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“To act or not to act” is a fundamental decision made in daily life. However, it is

unknown how the relevant signals are transmitted to the secondary motor
cortex (M2), which is the cortical origin of motor initiation. Here, we found that
in a decision-making task in male mice, inputs from the thalamus to M2
positively regulated the action while inputs from the lateral part of the orbi-
tofrontal cortex (LO) negatively regulated it. The motor thalamus that received
the basal ganglia outputs transmitted action value-related signals to M2
regardless of whether the animal acted or not. By contrast, a large sub-
population of LO inputs showed decreased activity before and during the
action, regardless of the action value. These results suggest that M2 integrates
the positive signal of the action value from the motor thalamus with the
negative action-biased signal from the LO to finally determine whether to act

or not.

To do or not to do, is that not the question? In addition to multiple
choices with different actions, the choice of whether to act or not is an
important decision to be made’. Through learning, animals come to
select an action to obtain reward and avoid punishment with every
decision made. In this decision, animals sometimes appear to choose
non-action, even if the non-action results in no overt reward or does
not avoid overt punishment>. How does the cerebral cortex decide
whether or not to act and drive the action-related cortical activity when
an action is about to be executed?

In rodents, the secondary motor cortex (M2) plays critical roles in
value-based decision-making, motor planning, and motor initiation in
response to sensory stimuli. In a two-choice decision-making task, the

action-choice signal appears earlier in M2 than in the orbitofrontal
cortex (OFC), medial prefrontal cortex (mPFC), and striatum*. M2
neurons projecting to the spinal cord regulate the action selection and
execution’. Voluntary movement initiates when M2 activity exceeds a
threshold®. Motor-related activity in M2 spreads over many cortical
areas’. M2 activity required for the forelimb lever-pull movement
precedes the activity of the primary motor cortex (M1)®.

Many studies strongly suggest that integration of reward-
associated sensorimotor signals from other areas may be necessary
in M2 for appropriate motor initiation*>, M2 receives direct projec-
tions from numerous brain areas, including the sensory cortex, parietal
cortex, motor thalamic nuclei (mTh), and OFC”". M2 and M1 receive
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outputs from the striatum, particularly the dorsal striatum, via the
ventromedial (VM) and ventroanterior (VA) nuclei included in the
mTh'®, VM inputs to M2 are required for motor initiation'. In turn,
M2 sends strong projections to both dorsomedial striatum (DMS) and
dorsolateral striatum (DLS), whereas M1 sends projections to the DLS,
but not the DMS?. The action value is strongly represented in the DMS
and ventral striatum, but not the DLS***%, DLS and M1 are more
directly associated with activity related to movement®**?**, Considering
that M2 activities are relevant to the value-based decision-making and
motor initiation, M2 is assumed to be influenced by the action value
signals in the striatum. However, it has not been demonstrated whe-
ther the thalamic neurons that mediate the pathway from the striatum
to M2 convey the action value and bias the choice to act or not to act
when an action occurs probabilistically in response to a certain sensory
stimulus. In addition, the lateral part of the OFC (LO) in the mouse
suppresses compulsive behavior through its DMS-projecting
pathway”. However, it is unknown whether the LO directly inhibits
M2 activity for M2-dependent goal-directed actions.

In the current study, we trained head-fixed male mice to choose to
either pull or not to pull a lever after presentation of one of two-tone
cues that were assigned to different reward probabilities>*. When the
cue with the low reward probability was presented, sometimes the
mice pulled the lever, and sometimes they did not. While the mice
performed this task, we conducted optogenetic stimulation of tha-
lamic and LO inputs to M2. We also conducted two-photon calcium
imaging of those thalamic axons in layer 1 (L1) of M2 that mainly ori-
ginated from VM neurons (VM->M2,; axons), axons of LO neurons that
projected to L1 of M2 (LO->M2,; axons), and layer 2/3 (L2/3) neurons in
M2. Our results suggest that the decision-making on whether to act or
not is regulated by convergence in M2 of the action value-related
signal from the motor thalamus and the action-suppression signal
from the LO.

Results

Mice show both action and non-action in response to a tone with
lower reward probability in a two-tone lever-pull task

We trained head-fixed male mice to perform a lever-pull task with
different reward probabilities (Fig. 1a). In each trial, one of the two
pure-tone cues A and B was presented for 0.8-1.2s (cue period) and
then a go sound (white or pink noise) was presented for 300 ms. When
the mice used their right forelimb to pull the lever within 1s after the
go sound onset (response period) and maintained the pulling for
200 ms (successful lever-pull), a water reward was delivered at a
probability of 100% following the cue A presentation (cue A trials) and
20% following the cue B presentation (cue B trials). If they did not pull
the lever, they did not receive a reward or punishment. The cue in the
next trial was presented 4-5 s after the end of the response period. The
period for 1s before the cue onset was defined as the pre-cue period. In
pre-training, the mice received a water reward every time they pulled
the lever after either tone cue was presented. As the training days
progressed, the lever-pull rate (the number of successful lever pulls/
the number of trials without early pull that were defined as pulling
during the cue period) remained high in cue A trials (-0.9), whereas it
decreased to ~0.5in cue B trials (Fig. 1b and Supplementary Fig. 1a). The
reaction time from the go sound onset to the onset of the successful
lever-pull trial was 100-200 ms, and was slightly but significantly
shorter in cue A trials than in cue B trials (Supplementary Fig. 1b). The
early-pull rate was 0.1-0.2, and was higher in cue A trials than in cue B
trials (Supplementary Fig. 1b). Licking during the cue period (antici-
patory licking) was infrequent, and licking started immediately after
the go sound onset in successful lever-pull trials in cue A and B trials
(Apui and By trials, respectively), but not in non-lever-pull trials in cue
B trials (Bnonpun trials) (Fig. 1c). These results suggest that after the
session had sufficiently progressed, the mice lowered the value of
pulling the lever in cue B trials compared with cue A trials.

The mTh->M2 pathway positively biases the choice to pull the
lever and the LO->M2 pathway negatively biases it

Muscimol inactivation of left M2 after training sessions reduced the
lever-pull rate in both cue A and B trials (Fig. 1d). Thus, as in other types
of forelimb movement tasks and decision-making tasks*®, M2 was
important for the performance of the task presented in this study.
When a retrograde tracer was applied onto the cortical surface of M2, it
strongly stained the ventromedial nucleus (VM) in the thalamus
(Fig. 1e), as it did when it was applied onto the surface of M1, In
addition, this tracer strongly stained bilateral LO (Fig. 1e).

Next, we examined whether activation and inactivation of the
pathway from mTh (including VM and the ventrolateral nucleus [VL])
to M2 (mTh~->M2 pathway) and that from LO to M2 (LO~>M2 pathway)
affected the task performance. The mTh and LO project their axons
to other layers of M2 as well as to L1 (Supplementary Fig. 1c-e). Blue
light illumination of ChR2-expressing axons from the left mTh in left
M2 during the cue and response periods increased the lever-pull rate
in cue B trials, whereas yellow light illumination of NpHR-expressing
axons from the left mTh in left M2 tended to decrease the lever-pull
rate in cue B trials (Fig. 1f, Supplementary Fig. 1f, g and Supplemen-
tary Table 1). By contrast, blue light illumination of ChR2-expressing
axons from the bilateral LO in left M2 decreased the lever-pull rate in
cue A and B trials (although this decrease was not significant in cue B
trials), whereas yellow light illumination of NpHR-expressing axons
from the bilateral LO in left M2 increased the lever-pull rate in cue B
trials (Fig. 1g and Supplementary Fig. 1h, i). The lever-pull rate did not
change when GFP was expressed in mTh neurons (Fig. 1h). Except for
the increase in the early-pull rate in cue A trials in response to pho-
tostimulation of ChR2-expressing axons from the left mTh in left M2,
the reaction time and early-pull rate did not change in either of the
photostimulation experiments (Supplementary Fig. 1j, k). These
results suggest that the mTh->M2 pathway positively regulated the
lever-pull action after the go-cue onset and that the LO->M2 pathway
negatively regulated it.

To examine whether the effects of these photostimuli were M2-
specific, we also photostimulated the pathway from the motor thala-
mus to M1 (mTh~>M1 pathway) and that from LO to M1 (LO~>MI1 path-
way), although an anatomical LO~>M1 pathway was not apparently
observed (Supplementary Fig. 1d). Neither photoactivation nor pho-
toinactivation of these pathways in M1 changed any of the lever-pull or
early-pull rates (Supplementary Fig. 2a-g). However, as demonstrated
in our previous study®®, when ChR2-expressing mTh->M1 axons were
stimulated while the forelimb was left floating without a lever, the
forelimb moved (Supplementary Fig. 2h-j). Thus, simple photo-
activation of the mTh->MI1 pathway in our experimental condition did
not directly induce the goal-directed lever-pull movement. These
results suggest that mTh~>M2 and LO>M2 pathways, but not mTh>M1
and LO~>M1 pathways, were important for decision-making with regard
to whether or not to pull the lever.

Two-photon calcium imaging of VM->M2,; axons and LO->M2,,;
axons during task performance
Next, to examine the neuronal activity of VM>M2;; and LO~>M2,;
pathways in the two-tone lever-pull task, we conducted two-photon
imaging of GCaMPé6s- or R-CaMP1.07-expressing VM->M2,; axons and
LO->M2; axons in L1 of M2 during task performance (Fig. 2a, b and
Supplementary Fig. 3a—e). After imaging, we corrected motion arti-
facts, extracted active axonal boutons, and calculated their denoised
fluorescence change (AF/F) (see “Methods” for details). We considered
that multiple boutons that showed high pairwise correlations in
activity (>0.6) originated from the same neurons®, and used their
averaged activity as that of one axon (Supplementary Fig. 3f-h).

