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 24 

ABSTRACT 25 

Behavioral and internal state modulation of sensory processing has been described in several 26 

organisms. In insects, visual neurons in the optic lobe are modulated by locomotion, but the 27 

degree to which visual-motor feedback modulates these neurons remains unclear. Moreover, it 28 

also remains unknown whether self-generated and externally generated visual motion are 29 

processed differently. Here, we implemented a virtual reality system that allowed fine-scale 30 

control over visual stimulation in relation to animal motion, in combination with multi-channel 31 

recording of neural activity in the medulla of a female honeybee (Apis mellifera). We found that 32 

this activity was modulated by locomotion; however, in most cases, only when the bee had 33 

behavioral control over the visual stimulus (i.e., in a closed-loop system). Moreover, closed-loop 34 

control modulated a third of the recorded neurons, and the application of octopamine (OA)  35 

evoked similar changes in neural responses that were observed in a closed-loop. Additionally, in 36 

a subset of modulated neurons, fixation on a visual stimulus was preceded by an increase in 37 

firing rate. To further explore the relationship between neuromodulation and adaptive control of 38 

the bee's visual environment, we modified motor gain sensitivity while locally injecting an OA 39 

receptor antagonist into the medulla. Whereas female honeybees were tuned to a motor gain of -2 40 

to 2 (between the heading of the bee and its visual feedback), local disruption of the OA pathway 41 

in the medulla abolished this tuning, resulting in similar, low levels of response across levels of 42 

motor gain. Our results show that behavioral control modulates neural activity in the medulla and 43 

ultimately impacts behavior.  44 

 45 

 46 
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SIGNIFICANCE  47 

When moving, an animal generates motion of the visual scene over its retina. We asked whether 48 

self-generated and externally generated optic flow are processed differently in the insect 49 

medulla. Our results show that closed-loop control of the visual stimulus modulates neural 50 

activity as early as the medulla, and ultimately impacts behavior. Moreover, blocking 51 

octopaminergic modulation further disrupted object tracking responses. Our results suggest that 52 

the medulla is an important site for context-dependent processing of visual information and that 53 

placing the animal in a closed-loop environment may be essential to understand its visual 54 

cognition and processing. 55 

 56 

INTRODUCTION 57 

An animal's response to a stimulus often depends upon the context under which the stimulus is 58 

processed. This context may depend upon physiological state, or other conditions associated with 59 

the sensory environment. For example, the influence of internal state on vision has been 60 

extensively studied in the visual cortex of vertebrates, including primates (Kastner and 61 

Buschman, 2017) and mice (Khan and Hofer, 2018; Koay et al., 2019), where both body motion 62 

and features of the visual environment impact neural responses. In insects, the locomotion state 63 

(e.g., walking, running, or flying) also modulates visual processing in multiple brain regions, 64 

including the central complex and lobula region of the optic lobe (Paulk et al., 2015; De Bivort 65 

and Van Swinderen, 2016; Green et al., 2017). However, the degree to which self-motion 66 

modulates upstream visual brain loci remains less well understood (Tuthill et al., 2014). 67 

The small brains of insects are particularly well-suited for studying the links between 68 

sensorimotor context, neural processing, and behavior. With these tractable and comparatively 69 
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simple brains, insects nevertheless exhibit diverse behaviors that are integrally linked to 70 

sensorimotor state. For instance, free-flying forager honeybees (Apis mellifera) can learn the 71 

concept of sameness and difference (Giurfa et al., 2001), and can discriminate different human 72 

faces (Dyer et al., 2005). However, visual learning abilities are dramatically reduced when bees 73 

are tethered (Hori et al., 2006; Hori et al., 2007; Sakura et al., 2012), or when head motion is 74 

restrained (Niggebrugge et al., 2009; Mota et al., 2011). Recent studies have demonstrated that 75 

allowing a bee to walk or move its head while placed in a virtual reality environment increases 76 

learning success (Rusch et al., 2017; Buatois et al., 2017). These results suggest that 77 

sensorimotor feedback is critical for visual learning in honeybees.  78 

The spatial and temporal stimuli an insect experiences as it navigates will depend on 79 

features of its surroundings and the dynamics of its locomotion. In interactions with the 80 

environment, the ability to modify behavioral output to generate the expected consequences 81 

requires closed-loop control of behavior, and is critical for survival. This closed-loop control of 82 

behavior has important implications for neural processing of sensory stimuli, and an insect’s 83 

sensitivity to feedback control. For instance, there is growing evidence that flying a straight path 84 

is primarily an operant behavior in the fruit fly Drosophila melanogaster (see Brembs, 2009 for 85 

review). Recently, researchers have trained bumblebees (Bombus spp.) to adjust their motor 86 

actions to perform complex learning tasks, such as successfully pulling strings or rolling balls to 87 

obtain a reward (Alem et al., 2016; Loukola et al., 2017). Such studies demonstrate that the 88 

insect sensorimotor system continually updates behavior to achieve goal-oriented tasks. 89 

Although feedback sensitivity to visual stimuli has been well characterized (Wolf and 90 

Heisenberg, 1991; Wolf et al., 1992; Heisenberg et al., 2001; Bahl et al., 2013), the interplay 91 
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between motor gain and neural processing is less clear (Wolf & Heisenberg, 1986; Fank et al., 92 

2014; Paulk et al., 2015).  93 

Octopamine (OA), a well-known neuromodulator in many insect species, is integrally 94 

linked to locomotion state, and facilitates the processing of images at increased rates during 95 

locomotion (Roeder, 1999; Chiappe et al., 2010; Maimon et al., 2010; Suver et al., 2012; Tuthill 96 

et al., 2014). For example, in flies, the release of OA during flight increases gain in lamina and 97 

lobula plate neurons (Suver et al., 2012; Tuthill et al., 2014, Strother et al., 2017). However, 98 

whether self-generated versus externally generated motion modulates neural activity in the 99 

medulla is still unclear, as is the interaction between OA and motor gain in tuning visually-100 

evoked responses. In this study, we ask 1) how optic flow impacts neural processing in the 101 

honeybee medulla; 2) how behavior is impacted by the relation between honeybee motion and 102 

visual input; and 3) if OA is involved in the observed modulation. Together, our results show 103 

that neural responses in the medulla are strongly modulated by sensorimotor feedback, and that 104 

OA is critical for the sensitivity of motor gain at both the behavioral and neural levels. 105 

 106 

MATERIALS AND METHODS 107 

1. Honeybees collection and preparation 108 

Sixty-eight forager female honeybees were used in electrophysiological and behavioral 109 

experiments between 2018 and 2020 (11 bees for the neuronal recording experiments, 57 for the 110 

behavioral experiments including 21 for the local-injection pharmacology experiment). 111 

Honeybees were either collected from the University of Washington campus (Seattle WA, USA) 112 

or were shipped from Arizona State University (Tempe, AZ USA). Based on the behavioral 113 

experiments, there were no significant differences between bees from these locations (2-group 114 
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Mann-Whitney U Test, distance walked: Seattle vs. Tempe, W = 7796, P = 0.437, n = 20 and 16 115 

respectively).  Bees were kept at 25±1°Celsius and under 50±5% relative humidity in containers 116 

( 11 × 7.5 × 8.5 cm), with a 30% (w/w) sucrose solution (Sigma-Aldrich, St Louis, MO, USA) 117 

available ad libitum. Before experiments, bees were anesthetized on ice and tethered by the 118 

thorax and head to a custom 3D printed holder using UV-activated glue (3:1 mix of Loctite 3104 119 

