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SUMMARY
Striatum and its predominant input, motor cortex, are responsible for the selection and performance of pur-
posivemovement, but how their interaction guides these processes is not understood. To establish its neural
and behavioral contributions, we bilaterally lesioned motor cortex and recorded striatal activity and reaching
performance daily, capturing the lesion’s direct ramifications within hours of the intervention. We observed
reaching impairment and an absence of striatal motoric activity following lesion of motor cortex, but not pa-
rietal cortex control lesions. Although some aspects of performance began to recover after 8–10 days, striatal
projection and interneuronal dynamics did not—eventually entering a non-motor encoding state that aligned
with persisting kinematic control deficits. Lesioned mice also exhibited a profound inability to switch motor
plans while locomoting, reminiscent of clinical freezing of gait (FOG). Our results demonstrate the necessity
of motor cortex in generating trained and untrained actions as well as striatal motoric dynamics.
INTRODUCTION

Even the simplest of actions, such as reaching or orienting, re-

quires the coordinated interaction of several brain regions. Pri-

mary motor cortex (M1) demonstrates complex dynamics1,2

and is widely thought to generate motor commands, although

the specific values encoded to support this function are un-

clear.3–9 Causal manipulations have provided additional insights

into its functional contribution. M1 stimulation induces actions of

varying complexity, consistent with a role in the generation of ac-

tion plans,5,10–12 while lesions and inactivation produce an array

of motor deficits.13–16 Temporally and anatomically precise pho-

toinactivation of M1 has been shown to prevent action initiation

in the upcoming or evolving movement.17,18 These effects are

specific to skilled motor actions while sparing more naturalistic

behaviors.18,19 This same targeted method has been used to

demonstrate the necessity of M1 for selecting between ac-

tions.20 However, recent lesion studies using ibotenic acid and

physical aspiration lesions found no effect on learned, non-

dexterous task performance in rats.21 In a similar study, inactiva-

tion of mouseM1 did not impair behavior after extensive learning

in a cued joystick-based forelimb reaching task.22 These studies

cast doubt on previous models of M1 function and have brought

into question the extent to which the rodent and primateM1 fulfill

fundamentally different computational needs.23
All rights are reserved, including those
Instead of M1 driving the generation of actions to be per-

formed, the basal ganglia has been suggested to be the seat

of selection and execution of actions.24 Electrical stimulation of

the caudate or inactivation of the substantia nigra elicits contra-

lateral saccades.25 In a groundbreaking study, it was shown that

several seconds of continuous optogenetic stimulation was suf-

ficient to induce or suppress locomotion, depending on the stria-

tal projection population being stimulated.26 Related work incor-

porating action value has demonstrated that stimulation can

induce the performance of one action over another. Selective

stimulation of either striatal projection pathway biased the selec-

tion of movements to a left or right reward port.27 Recently, a se-

ries of lesion studies found evidence suggesting that the dorsal

striatum may be responsible for the generation of skilled move-

ments.21,28 Notably, it was suggested that thalamic inputs, not

motor cortical inputs, support the basal ganglia in this function.

This stands in sharp contrast to other models in which M1 gen-

erates the motor command to be executed while the basal

ganglia modulates its kinematic performance29,30 via reentrant

projections to subcortical motor centers where cortical and

basal ganglia information converges.31 This interpretation of cor-

tico-basal ganglia function was originally based on the patholog-

ical hypo- or hyperkinesia that defines disorders affecting the

basal ganglia, like Parkinson’s and Huntington’s diseases,32–34

and has empirical support. Selective stimulation of striatal
Neuron 112, 1–16, October 23, 2024 ª 2024 Elsevier Inc. 1
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C

B Figure 1. Task design and lesion quantifica-

tion

(A) Mice were trained to perform a basic uncued or

cued forelimb reaching task.

(B) Example bilateral M1 aspiration lesion,

0.25 mm anterior to bregma. Scale bar depicts

1 mm.

(C) Reconstruction of bilateral M1 lesions. Left:

coronal sections from a standard mouse brain

depicting the extent of the caudal forelimb area.

Numeric values depict distance from bregma in

mm. Right: extent and overlap of the lesions from

the 8 mice used in the basic uncued and cued

response tasks. Scale bar depicts 1 mm.
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projection populations,35 or elimination of basal ganglia

output,36,37 induces small kinematic changes rather than pro-

nounced action selection or initiation deficits. However, it may

be difficult to disentangle the motor contributions of M1 and its

major target, the dorsal striatum. The motor cortex projection

constitutes a major input to the striatum, with a wide array of

cell types coming from both superficial and deep layers of M1

sending monosynaptic projections to the striatum.38–41 Not sur-

prisingly, these areas also demonstrate coupled dynamics.

Phase-coupling between the areas occurs during both rewarded

and unrewarded actions, and the coherence of these dynamics

is correlated with action speed.42,43

Given this, a broader circuit approach may be beneficial to un-

derstand whether and how corticostriatal dynamics underlie

movement. We sought to identify the contribution of M1 to

both behavior and concurrent striatal dynamics. Cohorts of

mice were trained to perform either a self-paced or cued cen-

ter-out movement task. We recorded dorsal striatal and behav-

ioral dynamics in daily sessions, then bilaterally lesioned the

caudal forelimb area (CFA) of M1while continuing neurobehavio-

ral monitoring in the task—including on the day of lesion. Pairing

the immediate effects of causal lesions with correlative record-

ings provided the means to determine what information from

the complex cortical dynamics is conveyed through to striatum44

and how these areas fit into the broader orchestration of motor

control nodes.45 Unlike more targeted methods such as photo-

inactivation, lesioning affects all of the cell types and layers of

motor cortex that serve as inputs to the striatum,46 while also
2 Neuron 112, 1–16, October 23, 2024
revealing how compensatory supportive

processes arise over time.

Given this information, we sought

to understand the contribution of M1

to striatal and behavioral dynamics.

Following lesions of M1, mice were un-

able to perform either the self-paced or

cued movement tasks. However, many

aspects of behavior ‘‘recovered,’’ starting

around day 10 post lesion. The presence

of a go cue did not mitigate the effects

nor timing of recovery. Critically, move-

ment-related dynamics that are normally

prevalent in the spiny projection neurons

(SPNs) and fast-spiking interneurons

(FSIs) of the striatum were absent in the
days following the lesion in those movements that did occur.

Performance greatly improved by post-lesion day 10 and stria-

tal responses were observed; however, this activity was no

longer tied to kinematic dynamics and its presence lagged

behind the behavioral improvement. Comparably sized lesions

of the sensorimotor parietal cortex had no such effects. In light

of these results, we raised the question as to whether these ef-

fects were limited to learned skilled motor actions. To establish

the contribution of M1 to movement outside of a trained task,

we allowed mice to explore an unrewarded T-maze and

observed that while lesioned mice could locomote, the ability

to select a new motor state, e.g., switching from locomotion

to turning at the threshold of the T-maze hallways, was grossly

impaired.

RESULTS

To empirically assess theoretical models concerning the contri-

bution of M1 to both behavior and striatal dynamics, we bilater-

ally aspirated CFA of M1 in mice that had learned either a self-

paced or a cued movement task (Figure 1; Video S1). Lesions

provide an interventional state that extends across all task

epochs, as well as the ability to identify and dissociate the imme-

diate and compensatory effects of the intervention.47,48 It has

also been suggested that the results of transient manipulations

overstate the actual neural contributions.49 More importantly,

in addition to the well-known glutamatergic projections arising

from intratelencephalic and pyramidal tract neurons spanning
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different layers of the cortex, M1 also sends both somatostatin-

and parvalbumin-positive GABAergic projections to the dorsal

striatum.46 As such, cell-type-specific manipulations are incom-

plete interventions. Aspiration lesions of M1 have previously

been shown to induce the same effects as pharmacological

lesions (e.g., ibotenic acid).21 To preclude the inclusion of poten-

tial compensatory mechanisms surrounding the manipula-

tion,48,50–53 behavior and striatal activity were recorded 3.5 h af-

ter the animal had fully recovered54 from surgical anesthesia and

in once-a-day sessions every day following. As a control for the

general effects of lesion, a separate cohort received lesions of

approximately the same volume of tissue, bilaterally centered

in the posterior parietal cortex (PPC), the null results of which

are discussed later in the manuscript.

CFA is required for the performance of learned
movements
Mice either learned a center-out or cued task requiring displace-

ment of a joystick (a ‘‘reach’’) at least 0.9 cm in any direction us-

ing both arms (Figure 1A55). Throughout pre- and post-lesion

sessions, the forepaws typically remained on the joystick, grip-

ping the horizontal bar. After several weeks of training, animals

readily performed self-paced, uncued reaches with a consistent

inter-reach interval, amplitude, peak speed, trajectory, and dura-

tion (Figure 2). For concision, sessions were assigned to a 5-day

epoch relative to the day of lesion: Pre (1 to 5 days before lesion),

Post 1 (0–4 days after lesion), Post 2 (5–9 days after lesion), and

so forth.

In pre-lesion sessions, mice performed on average 9.0 ± 0.73

(mean ± SEM) rewarded reaches per minute over the first

20 min of each session. Following lesion of M1, however,

mice were mostly unable to perform the reaching task. In the

5 days following bilateral M1 lesions (Post 1), performance

was reduced to 0.23 ± 0.07 (mean ± SEM) rewarded reaches

per minute (Figure 2A). The ability to execute reaches improved

around days 8–10, but the trial rate did not recover to pre-

lesion levels within the nearly 3 weeks of post-lesion monitoring

(Figure 2A, Ps < 0.008, two-sample t test; all multiple compar-

isons are Bonferroni corrected unless noted otherwise).

