of AMPs in glial cells is evident in a fly model of ataxia-telangiectasia, and dysregulation of the glial inflammatory response may mediate neurodegeneration [29,182]. This is also true in aged flies, where overactivation of NF-κB/IMD pathway-dependent AMP production in glial cells causes neurodegeneration, deficits in locomotion, and decreased lifespan [143,183]. Evidence from DcPV-infected ladybeetles and parasite-infected invertebrates suggests inflammatory responses and glial cell activation may be involved in host behavioral change [64,100]. It is, therefore, likely that altered glial cell activation, Toll and/or IMD pathway signaling, and AMP expression may lead to neurodegeneration and alterations in behavior in behavioral manipulator systems. Of interest is whether glial cells contribute to phagocytosis of infected material in the host brain (Figure 3), similar to what occurs when glial cells phagocytose neuronal debris [33,34,35]. This may lead to aberrant synaptic pruning and phagocytosis of neuronal material, which may alter neuronal signaling and lead to host behavioral change.



Overall, there is a paucity of data regarding the activity of insect glial cells in behavioral manipulator models. The parasitoid wasp-derived virus DcPV localizes in the cytoplasm of glia in the infected ladybeetle brain, which may impact neuron function and/or neuroinflammation as a result of glial cell lysis [64]. Additionally, glial cells may play roles in mediating neuron recovery in this model [64]. Data from Drosophila show that local innate immune responses occur in the brain in response to infection [147], which may be mediated by glial cells that are known to express AMPs resulting in neurodegeneration [182]. Given these data and the parallels in glial cell function between insects and mammals (for example, serving phagocytic and supportive metabolic functions that may impact neuron signaling and function [31,34]), we could hypothesize that during infection, there may be an induction of glial cell activation and/or aberrant metabolic activity that may cause dysregulation of insect neurotransmitter metabolism and/or and the release of inflammatory factors (Figure 3). These processes may collectively result in neuron damage, altered neuron communication, neuroinflammation, and potentially altered behavior in behavioral manipulator models. However, data definitively linking neuroinflammatory processes and glial cell activation to changes in neurotransmission, neuron function, and behavioral change in this model are lacking. It is also possible that changes in local inflammation (e.g., NO release [100]) may trigger aberrant phagocytic activity by glial cells [33,34]. Alterations in neuronal autophagy may also cause changes in synapse dynamics [148,173]. It is clear from Drosophila models that inflammatory mediators and immune pathways, including AMPs and NF-κB/IMD pathway activity, can possess functional pleiotropy in insects, as they contribute to the maintenance of normal host behaviors (e.g., neuromuscular junction neurotransmission, sleep, and memory) [143,159,160,161,162,163,164,165]. It is, therefore, possible that altered expression of inflammatory factors in insects during infection by a behavioral manipulator may directly contribute to altered neurotransmission or synaptic function (Figure 3). Further investigation into the mechanisms underlying how immune factors (e.g., AMPs) may more subtly impact neuron function (versus causing overt neurodegeneration/neurotoxicity) is required.



While we can hypothesize, based on current data in Drosophila and behavior-manipulating models, that glial cell function and neuroinflammation may become dysregulated in the behavioral manipulator models discussed here, leading to aberrant neuron function, this is purely speculative and needs to be thoroughly tested in the lab. It is clear that glial cells are affected during infection in models of behavioral manipulation [64,100]. It is likely that glial cells play important and integral roles during infection by a behavior-manipulating microbe and/or injury by a parasitoid, potentially by impacting neuron function through altered metabolism, neurotransmitter synthesis, and clearance and/or through neuroinflammation, which may directly impact neuron function and signaling or induce phagocytosis. More research is clearly needed in this area. Future research investigating the effects of infection on glial cell function in insects will provide invaluable information regarding neuron–glia communication during immune challenge and the contributions of glial cells toward neuron function and, ultimately, the manifestation of behavior in insects.




6. Conclusions


A common theme amongst all of the examples discussed here is that there is still much we do not know about the mechanisms underlying how different organisms influence host behavior. Many of these systems remain poorly understudied. Altered inflammatory responses and neuroimmune communication are common consequences of infection and injury, and their contributions towards host behavioral change cannot be discounted. The goal of this review was not to say that neuroinflammation is the sole cause of altered behavior in the examples discussed but rather to highlight the fact that neuroinflammation and immune reactions that occur as consequences of infection and/or parasitoid interactions are factors that cannot be ignored and may, in fact, play key roles in mediating host behavioral change, particularly at the glia–neuron interface.



