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            Abstract
For many of our senses, the role of the cerebral cortex in detecting stimuli is controversial1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17. Here we examine the effects of both acute and chronic inactivation of the primary somatosensory cortex in mice trained to move their large facial whiskers to detect an object by touch and respond with a lever to obtain a water reward. Using transgenic mice, we expressed inhibitory opsins in excitatory cortical neurons. Transient optogenetic inactivation of the primary somatosensory cortex, as well as permanent lesions, initially produced both movement and sensory deficits that impaired detection behaviour, demonstrating the link between sensory and motor systems during active sensing. Unexpectedly, lesioned mice had recovered full behavioural capabilities by the subsequent session. This rapid recovery was experience-dependent, and early re-exposure to the task after lesioning facilitated recovery. Furthermore, ablation of the primary somatosensory cortex before learning did not affect task acquisition. This combined optogenetic and lesion approach suggests that manipulations of the sensory cortex may be only temporarily disruptive to other brain structuresÂ that are themselves capable of coordinating multiple, arbitrary movements with sensation. Thus, the somatosensory cortex may be dispensable for active detection of objects in the environment.
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                    Fig. 1: Transient inactivation of barrel cortex impairs whisker-mediated detection.[image: ]


Fig. 2: Transient optogenetic inactivation of barrel cortex alters whisking kinematics and sensory threshold.[image: ]


Fig. 3: Behavioural performance recovers rapidly after barrel cortex lesions.[image: ]


Fig. 4: Barrel cortex is not required for learning whisker-dependent sensory detection task.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Optogenetic photoinhibition of cortical neurons in Emx1â€“Halo mice is highly efficacious.
a, Juxtasomal recordings in awake, head-fixed mice were made below an optic fibre placed above a thinned, transparent skull. b, Raster plot for example neuron for randomly interleaved laser off (top) or on (bottom) trials, with air puff schematized below. c, Population peri-stimulus time histograms of 35Â cells with regular-spiking (RS) waveforms (cortical depth: 280â€“1,120Â Âµm, nâ€‰=â€‰4 mice) for laser-off and -on trials. Both spontaneous and whisker stimulus-evoked spikes are silenced. Shaded area: laser on. d, e, Efficiency of RS cell inactivation as a function of laser power (d) and cortical depth (e), where per cent inactivation is relative toÂ a cellâ€™s spike rate during laser-off trials. f, Lateral extent of inactivation. Illumination of 20â€“40Â mW reliably inactivated an area within a 1-mm radius. g, Photoinhibition at 40Â mW fully blocked spontaneous and sensory-evoked spikes (100% inactivation relative to laser-off trials) in 83% of RS cells and >96% of spikes in 94% of RS cells (same cells as in c); Pâ€‰=â€‰3.1â€‰Ã—â€‰10âˆ’11, Wilcoxon rank-sum test. h, Fast-spiking (FS) neurons (nâ€‰=â€‰8 cells) were similarly silenced; Pâ€‰=â€‰3.1â€‰Ã—â€‰10âˆ’8, Wilcoxon rank-sum test. i, Estimated area of photoinhibition with 40-mW relative to barrel cortex (1-mm radius around C2 barrel, red circle) depicted with a tangential section through barrel cortex of an Nr5a1â€“eYFP mouse with layer 4 labelled to visualize barrels. j, Emx1â€“Halo-mediated cortical inactivation was also assessed during detection behaviour with array recordings (nâ€‰=â€‰8 session, 3 mice). k, Data from Fig.Â 1e replotted on a logarithmic scale to show low spike rates during laser-on trials. l, Behavioural performance during laser-off and -on trials did not correlate with spiking activity for each trial type (four sessions from three mice with per cent correct for laser-off trials: 82, 87, 80, and 78%). m, Laser-on data in l, replotted with larger scale to visualize data during laser-on trials. Data shown as medianâ€‰Â±â€‰interquartile range (dâ€“h); meanâ€‰Â±â€‰s.e.m. (l, m).


Extended Data Fig. 2 Optogenetic manipulations of barrel cortex using PVâ€“ChR and Emx1â€“Halo mice result in similar behavioural, motor, and sensory deficits.
a, Photoinhibition of excitatory neurons in Emx1â€“Halo mice (orange) and photoactivation of inhibitory neurons in PVâ€“ChR mice (blue) yielded similar behavioural deficits. Negative control mice (Cre-negative, stop-Halo mice; black) were unaffected by 593-nm laser illumination. P values for Emx1â€“Halo: hit, 1.6â€‰Ã—â€‰10âˆ’5; false alarm (FA), 1.7â€‰Ã—â€‰10âˆ’3; per cent correct, 3.6â€‰Ã—â€‰10âˆ’4; d-prime, 1.8â€‰Ã—â€‰10âˆ’3. For PVâ€“ChR: hit, 3.5â€‰Ã—â€‰10âˆ’3; per cent correct, 3.9â€‰Ã—â€‰10âˆ’3; d-prime, 0.0498. b, Optogenetic inactivation of S1 with either Emx1â€“Halo or PVâ€“ChR mice decreases whisking kinematics. P values for Emx1â€“Halo: NOGO peak velocity, 6.6â€‰Ã—â€‰10âˆ’3; max angle, 1.4â€‰Ã—â€‰10âˆ’3; peak amplitude, 2.6â€‰Ã—â€‰10âˆ’2; GO peak velocity, 4.3â€‰Ã—â€‰10âˆ’4; max change in curvature (Î”Îš), 1.9â€‰Ã—â€‰10âˆ’2; per cent trials with no contacts, 1.2â€‰Ã—â€‰10âˆ’2. PVâ€“ChR: NOGO peak velocity, 8.1â€‰Ã—â€‰10âˆ’3; max angle, 8.7â€‰Ã—â€‰10âˆ’2; peak amplitude, 8.4â€‰Ã—â€‰10âˆ’2; GO peak velocity, 5.7â€‰Ã—â€‰10âˆ’3; Î”Îš, 8.7â€‰Ã—â€‰10âˆ’3; per cent trials with no contacts, 7.5â€‰Ã—â€‰10âˆ’3. c, Sensory thresholds increase with optogenetic inactivation. P values for Emx1â€“Halo: curvature threshold, 9.7â€‰Ã—â€‰10âˆ’4; contact threshold, 3.4â€‰Ã—â€‰10âˆ’3. PVâ€“ChR: curvature threshold, 1.1â€‰Ã—â€‰10âˆ’1; contact threshold, 1.2â€‰Ã—â€‰10âˆ’2. Data for negative control and Emx1â€“Halo mice are the same as in Figs. 2, 3 but repeated here for comparison with PVâ€“ChR mice.


