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SUMMARY

Despite essentially symmetric structures in mammalian brains, the left and right hemispheres do not
contribute equally to certain cognitive functions. How both hemispheres interact to cause this asymmetry remains unclear. Here, we study this question in the anterior lateral motor cortex (ALM) of mice performing five
versions of a tactile-based decision-making task with a short-term memory (STM) component. Unilateral inhibition of ALM produces variable behavioral deficits across tasks, with the left, right, or both ALMs playing
critical roles in STM. Neural activity and its encoding capability are similar across hemispheres, despite that
only one hemisphere dominates in behavior. Inhibition of the dominant ALM disrupts encoding capability in
the non-dominant ALM, but not vice versa. Variable behavioral deficits are predicted by the influence on
contralateral activity across sessions, mice, and tasks. Together, these results reveal that the left and right
ALM interact asymmetrically, leading to their differential contributions to STM.
INTRODUCTION
The macrostructure of the two hemispheres in mammalian
brains appears to be nearly identical (Defelipe, 2011). However,
various brain functions are preferentially localized to one
hemisphere. For example, classical lesion studies identified the
Broca’s and Wernicke’s areas (the two centers for speech processing) typically in the left hemisphere (Bogen and Bogen,
1976; Dronkers et al., 2007). Research on split-brain patients
suggests that each hemisphere contributes differentially to
various cognitive and perceptual processes (Sperry, 1968;
Sperry et al., 1969). The left hemisphere is inferred to play a
larger role in verbal tasks, whereas the right hemisphere is
more dominant in nonverbal and spatial tasks (Borod et al.,
1992; Gazzaniga, 2000; Witelson and Pallie, 1973). Consistent
with this, studies revealed that the right parietal cortex played
a far more important role in spatial attention (Blumenfeld, 2002;
Heilman and Van Den Abell, 1980). Lateralization is not limited
to primates. Maternal mice have left hemisphere advantage in
processing ultrasonic sounds emitted by pups (Ehret, 1987),
and pup retrieval depends on the left but not the right auditory
cortex (Marlin et al., 2015). In rats, it is suggested that there is
a rightward bias of hippocampal functions in spatial memory
storage and retrieval (Klur et al., 2009). Thus, despite the
apparent symmetric appearance of mammalian brains, one
hemisphere can play functionally more important roles.
What causes certain sensory, motor, and cognitive functions
to be lateralized in one hemisphere? The biological basis of this

asymmetry remains elusive. Multiple factors including evolution, genetic traits, and the interplay between early-on sensory
experience (learning) and brain development are implied in lateralized brain functions (Michel et al., 2016; Sun and Walsh,
2006). Studies in humans reveal lateralized network activity
that is probed using fMRI, which uses blood flow to assess
brain activity (Nielsen et al., 2013; Pool et al., 2014; Price,
2010). However, few studies have probed the causal contribution of these activities to behavior. The mouse is a genetically
tractable organism, allowing area-specific perturbation at high
spatial and temporal resolution (Deisseroth, 2015; Luo et al.,
2018). We wish to take advantage of the genetic tools to probe
whether short-term memory (STM), a cognitive process that
bridges past sensory stimuli with future actions (Jonides
et al., 2008), can be lateralized in one hemisphere, and if so,
how the left and right hemispheres can interact to produce
this asymmetry.
STM plays a vital role in almost every cognitive process,
including working memory, decision making, and reasoning
(Baddeley and Hitch, 1974; Jonides et al., 2008). Neural correlates of STM (i.e., persistent activity) have been recorded from
multiple brain areas, including the prefrontal cortex, parietal
cortex, premotor cortex, motor cortex, thalamus, basal ganglia,
and cerebellum in multiple species including primates and rodents (Erlich et al., 2011; Esmaeili et al., 2021; Funahashi
et al., 1989; Fuster and Alexander, 1971; Gallero-Salas et al.,
2021; Gao et al., 2018; Gilad et al., 2018; Goard et al., 2016;
Guo et al., 2014b, 2017; Hanks et al., 2015; Inagaki et al.,
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2019; Kopec et al., 2015; Mayrhofer et al., 2019; Romo et al.,
1999; Tanji and Evarts, 1976; Wu et al., 2020). In a tactile-based
decision-making task, optogenetic inhibition targeted to the
delay period identified the anterior lateral motor cortex (ALM,
part of frontal cortex) as a crucial area for STM (Guo et al.,
2014b). A large fraction of ALM neurons exhibits persistent activity predicting future licking directions (Guo et al., 2014b; Li
et al., 2015). Thus, persistent activity during the delay period
also represents motor planning, a prospective form of STM
(Svoboda and Li, 2018). Persistent activity has a distributed nature involving a network of brain regions (Christophel et al.,
2017; Svoboda and Li, 2018). Persistent activity in ALM depends on thalamocortical reciprocal projections (Guo et al.,
2017), is specifically shaped by the cortico-basal ganglia-thalamo-cortical loop (Wang et al., 2021), and is disrupted by stimulation of the fastigial nucleus of cerebellum (Gao et al., 2018).
In addition to subcortical inputs, ALM also receive intense projections from the contralateral ALM. Persistent activity in ALM
resists brief optogenetic inhibition, and this robustness depends on the recovery signal from the contralateral ALM (Li
et al., 2016). A recent study further demonstrated that activity
in ALM can be vulnerable to perturbation if frontal networks
are not modular across hemispheres (Chen et al., 2021).
Thus, ALM is a cortical circuit hub for STM.
Here, we ask whether the left and right ALM contribute equally
to STM. And if the left and right ALM contribute asymmetrically to
STM, what is the underlying circuit mechanism? To answer these
questions, we developed five versions of the tactile-based decision-making task (known as ‘‘five tasks’’ hereafter) and discovered that the left and right ALM contributed differently to STM
in a task-dependent way, with either the left, right, or both
ALM playing crucial roles (i.e., being dominant). In contrast to
intuition, neural activity in the left and right ALM was similar, independent of the side that was playing a dominant role. By
combing electrophysiology with optogenetic inhibition, we
showed that the dominant ALM strongly regulated STM activity
in the non-dominant ALM, but not vice versa. This asymmetric
interaction predicted inhibition deficits across sessions, animals,
and tasks, suggesting that it is one important factor influencing
functional lateralization.

OPEN ACCESS

RESULTS
Differential contribution of the left and right ALM to STM
Mice performed a tactile-based decision-making task with a
STM component (Figures 1A, S1A–S1D) (Guo et al., 2014b;
Wang et al., 2021). During the sample epoch, mice discriminated the strength of the vibration using their whiskers (strong
stimulus, 1,838 /s peak velocity; weak stimulus, 408 /s). During the subsequent delay epoch (i.e., STM epoch), mice maintained the tactile experience in the brain and planned a directional licking. Following an auditory ‘‘go’’ cue, mice reported
the stimulus strength with directional licking (left or right).
Mice withheld licking during the sample and delay epoch,
and the rate of licking before the response cue was low
(Figures 1B and S1D). The correct response led to a reward
(4 mL milk, strong stimulus / right water spout, weak stimulus / left water spout, for the standard contingency; Figure 1C). Mice discriminated weak and strong stimuli with
high accuracy (performance 85.4% ± 0.6%, mean ± SEM;
Figure 1D).
To check whether the left and right ALM play different roles,
we performed optogenetic inhibition during the STM period.
Inhibition was achieved by activating parvalbumin (PV)
GABAergic interneurons in PV-ReaChR transgenic mice with
594-nm laser illumination (Li et al., 2019). Photoinhibition of the
left ALM significantly reduced task performance in lick-right trials
(defined according to whisker stimulation strength) and
increased performance in lick-left trials (t test, p < 0.001 for
both conditions; Figure 1D), producing an ipsilateral bias
consistent with previous findings (Guo et al., 2014b; Li et al.,
2015). Inhibition of the right ALM affected task performance little
in lick-right trials, while it produced a small but significant
reduction in lick-left trials (lick-right trial, 2.6% ± 2.9%, p =
0.70; lick-left trial, 11.5% ± 3.5%, p < 0.01; mean ± SEM, t
test; Figure 1D). Inhibition of the left ALM produced a much larger
behavioral deficit compared with the right ALM (combined deficit
in both trial types, left ALM versus right ALM, 88.1% ± 3.1% vs
11.4% ± 6.7%, p < 0.001; mean ± SEM, t test; Figure 1E; Method
details). Thus, the left ALM plays a much larger role in STM (i.e.,
the left ALM dominates).

