
TechSights

The Importance of Accounting for Movement When
Relating Neuronal Activity to Sensory and Cognitive
Processes

Edward Zagha,1 Jeffrey C. Erlich,2 Soohyun Lee,3 Gyorgy Lur,4 Daniel H. O’Connor,5

Nicholas A. Steinmetz,6 Carsen Stringer,7 and Hongdian Yang8
1Department of Psychology, Neuroscience Graduate Program, University of California Riverside, Riverside, California 92521, 2NYU-ECNU Institute
of Brain and Cognitive Science at NYU Shanghai, Shanghai, 200062, China; NYU Shanghai, Shanghai, 200122, China; and Shanghai Key Laboratory
of Brain Functional Genomics, Ministry of Education, East China Normal University, Shanghai, 200062, China, 3Unit on Functional Neural Circuits,
National Institute of Mental Health, National Institutes of Health, Bethesda, Maryland 20892, 4Department of Neurobiology and Behavior,
University of California Irvine, Irvine, California 92697, 5Solomon H. Snyder Department of Neuroscience & Krieger Mind/Brain Institute, Johns
Hopkins University, Baltimore, Maryland 21218, 6Department of Biological Structure, University of Washington, Seattle, Washington 98195,
7HHMI Janelia Research Campus, Ashburn, Virginia 20147, and 8Department of Molecular, Cell and Systems Biology, Neuroscience Graduate
Program, University of California, Riverside, California 92521

A surprising finding of recent studies in mouse is the dominance of widespread movement-related activity throughout the
brain, including in early sensory areas. In awake subjects, failing to account for movement risks misattributing movement-
related activity to other (e.g., sensory or cognitive) processes. In this article, we (1) review task designs for separating task-
related and movement-related activity, (2) review three “case studies” in which not considering movement would have
resulted in critically different interpretations of neuronal function, and (3) discuss functional couplings that may prevent us
from ever fully isolating sensory, motor, and cognitive-related activity. Our main thesis is that neural signals related to move-
ment are ubiquitous, and therefore ought to be considered first and foremost when attempting to correlate neuronal activity
with task-related processes.
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Introduction
Amajor goal of systems and behavioral neuroscience is to under-
stand how neurons in different brain regions organize to gener-
ate behavior. Instead of tackling complex behaviors in total, this
pursuit has been aided by the cognitive psychology framework of
identifying specific internal processes that mediate between a
stimulus and response. Cognitive psychologists have developed
behavioral tasks that emphasize, for example, sensory detection
(Green and Swets, 1966), attention (Posner, 1980), sensory selec-
tion (Treisman, 1964), evidence accumulation (Ratcliff and
McKoon, 2008), working memory (Berg, 1948), motor planning
(Rosenbaum, 1980), and impulse control (Logan et al., 1984). By

pairing neuronal recordings with these behavioral tasks, researchers
aim to determine the neuronal implementation of specific cognitive
processes (e.g., Moran and Desimone, 1985; Funahashi et al., 1989;
Roitman and Shadlen, 2002).

Within the past 10 years, there has been a surge in the use of
the mouse and rat in these combined behavioral and neuronal
recording studies. This development is promising in that it
enables the use of a wide array of advanced genetic and phys-
iological tools to resolve neuronal organization at unprece-
dented spatial, temporal, and genetic resolutions (O’Connor
et al., 2009; Carandini and Churchland, 2013; Hanks and
Summerfield, 2017). However, these rodent studies are
revealing and re-emphasizing essential challenges in relating
neuronal activity to task performance. Accounting for move-
ment is one such challenge.

As we detail throughout this article, movements can be di-
vided into two general categories, task-instructed and task-unin-
structed (Musall et al., 2019). Task-instructed movements refer
to the actions that are required for the subjects to solve a task,
such as nose-poking, lever-pressing, and/or licking. Task-unin-
structed movements refer to the movements that are not explic-
itly required to solve the task (e.g., whisking in a visual task that
does not involve the whisker system). Consequently, “move-
ment-related” neuronal activity may involve several distinct
mechanisms: it may reflect overt behavioral responses required
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for obtaining reward; it may reflect preparatory postural shifts
which may only be detected via EMG (Corneil et al., 2008; Wong
et al., 2015); it may reflect the sensory consequences of self-gener-
ated movements (Flossmann and Rochefort, 2021); it may reflect
changes in autonomic and behavioral arousal because of reward ex-
pectation (Hassani et al., 2001). Each of these “movement-related
signals”may temporally and spatially overlap with, and indeed may
contain components that are intimately intertwined with, processes
considered as sensory and cognitive (see section below titled
Blurred lines between sensory, cognitive, and motor processes).

