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Abstract

Orofacial motor actions are movements that, in rodents, involve
whisking of the vibrissa, deflection of the nose, licking and
lapping with the tongue, and consumption through chewing.
These actions, along with bobbing and turning of the head,
coordinate to subserve exploration while not conflicting with
life-supporting actions such as breathing and swallowing.
Orofacial and head movements are comprised of two additive
components: a rhythm that can be entrained by the breathing
oscillator and a broadband component that directs the actuator
to the region of interest. We focus on coordinating the rhythmic
component of actions into a behavior. We hypothesize that the
precise timing of each constituent action is continually adjusted
through the merging of low-level oscillator input with sensory-
derived, high-level rhythmic feedback. Supporting evidence is
discussed.
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Animal behavior involves a seemingly complex arrange-
ment of body movements. One way to understand be-
haviors is to decompose them into underlying
primitives. This is the well-trodden path that was
introduced by the neuroethologist Nikolaas Tinbergen
[1]. The primitives are called motor actions. Actions
refer to the movement of individual actuators by the
underlying muscles and their control by neuronal motor
circuitry. While this is an approximation that appeals to
an engineering-like deconstruction of behavior in terms
of modularity and hierarchical control, the analysis of a
multitude of behaviors has supported the utility of this

approach [2,3].

Many motor actions, and certainly those associated with
orofacial and head movements, can be readily decom-
posed into a rhythmic component of the actuator
movement and into a broad-band component that un-
derlies a change in set-point or posture of the actuator.
What is an example of experimental evidence for these
two components? As illustrated by whisking, the
rhythmic movement of the vibrissae consists of a rapid
to-and-fro movement in a horizontal plane (blue,

Figure 1a). The oscillations of the vibrissae typically
persist for many cycles and support sampling of a large
volume of space. To the extent that different orofacial
senses, e.g., vibrissa touch and smell, are supported by
rhythmic movement [4], the modulation of the phase of
such movements can provide a reference signal to
decode multi-sensory inputs [5,6].

The broadband component of sensor movement tracks
changes in the baseline position (magenta, Figure 1a).
This component is typically slow compared to the period

of rhythmic oscillations. Set-point or posture signals shift
the region of interest sampled by orofacial sensors.
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Figure 1

Relationship of orofacial motor actions to breathing. (a) Vibrissa movement (blue) recorded with one-dimensional videography during whisking and
nonwhisking intervals. Lesioning the vibrissa oscillator (vIRt) in one hemisphere quenches rhythmic whisking yet does not interfere with changes in
baseline (set-point) protraction (red). The baseline protraction is seen to track between the two sides of the face before the lesions and after, even though
rhythmic whisking is lost on the lesioned side. Adapted from Ref. [13]. (b) Whisking under two states in a head-fixed rat recorded with one-dimensional
videography. The upper trace shows rapid, exploratory whisking (blue) that is phase-locked to sniffing (red), as recorded with a thermocouple implanted in
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Orofacial motor actions Kleinfeld et al. 3
Examples include the forward thrust of vibrissae during
exploration [7,8] and social contact [9]. Importantly, a
change in set-point of an orofacial sensory may be tied to
a change in heading; this occurs when a shift in vibrissa
set-point compensates for head rotation [7,10].

Are rhythmic and postural broad-band components
under independent control in behaving animals? A

region of the medulla that contains the oscillator circuit
for the rhythmic motions, the vibrissa intermediate
reticular zone (vIRt), can be selectively disrupted on
one side of the brain [11,12]. This causes the rhythmic
whisking to disappear only on that side, while the
baseline or set-point signal persists [13] (Figure 1a).
Further, rats can be trained to manipulate their baseline
signal independent of rhythmic whisking [14] and can
dissociate whisking amplitude, an additional broadband
signal, from timing [15]. These data point to the divi-
sion and independent function of rhythmic and broad-

band signals into separate circuits. Ongoing studies of
tongue movement suggest a similar division of function
between such circuits (FW, unpublished).

A common source for modulation of rhythmic move-
ments was suggested in the prescient work of Wallace
I. Welker [16], who found that motor actions could be
tied to the breathing cycle [4,11,17]. We again use the
vibrissa system to illustrate these dynamics. When a
rodent is foraging or rearing during exploration,
breathing is fast and referred to as sniffing. In this

case, whisking and sniffing are phase-locked at a one-
to-one ratio [11,18] (Figure 1b). In contrast, there are
epochs when animals breathe slowly but still whisk,
with two or more whisks per breath. Here, breathing
resets the whisking cycle, which otherwise runs freely
between breaths [11] (Figure 1b). Phase-locking to
the breathing cycle is not limited to whisking and
occurs for all orofacial motor actions explored to date;
examples include licking [19,20], nose twitching
[4,17], shifts in the mystacial pad [11,17], which
contains the follicles that move the vibrissae and sense
touch, and sweeping of the head along all three Euler

axes [4,17] (Figure 1c). Critically, coordination of
movement with breathing is seen in the electromyo-
gram of the muscles that drive these movements,
implying that the breathing oscillator exerts influence
through neuronal projections to the underlying circuits
for the different motor actions [21,22]. Thus, the
breathing oscillator, together with biophysical time
delays for different actions, can provide the basic
temporal pattern of orofacial behaviors.
the nasal cavity. The lower trace shows whisking during slow, basal breathing;
and the reset of whisking by the onset of inhalation. Adopted from Ref. [11]. (c)
the behavior and underlying muscle activity plotted relative to phase in the bre
data are segregated by behavioral state. Rearing corresponds to free-ranging
8 Hz; the timing of motor actions appears to be the same for head-fixed animals
the ground that locomote on all four limbs and breathe at a mean rate of 11
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What are the ethological advantages of having orofacial
behavior locked to a common oscillator? It appears that
the onset of each breath initiates a “snapshot” of the
orofacial sensory environment. Experimental data in-
dicates that the phase relationship between breathing
and motor actuators is altered by the behavioral context
of the task [17]. In the case of a rat searching for food
within an arena, the phase of head and nose movements

relative to breathing, but not those of the vibrissae,
concomitantly shifts by nearly p radians as the animal
transitions from foraging with its head down and nose
close to the floor to rearing up on its hindlimbs [17]
(Figure 1c). During foraging, the nose moves into a new
position before a breath is completed so that a fresh
sample of odorant is obtained. These data highlight how
the large-scale coordination of rhythmic motor actions
may be optimized for behavioral context. Fine-scale
coordination, as we will discuss, is an open issue.

