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ABSTRACT 37 

A majority of whisker discrimination tasks in rodents are carried out on head-fixed animals, to 38 

facilitate tracking or control of the sensory inputs. However, head fixation critically restrains the 39 

behavior and thus the incoming stimuli compared to those occurring in natural conditions. In this 40 

study, we asked whether freely-behaving rats can discriminate fine tactile patterns while running, 41 

in particular when stimuli are presented simultaneously on both sides of the snout. 42 

We developed a two-alternative forced-choice task in an automated modified T-maze. Stimuli 43 

were either a surface with no bars (smooth), or with vertical bars spaced irregularly or regularly. 44 

While running at full speed, rats encountered simultaneously the two discriminanda, placed on the 45 

two sides of the central aisle. Rats learnt to recognize regular bars versus a smooth surface in eight 46 

weeks. They solved the task while running at an average speed of 1m/s, so that the contact with 47 

the stimulus lasted less than one typical whisking cycle, precluding the use of active whisking. 48 

Whisker tracking analysis revealed an asymmetry in the position of the whiskers: they oriented 49 

towards the rewarded stimulus during successful trials, as early as 60 ms after the first possible 50 

contact. We showed that the whiskers and activity in the primary somatosensory cortex are 51 

involved during the discrimination process. Finally, we identified irregular patterns of bars that the 52 

rats can discriminate from the regular one. This novel task shows that freely-moving rodents can 53 

make simultaneous bilateral tactile discriminations without whisking.  54 

 55 

  56 
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SIGNIFICANCE STATEMENT 57 

The whisker system of rodents is a widely used model to study tactile processing. Rats show 58 

remarkable abilities in discriminating surfaces by actively moving their whiskers (whisking) against 59 

stimuli, typically sampling them several times. This motor strategy is considerably impacting the 60 

way tactile information is acquired, and thus the way neuronal networks process the information. 61 

However, when rats run at high speed, they protract their whiskers in front of the snout without 62 

large movements. Here, we asked whether rats are able to discriminate regular and irregular 63 

patterns of vertical bars while running without whisking. We found that the animals can perform a 64 

bilateral simultaneous discrimination without whisking, and that this involves both whiskers and 65 

barrel cortex activity.  66 
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INTRODUCTION 67 

The rodent whisker system has been a widely used model to study behavioral and neurobiological 68 

processes underlying the analysis of surface properties (for review, Jadhav and Feldman, 2010). In 69 

particular, the whisker system allows focusing on the sensorimotor strategy used by the animals 70 

during discrimination: can we observe particular features in the motor command when an animal 71 

explores a stimulus that would optimize the acquisition of tactile information? For instance, in 72 

humans, in order to feel whether a surface is smooth or rough, the subjects may sweep their 73 

fingertips against it, whereas to determine if an object is vibrating, they may apply immobile 74 

fingertips onto it (for review, Johnson and Hsiao, 1992).  75 

Rodents are able to sweep their whiskers in a rhythmic fashion (whisking) to scan surfaces (Carvell 76 

and Simons, 1990; von Heimendahl et al., 2007). Whisking allows sampling the stimuli several 77 

times, and adjusting parameters such as speed and amplitude of the movement to improve the 78 

information content of the signal (Zuo et al., 2011). Indeed, rats spontaneously use whisking in 79 

discrimination tasks involving sandpaper (von Heimendahl et al., 2007) or micro-grooved surfaces 80 

(Carvell and Simons, 1990). However, rats are also able to analyze aperture size (Krupa et al., 81 

2001) and perform temporal frequency discrimination (Miyashita and Feldman, 2013; Mayrhofer 82 

et al., 2013) without overtly moving their whiskers, in a way that has been previously described as 83 

a « passive » reception mode of the tactile inputs (Kleinfeld et al., 2006). Moreover, it has been 84 

shown that whisker movements can significantly decrease the performance of head-fixed rats in a 85 

vibration detection task (Mayrhofer et al., 2013). These results suggest that whisking might not be 86 

required for discrimination of stimuli, but appears in laboratory tasks as a consequence of the 87 

experimental conditions. In particular, animals which are head-fixed or restrained on a platform 88 

may whisk merely to contact the stimuli. We therefore decided to test whether rats are able to 89 
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discriminate surface properties without whisking by placing the stimuli in the middle of a long 90 

alley, so that rats would tend to run past the stimuli rather than stop on them. At full speed, the 91 

contact should occur within a duration less than a typical whisking cycle. 92 

In studies using freely-behaving rats, the animals discriminate two stimuli by sampling them with 93 

both sides of the snout successively (Carvell and Simons, 1990; von Heimendahl et al., 2007; Zuo 94 

et al., 2011; Morita et al., 2011). It is still unknown whether under these unrestrained conditions, 95 

rats could differentiate two stimuli received simultaneously, one on each side. We took advantage 96 

of the running alley configuration to test whether animals are capable of bilateral discrimination. 97 

The primary somatosensory cortex (S1) is involved in many whisking-based tasks such as 98 

roughness discrimination (Guic-Robles et al., 1992) and object localization (O'Connor et al., 2010), 99 

but its necessity in tasks without whisking is still debated. Indeed, S1 is required for detecting 100 

oscillations of panels applied onto immobile whiskers (Miyashita and Feldman, 2013), but not for 101 

detecting frequency changes of air puff pulses (Hutson and Masterton, 1986) although this is still 102 

controversial (Sachidhanandam et al., 2013). To test the effects of S1 silencing in tactile 103 

discrimination, we designed a cranial implant for chronic application of the GABAergic agonist 104 

muscimol. 105 

Thus, for this study, we developed a novel two-alternative forced choice task inciting the rats to 106 

discriminate stimuli by running past them at high speed, sampling each stimulus with whiskers on 107 

one side of the snout and only once. Rats learned to discriminate a surface with a series of vertical 108 

bars regularly spaced vs. a smooth surface. They could also discriminate an irregular series from 109 

the regular one. The stimulus sampling occurred in less than 100 ms, and the animals oriented 110 

their whisker arrays towards the rewarded stimulus as soon as 60 ms after the first possible 111 

contact. Both whiskers and S1 activity were involved during the discrimination process. 112 
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MATERIALS & METHODS 113 

Animals. All experimental and surgical procedures were approved by the French Ethical 114 

Committee (project n°526.01). In total, ten male adult Long Evans rats were used. Two animals 115 

were used exclusively for acute electrophysiology experiments and eight animals were trained on 116 

the discrimination task. The training began when the animals were six weeks old, weighing 250-117 

