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Insect navigation: Bumblebees walk the walk
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Starting from scratch, early neuroanatomists had no choice but to observe the brain of dead insects. The development of microscopes in the nineteenth century enabled them to distinguish various regions within insects' brain, and make some inference about their function by comparing the regions' volume across species. For instance, the brain area now called the mushroom body was assumed to be the seat of insect intelligence because it was more developed in supposedly smart insects such as hymenopterans (wasps, ants, bees) compared to orthopterans (grasshoppers, locusts and crickets), or in navigating worker ants compared to sequestered queens [START_REF] Kenyon | The meaning and structure of the so-called" mushroom bodies" of the hexapod brain[END_REF] . This was not a bad bet, as we now know that this brain region enables insects to form long-term memories of multi-modal sensory experience, and is key for complex navigational tasks such as visual route following [START_REF] Webb | Neural mechanisms of insect navigation[END_REF] .

A few decades later, the development of Golgi staining techniques enabled scientists to observe individual neurons, and to make the first the first functional interpretations about the inferred neural circuits [START_REF] López-Muñoz | Neuron theory, the cornerstone of neuroscience, on the centenary of the Nobel Prize award to Santiago Ramón y Cajal[END_REF] . Staining the brains of flies, bees, locusts, dragonflies and ants led to remarkably accurate descriptions of various circuits, including beautiful drawings of the crystallised organisation of neurons in the region now called the 'central complex' [START_REF] Wehner | Early ant trajectories: spatial behaviour before behaviourism[END_REF] , which has since been shown to be the primary brain region for the insects' representation of space.

By the mid-twentieth century, behavioural experimentalists had shed light on the strategies underlying insect navigation, such as the reliance on landmark memories, the ability for path integration, and the use of the polarised skylight for compass orientation [START_REF] Wehner | Early ant trajectories: spatial behaviour before behaviourism[END_REF] . In parallel, the dream of stimulating and recording the brain of living insects became a reality with advances in electrophysiology: the key was to use hardy beasts such as crickets or cockroaches, which could survive the requisite operation [START_REF] Huber | Untersuchungen über die Funktion des Zentralnervensystems und insbesondere des Gehirnes bei der Fortbewegung und der Lauterzeugung der Grillen[END_REF] .

Experiments involving stimulating the brain demonstrated the role of the central complex for motor control, while recording neural activity in this region disclosed the existence of 'compass' neurons [START_REF] Pfeiffer | Organization and functional roles of the central complex in the insect brain[END_REF] .

In parallel, a much smaller and more fragile insect had come the fore: the geneticists favourite Drosophila melanogaster. The availability of neurogenetic tools in this species makes it possible to silence, stimulate or image targeted populations of neurons, even while the animal is behaving. It then became possible to witness the insect compass in action: as the fly rotates, a bump of neural activity was observed to rotate along the circular structure of the central complex; quite literally keeping track of the insect's current heading [START_REF] Seelig | Neural dynamics for landmark orientation and angular path integration[END_REF] . What is more, experiments involving targeted activation of this area showed how surrounding terrestrial cues can be quickly memorised, through synaptic plasticity, to participate in maintaining this sense of direction [START_REF] Kim | Generation of stable heading representations in diverse visual scenes[END_REF] .

Drosophila may not, however, be the best subject when it comes to studying navigational skills.