Are there autonomous oscillators for motor actions, and
if so, how does breathing entrain them? A concerted
effort over the past decade revealed the circuitry for a
hierarchical arrangement of oscillators that drives
rhythmic whisking [11,12,23,24]. First, whisking can be
autonomously generated by two subpopulations of
neurons in the intermediate region of the medulla that
constitute the vIRt oscillator. These neurons appear to
be regularly spiking, i.e., there is no evidence for
intrinsic oscillatory or bursting dynamics. The neurons
in each subpopulation form solely inhibitory synaptic

connections among themselves (gintra, Figure 2a), as well
as inhibitory connections between the two sub-
populations (ginter, Figure 2a). One subpopulation is
active in phase with whisking, referred to as vIRtpro, and
the other is in antiphase with whisking, referred to as
vIRtret. Neurons in the vIRtret subpopulation express
parvalbumin and send inhibitory projections to the facial
motoneurons that drive the vibrissae intrinsic muscles.
Thus, the oscillatory component of whisking is driven by
inhibition. The complete action involves the depolari-
zation of the facial motoneurons that drive the intrinsic
muscles to protract the vibrissaeethis is a broadband

signaleand oscillatory inhibitory input from the vIRtret

to rhythmically hyperpolarize the facial motoneurons
and retract the vibrissae. This circuit can be active in
the absence of breathing, such as during the “inter-
vening whisks” (Figure 1b), during which the retraction
phase is passive [11].

Neurons in the vIRtret subpopulation receive strong
inhibitory input from the preBötzinger complex
note the 3 to 5 whisks per breath that are referred to as intervening whisks
Compilation of the timing of all rhythmic orofacial motor actions in rats with
athing cycle. A phase of zero corresponds to the onset of inhalation. The
animals that are elevated on their hind paws and breathe at a mean rate of
as for rearing animals. Foraging refers to animals with their noses close to

Hz. Abbreviation: NA, data not available. Adopted from Refs. [4,17].
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Figure 2

The circuit for the whisking oscillator and its proposed extension for other orofacial motor actions. (a) Cartoon of the basic circuit derived from the
experimental evidence [11,12,23]. The preBötzinger complex (pBötC) provides a rhythmic inhibitory input to entrain or reset the whisking oscillator
(Figure 1b), formed by inhibitory neurons in the vIRtpro and vIRtret clusters. The neurons in each cluster interact through synaptic connections with
conductance gintra, while those in different clusters interact with conductance ginter. All neurons receive an external excitatory input Iext. Neurons in the
vIRtret cluster project to motoneurons in the vibrissa region of the facial motor nucleus (vFMN). These cells receive an excitatory external input IFext that
protracts the vibrissae. Adopted from Ref. [24]. (b) Schematic of the reduced vIRt oscillator for mean-field analysis. The individual synapses have been
replaced by net currents, with Jintra as the current within each of the vIRtpro and vIRtret clusters and Jinter as the current between the vIRtpro and vIRtret

clusters. Adopted from Ref. [24]. (c) Results from the mean-field analysis, which yields equations for the average rate of spiking, whisking amplitude, and
whisking frequency (green). We also show the results from the numerical simulation of the conductance-based equations using detailed parameters for
the network (light and dark gray). The left column highlights the three regions of operation as a function of the differential synaptic current Jinter - Jintra. The
right column highlights the change in performance as a function of the input current. The simulations yield the same three regions of operation, but with a
broader range for the oscillatory state that now permeates the bistable region of operation. Adopted from Ref. [24]. (d) Compilation of the known and
hypothesized circuitry for entrainment of all rhythmic orofacial motor actions and head movement to breathing during epochs of exploration and, for the
case of the tongue and jaw, to a putative feeding oscillator during chewing. Whisking involves oscillatory drive from the vibrissa intermediate reticular zone
(vIRt) to the vibrissa facial motoneurons (vFMN) that project to the intrinsic (Int) muscles in the mystacial pad that protract the follicles. During sniffing,

4 Motor circuits in action 2023

Current Opinion in Neurobiology 2023, 83:102784 www.sciencedirect.com

www.sciencedirect.com/science/journal/09594388


Orofacial motor actions Kleinfeld et al. 5
(pBötC) that drives inspiration [25e27]. Thus, the
onset of inspiration will reset the output of vIRtret

neurons. The apparent synchronization of whisking with
sniffing is a consequence of inhibition-of-inhibition
(Figure 1b) on each whisking cycle. Such synchroniza-
tion is also accompanied by active movement of the
mystacial pad that boosts protraction and provides active
retraction [28]. While the connection from the pBötC to

the vIRt is strong, the feedforward nature of the hier-
archy allows the rhythmicity to be conceptualized as two
modules (Figure 2a): one formed from the vIRtpro and
vIRtret subpopulations that can autonomously oscillate,
and the other formed from the pBötC and the vIRtret

subpopulation, with vIRtret neurons functioning as an
inhibitory relay of the pBötC oscillatory output.

The sum of the experiment work is sufficiently com-
plete to permit a detailed conductance-based model of
the vIRt as well as the reduction of this model to mean-

field equations [29]. This approach yields formulas and
thus insight into the control of ethologically relevant
parameters such as the amplitude and frequency of
whisking. Yet it involves the assumptions that the
number of cells is arbitrarily large, the rate of spiking is
sufficiently high so that individual spikes are not infor-
mative per se, and that the adaptation current that un-
derlies the rhythm is arbitrarily slow compared to the
time of synaptic transmission. With these assumptions
in mind, what have we learned from a mean-field
approach to understanding the vIRt [24] (Figure 2b)?