350 g. The rats were housed individually in cages of length 60 cm and width 44 cm with a 25 cm-118 

long tunnel to enrich their environment, and they were food-deprived to 80-85% of their normal 119 

weight during the whole learning course. The 100% weight reference was determined with two 120 

control rats, which were housed in the same conditions and fed ad libitum. 121 

 122 

Behavioral apparatus. Freely-moving animals had to discriminate between pairs of 10.2-cm long 123 

surfaces, with either eighteen vertical bars spaced irregularly (« Irregular »), eighteen vertical bars 124 

space regularly (« Regular »), or no vertical bars (« Smooth »). The stimuli were designed using the 125 

SolidWorks software and 3D-printed (Easy Up 120 printer, A4 Technologie) using black ABS plastic 126 

material. For the regular series of bars, the interval between the bars was 3.9 mm-wide, and the 127 

bars were 2 mm-thick and 2 mm-wide (Figure 1A1). The two surfaces were facing each other in the 128 

central alley of the maze. The stimuli holders were 25 cm-wide rotating hexagons with a stimulus 129 

on each of the six sides. We always used three different copies of the same stimulus in order to 130 

avoid learning specific details of one particular surface. The stimuli combinations were pseudo-131 

randomly distributed across trials. The maze (Figure 1A1) was automated with a custom-made 132 

program implemented on an Arduino Mega2560 board, with servo motors to move the doors, 133 

stepper motors to rotate the stimuli holder, two pellet dispensers (Campden Instruments 80209) 134 

controlled by TTL inputs and four infra-red (IR) sensors (Adafruit product ID 2167). The sensors 135 
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signals were used to trigger the different trial events: open/close the doors, change the stimuli, 136 

deliver the rewards, and provide a measure of the running speed in the central alley. At the 137 

beginning of learning, we used copies of the rewarded stimulus mounted on servo motors as 138 

reminders (R1 and R2). The reward was two 45 mg pellets (Bilaney F0021) per successful trial and 139 

was triggered by the infra-red (IR) sensor placed 2 cm in front of the reward cup. Auditory masking 140 

noise (white noise) was presented with a loudspeaker located 50 cm away from the maze. We 141 

cleaned the maze after each session with a 30% ethanol solution to mask olfactory cues, and we 142 

checked after learning that the animals were not using olfactory cues from the stimuli themselves. 143 

All the training took place in the dark to avoid visual cues. The position of the rewarded stimulus, 144 

the choice and the speed of the animal in the central alley were automatically recorded through 145 

the Arduino interface for each trial. 146 

 147 

Behavioral protocol. The goal of the learning protocol was to have the rats discriminate between 148 

the surface with the regular series of bars and another surface, at first the smooth one, while 149 

running at high speed. During the first week, the animals were habituated to be handled and taken 150 

to the experimental room, in the dark, with the white noise and maze motors noise. The animals 151 

were separated in individual cages on the third day and food restriction began on the sixth day. On 152 

day 7, rats were placed in each arm of the maze with all doors closed, first during two minutes in 153 

the light, then during two minutes in the dark. They received one pellet in the dispenser cup each 154 

time they crossed the IR sensor, in order to make them associate this site to the reward. The day 155 

after, we began the learning of the association between the regular bars surface and the reward. 156 

This learning course was divided into three stages with one 25 min-long session per day. During 157 

the first stage, in addition to the main stimuli in the central alley, we used reminders of the 158 
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rewarded stimulus (Harvey et al., 2012) before the choice point and just before the reward site 159 

(respectively R1 and R2, Figure 1A2). The rats had to turn to the side corresponding to the regular 160 

bars surface to get a reward, and were forced to continue forward in the maze because the doors 161 

closed automatically just after they went through. The animals had to perform at least 80% correct 162 

trials during three consecutive sessions to enter the next stage. During the second stage (Figure 163 

1A2), only the reminder before the choice point was presented (in addition to the main stimuli). 164 

The same criterion as for stage 1 was used to consider this stage completed. Throughout the third 165 

and last stage (Figure 1A2), the reminders at the choice site were displayed during the first five 166 

trials and removed for the rest of the session. The rats had then to learn the task with the main 167 

stimulus site only. For this stage, the performance throughout learning was quantified on all trials 168 

except the first five ones. The criterion to complete the third stage was to reach a mean 169 

performance at least equal to 70% and a standard deviation (SD) less or equal to 4.2% on six 170 

consecutive sessions. This threshold for the SD value was determined by calculating the mean SD 171 

on seven blocks of six sessions on two rats trained in a preliminary experiment. More precisely, 172 

these rats were initially trained with an empty space facing the regular series, and the smooth 173 

surface was introduced during stage 3 only. These two animals are not included in the results of 174 

Figure 2, and were only used for control experiments (whisker cutting and cortical inactivation, 175 

Figure 4). Their performance in control sessions, once learning was completed, was 176 

indistinguishable from the main group of rats.  177 

 178 

Discrimination of the regular and irregular bar series. These experiments were carried out on rats 179 

which had already learned the Regular vs. Smooth discrimination. Our next goal was to assess if 180 

these rats could report a difference between the regular and an irregular series of bars. We 181 
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designed five types of irregular series, all containing eighteen bars, that could be perceived as 182 

intermediate stimuli between the smooth surface and the regular series (Figure 3A). One irregular 183 

series was designed by picking the location of the bars at random on the surface (Poisson-like 184 

series, containing intervals of 0.5 mm to at most 13 mm between two bars). The four remaining 185 

irregular series included one forced interval between two bars of 30, 40, 48 or 50 mm placed 186 

randomly, and smaller intervals between the remaining bars. We hypothesized that this wide 187 

smooth interval would be a feature similar to the smooth stimulus, and consequently that the 188 

wider this interval, the more easily the rats could discriminate the irregular series from the regular 189 

series. Between two consecutive tests involving an irregular series, the rats were trained on the 190 

Regular vs. Smooth paradigm for at least four days. For each type of irregular series, we performed 191 

two tests, always in the same order: 1) Irregular vs. Smooth with the irregular stimulus being 192 

rewarded, 2) Regular vs. Irregular with the regular stimulus being rewarded.  193 

 194 

Whisker cutting. We anesthetized the rats with isoflurane (3%) for 2-5 min and cut all large facial 195 

whiskers (rows A-E, arcs 1-7 and the four straddler whiskers) on both sides of the snout with a 196 

small pair of scissors. The fur on the face and the microvibrissae were not cut. The animals (n = 7) 197 

were tested at least one hour after the end of the anesthesia.  198 

 199 

Surgical procedures. We tested the effects of muscimol application on neuronal activity in the 200 

barrel cortex and on behavioral performance in the discrimination task. The animals were 201 

anesthetized with isoflurane (1.5-3% in 0.2 L/min O2 and 0.8 L/min N2O; Medical supplies and 202 

services, England). Their temperature was monitored with a rectal probe and maintained at 37°C 203 

with a heating blanket. The respiration was monitored throughout the experiment by means of a 204 
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piezoelectric sensor placed between the chest and the platform on which the animal rested. After 205 

the animal was mounted in a stereotaxic frame, different craniotomies were drilled according to 206 

the type of experiment. We performed acute electrophysiological recordings of the neuronal 207 

activity during S1 muscimol application (n = 2 naive rats), and chronic implantations for muscimol 208 

applications during sessions of the behavioral task (n = 3 trained rats). For acute experiments, we 209 

made craniotomies over S1 (0-2 mm posterior, 4-6 mm lateral from bregma; Paxinos and Watson, 210 

