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Abstract 24 

When an animal rotates (whether it is an arthropod, a fish, a bird, or a human) a 25 

drift of the visual panorama occurs over its retina, termed optic flow. The image 26 

is stabilized by compensatory behaviors (driven by the movement of the eyes, 27 

head or the whole body depending on the animal) collectively termed optomotor 28 

responses (OR). The dipteran lobula plate has been consistently linked with optic 29 

flow processing and the control of optomotor responses. Crabs have a neuropil 30 

similarly located and interconnected in the optic lobes, therefore referred to as a 31 

lobula plate too. Here we show that the crabs’ lobula plate is required for normal 32 

optomotor responses since the response was lost or severely impaired in animals 33 

whose lobula plate had been lesioned. The effect was behavior-specific, since 34 

avoidance responses to approaching visual stimuli were not affected. Crabs 35 

require simpler optic flow processing than flies (because they move slower and 36 

in 2D instead of 3D), consequently their lobula plates are relatively smaller. 37 

Nonetheless, they perform the same essential role in the visual control of 38 

behavior. Our findings add a fundamental piece to the current debate on the 39 

evolutionary relationship between the lobula plates of insects and crustaceans. 40 

 41 
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Background 48 

 49 

The need to analyze optic flow (the drift of the visual panorama that occurs over 50 

the retina during self-motion) to control compensatory responses to stabilize the 51 

visual world and to aid navigation and balance, are shared by all moving animals 52 

(1,2). Although influenced by the locomotion properties, eye design and 53 

environment each animal inhabits, these are remarkably conserved behaviors 54 

the control of which is not yet fully understood (1,3). In vertebrates like primates 55 

and invertebrates like crabs that can move their eyes independently of the body, 56 

the optomotor response (OR) is largely achieved by optokinetic reflexes. These 57 

consist of syndirectional movements of the eyes to temporarily reduce the relative 58 

motion of the image over the retina, which would lead to motion blur, thus 59 

improving the ability to resolve image details. When the eyes reach the 60 

anatomical limits of travel, rapid saccades reset the position of the eyes. Animals 61 

with fixed eyes like flies achieve the same goal by performing movements of the 62 

head (3). Wide-field image motion can also be used to calculate additional 63 

information such as, for instance, object distance through motion parallax (4,5) 64 

or for course control during navigation (6). Flies have provided an excellent 65 

system to understand the neural circuits controlling gaze and flight control (7–66 

13). A particular brain center, the lobula plate (LP), has been linked to optic flow 67 

analysis and is considered the “cockpit” of the flies (among many others: 68 

(9,12,14–19). Using mutant descriptions, ablations and optogenetic experiments 69 

it was proven that LP tangential cells are involved in the fly’s optomotor response 70 

(14,17,18,20–22).  71 
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The three optic neuropils of insects and malacostracan crustaceans share not 72 

only the general organizational architecture, such as two chiasmata, but contain 73 

also many identical cell types and functional properties (23–30). From periphery 74 

to center these neuropils are named lamina, medulla, and lobula complex. In 75 

Diptera, the lobula complex is subdivided into an anterior lobula and a posterior 76 

flat structure, the LP. In malacostracan crustaceans, the group that embraces 77 

true crabs (Brachyura), it was found recently that the lobula complex also 78 

contains two parts: a large dense lobula and a small lobula satellite that, in 79 

allusion to the dipteran structure, was termed LP (the use of this terminology does 80 

not imply a homology statement). The LP of crabs shares several morphological 81 

attributes with the dipteran structure including the presence of giant tangential 82 

cells and retinotopic connections with the medulla and the lobula (23). Yet, the 83 

functional role of the LP of crabs has not been proven. The origin of the LP is 84 

under debate. Some developmental studies have suggested an early origin of 85 

this neuropil dating back to the Cambrian period before the divergence of insects 86 

and crustaceans (31,32), while another study proposes a more recent 87 

appearance related to the origin of insect flight (33). 88 

Our hypothesis is that the LP of crabs is involved in optic flow processing and in 89 

commanding optomotor responses similarly to the dipteran LP.  In support of our 90 

hypothesis, we present results that show that lesioning of the LP impairs or 91 

completely abolishes optomotor responses.  92 

 93 

Materials and Methods 94 

Animals 95 
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Adult male crabs Neohelice granulata (Varunidae family) measuring 2.7-3.0 cm 96 

across the carapace were collected in narrow coastal inlets of San Clemente del 97 