Light Cure Adhesive, Loctite, Düsseldorf, Germany, and UV Glue GL114, JewelrySupply.com, 120 

USA) and dentist wax (Patterson Dental Supply, Saint Paul, USA)(Fig. 1A). The custom holder 121 

allowed us to precisely cut a small window in the cuticle (from the ocelli to the antennae and 122 

from one eye to the other) to access the brain in the electrophysiological or pharmacological 123 

experiments. After tethering, bees were fed with up to 30μl of 50% (w/w) sucrose solution to 124 

check for motivation and allowed to recover for at least 20 min to an hour in a dark, warm and 125 

humid environment (25±1◦Celsius, 55±5% relative humidity). Around 7% of bees were 126 

discarded due to the general lack of locomotion activity after recovering and placed on the 127 

locomotion compensator (forward velocity < 5 mm per second over the experiment). 128 

 129 

2. Experimental setup 130 

The virtual environment is composed of a locomotion compensator, a screen, and a projector 131 

(Fig. 1A). The virtual environment has been described in Rusch et al., 2017. Briefly, the 132 

locomotion compensator is an omnidirectional treadmill used to measure the planar trajectories 133 

(translation and rotation on the plane) of walking bees. The treadmill consists of a light plastic 134 

ball (W9989 Jumbo Table Tennis Balls 55 mm, SS Worldwide), a custom-designed 3D printed 135 

support structure (adapted from Moore et al., 2014), an aquarium pump (air pump AP-4, Danner 136 

Manufacturing, Islandia, NY, USA) and two optic laser sensors (ADNS-9800 Laser Motion 137 
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Sensor, Jack Enterprises, Cookeville, TN, USA), sampled at 50 Hz using a microcontroller 138 

(RedBoard, SparkFun Electronics, Niwot, CO, USA). The locomotion compensator sits at the 139 

center of a cylindrical visual arena (frosted mylar, 20 cm diameter, 30.5 cm high), subtending 140 

250° with a 110° opening in the rear to allow access to the bee and electrode insertion.  A video 141 

projector (Acer K132 WXGA DLP LED Projector, 600 lm) positioned above the arena projects 142 

the visual stimuli downwards onto the mylar screen. The visual stimuli are either presented 143 

stationary, rotated in closed-loop as a function of the calculated bee heading (i.e., the visual 144 

scene moves laterally with the rotation of the ball), or rotated in open-loop based on predefined 145 

inputs. 146 

 147 

3. Visual stimuli 148 

All experiments were conducted in a dark room. Visual stimuli on the screen were single green 149 

or blue bars (5 cm width, or a visual angle of 28°) projected on a black background, or vertical 150 

gratings of bars (28°). Stimuli were presented in open-loop (either static, or moving in yaw direct 151 

at 100°/sec) or in closed-loop. Closed-loop trials using single bars were subsequently replayed in 152 

open-loop (replay). The stimuli were similar in brightness (blue stimulus: peak at 451 nm, 18 153 

lux, 0.02 W/m
2
; green stimulus: peak at 537 nm, 21 lux, 0.03 W/m

2
) and surface area (152.5 154 

cm
2
). All experiments were conducted under red light (Bulbrite light bulb, 130V, 10W, red; 155 

covered by a red filter: Rosco Roscolux Medium Red, Lighting Filter). The visual angles of both 156 

stimuli were above the threshold for discrimination against the background and chromatic 157 

perception (Giurfa and Vorobyev, 1997). Spectral characteristics of the visual stimuli were 158 

obtained by measuring the relative irradiance of each stimulus (Ocean Optics, USB2000+ 159 

Spectrometer, Oceanview software, calibration light HL-2000). Visual stimuli were displayed on 160 
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a black background, as this elicited strong fixation and phototactic responses (Rusch et al., 161 

2017)(Fig. 1D). In addition to the blue and green stimuli, a closed-loop pattern of multiple 162 

human-grey bars was presented between trials. 163 

 164 

4. Behavioral experiments 165 

Three experimental series were performed in the virtual environment: simultaneous behavioral 166 

and electrophysiological recording experiments (n = 11 bees, 90 total units; recording length of 167 

approximately 7200 seconds), behavioral experiments alone (n = 36 bees, 1800 seconds), and 168 

behavioral experiments coupled with pharmacological manipulation of OA in the bee optic lobe 169 

(n = 21 bees, 1200 seconds). The first series was performed to explore the impact of closed-loop 170 

control on neural activity in the medulla, whereas the second series examined the impact of gain 171 

on the behavioral responses. The last series served to explore further the involvement of OA in 172 

the observed behavioral adaptation to levels of motor gain.  All experiments were performed in a 173 

dark room and started with a 120 second acclimation period with a black screen. For all 174 

experiments, the forward and angular velocities, the animal heading, and the stimulus position 175 

were recorded at 20 Hz. We defined fixation when the stimulus was maintained within ±20° in 176 

front of the honeybee for at least one second while it walked towards the visual stimulus. Visual 177 

fixation has been extensively studied in closed-loop paradigm in both walking and flying virtual 178 

environments and corresponds to the attempt of an animal to bring a visual stimulus in the center 179 

of its field of view (e.g., Reiser and Dickinson, 2008; Paulk et al., 2014). For the analysis of the 180 

impact of fixation bouts on neural activity, only bees that fixated more than 5-times throughout 181 

the closed-loop presentations were used in the analyses (n = 9 bees). Bees fixated, on average, 20 182 

bouts throughout the experiment (20 ± 4.14, mean ± s.e.m.) and for 2.33 seconds per bout. 183 
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 184 

Open-loop, Closed-loop, and Replay experiments: 185 

In the first series of experiments, we presented the honeybee with either a single green or blue 186 

bar that moved across the screen in the yaw direction at 100°/sec     . We next presented the bar 187 

in closed-loop for a 20-second duration, followed by a replay trial where the motion of the 188 

closed-loop visual stimulus was repeated to the honeybee in open-loop (Fig. 1B). In between 189 

presentations, a black screen was presented for 20 seconds. In all trials, the initial position of the 190 

visual stimulus was -40°, on the left side of the screen, corresponding to the side of the recorded 191 

medulla (see below). The number of closed-loop and replay presentations ranged from 16 to 50 192 

per preparation.   193 

  194 

Gain experiments: 195 

In the second experimental series, we manipulated the gain between the animal motion and the 196 

motion of the visual scene to explore further the sensitivity and impact of closed-loop control on 197 

visual processing (Fig. 1B). A gain of -1 is the default in our virtual environment and is defined 198 

as 1° change in the animal heading corresponding to a 1° motion of the visual stimulus in the 199 

other direction. Bees were presented a green or blue bar in closed-loop at 12 different levels of 200 

motor gain, [-5, -3, -1.5, -1, 0.5, -0.1, +0.1, +0.5, +1, +1.5, +3, +5]. Each presentation lasted for 201 

20 seconds, and the levels of motor gain were randomly assigned and presented at least four 202 

times each. To maintain similar levels of behavioral responses throughout the experiment, 203 

between each trial a pattern of gray bars was presented in closed-loop for 10 seconds at a gain of 204 

-1. 205 

 206 
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5. Multi-channel recordings 207 

A hole was cut in the cuticle of the head capsule, as described above, to expose the medulla on 208 

both sides of the brain. The brain was superfused continuously with physiological saline solution 209 

(130 mM NaCl, 6 mM KCl, 4 mM MgCl2, 5 mM CaCl2, 160 mM sucrose, 25 mM glucose, 10 210 

mM HEPES, pH 6.7) at room temperature. The multi-channel electrode was positioned in the left 211 

medulla under visual control using a microscope and micromanipulator. Recordings were made 212 

with 16-channel silicon multielectrode (A2x2 3 mm, 150-150-121 and A4x4 3mm, 50-125-177, 213 

