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Summary

Active haptic sensation is critical for object identification, but its neural circuit basis is poorly
understood. We combined optogenetics, two-photon imaging, and high-speed behavioral tracking
in mice solving a whisker-based object orientation discrimination task. We found that orientation
discrimination required animals to summate input from multiple whiskers specifically along the
whisker arc. Animals discriminated the orientation of the stimulus per sg, as their performance
was invariant to the location of the presented stimulus. Populations of barrel cortex neurons
summated across whiskers to encode each orientation. Finally, acute optogenetic inactivation of
the barrel cortex and cell-type specific optogenetic suppression of layer 4 excitatory neurons
degraded performance, implying that infragranular layers alone are not sufficient to solve the task.
These data suggest that spatial summation over an active haptic array generates representations of
an object’s orientations, which may facilitate the encoding of complex three-dimensional objects
during active exploration.
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The integration of tactile input across active sensors is critical for perception. Brown, Oldenburg
et al. show that mice summate tactile input from multiple whiskers in an arc to discriminate the
orientation of an object. Correspondingly, populations of neurons in the barrel cortex integrate
multi-whisker input to encode the orientation of objects and their activity is critical for task
performance.

Introduction

To judge the shape, size and location of objects, cortical circuits must integrate information
arriving from different parts of the sensor array, whether this be from different parts of

the retina, the body surface, or the cochlea. Many animals, including humans, move their
sensors to optimize information gathering, a process termed ‘active sensation’(Gibson,
1962). Humans use active sensation to investigate and manipulate objects by executing
various stereotyped hand motions(Lederman and Klatzky, 1987). Tactile input from
adjacent fingers conveys multi-dimensional information about the orientation and structural
relationship of the object’s surfaces to give rise to a coherent object percept. In the primate
somatosensory cortex, individual neurons can encode the orientation and curvature of a
stimulus(Hsiao et al., 2002, DiCarlo and Johnson, 2000). Sensing the shape of an object,
however, depends on dynamic integration of tactile input (i.e., skin indentation) with
proprioceptive information about hand and joint position(Hsiao, 2008). How cortical circuits
extract shape information during active sensation is poorly understood.

The rodent vibrissal system is a powerful model for active sensation and tactile perception,
and the mouse offers the genetic tools that make dissecting the cellular and circuit basis

of tactile perception possible(Petersen, 2019). Rodents sweep their whiskers across objects
to localize and identify them(Ahissar and Knutsen, 2008, Diamond et al., 2008, Brecht et
al., 1997). Judging object location and shape uses sensory circuits to integrate ex-afferent
signals due to whisker contact and re-afferent signals due to self-generated whisker motion,
conceptually analogous to proprioceptive input from the hand(Kleinfeld and Deschénes,
2011). Subsets of neurons in the barrel cortex integrate these two afferent streams to
accurately localize stimuli in a head-centered coordinate frame(Diamond et al., 2008, Curtis
and Kleinfeld, 2009). Rodents can readily identify and discriminate objects with their
whiskers purely based on shape(Brecht et al., 1997, Anjum et al., 2006, Polley et al.,

2005, Kim et al., 2020), and barrel cortex neurons are sensitive to the location(O’Connor
et al., 2010, Sofroniew et al., 2015, Curtis and Kleinfeld, 2009), texture(Arabzadeh et al.,
2003, Isett et al., 2018, Chen et al., 2013), shape(Anjum et al., 2006), deflection angle of
individual whiskers(Kim et al., 2020, Bruno et al., 2003, Andermann and Moore, 2006,
Lavzin et al., 2012, Simons, 1985, Kwon et al., 2018), and correlated motion of multiple
whiskers across the whisker pad(Vilarchao et al., 2018, Jacob et al., 2008, Drew and
Feldman, 2007). Discriminating some, but not all of these tactile features utilizes spatial
summation over the whisker array (Pluta et al., 2017, Brumberg et al., 1996, Krupa et

al., 2004, Kathleen Kelly et al., 1999). However, despite this work, the neural basis for
orientation perception during active sensation, which may contribute to shape identification,
is not understood.
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To investigate the neural circuit basis of object orientation we developed an active whisker
dependent orientation discrimination task for head-fixed mice, explored the behavioral and
sensory basis of task performance, and measured neural activity in the barrel cortex as the
mice solved the task. Object orientation discrimination required integration over vertically
stacked whiskers, mice discriminated the object orientation per se, and calcium imaging
revealed that neurons in the barrel cortex encoded all presented orientations of the stimulus,
which required summation across whiskers. Inactivating the barrel cortex optogenetically,
strongly impaired performance, and even much more selective optogenetic inactivation of
layer 4 (L4) excitatory neurons reduced task performance. These data help define the circuits
and computations that are required for the discrimination of object orientations during active
sensation.

Results

Mice can use active touch to discriminate object orientations with high acuity

To probe the neural circuit basis of orientation perception, we developed a whisker
dependent task that required mice to discriminate the orientation of tactile stimuli (Figure
1A,B). A stimulus bar was presented unilaterally to the mouse’s right intact whisker field

in one of eight possible orientations. Mice were trained to discriminate positive orientations
(GO) and negative orientations (NOGOQ), licking for rewarded GO stimuli, but withholding
licking to unrewarded NOGO stimuli (Figure 1C, S1). Mice routinely reached high levels
of performance (d’: 2.3+1.2 std, Figure 1E-H), performed high numbers of trials (301+89
std) and reached performance criterion (d’>1.5) after roughly one to two weeks of training
(8.3+2.2 std days, Figure 11). Mice readily discriminated orientations as small as 7°

(Figure 1E-G), though further training may reveal even finer acuity. Even well-trained mice
exhibited some licking for unrewarded NOGO trials. To test if this is an intrinsic perceptual
bias towards such orientations or simply a bias towards licking, we trained a separate cohort
of mice on the reverse orientation contingency. In these mice we also observed licking for
NOGO orientations, strongly implying that the bias was a product of the operant training
and not an asymmetry in perception (Figure S1F).

We developed a photo-interrupt touch detector to estimate the timing and the number of
whisker contacts made with the stimulus bar before its decision (Figure 1C,D, S2). The
mean latency from first touch to lick was around 400ms (full pad; 0.44+0.08s, 2 whiskers;
0.48+0.15s, std, Figure 1D, S21). Mice made ~8 whisker contacts with the stimulus bar prior
to licking (full pad; 8.5+1.4, 2 whiskers; 7.1£1.9, std, Figure S2J,K). We observed a tight
coordination between whisking, running and licking behavior in trained mice during success
trials: upon presentation of the stimulus all trained mice decelerated (most strongly to GO
stimuli), adjusted their whisker set point caudally, and reduced their whisking amplitude in
a stimulus dependent manner (Figure S3D,E). Naive mice showed modest, largely stimulus
independent, changes in running and whisking, and no licking behavior (Figure S3B,C).
These data indicate that multiple motor systems (running, whisking, and licking) were
highly coordinated as a consequence of learning and successful performance in the task,
implying a closed-loop process(Ahissar and Assa, 2016, Saig et al., 2012).

Neuron. Author manuscript; available in PMC 2022 May 19.
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Orientation discrimination requires spatial summation across multiple whiskers

To probe how mice discriminate the orientation of the stimulus, we first confirmed the role
of whiskers in task performance. Once mice had reached threshold and stable performance
on the task, all whiskers were trimmed (~2mm length) preventing any contact with the
stimulus bar. Trimming whiskers significantly reduced performance to chance levels (Figure
2B; p<0.001), confirming that mice solved the task through whisker touch and not through
other sensory cues such as motor sounds.

We hypothesized that orientation perception may depend on integration over the whisker
pad. Therefore, we asked whether contacts from multiple whiskers were required to solve
the task. To address this directly, we measured performance as we acutely trimmed the
whisker array to different combinations of whiskers (Figure 2A). We hypothesized that
mice would require at least two whiskers, presumably in different rows (i.e., along an

arc), to obtain relevant information on object orientation. Whiskers in different rows

could discriminate positive from negative orientations by computing the relative horizontal
position of object contact; in contrast, whiskers in the same row would only access

the object at nearly the same elevation, and therefore have less information on object
orientation.

Trimming the whiskers to a row of four or fewer significantly impaired task performance
with discriminability dropping to chance levels (Figure 2C,E,F; p <0.01). In contrast,
trimming to an arc of whiskers did not affect performance (Figure 2D-F; p=0.74). In

fact, even just two whiskers in an arc was sufficient to perform the task (Figure 2D-F).
Importantly, however, trimming to one whisker abolished performance (Figure 2D-F). These
results demonstrate that mice solved the orientation discrimination task specifically by
integrating multiple whiskers in an arc; contact information from a single whisker was
insufficient. A similar study showed that mice with only one whisker can discriminate object
orientation(Kim et al., 2020), perhaps by adopting alternative whisking strategies or by
relying on the differing deflections of the remaining whisker. However, our data indicate
that when trained with multiple whiskers in this task, the default strategy the mice use is to
summate sensory information over at least two whiskers along an arc.

Mice can use the orientation of the stimulus per se to solve the task

Orientation perception should be invariant to the vantage point or absolute location of the
object. Therefore, we next asked whether trained mice use the orientation of the stimulus
bar per seto solve the task, rather than a more specific code that relies on contacting the
stimulus bar with a specific set of whiskers in a specific location. Using high-speed whisker
tracking data, we found that mice with intact whiskers contacted the stimulus bar primarily
with their frontmost whisker arcs, and rarely made contact with the middle or back arcs prior
to making their decision (Figure 3A). When these mice were acutely trimmed to a single
middle arc of whiskers (Arc 2) they showed no significant drop in performance even though
they had not been previously employing this arc to solve the task (Figure 3A). Thus, mice
could immediately use these alternate whiskers to solve the task, indicating that they were
employing a more general orientation-perception based strategy.