First, the circuit has three regions of operation as a
function of the difference in connection strengths be-
tween neurons in the vIRtpro and vIRtret subpopulations
(Figure 2c). When the total synaptic input from neurons
in the same subpopulation exceeds that from the
neighboring subpopulation (Jintra > Jinter, Figure 2c), all
vIRtpro and vIRtret neurons are uniformly active. This
can lead to constant protraction of the vibrissae. Oscil-
lations emerge when the synaptic input from the
neighboring subpopulation dominates (gray band for
Jinter > Jintra, Figure 2c), yet only for a range of differ-
ences where the cellular adapting current is sufficient to

quench spiking. As the relative strength of the synaptic
input between subpopulations increases, the adapting
facial muscles also drive the nasalis (NA), the extrinsic protractor muscle, an
muscles, that move the pad in coordination with whisking. Nose twitching invo
the reticular formation, that projects to motoneurons in the facial motor nucle
undescribed oscillator, also likely in the Gi region of the reticular formation, th
(SAN) and drive the sternomastoid (SM) and cleidomastoid (CM) muscles in
that drive the clavotrapezius (CT), the splenius (SP), and the biventer cervicis
study in the tongue-jaw region of the parvocellular reticular formation (tjPCRt),
reticular zone (dIRt) that presumably drives the hypoglossal motonucleus (hM
masseter (Mas), temporalis, and medial pterygoid jaw closing muscles and th
drives the genioglossus (GG), the protractor muscle, the hyoglossus and stylo
muscle. Extension of the summary in Ref. [17]. (e) Anatomy of neural circuits
dimensional reconstruction of the pons and medulla, showing the pools of cran
and tongue (green). The middle and right panels are brainstem oscillators (ma
black. Additional abbreviations: caudal/rostral ventral respiratory groups (cVRG
paragigantocellular reticular formation (LPGi).

www.sciencedirect.com
current cannot be overcome, and the circuit ceases to
oscillate. The dynamics transition to a bistable output,
much like networks with crossed inhibition that are
proposed to explain perceptual rivalry [30]. Thus, the
architecture of the brainstem oscillator for whisking may
serve a variety of computational roles.

The model for the vIRt exhibits strong modularity of

function within the oscillatory phase (green curves,
Figure 2c). The frequency of oscillation depends only on
the relative strength of the synaptic inputs (Jinter - Jintra,
Figure 2c) and not on the strength of the external drive
(Iext, Figure 2c). On the other hand, the amplitude of
whisking depends only on the strength of an external
drive. Numerical simulations of the conductance equa-
tions for this network, which contains a realistic number
of neurons and does not involve simplifying assump-
tions, confirm these conclusions. Further, the simula-
tions show that spike-to-spike variability that emerges

from the small size of the network will increase the
extent of the oscillatory region but not alter our con-
clusions on modularity (gray and black dots, Figure 2c).
Thus, “Deus sive Natura” has generated a circuit that
functionally isolates the different control parameters.

It remains to be determined if the hierarchical circuit for
whisking generalizes across other orofacial motor actions
that, at least partially, are phase-locked to breathing
(Figure 1c). It is likely that the circuit for the rhythmic
components of head bobbing (pitch) and rotation (yaw

and roll) follows a similar scheme [17] (Figure 2d). The
oscillator for rhythmic nose movement remains un-
known [31]. The extrinsic facial muscles in the mysta-
cial pad are driven directly by input from the pBötC
[11], as opposed to the intrinsic vibrissa muscles that act
on the follicles and are driven through the vIRt
(Figure 2d). Rhythmic motion of the tongue and jaw
appears to depend on a premotor oscillator [32e34]
(Figure 2d); interestingly, the rhythm of tongue and jaw
movement will shift from locking to breathing during
licking and exploration to free-running during chewing
(DK and S-ML unpublished). The nominal positions of

the pBötC and the different premotor oscillators are
presented in Figure 2e.
d the maxillolabialis (ML) and nasolabialis (NL), the extrinsic retractor
lves a yet undescribed oscillator, likely in the gigantocellular (Gi) region of
us that innervate the deflector nasi (DN). Head turning involves a yet
at projects to motoneurons that form part of the spinal accessory nucleus
the neck and projects to motoneurons in the spinal level C1 to C5 ganglia
(BC) muscles in the neck. Licking and chewing involve an oscillator under
with a potential accessory nucleus in the dorsal aspect of the intermediate
N) and the trigeminal motonucleus (MotV). Trigeminal MotV drives the
e lateral pterygoid (LtPG) jaw opening muscle. The hypoglossal nucleus
glossus (SG), the retractor muscles, and the palatoglossus, the elevation
involved in generating orofacial actions. The left panel is the three-
ial motoneurons that control the jaws (orange), face (red), airway (yellow),
rked as “~”) and their connections. Breathing-related regions are shown in
and rVRG, respectively), parafacial respiratory group (pFRG), and lateral
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6 Motor circuits in action 2023
Is the timing of different orofacial motor actions fine-
tuned during a behavior? Recent experiments on
corrective actions of the tongue alone suggest the like-
lihood of this strategy [35,36]. How might this occur?
We address the feasibility of corrective measures from a
computational perspective. Our hypothesis is that the
pBötC sets the initial phase differences among the
motor actions in a behavior and that adjustments occur

on a cycle-by-cycle basis to best complete a task. In its
Figure 3

Hypothetical scheme for concurrent low-level and high-level control of th
computation corresponds to orofacial motor oscillators, shown here as premoto
group of muscles. Peripheral reference and/or proprioception lead/s to inputs to
the premotor oscillators and potentially the motor nuclei. The high-level comp
vidual motor actions that comprise a behavior. Head turning involves a yet un
formation, that projects to motoneurons that form part of the spinal accessory
muscles in the neck and projects to motoneurons in the spinal level C1 to C5 g
muscles in the neck. Whisking involves oscillatory drive from the vibrissa inte
intrinsic (Int) muscles in the mystacial pad that protract the follicles. During sn
and the maxillolabialis and nasolabialis, the extrinsic retractor muscles, that m
oscillator under study in the parvocellular reticular formation (tjPCRt) that presu
(MotV). The hypoglossal nucleus drives the genioglossus (GG), the protractor
palatoglossus, the elevation muscle. Trigeminal MotV drives the masseter (M
pterygoid jaw opening muscle. (b) Schematic of a minimal phase-coupled osc
tune the phase of a motor action.JpBötC(t) andJOMO(t) are the phases of the p
constant, and the high-level feedback is presumed to alter a delay-time, t, tha
both inhibitory as well as excitatory projections from the pBötC [22] accounts fo
of the calculated phase difference, Df, between the output of the pBötC and th
and sign of the pBötC to orofacial oscillator connection. We used fpBötC = 11

