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Motor and premotor cortices are crucial for the control of movements. However, we still know little about how these areas contribute to
higher-order motor control, such as deciding which movements to make and when to make them. Here we focus on rodent studies and
review recent findings, which suggest that—in addition to motor control—neurons in motor cortices play a role in sensory integration,
behavioral strategizing, working memory, and decision-making. We suggest that these seemingly disparate functions may subserve an
evolutionarily conserved role in sensorimotor cognition and that further study of rodent motor cortices could make a major contribution
to our understanding of the evolution and function of the mammalian frontal cortex.
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Introduction
Primate motor and premotor cortices are some of the most in-
tensely studied structures in all of neuroscience. Despite our size-
able knowledge, several major conceptual questions remain
open. For example, the classic controversy over whether motor
cortex acts mainly as a musclelotopic map of the body, organizing
low-level features of movements (e.g., force; Evarts, 1968;
Asanuma, 1975) or mainly represents high-level movement kine-
matics (Fetz, 1992; Omrani et al., 2017) has recently been further
complicated by the observation that motor cortex appears to be
organized both somatotopically and according to behavioral cat-
egories (Graziano et al., 2002; Graziano, 2016). Second, it is still
an open question whether population activity sums to generate
motor output (Georgopoulos et al., 1982, 1986), or whether pre-
paratory activity, for example (Tanji and Evarts, 1976) is better
understood as acting to configure the state of a dynamical system
(Shenoy et al., 2013). Third, in a sense, motor control is decision-
making (Wolpert and Landy, 2012), but we still know little about

how motor cortices contribute to actually deciding how and
when to act (or not to act; Ebbesen and Brecht, 2017), beyond
simply managing the execution of the selected motor plans (Gold
and Shadlen, 2007; Thura and Cisek, 2014; Remington et al.,
2018). Finally, the discovery of mirror neuron responses in pre-
motor (di Pellegrino et al., 1992), but also in proper M1 (Tkach et
al., 2007; Dushanova and Donoghue, 2010) and corticospinal M1
neurons (Vigneswaran et al., 2013; Kraskov et al., 2014) raises
intriguing questions about how motor cortices contribute to mo-
tor imagery, action understanding, social meta-cognition and
cognition more generally (Kilner and Lemon, 2013).

A comparative study of forebrain motor control in rodents in
addition to primates (and other species; Ocaña et al., 2015), could
be a powerful way to advance our understanding of the evolution
and function of the mammalian frontal cortex. In recent years,
there has been massive advances in tools for monitoring and
manipulating neural activity of awake, behaving rodents with
cellular and subcellular resolution, beyond what is currently
practical in primates. For example, there are currently abun-
dantly available transgenic lines and viral tools (Heldt and
Ressler, 2009; Witten et al., 2011; Harris et al., 2014), optogenet-
ics (Deisseroth, 2015; Kim et al., 2017), DREADDs (Whissell et
al., 2016), in vivo multiphoton imaging of various sensors
(Broussard et al., 2014; Yang and Yuste, 2017), high-density elec-
trophysiology (Buzsáki et al., 2015; Jun et al., 2017) and genome
editing tools (Heidenreich and Zhang, 2016). Further, as we will
outline in this review, it is possible to train rats to solve complex
and demanding motor-cognitive tasks and precisely quantify (for
example by high-speed videography, Rigosa et al., 2017; Nashaat
et al., 2017) the kinematics of limb and whisker movements to
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investigate the temporal dynamics and outcome of decision mak-
ing processes, spanning from known sensory input, across inter-
nal deliberation to final motor output (Ölveczky, 2011; Peters et
al., 2017b; Svoboda and Li, 2018).

One obstacle to applying knowledge learned in rodents to
understand primate cortex is that the correspondence between
rodent and primate motor cortices is mostly unknown and that
current naming schemes are inconsistent and confusing (Brecht,
2011). For example, tracing studies (Zingg et al., 2014) and classic
delineation of rat frontal cortex by perithreshold intracortical
microstimulation (Hall and Lindholm, 1974; Gioanni and La-
marche, 1985; Neafsey et al., 1986) suggests a large, somatotopi-
cally organized primary motor representation (“ratunculus”),
that encompasses most of frontal cortex (Fig. 1A). However, the

