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In insects, locomotion is the result of rhythm generating thoracic circuits and their modulation by sensory reflexes and by inputs from the two head ganglia, the cerebral and the gnathal ganglia (GNG), which act as higher order neuronal centers playing different functions in the initiation, goal-direction, and maintenance of movement. Current knowledge on the various roles of major neuropiles of the cerebral ganglia (CRG), such as mushroom bodies (MB) and the central complex (CX), in particular, are discussed as well as the role of the GNG. Thoracic and head ganglia circuitries are connected by ascending and descending neurons. While less is known about the ascending neurons, recent studies in large insects and Drosophila have begun to unravel the identity of descending neurons and their appropriate roles in posture and locomotion. Descending inputs from the head ganglia are most important in initiating and modulating thoracic central pattern generating circuitries to achieve goal directed locomotion. In addition, the review will also deal with some known monoaminergic descending neurons which affect the motor circuits involved in posture and locomotion. In conclusion, we will present a few issues that have, until today, been little explored. For example, how and which descending neurons are selected to engage a specific motor behavior and how feedback from thoracic circuitry modulate the head ganglia circuitries. The review will discuss results from large insects, mainly locusts, crickets, and stick insects but will mostly focus on cockroaches and the fruit fly, Drosophila.
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INTRODUCTION

Most of us have heard of the expression “running around like a headless chicken.” Of course, headless chicken cannot walk or run in a coordinated manner and what is true about chickens is also true for insects. The neuronal control of rhythmic behaviors is regulated by two main functional circuitries that are similar in architecture in invertebrate and vertebrate systems. Such rhythmic behaviors have been examined in various groups of invertebrate phyla ranging from worms to mollusk to arthropods. A common feature in the organization of the neuronal circuit underlying such rhythmic behaviors is a task distribution along the animal’s nervous system axis. First, movements in a given appendage must be organized in a spatiotemporal pattern and be coordinated with other appendages (Figure 1). This function is generated by local networks generally referred to as CPGs. Such CPGs include motor and inter-neuronal constituents and are strongly modulated by peripheral sensory elements as well (Marder and Bucher, 2001; Marder et al., 2005; Selverston, 2010). Rhythmicity in these local networks is rarely expressed spontaneously (Knop et al., 2001) and often requires an appropriate mechanical or pharmacological stimulus (Arshavsky et al., 1997; Marder and Bucher, 2001; Knebel et al., 2019). In the absence of any sensory input, CPGs are able to generate a rhythm which pre-structures the rhythmicity but not the coordination pattern of the natural behavior (Knebel et al., 2017; review: Bidaye et al., 2017). However, if this rhythm exhibits similar phase relations as the natural behavior it has been called a fictive behavior (for example, fictive walking or stepping; Ryckebusch and Laurent, 1993). Typically, such functional unit namely the CPGs of a given locomotory behavior reside in the “lower” portion of the central nervous system: the ventral nerve cord. The second functional unit is that involved in initiation, modulation, maintenance, and termination of the rhythmic motor pattern generated in the nerve cord. These two functional units interact with feedforward and feedback interactions. While considerable knowledge has been gathered regarding the single neuron and circuit architecture of CPGs and the interactions between sensory and central components of such circuits including an arsenal of reflexes confined to the thoracic ganglia (Burrows, 1996), less is known regarding the role of head ganglia in the control of such circuitries.
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FIGURE 1. (A) The tripod gait predominantly used by cockroaches. Blue bars represent swing phases of the left (L) and right (R) front (1), middle (2), and hind legs (3) (modified with permission from Ayali et al., 2015). (B) To evaluate synchronization and coordination, activity (EMG) is recorded from the same muscle in two different legs. Period and time delay are measured cycle by cycle. (C) Relative occurrence of phases of R2 in the cycle of R3 is represented as a histogram. In the present case, the median phase is 0.5 showing that this pair of legs are active in anti-phase.


