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SUMMARY

Preparing and initiating movements at the right time is critical for goal-directed behavior. Before movement 

execution, motor cortical areas exhibit preparatory activity, which decreases from premotor to primary motor 

areas. During the shift from preparation to execution activity in neural state space transitions from move

ment-null to movement-potent dimensions. However, the circuit-level mechanisms underlying this shift 

remain unresolved. Here, we demonstrate that projections from the rat premotor cortex (rostral forelimb 

area [RFA]) to the primary motor cortex (caudal forelimb area [CFA]) encode primarily pre-movement activity. 

Optogenetic inhibition of these projections has behavioral effects comparable to inhibiting either RFA or CFA 

alone. During preparation, RFA projections enhance and suppress CFA neurons similarly, affecting activity 

along CFA’s preparatory dimension. During movement, RFA’s influence shifts predominantly to excitatory, 

aligning with CFA’s movement-potent dimension. These results establish a mechanistic link between neural 

state space concepts and underlying circuit mechanisms, providing an intuitive model for movement control.

INTRODUCTION

Motor cortex activity has been classically linked to move

ments.1,2 However, motor cortical neurons can become active 

long before volitional movements are initiated.3,4 This activity is 

thought to represent the internal preparation of movement, 

which brings the involved neuronal networks into a state that fa

cilitates selective movement execution.

In primates, premotor areas primarily contribute to movement 

preparation,5–9 while the primary motor cortex is engaged in 

movement execution.3,8,10,11 In line with this view, neurons in 

the premotor cortex show more preparatory activity. Given the 

direct input from the premotor cortex to the primary motor cor

tex, an outstanding question remains: why does preparatory ac

tivity in the premotor cortex not immediately activate the primary 

motor cortex and trigger movement? Two primary hypotheses 

have been proposed to answer this question. (1) The gating hy

pothesis suggests that during movement preparation, the pre

motor cortex activates both inhibitory and excitatory neurons 

in the primary motor cortex equally. Upon movement initiation, 

inhibition is lifted, allowing excitatory neurons to pass signals 

downstream.12,13 This hypothesis, while appealing in its 

simplicity and intuitive nature, has not been substantiated by 

cortical neural data.13–15 (2) The null space hypothesis explains 

neural activity through a dynamical systems framework and 

posits that preparatory activity occurs in an output-null dimen

sion, where neural population activity cancels out at the down

stream target, so that preparatory activity in the premotor cortex 

does not reach the motor cortex and does not cause premature 

movement.16–18 In this framework, output-null refers to the 

communication between two areas and movement-null refers 

to neural activity in the absence of movement. Under this defini

tion, preparatory activity in premotor cortex is movement-null, 

but if the preparatory activity propagates to and modulates activ

ity in the primary motor cortex, it is output-potent relative to the 

motor cortex, even if it does not yet directly drive movement. 

However, the circuit mechanisms underlying these population 

dynamics and, in particular, the role of premotor to primary 
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motor cortex connections in mediating the switch from move

ment-null to movement-potent activity in motor cortex remain 

elusive.

In rodents, the rostral and caudal forelimb areas (RFA and 

CFA) are distinct cortical regions19 likely corresponding to pre

motor and primary motor areas for forelimb control.20–23 RFA 

neurons exhibit weaker preference to contralateral movements 

than CFA neurons,24 a feature used to distinguish primary motor 

areas from premotor areas in primates. How these areas interact 

during movement planning and execution remains unclear. Both 

areas contain neurons projecting to the cervical spinal cord and 

subcortical regions,22,25,26 and intracortical microstimulation of 

RFA and CFA elicits specific forelimb movements.27,28 In addi

tion, neuronal activity in RFA and CFA is remarkably similar 

across a range of tasks,29–31 suggesting joint control of move

ment execution.32 However, the reciprocal connectivity between 

RFA and CFA is asymmetric, suggesting a hierarchical organiza

tion with RFA more akin to a premotor area.22,33–35 In line with 

this view, activity in RFA has been shown to lead CFA activa

tion36,37 in learned motor tasks and is thought to integrate 

higher-order contextual information.31,38,39 To investigate how 

the rat RFA influences CFA during the distinct phases of motor 

preparation and movement execution, we employed electro

physiology, pathway-specific optogenetics, photo-tagging, 

electron microscopy, and inverse reinforcement learning in freely 

moving rats performing prepared movements.

We observed a substantial reconfiguration of activity and in

terareal communication from pre-movement to movement 

phase, leading us to propose the switching population hypothe

sis: this hypothesis integrates aspects of the gating and null 

space hypotheses, assigning specific neuronal elements to neu

ral state space dynamics. Our findings demonstrate that RFA 

transmits information via direct projections to parvalbumin 

(PV)-positive interneurons and excitatory neurons in the CFA. 

During pre-movement, RFA exerts balanced excitatory and 

inhibitory effects on CFA neurons. However, upon movement 

initiation, RFA’s influence shifts predominantly toward excita

tion. Additionally, the subset of CFA neurons that are affected 

by RFA changes between these phases. Collectively, these 

changes transition RFA’s influence from driving activity along 

the movement-null direction during preparation to acting along 

the movement-potent direction during execution.

RESULTS

Movement execution time is decoded equally well from 

RFA and CFA activity

To investigate the role of RFA and CFA in movement planning 

and execution, we trained freely moving rats to conduct pre

pared movements.40,41 Rats initiated trials by moving a lever 

with their preferred hand and had to wait while holding the lever 

until a vibrotactile stimulus (0.3 s) was delivered via the lever, 

which served as the go cue (Figure 1A). In response to the go 

cue, the rats had to release the lever within a response window 

of 0.6 s to receive a liquid reward. To discourage timing, rats 

were pseudo-randomly required to hold the lever for 0.6 or 

1.6 s (short or long delay). Although the rats learned to wait for 

and respond to the cue, they also made errors by either releasing 

the lever too early or too late (i.e., outside the allowed response 

window), thus not implementing the optimal strategy (premature 

trials: 52.24% ± 4.42%, correct trials: 44.29% ±4.84%, delayed 

trials = 3.46% ± 1.08%; Figure 1B). The increased error rate 

might be related to the light force that the rats had to sustain dur

ing the delay period, which represents a deviation from previous 

movement preparation tasks (see section ‘‘limitations of the 

study’’). To reveal the individual strategies of the rats, we lever

aged a concept from reinforcement learning to present the inter

nal task model of the rats as a series of states in a Markov deci

sion process ([MDP], Figure 1C).42,43 Intuitively, this MDP models 

the task as a sequence of decision steps in 0.2-s bins (states): at 

each step, the animal decides whether to hold or release the 

lever (actions), which results in either success or error as an 

outcome. This formalization of the task allowed us to apply a ma

chine learning algorithm based on inverse reinforcement learning 

(NeuRL) to extract the intrinsic reward, which was associated 

with each transition between the states (Figure S1A).44 Note 

that here the ‘‘intrinsic reward’’ refers to the reward considered 

in the NeuRL model (in particular, the MDP), not the liquid reward 

of the rat. This internal model, which can be learned for each in

dividual animal, can then be used to decode behavior from neu

ral data (where it outperformed classical neural network classi

fiers42) as well as for making predictions about the functional 

role of different neuronal populations, which we will use later 

on in the article. Equipped with the individual task models of 

each rat (Figure 1D), we asked if more task-relevant information 

is encoded in RFA or CFA, or alternatively, if these regions are 

equally informative. To obtain the required neuronal data, we im

planted 32-electrode silicon probes in RFA or CFA and recorded 

neuronal activity across cortical layers (N = 10 rats split into two 

groups of N = 5 per forelimb area; Figure 1E; Table S1). We then 

decoded the animal’s action selection policy by calculating the 

probability of whether a release or hold was performed by the an

imal, from their neural activities for each time step of the MDP. To 

quantify decoding accuracy, we calculated the log likelihood as 

the log of the product of the action likelihood (i.e., the probability 

of observing the animal’s true behavior based on our prediction) 

for all time steps along the trial. The decoding of lever release 

times did not significantly differ between the recordings from 

CFA or RFA, as indicated by the small decoding error, quantified 

as negative log likelihood, for both areas (RFA: mean = 0.56; con

fidence interval [CI], [0.51, 0.62]; CFA: mean = 0.65; CI, [0.58, 

0.71]; p = 0.13; t test, 1 session selected per animal to match 

neuron numbers across regions, nRFA = 102 neurons in N = 5 

rats; nCFA = 107 neurons in N = 5 rats, Figure 1F, all sessions; 

Figure S1B). The decoding of task initiation time was associated 

with a generally greater model error in a similar manner for both 

areas (Figure S1C, initiation vs. release for RFA, p = 0.017, paired 

t test, N = 5; for CFA, p = 0.45, paired t test, N = 5 rats). These 

results suggest that both areas carry similar degrees of task- 

relevant information.

RFA and CFA jointly contribute to movement execution, 

with RFA being primarily active before movement and 

CFA during movement

Since we successfully decoded the release time equally well from 

both RFA and CFA, we next investigated whether this indicates 
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that the task-related responses of individual neurons are similar in 

these two forelimb areas. Indeed, we found that neurons of both 

areas showed task-related activity to a similar degree when 

aligned to movement onset, with 60% of neurons in RFA (n = 

144/240 in N = 5 rats) and 54% in CFA (n = 205/377 in N = 5 

rats, Figures 2A–2E) exhibiting significant modulation between 

the pre-movement and the movement period (p < 0.05; t test).