real picture is more complex and stimulation and anatomical
tracing suggests, that forelimb movements, for example, are con-
trolled by two, spatially segregated regions (caudal and rostral
forelimb areas; Neafsey and Sievert, 1982; Rouiller et al., 1993;
Fig. 1B). Nomenclature, that relies on comparative anatomy to
name motor structures in the rat brain after their putative corre-
sponding primate homologues, often suggest conflicting naming
schemes. Thus, the same region of rat frontal cortex is referred to
in the literature as primary vibrissa motor cortex (VMC; whisker
M1; Brecht et al., 2004a,b; Berg and Kleinfeld, 2003; Hill et al.,
2011; Ebbesen et al., 2017), secondary motor cortex (M2; a puta-
tive homolog of primate supplementary motor areas; Paxinos
and Watson, 1982; Murakami et al., 2014, 2017; Mimica et al.,
2018), the frontal orientation field (FOF; a putative homolog of
the primate frontal eye field; Erlich et al., 2011; Hanks et al.,
2015), frontal area 2 (FR2; Insanally et al., 2018), ventral frontal
motor cortex (vFMCx; Lee et al., 2008) and medial agranular
cortex (AGm; Smith and Alloway, 2013; Fig. 1C–E). In the
mouse, the terminology is comparably varied and the same re-
gion also goes under several names, such as vibrissa/whisker mo-
tor cortex (vM1: Huber et al., 2012; wM1: Matyas et al., 2010;
Sreenivasan et al., 2015; 2016), secondary motor cortex (M2; Sch-
neider et al., 2014; Nelson and Mooney, 2016; Siniscalchi et al.,
2016), medial agranular motor cortex (also M2; Nelson et al.,
2013), frontal motor cortex (fMR; Goard et al., 2016), and sec-
ondary motor area (MOs; Allen Mouse Brain Atlas, Lein et al.,
2007; Zingg et al., 2014). This variety of terminology is confusing
and can hamper discovery and exchange both between primate
and rodent researchers and within the rodent community.

Fortunately, the inconsistency in nomenclature has been ben-
eficial in some ways. Because it is unclear which primate motor
structures the various regions of rodent frontal cortex corre-
spond to, this neuronal population has been investigated from
very divergent vantage points, something that is actually rare in
neuroscience, and implicated in a surprising variety of functions.
Here, we review recent studies, which have investigated the role
of rodent frontal cortex, in classic motor control of whisker and
limb movements, in processing sensory stimuli, and in higher-
order functions, such as motor decision-making, both in self-
initiated action and in tasks, that require integration of sensory
information over time. We conclude by highlighting major open
questions and future directions.

Frontal control of whisker movements
A relatively large portion of rodent motor cortex is involved in
whisker control. Active vibrissal touch is a major sensing strategy
of rats and mice, small nocturnal mammals who live in dark
tunnels. These animals have evolved highly specialized neural
circuitry for expert control of whisker movements. Rats move
their whiskers individually during active touch sensing (Welker,
1964; Sachdev et al., 2002; O’Connor et al., 2010; Zuo et al., 2011;
Voigts et al., 2015), in anticipation of head turning (Towal and
Hartmann, 2006) and during social interactions (Wolfe et al.,
2011). The fine motor control for active vibrissal touch mirrors
the fine motor control of primate and human fingertips (Dia-
mond, 2010; Prescott et al., 2011). Analogous to the enlarged
representation of digital movements in the primate and human
motor homunculus (Leyton and Sherrington, 1917; Penfield and
Boldrey, 1937), the vibrissa motor representation in frontal cor-
tex (as assessed by intracortical microstimulation) is huge, taking
up �6.5% of the whole cortical sheet (Hall and Lindholm, 1974;
Gioanni and Lamarche, 1985; Neafsey et al., 1986; Zilles and
Wree, 1995; Brecht et al., 2004a).

Figure 1. Maps of rat frontal cortex. A, Delineation of rat frontal cortex by intracortical
microstimulation suggests a large, somatotopically organized primary motor representation (a
ratunculus, indicated by shaded area; dashed lines indicate primary somatosensory cortex;
adapted with permission from Hall and Lindholm, 1974). B, Forelimb movements can be
evoked by stimulation of a posterior zone (CFA) and an anterior spot (RFA; bregma indicated by
dot Neafsey and Sievert, 1982; Rouiller et al., 1993). C, Some publications consider an anterior
region of rat frontal cortex as M2 (a putative homolog of primate supplementary motor areas,
red; Murakami et al., 2014, 2017). Other publications assign M2 to a much more posterior region
(orange; Mimica et al., 2018). D, The regions of rat frontal cortex referred to in the literature as
primary VMC (Berg and Kleinfeld, 2003; Brecht et al., 2004a,b; Hill et al., 2011; Ebbesen et al.,
2017), FOF (a putative homolog of the primate FEF; Erlich et al., 2011; Hanks et al., 2015; Kopec
et al., 2015) and FR2 (Insanally et al., 2018) overlap. E, Overlay of all the above regions.
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Similarly to circuits controlling locomotion (Franz and Lash-
ley, 1917; Kiehn, 2006), the whisking rhythm is generated sub-
cortically by a central pattern generator in the brainstem reticular
formation (Gao et al., 2001; Moore et al., 2013; Deschênes et al.,
2016), but the way by which the VMC modulates brainstem cir-
cuits to select behaviorally appropriate movement output is still
an open question. Just like in the primate distal limb system
(Cheney and Fetz, 1980), there is a monosynaptic corticomo-
toneuronal pathway from layer 5 of VMC onto motoneurons in
the facial nucleus but, in contrast to the primate system, these
direct connections are extremely sparse (Grinevich et al., 2005;
Sreenivasan et al., 2015). The vast majority of descending axons
from the VMC affect motoneurons oligosynaptically and termi-
nate onto brainstem interneurons (Hattox et al., 2002; Grinevich
et al., 2005; Sreenivasan et al., 2015; Jeong et al., 2016). In general,
the relationship between VMC activity and whisking kinematics
is surprisingly weak; much weaker, for example, than the tight
correlations between M1 activity and distal limb movements in
primates (Lemon, 2008) or rodents (Isomura et al., 2009; Miri et
al., 2017). Early studies identified single VMC neurons, whose
activity significantly correlated with whisking kinematics, but- in
contrast to the primate (Georgopoulos et al., 1982, 1986)- there
was no relationship between population activity and whisking
(Carvell et al., 1996; Hill et al., 2011; Friedman et al., 2012; Gerd-
jikov et al., 2013).