Current Opinion in Neurobiology 2023, 83:102784
simplest form, the pBötC entrains the oscillators for
each motor action through connections at the level of
the brainstem, i.e., low-level control (Figure 3a). The
sensation of movement then provides the basis for a
feedback input to each oscillator. The relative timing
between the different orofacial motor actions is pre-
sumed to be computed in the sensory and motor cortices
and/or the superior colliculus (SC), both of whose out-

puts project to the proper premotor nuclei in the
e timing of orofacial motor actions. (a) Schematic. “Low-level” neuronal
r nuclei, that are entrained by output from the pBötC and drive a particular
the midbrain and forebrain and “high-level” computations that feedback to
utations adjust the detailed timing, or equivalently, the phase, of the indi-
described oscillator, likely in the gigantocellular (Gi) region of the reticular
nucleus (SAN) and drive the sternomastoid (SM) and cleidomastoid
anglia that drive the clavotrapezius, the splenius, and the biventer cervicis
rmediate reticular zone (vIRt) to the facial motoneurons that project to the
iffing, facial muscles also drive the nasalis, the extrinsic protractor muscle,
ove the pad in coordination with whisking. Licking and chewing involve an
mably drives the hypoglossal motonucleus and the trigeminal motonucleus
muscle, the hyoglossus and styloglossus, the retractor muscles, and the

as), temporalis, and medial pterygoid jaw closing muscles and the lateral
illator model to demonstrate how combined low- and high-level inputs can
BötC output and the orofacial motor oscillator, respectively, G is a coupling
t is separately optimized for each action. The experimental observation of
r the choice of sign of the pBötC to orofacial oscillator connection. (c) Plot
at of the orofacial oscillator as a function of delay-time, coupling constant,
Hz, and fOMO = 8 Hz, and note that G0 h 2p(fpBötC - fOMO).

www.sciencedirect.com
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Orofacial motor actions Kleinfeld et al. 7
medulla [37] (Figure 3a). A related idea has been sug-
gested for fine control of locomotion [38].

A toy model based on coupled phase oscillators [39]
highlights how, in principle, the confluence of low- and
high-level pathways can reliably control the relative
timing between motor actions (Figure 3b). In these
models, only the timing of the actions and not the

magnitude of their motion is varied. Our interest is in
small changes in timing, or, equivalently, phase, within
one period of a rhythmic cycle. We consider the control
for a single motor action and take the feedback pathway
to impose a time delay t relative to the brainstem
pathway. We write:

djpB€otCðtÞ
dt

¼ 2pfpB€otC

and

djOMOðtÞ
dt

¼ 2pfOMO � G sin
�
jpB€otCðtÞ�jOMOðtÞ

�
þ G sin½jOMOðt� tÞ�jOMOðtÞ�

where jpB€otCðtÞ is the phase and fpB€otC is the frequency

of the pBötC oscillator, jOMOðtÞ is the phase and fOMO is

the free-running frequency of the orofacial motor oscil-

lator, and the coupling constants, G, are taken as positive

and equal with a sign that accounts for the nature of the

pBötC to motor nucleus connection [40], i.e., inhibitory

for the vibrissa (Figure 2a). Under entrainment,

jOMOðtÞ ¼ jpB€otCðtÞ þ Df where Df is the desired

phase delay between jOMO and jpB€otC . The required

delay t is (Figure 3c):

t ¼ 1

2pfpB€otC
sin�1

�
HsinDf� 2p

fpB€otC � fOMO

G

�
:

This analysis, using experimental values for fpB€otC and
fOMO [17] (Figure 3c), shows that near linear modulation

of the relative phase between a motor action and
breathing is achieved for physiological values of t and a
value of G chosen to comply with the range of the phase
shift. This scheme can be readily generalized to multi-
ple actions, where the contribution of each motor action
to a behavior is tuned by high-level control. Lastly,
rhythmic feedback can also be directed to the motor
nuclei (Figure 3a) for an additional phase shift through
linear summation that is enabled by the high firing rate
of motoneurons [41].

Our model requires the involvement of “high-level”
areas in the midbrain and forebrain to receive phase
information about breathing cycles and to compute
feedback signals to premotor and possibly motor nuclei
for each motor action. The breathing signal may be
www.sciencedirect.com
derived from olfactory pathways and/or peripheral
reference. Behaviors that combine head movement and
whisking [7,10], or head movement and licking [42],
provide a natural approach to test our hypothesis. What
is the current evidence to support this approach? For the
vibrissa system, self-motion during exploration leads to
rhythmic modulation of the spike rate of neurons in the
vibrissa primary sensory (vS1) cortex that are phase-

locked to breathing [43] (Figure 4a). Projections from
the vS1 cortex to targets in the spinal trigeminal nuclei
provide feedback to alter whisking [44,45]. At the level
of vibrissa primary motor (vM1) cortex, the spike rate of
individual units is modulated by phase in the whisk
cycle during exploration [46] (Figure 4bed), which we
interpret as modulation by breathing in these experi-
ments. Like the case for vS1 cortex, projections from
vM1 cortex influence orofacial output through pro-
jections to the spinal trigeminal nuclei [47], as well as
through the SC.

Evidence in support of our hypothesis within the lingual
system is encouraging (Figure 4eei). Rhythmic modu-
lation of spike rates is observed in tongue-jaw primary
sensory (tjS1) and primary motor (tjM1) cortices in
mice during tasks that report rhythmic licking of a spout
[36] (Figure 4f). Rhythmic licking signals are further
observed in the anterior lateral motor (ALM) cortex
[35,36] (Figure 4f); related work in macaques indicates
similar coordination during feeding [48]. Of particular
importance, transient inactivation of ALM cortex leads

to a loss of fine control of tongue extension [35], thus
implicating motor cortex in the fine control of orofacial
motor actions. Projections from the motor cortex act
directly on brainstem premotor nuclei and indirectly
through the SC, which projects to a plethora of brain-
stem targets [37] and can modulate exploration in phase
with breathing [49]. Finally, robust rhythmic signals
concurrent with tongue extrusion are found in the
output from the basal ganglia, i.e., the lateral part of the
substantia nigra pars reticularis (SNr), to the SC as well
as within the lateral part of the SC [50] (Figure 4gei).
In total, these studies support the feasibility of mapping

the high-level circuitry that adjusts the timing of the
rhythmic actions that form an orofacial behavior.