We further objectively separated the modulated neurons 

based on their averaged Z-scored firing rates in the pre-move

ment and movement phases using k-means clustering. To 

compare response clusters of the two regions directly, we 

pooled all neurons from both areas for the clustering. Despite 

the neuronal heterogeneity in response profiles, the clustering 

led to three clusters with distinct response types: one cluster 

with prominent pre-movement activity and two clusters 

with early or late movement related activity, respectively 

(Figures 2B–2D and 2F–2H; Figures S2A and S2B).

In line with the role of RFA in motor preparation, we found the 

dominant subgroup in RFA to be the pre-movement cluster at 

72%. In contrast, and highlighting the role of the CFA in 

A

D

E F

C

B

Figure 1. Individually inferred task models support equal decoding of performance from RFA and CFA 

(A) Simplified illustration of the task. To initiate a trial, the freely moving rat had to move a lever horizontally and hold it. After a pre-movement period of 0.6 or 1.6 s, 

the lever vibrated, which was the go cue. In response to the go cue, the rat had to release the lever within a response window of 0.6 s to receive a reward; 

otherwise, the trial was considered a delayed trial. Releases during the preparation period were considered premature releases. Correct trials were signaled with 

a click tone, while both premature and delayed trials were followed by a 1-s timeout and white noise. 

(B) Behavioral performance in the first recording session of each animal (N = 11 rats); correct responses in all trials: 44.2%, correct responses in trials with short 

delay: 62.8%, correct responses in trials with long delay: 26.5%). 

(C) The internal model of the rat is formulated as a series of states of an MDP based on the possible actions and states. Based on inverse reinforcement, learning 

the rats’ strategy was estimated and a reward value was extracted. 

(D) Release probabilities in each time bin during the trials as predicted based on the individual rat policies. 

(E) Schematics of extracellular recordings of neuronal activity in RFA or CFA (N = 5 rats for each area, one session per rat with similar number of neurons across 

rats). 

(F) Model error for decoding the release time via NeuRL quantified as negative log likelihood (NLL). Release time is decoded similarly well from RFA or CFA (RFA: 

mean = 0.56; CI, [0.51, 0.62]; N = 5 rats; CFA: mean = 0.65; CI, [0.58, 0.71]; N = 5 rats; p = 0.13; t test). 

See also Figure S1.
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movement execution, 79% of the CFA neurons were classified 

into either the early (51%) or late (28%) movement clusters, 

clearly distinguishing it from RFA where only 28% of the neurons 

were part of the two movement clusters.

These findings support the characterization of RFA as a pre

motor cortex, exhibiting more pronounced preparatory activity, 

and CFA as a primary motor cortex, with activity primarily, 

although not exclusively, focused on movement execution.

Based on the prominent pre-movement activity of the RFA, we 

hypothesized that inhibiting RFA optogenetically during the pre- 

movement period would have a greater effect than inhibiting CFA 

during the same period. To selectively suppress neuronal activity 

in these regions individually, we expressed the inhibitory opsin 

eNpHR (AAV5-hSyn-eNpHR-EYFP) (Figure S2C). Both RFA 

and CFA suppression for 0.5 s during the pre-movement period 

reduced releases during the laser stimulation without interfering 

with the ability to hold the lever (Figures S2D–S2F). These results 

suggest that both RFA and CFA facilitate movement initiation. 

However, the premature error rate was reduced more robustly 

when RFA was inhibited (Figure S2F, RFA: premature error rate 

median = − 0.11 CI [− 0.18, − 0.06]; CFA: premature error rate 

median = − 0.05 CI [− 0.13, 0.01]).

A

D

E

F

G

H

C

B

Figure 2. RFA is primarily active in the pre-movement period, while CFA shows greater activity during movement 

(A) Schematics of extracellular recordings in RFA (N = 5 rats, modulated units n = 144/240 neurons). 

(B) Neuronal example response types for individual k-means clusters in RFA. Purple, pre-movement example; light green, early movement example; darker green, 

late movement example. (Top) Raster plots of individual trials, (bottom) firing rate average across trials. 

(C) Proportions of RFA-modulated neurons grouped according to their clustering. 

(D) Normalized average firing rates (Z score) of all modulated neurons in RFA. 

(E–H) Same as (A–D), but in CFA (N = 5 rats, modulated units n = 205/377). 

See also Figure S2.
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Figure 3. Neurons projecting from RFA to CFA encode primarily pre-movement activity 

(A) Schematic of the photo-tagging experiment. AAV5-hSyn-ChR2-eYFP was injected into the RFA (N = 3). A silicon probe was implanted in RFA, and an optical 

fiber was placed in the CFA. At the end of the behavioral session, 1-ms light pulses were delivered to the CFA via the optical fiber to induce antidromic spikes by 

activating ChR2 in RFA axonal terminals in CFA (blue waveforms). 

(B) (Left) Coronal section through the RFA with cells expressing AAV5-hSyn-ChR2-eYFP including estimated electrode positions in RFA; white outlines, electrode 

shafts in RFA; scale bar, 500 μm (left). Examples of RFA neurons expressing AAV5-hSyn-ChR2-eYFP; scale bars, 20 μm; white arrows point to labelled somata in 

(legend continued on next page) 
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Neurons projecting from RFA to CFA encode primarily 

pre-movement activity

Given the converging electrophysiological and optogenetic evi

dence regarding the pre-movement role of RFA neurons, we 

asked whether and how this information is conveyed to CFA. 

To identify RFA neurons projecting to the CFA, we triggered 

back-propagating (antidromic) spikes in the RFA by stimulating 

its axons within the CFA (Figure 3A). We injected AAV5-hSyn- 

ChR2-eYFP into the RFA, implanted a silicon probe in RFA, 

and inserted an optical fiber into the CFA (Figures 3A and 3B; 

N = 3 rats; Table S2). In total, 21 of 45 neurons (47%) recorded 

in RFA were ‘‘photo-tagged,’’ as indicated by short latency spike 

responses to photostimulation in CFA, marking them as puta

tively projecting from RFA to CFA (Figures 3C and 3D). In a sub

set of photo-tagged neurons, we were able to conduct collision 

tests due to spontaneously occurring spikes just prior to photo

stimulation. These spontaneously occurring spikes were associ

ated with subsequent spike failures during photostimulation, 

likely caused by collisions of spontaneously occurring and 

photo-triggered spikes in the axon. Variability and latency of 

the photo-evoked spikes of all putatively photo-tagged neurons 

fell into the same range as for the collision-tested neurons 

(Figures S3A and S3B), making them likely candidates for direct 

projection neurons. Fifteen tagged neurons were significantly 

modulated during the task (p < 0.05, t test). In line with the 

response profiles in the RFA, the majority of these tagged neu

rons were part of the pre-movement cluster (73%, Figures 3E 

and 3F). To test the behavioral role of the RFA to CFA projecting 

neurons, we optogenetically silenced these neurons during the 

pre-movement phase (Figure 3G). Strikingly, manipulating this 

subpopulation had a similar effect as targeting all neurons in 

RFA or CFA (Figure S3C) and reduced premature releases during 

the pre-movement phase (premature error rate median − 0.07 CI, 

[− 0.14, − 0.01]; Figures 3H and 3I). Most likely this behavioral ef

fect is due to inhibiting the transition from pre-movement to 

movement activity that would normally occur during the hold 

phase (i.e., prior to the cue) in premature trials. In line with this 

view, inhibiting the projecting neurons during the movement 

phase also slightly delayed movement (Figure S3D)

As we cannot manipulate the individual subpopulations with 

the current experimental setup to support this interpretation, 

we leveraged NeuRL to make predictions about the behavioral 

roles of the pre-movement and movement clusters (see STAR 

Methods and Figure S3E for simulation of control conditions). 

To support the feasibility of this approach, we first compared 

experimental and simulation data by simulating the inhibition of 

all RFA to CFA projecting neurons in our photo-tagging dataset. 

In line with the optogenetic experiments, simulated inhibition of 

projecting neurons during the pre-movement period reduced 

early releases (Figures S3F and S3G). We next asked how the 

main subgroups within the neurons projecting from RFA to 

CFA, i.e., the pre-movement and the movement neurons, might 

affect behavior individually (Figure S3H). Interestingly, NeuRL 

predicted that pre-movement and movement subpopulations 

had opposing effects on behavior. Inhibiting the pre-movement 

subpopulation during the pre-movement phase shifted the 

release time leftward, resulting in more premature errors, while 

inhibiting the movement neurons delayed releases, thereby 

reducing premature errors. Together, these predictions suggest 

that the projecting neurons contain two competing subpopula

tions affecting behavior in opposite ways. The pre-movement 

neurons could, therefore, play a role in withholding the move

ment during the preparation phase. Alternatively, they might be 

needed to actively hold down the lever during the preparation 

phase, although we were not able to reliably decode the lever po

sition from RFA activity during the hold phase (linear regression 

model, R2 = 0.25 ± 0.03 SEM for RFA), making this alternative 

interpretation less likely.

RFA targets excitatory and inhibitory circuits in CFA

According to the null space hypothesis, preparatory activity 

should cancel out in the target region and result in no net activity 

changes. How could this happen given that increased pre-move

ment activity is dominant in the projections from the RFA to the 

CFA? One potential solution could be a sign inversion of part 

of the input signal via inhibitory interneurons in CFA. To examine 

this option, we asked if the RFA indeed targets inhibitory inter

neurons in CFA.

To address this question, we used transmission electron mi

croscopy to investigate RFA synapses targeting CFA neurons. 

We employed pre-embedding immunogold labeling of EYFP to 

identify EYFP-labeled RFA axonal terminals in CFA (Figures 4A 

and 4B). According to the functional Gray synapse concept, 

we classified synapses as asymmetric (excitatory, Figure S4A) 

or symmetric (inhibitory, Figure S4B).45 The vast majority of the 

synapses were asymmetric, suggesting these synapses origi

nate from excitatory neurons (asymmetric synapses: n = 97/ 

100, symmetric synapses: n = 3/100, Figure S4C).