We analyzed the neuronal activity in the following three types of
trials: Apyy trials, Bpyy trials, and Bpon.pun trials (Fig. 2¢). The Bron-pui
trials did not include trials in which the lever was pulled but not
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Fig. 1| The two-tone lever-pull task and antagonistic effects of LO>M2 and
mTh->M2 axons on task performance. a Schematic of the two-tone lever-pull task.
X=100 for cue A trials and X = 20 for cue B trials. ITI, intertrial interval. b Lever-pull
rate in the last training session (n = 89 mice, **P < 0.001, Wilcoxon signed-rank test,
two-sided). Black lines indicate the mean. ¢ Averaged lever trajectory and lick
probability for each trial type after learning (n=89 mice; mean + SEM; red, Apun
trials; blue: Bpy trials; light blue: Byon pun trials). The solid vertical line, the onset of
the cue presentation. The dotted vertical line, the onset of the go sound pre-
sentation. White, black, and gray bars at the top indicate the pre-cue, cue, and
response periods, respectively. Scale bars, 2.5 mm for lever trajectory and 0.2 for
lick probability. d Lever-pull rate after administration of artificial cerebrospinal
fluid (ACSF; open box) and muscimol (closed box) to M2. Gray lines indicate each
mouse. Black bars indicate mean + SEM, n = 6, *P < 0.05, Wilcoxon signed-rank test,

two-sided. e Top left and right, retrograde staining with FastBlue (green) put onto
the M2 surface (2.34 mm anterior to the bregma). White, nuclear staining. Bottom,
section images including retrogradely stained bilateral LO (left, 3.08 mm anterior
to the bregma) and ipsilateral VM (right, 1.22 mm posterior to the bregma). Scale
bars: 1mm (top left), 100 um (others). AM, anteromedial thalamic nucleus.

f, g Effects of photoactivation and photoinactivation of mTh->M2 axons (f) and
LO~>M2 axons (g) on the lever-pull rate. Blue, ChR2 photostimulation trials (n=11
mice for mTh->M2 axons and 8 for LO>M2 axons). Yellow, eNpHR photostimulation
trials (n =5 mice for mTh->M2 axons and 6 for LO->M2 axons). Black bars indicate
mean + SEM. *P < 0.05, **P < 0.001, Wilcoxon signed-rank test, two-sided. h Effects
of photostimulation of GFP-expressing mTh->M2 axons on the lever-pull rate (n =4
mice). Black bars indicate mean + SEM. Source data are provided as a Source
Data file.

enough to obtain the reward, or trials with early pulls. The averaged
activity of the VM~>M2;; and LO>M2,; axons largely increased while
the lever was pulled (Fig. 2d). In addition, during the cue period,
VM->M2;; axons showed an increase in averaged activity and main-
tained this increase until the go-cue onset in Apy and By trials, with
this increase appearing to be higher in Ay trials than in By trials
(Fig. 2d). In LO>M2,; axons, the increase in the averaged activity
occurred after the cue onset in A, trials, but was not maintained until
the go-cue onset (Fig. 2d). In By, trials, the averaged activity during
the cue period appeared to decrease below both the baseline activity
and the averaged activity in Bnon.pun trials (Fig. 2d). Thus, VM->M2,; and

LO->M2,; axons appeared to represent the task-related information in
different ways.

To objectively determine which types of activity patterns were
included in these pathways in the cue and response periods, we used
spectral analysis®® to classify the VM->M2; and LO->M2,; axons into six
clusters (clusters 1-6; Fig. 2e, f and Supplementary Fig. 3i, j; see
“Methods” for details). The major characteristics of each cluster are
summarized in Fig. 2f. Clusters 1 and 2 showed a sharp increase in
activity at the onset of the lever-pull, then activity decreased before the
lever was returned. The peak timing was earlier in cluster 2 than in
cluster 1, and cluster 2 was therefore inferred to be more strongly
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Fig. 2 | Activity of VM->M2;; and LO~>M2,, axons during the lever-pull task.

a Top, schematic of the two-photon calcium imaging of VM->M2,; and LO~>M2,,
axons. Bottom, representative sagittal slice image of GCaMPés-expressing LO
neurons and R-CaMP1.07-expressing thalamic neurons. b Left, representative
image of R-CaMP1.07-expressing VM~>M2, ; axons (red) and GCaMP6s-expressing
LO~>M2y; axons (green) in L1 of M2. Right, expansion of the boxed region in the left
subimage. Scale bars: 20 pm (left), 10 um (right). ¢, d Mean lever trajectory and lick
probability (25 sessions from 10 mice) (c) and mean trial-averaged activity of
VM->M2,; and LO>M2y; axons (n =1932 and 1697, respectively, in the same sessions
as those in ¢) (d) during the imaging experiment. Shading indicates +SEM. Red: Apui
trials; blue: By trials; light blue: Buon.pun trials. The black, white, and gray rec-
tangles at the top represent the pre-cue, cue, and response periods, respectively.
The cue period (0.8-1.2 s) was scaled to 1s by equalizing the cue period length.
Scale bars: 2.5 mm for lever trajectory, 0.2 for lick probability, and 1% AF/F for

Cluster

axonal activity. e Trial-averaged activity patterns in Ap (red), By (blue), and Bpop.
pull (light blue) trials for six clusters of VM->M2,; and LO->M2,, axons. Each row
represents an individual axon and the horizontal axis represents time. The green
and orange bars in the right column indicate VM~>M2,; and LO->M2,; axons,
respectively. White, black, and gray bars at the bottom indicate the pre-cue, cue,
and response periods, respectively. f Time course of the mean activity of each
cluster in the Apy (red), By (blue), and Byon.pun (light blue) trials shown in (e).
Shading indicates +SEM. Scale bars: 1% AF/F. g Proportions of axons classified into
each cluster for VM>M2,; (green) and LO->M2,, (orange) axons (25 sessions from 10
mice). **P < 0.01, **P < 0.001, the proportions of the corresponding clusters were
significantly different from the expected value (16.7%), chi-squared test with post-
hoc residual analysis (Bonferroni correction, six repeats), two-sided. The test was
separately performed in VM->M2,; (green) and LO->M2y; (orange) axons. Source
data are provided as a Source Data file.

related to motor initiation. Cluster 3 showed a decrease in activity in
the lever-pull trials. Clusters 4 and 5 showed a slower increase in
activity than clusters 1 and 2, and the reward dependency was high
(Supplementary Fig. 4a, b). The activity of cluster 5 was higher in non-
rewarded trials than in rewarded trials. Cluster 6 showed a transient

increase in activity during the cue period in Ap trials. The proportion
of the total axons contributed by each cluster differed between
VM->M2;; and LO->M2;; axons (Fig. 2g). In VM~>M2;; axons, the pro-
portion of each cluster ranged from ~10% to -20%. In LO>M2,; axons,
the proportion represented by cluster 3 was particularly high at -50%.
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Fig. 3 | Characteristics of the activity pattern of each cluster. a Time courses of
the averaged pull preferences of clusters 1-3 (mean + SEM, cluster 1, n = 650 axons;
cluster 2, n=417 axons, cluster 3, n=1247 axons). The mean preference over the
pre-cue period was subtracted. Horizontal bars indicate the time points at which
the preference was significantly different from that in the pre-cue period (Wilcoxon
signed-rank test with Bonferroni correction, 30 repeats, two-sided). b Violin plots
of the tone (top) and pull (bottom) preferences calculated from the averaged
activity during the cue (left) and response (right) periods. The mean preference
over the pre-cue period was subtracted. Thick lines indicate the mean. *P<0.05,
**P<0.01, **P<0.001, Wilcoxon signed-rank test with Bonferroni correction (six

Cluster Cluster 1,2,4-6

repeats), two-sided. ¢ Plots of the cue period noise activity of VM>M2,; and
LO~>M2,; axons in the simultaneous imaging experiments (n = 25 sessions from 10
mice). Top, Apyn trials; Middle, B, trials; Bottom, Byon.pun trials. Each dot indicates
each trial (the total trial number was 882 in Ap trials, 1139 in By trials, and 1517 in
Bron-pui trials). For each axon, the activity in each trial minus the within-session-
averaged activity was calculated. For each trial, activity was averaged over cluster 3
in LO>M2;; axons and clusters 1, 2, and 4-6 in VM>M2,; axons to represent the
noise activity. Spearman’s p and P-values (two-sided) are also shown. Source data
are provided as a Source Data file.

The proportions of the other clusters were in the range of 5%-15%, with
the smallest proportion being from cluster 2 at ~-5%. Thus, the clus-
tering analysis demonstrated that VM->M2;; and LO>M2;; axons
represent different types of task-related information in different ways.

The lever-pull preference of activity during the cue period

showed opposing traits between VM->M2,; and LO~>M2,; axons
Next, we compared the activity between Apy and By trials in each
cluster to estimate the tone preference of each cluster. We also com-
pared the activity between By and Bpon-pun trials to estimate the pull
preference. Most VM->M2,; axon clusters, except for cluster 3, showed
positive tone and pull preferences during the cue and response peri-
ods (Fig. 3a, b). These were related to the fact that the averaged activity
was higher in Apy trials than in By trials, and was higher in By trials
than in Bponpun trials (Fig. 2d). Only cluster 5 during the response
period showed a preference for cue B trials over cue A trials, with the
activity being higher in non-rewarded trials than in rewarded trials

(Supplementary Fig. 4a, b). By contrast, in LO>M2,; axons, cluster
3 showed negative tone and pull preferences during the cue and
response periods (Fig. 3a, b). These corresponded to the higher aver-
aged activity in By trials than in Apy, trials, and higher averaged
activity in Bron.pun trials than in By, trials (Fig. 2d). The tone and pull
preferences of the other clusters were weak in the cue period, whereas
in the response period, the activity tone and pull preferences were
significant for all clusters except for cluster 6. Thus, the tone and pull
preferences also differed between VM~>M2,; and LO>M2,; axons. In
particular, clusters 1, 2, and 4-6 of the VM~>M2,; axons showed a sig-
nificant pull preference in both cue and response periods, whereas
cluster 3 of the LO>M2;; axons showed a significant non-pull pre-
ference. This is consistent with the photostimulation results in cue B
trials: activation of mTh~>M2 axons increased the pull rate while acti-
vation of LO->M2 axons tended to decrease the pull rate.

The axonal activity during the cue period might largely reflect the
infrequent anticipatory lick. However, even when all trials with an
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anticipatory lick were removed, the proportions of clusters and the
tone and pull preferences in the cue period did not apparently change
(Supplementary Fig. 4c-e). If the common upstream neurons posi-
tively regulated VM>M2,; axons and negatively regulated LO->M2,;
axons, the trial-to-trial fluctuation should be negatively correlated
between these axons. However, in each type of trial, no such noise
correlation in the cue period was detected between clusters 1, 2, and
4-6 of VM>M2; axons, and cluster 3 of LO~>M2;; axons (Fig. 3¢). This
result suggests that the VM>M2,; and LO->M2,; pathways were inde-
pendently generated and differently affected the decision-making
regarding whether or not to pull the lever.

The action value for tone B trials increased after the reward
probability was suddenly increased
The striatum is thought to be critical for calculation of the action value in
real-time. The VM strongly receives the final outputs from the basal
ganglia®®***°; thus, such an action value might be transmitted to M2
through the VM->M2(; pathway. If so, VM->M2,; axons would show a
strong pull preference because the action value and lever-pull prob-
ability should be correlated. Alternatively, whether the lever was pulled
or not could be determined during the cue period, and this signal might
be transmitted to M2 through the VM->M2,; pathway. LO inhibits com-
pulsive behaviors through the pathway from LO to the dorsal striatum®,
Thus, the LO>M2;; pathway might convey either the action value or
information on whether the lever was pulled or not as a negative signal.
To determine whether VM->M2,; and LO>M2;; pathways con-
veyed the action value, we investigated whether the neuronal activity
that could not be explained by the presence or absence of the lever-
pull action could be explained by the action value inferred from action-
choice history. To compare the neuronal activity across cue B trials
with largely differing action values within the same session, we intro-
duced a value-shift task in which the reward probability in cue B trials
was shifted from 20% to 100% 5 min after the session started, while the
probability in cue A trials remained at 100%. After the mice that
expressed GCaMP6s in VM->M2,; or LO~>M2; axons (Supplementary
Fig. 5a, b) were trained to perform the standard two-tone lever-pull
task, they then performed the value-shift task. During the first 20-min
period in this task, we conducted two-photon imaging of the VM~>M2,;
and LO~>M2;; axons. The mice showed an increased lever-pull rate in
cue B trials after the shift (Fig. 4a). To explain the transition of the
lever-pull rate in cue B trials in the value-shift task, we constructed a
behavioral state model. The relative action value in cue B trials, AQ,
which indicates the degree to which pulling the lever is better than not
pulling it, was updated every cue B trial according to whether the lever
was pulled or not and whether the reward was obtained or not
(Fig. 4b). The probability of the lever pull was determined in each trial
according to the sigmoidal transformation of AQ (see “Methods” for
details). We constructed four models with and/or without the lever-
pulling cost term (), which decreased AQ when the lever was pulled
but the reward was not received, and the saving term (¢), which
decreased AQ and increased the probability of the following non-pull
choice when the lever was not pulled”. The result of the model eva-
luation using the Akaike information criterion and Bayesian informa-
tion criterion did not contradict the result of our previous study using
the similar two-tone lever-pull task, in which the model with ¢ and
without 6 is the best model” (Fig. 4c). In this model, AQ increased after
the change in the reward probability, and this increase well explained
the increase in the lever-pull rate in cue B trials (Fig. 4d and Supple-
mentary Fig. 5¢).