Neuron. Author manuscript; available in PMC 2022 May 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brown et al.

Page 5

Next, we designed an experiment in a new group of mice that would not require whisker
trimming. We hypothesized that if mice were using an orientation-based rather than a
specific whisker/location-based strategy to solve the task, behavioral performance should be
unaffected by acutely presenting the oriented stimulus bar in random horizontal locations
within the whisking field. Thus, mice should discriminate the bar’s orientation with different
sets of whiskers on different trials. Therefore, we jittered the absolute horizontal location

of the oriented bar, trial by trial, and monitored the effect on each mouse’s performance.

For these experiments, the stimulus bar was moved in from the side (‘lateral presentation”)
rather than from the front to prevent the mice from solving the task while the stimulus

bar was still moving towards its final position (Figure 3B). Although these mice were
initially trained with the stimulus moving in from the front (‘rostral presentation’), all mice
quickly acclimatized to lateral presentation (1-3 days). Once they regained their original
performance level, we began presenting the stimulus to one of three positions, each engaging
different sets of whiskers. All three positions were randomly interleaved in the test session.
Three out of five of the test mice maintained high levels of performance (d’>1.5) across

all of the positions, strongly suggesting that these mice solved the task by sensing the
stimulus orientation per se (Figure 3C,D). The other two mice showed a drop in performance
only for the more distant position (pos2), which returned to baseline proficiency in 1-4
days. The transient drop in performance for these two mice might be due to the difficulty

in acclimatizing to altered task conditions (multiple final locations of the stimulus), or to

the need to re-learn new spatial rules for the two additional stimulus positions. The latter
explanation would require them to solve the task by remembering three unique spatial
coding rules, as opposed to a single orientation-based rule. These data show that mice can
solve the task with multiple strategies, but that a majority of tested mice learn a more
generalizable orientation-based rule.

To control for a strategy where mice adaptively adjust their whisking to different stimulus
positions and thus are still able to solve the task with a spatial rule (in coordinates invariant
to the whisking field), we tracked the motion of the whiskers with high-speed imaging.
Whisker tracking showed that whisking properties were largely invariant across the different
jitter positions (Figure 3E). Furthermore, high-speed video analysis showed that different
whiskers primarily contacted the stimulus bar at each of the different jitter positions (Figure
3F). These results suggest that mice that showed no acute drop in performance when

the stimulus bar was presented to different horizontal locations are using different sets of
whiskers to determine the orientation of the stimulus bar and solve the task.

Barrel cortex neurons encode object orientation through spatial integration over the
sensory array

Next, we sought to address the neural basis for object orientation discrimination. As we
show that mice integrate over multiple whiskers to solve the task, we began by recording
neural activity in the barrel cortex whose neurons integrate over the whisker array(Brumberg
etal., 1996, Pluta et al., 2017, Krupa et al., 2004, Ramirez et al., 2014). We trained
transgenic mice expressing GCaMP®6s in excitatory neurons of the cortex on the task with

a full whisker pad (camk2-tTa; tetO-GCaMP6s mice, Wekselblatt et al., 2016). Following
training we imaged activity in the barrel cortex with volumetric calcium imaging, collecting

Neuron. Author manuscript; available in PMC 2022 May 19.
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neural data from approximately 1,000 neurons per recording in 3 planes of ~800 x 800um
field of view (Figure S4A,B), encompassing several columns of the barrel cortex. We relied
on ‘Suite2P’ for source extraction and neuropil subtraction (see Methods; Figure S4C-H,
Pachitariu et al., 2016).

To explore the stimulus-evoked activity we analyzed calcium activity (both AF/F and
deconvolved calcium (see Methods)) beginning at the estimated time of first whisker
contact and extending to the end of the behavioral response window, 0.5 seconds prior to
reward delivery (Figure 4A; see Methods and see Figure S5 where expanded and restricted
time windows are considered). Across the imaged population of neurons, about 45% of
identified neurons showed significant responses during presentation of the stimulus bar
(see classification in Methods), and about one third showed significant tuning across the
stimuli (Movie 1; Figure 4B-D). Importantly, we identified neurons in each mouse that
responded best to each of the eight presented stimuli (Figure 4D, S6). This distribution of
neuronal tuning across the discriminated orientations was robust as it was observable after
cross-validation (Figure 4D, S7A) and visible across a wide range of analysis conditions
(Figure S5A,B, S7B,C,D). We validated that the imaging resolution of our optical system
was sufficient to resolve individual cells without cross-contamination (Figure S4C-J, and
see Methods).

To quantify the selectivity of neural responses we computed a selectivity index (see
Methods). Across all cells the selectivity index was much higher than shuffled controls

or randomly generated data (Figure S7E; p<l1e-99, rank sum test). Across the population of
imaged neurons we observed a bias towards neurons encoding NOGO orientations, which
may be due to earlier contact times with NOGO stimuli (Figure S2E,F,H), more contacts on
NOGO trials (Figure S2G), different whisker kinematics following contact with the angled
bar, other asymmetries in the stimulation or recording setup (Figure S3), or a physiological
bias towards representing these orientations(Vilarchao et al., 2018). This overrepresentation
was not dependent on task training since we also observed it in naive, untrained mice
(Figure S5D). Despite this overrepresentation of cells selective for NOGO orientations,
dimensionality reduction (see Methods) revealed that the population of imaged neurons
smoothly represented and could discriminate all stimulus orientations (Figure 4E). In each
recording, the population responses for each stimulus orientation diverged shortly after the
estimated first whisker contact, indicating a high level of discriminability within the earliest
touches (Figure S7F).

Although the barrel cortex exhibits topographic maps of whisker input(Woolsey and Van der
Loos, 1970) and spatial input in the whisking field(Pluta et al., 2017), we did not observe
any obvious organization of orientation selectivity, though we cannot rule out finer structure
as further investigation is required. In all recorded mice, neurons with distinct tuning
preferences appeared to be intermingled with each other (Figure 4F, S6), this observation
was robust to the analysis window (Figure S5C).

We next asked how the animal’s behavior and trial type modulated neural activity in the
barrel cortex. While the stimulus bar’s orientation was the strongest predictor of most
neurons’ responses in the task, trial type (GO vs NOGO), as well as motor decision (lick

Neuron. Author manuscript; available in PMC 2022 May 19.
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vs no lick) also modulated the activity of many neurons, consistent with prior results(Yang
et al., 2015) (Figure S8A). Furthermore, at their preferred stimulus orientation neuronal
responses were slightly larger on trials where the animal responded correctly (Figure

S8B; success trials: 0.28+0.004 vs failure trials 0.25+0.005 z-scored deconv. CaZ* p<10~34
rank sum test). However, this performance-based difference was much smaller than the
difference between the presence and absence of a stimulus (Figure S8B). To compare the
relative importance of different features of the task we employed a measure of absolute
discriminability (see Methods). As this metric can be susceptible to low trial counts, we
focused only on the middle four angles (£15°, £7 9 where there was a more even distribution
of success and failure trials (mean: 11+2 failure trials, 23+2 success trials per condition,

per mouse). We found cells that discriminated each tested features of the task (GO vs
NOGO, lick vs no lick, success vs failure, or any orientation vs catch) at rates higher

than in a shuffled control. However, cells were far more discriminative of the stimulus bar
orientation (preferred orientation vs catch or vs least preferred) than any other comparison
(Figure S8C,D, when computing scores that require a preferred orientation only cell’s whose
preferred orientation is one of the middle angles are included). This indicates that while

the animal’s behavior and task features modulate many neurons’ responses, the stimulus
orientation had the strongest influence on their physiological responses.

To determine if spatial summation(Simons, 1985, Kleinfeld and Delaney, 1996) across the
whisker array was necessary for the orientation selectivity in the barrel cortex, in a subset
of mice we acutely trimmed the mouse’s whiskers from an arc of three to one whisker, a
condition in which the mice fail to perform the task (see Figure 2). As a control, orientation
tuned neurons were observed at similar rates and distributions in mice with three whiskers
in an arc compared to mice with all whiskers intact (Figure 4G; S9; 37% tuned). However,
when trimmed, we observed roughly half as many tuned cells, with some previously tuned
cells becoming unresponsive (Figure 4G; top) and others losing their tuning (Figure 4G;
below), leading to an increase in the proportion of responsive but untuned cells (Figure 4G;
S9A-B; 20% remained tuned after trimming). Among the neurons that were both responsive
in the three-whisker condition and after trimming, most tuned cells showed a decrease in
orientation selectivity (p <le-41, rank sum test), whereas untuned cells remained untuned
(Figure 4H; S9C; p>0.32, rank sum test). Further trimming to remove the last remaining
whisker reduced task evoked activity to chance levels (Figure S9A,B). This implies that
integrating across two or more whiskers is required for much of the object orientation
coding in the barrel cortex in this task. This across-whisker summation might arise in the
barrel cortex, or upstream, such as in the thalamus, where neurons show multi-whisker
receptive fields(Timofeeva et al., 2004). Although barrel cortex neurons are well-known

to encode angular deflections of single whiskers(Simons and Carvell, 1989, Bruno et al.,
2003, Kim et al., 2020), here angular tuning alone appears insufficient for orientation coding
and behavioral performance. Instead, these data imply that the mice used more global
computations across the whisker array.