2009), and the hippocampus (2.6-5.6 mm posterior, 2.4-5.4 mm lateral from bregma) on the left 211 

side. The two craniotomies joined with a third one in-between (1.7-4.7 mm posterior, 4-6 mm 212 

lateral from bregma) in order to apply muscimol. We used 3D-printed implants with one hole to 213 

apply the muscimol on top of the S1 cortex and guiding structures to hold tetrode microdrives. For 214 

chronic implantations of trained animals, bilateral craniotomies were made over S1 (0.4-4 mm 215 

posterior, 4-6 mm lateral from bregma). These experiments were performed using 3D-printed 216 

implants with holes to apply the muscimol on top of the S1 cortex bilaterally. For both chronic and 217 

acute implantations, the dura was removed in the craniotomies and the implant was cemented on 218 

the skull. Two screws were inserted in the bone to better interlock the implant and the skull with 219 

dental cement for chronic experiments, and one ground screw was added for acute recordings. At 220 

the end of chronic implantations, 0.1 mL of saline was added in each reservoir of the implant to 221 

protect the craniotomies from getting dried, and a cap of silicon sealant (Kwik-Cast, World 222 

Precision Instrument) was used to close the two reservoirs. One hundred microliters of Metacam 223 

(Meloxicam, 2 mg/mL) were injected under the skin in the neck for pain management. Drops of 224 

Betadine were applied on the skin around the implant to prevent infection. 225 

 226 

Cortical inactivation with muscimol. Muscimol hydrobromide powder (Sigma-Aldrich, 18174-72-6) 227 
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was diluted in phosphate buffer saline (PBS) and applied to the surface of the cortex (Higley and 228 

Contreras, 2006). For acute experiments, we deposited 0.2 mL of muscimol solution (0.5 mg/mL) 229 

in the reservoir using a syringe. For chronic experiments, we anesthetized the animal with 230 

isoflurane (1.5-3%) in order to rinse the craniotomies and apply the same muscimol solution. The 231 

animals (n = 3) were tested on the behavioral task 70 min after muscimol application, thus ~60 232 

min after the anesthesia ended. After each muscimol session, the animal was anesthetized again 233 

for 20 min to rinse the craniotomies and apply 0.1 mL of saline solution in each reservoir. In 234 

control sessions, we followed the same protocol with saline instead of muscimol.  235 

 236 

Electrophysiological recording and whisker stimulation. Neural activity was recorded extracellularly 237 

using tetrodes (20-μm NiCr wire insulated with Teflon, Kanthal Palm Coast, USA). The 3D-printed 238 

implants were designed to hold microdrives that guided the tetrodes into the brain (250 μm 239 

discplacement per screw turn). Before the implantation, tetrodes were gold-plated to decrease 240 

their impedance level to 250 kOhms and increase the signal/noise ratio. For whisker stimulation, 241 

we used a stimulator composed of 25 independent piezoelectric actuators adapted to the five 242 

rows and the five caudal arcs of the whisker pad (Jacob et al., 2010). Whiskers were trimmed to a 243 

length of 10 mm and inserted 3 mm into short polypropylene tubes glued on the actuators. The 244 

actuators were driven with RC-filtered (time constant = 2 ms) voltage pulses of 30 ms duration 245 

(10 ms-rise, 10 ms-hold, 10 ms-fall time) to produce displacements of 0.93° along the rostro-246 

caudal axis. For our experiments, we used sparse noise stimulation applied on the 24 whiskers. 247 

Every sequence of stimulation included the deflection of each of the 24 whiskers in both rostral 248 

and caudal directions in a random order at 20 Hz. 249 

 250 
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Global whisker movement tracking. To track the global movement of the whiskers during 251 

behavioral sessions, we glued square IR reflectors (2.25-3 mm2, 1-2 mg) on the C1 or C2 whisker 252 

on both sides of the snout at a distance of 8-10 mm from the follicle. The part of the whisker 253 

extending past the reflector was cut so that the whisker could not touch the stimuli. Similar 254 

physical loading was tested in a previous study aiming at precise quantification of the kinematics 255 

of an individual whisker during contact, and was found to not alter the whisker movements 256 

(Bermejo et al., 1998). In our conditions, we also verified that possible brushing of the 257 

immediately anterior whisker on the reflector did not affect the tracked whisker movement. 258 

Importantly, there was no change in performance in the tactile discrimination task after glueing of 259 

the reflectors (mean performance ± SD just before: 79.3 ± 2.5 % vs. just after: 76.5 ± 6.6%, paired 260 

t-test P = 0.6, n = 3 rats). Note that all sessions described on Figures 2 to 5 were performed with 261 

intact whiskers (except in the whisker cutting sessions) and without markers. Videos were 262 

acquired with an IR camera with LED illumination (OptiTrack V100:R2, Blackrock Microsystems) 263 

and the NeuroMotive software (Blackrock Microsystems, Figure 1B). The frames were captured at 264 

100 Hz, with a resolution of 640x480 pixels. The rat eyes were naturally reflecting the IR beams of 265 

the camera (Figure 1B, blue enlargement). This frame rate and bird's eye view of the setup 266 

allowed us to follow the rat head and the global position of the whisker arrays in time, including 267 

the detection of whisking (5-12 Hz). Note that it would not have been sufficient to track individual 268 

whiskers precisely in time and space. The tracking was implemented in a custom-made Python 269 

program, using the OpenCV module for image processing and the minEnclosingCircle function to 270 

extract the coordinates of the eyes and whisker markers. We analyzed the head direction γ(t), the 271 

angle of the labelled whiskers θR, θL(t) with the head axis (Figure 1C), and the speed of the animal 272 

before and during stimulus contact. We estimated the time of first possible contact with the 273 
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stimulus based on the maximal protraction of whiskers relative to the nose (39 ± 2.3 mm mean ± 274 

