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Abstract

Tactile sensory information from facial whiskers provides nocturnal tunnel-dwelling rodents such
as mice and rats with important spatial and textural information about their immediate
surroundings. Whiskers are moved back and forth to scan the environment, and touch signals from
each whisker evoke sparse patterns of neuronal activity in primary somatosensory barrel cortex
(wS1). Whisking is accompanied by desynchronised brain states with cell-type-specific changes in
spontaneous and evoked neuronal activity. Many tactile features, including texture and object
location, appear to be computed in wS1 through integration of motor and sensory signals. wS1
also directly controls whisker movements and contributes to learned, whisker-dependent goal-
directed behaviors. The cell-type-specific neuronal circuitry in wS1 that contributes to whisker
sensory perception is beginning to be defined.

Introduction

Understanding sensorimotor processing is central to comprehending the neural mechanisms
underlying behavior. Sensory information is important for action planning, and every action
is executed with the help of sensory feedback. Conversely, sensory information is actively
gathered through motor commands to position sensors, and is actively processed in the brain
in a context-, motivation- and learning-dependent manner. Active sensing is obvious in
vision through foveation of selected visual targets, olfaction through sniffing, and touch
through palpation.

Sensorimotor processing takes place across many regions of the mammalian brain, which
likely serve distinct functions. Here, in this review, | focus on sensorimotor processing in
neuronal circuits of rodent primary whisker somatosensory cortex (wS1). The whisker
sensorimotor system provides rodents with spatial and textural information about their
immediate surroundings, useful for these nocturnal tunnel-dwelling animals. Whisker
sensation is an active process, in which mice and rats scan their environment by moving
their whiskers back and forth at high frequency (~10 Hz) when aroused or curious. The
connectivity of wS1 is thought to facilitate the integration of sensory, motor and top-down
signals for specific computations in individual neurons in wS1. Cortical whisker-related
sensorimotor processing takes place within complex neuronal circuits, which are being
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elucidated with the help of new tools for labelling, recording and manipulating specific cell-
types during behavior. The goal is to define the precise mechanisms by which the
synaptically connected neuronal networks of wS1 contribute to sensory perception, learning
and motor output.

Signalling pathways

Nearly 50 years ago, Woolsey and Van der Loos published a seminal paper! describing the
somatotopic [G] map of mouse wS1. Each mystacial [G] whisker on the snout was found to
be individually represented in mouse wS1 by an obvious large-scale (~200-300 pm)
structure, termed a ‘barrel’. The whisker and barrel maps are organized similarly across rats
and mice, and a standard nomenclature has been developed. For example, the C2 whisker is
represented in wS1 by the C2 barrel (FIG. 1a). The whisker barrel map in wS1 appears to
develop through genetic programs and is refined through experience and activity2=.

The deflection of a whisker evokes a volley of sensory information signaled through
glutamatergic synapses in brainstem and thalamus before reaching cortex (FIG. 1b). Primary
sensory neurons of the trigeminal ganglion [G] that have mechanosensitive nerve endings in
whisker follicles directly innervate neurons in the whisker-related principal trigeminal
brainstem nucleus (Pr5)8-°. The Pr5 neurons are somatotopically arranged in discrete units
termed ‘barrelettes’ and send large-amplitude excitatory ‘driver’ inputs to neurons in the
primary whisker somatosensory thalamus (the ventral posterior medial nucleus, VPM). The
excitatory VPM neurons cluster in discrete somatotopic ‘barreloids’, and individual neurons
in VPM largely innervate just a single barrel1%11, The one-to-one anatomical mapping of
whiskers along this ‘lemniscal’ sensory pathway to wS1 suggests labelled-line whisker-
specific signaling. The relay of sensory information is fast, with latencies as short as ~5 ms
from whisker deflection to depolarization of neurons in wS112-14,

Incoming sensory information is processed in neuronal microcircuits in wS1 and signaled
onwards to many directly connected downstream cortical and subcortical brain regions (FIG.
1¢)15-19, In addition to its defining input from VPM, wS1 also receives important input from
higher-order parts of the thalamus and many other cortical regions, as well as various
neuromodulatory inputs. The barrel cortex, with its precisely defined maps, offers a unique
opportunity for detailed analysis of causal mechanisms that drive processing in well-defined
cell-type-specific neuronal circuitry of the mammalian brain during sensory perception.

Microcircuits in wS1

Columns and layers

Columns and layers are important organizing principles of neocortex. The cortical columns
of wS1 can be defined as the thickness of the cortex that is laterally bounded by the
dimensions of the barrel. For the mouse C2 barrel column, the cortical (vertical) thickness is
~1.2 mm and the horizontal extent is ~200 um x ~300 um. The C2 barrel column is
estimated to contain ~6,500 neurons, of which ~85% are excitatory glutamatergic neurons,
with the remaining ~15% being inhibitory GABAergic neurons29. The column can be
subdivided into different cortical layers. Axons, dendrites and synapses are present across all
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cortical layers. The most superficial layer (layer 1, L1) contains exclusively inhibitory
GABAergic neurons, whereas all deeper layers (layers 2-6, L2-6) contain various types of
excitatory and inhibitory neurons. VPM input arrives most prominently within layer 4 (L4),
and this is where the clearest whisker barrel map is found (FIG. 2a). VPM also innervates
the L3 cortex immediately above the L4 barrels, and provides axonal collaterals deeper in
the cortex at the border of L5 and L621:22, L4 contains many excitatory spiny stellate
neurons, which are small and tightly packed, giving this layer a granular appearance. The
axons of the excitatory L4 neurons extensively branch in the home L4 barrel, and the more
superficial L2 and L3 of the same barrel column?3. Both VPM thalamic input and the L4
neurons also excite pyramidal neurons in L5 and L6, which have vertically arranged apical
dendrites further supporting columnar processing. The first signals evoked by a whisker
deflection are therefore spatially localized to the aligned barrel column in wS124-26,
However, sensory-evoked signals rapidly spread across wS1 (within ~20 ms), likely, at least
in part, through lateral synaptic connectivity, giving rise to broad and complex receptive
fields of individual neurons!3:14.27.28,

