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Abstract

Environmental enrichment (EE) is beneficial to sensory functions. Thus, elucidating the neural mechanism
underlying improvement of sensory stimulus discrimination is important for developing therapeutic strategies.
We aim to advance the understanding of such neural mechanism. We found that tactile enrichment improved
tactile stimulus feature discrimination. The neural correlate of such improvement was revealed by analyzing
single-cell information coding in both the primary somatosensory cortex and the premotor cortex of awake be-
having animals. Our results show that EE enhances the decision-information coding capacity of cells that are
tuned to adjacent whiskers, and of premotor cortical cells.
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This study advances the understanding of the neural mechanisms underlying the improvement of tactile dis-
crimination induced by tactile environmental enrichment (EE). We demonstrate that enrichment improves
the information-coding capacity of adjacent-whisker tuned cells in the barrel cortex and premotor cortex, in
awake animals performing a single whisker discrimination task. This understanding contributes to the devel-
opment of therapeutic strategies for sensory function improvement using EE, which is a promising non-inva-
\sive therapy for many neurodegenerative diseases and traumatic brain injury and stroke recovery. /

Significance Statement

Introduction

Neural plasticity, the basis for learning, memory, and
development, is heavily dependent on sensory experi-
ence, even in adulthood (Wiesel and Hubel, 1963;
Diamond et al., 1993; Zito and Svoboda, 2002; Karmarkar
and Dan, 2006; Holtmaat and Svoboda, 2009; Fu and
Zuo, 2011). Positive sensory experience, most promi-
nently environmental enrichment (EE; or enrichment),
where novel objects, complex surroundings, and/or social
interaction provide sensory and cognitive stimulation and
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encourage physical and exploratory activity, is known to
enhance neural plasticity (Diamond et al., 1972, 1976;
Greenough and Volkmar, 1973; Greenough et al., 1973,
1985; Connor et al., 1982; Turner and Greenough, 1985;
Rampon et al., 2000; Faherty et al., 2003). EE also im-
proves cognitive behavior (Van Praag, 2000; Leggio et al.,
2005), ameliorates neurodegenerative disease symptoms
(van Dellen et al., 2000; Hockly et al., 2002; Arendash et
al., 2004; Jankowsky et al., 2005; Nithianantharajah and
Hannan, 2006), and aids recovery from traumatic brain
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injuries and stroke (Hicks et al., 2007; Janssen et al.,
2010; Kovesdi et al., 2011; Alwis and Rajan, 2014).
Enrichment has also been shown to improve sensory
function and stimulus discrimination. For example, en-
riched housing improves the visual function of amblyopic
rats (Sale et al., 2007; Baroncelli et al., 2012; Tognini et
al., 2012). Olfactory enrichment results in an improved
ability to discriminate between odor pairs (Mandairon et
al., 2006a,b). Similarly, EE enhances spatial discrimination
of sound source, with faster reaction times and improved
discrimination accuracy (Cai et al., 2009). Given the etho-
logical relevance and therapeutic potential, it is important
to fully elucidate the neural mechanisms of how EE im-
proves the animal’s ability to discern features of external
stimuli. However, how sensory information is encoded
under EE at single cell level in primary sensory cortex and
frontal areas that are related to perceptual decision-mak-
ing, especially in the awake brain, has not been shown.
We used the rodent vibrissal pathway as a model to in-
vestigate the cellular mechanism of how EE may improve
stimulus feature discrimination, because it is an excellent
model for both sensory processing and experience-de-
pendent plasticity. Neurons within a column in vibrissal
somatosensory cortex (vS1) respond most vigorously to a
single whisker (principal whisker) stimulation, and the to-
pography of the columns match the whisker arrangement
(Woolsey and Van der Loos, 1970; Simons, 1978), forming
a “barrel map.” Furthermore, the adult barrel cortex, espe-
cially layer 2/3 (L2/3), exhibits experience-dependent
plasticity (for review see Feldman and Brecht, 2005).
Dramatic changes in the spatial representation of a single
whisker occur under conditions including learning
whisker-based discrimination tasks, being housed in a
naturalistic environment or EE (Polley et al., 2004; Guic et
al., 2008; Devonshire et al., 2010), overstimulation of a
whisker (Mégevand et al., 2009), and sensory-deprivation
by whisker trimming (Diamond et al., 1993). However, the
effect of EE on the spatial representation of a single
whisker is unclear. Some studies demonstrated dimin-
ished spatial spread (Polley et al., 2004; LeMessurier et
al., 2019), while others reported broadened spatial spread
(Guic et al., 2008; Devonshire et al., 2010). Hence, it is not
clear whether EE may improve whisker sensory acuity by
sharpening the spatial representation or by strengthening
the response to single-whisker stimulation in adjacent
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columns. Two reasons suggest that the latter is the more
likely scenario. First, L2/3 cells in primary sensory cortices
have long been speculated to integrate input from adja-
cent columns (Brumberg et al., 1996; Moore and Nelson,
1998; Chelaru and Dragoi, 2008; Adesnik and Scanziani,
2010; Wester and Contreras, 2012; Hawkins et al., 2017).
Second, EE encourages the formation of new synapses in
the barrel cortex (Greenough and Volkmar, 1973;
Greenough et al., 1973, 1985; Connor et al., 1982; Turner
and Greenough, 1985; Landers et al., 2011), and potenti-
ates the neural response to a single whisker stimulation
(Alwis and Rajan, 2013). This led us to hypothesize that
EE evokes functional plasticity in L2/3 cells by enhancing
their response to an adjacent whisker stimulation, result-
ing in better comparison of adjacent whisker stimuli.
Subsequently, vS1 may enhance its output to down-
stream frontal cortical areas that are related to decision-
making, leading to improved decision-information coding,
thus sharpening the animal’s spatial acuity when sensing
whisker stimuli.

To test our hypothesis, we housed a group of mice
each individually in a tactile-enriched rat cage with novel
objects, toys, and tunnels of various shapes and textures
that were changed at least twice a week. We designed an
adjacent-whisker spatial discrimination task where mice
were trained to lick for a water reward on detecting the
stimulation of a designated “go” whisker, and withhold
licking if an adjacent “no-go” whisker was stimulated.
This task allowed us to investigate the relationship be-
tween the animal’s spatial acuity in whisker sensing and
the single whisker spatial representation change in vS1 in-
duced by EE. In haptic perception, previous studies show
that EE has no effect on the animal’s ability to discriminate
textured surfaces (Finger and Fox, 1971; Bourgeon et al.,
2004). It is possible that textured surface discrimination is
not difficult enough of a task to reflect the effect of EE.
Therefore, it is important to probe the most basic sensor
spatial acuity with an adjacent-whisker discrimination
task.

