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Abstract

Facial muscles drive whisker movements, which are important for active
tactile sensory perception in mice and rats. These whisker muscles are in-
nervated by cholinergic motor neurons located in the lateral facial nucleus.
The whisker motor neurons receive synaptic inputs from premotor neurons,
which are located within the brain stem, the midbrain, and the neocortex.
Complex, distributed neural circuits therefore regulate whisker movement
during behavior. This review focuses specifically on cortical whisker mo-
tor control. The whisker primary motor cortex (M1) strongly innervates
brain stem reticular nuclei containing whisker premotor neurons, which
might form a central pattern generator for rhythmic whisker protraction.
In a parallel analogous pathway, the whisker primary somatosensory cor-
tex (S1) strongly projects to the brain stem spinal trigeminal interpolaris
nucleus, which contains whisker premotor neurons innervating muscles for
whisker retraction. These anatomical pathways may play important func-
tional roles, since stimulation of M1 drives exploratory rhythmic whisking,
whereas stimulation of S1 drives whisker retraction.

183



NE37CH10-Petersen ARI 26 May 2014 9:5

Contents

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184
MUSCLES DRIVING WHISKER MOVEMENT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186
WHISKER MOTOR NEURONS IN THE FACIAL NUCLEUS . . . . . . . . . . . . . . . . . . 186
WHISKER PREMOTOR NEURONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189
INNERVATION OF BRAIN STEM BY THE SENSORIMOTOR CORTEX . . . . . 192
WHISKER MOVEMENTS EVOKED BY STIMULATION OF

THE SENSORIMOTOR CORTEX . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193
CORRELATION OF WHISKER MOVEMENT AND CORTICAL ACTIVITY

IN M1 AND S1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195
IMPACT OF S1 AND M1 INACTIVATION ON WHISKER MOVEMENT . . . . . . 198
CONCLUSIONS AND FUTURE PERSPECTIVES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199

INTRODUCTION

Mice and rats use their whiskers extensively to gather tactile sensory information about their im-
mediate environment. The whiskers are typically moved backward and forward at high frequencies
during exploratory behavior. As a moving whisker encounters an object, it bends and exerts forces
within the whisker follicle. These mechanical forces are thought to open stretch-activated ion
channels driving action potential firing in whisker sensory neurons. Self-generated movements
of the whiskers, driven by the animal’s own muscles, are therefore responsible for an impor-
tant component of sensory input. Conversely, sensory input from whisker-object contacts alters
whisker movements (Mitchinson et al. 2007, Grant et al. 2009, Crochet et al. 2011), presumably
to optimize the quality of incoming sensory information. Interactions between sensory and motor
components of the whisker system are therefore prominent.

The primary whisker sensory neurons have cell bodies in the trigeminal ganglion, and they in-
nervate the principal trigeminal nucleus and the spinal trigeminal nuclei. These brain stem nuclei in
turn send whisker sensory information to various downstream pathways, including the trigemino-
thalamo-cortical (Brecht 2007, Petersen 2007, Feldmeyer et al. 2013); trigemino-tectal/-collicular
(Steindler 1985, Cohen et al. 2008); trigemino-facial (Nguyen & Kleinfeld 2005); and trigemino-
pontine/-olivary/-cerebellar pathways (Swenson et al. 1984, Molinari et al. 1996, Yatim et al. 1996).
Sensory signals from the whiskers are thus processed in a large number of interconnected brain ar-
eas, which together underlie whisker sensorimotor coordination and sensory perception. Because
the tactile whisker sensory signals are often actively gathered, they relate closely to self-generated
whisker and head movements. To derive a self-consistent percept of the tactile environment, rats
and mice must therefore integrate sensory information and motor commands. The neocortex
is a prominent region for sensorimotor integration. Recent reviews cover cortical processing of
sensory signals from whiskers (Brecht 2007, Petersen 2007, Diamond et al. 2008, Bosman et al.
2011, Feldmeyer et al. 2013). This review focuses on the cortical control of whisker movement.

The cortex has long been known to play an important role in motor control, beginning with
the pioneering experiments of Fritsch & Hitzig (1870). These first investigations of movements
evoked by electrical stimulation of the cortex in dogs were later extended to monkeys by Ferrier
(1874) and Sherrington (1906). The important experiments of Penfield & Boldrey (1937) de-
fined motor maps of awake human patients undergoing neurosurgical interventions, finding
an organization broadly similar to that observed in the previous animal experiments. Electrical
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stimulation of a wide variety of brain regions evoked diverse sensations and movements (Penfield &
Boldrey 1937). A region anterior to the central sulcus evoked robust movements, defining the pri-
mary motor cortex (M1). Stimulation of medial M1 evoked primarily lower limb movements,
whereas stimulation of more lateral M1 evoked upper limb movements and, further laterally, head
and face movements. The maps of evoked movements suggested a motor homunculus, whereby
movements of nearby body parts were controlled by nearby regions of the cortex, mirroring the
somatotopic organization of the primary somatosensory cortex (S1). However, even in the initial
report (Penfield & Boldrey 1937) it was clear that movements could also be evoked from stimu-
lation of other cortical areas, such as by stimulating the somatosensory cortex lying posterior to
the central sulcus. More recent experiments in monkeys confirm that motor-related neurons are
widely distributed in the monkey brain, with transneuronal retrogradely labeled neurons from
muscles being found in both M1 and S1 (Rathelot & Strick 2006). This study agrees with data
from monkeys showing that neurons in both M1 and S1 project to the spinal cord (Coulter &
Jones 1977). Together these data raise questions about the definition of M1. Further questions
about the overall organization of motor maps in the monkey cortex have been raised by the work
of Graziano and colleagues (Graziano et al. 2002, Cooke et al. 2003, Graziano & Aflalo 2007).
Rather than the motor cortex containing a map of muscles as implied by the motor homuncu-
lus, Graziano suggests that the motor cortex is divided into areas controlling different types of
behaviors. Through applying intracortical microstimulation for long durations compatible with
the timescale of behavior, Graziano and colleagues found that complex sequences of movements
were evoked by stimulating localized regions of the frontal and parietal cortices. Stimulation of
specific cortical regions evoked reproducible behaviors, including climbing, feeding, defensive
movements, and reaching to defined locations in space. Whether motor maps in monkeys are
organized as a homunculus, or rather in terms of behavioral repertoire, remains controversial. As
one thinks about the general role of the cortex in controlling movement, it may also be useful
to consider an evolutionary perspective. The neocortex, as its name implies, was added at a late
time in the evolution of the brain. In terms of motor control, the cortex therefore may serve as
a high-order sensorimotor circuit interacting with a series of lower-level sensorimotor circuits
in basal ganglia, the midbrain, and the brain stem, all of which are evolutionarily older. Such
considerations suggest that cortical activity is likely to affect motor output through interactions
with many different subcortical pathways.