Figure 1. Differential contribution of the left and right ALM to STM
(A) Task structure.
(B) Example behavioral session. Each dot represents a lick; red, left licks; blue, right licks. Right horizontal lines show trial outcomes. Shading denotes trials with
the left or right ALM inhibition.
(C) Schematic of the task under the standard contingency. Mice learn to associate the strong (weak) stimulus with licking the right (left) water spout.
(D) Optogenetic inhibition of the left but not right ALM during the delay epoch produces a large behavioral deficit. Each dot represents a session (59 sessions from
13 mice). Data points with at least 10 photoinhibition trials are shown. Data are represented as means ± SDs. *p < 0.05, **p < 0.01, ***p < 0.001, 2-tailed t test.
(E) Combined deficit to quantify the ipsilateral bias during the left or right ALM inhibition.
(F) Schematic of the task under the reversed contingency. Mice learn to associate the strong (weak) stimulus with licking left (right) water spout.
(G–H) Same format as in (D) and (E), but for the reversed contingency (73 sessions from 11 mice). Inhibition of the right but not left ALM produces a large behavioral
deficit.
(I) Schematic of the task with bilateral tactile input under the standard contingency. Relevant to (J) and (K).
(J–K) Same format as in (D) and (E) (16 sessions from 6 mice), but for task 3. Inhibition of the left but not right ALM produces a large behavioral deficit.
(L) Schematic of the task with bilateral tactile input under the reversed contingency. Relevant to (M) and (N).
(M and N) Same format as in (D) and (E) (18 sessions from 4 mice). Inhibition of the right but not left ALM produces a large behavioral deficit.
(O) Schematic of the task with symmetric sensory-motor associations. Stimulation of whiskers in the left (right) side is associated with licking the left (right) spout.
Relevant to (P) and (Q).
(P and Q) Same format as in (D) and (E) (22 sessions from 5 mice). Inhibition of the left and right ALM produces a more symmetric pattern of deficits.
See also Figures S1 and S2.
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To check whether the left hemisphere intrinsically dominates, we reversed the sensory-motor contingency (i.e.,
strong stimulus / left water spout, weak stimulus / right
water spout) in a different batch of mice (Figures 1F and
S1A–S1D). This strategy is commonly used to differentiate
the sensory and motor components of brain functions (Chereau et al., 2020; Guo et al., 2014b; Pho et al., 2018). Under
the reversed contingency, optogenetic inhibition of the right
ALM produced a much larger combined deficit (right ALM
versus left ALM, 70.2% ± 4.9% versus 21.5% ± 5.0%,
p < 0.001; mean ± SEM, t test; Method details; Figures 1G
and 1H), indicating that the right ALM dominates in the
reversed contingency. Notably, mice on average did not prefer licking one spout during the task, and the licking latency
was indistinguishable between lick-left and lick-right trials in
either contingency (Figures S1B and S1E). We further
confirmed that mice developed no bias throughout the early
to late training, based on weights extracted from PsyTrack
(Roy et al., 2021) (Figure S2). These results demonstrate that
the left and right ALM are differentially involved in STM.
Differential contribution of the left and right ALM to STM
with bilateral tactile inputs
Tactile information from whiskers on the right cheek is routed
to the somatosensory cortex in the left hemisphere (Diamond
et al., 2008). To check whether this could explain the phenomenon of dominance, we trained different batches of mice to
perform another two versions of the task, during which mice
received symmetric tactile stimulation (Figures 1I and 1L). Under the standard contingency (task 3), photoinhibition of the
left or right ALM produced a similar pattern of behavioral deficits as in task 1 (Figures 1J and 1K), with the inhibition of the
left ALM causing a much larger deficit (left ALM versus right
ALM, 66.5% ± 9.5% versus 23.4% ± 7.0%, p < 0.01; mean
± SEM, t test; Figure 1K). Similarly, under the reversed contingency (task 4), photoinhibition of the left or right ALM pro-
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Figure 2. Hypothesis to explain the differential behavioral deficits
(A) Summary of behavioral deficits caused by ALM
inhibition in different tasks. Dot size encodes for
the magnitude of behavioral deficit.
(B) In hypothesis 1, neurons in the dominant
hemisphere (left ALM for tasks 1 and 3 and right
ALM for tasks 2 and 4) have a higher encoding
ability of upcoming choice compared with neurons in the non-dominant hemisphere (right ALM
for tasks 1 and 3 and left ALM for tasks 2 and 4).
(C) In hypothesis 2, the dominant hemisphere has
a larger impact on the non-dominant hemisphere,
but not vice versa.

duced a similar pattern of deficits as
in task 2 (Figure 1M), with the inhibition
of the right ALM producing a much
larger deficit (right ALM versus left
ALM, 69.6% ± 6.5% versus 6.6% ±
9.1%, p < 0.001; mean ± SEM, t test;
Figure 1N). Thus, mice demonstrated
similar dominance, independent of whether tactile information
was unilateral or bilateral.
In tasks 1–4, the strength of stimuli is not equal in lick-left and
lick-right trials. We posited that making the sensory-motor association completely symmetric may render the left and right ALM
similarly involved in STM. To test this, we developed task 5, in
which a strong stimulation of the left (right) side of whiskers predicted water reward from the left (right) lickport (Figure 1O). Photoinhibition of the left ALM significantly reduced task performance in lick-right trials, while inhibition of the right ALM
significantly reduced task performance in lick-left trials (t test,
p < 0.001 for both conditions; Figure 1P). Inhibition of the left
ALM in lick-left trials and inhibition of the right ALM in lick-right
trials increased performance (not significant for the left ALM,
p = 0.04 for the right ALM; Figure 1P). Although the combined
deficit was still different between the left and right ALM, the difference was much smaller compared with previous four tasks
(differences in tasks 15: 76.7% ± 7.2%, 48.7% ± 6.5%,
43.2% ± 12.0%, 63.0% ± 11.8%, 23.7% ± 8.7%, mean ±
SEM; task 5 versus tasks 1–4, p < 0.001, p = 0.01, p = 0.1,
p = 0.003, bootstrap to count for variability across sessions
and animals; Figure 1Q).
Thus, by varying sensory-motor associations, we have
developed five versions of the tactile-based decision-making
task with a STM component (Figure 1). By using temporal-precise optogenetic inhibition, we provide evidence that the left
and right ALM play differential roles in STM in a contingency-dependent way, with the left ALM being dominant in
the standard contingency (tasks 1 and 3), the right ALM being
dominant in the reversed contingency (tasks 2 and 4), and
both the left and right ALM playing important roles in task 5
(Figure 2A). As photoinhibition of the non-dominant ALM
affected task performance little, we hypothesized that neurons in the non-dominant side may not encode trial-type
information (i.e., neurons in the left and right ALM had
different encoding capability; coding model; Figure 2B).
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Alternatively, the differential effects may result from the
distinct interaction patterns between the left and right ALM
(interaction model, Figure 2C).
Similar neural activity and encoding capability in the left
and right ALM
To test the coding model, we recorded 8,329 single units from
the left and right ALM across tasks 1–5. In contrast to our prediction, neurons in either the left or right ALM under either the
standard or reversed contingency differentiated trial types in
the sample, delay, and response epochs (Figures 3A and
S1F–S1N). There were similar fractions of selective neurons
in the left and right ALM across tasks (Figures S1J and
S1N). We further categorized neural activity profiles using hierarchical clustering (Finkelstein et al., 2021). There were
similar fractions of neurons within each cluster for the left
and right ALM across tasks (Figure S3). The selectivity,
defined as the difference in firing rate between the preferred
and non-preferred trials, ramped up in the sample and delay
epochs, similarly in the left and right ALM under either contingency (Figure 3B).
We then checked how well single ALM neurons encode choice
information. For each neuron, a balanced set of trials were
randomly selected with equal proportions of lick-left correct,
lick-left error, lick-right correct, and lick-right error trials. Delayepoch activity predicted upcoming choice (licking the left or right
spout) with variable accuracy (characterized by area under
receiver operating characteristic curve [AUC]; Figure 3C). The
distribution was overall similar for neurons in the left and right
ALM across tasks (Figures 3C and 3D). We further randomly
selected a pseudo-population of neurons and trained a support
vector machine (SVM) classifier with 10-fold cross-validation
(Wang et al., 2021). The accuracy of the classifier increased
with the number of randomly selected neurons, similarly between the left and right ALM across tasks (Figure 3E). We then
randomly selected 200 neurons to examine how the decoding
accuracy evolved with trial progression. Choice information
gradually increased from the sample to the delay epoch and
reached a peak at the beginning of the response epoch, similarly
for neurons in the left and right ALM (Figure 3F). Thus, neurons in
the left and right ALM have similar response pattern and encoding capability across tasks at both single-neuron and pseudopopulation levels.

Neural population dynamics in the left and right ALM
ALM population dynamics encodes upcoming choice in single
trials with high accuracy (Li et al., 2016). To check whether
population dynamics predicted upcoming choice consistently
across hemispheres, we performed simultaneous population
recordings bilaterally using NeuroPixel probes in tasks 3–5
(Figure 4A). We constructed a linear decoder by projecting
population activity along the coding direction (CD, the direction that maximally separated lick-left and lick-right population trajectories) and comparing trajectory endings with the
decision boundary (DB; Method details) (Li et al., 2016). Decoding using this dimensionality reduction technique revealed
that both hemispheres encoded upcoming choice consistently
in most of trials (dots in the upper right and lower left quadrants; Figures 4B and S4A). When both hemispheres agreed
in prediction, most of the trials were correct (filled dots in Figure 4B; see Figure S4C for predictions broken up in correct
left trials, error left trials, correct right trials, and error right trials). In error trials, the portion of consistent predictions was
significantly lower (task 3, p = 0.01, task 4, p = 0.01, task 5,
p < 0.0001; paired t test, Figure 4C). We further examined
conflict trials when both hemispheres disagreed, with only
one side predicted correctly, and found that both the left
and right ALM had a similar fraction of correct predictions
(Figure 4D). Thus, in single trials, ALM population activity predicted upcoming choice similarly across hemispheres, independent of which side dominated.
We further characterized co-fluctuations between pairs of
neurons (i.e., noise correlation, NC). NC can reflect shared input
as well as functional connectivity between pairs of neurons (Cohen and Kohn, 2011). Neurons in either the left or right ALM or
across hemispheres had higher NCs compared with shuffled trials (Figure 4E). The distribution of NCs was wider than that in
shuffled data (pooled data across sessions, Figure 4F). NC
was positively correlated with signal correlation (the Pearson
correlation of mean activity, Figure 4G). NCs within ALM and
across hemispheres was small (Figures 4H–4J). The NCs within
right-preferring neurons and left-preferring neurons were positive, while the NC between the two response groups of neurons
was negative or close to zero. The phenomenon of dominance
cannot be explained by the difference in mean NCs as the difference between the left and right hemispheres was not significant
(Figures 4H–4J).