Although aspects of this later recovery may be informative in

understanding compensatory mechanisms, we stress that the

assessment of lesion effect is most accurate in the days imme-

diately following the manipulation.

In the days following the lesion, those forelimb movements

that did occur were severely impaired. Given the relative inability

to execute movements of a sufficient amplitude to receive a

reward, we characterized the performance of any joystick move-

ment greater than 0.05 cm. The inter-reach interval for all de-

tectedmovements only returned to baseline in Post 4 (Figure 2B,

Pre vs. Post 1–3, Ps < 0.04, Pre vs. Post 4, uncorrected p = 0.48;

cumulative histograms show performance of individual reaches,

although all statistics reflect per-session averages). Of those

movements that did occur, most were quite small, with a median

amplitude of 0.22 cm across all movements in either Post 1 or

Post 2 epochs (for comparison, Figure 2C, Premedian amplitude

was 1.54 cm). Movements of such small amplitude accounted

for only 3.8% of the pre-lesion performance. Over successive

days, and commensurate with the jump in rewarded perfor-
mance around day 9, we observed the development of a bimodal

distribution consisting of the low-amplitude (under 0.5 cm), low-

speed movements characteristic of Post 1 and movements that

resembled more typical performance (Figures 2C and 2D; Video

S3). During Post 3 and Post 4, amplitude and peak speed

increased but did not return to pre-lesion levels (Figures 2C

and 2D, Pre vs. Post 3–4, amplitude Ps < 0.0005, peak speed

Ps < 0.0004). Reach trajectory was also affected. The ratio of

reach path length to reach amplitude, or tortuosity, was greatly

increased following lesion, with modest improvement over time

(Figure 2E, Pre vs. Post 1–4, Ps < 0.03). These behavioral deficits

were consistent across individual animals and days (see Fig-

ure S1 for individual animal data and statistics). However, not

all movement parameters were affected. Forelimb movements

observed immediately after the lesion demonstrated increased

duration, (Figure 2F, Pre vs. Post 1, p = 0.002) but recovered

quickly to pre-lesion values (Figure 2F, Pre vs. Post 2–4,

Ps > 0.30). A lack of correlation between duration andM1 activity

has been observed in other tasks.56

Along with kinematics, timing is a critical feature of move-

ment and one that has also been suggested to be a component

of M1 and striatal processing.57 To assess timing, a separate

cohort of animals were trained on a light-cued version of the

task (Figure 1B). The inclusion of a cue can also reveal differ-

ences due to endogenous vs. exogenous instruction to move.

The cued response task differed from the uncued task in that

a ‘‘go cue’’ light indicated the end of the ‘‘no-movement’’ in-

ter-trial interval, lasting between 5 and 10 s, chosen from a uni-

form distribution. Movements initiated before this cue were re-

corded, but not rewarded. Movements initiated in the final 20%

of the inter-trial interval resulted in a 5-s timeout, in which the

house lights turned on, and was followed by a new random in-

ter-trial interval. Although there was no maximum response

time cutoff, mice shaped their performance to maximize the

reward rate while avoiding the punishment periods that fol-

lowed early movements. As expected, experienced mice initi-

ated movements with a relatively low latency following the

cue (669 ± 766.75 ms, median ± IQR). Kinematics at baseline

were similar between versions of the task, although peak speed

was lower for animals performing the cued response task

(Figures 2D and 2J), presumably due to a speed accuracy

trade-off.58

The presence of a temporal cueing element did not affect the

loss of performance nor the progressive recovery after lesion-

ing M1. Just as in the basic version of the task, we observed

a profound deficit in motor performance and kinematics

(Figures 2I–2K, Pre vs. Post 1–4 amplitude Ps < 0.002; Post

1–4 peak speed Ps < 0.0016; Post 1–4 tortuosity Ps < 0.03).

Reach duration was again only minimally altered Post lesion.

Critically, response time deteriorated following M1 lesion (Fig-

ure 2H, Pre vs. post 1–3, Ps < 0.009). If a movement was to

be responsive to the cue, we would expect its initiation at least

within 2 s of go cue onset. Throughout Post 1, no responsive

movements were observed. However, as motor performance

began to recover after around 10 days post lesion, so too did

the response times (Figure 2H, Pre vs. Post 4, uncorrected

p = 0.92), indicating a role for M1 in motor performance and

the timing of movement execution (see Figure S2 for individual
Neuron 112, 1–16, October 23, 2024 3
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Figure 2. Without M1, task performance is substantially impaired but demonstrates incomplete recovery over time

Top row: basic reaching task. Bottom row: cued reach task.

(A andG) Rewarded reach rate (mean ± SEM) over the first 20min of each session. Sessions are aligned to the day of lesion, day 0.M1 lesion sessions are grouped

into 5-day epochs and compared with pre-lesion data using two-sample t tests corrected for multiple comparisons unless otherwise noted. Colors for Pre and

Post 1 through Post 4 are conserved across all subsequent figures.

(B) Cumulative histogram of inter-reach intervals.

(C–F and I–L) (C and I) Cumulative histograms of reach amplitude, (D and J) peak speed, (E and K) tortuosity, and (F and L) duration for all detected forelimb

movements. Dashed lines in (C) and (I) depict the amplitude threshold for reward (0.9 cm).

(H) Cumulative histogram of response times for the cued response-reaching task. All statistics (B–F, H–L) reflect session averages, not individual reaches.

Significant star colors reflect each post-lesion epoch compared with Pre, corrected for multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001.

(M) Randomly selected sample movement trajectories from a pre-lesion session and sessions from each post-lesion epoch. Dashed circle depicts reward

threshold (0.9 cm).

(N) Mean ± SEM of movement trajectory speed from a pre-lesion session and sessions from each post-lesion epoch.

(O) Reach trajectory variability throughout the evolution of the reach. At each point along the reach (0% to 100% of the normalized amplitude), the SEM of

deviation orthogonal to reach direction is shown, see STAR Methods for further details.

ll
Article

Please cite this article in press as: Nicholas and Yttri, Motor cortex is responsible for motoric dynamics in striatum and the execution of both skilled and
unskilled actions, Neuron (2024), https://doi.org/10.1016/j.neuron.2024.07.022
animal data and statistics). These results support the hypothe-

sis that the motor command to be performed is generated by or

conveyed through M1. Post-insult neuroplasticity mechanisms

may lead to the improvement of several aspects of perfor-

mance after some time, potentially as a result of adjacent
4 Neuron 112, 1–16, October 23, 2024
cortical areas taking on some of the lost function, as related

stroke studies suggest.48,53,59,60 Indeed, Kawai and colleagues

found no significant effect on task performance at 10 days after

lesioning the forelimb motor cortex in rats,21 although there

were no sessions nor assessment before this time point.
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Figure 3. Movement-related SPN activity is absent following bilateral M1 lesions

(A and B) Mean Z scored activity of putative SPNs from all sessions aligned to movement onset for (A) reaches > 0.9 cm and (B) reaches < 0.5 cm. Neurons are

sorted by their peak activity between �200 and 600 ms around movement onset. Y scale bar indicates 50 neurons. Neurons that did not respond during a

particular reach type are not plotted.

(C) Cumulative histogram depicting baseline firing rates for SPNs across epochs. Each post-lesion epoch is compared with Pre using a two-sample t test

corrected for multiple comparisons.

(D) Full distribution of amplitude modulation for all putative SPNs, broken down by post-lesion epoch. The amplitude modulation value for a given neuron is the

difference between the absolute mean activity during reaches > 0.9 cm and reaches < 0.5 cm. Only neurons that demonstrated activity during both types of

reaches were included.

(E) Comparison of mean amplitude modulation index and amplitude per session (mean ± SEM).
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Motor cortex is selectively responsible for reach-related
activity in the striatum
In light of these results, we next asked how movement-related

activity in the downstream striatum would be affected by the

loss of M1. It has been posited that the storage and generation

of learned actions does not require the cortex.21 In this case,

the removal of M1 should not affect striatal activity, particularly

responses related to joystick movement. In contrast, if striatal

activity only reflects the modulation of cortical inputs, move-

ment-related activity specifically should be absent following

M1 lesion. Thus, we recorded striatal activity before and imme-
diately after lesions of M1 during the same cued response task

sessions. Recordings targeted the dorsal striatum in an area

that has been shown to receive inputs from M1 and other brain

areas.35,61

With M1 intact, 82.0% of putative SPNs demonstrated signif-

icant changes in activity around the onset of reaches that ex-

ceeded the reward threshold (Figure 3A, Pre; activity quantified

in the period �200:600 ms relative to reach initiation, see Fig-

ure S4 for breakdown of SPN activity by reward outcome and

reach amplitude and Figures S7A and S7B for raw firing rate).