As far as head ganglia are concerned, a difference exists between hemimetabolous (stick insects, locusts, cockroaches) and holometabolous insects (fruit flies). In hemimetabolous insects, the GNG (formerly known as the “subesophageal ganglion”), ventral to the gut, is well separated by CirC from the CRG (formerly known as “supraesophageal ganglion” or brain). In holometabolous insects, the GNG are more or less fused with the CRG to form one cerebral mass with the gut running through an opening in between (the GNG are only indicated by being located ventral to the gut in this otherwise uniform cerebral structure) and no CirC are visible from outside. To understand the interactions between the thoracic circuits and those in the head ganglia, various rhythmic behaviors have extensively studied. While several rhythmic behaviors in insects can be executed without the head ganglia meaning both the cerebral and GNG, for example, flight (Wilson, 1961; Gal and Libersat, 2006) righting (Gal and Libersat, 2006), and grooming with the metathoracic legs (Eaton and Farley, 1969; Reingold and Camhi, 1977; Berkowitz and Laurent, 1996), others such as walking will be poorly or not performed in the absence of the head ganglia. The role of the head ganglia in the orchestration of walking has been addressed in several reviews (Heinrich, 2002; Borgmann and Bueschges, 2015; Bidaye et al., 2017) and there is task specificity between CRG and GNG. That being noted, there has been considerable progress unraveling the action of the descending control from the CRG of insects taking advantage of neurogenetic tools in Drosophila and a combination of behavioral analysis and electrophysiology in large insects. A review covering at any depth all circuit organization that generates behaviors as diverse as those mentioned above would be unmanageable. Hence, in this review, we will limit our focus on the role of the head ganglia in posture and walking in insects. Until quite recently the bulk of work on this topic has been done on large hemimetabolous insects such as locusts, stick insects, crickets, and cockroaches. But today, the fruit fly, Drosophila, has also become a major model for investigating the neuronal basis of walking from circuits to behavior. In the fly, one can use mutations of discrete areas of the central nervous system as genetic tools to identify specific neurons and networks and manipulate or monitor their activity. But with this mind, one should not forget that Drosophila stands on the shoulders of giants. Among those giants, we will focus our review on cockroaches which have been extensively studied with regard to walking (Ritzmann and Zill, 2017). Moreover, as most studies have been carried out on the adult stage of large insects, we limit our comparative and complementary survey on walking in the adult Drosophila. Insects belong to the subphylum Hexapoda, characterized by three pairs of legs. Most insects use, at some speed, the alternating tripod ground locomotion in which three legs are on the ground when the other three are off the ground. Adjacent legs from the same segment are in antiphase while legs from two consecutive segments on opposite side of the body move nearly synchronously (Figure 1). Other coordination patterns do occur speed-dependently as well (Wosnitza et al., 2013).



THE CEREBRAL GANGLIA (CRG)

The CRG (formerly brain or supraesophageal ganglion) and GNG (formerly subesophageal ganglion), which are connected to each other by the CirC in large insects, are considered as “higher order” neuronal centers which modulate different aspects of locomotion (Figure 2). The picture that emerges from early and recent research is that the CRG are primarily but not exclusively involved in initiation, regulation, and probably termination of walking. The GNG, in contrast, are predominantly involved in coordination as we shall discuss later.
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FIGURE 2. Coordination in cockroaches with head ganglia lesions. Left panels: EMG traces from the coxal depressor muscles, demonstrating the coordination between the right mesothoracic leg (R2) and the right and left metathoracic legs (R3 and L3) in control, CRG-less, and GNG-less cockroaches. Spontaneously initiated locomotion of control and brainless cockroaches is characterized by the tripod-gait coordination. GNG-less cockroaches fail to show spontaneous tripod-gait coordinated locomotion. Right panels: Relative occurrence of phases of R2 and R3 in the cycle of L3. The median phases are also indicated. Note the lack of tripod-gait coordination in GNG-less cockroaches (adapted with permission from Gal and Libersat, 2006). A cockroach is also shown ventral side up with red dots indicating the location of the insertion of the EMG electrodes.