VM-M2,, axons represent the action value for cue B trials dur-
ing the cue and response periods, whereas LO->M2,,

axons do not

The imaged axonal boutons were classified into six clusters that were
determined in Fig. 2f (six original clusters) according to the similarity
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Fig. 4 | Change in the relative action value for tone B trials in the value-

shift task. a Change in lever-pull rate in cue A (red) and B (blue) trials over 5 min in
the value-shift task. The reward probability in By, trials was changed from 20% to
100% 5 min after the imaging started (n =13 sessions from 8 mice). Each thin line
indicates each session. Thick lines are mean + SEM. **P < 0.01, Wilcoxon signed-rank
test with Bonferroni correction (six repeats), two-sided. b Schematic of the beha-
vioral state model. The relative action value in the ¢+1th cue B trial (AQ(t +1)) is
updated according to AQ (¢), action in the tth trial (P(¢)), the trial variable in the tth
trial (U(9)), the learning rate (a), and the constant bias term (g). U(¢) is 1 when the
lever was pull and the reward was delivered, -6 when the lever was pull and the
reward was not delivered, and —¥ when the lever was not pulled. See “Methods” for
details. ¢ Validation of four behavioral state models using Akaike’s information
criterion (AIC) and the Bayesian information criterion (BIC). The difference in AIC
or BIC between each model and the model with ¢ of 0 and 6 of O is indicated as
AAIC or ABIC, respectively (mean + SEM, n=13). *P < 0.05, **P < 0.01, Wilcoxon
signed-rank test with Bonferroni correction (six repeats), two-sided.

d Representative trace of the recorded lever-pull rate (black) and the lever-pull rate
predicted from the model with ¢ as a variable and 8 of O (orange) in cue B trials. The
lever-pull rate is shown as the 8-trial moving average. The filled red, filled gray, and
open gray dots indicate rewarded trials, pull trials, and non-pull trials, respectively.
The trace of AQ is also shown (magenta). Source data are provided as a Source
Data file.

of their activity to the averaged activity in each of the original clusters.
Here, we focused on the activities of clusters 1, 2, and 4-6 of VM->M2,;
axons and cluster 3 of LO->M2,; axons in cue B trials. We classified cue
B trials with AQ values from the top 80% to 0% in the model with ¢ and
without 6 into three groups of high, middle, and low values (Supple-
mentary Fig. 5d; see “Methods” for details), and then separated the
classified groups into By and Bnon-pun trials.

In both cue and response periods, the averaged activity of clusters
1, 2, and 4-6 of VM->M2y; axons in By and Bpon-pun trials increased as
AQ increased (Fig. 5a). In the cue period, the activity in the trials
with the low and middle groups of AQ did not differ between By, and
Bron-pu trials. This indicates that the activity in the cue period did not
largely reflect the motor preparatory activity. In the response period,
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Fig. 5| The activity change of VM->M2, ; axons corresponds to the change in the
relative action value. a, d The mean activity of clusters 1, 2, and 4-6 of VM->M2,,
axons (a) and cluster 3 of LO>M2; axons (d) during the cue (left) and response
(right) periods in By (blue) and Byon-pui (Cyan) trials. Trials were divided into three
groups according to the AQ(¢) value in each session. Bars indicate mean + SEM.

n =518 axons in 6 sessions from 4 mice in (a). n =629 axons in 7 sessions from 4
mice in (d). Differences between By, and Byon.pun trials in the trials with the same
group of AQ and differences between the trials with the different groups of AQ in
the same trial type were tested with Wilcoxon rank sum test with Bonferroni cor-
rection (three repeats) (*P < 0.05, **P < 0.001, two-sided). b, e Time course of the

residual activity of clusters 1, 2, and 4-6 of VM>M2,; axons (b) and cluster 3 of
LO~>M2,; axons (€) in By (top) and Bpon.pun (bottom) trials. Trials were divided into
three groups according to AQ(t) (from dark to light in each color: high, middle, and
low). Shading indicates +SEM. ¢, f The mean residual activity of clusters 1, 2, and 4-6
of VM->M2,; axons (c) and cluster 3 of LO~>M2,; axons (f) during the cue (left) and
response (right) periods. Bars indicate mean + SEM. Differences between By, and
Brion-pun trials in the trials with the same group of AQ and differences between the
trials with the different groups of AQ in the same trial type were tested with Wil-
coxon rank sum test with Bonferroni correction (three repeats) (*P<0.05,
*P<0.01, **P<0.001, two-sided). Source data are provided as a Source Data file.

there was a tendency for correlation between the activity and AQ in
both Byy; and Bron-pun trials. The activity within the same AQ group
differed substantially between By and Bponpun trials (Fig. 5a). To
determine whether behavioral variables could explain the correlation
tendency between the neuronal activity and AQ, and the difference in
activity between By and Bpon.pun trials in the response period, we
constructed an encoding model to explain the neuronal activity from
the variables of the task events (cue A or B, rewarded or non-rewarded,
and pull or non-pull) and the behaviors that could be measured (lever
trajectory, pull onset, pull end, and lick rate) (Supplementary Fig. 5e).
Then, we examined the properties of the residual activity (the activity
minus the encoding model-fitted activity) of the axons that were sig-
nificantly explained by the encoding model (see “Methods” for details).
The positive correlation tendency between the residual activity and AQ
was again detected in both cue and response periods (Fig. 5b, c).
Furthermore, the residual activity in the same group of trials did not
differ between Bpy and Bron.pun trials in the cue period. The result for
the model with neither ¢ nor 8 was very similar (Supplementary
Fig. 5f~h). These results suggest that the majority of VM->M2,; axons
possessed the relative action value throughout the cue and response
periods, and did not possess the decision to pull or not, at least during
the cue period.

The averaged activity of cluster 3 of LO>M2;; axons in cue B trials
did not show a tendency to correlate with AQ in the model with ¢ and
without @ in both cue and response periods (Fig. 5d). By contrast,
activity was higher in Bnon.pun trials than in By trials, except for the
trials with the middle AQ value in the cue period (Fig. 5d). After the
encoding model processing, this difference was detected in all three
types of trials during the cue period (Fig. 5e, f). Thus, this different

activity did not reflect the difference in the history of the action and
reward. Although a large difference in the activity between Bpon.pun and
B trials in the response period was reduced in the residual activity,
the residual activity still did not correlate with AQ (Fig. Se, f). The result
for the model with neither ¢ nor 8 was very similar (Supplementary
Fig. 5i-k). These results suggest that the activity of cluster 3 of
LO->M2,;, which showed a decrease in the lever-pull trials, possessed
the negative signal regarding the decision to pull in the cue and
response periods, rather than the relative action value.

mTh->M2 inputs might strongly affect the M2 activity relevant to
the action initiation

We then asked the question “Were the six patterns of VM~>M2; and
LO->M2,; axonal activity embodied in the activity of M2 neurons?” We
conducted two-photon calcium imaging of jRGECOla-expressing
neurons in M2 L2/3 during the standard two-tone lever-pull task
(Fig. 6a, b and Supplementary Fig. 6a). We classified the imaged M2
neurons into the six clusters that were determined for VM->M2;; and
LO~>M2,; axons, according to the similarity of each M2 neuron’s
activity to the averaged activity in each of the six original clusters
(Fig. 6¢). In M2 L2/3 neurons, cluster 2 neurons (which were probably
the most related to the lever-pull initiation) formed the highest pro-
portion, at ~30% (Fig. 6d). Cluster 1 and 2 neurons showed a positive
lever-pull preference during the cue and response periods, which was
similar to the preference of VM->M2,; axons (Fig. 6e and Supplemen-
tary Fig. 6b). Although the proportion represented by cluster 3 was
lower in M2 neurons than in VM->M2,; axons, cluster 3 still showed the
negative lever-pull preference during the cue and response periods,
which was similar to the preference of LO>M2;; axons (Fig. 6e and
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Fig. 6 | The activity patterns of M2 L2/3 neurons partly inherit the activity

patterns of the input axons. a Schematic of two-photon calcium imaging of non-
specific M2 neurons in L2/3. b Representative image of M2 L2/3. Scale bar: 100 pm.
¢ Activity patterns of each cluster of M2 L2/3; n =497 neurons for cluster 1, 983 for
cluster 2, 893 for cluster 3, 494 for cluster 4, 692 for cluster 5, and 234 boutons for
cluster 6. Shading indicates +SEM. Scale bar: 1% AF/F. d Proportions of the six

clusters among the M2 L2/3 neurons (n =18 sessions from 5 mice). ***P < 0.001, the

proportions of the corresponding clusters were significantly different from the
expected value (16.7%), chi-squared test with post-hoc residual analysis (Bonferroni
correction, six repeats), two-sided. e Violin plots of the pull preference of each
cluster during the sample (left) and response (right) periods. The preference in the
pre-cue period was subtracted. Thick lines indicate the mean. **P < 0.001, Wil-
coxon signed-rank test with Bonferroni correction (six repeats), two-sided. Source
data are provided as a Source Data file.

Supplementary Fig. 6b). These results suggest that the prominent
properties of VYM>M2,; and LO->M2;; axons were inherited by subsets
of M2 L2/3 neurons.

When spectral clustering was directly applied to M2 neuronal
activities, they were classified into four clusters (M2 clusters; Supple-
mentary Fig. 6¢-€). According to the similarities of the time courses of
activity (Supplementary Fig. 6d and Fig. 6¢), the M2 clusters 1, 2, 3, and
4 roughly correspond to the original clusters 3, 2, 5, and 4, respectively.
The proportions of M2 clusters 1 and 2 were high (Supplementary
Fig. 6f), and their pull preferences were negative (but not significant in
the cue period) and positive, respectively (Supplementary Fig. 6g).
These properties were consistent with those of clusters 2 and 3 of M2
neurons (Fig. 6d, e).