Figure 3. Neurons in the left and right ALM have similar selectivity and encoding capability
(A) Peristimulus time histogram (PSTH) of example neurons from the left ALM (left column) and right ALM (right column) for 5 tasks. Top row, example leftpreferring neurons; bottom row, example right-preferring neurons. Spike raster is shown on the top of each panel. Red, lick-left trials; blue, lick-right trials. Time is
aligned to the sample start.
(B) Mean selectivity (the firing rate difference between the preferred and non-preferred trials) for delay-selective neurons. The left (light red) and right (light blue)
ALMs have a similar pattern of selectivity. Significance is determined by comparing the selectivity during the delay epoch using the t test (p = 0.45, 0.006, 0.48,
0.74, and 0.14 for tasks 1–5, respectively). Shading denotes SEM. There are 965, 435, 343, 323, and 338 selective neurons under tasks 1–5, respectively.
(C) Violin plot of the decoding accuracy of choice for single neurons (see Method details). The color scheme is the same as in (B).
(D) The cumulative density function (CDF) of decoding accuracy has a similar trend across hemispheres (p = 0.17, 0.02, 0.15, 0.91, and 0.28 for tasks 1–5,
respectively. p value is determined by 2-sample Kolmogorov-Smirnov test; same data as in C).
(E) The accuracy of choice decoding increases with the number of randomly selected neurons in tasks 1–5 (Method details). Black lines, trials shuffled. Shading
denotes SEM. p = 0.61, 0.46, 0.87, 0.87, and 0.86 for tasks 1–5, respectively (bootstrap, Method details).
(F) The accuracy of choice decoding evolves with trial progression. Step size, 50 ms. Window size, 100 ms. Two hundred neurons are randomly selected (Method
details). p = 0.68, 0.02, 0.06, 0.63, and 0.83 for tasks 1–5, respectively (bootstrap, Method details).
See also Figure S3.
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Figure 4. Neural correlation across hemispheres probed with simultaneous bilateral recordings
(A) Schematic of decoding using population activity on single trials. Neural trajectory is projected along the coding direction (CD) that is determined for each
hemisphere separately. A linear decoder is constructed by comparing trajectory endings with the decision boundary (Method details).
(B) CD projection values at the end of delay epoch in an example session (see Figure S4 for more example sessions). Blue circles, lick-right trials according to
whisker stimulation strength. Red circles, lick-left trials. Filled circles, correct trials; open circles, error trials.
(C) Portion of trials with same predictions based on CD projection values across hemispheres. The fraction of same predictions in correct trials is significantly
higher than in error trials. Each line represents a session (13, 13, and 11 sessions for tasks 3–5, respectively). Significance is determined using paired t test.
(D) Portion of trials with conflict predictions across hemispheres.
(E) Noise correlation of simultaneously recorded neurons in an example session. Right panel, trials shuffled.
(F) Distribution of noise correlations (data from all neural pairs are included). Dotted lines, trials shuffled. p value is determined by bootstrap.
(G) Noise correlation increases with signal correlation. Dashed line, linear fitting.
(H–J) Noise correlation within hemisphere or across hemispheres in tasks 3–5 (p > 0.05, bootstrap, for all response groups between 2 hemispheres). Data are
represented as means ± SDs.
See also Figure S4.

Differential effect of ALM inhibition on neural activity in
the contralateral hemisphere
To test the interaction model, we recorded neural activity from
both hemispheres with unilateral optogenetic inhibition (Figure 5). As CD projected activity predicted upcoming choice
with high accuracy (Figures 4B, 4C, and S4), we checked
how unilateral inhibition affected CD projected activity in the
contralateral hemisphere (Figures 5B and 5C). Inhibition

reduced the separation of neural trajectories in different sessions variably (Figure 5B). We defined the separation in the
last 200 ms of the delay period as residual separation. In tasks
1 and 3 (standard contingency), inhibition of the left ALM
caused a larger behavioral deficit, and accordingly resulted in
smaller residual separations compared with the right ALM inhibition (Figure 5C). In tasks 2 and 4 (reversed contingency), inhibition of the right ALM caused a larger behavioral deficit and a
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larger effect on contralateral activity (Figure 5C). In task 5, inhibition of the left and right ALM affected contralateral activity
similarly. Thus, inhibition of the dominant and non-dominant
ALM differentially affects STM activity in the contralateral
hemisphere.
We further checked how unilateral inhibition affected the coding capability of neural activity in the contralateral hemisphere.
We used the same decoder as in Figure 4 and calculated the decision boundary using control trials (Figure 6A). Neural activity in
either the left or right ALM predicted upcoming choices well during control, as manifested by the steep curves in Figures 6B and
6C. Unilateral inhibition of the dominant ALM (left ALM in tasks 1
and 3, right ALM in tasks 2 and 4, the left and right ALM in task 5)
strongly affected behavioral performance (Figure 1), and accordingly, this perturbation dramatically reduced the encoding capability in the contralateral hemisphere (see more flat curves in
Figures 6B and 6C, difference between control and perturbation
in Figure 6D, and schematic in Figure 6E). On the contrary, when
perturbation caused less behavioral effect, its effect on the coding capability was also smaller (Figures 6B and 6C). In task 5, the
mean difference from control was large in both hemispheres
(Figure 6D), consistent with the fact that inhibition of either hemisphere affected performance (Figures 1O–1Q). Despite this, the
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Figure 5. The dominant hemisphere is more
resistant to contralateral inhibition
(A) Schematic of neural trajectories projected
along CD. During contralateral inhibition, the
separation between lick-left and lick-right trials is
reduced.
(B) An example session from task 1 showing differential resistances to contralateral inhibition. Top
row, contralateral inhibition influences projections
along CD little; bottom row, trajectories collapse
during contralateral inhibition. Shading, SEM estimated using bootstrap. Dashed lines from the
control were superimposed for comparison.
(C) Residual separation during contralateral inhibition across tasks (normalized by the control
separation). Each dot denotes a session. p value
is determined using t test. The dominant hemisphere is more resistant to contralateral inhibition
and has a larger impact on the contralateral
hemisphere. For task 1, n = 4 mice for the left ALM
recording and n = 7 for the right ALM. For task 2,
n = 7 for both ALMs. For tasks 3–5, n = 4 for both
ALMs.
See also Figures S4 and S5.

right ALM exhibited a significantly larger
difference, consistent with the larger
behavioral deficit caused by the left
ALM inhibition (Figures 1O–1Q). These
results indicate that the left and right
ALM have distinct interactions across
tasks and support the interaction model
(Figure 2C).
We noticed that laser illumination
dramatically increased the activity of putative fast-spiking neurons and almost
completely silenced activity of putative pyramidal neurons
(Figures S4D–S4G). In the hemisphere that was not directly illuminated by the laser, activities of both putative fast-spiking and
pyramidal neurons were slightly reduced, which indicated that
laser light did not directly influence the contralateral hemisphere
(Figure S4E). Although inhibiting one hemisphere only slightly
reduced the mean activity of the contralateral hemisphere,
many neurons showed significantly increased or decreased activities (Figures S5A–S5C). The fraction of significantly modulated neurons was similar between the left and right ALM across
tasks 1–5 (Figure S5C). The amplitude of modulation followed a
similar relation with baseline activity in the left and right ALM
across tasks 1–5 (Figure S5D). These results indicate that the differential influence on the contralateral hemisphere cannot be
simply attributed to changes at the level of individual neurons.
Prediction of behavioral deficits based on ALM activity
following unilateral inhibition
Unilateral inhibition of ALM during the delay epoch impaired upcoming choice variably across five tasks (Figure 1). To understand this variability, we checked whether the magnitude of
behavioral deficits could be predicted based on how perturbation affected contralateral activity (Figure 7A). We classified
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sessions based on behavioral deficits into sessions with small
and large performance changes (Figure 7B). In sessions with
small performance change, inhibition affected neural trajectories
little, while in sessions with large performance change, trajectory
endings were evidently shifted compared with the control
(Figures 7C and 7D). We quantified the influence on contralateral
hemisphere by calculating the distance of the projection distribution between control and inhibition trials (see Method details). Influence on the contralateral hemisphere correlated well with
behavioral deficits in individual sessions and individual mice
(data pooled from tasks 1–5; Figures 7E and 7F). This evident
correlation also held when we performed the same analysis for
sessions and mice in individual tasks (Figure S6). When we
pooled data from individual animals for each task, the influence
on contralateral activity explained an even larger portion of performance change (Figure 7G). This analysis indicates that influences on contralateral hemisphere and behavior deficit were
coupled with each other (Figure 7H). Thus, even though the left
and right ALMs play differential contributions to STM, the variable behavioral deficits across sessions, animals, and tasks
can be predicted by the degree of perturbation on the contralateral hemisphere.