Both enriched and standard-housed control mice per-
formed the adjacent whisker discrimination task.
Simultaneously, we used two-photon calcium imaging to
record single-cell activity in vS1 or vibrissal premotor cor-
tex (VM2). In rodents, M2 forms reciprocal connections
with S1 (Reep et al., 1984, 1987, 1990) and serves impor-
tant roles in sensory processing and decision-making
(Vargo et al., 1988; Sul et al., 2011; Murakami et al., 2014;
Manita et al., 2015). Therefore, we chose vM2 as a deci-
sion-making area to investigate whether choice-related
information was improved in enriched animals.

Materials and Methods

Animals

Wild-type mice C57BL/6 [postnatal day (P)30-P40]
were used for these experiments (Charles River
Laboratory). All mice were on a reverse light cycle, and
housed individually in their own cage. For vS1 imaging,
six mice (three male, three female) were enriched, and five
mice (three male, two female) were in the control group.
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For vM2 imaging, seven mice (three male, four female)
were enriched, and four mice (two male, two female) were
in the control group. Behavior data were collected from
seven enriched mice (four male, three female) and six con-
trol mice (three male, three female). Mice used for imaging
groups (both vS1 group and vM2 group) were used for be-
havior analysis. All experiments were in compliance with
the Institutional Animal Care and Use Committee and
National Institutes of Health guidelines.

Surgery

Mice were anesthetized with a ketamine/xylazine cock-
tail (8.0 mg ketamine + 0.6 mg xylazine/ml, 10 ml/kg, i.p.).
Standard aseptic sterile surgery techniques were applied
for survival surgeries. The animal was kept on a thermal
pad to maintain a body temperature of 37°C. The animal
was head-fixed in a stereotaxic frame with non-penetrat-
ing ear bars. Before the initial incision, the hair was re-
moved, and the scalp was cleaned with 70% ethanol and
10% povidone-iodine solution. The scalp was removed.
The injection coordinates over vS1 (1.6 mm posterior, 3.3
mm lateral) and/or vM2 (1.5 mm anterior, 0.5 mm lateral)
relative to bregma were measured. A burr hole was drilled
at the injection sites. An injection pipette (inner diameter
~260 wm, tip diameter ~15 um, BRAND) was then filled
with 400 nl of AAV1-Syn-GCamp6s-WPRE-SV40 solution
(Addgene). The pipette was slowly inserted into the burr
hole ~300 um below pia. The virus solution was infused
by a micropump at a flow rate of 0.9 ul/min. A craniotomy
3 mm in diameter was drilled over the virus injection site.
The cortex was cleaned and covered with a 3 mm round
glass coverslip (Warner Instruments). Dental cement (C&B
Metabond, Parkell) was then used to seal the coverslip to
the skull and to cement a head plate onto the skull.

Behavior training

Acclimation. The animals were allowed at least 5d of
recovery in a reversed light cycle room after surgery, then
water restricted (1 ml/d) for 7-10d. The animals were
handled and watered in the imaging rig to acclimate to the
experiment setup, then trained to tolerate head fixation.
The head fixation duration starts at 5min at a time for the
first day, and gradually increased until mice were calmly
head fixed for 1 h.

Enrichment

After the animals could tolerate head fixation long
enough (~30 min) for a baseline imaging session to obtain
a barrel map (typically after 7-10d of acclimation and
training), approximately half were randomly assigned to
the enriched group. Each mouse in enriched groups was
placed in a large rat cage (~43cm in length x 30cm in
width x 20cm in height) individually, with objects and
toys of various shapes and texture for ~8 h during the
day. An example of such a cage is shown in Figure 1G.
Objects were changed and/or rearranged twice a week.
For nights and weekends, to be still housed on a mouse
rack, the enriched mice were housed individually in a
mouse cage (~30cm in length x 22cm in width x 14cm
in height) with a reduced amount of toys and objects.
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Each mouse in control groups was housed individually in
a mouse cage, with a layer of bedding material and a food
bowl. Enrichment continued as the animals learned and
performed the task (typically four to six weeks).

Detection task

Mice were first trained on a detection task, before they
can progress to the discrimination task. The animals were
first trained to associate the mechanical stimulation of a
designated go whisker with automatic water reward. Each
trial was 12 s long. A sound cue (2500 = 300 Hz, 0.5 s) sig-
naled the beginning of the trial. The whisker was deflected
in the rostral-caudal direction (10Hz, ~676°/s, 0.5 s) at
3.543 s after trial onset. At association stage, ~5 ul of
water was automatically delivered 0.2 s after the onset of
whisker stimulation. Once the mice learned to consis-
tently lick for water following the whisker stimulation, they
were given a response window (0.2-2 s after stimulus
onset) to lick the water spout to trigger a water reward in-
stead of receiving automatic water reward. Initially all tri-
als are go trials where a whisker stimulation was
presented. Once they reached a hit rate of ~80%, trials
with no whisker stimulus (no-go trials) were randomly and
gradually mixed in until they consisted of 50% of the trials.
During the response window in a go trial, if the mouse
licked for water, it was classified as a “hit,” otherwise a
“miss.” Hits were rewarded with ~5 ul of water, and miss-
es were not punished. Mice were trained to withhold lick-
ing during no-go trials. If the animal licked for water
during the response window, it was a “false alarm,” other-
wise a “correct rejection” (Fig. 1A). False alarms were
punished with delays to the next trials until the animal
withhold licking. Correct rejections were not rewarded.
Once an animal’s performance (hit-rate to false-alarm-
rate ratio) reached 2, it was considered that they had
learned the task.

Discrimination task

After the mice learned detection, they were trained on
the discrimination task. The no-go trials now presented
the stimulation of a no-go whisker (a whisker that was not
the designated go whisker). No-go trials were again ran-
domly and gradually mixed in until they consisted of 50%
of the trials. The no-go whisker started at a location re-
mote from the go whisker, then was gradually moved to-
ward the go whisker until they were adjacent. Each animal
typically tolerated head-fixation for ~1 h at a time (one
single session), and performed ~200-300 trials during
this hour and became sated with water by the end of the
hour/session.

Whisker stimulation

Whisker stimulation was controlled by an analog galva-
nometer motor (Cambridge Technology) with a custom at-
tachment to allow a single whisker to be threaded into a
small capillary (inner diameter 0.50 mm). The end of the
capillary was situated ~2-3 mm from the face. When
two adjacent whiskers were stimulated, care was taken
so that the whisker capillaries did not touch each other
when in motion. A Gaussian white noise was used to
mask any sound from the motors. All devices during the
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A Whisker Spatial Discrimination Task

