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Abstract Motor planning allows us to conceive, plan, and initiate skilled motor
behaviors. Motor planning involves activity distributed widely across the cortex.
How this activity dynamically comes together to guide movement remains an
unsolved problem. We study motor planning in mice performing a tactile decision
behavior. Head-fixed mice discriminate object locations with their whiskers and
report their choice by directional licking (“lick left”/“lick right”). A short-term
memory component separates tactile “sensation” and “action” into distinct epochs.
Using loss-of-function experiments, cell-type specific electrophysiology, and cel-
lular imaging, we delineate when and how activity in specific brain areas and cell
types drives motor planning in mice. Our results suggest that information flows
serially from sensory to motor areas during motor planning. The motor cortex
circuit maintains the motor plan during short-term memory and translates the
motor plan into motor commands that drive the upcoming directional licking.

Introduction

With a half a second’s planning, we rapidly carry out complex sequences of
movements. Motor planning refers to our ability to conceive, plan, and initiate a
skilled motor behavior. During motor planning, sensory information must be
integrated to inform the appropriate motor responses. Behaviorally relevant infor-
mation must be kept in short-term memory. Thus the process of motor planning taps
into multiple aspects of flexible behavior and offers a way of studying the mental
processes that ultimately culminate in a movement, hence a window into cognition.

A neural correlate of motor planning was first reported in humans as a deflection
in EEG recordings, over motor and parietal cortex, which anticipates voluntary
movements (a.k.a. Bereitschaftspotential; Deecke et al. 1976). The EEG signal
appears long before the onset of the movement and hundreds of milliseconds before
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the subjects are aware of their desire to move (Libet 1985). The neural correlates of
motor planning were discovered in the primate motor cortex by Tanji and Evarts
(1976), who described neurons that discharged persistently before an instructed
movement. This persistent activity ramped up shortly after the instruction, long
before the movement onset, and predicted specific types of future movements.
These findings opened the possibility of studying the mechanisms of motor plan-
ning at the level of neural circuits (Riehle and Requin 1989; Crutcher and Alexan-
der 1990; Turner and DeLong 2000; Shenoy et al. 2013).

Behavioral paradigms in rodents are rapidly developing, and it is possible to
train mice in behavioral tasks that dissociate planning and movement in time,
analogous to the tasks used in primates (Guo et al. 2014a, b). The mouse is a
genetically tractable organism, providing access to defined cell types for recordings
and perturbations (Luo et al. 2008; O’Connor et al. 2009). In addition, the
lissencephalic macrostructure of the mouse brain allows unobstructed access to a
large fraction of the brain for functional analysis. We study motor planning in the
context of a tactile decision behavior (Guo et al. 2014a; Li et al. 2015). Mice
measure the location of an object using their whiskers and report their judgment by
directional licking. We delineate when and how activity in specific cortical regions
areas drives the tactile decision behavior in mice. New recording and perturbation
methods are beginning to reveal the circuit mechanisms underlying motor planning
that, in turn, will shed light on the biophysics of flexible behavior.

Head-Fixed Tactile Decision Behavior and Involved Cortical
Regions

We developed a tactile decision task to track the flow of information in cortex
during motor planning (Guo et al. 2014a; Li et al. 2015). Head-fixed mice measured
the location of a pole using their whiskers and reported their decisions about object
location with directional licking (Fig. 1a). In each trial, the pole was presented in
one of two positions (anterior or posterior) during a sample epoch (1.3 s; Fig. 1b).
During a subsequent delay epoch (1.3 s), the mice planned the upcoming response.
An auditory go cue (0.1 s) signaled the beginning of the response epoch, when the
mice reported the perceived pole position by licking one of two lickports
(posterior — “lick right”, anterior — “lick left”). The mice achieved high levels of
performance (~80 % correct). Responses before the go cue were rare (~13 %). They
performed the tactile decision behavior across many sessions (up to 85 sessions,
>400 trials per session), yielding tens of thousands of trials per mouse. The large
number of trials allowed us to use optogenetic silencing to identify the cortical
regions involved in an unbiased manner on a cortex-wide scale.

To achieve powerful cortical inactivation, we used transgenic mice expressing
Channelrhodopsin-2 (ChR2) in cortical GABAergic interneurons. This
photoinhibition silenced millimeter-size tissue volumes by photostimulating
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Fig. 1 Mapping the cortical regions underlying tactile decision behavior. (a) Head-fixed mouse
responding “lick right” or “lick left” based on pole location. (b) The pole was within reach during
the sample epoch. Mice responded with licking after a delay and an auditory go cue. (c) Fifty-five
cortical locations were tested in loss-of-function experiments during different behavioral epochs.
Top, photoinhibition during sample (left) and delay (right) epochs. Bottom, cortical regions
involved in the tactile decision behavior during sample (left) and delay (right) epochs in “lick
right” trials. Color codes for the change in performance (%) under photoinhibition relative to
control performance. Circle size codes for significance (p values, from small to large; >0.025,
<0.025, <0.01, <0.001). Figure adapted from Guo et al. (2014a)