(Figures S7D and S7E). We then wondered whether movements
could predict neural activity along CD, the subspace of population activity that encoded upcoming choice. CD projected activity in high and low ME trials was similar in most sessions and
there was no significant correlation between ME and the projected activity across trials in individual sessions (Figures S7F
and S7G; 68% sessions had p > 0.05). Furthermore, ME only explained a small fraction of variations of CD-projected neural activity (78% sessions had R2 < 0.1). These results revealed that the
choice-encoding subspace during the delay epoch is largely independent of orofacial movements. Consistently, the choice-encoding and movement-encoding subspaces are near-orthogonal to one another in ALM (Inagaki et al., 2022), and ALM
shows sustained activity predicting upcoming licking even after
preparatory movements are accounted for (Esmaeili et al., 2021).
We also inspected ALM activity in quiet trials and found that
there was a robust increase of neural activity during STM even
in these quiet trials (Figure S7H). Thus, during STM, the orofacial
movements are largely independent of ALM activity, and the inhibition of ALM does not affect these movements, indicating that
the variable orofacial movements are not responsible for the variable behavioral deficits.

Relation between orofacial movements and ALM activity
Body movements account for a considerable fraction of variabilities in neural activity (Esmaeili et al., 2021; Gilad et al., 2018; Musall et al., 2019; Stringer et al., 2019). We wonder whether body
movements contribute to the variable behavioral deficits we
observed. To check this, we used two high-speed cameras to
capture the side and bottom views of orofacial movements during photoinhibition in a subset of mice performing task 1 (Method
details). The jaw, whisker pad, and nose of mice exhibited variable movements across trials (Figures S7A and S7B). We characterized these movements using motion energy (ME) that was
the absolute difference between consecutive video frames
(Mayrhofer et al., 2019; Musall et al., 2019; Stringer et al.,
2019). ME was variable across trials, with the mean ME of jaw
and whisker pad larger in lick-right trials (Figure S7C). To check
whether neural activities in ALM were causally related to movements, we unilaterally or bilaterally inhibited ALM during the
delay epoch. ME during inhibition remained at a similar level as
in the control, indicating that orofacial movements during the
delay epoch were largely independent of ALM activity

DISCUSSION
The left and right ALMs presumably play a similar role in untrained mice. However, their contribution to STM can be
adjusted to exhibit dominance in one side or to be equipotent
in both sides (Figure 1). This not only cautions us that small
task modifications can qualitatively affect the lateralization of
brain functions but also suggests that the investigation of cognitive functions should not only focus on one hemisphere. The
phenomenon of dominance may suggest that the non-dominant
ALM had less STM-related activity. In contrast to this assumption, neural activity in both hemispheres exhibit similar dynamics
and encoding capability, despite that one hemisphere only plays
a minimal role during STM (Figures 3 and 4). The difference between the dominant and non-dominant hemispheres lies in their
ability to influence the contralateral hemisphere (Figures 5 and 6).
The dominant hemisphere is more independent and has a
greater ability to gate the influence from the contralateral hemisphere, while the non-dominant hemisphere is more vulnerable
to the input from the contralateral hemisphere. In addition, the

Figure 6. Differential effect on the coding ability of choice by contralateral inhibition
(A) Schematic of choice decoding during contralateral inhibition. The decision boundary (DB) is determined from control trials (same as in Figure 4A). The DB is
further used to decode choices for trials with contralateral inhibition.
(B) The lick-right rate rises as distance to DB increases in control trials (top row), which means that the prediction accuracy improves with the increase in distance
to DB. With contralateral inhibition, the ability to decode upcoming choices is largely preserved in tasks 1 and 3, but not in tasks 2, 4, and 5 (bottom row).
Recordings were performed in the left ALM. Shading, SEM.
(C) Similar to (B), but for recordings in the right ALM. After contralateral inhibition, the steep trajectory is largely preserved in tasks 2 and 4, but not in tasks 1, 3,
and 5.
(D) Quantification of deviation in decoding curves between the control and inhibition conditions. Significance is determined by bootstrap (***p < 0.001). Data are
represented as means ± SEMs.
(E) Summary of the differential influence following contralateral inhibition. The dominant hemisphere (the left ALM in tasks 1 and 3; the right ALM in tasks 2 and 4) is
minimally influenced by contralateral inhibition of the non-dominant hemisphere, but not vice versa. Inhibition of the dominant hemisphere biases mice to lick
ipsilaterally, regardless of the distance of projected trajectory to DB (lick-left in tasks 1 and 3; lick-right in tasks 2 and 4). For task 5, inhibition of either hemisphere
destroys the coding ability in the contralateral hemisphere.
See also Figure S5.
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direction of coupling can be switched by changing sensory-motor contingency and tuned by the varying strength of the bilateral
sensory input (Figures 1, 5, and 6). Furthermore, variations
regarding the interaction pattern exist in different sessions, animals, and tasks. Remarkably, these distinct interactions across
hemispheres are highly correlated with behavioral deficits
caused by unilateral inhibition (Figure 7).
Possible origins of hemispheric dominance in different
tasks
The phenomenon of hemispheric dominance in our tasks does
not depend on whether sensory input is unilateral or bilateral
(Figure 1). Mice do not have a preference of licking of either water
spout (Figures S1 and S2). Multiple factors may contribute to the
functional lateralization.
As the dominant ALM is always contralateral to the choice
associated with the strong stimulus, this may reflect that mice
strategically pay more attention to the salient stimulus. Consistent with this, both the left and right ALM are important in a
task in which both whisker stimuli are equal in strength and presumably require similar attention (Figures 1O–1Q). However, the
salience of stimuli is unlikely to be the sole factor as one hemisphere can still dominate with similar sensory input. In an auditory frequency discrimination task in which the sound pressure
was fine-tuned to match response sensitivity, inhibition of the
right ALM produced a much smaller behavioral deficit (Inagaki
et al., 2018). We found similar results in task 5 (i.e., inhibition of
the left ALM produced a much larger behavioral deficit
compared with inhibition of the right ALM) (Figure 1P). These results may imply that there exists some intrinsic dominance, and
mice preferentially choose the left ALM to maintain STM.
The above factors (different stimulus intensities and the
possible intrinsic dominance) are the same within each task
and thus alone cannot explain within-task variations among
sessions and animals (Figure 7). The origin of these variations
remains largely elusive. The brain is organized in a highly
redundant network (Chen et al., 2021; Christophel et al.,
2017). Dysfunction of one brain area can be compensated by
other brain areas (Fridman et al., 2004; Frost et al., 2003; Li
et al., 2016; Liu and Rouiller, 1999). ALM interacts with multiple
sensory and motor areas (Esmaeili et al., 2021; Mayrhofer et al.,

2019). The difference in the level of redundancy and compensation within animals may contribute to variable deficits
following perturbation. In addition, differences in behavioral
strategy adopted by mice can affect the relative contribution
of frontal and posterior cortex to STM (Gallero-Salas et al.,
2021; Gilad et al., 2018). Involvement of the prefrontal cortex
for working memory storage can be shifted between the two
hemifields following a change in instructed saccade direction
(Brincat et al., 2021). Although the relative contribution of these
factors to functional lateralization remains unknown, the asymmetric interactions between the left and right ALM could
explain a large fraction of behavioral deficits, providing one
crucial factor underlying the hemispheric dominance (Figure 7).
Possible benefits of functional lateralization
The benefits of functional lateralization remain largely unknown
(Hartwigsen et al., 2021). It is thought that this organization can
improve efficiency, increase the brain capacity, and avoid conflicting decisions between the two hemispheres (Rogers et al.,
2004; Vallortigara, 2006; Vallortigara and Rogers, 2005).
Research in artificial intelligence (AI) has shown that properly assigning different importance to multiple relatively independent
networks can reduce catastrophic forgetting, an undesirable
property commonly observed in continual learning (Aljundi
et al., 2017; Rusu et al., 2016). The left and right hemispheres
can function independently, and at the same time, they can
also communicate with one another mainly through the corpus
callosum, which may be beneficial for learning multiple tasks.
Understanding functional lateralization may help design nextgeneration brain-inspired AI (Hartwigsen et al., 2021).
Relation to lateralization of other functions
Lateralization is not always fixed to one side of the brain. Humans typically develop hand usage preference (i.e., the preference for using the right or left hand for skillful movements).
Approximately 95% of the right-handed population and 70%
of the left-handed population have language ability dominant
in the left hemisphere (Corballis, 2003). The neural mechanism
of handedness is not completely understood and how handedness is developed is not yet clear (Nielsen et al., 2013; Pool
et al., 2014; Sun and Walsh, 2006). Multiple factors, including