To test for connections onto inhibitory interneurons, we 

stained coronal CFA sections with anti-PV antibodies and 

RFA (right). (Right) Coronal section of the CFA with RFA axons expressing eYFP in CFA; dashed white rectangle, optical fiber position in CFA; scale bar, 500 μm 

(left). Examples of CFA neurons labeled with DAPI (blue) close to RFA axons (green); scale bars, 5 μm; white arrows point to labelled axons in CFA (right). 

(C) Raster and average firing rate of a tagged neuron. (Inset) mean waveform of simultaneous spikes (black) and antidromically induced spikes (light blue). 

(D) Latency of the first spike after the light pulse of the example tagged neuron in (C). 

(E) Normalized average firing rates (Z score) of all neurons. Black arrows, photo-tagged neurons. 

(F) Proportions of different subpopulations in the photo-tagged population. 

(G) Schematic for inhibition of neurons projecting from RFA to CFA. AAV-Dio-eNpHR-eYFP was injected bilaterally into the RFA, and a retrograde viral vector 

carrying cre recombinase (retroAAV-cre) was injected into the CFA. Optical fibers were implanted bilaterally into the RFA. 

(H) Cumulative probability of release times in control (black) and after inhibition (yellow) during the pre-movement period relative to cue onset (N = 4 rats with n = 32 

sessions). 

(I) Median bootstrapped change in premature error rate with 95% confidence interval for inhibition of the RFA to CFA projecting neurons; dashed line indicates 

0 change, n = 1,000 bootstraps with mean of n = 15 sessions each. 

See also Figure S3.
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searched for EYFP-labeled axons across layers. We found 

labeled axons that formed synapses onto PV interneuron den

drites in 3 of 4 rats (Figures 4C and 4D) as well as a majority of 

contacts on non-PV-stained structures. These results demon

strate that RFA affects the CFA local circuit by targeting both 

excitatory neurons and PV interneurons.

RFA influence on CFA is balanced during pre-movement 

and excitatory during movement

Given that RFA targets both excitatory and inhibitory neurons in 

CFA, we asked if and how the RFA influence on CFA would 

‘‘switch’’ from inhibition to excitation between preparation to 

movement. We recorded CFA neurons while simultaneously in

hibiting RFA in a subset of trials in either pre-movement or move

ment period (Figure 5A). We limited the inhibition of the RFA to 

CFA projecting neurons by injecting rAAV2-retro CAG-Cre in 

CFA and a cre-dependent eNpHR in RFA (Figure 5B; 

Table S3). The number of CFA neurons modulated by inhibiting 

RFA neurons projecting to CFA remained consistent across the 

task periods (pre-movement: 25%; CI, [16%, 32%]; movement: 

26%; CI, [19%, 31%]; t test; p = 0.78; Figure 5C). In contrast, a 

strict interpretation of the null space hypothesis would predict 

that communication from RFA to CFA cancels out on the post

synaptic side during the pre-movement phase, thus causing no 

change in CFA activity (Figure S5F). According to that logic, in

hibiting RFA neurons projecting to the CFA should have a signif

icantly smaller effect on the CFA population during the pre- 

movement phase compared to the movement phase.

As RFA-CFA communication was not consistent with a strict 

interpretation of the null space hypothesis, we analyzed the ef

fects of RFA inhibition on CFA in more detail. In line with our 

finding that RFA projects to both inhibitory and excitatory neu

rons in CFA, we found that inhibiting RFA projecting neurons re

sulted in both enhanced and suppressed activity in CFA neurons 

(Figure 5D). Interestingly, in the pre-movement period, the num

ber of enhanced and suppressed neurons was balanced 

(enhanced 12%; CI, [7.5%, 18%] vs. suppressed 12%; CI, 

[6%, 19%]; t test; p = 0.9), while more neurons were suppressed 

than enhanced in the movement period (enhanced 6%; CI, [2%, 

10%] vs. suppressed 20%; CI, [14%, 26%]; t test; p = 0.01), indi

cating a switch from a balanced to a net excitatory effect of the 

RFA input in CFA (Figure 5E). In addition, we observed almost a 

complete reconfiguration of how neurons were affected by the 

RFA input across task phases. The majority of CFA neurons 

that were affected by RFA during the pre-movement phase 

was unaffected in the movement phase and vice versa 

(Figure 5F). In addition, the modulation profiles in both task 

phases differed from manipulations during spontaneous, out- 

of-task behavior (Figures S5A–S5E). Could the switch of RFA ef

fect on CFA be related to the switch from movement-null to 

movement-potent spaces on the population level? To test this 

hypothesis, we performed a principal-component analysis of 

A

D

C

B

Figure 4. RFA targets excitatory as well as inhibitory neurons in CFA 

(A) Simplified schematics for structurally investigating RFA input to CFA. We injected AAV-hSyn-eNpHR-eYFP in RFA (N = 4) to detect synaptic terminals of RFA 

inputs to CFA in electron microscopy. 

(B) (Left) Confocal image of coronal section through the CFA with AAV-hSyn-eNpHR-eYFP expressing EYFP in RFA axons. (Right) Electron microscopy (EM) 

image in the CFA showing an RFA axonal terminal contacting a dendritic spine in CFA. 

(C) Schematics for investigating RFA input to PV interneurons in CFA. RFA input was labeled with EYFP; parvalbumin (PV)-positive interneurons were labeled with 

a PV antibody. 

(D) (Left) Example of a PV interneuron in the CFA targeted by axons from RFA. Confocal image of a coronal section through the CFA expressing EYFP in RFA 

axons projecting to CFA. Confocal image example of coronal section (left). EM image in the CFA showing an RFA axonal terminal contacting a spine of a PV 

interneuron in the CFA (right). 

Scale bar in confocal images, 20 μm; scale bar in EM images, 100 nm; white arrow, PV interneurons; green arrows in EM, immunogold staining against EYFP 

particles in RFA pre-synaptic terminal; black asterisk, pre-synapse; black arrow, synaptic cleft; white circle, postsynapse. 

See also Figure S4.
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Figure 5. Reorganization of RFA influence on CFA activity from preparation to movement 

(A) Schematics of behavioral task phases. 

(B) Schematic of experimental strategy. AAV-Dio-eNpHR-eYFP was injected bilaterally into the RFA, and a retrograde viral vector carrying cre re

combinase (retroAAV-cre) was injected into the CFA. Optical fibers were implanted bilaterally into the RFA, and a silicon probe was implanted into the CFA 

(N = 3 rats). 

(C) Fraction of CFA neurons modulated by inhibiting RFA during the pre-movement or movement period. Error bars represent 95% confidence intervals. 

(D) Weighted bootstrapped averages of neurons that are enhanced when inhibiting RFA (top) or suppressed when inhibiting RFA (bottom) during pre-movement 

(n = 20 and n = 22, N = 3 rats) or movement (n = 12 and n = 32, N = 3 rats). 

(E) Fraction of neurons that are suppressed or enhanced when inhibiting RFA in the different task periods. Error bars represent 95% confidence intervals. 

(F) Sankey plot illustrating the reorganization of CFA neurons influenced by RFA input. 

(G) Output-null population activity in the first principal-component analysis plane in control trials (gray), trials with inhibition in pre-movement period (purple), and 

trials with inhibition in movement period (green). Laser stimulation periods are overlaid as dotted yellow lines with stimulation onset indicated by yellow arrows. 

Filled circles indicate cue onset. 

(H) Euclidean distance in the first principal-component analysis plane between optogenetic manipulations and control conditions. 

(I) Normalized difference between inhibition trials and control trials projected onto the prep direction (left) and movement direction (right) for manipulations during 

the pre-movement (top) and movement phases (bottom). Laser stimulation times are indicated with yellow bars. 

See also Figure S5.
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the population activity of modulated neurons (Figures 5G and 

5H). In control trials, i.e., without laser stimulation, activity in 

the first component plane developed largely into one direction 

during the pre-movement period, which we defined as the prep

aration direction (movement-null). In line with the previous 

finding that the movement-null and movement-potent directions 

are orthogonal,17,46 the trajectory after the cue mostly traversed 

into the orthogonal direction, defined as movement-potent. 

Perturbation of RFA input during both the preparation and the 

movement periods caused trajectories to diverge from the con

trol trajectory transiently during the perturbation before 

converging back to control conditions after the perturbation 

(Figures 5G and 5H), The manipulation during the pre-movement 

period affected activity mostly in the preparation direction 

(Figure 5I, upper panels). Thus, rather than being output-null 

with respect to CFA, in which case RFA activity should cancel 

out and cause no net effect, RFA pushes CFA along its own prep

aration (movement-null) space during the preparation phase. 

Manipulation during the movement period affected both prepa

ration and movement direction (Figure 5I, lower panels). Thus, 

RFA output to CFA is movement-null but not output-null: during 

preparation, RFA does send information to CFA that does not 

cancel out (hence it is not output-null relative to CFA). However, 

this information acts along the preparation dimension of CFA, 

thereby remaining movement-null. In other words, RFA is 

output-potent in relation to CFA across the entire task but affects 

CFA only during the movement phase along its movement- 

potent direction.