Two-photon calcium imaging Lick No lick
vS1 or vM2 (AGm)
Water Whisker 1 stimulus: go Whisker 1| Hit Miss
Whisker 2 stimulus: no-go stimulus  |(5uL water)|(not punished)
. . . False Correct
Chronic cranial window Whisker 2 alarm rejection
stimulus i
Head Fixation (time out) |(not rewarded)
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Figure 1. Tactile environment enrichment sharpens spatial acuity in adjacent-whisker discrimination. A, Awake, head-fixed mice
are trained on a whisker spatial discrimination go/no-go task while being simultaneously imaged. The animal licks for water reward
on the same go whisker stimulation, but withholds licking on any other whisker stimulation. In the final form of the task, the no-go
whisker is always adjacent to the go whisker. B, An example lick raster of a discrimination task session. Go trials (left) and no-go tri-
als (middle) are randomly interleaved. Each trial is 12 s, and the stimulus onset is at 3.5 s (first vertical line). The animal has a re-
sponse window of 0.2-2 s after stimulus onset (second vertical line signifies the end of response window). Trials where animals lick
prematurely (0.5 s before and 0.19 s after stimulus onset) are excluded. A well-trained animal typically has <5% premature trials.
Tactile task performance is measured by the ratio of hit rate to false alarm rate. In this example session, the animal’s discrimination
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performance is 4.67. C, Discrimination task performance is significantly better in enriched animals (control bootstrap mean =2.64,
error bar: 2.5th percentile =1.99, and 97.5th percentile=3.43, N=7885 trials, 6 mice; enriched bootstrap mean=5.98, error bar:
2.5th percentile =3.68, and 97.5th percentile = 9.40, N=13,123 trials, 7 mice; p <0.05). D, The hit rates were the same between
control and enriched animals (control bootstrap mean=84.07%, error bar: 2.5th percentile = 76.92%, and 97.5th
percentile =90.17%, N = 7885 trials, 6 mice; enriched bootstrap mean =84.36% error bar: 2.5th percentile =78.09%, and 97.5th per-
centile = 89.52%, N =13,123 trials, 7 mice; p > 0.05). E, Lowered false alarm rate is the main behavior improvement in enriched ani-
mals (control bootstrap mean=37.82%, error bar: 2.5th percentile = 30.49%, and 97.5th percentile=45.17%, N=7885 trials,
6 mice; enriched bootstrap mean =21.86% error bar: 2.5th percentile=16.37%, and 97.5th percentile = 27.64%, N =13,123 trials, 7
mice; p <0.05). F, The detection false alarm rates were not different between enriched and control animals (control bootstrap
mean =28.79%, error bar: 2.5th percentile=24.15% and 97.5th percentile=33.92%, N=7829 trials, 6 mice; enriched bootstrap
mean =27.39%, 2.5th percentile=19.93% and 97.5th percentile =33.44%, N=15073 trials, 7 mice; p > 0.05). G, An example of a

large cage with objects of various shapes and textures used for tactile enrichment. “p < 0.05.

behavior training were controlled and the data recorded
using a real-time program custom written in the Real-
Time eXperiment Interface (RTXI) framework (Patel et
al., 2017).

In vivo functional imaging

Wide-field epifluorescence imaging was used to identify
the area of activation in response to whisker stimulation.
The mouse was head-fixed. An objective lens (either 4x
magnification, 0.10NA, 18.5 mm WD, Olympus, or 16x,
0.80NA, 3.0 mm WD, Nikon) was placed over the cranial
window and the cortical surface was illuminated with a
blue LED (470nm, Thorlabs). Fluorescence signal was
collected with a CCD camera (QIMAGING) at 168 ms per
frame and 310 pixels/mm (4x) or 1120 pixels/mm (16x).
The field of view was ~2.24 x 1.67 mm for 4x and 621 x
464 pum for 16x.

Two-photon calcium imaging was used to record indi-
vidual cell activity in L2/3. A 16 x lens was placed over the
cranial window and water was filled in between. A 920 nm
laser (Spectra-Physics) was used to excite the GCamp
(~15 mW) and the fluorescence signal was collected with
a photomultiplier tube (H7422A-40, Hamamatsu) at 1.18 s
per frame at 786 pixels/mm (Prairie View, Bruker
Imaging). The field of view was ~651 x 651 um.

Histology

Mice were perfused with 4% paraformaldehyde. The
cortex was peeled, flattened to 1 mm and sliced tangen-
tially at 100 um on a Vibratome (VT1200S, Leica). The bar-
rel field was visualized under a bright field microscope
with a 4 x objective lens.

Quantification and statistical analysis

All raw images were first registered for micromotion in
ImagedJ (TurboReg Plugin). Cells were manually selected
using standard deviations projection (Cell Magic Wand
Plugin), and the centroid and mean gray value of each cell
over time (AF) were calculated and exported to MATLAB
for analysis. For each cell, a change in fluorescence rela-
tive to the background (AF/Fg) was calculated, where Fy is
the average of the first two frames. Error bars in all figures
indicate 1 SE.
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Whisker tuning

For each single cell, the maximum response up to two
frames after stimulus onset was collected from each trial.
Values from go whisker stimulation trials form a distribu-
tion while those from no-go whisker stimulation trials form
another (Fig. 2B). The area under the receiver operating
characteristic curve (AUROC) of the two distributions was
calculated and normalized by subtracting 0.5, so that a
positive normalized AUROC signifies go whisker prefer-
ence, and negative value signifies no-go whisker prefer-
ence (Fig. 2C). If a cell’s principal barrel and preferred
whisker were different, it was classified as an adjacent-
tuned (AT) cell, otherwise a principal-tuned (PT) cell. To
determine a cell’s principal barrel, the centroids of go and
no-go barrels were calculated from a 10-trial average 16x
wide-field image of cortical activation in response to a
given whisker stimulation and transformed onto the two-
photon imaging background. The x- and y-plane coordi-
nate translation from 16 x wide-field image to two-photon
image was previously calibrated. An anatomic barrel map
(as we found no significant deviations among individual
animals) was then scaled and rotated, so that the cent-
roids of go and no-go barrels and the functional centroids
coincide.

Behavior analysis

The performance of an animal was calculated by the
ratio of hit rate to false alarm rate. A ratio of 2 signifies that
the animal is trained on the task. Any trial where the ani-
mal licked prematurely in the time window [-0.19 0.2 s)
relative to stimulus onset was eliminated from analysis. A
trained animal typically has <5% such trials (Fig. 1B).

Decoding analysis

Fisher linear discriminant analysis (LDA) was used to
predict the animal’s behavior given single-trial cellular
population response. When using different classes of
cells (e.g., AT cells vs PT cells), the cell numbers were
kept the same for each class. From each performance
category (false alarm vs correct rejection), half of the trials
were randomly chosen to train the classifier, and the other
half were used to test the classifier accuracy. The decoder
performance is the % of trials correctly predicted in the
test trials. If a particular performance category has <50
trials for either training or test data, then it is randomly
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Figure 2. EE increases whisker adjacent-tuning in vS1. A, An example two-photon calcium image of vS1 L2/3 response to a single-
whisker stimulation in an awake, head-fixed mouse. Right, The response of an example cell (outlined in red) to two adjacent whisker
stimulation in separate, interleaved trials. Thin colored lines are single trials of calcium trace, thick black lines are trial-averaged. B,
Whisker tuning calculation: the maximum response from all trials of whisker 1 stimulation form a distribution while those from
whisker 2 stimulation trials form the other. ROC analysis is used to quantify the separation of the two distributions. C, Two example
ROC curves from two individual cells. An AUROC above 0.5 signifies tuning to whisker 1, and below 0.5 to whisker 2. D, Examples
of L2/3 cell whisker tuning in vS1 (left: vS1 of a control mouse, right: vS1 of an enriched mouse). The AUROC is normalized by sub-
tracting 0.5, so that positive values signify tuning to whisker 1, and negative values to whisker 2. Warm-colored dots: cells tuned to
whisker 1 at its physical location; cold-colored dots: cells tuned to an adjacent whisker 2. Red outline: approximate functional
space of whisker 1 principal barrel, identified using wide-field imaging. Blue outline: approximate functional space of whisker 2 prin-
cipal barrel. E, Adjacent whisker tuning increases in enriched animals. Adjacent tuning is defined as the total absolute value of nor-
malized AUROC of all the cells tuned to the adjacent whisker within the approximate functional boundary of a given barrel (control
bootstrap mean 1.07, error bar: 2.5th percentile 0.53, and 97.5th percentile 1.50, N=60 AT cells, 5 mice; enriched bootstrap mean
2.47, error bar: 2.5th percentile 1.61, and 97.5th percentile 3.42, N=108 AT cells, 6 mice; p <0.05). *p < 0.05.