Figure 7. Behavioral deficit is linearly correlated with influence on the contralateral hemisphere
(A) Schematic to show the strategy to correlate influence on contralateral hemisphere and performance change. Influence on contralateral hemisphere is
measured by the shift of neural trajectories along CD (Method details).
(B) Sessions with small (top row, 0.2 < delta performance < 0.1) or big (bottom row, 0.9 < delta performance < 0.6) performance change. Sessions were
selected from tasks 1–5.
(C) Distributions of CD projections in sessions with small (top row) or large (bottom row) performance change. Orange denotes trials with contralateral inhibition
(relative to the recording side). Difference of the distribution is quantified by d0 (Method details).
(D) Projections along CD in conditions with small (top row) or large (bottom row) performance change. The left schematic shows the small (top) or large (bottom)
influence on the contralateral hemisphere during inhibition. Shading, SEM. Orange shading, delay inhibition.
(E) Influence on the contralateral hemisphere is correlated with behavioral performance change for individual sessions (n = 124). Influence on the contralateral
hemisphere is quantified by the difference in the distribution along CD between control and inhibition trials (Method details). Triangle, lick-left trial; circle, lick-right
trial. Filled, left ALM inhibition; unfilled, right ALM inhibition.
(F) Similar to (E), but data are grouped for individual mice (n = 28).
(G) Similar to (E), but data are grouped for different tasks (n = 5).
(H) Left, schematic to illustrate the relation between influence on the contralateral hemisphere and behavioral deficit. Right, summary of behavioral deficit and
influence on the contralateral hemisphere across tasks (Method details). Tasks 1 and 3 (the left ALM dominance) are located in the third quadrant, and tasks 2 and
4 (the right ALM dominance) are located in the first quadrant. Thus, the more deviated from the center, the more asymmetry between the 2 hemispheres.
See also Figures S6 and S7.
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sensorimotor experience, are implied to contribute to the formation of lateralized brain functions (Michel et al., 2016; Sun
and Walsh, 2006). Consistent hand usage preference during infancy can predict advanced language skills in toddlers (Nelson
et al., 2014). Different organization of neural circuits enables
specialized functions that are preferentially localized in one
hemisphere. Our finding, that the left and right ALM contribute
to STM differently in tasks with different sensorimotor association, bears the same essence that one side of the hemisphere
plays a dominant role. Although it is not clear to which degree
our finding can be extended to understand the lateralization in
humans, sensorimotor experience may be an important factor
in the development of hemispheric difference.
Correlated activity does not necessarily contribute to
behavior
Neural activity exhibits a similar response pattern and has a
similar encoding power across hemispheres (Figure 3). In the
premotor cortex of monkeys, motor planning activity also shows
similar responses during an upcoming reach or grasp using
either the contralateral or ipsilateral arm (Cisek et al., 2003;
Michaels and Scherberger, 2018). In the motor cortex of monkeys, similar muscle-related activity is found present in either
hemisphere (Ames and Churchland, 2019; Heming et al.,
2019). These results suggest that similar information present in
either hemisphere may be a general phenomenon during STM
and movement in multiple species.
Similar neural dynamics across the left and right ALM may
suggest that both hemispheres play a similar role in STM.
However, inhibition of the dominant side disrupts selective information in the non-dominant side to induce a large behavioral
deficit, but not vice versa (Figures 1, 5, and 6). This demonstrates
that correlated activity, even in an area that is known to be critical
under certain contingencies, can play a minimal role under
different conditions. These results underscore the importance
of using temporal-specific perturbation methods to probe the
causal contribution of neural activity. Determining the functional
role of one brain area requires perturbation under different sensory-motor contingencies or even under different tasks.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mice
This study is based on data from 84 PV-IRES-Cre (JAX 008069) (Hippenmeyer et al., 2005) 3 R26-CAG-LSL-ReaChR-mCitrine (JAX
026294) (Li et al., 2019) transgenic mice (shorted as PV-ReaChR). There were 32, 22, 9, 7 and 14 mice trained in tasks 1–5 respectively
(age > P60, male). All experimental procedures were approved by the Institutional Animal Care and Use Committee at Tsinghua University, Beijing, China. Mice were housed with siblings to allow social interaction. A 12:12 reverse light: dark cycle was used and
behavioral tests were done during the dark phase.
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METHOD DETAILS
Behavior
The behavior training was modified from before (Guo et al., 2014a). A metal pole, attached to the shaft of a mirror galvanometer (with
the attached mirror removed, Jinhaichuang Inc), was presented near the right side of whiskers of mice (6 mm away from the base of
whiskers). A two-spout lickport was used to record licking events and deliver milk as reward. During each trial, the pole was controlled
by the galvanometer to vibrate with a sinusoidal profile at 10Hz, a frequency close to the frequency of natural whisking. The strength
of the stimulus was adjusted by changing the current input to the galvanometer (1838 /s peak velocity for the strong stimulus and
408 /s peak velocity for the weak stimulus). For the standard contingency (task1), mice were trained to lick right for the strong stimulus and lick left for the weak stimulus in order to obtain a reward. For the reversed contingency (task2), the association between the
stimulus and the licking side was reversed. The association between the stimulus and the licking side was the same between task 1
(task 2) and task 3 (task 4) except that simultaneous bilateral stimulation applied using two galvanometers in tasks 3 and 4. In task 5,
mice were trained to associate the stimulation of the left (right) side of whiskers with licking the left (right) water spout. During training,
the length of the delay epoch gradually increased from 0 s to 1 s. For the full task, the stimulus lasted for 1 s in the sample epoch which
was followed by the delay epoch (1 s). Then an auditory go cue (0.1 s) signaled mice to response within a 1 s window. Correct licking
during the response epoch resulted in a reward (4mL milk). Licking during the sample or delay epoch (early-lick trials) would cause a
timeout (1 s). Licking the incorrect lickport (error trials) or not licking within 1 s after the go cue (no response trials) would lead to no
reward. These early-lick and no response trials were excluded from analyses of performance and neural activity.
Each behavioral session lasted for 56 ± 15 min with 374 ± 95 trials (mean ± standard deviation). After each training session, the
mouse was supplied with additional 1.5–3 g food pellet (depending on the performance of the mouse on that day) to maintain a stable
body weight (>85% of the weight before training).
Surgery
All surgical procedures were carried out aseptically under 1.5–2% isoflurane anesthesia. Flunixin meglumine (Sichuan Dingjian Animal Medicine Co., Ltd) was injected subcutaneously (1.25 mg/kg) during and after the surgery for at least three days to reduce
inflammation.
Mice were prepared for electrophysiology and photostimulation with a head bar and a clear-skull cap (Guo et al., 2014b). The scalp
of the mouse was removed to expose the skull covering the dorsal cortex. After clearing the exposed cranium, a thin layer of cyanoacrylate adhesive (Krazy glue, Elmer’s Products Inc) was directly applied to the intact skull. A custom titanium bar was glued to the
skull (approximately over the cerebellum). Two holes were drilled over the cerebellum and two silver pins (made by soldering a thin
wire to a metal pin, Digi-Key Part Number, ED90488-ND) were inserted into the holes as the ground and reference pins during
electrophysiology. Dental acrylic (Lang Dental Jet Repair Acrylic; Part# 1223-clear) was applied to cement the head bar in place.
To increase light delivery efficiency through the skull, the dental acrylic was polished and covered by a thin layer of clear nail polish
(Electron Microscopy Sciences, Part# 72,180).
For extracellular recording in ALM, a small craniotomy (2 mm2 square) was made one day before the recording, to allow the electrode to penetrate through the dura. After craniotomy or recording, the exposed brain was covered by artificial dura and silica gel for
protection (Guo et al., 2014b).
Photoinhibition of ALM
PV-ReaChR transgenic mice were used for ALM photoinhibition (laser spot focused at bregma +2.5, lateral 1.5 mm). Inhibition by
activating parvalbumin (PV) interneurons achieved similar inhibition effects with stimulating GABAergic neurons in VGAT-ChR2EYFP mice (Li et al., 2019). Photoinhibition was deployed randomly on 25% of trials. To prevent mice from distinguishing photoinhibition trials from control trials by visual cues, an LED pulse train was delivered near the eyes of the mice (i.e. ‘masking flash’, 40 3 1ms
pulses at 10 Hz, Luxeon Star). The masking flash began 1s before the start of a trial and ended when the trial finished.
Orange light from a 594 nm laser (Obis LS, Coherent or Chang Chun optics) was controlled by an acoustic-optic modulator (AOM;
MTS110-A3-VIS, Quanta Tech; extinction ratio 1:2000). A mechanical shutter (Uniblitz LS6S2T0, Vincent Associates) was used to
block light completely for non-photoinhibition periods. A 2D scanning galvo system (GVS012, Thorlabs) was used to deliver light
to the left ALM or right ALM (AP 2.5, ML ±1.5 mm) through the clear-skull cap implant. The light transmission efficiency through
the intact skull is 50% (Guo et al., 2014b).
For unilateral inhibition, a laser with 40-Hz sinusoidal temporal profile (mean laser power, 1.5 mW) was randomly directed to the left
or right ALM during the sample or delay epoch. The clear skull preparation had a light transmission efficiency about 50% (Guo et al.,
2014b). The protocol could achieve robust inhibition with 90% of spikes silenced in a cortical area of a 1 mm radius (at half-max)
through all cortical layers (Li et al., 2019). The laser power was linearly ramped down for 100 ms to minimize the rebound excitation
after photoinhibition (Guo et al., 2014b).
Extracellular electrophysiology
All recordings were made from the left or right ALM from head-fixed behaving mice. Extracellular spikes were recorded by 64-channel
silicon probes (4 shank probes with 250 mm shank spacing and 25 mm site spacing, P-series, Cambridge NeuroTech) or 32-channel
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silicon probes (4 shank probes with 200 mm shank spacing and 100 mm linear site spacing, P/N A4x8-5mm-100-200–177,
NeuroNexus). The voltage signals were acquired by the OpenEphys acquisition system (each channel sampled at 25 kHz, http://