Beyond sensorimotor regions, research over the past
decade has underscored the presence of neural oscilla-
tions that couple with the respiratory rhythm across the
“highest order” brain regions including those not spe-
cifically implicated in olfactory processing. In rodents,
this includes the parietal cortex [51], the medial pre-
frontal cortex [52e54], the dorsomedial prefrontal
cortex [55], the hippocampus [52,53,56,57], and the

amygdala [53,58]. Moreover, the phase of the respiration
rhythm can entrain other brain rhythms; for instance,
the amplitude of gamma oscillations in the prefrontal
cortex [43,59] is modulated by the breathing rhythm, as
Current Opinion in Neurobiology 2023, 83:102784
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Figure 4
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Oscillations in neuronal activity in forebrain and midbrain structures that are linked to breathing. (a) The top two traces show an example of a
concurrent measurement of breathing with a thermistor embedded in the nasal cavity and the local field potential in the vibrissa primary sensory (vS1)
cortex. The bottom trace shows the cross-correlation, which has essentially no time lag. Adopted from Ref. [43]. (b) Recording of vibrissa position using
one-dimensional videography concurrent with single-unit recording in vibrissa primary motor (vM1) cortex. The blue lines indicate an epoch of spikes that
are tightly timed for whisking. Note that breathing was not recorded in these animals, but the animal whisked in a manner that was subsequently
associated with breathing [11,18]. Adopted from Ref. [46]. (c) Schematic that illustrates the transformation of the measured vibrissa motion, in terms of
angle relative to the midline, into phase coordinates. A Hilbert transform converts the angle, denoted q(t), into set-point (qset), amplitude (qamp), and phase
(f) components defined by q(t) = qset(t) - qamp(t)[1+cosf(t)]. Adopted and modified from Ref. [46]. (d) The result of a Hilbert decomposition for the coding
of vibrissa position by three different units in the vM1 cortex. Units 1 and 3 show a dependence on phase in the whisk cycle in addition to the more slowly
varying setpoint and amplitude. Adopted from Ref. [46]. (e) Sketch of a rodent licking. Original art by Julia Kuhl. (f) Recordings from three different cortical
areas related to movement of the tongue including the primary sensory (tjS1), primary motor (tjM1), and anterior lateral motor (ALM) cortices. The animal
performed a sequential licking task across an array of spouts. Note that breathing was not recorded in these animals, but the animal licked in a manner
that is associated with breathing [11,18]. Shown are raster plots for three units per area with time-zero aligned to a lick in the middle of a sequence. The
top three traces show responses for right-to-left licking across the array of spouts, and the bottom three traces show responses for left-to-right licking.
Adopted from Ref. [36]. (g) Activity in the major output nucleus of the basal ganglia, the substantia nigra pars reticularis (SNr), is time-locked to the lick
cycle in mice. The left trace is the rate histogram of spikes that occurred within a bout of licking. The oscillations in the neuronal activity are tightly coupled
and positively correlated with the oscillations of the lick cycle; while breathing was not recorded in these animals, the animal licked in a manner that is
associated with breathing [11,18]. The dashed line indicates the time of spout contact. The right trace is the spike density for a population of neurons.
Each row corresponds to the activity of one cell. Adopted from Ref. [50]. (h) Activity in the superior colliculus (SC) is time-locked to the lick cycle in mice.
All conditions are the same as in panel G, except that here the oscillations in the neuronal activity are negatively correlated with the oscillations of the lick
cycle. Adopted from Ref. [50]. (i) The spike-triggered average, i.e., the correlation and standard error of the mean, of neural activity in the SNr and SC at
the start of each lick show that neurons in the SNr and SC exhibit antiphase oscillations during licking. Adopted from Ref. [50].
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Orofacial motor actions Kleinfeld et al. 9
are the timing of cortical “on and off” states [53] and
hippocampal sharp-wave ripples [53,56]. Thus, breath-
ing rhythm plays a role in the integration of sensory
input with memory and emotional state.

Is there a role for respiration as a timing mechanism in
cognition? Recent studies in humans highlight the
potential broad behavioral effects of respiration on

nonolfactory cognition. For instance, nasal but not oral
respiration is reported to improve performance accu-
racy in a visual-spatial task [60], fear discrimination
[61], and memory retrieval [61]. Further, the phase in
the breathing cycle is coupled with the onset of
voluntary self-timed tasks as diverse as motor execu-
tion [62,63], motor imagery [63], and visual imagery
[63]. These results motivate the need to devise
cognitive assays for rodents that permit the assessment
of potential mechanistic pathways for respiration-
dependent decisions.

To summarize, orofacial motor actions in rodents are co-
ordinated to form orofacial behaviors, in significant part,
by the pBötC oscillator for inhalation (Figure 1c). For the
case of whisking, the underlying circuit has been delin-
eated as a hierarchy in which a free-running whisking
oscillator is reset and, during periods of sniffing, is
entrained by breathing (Figure 2a,b). By extension, a
similar architecture permits thepBötCoscillator to set the
relative timing of all constituent motor actions through
low-level control (Figure 2d). We hypothesize that feed-

back from high-level brain processing can modulate the
precise timing of individual actions to optimize the
placement of actuators and sensors and thus raise the
effectiveness of a behavior. We present a theoretical
argument (Figure 3) and experimental evidence
(Figure 4) in support of this idea.Going forward, studies to
deconstruct the circuits that underlie orofacial behaviors
will be aided by advances in fast, automated processing of
orofacial movements and facial expression [64,65].
Contributions
The NIH BRAIN circuit team of MD, MNE, DG, DK,
DHO and FW set the focus and conceived the organi-
zation of this review, ME, DK and S-ML curated the
literature, and DK wrote the manuscript with assistance
from ME and S-ML.
Declaration of competing interest
The authors declare that they have no known competing
financial interests or personal relationships that could
have appeared to influence the work reported in
this article.
Data availability
No data was used for the research described in
the article.
www.sciencedirect.com
Acknowledgements
We thank Beth Friedman for constructive comments on a draft of the
manuscript. Supported by the National Institutes of Health
(grant NS107466).

References
Papers of particular interest, published within the period of review,
have been highlighted as:

* of special interest
* * of outstanding interest

1. Tinbergen N: The study of instinct. New York: Oxford University
Press; 1951.

2. Schwartz AB: Movement: how the brain communicates with
the world. Cell 2016, 164:1122–1135.

3. Merel J, Botvinick M, Wayne G: Hierarchical motor control in
mammals and machines. Nat Commun 2019, 10:e5489.

4. Kurnikova A, Moore JD, Liao S-M, Deschênes M, Kleinfeld D:
Coordination of orofacial motor actions into exploratory
behavior by rat. Curr Biol 2017, 27:688–696.