through the intact skull (85 % activity reduction) with time resolutions on the order
of 100 ms. We developed a scanning laser system to survey the neocortex for
regions driving behavior during specific behavioral epochs. First, we outfitted the
mice with a clear-skull cap preparation that provided optical access to half of the
neocortex. A scanning system targeted photostimuli in a random access manner.
Head-fixation and precise control of the laser position allowed each mouse to be
tested repeatedly across multiple behavioral sessions. We tested 55 evenly spaced
cortical volumes in sensory, motor, and parietal cortex for their involvement in the
behavior by applying photoinhibition during specific behavioral epochs (Fig. 1c).
Inactivation of most cortical volumes did not cause any behavioral change.
Inactivating vibrissal primary somatosensory cortex (vS1, “barrel cortex”) caused
deficits in object location discrimination. The effect was temporally specific:
inactivation during the delay epoch produced a much smaller deficit, suggesting
that tactile information was transferred out of the vS1 during the sample epoch
(Fig. 1c). During the delay epoch, preceding the motor response, inactivation of an
anterior lateral region of the motor cortex (ALM) biased the upcoming movement
(Fig. 1c). We used silicon probes to record single units from vS1 and ALM in mice
performing the tactile decision behavior. Single unit recordings supported the
photoinhibition experiments: a large fraction of neurons in vS1 showed object
location-dependent activity during the sample epoch, whereas the majority of
neurons in ALM showed movement-specific preparatory activity and peri-
movement during the delay and response epochs. These results begin to outline
the information flow in mouse cortex involved in the tactile decision behavior. The
information flow is largely consistent with a serial scheme, where information is
passed from sensory areas to motor areas during motor planning (Guo et al. 2014a).
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Premotor Dynamics Underlying Motor Planning

A large fraction (>70 %) of ALM neurons significantly distinguished upcoming
movements during at least one of the trial epochs (p < 0.05, two-tailed t-test;
Fig. 2a). On error trials, when mice licked in the opposite direction to the instruction
provided by object location (Fig. 1a), most ALM neuron activities predicted the
licking direction (Guo et al. 2014a; Li et al. 2015). Such movement-specific activity
is consistent with a role in planning and driving movements (Fig. 1c). Interestingly,
the preparatory activity in ALM was not static but evolved with complex dynamics:
subsets of neurons showed selective activity during the sample epoch whereas other
neurons showed “bumps” of activity during different times of the delay epoch
(Fig. 2a). Despite these fluctuating responses at the level of the single neurons,
selectivity for the upcoming movement remained stable at the level of the popula-
tion (Fig. 2b). On average, selectivity emerged in the sample epoch and ramped up
throughout the delay epoch, reaching a maximum at the beginning of the response
epoch (Fig. 2b). This ramping activity in ALM during the delay epoch is similar to
the ramping activity reported in frontal (Hanes and Schall 1996; Murakami
et al. 2014), parietal (Roitman and Shadlen 2002; Maimon and Assad 2006; Harvey
et al. 2012), and motor cortex (Erlich et al. 2011; Thura and Cisek 2014), antici-
pating voluntary movements in primates and rodents. The ALM preparatory activ-
ity could provide a substrate for the maintenance of the motor plan during the delay
epoch. Information about the upcoming movement is likely coded at the level of the
population (Laurent 2002; Harvey et al. 2012; Shenoy et al. 2013; Murakami and
Mainen 2015). Consistent with a distributed code, we found that spatially
intermingled ALM neurons in each hemisphere have a preference for either contra-
or ipsi-lateral movements in roughly equal proportions (Li et al. 2015).

The preparatory activity encodes upcoming movement, yet it does not cause
movement during planning. How does preparatory activity evolve into commands
that descend to motor centers to trigger movement? Paradoxically, ALM neurons in
each hemisphere have a preference for contra- or ipsi-lateral movements in roughly
equal proportions, yet unilateral inactivation of ALM biased the upcoming move-
ment to the ipsi-lateral direction. How does silencing a brain area with
non-lateralized selectivity cause a directional movement bias? We measured neu-
ronal activity within hierarchically organized ALM circuits. ALM projection neu-
rons include two major classes: intratelencephalic (IT) neurons that project to other
cortical areas and pyramidal tract (PT) neurons that project out of the cortex,
including to motor-related areas in the brainstem (Komiyama et al. 2010; Shepherd
2013). IT neurons connect to other IT neurons and excite PT neurons, but not vice
versa. PT neurons are thus at the output end of the local ALM circuit (Morishima
and Kawaguchi 2006; Brown and Hestrin 2009; Kiritani et al. 2012; Shepherd
2013). We recorded activity from identified IT and PT neurons using cell-type
specific electrophysiology and two photon imaging. We found that ALM IT
neurons have mixed preparatory activity for both ipsi- and contra-lateral move-
ments. Contra-lateral population activity in PT neurons arose late during the delay
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epoch to drive directional licking. To test the causal role of the PT neuron
population activity in driving movements, we manipulated PT neurons by
expressing ChR2 in mouse lines selectively expressing cre in these neurons.
Weak activation of the PT neurons during movement planning could “write-in”
specific motor plans that resulted in contra-lateral licking movements. These results
suggest that, during movement planning, distributed preparatory activity in IT
neuron networks is converted into a movement command in PT neurons (‘output-
potent’ activity; Kaufman et al. 2014), which ultimately triggers directional move-
ments (Li et al. 2015).

Open Questions

Several key questions remain unsolved. What circuit mechanisms are responsible
for the maintenance of motor plan during short-term memory? How is sensory
information integrated into the motor plan? How do the basal ganglia and motor
thalamus interact with cortical regions during motor planning? Answering these
questions will require recordings and manipulation of specific cell types. Impor-
tantly, architectural and cell type information must be incorporated into models of
cortical dynamics. Tools to manipulate projections between brain regions are
needed to study the interactions between brain regions. Finally, there is still a
long way to go in developing richer behavioral paradigms that tap into the capa-
bilities of the mammalian brain.
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