Modulation of activity in many neurons began prior to movement
Neuron 112, 1–16, October 23, 2024 5
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onset, consistent with previous observations in uncued reaching

studies.35,62 Following bilateral lesions of M1, this reach-related

striatal activity was greatly reduced. To determine the extent to

which reach responsivity was lost, we first determined the frac-

tion of Pre neurons that would be identified as significantly reach

modulated if only afforded the reduced suprathreshold reach

counts encountered in post-lesion sessions (see STAR Methods

for details on iterative subsampling approach). After subsam-

pling pre-lesion sessions to match the mean number of reaches

in a given post-lesion epoch, we found that the percent of post-

lesion neurons that demonstrated significant reach modulation

was greatly reduced and never returned (Figure 3A, Post 2, p =

0.007, Post 3 and 4: Ps < 1 3 10�6; chi-squared test, corrected

for multiple comparisons and reduced reach count, differences

between Post 2–4 fraction of modulated neurons and matched

subsampled pre-lesion: 9.55%, 30.55%, and 23.71%, respec-

tively; see STAR Methods for further details). Post 1 had an

average suprathreshold reach count of 3 and no significant dif-

ference could be resolved (Figure 3A, p = 0.11, chi-squared

test, corrected for multiple comparisons). These results indicate

that these dynamics are M1-dependent and not solely the direct

result of thalamic nor other cortical inputs. Throughout these

changes, the basal properties of neuronal activity were unaf-

fected. Baseline firing rates of SPNs remained constant (Fig-

ure 3C, Pre vs. Post 1–4, uncorrected Ps > 0.39, two-sample t

test) and Fano factor, ameasure of burstiness and firing rate vari-

ability, also did not change (Figure S3D, Pre vs. Post 1–4,

Ps > 0.07, two-sample t test, corrected for multiple compari-

sons). This consistency in firing properties following lesion was

previously observed28 and suggests that a different mechanism

governs baseline excitability. These results indicate that neither

M1 inputs nor repeated electrode penetrations had an effect

on baseline excitability, and this property is governed by

thalamic or cortical inputs other than M1.

We also found that the fraction of SPNs demonstrating signif-

icant responses for small reaches (<0.5 cm, in line with the

bimodal distribution of amplitudes observed post lesion, Fig-

ure 2I) increased in successive sessions. In pre-lesion sessions,

comparatively few neurons demonstrated responses during

small amplitude reaches compared with larger amplitude rea-

ches (Figures 3B and 3D), consistent with several previous

studies that observed positive correlations between the

magnitude of SPN responses and the vigor of movement.35,62,63

Beginning in Post 2, the presence of small-reach responses

significantly increased compared with pre-lesion distributions

(Figure 3B, Pre vs. Post 2–4 Ps < 0.001, Chi-square test, cor-

rected for multiple comparisons). The increase in small-reach re-

sponsivity coincides with the increased probability of performing

small reaches and greater variance in amplitudes noted previ-

ously (Figure 2I).

With reach responsivity increasing over time for both large and

small reaches (Figures 3A and 3B), we next determined whether

the scaling of striatal activity with reach amplitude was still

conserved. Across neurons recorded prior to lesion, we observed

this known relationship between firing rate and movement vigor.

Specifically, larger amplitude reaches elicited a greater response

than smaller reaches by an average margin of 1.28 standard devi-

ations, with a significant positive amplitudemodulation (Figure 3D,
6 Neuron 112, 1–16, October 23, 2024
p = 2.43 10�12, one-sided t test, see Figure S6 for example neu-

rons). However, lesioning eliminated this kinematic relationship

across all post-lesion epochs (Figure 3D, Post 1–4 Ps > 0.89,

one-sided t test). This lack of amplitude modulation stands in

contrast to the improvement inmean reach amplitude per session

(Figure 3E, Post 1–4, Ps > 0.64, one-sided t test, see Figure S6 for

individual-session effects). Thus, while some reach responsivity in

SPNs returned weeks after the lesion, the new compensatory

mechanisms that engaged the striatum did not demonstrate the

characteristic kinematic tuning observed in the intact brain.

Although FSIs represent a minority of striatal neurons, they are

predominantly concentrated in the dorsal sensorimotor striatum,

suggesting that they perform a critical role in motor function.64,65

Like SPNs, these neurons are innervated by the M1, thalamus,

and other cortical areas. FSIs are thought to play a broad regu-

latory role over SPN activity,66–69 although our understanding

of their contribution to in vivo, awake behaviors is limited.70

Recent studies have revealed that FSI activity encodes the vigor

of movement65 but also that the influence of FSIs may decline

with expertise in a learned task.71 To ascertain their role within

the joystick task, with and without M1 inputs, we examined

response profiles of FSIs in the same recording sessions.

Prior to lesion, 71.4% of putative FSIs demonstrated signifi-

cant reach responses for reaches that surpassed the reward

threshold (Figure 4A; see Figure S5 for breakdown of FSI activity

by reward outcome and reach amplitude and Figures S7C and

S7D for raw firing rate). This reach-related modulation in FSIs

was common, typically positive, and began only with the start

of the movement, as has been observed in other studies.67,72

Following lesion of M1, this reach-related activity in putative

FSIs was also greatly reduced and never returned. Again, using

subsampled reach trials, we found that significantly fewer post-

lesion neurons demonstrated reach responsivity (Figure 4A,

Post 2, p = 0.049, Post 3 and 4: Ps < 1 3 10�6; chi-squared

test, corrected for multiple comparisons. Post 1 was not signifi-

cantly different; differences between Post 2–4 fraction of modu-

lated neurons and matched subsampled pre-lesion: 14.54%,

35.19%, and 43.20%, respectively). For what reach responsivity

that was observed, it was nearly indistinguishable from chance

compared with that observed in a temporally scrambled null dis-

tribution. (Figure 4A, Post 1 = 21.2%, 99% CI [�6.83, 25.83],

Post 2 = 14.6%, 99% CI [�4.46 19.00], Post 3 = 21.0%, 99%

CI [�0.78 17.51], Post 4 = 17.1%, 99% CI [1.91 15.82]). This is

in contrast to the modest compensatory increase in SPN reach

responsivity and may reflect differences in connectivity patterns

and computational roles.72,73 In contrast to SPNs, FSI activity

during small forelimb movements did not change following

lesions of M1 (Figure 4B, Pre vs. Post 1–4, uncorrected

Ps > 0.11, Chi-square test), and together this may indicate that

FSI activity may be preferentially linked to goal-oriented move-

ments. However, like SPNs, we found no change in the baseline

firing rate nor the Fano factor of putative FSIs following lesion of

M1 (Figure 4C, Ps > 0.20, two-sample t test, corrected for multi-

ple comparisons, Figure S3D, Pre vs. Post 1–4, uncorrected

Ps > 0.12, two-sample t test). In the intact brain, FSIs also

demonstrated greater activity modulation in association with

large amplitude reaches comparedwith small amplitude reaches

(Figure 4D, mean amplitude modulation = 0.58 standard
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Figure 4. Movement-related FSI activity is absent following bilateral M1 lesions

(A and B) Mean Z scored activity of putative FSIs from all sessions aligned to movement onset for (A) reaches > 0.9 cm and (B) reaches < 0.5 cm. Neurons are

sorted by their peak activity between �200 and 600 ms around movement onset. Y scale bar indicates 30 neurons. Neurons that did not respond during the

particular reach type are not plotted.

(C) Cumulative histogram depicting baseline firing rates for FSIs across epochs. Each post-lesion epoch is compared with the Pre using a two-sample t test

corrected for multiple comparisons.

(D) Full distribution of amplitude modulation for all FSIs, broken down by post-lesion epoch. The amplitude modulation value for a given neuron is the difference

between the absolute mean activity during reaches > 0.9 cm and reaches < 0.5 cm. Only neurons that demonstrated activity during both types of reaches were

included.

(E) Comparison of mean amplitude modulation index and amplitude per session (mean ± SEM).
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deviations, p = 5.33 10�9, one-sided t test). As was observed in

SPNs, this pattern of amplitude modulation was lost following

M1 lesioning (Figure 4E, Post 1–4 Ps > 0.32, one-sample t test;

see Figure S6 for individual-session effects).

Representation of moment-by-moment reach dynamics
in the striatum is permanently lost following M1 lesion
Although the main result of this study is that M1 is critical to

learnedmotor performance and the striatal dynamics that support

those movements, these results also indicate that the striatal dy-

namics observed several days following lesion may reflect a new,
compensatory neuronal state rather than a return to pre-lesion dy-

namics. We therefore sought to assess what kinematic informa-

tion was available in striatal population activity before and

after bilateral M1 lesions. To this end, we built a feed-forward neu-

ral network that attempted to decode the moment-by-moment

joystick amplitude from the neural activity across the striatal pop-

ulation. For each decoding iteration, a random subset of 10 neu-

rons per session was selected (see STARMethods for further de-

tails and description of how the number of trials was equalized for

each epoch). Using the binned spike counts from each of the neu-

rons in the sample population, we were able to reliably predict
Neuron 112, 1–16, October 23, 2024 7
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Figure 5. The ability to decode joystick amplitude from striatal population activity is permanently lost following M1 lesions

(A) Example of real (gray) and predicted (dashed color) joystick amplitudes from pre- and post-lesion sessions. Examples are taken from model iterations at the

median of the performance distributions for each post-lesion epoch, having the following normalized MSE values: Pre: 0.018, Post 2: 0.036, Post 3: 0.025, and

Post 4: 0.035. Post 1 was excluded due to insufficient number of reaches meeting criteria (see STAR Methods).

(B) Distribution ofmodel performance acrossmultiple iterations. Reaches and neuronswere subsampled to allow comparisonwith Post 2. Each epochwas run 10

times through themodel with 10 randomly subsampled neurons for each iteration. This was repeated 50 times with randomly subsampled reaches to develop the

full distribution plotted. ***p < 0.001.