SEM, Morita et al., 2011). 275 

A few video recordings were performed during the muscimol and whisker cutting sessions, 276 

without reflector markers. Three such sessions were tracked manually by clicking on the rat snout 277 

and the midpoint between the eyes on ~30 frames per discrimination trial, while the rat was 278 

running past the stimuli. For each trial, we extracted the minimal distance from the snout to the 279 

stimuli (precision 1 pixel = 1.5 mm), the maximal head angle (precision around 4°), and the 280 

minimal distance from the midpoint between the eyes to the stimuli (precision 1 pixel). We 281 

estimated that when this last measure was below 15 mm, there was a possibility that the head fur 282 

was touching the stimuli.  283 

 284 

Statistics. Statistical errors are standard error of the mean unless indicated otherwise. A binomial 285 

test was used to compare behavioral performance to chance level after the following 286 

manipulations: whisker cutting, cortical inactivation, and stimuli replacement. All the statistical 287 

tests are built-in functions from the scipy.stats module (Python).  288 

 289 

  290 



 

                                                                                                                                                           15  

RESULTS 291 

Discrimination of a smooth surface vs. a regular series of bars. We trained six rats to discriminate 292 

between two surfaces placed on the right and left sides randomly while running in an alley (Figure 293 

1A). One surface displayed a regular series of vertical bars and the other one was smooth. The 294 

animals had to turn to the side corresponding to the regular stimulus at the end of the alley in 295 

order to obtain a reward. In preliminary tests, we found that the rats had difficulties to learn the 296 

task if only the stimuli in the center of the alley were present. Therefore, we added reminders of 297 

the rewarded stimulus along the way from the main stimulus site to the reward site (Harvey et al., 298 

2012). During the first learning stage, two reminders were displayed (Figure 1A, R1 and R2). The 299 

six rats reached the 80% criterion in 13 sessions (~1560 trials, Figure 2A). During this stage, the 300 

number of trials increased from 20.2 ± 3.7 to 129 ± 18 trials per session (mean ± SD). The running 301 

speed in the central alley increased to 118.7 ± 7.2 cm/s (mean ± SD), confirming that the rats ran 302 

at full speed when passing the central stimuli. In the second learning stage, the reminders next to 303 

the reward sites (R2) were removed. The high level of performance already during the first session 304 

of stage 2 (86.9 ± 3.6%, mean ± SD) indicated that the rats could immediately solve the task 305 

without the R2 reminders (Figure 2B). Figure 2C displays the learning curves of the six rats during 306 

the last stage of the protocol, when only the main stimuli in the central alley were present. 307 

Although there was a large variability from one session to the next, the animals took on average 308 

35.7 ± 8 sessions (mean ± SD) to reach the 70% correct trials level and stabilize their performance 309 

(Figure 2C). The inset in Figure 2C shows the temporal profile of the performance within a session 310 

at the end of learning. Typically, the performance started at around 70% during the first trials, 311 

increased and then stabilized or decreased slightly throughout the session. After learning of the 312 

whole protocol, the mean running speed was still very high at 117.9 ± 7.6 cm/s (mean ± SD, 313 
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calculated over 20 sessions post-learning, n = 5 rats). Overall, we conclude from these data that 314 

rats can learn to discriminate a smooth surface from one displaying regular vertical bars while 315 

freely running at full speed in an alley. The total training course (stages 1-3) lasted for 8.4 ± 1.6 316 

weeks (mean ± SD).  317 

 318 

Discrimination of regular vs. irregular series of bars. One initial goal of our study was to assess if 319 

rats can discriminate surfaces displaying regular vs. irregular patterns of bars. We designed several 320 

irregular patterns, all containing eighteen vertical bars as the regular series, but differing by the 321 

locations of these bars. Each series was identified by the widest interval it contained: 13, 30, 40, 322 

48 and 50 mm (I13 to I50, Figure 3A; see Methods). First, we tested whether, after having learnt 323 

the Regular vs. Smooth discrimination task, the rats could perceive the sudden replacement of the 324 

regular surface by an irregular surface. If this was the case, we expect a drop in performance after 325 

the replacement. Indeed, the left panel of Figure 3B shows the results of a standard Regular vs. 326 

Smooth discrimination session, followed on the next day by a test session in which the Regular 327 

series was replaced by the Irregular I40 series. In the control session, the performance was around 328 

75% during the first block and then tended to increase, as was typical of Regular vs. Smooth 329 

sessions (Figure 2C, inset). During the test session, the performance started almost at the same 330 

level, but then never increased. This altered performance in the I40 vs. Smooth session (paired t-331 

test compared to Regular vs. Smooth, P < 0.05, n = 6) indicates that the animals detected a change 332 

in the surface displaying a bar pattern, which led them to choose the side corresponding to the 333 

non-rewarded smooth surface more often than in control sessions.  334 

We then asked whether the rats could discriminate directly the Regular series vs. the I40 series. In 335 

those sessions, the performance of three rats out of six was significantly above chance (paired t-336 
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test, P < 3.10-3; Figure 3B, right panel). In fact, in the first block of trials, the rats made the right 337 

choice in 65% of the trials, confirming that they discriminated the two surfaces. We hypothesized 338 

that the long smooth interval present on the I40 surface was the main feature that led the rats to 339 

treat the I40 surface as a smooth one when performing correctly in these sessions. Conversely, the 340 

eighteen bars present on the I40 surface led the rats to treat it as equivalent to the regular surface 341 

in the I40 vs. Smooth session. The mean performance was significantly higher during the I40 vs. 342 

Smooth discrimination than during the Regular vs. I40 one (paired t-test, P < 7.10-3, n = 6), 343 

suggesting that the rats perceive the I40 as more similar to the Regular than the Smooth surface.  344 

More generally, we repeated these tests with other irregular patterns of bars and observed that 345 

the Regular vs. Irregular task performance increases with the size of the maximal interval within 346 

the Irregular series. On the contrary, the Irregular vs. Smooth task performance decreases when 347 

the size of the maximal interval increases (Figure 3C). Particularly, we can note that the I48 vs. 348 

Smooth and the Regular vs. I48 tasks resulted in a similar level of performance. This indicates that, 349 

from a perceptual point of view, the I48 may be equally close to the Smooth than to the Regular 350 

surface. Overall, we conclude that surfaces with irregular series of bars are perceived as 351 

intermediate stimuli between the Smooth and the Regular surfaces depending on the size of the 352 

widest smooth interval present. 353 

 354 

The rats use their whiskers to solve the surfaces discrimination. To assess the role of the whiskers 355 

during the Regular vs. Smooth discrimination task, we trimmed all the macro-vibrissae on both 356 

sides of the snout and measured the resulting effect on performance. After cutting the whiskers, 357 

the performance dropped significantly compared to the previous control session (Figure 4A and B, 358 

paired t-test, P < 10-4). More precisely, the performance was at chance level during the first third 359 
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of the session (Figure 4A, binomial test, P > 0.1, n = 6 rats) and then increased, although not to the 360 

same level as before cutting. A second test session confirmed the drop in performance after 361 

whisker trimming (Figure 4A, right). The decrease in performance indicates that the rats learnt to 362 

solve the task using their macro-vibrissae. The partial recovery afterwards further indicates that 363 

they can find an alternative strategy rather quickly during the first session after whisker removal. 364 