Finally, we examined what activities were exhibited by M2 neu-
rons that were synaptically coupled with mTh and LO. Taking advan-
tage of the anterograde transsynaptic spread property of AAVI®, we
injected AAVI-hSyn-Cre into mTh or LO, and AAV-flex-jRGECO1la into
M2 (Fig. 7a). Very few M2 L2/3 neurons projected to the motor thala-
mus (Supplementary Fig 7a—f), as described previously*, indicating
that when AAV1-hSyn-Cre was injected into mTh, jJRGECOla-expressing
L2/3 neurons in M2 were transsynaptically labeled in the anterograde
direction. We refer to these neurons as M2 <1, neurons. Since LO and
M2 project bidirectionally", it was possible that M2 neurons projecting
to LO were retrogradely transfected and that these transfected neu-
rons also expressed jRGECOla. By comparing the numbers of fluor-
escent neurons with retrograde transfections of AAV1 and AAVrg (an
AAV retrograde serotype)®, following the methods used in a previous
study*, we estimated that when AAVI-hSyn-Cre was injected into the
LO, ~70% of jJRGECOla-expressing L2/3 neurons in M2 showed ante-
rograde transsynaptic transfection, while the remaining 30% were
neurons with retrograde transfection (Supplementary Fig. 7g-0). Thus,
we considered that the majority of jJRGECOla-expressing M2 12/3
neurons were those receiving synaptic inputs from LO, and refer to
them as M2, o neurons.

We imaged M2,,t, neurons and M2, neurons during task
performance (Fig. 7b and Supplementary Fig. 8a), and classified these
neurons into six clusters, as we did for non-specific M2 neurons
(Fig. 7c). The cluster 2 proportion was highest in M2, neurons,
whereas the cluster 3 proportion was highest in M2, neurons
(Fig. 7d). Many clusters, except for cluster 3, showed positive pull
preferences, and the negative pull preference of cluster 3 was
detected in both types of neurons in the response period (Fig. 7d and
Supplementary Fig. 8b). Although these imaged neurons should
include neurons that received inputs from other thalamic nuclei and
neurons receiving the inputs in layers 2-6 of M2, as in the photo-
stimulation experiments, some properties that were observed in
VM->M2;; and LO>M2;; axons were also possessed: a higher pro-
portion of cluster 2 and a lower proportion of cluster 3 in M2«,Th
neurons than in M2, o neurons (Fig. 7d), the positive pull preference
tendency of clusters 1, 2, and 4-6 in M2, neurons, and the highest
proportion and negative pull preference of cluster 3 in M2, o neu-
rons (Fig. 7e).

When M2_,,t neurons and M2, o neurons were classified into the
four M2 clusters, the different proportions of M2 clusters 1 and 2
between M2.,,ti, and M2, o neurons were relatively conserved (Sup-
plementary Fig. 8c, d). Considering that the proportion of cluster 2 was
the highest in the non-specific M2 neurons and M2 1, neurons
(Figs. 6d and 7d), mTh->M2 inputs, including VM->M2,, inputs, might
play an important excitatory role in the decision to pull the lever and
generation of the motor initiation signal.

Discussion

We have revealed that VM->M2;; and LO->M2,; axons showed distinct
activities in a decision-making task regarding whether to act or not.
There was no trial-to-trial negative correlation between the activity in
clusters 1, 2, and 4-6 of VM->M2;; axons and that in cluster 3 of
LO~>M2,; axons, suggesting that the signals in the VM->M2;; and
LO~>M2,; pathways are likely to be independently generated. Even if
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Fig. 7 | mTh>M2 inputs may strongly affect the action-initiation activity in M2.
a Schematics of two-photon calcium imaging of M2, o neurons (top) and M2 1,
neurons (bottom). b Representative images of M2, o neurons (top) and M2 th,
neurons (bottom). Scale bar, 50 pm. ¢ Time course of the mean activity of each
cluster of M2, o neurons (top) and M2, neurons (bottom) in Apy (red), Bpui
(blue), and Byon.punt (cyan) trials. Shading indicates +SEM. Scale bar: 1% AF/F.

d Proportions of the six clusters of M2, neurons (green) and M2, o neurons
(orange). *P < 0.05, *P < 0.01, *P < 0.001, the proportions of the corresponding
clusters were significantly different from the expected value (16.7%), chi-squared

test with post-hoc residual analysis (Bonferroni correction, six repeats), two-sided.
The test was separately performed in VM>M2; (green) and LO~>M2,, (orange)
axons. e Violin plots of the pull preference of each cluster of M2 1, neurons
(green) and M2, o neurons (orange) during the cue (left) and response (right)
periods. The preference in the pre-cue period was subtracted. Thick lines indicate
the mean. *P< 0.05, *P< 0.01, **P < 0.001, Wilcoxon signed-rank test with Bon-
ferroni correction (six repeats), two-sided. Source data are provided as a Source
Data file.

the decreased activity in LO might directly affect the DMS or the
ventral striatum®, this signal should be processed along with many
other signals throughout the basal ganglia. As a result, the final output
in the VM (VM~>M2,; axons) might not correlate with the activity of
LO->M2;; axons. We propose that the balance between VM and LO
signals plays an important role in the decision-making process in M2
regarding whether to act or not.

The effect of the action value signal of the mTh->M2 pathway on
the M2 activity involved in motor initiation

Our behavioral and encoding models revealed that VM~>M2,; axons
possessed the relative action value in each cue B trial during the cue
and response periods, irrespective of whether the lever was pulled or
not. We also showed that activation and inactivation of the motor
thalamic inputs to M2 can bias the choice towards action and non-
action, respectively. These results directly connect the report stating
that the chosen-action signal is strongly represented in M2 with
reports stating that the action value is strongly represented in the
ventral striatum and DMS in left or right choice tasks*?. Although the
action value is widely distributed across brain areas including the LO,
mPFC, striatum, M2, and hippocampus®, it is strongly represented and
updated in VS and DMS***’, Anatomically, mPFC, OFC, and the motor
cortical areas are included in different cortico-basal ganglia loops, with
these including the ventral striatum, DMS (or caudate nucleus), and
DLS (or putamen), respectively'®'**%, These loops are segregated, but

partially overlap, e.g., mPFC and DMS are linked with the mediodorsal
thalamus, M2 also projects to DMS, and DMS can affect M2 and M1
activities through the motor thalamus'®***°, Thus, we consider that the
relative action value represented in DMS would be transmitted to the
VM->M2,; pathway. In addition, in trials with the same relative action
value, the activity of clusters1, 2, and 4-6 in VM>M2_; axons during the
cue period clearly increased as much when the lever was not pulled as
when it was pulled. This suggests that the chosen-action signal was not
strongly represented in VM->M2; axons before the go-cue onset. The
mPFC maintains the action value over a long timescale in a dynamic
foraging task, and represents the action value better than M2 in the
pre-cue period*’. These results imply that the action value is updated
in DMS every trial, is maintained in mPFC and DMS in the intertrial
interval, and is then sent to M2 after the cue presentation.

The cluster proportion was similar between non-specific M2 L2/3
neurons and M2.yy L2/3 neurons suggesting that VM>M2;; axons
widely distributed the relative action value signal to M2 neurons, which
could bias the choice to action or non-action. However, the pull pre-
ference in the cue period was very weak in clusters 4 and 5 of the non-
specific M2 L2/3 neurons. By contrast, a strong pull preference was
detected in clusters 1 and 2, which showed strong activity immediately
after the lever-pull onset. The relative action value signal might be
strongly incorporated into the generation of the motor initiation sig-
nal. We therefore propose that whether to act or not is determined by
M2 rather than VM->M2 axons or their upstream striatum.
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Decreased activity of the majority of the LO->M2 axons in lever-
pull trials

In contrast to the activity of VM>M2,; axons, approximately half of the
LO~>M2; axons (cluster 3) showed decreased activity during the cue
and response periods of the lever-pull trials, irrespective of whether
the relative action value was low or high. This result is consistent with
the report that there are OFC neurons that increase their activity
during behavioral inhibition, and that this stopping-related activity is
unrelated to reward-related activity in the macaque*. However, this
result is inconsistent with reports that the action value, but not the
chosen action, is represented in the LO to some extent**’, and that
ChR2 stimulation of LO increased devalued lever pressing®. This dis-
crepancy might be because the proportion of cluster 3 was small in the
LO neurons (including those without M2 projections), and some other
neurons might represent the action value and their activation might
induce the lever pressing through other pathways".

The gradual decrease in cluster 3 activity of LO~>M2; axons dur-
ing the cue and response periods was also detected in the cue A trialsin
which mice consistently pulled the lever. Thus, the baseline activity of
the LO>M2 pathway might generally serve to inhibit M2-triggered
movements. However, photoinhibition of this pathway did not
increase the early-pull rate. Thus, both the go signal for the motor
initiation that was partly provided by the motor thalamus and a
decrease in the LO>M2 inputs would be necessary for initiation of the
goal-directed movement.

M2 neuron types that may be downstream of the LO-~>M2
pathway

Considering that activation of the pathway from the LO to the DMS
activates fast-spiking neurons to reduce the activity of medium-spiny
neurons®, the decreased activity of LO~>M2,; axons might reduce the
activity of a subset of M2 inhibitory neurons and disinhibit the exci-
tatory neurons that are required for motor initiation. In fact, the
interplay between the parvalbumin-positive and somatostatin-positive
neurons in M2 that receive external inputs is important in the initiation
of locomotion**. Even without taking into account the direct projec-
tion from LO~>M2 axons to M2 inhibitory neurons, considering that the
proportion of cluster 3 in M2, o neurons was as high as that in
LO~>M2,; axons, it may simply be that the decreased excitatory inputs
lower the activity of their postsynaptic excitatory neurons in M2, which
engages the M2 population activity into a state necessary for the motor
initiation and execution®. Alternatively, reduction of the LO->M2
inputs might reduce the activity of the subthalamic nucleus-projecting
neurons that might inhibit the movement as the hyperdirect
pathway***, It should be clarified whether the LO->M2 pathway plays a
role in movement initiation and inhibition in other types of tasks such
as go/no-go and stop-signal tasks**~', and how different subtypes of
inhibitory neurons and subcortical projecting neurons in M2 change
their activities in these tasks.

Possible functions of the LO->M2 pathway in action inhibition
Although it is still a matter of debate as to whether OFC has behavioral
inhibitory functions in humans and rodents®* %, it is known that dys-
function of the OFC is related to obsessive-compulsive disorder, and
that activation of the pathway from the LO to the DMS suppresses
compulsive behaviors®**, Within the basal ganglia, the indirect path-
way including dopamine D2 receptor-expressing neurons is related to
suppression of inappropriate actions®. These cortico-striatal and
subcortical pathways are strongly influenced by dopaminergic pro-
jections. Therefore, their activation might accompany the updating of
the action value. Considering that M2 modulates M1 activity to execute
appropriate  movements in context-dependent manners®>”, the
cortico-cortical LO>M2 pathway might play a role in inhibition of a
certain action in a certain context without updating of its value.

