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Figure 6. Deep and superficial layers are critical for texture discrimination. (A-D) Effects of 
layer-specific inactivation on smooth-rough texture discrimination performance. (i) Green, GFP; 
magenta, NeuN; scale bar, 100 μm. (ii) Behavioral performance for laser OFF versus ON trials.  
Flex-Halo (n = 4 mice). (A) Rbp4-Halo (n = 5 mice). (B) Fezf2-Halo (n = 7 mice). (C) Cux2-Halo 
(n = 3 mice). (D) Nr5a1-Halo (n = 5 mice). (E) Whisker trim control confirms all smooth-rough 
discrimination behaviors are whisker-dependent. (F) Silencing any cortical layers increased 
response selectivity for rough textures. Flex-Halo P=0.17; Emx1-Halo P=0.16; Rbp4-Halo 
P=0.039; Fezf2-Halo P=0.12; Cux2-Halo P=0.14; Nr5a-Halo P=0.0072 compared to 50%. Data 
shown as mean±SEM. 
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Supplementary Figure 1. Mice readily generalize to discriminate rough textures. Example 
performance of two mice generalizing to discriminate smooth from a novel rough texture. See 
Table 1 for quantification of R1, R2, and R3 rough textures used in the smooth-rough (SR) 
discrimination paradigm. 
  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 12, 2020. ; https://doi.org/10.1101/2020.08.12.245381doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.12.245381
http://creativecommons.org/licenses/by-nc-nd/4.0/


Park et al. 

 
 