We asked whether the initial reduction in performance could be a consequence of the brief 365 

anesthesia used for whisker cutting. Three control animals were anesthetized using the same 366 

procedure but without cutting the whiskers. They showed no drop in performance (Figure 4B, 367 

paired t-test, P > 0.05), excluding the possibility that anesthesia was causing the reduction in 368 

performance after whisker trimming.  369 

Interestingly, the rats could still navigate the maze after cutting the whiskers, even though non-370 

tactile cues were tightly controlled (see Methods). There was no change in the mean time to 371 

complete a trial (11.1 ± 1 s vs. 11.8 ± 1.2 s before and after cutting, paired t-test, P = 0.1, n = 7 372 

rats). The long training on the maze up to the whisker cutting, taking four months or more, 373 

combined with remaining tactile information from the rest of the body including the paws, were 374 

enough for the animals to navigate very rapidly. We hypothesized further that the partial recovery 375 

of discrimination performance during sessions without macrovibrissae could depend on tactile 376 

cues from the microvibrissae, the head, or the trunk. To test this possibility, we analyzed two 377 

sessions recorded by videography just after whisker cutting. We measured the minimal distance 378 

between the rat snout and the stimuli by manual tracking. We found that it was greater than 8 379 

mm in at least 95% of the trials. This indicates that it is unlikely that the rats used their 380 

microvibrissae to discriminate the stimuli. Touching of the stimuli with the head fur remained 381 

possible in about 15% of the trials (20/116 and 19/142 trials for the two rats; see Methods). We 382 
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conclude that rats use their whiskers to solve the task in normal conditions, although they can 383 

learn another strategy if needed, which could involve the skin on the head posterior to the 384 

whisker pad as well as on the rest of the body. 385 

 386 

Neural activity in the barrel cortex is involved to solve the task. To test the involvement of the 387 

somatosensory cortex during the Regular vs. Smooth discrimination, we used the GABA-A agonist 388 

muscimol to inactivate the S1 cortex while the animals were performing the task (n = 3). First, we 389 

determined the temporal window within which the cortex, but not the sub-cortical regions, could 390 

be inactivated when applying muscimol on the cortical surface. We recorded neuronal activity 391 

extracellularly using tetrodes in the barrel cortex and, as a control, in the hippocampus, before 392 

and after a topic application of muscimol on S1 in rats anesthetized with isoflurane (acute 393 

experiments, n = 2 animals). We found that 200 μL of muscimol at 0.5 mg/mL inactivated the S1 394 

cortex after 40-50 min, for a period of at least three hours. Indeed, multi-unit activity in response 395 

to deflection of a whisker decreased dramatically following muscimol application (Figure 5A; two 396 

recordings followed up to 3 hours were still at 0 sp/stim). On the contrary, the hippocampus was 397 

still active after three hours: spontaneous activity was equal to 33 sp/s 10-20 min before muscimol 398 

application and to 14 sp/s 170-180 min after. Based on these results and on the literature (Higley 399 

and Contreras, 2006), rats already trained on the Regular vs. Smooth protocol were fitted with 400 

custom-made implants containing two reservoirs, one over each S1 cortex, initially filled with 401 

saline (see Methods). The behavioral tests were done at least 48 hours after the surgery. During 402 

bilateral inactivation of the S1 cortex with muscimol, the mean performance of the Regular vs. 403 

Smooth discrimination task significantly decreased from 73.3 ± 1.4% (control) to 58.8 ± 2.3% 404 

(mean ± SD; Figure 5B and C). By looking at the time course within the session, we found that the 405 
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percentage of correct trials remained at chance level during the first half and then increased back 406 

during the second half (Figure 5B). One day after the muscimol test, we applied saline (n = 2) or no 407 

solution (n = 1) and found that the performance was immediately back to the control level (Figure 408 

5B and C, paired t-test, P > 0.05). The running speed and the number of trials per session were not 409 

different between muscimol and control conditions (paired t-test, P > 0.05), and there was no sign 410 

of ataxia (Sturgeon et al., 1979), suggesting that the general behavior of the rat was not affected 411 

by the muscimol application. We analyzed one video recording by manual tracking of the head. 412 

Results were similar to those obtained after whisker cutting, with no evidence for microvibrissae 413 

touch and limited involvement of the head skin (see above). Overall, these results indicate a role 414 

for the somatosensory cortex in the discrimination of tactile patterns, with partial recovery in time 415 

that could be mediated by distant body parts.  416 

 417 

Running speed in the central alley. To estimate whether the rats could be sampling the stimuli 418 

several times by whisking on them, we first measured the running speed in the central alley of the 419 

maze based on the two IR detectors placed before and after the main stimulus site (Figure 1A). As 420 

already stated, after learning, the mean running speed was 117.9 ± 7.6 cm/s (mean ± SD). Given 421 

that the stimulus is 102 mm-long, we infer that the mean contact duration between the whiskers 422 

and the stimuli is about 86 ms, which is less than a typical whisking cycle at 10 Hz. This result 423 

strongly suggests that the rats do not whisk on the stimuli. 424 

The running speed measure also allowed us to investigate its possible effect on performance. 425 

Indeed, it has been shown that the duration of whisker contact is a critical parameter for 426 

discrimination (Zuo et al., 2011), and also that the scanning speed modulates the amplitude of 427 

vibrissae micromotions (Ritt et al., 2008). We found that the running speed was significantly 428 
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higher for successful compared to failed trials, although the size of the effect was quite small 429 

(respectively 118.8 ± 7.8 cm/s and 115 ± 9.1 cm/s, Wilcoxon test, P < 9.10-7, mean ± SD calculated 430 

over 20 sessions (~2400 trials) post-learning, n = 5 rats). This result suggests that there may be an 431 

optimal speed for tactile scanning of the stimuli. 432 

  433 

Whiskers are slowly retracting at the estimated time of first contact. In order to gain more insight 434 

into a possible strategy of the animals regarding the positioning and dynamics of the whisker 435 

arrays during the task, we placed infra-red reflectors on the C1 or C2 whiskers to track the angle 436 

on the left side (θL) and on the right side (θR) of the snout while the rats were approaching and 437 

contacting the stimuli (Figure 1B, n = 15 Regular vs. Smooth sessions on 3 rats). Addition of such a 438 

lightweight marker (1-2 mg) was reported to not alter whisker kinematics (Bermejo et al., 1998). 439 

Analysis of these video recordings provided further evidence on the absence of whisking during 440 

contact with the stimuli. Figure 6A shows the left and right whisker angle as a function of time 441 

during a typical discrimination trial. The time course was slow, with no evidence for oscillatory 442 

movements. By contrast, we were able to find an example of spontaneous whisking with clear 443 

oscillations at around 10 Hz (Figure 6B). Power spectrum calculation confirmed that there was very 444 

little signal in the 5-12 Hz whisking frequency band during the discrimination periods (Figure 6C; 445 