resampled. This process is iterated 10 times and an aver-
age over 10 iterations is the recorded performance.

we resampled the cells with replacement to calculate the
adjacent tuning. This process is iterated 1000 times. Each
iteration yields a new statistic per session, and the mean
of these statistics was recorded for that single iteration.
Finally, 1000 bootstrapped statistics for the control group
were tested against those of the enriched group. To per-

Hierarchical multilevel bootstrap analysis
We used hierarchical multilevel bootstrap analysis
(Davison and Hinkley, 1997; Kwon et al., 2016; Saravanan

et al., 2020; Xu et al., 2020) to resolve the issues of de-
pendency in the data and relatively small sample sizes.
For each statistic, at each level of data collection (animal,
session, then cell and/or trial), we randomly resample with
replacement and recalculate the statistic. As an example,
we describe here the process of bootstrapping adjacent
tuning (Fig. 2E) for the control group. First, we plot adja-
cent tuning from the eight sessions out of the five animals,
and excluded any outliers using the box plot. Then, we
randomly resampled the five animals with replacement.
For each resampled animal, we randomly resampled the
sessions recorded. Finally, for each resampled session,

May/June 2021, 8(3) ENEURO.0309-20.2021

form statistical significance testing, we first calculated
randomized differences of means. For each bootstrap
iteration, we shuffled the bootstrapped adjacent tuning
from both control and enriched groups, then randomly re-
assigned them into two groups. The difference between
the mean of the two random groups was recorded for that
single iteration. The 97.5th percentile value of the
randomized differences signifies the 5% probability
(p =0.05) that, the observed difference of mean (mean of
enriched group minus mean of control group) is not larger
than that if the two groups came from the same condition.
For paired comparison (one-sample test, e.g., Fig. 3H,
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Figure 3. Function of adjacent-tuned cells explains behavior in enriched animals. A, An example session of S1 L2/3 cellular activity
in an awake animal performing a whisker discrimination task. Images are averaged over all trials within a performance criterion. B,
For a single cell, decision encoding is quantified by ROC analysis between the response distributions during the trials where the ani-
mal licked versus those where the animal did not lick. It is calculated under conditions where go whisker was stimulated versus no-
go whisker was stimulated. C, S1 cells encode stimulus feature more than decision. The information about the stimulus and
decision is averaged (mean of absolute value of normalized AUROC over all cells). Because the determining factor in discrimination
performance is the false alarm rate, all decision coding in this study refers to the decision between false alarm and correct rejection
trials (bottom of B). Stimulus encoding bootstrap mean =0.090, error bar: 2.5th percentile =0.077, and 97.5th percentile =0.11; deci-
sion encoding bootstrap mean=0.065, error bar: 2.5th percentile=0.056, and 97.5th percentile=0.077, N=7092 cells, 11 mice;
p <0.05. D, In PT cells, enrichment does not improve their decision-coding capacity (control bootstrap mean 3.34, error bar: 2.5th
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percentile 1.10, and 97.5th percentile 4.96, N=361 PT cells, 5 mice; enriched bootstrap mean 4.09, error bar: 2.5th percentile 2.59,
and 97.5th percentile 6.78, N=400 PT cells, 6 mice; p > 0.05). E, AT cells encode more decision information with enrichment (con-
trol bootstrap mean 0.51, error bar: 2.5th percentile 0.25, and 97.5th percentile 0.97, N=60 AT cells, 5 mice; enriched bootstrap
mean 1.31, error bar: 2.5th percentile 0.80, and 97.5th percentile 1.97, N=108 AT cells, 6 mice; p <0.05). F, Decision information
encoded in PT cells cannot predict behavior (control animals r=0.54, p > 0.05, bootstrap portion of samples that have significant
correlation was 23.2%, the mean of significant correlation value is 0.62, N=361 PT cells, 5 mice; enriched animals r= —0.37,
p >0.05, bootstrap portion of samples that have significant correlation was 24.3%, the mean of significant correlation value is
—0.75, N=400 PT cells, 6 mice). G, In enriched animals, but not control animals, the average decision information encoded in AT
cells predicts false alarm rate in discrimination task (enriched: r= —0.86, p < 0.05, in multilevel hierarchical bootstrapped samples,
portion of samples that have significant correlation was 55%, the mean of significant correlation value is —0.82, N=108 AT cells, 6
mice; control: r=0.02, p > 0.05, bootstrap portion of samples that have significant correlation was 7.4%, the mean of significant
correlation value is —0.28, N=60 AT cells, 5 mice). H, Using populations of either PT cells or AT cells, Fisher LDA is used to classify
false alarm and correct rejection trials. For any given session, the number of PT cells and the number of AT cells are kept the same.
The decoder predicts a single trial more accurately using AT cells than PT cells in enriched animals, but not in control animals (con-
trol PT bootstrap mean 56%, error bar: 2.5th percentile 35%, and 97.5th percentile 71%, AT bootstrap mean 56%, error bar: 2.5th
percentile 36% and 97.5th percentile 68%, N =60 cells, 5 mice; enriched PT bootstrap mean 67%, error bar: 2.5th percentile 62%,
and 97.5th percentile 74%, AT bootstrap mean 72%, error bar: 2.5th percentile 66% and 97.5th percentile 78%, N=108 cells, 6

mice). “p < 0.05.

decoding using AT cells vs PT cells in the same animal),
the difference between the pair of bootstrapped samples
was calculated. If 97.5% of the difference values is >0,
then we conclude the difference in sample mean is >0.