Investigation into the detailed mechanisms underlying cortical motor control has begun in
rats and mice. Early experiments used intracortical microstimulation to evoke movements, which
were only qualitatively evaluated. Similar to the results in humans and monkeys, in rodents,
movements could be evoked by stimulating a large fraction of the neocortex, including M1 and
S1 (Hall & Lindholm 1974, Donoghue & Wise 1982, Neafsey et al. 1986). Motor maps based on
surface stimulation (Woolsey 1958) and intracortical microstimulation (Hall & Lindholm 1974,
Donoghue & Wise 1982, Gioanni & Lamarche 1985, Neafsey et al. 1986, Miyashita et al. 1994,
Brecht et al. 2004a) reveal forelimb and hindlimb representations bordering (and overlapping)
with their S1 representations. Head, whisker, and eye movements map to more anterior and
medial locations. Although these motor maps are reproducible, the experimental methods suffer
from numerous important limitations. Intracortical microstimulation affects neurons near the
electrode but also stimulates axons of passage, limiting the spatial resolution of these motor-
mapping experiments and reducing the possibility for causal interpretations of the data. New
stimulation techniques are therefore desirable. In addition, most motor-mapping experiments have
been carried out in lightly anesthetized animals, a condition designed to minimize movement and
sensation. The overall brain state may influence how neural circuits in the neocortex connect to
motor output (Tandon et al. 2008), and thus motor maps in awake animals may differ substantially

www.annualreviews.org • Cortical Control of Whisker Movement 185



NE37CH10-Petersen ARI 26 May 2014 9:5

from those obtained under anesthesia. Quantitative analysis of movements evoked by precise
stimulation in awake animals is therefore necessary. Powerful molecular and genetic tools have
now been developed for investigating the mouse brain, raising interest in defining cortical circuits
for motor control in the mouse. Recent advances in optogenetics (Nagel et al. 2003, Boyden et al.
2005, Zhang et al. 2007, Chow et al. 2010, Zhang et al. 2011) have helped improve the specificity
of stimulation, which is useful for defining more precise neocortical motor maps (Matyas et al.
2010, Harrison et al. 2012). Furthermore, new transsynaptic viral methods can now label and
genetically manipulate specifically connected synaptic circuits (Wickersham et al. 2007, Osakada
et al. 2011). These new methods have recently been applied to the mouse whisker motor system,
providing new insights reviewed here in the context of existing knowledge.

MUSCLES DRIVING WHISKER MOVEMENT

The whiskers are moved back and forth through large angles (∼90◦) and at high frequencies
(∼5–20 Hz) during active exploratory whisking (Figure 1a). Although it is important to note that
the whiskers can move in complex multidimensional ways (Knutsen et al. 2008), a simple one-
dimensional variable, the whisker angle, accounts for much of the overall movement of whiskers.
Most of the time, the whiskers all move bilaterally in synchrony, but whiskers can also move in-
dependently (Sachdev et al. 2002), which occurs extensively during whisker-object contact. The
whisker can be thought of as pivoting around its insertion point in the mystacial pad. Intrinsic
muscles within the mystacial pad (Dörfl 1982, Hill et al. 2008) attach superficially on one whisker
and form a sling around the base (deep in the pad) of the immediately anterior whisker follicle.
Each whisker is served by its own intrinsic muscle. Contraction of an intrinsic muscle causes the
base of the whisker follicle (located deep in the mystical pad) to move toward the posterior. This
contraction rotates the external part of the whisker forward, the pad insertion point acting as
the pivot. Intrinsic muscles therefore drive whisker protraction (Figure 1b). Extrinsic muscles
nasolabialis and maxillolabialis act on the superficial part of the whisker pad attaching to exter-
nal anchor points posteriorly. Contraction of these extrinsic muscles drives whisker retraction
by translating the whole whisker pad and posteriorly rotating individual follicles (Figure 1b).
Electromyograph (EMG) recordings have defined the timing of contraction of different whisker
muscles during whisking and have found that the intrinsic muscles are active during whisker
protraction and that the extrinsic muscles nasolabialis and maxillolabialis are often active during
whisker retraction (Hill et al. 2008, Moore et al. 2013). In addition, several other muscles acting
on the whiskers and mystacial pad have been described (Hill et al. 2008, Haidarliu et al. 2012).
The whisker muscles are unusual in at least two ways: First, the intrinsic whisker muscles are
distinguished from skeletal muscles by predominance of a fast-contracting, fast-fatigable muscle
type ( Jin et al. 2004); and, second, the whisker muscles do not appear to have spindles and thus
there is no direct proprioceptive feedback (Rice et al. 1997).