Local connectivity

The excitatory and inhibitory neurons are synaptically connected within their home barrel
column, with surrounding barrel columns and with other cortical and subcortical brain
regions. Within the local microcircuit, on average, ~10% of excitatory neurons form
glutamatergic synapses with other nearby excitatory neurons, whereas the rates of
connectivity between excitatory and inhibitory neurons, as well as between inhibitory
neurons, are typically higher2%-33, Unitary (single axon) excitatory and inhibitory
postsynaptic potentials (UEPSPs and ulPSPs) are usually small in amplitude (~0.1-1 mV)
and brief (~5-50 ms), suggesting the need for individual neurons to integrate input from
many presynaptic neurons in order to fire action potentials. Although much remains to be
discovered, it is clear that there is a great deal of cell-type and layer specificity in the
synaptic wiring diagram (recently reviewed34-39). Here, | briefly outline major layer-specific
excitatory pathways (FIG. 2b), thought to be responsible for signal propagation, leaving the
possible roles of different classes of inhibitory neurons to be covered in later sections.

Sensory input from VPM arrives most prominently within L4, and the excitatory L4 neurons
provide excitatory input to neurons in all other cortical layers of the barrel column. A dense
column of axon from L4 excitatory neurons innervates L2 and L3 of the same barrel column.
L4 neurons in wS1 only have local axonal arborisations and are therefore excitatory
interneurons. L2 and L3 are largely composed of excitatory pyramidal projection neurons
with dendrites in L1-L.3 and extensive local axonal arborisations in L2, L3 and L5, and with
a large horizontal spread across wS14041, L ateral connectivity across barrel columns likely
underlies multiwhisker integration necessary for perception of complex features, such as
object shape. L2/3 pyramidal neurons can be classified as intratelencephalon-projecting (I1T)
neurons, sending long-range axonal projections to other cortical regions (primarily to
ipsilateral whisker motor cortex and whisker secondary somatosensory cortex) and the
striatum, as well as showing callosal connectivity1®.
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The excitatory L5 pyramidal neurons have apical dendrites that extend to L1, and receive
input from all cortical layers, as well as from thalamus. Indeed subsets of L5 pyramidal
neurons receive sufficiently strong thalamic input to drive action potential firing*2. The
excitatory L5 neurons can be divided into IT neurons and pyramidal tract (PT) neurons34.
The L5 IT neurons (similar to L2/3 pyramidal neurons) project extensively within wS143, to
other neocortical areas and striatum, as well as showing callosal projections*4. PT neurons
typically show relatively few local axons in wS1, but project strongly to subcortical
structures such as striatum, the posterior medial nucleus of the thalamus (POm), pons,
superior colliculus and spinal trigeminal brainstem*3:45:46_ PT neurons do not have callosal
projections. Highly specific innervation by the higher-order somatosensory thalamic nucleus
POm defines L5A, the most superficial part of L5224748, |n addition, POm also prominently
innervates L1. Neurons in L5A are IT neurons, whereas neurons in L5B include both IT and
PT neurons, with PT neurons only being found in L5B. In the local microcircuit, excitatory
L5A neurons seem to preferentially innervate L2, L5A and L5B20.4849,

L6 contains diverse neurons, including corticothalamic (CT) neurons that project to VPM
and POm, probably serving a modulatory, rather than driving, function. These same CT
neurons specifically innervate L5A%0, thus also playing a direct role in modulating cortical
activity in addition to modulating the thalamus. Other L6 neurons project broadly across
wS1 and other cortical regions®Z.

Distinct functional roles of subtypes of excitatory and inhibitory neurons in different layers
with different projections receiving diverse synaptic inputs are gradually emerging through
cell-type-specific measurements and perturbations during behavior, as discussed later in this
review. One potentially useful concept might be to consider the neocortex, including primary
sensory cortices, as high-order association areas, contributing to behavior as part of
hierarchical nested sensorimotor loops. In this respect, one could view thalamocortical input
to L5, as a minimal input-output circuit of cortex, upon which is superimposed a higher
order thalamocortical loop via L4—L2/3—L5, with L2/3 perhaps contributing top-down
high-order associative input (along with L1 input) useful for the selection of which L5
neurons should be active during specific sensorimotor tasks.

Sparse coding

Most neurons in wS1 respond to whisker deflection with a depolarizing response,
presumably resulting from excitatory glutamatergic input from thalamus and local excitatory
neurons. The shortest-latency responses are found in L4 and L5B/6, where the VPM
thalamic input arrives314:42_ More superficial neurons in L2/3 respond with longer latencies
and typically also have longer-lasting responses®2. Although almost all neurons in wS1
receive whisker sensory-evoked excitatory synaptic input, only a small proportion (typically
less than 10%) of neurons fire action potentials in response to deflection of a whisker. The
reason for this seems to be a fast recruitment of inhibition, likely mediated in large part by a
fast-spiking subtype of GABAergic inhibitory neurons that express the calcium-binding
protein parvalbumin (PV) (FIG. 2c). The PV* neurons located in L3, L4 and L5 receive
prominent short-latency thalamic input, and are strongly reciprocally connected to nearby
excitatory neurons®34, They thus provide both feedforward and feedback inhibition within
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local microcircuits. Neurons in wS1 therefore receive near simultaneous excitatory and
inhibitory input in response to whisker deflection, and these combined conductances, with
excitation having a reversal potential near 0 mV and inhibition having a reversal potential
near -75 mV, act to transiently clamp the somatic membrane potential to a value that for
most neurons is hyperpolarized relative to action potential threshold. Thus, only a subset of
neurons receiving large excitatory synaptic inputs are able to fire action potentials in
response to whisker deflection, but they can do so reliably®2:55-57, Large (several mV)
unitary excitatory synaptic connections are rare within the local microcircuit of excitatory
neurons29, but they might wire specific neurons together for reliable sensory processing
(FIG. 2d), and might emerge through activity-dependent strengthening of useful
connections®8,

Such sparse [G] reliable coding enforced by rapid inhibition seems to be a general rule in
wS1 across various whisker-related behaviors®2:5%:56.59, The massive expansion in the
number of neurons associated with each whisker in neocortex, compared with the previous
processing stations in thalamus and brainstem, allows for such sparse representations, which
may help integration of specific top-down or motor-related signals and simplify decoding in
downstream brain regions.