Taken together, there is a major reorganization of RFA 

influence onto CFA during the transition from preparation to 

movement, while the total number of affected neurons remains 

constant. We, therefore, propose an updated hypothesis of pre

motor-motor cortex interaction during the pre-movement to 

movement transition (Figure 6), which we call the switching pop

ulation hypothesis. Based on this framework, we put forward a 

number of testable hypotheses. (1) The balanced influence dur

ing movement preparation is due to the balanced activation of 

PV interneurons and pyramidal neurons with premotor RFA neu

rons targeting CFA inhibitory and excitatory neurons. The effect 

of this RFA population on CFA is largely along the preparation di

rection. (2) During movement, premotor neurons in RFA are 

largely silent, and instead, early and late movement neurons 

become active. This switch changes how individual neurons in 

CFA are affected by RFA and leads to a largely excitatory effect 

on CFA. This change in RFA to CFA influence prepares the 

ground for additional input, like from the thalamus,47–51 to 

generate local CFA dynamics that produce activity along the 

movement-potent direction and cause movement.

DISCUSSION

Here, we investigated the neuronal activity in the RFA and CFA 

and the impact of RFA input on the CFA during different behav

ioral phases of prepared movements. Thereby, we established a 

link between neural circuit elements and the null space 

hypothesis.

Neuronal activity prior to movement differed between both 

areas with the RFA displaying more prominent pre-movement 

activity, in line with a role in movement preparation. The RFA 

conveys its pre-movement activity via direct projections to 

CFA where it suppresses and excites CFA units to a similar 

extent during movement preparation. The suppression is most 

Figure 6. The switching population hypothesis 

Reconfiguration of neuronal activity in RFA and CFA across preparation and movement occurs at multiple levels: Largely distinct neuronal populations in RFA 

engage during preparation and movement. This reconfiguration leads to a change in synaptic drive on different sets of neurons in CFA with inhibitory and 

excitatory neurons activated to different degrees, depending on the task phase: During the preparation phase, the excitatory and inhibitory effect of RFA on CFA 

is balanced and movement-null, moving CFA activity along the preparation direction in neural space. During the movement phase, the excitatory effect domi

nates. This change in affected CFA populations is integrated with additional input (black arrow) and coincides with the transition from movement-null to 

movement-potent population activity in CFA, ultimately leading to movement initiation.
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likely conveyed through direct RFA projections onto CFA PV in

terneurons and might serve to prevent the activity in the CFA 

from changing in a movement-potent direction. During move

ment, the impact of the RFA on the CFA switched to being mostly 

excitatory and influenced the neural state space along both 

preparation and movement-potent direction. We summarized 

this reorganization conceptually in our switching population hy

pothesis (Figure 6), which not only combines features from the 

null space and the gating hypothesis but also differs in important 

ways: in contrast to the inhibitory gating hypothesis,12 our 

switching hypothesis does not require a disinhibition, in which in

dividual PV interneurons ‘‘switch off’’ during movement. We pre

dict active inputs onto PV interneurons during both preparation 

and movement. The balance between inputs onto excitatory 

and inhibitory circuits could determine whether the compound 

converging input onto single cells in CFA results in a net 

enhancing or suppressing effect. However, the interneurons 

might play a dual role in implementing both a partial null space 

by sign inversion of parts of the RFA pre-movement activity (so 

that these inputs would cancel out on the single-cell level) and 

confining the influence on CFA along the preparation direction. 

The finding that a similar fraction of neurons in CFA is influenced 

by the RFA during pre-movement and movement phases is 

probably the largest deviation from the null space prediction 

because it shows that the input during the pre-movement phase 

does not cancel out. Rather, the RFA input influences the CFA 

along its own movement-null direction during pre-movement, 

providing a potential mechanism of how preparation activity 

can be transferred between regions. Interestingly, this influence 

changes during movement, where the RFA also impacts the 

movement-potent direction. Along with these population-level 

changes, the CFA neurons affected by RFA input switched be

tween task phases. This switch could mean that the communica

tion subspace between the two areas is not only defined by 

which subpopulations transfer information to CFA but also by 

which neurons in the CFA are targeted by the RFA subpopula

tions.52 These findings represent an intuitive neural mechanism 

underlying the change from movement-null to movement-potent 

spaces in CFA by associating distinct neural elements to the task 

phases that explain the switch.

Of course, RFA and CFA do not work in isolation.53 Instead, 

brain-wide mechanisms have been revealed underlying the 

persistent preparatory activity in mouse premotor areas during 

a sensory delayed response task.48,54–58 Similar distributed pro

cesses might also contribute to the generation of pre-movement 

activity in our task and combine with intrinsic cortical dynamics59

to lead to the reconfiguration of activity between pre-movement 

and movement. These distributed circuits might also lead to the 

fast recovery of activity in CFA after perturbing RFA input. One 

potential candidate to induce the switch from pre-movement 

to movement is thalamocortical input, which has been shown 

to be driving cortical dynamics throughout movement.49 In 

addition, thalamic input to the CFA can initiate either learned or 

more random forelimb movements depending on behavioral 

context.50 One possibility is, therefore, that RFA primes CFA to 

set the initial conditions prior to movement so that thalamic 

input can effectively trigger the appropriate CFA dynamics and 

movement.

Within the framework of the switching hypothesis, we made 

four major contributions to the field.

First, we now close the knowledge gap of what kind of informa

tion is conveyed from the RFA to the CFA during the distinct 

phases of motor preparation and movement execution and how 

RFA affects CFA activity during these different epochs. Depend

ing on the task phase and the subpopulations that are active in 

the RFA, RFA inputs engage inhibitory and excitatory neurons 

in the CFA to different extents to modulate local recurrent circuits.

Second, we identified a strong connection between RFA and 

CFA PV interneurons using immunohistochemistry and electron 

microscopy. Previously, it has been shown that RFA neurons 

project to PV interneurons in CFA60 and that these interneurons 

are activated prior to the forelimb reaching movements,14,51 sug

gesting a role for PV interneurons in shaping motor cortical 

output.15 The high activity of the pre-movement subpopulation 

projecting from RFA to CFA and the relatively low firing rate in 

the CFA movement subpopulation during the pre-movement 

period suggest that PV interneurons may balance incoming exci

tation in the CFA during the pre-movement period. This assigns 

the RFA a major role in inhibiting involuntary movements by influ

encing CFA local circuits during pre-movement.

Third, we showed that disrupting the communication between 

RFA and CFA by silencing RFA to CFA projections has a similar 

behavioral effect as silencing either RFA or CFA on its own. This 

finding emphasizes the importance of corticocortical connec

tions during movement planning. In addition, the communication 

between the two areas together with the convergence of 

information in subcortical target structures22 could explain 

why manipulating RFA and CFA has often been found to have 

similar behavioral effects during movement preparation and 

execution.32

Fourth, we introduced and applied an innovative machine 

learning-based tool (NeuRL), which allows for both decoding 

and for the generation of predictions about neuronal subpopula

tions. Analogous to the reward system in animals,61 NeuRL finds 

an optimal strategy based on a feedback signal. While common 

decoding methods rely on supervised learning without account

ing for the long-term consequences of the actions, NeuRL can 

explicitly assign a policy that maximizes reward over time, 

thereby implementing an internal model of the task.43 In contrast 

to previous approaches,62,63 we thus employed inverse rein

forcement learning, which extracted reward values from the rat 

behavior instead of regular forward reinforcement learning, 

which assumes the feedback signal to be known a priori. This 

approach allowed us to assign functional meaning to neuronal 

subpopulations by conducting simulated inhibition studies 

based on a modified reward function inferred from the perturbed 

features. Integrating this knowledge about the role of specific 

subpopulations into a complete virtual rodent model holds the 

potential of adding physiological details leading to even more 

powerful predictions.64

Moving to more complex scenarios, it will be of high interest to 

test how specific to an individual movement type our population 

switching hypothesis is or how activity would develop during a 

movement sequence.65,66 In a multidirectional task, we should 

be able to observe whether the switch is more interpretable as 

a general ‘‘ready’’ and ‘‘go’’ signal related to the strong condition 
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invariant movement initiation signal that is observed across spe

cies in rodents67 and non-human primates68 or if it is specific to 

the type of movement that is executed. Further, probing the roles 

of the subpopulations with targeted interventions via optoge

netic holography guided by NeuRL predictions will enable real- 

time functional dissection of neuronal subpopulations.69–71

NeuRL could also be used for future translation of our results 

to clinical applications. It solely requires extracellular neuronal 

measurements—a technique that was established in the 1950s 

and developed continuously in human patients up to modern 

high-density probes.72–77 The newly gained knowledge about 

the role of specific neuronal ensembles could be incorporated 

into the design principles of modern brain-computer inter

faces78–85 to enhance the control of external devices and sen

sory write in.86

Limitations of the study

We employed a behavioral paradigm in which the rats initiated 

each trial by moving and holding a lever, analogous to the 

hold-and-reach tasks widely used to study preparatory activity 

in primates, where animals maintain the hand at a central posi

tion before executing cued outward reaches.17,18,87 A caveat 

shared by these paradigms is that neural activity related to main

taining posture can be difficult to disentangle from activity re

flecting movement preparation, even though RFA and CFA inhi

bition has already been indicated to have no effect in holding a 

posture but in initiating movements88 with the additional caveat 

of the required force during the preparation period in our task. 

Future studies without required force and using temporally 

more precise perturbations at defined time points during the 

holding phase, ideally within task designs that allow for a larger 

number of trials per session, should help to better resolve these 

processes.

A second limitation is the relatively low behavioral perfor

mance of the rats, reflecting the difficulty of the task. Potentially 

related to the low behavioral performance, the NeuRL model 

did not fully capture the release time distributions of the control 

behavior or the effects of optogenetic manipulations. Another 

contributing factor may be the relatively coarse temporal reso

lution of the simulations (200-ms bin size). In addition, the elec

trophysiological dataset likely undersamples the relevant 

neuronal population, such that model simulations were con

strained by a limited number of recorded neurons. Future 

work incorporating larger-scale recordings and finer temporal 

resolution is expected to improve model performance and 

alignment with empirical data.