Tuyú, Buenos Aires, Argentina. Upon arrival, animals were stored at the 98 

laboratory in plastic tanks (19 x 45 x 32 cm, up to 20 individuals per tank) filled to 99 

2 cm depth using artificial sea water (salinity = 10-14 ‰, pH = 7.4-7.6; Coral Pro 100 

Salt for Marine Aquarium, manufacturer Red Sea). Animals were kept at 20-26°C, 101 

under natural light with water replaced every 48 h. Experiments were carried out 102 

between 10 am and 8 pm, during spring and summer in 2019-2020 within the first 103 

two weeks after the animal’s arrival at the laboratory. All efforts were made to 104 

minimize the number of animals used. The research was conducted in 105 

accordance with the Ethical Reference Frame for Biomedical Investigations of 106 

CONICET. 107 

 108 

Experimental design 109 

To evaluate the role of the LP in the OR, we performed electrolytic lesions on the 110 

right optic lobe. To accomplish this, the right eyestalk was immobilized by gluing 111 

it to the carapace (Fig 1A). During OR the movements of the two eyes are highly 112 

coupled. The coupling is easily observable because when one eye is painted 113 

black and the other is not, the blinded eye displays OR movements almost as if 114 

it was normally seeing the optic flow. In such conditions, the movements of the 115 

blinded eye are driven by the visual information acquired through the seeing eye 116 

(34,35). We used this experimental configuration to evaluate whether lesions of 117 

the LP on the side of the fixed but seeing eye affected the OR performance 118 

measured in the freely moving but blinded eye (Fig 1A, B). For this, animals were 119 

firmly held in an adjustable clamp and their right eyestalk was fixed to the 120 
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carapace using cyanoacrylate (loctite super glue). Care was taken to fix the 121 

eyestalk in a natural seeing position (50° from the horizontal line; 36). 122 

Additionally, a small metal corbel glued between the eyestalk and the carapace 123 

ensured mechanical stability (Fig 1A). A small piece of cuticle was manually 124 

removed from the anteromedial region of the eyestalk using a scalpel under a 125 

stereo microscope (Fig 1C). The incision was big enough to expose the sinus 126 

gland, an easily recognizable white refringent neuroendocrine gland located at 127 

about the same position in the dorsoventral axis as the LP and a bit more medial 128 

and posterior to it (Fig 1C, D; for more detail see 23). Then, in order to perform 129 

the lesion, the animal was placed in a stereotactic device exposing the sinus 130 

gland and the electrode was descended using this gland as a landmark to target 131 

the LP (Fig 1C). The movements of the electrode were controlled by a 132 

micromanipulator attached to the stereotactic device. The electrolytic lesion was 133 

carried out with a stainless-steel electrode (SsE in Fig 1A; diameter: 250 μm, 134 

catalog number: UESMGGSEENNM, FHC Inc., Maine, USA). After several 135 

calibration experiments, an intensity of 1 mA over 100 ms was used. Only one 136 

lesion per animal was performed, and it was made in the LP (LP lesion group) or 137 

in other parts of the optic lobe (control lesion group). Afterwards, the piece of 138 

cuticle previously removed was sealed in place with dental cement (Hydcal, 139 

Technew, Brazil). In a third experimental group, animals underwent no surgery, 140 

although their right eyestalks were fixed (reference control group). The rationale 141 

for making the lesion in the right optic lobe is based on previous results, which 142 

showed that under monocular conditions the right eye evokes a slightly higher 143 

OR than the left eye in response to  front-to-back optic flow stimulation (37).  144 
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Following the above manipulations, animals were individually isolated in glass 145 

flasks and were tested between 6-8 days after eye fixation, the optimal period 146 

after eye immobilization to evaluate the OR (37). The day before testing, the left 147 

eye was blinded using opaque black spray paint (Kuwait, Aerofarma, Argentina). 148 

Pilot experiments with animals that had both eyes painted ensured that the 149 

painting was effective since they did not respond to visual stimulation (data not 150 

shown). Once the black paint was dry, a little white dot on the tip of the eyestalk 151 

was marked using ink corrector to enhance the contrast for eye tracking during 152 

OR (Fig 1A).  153 

Throughout this paper, OR sample size was 40 for the LP lesion group, 41 for the 154 

control lesion group and 24 for the reference control group. 155 

 156 

Experimental devices and visual stimulation  157 

On test day, crabs were placed into the OR setup and left to adapt for 5 min with 158 

a static stripes pattern. They were then tested for 3 min with a moving grating. 159 