(C) Amplitude coefficient of dispersion per session relative to day of lesion (small dots). Larger dots depict post-lesion epoch means.
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joystick position in pre-lesion sessions (median normalized MSE

of 0.018, Figure 5B). Following bilateral lesions of M1, the ability

to decode joystick position was lost and was never regained,

despite the considerable improvements in task performance

observed by days 10–19. This pattern of effects was also

observed if 30 neurons were used (Figure S8).

To better understand why we were unable to resolve the

execution of a reach, we reassessed performance kinematics

in the later post-lesion sessions. We examined the trial-by-trial

behavioral distributions and discovered that the late-stage

increase in rewarded task performance (Figures 2A and 2G)

was accompanied by an increase in amplitude variability (Fig-

ure 5C, Pre vs. Post 3 or 4, p = 0.052 and 0.003, respectively,

two-sample t test, corrected for multiple comparisons). Thus,

the improved ability to perform rewarded reaches at this stage

in recovery does not reflect a return to baseline performance.

Mice were able to generate movements but without the kine-

matic control to accurately target movements to just above

amplitude reward threshold, as in pre-lesion performance.

Although this pattern of behavior may be the result of an alterna-

tive cognitive strategy to earn rewards, we cannot rule out that

the inability to control movement vigor may be due to the failure

of compensatory circuits to engage the striatum and its motor

control functions.29,36,74 Thus, without the striatum acting to

modulate the kinematic gain of the descending motor com-

mands arising from compensatory circuits, likely from the peri-

lesional cortex,48,53,59,75 lesioned mice may be unable to appro-

priately and effectively modulate the kinematics of their reaches.

Together with our single-unit activity and the changes in ampli-

tude modulation index, these results demonstrate that, in the

absence of M1, striatal activity alone is not sufficient to produce

intact goal-directed reaching.

PPC lesions do not affect reach performance nor striatal
representation
To more directly control for the possibility that cortical lesions

may produce wide-ranging effects, including inflammation and
8 Neuron 112, 1–16, October 23, 2024
functional deafferentation or diaschisis,76–78 we induced compa-

rably sized bilateral lesions centered in PPC. This intervention

also provides the opportunity to gain a greater understanding

of the broader motor control circuit. PPC is a sensorimotor

area that has also been shown to contribute to reaching move-

ments,79–81 but it is unclear how PPC activity supports the gen-

eration of these movements. To avoid perceptual confounds

owing to visual processing in PPC, the basic uncued version of

the task was used (Video S4).

In sharp contrast to behavior after M1 lesions, mice demon-

strated no performance deficits following PPC lesions (Video

S5). On the day of lesion, we observed no changes in trial perfor-

mance (Figures 6D and 6E, Pre vs. Post 1–4, trial rate and inter-

reach interval Ps > 0.5, two-sample t test, corrected for multiple

comparisons) nor reach kinematics (Figures 6F–6I, reach ampli-

tude, peak speed, duration, and tortuosity, Pre vs. Post 1–4,

Ps > 0.25, two-sample t test, corrected for multiple compari-

sons). Given the lack of effect of PPC lesions, particularly relative

to M1 lesions, mice receiving PPC lesions were only run for

7 days post lesion and only on the basic center-out task (see Fig-

ure S9 for individual animal data and statistics). After the day of

lesion, no subsequent changes in performance (Figures 6D and

6E, Ps > 0.18, two-sample t test, corrected for multiple compar-

isons) nor reach kinematics (Figures 6F–6I, Pre vs. Post 1–4,

Ps > 0.35, two-sample t test, corrected formultiple comparisons)

were observed. These results are comparable with other rodent

reaching tasks that found no behavioral deficits following PPC

insult.77

Despite a lack of discernible behavioral effects, striatal encod-

ing of movement may have been altered due to the loss of PPC

input or general insult to the brain. However, we found no

changes in reach-related responsivity in SPNs nor in FSIs

following bilateral lesions of PPC (Figure 6, day �3: �1 vs. day

0:2, Ps > 0.48 for all comparisons, chi-square test. We note

that thesemice performed the basic uncued task).We also found

that there was no change in the extent of amplitude modulation

found in SPNs (Figure 6M, day �3: �1 vs. day 0:2, p = 0.39,
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two-sample t test) nor FSIs (Figure 6Q, day �3: �1 vs. day 0:2,

p = 0.15, two-sample t test) following lesions of PPC. These

negative results indicate that the effects of the M1 lesion are un-

likely to be due to non-specific complications arising from the

procedure, even on the day of lesion. Additionally, while the

PPC likely plays a role in movement planning, particularly when

evidence accumulation is involved,79,82,83 it is not critical for

the generation of motor commands themselves nor their repre-

sentation in striatum. This control for generalized lesion effects

also provides an informative step toward understanding the

broader cortical control of movement and reinforces the role of

M1 in the generation of a motor command and its concomitant

activity in striatum.

M1 lesions impair untrained motor decisions in a
manner similar to FOG
In both versions of the reaching task, lesions toM1 prevented the

execution of the learned, skilled motor action. From these exper-

iments, however, we cannot determine whether these findings

also generalize to untrained movements and decisions. To

further understand the role of M1 in the selection and execution

of actions, we examined spontaneous movement of the same

M1-lesionedmice.Within 30min of recovery from lesion surgery,

mice could locomote and groom without obvious impairment

(Videos S6 and S9). However, we also observed profound

freezing behavior when external contexts necessitated updating

of their motor state (Videos S7 and S8). To quantify this initial

observation,M1-lesionedmicewere allowed to navigate through

a T-maze without any reward. Mice placed at base of the T-maze

will naturally begin to locomote, decelerating briefly upon ap-

proaching the junction while deciding in which direction to turn

(Video S6). We measured the amount of time mice spent along

the T-maze hallways in M1-lesioned or unoperated control ani-

mals (Figures 7B–7E). We partitioned the T-maze into 5-cm-

long divisions, numbered successively from 1 at the base to 10

at the intersection, with 11 through 13 extending in both direc-

tions away from the intersection (Figure 7B inset, image stills in

Figure 7A depict T partitions 9, 10, and the left and right 11).

Following M1 lesion, mice demonstrated extended locomotor

freezing as they arrived at the threshold of the crossing hallway,

amounting to tens of seconds fixed in place (lesion vs. unoper-
Figure 6. Bilateral parietal lesions do not affect the ability to reach, rea

(A) Randomly selected sample movement trajectories from a pre-lesion se

threshold (0.9 cm).

(B) Example bilateral PPC lesion (�2.10 mm relative to bregma). Scale bar depic

(C) Reconstruction of bilateral aspiration lesions centered on PPC. Left: coronal

values depict distance from bregma in mm. Right: the extent and overlap of the

(D) Rewarded reach rate (mean ± SEM) over the first 20min of each session. Sessio

2-day epochs and compared with pre-lesion data. Colors for Pre and Post epoc

(E–I) Cumulative histograms depicting distribution of reach performance metrics

(J and K) Average Z scored activity of putative SPNs from all sessions aligned to m

3 days following PPC lesions, starting on the day of the lesion. Same convention

(L) Full distribution of all putative SPN amplitudemodulation indexes. Only neurons

(M) Comparison of mean SPN amplitude modulation index and amplitude per se

(N and O) Average Z scored activity of putative FSIs from all sessions aligned to m

prior and 3 days following PPC lesions, starting on the day of the lesion. Same c

(P) Full distribution of all putative FSI amplitudemodulation indexes. Only neurons

(Q) Comparison of mean FSI amplitude modulation index and amplitude per ses
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ated control mice difference in occupancy time: position 9 =

68.89 s, p = 0.0014; position 10 = 24.18 s, p = 0.009, two-sample

t test). During this time, mice were frozen in mid-step rather than

stopped to rest or groom. Figure 7A provides an example. Even

though the video frames shown are 10 s apart, they almost

appear to be copies of the same mid-stride frame (see Video

S7). After some time, mice eventually proceeded down a

selected hallway. This effect occurred despite locomotor speed

being normal—e.g., there was no difference in occupancy time

as mice traversed though the other portions along the initial

hallway (difference in mean occupancy time across positions

1–8: 5.09 s; Ps > 0.11 for any individual division, two-sample t

test). Through subsequent sessions, we observed that freezing

lessened. By days 10–15 (Figure 7E, Post 3), lesion and control

animals that had experienced the same number of T-maze ses-

sions demonstrated comparable movement through the

T-maze. We observed qualitatively similar deficits when navi-

gating minor obstructions—e.g., a small block placed in the mid-

dle of the hallway (Video S8), which typically does not impede a

mouse. Intact locomotion has also been reported during bilateral

optogenetic inhibition of M1 in the mouse, where it was shown

that M1 is only required for the updating of motor commands

in response to a change in context when navigating a virtual

corridor.19 In both cases, the subject is capable of locomo-

tion—demonstrating that the deficit is not one of physical limita-

tion. A similar motoric set switching disorder, called freezing of

gait (FOG), is associated with several clinical conditions.84

DISCUSSION

To establish the functional contribution of motor cortex to the dy-

namics of striatal populations and behaviors, we monitored neu-

ral and behavioral activity on a daily basis, both before and after

lesioning the CFA of M1. In the days following the lesion, we

discovered that both SPN and FSI striatal neurons lost their

movement-related activity, even as the ability to successfully

perform the task slowly returned. In the neural activity that did re-

turn, we found that it did not encode movement vigor and could

not be used to predict movement trajectories. The inability to

execute motor decisions was observed in both self-paced and

cued trained actions, as well as in untrained behaviors when
ching kinematics, nor motor representations in the striatum

ssion (top) and the day of PPC (bottom). Dashed circle depicts reward

ts 1 mm.

sections from a standard mouse brain depicting the extent of PPC. Numeric

aspiration lesions from the four lesioned mice. Scale bar depicts 1 mm.

ns are aligned to the day of lesion, day 0. Post-lesion sessions are grouped into

hs are conserved across all Figure 6 panels.