Results

Tactile environment enrichment sharpens spatial
acuity in adjacent-whisker discrimination

Although EE proves beneficial to sensory stimulus dis-
crimination (Mandairon et al., 2006a,b; Sale et al., 2007;
Cai et al.,, 2009; Baroncelli et al., 2012; Tognini et al.,
2012), previous studies show no improvement in surface
texture discrimination (Finger and Fox, 1971; Bourgeon et
al., 2004). This is possibly because textured surface dis-
crimination is not difficult enough of a task to reflect the
effect of EE. Therefore, we examined tactile discrimination
using an adjacent-whisker spatial discrimination task.
This task allows us to probe the basic sensor spatial acu-
ity. To test whether enrichment could improve this spatial
acuity in whisker sensing, we placed a group of mice in
tactile enriched housing. Enriched mice were housed indi-
vidually in a large cage with objects of various shapes and
texture (for an example of such setup, see Fig. 1G), for
~40 h per week. Control animals are housed individually
in a small mouse cage with only bedding material and
food (see Materials and Methods).

We trained head-fixed, water-restricted mice to perform
a two-adjacent whisker discrimination task. The mouse
was trained to lick for a water reward if a designated go
whisker was deflected (Fig. 1A). If the mouse licked within
the response window (0.2-2 s after stimulus onset), the
trial was classified as a hit, otherwise a miss. In randomly
interleaved no-go trials where an adjacent no-go whisker
was deflected, the mouse was trained to withhold licking.
If the mouse licked within the response window, the trial
was a false alarm where the mouse was punished with a
recursive timeout until licking stopped; otherwise, a cor-
rect rejection. Task performance was measured by the
ratio of hit rate to false alarm rate. Behavior data were
used for comparison between control and enriched
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groups after each animal had learned the task (after their
performance ratio had reached 2 consistently).

Enriched animals spatially discriminated two adjacent
whisker better (control bootstrap mean =2.64, error bar: 2.5th
percentile =1.99, and 97.5th percentile = 3.43, N =7885 trials,
6 mice; enriched bootstrap mean =5.98, error bar: 2.5th per-
centile =3.68, and 97.5th percentile = 9.40, N=13,123 trials,
7 mice; p < 0.05; Fig. 1C). Furthermore, the driving force
behind better discrimination performance was the low-
ered false alarm rate in enriched animals (control boot-
strap mean=37.82%, error bar: 2.5th percentile =
30.49%, and 97.5th percentile =45.17%, N=7885 tri-
als, 6 mice; enriched bootstrap mean=21.86% error
bar: 2.5th percentile =16.37%, and 97.5th percentile =
27.64%, N=13,123 trials, 7 mice; p <0.05; Fig. 1E), as
the hit rates were not different (control bootstrap
mean =84.07%, error bar: 2.5th percentile = 76.92%,
and 97.5th percentile =90.17%, N =7885 trials, 6 mice;
enriched bootstrap mean =84.36% error bar: 2.5th per-
centile =78.09%, and 97.5th percentile = 89.52%,
N =13,1283 trials, 7 mice; p > 0.05; Fig. 1D). Importantly,
the false alarm rate improvement is specific to the dis-
crimination task. In the detection task, the animals were
trained to withhold licking in the no-go trials, where no
whisker stimulus was presented (see Materials and
Methods). The detection false alarm rates were not dif-
ferent between enriched and control animals (control
bootstrap mean=28.79%, error bar: 2.5th percentile
=24.15% and 97.5th percentile =33.92%, N =7829 tri-
als, 6 mice; enriched bootstrap mean=27.39%, 2.5th
percentile =19.93% and 97.5th percentile =33.44%,
N =15073 trials, 7 mice; p > 0.05; Fig. 1F).

Tactile environment enrichment increases adjacent-
whisker tuning in vS1

We investigated the neural correlates of the sensory
acuity shown in the enriched animals. It has been reported
that enrichment shrinks or broadens the spatial span of a
single whisker in L2/3 (Polley et al., 2004; LeMessurier et
al.,, 2019; Guic et al.,, 2008; Devonshire et al., 2010).
Because enrichment encourages the formation of new
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synapses in the barrel cortex (Greenough and Volkmar,
1973; Greenough et al., 1973, 1985; Connor et al., 1982;
Turner and Greenough, 1985; Landers et al., 2011) and
potentiates the neural response to a single whisker stimu-
lation (Alwis and Rajan, 2013), we hypothesize that EE en-
hances L2/3 cellular response to an adjacent whisker
stimulation. This enhanced response would enable cells
to better compare adjacent whisker stimuli, serving as a
potential mechanism for sharpened spatial discrimination
observed in behavior.

To test whether EE increased the adjacent-whisker tun-
ing in L2/3 of vS1, we used two-photon calcium imaging
to record single cell response to individual stimulation of
two adjacent whiskers in awake, head-fixed mice. We
then calculated the whisker preference of each cell using
ROC analysis (Fig. 2A-C; see Materials and Methods).
Figure 2D shows examples of cell tuning in the barrel cor-
tex of a control (Fig. 2D, left) and an enriched (Fig. 2D,
right) animal. For example, in the barrel outlined in red,
cold colored cells are preferentially tuned to the adjacent
whisker. We then derived a measure of adjacent tuning by
summing the normalized AUROC values of all AT cells
within the two barrels. After four weeks of enrichment, ad-
jacent tuning increased in vS1 (control bootstrap mean
1.07, error bar: 2.5th percentile 0.53, and 97.5th percen-
tile 1.50, N =60 AT cells, 5 mice; enriched bootstrap mean
2.47, error bar: 2.5th percentile 1.61, and 97.5th percen-
tile 3.42, N=108 AT cells, 6 mice; p <0.05; Fig. 2E). This
result suggests that L2/3 vS1 neurons collectively in-
crease their response to an adjacent whisker stimulation,
potentially integrating more information from adjacent
columns.

AT cells carry more decision information than PT cells

L2/3 cells in primary sensory cortices have long been
speculated to integrate information from adjacent col-
umns (Brumberg et al., 1996; Moore and Nelson, 1998;
Chelaru and Dragoi, 2008; Adesnik and Scanziani, 2010;
Wester and Contreras, 2012; Hawkins et al., 2017).
Therefore, we particularly investigated the functional
change in AT cells under enrichment, especially regarding
information-coding. We imaged single cell activity in L2/3
of vS1 while the animal was performing a whisker discrim-
ination task. Figure 3A shows an example trial-averaged
cellular activity in each performance criterion during a dis-
crimination task session. We first analyzed how much in-
formation about the animal’s decision was encoded in
vS1 cells. Because the difference in discrimination task
performance was the false alarm rate, we collected the
single trial responses from false-alarm trials and correct
rejection trials respectively (Fig. 3B). We then used ROC
analysis to quantify how each cell’s activity correlated
with the animal’s decision during no-go ftrials. We found
that, vS1 cells in general encoded more stimulus informa-
tion than decision information. The whisker stimulus infor-
mation (calculation as shown in Fig. 2) averaged over all
vS1 cells was higher than the decision information (stimu-
lus encoding bootstrap mean =0.090, error bar: 2.5th per-
centile =0.077, and 97.5th percentile =0.11; decision
encoding bootstrap mean=0.065, error bar: 2.5th
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percentile =0.056, and 97.5th percentile=0.077, N =7092
cells, 11 mice; p < 0.05; Fig. 3C).