Finally, we cannot determine the fraction of CFA PV interneu

rons targeted by RFA inputs. A comprehensive characterization 

of these inputs would ideally combine quantitative approaches, 

including in vitro synaptic connectivity analyses and volumetric 

electron microscopy, to more precisely assess synapse number, 

strength, and spatial distribution onto PV interneurons in CFA. 

Moreover, our electron microscopy (EM) data do not allow us 

to distinguish between silent and functional synapses. Neverthe

less, when considered together with the in vivo manipulation re

sults, the most parsimonious interpretation is that these synap

ses are functionally relevant and contribute to the switching 

from preparation to movement.
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Female adult CD IGS rats (Sprague Dawley; 15 rats; 8 weeks of age; 250–300 g) were used in this study. They were group-housed 

(2–4 per group) in IVC cages of Type IV 1500 U (Blueline Series from Tecniplast, Germany) under a reversed 12 h light-dark cycle (light 

off from 8 a.m. to 8 p.m., for the duration of the training and experiments). One week before the first behavioral training, rats were 

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-Parvalbumin Merck Millipore P3088; RRID: AB_15736

anti-Parvalbumin Swant PV235; RRID: AB_3698492

Cy3 goat anti-mouse Thermofisher M30010; RRID: AB_1181146

GFP polyclonal antibody Thermofisher A11122; RRID: AB_221569

Nanogold 1.4 nm goat anti-rabbit Biotrend –

biotinylated anti-mouse Vector –

Bacterial and virus strains

rAAV5/hSyn-hChR2(H134R)-eYFP-WPREpA Karl Deisseroth RRID: Addgene_26973

rAAV5/hSyn-eNpHR3.0-eYFP Karl Deisseroth RRID: Addgene: 26972

rAAV5/EF1a-DIO-eNpHR3.0-eYFP Karl Deisseroth RRID: Addgene: 26966

rAAV2-retro.CAG-Cre Edward Boyden RRID: Addgene: 196140-AAVrg

Chemicals, peptides, and recombinant proteins

Durcupan A/M (100 mL) Sigma –

Durcupan B (100 mL) Sigma –

Durcupan C Sigma –

Durcupan D Sigma –

Formaldehyd, 16%, MeOHfrei, 10 × 10mL Polysciences –

Glutaraldehyd 25% 10 x 10mL science –

HQ Silver Initiator/Moderator/Activator Biotrend Chemikalien GmbH –

Experimental models: Organisms/strains

Rat: CD Sprague Dawley Charles River 001

Software and algorithms

MATLAB versions R2018b and R2024a Mathworks https://www.mathworks.com/products/matlab.html

Python 3.10.13 Python Python.org

Custom code – Zenodo: https://doi.org/10.5281/zenodo.20071317

KiloSort Ref. 89 https://doi.org/10.1101/061481

jPCA Ref. 90 https://doi.org/10.1038/nature11129

RPvdsEx Tucker Davis Technologies https://www.tdt.com/product/rpvdsex/

OpenEX software suite Tucker Davis Technologies https://www.tdt.com/product/openex-software-suite/

Med-PC software Med Associates https://med-associates.com/product/med-pc/

ImageSP Tröndle, Germany –

Other

Digital headstage Tucker Davis Technologies ZD32

Electrophysiological recording system Tucker Davis Technologies RZ2 bioamp

Electrodes Atlas Neuroengineering E32+R-150-S2-L6-200 NT

Behavioral control Med Associates Med-PC
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handled daily. Food (standard lab chow) and water were provided ad libitum. During the course of the experiment, free access to food 

was maintained but water was restricted while keeping the rats at > 85% of their weight before water restriction. For 2 days per week, 

ad libitum food and water access were ensured. All animal procedures (surgeries, behavioral training, optogenetics, electrophysio

logical recordings, and perfusions) were approved by the Regierungspräsidium Freiburg, Germany (animal license numbers G-15/ 

011, G-20/026 and G-20/97).

METHOD DETAILS

Behavioral setup

We employed a preparation-movement task for freely moving rats.40 The early training process employed four custom-built setups, 

each individually controlled using Med-PC software to enable simultaneous training (Med Associates, Fairfax, VT). Each training box 

included a 30 × 25 × 30 cm plexiglass box with a grounded metal floor. A 2 × 12 mm infusion cannula (1464LL, Acufirm, Dreieich, 

Germany) covered with a 7 mm (diameter) metal ball served as a lever. The lever was clamped to a holder 1 cm above the cage ground 

and between two 65 × 35 mm retractable plexiglass walls. The holder was centered by two pairs of magnets (adhesive force 2.5 kg, 

model S-08-08-N, Supermagnete, Gottmadingen, Germany). We controlled the distance between magnets, and thus their force, by 

attaching them to M12 screws. The axis of the holder was connected to a 10-bit magnetic angle encoder (AEAT-6010, Avago Tech

nologies, San Jose, CA) reporting the left-right position. The metal holder was connected to a 5V power source, thus forming a 

conductive touch sensor. To deliver vibrotactile stimuli, we glued a small vibrating motor (3V ERM motor, Digikey no. 1597-1244- 

ND, Seeed Technology Co., Shenzhen, China) to the lever. The vibrator, touch sensor, and angle encoder were controlled by an 

Arduino Uno (Arduino, Turin, Italy) connected via transistor-transistor-logic (TTL) to the Med Associates control cabinet. We 

controlled the reward delivery infusion syringe pump (PHM-107, Med Associates) and cage speaker (ENV-224AM, Med Associates) 

directly with the Med Associates cabinet.

Behavioral training

The training started with teaching the rats to maintain a steady hold on the lever. First, we acclimated the rats to the behavioral setup 

for one 30 min session. Then, we rewarded the rats with 3% sucrose water accompanied by a 12 kHz tone upon touching and/or 

moving the lever. After associating touching the lever with the reward, we used plexiglass walls to restrict the rats from using 

body parts other than the hand to press the lever. In gradual steps, we narrowed the gap between the restriction walls to 2 cm 

and automatically increased the holding duration in steps of 10 ms after each successful hold. If a rat used its mouth or both hands, 

we manually decreased the reward size, otherwise, we increased the reward size following successful trials. We inspected the 

preferred holding direction and hand of each rat. A hold was defined as moving and keeping the lever beyond a 1 mm threshold. 

Typically, the rats pulled the lever in the preferred horizontal direction to ∼5 mm until reaching a mechanical limit.

Next, we introduced the vibrotactile stimulus. To discourage timing, we randomized the holding duration until stimulus presenta

tion between 600 and 1,600 ms with a 1:1 ratio (Figure 1A), and the allowed reaction time (RT) window was automatically decreased 

from 2,000 to 600 ms. The stimulus frequency was set to ∼200 Hz. Throughout the behavioral task, we used the 12 kHz tone clicker to 

indicate correct trials to the rats and white noise to indicate errors (premature/delayed releases). After an error, at least 1 s had to pass 

with the lever at the center until a new trial could begin (time-out).

Stereotaxic injections and implantation sites

The animals were initially anesthetized with isoflurane inhalation, followed by intraperitoneal injection of 75 mg/kg ketamine 

(Medistar, Holzwickede, Germany) and 50 mg/kg medetomidine (Orion Pharma, Espoo, Finland). The animals were put into a trans

portation container covered with an opaque cloth to facilitate the anesthetization. Once the animals were anesthetized, they were 

positioned in a stereotaxic frame (David Kopf Instruments, Tujunga, CA, USA), and their body temperature was maintained at 

36◦C–37◦C using a rectal thermometer and a heated blanket (FHC, Bowdoin, USA). The animals were kept anesthetized using 

∼1.0% isoflurane and 1.0 L/min O2. For pre-surgery analgesia, we subcutaneously administered 0.05 mg/kg buprenorphine (Selec

tavet, Dr Otto Fischer GmbH, Weyarn/Holzolling, Germany). Every hour, we injected 2 mL of isotonic saline subcutaneously. We 

applied a moisturizing ointment to the eyes to prevent them from drying out (Bepanthen, Bayer HealthCare, Leverkusen, Germany). 

The skin was disinfected with Braunol (B. Braun Melsungen AG, Melsungen, Germany) and Kodan (Schülke, Norderstedt, Germany) 

using sterile cotton tips. A 2 cm-long incision of the skin on the head was opened using a scalpel. The exposed bone was cleaned 

using a 3% peroxide solution. Craniotomies were drilled bilaterally extending from − 2 to +4.5 mm in the anterior-posterior direction 

and +1 to +4 mm in the mediolateral direction relative to bregma.

For photo-tagging experiments (N = 3 rats; Table S2), we injected 1 μL viral vector (rAAV5/hSyn-hChR2(H134R)-eYFP, UNC Vector 

Core, Chapel Hill, North Carolina) into the RFA. To inhibit RFA or CFA, we injected 1 μL of viral vector (rAAV5/hSyn-eNpHR3.0-eYFP, 

UNC Vector Core) into the respective region. For both photo-tagging and inhibition experiments we injected at two different depths 

(0.6 and 1.2 mm, 0.5 μL each).