Orientation discrimination depends on neural activity in the barrel cortex

The data above show that mice learn to solve the orientation discrimination task by
integrating touch information from multiple whiskers. Although neurons in the whisker

Neuron. Author manuscript; available in PMC 2022 May 19.
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system as early as the trigeminal nucleus show sensitivity to multiple whiskers(Minnery and
Simons, 2003), prior work(Brecht et al., 2003, Brumberg et al., 1996, Pluta et al., 2017) and
our imaging data show that spatial integration is pronounced at the level of S1. Therefore,
we tested whether neural activity in S1 would be required for task performance. Since
studies have shown that the barrel cortex can be dispensable for tactile tasks(Hutson and
Masterton, 1986, Hong et al., 2018), we inactivated S1 neural activity in several ways.

First, we suppressed excitatory neurons in the barrel cortex by virally expressing the
potent inhibitory opsin eGtACR1 in emx1-Cre mice(Govorunova et al., 2015, Mardinly

et al., 2018). An optic fiber coupled to a 470nm LED was positioned over S1 to

illuminate all or nearly all of the barrel cortex. We randomly switched the LED on

during one third of trials. To ensure silencing occurred before the first whisker contact,

the LED was turned on one second before and remained on throughout the sampling

and response window. Optogenetically suppressing excitatory neurons strongly reduced
performance on the task (Figure 5A,E). Second, we photo-stimulated parvalbumin-positive
(PV) GABAergic interneurons to silence nearly all barrel cortex activity by driving cortical
inhibition(Sachidhanandam et al., 2013). This silencing likewise significantly reduced
performance (Figure 5B,E). As a control, illumination in mice not expressing any opsin
(WT) or targeted inactivation of the primary visual cortex (V1) had no impact on behavioral
performance (Figure 5C-E). These results imply that barrel cortex activity is required for
object orientation discrimination.

We observed that performance degradation was largely due to an increase in FA rates
(Figure 5A,B). Perhaps because mice had a strong bias to lick across all stimuli from how
they were trained (Figure S1), or because suppression of the barrel cortex directly induced
licking. To address this issue, we first analyzed the impact of cortical suppression on catch
trials, where the stimulus was not within reach of the whiskers. On these trials, barrel

cortex suppression strongly increased the probability that mice would lick even though there
was no contact between the whiskers and the stimulus bar (Figure 5A,B,F). Perhaps more
importantly, the increase in the FA rate on catch trials predicted a corresponding increase

in FAs for NOGO stimuli during optogenetic suppression but not in control mice (Figure
5A-D). This suggests that eliminating barrel cortex activity may have reduced the ability of
mice not only to discriminate stimulus orientation but also to determine whether they were
touching a stimulus at all. Next, we silenced the barrel cortex during inter-trial intervals
(ITI) when there was no audible cue that a trial had been initiated (unlike catch trials when
the stimulus did move but did not reach the whisking field). In contrast to catch trials,
illumination of the barrel cortex during the ITI did not increase the probability of licking
(Figure 5F). This shows that suppressing the barrel cortex did not directly induce the mice to
lick in the absence of a contextual cues indicating the initiation of a trial. These data suggest
that the GO/NOGO training paradigm we employed may have generated a strong bias to lick
on trials when mice either could not discriminate stimulus orientation or could not determine
whether a stimulus was present.

Although these results imply that barrel cortex activity is required for task performance,
they provide no information on which sub-classes of cortical neurons might be important.
Next, we specifically suppressed activity in a subset of layer 4 (L4) excitatory neurons with

Neuron. Author manuscript; available in PMC 2022 May 19.
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the neuronal silencer eNpHR3.0 in scnnla-Cre mice targeted to the barrel cortex (Figure
6A). Suppressing L4 excitatory neurons is a more subtle perturbation than cortex-wide
inactivation; as we have previously shown, L4 suppression significantly degrades spatial
representations in S1, but does not abolish sensory-evoked activity in any cortical layer(Pluta
et al., 2015). We found that optogenetic suppression of a subset of L4 neurons significantly
impaired performance, albeit more modestly than for total cortical inactivation (Figure
6A,C). In contrast, illumination of control mice not expressing any opsin had no effect

on behavior (Figure 6B,C; WT). This demonstrates that L4 activity is required for normal
behavioral performance, most likely either by driving sensory input to L2/3, or by sculpting
activity in L5 through translaminar inhibition(Pluta et al., 2015). Together, these results
imply that barrel cortex activity, per se, is necessary for object orientation discrimination.

Discussion

Using a tactile discrimination task we addressed how animals use active touch to
discriminate object orientation. We propose that during natural object exploration, when
many whiskers contact adjacent or overlapping surfaces, spatially distributed orientation-
selective activity across many columns of the barrel cortex may give rise downstream to
shape-specific neurons, akin to those found in the primate inferotemporal cortex(Perrett et
al., 1982) that might be closely linked to object identification.

Since haptic perception in our task involves active whisker scanning, mice may have solved
the discrimination task in a number of ways. Mice could use either ‘open loop’ or “closed-
loop’(Ahissar and Assa, 2016, Saig et al., 2012) strategies to identify the object orientation.
In an open-loop scheme, mice would not (or at least not need to) adaptively modify their
whisking strategy to optimize orientation discrimination. One intuitive open-loop solution
would be for neurons to compute the relative contact time with the oriented stimulus for
each whisker. Contact time is known to be encoded both at peripheral levels(Jones et al.,
2004, Leiser and Moxon, 2007) and in the cortex(Curtis and Kleinfeld, 2009, Waiblinger

et al., 2015). Positive and negative lags of the relative contact time would thus indicate
either positive or negative orientations, which in our paradigm indicate either GO or NOGO
behavioral choices. Conversely, mice could adopt a ‘closed-loop’ strategy adapting their
whisking kinematics across successive touches during a trial to optimize their stimulus
orientation estimate(Saig et al., 2012, Ahissar and Assa, 2016). Whisker tracking revealed
significant orientation-dependent changes in whisking kinematics including the whisker set
point and amplitude following first contact with the stimulus. These changes were largely
learned as they did not appear to the same magnitude or have the same orientation specificity
in naive mice (Figure S2, S3).

Although it seems probable that different mice adopt different strategies, a significant
fraction of mice seemed to perceive the orientation of the stimulus bar perse as acutely
challenging them with the stimulus bar at different horizontal positions resulted in little to
no drop in performance (Figure 3). Since mice could not perform the task with just one
whisker, it also seems unlikely that mice simply computed the orientation of deflection of
each whisker. Although with sufficient training they may adopt this strategy. Indeed, a recent
study trained mice with one whisker to discriminate the angle of a stimulus bar and found

Neuron. Author manuscript; available in PMC 2022 May 19.
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angular tuning maps in the barrel cortex(Kim et al., 2020). Thus, mice can determine the
orientation of a contacted object with multiple strategies. Understanding the computations
that mediate orientation discrimination should be a fruitful subject of additional work.

It is possible that some mice could have reduced the discrimination task to a detection task
by adjusting their whisking strategy so that they only contact the stimulus bar for either the
GO or NOGO stimuli. Our whisker and contact tracking do not support this scenario (Figure
S2, S3). However, mice could adopt a whisking strategy where one whisker would only
contact either GO or NOGO stimuli and only attend to whether this specific whisker made
contact — reducing it to a touch-detection task. Since location coding is robustly encoded in
the whisker system this is plausible(Knutsen et al., 2006, Knutsen et al., 2008, Ahissar and
Knutsen, 2008). However, this seems to be unlikely since acutely trimming mice from a full
whisker pad to an arc (trimming all but four whiskers) only slightly reduces performance
(Figure 2) and jittering the azimuthal position of the stimulus did not reduce performance

in most tested mice (Figure 3), which should have negated such a strategy. Therefore, the
results more likely support the conclusion that the mice discriminate the different orientation
per se, although a detection strategy cannot be ruled out.

Mice may discriminate the orientation of stimuli using the multipoint location of an

object in space. Rodent whiskers move in a three-dimensional fashion that may facilitate
precise location coding(Knutsen et al., 2008), and rodents can perform fine location
discrimination with specific sets of whiskers(Knutsen et al., 2006). Different aspects of
location representation are encoded in independent pathways(Knutsen and Ahissar, 2009)
that likely converge in the barrel cortex, enabling barrel cortex neurons to faithfully encode
this higher order feature. It is highly likely that the extraction of stimulus location must be
essential to shape discrimination(Diamond et al., 2008). Our study supports the idea that
the organization of whiskers involved in such extraction is critical, with an arc of whiskers
carrying the richest information upon stimulus orientation or location when presented with
a vertically orientated stimulus(Knutsen et al., 2006). If we had presented more horizontally
oriented stimuli, contacts from different rows of whiskers might instead be most informative.

Importantly, with multiple approaches, we showed that normal activity in S1 is required

for animals to discriminate object orientation in our task (Figure 5,6). S1 inactivation

could impair performance because S1 activity encodes the surface orientation and passes
this information downstream to generate the orientation-selective percept. Alternatively, S1
inactivation might simply disrupt activity in another region, such as the superior colliculus,
that is more directly responsible for computing object orientation and passing this onto
decision and motor execution circuits. Previously, focal inactivation or ablation of a specific
sensory or motor area can lead to spontaneous recovery. This recovery could be explained
by homeostatic rebalancing of activity in another brain region whose activity was disrupted
by the lesion, or by the animals relearning the task with auxiliary circuits(Hong et al., 2018,
Otchy et al., 2015). Although these are both difficult to rule out in our experiments, a

more parsimonious explanation is that S1 activity and sensory computation in S1 per seare
likely to be required, as S1 neurons encode the object orientations explicitly (Figure 4, S7).
Finally, we found that degrading spatial representations in S1 via a much more subtle and
partial L4-inactivation also impaired performance on the task (Figure 6), demonstrating that
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normal L4 activity is required, or at least that activity in other layers is not sufficient. This
lends additional support to the notion that S1 computation — putatively via L4 neurons - is
necessary for object orientation discrimination.