A population pattern has only begun to emerge in recent stud-
ies. One recent study (Sreenivasan et al., 2016) looked at the
laminar distribution of activity during whisking in head fixed
mice, and found an overall decrease in the activity of layer 2/3
neurons during whisking. Neurons in layer 5 (corticofugal neu-
rons) had a mixed response. At the population level, there was a
tiny increase in the median, but a large increase in the mean layer
5 activity around the onset of whisking. This skewed firing rate

distribution could indicate a role for a subpopulation of high-
firing-rate VMC neurons in whisking initiation, perhaps analo-
gous to how fast-spiking parvalbumin-expressing GABAergic
neurons in forelimb motor cortex show strong increases around
the onset of reaching movements (Estebanez et al., 2017). An-
other recent study investigated activity in layer 5 of VMC in freely
moving rats during several types of self-initiated vibrissal behav-
iors: Exploratory whisking in the air, whisking to palpate objects
and social whisking during facial interactions with conspecifics
(Fig. 2A; Ebbesen et al., 2017). All whisking behaviors were asso-
ciated with an �21% overall decrease in spike rates in layer 5 of
VMC. Recordings from layer 5 VMC neurons in socially interact-
ing rats revealed that social whisking was associated with reduced
cellular excitability and membrane hyperpolarization, suggesting
increased inhibition during whisking (Ebbesen et al., 2017).
These observations suggest that VMC gates the subcortical
whisking pattern generator, such that a decrease in descending
cortical input to downstream brainstem targets ultimately leads
to whisker protraction and disinhibits whisking (Deschênes et al.,
2016; Ebbesen et al., 2017; Guest et al., 2018).

Several other observations align with this “suppressive motor
control” interpretation, chiefly among them the curious fact that
while the whisker musculature and vibrissal motoneurons are
laid out for forward movement of whiskers (Dörfl, 1982; Klein
and Rhoades, 1985; Herfst and Brecht, 2008; Haidarliu et al.,
2010; 2014), intracortical microstimulation of layer 5 (Hall and
Lindholm, 1974; Gioanni and Lamarche, 1985; Neafsey et al.,
1986; Berg and Kleinfeld, 2003; Brecht et al., 2004a; Haiss and
Schwarz, 2005; Ferezou et al., 2007; Tandon et al., 2008; Matyas et
al., 2010; Ebbesen et al., 2017) and even stimulation of single
pyramidal neurons (Fig. 2B; Brecht et al., 2004b) in VMC almost
exclusively evokes whisker retraction, not, as perhaps expected
(Graziano et al., 2002; Graziano, 2016), the behaviorally relevant

Figure 2. Investigating the role of VMC in the control of whisker movements. A, VMC activity decreases during various forms of whisking behavior. Left, Schematic depiction of vibrissal patterns
at rest (whiskers retracted, no movement) and during bouts of exploratory whisking in air (whiskers protracted, moving). Right, Peristimulus time histogram of activity of a representative L5 VMC
neuron aligned to the onset of free whisking (adapted with permission from Ebbesen et al., 2017). B, Intracellular activation of single VMC neurons elicits whisker retractions. Left, Labeled L6 VMC
neuron (green, VMC; red, dendrites; blue, axon). Scale bar, 500 �m. Right, Example intracellular trace from the same neuron showing evoked action potentials (below) and the elicited retraction
of an E-row whisker (top, f/b indicates forward/backward movements; adapted with permission from Brecht et al., 2004b). C, In rats, normal whisking consists of both forward and backward
movements of the whiskers (black trace). Disinhibition of VMC by GABAA and GABAB antagonists elicits whisker retractions (red trace), which are time-locked to disinhibition-induced bouts of
increased multiunit activity in motor cortex (adapted with permission from Castro-Alamancos, 2006). D, In intact rats, whisking is similar on both sides. After unilateral blockade of VMC, the
contralateral whiskers move forward and their whisking power increases (adapted with permission from Ebbesen et al., 2017).
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forward whisker movements. Observations after optogenetic ma-
nipulation (Sreenivasan et al., 2015, 2016; Auffret et al., 2018) are
more mixed (Wolff and Ölveczky, 2018). Similarly, disinhibition
of VMC by GABA antagonists induces myoclonic whisker retrac-
tions, which are time-locked to bouts of disinhibition-induced
increases in multiunit activity (Fig. 2C; Castro-Alamancos,
2006). Mirroring the effects of VMC activation, unilateral lesion-
ing (Gao et al., 2003) and unilateral inactivation (Ebbesen et al.,
2017) of VMC moves the contralateral whiskers forward and
increases whisking contralaterally (Fig. 2D).