In humans, the right lateral OFC is activated when it is necessary to
suppress the response to another preferred item in order to select the
most preferred item’®. In the current task, this would correspond to the
suppression of the lever-pull in cue B trials because lever pulling in cue
B trials was not punished, but was rewarded at 20% probability, and in
fact, the mice pulled the lever in ~50% of cue B trials. In addition, LO-
lesioned rats are not able to wait long enough to receive a large reward,
suggesting that LO activity may be necessary to wait for one*. Thus,
the sustained activity of cluster 3 in cue B trials without pulling might
reflect a decision to skip these cue B trials and wait for a tone A pre-
sentation. This interpretation suggests that non-action selection' can
be discussed in the context of two-choice decision-making.

Area 47/12 in rhesus and marmoset monkeys, which roughly
corresponds to the LO in the rodent, innervates the premotor cortex,
although the connection is not strong®®*. It should also be clarified
whether this pathway is involved in decision-making and response
inhibition in primates.

Limitations

The optogenetic experiments did not have a sufficiently large number
of animals to permit statistical tests. In addition, the mTh>M2 and
LO->M2 axonal pathways, which were not imaged in L1, were also
photostimulated. We used only one combination of the reward shift
(from 20% to 100% reward probability in tone B trials) in the value-shift
task, and did not examine the condition with other reward shifts (for
example, from 100% to 20% reward probability in tone A trials, and
shifts between the reward probabilities assigned to tones A and B). It
should be clarified whether the very different functional properties of
LO>M2 and mTh->M2 pathways are generally applied to other
decision-making tasks, including two-choice tasks and go/no-go tasks.
The estimation of the anterograde transsynaptic transfection and
retrograde transfection with AAVI-Cre assumed that the retrograde
transfection efficiency of AAV1-Cre is approximately the same in M2-
striatal and M2-LO pathways.

Methods

Animals

All animal experiments were approved by the Animal Experimental
Committee of the University of Tokyo. Wild-type C57BL/6 mice (male,
aged 8-25 weeks; Japan SLC) were used for all behavioral experiments.
Transgenic mice with Cre-dependent tdTomato expression (Ail4,
B6.Cg-Gt(ROSA)26Sor ™ #cAGwTomatotize/y - Strain  #:007914, Jackson
laboratory)®® were obtained by crossing homozygote transgenic mice
with wild-type C57BL/6 mice in our laboratory. The genotype of the
animals utilized for the experiments was hemizygote, and their age
ranged from 8 to 30 weeks. In the histological experiments using Ail4
mice, both sexes were used. All mice were provided with food and
water ad libitum and were housed in a 12:12 h light-dark cycle (light
cycle; 8 AM-8 PM). Ambient temperature and humidity were 22-25°C
and 40-80%, respectively.

Virus production

For imaging of R-CaMP1.07, the GCaMP3 DNA of pAAV-human
synapsin I promoter (hSyn)-GCaMP3-WPRE-hGH polyA® was replaced
with R-CaMP1.07 DNA from a pN1-R-CaMP1.07 vector construct®’. The
packaging plasmids (pAAV-RC1 and pHelper) and transfer plasmid
(pAAV- hSyn-R-CaMP1.07) were transfected into HEK293 T cells using
the calcium phosphate method. AAV vector particles were purified by
serial ultracentrifugation with cesium chloride. The purified particles
were dialyzed with phosphate-buffered saline (PBS) containing 0.001%
Pluronic F-68 (Sigma-Aldrich), followed by concentration with an
Amicon 10 K MWCO filter (Merck Millipore). The copy number of the
viral genome (vg) (-1.3x10“vg/mL) was determined by real-time
quantitative PCR®,
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Surgery for in vivo optogenetic and imaging experiments

After mice were anesthetized by intraperitoneal injection of a mixture
of ketamine (74 mg/kg) and xylazine (10 mg/kg), atropine sulfate
(0.5 mg/kg) was administered intraperitoneally and an eye ointment
(Tarivid; Santen Pharmaceutical) was applied. After the head of the
mouse was sterilized with 70% ethanol, and the skin covering the
neocortex was incised, a custom head plate (Tsukasa Giken) was
attached to the skull using dental cement (Fuji lute BC, GC; and Bistite
Il or Estecem I, Tokuyama Dental)®. The surface of the intact skull was
coated with dental adhesive resin cement (Superbond; Sun Medical).
After the attachment, a recovery period of at least 1 day was allowed
before any other procedure. Isoflurane (1%-1.5%) inhalation was used
for anesthesia throughout surgery.

For photostimulation experiments, AAV9-hSyn-hChR2(H134R)-
EYFP (titer 3.6 x10" vg/mL, obtained from Addgene, #26973-AAV9)
was injected into the left motor thalamus (centered at 1.2 mm pos-
terior [AP -1.2 mm] and 0.8 mm lateral [ML 0.8 mm] to the bregma,
and 3.75mm ventral to the cortical surface [DV 3.75mm]; 100 or
200 nL) or the left OFC (AP 2.8 mm and ML 1.8 mm, and DV 2.0 mm;
100 or 200 nL) with a Nanoject Il injector (Drummond Scientific
Company). When injecting into the thalamus, the injection needle was
inserted 3.75 mm vertically into the cortical surface at AP 1.2 mm and
ML 0.8 mm; when injecting into the lateral OFC, the injection needle
was inserted 3.5 mm into the cortical surface at a 52° angle at AP O mm
and ML 1.8 mm to prevent the viral solution from leaking into the left
side of M2. For photoinhibition experiments, AAV2/9-EF1a-DIO-
eNpHR3.0-EYFP** (21.0 x10® vg/mL, Addgene, #26966-AAV9) and
AAV9-CaMKII0.4-Cre-SV40 (21.0 x10®vg/mL, Addgene, #105558-
AAV9) were mixed to the final concentrations of 5-fold and 2-fold
dilutions, respectively. The injection volume for each site was 100 nL.
The solution was injected into the bilateral LO in six mice, the left
thalamus in five mice, and the left and right thalamus in one mouse. As
a control experiment, AAV9-hSyn-eGFP-WPRE-bGH (=1 x 10" vg/mL,
Penn vector core) was injected into the left thalamus.

At least 5 days before the optogenetics experiment, craniotomy
was conducted over an area of AP 3.2 mm to -1.1 mm and ML 0 mm to
2.3 mm. A 2 x4 mm cover glass (thickness 0.35-0.45 mm, Matsunami
Glass) and a 3 x 5mm thin cover glass (thickness 0.13-0.17 mm, Mat-
sunami Glass) were laminated with UV-curing resin (NOAS8I, Norland
Products) and placed over the craniotomized area. The space between
the skull and glass was filled with Vetbond (3 M) and bonded seam-
lessly. The exposed part of the skull was coated with Superbond (Sun
Medical). For photoinhibition of LO>M2 axons in some mice, a 1.6-
mm-diameter area centered at AP 2.5mm and ML 0.8 mm was cra-
niotomized, and a 15-mm-diameter cover glass (thickness
0.45-0.60 mm, Matsunami Glass) and a thin 2-mm-diameter cover
glass (thickness No.1, Matsunami Glass) were used.

For two-photon calcium imaging of VM->M2,; and OFC>M2;
axons, AAV1-Syn-GCaMP6s-WPRE-SV40%  (Addgene viral prep
#100843-AAV1, 2.2x10%vg/mL) or AAVI-hSyn-R-CaMP1.07 were
injected into the left LO and the left thalamus. The injection volume for
each site and the injection sites and methods were the same as in the
optogenetic experiments. For M2 imaging, an area of 3.2-0.9 mm AP
and 0-2.3 mm ML was craniotomized at least 3 days before the ima-
ging experiments. A 2 x 2 mm cover glass (Matsunami Glass, thickness
No. 5) and a 3x3mm thin cover glass (Matsunami Glass,
0.08-0.12mm) were laminated and placed over the craniotomized
area. The glass window was 0.2 mm thicker than those previously
used® to reduce the vertical motion artifact of the brain during ima-
ging. In addition, the glass window was placed before performing the
imaging experiment, rather than immediately after the virus injection,
to maintain strong adhesion between the glass window and the skull.

For two-photon calcium imaging of M2 neurons, AAV1-hSyn-NES-
JRGECO1a-WPRE-SV40 (Penn Vector Core) was injected into the left
M2. The 5-fold diluted viral solution was injected at three sites: (AP,

ML) = (2.5 mm, 0.5 mm), (2.5 mm, 1.0 mm), and (2.0 mm, 0.5 mm). The
total volume was 210 nL (70 nL/site). The laminated 2x2mm and
3 x3 mm cover glasses were placed on the left M2.

For two-photon calcium imaging of M2 neurons that were
synaptically coupled with the motor thalamus or LO (M2.,,1, neurons
or M2, 0 neurons, respectively), we used AAV1, which shows an
anterograde transsynaptic spread property’. The mixture of AAVI-
hSyn-Cre (Addgene viral prep # 105553-AAVI; final concentrations of a
2-fold dilution) and AAV-carrying GFP (AAV9-hSyn-GFP [Addgene viral
prep # 50465-AAV9], AAV5-CAG-GFP [Addgene viral prep # 37825-
AAV5], or AAV9-CAG-GFP [Addgene viral prep # 37825-AAV9]; final
concentrations of a 30-fold dilution) was injected into the left VM or
LO, and AAVI-hSyn-flex-NES-jJRGECO1a-WPRE-SV40 was injected into
the left M2. AAV-carrying GFP was used for checking the spread of viral
expression. Each injection site is described above. After the injection,
the laminated 2x2mm and 3 x3 mm cover glasses were placed in
position.

Virus transfections to evaluate the efficiency of AAVI retrograde
transfection

Although AAV1 has a property of anterograde transsynaptic spreading,
it is also incorporated into neurons retrogradely®**. Thus, we deter-
mined to what extent fluorescent expression of M2.,,1, neurons and
M2, 0 neurons was caused by the retrograde labeling. In all these
experiments, we used Ail4 mice®.

To determine whether M2.,,ti, neurons included retrogradely
transfected M2 neurons, we injected a solution (60 nL) including AAV1-
hSyn-Cre (6.0 x 10" vg/mL) and AAV5-CAG-GFP (3.33 x 10" vg/mL), or a
solution (60nL) including AAVrg-hSyn-Cre (Addgene viral prep #
105553-AAVrg; 6.0 x10"%vg/mL) and AAV5-CAG-GFP (3.33x10" vg/
mL), into the motor thalamus.