Distinguishing movement-related activity has become acutely
concerning because of recent findings demonstrating that, dur-
ing wakefulness, movement is the dominant source of variance
in neuronal activity throughout the mouse brain (Musall et al.,
2019; Steinmetz et al., 2019; Stringer et al., 2019; Kauvar et al.,
2020; Salkoff et al., 2020). This conclusion is based on two, inter-
related sets of observations. First, mice move frequently, even
under head fixation. In a revealing study, Musall et al. (2019)
trained mice in a spatial discrimination task, in which head-fixed
mice were required to report the locations of auditory or visual
stimuli. By video monitoring during task performance, this
group identified high dimensional movements of the face and
body of each subject. Notably, most of these movements were
considered uninstructed. Second, movements evoke widespread
neural activity throughout the brain. In the same study, the
authors also recorded cortex-wide neuronal activity during
task performance. Using linear regression, they determined that
the variance of cortical activity related to movements (both
instructed and uninstructed) was several times larger than that of
sensory, choice, and reward variables. Furthermore, variance
related to uninstructed movements was larger than that of
instructed movements. Movement-related activity dominated
not only motor cortices, but primary sensory cortices as well.
Concurrent studies in mice using an array of neural recording
techniques also identified robust, cortex-wide and brain-wide
neuronal activities related to spontaneous and task-instructed
movements (Steinmetz et al., 2019; Stringer et al., 2019; Salkoff et
al., 2020). Stringer et al. (2019) recorded spiking activity from
mouse cortex, thalamus, basal ganglia, and midbrain and found
that spontaneous behaviors were strongly encoded in each region
(Stringer et al., 2019). Importantly, the encoding was multidimen-
sional rather than just a single correlate of motor behavior that
might correspond to arousal or vigilance. That is, each of these
brain regions encoded details about multiple aspects of observable
behavior. Additionally, movement-related signals preceded overt
behavior, and were observed throughout the brain at least 50ms
before detectable movement onset (Steinmetz et al., 2019). Last, it
is worth noting that movement-related signals may reflect general
movement initiation that is not action-specific (Kaufman et al.,
2016).

The important lesson from these recent studies is that,
regardless of the brain region under investigation, movement-
related signals are represented in large populations of neurons.
Furthermore, while we focus this discussion on studies in
rodents, isolating movement-related neuronal activity from sen-
sory and cognitive-related activity is not unique to rodents.
Studies in nonhuman primates have reported that small eye
movements, “microsaccades,” strongly affect neuronal responses
in visual cortices (e.g., Leopold and Logothetis, 1998; Martinez-
Conde et al., 2000; Herrington et al., 2009). Furthermore, domi-
nant, brain-wide movement-related activity has also been
observed in zebrafish (Ahrens et al., 2012), Drosophila (Aimon et
al., 2019), and Caenorhabditis elegans (Kato et al., 2015).

Therefore, movement ought to be considered as a primary source
of neuronal variance for many, if not all, animal models.

The following two sections of this article describe strategies
and case studies for accounting for movement-related neuronal
activity. However, we recognize that movement does not merely
“contaminate” sensory and cognitive signals, but may play essen-
tial roles in sensation and cognition. In the final section of this
article, we briefly describe some intrinsic couplings between sen-
sory, cognitive, and motor processes.