. Dashed line in (F) depicts the amplitude threshold for reward (0.9 cm).

ovement onset for reaches (J) > 0.9 cm or (K) < 0.5 cm in the 3 days prior and

s as Figure 3. Y scale bar depicts 50 neurons.

that were recorded during reaches > 0.9 cm (J) and < 0.5 cm (K) were included.

ssion (mean ± SEM).

ovement onset for reaches > 0.9 cm (N) and reaches < 0.5 cm (O) in the 3 days

onventions as Figure 3. Y scale bar depicts 15 neurons.

that were recorded during reaches > 0.9 cm (N) and < 0.5 cm (O) were included.

sion (mean ± SEM).
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Figure 7. The loss ofM1 results in locomotor

freezing at the junction of T-maze hallways

(A) Video stills demonstrating freezing of gait at the

threshold of the T-maze hallway prior to continuing

to the chosen arm (Video S7).

(B–E) Time spent (mean ± SEM) along segments of

the central axis of the T-maze compared with un-

operated controls (gold) for Pre (B), Post 1 (C), Post

2 (D), and Post 3 (E) (two-sample t test, *Ps < 0.05,

for that segment). Inset in (B) depicts T positions,

each box depicts 5 cm.
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an updating of the selected context was required at the end of

the hallway in a T-maze. Finally, control lesions of parietal cortex

were unable to produce these behavioral and neural deficits,

indicating that our results are not the consequence of diaschisis

or other generalized lesion effects. These discoveries point to a

circuit computation in which M1 is necessary for determining

and generating the action command, with the striatum receiving

this motor command for further modulation—as suggested by

several models of corticostriatal function, including the history-

dependent gain model.29,31

Overall, our work aligns well with related studies of M1 lesions

across species and approaches.85–88 Despite the caveat that our

lesioning method affects fibers of passage, alternative methods

have yielded similar results. For instance, Guo and colleagues

utilized transient photoinactivation and also found that M1 was

necessary to generate the next motor command in a reach-to-

grasp task.18 Our work also bears a similarity to lesions of the

motor cortex in human and non-human primates (see Darling

et al.15 for a thorough review). There has been some question

of the functional homology of M1 between rodents and primates

due to their cytoarchitectural and behavioral repertoire differ-

ences.23 Though differences are clearly present, our results point

to a shared functional foundation: the flexible control of motor

behavior requires the contributions of M1.

Recently, a series of contrary studies reported that lesions of

rodent M1 have no effect on learned behavior or dorsal striatal

activity.21,28 A few informative observations can be made

regarding differences in approach when comparing our findings.

First, these studies did not analyze behavior until 10 days after

lesion. The result of an intervention is typically most accurate

shortly following the completion of the manipulation. With the

progression of time, the observed effects may change as behav-

ioral and physiological compensation take place. These later ef-

fects are more likely to reflect large-scale plasticity events rather

than the brain’s inherent dynamics. The state of the brain

following this compensation may be a poor match of the initial,

pre-manipulation state.89 Across species, both stroke and lesion

models have shown that considerable adaptation takes place

in the first few days post insult90–92—even in the absence of
rehabilitation.93 From an evolutionary

perspective, the nervous system is well-

motivated to recover motor function by

whatever means are necessary, as it is

critical to an animal’s survival. Gharbawie

andWhishaw specifically observed that in
M1-lesioned rats, performance in a reaching task achieved pre-

lesion levels at or around day 10.77 Indeed, the immediate effects

observed in Post 1 align with optogenetic inactivation results,

while at the +10 day post-lesion time points we observed that

behavioral and neural dynamics appear to be largely recovered.

In our results, it is only through deeper analysis of the trial-by-trial

kinematic and neural features that we observe that the recovered

brain and behavioral dynamics do not match pre-lesion values.

We also recognize an emerging appreciation of the degree to

which motor processes may change with excessive training.94

Although not explicitly stated, plots depicting over 25,000

training trials over as many as 60 sessions occurred in these

studies. An organismmay become a skilled ‘‘expert’’ in a task af-

ter considerable training, but further practice may shift the

execution of the action to a more crystalized state wherein the

flexibility of performance, often ascribed to motor cortex, is sup-

planted by automaticity.95 Hwang and colleagues found that op-

togenetic inactivation of M1 only produced behavioral deficits in

a skilled motor task for animals that may be relatively expert, but

not overtrained, in the task.22 They also observed that the con-

sistency of movement-related activity in M1 decreased with

expertise. For comparison, this ‘‘late learning’’ state described

animals with over 60 training sessions, while our mice were

trained 46.7 sessions on average, with potentially far fewer

total trials across these sessions. Together with the extensively

trained animals in the aforementioned studies,21,28 these results

provide strong support for the notion that M1 can progressively

disengage after prolonged practice of a skilled motor action.

Indeed, the pattern of results observed in the T-maze may reflect

this distinction for automatized behaviors. The ability to walk is

preserved and was only interfered with when the flexibility to

change motor state was required. Thus, M1 would instruct the

dedicated downstream brainstem and spinal circuits to execute

the action it selects.96

Finally, there are important differences between these behav-

iors. Although the forelimb is an important locus of movement in

the behaviors from all of the studiesmentioned above, the raising

and lowering of the torso plays amajor, if not predominant, role in

lever pressing. As such, lesions to the forelimb area of M1 may
Neuron 112, 1–16, October 23, 2024 11
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spare some of the full-body representations required for lever

press execution. Indeed, we found here that locomotion, which

utilizes muscles of the four limbs and torso, was still largely intact

following M1 lesion. Lever pressing is also not a dexterous task.

Although ourmice do grasp the joystick, their movements are not

dexterous in the traditional or clinical sense of requiring fine

manipulation of the digits or a particular coordinated pattern of

movement.97 Moreover, despite lesions to M1, mice appeared

to grasp the joystick without difficulty or clumsiness (Video S2).

If necessary, any grip would suffice to displace the joystick,

including an open-handed push or close-fisted punch. Most

importantly, M1 lesion deficits are not limited to the trained

task. Although the execution of walking itself was unaffected, an-

imals failed to switch motor state in the performance of this non-

dexterous, untrained, and unrewarded behavior of walking.

M1 is always required for skilled movements. More broadly,

these results suggest that the encoding of the selected action

plan occurs upstream of the striatum. If the neural representa-

tions and function of the striatum do not depend on input from

motor cortex, there should be no differences observed when ac-

tions are performed followingM1 lesions. Additionally, if the acti-

vation of striatal neurons selects the action to be performed, it is

difficult to hypothesize why no striatal activity accompanied rea-

ches that were performed in the week following the lesion.

Although prolonged activation of the striatum is sufficient to

induce contralateral or ipsilateral turning,26 M1-lesioned mice

exhibit profound difficulties in selecting to perform a turn, despite

having an intact striatum.

Our T-maze results following M1 lesion are consistent with a

clinical condition called FOG, affecting millions of people. FOG

is a motoric set switching disorder in which patients often report

that their decision to walk is blocked.84 The failure of motoric set

switching that characterizes FOG is encountered particularly

when attempting to turn, cross the threshold of a doorway, and

maneuver in other scenarios where a change of motor plan is

required.98 Although FOG is commonly observed in Parkinson’s

disease following the loss of dopaminergic inputs throughout the

brain, it is a hallmark of several neurophysiological disorders,

and recent clinical studies suggest that FOG may result from

M1 dysfunction that accompanies Parkinson’s disease.99,100

Critically, excitatory stimulation of M1 has been shown to be a

beneficial intervention.101 The T-maze hall junction provides

the environmental context that requires mice to make a motoric

decision, which left the animal unable to move, sometimes for

minutes. These results point to M1’s important role in executing

motor plans and its potential role in FOG.

Finally, the neurobehavioral trajectory of recovery may pro-

vide the most important insights. Peri-lesional cortex is known

to be instrumental in the recovery of function, taking on the

neural representations of the lost cortex in the days following

insult,48,53,59,75,90 while lesion-related changes in striatum

significantly lag.102 In our study, the ability to generate reaches

and turns was regained after only a short delay, around day 10

post lesion. This timing is consistent with the compensatory

role of the peri-lesional cortex taking over the role of M1 in

executing these actions. If peri-lesional areas of the cortex

have taken on the role of executing motor commands, it is

reasonable to expect that downstream striatal neurons would
12 Neuron 112, 1–16, October 23, 2024
exhibit the modest recovery of reach responsivity we observed

in Post 3 and Post 4. Additionally, the difference in activity re-

covery between SPNs and FSIs may be instructive. Compared

with SPNs, FSIs demonstrated little to no improvement in reach

responsivity despite robust pre-lesion responses in both popu-

lations. FSIs are less promiscuous in their range of corticostria-

tal inputs than SPNs.73 Some of the great diversity of SPN in-

puts from across cortical areas would now be driving reach

commands. However, even in later sessions, we observed

that kinematic control of reaches and kinematic encoding in

striatal neurons were absent. Without considerable synaptic

re-tuning, it is unlikely that the striatum would be capable of

properly assigning kinematic modulation to the new pattern of

innervation it receives. Indeed, considerable cortical axon

sprouting and synaptic plasticity is observed in the subsequent

weeks,102 and this may support the continued restoration of

behavioral performance. These results suggest a reappraisal

of recent studies and are indicative of the cortex being respon-

sible for the generation of the motor command to be per-

formed, while the striatum modulates the performance of that

action.
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Analysis software This paper https://doi.org/10.5281/zenodo.12812626

Other

Joystick behavior rig Belsey et al.55 https://github.com/YttriLab/Joystick
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Eric A. Yttri (eyttri@

andrew.cmu.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d All original code has been deposited at Zenodo and is publicly available as of the date of publication. The DOI is listed in the key

resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Adult C57Bl6 mice (The Jackson Laboratory, #000664) were used in these experiments, four for the basic reaching task (two fe-

males), four for the cued reaching task (two females) which both received bilateral M1 lesions. Four additional mice were trained

on the basic reaching task (one female) and received bilateral PPC lesions. Animals run on the cued response task were also

used for the T-maze task, andwere compared to a control group of five unlesioned adultmice (three females) that had also undergone

joystick training for an unrelated project. Mouse health and weight were monitored daily and water intake was controlled to 1-1.5 ml

water per day. Mice were pair-housed when possible and held in a temperature and humidity controlled room maintained on a

reversed 12 hour light/dark cycle. While sex was counterbalanced, no sex based differences were tested potentially limiting this

study’s generalizability. All experiments and procedures were approved by the Carnegie Mellon University Institutional Animal

Care and Use Committee.