Insects with the CirC cut exhibit long bouts of unoriented walking activity (Roeder, 1937; Bässler and Wegner, 1983; Kien, 1983; Ridgel and Ritzmann, 2005) suggesting that the CRG is a source of inhibitory influence on thoracic walking centers. CRG removal in stick insect (Carausius morosus) or cockroaches (Periplaneta americana) has little effect on tripod-gait coordination in walking, though it mildly increases the variability in inter-leg phase relationship (Figure 2). The latter suggests that the “fine tuning” of the inter-leg coordination might be controlled by the CRG which integrates visual, olfactory, and tactile-antennal information (Graham, 1979; Gal and Libersat, 2006). In contrast, lesions of the neck connectives, those between the GNG and the first (pro)thoracic ganglion, dramatically decrease spontaneous and evoked walking in locusts (Kien, 1983). Gal and Libersat (2006) demonstrated the inhibitory neural influences on walking behavior by examining cockroaches following removal of the CRG. Using more discrete lesions of the CRG in praying mantis, Roeder (1937) was able to identify that the locomotor inhibiting center lies in the dorsal region of the protocerebral ganglion and suggested it is the MB. It is a few decades later that Huber (1960) showed that stimulation of the MB usually inhibited walking in crickets whereas stimulation of another CRG structure, the CX, initiated walking. In support of this, Martin et al. (1998) showed that MB suppress locomotor activity in Drosophila melanogaster. Electrophysiological recordings from cockroach MB neurons in freely moving cockroaches revealed several classes of neurons associated with movements (Mizunami et al., 1998a,b,c). Moreover, motor behavioral measurements over period of weeks of MB defective flies showed that MB suppress activity (Helfrich-Förster et al., 2002). In cockroaches, procaine (a reversible voltage dependent sodium channels blocker) injection to the MB increases spontaneous walking (Kaiser and Libersat, 2015). In Drosophila, the MB are also required for daily rhythmic locomotor activity (Mabuchi et al., 2016) and enhance motor activity in the beginning of light-evoked walking (Serway et al., 2009). Hence, all aforementioned experimental evidence suggests that the MB have a regulatory role for walking related locomotion. When looking for a CRG structure that is permissive on walking, the CX was shown to be critical in the selection of motor actions. The CX exhibits an elaborate CRG center in its layered architecture. The CX is defined as a group of four midline neuropils: the PB, the FB or (central body upper: CBU), the EB (or central body lower: CBL), the NO, and LAL (Figure 3). Research across many species has shown that the CX contains the circuitry for elementary navigational decisions (for a recent review: Honkanen et al., 2019). Its function as a multi-sensory processing hub has been reviewed elsewhere (Pfeiffer and Homberg, 2014; Homberg, 2015). While numerous investigations have shown that the CX is involved in sensory integration and pre-motor processing, others have uncovered its role in the initiation and ongoing regulation of locomotion. We will first discuss the role of the CX in the initiation and regulation of walking and posture.
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FIGURE 3. Similarity of the anatomy of the central complex across species. (A) Overview of the central complex and support structures: The protocerebral bridge (PB), fan-shaped body (FB) or central body upper (CBU), ellipsoid body (EB) or central body lower (CBL), noduli (NO), and lateral accessory lobe (LAL) in the locust and cockroach. (B) Same like in A for locust and fly (reprinted with permission from Turner-Evans and Jayaraman, 2016; with permission of Copyright Clearance center, license number 4597641450839 and courtesy of Vivek Jayaraman).