How to isolate sensory and cognitive frommovement-related
neuronal activity
The most important consideration in attributing neuronal activ-
ity to sensory, cognitive, or motor processes is the behavioral
task design. Figure 1A illustrates a common Go/NoGo sensory
detection task design (e.g., Ollerenshaw et al., 2012; Pinto et al.,
2013; Sachidhanandam et al., 2013; Martins and Froemke, 2015;
Yang et al., 2016; Rodenkirch et al., 2019; Banerjee et al., 2020;
McBurney-Lin et al., 2020). After a variable intertrial interval,
the subject is presented with a stimulus trial (stimulus present)
or catch trial (stimulus absent). Alternatively, for sensory dis-
crimination, the two trial types are a target stimulus trial (target
present) and distractor stimulus trial (target absent). In both
designs, immediately following stimulus onset, the mouse has a
specific response window in which to perform a motor action
(Go) to report target stimulus detection. When recording from
early sensory areas (e.g., primary sensory cortex), it has been com-
mon practice to interpret the activity within the early post-stimu-
lus window (e.g., first 100 or 200ms) as sensory-related. However,
at least for simple detection tasks, this “sensory” window may also
contain the earliest response times, with mean response times for
salient stimuli approaching 200ms (Ollerenshaw et al., 2012;
Sachidhanandam et al., 2013; Yang et al., 2016; Steinmetz et al.,
2019; Aruljothi et al., 2020; McBurney-Lin et al., 2020). Therefore,
this “early post-stimulus” window includes not only sensory proc-
essing, but a multitude of processes, including decision formation,
motor planning, motor initiation, movement, reward expectation,
and reinforcement signaling (Fig. 1A). Given the widespread
movement-related signals throughout the mouse brain (see
above), this task design is insufficient for isolating sensory process-
ing. In other words, even when recording in early sensory areas,
interpreting this window as “sensory” may misattribute neuronal
activity that relates to other processes. Identical concerns apply
when attempting to attribute choice-related signals in this Go/
NoGo task design.

Two partial solutions to the problem are presented in Figure
1B, C. The first partial solution (Fig. 1B) is to include a delay
between stimulus onset and the earliest allowable response
window (Sachidhanandam et al., 2016; Aruljothi et al., 2020;
Esmaeili et al., 2021). The addition of this delay makes it possible
to dissociate early sensory and choice processing from task-
instructed movements and reinforcement signals. A related prac-
tice, applied post hoc, is to exclude the trials with early response
times from analyses of sensory and choice processing (Kwon et
al., 2016; Yang et al., 2016). However, neither approach elimi-
nates the confound of potential task-uninstructed movements,
including postural movements in preparation for executing the
Go response. For example, Zareian et al. (2021) included a short
(200ms) delay between stimulus onset and earliest allowable
response window. Nonetheless, overt movements were observ-
able by ;100ms after stimulus onset. Thus, in that task, neural
activity after 100ms is confounded by movement, despite the
inclusion of a 200ms delay. Uninstructed and preparatory
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movements during a post-stimulus, pre-response delay period
have been reported by others as well (Esmaeili et al., 2021).

The second partial solution is to use a 2-alternative forced
choice (2AFC) design instead of a Go/NoGo design (Fig. 1C)
(Green and Swets, 1966; Miyashita and Feldman, 2013;
O’Connor et al., 2013; Guo et al., 2014; Li et al., 2016; Burgess et
al., 2017). With this design, subjects are instructed to initiate a
motor response regardless of sensory detection (e.g., lick left for
stimulus detection, lick right for no stimulus detection) and are
rewarded every correct trial. While 2AFC does not solve the
potential confound of uninstructed movements, this design likely
enables the experimenter to dissociate choice activity from non-
selective, instructed movements as well as from reward expecta-
tion and reinforcement signals. Steinmetz et al. (2019) recorded
brain-wide neuronal activity during a modified 2AFC task. This
task required mice to turn a wheel to the left or right on trials
with lateralized visual stimuli (away from the side of the stronger
stimulus) but withhold movement on trials without visual stim-
uli. This design allowed the experimenters to distinguish neuro-
nal activity related to nonselective movement (turning the wheel
in either direction vs no turning) and choice-related, direction-
specific movement (turning left vs turning right). Nonselective
movement-related activity was observed globally throughout the
brain. In contrast, choice-related signals were much more re-
stricted to subsets of neurons within specific brain regions. These
findings emphasize the need for caution when interpreting
“choice-related” signals in Go/NoGo tasks, as they may reflect
general, nonselective movement initiation rather than specific
action selection.

In all three task designs described above, motor planning is
likely to be initiated immediately following sensory processing
since the stimulus–response associations are constant through-
out training. Other task designs can better isolate sensory or cog-
nitive processes from motor planning, by requiring the motor
response to be contingent on specific sequences of stimuli. In se-
quential sensory discrimination tasks (LaMotte and Mountcastle,
1975) or delayed matching to sample tasks (Miller et al., 1996),

the motor response depends on a comparison of the first with
subsequent stimulus presentations. In Pro/Anti tasks (Everling
and Munoz, 2000; Duan et al., 2021), the rule for how to pair a
stimulus–response varies across trials. By cueing the rule before
presentation of a target stimulus, this task design can vary con-
text without altering the expected sensory and motor content.