Neuronexus Technologies, Ann Arbor, MI). Electrophysiological signals were amplified 214 

10,000X and filtered (lowpass: 6kHz; highpass: 300Hz), recorded and digitized using Tucker-215 

Davis acquisition software (Tucker-Davis Technologies, FL, USA). Spike data after thresholding 216 

was subsequently manually clustered using Offline Sorter (Plexon, Dallas, TX, USA). Only well-217 

clustered units that separated in a three-dimensional space (PC1-3) after statistical verification 218 

(multivariate Anova, P < 0.05), were used in the analysis. Unit responses were initially examined 219 

in Neuroexplorer (Nex Technologies, Winston-Salem, NC, USA) before being analyzed through 220 

custom-written and open-source code      in Matlab and the Statistics Toolbox (release 2019a, 221 

The MathWorks, Inc., Natick, MA, USA). To characterize if a unit was responsive to the static 222 

visual stimulation, we calculated the firing rate during stimulation and compared it with the 223 

firing rate immediately before the stimulus onset for the same duration using a Wilcoxon signed-224 

rank test for paired samples (α= 0.05). For the moving visual stimulation, we used the same 225 

method but comparing the firing rate at the onset of the visual stimulation and during the motion 226 

of the visual stimulus. For both the static and the moving visual stimulation, units that spiked less 227 

than 1 spike/sec. were excluded from the analysis. During closed-loop and replay experiments, 228 

firing rate responses were estimated using bins of 50 ms and used to classify units based on their 229 
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responses to visual stimulation. In total, 90 units from 11 individuals were recorded 230 

simultaneously with behavior (mean = 8 units per preparation). From those 90 units, 44 231 

responded to the presentation of the blue or green bars, and 18 responded significantly to visual 232 

motion (Fig. 1E, F). Only 55 units were used to explore the impact of the closed-loop control as 233 

their spontaneous activity and visual-evoked responses were stable over time (Fig. 2C).  234 

 235 

6. Pharmacological experiments 236 

The OA antagonist (Epinastine hydrochloride, Sigma Aldrich, St Louis, MO, USA) and agonist 237 

(OA hydrochloride, Sigma Aldrich, St Louis, MO, USA) were dissolved in saline at a 238 

concentration of 4.10
-3

M and 10
-4

M respectively. Epinastine is a highly specific octopamine 239 

receptor antagonist in honeybees, with a much lower binding affinity (10
4
-times) for other 240 

bioamine receptors (Roeder et al., 1998). Our Epinastine concentrations were similar to those of 241 

previous studies in honeybees (Rein et al., 2013; Tedjakumala et al., 2014). Drugs or saline alone 242 

(control) were injected either into the brain as bath application (Octopamine [OA], 10x20 nl) or 243 

directly inside each medulla (Epinastine, 2x2nl). For the local injection, volumes injected were 244 

calibrated before and after injection using a Malassez cell, and injections were performed 15 245 

minutes before the experiment started. 246 

 247 

7. Immunohistochemistry 248 

Microelectrode insertion: 249 

To image the insertion of the microelectrodes in the medulla, the tips of the silicon electrodes 250 

were coated with a solution of 2% Texas Red (Thermo-Fisher Scientific, Waltham, MA, USA) 251 

mixed in saline. After the experiment, heads were removed into cold (4° Celsius) fixative 252 
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containing 4% paraformaldehyde in phosphate buffered saline, pH 7.4 (PBS, Sigma-Aldrich, St 253 

Louis, MO, USA) and left overnight at 4° Celsius. The following day, the heads were washed 254 

two times over 20 minutes in PBS, and the brains dissected and then embedded in agarose. The 255 

resulting embedded tissue was cut into 60 μm serial sections using a Vibratome. Sections were 256 

washed in PBS containing 0.5% PBS-Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) two 257 

times over 20 minutes. Then 50 μL normal serum was added to each well containing 1 mL PBS-258 

TX. After 1 hour, the primary antibody was added to each well, and the well plate was left on a 259 

shaker overnight at room temperature. The next day, sections were washed six times over 20 260 

minutes, and 2.5 μL of Cys3 Donkey anti-mouse IgG, Alexa Fluor 488 (ThermoFisher Sci-261 

entific, Waltham, MA, USA) was added to 1 ml of PBS-TX in each well and the well plate was 262 

again left on the shaker overnight. Tissue sections were then washed in PBS six times over 3 263 

hours and embedded on glass slides in Vectashield (Vector Laboratories, Burlingame, CA, 264 

USA). After at least 24 hours at 4° Celsius, the brain tissue was imaged using a Leica SP5 laser 265 

scanning confocal microscope, and the resulting image stacks were processed using ImageJ 266 

(National Institutes of Health) 267 

 268 

Characterization of pharmacological microinjections:  269 

To allow us to both visualize the insertion site of capillaries and the spread of the solution after 270 

microinjection, we mixed the saline or OA antagonist solution with 2% Texas Red (Thermo-271 

Fisher Scientific, Waltham, MA, USA). After the experiment, the head of the honeybee was 272 

removed and placed in 4% PFA and left overnight at 4° Celsius. The following day, the heads 273 

were washed 6 times in PBS for 20 minutes each before the brains were removed from the head 274 

capsule. Brains were dehydrated in a series of increasing ethanol solutions followed by clearing 275 
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in methyl salicylate (1:1 with 100% ethanol, then 100% methyl salicylate). After at least 24 276 

hours at 4° Celsius, the brain tissue was imaged using a Leica SP5 laser scanning confocal 277 

microscope. The images were processed using ImageJ (National Institutes of Health). 278 

 279 

8. Data Analysis 280 

Normalized firing rate: 281 

To compare firing rate between closed-loop and replay trials, we calculated a normalized 282 

difference: 283 

(1) ∆𝐹𝑖𝑟𝑖𝑛𝑔 𝑅𝑎𝑡𝑒 =
𝑀𝑒𝑎𝑛 𝐹𝑖𝑟𝑖𝑛𝑔 𝑅𝑎𝑡𝑒𝐶𝑙𝑜𝑠𝑒𝑑−𝑙𝑜𝑜𝑝−𝑀𝑒𝑎𝑛 𝐹𝑖𝑟𝑖𝑛𝑔 𝑅𝑎𝑡𝑒𝑅𝑒𝑝𝑙𝑎𝑦

𝑀𝑒𝑎𝑛 𝐹𝑖𝑟𝑖𝑛𝑔 𝑅𝑎𝑡𝑒𝐶𝑙𝑜𝑠𝑒𝑑−𝑙𝑜𝑜𝑝
, 284 

 285 

where mean firing rate responses for closed-loop or replay stimulus presentations were 286 

calculated over a 16-second window 2 seconds after the onset of the stimulus and averaged over 287 

16-50 trials for each unit.  To statistically analyze closed-loop and replay responses, for each unit 288 

we assessed the difference in ΔFiring Rate (hereafter: ΔFR) by comparing the closed-loop and 289 

replay datasets to a null distribution of 100 bootstrapped pairwise differences randomly drawn 290 

from the combined closed-loop and replay visual stimulus datasets.  291 

 292 

Generalized linear model: 293 

For each responsive unit, we applied the following Generalized linear regression model 294 

assuming a Poisson distribution: 295 

 296 
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(2)   𝑙𝑜𝑔 (𝑆𝑝𝑖𝑘𝑒 𝑐𝑜𝑢𝑛𝑡)  = 1 + 𝑆𝑡𝑖𝑚𝑢𝑙𝑢𝑠 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 + 𝐹𝑜𝑟𝑤𝑎𝑟𝑑 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 + 𝐻𝑒𝑎𝑑𝑖𝑛𝑔 +297 