Frontal control of limb movements
Stimulation and tracing studies implicate two frontal regions in
the control of forelimb movements: caudal forelimb area (CFA)
and rostral forelimb area (RFA; Fig. 1B; Neafsey and Sievert,
1982; Rouiller et al., 1993; Tennant et al., 2011). Both areas are
activated during skilled forelimb movement and are essential for
the execution of trained limb movement (Hira et al., 2013; Brown
and Teskey, 2014; Guo et al., 2015; Schiemann et al., 2015; Miri et
al., 2017; Morandell and Huber, 2017; Galiñanes et al., 2018), but
the relationship between movement and spiking activity is dy-
namic (Peters et al., 2014, 2017a) and is different between RFA
and CFA. For example, activity in RFA, but not in CFA, is sensi-
tive to behavioral context (Saiki et al., 2014), contralateral move-
ment bias of activity is weaker in RFA than CFA (Soma et al.,
2017), and activity in RFA, but not CFA, is larger for externally
triggered movements than internally triggered movements
(Kimura et al., 2017).

Some observations indicate that RFA is a premotor structure,
that represents higher-order information about movements,
whereas CFA encodes concrete motor information, such as mo-
tor commands to the musculoskeletal system. However, the sim-
ilarity of activity patterns and the effects of stimulation in RFA
and CFA suggest that they are part of a highly integrated compu-
tational unit (Hyland, 1998; Harrison et al., 2012; Saiki et al.,
2014; Hira et al., 2015; Morandell and Huber, 2017; Wang et al.,
2017). In both RFA and CFA, two major types of deep layer
pyramidal neurons send their axons to other areas: intratelen-
cephalic (IT-type) neurons project bilaterally to the cerebral cor-
tex and striatum, whereas extratelencephalic (ET-type) neurons,
project to the thalamus, spinal cord and other areas ipsilaterally
(Harris and Shepherd, 2015; Baker et al., 2018). In a study, in
which spike patterns in CFA and RFA were separated by projec-
tion targets (determined by optogenetic stimulation), ET-type
neurons showed postspike suppression in spike autocorrelo-
grams, which was independent of behavioral conditions (Saiki et
al., 2018). The CFA ET-type neurons exhibited larger bias toward
contralateral movement compared with RFA, and IT-type neu-
rons had a large fraction of bilateral movement activity especially
in RFA (Soma et al., 2017).

Sensory representations in frontal cortex
Motor planning requires the integration of sensory input to gen-
erate appropriate motor output. Accordingly, the frontal motor
cortex is widely connected to sensory cortices, including audi-
tory, visual, and somatosensory cortex (Reep et al., 1987; Hoover
and Vertes, 2007; Barthas and Kwan, 2017). Somatosensory sig-
nals in frontal motor cortex have been widely explored. Several
motor cortical neurons have low-latency, “S1”-like responses to
whisker deflection (Kleinfeld et al., 2002; Ferezou et al., 2007;
Huber et al., 2012; Smith and Alloway, 2013; Zagha et al., 2015)
and tactile stimulation of forelimbs (Estebanez et al., 2017). In
addition, there are strong recurrent corticocortical connections

between VMC and barrel cortex, the primary whisker represen-
tation in S1 (Mao et al., 2011; Kinnischtzke et al., 2014, 2016).
Motor cortical feedback modulates sensory processing in S1
(Zagha et al., 2013; Manita et al., 2015) and motor cortical activity
facilitates sensory responses in barrel cortex and the thalamus
(Lee et al., 2008). Imaging of axonal projections from M1 to layer
1 barrel cortex while mice performed an object localization task
has shown that M1 neurons carry information about task-related
variables, including touch (Petreanu et al., 2012). Moreover, sev-
eral studies have shown that layer 2/3 M1 neurons respond to
both touch stimuli (whisker-dependent object detection) and
motor behaviors such as whisker movements or licking during
sensory go/no-go tasks (Huber et al., 2012; Zagha et al., 2015).

In addition to touch responsive neurons, some motor cortical
neurons respond to auditory stimuli. In two regions of ferret
frontal motor cortex, the dorsal orbital gyrus (a putative ho-
molog of primate dorsolateral prefrontal cortex; Duque and Mc-
Cormick, 2010) and anterior sigmoid gyrus (a putative homolog
of primate premotor cortex; Fritz et al., 2010), trial-averaged
spiking activity is modulated by auditory stimuli (tones or clicks)
during a conditioned avoidance task, but only weakly modulated
in a passive context where auditory stimuli were presented before
behavior (Fritz et al., 2010). Frontal cortical neurons that were
auditory responsive showed both suppression and enhancement
of spiking activity to the target tone. Auditory-evoked responses
have also been reported in mouse motor cortex during reaching
(Estebanez et al., 2017) and licking (Siniscalchi et al., 2016) tasks.
In the anterior part of mouse motor cortex, auditory-evoked re-
sponses are modulated by behavioral context (Siniscalchi et al.,
2016). Auditory representations are present in PV� forelimb M1
neurons in the absence of sound-triggered movements, suggest-
ing that sensory input alone can drive M1 neurons (Estebanez et
al., 2017). Interestingly, PV� neurons in M1 are not indiscrimi-
nately driven by sensory input as the proportion of neurons that
can be modulated by somatosensory input is greater than the
proportion of neurons that are auditory-responsive suggesting a
dissociation in sensory signals that can modulate PV� cells in M1
(Estebanez et al., 2017).