While task design could mitigate the overlap of instructed
movements and sensory and cognitive processing, the potential
confound of uninstructed movements remains unresolved. For
this, movement monitoring is essential. For example, working
memory is commonly tested by cueing a target location, followed
by a 2-6 s delay during which the cue is absent, followed by a Go
signal which instructs the subject to make a movement toward
the remembered target location. In early studies of working
memory in nonhuman primates, it was uncertain whether sub-
jects were covertly remembering the target location (requiring a
persistent internal representation) or making overt postural
movements toward the target (which may or may not require
persistent internal representation). In response to this confound,
Funahashi et al. (1989) developed an oculomotor delayed-
response task, for which the experimenters used a scleral search
coil to precisely measure eye position. With eye position moni-
toring, the researchers were able to train their subjects to main-
tain fixation throughout the delay, thereby encouraging the use
of covert working memory instead of postural movements to
solve the task. However, more recent studies indicate that, during
delayed saccades, neck EMG responses correlate strongly with
upcoming eye movements (Corneil et al., 2008). On the one
hand, the prevalence of such uninstructed movements highlights
the need for rigorous movement monitoring beyond task-related
outputs (e.g., monitoring only whisker movements during
whisker-based tasks, or monitoring only eye movements during
visual tasks). On the other hand, the prevalence of uninstructed
movements suggests that overt movements may be intimately
linked with cognitive processes. An important topic of ongoing
and future research is to determine the extent to which these
uninstructed movements are part of the decision-making
process.

Figure 1. Behavioral task design and associated internal processes. A, Standard Go/NoGo task structure. After the intertrial interval, one of two trials are presented: stimulus present (stimu-
lus trial) or stimulus absent (catch trial). Within this design, stimulus presentation and response windows overlap. Beneath this combined stimulus–response window, we indicate some of the
internal processes likely to be deployed. Trial outcomes include response present (Go) and response absent (NoGo). Hit: Stimulus/Go; Miss: Stimulus/NoGo; False alarm (FA): Catch/Go; Correct
rejection (CR): Catch/NoGo. B, Same Go/NoGo trial structure as in A, but with the inclusion of a delay between stimulus and response windows. This affords a separation of sensory and deci-
sion-making processes during the stimulus window from the task-instructed motor processes and reinforcement signaling during the response window. C, 2AFC trial structure. The same trial
types are presented as in A and B, yet subjects are required to report both stimulus present and stimulus absent with different motor actions (e.g., Go Left, Go Right). This trial structure affords
a separation between choice encoding (deciding stimulus present vs absent) and generalized motor initiation. How the processes listed in A distribute across task epochs in B and C will depend
on the precise details of each task and should be considered for all task designs.
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Even with the most rigorous experimental design, neural ac-
tivity that resembles choice formation may still be related to
other processes. One way to determine whether a brain area cau-
sally influences choice is to perturb the neural activity in that
area and observe the perturbation’s influence on behavior. If per-
turbing a brain area influences the trial outcome, then that brain
area may putatively be involved in choice formation. Recent
studies have shown that optogenetic perturbations of primary
sensory areas and secondary motor areas, but not other areas of
dorsal cortex, influence the decision of the mouse (Guo et al.,
2014; Inagaki et al., 2019; Daie et al., 2021; Zatka-Haas et al.,
2021). If, however, the perturbation alters overt movement
regardless of the experimental paradigm, that brain area may
relate more directly to motor activation (Corbit et al., 2020;
Ruder et al., 2021) or contribute to both decision formation and
motor commands (Gold and Shadlen, 2000; Selen et al., 2012).
Interpretations of perturbation experiments require additional
considerations (e.g., Otchy et al., 2015; Li et al., 2019).
Nonetheless, they are indispensable for identifying neuronal ac-
tivity causally related to choice formation and motor processing.

Case studies in the importance of accounting for movement
Below, we review three studies in mice and rats in which careful
accounting for movement was essential for the proper attribution
of sensory and cognitive-related neuronal activity. These studies
highlight three different ways in which movement may compli-
cate the evaluation of sensory and cognitive-related signaling.
First, rodents may develop an unexpected behavioral strategy to,
presumably, reduce task difficulty and cognitive load; second,
rodents may use a combination of overt movement and covert
motor planning when preparing a choice response; third, move-
ment during decision formation may confound sensory, choice,
and reward signaling.