To investigate whether AT cells underlie improved dis-
crimination performance, we analyzed decision informa-
tion encoded in AT cells and in PT cells respectively. In
enriched animals, AT cells encoded more decision infor-
mation (total amount of decision information summed
over all AT cells) than their control counterparts (control
bootstrap mean 0.51, error bar: 2.5th percentile 0.25, and
97.5th percentile 0.97, N=60 AT cells, 5 mice; enriched
bootstrap mean 1.31, error bar: 2.5th percentile 0.80, and
97.5th percentile 1.97, N=108 AT cells, 6 mice; p <0.05;
Fig. 3E). However, PT cells showed no improvement in
decision coding under EE (control bootstrap mean 3.34,
error bar: 2.5th percentile 1.10, and 97.5th percentile
4.96, N=361 PT cells, 5 mice; enriched bootstrap mean
4.09, error bar: 2.5th percentile 2.59, and 97.5th percen-
tile 6.78, N=400 PT cells, 6 mice; p>0.05; Fig. 3D).
Importantly, the cell-averaged decision information was
well correlated with the animal’s false alarm rate in dis-
crimination task, but only in AT cells of enriched animals
(r = —0.86, p<0.05, in multilevel hierarchical boot-
strapped samples, portion of samples that have signifi-
cant correlation was 55%, the mean of significant
correlation value is —0.82, N=108 AT cells, 6 mice; Fig.
3G). Such correlation does not hold in control animals
(r=0.02, p > 0.05, bootstrap portion of samples that have
significant correlation was 7.4%, the mean of significant
correlation value is —0.28, N=60 AT cells, 5 mice) or PT
cells (control animals r=0.54, p > 0.05, bootstrap portion
of samples that have significant correlation was 23.2%,
the mean of significant correlation value is 0.62, N =361
PT cells, 5 mice; enriched animals r = —0.37, p > 0.05
bootstrap portion of samples that have significant cor-
relation was 24.3%, the mean of significant correlation
value is —0.75, N =400 PT cells, 6 mice; Fig. 3F). Finally,
to quantify the information available in population activ-
ity, we used Fisher LDA to predict the animal’s decision
from either AT or PT cell population activity on a single-
trial basis (see Materials and Methods). Consistent with
single-cell encoding results, in enriched animals only,
an ideal observer can predict the animal’s decision with
higher accuracy using AT cell population than using PT
cells (control PT bootstrap mean 56%, error bar: 2.5th
percentile 35%, and 97.5th percentile 71%, AT boot-
strap mean 56%, error bar: 2.5th percentile 36% and
97.5th percentile 68%, N =60 cells, 5 mice; enriched PT
bootstrap mean 67%, error bar: 2.5th percentile 62%,
and 97.5th percentile 74%, AT bootstrap mean 72%,
error bar: 2.5th percentile 66% and 97.5th percentile
78%, N =108 cells, 6 mice; Fig. 3H). These results sug-
gest that EE may improve the animal’s sensory acuity
by increasing the decision-information capacity in AT
cells.

Tactile environment enrichment enhances decision
coding in the premotor cortex

Because vS1 cells primarily encode the stimulus feature
rather than the animal’s decision, we investigated the pre-
motor cortex. It forms reciprocal projections with S1
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Figure 4. Premotor cells encode decision. A, An example two-photon calcium image of vM2 L2/3 cells in an awake, head-fixed
mouse. Some cells respond vigorously to a single whisker stimulation (left), but exhibits little whisker tuning, while others exhibit
some moderate extent of whisker preference (right). Thin colored lines are single trials of calcium trace, thick black lines are trial-
averaged. B, An example of L2/3 cell whisker tuning in vM2. Unlike vS1, cells tuned to a given whisker do not exhibit any topo-
graphical organization. C, In control animals, vM2 cells on average do not encode the animal’s decision relative to stimulus informa-
tion more than vS1 cells do (control vS1 cells bootstrap mean 0.66, error bar: 2.5th percentile 0.46, and 97.5th percentile 0.81, N =
2826 cells; 5 mice; vM2 cells bootstrap mean 0.71, error bar: 2.5th percentile 0.55 and 97.5th percentile 0.84, N=1842 cells, 4
mice). D, In enriched animals, vM2 cells on average encode the animal’s decision more than vS1 cells do (enriched vS1 cells: boot-
strap mean 0.88, error bar: 2.5th percentile 0.79, and 97.5th percentile 0.97, N =4266 cells, 6 mice; vM2 cells bootstrap mean 1.13,
error bar: 2.5th percentile 0.94 and 97.5th percentile 1.34, N=3972 cells, 7 mice, p <0.05). E, In control animals, the overlap be-
tween cellular populations encoding stimulus and decision is not different between vM2 and vS1 (control vS1 cells bootstrap mean
5.1%, error bar: 2.5th percentile 2.9%, and 97.5th percentile 7.7%, N = 2826 cells; 5 mice; vM2 cells bootstrap mean 2.3%, error
bar: 2.5th percentile 1.3% and 97.5th percentile 3.3%, N=1842 cells, 4 mice, p > 0.05). F, In enriched animals, the cellular popula-
tion encoding stimulus and decision become more separated in vM2 than in vS1, quantified as % of overlap between stimulus-en-
coding cells and decision-encoding cells (enriched vS1 cells: bootstrap mean 8.0%, error bar: 2.5th percentile 5.9%, and 97.5th
percentile 10%, N=4266 cells, 6 mice; vM2 cells bootstrap mean 3.1%, error bar: 2.5th percentile 1.7% and 97.5th percentile
4.5%, N=3972 cells, 7 mice, p < 0.05). *p < 0.05.