Cortical states

Ongoing behavior and diverse brain states strongly modulate cortical function. Here, we will
contrast typical patterns of neural activity in wS1 during active whisking and during quiet
wakefulness (when the whiskers are not moving).

Quiet wakefulness

During quiet wakefulness, various classes of excitatory and inhibitory L2/3 neurons —
except a class of GABAergic neurons expressing somatostatin (SST)80 — show highly
correlated, slow Vy, fluctuationsé1:62, For example, during quiet periods, L2/3 excitatory and
PV*neurons typically display large (~10 mV) slow (1-5 Hz) synchronous V,
fluctuations!2:60-63 (F1G. 3a). The slow synchronous activity is likely driven by thalamic
input and local recurrent excitation. Inhibitory neurons on average fire at much higher rates
than the excitatory neurons, thus maintaining sparse activity in the excitatory neurons. In
contrast, L2/3 SST* neurons have much reduced slow V, fluctuations, and SST* V,,
dynamics have little correlation to V,, of nearby neurons6%:63, | 2/3 SST* neurons must
therefore receive or process synaptic inputs differently compared to their surrounding
neurons. The L2/3 SST* neurons are unusual in that they: receive strong inhibition from
another class of GABAergic neuron characterized by expression of vasoactive intestinal
peptide (VIP)84-68: receive little input from the thalamus2®47:6: receive inputs from nearby
excitatory neurons showing strong frequency-dependent short-term synaptic
facilitation68-71; and have a relatively long membrane time-constant [G], promoting
summation of synaptic potentials8-71,

Nat Rev Neurosci. Author manuscript; available in PMC 2021 March 06.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Petersen

Page 6

Active state during whisking

Active behavioral states that involve movements are typically accompanied by active cortical
states that are characterized by desynchronized neuronal activity with reduced slow-
frequency V, fluctuations!2:72-81 Motor control is crucial for the somatosensory system, as
tactile sensory information is often actively acquired by touching and palpating objects.
During active cortical states accompanying whisking, the slow V, fluctuations of excitatory
L2/3 neurons are suppressed, their V, variance is strongly reduced, and their V, is typically
slightly depolarized!? (FIG. 3a). Action potential firing of L2/3 excitatory neurons remains
sparse, with some excitatory neurons increasing firing rate and others decreasing. Fast-
spiking PV* GABAergic neurons in L2/3 follow a very similar pattern of V,, changes, with
an obvious reduction in slow Vy, fluctuations during whisking and slight depolarization61.63,
On average, the action potential rate in PV* neurons is much higher than for excitatory
neurons. During whisking, the firing rate of L2/3 PV* neurons on average decreases slightly,
because the V,, variance is strongly reduced and the Vy,, therefore crosses the firing
threshold less often61.63, \/IP*neurons in L2/3 depolarize strongly during whisking and
increase action potential rate, likely driven in part by inputs from motor cortex®4 and also by
cholinergic input® that activates nicotinic acetylcholine receptors (NAChRs)83. VIP*
neurons strongly inhibit SST* neurons®-%8 (FIG. 3b), which thus hyperpolarize and reduce
action potential firing rate during whisking®%:64. Excitatory neurons within L2/3 receive
strong GABAergic inhibitory synaptic input from PV* neurons30:31.84 and SST*
neurons89:85 both of which exhibit lower firing rates during whisking. Thus, excitatory
neurons in L2/3 may be somewhat disinhibited during whisking, which might contribute to
enhance sensorimotor integration and processing. Less is known about the activity of
neurons in deeper layers, although increased firing during whisking has been reported for
fast-spiking inhibitory L4 neurons®, a subset of deep layer SST* neurons8” and pyramidal
neurons in L5AS8,

Mechanisms regulating the active state

Changes in thalamic activity contribute strongly to driving the changes in cortical state.
Action potential firing increases in both VPM and POm neurons during whisking, with
VPM neurons showing a stronger modulation83-91. Optogenetic stimulation of thalamic
activity is sufficient to evoke an active cortical state in wS1%0. Pharmacological inactivation
of the somatosensory thalamus increases slow V, fluctuations in quiet periods, whereas,
during whisking, V, of excitatory neurons in wS1 is hyperpolarized with little variance®°.
Physiologically, the increase in thalamic action potential firing during whisking therefore
seems to drive the depolarized active cortical state measured in excitatory L2/3 neurons. The
reduced Vp, variance of these cells during whisking probably results from a combination of
excitatory and inhibitory conductances that clamp V, at intermediate levels of
depolarization, usually hyperpolarized with respect to action potential threshold.
Experiments in deafferented animals show that neither the increase in thalamic firing®° nor
the active cortical state®2 during whisking depend on input from the sensory periphery, and
thus appear to be driven by internally generated signals. Interestingly, wS1 is also
predominantly in an active desynchronized state during goal-directed whisker-dependent
tasks not involving whisking®®, further supporting the idea that internal mechanisms drive
active cortical states.
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Cholinergic input also seems to serve an important function in regulating cortical state
during whisking. In the absence of thalamic input, spontaneous activity in wS1 cortex is
suppressed during whisking, largely owing to the activation of muscarinic acetylcholine
receptors (MAChRs)82. Cholinergic axons from the nucleus basalis innervating wS1 are
more active during whisking compared to quiet periods, and optogenetic stimulation of the
cholinergic neurons mimics the effects of whisking that were observed in excitatory L2/3
wS1 neurons of thalamus-inactivated mice82. In addition to depolarizing VIP* neurons
through nAChRs, the released ACh acts on mAChRs, which are expressed by various
cortical neurons. Notably, L4 SST* neurons were recently demonstrated to be excited
through mAChR activation during whisking®’, and thus these cholinergic inputs could
contribute to the hyperpolarization of excitatory wS1 neurons during whisking in the
absence of thalamic input. ACh probably acts on many presynaptic and postsynaptic targets,
giving rise to complex network effects. There are many other neuromodulatory inputs to
w81, including prominent serotonergic and noradrenergic9 innervation, and each probably
contributes to regulating distinct aspects of wS1 function.