The first series of studies relate to an active sensing, whisker-
based spatial discrimination task in head-fixed mice (Fig. 2A)
(O’Connor et al., 2010a,b). In this task, on each trial, a pole was
presented adjacent to the mouse’s snout, at either an anterior or
posterior location. Both locations were accessible within the
mouse’s whisking range. In this Go/NoGo task design, the poste-
rior location was the target stimulus; anterior, the distractor.
O’Connor et al. (2010a) recorded neuronal activity in primary
somatosensory cortex during task performance. They observed
substantially more responsive neurons on hit (target, Go) com-
pared with correct rejection (distractor, NoGo) trials. A tempting
interpretation of these data would be that distractor touch signals
were attenuated or filtered out along the ascending sensory path-
way before reaching primary somatosensory cortex. However, by
high-speed video monitoring of the whiskers, they demonstrated
that mice adapted a clever behavioral strategy to solve this task.
Instead of sampling both locations equally, mice retracted their
whiskers to sample only the posterior/target location (O’Connor
et al., 2010b) (Fig. 2A). Because of this sampling strategy, there
were much fewer touch events on anterior/distractor trials. Thus,
by selective sampling, the mice converted a spatial discrimination
task into an object detection task. Accordingly, the authors rec-
ognized that the reduced responsiveness on anterior/distractor
trials was due, at least in part, to reduced sensory drive.

The second study involved freely moving rats in a 2AFC
memory-guided orienting task (Fig. 2B) (Erlich et al., 2011). Rats
were placed in a behavioral box consisting of a central nose port
to trigger stimulus delivery consisting of auditory clicks, and two
lateral nose ports to report high-frequency (left) or low-fre-
quency (right) stimulus content. The authors used a delay period
between stimulus presentation and a Go cue to measure response
preparatory signals in secondary motor cortex. Rats were trained
to remain in the central nose port throughout the delay period.

Figure 2. Examples of how movement may complicate the evaluation of sensory and cognitive processes. A, Schematic of the active sensing whisker-based spatial discrimination task of
O’Connor et al. (2010b). Mice were trained to discriminate posterior (left) from anterior (right) pole locations. Instead of sampling both locations equally, mice developed a strategy of only sam-
pling (pink shade) the posterior (Go) location. B, Schematic of the freely moving 2AFC memory-guided orienting task from Erlich et al. (2011). Rats were trained to report high and low stimulus
frequencies at left and right nose ports. During the delay period while still in the central nose port, rats slightly oriented toward the expected reward port, thus using a combination of covert
and overt strategies to remember the reward location. C, Top, Schematic of the category assignments before and after rule switch from Reinert et al. (2021). Before the rule switch, mice
learned to respond to stimuli according to stimulus feature 1 and ignore stimulus feature 2; after rule switch, mice learned to respond to stimuli according to stimulus feature 2 and ignore
stimulus feature 1. Bottom, Illustration of a hypothetical neuron’s response to each category on successful Go (green) and NoGo (red) trials, before (left) and after (right) rule switch. Because of
the Go/NoGo task design without a delay, neuronal activity following Go stimuli may reflect stimulus category representation and/or response-related movements.
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As described above (Funahashi et al., 1989), activities during the
delay period of memory-guided tasks have been commonly used
in primates to measure working memory and preparatory signals
in frontal cortex. And yet, a previous study in rats showed that
neuronal activity in frontal cortex is highly sensitive to subtle dif-
ferences in overt behavior (Euston and McNaughton, 2006). By
video monitoring, Erlich et al. (2011) demonstrated that rats did
not solely encode motor preparation internally, but also slightly
orientated their snouts toward the expected reward port (Fig.
2B). By accounting for this overt motor strategy, the authors
were able to attribute neural activity in secondary motor cortex
during the delay to a combination of head direction and prepara-
tory signaling. Using receiver operator characteristic analyses,
the authors demonstrated that head direction accounted for only
a small proportion of the preparatory signals recorded in second-
ary motor cortex. This suggests the combined use of both overt
and covert processes contributing to response preparation.
Whether the overt movements were necessary for performance
of the task (and for the signals observed in secondary motor cor-
tex) remains an open question.