WHISKER MOTOR NEURONS IN THE FACIAL NUCLEUS

Both the intrinsic and extrinsic whisker muscles are innervated by the facial nerve, with the cell
bodies of the cholinergic motor neurons lying in the lateral facial nucleus (Figure 2a). Retrograde
labeling from injections into whisker muscles has shown that the motor neurons innervating the
intrinsic muscles are located more ventrally within the lateral facial nucleus, whereas the motor
neurons that innervate the extrinsic muscle are located more dorsally within the lateral facial
nucleus (Takatoh et al. 2013). The lateral facial nucleus therefore appears to have a well-ordered
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Figure 1
Muscles controlling whisker movement. (a) The whiskers on the snout of mice and rats are arranged in a
stereotypical highly ordered manner in the mystacial pad. Although whiskers have several degrees of
freedom, the most important whisker movement is one-dimensional: forward (protraction) and backward
(retraction). (b) The whisker follicle inserts into the pad, and movements of the whisker are generated by two
types of muscle (left). Intrinsic muscle ( green) forms a sling around the deep base of one whisker follicle and
attaches to the upper part of the immediately posterior whisker follicle. Contraction of intrinsic muscle pulls
the base of the whisker posteriorly, generating rotation of the whisker such that it protracts (middle).
Extrinsic muscles (red ) nasolabialis and maxillolabialis attach posteriorly to bone and act superficially on the
whisker pad. Contraction of these extrinsic muscles causes whisker retraction by pulling the whisker pad
backward and also causing backward rotation of whiskers (right).

map, with ventral protraction motor neurons innervating intrinsic whisker muscles and dorsal
retraction motor neurons innervating extrinsic whisker muscles.

In an elegant series of experiments, Herfst & Brecht (2008) made whole-cell membrane po-
tential recordings from whisker motor neurons in the lateral facial nucleus of the anesthetized
rat. Injection of depolarizing current triggered action potential firing in the single neuron being
recorded, which evoked reliable whisker movements with short latency (Figure 2b). Most whisker
motor neurons evoked protraction of only a single whisker, presumably through contraction of
the intrinsic muscle attached to an individual whisker. A smaller fraction of neurons recorded
in the facial nucleus evoked whisker retraction, typically involving multiple whiskers and likely
resulting from contraction of extrinsic muscle acting on the whole whisker pad. Single action
potentials in different motor neurons of the facial nucleus evoked whisker movements with very
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different amplitudes (ranging from −0.6◦ to 5.6◦), but trial-to-trial variability for an individual
motor neuron was low. Latencies from action potential to onset of whisker movement were short
(ranging from 4.0 to 11.1 ms). The measurements of Herfst & Brecht (2008) therefore define
a fast and reliable pathway for controlling whisker movements by motor neurons located in the
lateral facial nucleus.

The firing patterns of whisker motor neurons during behavior are unknown, and future ex-
periments are needed to measure their activity directly during exploratory whisking. It will be of
great interest to examine the relative timing of action potential firing in different whisker motor
neurons during the whisking cycle. Furthermore, the recruitment patterns of different motor neu-
rons under different behavioral circumstances will be important to study because the whiskers are
moved in different ways depending on task requirements. A first step toward such data was made
by Cramer & Keller (2006), who recorded from whisker motor neurons during fictive whisking
driven by stimulation of whisker M1. Their data suggest that phasic action potential firing of mo-
tor neurons occurs shortly before each whisker protraction and that larger-amplitude movements
are associated with increases in firing rate of individual motor neurons, as well as with recruitment
of additional motor neurons.

WHISKER PREMOTOR NEURONS

The whisker motor neurons located in the lateral facial nucleus therefore directly drive whisker
movement. These motor neurons receive synaptic inputs distributed across their somatodendritic
compartments, which determine when action potentials are fired. To understand the mechanisms
controlling whisker movement, we therefore need to learn about the whisker premotor neurons,
which innervate the whisker motor neurons. Hattox et al. (2002) injected the retrograde anatomi-
cal tracer cholera toxin subunit B into the lateral facial nucleus and found retrogradely labeled cell
bodies in a large number of brain areas including the brain stem reticular formation, the nucleus
ambiguus, the pedunculopontine tegmental nucleus, the Kölliker-Fuse nucleus, the parabrachial
nuclei, the superior colliculus, the red nucleus, the periaqueductal gray, the mesencephalon, the
pons, and several nuclei involved in oculomotor behaviors. However, the specificity of classical
retrograde labeling methods is limited. Retrograde transsynaptic viral methods based on modified
rabies virus have recently been developed, which promise to reveal specific monosynaptic neural
circuits (Wickersham et al. 2007). Rabies virus is well known to spread across neurons in the
nervous system, apparently crossing synapses in an exclusively retrograde manner (Ugolini 1995,
Kelly & Strick 2000). However, intact rabies virus will replicate and spread sequentially across

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 2
Whisker motor neurons are located in the lateral facial nucleus. (a) Schematic drawing to indicate the
location of the facial nucleus, ∼6 mm posterior to Bregma in the mouse (left). A schematic drawing of a
coronal section of the mouse brain (Paxinos & Franklin 2001) showing the ventral location of the facial
nucleus (right). The lateral facial nucleus contains the cholinergic motor neurons controlling whisker
movement. (b) Whole-cell membrane potential recording of an anatomically identified neuron in the lateral
facial nucleus in an anesthetized rat (above; axon in blue, dendrites and soma in red ) (Herfst & Brecht 2008).
Injection of depolarizing current through the recording electrode evoked a single action potential (AP) (lower
left) or a train of four action potentials (lower right). Each action potential in the motor neuron drove a brief
forward protraction of the B4 whisker but had little impact on other nearby whiskers B3 and C2. Panel a
(right) is modified from Paxinos & Franklin (2001) and reprinted with permission from Academic Press.
Panel b is modified from Herfst & Brecht (2008) and reprinted with permission from the American
Physiological Society. Other abbreviation: ACh, acetylcholine.
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many synapses, which complicates the interpretation of data. A critical step to map monosynap-
tically connected neurons is thus to restrict the spread of rabies virus so that it can cross only one
synapse. One gene in the rabies virus genome encodes for the glycoprotein G, which is essential
for infection. Rabies virus lacking G (�G-rabies) can then be transcomplemented by expression
of rabies G in specific cell types, from which the virus can then spread retrogradely (Wickersham
et al. 2007). Because the spreading �G-rabies virus does not encode G in its genome, it cannot
make its glycoprotein in the upstream infected neurons, and therefore it cannot spread beyond the
first-order presynaptic neurons (Wickersham et al. 2007). Replacing the gene encoding G by GFP
(�G-GFP rabies) allows investigators to visualize infected neurons using fluorescence imaging.
Such monosynaptic rabies-based circuit-mapping methods have now been applied to study the
organization of premotor neurons in the mouse spinal cord (Stepien et al. 2010) and in whisker
premotor neurons (Takatoh et al. 2013).