METHOD DETAILS

Joystick tasks
Behavioral sessions occurred at the same time of day Pre and Post lesion. Sessions in the basic task normally lasted 30 minutes and

sessions in the cued joystick task normally lasted 40 minutes (session length based on average amount of time to get roughly 1 cc of

water). Following lesion, if an animal performed less than 15 reaches in 20 minutes the session was ended.

Mice were trained using the software and hardware as previously described.55 Training sessions occurred once per day after the

initial week of acclimation training, in which two sessions occurred. Mice were trained on one of two tasks; the basic, self-paced

reaching task and the cued joystick task. Both taskswere performed in a darkened chamber using a spring loaded, Hall effect joystick
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(Ruffy Controls, Miniature 2 axis hall effect joystick TS1-1-R-R-1-BK) mounted roughly 2 cm below the mouse’s eyes while head

fixed. The joysticks require 0.18 N for displacement. Hall effect joysticks use a single, central spring, and therefore applies a uniform

resistance in any direction. Movements greater than 0.9 cm in any direction - left, right, forwards, backwards - from joystick center

resulted in a reward when performed at the correct time in the task. Rewards were delivered via a lick port positioned directly in front

of the mouth. Behavioral data was recorded using an Arduino Mega, sampling joystick position at 16 Hz. Code for data collection,

reach detection, and offline analysis can be found at https://github.com/YttriLab/Joystick.

In the self-paced, basic reaching task, mice learned to displace a joystick past a threshold (0.9 cm) to gain a sweetened water

reward (0.3 mM acesulfame potassium) after a delay of 1 second, which was signaled by an audible click of the solenoid controlling

water flow. The reward was delayed to dissociate movement and reward-related activity. An inter-trial interval (ITI) of 3 seconds fol-

lowed reward delivery, during which no joystick movements would be rewarded, and typically no movements occurred during this

time. No cue was given to signal the end of this ITI.

The cued response, center out reaching task differed in that rewarded joystickmovementsmust follow the onset of awhite cue LED

positioned 1-2 cm in front of the mouse’s right eye. This task provides the opportunity to assess both the temporal component of the

performance and the effects of a cue. In a successful trial, moving the joystick past the threshold (0.9 cm) would immediately turn off

the cue light and result in a sweetened water reward after the same 1 second delay. After reward delivery, a random ITI was selected

from a uniform distribution of 5 to 10 seconds. During the last 20% of the ITI, any joystick movement with an amplitude exceeding the

reward threshold resulted in a timeout in which house lights would turn on for 5 seconds. Following this punishment timeout, the

house lights would turn off and a new random ITI was executed. Movements before this period were not punished and were consid-

ered as unrewarded. Response time was defined as the time between the cue light turning on and reach initiation. Response times

greater than 2000 ms were considered to be well beyond the delay with which an animal would respond to a cue. Response times

under 50 ms were rare, and were deemed to be preemptive rather than responsive. All reaches were included in our analyses except

when identified as "Responsive Reaches", e.g. Figure 2H. We observed no kinematic differences for reaches falling inside or outside

of this distinction.

While only reaches surpassing an amplitude 0.9 cmwere rewarded, reach amplitudes as small as 0.05 cmwere reliably detected in

offline analysis. All reaches above this 0.05 cmbaseline detected offline, rewarded and rewarded reaches, were used in these behav-

ioral analyses.

Upon the conclusion of M1 lesion data collection, we noted that the deficits incurred in the self-paced and cued reaching were

analogous. The inclusion of PPC lesions aimed to contrast the contribution of different cortical areas, and in particular, to control

for off-target effects of lesioning - such as diaschisis. Because of this objective, we opted for the uncued version of the task to remove

the confound of the mouse having altered visual perception after a lesion to this visuomotor area.

Experimental setup
One week after surgical implantation of a head fixation cap, mice were handled, acclimated to head fixation, and transitioned to a

controlled watering schedule. Mice were trained in the same behavioral training rig on either version of the task over the course of

5-7 weeks (44.9 ± 4.4 sessions, mean ± SEM) to get to expert performance as previously described.55 Mice that were to be recorded

from were then transitioned to an identical joystick rig with electrophysiological recording capabilities. After a week of acclimating to

the new behavioral rig, we performed a craniotomy centered over the left CFA - left striatum. Several hours later, the mouse per-

formed its first Pre session. After at least three Pre recording sessions, the mouse received bilateral aspiration lesions in the morning.

The mouse then performed the first session in Post 1 (roughly 4 hours later) on the same day. Mice in the basic uncued reach task

were not recorded from and continued to perform post lesion experimental sessions using the same joystick rig in which they trained

throughout the entire experiment. When possible mice were run for a total of 20 days post lesion. Of the four mice used for electro-

physiological recordings, the minimum number of sessions post lesion (including the day of the lesion) was 14 and the maximum

number of sessions was 19.

Surgical procedures
Before training, eachmouse was surgically implanted under aseptic conditions with a head fixation cap (https://github.com/YttriLab/

Joystick/blob/master/Mouse%20Shuttle%20Parts/Headcap. SLDPRT) while under isoflurane anesthesia (1.5-2.0%). The head fix-

ation cap was placed parallel to the skull leveled relative to bregma and lambda, with visual access to the bregmatic suture and

marked leison and recording coordinates maintained through a layer of clear dental cement. Mice were carefully monitored after sur-

gery and given carpofen (5 mg/kg) as a post-operative analgesic for two days.

To lesion the caudal forelimb area, mice were head fixed and anesthetized using isoflurane (1.5-2.0%) and the dental cement

above the CFA was cleared above the skull. A small bone flap was removed, spanning laterally from bregma 0.5 to 2.5 mm and ante-

riorly 1.5 to 1.5mm, revealing CFA as described in Tennant et al.104 The exposed cortical tissuewas removed using a 20 gauge Rosen

suction tube until tissue lightened in color, signaling the proximity to corpus callosum. This procedure was performed bilaterally. Con-

trol bilateral lesions to posterior parietal cortex were performed in the same manner as described above, centered on the following

coordinates: 2.2 to 3.12 mm lateral and -1.9 to -2.1 mm posterior relative to bregma. Surrounding tissue was removed to match the

M1 lesion volume.
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Unrewarded T-maze task
Mice that were run on the cued response joystick task participated in a simple, unrewarded T-maze task. This task provides a com-

plimentary assessment of non-dexterous, non-goal oriented behavior. A trial consisted of themouse being placed at the base of the T

(center hallway width: 8 cm, length: 50 cm, crossing hallway width: 8 cm, length: 35 cm) facing the T-junction. It was then allowed to

navigate freely. This was done five times per session, starting from the base of the T. Testing began the day before lesion and

continued for 15 sessions. Video was recorded from above at 30 fps. Mouse position was calculated offline using custom blob detec-

tion software written in MATLAB.

Electrophysiology data acquisition
To assay striatal activity, we acutely recorded dorsal striatal activity from at approximately 0.5 mm anterior, 1.8 mm lateral of

bregma using a 64-channel silicon electrode spanning 2.1 to 2.9 mm (2 shanks with 32 channels each, Cambridge Neurotech-

nology) or 2.45 to 2.85 mm (4 shanks with 16 channels each, Cambridge Neurotechnology) from the surface of the brain using

aseptic conditions (Figure S10). As discussed in the text, this area has been shown to receive dense projections from CFA and

rostral forelimb area of mouse M1, as well as other areas61; also see Extended Figure 1 of Yttri and Dudman35 for retrobead

targeted dorsal striatum results identifying projections from CFA. Signals were sampled at 25 kHz with a Whisper data acqui-

sition system (Neural Circuits, LLC) running SpikeGLX software (https://github.com/billkarsh/ SpikeGLX). Spiking activity was

then band-pass filtered (300 Hz-3 kHz) and sorted offline using open-source software (JRClust,103 https://github.com/

JaneliaSciComp/JRCLUST).