Responses were recorded with a video camera. To prompt the OR we used the 160 

same virtual visual stimulator utilized in previous studies (37). Briefly, stimuli were 161 

designed and triggered by a custom-made MATLAB script v. 2016a (MathWorks, 162 

Inc., MA, USA) and the Psychotoolbox-3 module (http://psychtoolbox.org/). The 163 

grating stimulus was coherently presented in an array of four flat screens fully 164 

surrounding the animal (19-in. CRT Samsung SyncMaster, 800 x 600 pi 165 

resolution; Fig 2A). Monitors had a refresh rate of 60 Hz, which is above the flicker 166 

fusion frequency of crabs (about 50 Hz; 38). Anti-glare shields in front of each 167 

screen prevented reflections. A white opaque lid located 20 cm above the crab 168 
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provided a homogeneous ceiling. Animals were positioned in the center of the 169 

screen array by a clamp that held them by the sides of the carapace (Fig 2A, B). 170 

Legs and claws were free to move and were in contact with the floor surface of 171 

the device. The grating pattern consisted of black and white vertical bars (2.11 172 

cm wide, each subtending 6.3° from the center of the array, spatial frequency: 173 

0.08 cycles/°) moving clockwise at 6 °/s. Animals inside the OR setup were only 174 

lit by the monitors, no additional illumination was used. 175 

During the final stages of data collection, some crabs (LP lesion group n= 13, 176 

control lesion group n= 9) were tested for both OR and avoidance response (AR). 177 

After at least 30 min of the end of the OR test, animals were evaluated with a 178 

visual danger stimulus that normally evokes an AR. This was done in a different 179 

setup (Fig 2C, D) that consisted of an acrylic opaque box (26 x 31.5 x 21 cm) 180 

hosting a cylindrical plastic roll (diameter: 18 cm, width: 12 cm), which had its 181 

surface covered by a uniform rubber coat that facilitated the locomotion of the 182 

crab over the roll (Fig 2C, D). A rotary encoder was used to sum up the roller’s 183 

rotation (spatial resolution: 0.11 cm, temporal resolution: 200 ms). The device 184 

was connected to a computer that recorded the data. The crab was mounted over 185 

the roller and held by a small latex cylinder glued to the carapace (fixed one day 186 

prior to testing) that fitted into a wooden holder, keeping the animal at the center 187 

of the roller (Fig 2C, D). Although this restrained the crab from moving in the 188 

horizontal plane, it let the animal move up and down enabling the crab to perceive 189 

its own weight. The AR was triggered by a visual danger stimulus consisting of a 190 

12 x 9 cm opaque black cardboard rectangle placed in such a way that the seeing 191 

eye was facing the approaching stimulus (Fig 2C). The stimulus movement 192 

described an arc of 90º, starting from a vertical position and moving towards the 193 
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crab and back in 2.5 s (velocity= 72 º/s). The cardboard rectangle was only lit 194 

from behind by a 5W light bulb with a diffuser screen. Before stimulus 195 

presentation the crab was adapted for 10 min to the experimental setup.  196 

 197 

Histology 198 

After behavioral data were obtained, visualization of the lesion site was 199 

performed histologically. Since the electrode was stainless steel, iron deposits 200 

are generated when current is applied through it. We used Perls’ Prussian Blue 201 

histochemical staining that reveals a blue dye in the tissue wherever ferric iron 202 

(Fe3+) is present (39).  203 

Animals were anesthetized in an ice-saline water bath. Dissected optic lobes 204 

were stained on a solution 4 % HCl : 4 % potassium ferrocyanide (1:1) for 30 min 205 

at room temperature. Then tissues were rinsed with phosphate buffer (PB, 5 x 20 206 

min) and fixed with formaldehyde 4 % overnight. Fixative was rinsed with PB (5 207 

x 20 min) and then the site of lesion was assessed by observation under 208 

stereomicroscope in whole-mount configuration (special care was taken that the 209 

observer was unaware of the treatment received by the animal). It is worthy of 210 

note that the staining procedure was used to identify the location of the lesion but 211 

not its size, since the same amount of current produced markings of different 212 

extent.  213 

 214 

Behavior quantification and statistical analyses 215 

To quantify OR, eye movements were filmed (Sony HDR - CX 440, sampling 216 

resolution: 60 fps) and analyzed offline. Since the only moving eye was the left 217 
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and given that the pattern moved clockwise, the left eye moved from back to front 218 

during the slow phase. Eye motion was tracked with Bonsai v. 2.5.1 (40; Fig 1A, 219 