For histological experiments three rats (Sprague-Dawley, female, 6–8 weeks of age) underwent bilateral stereotactic injections of 

AAV5/hSyn-eNpHR3.0-eYFP-WPREpA (UNC Vector Core, North Carolina, Chapel Hill, titer: 3.9x10 1̂2) in RFA. Briefly, anesthesia 

was induced with 4% isoflurane (with O2 as the carrier gas), and rats were placed into a stereotactic apparatus (Stoelting, USA). 
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During the intervention, anesthesia was maintained between 1.5% and 2.0%. The surgical site was shaven, disinfected with Kodan 

(Schülke, Germany) and Braunol (B. Braun Melsungen AG, Germany) and topical anesthetic (2% xylocaine gel, Aspen Pharma 

Trading Limited, Ireland) applied over the incision site. The skin was incised by approx. 2cm, subcutaneous tissue removed and 

the craniotomies drilled using a fine drill. The injections were controlled by WPI micropump at a rate of 100 nL/min with a total volume 

of 350nL per site (see Table S4). To minimize the reflux of the injected volume, we left the injection needle in the tissue for 10 additional 

minutes before slowly extracting it from the brain. Post-operative care included subcutaneous injections of carprofen (5 mg/kg, every 

24 h for up to 3 days) followed by weekly checks of weight and general wellbeing. Transcardiac perfusions were performed following 

8 weeks of viral expression. On perfusion day, animals received an i.p. overdose of ketamine (100 mg/kg) and xylazine (10 mg/kg) with 

a maximum injection volume of 1 mL. For electron microscopy, rats were perfused with 0.05% glutaraldehyde (GA, science service 

25% GA 1 mL Ampulle, item number E16220) and 4% PFA in 0.1 M phosphate buffer (PB). Brains were extracted and stored in fixative 

for 1 h and in PB overnight.

For experiments with inhibition of neurons projecting from RFA to CFA, we injected 1.4 μL of viral vector (rAAV2-retro.CAG-Cre, 

UNC Vector Core, North Carolina, Chapel Hill) at four different sites in both hemispheres of the CFA (two points separated by 

∼0.5 mm in the anterior-posterior axes at depths of 0.6 and 1.2 mm, 0.35 μL at each point). We injected two sites in the RFA with 

0.75 μL of viral vector in both hemispheres (rAAV5/EF1a-DIO-eNpHR3.0-eYFP, UNC Vector Core) at depths of 0.6 and 1.2 mm 

(0.35 μL at each location; Table S3). We injected the respective areas at a rate of 100 nL/min using a 10 μL gas-tight Hamilton syringe 

(World Precision Instruments, Sarasota, Florida). To minimize reflux of the injected volume, we left the injection needle in the tissue for 

10 additional minutes before slowly extracting it from the brain.

For electrophysiological recordings, we inserted 2-shank, 32-channel laminar probes (E32+R-150-S2-L6-200-NT, ATLAS Neuro

engineering, Leuven, Belgium) into the contralateral hemisphere relative to the forepaw used in the experiment (N = 5 rats each with 

probes in the RFA or CFA, N = 10 rats overall; Table S1). The probe was slowly inserted into the brain while the rat was held with a 

vacuum holder (ATLAS Neuroengineering, Leuven, Belgium).

We applied a sealant (Kwik-Cast, World Precision Instruments) over the craniotomy and fixed the probe and/or optical fibers to the 

skull with UV-cured dental cement (RelyX, 3M, Saint Paul, MN). Self-tapping skull screws (J.I. Morris Company, Southbridge, Mas

sachusetts) acting as a reference for extracellular recordings were placed above the cerebellum. For increased stability and reduced 

noise, we also cemented the custom-made electrode interface board. Rats were given >7 days of recovery before further 

experiments.

Data acquisition

We performed electrophysiological recordings during 3–4 sessions per rat with at least one week break in between sessions (min

imum 15 correct trials). To avoid electrical artifacts, we built another behavioral setup inside a Faraday cage and disconnected the 

touch sensor. We sampled the broadband signal at ∼25 kHz using a digital head stage (ZD32, Tucker-Davis Technologies (TDT), 

Alachua, Florida). Spiking activity was bandpass filtered between 300 and 5,000 Hz. The Med Associates system registered behavior 

at 100 Hz and synchronized with the electrophysiological signal via TTL communication.

Photo-tagging experiments were conducted eight weeks after the viral injection. Laser stimulation was conducted at 473 nm with a 

power of 1, 2, 4 or 8 mW out of a 200 μm optical fiber with at least 30 trials for each power setting at the end of the behavioral sessions 

during continued neuronal recordings (N = 3 rats, 1 session per rat).

For the photoinhibition experiments, we inhibited the CFA or RFA during either the preparation or movement periods. We used light 

with a wavelength of 590 nm at 15–20 mW for 0.5 s or until movement initiation (50% of trials). After the behavioral session, we in

hibited for 0.5 s with an inter-stimulus period of 10 s to characterize responses outside the task context.

QUANTIFICATION AND STATISTICAL ANALYSIS

Behavior

Reaction times (RTs) were computed from the stimulus onset until the rat released the lever. Lever release was defined as the move

ment of the lever laterally to an amplitude of at least 2 mm. For analysis of optogenetic effects and all electrophysiological analyses, 

trials with release times less than 100 ms after the cue were discarded to avoid ambiguities if a release should be considered spon

taneous or cued. For comparing behavioral performance in optogenetics experiments across regions, we performed bootstrapping 

(n = 1000) by drawing 15 sessions with replacement and calculating the mean premature release rate (PR) across sessions. We then 

present the median and CI of these bootstrap samples for each region.

Electropysiology

We sorted the broadband signal into units using KiloSort,89 inspected each cluster, and defined units based on wave shape. The 

binary spike-time array (1 for spike, 0 otherwise) of each unit was smoothed into firing rate (FR) with a Gaussian kernel with a standard 

deviation of 50 ms and then normalized (Z score).

Cell classification

To identify task-modulated units, neuronal activity was aligned to movement onset. Activity within a 1-s window immediately preced

ing movement onset (pre-movement phase) was compared to activity within a 1-s window following movement onset (movement 
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phase). Statistical significance was assessed using a t test with a threshold of p < 0.05. Modulated units from RFA and CFA were then 

pooled and classified using k-means unsupervised clustering. The optimal number of clusters was determined using silhouette 

analysis.

Photo-tagging

In photo-tagging experiments, a neuron was considered as ‘tagged’ if it fulfilled three criteria: (1) a light pulse of 1 ms caused an action 

potential in the recorded single unit for at least 60% of the laser pulses; (2) the light-induced action potential waveform was similar to 

the mean of the spontaneously occurring waveforms with a Pearson correlation coefficient higher than 0.7, and (3) the induced action 

potential occurred within a latency window of 15 ms, which was in line with the timing of antidromically-evoked action potentials91

(Figure 3D). We further performed a post-hoc collision test on the putatively tagged units (Figure S3). In 10 of the 23 putatively tagged 

units, we were unable to initiate an antidromic action potential when the neuron exhibited spontaneous action potential within 10 ms 

prior to the laser pulse. We then characterized the latency and jitter of all putatively tagged neurons, finding no differences between 

those that passed the collision test and those that could not be tested due to inactivity before the laser pulse. Consequently, we 

grouped all neurons together as projecting from the RFA to the CFA.

Modulation by RFA silencing

To determine if a CFA neuron is modulated by inhibition from neurons projecting from the RFA to the CFA, we compared the FR of the 

neuron during the pre-movement and movement periods, with and without laser inhibition. A p-value of less than 0.05 indicated that 

the neuron was significantly modulated by the inhibition.

Principal component analysis

PCA was performed using the jPCA toolbox90 without subtracting the cross-condition mean. The raw PCA output was used for all 

further analysis. The preparation, or null space was defined in the first PCA plane by the vector from − 1.2s prior to cue to the cue 

onset. The movement-potent direction was defined as being orthogonal to the preparation direction. To analyze deviations from con

trol, we calculated the differences between the manipulations and control for the movement-null and potent directions and z-scored 

these differences by the mean and standard deviation in the pre-laser period.

Histology

For the histological verification of eNpHR3.0, we killed the animals by administering 400 mg/kg sodium pentobarbital (Release500, 

WDT, Garbsen, Germany) and transcardial perfusion with PBS followed by ice-cold 4% paraformaldehyde. After removing the brains, 

we post-fixed the tissue for 2 additional days before transferring it into a solution of 30% w/v sucrose (Merck KGaA, Darmstadt, Ger

many) in water at 4◦C for equilibration. Brains transferred from a sucrose solution were attached to the cooling block of a microtome 

with Tissue Tek (Sakura Finetek, Fisher Scientific, Germany) and were sectioned into 50 μm thin slices. The slices were transferred to 

phosphate-buffered saline (PBS) with 0.01% sodium azide. For antibody staining, selected slices were washed for 3 × 10 min in PBS 

on a rotary shaker at room temperature. The slices were blocked and permeabilized for 1 h (PBS 0.01 M/Triton 0.4%/BSA 5%, Sigma 

Aldrich, St. Louis, MO, USA) on the rotary shaker. The first antibody (dilution 1:1,000, monoclonal anti-Parvalbumin, P3088, Merck, 

Taufkirchen, Germany) was applied overnight at 4◦C (PBS 0.01 M/Triton 0.2%). The slices were washed for 3 × 10 min in PBS on the 

rotary shaker at room temperature. The second antibody (dilution 1:250, Cy3 goat anti-mouse, M30010, Thermofisher, Waltham, MA, 

USA) was applied for 3 h (PBS 0.01 M/Triton 0.2%). Finally, the slices were washed for 3 × 10 min in PBS on the rotary shaker at room 

temperature and mounted. The slices were imaged with a Zeiss (Oberkochen, Germany) LSM880 confocal microscope using a 40×

objective.