𝐵𝑒ℎ𝑎𝑣𝑖𝑜𝑟𝑎𝑙 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 298 

 299 

where the Stimulus Position variable corresponded to the position of the bar on the screen, the 300 

Forward Velocity and Heading to the instantaneous forward velocity and heading of the animal 301 

at the same instant, and the Behavioral Control variable corresponded to the level of motor gain 302 

during the trial, either open-loop (replay) or closed-loop. All variables were recorded at 20 Hz, 303 

and the model was trained on 80% of the dataset and the 20% left were used to predict the firing 304 

rate using the trained model. The random sampling of the dataset for training and testing was 305 

balanced across behavioral control labels (closed-loop and replay trials). For each unit, the model 306 

was run 100 times, and the mean of the P-values against the null model and of predictors was 307 

extracted to assess if the model was different from a null model and if the behavioral control was 308 

a significant predictor of spiking activity. The resulting Akaike Information Criterion (AIC) 309 

values were used to evaluate the different variables (with and without Behavioral Control) on the 310 

model results.  311 

 312 

Singular value decomposition: 313 

To reduce the dimensions in our dataset, we applied singular value decomposition (SVD) where 314 

the mean-centered matrix A of normalized firing rate: 315 

 316 

(3)     𝐴 = 𝑈𝛴𝑉∗ 317 

 318 

The U and V matrices are orthogonal, unitary, and their columns correspond to the eigenvectors 319 

of AA
T 

and A
T
A. The U matrix corresponds to the modes of the decomposition and the weight 320 
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associated with each mode is given by their corresponding singular values (diagonal of the 321 

matrix Σ). The SVD was applied either to a population of neurons or a single unit. When applied 322 

to a population of neurons, the mean-centered matrix A corresponded to the normalized mean 323 

across trials for each unit. When applied to a single unit, the mean-centered matrix A 324 

corresponded to the firing rate under different conditions (e.g., fixation bouts and randomly 325 

selected bouts). We then compared the energy contained in each mode across the different 326 

conditions.  327 

 328 

k-nearest neighbor classification  329 

To build a model that would classify and predict behavioral control based on the firing rate of the 330 

population, we separated the matrix into two subsets, one containing 80% of the data for training 331 

our model and the other 20% for testing. We then applied the SVD to the training matrix to 332 

extract the most essential features. The testing matrix was projected on the SVD space obtained 333 

with the training matrix to obtain the Vtest matrix:  334 

 335 

(4)     𝑉𝑡𝑒𝑠𝑡 =  𝑈′𝐴𝑡𝑒𝑠𝑡 336 

 337 

A k-nearest neighbor classifier algorithm using the three closest neighbors was trained with the 338 

matrix V and tested with the matrix Vtest. The training-testing steps were repeated 100 times to 339 

assess the mean accuracy in both training and testing.  340 

 341 

Gain experiment behavioral data analysis:  342 
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The data collected (stimulus position, animal heading, and velocity) in the gain experiment were 343 

analyzed, and all statistical tests were computed using R software (R Development Core Team, 344 

2016) and the circular package. A random walk model was developed to ensure the difference in 345 

duration of fixation bouts observed was not only due to the difference in the animal velocity. In 346 

the model, a fictive animal can take a step in one of three different directions (left, right, 347 

forward) with the same probability at every timestamp, and the “amplitude” of the step was 348 

randomly drawn from the angular velocity distribution of the Epinastine- and saline-injected 349 

bees.  350 

 351 

RESULTS 352 

1. Locomotion state and turning behavior impact neuronal activity in the medulla 353 

To explore the impact of locomotion on neuronal responses in the optic lobe, we placed tethered, 354 

walking bees in a virtual reality arena while performing multi-channel recording in the bee 355 

medulla (Fig. 1A). Visual stimuli included static and moving vertical gratings or single bars (size 356 

28°, velocity 100°/sec) that were presented in closed-loop trials and subsequently replayed in 357 

open-loop trials (Fig. 1B). Bees exhibited robust fixation responses to all visual stimuli, and 358 

during closed-loop trials they maintained the visual stimulus in the frontal region of the eyes (Fig 359 

1C, D). Based on the single unit responses to these visual stimuli, approximately 69% of neural 360 

units were sensitive to the onset of a colored visual stimulus, or to the onset and the motion of a 361 

colored visual stimulus (Fig. 1E, F). 362 

While walking speed is known to modulate neural activity in insect optic lobes (e.g., 363 

Chiappe et al., 2010; Paulk et al., 2015), it is unclear how closed-loop control impacts early brain 364 

loci such as the medulla. We examined bee walking and turning behaviors with respect to 365 
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position of a visual stimulus, and classified the behavior into active and non-active bouts based 366 

on our observations and recordings. We considered the honeybee to be walking if its forward 367 

velocity was at least 2.5 mm/sec. (Fig. 2A), or turning when its absolute angular velocity was 368 

greater than 20°/sec (Fig. 2A). During closed-loop trials, bees walked 66.25 ± 8.27 % of the time 369 

(mean ± standard error), and 66.56 ± 8.49 % during replay trials. The average forward velocity 370 

of walking bouts was 9.48 ± 1.55 mm/sec (mean ± s.e.m.) during closed-loop trials, and 1.14 ± 371 

0.09 mm/sec during bouts defined as non-walking.  372 

We found no difference in walking or turning velocities between closed-loop and replay 373 

trials, across all bees and all trials (Fig. 2B, Wilcoxon rank-sum test for closed-loop versus 374 

replay trials, forward velocity: z = -1.761, P = 0.07; angular velocity: z = 0.56, P = 0.57). 375 

However, the locomotion state did impact single unit responses (Fig. 2D). A significantly greater 376 

number of units were modulated during closed-loop turning responses (19 units, 35% of all 377 

units), compared to only 4 units modulated by angular velocity in replay trials (two-way 378 

ANOVA, firing rate ~ angular velocity * behavioral control, Pangular velocity < 0.01; Pbehavioral control < 379 

0.01). Similar results occurred when comparing neural responses during closed-loop versus non-380 

visual stimulus (black screen, ITI) trials (two-way ANOVA, firing rate ~ angular velocity * 381 

behavioral control, Pangular velocity < 0.01; Pbehavioral control < 0.01). Walking activity also impacted 382 

neural responses. During closed-loop trials, firing rate responses were significantly altered for 8 383 

units (15% of units), compared to only 2 units modulated in replay trials or during presentation 384 

of the black screen during ITI (two-way ANOVA, firing rate ~ forward velocity * visual 385 

stimulus condition, Pforward velocity < 0.01, Pvisual stimuulus condition < 0.01; Fig. 2D).  386 

  387 

 388 
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2. Characterizing and modeling the impact of behavioral control on single unit and 389 

ensemble responses 390 

To further characterize the effects of behavioral control on single unit and ensemble responses, 391 

we first compared firing rate responses between closed-loop and replay trials in 50 ms bins 392 

during the interval from 2 to 18 sec (Fig. 2C, E). The binning and      time interval      were 393 

chosen to capture the dynamics of closed-loop control, while excluding any ON response to the 394 

onset of the visual stimulus. In 17 units, firing rate responses differed significantly between the 395 

two conditions (Fig. 2F, Wilcoxon rank-sum test, ΔFR versus 0, P < 0.05), and this difference 396 

could not be explained by variability in firing rate activity, independent of behavioral control 397 