State-dependent sensory processing

As described above, several mechanisms thus seem to contribute to controlling the active
cortical state in wS1 during whisking. These changes are likely to contribute to the profound
differences in the processing of brief whisker stimuli delivered during whisking versus quiet
periods. Notably, the same brief whisker deflection evokes a high-amplitude sensory
response in wS1 during quiet wakefulness, but a smaller response during whisking (FIG.
3c,d)12.15.93.94 Fyrthermore, the sensory-evoked response visualized by voltage-sensitive
dye imaging can spread across a large part of sensorimotor cortex if the whisker is deflected
during quiet wakefulness, but if the same stimulus is delivered during whisking, the evoked
response is more localized (FIG. 3¢)1°. The reduced sensory-evoked response in cortex
during whisking probably contributes to the lower performanceof mice performing a simple
detection task when stimuli are delivered during whisking, compared to during quiet
periods®®, The whisker system therefore seems to be more sensitive to detection of stimuli
during quiet periods. This makes intuitive sense, for example if we consider our reduced
ability to detect a vibrating cell phone in a pocket while we are walking compared to when
we are sitting still.

Mechanistically, this state-dependent sensory processing in wS1 might relate to the
whisking-dependent modulation of thalamic firing rates. During quiet wakefulness, the rates
of spontaneous thalamic firing are low, and whisker deflection will evoke thalamic activity
with a high contrast relative to baseline firing, which probably helps to drive strong wS1
responses to whisker deflection. The reduced responsiveness of wS1 to whisker deflection
during whisking is likely, at least in part, to be mediated by the high spontaneous firing rate
of thalamic neurons, onto which a sensory signal must be superimposed with a relatively
reduced contrast. Furthermore, thalamocortical synapses exhibit pronounced short-term
depression%8:97, and thus the high baseline firing rates of thalamic neurons during whisking
may suppress the release of glutamate from thalamocortical synapses evoked by whisker
stimulation.
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Although passively evoked sensory responses are reduced during whisking, active touch of
real objects nonetheless evokes strong sensory responses in wS112.15. A brainstem
sensorimotor loop may help amplify the touch response of real objects, but not of a passively
applied stimulus8. Upon active touch, sensory trigeminal neurons drives a sequence of
whisker retraction followed by protraction®. The secondary protraction (termed a ‘double
pump’) will evoke a sensory signal only if the whisker is contacting a real object. Thus
active touch might evoke larger responses than expected from the analysis of passively
applied test stimuli.

Computations in wS1

The intricate neuronal circuits of wS1 and interconnected brain areas are thought to perform
many different computations that involve context-, motivation- and learning-dependent
sensorimotor integration and transformation. Here, | discuss the possible contributions of the
neuronal circuitry of wS1 to two computations: object localization and texture coding.

Object localization

Behavioral experiments revealed that head-restrained rats can accurately localize the
position of an object (for example a pole) using a single whisker99:190, The animals scanned
their facial environment by moving their whiskers backandforth, evoking active touch
signals upon whisker-object contact. Object location can be computed from the timing of
active touch events in the context of the time-varying position of the whisker!0L. This
computation therefore requires the integration of motor and sensory signals.

The Vy, and action potential firing rate of many neurons in wS1 are modulated on a rapid
time-scale, phase-locked with the ~10 Hz whisking cycle12.61.62,102.103 \yith different
neurons showing peak depolarization at different phases of the whisking cycle (FIG. 4a).
Touch-evoked postsynaptic potentials might thus bring the V, of different subsets of
neurons to action potential threshold depending on the phase of the whisking cycle at
contact time (FIG. 4a). Indeed, extracellular spike recordings from wS1 during active touch
revealed that the phase of the maximally tuned touch response of a subset of neurons was
similar to the preferred phase of these neurons during free whisking93. These data are thus
consistent with the notion that motor-related and touch-related signals converge in wS1 to
contribute to the coding of object location.

Motor-related signals in wS1 likely originate from at least two sources: sensory reafference
signals [G] 62102 which are generated by whisking-related stressesaffecting primary
sensory afferents104-106 and efference copies [G] (also known as corollary discharge) of
motor commands. Exploratory whisking is thought to be controlled in part by neurons in the
whisker-related primary motor cortex (wM1), which encode the phase, amplitude and set-
point [G] of whisking movements197:108 M1 strongly innervates L1 and L5/6 of wS1109,
and motor commands from wM1 might therefore contribute to the computation of object
location in wS1. Indeed, imaging in L1 of the distal dendrites of excitatory L5 pyramidal
neurons in wS1 during an object localization task suggest a prominent role for wM1110,
Touch-evoked calcium signals in tuft dendrites of individual neurons were highly tuned to
object location and were suppressed if wM1 was inactivated!19111 (FIG. 4b). Neuronal
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activity in wM1 is likely to affect distal dendrites in wS1 both through its direct innervation
of wS1, and also indirectly via POm thalamus. Distal dendrites are electrically excitable
exhibiting NMDA spikes, calcium spikes and plateau potentials [G] which can interact with
somatic action potential firing!2. Motor-related input to distal dendrites might interact with
sensory input arriving on basal dendrites of pyramidal neurons through non-linear dendritic
integration thus contributing to the computation of object location110.111,

Texture coding

Rodents typically actively sweep their whiskers across a surface to obtain textural
information, and are able to discriminate different textures using their whiskers, for example
distinguishing a smooth surface from one with shallow grooves spaced less than 100 um
apart, similar to the acuity of the human fingertip13. As the moving whisker encounters
surface irregularities, it will in some cases become “stuck’ on the surface feature. As the
whisker continues to protract (or retract), the frictional forces are overcome, inducing a rapid
acceleration of the whisker, termed a “slip’114-117, The frequency and pattern of slips
encodes texture roughness [G] 117. The large acceleration of the whisker induced by a slip
evokes action potential firing in wS1115 and the patterns of neuronal activity recorded in
wS1 can be used to decode different presented texturesl14.118-121,

Brief, rapid deflection of whiskers seems to be an elementary tactile feature in many
whisker-dependent tasks, perhaps representing a quantum of tactile information that plays a
prominent part in: detection tasks in which a brief stimulus is typically applied to a whisker;
object localization in which the whisker typically only bends briefly during object contact;
and texture discrimination, in which brief slip events seem to be particularly important.