Imaging S1 revealed that populations of neurons in S1 encoded all stimulus orientations in
the task, and that much of this selective encoding depended on summation over multiple
whiskers, as it largely disappeared in mice trimmed to a single whisker. We observed a
large overrepresentation of neurons tuned to NOGO (—-45°) orientations in expert (Figure 4;
Figure S5) and naive (Figure S5) mice implying it was not a product of training but instead
either related to kinematic differences in how the whiskers interact with the NOGO stimuli,
or a biased representation of these stimuli in the cortex. During active whisking rodents
palpate their whiskers against objects in a forward motion to induce whisker bending,
vibrations and stick-slips(Isett et al., 2018, Hires et al., 2013, Arabzadeh et al., 2003,
Jadhav et al., 2009). One explanation for the overrepresentation of NOGO stimuli could

be that whiskers made a greater number of contacts and/or with higher force than with the
GO (+45°) stimuli. To support this, we have shown that mice contact the —45° stimulus
sooner than the other orientations resulting in a higher number of contacts during the initial
decision period of the task. Furthermore, in a recent study, detailed kinematic analysis of
whisker motion following contact with an oriented bar shows greatest vertical bending and
displacement of the whisker following contact with more rostrally oriented bars compared to
bars oriented more caudally(Kim et al., 2020). Interestingly, when we trimmed the whiskers
down to a single C2 whisker, aligned with the fulcrum of the stimulus bar, we found a more
even overrepresentation of —45° and 45° angles and an underrepresentation of intermediate
angles. This is consistent with Kim et a/in which detailed single whisker tracking showed
that whisker contact with an +45° and —45° angled stimuli generates the greatest slide
distances of the whisker compared to the intermediate angles, which may contribute towards
such overrepresentations in S1(Kim et al., 2020).

Understanding how animals employ active sensorimotor strategies to optimize sensation and
generate coherent percepts of the external world is critical for analyzing brain function and
behavior. The head-fixed training paradigm we developed is simple but powerful — learning
is quick and robust and can be probed by high-speed whisker tracking, and neural activity
measurement and perturbation. Future experiments aimed at identifying the downstream
circuits in the somatosensory system responsible for integrating multiple object orientations
into a specific percept of a 3D object, will yield key insights into high level perceptual
processes. Mice offer the most powerful genetic toolkit of any mammalian species, and like
other rodents, presumably use high-resolution touch input to discriminate and identify small
objects near their head. Therefore, mice trained on this and similar tactile tasks might yield
fundamental insights into the neural mechanisms of higher order shape perception.

STAR Methods
RESOURCE AVAILABILITY

Lead contact: Further information and requests for resources should be directed to the
Lead Contact, Hillel Adesnik (hadesnik@berkeley.edu).
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Materials availability: All animal strains used in this study are available from Jackson
Laboratories. All viral vectors are available from Addgene. All design files for custom
fabricated parts are available upon request. No new strains or viral vectors were produced for
this study.

Data and Code and Availability: All data and analysis software are available on request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—Mice used for experiments in this study were either wild type (WT (n=29
males); CD-1 (ICR) white strain, Charles River), PV-IRES-Cre (Jax stock# 008069) crossed
with Rosa-LSL-ChR2 (n=9 males; PV-Cre::Ai32) (Jax stock# 012569), emx1-IRES-Cre
(n=3 females, 3 males; JAX stock# 005628), scnnla-tg3-Cre (n=8 females, 4 males; Jax
stock# 009613), or tetO-GCaMP6s (Jax stock # 024742) crossed to Camk2a-tTA (n=4
females, 3 males; Jax stock# 003010). For Scnnla-Cre;eNPHR3.0 (n=8 females, 4 males)
and emx1-Cre;eGtACR1 (n=3 females, 4 males) there was no significant difference of the
effect of light between males and females (P>0.05, t-test). Mice were housed in cohorts of
five or fewer in a reverse light:dark cycle of 12:12 hours, with experiments occurring during
the dark phase.

METHOD DETAILS

Headpost surgery—All experiments were performed in accordance with the guidelines
and regulations of the Animal Care and Use Committee of the University of California,
Berkeley. For head fixation during behavioral and physiological experiments, a small
custom stainless-steel headplate was surgically implanted. Briefly, adult mice (P35-P50)
were anesthetized with 2—3% isoflurane and mounted in a stereotaxic apparatus. Body
temperature was monitored and maintained at 37°C. The scalp was removed, the fascia
retracted, and the skull lightly scored with a drill bit. Vetbond was applied to the skull
surface, and the headplate was fixed to the skull with dental cement (Metabond). A
fine-point marker was used to note the approximate location of bregma and the left

primary somatosensory barrel field (S1; 3.5mm lateral, 1.5mm posterior to bregma) and/or
left primary visual cortex (V1; 2.7mm lateral, Omm posterior to lambda), to guide the
placement of optical fibers above the skull during optogenetic manipulations. Mice received
buprenorphine and meloxicam for pain management and could recover for at least three days
before being placed on water restriction.

Cranial window surgery—For imaging experiments, a second similar surgery was
performed to implant a cranial window over S1. Briefly, mice were anesthetized as above, a
3-3.5mm region of skull located by stereotaxic coordinates (3.5mm lateral, 1.5mm posterior
to bregma) was removed using a dental drill (Foredom) with a 0.24mm drill bit (George
Tiemann & Co.) and/or a biopsy punch (Robbins Instruments). The window was replaced
with three glass coverslips (two 3mm and one 5mm) and cemented into place with dental
cement. Mice were given additional saline during surgery (0.3ml 0.9% NaCl). Mice were not
water deprived at the time of surgery and were given several days to recover before water
deprivation resumed. Mice received buprenorphine and meloxicam for pain management and
dexamethasone to reduce brain swelling.
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Viral infection—Neonatal emx1-IRES-Cre (P3-4) or scnnla-tg3-Cre mice (P4-5)

were injected intracranially with ~150-200nl of AAV9-CAG-DIO-nls-mRuby3-IRES-ST-
eGtACR1 (eGtACR1) or AAV9-EFla-D10-eNPHR3.0-EYFP (eNPHR3.0) respectively.
With respect to the lamba suture coordinates were: 1.8-2mm anterior, 2.5-3mm lateral,
0.3mm ventral. Neonates were briefly cryo-anesthetized and placed in a head mold. Viruses
were acquired from or custom produced at the University of Pennsylvania Vector Core.

Water restriction—Initial animal weight was recorded for 3 days before water restriction
to establish baseline weight. Mice were then placed on controlled water and received
1.0ml/day of water. On training days, mice received most water during the task. Mice were
weighed after training and given additional water if their weight dropped below 80% initial
weight. Food was available ad /ibitum. The weight and health (quality of the fur and nails,
gait, posture) of the mice were monitored daily.

Behavioral apparatus—The behavioral apparatus was controlled in real time by an
Arduino Mega 2560 or Due, which interfaced with custom written software in Java. Mouse
running velocity was measured via an incremental encoder (US Digital). Mouse licking was
detected with a custom 2-transistor circuit between the 0.05-inch diameter steel tube lickport
and a stainless steel headpost of the mouse(Slotnick, 2009). Whisker contacts were detected
using a custom designed sensor attached to a 3D printed stimulus bar emitting an infrared
(IR) beam that when broken by a whisker was recorded by the IR photodiode as a voltage
deflection (see below). Water was delivered by gravity through a lickport under solenoid
valve control (Neptube Research Inc.). A linear bar (25 x 3 x 1mm) was coupled to a stepper
motor (NEMA 8; ‘stimulus motor’) via a custom cylindrical arm. The stimulus motor was
mounted at 90° to a larger stepper motor (NEMA 17; ‘position motor’). The entire apparatus
was mounted on an 8.0 x 8.0 x 0.5 inch (Thorlabs) anodized aluminum breadboard and
enclosed in a light isolation box (80/20). Negative reinforcement was delivered via a single
puff of compressed air, gated by a solenoid valve, to the contralateral eye from the whisker
stimulus bar through a 0.05-inch-diameter steel tube positioned ~2mm from the eye. Air puff
pressure was increased until it produced a blink response by the mouse. An optical fiber
coupled to an LED (M470F3 or M617F2, Thorlabs) was placed on a separate manipulator
above the mouse’s head and attached to a driver (LEDD1B, Thorlabs). On sessions with
photo-stimulation, the fiber was positioned over the approximate locations of S1 or V1, as
close to the thinned skull as possible. A masking LED light to minimize behavioral detection
of the optogenetic light was also used on every trial during photo-stimulation sessions. The
masking light was positioned directly in front of the mouse’s eyes and would turn on each
trial for 1 second preceding and 1 second during the response window.

Behavioral task design—The orientation discrimination task followed the classical GO/
NOGO paradigm (Figures 1 and S1). Head-fixed mice were trained to lick when they
detected a GO stimulus and withhold licking when they detected a NOGO stimulus. Mice
were presented with stimuli in one of eight possible orientations, defined by their angular
position in the vertical plane. The eight stimulus orientations were +45°, +29°, £15°, or

+7° from the dorsal-ventral axis. Except for the reversal contingency experiment (Figure
S1), GO stimuli were oriented in the posterior direction and arbitrarily defined as positive
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orientations. NOGO stimuli were oriented in the anterior direction and defined as negative
orientations. On each trial, stimulus orientations were chosen at random subject to the
constraint that all eight stimulus orientations be presented once in each block of eight trials,
and not in a sequence of more than three GOs or three NOGOs in a row. On a subset of trials
(10%), catch trials were randomly presented whereby the stimulus stopped just anterior to
the mouse and outside of the whisker field.