www.open-ephys.org) (Siegle et al., 2017). For simultaneous bilateral recordings, we advanced two NeuroPixels probes
(NeuroPixels 1.0) in the left and right ALM. The voltage signals were acquired through SpikeGLX.
There were typically 2–4 penetrations through each craniotomy. For 64-channel silicon probes with recording sites covering only
200mm in depth, there were typically 2 recording sessions in one penetration. Between sessions (lasting for 10 min), the probe
was driven at least 200 um deeper by a micromanipulator (Sutter Instrument). The tissue was allowed to settle for at least 5 min before
the recording started. During electrophysiology, the contralateral ALM was randomly inhibited in 25 or 33% of trials during the sample
or delay epochs. The inhibition protocol was the same as the one spot inhibition (40-Hz sinusoidal temporal profile, mean laser power
1.5 mW, 100 ms linear ramping down). For recordings using NeuroPixels probes, the recording sites covered layers 1–6 as the shank
with recording sites spanning about 10mm.
Videography
Orofacial movements were captured by two cameras (CM3-U3-13Y3M, FLIR) from the bottom and side of the animal head. Mice
were illuminated with infrared light (850 nm). The focal length of the equipped camera lens is 16mm (FA1601C, Chiopt). A filter
(BP850, AZURE) with infrared bandpass was used to block visible light including the orange light used in optogenetic inhibition experiments. The frame rate of the camera was set to 203Hz with 1ms exposure time. We manually selected 3 regions of interest (ROI) to
represent the movement of jaw, whisker pad and nose (results were not sensitive to exact positions, Figure S7). The motion energy for
each ROI was computed as the absolute difference between two consecutive images (Mayrhofer et al., 2019; Musall et al., 2019;
Stringer et al., 2019). To quantify the motion during unilateral or bilateral inhibition, inhibition trials were randomly interleaved with
25% probability. Bilateral inhibition was achieved by alternatively directing the laser spot, using a galvo mirror, to the left and right
ALMs. The alternating frequency is 200Hz and each ALM was illuminated for 5ms (including traveling time). The laser power was
adjusted according to the number of spots to reach an average power of 1.5mW. Trials with mean motion energy during the delay
epoch lower than a threshold were defined as quiet trials. The threshold was calculated as the pre-sample (1s) mean motion energy
minus 0.8 times standard deviation. These quiet trials with little movement in jaw, whisker pad and nose accounted for 3.9%, 9.7%
and 1.4% of all trials, respectively.
QUANTIFICATION AND STATISTICAL ANALYSIS
Behavioral data analysis
Behavior performance was calculated as the fraction of correct trials, excluding ‘lick early’ and ‘no response’ trials. ‘Lick early’ rate
was the fraction of trials in which mice licked before the response epoch. ‘No response rate’ was the fraction of trials in which mice did
not lick during the response period. We separately computed the performance for left and right trials. Behavioral effects of photoinhibition were quantified by comparing the performance during photoinhibition with control performance. To compare the inhibition
effects between the left and right ALM during the delay epoch, we defined the ‘combined deficit’, which was the summation of ipsilateral bias in lick-left and lick-right trials (i.e. performance increase in lick-left trials minus performance decrease in lick-right trials for
photoinhibition of the left ALM; performance increase in lick-right trials minus performance decrease in lick-left trials for the right
ALM). The significance of change in performance was determined using two-sided Student’s t-test. To compare the difference of
combined deficit due to the inhibition of the left or right ALM, we used bootstrap to determine the significance (10,000 random
sampling across different sessions). PsyTrack was used to measure possible bias and dependence on history (Roy et al., 2021). Early
and late training sessions were concatenated and fed into PsyTrack with default parameters.
Electrophysiology data analysis
For recordings using 64-channel or 32-channel silicon probes, the extracellular traces were band-filtered (300–6000 Hz). Events that
exceeded an amplitude threshold (4 standard deviations of the background) were sorted using JRclust (Jun et al., 2017). For recordings using NeuroPixels probes, we used Kilosort2 to perform clustering (Stringer et al., 2019). Before feeding the data into Kilosort2,
we first used CatGT (https://billkarsh.github.io/SpikeGLX/) to subtract the averaged value of the signals sampled at the same time to
reduce the common noise. Kilosort2 could give many candidate clusters (even up to thousands). We used the pipeline developed by
the Allen Institute for Brain Science (ephys_spike_sorting) to select high quality units: 1) removing repeated spikes in each cluster,
2) finding clusters that were likely to be noise, 3) calculating the properties of each cluster and 4) using the quality matrix to select
units. Selected units need to meet the following criteria: 1) they were annotated by Kilosort2 as ‘Single Unit’. 2) they were not annotated as a noise cluster, 3) the average firing rate was higher than 1 Hz, 4) the average amplitude of the waveform was higher than
100 mV, 5) the estimated time of appearance was higher than 0.8.
For recordings using 64-channel or 32-channel silicon probes, we isolated 3393 single-units from ALM across 97 behavior sessions in 16 mice. Units were distributed across layers but a large portion were recorded from layer 5 because units there typically
had higher firing rates and the recording in deeper layers seemed to be more stable (Figure S1F). Spike width was calculated as
the trough-to-peak interval in the mean spike waveform. The distribution of spike widths was bimodal (Figure S1); units with width
<0.4 ms were defined as putative fast-spiking (FS) neurons (298/3393) and units with width >0.6 ms as putative pyramidal neurons
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(PPy neurons, 2423/3393). The classification was previously verified by optogenetic tagging of GABAergic neurons (Guo et al.,
2014b). For recordings using NeuroPixels probes, we isolated 5796 single-units from 71 behavior sessions in 20 mice. Spikes
recorded by NeuroPixels probes were high-pass filtered, which would reduce the spike width. So neurons with a width <0.3 were
regarded as FS (1007/5796). Neurons with a width >0.3 and <0.6 were regarded as PPy (4789/4936). This classification criterion
was verified in Figure S4E. We focused our analyses on putative pyramidal neurons, though the main results were similar when all
neurons were included.
For task 1, we collected 1232/1678 PPy neurons in the left ALM across 42 behavior sessions in 9 mice. In the right ALM, we isolated
1373/1755 PPy neurons across 44 behavior sessions in 11 mice. To quantify the relationship between orofacial movements and neural activities in ALM, we further recorded 372/447 in the left ALM and 350/413 PPy neurons in the right ALM (n = 4 mice, 11 sessions;
Figure S7). For task 2, we isolated 658/900 PPy neurons in the left ALM (n = 7 mice, 29 sessions) and 722/961 PPy neurons in the right
ALM (n = 7 mice, 28 sessions). For task 3, we isolated 284/345 PPy neurons in the left ALM (n = 4 mice, 13 sessions) and 507/609 PPy
neurons in the right ALM (n = 4 mice, 13 sessions). For task 4, we isolated 300/356 PPy neurons in the left ALM (n = 4 mice, 13 sessions) and 438/513 PPy neurons in the right ALM (n = 4 mice, 14 sessions). For task 5, we isolated 409/513 PPy neurons in the left ALM
(n = 4 mice, 14 sessions) and 567/699 PPy neurons in the right ALM (n = 4 mice, 14 sessions). Neurons were tested for trial type differentiation capability during the sample, delay, or response epoch by comparing spike counts during lick-left and lick-right trials
(Mann-Whitney U test, p < 0.01). Neurons that significantly differentiated trial-types during any one of the trial epochs were deemed
as ‘‘selective’’ (4875/6490, 75.1% for PPy neurons; 816/1167, 69.9% for FS neurons). Neurons selective during the sample or delay
epoch were classified as having ‘‘preparatory activity’’. Neurons selective during the response epoch were classified as having ‘‘perimovement selectivity’’. Neurons selective during any of the three epochs were further classified into ‘left-preferring neurons’ if the
total spike counts during that epoch was higher in lick-left trials (or ‘right-preferring neurons’ if the total spike counts during that epoch
was higher in lick-right trials). Only correct trials were included to classify neurons.
Selectivity for each neuron was computed as the firing rate difference between the preferred trials and non-preferred trials (Figure 3B). Selectivity with 1 ms bin was smoothed using a 200 ms window. Bootstrapping was used to estimate the standard errors
of the mean selectivity.
For the peri-stimulus time histograms (PSTHs), correct and incorrect trials were included if not otherwise specified as photoinhibition changed neural activity irrespective of the response outcomes. Spikes were averaged using a 100 ms window. Bootstrapping
was used to estimate standard errors of the mean.
To compute the mean firing rate of a neuron, spikes in contra- and ipsi-trials were combined (correct and incorrect trials, units
with at least 6 perturbation trials). The Student’s t-test was used to determine whether the neuron significantly changed its mean
firing rate during perturbation relative to the control without perturbation (p < 0.05). To compare whether the portion of significantly
modulated neurons was different across the two hemispheres, we used the chi-squared test to determine the significance
(Figure S5C).
Hierarchical clustering
To categorize the response types of neuronal activities in the left and right ALM, we performed hierarchical clustering based on
MATLAB function pdist, linkage and cluster. The mean PSTH of each trial types (correct lick-left trials and correct lick-right trials)
were concatenated for each neuron, and neurons in the left ALM and right ALM for each task were combined during clustering.
We set the procedure to first give 150 candidate clusters. We then computed the pairwise correlations of mean PSTH of these clusters, and clusters with correlations higher than 0.75 were combined. The process was stopped until no pairwise correlations were
higher than 0.75. Only the sample and delay epochs (0–2 s) were included for clustering. In figure S3, only clusters accounting for
more than 1% of all neurons were shown. Bootstrap was used to determine the significance when comparing the difference about
the fraction of each cluster in the left and right ALM.
Population vector analysis
The coding direction (CD) is an n-dimensional vector in neural activity space that maximally distinguish lick-left and lick-right trials (Li
et al., 2016). For simultaneously recorded n neurons, we calculated the spike rates in lick-left and lick-right trials separately for each
!
!
neuron. Then, we obtained n-dimensional vectors SR t;right and SR t;left at each time point t (the dimension is n*1). The difference of the
!
!
!
 SR
. The coding direction CD was then
mean firing rate between lick-right and lick-left trials was defined as !
w = SR
t