(ΔFR versus bootstrapped ΔFR, P < 0.05).  398 

To further explore the impact of behavioral control on dynamic responses of medulla 399 

neurons, we fitted a generalized linear model to the responses of each unit for all trials (16-50 400 

trials per condition), and compared the model with and without the behavioral control variable 401 

(defined as a two-level categorical variable: closed-loop or replay) (Fig. 3A). For 30 units, 402 

behavioral control (BC) was not a significant predictor of spiking activity (Fig. 3B). For the 403 

remaining 25 units, behavior control was a significant predictor and the model differed 404 

significantly from a null model fit to the same data (P < 0.05). For each of those 25 units,      we 405 

compared the model AICs with or without the control variable. We found that for 14 units, 406 

including the behavioral control variable in the model significantly lowered the AIC values (one-407 

tailed Wilcoxon rank-sum test, AICwithBC versus AICwithoutBC, Z < -0.10, P < 0.05, Fig. 3D) and 408 

increased the R-squared values (one-tailed Wilcoxon rank-sum test, adjusted R-squaredwithBC 409 

versus adjusted R-squaredwithoutBC, Z > 1.35, P < 0.05, Fig. 3D). The predicted firing rate based 410 

on the models for those 14 units captured the observed single unit responses, and predictions 411 
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were improved by the inclusion of the behavioral control variable in the model (Fig. 3D). In 412 

contrast, for the other 11 units, including      the behavioral control variable did not improve 413 

predicted firing rates (Fig. 3C). For these 11 units, it is likely that BC is not a modulator of the 414 

firing rate in response to the visual stimulus and its motion. 415 

We next used dimension reduction techniques (singular value decomposition, SVD) to 416 

explore the impact of behavioral control at the neural population level. The SVD was applied to 417 

a matrix containing the normalized mean firing rate under three conditions: closed-loop trials, 418 

replay trials, and trials with no visual stimulus presented (Fig. 3E). At the onset of visual 419 

stimulus, firing rate responses were both higher and less variable in the closed-loop condition 420 

compared to the replay stimulus, which exhibited greater firing rate response variability in the 421 

preceding 16 sec window. To exclude ON responses, the SVD was applied to the interval from 2 422 

to 18 sec in the stimulus trials (Fig. 3E, blue dots). The ensemble responses between the closed-423 

loop and replay treatments were intermixed, but still significantly different from one another in 424 

the multivariate space (Fig. 3F). In the first mode of the SVD     , closed-loop trials were separate 425 

from the replay trials and the unstimulated (ITI) condition, whereas in the second mode, closed-426 

loop and replay trials were separate from responses to unstimulated condition (Fig. 3F). We next 427 

trained a k-nearest neighbors classification algorithm to sort the data in closed-loop, replay, and 428 

no visual stimulus trials using the first 20 modes, since these singular values were higher than for 429 

a noise model based on a shuffled dataset (Fig. 3G). Interestingly, the algorithm performed better 430 

at correctly assigning the closed-loop trials than the replay or unstimulated (ITI) trials (Fig. 3H). 431 

Classification by the algorithm was better than a random chance for both training and testing 432 

(Fig. 3I).  433 

 434 
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3. OA application increased similarity between closed-loop and replay trials 435 

Neuroamines play key roles in regulating neural activity during different locomotion states, and 436 

OA is well known to be involved in modulation of neural activity during insect flight (Maimon et 437 

al., 2010; Suver et al., 2012; Tuthill et al., 2014). To explore potential participation of OA in the 438 

modulation we observed during closed-loop trials, we superfused the brain with OA (10
-6

 M) 439 

while recording neural and behavioral activity. Both forward and angular velocities of honeybees 440 

increased after OA application (Kruskal Wallis test for saline versus OA, forward velocity: 441 

degrees of freedom [df] = 1, Chi-squared = 56.52, P < 0.001; angular velocity: Chi-squared      = 442 

75.17, P <0.001, Fig. 4A, B). Neural responses also reflected OA modulation, as follows. Prior 443 

to OA application, 6 of the 14 units recorded showed significant differences in firing rate 444 

between closed-loop and replay trials (Wilcoxon rank sum test, ΔFR versus 0, P < 0.05 and      445 

ΔFR versus bootstrapped ΔFR, P < 0.05). After OA application, firing rate responses did not 446 

differ significantly between the two stimulus conditions (Fig. 4D). In 12 of 14 units, OA evoked 447 

an increase in firing rate during both closed-loop and replay trials (Wilcoxon signed rank test, 448 

baseline firing rate with OA versus saline, P < 0.05, Fig. 4C). However, application of OA 449 

during replay did not completely recapitulate the ensemble response dynamics observed in 450 

closed-loop (Fig. 4D). Nonetheless, SVD applied to the ensemble firing rate responses showed 451 

separation between the groups in the first modes (Fig. 4E), and was reflected in the Euclidean 452 

distance in the first 20 modes (i.e., the modes with singular values above the noise model of all 453 

experimental trials, Fig.      4F), in which OA increased the similarity between replay and closed-454 

loop (Wilcoxon signed rank test, W = 88, P = 0.02, Fig. 4G).  455 

 456 
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4. Fixation behavior is dependent on the visual stimulus and is preceded by an increase in 457 

firing rate in medulla neurons 458 

The differences in neural responses between closed loop and replay motivated us to examine 459 

how the response dynamics change as the honeybee first begins to fixate on the visual stimulus. 460 

During closed-loop trials, 9 of 11 bees (82%) fixated for 2 to 4 sec (Fig. 5A). In 13 units, we 461 

observed an increase in firing rate preceding fixation (Fig. 5B-E, Wilcoxon signed rank test, P < 462 

0.05). This increase could not be explained solely by the position of the visual stimulus on the 463 

screen (Fig. 5B-D). To further explore the impact of fixation on those neurons, we extracted the 464 

spiking activity during the first second of all fixation bouts in the closed-loop trials, as well as 465 

during the preceding second. Using these data, we built a “fixation-triggered average” of firing 466 

rate responses for all units in the ensemble, as well as the ensemble firing rate responses when 467 

the bees were not fixating on the stimulus (non-fixating). When the bee was not fixating, data 468 

was randomly selected during these periods. The resulting covariance matrices had higher 469 

eigenvalues in the first mode for the fixation matrix than the corresponding non-fixating one, for 470 

all neurons exhibiting the prefixation increase in firing rate. To explore the impact of fixation on 471 

the population, we averaged the firing rate across fixation and non-fixating bouts for all units, 472 

including units that showed no difference between fixation and non-fixating bouts (Fig. 5E). 473 

After SVD analysis, the two populations separated significantly across the first mode (Kruskal-474 

Wallis test, Vclosed-loop versus Vreplay, df = 1, Chi-squared = 33.69, P < 0.001; Fig. 5F-H).  475 

 476 

5. OA in the medulla is critical for fixation behavior 477 

To further explore how OA influences the sensitivity of visual responses and feedback during 478 

closed-loop, we tested the ability of honeybees to fixate a visual stimulus at different levels of 479 
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motor gain, and under different pharmacological interventions. Immediately before the 480 

experiment, either the OA receptor antagonist Epinastine (4×10
-3 

M) or saline control was focally 481 

microinjected into both medullas. For saline-injected bees, the duration of fixation bouts differed 482 

significantly among individual bees and with gain, with increased duration of fixation bouts at 483 

gains of -2 to 2 (two-way ANOVA, duration of fixation ~ gain * bee ID, gain: F = 2.49, P = 484 