The sequence for each trial was as follows (Figure S1). Each trial began with the stimulus

in the home position for a 3-5 second waiting period. During this period, the stimulus

motor rotated the stimulus bar to one of the possible pseudo-randomly selected orientations.
After the waiting period, mice initiated the start of each trial by exceeding a ~50cm running
requirement. This triggered the positioning motor to move the stimulus to the target position,
within reach of the whiskers, except for catch trials whereby it was held just outside of the
whisker field. The trajectory of the stimulus was aligned in roughly the same horizontal
plane as the C row whiskers of the mouse’s right whisker field, and centered around whisker
C2. The distance between the stimulus and the whisker pad was 10.5 = 0.3mm from follicle
pad, n=10. For jitter experiments, the stimulus bar was attached to a linear stage and moved
in laterally from the mouse whisker pad. The stimulus bar was jittered 20.6 + 1.2° for first
contact and 39.1 £ 0.9° at its final resting position relative to the mouse’s whisker pad.
Because the target position was in the approximate midpoint of the whisker field, mice
typically made their first whisker contact with the stimulus before it reached the target
position (Figure 1C,D, S2). Once stationary in the target position, mice were trained to either
lick or withhold licking during a 1 second response window. The reinforcement schedule
was as follows (Figure S1): correctly licking for a GO orientation (Hit) was rewarded with

a drop of water (~5ul) 0.5 seconds after the response window ended. Incorrectly licking for
a NOGO orientation during the response window (false alarm; FA) immediately triggered
an air puff and a 5-second time-out period was added to the waiting period at the end of

the trial. Correctly withholding licking to NOGO orientation (correct rejection; CR) were
not rewarded and incorrectly not licking for GO responses (Miss) was not punished. All
licks were recorded but licks outside of the response window had no consequences. At the
end of the response window, the positioning motor moved the stimulus in reverse out of

the whisker field and back to the home position. The exact location of the home position
randomly jittered each trial by +2cm radially so that the mouse could not predict catch trials
based on the time in which the motor was moving. Once in the home position a random
time-out period was given if the last trial was a false alarm.

Behavioral training—Training began after headplate application, recovery (~3days), and
5-10 days of water restriction. We did not find it necessary to handle the mice extensively
before training or anesthetize them before head-fixation. Prior to training with the behavioral
apparatus, mice were habituated to head-fixation on a free-spinning circular treadmill
(diameter, 6 inches) for 4 daily sessions lasting ~60 minutes each (these run training days
were not included when calculating number of sessions mice took to reach criterion (Figure
11)). The training schedule was as follows (Figure S1): in the first stage of behavioral
training (*10rigyt’), mice were classically conditioned to lick in response to the stimulus.
The stimulus was only presented in the most extreme GO +45° orientation (or —45° on

Neuron. Author manuscript; available in PMC 2022 May 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brown et al.

Page 15

the subset of experiments conducted with the reverse GO/NOGO contingency). On each
trial, stimulus presentation was paired with a drop of water delivered 0.5 seconds into the
response window. Once mice were reliably licking before the water was delivered (i.e.
showing anticipatory licking on >70% of the trials), they were moved onto the operant
conditioning phase of training.

In the second stage of training (“10ri’), mice were operantly conditioned to lick in response
to the stimulus bar and withhold licking during the no stimulus, catch trials (10% of trials).
The stimulus bar was only presented in the GO +45° (or —45° for reverse contingency
experiments) orientation. A water reward was delivered only if mice licked during the
response window to the GO stimulus. Once mice reliably licked upon detection of the
stimulus and withheld licking to catch (>70% correct), they moved onto the simplest stage
of the discrimination task (‘20ri”). For both “10ri 4,4,” and “10ri’ training mice could be
moved onto the next stage of training within a training session if they performed above 70%
correct for >100 trials to not over train the mice on this preparatory detection task.

During “20ri’ discrimination training, mice were conditioned to lick only for GO trials
(+45° or —45° for reverse contingency experiments) and withhold licking to NOGO (-45°
or +45° for reverse contingency experiments) stimuli. GO and NOGO trials were randomly
interleaved and catch trials were still presented on 10% of trials. A water reward was
delivered on GO trials only if mice licked during the response window. In contrast, an

air puff and time-out period were delivered if mice licked to the NOGO stimulus. When
mice performed >70% for two consecutive days they were advanced to the final stage of
the discrimination task (‘80ri”). During ‘80ri’, 4 GO and 4 NOGO stimuli were randomly
presented to the mouse: +45°, +29°, £15° and +7°, and catch. Mice had to achieve >1.5 d’
(performance criterion) during ‘80ri’ training to be used in subsequent experiments.

Mice were trained 5-7 days per week. All mice had a full pad of whiskers during training
and for experiments unless otherwise stated. All sessions on ‘20ri’ and “‘80ri” were
preceded with ~10-20 trials on “10rig¢,’ to ensure the lickport was positioned correctly
and to prime mice for training.

Whisker tracking—A high-speed camera (Basler acA2000-340km) was placed below the
running wheel; whiskers were imaged from below using a telecentric lens (Edmund Optics
NT58-257) and a mirror oriented at approximately 45°. Some mice and experimental setups
required slight adjustments to the mirror orientation to properly view the whiskers and
object interaction. Whiskers were backlit from above using high-powered diffused infrared
LEDs (CMVision-1R200). High-speed videos were acquired with a frame grabber (Silicon
Software) at 500 frames per second with a 100ps exposure and were synchronized with
behavioral data via external triggers. Whisker tracking was performed offline using Whisk
(Janelia Research Campus, Howard Hughes Medical Institute), which returned whisker
angles and positions for every frame. The whisker angle is in reference to the longitudinal
axis of the mouse where 0° is fully retracted pointed towards the rear of the mouse, 90°

is orthogonal to this axis, and 180° is fully protracted pointing directly forward. Typical
whisker angles range from 70° at rest and 160° during a typical full protraction. Tracking
data was further processed and analyzed using custom MATLAB scripts written to extract
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set point and amplitude. Briefly, set point was calculated as the average of the upper and
lower peak envelope of the orientation signal and amplitude was the difference between
the upper and lower peak envelope. To define the sample analysis window for all except
the Calcium imaging experiments (see later), we estimated first contact time as the period
following a 2 standard deviation change in average baseline run velocity or set point
(whichever occurred first) and estimated the end of the sample window as the start of
average licking response (30% rise in lick rate from baseline). We then broke the trial into
five 200ms analysis windows; baseline (#1: 500ms before first contact (#2)), the start (#2;
corresponding to the estimated time of first contact), middle (#3; midpoint between first
contact (#1) and first lick (#4)), end (#4; corresponding to the estimated time of first lick
for expert mice, or the deviation in running velocity back to baseline for naive mice) and
response time (#5; 500ms after first lick (#4)).

For jitter experiments, a subset of high-speed whisker tracking videos were manually
annotated to identify which whiskers (front (arcs 4-6), middle (arcs 2-3) or back (arcs
1&G)) primarily contacted the stimulus bar. Each visually identified contact before the
stimulus bar stopped moving into position (to estimate the ‘decision period’) was annotated.
Only contacts where the mouse was actively whisking at the bar were included. Whiskers
passively contacting the bar or being bent as the bar moved into position were not included
in analysis. The most frequent (mode) whiskers making contact with the bar was calculated
for each trial.

Whisk contact annotation validation—For manual whisker contact validation, two
experimenters blind to experimental conditions annotated the same 10% of the data; if the
interrater reliability (IRR) was less than 90%, experimenters discussed annotation approach
and criteria. A new test data set was then selected, and the procedure repeated until

>90% IRR was achieved. The remaining data was then annotated by either one or both
experimenters.

Whisker contact detector—Whisker contacts were quantified in a subset of sessions
using a custom designed sensor. The sensor was attached to a 3D printed stimulus bar
emitting an infrared (IR) beam that when broken by a whisker or multiple whiskers

was recorded by the IR photodiode as a voltage deflection (Figure S2). The raw voltage
signal from the photodiode was baseline subtracted and smoothed. A contact was detected
when a whisker or multiple whiskers occluded the sensor causing a voltage change in the
photodiode that exceeded a given threshold. A threshold was calculated for each session

as 3 standard deviations from the mean of the baseline period (-1 to —0.6 seconds before
response period). Each contact in theory would generate two threshold crossings (one during
protraction when the whisker or whiskers contact the stimulus bar and a second during
retraction when the whisker or whiskers retract away from the stimulus bar), therefore
putative contacts were calculated as the mid-point between sequential threshold crossings.
For multi whisker data, whiskers frequently moved in synch and therefore would generate
just one contact for multiple whiskers, therefore we used multi whisker data to describe
multi whisker contacts, or ‘whisks’, as opposed to individual whisker contacts. To this end,
threshold crossings spaced less than 20ms apart were averaged together to generate a single
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contact. Trials that started below threshold or crossed threshold but did not return to baseline
(largely caused by whiskers maintaining contact with the stimulus bar rather than actively
pulsing at the bar) were excluded.

We validated the accuracy of the contact detector via two methods: piezo validation and
high-speed video validation. For piezo validation, a single mouse whisker was plucked and
tethered via glue onto a computer controlled piezo bender (Noliac Systems, NDR6110-100).
Whisker deflections were controlled by custom written scripts in MATLAB that varied the
frequency of deflections, and the whisker was positioned at different horizontal locations
along the stimulus shaft to vary the distance of whisker deflection from the IR beam. The
detected contacts were compared to the piezo output pulses. A true hit occurred when

there was a contact detected within £5ms from a piezo pulse. We found the detector was
100% accurate in detecting contacts for all the frequencies and positions tested. A second
validation was conducted with an awake mouse performing the orientation discrimination
task with two whiskers while simultaneously imaging the whiskers using high-speed video.
Post hoc two human observers manually annotated a subset of trials and marked each
frame whereby they observed a whisker or multiple whiskers contacting the stimulus bar. A
threshold crossing within £20ms of an annotated whisker contact was identified as a Hit. No
threshold crossings within £20ms of an annotated whisker contact was a Miss, while more
than 1 threshold crossing within £20ms of an annotated whiskers contact was identified as
a False Alarm. Agreement between human observers was 98.3%. Hit rate comparing video
annotations and contacts was 96%. We further annotated first contacts, defined by the first
contact observed of a whisker or whiskers with the stimulus bar, and compared this with
contacts identified with the sensor. The hit rate for first contacts was lower at 77%. We
believe this higher error rate might arise from the difficulty in manually identifying first
whisker contacts due to the reduced visibility as the stimulus bar moves into the whisker
field, and the smaller degree of whisker bending we regularly see for first whisker contact.
Therefore, we believe the higher error rate largely reflected observer error rather than error
of the contact detector, and this was reflected in the larger rate of disagreement between
human observers (80%).