To estimate to what extent M2, o neurons included retrogradely
labeled neurons, we first adjusted the virus titers of AAV1 and AAVrg
for the injection into LO. As it was reported that the probability of
retrograde transfection with AAV1-hSyn-Cre is approximately a quarter
of that of AAVrg in a population of neurons expressing the target
protein by AAV1-hSyn-Cre in the reciprocally connected projection®,
the number of retrogradely labeled neurons was expected to be lower
than that of the anterogradely labeled neurons. Therefore, we
employed a low-titer AAV-carrying FlpO that is retrogradely trans-
fected and a high-titer AAV carrying a FlpO-dependent fluorescent
reporter gene. A mixed solution (60 nL) including AAV1-hSyn-Cre-
WPRE (6.0 x 10" vg/mL) and AAVrg-EF1a-FIpO®® (2.55 x 10° vg/mL) was
injected into the left dorsal striatum (AP 0.5 mm, ML 2.0 mm, and DV
2.6 mm), and a solution (200 nL) of AAVI-EF1a-fDIO-eYFP (2.1 x 10" vg/
mL) was injected into the left M2. In this case, the number of
tdTomato-expressing L2/3 neurons in M2 was similar to that of eYFP-
expressing L2/3 neurons in M2 (Supplementary Fig. 70). As the con-
nection between M2 and the dorsal striatum is unidirectional (only
from M2 to the striatum)®’, we assumed that when the same titers and
volumes of these AAVs as used in the striatum injection experiment
were injected into LO, the number of neurons with anterograde
transsynaptic labeling of tdTomato by AAVI could be estimated as the
number of tdTomato-expressing neurons minus the number of eYFP-
expressing neurons. Therefore, we injected the solution (60 nL)
including AAVI-hSyn-Cre (6.0 x10”vg/mL) and AAVrg-EFla-FIpO
(2.55x10° vg/mL) into LO, and the solution (200 nL) including AAV1-
EF1-fDIO-eYFP (21x10"®vg/mL) into M2. In this experiment, we
assumed that, regardless of the projection pathways (cortico-cortical
and cortico-striatal), the transfection efficiencies of AAV1-Cre and
AAVrg-FIpO were approximately constant.

Behavioral training
After at least 5 days of recovery from the head plate implantation, the
mice were water-deprived in their home cages. One session of the

Nature Communications | (2025)16:3106


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58272-w

behavioral task was conducted per day. Sessions were conducted
during the light period. Training was conducted 4-7 days per week.
Additional amounts of water were administered daily in the cages to
maintain 80%-85% body weight. The behavioral apparatus (sound
attenuation chamber, head-fixing frame, body holder, sound pre-
sentation system, water-supply system, and integrated lever device)
was manufactured by O’Hara & Co. Ltd. The lever position was mon-
itored by a magnetic sensor and was continuously recorded at an
acquisition rate of 1000 Hz by a NI-DAQ (USB-6001, USB-6221, USB-
6229, or PCle-6361; National Instruments). The sound presentation
and water delivery were controlled using a program written in Lab-
VIEW (National Instruments).

Pre-training

Pre-training consisted of three steps. First, in order for the mice to
learn that they would receive a water reward (4 uL) if they pulled the
lever after the go sound presentation (white or pink noise sound,
300 ms), they were trained to perform a sound-triggered licking task
(sound-lick task), in which they obtained a water reward immediately
after they licked the spout within 1 s after the go sound was presented.
The go sound was presented at 4-5 s intervals. If they licked before the
go sound presentation, the interval was extended by 1.5-2.5s. The
sound-lick task was performed for 1 or 2 sessions. Next, the mice were
trained to perform a sound-triggered lever-pull task (sound lever-pull
task), in which a reward was delivered when the lever was pulled within
1s after the go sound was presented (response period). As in the
sound-lick task, the go sound was presented at 4-5s intervals, and if
the lever was pulled before the go sound presentation, the next sound
was presented 1.5-2.5 s after the lever was returned. The sound lever-
pull task was performed over four sessions, and the lever-pull time
required for reward was extended from 100 ms to 200 ms. Third, for
the mice to learn to wait without pulling the lever during the cue
presentation period, a tone cue (tone A or tone B, 10-kHz or 6-kHz sine
wave sound) was presented for 0.8-1.2s before the go sound was
presented. The tone cue was randomly presented as either tone A or B
at a 50% probability. The probability of reward was set to 100% for both
tone A and B trials. If the lever was pulled during the cue presentation
period, the intertrial interval was extended to 4-5 s. This third step was
conducted over at least two sessions.

Two-tone lever-pull task with different reward probabilities
(standard two-tone lever-pull task)

After finishing the three steps of pre-training, the two-tone lever-pull
task with different reward probabilities was started. During the cue
period, either tone A or B was presented (cue A or B trial, respectively).
The probability of being presented with tone A was 50% or 30% (30% in
the imaging experiment and 50% in the other experiments). The length
of the cue period was randomly chosen from 0.8 to 1.2 s for each trial
so that the mice would not come to expect that the timing of the go
sound presentation was fixed. Trials in which the lever was pulled
during the cue period were defined as “early-pull trials”, and when an
early-pull trial occurred, the following intertrial interval (ITI) was
extended by 4-5s (randomly chosen for each trial) as a punishment
time. The early-pull trials were excluded from the behavioral and
neuronal analyses. Immediately after the end of the cue period, the go
sound was presented. We defined a “pull trial” as a trial in which the
mouse continuously pulled the lever with a pull distance that exceeded
20% (1 mm) of the lever-pull maximal distance (5 mm) for more than
200 ms within the response period, and the other trials were defined as
“non-pull” trials. The magnitude of the lever pull distance and the
weight of the lever pull were set as in previous studies®. The probability
of reward delivery was set to 100% for cue A trials and 20% for cue B
trials. In the non-pull trials, no reward was delivered in either cue A or B
trials. After the end of the response period, the ITI period started, and
after 1.5-2.5's, the cue period for the next trial began. If the lever was

pulled during the ITI period, the ITI period was extended and the cue
presentation for the next trial began 1.5-2.5s after the lever was
returned. The mice were trained for 4-15 days until the session-
averaged lever-pull rate of cue A trials over the previous 3 days was
higher than that of cue B trials. If this criterion was achieved earlier
than the expression period of the target protein (3-4 weeks after the
AAV injection), training was continued until the end of the expression
period. For each mouse, pharmacological, optogenetic, or axonal
imaging experiments were started after the last training session. For
behavioral experiments, only male mice were used to prevent poten-
tial behavioral variations caused by the estrous cycle.

In the analyses of behavioral task performance, trials performed
within 30 min after the start of the session were used, and sessions in
which the percentage of early-pull trials for either cue A or B trials was
more than 30% were excluded. In the imaging experiment, the neu-
ronal activity was recorded for 15 min, at least 2 min after the start of
the session.

Two-tone lever-pull task with a shift in the cue B reward prob-
ability (value-shift task)

A subgroup of mice (n=4 for mTh->M2 axonal imaging and n =4 for
LO->M2 axonal imaging) that had learned the standard two-tone lever-
pull task performed the value-shift task. In this task, the reward
probability in cue B trials was shifted from 20% to 100% at 5 min after
the start of the imaging. The mice performed this task for one to three
sessions. The next session after this task was always the standard two-
tone lever-pull task to confirm that the lever-pull rate for cue B trials
was lower than that for cue A trials. For the analyses, we used the
sessions in which the lever-pull rate of cue B trials over 5 min after the
start of the imaging was lower than that of cue A trials and the lever-
pull rate of cue B trials over 15-20 min after the start of the imaging
was at least 10% higher than that of the cue B trials over the first 5 min.
Sessions in which the percentage of early-pull trials for either tone A or
B trials was more than 30% were excluded from the analyses.

Pharmacological inactivation of M2

The effects of administration of muscimol on task performance were
examined in mice that were trained to perform the standard two-tone
lever-pull task. At least 1 day before administration of muscimol, a 1-
mm-diameter circle of skull was removed by craniotomy centered on
the M2 area of the left hemisphere (AP 2.5 mm, ML 0.8 mm). The cra-
niotomy site was covered with a silicone seal (Kwik-Cast; World Pre-
cision Instruments) to prevent drying and infection. Under light
anesthesia with 0.8% isoflurane, muscimol dissolved in artificial cere-
brospinal fluid (ACSF) (5 pg/uL, 80 nL) was administered at a depth of
0.5 mm from the cortical surface using a Nanoject Ill. The craniotomy
site was then covered again with a silicone seal. After the animals had
been allowed to rest in the cage for 30 min after administration,
behavioral tasks were performed for 30 min®. As a control experiment,
80 nL of ACSF was administered to M2 in the same manner as for the
muscimol, and the behavioral task was performed following the same
methods.

Optogenetic experiments

Mice expressing ChR2 in mTh or LO neurons with a glass window
above the left motor cortex were used in photostimulation experi-
ments of mTh->M2 and LO->M2 axons. A fiber-optic patch cable (core
diameter 200 um, aperture 0.48, Thorlabs) was fixed perpendicular to
the glass window?® on the left M2 (centered at AP 2.5mm and ML
0.8 mm) 3-4 weeks after the AAV injection. As an optical fiber with a
core diameter of 200 um and an aperture of 0.48 and a 500-um-thick
glass were used, the illumination area on the cortical surface was
estimated to be a 746-um-diameter circular area. For the light illumi-
nation on mTh->MI and LO~>M1 axons, the optical fiber was placed at
the top of the left M1 (centered at AP 0 mm and ML 1.2 mm). The same
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mice were used daily for either the M2 or M1 photostimulation session.
There was an interval of up to 1 week between the M2 and M1 photo-
stimulation sessions, during which the two-tone lever-pull task was
performed.

For photostimulation, a blue laser light (450 nm, 15-20 mW,
BioRay; Coherent) was delivered at 20 Hz (20 ms exposure, 30 ms
pause) in 25% of the trials (pseudorandomly chosen). The light was
illuminated for a total of 1.8-2.2 s from the cue onset to the end of the
response period. In all trials, a bright blue LED (20 Hz, 20-ms exposure,
30-ms pause) placed near the eyes was turned on as a masking light
during the cue and response periods to prevent the animals from
recognizing the presence of the laser stimulus.

In the experiment to examine whether the photostimulation of
mTh->MI1 axons induced the forelimb movement shown in our pre-
vious study?, the head-fixed mice were trained to perform the sound-
pull task in sessions carried out over 5 days. In each session after the
task training, a bright blue LED (20 Hz, 20-ms illumination, 30-ms
pause, 1) placed near the eyes was turned on as a masking light every
10 to 30 s for 5 min. These training sessions were conducted to habi-
tuate the mice to the lever-pull movement and light illumination. Then,
we compared the photostimulation-induced forelimb movement in
the head-fixed mice between conditions with and without the lever.
The photostimulation frequency was set to 10 Hz, as in Tanaka et al.?.
The movement of the right forelimb was recorded at 70 Hz using a
high-speed camera (scA800-510um; Basler) with a machine vision lens
(focal length; 12 mm; Edmund Optics). The right forelimb was tracked
with DeepLabCut®® using the tip of the middle finger as a representa-
tive point. To exclude trials with unstable position estimates, those
with frames having a likelihood below 0.8 from 1s before to 2 s after
the onset of photostimulation were excluded from the analysis.
Additionally, in the analysis of sessions where the forelimb was placed
on the lever, trials in which the forelimb was detached from the lever at
the onset of photostimulation were also excluded. Forelimb move-
ment was calculated as the Euclidean distance between the frames of
limb position and was smoothed with a moving average of 300 ms. For
statistical analysis, the averaged movement during 1s of photo-
stimulation was compared with the averaged movement for 1s before
the photostimulation onset.