Extended Data Fig. 3 Defining contacts based on whisker angle and change in curvature.
a, Example curvature versus whisker position for a single session. Each circle represents the paired values for curvature and whisker angle for each frame during the session. Values for NOGO trials define whisker parameters during free whisking in air, when no contacts can be made (black); GO trials are shown in red. Linear regression was used to define the line of best fit (blue, solid line) for NOGO parameters, and upper and lower contact thresholds were set by finding the offsets that encompassed the no-contact parameter space (1â€“5 s.d. from the line of best fit, blue dashed lines). b, Putative contacts were defined as points at which the local maxima or minima of the change in curvature were above (forward contact with whisker) or below (reverse contact with whisker) the defined thresholds (tick marks). Whisking analysis was restricted to the 200-ms time window (yellow shaded area) during sampling, before the average response time (green).


Extended Data Fig. 4 Behavioural performance after lesions did not correlate with lesion size.
a, Mice performed the task with a single C2 whisker. b, The location of the C2 barrel in a coronal section. The C2 barrel was functionally mapped with intrinsic imaging and Alexa-conjugated cholera toxin subunit B (CTB, red) was injected into the centre of the C2 barrel. Blue, DAPI. Mappings in b and c are used to inform the locations of lesions made relative to the C2 barrel column. c, Equivalent location in section from an Nr5a1â€“eYFP mouse with barrels fluorescently labelled in L4 (white) overlaid on bright-field image to show extent of barrel cortex relative to section (black lines). C2 was located about 1.2â€“1.5 mm posterior to bregma, varying slightly between mice. Lesions were centred around C2. d, Size and locations of contralateral barrel cortex lesions for the 11 mice with 1-day rest shown in Fig.Â 3 (arranged from largest to smallest by lesion volume). For each mouse, three locations along the anteriorâ€“posterior axis are shown overlaid on atlas images, reproduced with permission from ref. 42. In a few mice (for example, mice 1, 3 andÂ 8), lesions extended into the secondary somatosensory area (S2). Numbers along anteriorâ€“posterior axis indicate approximate location relative to bregma. e, Lesion size did not correlate with the degree of impairment on the first (grey) or second post-lesion session when behavioural performance had recovered (red). Performance was normalized to the pre-lesion performance for each mouse. f, Lesion sizes were similar between groups with 1 or 3 days of rest after lesioning (Pâ€‰=â€‰0.91).


Extended Data Fig. 5 Ipsilateral S1 does not compensate for loss of contralateral S1.
a, Behavioural performance of mice recovered rapidly after contralateral S1 lesions, as shown in Fig.Â 3c (red). Subsequent ipsilateral lesion (nâ€‰=â€‰6) had effects similar to sham and ipsilateral-only manipulations shown in Fig.Â 3c, indicating that ipsilateral S1 was not compensating for loss of contralateral S1 activity. b, C2 whisker-trim control. Performance of bilaterally lesioned mice dropped to chance when the C2 whisker was removed (Pâ€‰=â€‰2.7â€‰Ã—â€‰10âˆ’3). c, Sizes of bilateral lesions.


Extended Data Fig. 6 Example histology from lesioned mice depicting lesion of contralateral S1 only or additional damage to striatum.
a, Unlesioned example. b, c, Examples of S1-only lesions from two mice. dâ€“f, Three examples of damage to striatum in addition to S1. Even minimal damage (arrows) to the dorsolateral striatum resulted in permanent behaviour deficits. Scale bar, 1Â mm.


Extended Data Fig. 7 Learning curves for unlesioned and lesioned mice in learning experiment.
a, Individual learning curves for unlesioned mice (nâ€‰=â€‰11, blue lines) and mice with lesions of contralateral barrel cortex (nâ€‰=â€‰9, orange lines) that learned the detection task to criterion (74% correct performance for two consecutive sessions). Mice were first introduced to the pole with 90% GO trials (red lines). This intermediate step ensured that mice maintained a stable weight before moving on to the last step of training. Mice were moved onto 60% GO trials for the rest of the learning assessment. Mice were given 48 sessions to learn the task. b, Unlesioned and lesioned groups spent similar times on 90% GO sessions (3.8â€‰Â±â€‰1.8 versus 3.5â€‰Â±â€‰1.1 sessions for unlesioned and lesioned mice, respectively; Pâ€‰=â€‰0.64). c, By the end of the 90% GO sessions, performance was still at chance levels (Pâ€‰=â€‰0.34 and Pâ€‰=â€‰0.37 for unlesioned and lesioned mice, respectively; one-sample t-test).
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