Sensorimotor integration is also essential for texture coding, as the rate of slips will depend
upon how quickly the whisker is moved across the surface. Many aspects of texture
discrimination remain to be investigated, including a likely role for temporal and spatial
integration across multiple barrels in wS1 through lateral connectivity of axons in L2/3 and
L5/6, as typically many whiskers simultaneously sample features of a surface.

Goal-directed sensorimotor processing

Although wS1 has a direct role in whisker motor control (BOX 1), its largest contribution to
governing behavior is likely to be more indirect. Through associative learning [G], whisker
sensory information can become important for goal-directed behavior. Context-, motivation-
and learning-dependent processing of whisker-related sensory information is likely to
involve many brain regions including wS1 and its many downstream targets (FIG. 1c). An
important goal is to uncover the neuronal circuits underlying the transformation of whisker
sensory information into goal-directed motor output.

Simple behaviors that are amenable to detailed analysis of neuronal circuit function during
task learning and execution include detection tasks in which animals learn to lick a reward
spout in response to perceived whisker stimuli (typically a brief ~1 ms deflection of a single
whisker)557.99.100,118,122-124 ' ead-restrained mice readily learn such tasks through trial-
and-error, and neuronal recordings in wS1 reveal trial-by-trial correlates of task
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performance®>-57.118.124 Optogenetic and pharmacological inactivation of wS1 decreases
hit rates [G] in such tasks, suggesting that neuronal activity in wS1 participates in task
execution®°7:125126 Conversely, optogenetic stimulation of wS1 can substitute for whisker
stimulation during both learning and execution>127.128 Remarkably, in trained animals,
even the stimulation of single wS1 neurons can drive licking responses29.130,

Local processing in wS1 probably contributes to the generation of sensory percepts that are
necessary for the successful performance of whisker-dependent tasks. Evidence suggests
that PV* neurons in wS1 can contribute to gating sensory-to-motor (or sensorimotor)
transformations. In a simple detection task, L2/3 PV* neurons fired more in miss trials than
in hit trials131. Optogenetic stimulation of PV* neurons reduced hit rates®®, presumably by
suppressing the activity of nearby excitatory neurons. Conversely, optogenetic inhibition of
PV* neurons enhanced hit rates'3!, presumably by increasing the activity of nearby
excitatory neurons. The reduced firing of PV* neurons in hit trials relative to miss trials
could result from various mechanisms, such as inhibitory input from the basal
forebrain132.133 and local microcircuits, including PV*-targeting inhibitory neurons'34 and
VIP* neurons, which might receive reward-related cholinergic input?3°.

Dendritic processing in tuft dendrites of L5 pyramidal neurons of wS1 has also been shown
to make an important contribution during whisker detection tasks. Imaged calcium responses
in these tuft dendrites correlated with task performance, and optogenetic suppression of tuft
dendrite activity reduced task performance, by shifting the perceptual threshold to a stronger
stimulation strength136,

In various whisker-dependent tasks, tactile information therefore seems to transit through
wS1, where it is presumably processed in a context-, motivation- and learning-dependent
manner before being signalled to downstream brain regions contributing to task execution.
Electrophysiological'37 and optical®”-118.119.138 measyrements have revealed that task
learning is accompanied by changes in the differential routing of signals from L2/3 of wS1
to two important downstream cortical targets: wS2 and wM1. The subset of neurons in wS1
that project to wS2 (wS1—wS2 neurons) do not substantially innervate wM1, and
conversely neurons in wS1 that project to wM1 (wS1—wM1 neurons) show little
innervation of wS219.93.118 The gene expression patterns of wS1—wS2 neurons and
wS1—wM1 neurons also differs139, Therefore, wS1—wS2 neurons and wS1—wM1
neurons might form two distinct cell-classes. L2/3 wS1—wS2 neurons were found to signal
decision-related and licking-related activity more strongly than do wS1—wMZ1 neurons, in
an experience-dependent manner°/:118.119.137.138 (F|G, 5a). Interestingly wS1 and wS2 are
reciprocally connected6.140, and decision-related activity is prominent in both

areas'38.141 Thus, positive-feedback loops comprising excitatory glutamatergic neurons
between these two areas might help to select and maintain important aspects of sensory
information relating to the brief whisker deflection (typically ~1 ms). Interactions between
wS1 and wS2 could therefore be an early processing step in converting relevant whisker
sensory information into goal-directed licking (FIG. 5b). Many other brain areas are
undoubtedly involved, with evidence for involvement of frontal cortex9°:110.125142,143
medial prefrontal cortex (mMPFC)126, dorsal hippocampal area CA1 (dCA1)126, and
striatum44 in the execution of simple goal-directed sensorimotor transformations. Notably,
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there are probably multiple parallel pathways involved, and wS1 may have a more (or less)
important role depending upon the precise task conditions'45146, The mechanisms
underlying the reward-based learning of these whisker-dependent tasks remain to be
explored, and some possible hypotheses are discussed below.

Reward-based sensorimotor learning

Trial-and-error exploration of rewarded and unrewarded actions, given incoming sensory
information and internal state, underlies important aspects of goal-directed sensorimotor
learning. For the tasks discussed in this Review, thirsty mice are rewarded with a drop of
liquid if they lick a spout in response to a specific whisker stimulus. Appropriate conversion
of a whisker stimulus into licking is therefore rewarded, and correct learning should
reinforce this sensory-to-motor transformation.

This reinforcement could occur through strengthening of specific neural circuits that link
whisker-related to licking-related parts of the brain (FIG. 5b,c). Synaptic plasticity therefore
provides a plausible mechanism for learning. However, rewards are delivered after sensory
processing and after motor commands have been issued, and determining how to link
delayed reward signals with appropriate synaptic plasticity in the specific neural circuits that
contributed to success is not trivial, termed the credit-assignment problem [G].