t;right

t;left

t

calculated by dividing the !
w t by its own norm. For each session, we randomly selected half of trials to compute CD and projected
the remaining half of trials to the CD to obtain trajectories. Sessions with at least 10 simultaneously recorded neurons and at least 10
trials for each trial type during control and perturbation conditions were selected. The neural trajectories were smoothed with a
200 ms time window (10 ms step). Because the CD is stable during the late delay period (data not shown) (Li et al., 2016), we averaged
CD during the last 500ms of the delay epoch. The CD could explain a large portion of the averaged selectivity (70.3%, data not shown)
(Li et al., 2016).
To decode the choice based on trajectories along the CD, we defined the discrimination boundary (DB) that could maximally separate the left and right trajectories (Trajl and Trajr , averaged on the last 500 ms during the delay epoch for each trial).
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DB =

meanðTrajl Þ meanðTrajr Þ
+
s2l
s2r
1
s2l

+ s12
r

meanðTrajÞ represents averaged trajectory across left and right trials. s2 denotes the variance. For each session, we randomly
selected half of correct trials to calculate DB and used the remaining trials to decode the performance. Sessions with at least 10
simultaneously recorded neurons were included.
After being projected along CD, trajectory endings in each trial type formed a distribution (Figure 7B). Unilateral inhibition of ALM in
different tasks variably shifted the distribution in the contralateral hemisphere. To quantify the distance between the distribution during unilateral inhibition and during control, we calculated the d prime:
d0 =

jmeanðIÞ  meanðCÞj
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
varðIÞ + varðCÞ
2

I and C represent the distribution of CD projections (relative to the decision boundary) during unilateral inhibition and during control,
respectively. mean and var represent the average and the variance of the distribution, respectively. To quantify the degree of unilateral inhibition on contralateral activity, we defined the influence on the contralateral hemisphere (ICH) as:
Influence on contralateral hemisphere ðICHÞ =

jmeanðIÞj  jmeanðCÞj
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
varðIÞ + varðCÞ
2

To calculate ICH, the lick-left and lick-right trials were used separately (Figures 7E–7G). To quantify the overall effect about the ICH,
we combined the lick-left and lick-right trials in Figure 7H. Similar to the combined deficit, ICH was the summation of ipsilateral bias in
lick-left and lick-right trials (i.e. ICH increase in lick-left trials minus ICH decrease in lick-right trials for photoinhibition of the left ALM;
ICH increase in lick-right trials minus ICH decrease in lick-left trials for the right ALM).
Decoding of choice
The procedure to decode choice was the same as that in our previous work (Wang et al., 2021). To quantify the coding capability of
choice information of individual neurons, we first randomly selected n trials from each of the 4 trial types (lick-left correct, lick-left
error, lick-right correct and lick-right error trials, n = 10 for each trial type, neurons with less than 10 trials for each trial type were
not selected). We then calculated firing rates during the delay epoch for each selected trial. The coding of choice information was
determined by comparing firing rates between trials that mice licked left and trials that mice licked right (firing rates in n lick-left correct trials and n lick-right error trials vs firing rates in n lick-left error trials and n lick-right correct trials). To quantify the difference
between firing rates in selected groups of trials, we first drew the receiver operating characteristic curve (ROC), and then calculated
the area under the curve (AUC). If AUC was 0.5, it meant the fraction of false positive and false negative predictions were the same
and thus the neuron did not encode choice information. If AUC was close to 1, the neuron discriminated trials nearly perfectly. If AUC
was less than 0.5, we would subtract its value from 1 to get the final AUC. To get the standard deviation of AUC, we repeated the
above steps 200 times. We then averaged AUC values to obtain the coding capability of choice information for each neuron.
To quantify the coding capability of selected population of neurons, we trained a support vector machine (SVM) classifier (fitcecoc
function in MATLAB from Mathworks). Because the number of simultaneously recorded neurons were limited in a session, we constructed a pseudo-population for the SVM classifier in the following steps. 1) Neurons from different recording sessions were pooled
together. 2) A set of n neurons were randomly selected (the number of neurons was variable to obtain a relationship between decoding accuracy and number of neurons). 3) A set of m trials were randomly selected from each of the 4 trial types (lick-left correct, lickleft error, lick-right correct and lick-right error trials, m = 10 for each trial type, neurons with less than 10 trials for each trial type were
not selected). 4) The firing rate of each selected neuron was calculated for each trial type to form an n x 4m matrix. 5) An SVM algorithm was trained to classify different trials types (lick-left vs lick-right choice for decision information; lick-left vs lick-right trials for
sensory information). The classification accuracy was obtained through m-fold cross-validation. That is, the data was evenly divided
into m parts, and the model was trained with m-1 parts, and then the remaining part was used as testing dataset. This process was
repeated m times to obtain the averaged classification accuracy. 6) To get the corresponding standard deviation, steps 2–5 were
repeated 200 times. 7) To quantify the decoding accuracy as a function of the number of neurons, the number of selected neurons
was varied between 1 and 500 and steps 2–6 were repeated to get the decoding accuracy for each value of n. Since n = 200 yielded
good prediction, we used this fixed number of neurons to quantify the decoding accuracy at different time points along trial progression (step size, 50 ms; smoothing window, 100 ms; Figure 3F). To compare the encoding capability of neurons in the left and right
hemispheres, we used the null hypothesis that there were no difference between neurons in the left and right ALM. Bootstrapped
data (obtained from repeating steps 2–5) were used to estimate the p value to invalidate the null hypothesis. To compare the decoding accuracy of choice at different numbers of neurons (n = 1 to 300–500), we repeated steps 2–5 20 times as there were hundreds of
n and the results with increased number of repetitions were similar (Figure 3E). For choice decoding, the accuracy increased with time
during the delay epoch and we used the mean value for comparison (Figure 3F).
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NOISE CORRELATIONS
To obtain noise correlation of a pair of simultaneously recorded neurons, we first subtracted mean activity from their trial-to-trial activity and calculated the Pearson correlation.
covðui ; uj Þ
NCij = pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
varðui Þ  varðuj Þ
ui and uj represents the activity of the i-th and j-th neuron, respectively. Activity in lick-left and lick-right trials were concatenated to
form a one-dimensional vector (including the sample and delay epochs with bin size 100 ms). We tested that a smaller bin size of
50 ms yielded similar results. covðui ; uj Þ represents the covariance of ui and uj . For control, we shuffled the labels of these trials before
concatenating them to form the one-dimensional vector. Signal correlation was the Pearson correlation of the mean activity of these
neurons. To compare the noise correlation between different groups of neurons, we used bootstrap to account for variability in
different animals, sessions and trials.
Statistics
We sorted 9189 single-units from the left and right ALM (including units recorded during videography). The sample sizes are larger
than typically used size in the field (typically several hundred units per brain region). No statistical methods were used to determine
the sample size. We did not exclude any animals for data analysis. Control and photoinhibition trials were randomly interleaved in a
computer program. During spike sorting, experimenters cannot tell the trial type, so experimenters were blind to conditions. All comparisons using bootstrap are two-sided. See the above sessions on data analysis for details of statistics.
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Figure S1. Behavioral training and recording under the standard and reversed contingencies, Related to Figure 1.
A. Learning curves. Sessions are aligned to the final step of training (i.e. adding the delay epoch). Thin lines, individual mice (standard
contingency, n=11 mice; reversed contingency, n=22); thick lines, mean performance (for sessions with at least 4 mice). Only mice
trained in the same training rig were included. Mice performed well, reaching a low ‘no response rate’ and no ‘early licking rate’
(performance, 83.7±0.5%; no response rate <0.05, early licking rate <0.2; C, D).
B. Performance bias between lick-right and lick-left trials. Same mice as in A. There was no bias for lick-left or lick-right trials during
the training under either contingency (p>0.5, t-test).
C. No response rate. Same mice as in A.
D. Early licking rate. Same mice as in A.
E. Latency of first lick during the response epoch for lick-left trials (left), lick-right trials (middle) and overlay of the two trial types
(right). Bin size, 1 ms. Top, standard contingency; bottom, reversed contingency. There was no difference between the first lick
latency between lick-left and lick-right trials (p>0.26, bootstrap, STAR Methods).
F. Distribution of recording depth of single units (from tasks 1-5). Recording depth is inferred from the manipulator. Most neurons
are located between 400-900 um.
G. Single-unit classification in the left or right ALM. Putative fast-spiking interneurons and putative pyramidal neurons are separated
based on the bimodal distribution of spike widths (STAR Methods). Inset, mean spike waveform of each unit.
H. Normalized selectivity (to each neuron’s peak selectivity) of left-preferring neurons. White vertical bar, neurons with preparatory
activity only. Gray bar, neurons with both preparatory activity and peri-movement activity. Black bar, neurons with peri-movement
activity only.
I.