For photoinhibition of eNpHR-expressing axons in M2 or M1, the
glass window was placed over the motor cortex. At 3—-4 weeks after the
AAV injection, a fiber-optic patch cable was placed over the left M2 or
M1 and the standard two-tone lever-pull task was performed. As in the
ChR2 stimulation experiment, orange laser light (594 nm, 20-30 mW;
Coherent) was continuously illuminated during the cue and response
periods in 25% of the trials. The lever-pull rate in each session was
calculated for each mouse. In all trials, a bright orange LED (continuous
illumination) placed near to the eyes was used as a masking light. In all
photostimulation and photoinhibition experiments, the first session
with a lever-pull rate of 90% or less in cue B trials without the laser
illumination was used for the analysis in each mouse.

Two-photon calcium imaging

Imaging was conducted with two-photon microscopy (FVMPE-RS;
Olympus) with a broadly tunable ultrafast laser (InSight DS+Dual;
Spectra Physics). The wavelength of the laser was set at 940 nm for
GCaMPé6s imaging and 1040 nm for R-CaMP1.07 imaging. A 25x
objective (XLPLN25XWMP2, back aperture diameter 15.1 mm, numer-
ical aperture 1.05; Olympus) was used, and to obtain bright images, the
effective aperture of the objective lens was set below 0.5 by narrowing
the laser beam diameter in the back aperture to 7.2 mm, in a similar
manner to that in a previous study®. A previous study by ourselves™
showed that the overlap of thalamocortical axon terminal positions
detected in three planes separated by 8 um in depth under a similar
imaging condition remained low, at less than 4% of all axon terminals,
and in the detection of axon terminal ROIs using CalmAn”, as

described below, it is possible to separate axon terminals by image
processing, even if they are present in overlapping positions. Fluor-
escence was split into red light from R-CaMP1.07 and green light from
GCaMPé6s using a dichroic mirror (FV30-FDR; Olympus) and was
detected using a GaAsP photomultiplier tube (Hamamatsu Photonics).
The field of view (FOV) size for all axonal imaging was set to
127.2 x 127.2 um with 512 x 512 pixels. In the left M2 and M1, the imaging
depth was set to 10-80 um from the cortical surface that corresponded
to L1. One FOV was imaged per session. When imaging multiple ses-
sions (the maximum was five sessions, including the two types of two-
tone lever-pull tasks) from the same mouse, imaging was performed in
different FOVs.

In the simultaneous two-color imaging of VM->M2;; and
LO~->M2 |; axons, the green image excited by the 940-nm laser and
the red image excited by the 1040-nm laser were alternately acquired
by switching the laser each time one image was acquired to minimize
leakage between the color channels. Imaging was conducted for
15min at a frame rate of 30 Hz (15Hz each for the green and red
channel images), and 13,500 green channel images and 13,500 red
channel images were acquired. The numbers of FOVs (sessions)
used for the analyses were 13 from 6 mice that expressed GCaMPé6s in
VM->M2,; axons and R-CaMP1.07 in LO>M2 |; axons, and 12 from 4
mice expressing R-CaMP1.07 in VM->M2; axons and GCaMPés in
LO~>M2 ; axons.

For imaging of VM>M2,; axons and LO~>M2,; axons in the value-
shift task, GCaMPé6s-derived fluorescence images were acquired using
the 940-nm laser. Imaging was conducted at a frame rate of 30 Hz
for 20 min.

For imaging of the somata of L2/3 neurons in the left M2,
JRGECO1a-derived fluorescence images were acquired using a 1100-nm
two-photon laser. Imaging was conducted at a frame rate of 30 Hz for
15 or 20 min. For the 20-min imaging session, the data for the first
15 min were analyzed. The size of the FOV was set to 424 x 424 um or
339.2 x339.2 um, with 512 x 512 pixels. The imaging depth was set to
100-200um from the cortical surface. One FOV was imaged
per session. When imaging was conducted across multiple sessions
(the maximum was four sessions) from the same mouse, different
FOVs were used.

Histology

The mice were deeply anesthetized by intraperitoneal injection of a
mixture of ketamine and xylazine, and were then perfused transcar-
dially with PBS followed by a solution of 4% paraformaldehyde. Their
brains were then removed and stored in the fixative overnight. Coronal
or sagittal sections of 100-um-thickness were made using a vibratome
(VT1000S; Leica Microsystems). In most mice, nuclear or fluorescent
Nissl staining was performed using DAPI (1:1000; Invitrogen) or Neu-
roTrace (1:200; Invitrogen). Fluorescence images were obtained using
an epifluorescence microscope (IX83; Olympus) or a confocal micro-
scope (AIR; Nikon). For mice without nuclear or Nissl staining, the
location of the LO was estimated by comparing the shape of the brain
sections with a mouse brain atlas’® and was defined as the lateral OFC
and dorsolateral OFC in the atlas.

For retrograde staining of M2 L1, M2 (AP 2.5mm, ML 0.8 mm as
the center) was craniotomized and a 500-um square filter paper soaked
with FastBlue (1% w/w in water; Cat#17740; PolySciences) was placed
on the cortical surface for 5 min and then removed. The dura mater of
the craniotomized area was removed before the filter paper was placed
to allow the FastBlue to penetrate efficiently into the cortex. The cra-
niotomy site was then covered with silicone sealant (Kwik-Cast). For
retrograde staining of M2, FastBlue (1.25% w/w in water, 100 nL) was
injected into M2 (AP 2.5 mm, ML 0.8 mm, depth 0.3 mm) at a speed of
10 nL/min. After 1 week, the brain was perfused. Coronal sections of
100-um-thickness were reacted with propidium iodide (2pg/mL,
Cat#29037; Nacalai Tesque) for 30 min.
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When the AAVs were injected into the motor thalamus as the
target, the target protein was expressed mainly in the VM and VL. The
transfection of AAV into only VM was difficult. In addition, parts of the
medial subthalamic nucleus, the posterior thalamic nucleus (Po), and
the dorsal medial nucleus were transfected. However, when the ret-
rograde tracer was injected into M2, the stained neurons were mainly
detected in VM, VL, VA, and Po in the thalamus, but only in the LO in
and around the OFC. Thus, we consider that the photostimulation of
M2 axons mainly stimulated the motor thalamic neurons or LO neu-
rons. When the retrograde tracer was injected into L1 of M2, the
stained neurons were mainly detected in VM around the AAV-injected
thalamic regions. Thus, we considered that the thalamic axons that
were imaged in L1 mainly originated from the VM.

The Ail4 mice with AAV injections were euthanized and decapi-
tated 14-15 days after the injections, and brain sections were obtained
using similar procedures to those described above. The brain sections
were washed in PBS-X (0.5% triton-X in PBS) containing 10% normal
goat serum, and then incubated with the primary antibodies (1:500,
rabbit anti-GFP; A-6455, polyclonal, lot: 2901490; Invitrogen) over-
night at 4 °C. Afterwards, sections were washed in 0.3% PBS-X and then
incubated for 2 h with Alexa Fluoro-488 conjugated secondary anti-
body (1:500, Goat anti-rabbit IgG; A-11034, polyclonal, lot: 1705912;
Invitrogen). Then, the sections were washed twice, the cell nuclei were
stained with DAPI, and the sections were mounted on glass slides.
Fluorescence images were acquired with a benchtop fluorescence
microscope (APX100, Evident, Japan) with 4x and 10x objectives. A
machine learning-assisted cell detection was performed on the
acquired images with ilastik”, and the segmented images were ana-
lyzed with Fiji software’. The sections that ranged from AP 2.8 mm to
AP 2.0 mm were used to count the number of fluorescence-positive
neurons.

Behavioral state model

We modeled the lever-pull probability in the tth trial, P(¢), in cue B trials
in the value-shift task. We defined a state value (relative action value)
function in the tth trial, AQ(t), which was updated by the reward in the
tth trial, R(t), and action in the tth trial, Pull(t), where R(t) =1 for the
rewarded trial, R(t) = O for the unrewarded trial, Pull(t) =1 for the pull
trial, and Pull(t) = O for the non-pull trial. AQ(t) was updated by the trial
variable in the tth trial, U(t), calculated from the action and reward
obtained in the tth trial as follows:

AQE+D=AQO) +ax (U(t) — AQt) +e @

where the learning rate a was the update rate of AQ(¢) per trial and the
bias term & was a constant. The trial variable U(f) was defined by the
following equation:

U@ =Pull(t)x (R(t) — (1 — R(®)x0) — 1 — Pull(t)) x ¢ )

where 8 and ¢ are constants. From Eq. (2), in the trials in which the
lever was pulled and the reward was received, U(t) =1. For trials in
which the lever was pulled but no reward was received, U(t) = -6. For
trials in which the lever was not pulled, U(t) = —¢. In other words, 0 is
the lever-pulling cost term that decreased AQ(¢) when the lever was
pulled but the reward was not received, and ¢ is the term that
decreased AQ(¢) and increased the probability of the non-pull when
waiting without pulling the lever, with the saving of the lever-pulling
cost expressed as a covert reward (saving) term’ The sigmoid
transformation of AQ(¢) was used to calculate the lever-pulling action
probability P(¢) as follows:

1

PO~ 14 exp(—BxAQ()

3)

where the inverse temperature f is a constant that determines how
much P(t) changes with the magnitude of AQ(¢).

The five variables: the learning rate a, bias term ¢, inverse tem-
perature S, cost term 6, and saving term ¢, were estimated indepen-
dently for each session. We searched for the values of these variables
that provided the best fit for the model-estimated P(t) to the actual
lever-pulling behavior Pull(t). The goodness of fit was calculated using
Akaike’s information criterion (AIC) and the Bayesian information cri-
terion (BIC). Parameter estimation was performed by grid search;
specifically, a quasi-random matrix with 5 rows x 100,000 columns was
generated using the MATLAB function haltonset, and the model was fit
100,000 times using the quasi-random matrix as variables. The set of
variables with the lowest AIC among them was used as the estimate for
each variable. The search ranges for each variable were O<a<1,
0<60<1,0<gp<1,-1<e<1,and 0<B<5. The ranges of a, 6, Y, and ¢
are defined as O to1or —1to 1, because the reward function R(¢) is in the
range of O to 1. Since expanding the search range of 8 did not improve
the fit, the analysis was limited to the range of 0-5.

As cue B trials with very high relative action values continued, the
mice might not need to discriminate the tone type or decide whether
to pull or not to pull in each trial and might also become less thirsty.
Therefore, the behavioral strategy might be changed. To remove this
possibility, we analyzed the relationship between the relative action
value and the neuronal activity in cue B trials that showed a relative
action value of 0%-80% of the highest relative action value for each
session. For each session, the trials with a state value of 0%-27%,
27%-54%, and 54%-80% were classified into groups of high, middle,
and low relative action values, respectively.

Image processing for two-photon calcium imaging data
MATLAB (20193, 2020b, or 2022b; MathWorks), Python3.8, and ImageJ
(National Institute of Health) were used for analyses. For motion cor-
rection of images, TurboReg”” and NoRMCorre” were used. In Tur-
boReg, each pixel of the entire FOV was moved by the same distance,
whereas in NoRMCorre, a 512 x 512-pixel image was divided into
64 x 64-pixel images and the pixels were moved at different distances
between the divided images. By combining the two motion correction
methods, both the displacement of the entire field and local distor-
tions were eliminated from most sessions. In addition, all motion-
corrected images were checked visually, and FOVs with apparent
remaining displacement were excluded from the analysis.