Whisker trimming—A subset of mice had their whiskers ipsilateral to the stimulus either
abruptly trimmed from full pad to no whiskers, or progressively trimmed from a full pad

to four adjacent whiskers either in the same row (C1-C4) or arc (B2-D2), then to two
adjacent whiskers either in the same row (C1-C2) or arc (B2-C2), then to one whisker

(C2), and finally no whiskers. Once mice reached ‘80ri’ criterion, mice were tested for
two sessions prior to trimming to determine baseline performance. After each subsequent
trimming procedure, mice were tested with the resulting configuration of whiskers over
two sessions. For the progressive trimming group, mice were randomly assigned to the row
or arc whisker conditions. When trimming from a full pad to four whiskers, mice were
briefly anesthetized with 2—3% isoflurane after the second full pad session to eliminate any
lingering impact of being under isoflurane. All other trimmings were done while mice were
head-fixed and running on a treadmill.
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Calcium imaging—Calcium imaging experiments were performed in mice expressing
GCaMP6s in excitatory neurons via tetO-GCaMP6s x Camk2a-tTA or intracranial injection
of AAV9 syn-GCaMP6s (titer 8e11 vg/mL) (Figures 4 and S4-9). After reaching training
proficiency, mice were implanted with a cranial window on the side contralateral to stimulus
presentation and following recovery they were returned to training for several days before
being moved to an identical behavioral training apparatus connected to a two-photon
microscope (Sutter MOM, Sutter inc.). Mice were given an additional 1-3 training days

on the microscope rig to acclimate to the new environment. As two-photon microscopes
provide many additional distractors to trained mice (e.g., temperature, sounds, environment)
we reduced our d’ criterion for inclusion to 1.0 (60% of recordings passed this threshold).
Imaging fields of view were identified by manually deflecting whiskers and navigating
towards areas with substantial, broad GCaMP fluorescence. Subsequent recording days were
placed such that the same cells would not be recorded in separate days. All recordings

were performed in L2/3 imaging three 800 x 800 um planes, spaced 30-50pm apart,

at 5.2-6.2Hz with ~100mW 920nm laser light (Coherent Chameleon) using a resonant
galvo system. Images were acquired using Scanlmage (Vidrio Inc.) with custom behavioral
control software. Tiff files were motion corrected, cell masks were determined, and source
fluorescence and OASIS(Friedrich et al., 2017) deconvolved signal data was extracted using
Suite2p(Pachitariu et al., 2016). To confirm our imaging system has sufficient resolution to
independently distinguish tuned neighbors, we measured the optical point spread function
(PSF) of our imaging system and determined it to have a radial resolution of 0.49um

and axial resolution of 3.4 um (Figure S41) which is smaller than our pixel sampling,
demonstrating that the optical resolution of our microscope is not a limiting factor, and
supporting the notion that fluorescence from one cell is unlikely to contaminate any but

the closest pixels due to the two photon excitation system itself. To quantify any cross-
contamination between cells, we plotted the spatial distribution (i.e., distance to nearest
neighbor) between tuned cells (Figure S4J; top) and all other cells (Figure S4J; bottom).
We find that no cell pairs are closer than the optical performance of our microscope.
Furthermore, we looked to see how many cells are unexpectedly close to each other, i.e.,
occurring closer together than a typical cell’s width. We found that less than 0.25% of tuned
pairs and 0.5% of any pairs of cells are closer together than the average width of a cell
(determined to be 7um radius in our data). This analysis implies that the vast majority of
our cells should have little contamination from signals coming from the cell bodies of other
cells.

As GCaMP6s has slow kinetics relative to the underlying changes in spike rate(T. W. Chen
et al., 2013), we focused our analysis on a period after the animal’s whiskers had made
contact with the object but before the animal had made a behavioral response. For each
recording, we identified the imaging frame in which the animal began slowing down, which
was highly correlated with the first whisker touches (see Figure S2, S3). This frame, until
the end of the ‘response window” (i.e., when the stimulus leaves the whisker field), is called
the standard window and was used for subsequent analysis (Figure S4).

We analyzed calcium responses both with AF/F and OASIS deconvolved Ca?* activity; both
methods gave qualitatively similar results (see Figure S4) and relied on Suite2p for data
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extraction and calculation. For all methods, a weighted pixel mask for each cell was created
based on the correlation of nearby pixels over time. Pixel masks were manually categorized
as “cells’ or “not cells’ and only ‘cells” were included for analysis. For AF/F calculation,
each cell’s detected fluorescence was first neuropil subtracted. The average fluorescence

of an anulus (not containing another cell) of up to 350 pixels was considered neuropil. A
neuropil coefficient (c) was calculated for each cell as described in(Pachitariu et al., 2016)
and the final fluorescence was calculated as

F=Feel—c* Freuropil

Fo, the “baseline” fluorescence, was calculated with a moving average of the 101 percentile
of a 1000 frame window (approx. 3 minute); this moving average corrected for very slow
drift in imaging conditions. AF/F is

(F — Fg)/ Fy

Finally, as the absolute value of AF/F spans a wide range (likely due to differences in

Fo), for display purposes each cell’s activity was scaled via z-scoring across the time
series and pre-stimulus activity was subtracted. Each cell was processed independent of all
other cells; thus, this operation could not affect calculated tuning preference or statistical
significance. To demonstrate how this source extraction code operates on imaging data,
we take two contrasting FOVs from the same recording as examples: one FOV where we
have high signal from one cell adjacent to a few lower signal cells (Figure S4C-E), and

a second where we have low mean signal from many cells within close proximity of one
another (Figure S4F—H). In both cases we see that the ROl masks are not contaminated

by neighboring cells and allow the extraction of clear, isolated responses from each of the
cells. Deconvolved calcium activity was calculated using the OASIS algorithm(Friedrich
et al., 2017), implemented in Suite2p(Pachitariu et al., 2016). This estimated the time and
number of spikes that led to the observed calcium fluorescence. As with AF/F the absolute
magnitude of estimated spikes varied widely, as such each cell’s response was z-scored
across time and baseline subtracted. Analysis was based on the mean Z-scored deconvolved
calcium activity from the standard window unless otherwise noted.

A trial was excluded if its run speed before stimulus presentation deviated more than 2
S.D. from its mean run speed. Tuned cells were defined as cells whose evoked responses

to each oriented stimulus passed an ANOVA p<0.01, and these cells were further divided
by their peak response. If a cell responded more on the catch trials than to any stimulus it
was categorized as a suppressed cell. Touch cells were defined as cells that were not tuned
but passed an ANOVA p<0.01 to all orientations and the catch trial. In all Calcium Imaging
based figures error bars denoted a 95% confidence interval. Cross-validated tuning curves
were calculated from the mean deconvolved activity (unless otherwise noted) and scaled
from 0 to 1. Alternating trials from each cell were assigned to a sort group or a display
group and tuning curves were calculated from each group. The order of the cells was set
by the tuning preference from the sort group while the tuning curve from the display group
was presented. Cells were excluded from this plot if the correlation between their sort group
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tuning and display group tuning was < 0.5 (of the main data set 2960/3416 87% tuned cells
pass this threshold). Principal component analysis (PCA) was performed on the full unrolled
deconvolved calcium activity traces of every cell per experiment and subsequent responses
were averaged by stimulus condition. Maps of tuning preference were presented as the
projection of all three imaging planes with the outline of each detected source color coded
by preferred tuning or touch responsive category. Orientation selectivity was calculated as
the Euclidean Norm of the mean response to each oriented stimulus. As it is difficult to be
certain what 0 activity looked like in calcium data, this response vector () was normalized
from minimum to maximum activity. A selectivity of 1 would denote a response to only
one orientation, whereas a selectivity of 0 would denote the same response to all stimuli.
Selectivity

iy
Selectivity = 1 — W

ROC analysis was performed as previously described (Stittgen and Schwarz, 2008). Briefly:
single trial calcium responses were separated into two groups, A and B. Thresholds spanning
the entire range of values in either group were tested, and the rates at which either group was
above a given threshold were plotted against each other. The area under this curve (AUC)
represented the discriminability. In this analysis it was irrelevant if A was larger than B or
vice versa as we reported the absolute discriminability or JAUC-0.5|. Here 0 represented
identical distributions whereas the maximal value 0.5 indicated that A and B were non
overlapping distributions. As this metric can be biased by low trial counts, if A or B had
fewer than 10 observations then that score was excluded. The shuffle control in this section
was created by randomly sampling A and B groups from all observed trials. To be even more
conservative, the number of samples in A and B were matched to the fewest samples in any
of the comparisons for that cell.

In trimming experiments, intrinsic imaging was first performed to identify which whisker
was optimally located in the cranial window for imaging. Whiskers were then trimmed to a
column of three whiskers and the experiment began as described above, including manually
deflecting the remaining whiskers to find areas with large GCaMP responses. Roughly
half-way through a typical recording session, the whiskers above and below the principle
imaged whisker were trimmed to create the single whisker recording set. As mice were
unable to perform the task with a single whisker, recordings were included only if the animal
had a performance accuracy d’ of 1.0 or higher on the three-whisker condition, but all trials
(success and failures) were included in analyses.