There are corticocortical connections between auditory cor-
tex and mouse secondary motor cortex (Nelson et al., 2013;
Nelson and Mooney, 2016) that contribute to suppressing
sound-evoked responses in auditory cortex during locomotion
(Schneider et al., 2014). These connections might be important
for disambiguating self-generated sounds from other sounds in
the environment (Schneider and Mooney, 2015), but motor cor-
tex might also participate more directly in auditory processing. A
recent study found that neurons in rat FR2 (Fig. 1D) were more
informative about task-relevant auditory stimuli than auditory
cortical neurons (Insanally et al., 2018). Although auditory cortex
reliably responds to pure tones in untrained animals, when tones
take on behavioral significance (i.e., when the animal is trained to
respond to tones for food reward) stimulus information is more
prevalent and pervasive in frontal cortex. An interspike-interval-
based decoder revealed that cells that appeared to be choice-
selective when viewed at the level of the trial-averaged firing rate
(i.e., cells that displayed “ramping activity”) were found to be
highly stimulus selective on single trials (Insanally et al., 2018).

Although it is well established that primate frontal cortices
play a major role in visual sensorimotor transformations (Hatso-
poulos and Suminski, 2011), we still know little about how rodent
frontal motor cortices contribute to the processing of visual stim-
uli. Corticocortical projections from rodent frontal cortex relay
motor-related signals to primary visual cortex (Zhang et al., 2014;
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Leinweber et al., 2017) and there are reciprocal connections be-
tween frontal motor cortex and higher visual areas (Itokazu et al.,
2018). Frontal motor cortical neurons modulate their activity
during the presentation of visual stimuli (Goard et al., 2016;
Itokazu et al., 2018). However, population decoding did not pro-
vide significant information about the type of visual stimulus
(horizontal vs vertical drifting gratings) in a go/no-go task
(Goard et al., 2016). In a study where rats had to integrate sensory
evidence in LED flashes, neurons in rat frontal motor cortex ex-
hibited transient responses to visual stimulation and also en-
coded the amount of sensory evidence provided (Scott et al.,
2017). Whether information about visual stimuli is embedded in
spike timing (as was the case for auditory signals in rat FR2)
remains an open question.

Together, these results suggest that motor cortex plays an im-
portant role in the processing of sensory input across several
sensory modalities. Sensory signals in motor cortex might pro-
vide important feedback about ongoing motor programs for tun-
ing motor output in the short term. In the long term, sensory
feedback may be important for motor learning and behavioral
strategizing, more generally. Lesion studies point to an important
role of rodent frontal cortex in the learning of motor tasks (Huber
et al., 2012; Kawai et al., 2015; Zagha et al., 2015) and motor
cortical activity is reorganized across motor leaning (Laubach et
al., 2000; Komiyama et al., 2010; Huber et al., 2012; Peters et al.,
2014, 2017a; Makino et al., 2017; Miri et al., 2017; for review, see
Peters et al., 2017b).

Ruling out covert muscular responses during sensory stimu-
lation is difficult and seemingly “sensory” responses in motor
cortices may actually be “motor” responses (e.g., preparatory ac-
tivity, a gated movement or subtle, unnoticed movements). On
the other hand, both somatosensory and motor cortex receive
direct thalamic input (Deschênes et al., 1998; Ohno et al., 2012;
Hooks et al., 2015), both areas project to the spinal cord and brain-
stem (Catsman-Berrevoets and Kuypers, 1976; Groos et al., 1978;
Sreenivasan et al., 2015) and stimulation of either area elicits move-
ments with low latency (Leyton and Sherrington, 1917; Penfield and
Boldrey, 1937; Gioanni and Lamarche, 1985; Neafsey et al., 1986;
Matyas et al., 2010; Sreenivasan et al., 2015), pointing to a role for
both areas in motor control and sensory integration.

Frontal control of action timing
Motor control and decision-making involves not only choosing
among multiple alternative options but also deciding when to act.
Murakami et al. (2014) studied a role of rat secondary motor
cortex in the action timing decision (M2; Fig. 1C). They used a
waiting time decision task, where a rat had to decide how long to
keep waiting for a delayed reward and when to give up and act for
an immediately available, but less valuable option. Neural re-
cording from M2 during this behavioral task revealed that firing
rates in a subpopulation of M2 neurons encode the animal’s wait-
ing time. Such a firing-rate-based representation can feed into an
integrator circuit, and be transformed into ramping activity and a
mechanism to detect threshold crossing of the ramping activity
could serve to generate a movement signal, at the end of a waiting
period. Consistent with a role in an integration-to-threshold pro-
cess, the authors found ramping activity during the waiting pe-
riod, which reached a threshold level at the time of “give-up”
behavior (Ratcliff, 1978; Gold and Shadlen, 2007). A similar neu-
ral signal of action timing is observed in primate premotor cor-
tices in various contexts, for example ramp-to-threshold like
responses in sensory decision tasks (Ding and Gold, 2012) and
timing tasks (Lebedev et al., 2008; Mita et al., 2009). This suggests

a conserved premotor mechanism, both in rodents and primates,
in deciding and planning timing of future actions.