Jenks et al., 2010). We conclude from these results that rats did not discriminate the stimuli by 446 

whisking on them.  447 

Next, we asked whether the rats were approaching the stimuli with random whisker angle and 448 

speed, or if these variables were actively controlled before and/or during the discrimination. The 449 

eyes reflected infra-red beams (Figure 1B), so we could obtain the head angle (γ) relative to the 450 

central alley axis, and the whisker angles relative to the head axis (Figure 1C). In this configuration, 451 
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a protracted state for the whiskers is defined by an angle greater than 90°. Figure 7A shows the 452 

angular trajectory of the right whisker as a function of the position of the rat eyes in the central 453 

alley for the 665 trials of one animal (5 sessions). The red horizontal line indicates the physical 454 

position of the stimulus in the alley, and the black arrow the estimated position where the rat 455 

would first be able to contact the stimulus if it had its whiskers maximally protracted. Two 456 

consecutive points on each colored curve are separated by 10 ms. We observed that the whisker 457 

followed a reproducible trajectory from trial to trial. It was initially protracted when approaching 458 

the stimulus, with an angle of 121 ± 7.9° (mean ± SD) 90 ms before the first possible contact, and 459 

then retracted to 99.2 ± 8.1° (mean ± SD) 170 ms after the first possible contact (Figure 7A). It is 460 

important to note that the markers were placed on the tip of whiskers cut 8-10 mm from the skin 461 

of the snout, so that the markers could not touch the stimuli. This implies that the measured 462 

movement of the marker was not due to the physical contact onto the stimulus, but rather to the 463 

movement of the whisker itself. Thus, the whisker angle values that we measured report the 464 

general protraction state of each vibrissal array. Similar whisker trajectories were observed for the 465 

three rats (Figure 7B), confirming that the animals developed a particular motor strategy in order 466 

to explore the stimuli.  467 

 468 

Orientation of the whiskers and head direction during the task. Given the reproducibility of the 469 

whisker angular trajectory while the animals were engaged in the discrimination, we wondered 470 

whether we could observe a relation between the stimulus encountered and the ongoing whisker 471 

movement. Indeed, the animals might adjust their touch dynamically depending on whether they 472 

recognize the rewarded or an unrewarded stimulus. We found that during successful trials, the 473 

whisker protraction level on both sides of the snout was modulated by the side of the rewarded 474 
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stimulus. More precisely, the right whisker retracted more when the rewarded stimulus was 475 

placed on the right (Figure 7C, top panel, black trace) than when it was placed on the left (blue 476 

trace). Conversely, the left whisker retracted more when the rewarded stimulus was placed left 477 

(Figure 7C, lower panel). Thus, during successful trials, the whisker position was actively 478 

modulated as a consequence of the position of the rewarded stimulus. To quantify the whiskers 479 

asymmetry, we calculated the ratio between the right and left whisker angles (θR/θL). An increase 480 

in this ratio indicates that the whiskers are orienting to the left side (Figure 1C). The results are 481 

shown in Figure 7D. After the first possible contact, the mean ratio value increased when the 482 

rewarded stimulus was on the left side and decreased when the rewarded stimulus was on the 483 

right side. Thus, during successful trials, the whisker arrays were adjusted by the animal and 484 

oriented towards the rewarded stimulus. The mean ratio value was significantly higher for left-485 

rewarded trials compared to right-rewarded trials as soon as 60 ms after the first possible contact 486 

(Wilcoxon rank-sum test, P < 1.9.10-3, Figure 7D), indicating that this dynamic adjustment was 487 

taking place already well before the end of contact with the stimulus. We verified that the excess 488 

retraction on the rewarded stimulus was not due to friction on the rewarded surface, always 489 

rougher than the non-rewarded smooth surface, by analyzing failed trials. In those instances, the 490 

whisker arrays did not orient towards the regular bars surface after the initial contact. If anything, 491 

there was a tendency for transient excess retraction on the smooth surface. This observation leads 492 

us to conclude that in successful trials, the orientation of the whisker array towards the rewarded 493 

stimulus is not a mechanical effect but an active process. Additionally, we observed that the 494 

animal started to turn its head towards the rewarded stimulus side ~130 ms after the first possible 495 

contact (Wilcoxon rank-sum test, P < 4.2.10-3 , Figure 7E). We conclude from these data that rats 496 

running at high speed in a narrow alley can discriminate patterned stimuli placed on the sides 497 
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within single sweeps, and that they anticipate the turn indicating their choice by first orienting 498 

their whiskers, and then orienting their head towards the rewarded side.   499 
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DISCUSSION 500 

We developed a new 2-alternative forced choice task, which involves fast (less than 100 ms) and 501 

simultaneous discrimination of surfaces with or without vertical regularly-spaced bars. The rats 502 

learnt to distinguish these surfaces in 8 weeks, and could further distinguish patterns of vertical 503 

bars differing in their spatial arrangement. Learning of the task involved the use of the whiskers 504 

and neural activity in the primary somatosensory cortex (S1). Nonetheless, alternative strategies 505 

to solve the task were rapidly developed when the whiskers were cut or when S1 was inactivated. 506 

Rats performed the discrimination while running at full speed without whisking, but with precise 507 

and systematic control of the whisker arrays. During successful trials of the task, the whiskers 508 

were actively positioned in an asymmetric manner around the snout, and oriented towards the 509 

rewarded stimulus. This whisker asymmetry was followed by a turn of the head towards the 510 

rewarded stimulus 70 ms later, as the rat was leaving the stimuli site. 511 

 512 

Reminders of the rewarded stimulus guide learning. The idea of stimulus reminders placed 513 

between the discrimination site and the reward site in order to guide and accelerate learning was 514 

inspired from a recent visual discrimination task study (Harvey et al., 2012). The goal was to 515 

shorten the delay between the last contact with the rewarded stimulus and the reward, and thus 516 

to facilitate the association between them. In our study, all the rats quickly learnt the task with 517 

two reminders (stage 1, Figure 2A). Interestingly, the removal of the reminder at the choice site 518 

reduced the performance to chance level, indicating that the rats were basing their discrimination 519 

largely on these stimuli when present. Indeed, further learning in the task was slow. One way to 520 

speed up learning in future experiments could be to transition slowly between stages 2 and 3 by 521 

keeping the reminders at the choice site during ~80% of the session, and decrease this proportion 522 
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gradually once learning becomes measurable.  523 

 524 

Rats can discriminate regular from irregular bar series. When we introduced surfaces with 525 

irregular series of bars, the rats showed immediately a very high performance in discriminating the 526 

Irregular I13 surface from the Smooth surface, with no significant decrease compared to the 527 