Monosynaptic rabies virus tracing from intrinsic and extrinsic whisker muscles has provided
a comprehensive map of whisker premotor neurons (Figure 3a). Takatoh et al. (2013) injected
�G-GFP rabies into whisker muscles of transgenic mice expressing rabies G in the cholinergic
motor neurons. Motor neurons infected with �G-GFP rabies could therefore complement the
G-deficient rabies with rabies G expressed transgenically from the mouse genome. The rabies thus
spread one synapse retrogradely to label premotor neurons with high GFP levels. The locations
of whisker premotor neurons found with monosynaptic rabies (Takatoh et al. 2013) generally
agreed with previous retrograde labeling (Hattox et al. 2002). Whisker premotor neurons were
prominently labeled in the dorsal medullary reticular nucleus of the brain stem, the intermedi-
ate reticular nucleus of the brain stem (IRt, Figure 3a), the gigantocellular reticular nucleus of
the brain stem (GiRt, Figure 3a), the Kölliker-Fuse nucleus, the pre-Bötzinger and Bötzinger
complexes, the rostral part of the lateral paragigantocellular nucleus, the rostral part of the spinal
trigeminal interpolaris nucleus (SP5i), the spinal trigeminal oralis nucleus, the superior colliculus,
and the mesencephalic reticular nucleus. The rabies-based tracing showed some differences in
premotor circuits for intrinsic and extrinsic muscles. Motor neurons controlling intrinsic muscles

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 3
Whisker premotor neurons. (a) Transsynaptic modified rabies virus can be used to label premotor neurons (Takatoh et al. 2013) (above).
The glycoprotein G was replaced by GFP in the rabies genome, making �G-GFP rabies virus. This virus was injected into whisker
muscles to infect motor neurons. The motor neurons of the transgenic mouse specifically express rabies G, generated by Cre
recombinase expressed in cholinergic neurons (Chat-Cre) acting on loxP-stop-loxP elements to drive expression of rabies G from the
R�GT transgene. The transgenic rabies G transcomplements the �G-GFP rabies virus in whisker motor neurons, making a new
infectious virus that can retrogradely specifically infect the presynaptic whisker premotor neurons. Only monosynaptically connected
neurons are labeled because the viral genome remains G-deficient and therefore cannot propagate. Infected neurons express GFP and
can therefore be visualized through fluorescence microscopy. Premotor neurons expressing GFP are found in many brain locations
including the brain stem, the midbrain, and the neocortex. When the rabies virus is injected into intrinsic muscle, many premotor
neurons are labeled in brain stem reticular (Rt) nuclei. These Rt nuclei are located posterior to the facial nucleus. The schematic
drawings indicate a plane 7 mm posterior to Bregma (lower left), which contains brain stem Rt nuclei, shown in the coronal section
(lower middle) (Paxinos & Franklin 2001). GFP-labeled whisker premotor neurons are evident in intermediate reticular nucleus (IRt)
and gigantocellularis (GiRt) (lower right) (Takatoh et al. 2013). (b) A schematic drawing (left) of a horizontal section of the brain stem
stained with cytochrome oxidase (middle). The section includes the facial nucleus (FN), the Rt nuclei, and the spinal trigeminal
interpolaris nucleus (SP5i). The lesion sites, labeled Rt and SP5i, show the locations that had previously been electrically stimulated in
the awake head-restrained mouse. Stimulation of the Rt nuclei drove whisker protraction ( green), whereas stimulation of SP5i drove
whisker retraction (red ) (right). Panel a (upper, lower right) is reprinted from Takatoh et al. (2013) with permission from Cell Press.
Panel a (lower middle) is modified from Paxinos & Franklin (2001) and reprinted with permission from Academic Press. Panel b is
modified from Matyas et al. (2010) and reprinted with permission from the American Association for the Advancement of Science.
Other abbreviations: GFP, green fluorescent protein; NA, nucleus ambiguus; PCRt, parvicellular reticular nucleus.
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were more strongly innervated by IRt. Motor neurons controlling extrinsic muscle, however, were
more strongly innervated by the rostral part of SP5i. In agreement with this spatial difference in
the location of premotor neurons for intrinsic and extrinsic muscles, microstimulation of the brain
stem reticular nuclei (Rt) evokes whisker protraction presumably by contracting intrinsic whisker
muscles, whereas microstimulation of SP5i evokes whisker retraction, presumably by contracting
extrinsic muscles (Figure 3b) (Matyas et al. 2010).

Further investigations into the specific neural circuits controlling intrinsic and extrinsic muscles
will be of great interest. A key goal is to record the activity of defined whisker premotor neurons
during different whisker behaviors. Future experiments could also utilize rabies virus expressing
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channelrhodopsin-2 (ChR2) (Boyden et al. 2005) to stimulate specific premotor circuits and mea-
sure the evoked movements. Of equal importance would be optogenetic inactivation experiments
to investigate the role of the different premotor circuits for specific aspects of whisker behavior.