Supplementary Figure 2. Mice can discriminate rough textures. (A) 2AFC paradigm for 
rough-rough (RR) and four texture discrimination (RRRR). See Table 2 for texture quantifications. 
(B) Learning curves of mice reaching learning criterion on rough-rough paradigm (≥75% correct 
on two consecutive learning assessment sessions within 50 Smart Random days, learners n = 
11, nonlearners n = 9). (C) Behavioral performance when exposed to all four rough textures (days 
-2 to 7 n = 9 mice, days 8 to 10 n = 8 mice). *P<0.05 compared to R1400 performance. (D) Mice 
can discriminate rough-rough textures using three (n = 4 mice) or even a single whisker (n=4 
mice, 3/4 mice reached consistent +70% performance at single whisker by day 8, individual 
mouse data not shown). (E) Fully-whiskered mice can discriminate rough-rough textures without 
whisker motor movement (n = 2 mice). (F) Whisker trim controls confirm that rough-rough 
discrimination with full whiskers (n = 6 mice), C2 whisker (n = 3 mice), and motor nerve cut (n = 
2 mice) are whisker-dependent. Data shown as mean±SEM. 
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Supplementary Figure 3. Transient photoinhibition of cortex impairs object detection and 
increases likelihood of animals reporting “no object”. (A) Coronal section of Emx1-GFP 
mouse cortex. Green, GFP; magenta, NeuN; scale bar, 100 μm. (B) Behavioral performance for 
laser OFF versus ON trials (Emx1-Halo n = 6 mice, Flex-Halo n = 5 mice, each mouse 
performance averaged across 4+ sessions). Optogenetic inactivation of barrel cortex impairs 
detection behavior. (C) No differences in response latency between genotypes and laser ON/OFF 
trials (Emx1-halo n = 6 mice, flex-halo n = 5 mice, each mouse reaction time averaged across 4+ 
sessions). Response time calculated as duration of time between the approximate first whisker 
contact and the first committed lick that corresponds to the choice lick during the response window. 
(D) Cumulative histogram showing number of days on Full Task to reach learning criterion. 
Wildtype n = 9 mice, Emx1-Halo mice n = 2 mice, Emx1-Halo mice who were non-learners on the 
texture discrimination task n = 5 mice, Non-Emx1-Halo transgenic mice n = 14 mice. Emx1-Halo 
animals formerly on texture discrimination were not included in the detection learning curve 
analysis. (E) Whisker trim control confirms that the detection behaviors are whisker-dependent. 
(F,G) Emx1-Halo mice show increased response selectivity for “no object” during laser ON trials. 
(F) Silencing barrel cortex in Emx1-Halo mice biased 5/6 animals to respond more as if no object 
is present. (G) Genotype averages for response selectivity. Laser ON: Flex-Halo P=0.47, Emx1-
Halo P=0.022 compared to 50%. (H) Increasing uncertainty and impairing task performance by 
trimming down to a single whisker did not alter likelihood of mice reporting “no object”. P=0.33 
compared to 50% (n = 30 mice). Trimming the last whisker marginally increased preference for 
reporting “no object”.  P=0.092 compared to 50% (n = 11 mice). Data shown as mean±SEM. 
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Supplementary Figure 4. Emx1-Halo mice exhibit learning impairments and are sensitive 
to transient cortical inactivation. (A) Cumulative histogram showing number of days on Smart 
Random to reach learning criterion. Wildtype n = 7 mice, Non-Emx1-Halo transgenic mice n = 47 
mice, Emx1-Halo mice n = 22 mice. (B) Control black tape optogenetic sessions show no 
behavioral impairment on neither laser OFF or ON trials for both Emx1-Halo (n = 4) and Flex-Halo 
(n = 4) mice. (C-D) Emx1-Halo animals are sensitive to transient cortical inactivation. (C) Control 
black tape sessions (black) confirm that physically blocking the laser does not affect behavioral 
performance. Emx1-Halo mice are sensitive to the 40 mW laser (green), with their performance 
on laser OFF trials often falling below the 70% cut-off criteria. (D) When the laser power is 
decreased to 20 mW (cyan), Emx1-Halo animals are able to perform above the 70% criteria on 
OFF trials. We still observe at-chance performance during laser ON trials. Data shown as 
mean±SEM. 
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Supplementary Figure 5. Cortical photoinhibition does not affect response latencies. (A-E) 
Response time for laser OFF versus ON trials, calculated as duration of time between the 
approximate first whisker contact and the first committed lick that corresponds to the choice lick 
during the response window. Flex-Halo (n=4 mice), black. (A) Emx1-Halo (n=4 mice). (B) Rbp4-
Halo (n=5 mice). (C) Fezf2-Halo (n=7 mice). (D) Cux2-Halo (n=3 mice). (E) Nr5a-Halo (n=5 mice). 
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Supplementary Figure 6. Cortical photoinhibition increases response bias for rough 
textures. (A-E) Silencing any cortical layers biased mice to respond more as if the rough texture 
is presented. Flex-Halo (n = 4 mice), black. (A) Emx1-Halo (n = 4 mice). (B) Rbp4-Halo (n = 5 
mice). (C) Fezf2-Halo (n = 7 mice). (D) Cux2-Halo (n = 3 mice). (E) Nr5a-Halo (n = 5 mice). (F) 
Animals did not exhibit preference for reporting textures as rough when trimmed to a single 
whisker (P=0.98 compared to 50%, n = 39 mice) or no whiskers (P=0.30 compared to 50%, n = 
26). Data shown as mean±SEM. 
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Table 1. Textures used in the smooth-rough discrimination paradigm. Mice readily 
discriminated between the smooth and any of the three rough textures. 
 
 
 

 
 
Table 2. Textures used in the rough-rough discrimination paradigm. Mice discriminated 
between the R200 and R2000 textures. The intermediate R800 and R1400 textures were added 
to identify the psychometric curve for whisker-based texture discrimination. 
 

   

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 12, 2020. ; https://doi.org/10.1101/2020.08.12.245381doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.12.245381
http://creativecommons.org/licenses/by-nc-nd/4.0/


Park et al. 

STAR Methods 
Resource Availability 
Materials Availability 
This study did not generate any unique reagents. 

Data and Code Availability 
The datasets and code generated during this study will become publicly available upon publication 
of this manuscript. 

Mice 
Experiments involving live animals complied with the NIH Guide for the Care and Use of 
Laboratory Animals and were approved by the Institutional Animal Care and Use Committee at 
Columbia University. All mice used in experiments were adults (>P120) and were maintained on 
a 12:12 light/dark cycle with ad libitum access to food and water. Ad libitum access to water was 
removed for two days before behavioral training and testing. Access to food was never restricted. 
Mice were maintained at ~80% of their free-drinking weight. All data were collected from mice of 
either sex.  