5. Parise CV, Ernst MO: Correlation detection as a general
mechanism for multisensory integration. Nat Commun 2016,
7, e11543.

6. Burr D, Silva O, Cicchini GM, Banks MS, Morrone MC: Temporal
mechanisms of multimodal binding. Proc R Soc Lond B Biol
Sci 2009, 276:1761–1769.

7. Mitchinson B, Martin CJ, Grant RA, Prescott TJ: Feedback con-
trol in active sensing: rat exploratory whisking is modulated
by environmental contact. Proc R Soc Lond B Biol Sci 2007,
274:1035–1041.

8. Sofroniew NJ, Svoboda K: Whisking. Curr Biol 2015, 25:
R137–R140.

9. Wolfe J, Mende C, Brecht M: Social facial touch in rats. Behav
Neurosci 2011, 125:900–910.

10. Towal RB, Hartmann MJ: Right-left asymmetries in the
whisking behavior of rats anticipate head movements.
J Neurosci 2006, 26:8838–8846.

11. Moore JD, Deschênes M, Furuta T, Huber D, Smear MC,
Demers M, Kleinfeld D: Hierarchy of orofacial rhythms
revealed through whisking and breathing. Nature 2013, 497:
205–210.

12
* *
. Takatoh J, Prevosto V, Thompson PM, Lu J, Chung L, Harrahill A,

Li S, Zhao S, He Z, Golomb D, Kleinfeld D, Wang F: The
whisking oscillator circuit. Nature 2022, 608:560–568.

This study identifies the all-inhibitory network in the brainstem
responsible for rhythmic whisking in rodents, pinpointing parvalbumin-
expressing neurons in the vibrissa intermediate reticular nucleus as
central to this oscillator, with recurrent synaptic inhibition crucial for
rhythm generation.

13. Kleinfeld D, Moore JD, Wang F, Deschênes M: The brainstem
oscillator for whisking and the case for breathing as the
master clock for orofacial motor actions. Cold Spring Harbor
Symp Quant Biol: Cognition 2015, 79:29–39.

14. Elbaz M, Demers M, Kleinfeld D, E C, Deschênes M: Inter-
changeable role of motor cortex and reference for the stable
execution of an orofacial action. J Neurosci 2023, 43:
5521–5536.

15. Sachdev RNS, Berg RW, Champney G, Kleinfeld D, Ebner FF:
Unilateral vibrissa contact: changes in amplitude but not
timing of rhythmic whisking. SMR (Somatosens Mot Res)
2003, 20:162–169.

16. Welker WI: Analysis of sniffing of the albino rat. Behaviour
1964, 22:223–244.

17
*
. Liao S-M, Kleinfeld D: A change in behavioral state switches

the pattern of motor output that underlies rhythmic head and
orofacial movements. Curr Biol 2023, 33:1951–1966.

During transitions from foraging to rearing in rats, there is a significant
phase shift in muscular activation tied to sniffing and an altered sniffing
Current Opinion in Neurobiology 2023, 83:102784

http://refhub.elsevier.com/S0959-4388(23)00109-5/sref1
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref1
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref2
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref2
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref3
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref3
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref4
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref4
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref4
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref5
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref5
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref5
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref6
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref6
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref6
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref7
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref7
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref7
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref7
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref8
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref8
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref9
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref9
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref10
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref10
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref10
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref11
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref11
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref11
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref11
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref12
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref12
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref12
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref13
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref13
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref13
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref13
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref14
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref14
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref14
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref14
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref15
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref15
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref15
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref15
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref16
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref16
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref17
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref17
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref17
www.sciencedirect.com/science/journal/09594388


10 Motor circuits in action 2023
frequency, leading to pacing at one of two distinct phases, with head
turns optimized to gather new environmental samples on inhalation.

18. Ranade S, Hangya B, Kepecs A: Multiple modes of phase
locking between sniffing and whisking during active explo-
ration. J Neurosci 2013, 33:8250–8256.

19. Welzl H, Bures J: Lick-synchronized breathing in rats. Physiol
Behav 1977, 18:751–753.

20. Powell GL, Rice A, Bennett-Cross SJ, Fregosi RF: Respiration-
related discharge of hyoglossus muscle motor units in the
rat. J Neurophysiol 2014, 111:361–368.

21. Tan W, Pagliardini S, Yang P, Janczewski WA, Feldman JL:
Projections of preBötzinger complex neurons in adult rats.
J Comp Neurol 2010, 518:1862–1878.

22. Yang CF, Feldman JL: Efferent projections of excitatory and
inhibitory preBötzinger complex neurons. J Comp Neurol
2018, 526:1389–1402.

23. Deschênes M, Takatoh J, Kurnikova A, Moore JD, Demers M,
Elbaz M, Furuta T, Wang F, Kleinfeld D: Inhibition, not excita-
tion, drives rhythmic whisking. Neuron 2016, 90:374–387.

24
*
. Golomb D, Moore JD, Fassihi A, Takatoh J, Prevosto V, Wang F,

Kleinfeld D: Theory of hierarchically organized neuronal
oscillator dynamics that mediate rodent rhythmic whisking.
Neuron 2022, 110:3833–3851.

This study presents a hierarchical model explaining the mechanics of
the rodent whisking circuit, suggesting that initial whisking is triggered
by inhalation, which then resets an oscillator circuit, with two sub-
populations of oscillator neurons responsible for maintaining rhyth-
micity and enhancing the dynamic range of rhythm generation, offering
insights into the combination of autonomous and driven rhythmic motor
actions.

25. Del Negro CA, Funk GD, Feldman JL: Breathing matters. Nat
Rev Neurosci 2018, 19:351–367.

26. Ramirez J-M, Baertsch NA: The dynamic basis of respiratory
rhythm generation: one breath at a time. Annu Rev Neurosci
2018, 41:475–499.

27. Krohn F, Novello M, van der Giessen RS, De Zeeuw CI, Pel JJM,
Bosman LWJ: The integrated brain network that controls
respiration. Elife 2023, 12, e83654.