The Central Complex (CX) and the Initiation and Maintenance of Walking

Kaiser and Libersat (2015) showed that injection of procaine to the CX results in a decrease in spontaneous walking. Drosophila CX mutants, with altered internal CX neuropils (the PB, the FB, and the EB), show a decrease in walking activity. Walking speed and step length as a function of the stepping period are both reduced (Strauss and Heisenberg, 1993). While locomotor activity in these mutants is clustered in bouts that are initiated at a normal frequency, their duration is reduced and the interval between bouts is increased (Martin et al., 1999). However, these studies did not find deficits in the initiation of the locomotor activity. But in other studies, some of the strains of Drosophila CX mutants are less likely to initiate walking (Heisenberg, 1994; Strauss, 2002). To further investigate the possible role of the CX in walking, Bender et al. (2010) achieved chronic tetrode recordings from the CX of tethered but otherwise intact cockroaches performing stationary walking or walking on a slippery surface. The recorded neural activity was correlated with stepping rate. Moreover, electrical stimulation of the CX could initiate or regulate walking (Bender et al., 2010). Recent advances in understanding the mechanisms by which the initiation and maintenance of walking in cockroaches come from an unexpected source of natural history: the zombification of cockroaches by a parasitoid wasp (Figure 4). The American cockroach (P. americana) can fall victim to the parasitoid Jewel Wasp (Ampulex compressa), which uses them as live and immobile food supply for its larva. This wasp stings directly inside the cerebral and GNG in the head capsule to immobilize its cockroach prey. The venom injected in the head ganglia induces a dramatic change in the cockroach’s ability to show spontaneous walking and to escape from tactile or wind stimuli. While unresponsive, the wasp cuts off both antennae to feed on the cockroach hemolymph from the broken ends. The wasp then grasps one of the antennal stumps and, walking backward, leads its prey to a pre-selected burrow to be later consumed by a single wasp larva. The highest concentration of venom was localized in and around the CX (Haspel et al., 2003).
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FIGURE 4. (A) An adult wasp stings a cockroach into the head to manipulate the cockroach behavior. (B) Drawing of a frontal view of the cockroach head ganglia (CRG: cerebral ganglia, CX: central complex, AL: antennal lobes, MB: mushroom bodies; GNG: gnathal ganglia). (C) Diagram of the cockroach CRG. Central complex is within red rectangle. PB: protocerebral bridge, FB: fan-shaped body, EB: ellipsoid body, LAL: lateral accessory lobes, MB: mushroom bodies (reproduced with permission from Ritzmann et al., 2012; courtesy of Josh Martin and Roy Ritzmann; License: CC BY 4) (D) Autoradiographs of the cerebral ganglia and the gnathal ganglia of a cockroach stung by a radio-labeled wasp. Black staining indicates the presence of venom (adapted with permission from Haspel et al., 2003).


Using affinity chromatography and Label Free Quantitative Mass Spectrometry (LFQMS), Kaiser et al. (2019) found that the venom binds to synaptic proteins and that numerous proteins are differentially expressed in the CX of stung cockroaches. Many of differentially expressed proteins are involved in signal transduction pathways, such as the Rho GTPase pathway, which is implicated in synaptic plasticity. This suggests that the Jewel Wasp exerts control over cockroach behavior through a molecular cross-talk between venom components and primarily neuronal molecular targets in the host CRG, leading to broad-based alteration of synaptic efficacy in the CX. Such a decrease in synaptic drive to the CX would result in a decrease in descending activity and a reduction in excitatory drive from the CRG to the thoracic motor circuitries. This may account for the observed motor impairments induced by the venom. In support of this, removing the input from the CRG (or “brain”) or after a wasp sting, the activity of thoracic octopaminergic neurons is altered (decreases) in stung and “brainless” animals (Rosenberg et al., 2006). The alteration in the activity of octopamine neurons may be part of the mechanism by which the wasp induces a change in the behavioral state of its prey.

Distinct peptidergic pathways in the CX have specific roles in the fine tuning of locomotor activity of Drosophila. Two different neuropeptides in Drosophila’s CX, Drosophila tachykinin (DTK) and short neuropeptide F (sNPF), are shown to modulate locomotor activity (Kahsai et al., 2010). DTK is expressed in two specific populations of neurons innervating the FB and in other CX neurons. RNA interference (RNAi) directed to this peptide caused increasing avoidance behavior and increased number of activity–rest bouts. sNPF is expressed in CX neurons and inhibits the overall motor activity level, as reduced sNPF levels by RNAi in those neurons increased distance traveled and mean walking speed (Kahsai et al., 2010).

Walking behavior is strongly related to rest-activity cycle (sleep cycle) of the animal. Therefore, walking behavior must be under the control of a sleep control system. In Drosophila, a circuitry for inducing sleep is well established and involves CX neuropils (Donlea et al., 2011, 2014; Liu et al., 2016; Pimentel et al., 2016). It was recently shown by Donlea et al. (2018) that dFB neurons induce sleep by inhibitory transmitters including neuropeptide allatostatin-A (AstA). Among the targets of AstA is a group of interneurons in the EB of the CX that they named “helicon cells.” These neurons are inhibited by sleep-promoting AstA, excited by visual input, and are permissive for locomotion. Therefore, one way of inducing a rest period is by inhibition of walking-permissive circuits in the Drosophila CRG. Another way to modulate walking behavior is in the activity of CRG circuits that promote wakefulness. In Drosophila, two dopaminergic neurons signal to the dFB and their activity reduces sleep and promotes arousal (Liu et al., 2012).