We report data from 35 object detection (13 male, 22 female), 91 smooth-rough texture 
discrimination (47 male, 44 female), and 20 rough-rough texture discrimination (11 male, 9 female) 
animals. 10/35 detection animals and 15/91 smooth-rough mice were excluded from learning 
analysis due to changes in behavioral setup, lab relocation, or extended break in training due to 
trainers’ schedules. Except for the rough-rough discrimination mice with C57BL/6J; 
129S2/SvPasCrl background, all mouse lines were maintained on a C57BL/6 background from 
Jackson Laboratories. 

Emx1-Halo mice were generated by crossing Emx1-IRES-Cre knock-in mice (Jackson 
Laboratories, stock #005628) to Rosa-lox-stop-lox (RSL)-eNpHR3.0/eYFP mice (stop-Halo Ai39, 
JAX, stock# 006364), as previously described (Hong et al 2018). Rbp4-Halo, Fezf2-Halo, Cux2-
Halo, and Nr5a1-Halo mice were generated by crossing Rbp4-Cre-KL100, Fezf2-CreER, Cux2-
CreERT2, and Nr5a1-Cre with the stop-Halo animals and were heterozygous for indicated 
transgenes. Cre-negative Flex-Halo control mice did not express the halorhodopsin transgene. 
The experimenters were blind to the genotype of the C57BL/6J; 129S2/SvPasCrl rough-rough 
discrimination animals for an ongoing experiment. However, the experimenters were not blind to 
the genotype of all other animals during testing and analysis. 

Method Details 
Tamoxifen Injections 
Adult Cux2-Halo and Fezf2-Halo mice (>P120) carried inducible recombinase Cre-ERT and were 
intraperitoneally injected with tamoxifen (20 μL of a 20 μM/μL solution in corn oil) to induce Cre 
expression. These animals were injected five times every other day for optimal Cre expression.  

Headplate surgery 
Adult mice (>P120) were anesthetized using isoflurane and administered buprenorphine and 
carprofen. Under a stereotaxic setup, we removed the scalp and implanted a custom-designed 
stainless steel headplate (Wilke Enginuity) over the skull with Metabond dental cement (Parkell).  
 
Behavioral setup 
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We adapted a 2AFC shape discrimination task (Rodgers et al 2020) to implement the 2AFC 
texture discrimination and object detection tasks. The behavioral apparatus was controlled by a 
microcontroller (Arduino Uno) and housed in a box (Foremost) custom-designed with a lightproof 
door and covers. The apparatus was built on an aluminum bread board (Thorlabs or Newport), 
posts and bases (Thorlabs), and custom-designed laser-cut acrylic pieces. In the discrimination 
task, a linear actuator (Actuonix L12-30-50-6-R) advanced laser-cut acrylic textures (see Tables 
1 and 2) towards the right whiskers of the animal. The textures were passively presented at 45° 
relative to the animal’s midline, with the surfaces gently pushing into the majority of whiskers (~1 
cm from the right whisker pad, see Video 1). The response window opened soon after the textures 
reached their final position.  
 
The mouse indicated its choices by licking two stainless steel pipes (McMaster) that were 
positioned slightly anterior and to either side of its mouth. While the animals pre-emptively licked 
before the response window opened, only the first lick within the window determined whether the 
trial was correct or incorrect. Response latency was calculated as duration of time between the 
approximate first whisker contact and the first committed lick that corresponds to the choice lick 
during the response window. The animals were trained to lick right for a smoother surface and to 
lick left for a rougher surface (Fig. 1A, Supplementary Fig 2A) for a water reward (~5 μL). The 
water was delivered by breaking an infrared beam (Sparkfun, QRD1114) or triggering capacitive 
touch sensors (Sparkfun MPR121) that opened solenoid valves (The Lee Co. LFAA1209512H). 
The linear actuator then moved the object sufficiently far from the mouse to prohibit any whisker 
contact, and a stepper motor (Pololu 1204) rotated the object wheel to a neutral position before 
rotating to the next trial’s object. Rotation to a neutral position prior to object presentation ensured 
that the sound and vibration generated by the motor was consistent between trials and no distinct 
auditory or vibrational cues were given. Additionally, a white light (LE LED; Amazon 
B00YMNS4YA) was flashed in-between trials to prevent mice from fully dark-adapting and using 
visual cues to perform the task. A computer fan (Cooler Master; Amazon B005C31GIA) also blew 
air over the texture and away from the mouse to prevent the animals from picking up olfactory 
cues. The textures were also regularly cleaned with 70% ethanol. 
 