B). To measure slow phase duration, mean inter-saccadic interval was calculated 220 

for each crab (in animals that performed 5 or more saccades in the trial). AR data 221 

were obtained directly as the encoder generated csv files containing position and 222 

time values. Then, all data were further processed using a custom-made script 223 

and statistical analyses were carried out using R v. 4.0.2 (41). For OR, the total 224 

number of saccades (number of fast-phase resetting events) and duration of the 225 

slow phase (time between two consecutive saccades) were measured. For AR, 226 

the maximum run velocity reached during the first 2 sec of the trial was quantified. 227 

Crabs were evaluated only once upon each type of response (OR and AR). 228 

Statistical models were chosen based on the nature of the response variable and 229 

in compliance with each model’s assumptions. The treatment received by the 230 

crab was the only categorical explanatory variable. Count data derived from the 231 

number of saccades (Fig 3E) were modeled using a generalized linear model 232 

(GLM) using the MASS package (42), with log as link function. Since data 233 

assuming a Poisson distribution presented overdispersion (ϕ = 9.91), we used a 234 

negative binomial distribution. Even though this approach yielded ϕ = 0.64 (mild 235 

subdispersion), it presented a good performance utilizing Akaike’s information 236 

criterion (43,44). For slow phase mean duration (Fig 3F), a continuous response 237 

variable, generalized least squares (GLS, package nlme; 45) model with variance 238 

modeling was used. This allowed variance heterogeneity among treatments. 239 

Significance of the explanatory variable in Figures 3E and 3F was tested by 240 

likelihood-ratio test using the car package (46). For all AR data (Fig 5B, C), also 241 
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continuous response variables, two-tailed Wilcoxon rank tests were used since 242 

data were not normally distributed.  243 

Multiple post-hoc comparisons were performed using lsmeans library and p-244 

values were adjusted for multiple comparisons by Tukey’s method. Significant 245 

differences were considered when p-values < 0.05. Data presented in figures as 246 

bar plots represent mean ± SEM, while boxplots represent the median, 1st and 247 

3rd quartile, and 1.5 x interquartile range as whiskers. 248 

 249 

Results  250 

Effect of lesioning the lobula plate on optomotor response performance  251 

To evaluate the role of the LP in optomotor responses (OR), electrolytic lesions 252 

were performed in the optic lobe of the fixed right eyestalks of semiterrestrial 253 

crabs (Fig 1). We measured the optokinetic nystagmus (composed of a slow 254 

tracking phase and a fast recovery phase) elicited by a high contrast flow field 255 

stimulation (Fig 2A, B). Crabs could see the visual stimulus only through the fixed 256 

right eye, while the behavioral output could only be performed by the blinded left 257 

eye (Fig 1A, B). The OR was evaluated in three groups of crabs each one under 258 

a different experimental condition: animals that received a lesion in the LP (LP 259 

lesion group), animals that received a lesion elsewhere in the optic lobe (control 260 

lesion group), and control animals with the right eye fixed but not lesioned 261 

(reference control group). Figures 3A-C illustrate representative examples of 262 

actual and schematic representations of the neuropils indicating the lesioned site 263 

(i; ii) and representative traces of the OR registered in each experimental group 264 

(iii). Figure 3A shows an intact optic lobe and a typical OR in a reference control 265 
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crab while 3B and 3C show examples of a control lesioned and a LP lesioned 266 

crab, respectively. While a lesion in the medulla does not affect OR (compare Fig 267 

3A and 3B), a similar lesion in the LP completely abolishes (upper trace) or 268 

severely affects (lower trace) the response (Fig 3C). Figures 3 D-F show the 269 

results for all the animals tested in each group: n reference control = 24 (green), n control 270 

lesion = 41 (blue) and n LP lesion = 40 (red). Considering as response the execution 271 

of at least five saccades during the 3 min test, reference control crabs were 272 

always responsive (100 %), control lesioned animals were most likely to respond 273 