The Central Complex (CX) and Navigation in Walking

After a mid-line section and removal of one side of the CRG, a mantis makes small circular walking toward the intact side. These circular movements are due in part to the unequal right–left body tonus (Roeder, 1937). Research across many species has shown that the CX contains the circuitry that process sensory information to perform proper navigation (Honkanen et al., 2019).

Analysis of recording of the CX in freely moving cockroaches leads to the grouping of movement-predictive cells for slow or fast forward walking, left or right turns, or combinations of forward and turning speeds (Martin et al., 2015). Moreover, they showed that the CX via its descending output neurons may modulate leg reflexes in the thorax to facilitate turning. The role of certain sub-regions of the CX is uncovered by cockroaches with lesions to the PB and EB that exhibit turning deficits (Harley and Ritzmann, 2010). Moreover, stimulation through recording wires inserted in the CX produced consistent trajectories of forward walking or turning in these animals (Guo and Ritzmann, 2013). They concluded that asymmetrical activity in the CX precedes and influences cockroach turning behavior. More recently, Varga and Ritzmann (2016) uncovered head-direction cells in the CX of the cockroach. Such cells encode the animal’s heading relative to a landmark’s position in several ways. Some cells are tuned to a particular direction apparently rely on internal cues while others rely on external sensory cues (Varga and Ritzmann, 2016).

It was recently shown that Drosophila follow straight courses relative to landmarks (Green et al., 2018). Wolff et al. (2015) had recently mapped the structure of the PB of the Drosophila CX and identified several classes of neurons. A class of columnar neurons of the PB which sends dendrites to a specific area of the EB encodes the fly’s azimuth relative to its environment. These neurons (termed EB-PB-gall or E-PG neurons) were shown to be tracking the fly’s angular movements (heading) even in darkness (Seelig and Jayaraman, 2015; Green et al., 2017; Turner-Evans et al., 2017). Inhibiting synaptic transmission in E-PG neurons destabilized these neurons phase activity and reduced the distance and speed of walking (Green et al., 2018). These findings, however, do not fully account for the body angle tracking necessary for directional navigation over distances.



The Central Complex (CX) and Posture

First, it should be noted that posture is also handled at the single ganglion level by feedback from sense organs, primarily campaniform sensilla embedded in the cuticle of the legs (Zill et al., 2004). But reflexes handled at the local level of thoracic ganglia can be modulated by the CX. Hence, electrical stimulation of the CX in a restrained animal while recording from the slow depressor motoneuron (Ds) impacts on the femoral chordotonal organ to Ds reflex pathway (Martin et al., 2015). In praying mantis, removal of the CRG results in great decrease of tonus on both sides of the body (Roeder, 1937). Likewise, normal posture is altered in headless cockroaches (Ridgel and Ritzmann, 2005). But immediately after lesion of the neck connectives, cockroaches first show a hyper-extended posture, which is decreased thereafter over a few days. In contrast, the posture of cockroaches with lesions of the CirC appears similar to intact cockroaches. Yet, when challenged with the more difficult task of climbing, cockroaches with their CirC cut show a postural deficit (Ritzmann and Quinn, 2004) which affects their ability to climb up on smooth inclines. When confronted with a substantial incline, these cockroaches fail systematically to manage this obstacle. The ongoing activity of the coxal slow motoneuron ongoing activity, known to be involved in posture, is reduced after injection of procaine into the cockroach’s CX (Emanuel and Libersat, 2017). Moreover, the regular tonic firing of the slow motoneuron is greatly reduced in cockroaches stung by the jewel wasp (Emanuel and Libersat, 2017). Hence, postural tonus might be mediated by the head ganglia pre-motor circuits since injection of procaine to the CX decreases coxal slow motoneuron activity in a similar manner to the wasp venom injection in the CX (Figure 5).
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FIGURE 5. Activity in coxal slow motoneuron recorded as EMG spikes from the coxal depressor muscle after procaine injection to the central complex (CX). (A) Representative EMG recordings traces of coxal slow motoneuron ongoing activity 5 min after (upper trace; before procaine effect), 30 min after (middle trace; peak procaine effect), and 30 min after (lower trace; recovery from procaine effect) procaine injection to the CX. (B) Comparison of EMG spikes (spikes/sec) following saline (control; n = 6) and procaine (n = 6) injection to the CX. A significant decrease (P < 0.05; t-test) was found 30 min after procaine injection as compared to 30 min after saline injection. Each bar represents the averaged spikes/second ± SEM; significance is indicated with asterisk. (C) A representative image for postmortem verification of injection site. Arrow indicates the injection site in the fan-shaped body of the CX (adapted with permission from Emanuel and Libersat, 2017).