Recently, Moore et al. (2013) made lesions at various locations in the whisker-related brain stem,
finding that a ventral region of the intermediate reticular nucleus of the brain stem (vIRt) lying me-
dial to the nucleus ambiguus was essential for whisking. Furthermore, action potential firing of neu-
rons near vIRt was phase-locked to whisker protraction, and whisking could be induced by pharma-
cological stimulation of neurons near vIRt. Whisking premotor neurons in vIRt might therefore
form a central pattern generator driving rhythmic whisker protraction (Moore et al. 2013).

In addition to the complex distribution of premotor neurons in the brain stem and midbrain,
monosynaptic rabies virus injected in whisker muscles also labels a very sparse population of layer-5
pyramidal neurons in the neocortex, with a few premotor neurons apparently residing in both M1
and S1 (see Takatoh et al. 2013, supplemental figure 1). Some neocortical neurons therefore
appear to be whisker premotor neurons, directly innervating whisker motor neurons.

INNERVATION OF BRAIN STEM BY THE SENSORIMOTOR CORTEX

Injection of anterograde tracers into M1 and S1 reveals the direct long-range axonal projections
from glutamatergic pyramidal neurons in these cortical areas (White & DeAmicis 1977, Wise &
Jones 1977, Porter & White 1983, Welker et al. 1988, Miyashita et al. 1994, Grinevich et al. 2005,
Aronoff et al. 2010, Matyas et al. 2010, Mao et al. 2011). Both M1 and S1 project to a wide variety of
brain regions that could directly or indirectly cause whisker movement, including the striatum, the
thalamus, the superior colliculus, the pons, the red nucleus, and various brain stem nuclei. Here,
we focus on the extensive cortical innervation of the brain stem, which is among the more direct
pathways in which the cortex can drive whisker movement. However, it is important to note that
the cortex can affect whisker movement using many alternative routes, notably including pathways
via the superior colliculus (Hemelt & Keller 2008) and cerebellar circuits (Legg et al. 1989).

Injection of lentivirus-expressing GFP into whisker M1 served as a viral-based anterograde
tracer, labeling axonal output to different brain stem nuclei (Grinevich et al. 2005). Grinevich
et al. (2005) found some direct innervation of the lateral facial nucleus from M1 (Figure 4a,b), in
agreement with the monosynaptic rabies experiments indicating a few premotor neurons in the
sensorimotor cortex (Takatoh et al. 2013). However, the most prominent axonal projection to
the brain stem from M1 is the strong innervation of the Rt nuclei, including the dorsal medullary
reticular nucleus (MDd), the IRt, and the GiRt (Figure 4a,c) (Grinevich et al. 2005, Matyas et al.
2010). Monosynaptic rabies tracing from whisker motor neurons retrogradely labeled these brain
stem Rt nuclei, so these cortical projections from M1 could directly innervate whisker premotor
neurons. In particular, M1 axons innervate vIRt, the region proposed to be the whisking central
pattern generator (Moore et al. 2013). Among other possible pathways, M1 might thus drive
whisker movement through direct innervation of motor neurons in the facial nucleus and through
premotor neurons located in the brain stem reticular nuclei.

Analysis of the axonal projections from whisker S1 shows a pattern of subcortical connectivity
very similar to that found from whisker M1 (Matyas et al. 2010). S1 and M1 project to neighboring
regions of the striatum, the thalamus, the superior colliculus, the pons, the red nucleus, and the
brain stem (Matyas et al. 2010). In the brain stem, S1 strongly innervates SP5i (Matyas et al. 2010).
According to monosynaptic rabies tracing, SP5i is supposed to contain whisker premotor neurons
preferentially innervating extrinsic whisker muscles (Takatoh et al. 2013). The axonal projection
of S1 neurons to the brain stem SP5i could therefore drive whisker retraction via extrinsic whisker
muscles.
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Figure 4
Innervation of the brain stem by the sensorimotor cortex. (a) A schematic drawing showing axonal
projections from M1 ( green) innervating the facial nucleus (FN) and brain stem reticular (Rt) nuclei. Axonal
projections from S1 (red ) innervate spinal trigeminal interpolaris (SP5i). (b) Lentivirus-expressing GFP was
injected into M1, and some labeled axons ( green) were found in the FN with neurons stained for NeuN (red )
(Grinevich et al. 2005, an M1 axon in close proximity to a FN cell is highlighted by arrowheads).
(c) Anterograde tracing of axons from M1 ( green) and S1 (red ) reveals dense axonal labeling in the brain
stem. M1 strongly innervates Rt, whereas S1 strongly innervates SP5i (Matyas et al. 2010). Panels a and c are
modified from Matyas et al. (2010) and reprinted with permission from the American Association for the
Advancement of Science. Panel b is modified from Grinevich et al. (2005) and reprinted with permission
from the Society for Neuroscience.