Goal-directed learning is very important for animal behavior, and probably involves many
different mechanisms. One hypothesis suggests that a global plasticity signal, released in
response to reward, enhances synaptic plasticity specifically at tagged, recently active
synapses47-149_ Theoretical work on such eligibility traces [G] and three factor plasticity
rules [G] to solve the credit-assignment problem of what synaptic weights to change in
response to reward-related feedback shows that such signals are useful for learning in
neuronal networks0-153 Neuromodulators, including acetylcholinel35.154 and
dopaminel55.156 have been proposed to contribute such signals in the mammalian brain.

Acetylcholine

Cholinergic neurons increase firing in response to unexpected rewards!3>, and cholinergic
innervation is prominent in wS182. Acetylcholine acts on many different receptors in various
neocortical cell types. As discussed earlier, NAChRs are prominently expressed on VIP*
neurons83:157 which disinhibit excitatory neurons®4-56_ Interestingly, acetylcholine has been
proposed to enhance plasticity through disinhibition in the auditory cortex during auditory
fear learning®34. In L2/3 of wS1, VIP* neurons strongly inhibit SST* neurons®, which
prominently inhibit L1 distal tuft dendrites of pyramidal neurons. A cholinergic reward
signal in wS1 might therefore disinhibit distal dendrites, which could enhance glutamatergic
synaptic plasticity, perhaps linking top-down or motor-related signals in L1 axons with
sensory signals in basal dendrites of L2/3 and L5 neurons. Coincidence of excitatory input in
basal and distal dendrites can cause burst firing of excitatory pyramidal neurons!®8, an
important pattern of neuronal activity for inducing synaptic plasticity. In the context of the
reward-based learning underlying the whisker detection task, acetylcholine might contribute
to enhance recurrent excitation between excitatory neurons in wS1 and ws2118.119.137.138
naive mice, whisker deflection only evokes transient action potential firing of excitatory
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neurons in wS1 and wS2, but the released glutamate likely remains bound to NMDA
receptors for hundreds of milliseconds, and these NMDA receptors can then be activated by
delayed depolarization removing the Mg2* block!®9. If reward is delivered, this might evoke
a cholinergic reward signal, exciting VIP* neurons and thus relieving the distal dendritic
inhibition imposed by SST* neurons. Upon such disinhibition, the glutamate bound to
NMDA receptors might then give rise to dendritic NMDA spikes!12:160.161 caysing long-
term potentiation between synaptically-coupled wS1 and wS2 neurons, as well as other
glutamatergic inputs to wS1162.163_ The cholinergic reward signal would thus enhance
recurrent signaling between wS1 and wS2, which might prolong the sensory responses
evoked by whisker deflections predicting reward, consistent with experimental
observations®>137. This recurrent excitation could serve as a short-term memory trace of
recent important sensory input, which might be useful for driving motor circuits downstream
of wS1 and wS2, ultimately reaching tongue and jaw motor neurons (tjMn) responsible
licking, through as yet unknown signaling pathways likely involving basal ganglia and
frontal cortex, as well as other brain areas.

Midbrain dopamine neurons show some of the most prominent reward-related signals in the
brain1®5:156, Unexpected rewards give rise to a transient increase in the firing rate of
midbrain dopaminergic neurons, which project prominently to striatum (including nucleus

accumbens) and, to a lesser extent, to prefrontal cortex, with little or no innervation of
W51164’165.

The activation of dopamine type 1 receptors (D1Rs) promotes long-term potentiation of
glutamatergic synaptic input onto D1R-expressing medium spiny neurons (MSNSs) in the
striatum166, Interestingly, dopamine signals arrivingup to ~1 s after the glutamatergic input
scan still enhance plasticity66:167 providing a possible mechanism for bridging the time
between the activity in the sensorimotor circuits that drive the conversion of whisker
sensation to licking, and the reward feedback signal.

The striatum is thought to contribute importantly to action selection and initiation: the
enhanced firing of D1R-expressing MSNs (which form the so-called direct pathway striatal
projection neurons, dSPNs) could suppress inhibitory neurons in the substantia nigra pars
reticulata, in turn leading to disinhibition of motor-related regions in the brainstem and
thalamus (FIG. 5¢). Consistent with this hypothesis, in a whisker detection task, D1R-
expressing striatonigral projection neurons (dSPNSs) in the whisker-related dorsolateral
striatum showed larger short-latency sensory responses than did D2R-expressing
striatopallidal projection neurons in the same regionl44. Furthermore, optogenetic
stimulation of D1R-expressing neurons, but not D2R-expressing neurons, could substitute
for the whisker stimulus!#4, suggesting a possible causal role for D1R-expressing MSNs in
goal-directed sensorimotor transformation. In the auditory system, increases in
corticostriatal signalling have also been suggested to contribute importantly in a frequency
discrimination task168.169, |n these auditory tasks, inhibition of corticostriatal signaling
impaired task performance, and cortical evoked local field potential signals were enhanced
across task learning, suggesting that long-term synaptic plasticity at corticostriatal synapses
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could contribute to task learning'68.169. One hypothesis to account for reward-based learning
in the whisker detection task is therefore that the dopamine reward signal strengthens
corticostriatal synapses from wS1 onto D1R-expressing MSNs, which in turn would enhance
the whisker-deflection evoked inhibition of tonically-active neurons in substantia nigra pars
reticulata involved in suppressing licking (FIG. 5¢). Importantly, the striatal neurons also
receive thalamic input, and it is possible that cortex plays a key role in directing appropriate
plasticity of thalamostriatal synapses, especially as learning progresses and stimulus-action
coupling evolves into a habit!7%.171, Although the increased whisker-evoked sensory
response found in D1R-expressing MSNs in mice carrying out the whisker detection task
may result from potentiation of cortical input from wS1, it could therefore also reflect
potentiation of input from the whisker-related POm thalamus.