The Central Complex (CX) Connectivity to Descending Interneurons (DINs)


Neuroanatomy of the DINs

The sensory information processed in the CX must be transferred to DINs projecting to the ventral nerve cord. There are approximately 200 pairs of neurons in the CRG that have axons that descend to and beyond the thoracic ganglia in cockroaches (Okada et al., 2003) and crickets (Staudacher, 1998). In addition, there are another 100 neurons that connect the CRG only with the GNG in locusts (Heinrich, 2002). In cockroaches, the dendrites of such DINs are distributed in most CRG areas, including the MB and the CX (Okada et al., 2003), two structures that have been implicated with walking. In crickets, none of the DINs identified so far extend collaterals into the CX and the MB. This difference could be due to incomplete staining of the small dendritic branches of DINs in crickets. Neurons leaving the CX project to a region of the CX termed the LAL, and several neurons that ultimately descend to the thoracic ganglia also pass through this region. Although the anatomical studies in cricket (Staudacher, 1998) and cockroach (Okada et al., 2003) have identified how DINs are organized, the lack of genetic tools in these insects currently limits a systematic investigation of their roles in motor control. A comparison of a recent study on Drosophila DINs shows a high degree of conservation in the number and organization of DINs in both hemimatebolous and holometabolous insects (Hsu and Bhandawat, 2016; Namiki et al., 2018). There are 350 pairs of DINs in the fly head ganglia of which roughly 180 pairs are located in GNG (Namiki et al., 2018). These numbers compare well with those reported in crickets and cockroaches and the spatial distribution of DINs in the CRG in clusters is also similar in all three species (Hsu and Bhandawat, 2016). Likewise, the number of DINs in Drosophila GNG is 121 pairs and comparable to the roughly 150 pairs reported in locusts (Knebel et al., 2019). Interestingly, DINs of cockroaches and flies receive input from regions of the CRG that are innervated by outputs from MB and CX (Hsu and Bhandawat, 2016). In Drosophila, none of the DINs originate in the CX or MB (Namiki et al., 2018). Equally importantly, none of DINs innervate the CX or MB, implying that these neuropils do not directly affect motor output. Roughly 65% of the DINs send an axon in neck connective ipsilateral to their soma (Namiki et al., 2018).



DINs and Walking

In an attempt to record and identify DINs, Böhm and Schildberger (1992) found neurons that changed their levels of activity when the animal was walking. The activity of two DINs was directly correlated with walking activity and seemed to control walking parameters. Activation of one DIN caused the resting animal to begin walking, and interrupting the discharge of this DIN brought the walking animal to a halt. While investigating DINs associated with phonotaxis in crickets, Zorović and Hedwig (2013) recorded intracellularly at least four DINs while the animals were standing or walking on an open-loop trackball system. They found that activity of all four DINs was correlated to forward walking. Furthermore, injection of depolarizing current elicited walking and/or steering in three of four neurons. Some neurons showed arborizations in the LALs supporting the hypothesis that this region bridges between the CX and the DINs. Activation of different DINs in Drosophila induces running or freezing in a state-dependent manner (Zacarias et al., 2018). Some DINs when stimulated induce backward walking in Drosophila. The DIN which earned the name of moonwalker descending neuron (MDN) is required for flies to walk backward and is sufficient to trigger backward walking under conditions in which flies would otherwise walk forward (Bidaye et al., 2014). Optogenetic activation of 26 DINs drove locomotion behaviors such as slow locomotion, fast locomotion, and global increase in locomotor activity (Cande et al., 2018). These activated behaviors were often dependent on the behavior of the fly immediately before descending neuron activation, indicating a context dependent role for these descending neurons.