WHISKER MOVEMENTS EVOKED BY STIMULATION OF
THE SENSORIMOTOR CORTEX

The similarity of axonal projections from M1 and S1 to the brain stem suggests that they could
equally drive whisker movement through their apparently parallel, analogous projections from
M1 to Rt and from S1 to SP5i. Consistent with this hypothesis, stimulation of either M1 or S1 was
found to evoke whisker movements (Matyas et al. 2010). Before stimulating, the sensorimotor neo-
cortex was functionally mapped through voltage-sensitive dye imaging (Grinvald & Hildesheim
2004, Ferezou et al. 2007, Matyas et al. 2010). The C2 whisker representation in S1 was defined as
the location of the earliest sensory response evoked by whisker deflection (Figure 5a). Neurons
in the C2 barrel column project directly to whisker M1 (Ferezou et al. 2007, Matyas et al. 2010,
Mao et al. 2011). Whisker M1 therefore receives sensory input, and its location can thus also be
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Figure 5
Whisker movements evoked by stimulating the sensorimotor cortex. (a) Functional localization of the
sensory responses evoked by brief 1-ms deflection of the C2 whisker imaged using voltage-sensitive dye. At
12 ms after whisker deflection (center right) a localized depolarization reveals the location of the C2 whisker
representation in S1. A few milliseconds later at 18 ms ( far right), the depolarization has spread within S1
and a second localized hot spot of depolarization appears in the frontal cortex, identifying the location of
whisker M1. (b) Optogenetic stimulation of M1 with channelrhodopsin-2 (ChR2) drives rhythmic whisker
protraction ( green, with S1 inactivated). Optogenetic stimulation of S1 drives whisker retraction (red, with
M1 inactivated). (c) Schematic summary of the signaling pathway through which M1 and S1 might evoke
whisker movements. M1 ( green) projects to brain stem reticular (Rt) nuclei, exciting Rt premotor neurons,
which evoke activity in protraction motor neurons of the facial nucleus (FN) driving contraction of intrinsic
whisker muscles. Neural circuits within Rt nuclei may form a central pattern generator underlying rhythmic
protraction. S1 (red ) projects to the spinal trigeminal interpolaris nucleus (SP5i), exciting SP5i premotor
neurons, which in turn would evoke activity in FN retraction motor neurons to drive contraction of extrinsic
whisker muscles. All panels are modified from Matyas et al. (2010) and reproduced with permission from the
American Association for the Advancement of Science.

functionally localized through voltage-sensitive dye imaging (Ferezou et al. 2007, Matyas et al.
2010). Approximately 6 ms after the initial depolarization in S1, a secondary localized hot spot of
activity was found in the frontal cortex, defining the location of whisker M1 (Figure 5a). Intra-
cortical microstimulation was then targeted to the functionally identified regions of M1 and S1.
To prevent complications induced by cortico-cortical signaling, S1 was inactivated when M1 was
stimulated, and vice versa: M1 was inactivated when stimulating S1 (Matyas et al. 2010). These
intracortical microstimulation experiments revealed that M1 drives rhythmic whisker protraction,
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whereas S1 drives whisker retraction. Latencies for evoking movement were shorter for S1
(14.8 ± 2.8 ms) than for M1 (21.1 ± 5.8 ms) (Matyas et al. 2010). Optogenetic stimulation
showed the same whisker motor map, S1 driving short-latency whisker retraction and M1 driving
rhythmic whisker protraction (Matyas et al. 2010, Mateo et al. 2011) (Figure 5b). These results
are in good agreement with the anatomical connectivity of neural circuits described above. Activity
in M1 neurons projecting to reticular nuclei in the brain stem may excite whisker premotor neu-
rons (perhaps in vIRt), which in turn innervate whisker motor neurons in the facial nucleus that
preferentially drive whisker protraction (Figure 5c). On the other hand, activity in S1 neurons
projecting to the brain stem may drive firing of premotor neurons in SP5i, which preferentially
innervate retraction motor neurons (Figure 5c). Future studies must directly test this hypothesis
by applying the increasingly precise molecular methods that have been developed, such as rabies
virus and optogenetic interventions. Different types of neocortical neurons will likely make dif-
ferent impacts on whisker movement. Action potential firing in some individual cortical neurons
appears to evoke a measurable whisker movement, albeit with long latencies (Brecht et al. 2004b).
It will therefore be important to study neocortical cell-type specificity in the context of connected
neural circuits for motor control.

There is some uncertainty about the overall structure and function of whisker M1 (Brecht
2011). In the discussion above, whisker M1 is defined through its sensory map, as a localized hot
spot of whisker-deflection evoked activity, which colocalizes with the axonal projection from S1
to M1. Deflection of different whiskers evokes somatotopically organized hot spots of activity in
both S1 and M1 (Ferezou et al. 2007). Thus a well-defined sensory whisker map in M1 has been
defined functionally using voltage-sensitive dye imaging (Ferezou et al. 2007) and anatomically
through tracing of axonal projections from S1 to M1 (Mao et al. 2011). Intracortical microstim-
ulation experiments suggest well-ordered whisker motor maps in M1 (Brecht et al. 2004a), and
in future studies it will therefore be interesting to investigate if the sensory map in M1 aligns
and colocalizes precisely with the motor map in M1. This proposed mapping is currently under
debate; some studies suggest that the sensory map in M1 does not match the location of the motor
map (Smith & Alloway 2013). Intracortical microstimulation studies also suggest that M1 might
contain distinct whisker-related subregions, including a whisker retraction area that is supposed to
be spatially separated from a rhythmic whisking area (Haiss & Schwarz 2005). However, Matyas
et al. (2010) found that the whisker motor maps in M1 change dramatically upon inactivation of
S1, the retraction area in M1 becoming a protraction area after S1 inactivation. M1 motor maps
are therefore not trivial to interpret, owing to strong cortico-cortical connectivity. Currently, the
simplest possibility is that there is only one whisker M1 region, which directly drives exploratory
rhythmic whisker protraction and which can also indirectly drive whisker retraction via cortico-
cortical connectivity to S1 (Matyas et al. 2010). Areas surrounding whisker M1 also appear to drive
whisker protraction, suggesting an overall broad tuning of M1 (Matyas et al. 2010).

CORRELATION OF WHISKER MOVEMENT AND CORTICAL
ACTIVITY IN M1 AND S1

So far we have established some possible neural circuits that allow activity in M1 and S1 to drive
distinct whisker movements when these cortical regions are directly stimulated. However, to
investigate possible physiological roles of these cortical brain regions with respect to whisker motor
control, studies must record the activity of neurons in M1 and S1 and correlate their activity with
whisker movements during behavior. The neocortex contains a large diversity of cell types, and
one might anticipate that the most direct impact of cortical neurons upon whisker movement is via
neurons projecting to the whisker motor regions of the brain stem. Unfortunately, measurements
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have not yet been made of the activity of these specific brain stem–projecting neocortical neurons
during whisker-related behavior. Recordings have, however, been made from unlabeled neurons
and other types of neurons in M1 and S1 during whisker-related behavior.