Conclusions and future perspectives

Important principles of whisker-related sensorimotor processing in cell-type-specific
neuronal circuits of wS1 are now beginning to be understood. However, much remains to be
explored including the relationship between local microcircuits in wS1 and the inputs they
receive from (and send to) many other brain regions. Investigation of learning mechanisms
and the effects upon local and long-range wS1 circuits will be of special importance. Further
important integrative roles for cell-type-specific circuit function in wS1 will likely be
discovered through experiments involving more complex multiwhisker-dependent behaviors,
such as aperture discriminationl72-174 and shape discrimination’® tasks, as well as
multisensory tasks'7®, navigation27:177 and social behaviorsl78:179,
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Glossary definitions

Somatotopic
well-ordered body map

Mystacial
area around the facial whiskers

Trigeminal ganglion
sensory ganglion of the trigeminal nerve

Sparse

small fraction of neurons

Membrane time-constant
time needed to discharge the membrane capacitance

Reafference signals
sensory signals generated by self-driven motion
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Efference copies
internal motor-related signals used for sensory processing

Set-point
angle around which the whisker is moved back and forth

Plateau potentials
persistent inward currents giving long-lasting depolarisation

Roughness
uneven irregular surface feature

Associative learning
learning of the relationship between sensorimotor events

Hit rates
fraction of stimulus trials in which licking is evoked

Credit assignment problem
many circuits are typically active during trial-and-error based learning and it is difficult to
determine which synapses should change

Eligibility traces
short-term memory of recently active circuit eligiblefor undergoinglearning changes

Three-factor plasticity rules
synaptic plasticity rules depending upon presynaptic activity, postsynaptic activity and an
additional factor, typically a neuromodulator
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Box 1
Whisker motor control by wS1

Interestingly, wS1 is not only involved in processing whisker sensory information but
also directly involved in whisker motor control. The movements evoked by stimulating
wS1 and wM1 are qualitatively different. Specifically, electrical or optogenetic
stimulation of wS1 drives retraction of the contralateral whiskers109:180.181 (see the
figure, part a), whereas stimulating wM1 evokes rhythmic whisker protraction. Neuronal
activity in wM1 therefore seems to drive exploratory whisker movements, presumably to
enhance the acquisition of tactile sensory information during active touch. By contrast,
the contralateral whisker retraction caused by neuronal activity in wS1 reduces whisker—
object contacts and thus reduces the influx of whisker-related sensory information. wS1-
driven whisker retraction might therefore serve a negative-feedback role, preventing over-
excitation of wS1. Consistent with this hypothesis, pharmacological inactivation of wS1
prevented the contralateral whisker retraction that was induced by strong repetitive
stimulation of whiskers109, Such a negative-feedback signal, as well as a prominent
negative feedback loop in the brainstem?8, might also have a role in governing whisker
movements during active touch. Sensory-evoked signals in wS1 during active touch could
evoke whisker retraction motor commands.Such a negative-feedback signal might help
explain why whisker—object contacts typically occur at the most protracted point in the
whisking cycle®2. Active touch therefore seems to be governed by a ‘minimal
impingement” model with whiskers typically making light contact and ceasing to advance
immediately after initial whisker—object touch®2, followed by later protraction giving
rise to a ‘double-pump’%.

The motor role of wS1 in driving whisker retraction does not depend on wM1, since it
persists after pharmacological inactivation of wM1199, Moreover, the latency for evoking
contralateral whisker movement by stimulating wS1 is shorter than that of stimulating
wM1109, These data thus suggest a rather direct motor pathway from wS1. Anatomical
tracing studies show that wS1 projects strongly to the spinal trigeminal nuclei, in a
pathway that is apparently parallel to the projection from wM1 to the brainstem reticular
(Rt) formation. Neurons in the spinal trigeminal interpolaris nucleus (Sp5i) directly
innervate motor neurons in the facial nucleus (FN), which control the extrinsic muscles of
the whisker pad that govern retraction movements80. The shortest circuit for wS1 to
drive whisker retraction might therefore involve only three synapses:
wS1—Sp5i—FN—muscle (see the figure, part b). This is similar to the main pathway
by which wM1 is thought to evoke whisker protraction (WM1— IRt—FN—muscle)183,
A ventral portion of IRt (VIRt) is thought to contain the oscillator for driving rhythmic
whisker movements183, with inhibitory premotor neurons in VIRt innervating the facial
nucleus motor neurons of intrinsic muscles driving whisker protraction184. Interestingly,
some neurons in wM1 also directly innervate FN180.185 Conversely, there are many
other, more complex, synaptic circuits by which wM1 and wS1 can control whisker
movements; for example, wS1 activity can evoke rhythmic whisker protraction at long
latencies by recruiting wM1107. Finally, it is worth pointing out that many other brain

Nat Rev Neurosci. Author manuscript; available in PMC 2021 March 06.




s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Petersen

Page 24

regions contribute to controlling whisker movements, including many other brainstem
nuclei, cerebellum, and superior colliculus®8-180.186-189,

Although wS1 is clearly a primary sensory area that receives strong innervation from the
primary somatosensory thalamus and is the first cortical area to respond to whisker
deflection, it could also be viewed as a primary motor area that evokes whisker
movements with a shorter latency than other cortical areas'9%181, Interestingly, recent
research has revealed that the parietal cortex in monkeys contains corticospinal neurons
that directly contribute to hand movements!9, suggesting that motor control by ‘sensory’
cortex might be a common phenomenon.
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Part a is adapted from Matyas et al., 2010 (Ref #109).
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Fig. 1. Long-range connectivity of wS1 barrel cortex.
a| The primary somatosensory cortex of rats and mice contains obvious anatomical units