The detection task setup was identical to that used for discrimination except that the linear 
actuator either presented a surface (textures from Table 1) or no surface (Fig 4A).  
 
Animal training 
After 1 week recovery, headplated and water-restricted mice (>P120) were put through the 
following training protocol (Fig 1C).  

(1) Handling and freely moving lick training. At this stage, animals were handled by trainers for 
~4 days and placed in the behavioral apparatus where they could roam and habituate to their 
environment. The mice also had access to the water lick pipes from which they could obtain water.  

 (2) Head-fixed lick training. Mice were head-fixed and initially taught to obtain water from a single 
lick pipe. They were then required to lick left and right lick pipes in an alternating pattern, rotating 
between the two after a set number of licks which progressively decreased to 1, in which case 
the reward-side would switch between every lick. This stage required ~5 days of training.  

(3) Forced Alternation. Here, texture stimuli were presented and associated with a reward lick 
pipe, and a punishment time-out was introduced. Presentation of the same texture was repeated 
until mice responded correctly, after which the other texture was presented. The timeout was 
initially 2 s and gradually increased to 9 s as performance increased. Trials in which no responses 
were recorded within the response window (45 s) were excluded from analysis. Detection, 
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smooth-rough discrimination, and rough-rough discrimination animals required 6.8 ± 0.4, 12.0 ± 
0.6 and 14.9 ± 5.0 (mean±SEM) days respectively. 

(4) Full task. Each day started with 45 forced alternation trials to ease the animals into the full 
task. After these initial trials, randomized left/right trials were presented, and licks continuously 
monitored for biases. When a bias was detected, the program halted the randomized trials and 
adjusted to counteract the bias. For example, if the animal responded ≥20% more on one side 
than the other, the program delivered continuously delivered trials corresponding to the other side. 
If the mouse developed a perseverative stay bias (P<0.05, ANOVA), the program delivered forced 
alternation trials. Only the complete randomized trials were used to assess performance. Learning 
criterion was defined as ≥75% correct performance for 2 consecutive days. Detection, smooth-
rough discrimination, and rough-rough discrimination mice reached criterion in 9.2 ± 0.8, 25.0 ± 
3.5, and 4.0 ± 0.5 (mean±SEM) days respectively. 
 
(5) Whisker trimming. Once mice reached learning criterion, all whiskers except C2 whisker were 
trimmed off under anesthesia. Detection animals transitioned from all to one whisker (Fig 4D). 
Texture discriminating mice either experienced the same allC2 or more gradual allC1-C2-
C3C2 protocol (Fig 2B, Supplementary Fig 2D). Trimming was maintained regularly for the 
remainder of the experiments. However, a subset of mice substantially struggled after whisker 
trimming and required their trimmed whiskers to grow back in order to regain mastery of the 
behavior. At this point, animals were advanced to completely random sessions unless the 
experimenter manually corrected for an unusual side bias. At the end of the experiments, animals 
that did not fall to chance (50%; cutoff ≤60%) after full whisker trimming (all including C2) were 
excluded from the study.  
 
(6) Active task. For a subset of both the detection and the smooth-rough discriminating animals, 
the final stimulus position was gradually positioned further away until the mice had to actively 
whisk forward with their remaining whisker to contact the textures. These animals often required 
additional training to master these new circumstances. 
 