(Reep et al., 1984, 1987, 1990) and performs critical func-
tions in decision-making (Sul et al., 2011; Murakami et al.,
2014) and sensory perception (Vargo et al., 1988; Manita
et al., 2015). In a separate group of task-performing ani-
mals, we imaged single cell activity in vM2 using two-pho-
ton calcium imaging. Figure 4A shows an example vM2
imaging session, where cells respond to a single whisker
stimulation. Some cells exhibit whisker tuning preference
(Fig. 4A, right), while others do not (Fig. 4A, left). Unlike
vS1, vM2 does not have a spatial topography for individu-
al whisker stimulus, as shown in an example tuning map
in Figure 4B.
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In enriched animals, vM2 cells primarily encode deci-
sion rather than stimulus feature, and encode more deci-
sion than vS1 cells (decision to stimulus encoding ratio,
enriched vS1 cells: bootstrap mean 0.88, error bar: 2.5th
percentile 0.79, and 97.5th percentile 0.97, N = 4266 cells,
6 mice; vM2 cells bootstrap mean 1.13, error bar: 2.5th
percentile 0.94 and 97.5th percentile 1.34, N=3972 cells,
7 mice, p <0.05; Fig. 4D). On average, cells in vM2 of en-
riched animals also encode more decision information
than their control counterparts (control vS1 cells boot-
strap mean 0.66, error bar: 2.5th percentile 0.46, and
97.5th percentile 0.81, N = 2826 cells; 5 mice; vM2 cells
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bootstrap mean 0.71, error bar: 2.5th percentile 0.55 and
97.5th percentile 0.84, N = 1842 cells, four mice; Fig. 4C).
Furthermore, compared with vS1 cells, vM2 cells have a
smaller overlap between populations that encode stimu-
lus and those that encode decision (% overlap enriched
vS1 cells: bootstrap mean 8.0%, error bar: 2.5th percen-
tile 5.9%, and 97.5th percentile 10%, N=4266 cells, 6
mice; vM2 cells bootstrap mean 3.1%, error bar: 2.5th
percentile 1.7% and 97.5th percentile 4.5%, N=3972
cells, 7 mice, p <0.05; Fig. 4F). These results suggest
that vM2 cells, downstream to vS1, may become more
functionally specialized in the type of information they en-
code. Again, these patterns do not hold for control ani-
mals (control vS1 cells bootstrap mean 5.1%, error bar:
2.5th percentile 2.9%, and 97.5th percentile 7.7%, N =
2826 cells; 5 mice; vM2 cells bootstrap mean 2.3%, error
bar: 2.5th percentile 1.3% and 97.5th percentile 3.3%,
N =1842 cells, 4 mice, p > 0.05; Fig. 4E). The total amount
of decision information encoded in enriched vM2 cells
was higher than that in control animals (control bootstrap
mean 2.36, error bar: 2.5th percentile 1.46 and 97.5th per-
centile 3.25, N=1842 cells, 4 mice; enriched bootstrap
mean 7.25, error bar: 2.5th percentile 4.04 and 97.5th per-
centile 11.37, N=3972 cells, 7 mice, p <0.05; Fig. 5A),
and correlated with the animal’s behavior (control r =
—0.62, p>0.05, in multilevel hierarchical bootstrapped
samples, portion of samples that have significant correla-
tion was 25%, the mean of significant correlation value is
—0.7, N=1842 cells, four mice; enriched r = —0.7,
p < 0.05, in multilevel hierarchical bootstrapped samples,
portion of samples that have significant correlation was
54%, the mean of significant correlation value is —0.81,
N=3972 cells, 7 mice; Fig. 5B). We analyzed population
activity in vM2 to predict animal decision on single-trial
basis. The LDA decoder performs better using vM2 cells
in enriched animals than those in control animals. The de-
coder also shows higher accuracy when using decision-
encoding cells than using the same number of randomly
selected vM2 cells (control: random cells bootstrap mean
65%, error bar: 2.5th percentile 59%, and 97.5th percen-
tile 73%, decision cells bootstrap mean 73%, error bar:
2.5th percentile 68% and 97.5th percentile 78%, N =131
cells, four mice; enriched random cells bootstrap mean
74%, error bar: 2.5th percentile 68%, and 97.5th percen-
tile 80%, decision cells bootstrap mean 80%, error bar:
2.5th percentile 77% and 97.5th percentile 84%, N=510
cells, 7 mice; Fig. 5C). These results suggest that EE en-
hances the ability of vM2 cells to encode the animal’s de-
cision. During enrichment, vM2 cells develop more
specialized cellular populations dedicated to stimulus en-
coding and decision-making respectively. These mecha-
nisms may improve sensory acuity in behaving animals.

Discussion

EE is known to be beneficial to sensory functions
(Mandairon et al., 2006a,b; Sale et al., 2007; Cai et al.,
2009; Baroncelli et al., 2012; Tognini et al., 2012).
Therefore, a full understanding of the neural processes
underlying improved sensory acuity induced by enrich-
ment is critical. We aim to contribute to this question by
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demonstrating improvements of tactile sensory stimuli
discrimination and its underlying information coding at
single-cell level in both vS1 and vM2.

In many sensory modalities, such as audition (Cai et al.,
2009) and olfaction (Mandairon et al., 2006a,b), EE im-
proves stimulus discrimination in animal behavior.
However, tactile enrichment seemed not to improve tex-
ture discrimination in rodents (Finger and Fox, 1971;
Bourgeon et al., 2004). Although texture discrimination is
an ethologically natural task, it is possibly not difficult
enough for the animal to reflect the full effect of enrich-
ment. We designed a single-whisker spatial discrimination
task that was difficult enough for the normal-housed
animal, so that EE significantly improved the task per-
formance. Strictly speaking, the laboratory housing re-
flects a form of sensory deprivation, whereas our enriched
housing rather imitates the “normal” tactile environment.

To uncover the underlying neural processes of how EE
improved tactile discrimination, we analyzed stimulus-in-
formation and decision-information coding at the single
cell level. Cells that are not tuned to their principal whisker
are of particular interest. The cortical column is one of the
most prominent organizations in the neocortex and well
researched. In contrast, relatively little is known about the
horizontal flow of sensory information between columns.
In our model of barrel cortex, this is reflected in L2/3 cells
that are tuned to an adjacent, or even multiple whiskers.
Unlike L4, L2/3 cells form a salt-and-pepper-like tuning
map (Sato et al., 2007; Kerr et al., 2007; Clancy et al.,
2015). Because of the nature of precise spatial somatoto-
py in L4 of the barrel system, it may be intuitive to sup-
pose this salt-and-pepper-like non-principal whisker
tuning may obscure spatial acuity in sensation. Thus,
whether spatially-heterogeneous tuning is simply a by-
product of organizational imprecision, or it serves a pur-
pose in sensory processing remained as a question. Our
study addresses this question. We show that stimulus-
evoked activity in adjacent cortical columns does not im-
pede the spatial acuity in the animal’s sensation. On the
contrary, adjacent-whisker-tuned cells encode important
neural correlates of improved sensory acuity. Importantly,
EE enhanced decision-coding in adjacent-whisker-tuned
cells, but not in their PT counterparts.

Because EE is known to improve cognitive behavior
(Van Praag, 2000; Leggio et al., 2005), it is possible that
the improvement in adjacent-whisker discrimination was
because of general cognitive improvements, such as bet-
ter memory or impulse control. As a control, we tested the
animals in a whisker detection task, where they were
trained to withhold licking when no whisker stimulus was
presented. We found that the detection false alarm rates
were similarly high in enriched animals compared with
ones in control animals (Fig. 1F). Thus, it is not likely that
the reduced false alarm rate during the discrimination
task was mainly because of a better impulse control, but
such possibilities should not be discarded.