In contrast to M2, where a significant fraction of neurons
encode waiting time in single trials, neurons in medial prefrontal
cortex (mPFC; a major input structure of M2) contained very few
neurons encoding the trial-to-trial waiting times (Murakami et
al., 2017). Instead, mPFC neurons only encoded a slowly fluctu-
ating component of waiting-time variability, a decision bias to
wait shorter or longer, which fluctuated over �10 trials, and was
modulated by previous experience. This finding is in line with the
idea that higher-order areas, such as the PFC, can integrate infor-
mation over time as well as space more extensively than lower
sensory cortical areas (Hasson et al., 2008; Murray et al., 2014),
and extends this idea to a motor domain: The prefrontal cortex
contains information about decision biases or strategies that are
adjusted slowly over time according to past integrated experi-
ences and/or internal states, but it cares less about planning im-
minent actions. Instead, more dedicated motor areas, such as M2,
are critical in planning what to do next and when to execute it,
based on top-down influences from prefrontal areas.

Frontal role in planning orienting movements
The existence of a homolog of the primate frontal eye field (FEF)
in rat frontal cortex was first suggested by Leonard (1969), based
on similarities in connectivity with subcortical areas. Lesion
(Reep et al., 2004) and microstimulation (Sinnamon and Galer,
1984) data supported that hypothesis. This may seem surprising,
given that rats are not known for their visual abilities (Yilmaz and
Meister, 2013; but see Seabrook et al., 2017). However, the pri-
mate FEF is not an “eye” field, but rather a “gaze” field or an
orienting field. Microstimulation of FEF in animals who can
freely move their heads generates coordinated head-eye move-
ments (Knight and Fuchs, 2007) and the human FEF is activated
when remembering spatial locations behind the head (Tark and
Curtis, 2009). All bilaterally symmetric animals need to plan and
generate orienting movements to actively sense the world (Ocaña
et al., 2015). With that in mind, the idea of a homolog, a rat FOF,
to the (poorly named) FEF seems less absurd.

To further investigate this homology Erlich et al. (2011)
trained rats on a memory-guided orienting task (MGO) inspired
by the classically FEF-dependent memory-guided saccade task
(Funahashi et al., 1991; Chafee and Goldman-Rakic, 1998; Dias
and Segraves, 1999). In the MGO task, rats must fixate during the
presentation of a brief auditory cue (e.g., low-frequency � go left,
high-frequency � go right) and during a subsequent memory
delay period (Fig. 3A). After a go cue, rats are rewarded if they
orient to the correct side. Given that FOF is also VMC, Erlich et al.
(2011) performed several control experiments to determine
whether the rats were using a whisker strategy to perform the
task. Neither shaving off the mystacial whiskers nor injecting
lidocaine into the whisker pad on one side had a significant effect
on behavior in well trained animals. Moreover, using video anal-
ysis, they showed that during the memory period the whiskers
were retracted and rhythmic whisking was suppressed even as
activity was ramping up (consistent with the findings described in
“Frontal control of whisker movements”; Ebbesen et al., 2017).

Unilateral pharmacological inactivation of FOF resulted in an
ipsilateral bias, similar to findings in primate FEF (Sommer et al.,
1997; Dias and Segraves, 1999). Furthermore, neural activity dur-
ing the memory-period predicted the upcoming choice of the
animal, with neural encoding of the upcoming motor response
that was low during the sensory cue, and gradually increased
during the memory delay period (Fig. 3C). Temporally precise
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unilateral optogenetic inactivation (halorhodopsin, eNpHR3.0)
of the FOF revealed that inactivation during the first half of the
cue period, the time of minimal information encoding, resulted
in the largest ipsilateral choice bias, whereas inactivation during

the second half of the memory period, the time of maximal in-
formation encoding, resulted in the smallest choice bias (Fig. 3B).
Inactivation during the motor action resulted in no bias or
change in movement kinetics (Kopec et al., 2015).