Same format as in H, but for right-preferring neurons.

J.

Fraction of selective neurons in different epochs. Selective neurons in each epoch were further split into left-preferring neurons
(magenta) and right-preferring neurons (cyan).

K-N, Same format as G-J, but for the reversed contingency.

Figure S2. PsyTrack analysis to quantify behavioral bias and history dependence, Related to Figure 1.
A. Weights extracted using PsyTrack. Each dotted line denotes a mouse, and the solid line is the average (15, 22, 9, 7 and 14 mice for
tasks 1-5, respectively). Trials are aligned to the introduction of the delay epoch. Mice gradually performed tasks based on whisker
stimulation (red line, lick-left stimulus; blue line, lick-right stimulus). The bias (yellow line) was close to zero throughout training.
B. Similar to A, but for weights of history (the previous trial). Trials are aligned to the introduction of the delay epoch. Some mice
exhibited dependence on the previous choice (purple line) during the early training, which was more obvious in C.
C. Same format as B, but trials are aligned to the first session.

Figure S3. Neuronal-response types in the left and right ALM are similar, Related to Figure 3.
A. Unsupervised hierarchical clustering of neurons recorded in tasks under the standard contingency (task 1 and 3). There are clusters
preferring lick-right trials (for example, clusters 1, 3 and 5), preferring lick-left trials (clusters 2 and 4). Neurons in clusters 7 and 8
do not discriminate trial types and ramp up or down during the sample and delay epochs. In error trials, the preference was changed
in some clusters (such as cluster 2-5), indicating that neurons in these clusters encode choice. Top, fraction of neurons for each
cluster in left and right ALM. The fractions were similar for each cluster. p-value was determined by bootstrapping to account for
variance across sessions and animals. Shading, SEM.
B. Same format as in A, but for neurons recorded under the reversed contingency (tasks 2 and 4). There are clusters preferring lickleft trials (clusters 1 and 3), lick-right trials (cluster 2, 4 and 5).
C. Same format as in A, but for neurons recorded in task 5.

Figure S4. Single-trial decoding of choice with population activity sampled with simultaneous bilateral recordings, and
electrophysiological characterization of unilateral inhibition, Related to Figure 4 and 5.
A. CD projection values at the end of delay epoch in example sessions for different tasks. A linear decoder is constructed by comparing
trajectory endings with the decision boundary. Neural trajectory is projected along the coding direction (CD) that is determined for
each hemisphere separately. The left and right ALM show consistent predictions on most of trials (dots in the upper right and bottom
left quadrants). Blue circles, lick-right trials according to whisker stimulation strength. Red circles, lick-left trials. Filled circles,
correct trials; open circles, error trials.
B. Distributions of CD projection values in correct and error trials. Red, lick-left trials. Blue, lick-right trials. In error trials, projection
values in lick-left trials and lick-right trials largely overlap.
C. Portion of trials with same or conflict predictions based on CD projection values across hemispheres for different trial types (correct
lick-left trials, error lick-left trials, correct lick-right trials and error lick-right trials). The fraction of same predictions in correct
trials is higher across trial types and tasks.
D. Six example neurons recorded during direct and contralateral inhibition. Neurons are selected from the left or right ALM. Spike
raster (top) and peri-stimulus time histogram (PSTH, bottom) are shown for each panel. Red, lick-left trials; blue, lick-right trials.
Time is aligned to the sample start.
E. Mean PSTH of putative fast spiking (top) and putative pyramidal (bottom) neurons during direct (left panel) and contralateral (right
panel) inhibition. Black, control. Orange, inhibition. Shading means SEM. Bin size, 1 ms. Smooth window, 2 ms.
F.

Significant activity change indicated by black lines during direct (left panel) or contralateral inhibition (right panel). Each row
represents a neuron. Significance is determined by comparing firing rates between control and perturbation trials (p<0.01, two sided
t-test, bin size 100 ms).

G. Fraction of neurons significantly modulated by photoinhibition at different time bins.

Figure S5. Unilateral inhibition of the left or right ALM similarly affects contralateral neural activity at single neuron level,
Related to Figure 6.
A. Example neurons in the left (neurons 1-2) and right (neurons 3-4) ALM. Top, control. Bottom, contralateral inhibition. Neuron in
tasks under the standard contingency (tasks 1 and 3) or the reversed contingency (tasks 2 and 4) are pooled together as the behavioral
deficit is similar.
B. Mean activity during control (black) and contralateral inhibition (orange) conditions. Shading, SEM.
C. Scatter plot of mean firing rates of individual neurons. There are similar fractions of neurons modulated across hemispheres in each
task (Task 1 and 3, left ALM vs right ALM, 258/707 vs 416/1119, p=0.77; task 2 and 4, left ALM vs right ALM, 383/957 vs
479/1158, p=0.53; task 5, left ALM vs right ALM, 172/409 vs 253/567, p=0.42; chi-squared test). Filled circles, activity
significantly changed by contralateral photoinhibition. Inset, fraction of significantly up-modulated and down-modulated neurons.
D. Relationship of firing rates in up-modulated and down-modulated neurons as a function of control activity. Dotted lines, relationship
from the left panel shown for comparison. Shading denotes SEM.

Figure S6. Behavioral deficit is linearly correlated with influence on the contralateral hemisphere in different tasks, Related to
Figure 7.
A. Left panel, influence on the contralateral hemisphere is correlated with behavioral performance change for individual sessions.
Influence on the contralateral hemisphere is quantified by the difference of the distribution along CD between control and inhibition
trials (STAR Methods). Triangle, lick-left trial; circle, lick-right trial. Filled, left ALM inhibition; unfilled, right ALM inhibition.
p-value and R-squared are shown on the top of each panel. Right panel, delta performance is correlated with the influence on the
contralateral hemisphere for individual mice.
B. Same format as in A, but for the reversed contingency (task 2 and 4).
C. Same format as in A, but for task 5.

Figure S7. Relationship between orofacial movements and ALM neural activity, Related to Figure 7.
A. Example frames from videos recording orofacial movements from the bottom (top) and the side (down) cameras. Rectangles
represent regions of interest (ROI) of the jaw, whisker pad and nose.
B. Example traces of motion energy (ME) from the three ROIs shown in A. Red, lick-left trials according to whisker stimulation
strength. Blue, lick-right trials. All trials selected are correct trials. ME in different trials are variable.
C. Violin plot of mean ME during the delay epoch. Correct lick-left (red) and lick-right (blue) trials were selected. P-value is
determined using Mann-Whitney U test. Data are from 55 sessions in 4 mice.
D. Example traces of ME for the jaw during inhibition of the left ALM (top), right ALM (middle) or bilateral ALM (down). Inhibition
during the delay epoch is randomly deployed in 25% of trials.
E. Mean ME of individual sessions during inhibition of the left or right ALM inhibition (left panel), and bilateral ALM (right panel).
Each line represents one session, and the bar denotes the mean value. P-value is determined by paired t-test.
F.

The relationship between ME and CD-projected neural activity in three example sessions. Each dot denotes one trial. The solid line
is the linear regression. The right panes for each session show CD-projected neural activity in low and high motion energy trials
(trials are split in half based on the motion energy to get low motion energy and high motion energy trials). In example sessions 1
and 2, there are almost no correlations between CD-projected activity and ME as manifested by the large P-values. In example 3,
the correlation is significant. For simplicity, CD-projected neural activity are shown for lick-right trials only (results are similar for
lick-left trials).

G. Distribution of P-values (left panel) and fitted R-squared values (right panel). Data for ME of the jaw, whisker pad and nose are
pooled together (30 ROIs from 10 sessions). Most P-values are greater than 0.05, indicating that CD-projections are poorly
correlated with ME. R-squared values are small, implying that CD-projected neural activity is poorly explained by ME in most
sessions.
H. Peri-stimulus time histogram (PSTH) of ALM activity in quiet (green) and all (black) trials. Quiet trials are selected based on jaw,
whisker pad and nose movements separately (STAR Methods). Solid line is the mean. Shading denotes SEM. Shown is activity of
the right-preferring neurons in lick-right trials where activity increase is robust. There is evident activity in quiet trials, and the
magnitude during the delay epoch is significantly larger than that in the pre-sample epoch (P<0.0001 for all 3 ROIs; Mann-Whitney
U test).