Extracellular recordings of action potential firing of neurons in whisker M1 during quantified
whisker movements have been reported in only a small number of studies (Carvell et al. 1996,
Hill et al. 2011, Friedman et al. 2012), and there are no published measurements of membrane
potential from M1 of awake mice during whisking behavior. In agreement with Carvell et al. (1996),
Friedman et al. (2012) found that M1 neurons increase firing rate during whisking compared with
nonwhisking periods (Figure 6a). In addition, Friedman et al. (2012) reported that the increased
firing in M1 preceded the onset of whisker movement. Increased action potential firing in M1
neurons could therefore contribute to the initiation of whisking, perhaps through the previously
discussed projections to the reticular brain stem, for example onto vIRt neurons driving rhythmic
whisker protraction. However, in probably the most detailed study of M1 activity during whisking
to date, Hill et al. (2011) show that firing rates of M1 neurons both increase and decrease so
that the average rate across the population is little changed during whisking. In future studies, it
will therefore be important to distinguish different cell types in M1, which could have different
activity patterns during whisking. Hill et al. (2011) do, however, find that M1 activity is modulated
in important ways during whisking. They report that M1 neurons change firing rate with respect
to the amplitude of whisking and the midpoint of whisking, and some cells also showed rapid
modulations in firing rate at specific phases during the whisking cycle (Figure 6b). The modulation
of M1 activity during whisking was not changed when the sensory whisker nerve (the infraorbital
nerve, ION) was cut (Hill et al. 2011). The activity of M1 neurons may therefore relate primarily
to motor commands rather than to sensory information.

Researchers have also begun to study the activity of neurons in S1 during whisker-related
behavior. Juxtasomal recordings from anatomically identified excitatory neurons in S1 reveal
that the overall spike rate is not different when comparing epochs of whisking and no whisking
(de Kock & Sakmann 2009). However, slender-tufted pyramidal neurons located in L5A of the S1

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 6
Correlation of activity in sensorimotor cortex with whisker movement. (a) Example extracellular recording
of spiking activity in M1 (Friedman et al. 2012), with a spike raster of five whisking onset epochs (above) and
the spike time histogram from many epochs (below). Time zero is aligned across trials to be the onset time of
whisking. Action potential firing increases shortly before onset of whisking and remains elevated during the
first second of whisking. (b) In a different example extracellular recording of spiking activity in M1 (Hill et al.
2011), the firing rate is modulated by the amplitude of whisking (left), by the midpoint of the whisker
position during whisking (middle), and by the phase of the whisker position within the whisking cycle (right).
(c) Simultaneous recording of local field potential (LFP) and whole-cell recording of membrane potential
(Vm) in layer 2/3 of the C2 barrel column of S1 in an awake behaving mouse (Poulet & Petersen 2008).
During quiet wakefulness, when the whisker angle ( green) is not changing, the LFP and Vm show slow,
large-amplitude, synchronous fluctuations. When the mouse is actively whisking, the LFP and Vm reduce
variance, reduce slow fluctuations, and on average depolarize. Whisking therefore induces an important
change in cortical state, which does not depend on sensory input from the whisker. (d ) When the membrane
potential across different whisking cycles is aligned to the peak of protraction and averaged, then there is an
obvious fast phase-locked Vm fluctuation (Poulet & Petersen 2008). Averaging at random times (Shuffled, S;
Normal unshuffled, N) shows the noise level. The same analysis carried out in mice with cut sensory
infraorbital nerves (IONs) reveals that the fast phase-locked Vm modulation during whisking depends on
sensory input because it is absent after cutting IONs. Panel a is modified from Friedman et al. (2012) and
reproduced with permission from the American Physiological Society. Panel b is modified from Hill et al.
(2011) and reproduced with permission from Cell Press. Panels c and d are modified from Poulet & Petersen
(2008) and reproduced with permission from the Nature Publishing Group.
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barrel cortex increased their firing rate during whisking (de Kock & Sakmann 2009). Whole-cell
membrane potential recordings have been carried out from identified neurons in layer 2/3 during
whisking (Crochet & Petersen 2006; Poulet & Petersen 2008; Gentet et al. 2010, 2012). In agree-
ment with extracellular recordings, the whole-cell recordings of excitatory neurons do not, on aver-
age, change spike rate during whisking. However, the spike rates of inhibitory γ-aminobutyric acid
(GABA)ergic neurons change in a cell-type-specific manner. Parvalbumin-expressing fast-spiking
GABAergic neurons reduce firing rate during whisking, non-fast-spiking presumed 5HT3A-
receptor expressing neurons increase firing rate during whisking, and somatostatin-expressing
neurons decrease firing rate during whisking (Gentet et al. 2010, 2012; Petersen & Crochet
2013). Thus GABAergic inhibition is significantly reorganized in S1 during whisking. In addition,
an important change in brain state that accompanies whisking is clearly observed in S1. During
quiet wakefulness (when the whiskers are not moving), the local field potential and membrane
potential of neurons in S1 often show slow, large-amplitude fluctuations (Petersen et al. 2003,
Crochet & Petersen 2006, Poulet & Petersen 2008, Okun et al. 2010, Zagha et al. 2013). During
active whisking, the membrane potential of excitatory neurons depolarizes, the membrane poten-
tial variance decreases, and the slow membrane potential fluctuations are suppressed (Crochet &
Petersen 2006, Poulet & Petersen, 2008) (Figure 6c). These changes in cortical state do not de-
pend on sensory input because whisking induces a similar change in S1 cortical state when the
sensory nerve (ION) is cut (Poulet & Petersen 2008). S1 therefore appears to encode motor-
related signals, similar to results in mouse V1 (Niell & Stryker 2010, Keller et al. 2012). Increases
in thalamic firing (Poulet et al. 2012), motor cortex firing (Zagha et al. 2013) or neuromodulation
(Lee & Dan 2012) likely contribute to driving the brain state changes in S1 during whisking.