Histology
Following experimentation animals were euthanized and perfused with chilled 4% paraformaldehyde and then tissue was placed

in a 30% sucrose solution. The brain was then sectioned in 50 mm slices and stained with DAPI mounting media (Abcam,

ab104139). Histological verification of lesion location and extent was confirmed by outlining lesion boundaries with the use of

matched atlas section (Paxinos) and surgical notes. Lesion overlap maps from this information were generated using custom

software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Joystick kinematics analysis
Reach trajectories and kinematics were isolated and quantified as previously described.55 Normalized trajectory SEM was

determined by first rotating every reach such that its peak amplitude progressed along the X axis. We then warped the

X and Y dimensions of every reach by this peak amplitude value, such that the start of every reach began at the origin

(0,0) and the furthest extent was located at (1,0). Reaches with greater deviation from the central axis of the reach trajectory

would thus have greater Y values. This was done to better compare across reaching movements of considerably different

amplitudes. We then plotted the SEM of these Y values across multiple points along the outward reaching component

(X axis).

Striatal cell identification
Striatal cell identity was determined using a combination of waveform characteristics and spike timing similar to previous

studies.105,106 Each single unit was upsampled from 25 kHz to 250 kHz using spline fitting (MATLAB). Peak-to-trough time, pro-

portion of long interspike-intervals (ISIs) and post spike suppression were used to determine neuron identity. The proportion of

long ISIs was calculated for each neuron by summing all ISIs which exceeded 2 seconds and dividing by the total recording

time.107 Post spike suppression was calculated by finding the time a neuron’s firing rate was suppressed following an

action potential. For each neuron the sum of the number of 1 ms bins of its autocorrelation function below the average firing

rate between the 600 to 900 ms autocorrelation bins was considered its post spike suppression.105 Units with peak-to-trough

time of less than 350 ms and a proportion long inter-spike-interval less than 10% were considered putative FSIs while units with

a proportion long ITI greater than 10% and peak-to-trough time of less than 350 ms were considered unidentified interneurons.

Units with peak-to-trough time of greater than 350 ms and post spike suppression less than 40 ms were considered puta-

tive SPNs.

Less than 1% of identified units exhibited a post spike suppression greater than 40 ms and a peak-to-trough greater than 350 ms.

These units were considered tonically active neurons (TANs) and along with the unidentified interneurons and any units with an

average firing rate less than 0.1 Hz were excluded from further analysis, see Figure S3.

Electrophysiology data analysis
Single unit and behavioral data analyses were performed using custom-written software in Matlab. Spikes of isolated single units

were counted within 20 ms bins to generate the average response per unit aligned to reach start. Z-score normalization used the

mean and standard deviation of each neuron’s firing rate during the period from 3 seconds before reach onset to 2 seconds before

reach onset. Percent of reach-modulated neurons was determined using a rank sum test between each neuron’s same baseline
Neuron 112, 1–16.e1–e5, October 23, 2024 e3
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period and -200 to 600 ms around reach onset similar to other mouse joystick studies.62 To create a null distribution for bootstrap-

ping, we repeated this 1000 times for each recording session, but with each iteration using random reach start times, keeping the

number of trials the same. The 99% confidence interval was found for each analysis epoch and compared to the experimental

data when applicable. To determine if there was a post-lesion change in the proportion of significantly reach-modulated neurons

from that found in Pre, we used a random subset of trials equal to the mean reach count in each Post epoch (3, 17, 81, or 100 trials

for Post 1-4, respectively). For each neuron in Pre, we selected 17 trials at random from the session that neuron was recorded from.

We then computed the significance of the reach responsivity using only those 17 trials. This was repeated for 1,000 iterations per

neuron. We used the mean p-value across these 1,000 iterations to determine whether it was reach modulated. After doing this

for every Pre neuron, the resulting proportion of significant modulated neurons was used for comparison with the respective Post

lesion block. Unlike suprethreshold reaches, small forelimb movements in Post 2-4 had similar or greater mean counts to Pre

(Pre = 48, Post 1 = 20, Post 2 = 33, Post 3 = 93, Post 4 = 97).

To determine whether a neurons activity is modulated by reach amplitude, we calculated an amplitude modulation index. This in-

dex is the difference between themean absolute Z-scored activity of a neuron during large (>0.9 cm) and small (<0.5 cm) reaches over

the period of -200 to 600ms relative to reach initiation. For example, if a neuron is equally responsive to both large and small reaches,

the index value would be equal to zero; if it is two z-scores more active for large reaches, the index value would be positive two. We

quantify the neural-behavioral relationship this way because of the range of amplitudes across different post-lesion epochs. In early

post-lesion sessions, the overwhelming majority of reach amplitudes are within a tight and narrow range (see trial-by-trial histogram,

Figure 2I). Additionally, measures like Pearson correlation assume a linear relationship, which may or may not be the case and is diffi-

cult to quantify given SPNs characteristic lower firing rates. This index makes no assumption of linearity of amplitude tuning. As a

note, the mean session amplitude in Figures 3E and 4E is calculated with the requirement that neurons were recorded in a given ses-

sion during both reaches greater than 0.9 cm and less than 0.5 cm. Thus, exclusion of a session owing to this recording requirement

may slightly alter the mean amplitude value on the y axis.

Joystick decoding from striatal activity
For Pre and each Post lesion epoch, a feedforward neural network was used to predict joystick position from neural activity re-

corded in the striatum. The network was built using the MATLAB feedforwardnet function and contained 3 hidden layers with 10

units each. Joystick position and accompanying neural data -499 to 1000 ms relative to the start of each reach and binned at

100 ms. These bounds were selected to include preparatory activity and the full duration of the reach (mean and standard devi-

ation duration across sessions = 717.9 ± 391.3 ms). Reaches that were less than 0.45 cm were excluded from analysis. Sessions

with less than five reaches total were excluded, thus the absence of Post 1 data. Neural spike counts per bin were smoothed using

a Gaussian-weighted moving average over each window of 4 time bins and served as the input data. To enable more input-target

observations to train and test the model, and thus a more accurate account of the reach-related information carried by this pop-

ulation, we concatenated all reaches and their relative neural activity across a given post-lesion epoch. In this multivariate input,

the neural activity in a given time bin is still mapped to the respective joystick amplitude. Post 2 had the smallest reach count for

any epoch, yielding 132 reaches meeting our criterion and thus 1980 observations (per-neuron spike count and amplitude tuples).

To ensure the same number of training and testing observations regardless of epoch, we randomly subsampled 132 reaches from

each epoch’s concatenated datasets. Doing so enables a balanced comparison between all Pre and Post lesion epochs. To

compensate for the different numbers of neurons recorded in each session, a random selection of 10 neurons was used for

each reach. This random selection of neurons was repeated 10 times for each set of 132 reaches. The model trained and tested

anew each time, and the mean performance was calculated as the average across the 10 repeats for a given set of joystick am-

plitudes. A random 70% of the 1980 observations was used for training while 15% was used for validation and the remaining 15%

was used for testing. The model was limited to 750 training epochs using Baysian regularization. This process was repeated 50

times (500 iterations total per epoch), and the 50 mean normalized MSEs from each epoch are plotted in Figure 5. This analysis

was repeated using 30 neurons in Figure S8.

The variability of reach amplitudes in Figure 5Cwas computed using the Coefficient of Dispersion, also sometimes called the Quar-

tile Coefficient of Dispersion or QCD. The Coefficient of Dispersion is simply a contrast ratio of the inter-quartile ranges, e.g. (Q3-Q1)/

(Q3+Q1). This method is similar to Coefficient of Variation, but makes no such assumptions about normalcy or scale of the datasets.

As the scale of amplitudes varied greatly between epochs, withmedian values spanning an order of magnitude, we found thismethod

to be the most appropriate.

T-Maze analysis
To analyze T-maze videos, themaze was partitioned into 5 cm-long segments. These segments were numbered from 1 at the base to

10 at the intersection of the hallways, then labeled 11 to 13 in both directions moving away from the junction. There were no markers

for this in the actual T-maze. Occupancy values were determined by counting the number of frames (recorded at 30 fps) the center

of the mouse body was found to occupy each portion of the T-maze. Locomotor speed was not used because this would fail to cap-

ture the prolonged duration of immobility at the junction, although average speed along a hallway can be roughly determined by

dividing the time per division by the length of the division (5 cm).
e4 Neuron 112, 1–16.e1–e5, October 23, 2024
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Statistical testing
The number of animals and sessions usedwere based upon previousmouse lesion and joystick studies using an intersession, within-

animal control model. Experimenters were not blinded to lesion condition. Statistical tests are reported in the respective figure leg-

ends and in the results text. Statistical testing was done at the session level as described in the main text. To determine if lesions of

M1 or PPC affectedmice differently, task performance, reach kinematic and amplitudemodulation was analyzed usingmixed-effects

ANOVAs. Each variable of interest (inter-reach interval, amplitude, peak speed ect.) served as a dependent variable in separate an-

alyses. Factors included mouse (1-4), lesion (pre, post) and session (pre-lesion day -5 to post lesions 19, continuous) with lesion

nested under mouse.
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Supplemental Figure 1. Individual animal performance and kinematics during the basic reaching

task, related to Figure 2.

(A) Mean rewarded reach rate over the first 20 minutes of each session relative to the day of lesion (mean ±

SEM) for mice run on the basic reaching task (n = 4). Individual animals are plotted and colors are preserved

for each animal throughout all panels. To determine if the lesion had differing effects of task performance

and kinematics for mice differently, we ran independent mixed-effects ANOVAs for each variable of interest

(see methods for further details). We found a main effect of lesion for the rewarded trial rate (F(4,86) = 40.0,

P = 2.39×10–17) however it also varied function of mouse (F(3,86) = 9.29, P = 2.94×10–5) which suggests

that mice may solve the task in various ways while all being effected by the lesion.