(73 %) whereas LP lesioned animals responded in less than 40% of cases (38 274 

%; Fig 3D). Figure 3E shows the mean number of saccades performed by each 275 

group, confirming the same trend. LP lesioned animals responded significantly 276 

weaker than reference control and lesion control animals (LP lesion vs. control 277 

lesion, p-value = 0.0014; LP lesion vs. reference control, p-value = 0.0016). On 278 

the other hand, reference control animals showed OR values similar to control 279 

lesion animals (p-value = 0.8932). This result rules out the possibility that the 280 

manipulation, surgery and the lesioning procedure caused a diminished OR per 281 

se regardless of the site of lesion.  282 

As mentioned before, each OR cycle comprises two parts, a slow tracking phase 283 

where the eye tries to move at the same velocity as the flow-field pattern to 284 

compensate for the image drift in the retina and a fast resetting phase. The 285 

duration of the slow phase can be measured as the interval between two 286 

consecutive saccades. We found that in those LP lesion animals that were still 287 

capable of performing some OR, the compensatory movements were largely 288 

ineffective, since the slow phases were significantly longer in comparison to both 289 

control groups (Fig 3F, LP lesion vs. control lesion, p-value = 0.0330; LP lesion 290 
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vs. reference control, p-value = 0.0434). There were no significant differences 291 

between control groups (Fig 3F; p-value = 0.9149).   292 

 293 

Variability in OR relates with the ablation site in the control lesion group  294 

Control lesion crabs were obtained by randomly lesioning different sites of the 295 

optic lobe. The major outcome of the study is that, as a group, these lesions did 296 

not affect the OR since the response was similar to that of the reference control 297 

(not lesioned) group. Yet, a considerable higher dispersion of the responses was 298 

obtained in the control lesion group, ranging from null responses to high OR 299 

values compared to the other two groups (Fig 3E; IQRreference control: 14.25; 300 

IQRcontrol lesion: 25.00; IQRLP lesion: 11.25). To find out if we could identify additional 301 

areas potentially involved in the circuit guiding OR performance, we looked for a 302 

possible association between the level of OR and the site of the lesion (Fig 4A). 303 

Animals lesioned in peripheral neuropils (lamina and medulla) showed high OR 304 

levels (Fig 4A, B). Among the animals lesioned in the lobula and the lateral 305 

protocerebrum, there were cases of null responses (Fig 4A). The location of these 306 

lesions was restricted to one or two small regions in each neuropil (Fig 4C, D). 307 

 308 

Lobula plate lesions do not affect the avoidance response to a danger 309 

visual stimulus 310 

Next, we tested if the detrimental effect of the lesion in the LP was specific for the 311 

optomotor response or if it could also be observed in other visually-guided 312 

behaviors such as an avoidance response (AR) triggered by an approaching 313 

object (Fig 2C, D). This experiment was performed with some of the animals of 314 
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the control lesion and LP lesion groups (see methods). The performance of the 315 

LP lesion and the control lesion group in this avoidance behavior was similar. 316 

Both groups showed similar probability of responding with at least 75 % of the 317 

animals performing AR (Fig 5A). Response intensity was also similar since the 318 

maximum velocity achieved by crabs while escaping was not significantly 319 

different among the two groups (Fig 5B, two-tailed Wilcoxon rank test, W = 48.5, 320 

p-value = 0.5247). Since the same animals were tested in both OR and AR tasks, 321 

we analyzed the relationship between the two performances for each crab. There 322 

was no significant correlation between the magnitude of the OR response (cycles 323 

/ 3min) and the maximum escape velocity (cm / s) (two-sided Spearman test, S 324 

= 1364.7, rho spearman = 0.22, p-value = 0.3), confirming that the performance 325 

of the crabs in these two tasks was unrelated. As expected for a specific 326 

impairment on OR of the LP lesion group, differences were found in the ratio 327 

between OR response and maximal velocity between these two groups (Fig 5C, 328 

two-tailed Wilcoxon rank test, W = 64 p-value = 0.0364).  329 

 330 

Discussion 331 

 332 

Crabs, as most visual animals, perform compensatory responses in order to 333 

stabilize wide-field moving images on their retina. These responses are 334 

collectively known as the optomotor response. The site of the brain controlling 335 

this task in crabs was unknown, but a small neuropil anatomically described as a 336 

LP was the natural candidate (23). In this account we provide strong evidence 337 

that lesioning the LP provokes a complete loss or a severe impairment of the 338 

optomotor response without affecting the visually-elicited avoidance response. 339 
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This means that, as in dipterans, the LP is involved in controlling optomotor 340 

responses in crabs. 341 

 342 

The circuit controlling optomotor responses in crabs 343 

 344 

The sensory and neural control of the compensatory eye movements related with 345 

the optomotor response have been extensively studied in crabs (47–53). Inputs 346 

derived from vision, statocysts signals and legs-proprioceptors can control eye 347 

saccades while varying in their relative strength to control behavior (35,50,53,54). 348 