Intrinsic imaging—Intrinsic optical imaging was performed through the cranial window
to confirm that either the C1 and/or the C2 barrel was located within the window to guide
trimming for calcium imaging experiments. Prior to intrinsic optical imaging, anesthesia was
induced as described above and mice were administered 0.01mg/kg Xylazine. Anesthesia
was maintained with 1% isoflurane during imaging. Images were acquired at 60Hz with a
12-bit 1M60 camera (DALSA DS-21-01M60) and microscope fitted with two 52mm camera
lenses (Nikon 52) using custom-written MATLAB software. The brain was illuminated with
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red (630nm) LEDs. The C2 and/or C1 whisker was threaded through a wire loop connected
to a Noliac piezo bender (Noliac Systems, NDR6110-100) and deflected at 20Hz for 4
seconds for 15 trials with a 6 second inter-trial interval. Mice were given 24 hours to
recover.

Optogenetic stimulation in vivo—For optogenetic experiments light was delivered

via a 400pm diameter optical fiber resting on the thinned skull over S1 or V1. Either a
470nm LED (M470F3, Thorlabs) at 8-12mW (for eGtACR1 expressing or PV-Cre::Ai32
mice) or 617nm LED (M617F2, Thorlabs) at 15-18 mW (for eNpHR3.0 expressing mice)
was used. Light intensity was controlled by analog outputs to the LED driver (LEDD1B,
Thorlabs) and calibrated with a photodiode and power meter (PM160T, Thorlabs). For
behavioral experiments, a square light pulse was applied for 2 second intervals. To ensure
photoinhibition before the first whisker contact and throughout the response window,
optogenetic stimulation started 1 second prior to the stimulus reaching the target position
and was sustained until the end of the response window. Optogenetic stimulation trials were
randomly chosen on 33% of all trials. A masking light (blue for eGtACR1 and PV-Cre::Ai32
experiments, red for eNpHR3.0 experiments) was used to control for LED stimulation on all
trials and an eye patch was positioned over the right eye of the mouse to prevent any visual
cue which may have been gained through the masking light.

Histology and image acquisition—Transgenic and virally injected mice were
anesthetized with 5% isoflurane and ketamine and perfused transcardially with 4%
paraformaldehyde (PFA). Their brains were removed, stored overnight in 4% PFA at 4°C,
and then cryoprotected for at least 24 hours in 30% sucrose buffer solution at 4°C. A sliding
microtome (American Optical Company) was used to take 40um coronal sections of S1
and/or V1. Sections were mounted on glass microscope slides using Vectashield mounting
medium with DAPI to non-selectively stain cells and protect tissue from photobleaching.
Sections were imaged using a confocal microscope with both a 4X and 20X air objective.

Behavioral data analysis

Hit + CR )/2
Hit+ Miss  CR+FA

Percent correct = 100 *

was used during training to advance mice through each stage of training. Discriminability
index (d”) was used to more precisely evaluate the ability of the mice to discriminate
between GO and NOGO stimulus orientations. In calculating d’, Hit Rate and false alarm
Rate,

HitRate = Hit/Hit+Miss

FARate = FA/p 4 4 cr
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are considered. More precisely, d’ is a measure of the difference between the z-transforms of
Hit rate and FA Rate:

d’ = z(Hit Rate) — z(F A Rate)

The effective limit of d’ is 6.93, typical values are around 2.0, and we selected 1.5 as

our performance criterion for reliable discrimination. Chance levels of discriminability
corresponded to d’=0. We reported overall d’ values for a complete session as well as d’

for pairs of GO/NOGO stimuli whose orientations were equal and opposite. For the analysis
of lick probability, we quantified the proportion of trials for each stimuli where mice made a
GO response. The psychometric curve of lick probability was fit with a Wichmann and Hill
psychometric fit.

If a mouse failed to make GO responses for 32 consecutive trials, we assumed the mouse
was sated and excluded these trials and any subsequent trials from our analysis, except
during the trimming experiments. If a mouse did not reach 240 trials within a session, data
from that entire session was excluded. All times reported during a trial were measured from
the onset of the response window (0 seconds).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using MATLAB. The analyses performed were
ANOVAs, with multiple comparisons and Wilcoxon rank sum. Unless otherwise noted, all
tests were two-tailed and all plots with error bars were reported as mean = SEM. Sample
size was not predetermined using power analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:
Mice use multiple whiskers to discriminate object orientation

Mice learn a generalized object orientation rule, invariant to absolute object
location

Barrel Cortex neurons encodes object orientation by summating across
whiskers

Acute disruption of Barrel Cortex activity impairs performance
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Figure 1. An orientation discrimination task for mice during active haptic sensation
A. Schematic of experimental setup. An orientated stimulus bar is presented unilaterally to

the right whisker field of a head-fixed, freely running mouse.
B. Stimulus bar is either positively oriented (GO trials; blue shades) or negatively oriented

(NOGO trials; red shades).
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C. Raster plot of behavioral during a single example session separated into GO (/ef?) and
NOGO trials (righf). The whiskers contact the stimulus bar (black tick marks) as it moves
into the whisker field. Time points O represents when the bar stops and the start of the 1
second response window (shaded gray). Licks (magenta ticks), reward delivery (blue ticks).
Bars to the right of raster plots show performance on each trial (green; Hit, red; FA, gray;

CR or Miss).
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D. Average normalized running velocity (blue), whisker contacts (black) and lick frequency
(magenta) separated into GO trials (f0p) and NOGO trials (bottom) for a subset of mice
where whisker contact data was collected (n=3 mice, 6 sessions).

E. Psychometric performance curve (n=25 mice, averages from individual mice (gray);
group mean = SEM and fit (black)). Dashed lines represent midpoints for 0° stimulus
orientation and 0.5 lick probability. C= catch trial.

F. d’ for corresponding orientation pairs (n=25 mice, averages from individual mice (gray);
group mean = SEM (black)). Dashed line represents performance criterion (d’>1.5).

G. Hit and FA rates for all sessions over performance criterion separated into orientation
pairs and catch trials (n=25 mice).

H. Distribution of d” values during learning. Dashed line represents performance criterion.
I. Cumulative histogram of the number of sessions to reach performance criterion across
mice.

Also see Figure S1-3.
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Figure 2. Mice must integrate sensory input from at least two vertically stacked whiskers to

discriminate orientations

A. Schematic of the progressive whisker trimming experiment.
B. Performance of mice that was abruptly trimmed from full whisker pad to 0 whiskers

(***p<0.001, n=6 mice, rank sum test).
C. Task performance in mice progressively trimmed to a row of whiskers (n=7 mice;

averages from individual mice (gray); mean + SEM and fit (solid colors).
D. As in C) but for mice trimmed to an arc of whiskers (n=5 mice).

E. Hit and FA rates for mice trimmed to a row (fgp) or an arc (bottom) of whiskers.

Color shade indicates the number of remaining whiskers in each condition. Individual mice
(points) and means + SEM (solid colors).
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F. Summary plot of average performance of each group during the progressive trimming
paradigm (**p<0.01, ***p<0.001, ANOVA).
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Figure 3. Mice can generalize the orientation discrimination rules to multiple stimulus positions
A. Schematic of mouse using full whisker pad (Zop, /ef?) or an arc of whiskers (bottom, lef})

to perform task, corresponding example frame from high-speed imaging

(middle, top) and

schematic of mouse whisker pad (middle; bottom). Distribution of whiskers (front, middle

or back) contacting stimulus bar during the decision period with full pad

(Right; top, n=3

mice, 3 sessions). Performance with full and arc of whiskers intact (right; bottom, n=5 mice

replotted from Figure 2F).

B. Schematic of positional jitter experiment (/ef?). The stimulus bar was presented laterally
to one of three final stationary positions (pos 0, pos 1, pos 2; targeting front, middle and
back whiskers respectively). Right, example frames of whiskers contacting stimulus bar at

each position.
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C. d’ for each mouse one day before lateral jitter is introduced (session number 0; stimulus
bar presented laterally to one position, pos0) and four days (session number 1-4) separated
by each position. Dashed line represents performance criterion.

D. Average psychometric curves from days 3-4 (n=5 mice), averages from individual mice
(light colors according to position); group mean = SEM and fit (solid colors). Dashed lines
are 0° stimulus orientation and 0.5 lick probability.

E. Left, example average whisker set point separated by stimulus orientation (colored lines)
and jitter position (top to bottom; pos0, posl and pos2) for a single session. Gray bars
represent each analysis window (see Methods and Figure S3). Right. mean value during
each analysis window for whisker amplitude (amp. (degrees)), whisker set point (degrees)
and run velocity (cm/s2; n=5 mice, ANOVA).

F. Left. fraction of contacts with each whisker group for each lateral jitter positions and for
each stimulus orientation. Midd/e: average fraction of contacts each whisker group made to
the stimulus bar across jitter positions. Right. Re-plotted to show fraction of contacts each
jitter position received from each whisker group (n=5 mice, *P<0.05, ANOVA).
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Figure 4. Somatosensory cortical neurons encode each stimulus orientation

A. Schematic of Ca2* im

aging experiment. Normalized mean + SEM for run speed (blue),

lick rate (magenta), and deconvolved Ca?* response (all neurons, green). Standard analysis

window (vertical dashed

lines).