Ecologically, they have no particular reason to learn routes, and current research is now trying to develop assays using reinforcers to incite these small flies to disclose their ability for path integration [START_REF] Behbahani | Drosophila re-zero their path integrator at the center of a fictive food patch[END_REF] . In contrast, champion navigators such as wasps, bees or ants can be motivated with remarkable ease to learn routes and/or display stunningly accurate path integration [START_REF] Collett | Spatial memory in insect navigation[END_REF] . There is therefore still an incentive to try to probe the brain of different species. But this requires the development of appropriate new techniques, and this endeavour has led to a panel of unorthodox approaches perhaps as diverse as the insects' navigational behaviours themselves. Some researchers decided to leave ants free to roam in the field but recorded their ability to navigate home after injection into a brain region of some pharmaceutical compound. This approach lacks neural precision, but it did show that visual route memories are indeed encoded within the mushroom bodies [START_REF] Kamhi | Vertical lobes of the mushroom bodies are essential for view-based navigation in Australian Myrmecia ants[END_REF] . Others decided to tether their favourite insects -whether by walking on a spherical treadmill [START_REF] Dahmen | Naturalistic path integration of Cataglyphis desert ants on an air-cushioned lightweight spherical treadmill[END_REF] or just flying while glued to a stick [START_REF] Beetz | Flight-induced compass representation in the monarch butterfly heading network[END_REF] -and observe them expressing long-range navigational task while staying on a same spot. In this manner, researchers recently managed to record central complex neurons of flying monarch butterflies, a migratory species, and realised that compass neuron responses are dependent on the animal activity state: they found that the cells behave as compass neurons only during active flight and not while the animal is resting [START_REF] Beetz | Flight-induced compass representation in the monarch butterfly heading network[END_REF] . Some scientists have built insect-robot interfaces, enabling for instance a moth or a cricket to drive their vehicle on-board using smell or sound [START_REF] Ando | Insect-machine hybrid robot[END_REF] . Most daring, others tackled the technological challenge of tethering a bee on a quadcopter, and used electrophysiology to probe the brain of the bee while she was being carried at 20 km/h above natural landscape [START_REF] Paffhausen | A flying platform to investigate neuronal correlates of navigation in the honey bee (Apis mellifera)[END_REF] .

In their new work, Patel et al. [START_REF] Patel | Vector navigation in walking bumblebees[END_REF] explored another promising method. They showed that bumblebees can display most aspects of path integration as observed in the wild, while walking over a short distance in the lab. They plugged a bumblebee nest-box to the floor of a 1.5 m diameter arena, and let the foraging bumblebees spontaneously explore the arena to find a food source (Figure 1). Once fed, bumblebees that were transferred to a replica of the arena, to get rid of odour cues, spontaneously walked in the correct direction and started to search where the nest entrance should have been. This demonstrates that the insect has encoded both the direction and distance of their nest entrance: that is, a proper path integration vector. What is more, rotating the visual cues provided in the arena, such as polarised light or a green-light spot, triggered an equivalent rotation of the insect homing behaviour, demonstrating that the external compass cues can be tightly controlled in this set up. The recipe is simple, and crucially, the bumblebees are tough creatures: the team demonstrated that these insects had no problem in remembering their learnt vector and home properly after a sham surgical brain operation. Together, this opens a novel avenue to study how the brain of insects can integrate and memorise direction and distance.

It is only through a diversity of approaches that we can hope to understand the richness and complexity of insect navigational behaviours [START_REF] Moël | Towards a multi-level understanding in insect navigation[END_REF] . The last decades have brought a remarkable variety of ingenious methods to probe insects' brain, so we can be confident that the field is well on route and will carry on walking. In the new work of Patel et al. [START_REF] Patel | Vector navigation in walking bumblebees[END_REF] , a bumblebee hive is directly connected to a circular arena of 150 cm diameter where visual cues such as polarised light or bright green spots can be fully controlled. Foraging bumblebees are free to explore the arena and eventually find the food location (purple trajectory). Once fed, the insect can then be transferred to a twin arena, where its return path can be recorded (green trajectory). Under these conditions, walking bumblebees exhibit the hallmarks of vector navigation: they head to where the nest should be (based on the visual cues provided) and begin searching for their nest entrance at the correct distance. This ability persists even after brain surgery, making this protocol a promising way to study the neural basis of the insect representation of distance and direction. 
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 1 Figure 1. A new set-up to study path integration in walking bumblebees.
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