Figure 3. Investigating the role of the FOF in motor planning in two short-term memory decision making tasks. A, MGO task structure. B, Unilateral inactivation of FOF with halorhodopsin.
Inactivation period denoted by the horizontal extent of the bar. Choice bias magnitude reported relative to the hemisphere being inactivated. *p � 0.05. Inactivation of FOF during the MGO task
biases choices most if it occurs early during the cue presentation. C, Neural encoding of the direction of the upcoming motor response grows monotonically in FOF during cue presentation and the
short-term memory delay period. Solid lines show normalized firing rate in trials resulting in an orienting motion contralateral to the recorded neurons, minus normalized firing rate in trials resulting
in an ipsilateral orienting motion (blue, average of n � 50 contralateral-preferring neurons; red, 39 ipsi-preferring neurons). Dashed lines are �SEM. Data are reanalyzed from Erlich et al. (2011)
and from correct trials only. D, Poisson Clicks task structure. E, Same as B, but for the Clicks task. Inactivation of FOF during the Clicks task biases choices only if it overlaps the end of the cue
presentation. F, Average normalized firing rate of neurons in FOF as a function of the accumulated value of clicks (#Left � #Right) and the time during the stimulus. Firing rates tend to fall into two
stable clusters, indicating the accumulated value is less than (greater than) 0 at that moment in time and a right (left) response is preferred. G, Bistable attractor network model capable of replicating
findings from FOF during the MGO task. Two populations of neurons whose activity signals a leftward or rightward orienting movement, self excite and mutually inhibit, and are composed of neurons
from the FOF and other brain areas. Ex, External drive. Deep attractors stably encode information during the delay period but are more resistant to perturbation. H, Same as G, but for the Clicks task.
Shallow attractors allow for a flexible motor plan, which can be updated as new information is integrated and allow the network to recover from early perturbations. A–C, G, Adapted with permission
from Kopec et al. (2015). E, F, Adapted with permission from Hanks et al. (2015).
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To further investigate the role of FOF in orienting decisions,
rats were also trained on a gradual accumulation of evidence task,
the Poisson Clicks task (Brunton et al., 2013), similar to the pri-
mate random dot motion accumulation task (Shadlen and New-
some, 1996). In the Clicks task the cue consisted of two
independent streams of Poisson timed auditory clicks with dif-
ferent underlying rates, presented from speakers to the animal’s
left and right, after which the rat must respond to the side that
played more clicks (Fig. 3D). Only inactivation that overlapped
the end of the auditory cue and fixation period resulted in a
choice bias (Fig. 3E; Hanks et al., 2015).

The different inactivation effect timings between the MGO
and Poisson Clicks tasks can be reconciled as due to the different
demand for flexibility in the movement plan. In the Clicks task
the randomly varying Poisson click times require a movement
plan which can be updated as new information is accumulated. In
the MGO task, on the other hand, the click train is periodic and
there is no new information during the delay, so a rigid and
robust movement plan is more appropriate.

Results from both tasks could be replicated by modeling the
FOF as a bistable attractor network (Machens et al., 2005; Wong
and Wang, 2006). In the MGO task the network rapidly falls into
one of two strong basins of attraction required to maintain the
information during the memory delay period (Fig. 3G). As the
network settles, the information encoding increases (Erlich et al.,
2011), and the network becomes more resistant to perturbation
(Kopec et al., 2015). A similar model but with weaker attractors
(Fig. 3H) is capable of replicating findings during the Poisson
Clicks task (Erlich et al., 2015; Piet et al., 2017). Incoming infor-
mation could more easily move the network between two cate-
gorical states, consistent with recordings of neurons in the FOF
during the Clicks task (Fig. 3F; Hanks et al., 2015). This allowed
the network to use information from the entire click train, imple-
menting a flexible plan, which allows it to recover from pertur-
bations early in the stimulus.

Despite the apparent parsimony of this description, many
questions remain. According to these models, the FOF is just one
element in a distributed network for planning orienting move-
ments (Kopec et al., 2015). The superior colliculus has been iden-
tified as another key element, but possibly other prefrontal
cortical areas (for planning directional licks, see Chen et al., 2017;
Svoboda and Li, 2018) or subcortical regions such as thalamus
and basal ganglia (Yartsev et al., 2018) play an important role as
well. Moreover, the models do not explain the heterogeneity ob-
served in the firing patterns of FOF neurons (Erlich et al., 2011;
Hanks et al., 2015). Cell-type-specific recording and laminar re-
cordings would create important constraints on future models.

Conclusion and future directions
In this review, we summarized some recent investigations into
the mechanisms by which rodent frontal cortex contributes to:
active-sensing with whisking, preparation and execution of limb
movements, sensory-coding, and preparation and execution of
orienting movements. While the cortical regions subserving limb
movements (CFA and RFA) are fairly well demarcated (Fig. 1A),
the other functions reviewed are all found in a highly overlapping
region of rat motor cortex (Fig. 1D–E). Is the diversity of function
revealed here a specialty of rat frontal cortex? It is tempting to
speculate that the smaller brain of the rodent (compared with
human or macaque) creates less pressure for wiring efficiency
(Chklovskii et al., 2002) and this results in neurons with distinct
functional roles intermixed in the cortical surface. Thus, al-
though the enlarged whisker representation in rodent motor cor-

tex (Fig. 1A) mirrors the enlarged distal limb representation in
primate M1, the same area also shares similarities with other
frontal premotor structures in the primate brain.

A possible role of rodent frontal cortex in tuning (Hill et al.,
2011; Friedman et al., 2012; Gerdjikov et al., 2013) and initiating
(Sreenivasan et al., 2016) whisker movements is similar to motor
control by primate M1, but a prominent role in whisker move-
ment suppression (Ebbesen et al., 2017) is not. In humans and
primates, other prefrontal and frontal structures than M1 are
paramount for behavioral inhibition and movement suppression
(Miller, 2000; Kim and Lee, 2011). For example, neurons in the
supplementary eye field play an important role in saccade sup-
pression and countermanding (Schall et al., 2002; Carpenter,
2004; Stuphorn et al., 2010; Shadmehr, 2017) and the presupple-
mentary and supplementary motor areas (SMA) are crucial for
voluntary movement inhibition (Nachev et al., 2008; Chen et al.,
2010; Wardak, 2011; Filevich et al., 2012a,b). Similarly to how
VMC lesions (Gao et al., 2003) or inactivation (Ebbesen et al.,
2017) increases whisking, lesions to the SMA evokes involuntary,
“alien” movements in humans (Brainin et al., 2008). Further in-
vestigations of movement suppression by rat motor cortex could
be a way to explore the evolutionary origins of behavioral inhibi-
tion by frontal cortex more generally (Laubach et al., 2015; Bar-
thas and Kwan, 2017; Ebbesen and Brecht, 2017).