(B) Average inter-reach interval did not vary as a function of mouse (F(3,85) = 0.73, P = 0.54).

(C) Reach amplitude did have a main effect of mouse (F(3,70) = 3.74, P = 0.015) however there was

no interaction of lesion and session (F(4,70) = 1.87, P = 0.13) suggesting that even though the mice are



different, the deficit and recovery of reach amplitude did not vary as a function of the lesion with respect

to session number, that is, the effect of lesion and recovery over time was similar across mice. We found

no main effect of mouse for (D) peak speed (F(3,70) = 1.87, P = 0.14), (E) tortuosity (F(3,85) = 0.98, P =

0.41) nor (F) duration (F(3,70) = 0.71, P = 0.55). The mouse depicted by red performed 40 sessions prior

to lesion. The mouse depicted by gold performed 38 sessions prior to lesion. The mouse depicted by the

darker blue performed 45 sessions prior to lesion. The mouse depicted by the lighter blue performed 42

sessions prior to lesion.



Supplemental Figure 2
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Supplemental Figure 2. Individual animal performance and kinematics during the cued response

reaching task, related to Figure 2.

(A) Mean rewarded reach rate over the first 20 minutes of each session relative to the day of lesion (mean ±

SEM) for mice run on the cued response reaching task (n = 4). Individual animals are plotted and colors are

preserved for each animal throughout all panels. Using separate mixed-effects ANOVAs for each variable

we measured, we sought to determine if the effects of lesions of M1 had differing effects across mice. We

found that the rewarded trial rate did not vary as a function of mouse (F(3,95) = 2.50, P = 0.06) nor did

the (B) average response time (log-transformed response time, F(2,37) = 0.91, P = 0.41), (C) the reach

amplitude (F(3,93) = 0.71, P = 0.59), (D) the peak speed (F(3,93) = 0.70, P = 0.56), (D) the tortuosity

(F(3,93) = 1.29, P = 0.28) or (F) the reach duration (F(3,93) = 2.63, P = 0.06). The mouse depicted by the

dark purple performed 58 sessions prior to lesion. The mouse depicted by the light purple performed 19

sessions prior to lesion. The mouse depicted by green performed 39 sessions prior to lesion. The mouse

depicted by maroon performed 52 sessions prior to lesion.
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Supplemental Figure 3. Striatal cell type identification and properties, related to Figures 3 and 4.

(A) Striatal cell identities were classified as spiny projection neurons, fast spiking interneurons, tonically

active neurons or unidentified interneurons using a combination of proportion of long interspike-interval,

post spike suppression and waveform duration. (B) Proportion of each cell type identified. Color legend is

shared between panels A and B and C. (C) Example average waveform of identified neuron types (mean ±

SEM). (D) Cumulative histograms depicting no change in non task related Fano factor for SPNs (left) and

FSIs (right). Colors for Pre and Post lesion epochs are conserved from the main text. To determine if lesions



of M1 affected non-task related neural activity, we calculated the Fano factor for each neuron. Spiking

activity that occurred two seconds before and 5 seconds after a task related event (the cue light turning on

or the start of a reach) was removed and then the remaining spike times were binned in non-overlapping 500

ms bins. For consistency across sessions, the first 100 seconds of this non-task related activity was used

to obtain the Fano factor for each individual neuron. The mean Fano factor was calculated per session and

each Post lesion epoch was compared to Pre using a two sampled t-test, corrected for multiple comparisons.
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Supplemental Figure 4. Striatal SPN activity scales with reach amplitude and is lost post M1 lesions,

related to Figure 3.

(A-D) Average Z-scored activity of putative SPNs from all sessions aligned to movement onset for rewarded



reaches (A), unrewarded reaches above the reward threshold (B), reaches below the reward threshold

but above 0.5 cm (C) and reaches below 0.5 cm (D). The suprathreshold reaches that were unrewarded

occurred during the ITI or reward delivery period. Neurons are sorted by their peak activity between -200

to 600 ms around movement onset. Y-scale bar indicates 50 neurons.
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Supplemental Figure 5. Striatal FSI activity scales with reach amplitude and is lost post M1 lesions,



related to Figure 4.

(A-D) Average Z-scored activity of putative FSIs from all sessions aligned to movement onset for rewarded

reaches (A), unrewarded reaches above the reward threshold (B), reaches below the reward threshold

but above 0.5 cm (C) and reaches below 0.5 cm (D). The suprathreshold reaches that were unrewarded

occurred during the ITI or reward delivery period. Neurons are sorted by their peak activity between -200 to

600 ms around movement onset. Y-scale bar indicates 20 neurons for all panels apart from panel B where

the Y-scale bar indicates 5 neurons.



Supplemental Figure 6

Supplemental Figure 6. Amplitude modulation index example neurons and per session mean amplitude

plotted against mean amplitude modulation - related to Figures 3, 4 and 6.



(A-B) Example putative SPN activity during reaches greater than 0.9 cm and reaches less than 0.5 cm

recorded prior to lesions. The amplitude modulation index is calculated by taking the mean difference

between the absolute Z scored activity during reaches greater than 0.9 cm and reached less than 0.5 cm

between -200:600 ms around movement onset (vertical grey lines). (C-F) Comparison of mean amplitude

modulation index and amplitude per session (small dots) for putative SPNs of M1 lesion mice (C), putative

FSIs of M1 lesion mice (D), putative SPNs of PPC lesion mice (E) and putative FSIs for PPC lesion mice

(F). Larger dots indicate post lesion epoch mean. Individual mixed-effects ANOVA models were run for

each cell type and lesion group to determine if lesions affected amplitude modulation differently for different

mice. For the M1 lesion group, we did find a main effect of mouse for amplitude modulate for SPNs (F(2,45)

= 11.58, P = 1.78×10–4) however this was due to one animal. When the animal was removed from the

ANOVA model we found no main effect of mouse (F(1,35) = 2.98, P = 0.09) while still finding a main effect

of lesion (F(2,35) = 8.92, P = 0.001) suggesting that while one mouse is different, it is not the basis of our

findings. We found no main effect of mouse for amplitude modulation for FSIs (F(3,47) = 1.08, P = 0.37).

For the PPC lesion group, we found no main effect of of mouse on amplitude modulation for SPNs (F(1,18)

= 0.22, P = 0.67) nor FSIs (F(2,15) = 2.36, P = 0.21).
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Supplemental Figure 7. Movement-related SPN and FSI activity is absent following bilateral M1

lesions - related to Figures 3 and 4.

(A-B) Raw firing rates of putative SPNs from all sessions aligned to movement onset for (A) reaches > 0.9

cm and (B) reaches < 0.5 cm. Neurons are sorted by their peak activity. Y-scale bar indicates 100 neurons.

(C-D) Activity of putative FSIs from all sessions aligned to movement onset for (C) reaches > 0.9 cm and (D)

reaches < 0.5 cm. Neurons are sorted by their peak activity. Y-scale bar indicates 30 neurons. Neurons that

did not respond during a particular reach type are not plotted. To help visualize tuning, neurons are rank

ordered according to the time of peak activity. Vertical stacking of peak activity times, indicates a common

temporal response profile across neurons. A diagonal ’line’ indicates a random assortment of peak activity

times.
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Supplemental Figure 8. The ability to decoding joystick amplitude from striatal population activity

is permanently lost following M1 lesions - related to Figure 5.

Cumulative histogram of model performance across multiple iterations using a random subsample of reaches

and neurons. Same as Figure 5B except with the use of 30 inputs instead of 10. *** = p < 0.001.
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Supplemental Figure 9. Individual animal performance and kinematics during the basic reaching

task, related to Figure 6.

(A) Mean rewarded reach rate over the first 20 minutes of each session relative to the day of lesion (mean

± SEM) for mice run on the basic reaching task (n = 4). Colors for Pre and Post 1 through Post 4 are

conserved across all subsequent figures. Individual animals are plotted and colors are preserved for each

animal throughout all panels. To determine if lesions of PPC had differing effects of task performance and

kinematics differently, we ran independent mixed-effects AONVAs for each variable studied. We found no

main effect of mouse for the rewarded trial rate (F(3,34) = 0.35, P = 0.70) nor for (B) reach amplitude (F(3,34)

= 0.74, P = 0.54), or (C) reach speed (F(3,34) = 0.96, P = 0.43). We did find a main effect of mouse for (D)

tortuosity (F(3,39) = 3.30, P = 0.04) and (F) reach duration (F(3,34) = 4.55, P = 0.01), however neither metric

had a main effect of lesion (tortuosity, (F(4,39) = 2.16, P = 0.10), duration, F(4,34) = 0.38, P = 0.82). The

mouse depicted by maroon performed 25 sessions prior to lesion. The mouse depicted by gold performed

44 sessions prior to lesion. The mouse depicted by light blue performed 64 sessions prior to lesion. The



mouse depicted by purple performed 73 sessions prior to lesion.



Supplemental Figure 10
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Supplemental Figure 10. Reconstructed electrode tracks, related to Figures 3-6.

Approximate position of electrode from last recording sessions projected onto coronal atlas slice (plotted

depicts the location and extent; see the Methods for actual electrode specifications). Left hemisphere

depicts M1 lesioned mice. Right hemisphere depicts PPC lesioned mice, although all recordings were

performed in the left hemisphere. Colors correspond to individual mouse colors used in previous per-animal

plots. Scale bar = 1 mm.
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