Intrinsic signal optical imaging 
Animals were anesthetized with isoflurane, and the skull over the left barrel cortex (centered ~1.5 
mm posterior of bregma and 3.5 mm lateral of the midline) was drilled thin over a 4–5 mm area. 
A thin layer of superglue was applied over the thinned skull. Images were acquired with a CCD 
camera (Q-Imaging, Rolera-MGi Plus) mounted on a stereomicroscope and software custom-
written in LabVIEW. The vasculature on the brain surface was imaged with 510/40 band-pass 
filtered illumination (Chroma, D510/40), and intrinsic signal imaging done with illumination with a 
590-nm long-pass filter (Thorlabs, OG590). The C2 whisker was stimulated with 10 pulses at 5 
Hz with a multi-directional piezo stimulator in the dorsal/ventral directions. The location of the 
maximum reflectance change was mapped relative to the surface vasculature. Surrounding 
whiskers were also imaged to confirm the identification of the C2 barrel. 

Cortical lesions 
Mice were anesthetized under isoflurane. A 3-4 mm craniotomy was made over the target C2 
barrel. The underlying cortical tissue was aspirated with a sterile blunt-tipped syringe connected 
to a vacuum. Lesions encompassed the C2 column and its immediately adjacent columns as well 
as all cortical layers. The majority of lesions extended beyond the barrel cortex boundaries into 
the body subdivision of S1 (Fig 2C). Lesioned animals were allowed to recover for 1 day after 
surgery prior to testing. After completing the task, mice were perfused, and the brains extracted 
for histological analysis. Brains were coronally sliced (100 µm thick) with a vibratome. All lesions 
were objectively scored by experienced anatomists who were blind to the behavioral data. Lesions 
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that were scored to have extended beyond S1 and into subcortical areas like the striatum were 
excluded from analysis.  
 
Videography  
During training in the behavioral apparatus, animals were monitored using a Sony PlayStation 3 
Eye Camera under infrared illumination (Video 1). For high-speed videography, we moved the 
behavioral setup into a customized lightproof box mounted on a vibration-isolating air table (TMC). 
Fully trained single-whisker mice were recorded using a high-speed camera (Photonfocus DR1-
D1312IE-100-G2-8 and Basler ace acA720-520um) under infrared illumination (Videos 2-7).  
 
Optogenetic inactivation 
Optogenetic experiments were performed in the lightproof box mounted on the vibration-isolating 
air table (TMC). All optogenetic animals performed passive versions of their respective tasks 
(detection or smooth-rough discrimination) with a single whisker. A 593-nm laser (OEM) was 
turned on for 25% of the trials, which were randomly interleaved with laser-off trials. The laser 
was coupled to a 200-µm diameter, 0.39 NA optic fiber (Thorlabs) via a fiberport. The fiber tip was 
positioned over C2 cortical column using the vasculature-referenced intrinsic signal map. For 
laser-on trials, an optical shutter opened at the onset of the trial as the linear actuator advanced 
the textures towards the mouse. The texture moved within reach of the whisker field ~1s after the 
onset of the laser, ensuring photoinactivation before contacts were possible. The laser remained 
on until the mouse responded, or, if no response was made, for a maximum of 3 s. Trials in which 
the response occurred after the 3 s were excluded from analysis. No tissue damage was 
detectable with the described protocol.  
 
Confocal imaging 
Mice were perfused, and the brains coronally sectioned (100 µm thick) on a freezing microtome. 
Slices were stained with a rabbit α-NeuN (Millipore MAB5406) and mouse α-GAD67 (Millipore 
ABN78) primary antibodies (1:100, incubated for 3-4 days) followed by anti-rabbit conjugated to 
Alexa Fluor 555 (Life Technologies) and anti-mouse conjugated to DyLight 633 (Invitrogen) 
secondary antibodies (1:500, overnight). Slices were imaged on a Nikon A1R confocal 
microscope using a 20x/0.75 NA air objective. Imaging depth ranged 20-30 µm at 5 µm intervals. 
 
Quantification and statistical analysis 
Statistics 
Analyses were done with custom-written scripts in MATLAB and Python. For all figures, statistical 
significance is denoted as *P<0.05, **P< 0.01, ***P< 0.001. Differences were not significant 
(P>0.05) unless otherwise indicated. 
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