Regular vs. Smooth discrimination level. Two hypotheses could be raised: either they do not 528 

perceive the difference between the Regular and Irregular surfaces, or they quickly associate 529 

them. Given that the direct Regular vs. Irregular combination dropped performance down to 530 

chance level, one could infer that the animals are not able to perceive the difference between the 531 

two series. However, many reports in the literature already highlighted the abilities of rats to 532 

discriminate fine differences between two surfaces (von Heimendahl et al., 2007; Carvell and 533 

Simons, 1990, 1995; Morita et al., 2011). In particular, rats can discriminate spaces between 534 

grooves that differ by 125 microns (Carvell and Simons 1995), suggesting they could learn to 535 

perceive the difference between the bar series in our study. We thus think that the animals learnt 536 

to associate only the presence of the bars to the reward, and not the fact that these bars are 537 

displayed regularly. This contingent generalization is likely a consequence of the task design based 538 

on two-alternative choices. Nonetheless, by varying the size of the maximal smooth interval in the 539 

irregular series from 13 to 50 mm, we revealed that the irregular surface could be distinguished 540 

from the regular surface during acute comparisons. In particular, when a long smooth interval was 541 

present, the Regular vs. Irregular discrimination became similar to the Regular vs. Smooth 542 

discrimination. We conclude that the animals are able to base their discrimination on the pattern 543 

of the bars on the surface, and that the precise location of the bars governs the difficulty of the 544 

discrimination. 545 
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 546 

Whisker cutting impairs task performance. To ensure that the discrimination task involves the 547 

whiskers, we cut all macro-vibrissae (n = 7 rats). We found that the performance of the animals 548 

immediately decreased to chance level, confirming the involvement of the whiskers. However, 549 

maze navigation was not altered, and the performance increased back within one session, 550 

suggesting that the animals may find quickly an alternative strategy. This recovery could be based 551 

on tactile inputs conveyed by receptors other than those of the macrovibrissae. We were 552 

controlling the visual, auditory and olfactory conditions by training animals in total darkness, 553 

constant masking noise, and wiping stimuli with ethanol 30%, so that we can exclude the use of 554 

non-tactile cues. We thus speculate that the rats learnt to use the skin of their head or trunk. 555 

Indeed, it was previously shown that rats are able to discriminate surfaces using their 556 

microvibrissae (Brecht et al., 1997; Kuruppath et al., 2014) or even the skin of their snout (Morita 557 

et al., 2011). However, we tracked the animal head manually on the video recordings of sessions 558 

for two rats after whisker cutting, and found that the rats never stopped on the stimuli. Instead, in 559 

at least 95% of the trials, the rats ran rather parallel to the stimuli, without approaching the nose 560 

and hence the microvibrissae. We conclude that intact rats readily discriminate stimuli placed on 561 

their path using their whiskers. Additionally, they can develop a new strategy if their whiskers are 562 

removed, probably based on tactile inputs from the skin either on the posterior part of the head 563 

or on the trunk. 564 

 565 

Cortical inactivation reduces behavioral performance. We tested the effects of cortical inactivation 566 

by applying muscimol on the surface of the barrel cortex during the behavioral session, using a 567 

custom-made bilateral implant. Performance decreased to chance level immediately at the start of 568 
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the session, even though as for whisker cutting experiments, maze navigation was normal and no 569 

ataxia could be detected (Sturgeon et al., 1979). Cortical inactivation was in fact even more 570 

effective than whisker cutting: in the first half of the sessions, the performance was lower after 571 

muscimol than after whisker cutting for each of the three rats tested in both (mean value 50.8% 572 

vs. 60.6%), and the recovery took longer to occur (compare average performance in Figure 5B, 573 

middle session with Figure 4A, middle session). This is not necessarily surprising because muscimol 574 

could have spread outside of the barrel cortex region, invading part of the trunk region juxtaposed 575 

next to it. This result strengthens the idea that the rats could use the skin of their trunk as an 576 

alternative strategy to using their whiskers. 577 

 578 

Whisker contact on surfaces is tightly controlled throughout the discrimination. Whisking is a 579 

sampling strategy often displayed by rodents performing roughness discrimination, and it can be 580 

quickly and accurately adjusted during tasks (Harvey et al., 2001; Voigts et al., 2015). Whisking has 581 

two main consequences that could be beneficial to surface perception: it allows the whiskers to 582 

contact the discriminanda several times before making a choice, and it sets a particular speed of 583 

the whiskers on the scanned surface. We designed the task such that multiple sampling would not 584 

be favored, because it would lengthen trials and thus prevent receiving rewards frequently. 585 

Indeed, in our protocol, the rats could be trained to perform the task at high running speed 586 

without stopping and coming back after first encountering the stimuli, so that the whiskers 587 

contacted the surfaces only once during each trial. To confirm that this single contact event did 588 

not involve whisking, we first estimated its duration. The running speed of the animal was around 589 

1 m/s. This value is at the higher end of the range of speeds observed on freely-moving animals 590 

exploring surfaces, between 0.2 to 0.6 m/s (Carvell and Simons, 1990; Ritt et al., 2008; Grant et al., 591 
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2009) up to 1.2 m/s (Hobbs et al., 2015). The resulting whisker-stimulus contact duration, 592 

estimated to 86 ms, was too short to allow a whisking cycle. Secondly, we calculated the power 593 

spectrum of whisker movements and found no evidence for a peak in the whisking frequency 594 

band, but rather a gradual decrease in power as a function of frequency (Figure 6). This is in 595 

contrast to a study by Jenks and collaborators, who reported the presence of whisking in about 596 

one third of trials while rats run in a central alley (Jenks et al., 2010). However, their animals were 597 

not trained to detect or discriminate stimuli, and thus probably did not adopt a specific strategy 598 

regarding their whiskers. This is supported by the observation that in contrast to our study, these 599 

animals did not approach the stimuli with a specific whisker angle (Jenks et al., 2010). 600 