THE GNATHAL GANGLIA (GNG)

In contrast to headless insects, animals in which the CRG have been removed (or the CirC severed) engage longer bouts of spontaneous walking than intact animals. There are about 90 DINs with a cell body in the GNG most of which have a contralateral axon (Kien et al., 1990; Gal and Libersat, 2006). Such a number might be an underestimate as a recent study labeled roughly 150 descending GNG neurons (Knebel et al., 2019). In Drosophila, the GNG DINs group provides the major pathway to the leg motor neuropiles in the ventral nerve cord (Namiki et al., 2018). Locust GNG DINs show an elevated activity during and after the preparatory phase of walking (Kien, 1990a). These neurons typically fire throughout the walking bout, as temporally structured patterns that are not directly correlated with the stepping cycles (Kien, 1990b). Performing a mid-sagittal section through the GNG removes the effect of GNG DINs on thoracic CPGs while leaving the connectivity between the CRG and thoracic ganglia (the “through running axons” of CRG DINs, B-DINs) (Gal and Libersat, 2006). The direct descending pathway from the CRG to the thorax (the “through running axons”) is mostly unaffected by this midline cut since this pathway runs through the margins of the GNG (Altman and Kien, 1987). Such operated animals show very little, if any spontaneous walking. But if challenged to “walk” on water, their leg movements are mostly uncoordinated (Gal and Libersat, 2006). This is in sharp contrast to the walking pattern of cockroaches after removal of the CRG which show normal coordination both on land and water. This strongly suggests that the GNG is involved in leg coordination.



MONOAMINERGIC DESCENDING INTERNEURONS (DINs) AND DESCENDING CONTROL OF WALKING

Multiple neurotransmitters have been found to be manufactured by the DINs. These include acetylcholine, GABA, glutamate, serotonin, dopamine, and octopamine (Hsu and Bhandawat, 2016). Hsu and Bhandawat (2016) also found that acetylcholine and GABA, the major excitatory and inhibitory neurotransmitter, respectively, are produced equally and represent roughly 75% of the DINs population (Hsu and Bhandawat, 2016). The monoamines serotonin, dopamine, and octopamine are known to modulate well-defined behaviors. The idea of chemical coding of specific behaviors was born out of experiments showing that local application of certain monoamines in the central nervous system can reproducibly evoke a single coherent behavior (Libersat and Pflueger, 2004). This idea was coined as the orchestration hypothesis by Graham Hoyle when he and his colleagues revealed that injection of octopamine in the locust thoracic ganglia released flight-like behavior (Sombati and Hoyle, 1984). This observation was later confirmed in Drosophila where application of these compounds induces a set of complex behavioral responses in the decapitated flies including the stimulation of grooming and locomotion (Yellman et al., 1997). In fact, octopamine injected into the neuropiles of locust thoracic ganglia primes the motor system to flight in contrast to other modulators such as pilocarpine or tyramine that act concentration dependently and can release either fictive stepping/walking or fictive flight or both simultaneously (Rillich et al., 2013). One population of octopaminergic DINs, with unpaired median morphology, originates in the GNG of locusts (Bräunig and Burrows, 2004). Recently, a cluster of DINs of the deutocerebrum containing tyramine/octopamine has been identified in cockroaches, stick insects, and locust (Kononenko et al., 2019). In locusts, these DINs synthesize octopamine from tyramine only after the insect experiences stimuli associated with stress and, thus, these DINS could convey information about the “stress status” to thoracic circuits. It would be interesting to identify such octopaminergic DINs in Drosophila head ganglia and manipulate their activity in the intact adult to observe their impact on walking.

Taking advantage of the neurogenetics tools available with Drosophila model system, Tschida and Bhandawat (2015) found two dopaminergic DINs in Drosophila GNG and tested whether their activity promotes walking. This investigation was motivated by previous studies in reduced preparations which showed that application of dopamine receptor agonists elicits fictive motor rhythms. The authors found that dopaminergic DINs activity correlated with certain leg movements and walking speed. But increasing dopaminergic DINs activity failed to impact on walking (Tschida and Bhandawat, 2015).