Because the experiments in the present paper were performed in immobile crabs, 349 

proprioceptive and statocyst inputs do not play a major role.  350 

Results from figure 3 clearly demonstrate that the LP of crabs plays a key role in 351 

guiding the optomotor response (OR). Lesioning this structure considerably 352 

impairs the capacity of the crabs to perform OR: in 62 % of the cases it completely 353 

abolished it (Fig 3D) and, in the remaining 38 %, responses were not sufficient to 354 

compensate the optic flow generated in the retina by the grating stimulus since 355 

they performed fewer and slower optokinetic nystagmus cycles (Fig 3E, F). The 356 

fact that some OR activity remains in the LP lesion group is not unexpected. 357 

Similar results were observed in studies using flies with LP lesions/mutations 358 

(14,17,18). The residual OR activity might indicate that, in some cases, the 359 

lesioning of the neuropil was incomplete. It is also possible that there exist 360 

additional neural pathways controlling the OR that are normally acting in addition 361 

to the LP circuit or that constitute redundant circuits in case the LP is not 362 

operative. Our analysis of the variation in the OR in the random lesioning control 363 

group reveals some areas in the lobula and lateral protocerebrum with null OR 364 
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(Fig 4). These might constitute possible candidate areas for that function. 365 

Alternatively, these regions could be part of the optic flow processing circuits 366 

leading to or leaving from the LP.  367 

 368 

Crustacean lobula plate: “To be, or not to be, that is the question” 369 

 370 

The third optic neuropil, the lobula complex, is quite diverse in Pancrustacea 371 

(Crustacea + Hexapoda), ranging from consisting of a single structure (e.g. bees, 372 

ants, where the LP is proposed to be fused with the lobula) and as much as five 373 

nested neuropils (e.g. dragonflies, mantis) (55–57). In Diptera, the far most 374 

studied group, it contains 2 parts (the lobula and the LP). Within Crustacea, 375 

entomostracans possess a simplified arrangement of the optic lobes, having only 376 

two structures, a lamina and an additional neuropil, a tectum, once proposed as 377 

similar to the lobula plate (58). Malacostracan crustaceans exhibit a lobula 378 

accompanied by a small lobula satellite originally termed lobula plate (59). This 379 

structure has been described in isopods (60), amphipods (61), stomatopods (62) 380 

and diverse crabs (25,28,63) and shrimps (64,65). 381 

Recently, it was proposed that LPs do not exist in crustaceans but are exclusive 382 

to insects (33). This idea rested, among others, on the premise that crustacean 383 

LPs are too small to hold a properly organized retinotopic input from the medulla 384 

and lobula (33). The limited size precludes indeed a 1:1 retinotopic columnar 385 

relay. Yet, the complete retinotopic field could still be represented with a coarse 386 

resolution (23). Coarsened representations are common, e.g. in the connection 387 

between the medulla and the lobula in insects or in the relay from medulla to the 388 

small lobula complex portions Lo3 and Lo5 (the LP-like neuropil) in odonates 389 
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(33,56). Strausfeld (33) proposes that since the lobula satellite in malacostracans 390 

is not a LP, optic flow processing should take place in the lobula. While there is 391 

a report of neurons possibly involved with translational optic flow in the lobula of 392 

crabs (66), no neurons specifically sensitive to rotational optic flow have been 393 

found in the lobula so far. Neurons recorded in the lobula of crabs have 394 

characteristics compatible with figure detectors, responding more to objects than 395 

to panoramic flow-field stimuli and showing strong response adaptation upon 396 

repetitive stimulation (67–70). In Neohelice, the only neurons we could find so far 397 

with properties compatible with optic flow processing, showing strong responses 398 

to flow-field stimulation and weak adaptation, are a small subset of neurons 399 

among the LCDC (Lobula Complex Directional Cells), a group of highly 400 

directional neurons recently described (71). It is worth noting that unlike the well 401 

characterized LG (lobula giant) neurons (e.g. 38), LCDC neurons not only 402 

arborize in the lobula but also in the LP (71). Furthermore, in the crab Carcinus 403 

maenas, the only neurons potentially involved in rotational optic flow processing 404 

were extracellularly recorded in an area compatible with the position of the LP 405 