Electron microscopy

Brains were sectioned with a vibratome into 50 μm slices and washed in 50 mM TBS (6 g TRIS, 9 g NaCl in 1 L aqua bidest, pH 7.6) for 

1 h. Slices were blocked in 20% NGS in TBS for 1 h and incubated overnight with primary antibodies (rabbit anti-GFP and mouse anti- 

PV; 1:100) in TBS +2% NGS at 4◦C. After incubation, slices were washed in TBS for 1 h. Secondary antibodies were then applied 

overnight (Nanogold 1.4 nm goat anti-rabbit, and biotinylated goat anti-mouse; 1:100 in TBS +2% NGS). On the next day, slices 

were washed for 30 min in TBS, postfixed for 10 min in 1% GA in 25 mM PBS, washed for 15 min in 25 mM PBS, and briefly rinsed 

(2 × 30 s) in distilled water. For silver intensification of Nanogold-labeled EYFP-positive presynaptic terminals, HQ-Silver (Nanoprobe; 

2 drops A, B, C) was applied at 15◦C for 5 min, followed by a 1 h wash in 50 mM TB. For visualization of PV-positive structures, slices 

were processed using the ABC method (4410 μL TB, 1 drop A, 1 drop B) for 90 min at room temperature, washed for 30 min in 50 mM 

TB, and developed with DAB (Sigma Fast) for 3.5 min. Slices were then washed (30 min in 50 mM TB and 10 min 0.1 PB), postfixed in 

0.5% OsO4 with 6.8% sucrose for 40 min, dehydrated through graded ethanol solutions, contrasted with 1% uranyl acetate in 70% 

ethanol, and embedded in Durcupan. Ultrathin sections (60 nm) were cut with a Leica UC 6 ultramicrotome, stained with lead citrate 

(Reynolds), and imaged using a LEO 906 transmission electron microscope (Zeiss) equipped with a SharpEye 2k CCD camera. Im

ages were processed using ImageSP (Tröndle, Germany). Synaptic contacts exhibiting thick postsynaptic density (asymmetric) were 

classified as putative glutamatergic excitatory synapses, whereas synaptic contact with thin postsynaptic density (symmetric) were 

classified as putative GABAergic inhibitory synapses.
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Statistical tests

Data are represented as mean ± SEM or 95% confidence intervals (CI). All statistical analyses were computed in MATLAB (Math

works, version R2018b and R2024a).

Decoding lever position from neural activities

We used a linear regression model to decode the lever position from the neural activities. For each trial, the input features were the 

firing rates of all neurons from the trial initiation to the lever release, binned into 200 ms intervals. The output is the mean lever position 

in the corresponding 200 ms interval. The model was trained independently for each session, and the R2 score was used to evaluate 

the decoding performance. For each model, we formulated a baseline model by shuffling the neural activities across trials, and the R2 

score of the baseline model was subtracted from that of the original model to obtain the adjusted R2 score. R2 scores are presented 

as mean ± SEM.

Inverse reinforcement learning

MDP formulation

We modeled the preparation-movement task as a Markov decision process (MDP). Intuitively, this MDP models the preparation- 

movement task as a sequence of decision steps in 0.2s bins: at each step, the animal decides whether to hold or release the lever, 

with the task resulting in either success or error as an outcome. Formally, it is denoted by a five-tuple (S, A, P, r, γ), where S and A 

denote the set of states and actions, respectively.

The function P: S ×A × S → [0, 1] is the state transition function. The function r: S ×A → R defines the reward function, and γ ∈ [0, 1] 

denotes the discount factor. Additionally, the function π: S × A → [0, 1] is used to represent the policy according to which actions are 

selected in the MDP. To formulate the MDP for the preparation-movement task, the set of states S was defined by discretizing the 

time into chunks of 0.2 s, plus two auxiliary states (success and failure), i.e., S = {0.0 s, 0.2 s, …, 2.4 s} ∪ {success, failure}. In every 

state, the agent could pick an action from the set of actions A = {stay, release}. We defined the MDP to have deterministic transitions. 

The discount factor was set to 1 in all experiments, i.e., no discount. The reward function r was considered to be unknown and to be 

learned from animal behavior.

This MDP formulation builds the basis for the estimation of intrinsic immediate reward. For this, we apply an inverse reinforcement 

learning method to learn the unknown reward function r. Intuitively, we assume the animal to act quasi-optimally with respect to what 

it believes to yield the best long-term outcome. This assumption allows us to pinpoint recorded behavior to the underlying immediate 

reward: since frequently chosen actions must reflect high expected long-term value, the observed action frequencies at each state 

sufficiently constrain the reward to be recovered in closed form. Once found, we can then reconstruct the immediate reward function 

from a parameterized combination of neuronal activities, which in turn allows for modulation of these neuronal activities to simulate 

new behavior.

Estimation of intrinsic reward

Formally, the estimation of intrinsic reward can be formulated as the following optimization problem: We apply an inverse reinforce

ment learning method to learn the unknown reward function r, which can be formulated as the following optimization problem:

maximize Eξ∼D[log P(ξ | πr)]

subject to πr(s; a) = exp
(

Q(s; a) − log
∑

exp Q(s; ⋅)
)
; for all s ∈ S; a ∈ A

Q(s; a) = r(s; a) + γ
∑

s′ ∈S
P(s; a; s′)max

a′ ∈A
Q(s′; a′); for all s ∈ S; a ∈ A;

(Equation 1) 

where r is the optimization variable and D, the set of animal demonstrations, is the problem data. The set D consists of multiple 

trajectories represented as a sequence of state-action pairs: ξ = {(s0, a0), …, (sn, an)}. The objective of problem (Equation 1) is maxi

mized when the animal policy πE(s, a) is equivalent to πr(s, a). Assuming that the actions taken by the animal are samples from a Boltz

mann distribution over its optimal action values, we have

πE(s; a) =
exp(Q(s; a))
∑

a′ ∈A
exp(Q(s; a′))

⟹ Q(s; a) = Q(s;b) + log
(
πE(s; a)

)
− log

(
πE(s;b)

)
; (Equation 2) 

for all actions a ∈ A and b ∈ A− a where A− a = A\{a}. Using the Bellman optimality equation in Equation 2, the immediate reward of 

action a in state s can be expressed by the immediate reward of some other action b ∈A− a, the respective log-probabilities and future 

action-values90:

r(s; a) = μ(s; a) +
1

|A− a|

∑

b∈A− a

(r(s;b) − μ(s;b)); (Equation 3) 

where |A− a| denotes the cardinality of A− a, and

μ(s; a) = log
(
πE(s; a)

)
− γ

∑

s′ ∈S
P(s; a; s′)max

a′ ∈A
Q(s′; a′): (Equation 4) 
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Let |A| = m, for each state s ∈ S, formulating Equation 3 for all actions a ∈ A results in a system of linear equations about r(s, ⋅):

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

1 −
1

m − 1
⋯ −

1

m − 1

−
1

m − 1
1 ⋯ −

1

m − 1

⋮ ⋮ ⋱ ⋮

−
1

m − 1
−

1

m − 1
⋯ 1

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎣

r(s; a1)

r(s; a2)

⋮
r(s; am)

⎤

⎥
⎥
⎦ =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

μ(s; a1) −
1

m − 1

∑

b∈A− a1

μ(s;b)

μ(s; a2) −
1

m − 1

∑

b∈A− a2

μ(s;b)

⋮

μ(s; am) −
1

m − 1

∑

b∈A− am

μ(s;b)

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

: (Equation 5) 

Thus the unknown reward function r can be obtained by solving Equation 5 for all s ∈ S via least squares.

Mapping neuronal activities to intrinsic reward

We assume the intrinsic reward function can be approximated as

r(s; a)≈ r̂(Ψ(s); a) = fθ(Ψ(s); a); (Equation 6) 

where Ψ (s) ∈ Rn is the feature vector obtained from the average activities of n neurons under state s, and fθ : Rn ×A→R is some 

function parameterized by θ (e.g., a linear transformation or a neural network).

The parameters θ are fitted to represent intrinsic reward r(s, a) and hence the underlying behavior of the recorded animals as closely 

as possible. Specifically, the parameters θ can be obtained via either least squares or gradient descent, depending on the class of the 

function fθ, according to the distance between r(s, a) and

r̂ (Ψ (s), a) measured by ‖r(s; a) − r̂(~Ψ(s); a)‖2
2 . Then the fitted parameters can contribute to generalization to any arbitrary neuronal 

activities ~Ψ (s) obtained, e.g., from perturbation of recorded activities. The procedure of NeuRL was applied to individual trials of the 

whole dataset of one session.

Behavior decoding from neuronal activities

We decode the animal behavior from neuronal activities according to the approximated intrinsic reward ̂r (Ψ (s), a) from Equation 6. For 

this purpose, we take a function fθ from the class of neural networks. After fitting the parameters θ of the map fθ, the optimal action- 

value function can be approximated similarly by solving the Bellman optimality condition

Q̂(Ψ(s); a) = r̂(Ψ(s); a) + γ
∑

s′ ∈S
P(s; a; s′)max

a′ ∈A
Q̂(Ψ(s′); a′) (Equation 7) 

for all s ∈ S and a ∈ A. Then the predicted animal policy can be expressed as

π̂(Ψ(s); a) =
exp(Q̂(Ψ(s); a))
∑

a′ ∈A
exp(Q̂(Ψ(s); a′))

: (Equation 8) 

This process is performed individually for each recorded trial.

Simulated inhibition of neuronal activities

We simulate the optogenetic inhibition of animal brain activities according to the following procedure. In this specific experiment we 

take the feature vector Ψ (s) by averaging over all trials for each animal, and consider the function fθ to be a linear transformation. First 

to find the parameters θ of the map fθ, we solve the following least squares problem with Tikhonov regularization:

minimize ‖fθ(Ψ(s); a) − r(s; a)‖
2

2 + λ‖θ‖2

2; (Equation 9) 

where θ is the variable and the hyperparameter λ controls the ‘‘size’’ of θ, which can be considered as the strength of the following 

inhibition process. Analogous to real-world inhibition experiments, we then manipulate the feature vector Ψ (s) by setting the feature 

from targeted neurons within the targeted response window to zero to obtain the perturbed feature vector Ψ̃ (s) for all s ∈ S. Finally we 

use the fitted parameters θ from Equation 9 to get the perturbed reward function r̃ (Ψ (s), a), and the same process described in 

Equations 7 and 8 is applied to obtain the simulated animal policy under inhibition. In the results shown in Figure S3, the hyperpara

meter λ = 0.2.
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Supplemental Information 

 

Figure S1. NeuRL decoding, related to Figure1. 