CONCLUSION AND FUTURE PROSPECTS

While numerous investigations have shown that the CRG, and in particular the CX is involved in sensory integration and processing, for example, of polarized light, others have uncovered its role in the initiation and ongoing regulation of locomotion. First, the CX appears to be involved in the arousal state of insects in preparation for the initiation of walking. Further experimental evidence indicates its role in the initiation and maintenance of walking. Asymmetrical recruitment of the CX also reveals its involvement in turning and negotiating obstacle during ongoing walking. How is the CX premotor command transferred to DINs is not known but some experimental evidence points to a region of the CX called “the LAL” (Namiki and Kanzaki, 2016). The GNG, also part of the head ganglia, and origin of many DINs appear to be involved in maintenance and inter-leg coordination of walking. Numerous DINs organized as clusters project downstream to motor centers in the nerve cord. How these neurons are involved in the initiation and regulation of coordination for steering is still unknown. Likewise, the connectivity between the CX and the DINs needs attention. Therefore, the studies compiled and reviewed here raise a number of questions where insects may still have to offer interesting insights in the neural basis of locomotion.

For instance, all moving animals require that stimuli generated by self-motion be discarded and information on self-generated movements have to be integrated into feedback systems. Therefore, circuits of corollary discharge or efference copies are most likely a component of all sensory-to-motor systems in insect and vertebrate respectively (Poulet and Hedwig, 2006; Combes et al., 2008). In contrast to most vertebrates, most insects do not possess eyes that can be moved separately from the head and, thus, for gaze stabilization the whole head has to be moved, mainly by the neck muscles which means one degree of freedom less. However, many insects and cockroaches in particular, possess long movable antennae which act as active sensors for olfactory and tactile (“haptic”) stimuli. They are moved by muscles inserting at the base of the antenna. How neck and antennal muscles are activated during walking is, to our knowledge, less studied.

The nature of the feedforward and feedback loops between the cerebral and the GNG and how these are involved in the control of walking is largely unexplored. A further unresolved issue in insects is the nature of the thoracic ascending input to the head ganglia and what is its role in fine tuning walking initiation, regulation, and coordination. Bidaye et al. (2014) addressed this issue by studying descending control of backward walking in flies. Briefly, they identified a descending neuron that initiate backward walking (MDN) and an ascending neuron (MAN: moonwalker ascending neuron that appears to inhibit forward and facilitate backward walking. Finally, there must be location in the CRG where the sensory information from the head sensors (goal direction) and legs sensors (proprioception) converge for appropriate initiation and coordination of walking.

The expression of multiple neuropeptides and neurotransmitters in Drosophila and other insect CX must be associated with different functional roles. As several neuropeptides are expressed in the circuitry of the CX, some may be modulators of locomotor behavior. The CX complex is rich in neuroactive substances. Among the biogenic amines and neuropeptides substances in neurons or innervating neurons of the CX are octopamine, serotonin, dopamine and allatotropin, leucokinin, myoinihibitory peptide, RFamides, Tachykinin-like peptide, and more (Pfeiffer and Homberg, 2014). Moreover, mapping metabotropic, G-protein-coupled receptors (GPCRs) of several neurotransmitters and neuromodulators to neurons of the CX show that chemical signaling and signal modulation are diverse and highly complex in the different compartments and circuits of the Drosophila CX (Kahsai et al., 2012). Only a few studies have addressed the role of these substances in locomotion. When the roles of two different neuropeptides (tachykinin and sNPF) in of Drosophila locomotor behavior, Kahsai et al. (2010) found that each is involved in different aspects of locomotion, orientation during locomotion, and locomotor activity levels, respectively. The initiation and maintenance of walking is context dependent and must be regulated by the internal state of the insect which depends on the metabolic and/or hormonal states and neuromodulatory systems. Such internal state must have an impact on the selection of a subpopulation of descending neurons dedicated to specific motor behavior such as, to name a few, walking, flight, grooming, righting.

Although the evolution of the brain in vertebrate and invertebrate phyla may follow a different “bauplan,” such difference does not imply that vertebrate and invertebrate motor systems are functionally different. Both systems control an articulated skeletal system using muscles which are in turn controlled by motor neurons. Notably, Strausfeld and Hirth (2013) draw functional similarities between the insect CX and the vertebrate basal ganglia as well as the insect GNG with the brain stem of the vertebrate brain. Future studies on different insects, combining electrophysiological, molecular, and behavioral studies with, for example, CRISPR-based genetics strategies might lead to answer these questions and further our understanding of the role of the head ganglia in walking and behavioral spontaneity. With this knowledge and by comparing the organization of locomotor system in invertebrates with that of vertebrates, we should uncover how such systems solve similar problems.
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