We thus conclude that rats are able to discriminate surfaces without whisking, passing their 601 

whiskers on the stimuli only once in a continuous sweep while running in an alley. We propose 602 

that the main behavioral advantage of whisking may be to impose a whisker-on-stimulus contact 603 

speed in an optimal range, in order to ensure an efficient transformation of the surface profile into 604 

mechanoreceptor activation patterns (Boubenec et al., 2014). The fast active movement of 605 

whisking would not be necessary anymore when the animal is running at an adequate speed along 606 

surfaces, as in our study. This hypothesis is compatible with other studies arguing for active 607 

control of the contact speed, including the recent report that whisker speed is kept constant under 608 

wind perturbations (Saraf-Sinik et al., 2015). Also, it does not preclude a role of whisking for 609 

multiple sampling in more complex object recognition tasks. 610 

Finally, we observed that the rats controlled precisely the position of their whiskers before 611 

contacting the stimuli, and further oriented their whiskers as early as 60 ms after the first possible 612 

contact. This whisker movement was followed by a turn of the head towards the same side while 613 

the rat was leaving the stimuli. These results agree and extend the head-turning asymmetry 614 
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process previously described in goal-directed (Towal and Hartmann 2006; Schroeder et al., 2016) 615 

and spontaneous exploratory (Mitchinson et al., 2007) behaviors of rats and mice, reflecting a 616 

stimulus-driven attentional process (Mitchinson et al., 2013). 617 

 618 

 619 

  620 
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LEGENDS 694 

Figure 1. Behavioral maze and learning protocol for investigating whisker-based discrimination in 695 

the freely-moving rat. A1, Schematic representation of the automated maze. For each trial, the 696 

rats have to run in the central alley through the main stimulus site (black rectangle, enlarged on 697 

the right). A smooth surface and a surface with a regular series of bars were displayed on the right 698 

and left sides randomly. At the end of the alley, the animals had to turn to the side on which the 699 

regular series of bars was presented in order to receive a reward. A2, After a period of 700 

habituation, task learning was divided into several stages. In stage 1, two reminders of the 701 

rewarded stimulus were displayed on the rewarded side: one at the end of the alley near the 702 

choice point (R1), and the other next to the reward site (R2). During stage 2, reminder R1 was 703 

displayed only. During stage 3, only stimuli at the main site were present. B, Top view of a rat 704 

running in the alley before contacting the stimuli. The blue rectangle encloses the tracking area. 705 

The corresponding enlargement shows tracking of the head direction using IR light reflection on 706 

the eyes (red lines) and tracking of the angle values of the right and left whiskers carrying 707 

reflection material (green lines). C, Variables measured during tracking. Upper panel: absolute 708 

angle of the right and left whiskers (respectively θR and θL) relative to the head axis). When the 709 

whiskers are oriented towards the right side, θR < θL and the ratio is less than 1. Lower panel: Head 710 

direction (γ) relative to the central alley (vertical on the video frames as in B). 711 

 712 

Figure 2. Discrimination between a smooth surface and a surface with regularly-spaced vertical 713 

bars in eight weeks. A, Learning curves for stage 1, with two reminders of the rewarded stimulus. 714 

The animals had to achieve at least 80% of correct trials during three consecutive sessions to enter 715 

the following stage. B, Learning curves with one reminder at the choice position. Same criterion as 716 
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for stage 1. C, Learning curves for stage 3, with only the main stimuli present in the central alley. 717 

The criterion to complete learning was to maintain a mean performance of 70% with a maximal SD 718 

of 4.2% on six consecutive sessions. All curves have been aligned on the final session of learning 719 

for each rat (range 25 to 46 sessions). The inset details the performance within a session, 720 

calculated by splitting each session into six blocks of trials of equal length, and averaged over the 721 

last six sessions of stage 3 (n = 6 rats). In this figure and the following, the thick dark line indicates 722 

the mean performance ± SEM, while color traces show individual results. 723 

 724 

Figure 3. Discrimination of surfaces with irregularly-spaced bars from the Smooth and Regular 725 

stimuli. A, Profiles of the irregular series, arranged by increasing width of the largest interval 726 

between bars. B, Replacement of either the regular or the smooth stimulus by the irregular I40 727 

stimulus (n = 6 rats). In both panels, the pre-test session (day before replacement) and the test 728 

session (day of replacement) are shown, split into six blocks of trials of equal length (20-28 trials 729 

depending on the animal). C, Performance divided by chance level after replacement of either the 730 

regular (square symbols) or the smooth (triangles) stimuli by each of the irregular series (I13, I30, 731 

I40, I48, and I50). The Regular vs. Smooth performance in this figure was calculated as the mean 732 

performance during all pre-test sessions. 733 

 734 

Figure 4. Whisker cutting impairs discrimination. A, Performance for the session before and two 735 

sessions after whisker cutting (n = 7 rats). Each session (Regular vs. Smooth) has been split into six 736 

blocks of trials. B, Performance averaged over all trials of the sessions, before and after whisker 737 

cutting (n = 7 rats), and before and after anesthesia only (n = 3 rats).  738 

 739 
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Figure 5. Cortical inactivation impairs discrimination. A, Multi-unit activity in response to 740 

stimulation of a functionally identified whisker, as a function of time around the application of 741 

muscimol on the barrel cortex surface (n = 3 recordings in 2 rats). Inset, peri-stimulus time 742 

histogram of the activity recorded on one tetrode while stimulating whisker D2, 20 min before 743 

(black) and 60 min after (red) muscimol application. Activity 90 min after was null. B, Performance 744 

during a control session, during muscimol application, and during saline application (2 rats) or no 745 

solution (1 rat). Each session (Regular vs. Smooth) has been split into six blocks of trials. C, 746 

Performance averaged over all trials of the sessions before and after muscimol or saline cortical 747 

application (n = 3 rats).  748 

 749 

Figure 6. Discrimination of stimuli was performed without whisking. A, Left and right whisker angle 750 

as a function of time for an example discrimination trial in the central alley. B, Left and right 751 

whisker angle as a function of time during a spontaneous bout of whisking in a reward arm. C, 752 

Power spectrum of the whisker angle (n = 336 trials, 3 rats), and power spectrum of the traces of 753 

panel B showing a peak in the whisking frequency range. 754 

 755 

Figure 7. Whisker angle and head direction during stimulus discrimination. A, Individual trial 756 

trajectories of the right whisker angle as a function of the rat position (measured as the eyes 757 

position) in the central alley, for five Regular vs. Smooth sessions in the same animal (n = 665 758 

trials). The color indicates time within sessions (green: beginning; blue: end). Each point 759 

corresponds to the measure on one video frame; 27 frames were analyzed for each trial. Interval 760 

between two points: 10 ms. The thick black line indicates the mean trajectory. The red horizontal 761 

line indicates the physical position of the stimulus along the alley, and the vertical arrow indicates 762 
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the first possible contact between the whiskers and the stimulus if the whiskers were fully 763 

protracted. B, Mean (± SEM) right whisker angular trajectories for each of three rats as a function 764 

of the rat position in the central alley. The horizontal error bars represent the SD of the eyes 765 

position distribution. In this graph and all the following, only successful trials were kept. C, Left 766 

(upper panel) and right (lower panel) whisker angle values as a function of the rat position in the 767 

central alley (n = 3 rats). In each panel, the angle values have been separated in two groups 768 

depending on whether the rewarded stimulus was on the right (black trace) or on the left (blue 769 

trace). D & E: Whisker angle ratio (right / left) and head direction plotted as a function of the rat 770 

position in the central alley (n = 3 rats). Angle ratios have been divided by their baseline value 771 

before averaging across animals. 772 
