(see Fig 2B in ref. 41). In addition to that, present results clearly demonstrate that 406 

the LP of crabs is necessary for optomotor responses .  407 

The fact that the LPs of crabs and flies share a similar role in optomotor behaviors 408 

constitute a fascinating scenario to study the evolution of optic flow processing 409 

centers. Flies and crabs are adapted to very different locomotion styles. Flies fly 410 

rapidly in 3 axes of rotation (3D: pitch, roll and yaw) and therefore receive very 411 

complex optic flow information in their retinas. Semiterrestrial crabs like 412 

Neohelice move comparatively slower than flying insects. Because they are 413 

adapted to flat environments, they move in a single plane (2D) around the yaw 414 
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axis and receive mainly horizontal optic flow, a possible explanation why the LPs 415 

of these crabs are small (relative to the lobula) when compared with dipterans. 416 

The circuits composing this neuropil are expected to be specialized in integrating 417 

horizontal optic flow (23,71). It is intriguing though, that despite these wide 418 

differences, there are a number of remarkable similarities between the OR of flies 419 

and crabs under conditions of monocular vision. Studies performed in Drosophila 420 

(72) and in Neohelice crabs (37) show that:1) OR is effectively displayed only 421 

with progressive (front-to-back, FTB) motion stimulation. 2) Under regressive 422 

(back-to-front, BTF) motion stimulation responses are null or even anti-423 

compensatory responses appear. 3) BTF promotes the decoupling between 424 

different OR effectors: in crabs, eye saccades and locomotive response (Y 425 

Barnatan; personal communication); in flies, head and wings (72). These 426 

behavioral results support the existence of a similarly organized circuit underlying 427 

optic flow processing in both groups. While a similarly organized system could 428 

have derived from convergent evolution, it also opens the possibility that such a 429 

similar circuit may have been shared by a common ancestor. This would support 430 

the proposed origin of the LP dating back to the Cambrian period before the 431 

divergence of insects and crustaceans (31,32). Studying the expression of 432 

transcription factors that are known to be involved in determining the 433 

neurogenesis of pillar neurons for the motion detection pathways in Drosophila 434 

(like T4/T5) to see if they are also present in crabs or other crustaceans could be 435 

central for this debate (73).  436 
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 655 

Legends: 656 

Figure 1. Eye tracking during OR behavior and lesion procedures. A. 657 

Experimental configuration. The right eye is immobilized at its normal seeing 658 

position, while the left one can move but it is blinded (frontal view; as in the inset 659 

showing a specimen of Neohelice granulata). Upon presenting a grating 660 

panoramic stimulus the right eye is stimulated and drives the movement of the 661 

left one. Eye movements are tracked with a video camera and analyzed offline. 662 

B. Illustration of OR eye tracking cycles, representing the periodic movement of 663 

the left eyestalk. Three complete cycles are shown. The cycle begins with a slow 664 

phase (cyan trace) in which the eye follows the grating stimulus until it can no 665 

longer move, moment in which a fast phase, a saccade, occurs resetting the eye 666 

to its initial position (orange trace). C. After fixing the right eye, a piece of cuticle 667 

was removed from an anteromedial region leaving the ommatidial surface intact. 668 

Such incision allowed visualization of the sinus gland (SG), a neuroendocrine 669 

structure located next to the lobula plate. Animals were then placed in a crab 670 

stereotactic device and a stainless-steel electrode (SsE) was introduced to 671 

perform the electrolytic lesion. D. Bodian-stained section (12 μm thickness) of 672 

Neohelice granulata’s optic lobe. This section shows a plane that contains both 673 

the lobula plate (LP) and sinus gland (SGl), illustrating their relative size and 674 

position. Scale bars in B=5 s; C=1 mm; D=50 μm.  675 
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 676 

Figure 2. Experimental setups for measuring optomotor responses (OR) 677 

and avoidance responses (AR). A. Experimental setup for recording OR as 678 

seen from above (the fourth monitor and the white opaque lid are not shown). 679 

Clockwise panoramic optic flow was presented coherently in the four-screen 680 

array fully surrounding the animal while eye movements were recorded by a 681 

camera (not seen in the picture). B. Frontal view showing the fixed right eye and 682 

the blinded left eye that has a little white spot for tracking. The crab was held in 683 

position by a clamp. C. AR experimental setup (top-lateral view). An approaching 684 

stimulus (AS) was used to elicit avoidance (escape) behavior in crabs recorded 685 

by the movement of the rolling cylinder (RC). D shows a close up frontal-top view. 686 

The crab was held by a small latex cylinder (white arrow) glued to the carapace 687 

that fitted into a wooden holder (WH), keeping the animal at the center of the 688 

roller. The movement of the legs was registered by the free displacement of the 689 