28. Hill DN, Bermejo R, Zeigler HP, Kleinfeld D: Biomechanics of
the vibrissa motor plant in rat: rhythmic whisking consists of
triphasic neuromuscular activity. J Neurosci 2008, 28:
3438–3455.

29. Shriki O, Hansel D, Sompolinsky H: Rate models for conduc-
tance-based cortical neuronal networks. Neural Comput 2003,
15:1809–1841.

30. Rubin N: Binocular rivalry and perceptual multi-stability.
Trends Neurosci 2003, 26:289–291.

31. Kurnikova A, Deschênes M, Kleinfeld D: Functional brain stem
circuits for control of nose motion. J Neurophysiol 2019, 121:
205–217.

32. Travers JB, Dinardo LA, Karimnamazi H: Motor and premotor
mechanisms of licking. Neurosci Biobehav Rev 1997, 21:
631–647.

33. Sawczuk A, Mosier KM: Neural control of tongue movement
with respect to respiration and swallowing. Crit Rev Oral Biol
Med 2001, 12:18–37.

34. DempseyB,SungeeleeS,BokiniecP,ChettouhZ,DiemS,AutranS,
Harrell ER, Poulet JFA, Birchmeier C, Carey H, Genovesio A,
McMullanS,Goridis C, Fortin G, Brunet J-F:Amedullary centre for
lapping in mice. Nat Commun 2021, 12, e6307.

35
* *
. Bollu T, Ito BS, Whitehead SC, Kardon B, Redd J, Liu MH,

Goldberg JH: Cortex-dependent corrections as the tongue
reaches for and misses targets. Nature 2021, 594:82–87.

Using kilohertz-frame-rate imaging and a deep-learning neural
network, the study revealed that mice utilize sophisticated, cortex-
dependent corrections in their rapid tongue movements for drinking,
analogous to online motor control observed in primate reaches.
Current Opinion in Neurobiology 2023, 83:102784
36
* *
. Xu D, Dong M, Chen Y, Delgado AM, Hughes NC, Zhang L,

O’Connor DH: Cortical processing of flexible and context-
dependent sensorimotorsequences.Nature2022,603:464–469.

A sequence licking task for mice is used to understand complex
movement sequences, finding that while specific cortical areas like tjS1
and tjM1 regulate tongue kinematics, the anterolateral motor cortex
encodes latent variables such as intended lick angle and sequence
identity, highlighting the brain’s ability to flexibly adapt movements
based on context and real-time feedback.

37. Benavidez NL, Bienkowski MS, Zhu M, Garcia LH, Fayzullina M,
Gao L, Bowman I, Gou L, Khanjani N, Cotter KR, Korobkova L,
Becerra M, Cao C, Song MY, Zhang B, Yamashita S,
Tugangui AJ, Zingg B, Rose K, Lo D, Foster NN, Boesen T,
Mun H-S, Aquino S, Wickersham IR, Ascoli GA, Hintiryan H,
Dong H-W: Organization of the inputs and outputs of the
mouse superior colliculus. Nat Commun 2021, 12, e44004.

38. Lopes G, Nogueira J, Dimitriadis G, Menendez JA, Paton JJ,
Kamp AR: A robust role for motor cortex. Front Neurosci 2023,
17, e971980.

39. Kuramoto Y: Chemical oscillations, waves and turbulence. New
York: Springer Verlag; 1984.

40. Faunes M, Oñate-Ponce A, Fernández-Collemann S, Henny P:
Excitatory and inhibitory innervation of the mouse orofacial
motor nuclei: a stereological study. J Comp Neurol 2016, 524:
738–758.

41. Richardson MJ, Brunel N, Hakim V: From subthreshold to
firing-rate resonance. J Neurophysiol 2003, 89:2538–2554.

42. Xu NL, Harnett MT, Williams SR, Huber D, O’Connor DH,
Svoboda K, Magee JC: Nonlinear dendritic integration of
sensory and motor input during an active sensing task.
Nature 2012, 492:247–251.

43. Ito J, Roy S, Liu Y, Cao Y, Fletcher M, Lu L, Boughter JD, Grun S,
Heck DH: Whisker barrel cortex delta oscillations and gamma
power in the awake mouse are linked to respiration. Nat
Commun 2014, 5, e3572.

44. Matyas F, Sreenivasan V, Marbach F, Wacongne C, Barsy B,
Mateo C, Aronoff R, Petersen CC: Motor control by sensory
cortex. Science 2010, 330:1240–1243.

45. Sreenivasan V, Karmakar K, Rijli FM, Petersen CC: Parallel
pathways from motor and somatosensory cortex for con-
trolling whisker movements in mice. Eur J Neurosci 2015, 41:
354–367.

46. Hill DN, Curtis JC, Moore JD, Kleinfeld D: Primary motor cortex
reports efferent control of vibrissa position on multiple time
scales. Neuron 2011, 72:344–356.

47. Mercer Lindsay N, Knutsen PM, Lozada A, Gibbs D, Karten HJ,
Kleinfeld D: Orofacial movements involve parallel cortico-
bulbar projections from motor cortex to trigeminal premotor
nuclei. Neuron 2019, 104:765–780.

48. Liu S, Iriate-Diaz J, Hatsopoulos NG, Ross CF, Takahashi K,
Chen Z: Dynamics of motor cortical activity during natural-
istic feeding behavior. J Neural Eng 2019, 16, e026038.

49. LynchE, DempseyB, SaleebaC,Monteiro E, Turner A, BurkePGR,
Allen AM, Dampney RAL, Hildreth CM, Cornish JL, Goodchild AK,
McMullan S:Descending pathways from the superior colliculus
mediating autonomic and respiratory effects associated with
orienting behaviour. J Physiol 2022, 600:5311–5332.

50. Rossi MA, Li HE, Lu D, Kim IH, Bartholomew RA, Gaidis E,
Barter JW, Kim N, Cai MT, Soderling SH, Yin HH: A GABAergic
nigrotectal pathway for coordination of drinking behavior.
Nat Neurosci 2016, 19:742–748.

51. Jung F, Yanovsky Y, Branka�ck J, Tort ABL, Draguhn A: Respi-
ratory entrainment of units in the mouse parietal cortex de-
pends on vigilance state. Pflueg Arch Eur J Physiol 2023, 475:
65–76.