The third study set out to explore representations of learned
categories in mouse PFC (Fig. 2C) (Reinert et al., 2021). The
authors monitored the activities of the same PFC neurons
throughout category learning, generalization, and rule switching.
Notably, rule switching required mice to categorize and general-
ize based on an orthogonal feature of the same stimulus set. The
task structure was Go/NoGo, without a post-stimulus delay. A
substantial percentage of PFC neurons were active following the
Go stimuli, before and after the rule switch (Fig. 2C). One possi-
ble interpretation of this finding is that these neurons repre-
sented the Go stimulus categories before and after the rule
switch. This would require a remapping of their inputs since half
of the previous Go/NoGo stimulus assignments were inverted af-
ter the rule switch. An alternative interpretation, however, is that
these PFC neurons stably represented the Go action (licking)
instead of the stimulus category. Due to a lack of a post-stimulus
delay, the sensory, choice, Go movement, and reward signals all
overlapped in the response window. To dissect the contributions
of category, choice, movement, and reward, the authors used a
linear regression model to determine the extent to which these
task features (variables) accounted for neuronal activity. Since
these variables were likely to be highly correlated in this task
design, the authors took the additional step of measuring each
variable’s unique contribution by shuffling the variable and
quantifying the loss in performance of the model. By this
method, the authors concluded that the PFC neurons were likely
representing a combination of category, choice, movement, and
reward (Reinert et al., 2021). Future studies, using tasks designed
to temporally dissociate these representations, are needed to test
their conclusions.

Computational modeling enabled the previous studies to
begin to disentangle behavioral and cognitive signals: the investi-
gators created predictive models of neural activity from behavior
and cognitive variables and found that models which included
cognitive variables outperformed behavior-only models. It is im-
portant to note that current methods of behavioral monitoring
and modeling are very likely to underestimate the neuronal cor-
relates of movement and motor planning. First, even the most
rigorous monitoring approaches do not sample all movements
and muscle activity. Second, experimenters can only infer the
onset of motor planning and the neuronal coordination of motor
sequences. Behavior-only models of neural activity will likely
continue to improve as behavioral tracking and computational

models improve (Hausmann et al., 2021). Therefore, future stud-
ies ideally should record as many behavioral features as possible
to create a “null”model, which relates neuronal activity to behav-
ioral representations in the absence of a goal-directed task
(Stringer et al., 2019). Creating this “null”model using neural ac-
tivity recorded before learning may additionally enable the study
of changes in neural representations of behavior by task demands
(e.g., Driscoll et al., 2017; Henschke et al., 2020).

Blurred lines between sensory, cognitive, and motor
processes
Above, we have discussed various strategies to aid proper attribu-
tion of neuronal activity. Different strategies are useful at differ-
ent stages of a project, from planning (behavioral task design)
and data gathering (movement monitoring) to data analyses
(modeling of the multiple potential factors driving neuronal ac-
tivity). These strategies ought to be considered regardless of the
brain region under study, given the brain-wide movement-
related signals observed in mice (Steinmetz et al., 2019; Stringer
et al., 2019). However, even with these strategies in place, is it
ever possible to fully dissociate the neuronal activities related to
motor, sensory, and cognitive processes? Below, we discuss why
confounds among these functions may not merely reflect experi-
mental limitation, but may be embedded within the sensory-
motor couplings of neuronal systems.