RC along its larger axis. 690 

 691 

Figure 3. Effects of the lesions in optomotor response performance. A-C. 692 

Representative examples of optic lobe dissections and optokinetic nystagmus for 693 

the three experimental groups. The location of the electrolytic lesion was revealed 694 

with Perls’ Prussian Blue histochemical staining that reveals a blue spot in the 695 

place the electrode delivered the current. For each treatment it is presented the 696 

stained optic lobe (i), a scheme (ii) to help identification of the neuropils and 697 

representative recordings of the eye movements (iii, all traces have the same 698 

duration, 20 s) generated in response to the panoramic grating stimulus (black 699 

and white vertical bars moving clockwise at 6º/s, spatial frequency: 0.08 cycles/º). 700 
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A. Reference control (green): intact optic lobe and normal optokinetic nystagmus. 701 

B. Control lesion (blue): a crab lesioned in the medulla. It also presents a normal 702 

optokinetic nystagmus. C. Lobula plate lesion (red). In this treatment optokinetic 703 

nystagmus was completely lost (upper trace) or considerably impaired (lower 704 

trace). The red arrowheads point to the position of the lobula plate, the blue 705 

arrowheads indicate the site of lesion and the yellow arrowhead shows the 706 

position of the Sinus Gland. Scale bar Ai, Bi, Ci: 500 μm. La: lamina, Me: medulla, 707 

Lo: lobula, LP: lobula plate, LPc: lateral protocerebrum, L: lateral, M: medial, D: 708 

dorsal, V: ventral. D-F. Compared optomotor performances in the three 709 

experimental groups. D. Percentage of animals displaying OR (animals that 710 

showed at least five compensatory cycles in 3min). E. Mean OR expressed as 711 

the number of fast phases events (saccades) performed by each group 712 

(Generalized Linear Model with binomial negative distribution and log as link 713 

function, dispersion factor ϕ = 0.64. Likelihood Ratio Test: χ2 = 15.146, d.f. = 2, 714 

p-value = 5.1 x 10-4). Both control groups showed high and similar OR levels (p 715 

= 0.8932). LP lesion group presented an impaired performance in comparison to 716 

control lesion (p = 0.0014) and reference control (p = 0.0016) groups. F. Average 717 

slow phase duration (Generalized Least Squares with variance modeling. 718 

Likelihood Ratio Test: χ2 = 7.324, d.f. = 2, p-value = 0.02568. Residual standard 719 

error ratios control lesion : reference control : LP lesion is 1.00 : 0.84 : 3.36). Both 720 

control groups showed a similar slow phase duration (p = 0.9149). Conversely, 721 

LP lesioned animals displayed longer slow phases than the control lesion (p = 722 

0.0330) and the reference control group (p = 0.0434). Sample size was n LP ablation 723 

= 40, n control ablation = 41 and n reference control = 24. ns: not significant differences 724 

p>0.05; *p < 0.05; **p < 0.01. 725 



28 
 

 726 

Figure 4. Variability of OR values depending on the site of lesion in control 727 

lesioned animals. A. OR values vary in different lesion sites. Lamina and 728 

medulla lesions produced high OR while lobula and lateral protocerebral lesions 729 

rendered some null responses. B-D. Optic lobe diagrams showing the central 730 

location of the lesions (dots) in the categories separated in A. B. Distal neuropils: 731 

lamina and medulla, C. lobula (the most antero-ventral section of the lamina was 732 

removed for clarity) D. lateral protocerebrum. Six data points from Figure 3E (blue 733 

bar) were excluded from this analysis since the lesion was located on the 734 

medulla-lobula boundary. Dots color indicate the level of response (the lighter the 735 

color, the lesser the response, see coding scale shown in B). La: lamina, Me: 736 

medulla, Lo: lobula, LP: lobula plate, LPc: lateral protocerebrum. L: lateral, M: 737 

medial, D: dorsal, V: ventral. 738 

 739 

Figure 5. Avoidance response to an approaching stimulus. The lesioning of 740 

the lobula plate produces a specific impairment of the optomotor responses since 741 

visual-triggered avoidance responses (AR) were unchanged. A. Lesion control 742 

animals display a similar percentage of AR (blue) than LP lesion animals (red). 743 

B. Both groups also display a similar maximum velocity (no significant differences 744 

were found; two-tailed Wilcoxon rank test, W = 48.5, p-value = 0.5247). C. OR / 745 

AR ratio is higher in the control lesion group as expected if the change produce 746 

by LP lesion only affected OR (two-tailed Wilcoxon rank test, W = 64 p-value = 747 

0.0364). Sample size was n LP lesion = 13, n control lesion = 9.  748 












