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Fig. 2. CASE G.C. Osteoplastic bone flap turned down on its attachment of temporal
muscle.

Fig. 4. Position of patient and observer during operation under local anesthesia, The

photographer’s camera is located outside window behind the surgeon and is focused on Penfleld & Rasmussen, 1 950

the brain through the mirror above.
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Maps of rat frontal cortex
5 _

NN W B

Anterior [mm]

-

@
|
1.

0 1 2 3 4 5 6
Lateral [mm]

Bregma



o)

N

N W

Anterior [mm]

-

®
o
1.

0 1 2 3 4 5 6
Lateral [m m] Paxinos & Watson 1982

Murakami et al. Nat.Neurosci. 2014

Bregma



o)

Anterior [mm]

-
@

I
—,

N W A

M2

-

1

2 3 4 5
Lateral [mm]

6

Mimica et al. Science 2018



Anterior [mm]

-

-
O -

N W B~ O

-
O
T

—1

1 2 3 4 5 6
Lateral [mm]

Erlich et al. Neuron 2011
Hanks*, Kopec* et al. Nature 2015



Anterior [mm]

-

-
O -

N W B~ O

—

1

> 3 4 5 6
Lateral [mm]

Insanally et al. BioRXiv 2018



N W B~ O

—1

VMC

Anterior [mm]

-
.

I
—

1 2 3 4 5 6
Ebbesen et al. Nat.Neurosci. 2017

Late ral [m m] Hill et al. Neuron 2011

Brecht et al. Nature 2004
Berg & Kleinfeld J.Neurophys. 2003

0



Trunk

Forelimb Hindlimb
Eve/Evelid @ . P

Vibrissa

7

Rhinarium . )
/‘( /X 7/ .
JJ ,TOJ'/\\“.

Jaw, lips, tongue

Hall & Lindholm, Brain Res. 1974



N W B~ O

—

Anterior [mm]

-
.

I
1

-

1 2 3 4 5 6
Lateral [mm]

Ebbesen, Insanally, Kopec, Murakami, Saiki & Erlich, J.Neurosci. 2018



Secondary motor area

Allen Mouse Brain Atlas
Lein et al. (2007). Nature 445, 168-176.



Secondary motor area

Also know as:
‘AGmM’,
‘VFMCX’,
‘fMR’, ‘MOs’,
‘'vM1/wM1’

Allen Mouse Brain Atlas
Lein et al. (2007). Nature 445, 168-176.
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More than Just a “Motor”: Recent Surprises from the Frontal
Cortex
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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.

Key words: motor control; active sensing; action selection; action timing; decision-making; frontal cortex

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 etal., 2013). Third, in a sense, motor control is decision-
making (Wolpert and Landy, 2012), but we still know little about
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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 etal., 1992), butalso 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; Ocafia etal., 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 (Buzsaki 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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Figure 1. Maps of rat frontal cortex. A, Delineation of rat frontal cortex by intracortical
microsti ion suggests a large, ically 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; Murakamietal., 2014, 2017). Other publications assign M2 to a much more posterior region
(orange; Mimica etal., 2018). D, The regions of rat frontal cortex referred to i 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
etal,, 2015) and FR2 (Insanally et al., 2018) overlap. E, Overlay of all the above regions.

investigate the temporal dynamics and outcome of decision mak-
ing processes, spanning from known sensory input, across inter-
nal deliberation to final motor output (Olveczky, 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
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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 etal., 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).
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