Using the motion-corrected images, axonal boutons were detec-
ted as regions of interest (ROIs) using CalmAn”. Furthermore, using a
modified CalmAn code to extract active axonal boutons’®, we defined
the average luminance in non-ROI areas as the luminance of the neu-
ropil (the value calculated as the “Background” in CalmAn), and cal-
culated the luminance time series for each ROI by subtracting the
luminance of the neuropil from the average luminance within each
ROI’°. Detrended relative fluorescence changes (AF/F) were calculated
for 15 percentile values over an interval of +15s around each sample
time point. Spike timing was also inferred from the AF/F values by spike
estimation using the “constrained nonnegative matrix factorization”
algorithm”” implemented in CalmAn. For the analysis of neuronal
activity, the inferred firings were smoothed with a Gaussian filter with a
full width at half maximum of 40 ms. The neural data from simulta-
neous two-color imaging at 15 Hz were linearly interpolated to the data
at 30Hz using the MATLAB function interpl before applying
smoothing.

According to the magnitude of the activity correlation between
ROIs, those ROIs with correlation above a certain threshold were taken
as originating from the same axon, and the average activity between
these ROIs was used for the analysis. The threshold value was set at the
trough of the distribution in the histogram of the correlation dis-
tribution of all ROI pairs in each FOV (MATLAB function islocalmin;
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Supplementary Fig. 3f, g). The average threshold value for all sessions
used in the analysis was ~0.6, regardless of the territory or calcium
indicator type, and was consistent with the criterion used in previous
studies®®”®”’, The percentage of ROIs the axons contained after aver-
aging is shown in Supplementary Fig. 3h.

Tone and pull preferences

For Apui and By, trials, the tone preference of the neuronal activity
during the cue and response periods was calculated using the average
activity during the cue and response periods, respectively. The area
under the receiver operating characteristics curve (AUROC) for esti-
mation of the difference in the averaged activity between A, and By
trials was used as the tone preference value. For the pull preference, we
quantified the difference in the averaged activity between By trials
and Byon.pun trials using the AUROC. The time course of the preference
was quantified using the AUROC for the average activity at each time
point. The pre-cue period (1 s before the cue presentation), cue period,
and response period were each divided into ten time points. To create
ten time points for the cue period of 0.8-1.2s, the neural activity
during the cue period for all trials (the processed frame rate was 30 Hz,
so there were 24-36 data points) was linearly interpolated to 30 time
points using the MATLAB function interpl (hereafter this operation is
referred to as “cue period length equalization”). The preference value
averaged over the pre-cue period was subtracted from the value at
each time point.

PAIRS analysis

PAIRS (projection angle index of response similarity) analysis®® was
performed to investigate whether the neuronal activity of individual
VM-M2,; axons and LO>M2,; axons in the behavioral task was seg-
regated into multiple cluster groups®. First, we conducted cue period
length equalization, then each task period (pre-cue, cue, and response
periods) was divided into three time bins and the neuronal activity for
each trial was calculated as the total of nine bins. Next, the average
activity for each of the three trial types (Apuii, Bpui, and Bpon.pun trials)
was calculated, and the activity of each neuron was expressed as 27
time-series features (9 time bins x 3 trial types) by concatenating the
activity of the three trial types. Since the proportion of the non-lever
pull in cue A trials was less than 10%, we did not analyze the data in
these trials. Next, the data for VM->M2,; axons (n=1931 axons) and
LO->M2; axons (n=1694 axons) in the lever-pull trials with different
reward probabilities were combined to form 3625 axons, and the 27
time-series features were dimensionally compressed by principal
component analysis (PCA). PCA on the 3625-axon x 27-bin matrix
yielded a 26 principal component (PC) x 27-bin matrix (PC time series)
and a 3625-axon x 26 PC weight matrix that showed how much of each
time-series feature was present in each axon. The purpose of the PCA
was to reduce the number of dimensions while efficiently extracting
the neural activity patterns that each axon had in common, and its use
presented the question of how many PCs should be used in the cal-
culation. To determine the number of dimensions to be used, 3625
axons were randomly divided into two equal groups (axon populations
Iand 1), and PCA was performed on each group to extract two PC time
series with 26 PCsx27 bins. Pairwise correlations were calculated
between the respective PCs of the two PC time series computed from
axon populations I and II. In the case of PCs that were common to many
axons, the PC time series could be expected to appear in the same
dimension for both axon populations I and II. The separation of axon
populations I and Il was repeated 100 times at random, and the average
value was calculated. The resulting pairwise correlations up to PC 11
were as high as 0.8 or more, while those after PC 12 dropped to 0.7 or
less. From this result, the subsequent analyses were conducted using
dimensions up to PC 11, with these dimensions explaining 78.8% of the
variance in the data. Thus, the PCA extracted a neuronal pattern of
3625 axons x 11 PCs for the VM>M2,; and LO->M2,; axons combined.

Finally, VM~>M2,; and LO~>M2,; axons were separated into two matri-
ces and examined for categorical type as matrices of 1931 axons x 11
PCs, and 1694 axons x 11 PCs, respectively. As random data for com-
parison, matrices of the same size as those of the VM->M2,; and
LO~->M2,; axons were generated 10,000 times each from a Gaussian
distribution. The average value of the angle between a data point and
its neighbor data points was calculated.

Classification of neuronal activity patterns

We used spectral clustering, which is an unsupervised learning method
for cluster classification of multidimensional data, to perform clustering
based on the distance between data points®*>®, In spectral clustering,
the distance between data points is calculated using a similarity matrix,
and the clusters are classified based on the distance between them using
k-means clustering. In the current analysis, a similarity matrix was cre-
ated using the combined axonal activity patterns (3625 axons x 11 PCs)
of VM>M2,; and LO~>M2,; axons, using the same method as for the
PAIRS analysis. Spectral clustering was performed using the scikit-learn
function sklearn.cluster.SpectralClustering.

Two hyperparameters for spectral clustering needed to be
determined: the number of clusters and the number of near neighbors
(NN) to be included in the calculation of the similarity matrix. To
determine these, 90% of all axons were randomly chosen 100 times
and spectral clustering was performed on each group of axons. The
similarity between the clusters of the two axon groups was calculated
using the adjusted rand index (ARI), which indicated the similarity
between the two clusterings to be between 0 and 1%°. The ARl is 1 when
the cluster classifications are perfectly matched and 0 when the cluster
classifications do not match for any data pair. The ARI was calculated
using the scikit-learn function sklearn.metrics.adjusted_rand score. The
hyperparameters with the highest ARI (the number of clusters was 6
and NN was 140) were used. For clustering of the activity of VM->M2;
and LO~>M2,; axons in the no-lick trials, the activity of VM>M2,; and
LO->M2,; axons in the value-shift task, and the activity of M2 neurons,
each neuronal activity that was averaged over 20 min was classified
according to its highest correlation with the average activity within
each cluster in the clustering of VM->M2; and LO->M2y; axons that was
described above.

For spectral clustering of non-specific M2 neurons, the same
procedure was used with the activity patterns of 3793 neurons x 9 PCs
that were determined from the PAIRS analysis and explained 80.3% of
the variance, the cluster number of 4, and NN of 120.

Residual analysis of the regression model of neuronal activity

To construct the encoding model, we used the neuronal activity from
the onset of the pre-cue period to the end of the response period in cue
B trials in the value-shift task. Individual axonal activity was z-scored
and down-sampled to 10 Hz. At this point, cue period length equal-
ization was not conducted. First, the activity of each axon in the tth cue
B trial was predicted from ridge regression with the task variables
(Pull(t), R(t), One-back Tone(t), One-back Pull(t), One-back R(t)) and
behavioral variables (lever trajectory, lever pull, lever return, and lick
rate). Since the number of predictors was large (114 task variables and
32 behavioral variables), an L2 regularization term was added to the
ridge regression to prevent overlearning. As in a previous study®!, the
task variable was O or 1 each time. Pull(t) was considered only for
the response period and was set to O until the go sound onset. R(¢) was
set to 1 from the time after the reward was delivered to the end. The
One-back Tone(t) was 1 if the one-back trial of the tth cue B trial was a
cue A trial, and was O if the one-back trial was a cue B trial. One-back
Pull(t) or One-back R(t) was 1 if the one-back trial of the tth cue B trial
was a pull or rewarded trial, respectively, and was O if the one-back trial
of the tth cue B trial was a non-pull or non-rewarding trial, respectively.
The behavioral variables were lever trajectories (normalized to the
range 0-1) that were down-sampled to 10 Hz, lever pulls (1 at the time

Nature Communications | (2025)16:3106

15


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58272-w

of lever pull, O otherwise), lever returns (1 at the time of lever return, O
otherwise), and the time bin was 100 ms. We computed the time series
of the lick rate, quantifying the number of licks in a 100 ms time bin,
and used behaviors between 0.5 s in the past and 0.2 s in the future.

Ridge regression was implemented using the scikit-learn function
sklearn.linear model.RidCV. The response variable (axonal activity) and
the predictor variables (task and behavioral variables) were time series
of cue B trials concatenated in the temporal domain. The accuracy was
calculated using five-fold cross-validation. For this cross-validation, the
data were randomly divided into five segments from all trials in the
session, regardless of the time of the trial. The accuracy was quantified
according to the explanatory power of the variance, expressed as a
value from O to 100%, which indicated how well the predicted data
computed by regression explained the variance (EV) in the original
data:

Var(y —y)

100 (1 - == o)

) “4)

where y is the original data, y is the predicted data, and Var(x) is the
variance of x. The explanatory power of the variance of the ridge
regression model in each axon was 14.5% + 0.6% for VM->M2,; axons
(n =518 axons in 6 sessions from 4 mice) and 4.4% + 0.3% for LO~>M2,,
axons (n =629 axons in 7 sessions from 4 mice). For each axon, the
regression residual was calculated by subtracting the predicted activ-
ity from the original z-scored activity. Finally, we conducted cue period
length equalization for the regression residuals, and the residual value
averaged over the pre-cue period was subtracted.

Statistical analysis

Statistical analyses were performed using MATLAB’s statistics and
machine learning toolbox. Data are presented as the mean + standard
error of the mean (SEM), and error bars in graphs represent the SEM
unless otherwise stated. The Wilcoxon rank sum test, Wilcoxon signed-
rank test, and chi-squared test with post-hoc residual analysis were
used for statistical comparisons. Bonferroni correction was applied for
multiple comparisons. All tests were two-tailed, except for the PARIS
analysis (Supplementary Fig. 3i). Spearman’s rank correlation coeffi-
cient was used to calculate the correlation in the activity between
VM-M2,; axons and LO~>M2,; axons (Fig. 3¢). Statistical methods were
not employed to predetermine sample sizes. No blinding or rando-
mization was performed in this study. Information on all statistical
tests is summarized in Supplementary Data 1.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper. Raw data from immunohis-
tochemistry and imaging experiments are too large to deposit; how-
ever, any additional requests for information can be directed to, and
will be fulfilled by, the corresponding authors. Source data are pro-
vided with this paper.

Code availability
Codes used to conduct the state-space model are available on figshare
(https://doi.org/10.6084/m9.figshare.25894588).
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