called ‘barrels’ in layer 4 of wS1, which represent individual whiskers on the snout and are
somatotopically organized?. b | Deflection of a mystacial whisker evokes sequential activity
in: trigeminal ganglion primary sensory neurons (1); brainstem neurons (2); and thalamic
neurons (3), before reaching wS1. c | A schematic representation of the long-range
connectome of wS116-19. Red font highlights strongly connected brain regions discussed
further in this Review. APT, anterior pretectal nucleus; DLS, dorsolateral striatum; DZ,
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dysgranular zone surrounding wS1; nRT, nucleus reticularis of the thalamus; OFC,
orbitofrontal cortex; POm, posterior medial nucleus of the thalamus; PPC, posterior parietal
cortex; PRh/TeA, perirhinal cortex or temporal association cortex; SC, superior colliculus;
Sp5, spinal trigeminal nuclei; wM1/2, primary/secondary whisker motor cortex; wS1,
primary whisker somatosensory barrel cortex; wS2, secondary whisker somatosensory
cortex; VPM, ventral posterior medial nucleus of the thalamus; V2 (P, PP), secondary visual
area, labelled in previous studies as area P or PP.
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Fig. 2. Neural circuitsfor sparsereliable coding of touch in wS1.
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Excitatory microcircuits
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a | Neurons in primary whisker somatosensory thalamus (VPM) signal whisker deflections
primarily to L4 barrels (outlined in cyan). VPM axons (blue shading) extend into the L3
regions directly above the L4 barrels. Higher-order thalamic input from POm innervates L1
and L5A. b | Excitatory neuronal microcircuits of wS1 include the “‘canonical’
L4—L2/3—L5 pathway, as well as many other synaptic pathways including L4—L5,
L4—L6, LA—L2, L6—L5A and L5—L6. Extensive horizontal connectivity across barrel
columns is prominent in L2/3 and L5/6. c | Fast-spiking inhibitory GABAergic neurons
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expressing PV are strongly and reciprocally connected to nearby excitatory neurons and also
receive thalamic input. PV* neurons provide feedforward, lateral and feedback inhibition. d|
Sparse strong excitatory synaptic connectivity combined with strong dense inhibition could
drive reliable, sparse activity in specifically wired excitatory neuronal circuits.

Nat Rev Neurosci. Author manuscript; available in PMC 2021 March 06.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Petersen

Whisker angle

L2/3 EXC Vi

L2/3 PV Vi

L2/3 VIP Vi

L2/3 SST Vi

VPM AP

POm AP

ChAT GCaMP

VSD imaging of state-dependent sensory processing

Quiet

W
L K
ML
Wlllllllllllllw

AN

Whisking Quiet

Fig. 3. Cell-type-specific modulation in wS1 during active whisking.

Quiet

Whisking

30 ms

y AF/Fg
5 (%)
0.6
04
0.2
0

2 Fm

18 ms

Page 29

b  L2/3 neuronal circuits
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Schematic representation of the dynamics of whisker movements and cell-type-specific Vpy,
fluctuations and action potential firing during quiet and whisking periods. During quiet
periods, when the whiskers are not moving, slow synchronous Vy, fluctuations are found in
excitatory (EXC) neurons, PV* neurons and VIP* neurons in L2/3. SST* neurons show
smaller Vy, fluctuations that are less correlated to their neighbours. During whisking,
thalamic action potential firing rates increase and cholinergic inputs (which are labelled in
ChAT GCaMP mice) become more active. Slow cortical V, fluctuations are suppressed
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during whisking. VIP* neurons depolarize and increase firing rate, whereas SST* neurons
hyperpolarize and decrease their action potential rate. b | Schematic synaptic circuitry
contributing to state-dependent patterns of L2/3 activity. Cholinergic input might depolarize
VIP* neurons, which express nicotinic acetylcholine receptors. VIP* neurons inhibit SST*
neurons. Thalamic input (from the VPM or POm) to excitatory neurons and PV* neurons
drives depolarized, desynchronized V, fluctuations, with combined glutamatergic and
GABAergic conductances reducing Vp, variance in most cell-types.c | A brief whisker
deflection evokes an excitatory neuronal response in wS1, which can subsequently propagate
to other brain regions such as wM1, as visualized by voltage-sensitive dye (VSD) imaging®.
Large, spreading sensory responses are evoked during quiet wakefulness, whereas the same
whisker deflection evokes a smaller, more localized response if delivered during whisking. d
| Single-trial examples of whole-cell V,, recording from a L4 spiny stellate neuron in wS1
showing the sensory response evoked by a whisker deflection during a period of quiet
wakefulness and during whisking?2.

Panel c is from Ferezou et al., 2007. Ref #15.

Panel d is from Crochet & Petersen, 2006. Ref #12.
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Fig. 4. Sensorimotor computationsin wS1.

a |Rodents can localize objects with their whiskers, which requires integration of motor and
sensory signals. Some neurons in wS1 exhibit rapid V, fluctuations that are phase-locked to
the whisking cycle. In the schematic example, during free whisking, cell 1 is most
depolarized when the whisker is in a relatively retracted position, whereas cell 2 is most
depolarized at a more protracted whisker position. Whisker—object contact evokes
depolarizing sensory postsynaptic potentials (touch PSP). If touch occurs at a retracted phase
of whisking, the V,, of cell 1 might cross the threshold required to fire an action potential.
By contrast, if touch occurs at a protracted phase, cell 2 might be more likely to fire an
action potential. b | Axons from wM1 innervate L1 of wS1. Calcium imaging of the L1 tuft
dendrites of L5 pyramidal neurons reveals that active touch evokes signals that are
suppressed by inactivation of wM1. The dendrites of different cells respond to different
object locations?10,

Panel b is from Xu et al., 2012. Ref #110.
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Fig. 5. Neural circuitsfor goal-directed sensorimotor transformation.
a Some neurons in L2/3 of wS1 project to wS2 (red) and other neurons project to wM1

(blue). Neurons in wS1 projecting to wS2 have a larger depolarizing response to whisker
deflection in expert (trained) mice performing a whisker detection task than do naive mice.
These neurons also depolarize immediately before “false alarm’ licking in expert mice but
not naive mice. Neurons in wS1 that project to wS2 might therefore contribute to the
transformation of sensory input into the motor command to initiate licking for reward. By
contrast, neurons in wS1 that project to wM1 show no such training-dependent differences
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in false-alarm-related activity37.b | Schematic circuit diagram illustrating the hypothesis
that reward-based learning of a simple whisker detection task might involve strengthening of
reciprocal excitation between wS1 and wS2. How neuronal activity in wS1 and wS2 might
ultimately signal to tongue- and jaw-related motor neurons (tjMN) to evoke licking is
currently unknown, but presumably involves interactions with many other brain areas. c |
Schematic drawing highlighting the potential role of dopamine acting on D1R-expressing
direct pathway striatonigral projection neurons (dSPNs) to potentiate glutamatergic input
from cortex and/or thalamus through reward-based learning. Enhanced sensory-evoked
activity in dSPNs could contribute to evoke licking by disinhibition of brainstem motor
nuclei and/or motor thalamus.

Panel a is from Yamashita & Petersen, 2016. Ref #137.
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