0.006; bee ID: F = 3.32, P < 0.001; interaction factor: F = 1.22, P = 0.146; n = 36; Fig. 6A, B). 485 

Saline-injected bees significantly oriented toward and fixated on the visual stimulus; however, 486 

bees injected with Epinastine were unable to maintain the visual stimulus in the frontal field of 487 

view (Watson’s two-sample test of homogeneity, test statistic = 318.22, P < 0.001; Fig. 6C). 488 

Saline-injected bees showed the same pattern as that in uninjected bees, with a significant 489 

increase in duration of fixation bouts at gains of 0.1-1.0 (Kruskal-Wallis test, duration of fixation 490 

~ gain, Chi-squared = 18.04, df = 4, P = 0.001, Fig. 6D). By contrast, Epinastine-injected bees 491 

showed no increase in duration, and fixated for a similar amount of time at all gains (Kruskal-492 

Wallis test: duration of fixation ~ gain, Chi-squared = 7.53, df = 4, P = 0.11, Fig. 6D). Overall, 493 

injection of Epinastine significantly decreased the duration of fixation bouts (Kruskal-Wallis test, 494 

duration of fixation ~ injection type: Chi-squared = 11.13, df = 1, P < 0.001, Fig. 6D). Similar to 495 

the results for duration of fixation, the proportion of trials with fixation increased in saline-496 

injected bees at gain levels from -5 to -1.5, and decreased thereafter (Fig. 6E). In Epinastine-497 

injected bees, however, the proportion of trials with at least one instance of fixation did not 498 

change with gain level, and was lower than in saline-injected bees (Fig. 6E). In addition, 499 

Epinastine-injected bees had higher forward velocities, lower angular velocities, and walked 500 

longer distances than saline-injected bees (Kruskal-Wallis test, distance walked ~ injection type: 501 

Chi-squared = 51.67, df = 1, P < 0.001; Fig. 6F, G). 502 
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To ensure that the decreased fixation observed in Epinastine-injected bees was not a 503 

result of higher walking velocity, we developed a random walk model, and compared the 504 

duration of fixation bouts of fictive bees with the collected data. In the model, fictive bees could 505 

turn right, left, or go forward with the same probability and with an angular velocity drawn 506 

randomly from the distributions observed in saline-injected or Epinastine-injected honeybees at a 507 

motor gain of -1 (Kruskal Wallis test, instantaneous angular velocity ~ injection type, P < 0.001). 508 

As in actual bees, the modeled duration of fixation of fictive bees was shorter when based on 509 

data collected in Epinastine-injected bees than in saline-injected bees (Kruskal Wallis test, 510 

duration of fixation ~ type of fictive bees, P < 0.001). However, fictive bees based on the 511 

Epinastine-injected data fixated on the visual stimulus in 55% of trials, whereas fictive bees 512 

based on the saline-injected data fixated in only 47% of trials. This last result is the opposite of 513 

what we observed experimentally (Fig. 6E), demonstrating that a decrease of angular velocity 514 

associated with greater forward velocity cannot fully explain the impact of OA antagonist on 515 

fixation behavior. 516 

 517 

DISCUSSION 518 

The brain is inherently a closed-loop system. The nervous system processes sensory signals from 519 

the environment to shape behavior, and behaviors consequently modify the environment. In the 520 

present study, we combined behavioral and multi-channel recordings in walking honeybees to 521 

explore how behavioral state and sensorimotor feedback modulate visual processing in the 522 

honeybee medulla. Our results showed that when honeybees had behavioral control over the 523 

horizontal displacement of the visual scene, a subset of spiking neurons exhibited increased 524 
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responses during the duration of the stimulus and prior to the onset of behavioral fixation, which 525 

was in contrast with results during their replay in open-loop.  526 

 527 

Behavioral modulation of visual processing 528 

The behavioral context-dependence of the neural response raises the question of mechanism. OA 529 

is an important neuromodulator of visual processing in many invertebrates, and in insects has 530 

been shown      to play an important role during locomotion (Stern et al., 1995; Longden and 531 

Krapp, 2010; Jung et al., 2011; Suvert et al., 2012; Tuthill et al., 2014; Strother et al., 2018). In 532 

honeybees, OA neurons innervate the three optic lobes with a relatively homogeneous 533 

distribution (Bicker, 1999), whereas only the medulla and the lobula are innervated in the fruit 534 

fly (Busch et al., 2009). In locusts, OA neurons with dense arborizations in the optic lobes were 535 

proposed to participate in mediating dishabituation or arousal of the visual system (Stern et al., 536 

1995). In our honeybee study, application of OA triggered a general increase in gain in the neural 537 

population, similar to that observed during closed-loop stimulation, in which the honeybee had 538 

behavioral control over the visual scene (Fig. 4F). The speed-tuning of visual processing was 539 

consistent with efficient coding, wherein tuning of neurons should match that of the 540 

environment—when shifting from non-active behavioral bouts to walking or flying bouts, the 541 

optic flow shifts toward higher frequencies.  542 

Our study adds to the ongoing redefinition of insect visual processing as more than a 543 

strictly feed-forward processing stream from the lamina to the lobula. Flying insects live in a fast 544 

world: a bumblebee, for example, flies at 7.1 m/sec, or approximately 400 body lengths/sec 545 

(Riley et al., 1999). Behavioral modulation of visual processing may ensure correct and rapid 546 

behavioral responses under different environmental conditions – as image frequencies increase 547 
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during flight, or decrease during hovering – while reducing neuronal energy consumption by 548 

dynamically altering neuron sensitivity according to locomotion state (Niven, 2016).  To our 549 

knowledge, optic lobe neuronal recordings have not been performed in non-active, walking, and 550 

flying locomotion states in the same individual. Such recordings would facilitate better 551 

understanding of how neuronal activity is modulated across the different locomotion states. 552 

Moreover, different species must rely on different strategies to process visual stimuli. For 553 

instance, the extensively studied lobula plate of the fruit fly is absent in the honeybee. 554 

Comparative studies are thus critical to achieve a more thorough understanding of neural 555 

modulation. 556 

 557 

Adaptive control of visual processing 558 

Using virtual reality, researchers have shown that insects can modify their motor patterns to 559 

achieve a goal. Fruit flies placed in a flying arena can modify their leg motion to achieve steering 560 

at both positive and negative levels of motor gain (i.e., the relationship between the insect motion 561 

and visual scene motion) (Wolf et al., 1992). Such behavior demonstrates a high level of motor 562 

pattern flexibility, and the need to combine visual processing with information from locomotion. 563 

In our experiment, honeybees showed strong aptitude for adapting their locomotion in order to 564 

orient toward a           visual stimulus (Fig. 6A). We then asked whether OA was important for 565 

adapting motion to obtain the expected visual motion. Microinjection of an OA antagonist into 566 

the medulla disrupted fixation behavior, with loss of adaptive responses to different levels of 567 

motor gain, suggesting that OA is involved in visual response tuning (Fig. 6D, E).  568 