52. Lockmann AL, Laplagne DA, Leao RN, Tort AB: A respiration-
coupled rhythm in the rat hippocampus independent of theta
and slow oscillations. J Neurosci 2016, 36:5338–5352.
www.sciencedirect.com

http://refhub.elsevier.com/S0959-4388(23)00109-5/sref18
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref18
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref18
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref19
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref19
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref20
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref20
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref20
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref21
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref21
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref21
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref22
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref22
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref22
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref23
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref23
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref23
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref24
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref24
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref24
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref24
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref25
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref25
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref26
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref26
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref26
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref27
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref27
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref27
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref28
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref28
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref28
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref28
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref29
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref29
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref29
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref30
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref30
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref31
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref31
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref31
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref32
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref32
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref32
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref33
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref33
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref33
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref34
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref34
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref34
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref34
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref35
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref35
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref35
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref36
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref36
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref36
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref37
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref37
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref37
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref37
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref37
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref37
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref37
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref38
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref38
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref38
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref39
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref39
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref40
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref40
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref40
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref40
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref41
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref41
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref42
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref42
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref42
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref42
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref43
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref43
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref43
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref43
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref44
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref44
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref44
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref45
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref45
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref45
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref45
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref46
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref46
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref46
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref47
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref47
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref47
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref47
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref48
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref48
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref48
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref49
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref49
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref49
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref49
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref49
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref50
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref50
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref50
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref50
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref51
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref51
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref51
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref51
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref51
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref52
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref52
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref52
www.sciencedirect.com/science/journal/09594388


Orofacial motor actions Kleinfeld et al. 11
53. Karalis N, Sirota A: Breathing coordinates cortico-hippocam-
pal dynamics in mice during offline states. Nat Commun 2022,
13:e467.

54
*
. Folschweiller S, Sauer JF: Behavioral state-dependent modu-

lation of prefrontal cortex activity by respiration. J Neurosci
2023, 43:4795–4807.

Respiration rhythms in the mouse prefrontal cortex adapt dynamically
to different behavioral states, showing stronger entrainment during
awake immobility than stress or reward consumption and differentially
coupling the phase of neuronal spikes depending on the state, with a
unique recruitment of superficial layer neurons during stress.

55. Bagur S, Lefort JM, Lacroix MM, de Lavilléon G, Cyril Herry C,
Chouvaeff M, Billand C, Geoffroy H, Benchenane K: Breathing-
driven prefrontal oscillations regulate maintenance of
conditioned-fear evoked freezing independently of initiation.
Nat Commun 2021, 12, e2605.

56. Liu Y, McAfee SS, Heck DH: Hippocampal sharp-wave ripples
in awake mice are entrained by respiration. Sci Rep 2017, 7:
8950.

57
*
. Nakamura NH, Furue H, Kobayashi K, Oku Y: Hippocampal

ensemble dynamics and memory performance are modulated
by respiration during encoding. Nat Commun 2023, 14, e4391.

This study demonstrates that the control of respiration, specifically the
activity of the primary inspiratory rhythm generator preBötzinger com-
plex, plays a significant role in memory encoding, with disruptions to
normal breathing patterns during the encoding process impacting
hippocampal ensemble dynamics and impairing memory performance
in mice.

58. Tort ABL, Ponsel S, Jessberger J, Yanovsky Y, Brankack J,
Draguhn A: Parallel detection of theta and respiration-coupled
oscillations throughout the mouse brain. Sci Rep 2018, 8,
e6432.
www.sciencedirect.com
59. Biskamp J, Bartos M, Sauer JF: Organization of prefrontal
network activity by respiration-related oscillations. Sci Rep
2017, 7:4e5508.

60. Perl O, Ravia A, Rubinson M, Eisen A, Soroka T, Mor N,
Secundo L, Sobel N: Human nonolfactory cognition phase-
locked with inhalation. Nat Human Behav 2019, 3:501–512.

61. Zelano C, Jiang H, Zhou G, Arora N, Schuele S, Rosenow J,
Gottfried JA: Nasal respiration entrains human limbic oscilla-
tions and modulates cognitive function. J Neurosci 2016, 36:
12448–12467.

62. Park HD, Barnoud C, Trang H, Kannape OA, Schaller K,
Blanke O: Breathing is coupled with voluntary action and the
cortical readiness potential. Nat Commun 2020, 11:e289.

63
*
. Park HD, Piton T, Kannape OA, Duncan NW, Lee KY, Lane TJ,

Blanke O: Breathing is coupled with voluntary initiation of
mental imagery. Neuroimage 2022, 264, e119685.

This study examined the relationship between breathing and various
types of voluntary actions, finding that both overt motor actions and
imagined actions (including visual and motor imagery) are synchro-
nized with the breathing cycle, suggesting that respiration plays a role
in preparing the brain for voluntary action initiation, whether it results in
movement or is purely abstract.

64. Dolensek N, Gehrlach DA, Klein AS, Gogolla N: Facial expres-
sions of emotion states and their neuronal correlates in mice.
Science 2020, 368:88–94.

65. Dunn TW, Marshall JD, Severson KS, Aldarondo DE,
Hildebrand DGC, Chettih SN, Wang WL, Gellis AJ, Carlson DE,
Aronov D, Friewald WA, Wang F, Ölveczky BP: Geometric deep
learning enables 3D kinematic profiling across species and
environments. Nat Methods 2021, 18:564–573.
Current Opinion in Neurobiology 2023, 83:102784

http://refhub.elsevier.com/S0959-4388(23)00109-5/sref53
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref53
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref53
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref54
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref54
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref54
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref55
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref55
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref55
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref55
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref55
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref56
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref56
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref56
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref57
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref57
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref57
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref58
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref58
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref58
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref58
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref59
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref59
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref59
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref60
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref60
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref60
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref61
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref61
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref61
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref61
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref62
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref62
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref62
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref63
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref63
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref63
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref64
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref64
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref64
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref65
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref65
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref65
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref65
http://refhub.elsevier.com/S0959-4388(23)00109-5/sref65
www.sciencedirect.com/science/journal/09594388

	Low- and high-level coordination of orofacial motor actions
	Contributions
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