B. Top: Mean z-scored deconvolved Ca?* responses of 8 representative neurons from the
same field of view, tuned to each of the presented stimuli (color coded to preferred stimulus,

mean +95% confidence i
presentation of preferred
or deconvolved Ca?* acti

nterval). Middle: Fluorescence response for each neuron during
stimulus (color) or catch trial (gray). Presented as AF/F (above)
vity (below) (individual trial responses (faint lines), mean response

(solid line)). Bottom. Weighted pixel mask from raw images. Scalebar 10um. Standard
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analysis window (vertical dashed lines). Lick onset (in GO trials; vertical dashed purple
line).

C. Pie chart showing the relative fractions of all imaged neurons that prefer each stimulus
orientation (n=10,140 cells, 9 recordings, 4 mice).

D. Cross-validated tuning curves for all significantly tuned cells detected across all mice
normalized and sorted by preferred stimulus (determined by half the data that is not shown).
E. Population activity from a representative recording reduced in dimensionality through
principal component analysis (PCA). The mean trajectory through PCA space for each
oriented stimulus is presented. Each dot is an imaging frame, the time of run deviation (gray
circle) and lick onset (black circle) are noted.

F. Stimulus preference map of all neurons recorded in a single recording session; 3 imaging
planes are superimposed. Significantly tuned cells are color coded by their preferred
orientation (red to blue), untuned but touch-responsive cells (dark gray), unresponsive cells
(light gray). The 8 example cells from B are identified.

G. Left. Schematic of the trimming experiment. Right: Orientation tuning curves for two
representative neurons during presentation of stimuli with three intact whiskers in an arc
(solid line), and a single remaining whisker (lighter dotted line). Inset: orientation selectivity
(Sel.) in the three-whisker condition.

H. Scatter plot of orientation selectivity of neurons before (three whiskers) or after trimming
to one whisker. Magenta (/ef?), cells that were tuned in the three-whisker condition and
responsive in the one whisker condition (n=446 cells, p<3e-41, signed rank test) and gray
(righd), cells that were untuned (aka touch responsive but not tuned) before trimming and
responsive (with any tuning) in the one whisker condition (n=110 cells p=0.32). Cells that
were unresponsive before or after trimming are not displayed (n=2 mice; 2138 cells). The
bottom example neuron from (1) is marked by a solid blue circle.

Also see Figure S4-9 and Movie 1.

Neuron. Author manuscript; available in PMC 2022 May 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Brown et al.

A emx1-Cre;

AAV9-DIO-mRuby-eGtACR11-0,

0.8

o
e}

Lick Probability
o
=

o
N

B pv.cre:aizz2chra)

' S1 \470nm
123\ ®_o . o]
ILAS e & ]
\e _© 07
| lf—= @ 7

|

<L

—light OFF
© —light ON
-45 -29-15-7 71529 45 C

D PV-Cre::Ai32(ChR2)

v1\ \ 470nm
Plw ey
L4 \ A/
5 M=/

L9

Lick Probability

Stim. Orientation (°)
L 0.5
co%m_i_ A e
T~ = 5
e @o.o| °
) £ e
s <osl°  R*=053
00 05 10 05 00 05
FA Rate A FA Rate Stim.
C 1.0
wT
s1\ \ 470nm 0.8
3T A—T 2
LL% OO0 206
— >
04
2
L
-l 0.2 1
0.0 !

-45 -29-15-7 71529 45 C

Stim. Orientation (°)

Page 35

1.0 ‘
0.8 !
2
So06 i i
2 ] 1
S =7 M 7
o 04 A 2
% : i
o2 i .
0.0 !
-45 -29-15-7 71529 45 C
Stim. Orientation (°)
1.0 & . 00 -
@ e o °
«©
@ 0.5 ©03 °
I 3 o RS
0.0l Q.06 R2=0.75
00 05 1.0 06 -03 00
FA Rate A FA Rate Stim.

-45 -29-15-7 7 152945 C
Stim. Orientation (*)

- . 001 s 10, e« . 003 X
o g | 2 °
5] °
© A X 05 & -
i £ | g |°.c
<02 oR?=0.21 0.0l- <02 R?=0.02
05 1.0 0.2 0.1 00 05 10 -0.2 0.3
E FA Rate A FA Rate Stim. F FA Rate A FA Rate Stim.
4r S1 V1 100 ITI = Inter-trial Interval
L =Light ON
- 80 LS = Stim. Trial
3t — — C = Catch Trial
o] | _
— 5 60
o 2| = L
= 40
T R
i 20
0 ; - . 0 . o
w w w w
i 3 g 3 5 3 £ 5 Im ITI+Ll S S'+L 4 C C+L
emx1-Cre; PV-Cre::Ai32 WT PV-Cre::Ai32 Trial Configuration
eGtACR1

Figure 5. Acute inactivation of the barrel cortex impairs performance in the orientation

discrimination task

A. Left top. Schematic of optogenetic suppression of S1 via emx1-Cre mice virally
expressing GtACR1. Left bottom: Confocal image of coronal section through S1 (Scalebar
200um). Right top: Task performance during light off (gray) and light on (green) trials (n=6
mice, average from individual mice (thin lines) and group mean + SEM and fit (solid lines)).
Right bottom, left. FA versus Hit rate for each mouse, dashed line represents unity line (light
off (gray), light on (green)). Right bottom, right. change in FA rate (light on — light off) for
stimulus (Stim.) versus catch (C) trials (fit line - linear regression).

B. As in A but for PV-Cre::Ai32(ChR2) in S1 (n=9 mice).
C. Asin A, B but for wild type (WT) mice in S1 (h=4 mice).
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D. As in A-C but for PV-Cre::Ai32(ChR2) mice where the optogenetic illumination was
targeted to the primary visual cortex (V1, n=9 mice).

E. Average d’ for each cohort (black lines: individual mice, mean + SEM, **p<0.01,
***n<0.001, rank sum test).

F. Quantification of licking of PV-Cre::Ai32 mice with optogenetic silencing over S1 during
the inter-trial interval (ITI), stimulus trial (S) or catch trial (C) with (L) and without light
on (For S and C conditions; n=11 mice, 22 sessions, for ITI conditions 3 mice, 5 sessions,
*p<0.05, rank sum test).
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Figure 6. Selective optogenetic suppression of layer 4 excitatory neurons decrease performance

in the object discrimination task

A. Left top: Schematic of optogenetic suppression of S1 layer 4 excitatory neurons via
scnnla-Cre mice virally expressing eNpHR3. Left bottom: Confocal image of coronal
section through S1 (Scalebar 200um). Right top. Task performance during light off (gray)
and light on (green) trials (n=12 mice, average from individual mice (thin lines) and group
mean £ SEM and fit (solid lines)). Right bottom, left. FA versus Hit rate for each mouse,
dashed line represents unity line (light off (gray) light on (green)). Right bottom; right.
change in FA rate (light on — light off) for stimulus (Stim.) versus catch (C) trials (fit line -

linear regression).

B. As in A but for Cre-negative (WT) control mice virally injected with eNpHR3.0 in S1

(n=5 mice).

C. Average d’ for light off and light on conditions (black lines; individual mice, mean +

SEM **p<0.01, rank sum test).
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REAGENT or RESOURCE SOURCE

IDENTIFIER

Bacterial and virus strains

AAV9-CAG-DIO-NLS-mRuby3-IRES-ST-eGtACR1- Mardinly et al 2018 RRID:Addgene_109048
ST.WPRE.SV40

AAV9-EFla-DIO-eNPHR3.0-EYFP-WPRE-hGH Gradinaru et al 2010 RRID:Addgene_26966
AAV9-syn-FLEX-GCaMP6s-WPRE.SV40 Chen et al 2013 RRID:Addgene_100845

Experimental models: organisms/strains

Mouse: CD-1 Charles River RRID:MGI:5659424
Mouse: PV-IRES-Cre Jackson Laboratory RRID:IMSR_Jax:030218
Mouse: RSL-Channelrhodopsin2/eYFP(Ai32) Jackson Laboratory RRID:IMSR_Jax:024109
Mouse: Rosa-LSL-ChR2 Jackson Laboratory RRID:IMSR_JAX:012569
Mouse: B6. 12952-Emx1 tmi(cre)Kri/g Jackson Laboratory RRID:IMSR_JAX:005628
Mouse: B6;C3-Tg(Scnnla-cre)3Aibs/J Jackson Laboratory RRID:IMSR_JAX:009613
Mouse: B6;DBA-Tg(tetO-GCaMP6s)2Niell/J Jackson Laboratory RRID:IMSR_JAX:024742
Mouse: Camk2a-tTA Jackson Laboratory RRID:IMSR_JAX:003010

Software and algorithms

MATLAB MathWorks RRID:SCR_001622

Suite2p Pachitariu et al 2017 RRID:SCR_016434

OASIS Friedrich et al 2017 RRID:SCR_007385

Janelia Whisker Tracker Clack et al 2012 https://wiki.janelia.org/wiki/display/
MyersLab/Whisker+Tracking

Scanlmage Vidrio Inc. RRID:SCR_014307

Adobe Illustrator Adobe RRID:SCR_010279

Other

Arduino Due/Mega 2560 Arduino A000067

Two-photon microscope Sutter MOM, Sutter Inc. MOM-RES-SIP

920nm laser Coherent Chameleon

Stepper Motor (Nema 8 & Nema 17) Sparkfun ROB-10846/1204

Solenoid Valve Neptube Research Inc. 161K011

Incremental encoder US Digital H5

T-cube LED Driver Thorlabs LEDD1B

Fiber Coupled LED — Blue 470nm Thorlabs

Fiber Coupled LED — orange 617nm Thorlabs M617F2

Basler camera acA2000-340km Edmund Optics NT58-257 | acA2000-340km

Frame Grabber Silicon Software

Piezo bender Noliac Systems NDR6110-100

20X Objective Olympus XLUMPIanFLN N20X-PFH
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