Analyzed at higher temporal resolution, extracellular recordings from S1 reveal rapid cycle-by-
cycle modulation during whisking, with individual units firing at specific phases of the whisking
cycle (Fee et al. 1997, Curtis & Kleinfeld 2009). These firing rate modulations are likely driven by
membrane potential fluctuations phase-locked to the whisking cycle (Crochet & Petersen 2006,
Poulet & Petersen 2008, Crochet et al. 2011) (Figure 6d ). Different neurons depolarize and fire at
different phases of the whisking cycle, thus encoding whisker position on the millisecond timescale.
This fast phase-locked activity in S1 does depend on sensory signals from the periphery (Fee et al.
1997, Poulet & Petersen 2008) (Figure 6d ). This finding contrasts with the phase-locked activity
in M1, which is independent of sensory reafference signals. Whereas the fast phase-locked signals
in S1 are largely related to sensory signals, the signals in M1 are more likely related to motor
commands, which agrees with the overall notions of cortical organization. However, S1 activity
may nonetheless impact whisker movement through direct and indirect pathways. S1 activity is
rapidly signaled to M1 (Ferezou et al. 2007) and so the whisking-induced changes in S1 activity
could also be relayed to M1. S1 activity might also impact whisker movement more directly via
brain stem projections and other subcortical projections, as discussed earlier.

IMPACT OF S1 AND M1 INACTIVATION ON WHISKER MOVEMENT

Whereas cortical stimulation reveals pathways for motor control and electrophysiological
measurements reveal correlations of neural activity and movement, inactivation experiments
investigate the necessity of the neural activity. Precise inactivation experiments with cell-type
specificity and spatiotemporal control will be enormously informative in future experiments.
Experiments until now have largely been limited to lesions or pharmacological inactivations of
S1 or M1, but these experiments have nonetheless revealed some important general insights into
whisker motor control. Most importantly, rodents can whisk in a relatively normal way after lesion
of M1 (Welker 1964, Semba & Komisaruk 1984, Gao et al. 2003). Thus although M1 activity can
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evoke whisking, it appears that other pathways normally drive spontaneous exploratory whisking,
including pathways signaling via serotonin (Hattox et al. 2003). Pharmacological inactivation of S1
reduces whisker retraction evoked by high-frequency whisker stimulation (Matyas et al. 2010), but
it otherwise appears to make little impact on spontaneous whisker movement. Various brain areas
and signaling pathways will likely play diverse roles during different behaviors. In the future, it will
therefore be important to investigate the roles of S1 and M1 during specific learned behaviors.
Huber et al. (2012) trained mice to locate objects with whiskers and found that pharmacological
inactivation of M1 changes whisker movement and behavioral performance in this task.

CONCLUSIONS AND FUTURE PERSPECTIVES

Current evidence suggests that the cortex can drive whisker movements using at least two distinct
pathways. Whisker M1 projects to brain stem Rt, which contains whisker premotor neurons
and includes the proposed whisking central pattern generator (vIRt), preferentially innervating
protraction motor neurons of intrinsic whisker muscles. This anatomical pathway could therefore
account for the rhythmic protraction movements evoked by stimulating M1. In an analogous
parallel pathway, whisker S1 projects to the brain stem SP5i, which contains whisker premotor
neurons preferentially innervating retraction motor neurons of extrinsic whisker muscles. This
pathway could therefore account for the whisker retraction evoked by stimulating S1.

These two different cortical regions drive qualitatively different whisker movements. M1 drives
rhythmic whisker protraction, which resembles exploratory whisking. M1 activity therefore ap-
pears well-suited to increase the amount of sensory information arriving from the whiskers during
active sensing. S1, however, drives whisker retraction, which might serve as a negative feedback
signal, preventing overstimulation of the whisker system. M1 and S1 therefore appear to play
fundamentally different roles in whisker motor control. A region close to, or overlapping with,
whisker M1 has been suggested to be a frontal orienting field (Erlich et al. 2011), homologous to
the frontal eye field of primates. Whisker M1 may therefore be involved in multiple brain func-
tions, including whisker motor control, spatial attention, and preparation of orienting responses.
How actions and action plans are mapped onto the cortex therefore remains poorly understood
in mice, rats, and monkeys (Graziano & Aflalo 2007).

Although it is clear from stimulation experiments that the cortex can drive whisker movements,
these experiments do not necessarily indicate the physiological role of M1 and S1 in regulating
normal whisker movement during behavior. Recordings of M1 and S1 activity in behaving animals
have not yet been targeted to the cell types likely to be most directly related to whisker movement,
so we currently know rather little about the causal influences of normal patterns of cortical activity
upon whisker movement. Future experiments in behaving animals must therefore record the
activity of defined types of neurons across the whisker motor control pathways, including the
cortical neurons projecting to the brain stem and other motor-related brain regions. To test
whether the activity in these neural circuits accounts for the movements, future experimental
work must specifically interfere with the proposed synaptic pathways, perhaps through combining
retrograde transsynaptic virus (Wickersham et al. 2007) and optogenetic inhibition (Zhang et al.
2007, Chow et al. 2010).

In conclusion, although the synaptic pathways for the cortex to control whisker movement
are beginning to be mapped, we still understand little about the normal physiological role of
the cortex in whisker motor control. Furthermore, in this review, we have focused only on the
simplest pathways from the cortex to whisker motor neurons via brain stem, but it is important to
remember that there are many more complex signaling pathways, for example through the basal
ganglia, the superior colliculus, and the cerebellum, all of which likely contribute during behavior.
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