(A) Learned intrinsic reward (green) and the resulting performance as probability of release for each time 

bin (red dashed line) plotted with the actual release probability of one example rat (blue). 

(B) Model error for the decoding of lever release with NeuRL in RFA and CFA (N = 5 rats) for all sessions 

as a function of number of neurons per session. 

(C) Decoding of task initiation and lever release with NeuRL in RFA and CFA (N = 5 rats). The model error 

for decoding the release time via NeuRL was quantified as negative log likelihood (NLL). Error bars depict 

95% confidence intervals. 

 

 

 



 

Figure S2.  Cluster heterogeneity and effect of individual optogenetic inhibition of RFA or CFA, 

related to Figure 2. 

(A) Silhouette plots illustrating the heterogeneity in the k-means clusters. Closed circles, individual units.  

(B) Probability distribution of peak activity times normalized for each cluster for RFA (top) and CFA (bottom). 

Note that despite the heterogeneity within clusters, neurons are split into clusters with predominantly pre-

movement, early movement and late movement neurons.  

(C) Top: Schematic of optogenetic manipulation in RFA, rAAV5/hSyn-eNpHR3.0-eYFP was injected into 

RFA and a fiber implanted. Bottom: Optogenetic manipulation in CFA.  



(D) Top: Average cumulative release time (N = 3 rats, n = 15 sessions) in response to 0.5 s inhibition in 

RFA prior to the cue in blue. Control condition in black. Bottom: Inhibition in CFA (N = 4 rats, n = 23 

sessions) in brown.  

(E) Top: Average lever trajectories in correct trials (N = 3 rats, n = 15 sessions) in response to 0.5 s inhibition 

in RFA prior to the cue in blue. Control condition in black. Bottom: Inhibition in CFA (N = 4 rats, n = 23 

sessions) in brown. Note that there is no effect of optogenetic inhibition on lever position during the 

preparation phase. 

(F) Median bootstrapped change in premature error rate with 95% confidence interval for RFA (blue) and 

CFA (brown), dashed line indicates 0 change, n = 1000 bootstraps with mean of n = 15 sessions each. 

 

 

 

 



 

Figure S3. Spontaneous collision test and behavioral predictions by NeuRL, related to Figure 3.  

(A) Example traces for photo-triggered spikes without (black) and with (green) preceding spontaneous 

action potential.  

(B) Scatter plot of spike timing jitter and spike latency of first spike after laser onset. Green dots refer to 

units that passed the collision test, i.e. a spontaneously occurring spike before the optogenetic stimulation 

pulse prevented the backpropagation or generation of an antidromic spike. Black dots refer to units which 

could not be tested due to the absence of spontaneously occurring spikes preceding the laser pulse.  

(C) Median bootstrapped change in premature error rate with 95% confidence interval for RFA (blue), CFA 

(brown) and RFA to CFA projecting neurons (yellow) dashed line indicates 0 change, n = 1000 bootstraps 

with mean of n = 15 sessions each. Data are replotted from Fig S2G and Fig 3I. 

(D) Top: Schematics for inhibition of neurons projecting from RFA to CFA. Bottom: Probability density of 

release times in control (black) and after inhibition (yellow) during the movement period relative to cue onset 

(N = 4 rats with n = 32 sessions). 

 



 

(E) Probability density of release times in control behaviour (black, N=3 rats), and for the NeuRL model 

(gray). Behavioural data was binned in 200ms bins for a direct comparison with NeuRL. 

(F) Top: Schematics for in silico inhibition of putative RFA to CFA projecting neurons. We inhibited RFA to 

CFA-projecting neurons during the pre-movement period (N = 3 rats, 1,000 simulations for each rat), using 

NeuRL. Bottom: Probability density of release times for control (black) and inhibition of projecting neurons 

(yellow). Note that NeuRL was trained on neural activity recorded in a first cohort subjected to 

electrophysiology only, whereas optogenetic experiments were performed in a second cohort without 

electrophysiological recording (Fig 3 H). Note, that the model also predicts a leftward shift in the peak of 

the release time distribution following the cue which we did not observe in the optogenetic experiments in 

E.  

(G) Top: Schematics for inhibition of neurons projecting from RFA to CFA. Bottom: Probability density of 

release times in control (black) and after inhibition (yellow) during the preparation period (N = 4 rats with n 

= 32 sessions). 

(H) Schematics for in silico inhibition of subpopulations of putative RFA to CFA projecting neurons. 

Probability density of release times in control (black), and when inhibiting the pre-movement subpopulation 

(purple) or movement subpopulation (green) during the preparation period.  

 

 

 

 
Figure S4. Asymmetry of synapses, related to Figure 4. 

(A) EM image showing an asymmetric synapse. Asterisk: presynapse, circle: post synapse, arrow: synaptic 

cleft. Note the thick post synaptic density. 

(B) Same as A for symmetric synapse.  

(C) Percentage of asymmetric and symmetric synapses.  

 



 

 

Figure S5. CFA responses to RFA input modulation outside the task, during pre-movement and 

during movement, related to Figure 5.  

(A) Schematic of the investigated behavioral epochs. Optogenetic experiments were performed either 

outside the task, during the preparation period, or the movement period.  

(B) Fractions of modulated cells, single dots refer to individual sessions. Error bars depict 95% confidence 

intervals. 

(C) Average of enhanced and suppressed neuron populations when silencing RFA outside the task.  

(D) Fraction of enhanced and suppressed cells across task states. Error bars depict 95% confidence 

intervals. 

(E) Sankey plot illustrating the reorganization of CFA neurons influenced by RFA input. Distinct populations 

are affected outside the task and during preparation.  

(F) Simplified schematic of possible communication schemes between RFA and CFA during pre-movement 

(left) and movement (right). Please note that output potent does not necessarily mean movement potent. 

 



 

Rat # Recording area 
Injection coordinates 

AP (mm) ML (mm) 
DV of shank  
tip (mm) 

10 RFA +3.8 -1.7 2.4 

12 RFA +3.7 -1.5 2.4 

504 RFA +3.2 -1.9 2.4 

533 RFA +3.5 -2.0 2.4 

546 RFA +3.5 -2.0 2.4 

1 CFA +0.2 -2.2 2.4 

3 CFA +0.6 -2.5 2.4 

13 CFA -0.1 -2.1 2.4 

16 CFA +0.3 -2.8 2.4 

506 CFA -0.5 -2.4 2.4 

Table S1: Coordinates of silicon probe implantation sites in the RFA and CFA. Related to 

Figure 1. 

 

Rat # 
Injection 
area 

Viral vector 
Injection coordinates 

Laser 
area 

Recording 
area AP (mm) ML (mm) 

DV of 
shank  
tip (mm) 

10 RFA AAV-hSyn-ChR2 +3.5 -1.5 2.4 CFA RFA 

12 RFA AAV-hSyn-ChR2 +3.4 -1.6 2.4 CFA RFA 

546 RFA AAV-hSyn-ChR2 +3.5 -1.5 2.4 CFA RFA 
Table S2: Injection coordinates in photo-tagging experiments. Related to Figure 3. 

 

Rat # 
Injectio
n area 

Viral vector Coordinates left 
(mm) 

coordinates right 
(mm) 

Laser 
area 

Recording 
area 

AP ML DV AP ML DV 

3 
RFA AAV-DIO-eNpHr 3.7 1.5 0.6/1.2 3.6 1.7 0.6/1.2 RFA CFA 

CFA retroAAV-cre 0.5/
0.0 

2.2/2.
3 

0.6/1.2 0.7/
0.1 

2.5/
2.5 

0.6/1.2 

13 
RFA AAV-DIO-eNpHr 3.8 3.5 0.6/1.2 3.5 1.5 0.6/1.2 RFA CFA 

CFA retroAAV-cre 0.37
/0.4 

0.5/0.
0 

0.6/1.2 0.50
/0.0 

2.4/
2.3 

0.6/1.2 

15 
RFA AAV-DIO-eNpHr 3.3 3.4 0.6/1.2 3.4 1.4 0.6/1.2 RFA N/A 

CFA retroAAV-cre 0.2/-
0.4 

0.7-
0.1 

0.6/1.2 0.7/-
.1 

2.8/
2.6 

0.6/1.2 

16 
RFA AAV-DIO-eNpHr 3.4 3.6 0.6/1.2 3.6 1.6 0.6/1.2 RFA CFA 

CFA retroAAV-cre 0.4/-
0.2 

1.0/0.
6 

2.2/2.3 1.0/
0.6 

2.62
.5 

0.6/1.2 

Table S3: Injection coordinates, silicon probes, and optical fiber implantation location for inhibition 

experiments. Related to Figure 5. 

  



 

Rat # Injection area 
Injection coordinates 

AP (mm_) ML (mm) DV (mm) 

19 RFA +3.5 +/- 1.5 -1.2, -0.6 

4 RFA +3.5 +/- 1.5 -1.2, -0.6 

5 RFA +3.5 +/- 1.5 -1.2, -0.6 

8 RFA +3.5 +/- 1.5 -1.2, -0.6 
Table S4: Injection coordinates for EM experiments. Related to Figure 4. 
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