Although other studies have also addressed how EE
may affect multiwhisker tuning or a single whisker recep-
tive field, the results are divided in the literature. Some
showed enriched (LeMessurier et al., 2019) or natural
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Figure 5. EE increases decision coding in vM2 cells. A, The total amount of information encoded about the animal’s decision in
vM2 cells is greater in enriched animals (control bootstrap mean 2.36, error bar: 2.5th percentile 1.46 and 97.5th percentile 3.25,
N=1842 cells, 4 mice; enriched bootstrap mean 7.25, error bar: 2.5th percentile 4.04 and 97.5th percentile 11.37, N=3972 cells, 7
mice, p <0.05). B, In enriched animals, the total amount of information encoded about the animal’s decision in vM2 cells predict
the animal’s false alarm rate in discrimination task (control r= —0.62, p > 0.05, in multilevel hierarchical bootstrapped samples, por-
tion of samples that have significant correlation was 25%, the mean of significant correlation value is —0.7, N=1842 cells, 4 mice;
enriched r= —0.7, p <0.05, in multilevel hierarchical bootstrapped samples, portion of samples that have significant correlation was
54%, the mean of significant correlation value is —0.81, N=3972 cells, 7 mice). C, Using either randomly sampled vM2 cells or deci-
sion-encoding cells only, Fisher LDA is used to classify false-alarm and correct rejection trials. For any given session, the number of
each type of cells are kept the same. Using either cell type, the decoder predicts a single trial more accurately in enriched animals
(control: random cells bootstrap mean 65%, error bar: 2.5th percentile 59%, and 97.5th percentile 73%, decision cells bootstrap
mean 73%, error bar: 2.5th percentile 68% and 97.5th percentile 78%, N =131 cells, 4 mice; enriched random cells bootstrap mean
74%, error bar: 2.5th percentile 68%, and 97.5th percentile 80%, decision cells bootstrap mean 80%, error bar: 2.5th percentile
77% and 97.5th percentile 84%, N=510 cells, 7 mice). In general, the decoder performs better using decision cells than using ran-
domly sampled cells. *p < 0.05.
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housing (Polley et al., 2004) spatially sharpened whisker-
evoked activity in vS1, and speculated that a sharpened
spatial representation may improve tactile sensing.
Others showed EE broadened a single whisker spatial
span (Guic et al., 2008; Devonshire et al., 2010). It is worth
noting that these studies lacked behavior tests or neural
recordings in awake, behaving animals. In addition, these
results were recorded under different anesthesia. Some
even involved whisker trimming, which might cause mas-
sive cortical reorganization (Diamond et al., 1993). Any of
these factors can cause major discrepancies in the con-
clusions about cellular plasticity in vS1. Our study shows
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that enrichment increases adjacent-whisker-tuning in vS1
cells in awake mice performing a spatial acuity task.

What are some possible neural mechanisms by which
adjacent-whisker-tuned cells improve sensory acuity dur-
ing enrichment? Previously it has been shown that in
short-term sensory adaptation, less spatially overlapped
whisker representation in vS1 sharpens the sensory acu-
ity in behaving rats (Ollerenshaw et al., 2014). However,
the neural mechanisms in adaptation involve short-term
thalamocortical synaptic depression and brain state mod-
ulation, which are not likely to be contributing factors to
present results. Furthermore, the present study imaged
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single-cell activity in behaving animals whereas the previ-
ous study relied on wide-field voltage sensitive dye imag-
ing in anesthetized animals separate from the behaving
group.

AT or multiwhisker-tuned cells have been speculated to
integrate information across columns. It has been sug-
gested that whisker-evoked activity in adjacent columns
may provide lateral inhibition when processing multi-
whisker input (Brumberg et al., 1996; Moore and Nelson,
1998; Adesnik and Scanziani, 2010) and help propagate
and maintain recurrent activity (Wester and Contreras,
2012). Computational studies have speculated that multi-
whisker-tuned cells sharpen tuning in primary visual corti-
cal cells (Chelaru and Dragoi, 2008), and cross-column
activity may enable object recognition (Hawkins et al.,
2017).

In enriched animals, the potentiated response in adja-
cent columns likely arises, at least partially, from long-
term potentiation of cross-column synapses in L2/3. This
may help adjacent-whisker-tuned cells to integrate cross-
column information and compare the inputs from multiple
columns. The sources of input to AT L2/3 cells most likely
include excitatory inputs from L2/3 cells in adjacent col-
umns, because L2/3 cells span their axons extensively
into neighboring columns (Petersen, 2007). Other sources
of inputs to L2/3 should also be considered. For instance,
L4 spiny neurons send projections into adjacent columns
in L2/3 (Egger et al., 2008). Subcortical regions, such as
the posterior medial (POm) nucleus of the thalamus, have
also been shown to provide potent inputs to S1 L2/3 cells
(Lu and Lin, 1993; Rubio-Garrido et al., 2009; Wimmer et
al., 2010; Sherman and Guillery, 2011; Ohno et al., 2012;
Jouhanneau et al., 2014; Zhang and Bruno, 2019). Other
important sources of input to L2/3 cells in S1 are other
cortical areas, such as primary motor cortex (Veinante
and Deschénes, 2003; Petreanu et al., 2009; Lee et al.,
2013; Kinnischtzke et al., 2014), secondary somatosen-
sory cortex (Kwon et al., 2016; Yang et al., 2016), and pre-
motor cortex (Manita et al., 2015; discussed below), all of
which have been shown to play important roles in the ani-
mal’s sensory choice.

Furthermore, L2/3 cells project to layer 5 (L5), and both
layers project to other cortical areas (Feldmeyer and
Sakmann, 2000; Douglas and Martin, 2004; Manita et al.,
2015). An important function of these adjacent-whisker-
tuned cells may be to amplify sensory information across
the entire layer, thus enhancing outputs to both L5 and to
other cortical areas, and maintain reverberant feedback
loop activity between vS1 and other cortical areas.

Of all the downstream targets of vS1, vM2 is of particu-
lar interest. It is involved in the neural process underlying
perceptual choice (Manita et al., 2015), which is an impor-
tant intermediate step between stimulus representation in
the cortex and the animal’s sensation. The feedback ac-
tivity from higher-order cortices such as M2 to primary
sensory area is known to be critical for sensory process-
ing (Pascual-Leone and Walsh, 2001; Gilbert and Sigman,
2007; Dehaene and Changeux, 2011; Zagha et al., 2013;
Manita et al., 2015; Kwon et al., 2016). Interestingly, in
vM2 of enriched animals, not only does the amount of de-
cision information increase, there is also a bifurcation of

May/June 2021, 8(3) ENEURO.0309-20.2021

Research Article: New Research 13 of 15

cellular populations encoding stimulus and decision re-
spectively. This functional specialization could contribute
to a more dedicated decision-making process, and possi-
bly enhance the feedback of decision information to vS1.
Because adjacent-whisker-tuned cells in vS1 carry more
decision information than principal-whisker-tuned cells,
they may be the recipient of feedback information from
vM2. The increased response in adjacent columns may
indicate that AT cells could form a horizontal network that
spreads the feedback information across the supragranu-
lar layers of vS1. The enhancement of decision informa-
tion coding in both adjacent-whisker-tuned cells in vS1
and vM2 cells suggests that a possible mechanism of EE
is by enhancing the connection between vS1 and vM2.

In summary, our study advances the understanding of
neural mechanism of EE in sensory functions. We show
that in awake, behaving mice, tactile enrichment improves
tactile stimulus feature discrimination.
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