Similar to the control of vibrissal touch by rat motor cortices,
the primate FEF is involved in active-sensing (i.e., visual search;
Bichot et al., 2001). Like rat motor cortices, the FEF contains
neurons with short-latency sensory responses (Joiner et al.,
2017). During action timing and perceptual decision-making,
some FEF neurons ramp to threshold before an orienting re-
sponse (Ding and Gold, 2012) and encode cognitive aspects of
decision-making (Teichert et al., 2014). Similar to rat motor cor-
tices during orienting movements, the FEF can be modeled with
attractor dynamics (Wimmer et al., 2014). Despite these similar-
ities there are also important differences. The primate FEF plays a
direct role in eye movements and visuospatial attention (Moore
and Fallah, 2001; Noudoost and Moore, 2011; Gregoriou et al.,
2014) and provides an attention-like modulation of visual corti-
cal activity (Moore and Armstrong, 2003; Ekstrom et al., 2008).
The tight integration between primate FEF and the oculomotor
system is mirrored by similar observations on the human FEF
(Grosbras and Paus, 2002) and by studies on the forebrain gaze-
control area of the barn owl (a putative avian homolog of primate
FEF; Winkowski and Knudsen, 2006; Knudsen, 2007). Like the
primate FEF (Merrikhi et al., 2017), rodent frontal motor cortex
modulates the activity of the superior colliculus and both primary
and higher-order visual areas (Zhang et al., 2014; Leinweber et al.,
2017; Itokazu et al., 2018), but, as outlined in this review, unlike
primate FEF, rodent frontal motor cortex is much more inte-
grated with the whisker somatomotor system than with the visual
system.

The differences between the results in primate FEF and rodent
frontal motor cortex may be related to sensorimotor specializa-
tions. The FEF has mostly been studied in humans and monkeys,
species with foveal vision. For animals with fovea, the target of
fixation is almost always the focus of attention and cognition. The
peripheral visual system determines how to shift that focus. This
generates strong pressure for a tight connection between visual
input and the orienting system. As mentioned, rats and mice are
adapted for navigating in burrows. Their mystacial whiskers are
analogous to the peripheral visual system and their micro-
vibrissa (the small whiskers around the mouth and nose) are
analogous to foveal vision (Grant et al., 2012). A dangerous object
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(e.g., a snake) detected via the mystacial whiskers should lead to
rapid orienting away from the object. Conversely, a delicious
object (e.g., a cricket) should lead to rapid orienting toward that
object (Anjum et al., 2006). Thus, as the primate FEF directs
spatial attention through its close integration with the visual and
oculomotor systems, this region of rodent motor cortex can be
considered an orientation field, directing spatial attention
through its close integration with the whisker and orienting sys-
tems. However, it is well documented that primate FEF plays a
role in spatial working memory and spatial attention even when
subjects are not planning a movement (Tark and Curtis, 2009;
Squire et al., 2013). It remains to be seen whether this is also true
of rodent FOF.

This idea fits well with other observations. For example, while
the primate superior colliculus is a primarily visuomotor struc-
ture (Basso and May, 2017), the rodent superior colliculus plays a
major role in integrating vibrissal touch information and con-
trolling vibrissa movement (Miyashita and Mori, 1995; Hemelt
and Keller, 2007, 2008; Bezdudnaya and Castro-Alamancos,
2014). In line with a role in head and whisker orienting, head and
neck posture modulates activity in rodent frontal motor cortex
(Mimica et al., 2018). Moreover, because orienting the whisker
field toward a stimulus left or right of the snout requires retract-
ing the whiskers on one side and bringing the whiskers on the
opposite side forward, this might help explain why rodent frontal
motor cortex field appears so heavily involved in whisker retrac-
tion (Ebbesen et al., 2017).

Rodents have great potential as comparative model organisms
in motor research. To unlock this potential, it is vital to maintain
a broad ethological perspective (Krakauer et al., 2017) and re-
member two key points: (1) Rodents are not small primates, but
have distinct sensorimotor specializations. Neural circuits for
control of foveal vision in primates may be mirrored by circuits
for sensing by active vibrissal touch in mice and rats. (2) In con-
trast to sharply delineated motor structures in primates, rodent
cortical boundaries are blurry and cortical areas overlap. The
same region of rat frontal cortex (Fig. 1C–E) shares similarities
with multiple motor and premotor structures in the primate
brain (e.g., M1, SMA, and FEF). With these points in mind, in-
vestigations of rodent motor cortices, such as the ones reviewed
here, can help advance our understanding of the evolution and
specialization of neural circuits for sensorimotor cognition
across phylogeny.
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