 569 

Behavioral control and visual learning  570 
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Operant behavior has classically been used in learning protocols. The ability to learn the 571 

consequence of a particular action is critical for adaptive behavior and thus for survival. Previous 572 

studies have shown that the presence of optic flow is critical for visual learning in tethered 573 

honeybees (Rusch et al, 2017; Buatois et al., 2018), and it is possible that behavioral control will 574 

prove critical for complex learning protocols, such as the learning of abstract concepts. Over the 575 

course of our closed-loop trials, we did not identify changes in behavior or neural activity that 576 

would indicate that the bees are learning. Although our experiment did not explicitly use an 577 

operant conditioning paradigm – such as using positive reinforcement, like nectar, paired with 578 

the closed-loop visual stimulus – future studies could easily incorporate this aspect into the 579 

experimental design. One means of ensuring extraction of only the most relevant signals during 580 

learning, while dedicating the least possible amount of computational resources, can be 581 

categorized when an animal       attends to a visual object (Logan, 1992). In the presence of 582 

competing stimuli, selective fixation allows an animal to respond to specific visual objects, 583 

permitting some stimuli to evoke behavioral response while ignoring others. Visual fixation has 584 

been studied extensively in primates (reviewed in Wolfe, 2000). For instance, attention alters the 585 

synchrony of a neuronal population (Fries et al., 2001), and can modulate both the firing rate and 586 

the receptive field of neurons (for reviews see McAdams and Maunsell, 1999; Treue, 2001). An 587 

overall boost in signal gain, comparable to the increase in firing rate we observed in honeybees, 588 

has been described in the visual cortex of mice (Niell and Stryker, 2010; Schneider 2020 for 589 

reviews). Recent studies in fruit flies have shown that visual salience increases neural activity at 590 

a specific frequency, and may be correlated to behavioral selection and suppression (van 591 

Swinderen and Greenspan, 2003; van Swinderen, 2007; Tang and Juusola, 2010; van Swinderen, 592 

2012). However, these studies relied on measures of local field potential, which is proposed to 593 
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reflect the synchronous activity of a population of neurons. While we did not present competing 594 

stimuli in our study, we did observe an increase in firing rate that preceded fixation behavior 595 

during closed-loop trials (Fig. 5E). This finding is consistent with the local field potential change 596 

in the medulla that was observed to precede fixation upon one of two competing stimuli (Paulk et 597 

al., 2014). Behavioral experiments that record activity in multiple areas of the brain while 598 

presenting the animal with distractors will shed more light on attention-like processes, and their 599 

role during learning. 600 

Our results emphasize the importance of behavioral closed-loop control on visual processing 601 

in the medulla, and its interplay with behavioral and internal state modulation. The medulla has 602 

received less attention than the lobula in studies of behavioral and internal state modulation, even 603 

though a single fruit fly medulla column contains approximately 900 neurons, over 2500 604 

presynaptic sites, and more than 300000 postsynaptic sites (Takamura, Xu et al., 2015). The 605 

precise location in the visual pathway that integrates feedback from leg or wing position is still 606 

unknown. Answering this question will likely require simultaneous recordings in different brain 607 

areas, and better knowledge of the connectomics of the visual pathway. Given the impressive 608 

amount of processing taking place in the medulla, it may be a strong candidate for behavioral 609 

and internal-state modulation during visual processing. 610 

 611 
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 744 

FIGURE LEGENDS 745 

Figure 1. A Virtual Reality Environment (adapted from Rusch et al., 2017). A custom-made 3D-printed 746 

holder was glued to the head and thorax of the honeybee to prevent head motion, perfuse the brain with 747 

saline solution and ensure walking behavior (insert, topright). The multi-channel tetrodes were inserted 748 

using a micromanipulator in the medulla of the honeybee and the reference electrode was lowered in the 749 

saline bath near the tetrode. Placement of the electrodes was verified after the experiment (insert, bottom 750 
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left). B Experimental series: The replay experiment consisted in presenting to the honeybee a single bar in 751 

closed-loop for 20 seconds and subsequently presenting the replay of the visual stimulus motion in open-752 

loop. A black screen was presented to the honeybee between trials and presentations were randomized so 753 

that a replay trial did not necessarily follow a closed-loop trial. This experiment series was paired with 754 

multi-channel electrodes recording and bath application of OA agonist. The second experimental series, 755 

the gain experiment, consisted in presenting a single bar to the honeybee at different levels of motor gain. 756 

This series of experiments was paired with local injection of Epinastine, an OA antagonist, into the 757 

medulla.  C Single-bar position on the screen during closed-loop trials at different levels of motor gains. 758 

The honeybee tends to fixate on the visual stimulus (fixation zone, [-20 20] deg, green rectangle) but fails 759 

to do so at the highest level of motor gain (-3).  D Position on the screen of the vertical single-bar position 760 

over a white or a black background (top) and of the vertical grading (bottom) during closed-loop trials. 761 

When presented with a single visual stimulus, honeybees fixated on it and this behavior was not found 762 

when presented with a vertical grating (Watson-Williams test, distribution of angles single-bar vs. 763 

grading, P < 0.001). The fixation to a single visual stimulus did not depend on the background (Watson-764 

Williams test, distribution of angles white vs. black background, P = 0.22). E Neuronal activity in 765 

responses to visual stimulus (normalized mean firing rate and sem, top; raster plot, bottom; static 766 

stimulus: left; stimulus in motion: right). The insert corresponds to the spike waveform of the 767 

corresponding unit. F In total, 90 units were extracted from the neuronal recordings. 44 responded to the 768 

presentation of a static visual stimulus, 18 responded to the presentation of a moving visual stimulus. 28 769 

did not respond to any of the visual stimuli presented. From the 62 responsive units, 7 were excluded 770 

from the analysis due to changes in activity over the course of the experiment. 771 

 772 

Figure 2. A Top: Forward velocity (Forward Vel.) distribution for one honeybee. The data was divided in 773 

walking bouts (forward velocity less than 2.5 mm/sec, gray bars) and not walking bouts (forward velocity 774 

greater than 2.5 mm/sec, green bars). Bottom: Distribution of angular velocity (Angular Vel.) for one 775 
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honeybee. The data was divided in turning bouts (angular velocity >20°/sec or <-20°/sec, green bars) and 776 

not turning bouts (angular velocity between -20° to 20°/sec, gray bars). B Top: Forward velocity averaged 777 

across closed-loop or replay trials for each bee (Wilcoxon rank sum test, z = -1.761, P = 0.07, each dot = 778 

1 bee). Bottom: Angular velocity averaged across closed-loop or replay trials for each bee (Wilcoxon rank 779 

sum test, z = 0.56, P = 0.57, each dot = 1 bee) C- Neural responses (raster plots) of two units during 780 

closed-loop (blue) and replay (red) trials. Unit 1 shows decreased rate of spiking during the replay 781 

trials. D For 3 different units, mean firing rate (spikes/sec.) during walking (green) and non-walking 782 

(gray) bouts, averaged for each trial of closed-loop (CL) and between trials (ITI: inter-trial interval) where 783 

no visual stimulus (black screen) was presented to the honeybee. Shaded rectangles represent the 95% 784 

confidence interval. Unit 9 and 10 showed a significant increase in firing rate during walking bouts and in 785 

the presence of visual feedback (Kruskal Wallis test, **: P < 0.01, ***: P < 0.001). E Averaged response 786 

rates for all 55 recorded units for closed-loop trials (top) and the replay trials (bottom). Units were 787 

ordered by their response in closed-loop at time 0 sec.  F Normalized difference in firing rate between 788 

closed-loop and replay trials for the units that showed a significant difference from 0 (Wilcoxon rank sum 789 

test, P < 0.05) and from a bootstrap analysis (Wilcoxon rank sum test, P < 0.05). The colored bars show 790 

the 95% confidence interval for the ΔFR, the gray bars represent the 95% confidence interval for the 791 

bootstrapped data.  792 

 793 

Figure 3. A Generalized linear model. The design matrix contains the predictor variable: Stimulus 794 

position, Forward Velocity, Heading, Spike History, and Behavioral Control (BC). The response variable 795 

is the spike count. The model assumed a Poisson distribution of the response variable. B Measured firing 796 

rate (gray line) and predicted firing rate without the BC variable (orange line) or with the BC variable 797 