Consider you are recording from a primary sensory area (e.g.,
V1 or A1), a brain region that presumably does not have direct
roles in sending out motor commands. During a sensory discrimi-
nation task, would you be able to ascribe all activity in this region
to externally generated, task-related stimuli? Emphatically, no!
First, in addition to encoding sensory stimuli, primary sensory
cortices, like many other brain areas, also encode the sensory con-
sequences of self-generated movements, called “reafference” (Fee
et al., 1997; Crapse and Sommer, 2008; Russ et al., 2016). For
example, while walking, we generate sequences of foot contacts,
stepping sounds, and visual streaming. Reafference may be due to
spontaneous and uninstructed movements, instructed move-
ments, and/or reflexive movements triggered in response to task-
related stimuli. Second, sensory circuits in the brain also receive
internal copies of motor commands, referred to as “efference
copy” or “corollary discharge” (Sommer and Wurtz, 2002; Eliades
andWang, 2003; Poulet and Hedwig, 2006; Schneider et al., 2014).
Efference copy signals, presumably, help to discriminate between
self-generated (reafferent) and externally generated (afferent) sen-
sory inputs (Wurtz and Sommer, 2004; Crapse and Sommer,
2008; Sun and Goldberg, 2016; Straka et al., 2018). Sensory regions
receive additional cognitive signals pertaining to attention (Moran
and Desimone, 1985; Fries et al., 2001; McAdams and Reid, 2005;
Chalk et al., 2010), expectation (Summerfield et al., 2008; Vinken
et al., 2017), timing (Shuler and Bear, 2006; Namboodiri et al.,
2015), and arousal (Niell and Stryker, 2010; Fu et al., 2014; Vinck
et al., 2015). Thus, because of bottom-up inputs (afference, reaffer-
ence) and top-down inputs (efference copy, attention, expectation,
timing), neuronal activity even in primary sensory regions may
reflect combinations of externally generated sensory stimuli, self-
generated sensory stimuli, motor plans, and cognitive processes.
How movement-related and other contextual signals integrate
with afferent sensory signals to influence goal-directed behavior is
an active topic of current and future research (Parker et al., 2020).

Further complicating this analysis, primary sensory cortices
may perform both sensory and motor functions. This was dem-
onstrated elegantly in the mouse cortical whisker system, in
which primary somatosensory cortex was shown to drive whisker
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retraction directly (rather than indirectly through motor cortex)
(Matyas et al., 2010). Motor functions of sensory cortices may
facilitate sensorimotor coordination during active sensing, in this
case, possibly, quickly retracting following detection of an object.
However, it is currently unknown whether this direct sensory-
motor coupling is unique to the whisker somatosensory system,
unique to rodents, or a general feature of all sensory cortices.

Last, processes we consider as “cognitive” are not independent
from sensory and motor systems. One example is covert spatial
attention: the ability to shift one’s attention without physically re-
orienting toward the attended location. Cognitive psychology
studies demonstrated functional linkages between covert attention
and motor planning/execution (Rizzolatti et al., 1987; Hoffman
and Subramaniam, 1995; Deubel and Schneider, 1996). This led to
the premotor theory of attention (Rizzolatti et al., 1987), which
proposed that there is no supramodal attentional brain structure
distinct from sensory and motor circuits. Indeed, truly “covert”
attention may be illusory, as features of covert visual attention are
highly correlated with small, transient eye movements (microsac-
cades) toward the attended region (Lowet et al., 2018). Studies
spanning multiple decades, mainly in nonhuman primates, have
demonstrated how spatial attention, motor preparation, and
movement are different functions of the same neural structures
(Tanji and Evarts, 1976; Moore and Fallah, 2001; Moore et al.,
2003; Churchland et al., 2010; Mazer, 2011; Kaufman et al., 2014).
More broadly, perception, cognition, and action may be imple-
mented in a shared and distributed manner rather than subserved
each by distinguishable subsystems (Cisek and Kalaska, 2010).

Conclusion
Recent findings have demonstrated that movement-related sig-
nals are dominant and ubiquitous in the mouse brain. In light of
these new findings, we suspect that previous reports of sensory
and cognitive-related neuronal activity in rodents may have been
confounded by movement, leading to inaccurate conclusions
about the contributions of neuronal populations to behavior. We
conclude with four general strategies that we believe will help
curtail potential misattributions: (1) Behavioral task design.
When designing a task, consider all the processes that are likely
to be deployed within each task period, and not just the intended
focus of the study. (2) Movement monitoring. Given the preva-
lence of spontaneous and uninstructed movements, some of
which may be time-locked to the trial structure, monitoring
beyond task-related outputs is essential. (3) Causality testing.
Determining whether neuronal activity contributes to a specific
process, such as sensory encoding, choice formation, or working
memory, requires perturbation. (4) Movement first. When evalu-
ating our data or reviewing the work of others, consider the hy-
pothesis that all reported signals can be accounted for by
movement (including spontaneous, uninstructed, and instructed
movements, reafferent and efferent signals). Once this hypothesis
has been addressed, then consider alternative explanations.
Experimental limitations and biological realities may prevent us
from fully dissociating neuronal circuits and signals related to
sensory, motor, and cognitive processes. However, recognizing
and explicitly reporting potential confounds is a crucial step in
linking neurons to behavior.
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