The data discussed here illustrate that there is likely no single mechanistic answer underlying how an organism is able to influence the behavior of its host, and more than one mechanism is likely employed (e.g., the introduction of neuromodulators combined with altered neuroimmune communication or glial cell activation, etc.). Studying the mechanisms underlying host behavioral change can yield invaluable insight on microbe–host co-evolution, mechanisms of microbial pathogenesis, neurological disease, animal behavior, and infectious disease spread within a population [184,185,186,187,188,189]. To date, few studies have sought to detail the potential impacts of altered host immune responses, neuroimmune communication, and glial cell responses on host behavior in model systems such as those discussed here. Behavioral manipulators may provide excellent platforms in which to study insect neuroimmune communication and the impacts of neuroinflammation on insect behavior. By conducting studies such as those proposed here, we will deepen our understanding of insect neurobiology, better understand the potential effects of insect neuroinflammation on behavior, and elucidate the potential roles of insect glial cells on mediating these processes.
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Figure 2. Parasites within parasites—potential impacts on neuroinflammation and glial cell function. (A) Dinocampus coccinellae paralysis virus (DcPV) is believed to trigger changes in host behavior via altering neuroinflammatory processes and glial cell function [64]. Future studies should investigate (1) if and how the virus enters neurons, mechanisms of intra-/inter-neuronal transport, effects on host neuronal gene and/or protein expression, and potential alterations in neuroinflammatory responses. These data would help provide insight into mechanisms of neuroinflammation, synaptic dysfunction, and/or neurodegeneration that may elicit changes in behavior. (2) Investigation into how glial cells respond to DcPV infection will provide data critical to understanding whether glial cells mediate neuron damage, AMP release, changes in neurotransmitter (NT) metabolism, or phagocytosis of neuronal debris in this system. (B) Entomophthovirus (DmEV) is associated with the entomopathogenic fungus E. muscae, but whether viral infection of the fungus contributes to host behavioral change remains unclear. (1) Future research should investigate whether fungal gene expression or the fungal secretome differs following DmEV infection. Additionally, whether the virus can be transferred from the fungus to host tissue (e.g., neurons or glia) causing direct effects remains to be determined (2). It is also possible that host immune responses to fungal infection may differ (3), similar to what is seen in infection with Leishmania parasites [111]. Images created with BioRender.com (accessed on 15 January 2021). 
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Table 1. Host–parasite/parasitoid systems, behavioral changes, and hypothesized mechanisms1.
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	Host
	Parasite
	Behavior
	Mechanism(s)
	Refs





	Lepidoptera,

Diptera,

Hymenoptera, etc.
	Baculoviruses
	Tree climbing, enhanced locomotor activity and liquification
	Expression of virus-specific genes, egt, ptp, chitinase, and cathepsin
	[4,5,6,7,8,48,49,50,51,52,53]



	Gryllus texensis
	IIV-6/CrIV
	Decreased egg production and sperm motility; maintained sexual behavior
	Decreased expression of the virucidal enzyme phenoloxidase
	[54]



	Helicoverpa zea
	HzNv-2
	Persistent calling behavior; increased pheromone production and contacts with males in infected females
	Unknown
	[61,62]



	Ladybeetle
	Dinocampus coccinellae/

DcPV
	Bodyguard behavior/paralysis
	Viral replication in host nervous tissue; neuroinflammation
	[63,64]



	House flies/fruit flies
	Entomophthora muscae/DmEV
	Attach to an elevated surface via the proboscides and raise wings, allowing for fungal spore dispersal
	Unknown
	[65,66,67,68]



	Ants (Camponotus)
	Ophiocordyceps unilateralis
	Impaired motor control, convulsions; travel to areas optimal for fungal growth; circadian-synchronized biting behavior
	Fungal production of enterotoxins and neuroactive compounds; altered host gene expression; formation of dense fungal network
	[1,11,12,18,69,70,71,72,73,74,75,76,77]



	Ants (Formica)
	Pandora formica
	Summit disease and biting behavior
	Unknown
	[78,79,80,81,82]



	Periodical cicadas
	Massospora cicadina

Massospora platypediae

Massospora levispora
	Irregular flying and crawling behavior; altered sexual behavior
	M. cicadina—production of the plant amphetamine cathinone; M. platypediae and M. levispora—production of psilocybin
	[10,82,83,84]



	Hylemya brassicae Hylemya platura
	Strongwellsea castrans
	Irregular flying and crawling behavior
	Unknown
	[85]



	Periplaneta americana
	Ampulex compressa
	Transient paralysis and self-grooming
	Venom containing neuromodulators
	[16,17,86,87,88,89]



	Plesiometa argyra
	Hymenoepimecis argyraphaga
	Altered web construction
	Hypothesized venom-based modulation
	[90,91,92,93]



	Grasshoppers/crickets
	Spinochordodes tellinii/

Paragordius tricuspidatus
	Water-seeking behavior
	Production of mimetic molecules (e.g., Wnt signaling modulators) and proteins involved in neurotransmission and apoptosis
	[13,14,94]



	Killifish
	Euhaplorchis californiensis
	Rapid swimming and “flashing”, increasing predation by birds
	Altered monoamine signaling
	[19,20,95,96]



	Gammarids
	Microphallus papillorobustus
	Altered responses to environmental stimuli, increasing predation by birds
	Altered monoamine signaling and neuroinflammation (i.e., NO synthesis)
	[97,98,99,100]



	Rodents
	Toxoplasma gondii
	Altered innate fear responses to cat odor
	Alterations in dopamine and testosterone synthesis, epigenetic modifications, cyst formation, and neuroinflammation
	[3,101,102,103,104,105,106,107,108,109]







Abbreviations: DcPV, Dinocampus coccinellae paralysis virus; DmEV, Drosophila melanogaster Entomophthovirus; HzNv-2, Helicoverpa zea Nudivirus 2; IIV-6/CrIV, iridovirus IIV-6/cricket iridovirus; NO, nitric oxide.
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