(blue) for one unit where the position of the stimulus and the BC variables were not significant predictors. 798 

The time course corresponds to a concatenation of the 20 seconds bout of different trials.  C Measured 799 

firing rate (gray line) and predicted firing rate without the BC variable (orange line) or with the BC 800 
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variable (blue) for one unit where both variables were significant predictors. The time course corresponds 801 

to a concatenation of the 20 seconds bout of different trials. The insert represents the AIC of the model 802 

with and without the BC variable.  D Measured firing rate (gray line) and predicted firing rate without the 803 

BC variable (orange line) or with the BC variable (blue) for one unit where both variables were 804 

significant predictors. The time course corresponds to a concatenation of the 20 seconds bout of different 805 

trials. The insert represents the AIC of the model with and without the BC variable. Inclusion of the BC 806 

variable did not significantly impact the AIC of the model (Wilcoxon rank-sum test, P = 0.56).      807 

Inclusion of the BC variable decreased the AIC of the model (one-tailed Wilcoxon rank-sum test, 808 

AICwithBC versus AICwithoutBC, P < 0.001).  E Distribution of the closed-loop (blue), replay (red) trials and 809 

inter-trial intervals (gray) in the first mode. The ellipses correspond to the 50% confidence interval.  F 810 

Distribution of the closed-loop (blue) and replay (red) trials, and random inter-trial intervals (e.g., without 811 

presentation of visual stimulus, gray) in the two first modes after Singular Value Decomposition.  G 812 

Singular values along modes for the firing rates and a shuffled firing rate responses. The first 20 modes of 813 

the data contain more information than the ones of the shuffled data. H Confusion matrix of the 814 

classification algorithm for the condition closed-loop (CL), replay (Rep.) and inter-trial intervals (ITI). I 815 

Percentage of accuracy in training and testing for our k-nearest neighbor classification algorithm. The 816 

dashed line corresponds to chance level (0.33).  817 

 818 

Figure 4. A Forward velocity (mm/sec) during closed-loop trials (blue), replay trials (red) and closed-819 

loop and replay trials with OA bath application (light green and dark green, respectively). The black lines 820 

represent the means. The average forward velocity is higher when OA is delivered (Kruskal-Wallis test, 821 

forward velocity: saline vs. OA, df = 1, Chi-squared = 56.52, P < 0.001). B As in A, except for the 822 

measured angular velocity (°/sec) for the different experimental treatments. OA triggered a tendency to 823 

turn right (Kruskal-Wallis test, angular velocity, saline vs. OA, df = 1, Chi-squared = 75.17, P < 0.001). 824 

This tendency was more pronounced in replay than closed-loop (Wilcoxon signed rank test, angular 825 
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velocity, closed-loop+OA vs. replay+OA, P < 0.001). C Raster plot of the response of a unit to a visual 826 

stimulus in closed-loop trials (blue), replay trials (red) and closed-loop and replay trials with bath 827 

application of OA (light green and dark green respectively). D The normalized mean firing rates for 14 828 

units during closed-loop trials      , replay trials     , and closed-loop and replay trials with bath application 829 

of OA (from left to right)     . E Projection of the closed-loop trials (blue), replay trials (red) and closed-830 

loop and replay trials with OA bath application (light green and dark green respectively) on mode 2 and 3 831 

after SVD. The ellipses correspond to the 50% confidence interval. F Distribution of the singular values 832 

across mode for the firing rate responses (closed-loop, replay without OA and closed-loop and replay with 833 

OA data) and its shuffled version (shuffled data). G Euclidean distance from the closed-loop trials to the 834 

replay trials with or without OA application and the closed-loop trials with OA application. Application 835 

of OA and the behavioral control variable      impacted the similarity between population responses to a 836 

visual stimulus (Kruskal-Wallis test, df = 2, Chi-sq = 13.49, P = 0.001). Population responses in replay 837 

trials with bath application of OA were more similar to closed-loop than replay trials without OA 838 

(Wilcoxon signed rank test, P = 0.02).  839 

 840 

Figure 5. A Duration (sec) of fixation bouts for each bee. The mean ± s.e.m. is represented by a 841 

rectangle.  B Raster plot of the response of a unit before (-3 sec.) and during fixation (Fix.), or  when the 842 

bee was not fixating (Non-Fix. bouts). Note the increase in firing rate just before fixation. C Position of 843 

the stimulus on the screen (°) 3 seconds before to 1 second during fixation for the same unit as 844 

represented in B. D Mean firing rate (spike/sec)  and ± s.e.m. centered around fixation for the same unit 845 

as in B and C. E The normalized mean firing rate for the neural ensemble during fixation (top) and 846 

randomly selected bouts (bottom). F Projection in the first two modes after SVD showed little separation 847 

between fixation bouts (blue dots) and randomly selected bouts (gray dots). The ellipses correspond to the 848 

50% confidence interval. G Singular values across mode. The first 10 modes explain more of the variance 849 

than a shuffled and label-removed version of the data. H Density distribution in the first mode for the 850 



 

39 
 

fixation bouts (blue) and random samples (gray). Fixation (blue) and random (gra     y) values are 851 

transparent to show their overlap.  852 

 853 

Figure 6. A Duration (sec) of fixation across different levels of motor gain [-5; -3; -1.5; -1; -0.5; -0.1; 0.1; 854 

0.5; 1; 1.5; 3; 5]. Duration was significantly different across gain and honeybee (two-way ANOVA, 855 

duration of fixation bouts ~ gain * bee ID, gain: F = 2.49, P = 0.006, bee ID: F = 3.322, P < 0.001, 856 

interaction factor: F = 1.222, P = 0.146,  n=36). B. Position of the stimulus on the screen during the first 857 

10 seconds of a trial for 4 different gain (-5, -1, 1, 5). C Distribution of bar position (°) for all trials for a 858 

saline-injected bee (blue) and an epinastine-injected bee (green). The insert shows the injection in the 859 

medulla. D Duration of the fixation bouts (sec) across different levels of motor gain [-5; -3; -1.5; -1; -0.5] 860 

in saline-injected (blue, n = 11) and Epinastine-injected bees (green, n = 10). The duration of fixation was 861 

significantly different across levels of motor gain in saline-injected bees (Kruskal-Wallis test, duration of 862 

fixation ~ gain, Chi-squared = 18.048, df = 4, P = 0.001) but not for Epinastine-injected bees (Kruskal-863 

Wallis test: duration of fixation ~ gain, Chi-squared = 7.533, df = 4, P = 0.11). Overall duration of 864 

fixation was different between saline-injected and Epinastine-injected bees (Kruskal-Wallis test, duration 865 

of fixation ~ injection type: Chi-squared = 11.132, df = 1, P < 0.001). E Proportion of trials with at least 866 

one fixation event and across levels of motor gain for saline-injected bees (blue) and Epinastine-injected 867 

bees (green). F Fictive path of saline-injected (left) and Epinastine injected (right) bees at all levels of 868 

motor gain and colored according to their forward velocity (mm/sec). G Overall distance walked during 869 

trials for saline-injected (blue) and Epinastine injected (green) bees. Epinastine-injected bees walked 870 

larger distances than saline-injected bees (Kruskal-Wallis test, distance walked ~ injection type: Chi-871 

squared = 51.672, df = 1, P < 0.001). 872 
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